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Preface 

Todays chemical industry processes worldwide largely depend on 
catalytic reactions and the desirable future evolution of this industry 
toward more selective products, more environmentally friendly 
products, more energy-efficient processes, a smaller use of 
hazardous reagents, and a better use of raw materials also largely 
involves the development of better catalysts and, specifically, 
purposely designed catalytic materials. 

The careful study and development of the new-generation catalysts 
involve relatively large groups of specialists in universities, research 
centers, and industries, joining forces from different scientific and 
technical disciplines. 

This book has put together recent, state-of-the-art topics on current 
trends in catalytic materials and consists of 16 chapters. 





Chapter 1

X-Ray Spectroscopy — The Driving Force to Understand
and Develop Catalysis

Jakub Szlachetko and Jacinto Sá

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61940

Abstract

Catalysis is involved in about 90% of manmade chemicals. The development of novel or
improved catalysts requires fundamental understanding of the commanding steps of a
catalytic reaction. In simple terms, a catalytic transformation depends on the coupling be‐
tween catalyst electronic structure and reagents’ molecular orbitals. Herein, we report a
spectroscopic technique capable of determining the electronic structure of metal contain‐
ing catalysts under working conditions. The technique is called photon-in photon-out X-
ray spectroscopy and can be employed to characterize materials, unveil substrate
adsorption parameters, and follow changes in electronic structure during catalytic reac‐
tions.

Keywords: Photon-in photon-out X-ray spectroscopy, Electronic structure, Spectroscopy
under working conditions

1. Introduction

Catalysis is a fascinating field located at the edge of a multitude of disciplines and fields.
Spectroscopy dedicated to understanding catalytic phenomenon is among the most active
research areas in field. The ability to visualize a catalytic transformation in real time has lured
scientists due to the technical challenges and the potential for unprecedented understanding.
The importance in accessing fundamental understanding of catalysis was masterfully high‐
lighted in the 2007 report of the US Department of Energy, Basic Energy Sciences Workshop
[1]:[T]o realize the full potential of catalysis for energy applications, scientists must develop a profound
understanding of catalytic transformations so that they can design and build effective catalysts with
atom-by-atom precision and convert reactants to products with molecular precision. Moreover, they
must build tools to make real-time, spatially resolved measurements of operating catalysts. Ultimately,



scientists must use these tools to achieve a fundamental understanding of catalytic processes occurring
in multiscale, multiphase environments. However, this is applicable for any kind of catalytic
system.

At its most fundamental level, catalysis is directly related to the electronic structure of the
valence shells because they control chemical bond formation/rupture [2]. Several spectros‐
copies can provide information on valence shells but only X-rays do it directly. Hard X-rays
are the epitome of spectroscopic probes because of their great penetration depth, and element
specificity, which enables studies of catalytic states under working conditions [3]. X-ray
photon-in photon-out core level spectroscopy is a powerful tool to understand catalytic
reactions because it enables us to map the entire electronic structure of the catalyst under
catalytic relevant conditions.

In this book chapter, we summarize our latest efforts in the use of synchrotron-based high-
resolution X-ray spectroscopy to study a plethora of academic and industrial relevant catalytic
systems. We will start by covering in a succinct manner the developments in the field that
allow for the understanding of catalysis in situ/operando and time-resolved, keeping the high-
energy resolution and element specificity. This section includes an overview on techniques,
spectrometers, and experimental setups. After that we will describe the studies we carried out
to understand catalysis and materials. Our work spans over three fundamental aspects of
catalysis:

a. Materials characterization

b. Molecular adsorption

c. Study of catalytic reactions under real working conditions (in situ).

Vast majority of the studies were carried out on a dispersive von Hamos-type spectrometer [4];
however, when a higher peak-to-background signal level was necessary the experiments were
carried out with a Johann-type spectrometer [5]. The studies were carried out both in homo‐
geneous and heterogeneous catalytic systems. The latest includes also studies on photocatal‐
ysis.

The future of this spectroscopy concerns its application at the X-ray free electron lasers (XFELs).
The advent of XFELs enabled scientist to achieve the goal of producing a movie of a catalytic
transformation. XFEL light sources are in its beginning but their effect on the field of time-
resolved X-ray science will be deep and comprehensive because reactions can be followed not
only in situ but also in real time, this of course if the current limitations in respect to selective
triggering and sample stability are overcome. Quoting Sá & Szlachetko: in a cinematographic
analogy, we have the camera (von Hamos Spectrometer), the film (HEROS), the set (catalytic reactor),
the script (catalytic reaction) and the actors (catalyst and reagent molecules); what is missing is the
director to shout ‘action’ and direct the scenes (pulse shaping), and that the actors do not fall ill (sample
refreshment) [6]. The insights gathered from the high-resolution X-ray spectroscopy provide
deeper understanding of the systems and reactions, which can be used to improve or develop
novel catalysts with enhanced properties.
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2. Photon-in photon-out X-ray spectroscopy: principles and techniques

Unique properties of X-rays provide wide range of applications to study the catalytic materials,
not only in steady-state environment but also more importantly at in situ and material’s
operating conditions. Ability to probe metal-site of catalytic material enclosed in gas or liquid
environment is possible thanks to penetrating properties of X-rays. In the hard X-ray regime
of few keV range, the attenuation length of X-rays is in the order of few thousands of micro‐
metres for low Z materials (like carbon) to few micrometres in lead. Therefore, X-ray spectro‐
scopy provides the depth of probe extensively larger as compared, for example, to electron-
based techniques. The second important aspect of X-ray application is the ability to probe both,
lowest unoccupied and highest occupied electronic states of an atom. By tuning the X-ray
energy close to ionization threshold, the interaction of incidence photon with core-electron
leads to electron excitation into unoccupied level above Fermi energy. The fine-tuning of
incidence X-ray energy, nowadays easily possible at any synchrotron source, allows thus for
precise scanning through the available excitation levels, and as a consequence provides
electronic picture of above Fermi electronic states. The photon–electron interaction leading to
the creation of the excited intermediate atomic state, decays radiatively to the final state by
electron transition from higher electronic level into the created core-hole. This decay channel
is accompanied by emission of an X-ray and may be used as probe of occupied electronic states.
Therefore, the combination of X-ray absorption process and following X-ray emission event
allow for obtaining the complete electronic picture, and hence chemical configuration, of
absorbing atom.

In the following, we will discuss the latest developments and trends in X-ray spectroscopy as
applied to study catalytic systems, ranging from steady-state measurements to real-time-
resolved studies. The combination of X-ray absorption (XAS) and X-ray emission spectros‐
copies (XES) allowing for resonant X-ray emission spectroscopy (RXES) studies will be
presented along with examples of technical developments allowing to extend RXES method‐
ology into the time domain. Finally, the high-energy resolution off-resonant spectroscopy
(HEROS) will be described in detail. The advantages and disadvantages of HEROS approach
in in situ measurements will be illustrated further on with several practical examples.

2.1. Dispersive-type X-ray emission spectrometers

The high-energy resolution resonant and off-resonant X-ray emission spectroscopy relies on
measurements of incidence and emission X-ray energies and intensities. In order to obtain
meaningful X-ray emission data, the experimental resolution should be of the order of core-
hole lifetime of probed atomic species. Typically, the core broadening is in the order of sub-
eV up to few eV for K- and L-shells in the X-ray energy range of few keV [7]. The high-energy
resolution of incidence X-rays is provided commonly at any synchrotron source by use of
double-crystal monochromators. For X-ray detection, dedicated X-ray spectrometers are being
developed, with different spectrometer geometries and arrangements depending on particular
needs and goals of experiments. In the present section we focus solely on dispersive-type
spectrometer because of its particular parameters and operating characteristics.

X-Ray Spectroscopy — The Driving Force to Understand and Develop Catalysis
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In comparison to other spectrometer solutions employed at synchrotron beamlines [5, 8] that
use two-dimensional focusing, the dispersive-type spectrometer employs only one-dimen‐
sional focusing of X-rays. Dispersive-spectrometers are characterized by lower detection
efficiency in comparison to, for example, spectrometers working in Johann geometry. On the
other hand, the dispersive-spectrometer geometry allows for measurements of X-ray emission
spectra in dispersive-mode, which enables detection of X-ray emission in a wide range of
energies (few tens to few hundreds of eV) without any scanning elements during measure‐
ment. For the experiments requesting short acquisition times, the dispersive-spectrometer
geometry may be thus regarded as optimal solution.
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Figure 1. (Left) Schematic representation of von Hamos spectrometer geometry (Reprinted with permission from [4].
Copyright (2012), American Institute of Physics). (Right) Schematic view of the geometrical setup used in Johansson
geometry (Reprinted with permission from [9]. Copyright (2012), American Institute of Physics)

There are two common geometries allowing for spectrometer setup in dispersive mode:
Johannson-type [10] and von Hamos-type [11]. Schematic representation of von Hamos
geometry is shown in Figure 1 (left) [4]. In such arrangement, the X-ray fluorescence from the
sample is dispersed on cylindrically bent crystal. The dispersion axis and therefore energy
range covered by the setup is limited by the length of the crystal/detector along dispersion
axis. One-dimensional bending of the crystal aims at increasing the efficiency of the setup, as
compared to flat crystal geometry, by focusing the diffracted X-rays onto the detector plane.
The von Hamos setup provides good energy resolution being often below 1eV at relatively
large Bragg angles. The Bragg angle domain is changed by linear displacement of the crystal
and detector along dispersion axis, where the detector distance from the sample is always twice
that of the crystal. Because of linear motions of the crystal/detector, the von Hamos spectrom‐
eter allows for flexible arrangements around the sample environment. Moreover, because of
application of short curvature radiuses without loss on energy resolution, the spectrometer
requires relatively small space for operation. Finally, the spectrometer geometry can be easily
extended into multicrystal operation allowing for enhanced spectrometer efficiency or
measurements of multiple X-ray emission lines [12].

In Johannson geometry, schematically shown in Figure 1 (right), the X-ray fluorescence from
the sample is diffracted by cylindrically bent crystal; however, unlike in von Hamos geometry,
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the crystal curvature is positioned in dispersive axis. For Johannson geometry, the Bragg angle
planes are not parallel to the crystal surface and therefore the energy broadening at lower
Bragg angles is eliminated. Thanks to this, a wider Bragg angle range may be applied at high-
energy resolution of the spectrometer. As a consequence, only few diffraction crystals are
necessary to operate the spectrometer over broad energy range. By operating the Johannson
spectrometer in the off-Rowland geometry the X-ray emission spectrum over certain band‐
width is measured, which is given by the detector length along dispersion axis. The drawback
of off-Rowland setup is that only small part of the crystal contributes to the X-ray diffraction
at one energy channel; however, this efficiency loss is somehow compensated by recording
entire X-ray emission spectrum without scanning components.

Both spectrometers, von Hamos and Johannson types, yield absolute energy resolution
significantly below the lifetime of characteristic emission lines, being crucial for detailed
analysis of spectral features. The provided dispersive type of detection can be exploited to
record time-resolved off-resonant, resonant and nonresonant X-ray emission studies. Because
of ability of performing quick acquisitions of X-ray emission spectra, the spectrometers may
be applied for in-situ spectroscopic studies of dynamic systems.

2.2. Kβ and valence-to-core RXES

The method of resonant emission X-ray scattering (RXES) is recognized as one of the most
sensitive measurement techniques that allows the detection of very small changes in the
electronic structure of studied element [13]. The method is based on X-ray scattering process
in which the core electron is excited to unoccupied electronic states above Fermi level, and
simultaneous detection of X-ray emission accompanied by atomic decay from intermediate to
final state. By the monitoring of X-ray intensity and X-ray emission shape analysis, the detailed
information on the electronic structure may be retrieved.

As an example, in Figure 2 we show the Kβ-RXES plane for TiO2 anatase recorded around Ti
K-absorption edge [18,21]. In the experiment, the incidence X-ray energy was tuned around
4968–4992eV range allowing probing by 1s electron the lowest unoccupied electronic states.
Simultaneously, the Kβ and valence-to-core decay channels were measured by means of
dispersive-type von Hamos spectrometer. The relatively large range of spectrometer crystal
along dispersive axis, allowed to probe both Kβ and valence-to-core transition at once, so that
only the incident beam energy had to be scanned to record the full RXES plane.

The measured RXES map exhibits several features depending on excitation and emission X-
ray energy. The first X-ray emission signal appears at incidence X-ray energy of around 4968
eV. This weak pre-edge feature corresponds to the 1s-3d-like excitation and extends up to the
excitation energy of 4974eV. The s→d types of electron excitations are quadrupole transitions
that are characterized by relatively small excitation probability as compared to dipole excita‐
tions, which are commonly examined by RXES. However, as shown with the help of theoretical
calculations, because of the strong d→p hybridization in TiO2 compound, the 1s→3d excitation
is characterized by a relatively high excitation probability. RXES measurements using transi‐
tions from higher electronic states (i.e., 3p→1s) proved to be extremely sensitive to determine
the nature of the lowest unoccupied 3d states of Ti. With the excitation of an electron from a
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1s shell to a 3d-localized state, excited electron interacts with the 3p electron, resulting in a
shift of 3p→1s emission line by 1.8 eV to lower energies due to the electron–electron interaction
effect. This effect can be seen in RXES plane in Figure J1 for lowest excitation energy of 4968eV.
However, if the 3d excitation state is delocalized, the electron–electron interaction is negligible
and shift of 3p→1s emission is thus not observed for pre-edge features at excitation energies
above 4970eV. The Kβ and valence-to-core RXES measurements give unique opportunity to
investigate simultaneously lowest unoccupied and highest occupied electronic states by X-ray
absorption and X-ray emission spectral projections (see for details [18, 21]). We shall discuss
shortly here the possibility of determining the absolute value of the energy band gap as well
as possibility to employ RIXS measurements in cases where the commonly used optical
methods are insufficient (i.e., in the case of “dark-samples” or samples containing so-called
color-centers). The results obtained to date suggest that determination of the absolute band
gap energy by Kβ-RIXS may be difficult due to interactions of the core excited electron with
3d valence electrons as well as because of the effects of core-hole shielding. Both processes can
induce a small, but not negligible, change to the electron levels before Ti atom decays to its
final state. However, the obtained Kβ-RIXS results based on comparison experimental RXES
spectra of rutile and anatase TiO2 structures suggest that the relative change in the band gap
energy can be determined and examined to a high precision.
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Figure 2. Kβ-RXES plane of TiO2 anatase measured for Ti around K-absorption edge. The main detected spectroscopic
features are labeled on the RXES plane. On top, the nonresonant Kβ and valence-to-core X-ray emission spectrum is
shown, which was recorded for incidence X-ray energies above K-shell ionization threshold. (From [18] - Reproduced
by permission of The Royal Society of Chemistry)
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2.3. Time-resolved RXES

The use of X-ray spectroscopic methods for measuring a high time resolution data is limited
by several technical factors. RXES measurements, employing two-dimensional focusing
crystals, requires scanning of both incidence and emission X-ray energy. Therefore, the RXES
method, despite the exceptional sensitivity of the measurement, could be applied only in
experiments in which the sample was kept in a steady-state chemical equilibrium. The use of
dispersive-type spectrometer for RXES spectroscopy significantly reduces the measurement
time due to the dispersive type of detection of X-rays emitted from the sample. In such
experimental configuration, the measurement time is determined only by the speed of the
scanning incidence X-ray beam energy, which at present synchrotrons may be in the order of
a several seconds [42, 43]. The acquisition time is an important aspect in the study of irreversible
processes in which repeating the experiment at the same chemical conditions is very difficult
or sometimes even impossible, for example, because of the small amount of available sample.

Figure 3. a) Scheme showing RXES process in gold. b) Experimental setup employed for in situ RXES spectroscopy. c)
Series of RXES planes measured during the experiment (time-resolved RXES) together with schematic description of
data analysis using genetic algorithm. (Reprinted with permission from [43] Copyright (2014) American Chemical So‐
ciety)

As an example, we briefly discuss the aspect of time resolution in RIXS measurements by
employing dispersive spectrometer to study the local electronic structure of Au in the tem‐
perature-programmed reduction (TPR) of Au2O3 gold oxide. During the measurements, the
gold oxide Au2O3 was maintained under H2 atmosphere and at the same time heated contin‐
uously at a rate of about 5OC per minute in the range from 20OC to 300OC. Schematic description
of the experimental setup is shown in Figure 3, together with evolution of experimental time-
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resolved RXES spectra. RXES experiment, employing excitation from 2p3/2 to 5d and following
decay transition from 3d3/2 to 2p3/2 final state, showed a change in electronic valence configu‐
ration of Au from 5d86s0 to 5d106s1, corresponding to gold oxide Au2O3 reduction to the metallic
form Au0 at temperatures above 150OC. However, as stressed in [43], thanks to obtained time
resolution of RXES acquisition, the transitional forms of Au in the configuration of 5d106s0 and
corresponding to the formation of gold (I) oxide (i.e., Au2O) were registered. The result was
surprising, because the Au2O compound is unstable and is quickly reducing to a form of Au0.
On the basis of RIXS measurements and by using analysis based on genetic algorithm, it was
possible to determine the structure of 5d electronic states, as well as to determine the Au2O
crystallographic structure. The experimental results were examined with density functional
theory (DFT) calculations, confirming the two-stage reduction process of Au2O3. The applica‐
tion of the RXES technique with high temporal resolution has been the key to obtain the
described results. The time-resolved RXES enabled for the first time to investigate the structure
of the unstable gold (I) oxide.

2.4. High energy resolution off-resonant spectroscopy

In many synchrotron studies of chemical processes the experiments are artificially slowed
down in order to obtain good quality experimental data. The time limit, of the order of several
seconds, drawn by the need of scanning the incident X-ray energy, was still a major constraint
to study the electronic state of matter under working conditions as well as main restriction in
ability to follow individual reaction steps. The idea for solving these technical problems was
the application of off-resonant X-ray scattering, a process of photon–atom interaction for
excitation energies being set below an absorption threshold [14]. The concept of using off-
resonant X-ray scattering process dates back to 1982, when based on the Kramers-Heisenberg
theory, J. Tulkki and T. Åberg developed simplified differential equations describing the
interaction of photons with the atom [15]. In this theoretical study they found that for the
incidence X-ray beam energy tuned below the absorption edge of an atom, the shape of the X-
ray emission spectrum (XES) is proportional to the density of unoccupied electronic states, i.e.,
equivalent to X-ray absorption. However, the potential and possibilities of determining the
electronic structure from the X-ray emission spectra at off-resonant conditions has not been
extensively studied due to its very low cross section.

Figure 4. Schematic representation and energy level drawing for an off-resonant scattering process (left). On right we
plot HEROS-XES for the 3d5/2-2p3/2 transition of a Pt foil recorded at excitation energy of 11537eV. The reconstructed
HEROS-XAS spectrum using Kramers-Heisenberg formalism is also plotted and compared to conventional total fluo‐
rescence yield XAS. (Adapted from [61] - Reproduced by permission of The Royal Society of Chemistry)
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Correspondence of off-resonant scattering and X-ray absorption processes can be derived
starting with simplified cross-section formulas describing photon–atom interaction in vicinity
of ionization threshold. Within the Kramers-Heisenberg approach, the differential cross
sections for resonant X-ray scattering can be expressed as follows [15] (Eq. 1):
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where r0
2 is the classical electron radius. The energies of the initial and final states are repre‐

sented by ℏωi and ℏωf, whereas ℏω1 and ℏω2 are the incoming and outgoing photon energies,
respectively. The initial and final state broadenings are given by Γi and Γf. The gfi stands for
the oscillator strength of the X-ray transition from the final to initial vacancy state, and the
dgi/dω represents the oscillator strength distribution for electron excitation.

The second term in Eq. 1 ensures the energy conservation given by ω=ω1-ωf-ω2 and accounts
for the final state broadening (Γf). By neglecting the final state width, the second term of Eq.
1 can be replaced by the Dirac delta function (Eq. 2):
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For the off-resonant excitations the oscillator strength distribution (dgi/dω) is directly propor‐
tional to the X-ray absorption spectrum (XAS). Therefore, the shape of the X-ray emission
spectrum (XES), which is proportional to the differential cross sections, can be described as
follows (Eq. 3):
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the above equation the constants were omitted and frequencies replaced by E according to ω=E/
ℏ. By keeping E1-Ef-E- E2=0, Eq. 3 can be represented analytically for XAS(E) solution (Eq. 4):
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This simplified formula provides the XAS(E) function that can be analytically solved for any
measured XES(E2). We should note that Eq. 4 is valid only at condition where E1<<Ei, i.e., the
measured off-resonant spectrum is free of any resonant features. Typically, the detuning of
excitation energy should be as large as 5 x Γi. The final state broadening (Γf), the incoming beam
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energy distribution, and the resolution of the X-ray spectrometer are not considered in this
equation. Therefore, the derived HEROS-XAS curves will be broadened by these three
contributions.

By combining the aspects of off-resonant scattering, high energy and dispersion-type of
detection to the measurements of unoccupied electronic states a high energy resolution off-
resonant spectroscopy has been established. The proposed method does not require any
scanning optical elements during the measurement, and therefore allows for X-ray spectro‐
scopy measurements at timescales unattainable to XAS or RXES techniques [61, 64, 65, 16].
Figure 4 demonstrates the principle of HEROS. The Lα1 X-ray emission (3d5/2 - 2p3/2 transition)
of a Pt foil was recorded at a fixed incident X-ray beam energy tuned below the L3 absorption
edge. The off-resonant X-ray emission was recorded by means of von Hamos spectrometer
that allowed to cover over 60eV energy range at fixed optical arrangement. The corresponding
HEROS-XAS spectrum was reconstructed using the measured X-ray emission spectrum and
Eqs. 1–4. The HEROS-XAS spectrum (open circles) is compared to the X-ray absorption
spectrum (filled orange area) that was recorded by means of total fluorescence yield (TFY). We
should stress here, that the derived HEROS-XAS spectrum exhibited more detailed informa‐
tion than the conventional XAS spectrum, due to the removal of the initial state broadening.
The result implies that the HEROS-XES exhibits the same information as high-energy resolu‐
tion XAS. Moreover, the HEROS experiment is performed at a fixed optical arrangement,
meaning acquisition time resolution is simply controlled by experimental efficiency, not by
the speed of scanning the incident energy axis. Finally, as recently demonstrated, the HEROS
spectra are free of self-absorption effects [63]. Self-absorption belongs to one of the phenomena
disturbing the absorption measurements [17] and leads to a modification of the shape of the
measured absorption spectrum, visible in particular in the case of samples having high
concentrations of the studied element. There are several methods, both computational and
experimental, that allow minimizing the effects of self-absorption in the experimental spectra,
but until now there was no spectroscopic method allowing direct measurement of the XAS
spectra that does not contain the effect of self-absorption. No effect of self-absorption in the
HEROS measurement is explained by a fixed experimental geometry (i.e., no scanning optical
elements during measurements), allowing for the acquisition of spectra at fixed both incident
beam and emission energies. Therefore, the HEROS method could be used not only for
measurements requiring a high time resolution, but also in the experiments, where the exact
knowledge of the electronic structure is essential for the chemical speciation or theoretical
calculations.

3. Case studies

3.1. Materials’ characterization

Photocatalytic properties are intimately related to the electronic structure of the employed
semiconductors. They determine materials’ optical properties and to a large extent surface
reactivity. RXES measurements can determine the electronic structure of conduction band
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(XAS) and valence band (v2c-XES). To demonstrate RXES abilities, we determined the
electronic structure of N-doped TiO2 [18]. TiO2 is the most used photocatalyst, and N-doping
is often used to change its band gap in order for the material to absorb in the visible range.

In the case of photocatalysts, and more specifically on N-doped TiO2, the fundamental aspects
for a high-performing material are: decent overlap between N and O orbitals (synergy effect),
and dense and wide orbital levels in the conduction band (charge mobility). The first aspect
defines how well-mixed the doped system is, a key parameter toward achieving the desired
synergetic effect and visible light absorption. In the worst case scenario, the resultant material
is composed of a solid solution of two different materials, namely, TiO2 and TiN. The second
aspect refers to charge mobility, which in the case of TiO2 like any other semiconductor occurs
via charge particles carriers trapping and detrapping mechanism [19]. Therefore, charge
mobility depends on the number of available orbital levels (sub-bands) in the conduction and
valence band and spacing between them.

Figure 5. Schematic representation of combined theory and experimental approach for the design of improved doped
semiconductors. (Reproduced from elsewhere [18] with permission)

By combining RXES measured at Ti K-edge and FEFF calculations [20], we were able to
determine the electronic structure of conduction band (XAS) and valence band (valence-to-
core X-ray emission spectroscopy (v2c-XES). Figure 5 represents schematically the procedure
to attain information about semiconductor electronic structure.

Figure 6 shows the effect of substitutional N-doping of TiO2. Starting with pristine TiO2, the
XAS (conduction band) is constituted primarily of Ti-d empty states. The two peaks in the
spectrum relates to the octahedral crystal field separation of the d-orbitals. The lowest energy
peak is associated to the t2g orbitals and the highest to eg orbitals. The valence band (v2c-XES)
is composed of O-2p and occupied Ti-d states. The valence edge is composed entirely of oxygen
orbitals. However, the states are well-hybridized, thus one cannot state that electrons excited
from valence edge are from oxygen. Rather, one can state that they were located in the oxygen
orbitals at the time of the excitation.
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The addition of N led to a shift of the valence edge to higher energy, i.e., reduction of semi‐
conductor band gap. The shift is due to the appearance of N-2p orbitals that are strongly
hybridized with O-2p orbitals. However, too much N-doping results in the formation of TiN
and consequent coloring in the sample, but according to the electronics of the materials, TiN
could not work as a sensitizer. Plus, it is known that TiN has no catalytic activity and thus
might decrease activity by blocking and/or reducing surface sites.

By confirming RXES measurements with FEFF calculations, we derived an elegant and cost-
effective strategy for the rational design of novel materials used in the conversion of solar
energy into chemical bonds. Together, one is able to map the material electronic structure with

Figure 6. Electronic band structure of TiO2 and TiN. (Top) Valence and conduction band electronic states extracted
from measured RIXS plane. (Below) Calculated Ti, O, and N DOS for TiO2, TiN, and TiO2-xNx, where x amounts to 2%
N-dopant level. (Reproduced from elsewhere [18] with permission)
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high precision, requiring a very limited amount of sample (experimental work) or none
(theory). The technique can be applied to other materials in all the forms they are normally
found, namely nanopowders, and thin-films forms [21].

3.2. Molecular adsorption

Reagents’ adsorption is the initial step of any catalytic reaction, and the interaction between
reactants and active site is governed by the electronic structure of the catalyst, which deter‐
mines adsorption strength and geometry [2]. Thus, modification of the active site electronic
structure alters reactant adsorption parameters. It is therefore crucial to attain information
about adsorption parameters, preferentially under relevant conditions. Surface science studies
and theoretical calculations provided over the years a platform to acquire information about
these parameters under model conditions, and idealized surfaces. However, this valuable
information is difficult to correlate with reactions carried out in liquid phase and/or pressure.

Catalytic hydrogenations with molecular H2 are unquestionably the workhorse of catalytic
organic synthesis. The synthetic capacity of catalytic hydrogenation is superbly condensed in
Rylander’s following quotation [22]: Catalytic hydrogenation is one of the most useful and versatile
tools available to the organic chemist. The scope of the reaction is very broad; most functional groups
can be made to undergo reduction, frequently in high yield, to any of several products. Multifunctional
molecules can often be reduced selectively at any of several functions. A high degree of stereochemical
control is possible with considerable predictability, and products free of contaminating reagents are
obtained easily. Most of the above comments apply to heterogeneous catalytic hydrogenations
over supported Group VIII metals [23].

Alternatively to molecular hydrogen, hydrogen donors such as isopropanol or formic acid can
be applied in transfer hydrogenations but they generate unwanted side products. Several
important inventions have been accomplished in the last 150 years, such as the application of
highly dispersed metals, e.g., nickel, in the hydrogenation of organic compounds [24], selective
semi-hydrogenation of C≡C-bonds in the presence of Pd-Pb/CaCO3 catalysts (Lindlar catalyst)
[25], and more recently asymmetric hydrogenations [26], pioneered by Knowles and Noyori
for which they received in 2001 the Nobel Prize in Chemistry. Catalytic hydrogenations can
be carried out in a variety of ways, namely liquid or gas phase, and in batch-wise or continuous
mode.

Hydrogenation reactions involving hydrogen dissociation on the metal surface have high
reaction probability on many surface sites: top, bridge, and step sites. For this reason, hydro‐
genation reactions are usually structure-insensitive in respect to hydrogen activation. How‐
ever, the reaction is considered structure-sensitive in respect to the hydrocarbon
hydrogenation. Crespo-Quesada et al. [27] reported that semi-hydrogenation of alkynes
occurred preferentially on terraces, whereas further hydrogenation to the alkane occurred at
the edges. Similarly, Schmidt et al. [28] revealed that in ethyl pyruvate enantioselective
hydrogenation the Pt(111)/Pt(100) ratio controlled reaction rate and enantiomeric excess.

Platinum group metals are highly active hydrogenation catalysts, operating at low tempera‐
tures and H2 pressures. However, their scarcity and high cost intensified the research devoted
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in finding alternative catalysts deprived of noble metals. One should be made aware that fine
chemical industries, such as the ones responsible for the production of vitamins and fragrance,
afford products of medium added value. Accordingly, the use of noble metals and/or sophis‐
ticated ligands is only justified when the turnover number is higher than 1000 or even 10,000
depending on the cost of the target product [29]. Nonprecious metal catalysts, especially those
based on nickel (e.g., Raney nickel [30], Urushibara nickel [31], CENTOPRIME [32] catalysts)
have also been developed as economical alternatives, but they are often less active, requiring
higher temperature and H2 pressure to attain comparable performance.

The chemoselective hydrogenation of C=C and C=O-bonds is extensively used in the prepa‐
ration of pharmaceuticals, fragrances, and vitamins precursors. Common substrates are
unsaturated ketones, aldehydes, or esters, which have to be hydrogenated selectively either at
the C=C or C=O bond depending on their end-use. Palladium and platinum are routinely used
to hydrogenate C=C bonds [33]; however, the systems lose their effectiveness when the
molecule contains several hydrogenable functionalities. Chemoselective hydrogenation of
unsaturated aldehyde, ketones, and esters has been catalyzed over a plethora of 3d transition
metal catalysts [34]. For example, Ni and Cu catalysts were found both active and selective in
the hydrogenation of C=O instead of C=C [35].

As aforementioned, platinum is routinely used in the chemoselective hydrogenation of C=C
and C=O-bonds. Recently, Manyar et al. [36] demonstrated that Pt supported on OMS-2
possesses different affinities in the chemoselective hydrogenation of C=C and C=O-bonds
depending on the substrate used. 5 wt% Pt/OMS-2 (Pt average particle diameter 2 nm)
supported on cryptomelane manganese oxide octahedral molecular sieve provides high
selectivity for the hydrogenation of both ketoisophorone and cinnamaldehyde. However, in
the case of ketoisophorone hydrogenation, 98% of the substrate was hydrogenated to
(6R)-2,2,6-trimethylcyclohexane-1,4-dione (levodione) at 100% conversion, i.e., the catalyst
selective reduced the C=C bond. Whereas in the case of cinnamaldehyde, 80% selectivity for
the reduction of the C=O bond forming cinnamyl alcohol at 100% conversion was found using
the same catalyst. The observed selectivity in the ketoisophorone hydrogenation contrasts with
the expected Pt behavior, which is commonly preferentially to hydrogenate C=O versus C=C
bonds. The expected selectivity was observed when the reaction was performed over 5 wt%
Pt/Al2O3 under the same reaction conditions. A possible explanation for the differences is
different adsorption geometry/strength of the substrates.

The change in the Pt electronic structure following the adsorption of an α, β-unsaturated
aldehyde and ketone was followed by in situ HR-XAS in the liquid phase and the adsorption
strength calculated with Density Functional Theory (DFT) [37]. Probably one of the most
important outcomes of the experiment is that adsorption of a molecule on Pt surface led to an
immediate change in XAS single, i.e., Pt electronic structure. The perceptual change relates to
molecule coverage, which in this case is below 10% (Fig. 7a). All the molecules produced a
Fermi level shift to higher energies, which suggests electronic density donation from Pt to the
adsorbed molecule. Larger energy shifts equates to stronger interactions, and consequently
higher adsorption energy. Thus, from the Fermi energy level shifts measured by Pt L3-edge
HR-XAS, one might interject that cinnamaldehyde has the strongest interaction with Pt
followed by H2 and then ketoisophorone (Fig. 7a).
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Figure 7. (a) Pt L3-edge HR-XAS spectra and 1st derivative (right insert) of Pt/OMS-2 interacting with H2, KIP (ketoiso‐
phorone), and CIN (cinnamaldehyde). The spectra were recorded in situ in 10 mol% methanol in water at 373 K. The
lines are from a least squares fitting procedure. (b) Correlation between the experimentally measure shifts in the HR-
XAS spectra (Ef) and the calculated adsorption energies via DFT for the Pt(111) (black) and Pt(211) (red) surfaces. (Re‐
produced from elsewhere [37] with permission)

The resulting shift in the Pt Fermi energy, measured at Pt L3-edge, due to adsorption of
molecules was found to be in good agreement with the molecule adsorption energy trends
calculated by DFT, which provided valuable insight into the reaction selectivity (Fig. 7b). It
should be mentioned that the experiments were carried out at 373 K and 10 bar pressure, i.e.,
catalyst working conditions. This was possible due to the development of a homemade cell
comprised of a stainless steel autoclave reactor with window comprising of a polyether ether
ketone (PEEK) insert [38]. The work confirmed that the combination of state-of-the-art
spectroscopy (HR-XAS) and theoretical calculations is a powerful and versatile tool to reveal
differences in adsorption behavior for reactants in the liquid phase under reaction conditions,
with unprecedented resolution and sensitivity.

Carbon monoxide is often used as chemical probe in spectroscopy because it is very sensitive
to the electronic structure of materials. Furthermore, CO is a key reagent in several reactions
such as Fischer-Tropsch, PROX, and catalytic converter catalysis. RXES can accurately resolve
the occupied and unoccupied d-density-of-states (DOS) of Pt after the adsorption of molecules,
including CO [39], under reaction conditions. RXES was found capable of differentiating
between the possible adsorption geometries of CO adsorbed on Pt, namely atop, bridged, and
faced-bridging [40], making it the ideal tool to determine the changes in adsorption geometry
caused by an external effect.

RXES measured at Pt L3-edge was used to determine the changes in CO oxidation over
platinum sites induced by a magnetic field [41]. CO molecules adsorbed on nonmagnetic Pt
nanoparticles supported on a carbon capped Co magnetic nanocore on atop position in the
absence of a magnetic field, as expected. Under magnetic field, part of the atop CO changed
to the bridged position (Fig. 8), which is a nonreactive state. This result indicates that catalytic
activity can be modified by the presence of a magnetic field even if the active site is not
magnetic. This opens other potential applications such as molecular displacement on auto-
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poisoning reactions, characterized by poisoning of reagents, products, and/or trace contami‐
nates that cannot be removed or avoided. For example, hydrogen fuel cells are vulnerable to
CO poisoning because CO binds strongly to platinum averting hydrogen adsorption, deterring
commercial application. By changing adsorption from atop to bridge, CO adsorption strength
decreases by ca. 0.1 eV, enabling its removal at lower temperature.

3.3. Study of catalytic reactions under real working conditions (in situ)

Determination of metal oxidation states under relevant working conditions is crucial to
understanding catalytic behavior. Temperature-programmed reduction (TPR) is often used to
determine the temperature at which the catalyst reduces; however, it fails to determine the
oxidation state of the catalyst at this specific temperature. That information is normally
attained when a spectroscopic measurement is coupled with the TPR. The reduction behavior
of NiO [42] and Au2O3 [43] was determined using a novel approach, namely time-resolved
RXES or 4D RXES. The experimental concept of such experiment is depicted in Figure 9.

Figure 9. Experimental concept for time-resolved RXES measurements. (Reproduced from elsewhere [42] with permis‐
sion)

Figure 8. Pt L3M5 Δ-RXES due to the presence of a 50 mT magnetic field on Pt on Co with adsorbed CO (field OFF–field
ON). (Left) Experimental map differences measured in situ. (Right) Calculated map differences. (Reproduced from else‐
where [41] with permission)
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Figure 10 shows the RXES map before and after reduction of nano-NiO. A shift in the main
signal to lower incidence energies after reduction was observed, coherent with the formation
of metallic nickel. From the RXES map one can excerpt information about unoccupied states
(XAS analysis) and occupied states (XES analysis). In order to determine reaction pathway,
the XAS absorption contribution of NiO and Ni metal was plotted as function of time. The
transition from oxide to metallic state was found to be very fast, consisting of single-step
reduction mechanism.

Figure 10. RXES map of the initial state (top) and the final state (bottom) of NiO nanoparticle reduction. (Reproduced
from elsewhere [42] with permission)

Similar analysis can be performed with XES signals that carry the inherent benefit, when
performed in a dispersive-type spectrometer, of high time resolution inaccessible to XAS
technique. However, the chemical sensitivity of XES depends on where the analysis is
performed. Since this is often unknown a priory, one needs to measure the full RXES map in
order to determine the optimal incidence energy to perform XES analysis. The subsequent
measurements can be performed only at this range, which decreases drastically the acquisition
time, i.e., improved time resolution without losing chemical information. Based on RXES maps,
emission analysis above the absorption edge, so-called non-resonant XES or simply XES, is less
sensitive to follow the chemical state of atom as compared to resonant XES measured at
incoming energies with high discriminating power, in this case at 8325.9 eV (NiO pre-edge)
and 8331.9 eV (NiO inflection point) incident beam energy (Fig. 11). This illustrates the
importance of knowing at which energy the XES data should be collected.
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Figure 11. Temporal evolution of XES signals for NiO (top) and Ni0 (bottom) at different incident energies. (Repro‐
duced from elsewhere [42] with permission)

Gold catalysis gained significant popularity after Haruta’s discovery that gold nanoparticles
are extremely active [44]. Activity of gold is often associated to its metallic phase but some
cases consider the involvement of gold in higher oxidations states [45]. The difficulty in
detecting gold in oxidations states between 0 and +3 resides in the fact that these intermediate
states are unstable and short-lived.

Figure 12. (a) Extracted RXES plane of Au2O from the time-resolved RXES data set compare d to theoretical calcula‐
tions (b). (c) Assessment between the extracted high-energy resolution X-ray absorption (HR-XAS) spectrum and the
matching theoretical predictions. The influence of the DOS of the different orbitals to the X-ray absorption spectrum is
plotted in the bottom panel. (Reproduced from elsewhere [46] with permission)
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We performed Au2O3 TPR coupled with time-resolved RXES to see if one could detected some
of these intermediate states. A short-lived Au2O compound was detected for the first time
under in situ conditions, permitting a better understanding of the reaction mechanism of
Au2O3 reduction [46]. Based on time-resolved RXES data analysis combined with genetic
algorithm methodology, we were able to determine the electronic and geometric structure of
the unstable Au2O transitional specie (Fig. 12). The data analysis revealed a larger value for
the lattice constant of the intermediary Au2O specie as compared to the theoretical predictions.
DFT calculations revealed that such structure may indeed be formed, and the expanded lattice
constant is justified by the termination of Au2O on the Au2O3 structure. The temporal evolution
of the species shows the characteristic behavior of a short-lived intermediate state, in this case
Au2O (Fig. 13).

Figure 13. Concentration changes of Au2O3, Au2O, and Au(0) during TPR of Au2O3. The data are plotted versus time
(bottom scale) and temperature (top scale). (Reproduced from elsewhere [46] with permission)

Excessive amounts of oxidants, in particular H2O2, can injure proteins and lipids resulting in
cell death. Oxidative stress has been connected to a multitude of pathophysiological condi‐
tions, such as Alzheimer’s and Parkinson’s diseases, aging, cancer, genetic damage, and tissue
damage in cardiac ischemic/reperfusion injury. In nature, enzymes called catalases conduct
the catalytic disproportionation of H2O2 to water and molecular oxygen.

Nitrogen-containing ligand such as imidazoles, is a class of single-site Mn catalase-like
complexes. Imidazoles and their derivatives with strong π-donating ability were found to
accelerate H2O2 disproportionation. The complexes display elevated activity in organic
solvents but exceptionally small reactivity or even none in water under physiological pH
values. The activity improved when a base was added as a promoter. We reported a novel
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manganese (II) complex with a pyridine substitute as a ligand (Fig. 14) [47]. The complex was
stable and showed catalase-like activity in neutral aqueous solution.

Figure 14. DIAMOND diagram showing the coordination environment of Mn(II) in [Mn(2-CH2OHpy)(SO4)(H2O)]n. (Re‐
produced from elsewhere [47] with permission)

The combination of RXES measured at Mn K-edge and theoretical calculations enables us to
propose a reaction mechanism (Fig. 15) in which the manganese complex is firstly oxidized
due to the loss of a bridge oxygen proton. This is followed by H2O2 coordination and proton
abstraction by the sulfate group mediated by water. Release of molecular oxygen and catalyst
regeneration entails the involvement of a second complex molecule. This affects catalytic
reaction rate because they become diffusion-limited. The projected mechanism was the first
effort in trying to understand single-site Mn complexes reactivity, and clearly more work needs
to be done to establish and understand Mn-catalase mimics’ reaction mechanism. Nonetheless,
based on findings two novel Mn complexes were synthetized, displaying catalytic activities
several orders of magnitude higher than the parent one [48].

The increase in the planet’s human population put strong pressure on the food supply chain
and energy requirements. Photocatalysis is at the forefront of technologies to produce solar
fuels. The first significant breakthrough in converting light into chemical energy was published
in 1972 by Fujishima and Honda, who reported the electrochemical photolysis of water assisted
by a semiconductor under UV-A radiation [49]. However, despite all the scientific advances,
it remains a significant challenge to construct a device capable of producing solar fuels, such
as hydrogen, at a scale and cost able to compete with fossil fuels. Moreover, developments
based on large band gap semiconductors’ (>3 eV), such as TiO2, are hampered by the fact that
it requires UV-A irradiation to induce charge separation. Nevertheless, TiO2 remains indis‐
putably the best photocatalyst to date [50]. Several efforts are being made to improve sunlight
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absorption, including band gap manipulation by doping with elements, such as N, C, and S
[51]. However, these are often counterproductive because they decrease the breadth of
reactions that can be photocatalyzed and overall performance.

A more promising strategy to circumvent TiO2 deficiency in absorbing visible light is to use
sensitizers capable of harvesting solar light and introducing hot electrons into the TiO2

conduction band (CB). O’Regan and Grätzel [52] developed dye-sensitized solar cells (DSSCs),
in which the dye component harvests sunlight and readily injects electrons (τinj < 1 ps) into the
TiO2 CB. The success of the dye system depends on fast electron injection and slow back
electron transfer. However, organic dyes have low stability, discrete absorption levels (narrow-
band), and small optical cross sections, thus requiring a high dye coverage, which diminishes
the space available for photocatalytic reactions. Besides, holes in oxidized dyes are unreactive,
which hinders hydrogen evolution since a sustainable process demands for equal consumption
of electrons and holes.

Figure 15. Proposed reaction mechanism for H2O2 disproportionation over [Mn(2-CH2OHpy)(SO4)(H2O)]n in water.
(Reproduced from elsewhere [47] with permission)
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Metallic nanoparticles (NPs) are interesting sensitizer candidates because of their large optical
cross sections related to the excitation of localized surface plasmons (LSP). Gold group metals
exhibit plasmonic resonances in the visible region, and their absorption can be easily tuned by
changing nanoparticles morphology (shape and size), enabling a good match with the solar
spectrum. Moreover, their d10 configuration bestows them chemical stability. Recently, the
excitation of Au and Ag LSP nanostructures was shown to improve charge transfer from
sensitizer to semiconductor [53], increase the photocurrents under solar irradiation [54], and
enhance photoinitiated catalytic oxidations [55]. The latest corroborates that the holes in these
structures are reactive and can take part of photo-oxidations.

Hallett-Tapley et al. [56] defended that the plasmon excitation could drive reactions via
thermal, electronic, and/or antenna processes. In the case of photocatalysis, the relevant
process is the electronic one, in which electrons and holes are allegedly formed upon plasmon
excitation [57]. In theory, plasmonic structures can be used directly in photocatalysts; however,
the electron–hole pair is short-lived (few femto-second), making it problematic to drive
chemical reactions. Interfacial reactions are relatively slow with kinetics in the milliseconds
range. To increase charge separation lifetime, the charges can be confined to spatially separated
sites where reactions take place. For example, charge separation lifetime can be dramatically
improved by coupling LSP structures with a semiconductor (analogous to DSSCs). Mubeen et
al. [58] prepared a proof-of-concept system conglomerating the findings on plasmonic
nanostructures, water reduction, and oxidation catalysts to produce simultaneously H2 and
O2 under visible light irradiation. This pioneering work demonstrated system’s potential but
highlighted the need for improvement.

Despite plasmonic nanostructures’ potential, until recently there was no spectroscopic
evidence that hot carriers are formed after photon absorption. Since this is essential for the
utilization of these structures in photocatalysis, we decided to investigate hot carriers forma‐
tion on plasmonic structures during illumination. The creation of electron–hole pairs due to
LSP excitation was measured by high-resolution X-ray absorption spectroscopy at the Au L3-
edge, which determines Au 5d unoccupied electronic states. LSP excitation led to an upward
shift of the ionization energy threshold by ca. 1.0 eV, and an increase of Au d-band hole
population, consistent with hot electrons formation, and their promotion to high-energy states
[59] (Fig. 16).

To evaluate if the hot electrons possess sufficient energy to be injected into TiO2 CB, we carried
out transient broadband mid-IR spectroscopy [19]. Free and trapped electrons in a semicon‐
ductor conduction band produce a broad mid-IR band. Upon excitation, a broad mid-IR band
appeared, confirming the presence of electrons in the TiO2 CB. The minimum in transmittance
was observed at t=0 ps for both systems, which is the best possible overlap between pump and
probe pulses, thus confirming fast injection into the TiO2 and consequently increase in electron
lifetime from few fs to 100s of ns. The result corroborates Furube et al. [60] speculated
mechanism and more importantly, it indorses that these NPs can drive photocatalytic reactions
under solar irradiation.
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Figure 16. HR-XAS experiments portraying variations in the Au DOS induced by continuous wave laser excitation of
plasmon resonance at 532 nm, with 100 mW power. (a) HR-XAS ground state spectrum of Au nanoparticles (open cir‐
cles black trace), FDMNES calculated spectra of the ground state (black trace Au 5d106s1) and excited states (red trace
5d106s07p1 and blue trace 5d96s17p1). (b) Difference spectra between the excited and ground state: experimental (open
circles black trace), and calculated assuming 2% excitation Au 5d106s17p0→ Au 5d106s07p1 (red trace); Au 5d106s17p0→
Au 5d96s07p1 (dashed blue trace). (Reproduced from elsewhere [59] with permission)

We hope that all the arguments mentioned so far demonstrate the capabilities of HR-XAS in
understanding catalytic reactivity. However, HR-XAS suffers from an important limitation,
namely its time resolution, which is at best of the order of tenths of seconds for ideal samples
with high metal concentration. The limitation starts from the fact that HR-XAS measurements
entail scanning of the incoming energy, which is restricted to the speed at which the mono‐
chromator can be moved. This makes it problematic to monitor a catalytic process in real time.
Ideally, the experiments should be carried out in continuous mode in which data collection is
carried out synchronously and uninterruptedly, enabling the identification of metastable
regimes and intermediate species. HEROS can provide element-specific information about the
unoccupied density of states [61], and due to the scanning free arrangement of von Hamos
spectrometer, HEROS spectra can be recorded on a shot-to-shot basis with extraordinary time
resolution (only depending on sample concentration and photon flux), while upholding
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spectral energy resolution [62]. Moreover, HEROS spectra are not perturbed by the self-
absorption process [63]. This makes HEROS a commanding tool to identify and quantify the
catalyst electronic changes during reaction and as it happens.

Figure 17. (a) Temporal evolution of the HEROS spectra during CO/O2 switches at 300 °C on 1.3 wt% Pt/Al2O3. (b)
Temporal evolution of the HEROS signals at 9426 and 9427 eV (whiteline region) during CO/O2 switches. (Reproduced
from elsewhere [64] with permission)

We performed an in situ time-resolved HEROS study with subsecond resolution providing
insight into the oxidation and reduction steps of a Pt catalyst during CO oxidation with 500
ms resolution [64]. Figure 17 displays a gentle oxidation step, comprised of two distinguishing
stages, namely dissociative adsorption of oxygen followed by partial oxidation of Pt subsur‐
face. By comparing the experimental spectra with theoretical calculations, we found that the
intermediate chemisorbed O on Pt is adsorbed on atop position, insinuating CO surface
poisoning or surface reconstruction. This indicates HEROS ability to perform chemical
speciation with subsecond time resolution, which opens exciting opportunities to follow
catalysis in real time. Since the HEROS spectra are collected in a single shot, the time resolution
can be further improved since it depends only on the number of incoming photons and element
concentration, which makes it particularly suited for experiments at the XFELs. Recently, it
was shown that experiments with 100 ms resolution could be achieved at the synchrotron [65].

4. Outlook and future trends in the field

Further developments in the field of X-ray spectroscopy applied to catalysis science are
nowadays focused in multiple aspects. Most importantly, improvements in the experimental
time resolution are necessary for deep insight knowledge of many chemical processes. For this,
a range of complementary X-ray sources is necessary due to timescale changes in the chemical
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environment of the atomic species that extend over a wide time range from femtoseconds up
to a few seconds. Therefore, a lot of expectation is associated with new, large-scale X-ray
facilities being under development worldwide. A new synchrotron sources, like MAXIV in
Sweden, are expected to deliver ultrabright X-ray pulses with pulse durations from tens of
picoseconds down to sub-picoseconds times. Recently developed fourth-generation X-ray
sources – X-ray free electrons lasers – pushed the time limit down to femto-second timescales.
The two operating XFELs (LCSL, USA and SACLA, Japan) as well as those under construction
(EuXFEL, Germany and SwissFEL, Switzerland) provide a unique opportunity to access
timescales of charge-transfers and the following bond-breaking and bond-making mechanism.
On the other hand, in order to fully explore capabilities of those new X-ray sources, further
developments on X-ray spectroscopy techniques is necessary together with progress on sample
delivery/treatments schemes for in situ investigations. Finally, further advancement and
evolution in the field of X-ray spectrometers and detectors will be crucial in order to fully
explore opportunities provided by the subpicoseconds and femtoseconds X-ray probes.
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Abstract

Available data on catalytic applications of the iron-containing nanomaterials are
reviewed. Main synthesis methods of nZVI, nano-sized iron oxides and hydroxides,
core-shell and alloy structures, ferrites, iron-containing supported forms, and
composites are described. Supported structures include those coated and on the basis
of polymers or inert inorganic materials (i.e., carbon, titania or silica). Description of
catalytic processes includes the decomposition reactions (in particular photocatalytic
processes), reactions of dehydrogenation, oxidation, alkylation, C–C coupling, among
a series of other processes. Certain attention is paid to magnetic recovery of catalysts
from reaction systems and their reuse up to several runs almost without loss of
catalytic activity.

Keywords: Iron nanomaterials, ferrites, catalysis, bimetallic nanoparticles, core-
shell nanoparticles

1. Introduction

1.1. General information on the iron-containing nanostructures

Nanomaterials on iron basis mainly include zero-valent iron (ZVI and nZVI (nano zero-valent
iron) are nowadays classic terms), iron-based nanoalloys or core-shell nanoparticles, iron(II
and III) oxides, and ferrites, among others. Metallic iron is normally covered with iron(II) and
iron(III) oxides [1]. The iron oxides (iron oxide nanoparticles are also referred in several reports
to as superparamagnetic iron-oxide nanoparticles (SPIONs) although SPIONS have inducible



magnetic properties) [2, 3], belong to the most technologically important oxides of transition
metals. The collective term “iron oxides” is also used for oxides, hydroxides, and oxy-
hydroxides containing Fe(II) and/or Fe(III) cations and OH- and/or O2- anions. In total, sixteen
pure iron oxide phases, i.e., oxides, hydroxides or oxy-hydroxides, are currently known. These
compounds are Fe(OH)3, Fe(OH)2, Fe5HO8⋅4H2O, Fe3O4, FeO, five polymorphs of FeOOH and
four of Fe2O3. In these oxide compounds, which are generally low soluble and possess brilliant
colors, the iron is present in the form of Fe(III). The extremely important advantages of
nanostructured iron, in comparison with other nanomaterials, are its relatively low toxicity
and capacity to be biodegradable. This metal, in addition, is non-expensive and commonly
widespread material [4].

Particle diameters of nZVI are normally in the range from 10 to 100 nm [5], exhibiting a classic
core-shell structure. Their core contains metallic iron phase, meanwhile the oxidation products
of zero-valent iron form mixed valent [i.e., Fe(II) and Fe(III)] oxide shell. If stabilizers in excess
are present, these core-shell nanoparticles could be protected against further oxidation [6].
Among such stabilizers, a series of organic compounds can be used for nZVI functionalization
to stabilize nZVI aqueous dispersions, inhibiting strongly their further agglomeration. Such
compounds can be used to satisfy this purpose, for example, PEG, polyacrylic acid, 4-butane‐
diphosphonic acid, and methoxyethoxyethoxyacetic acid (MEEA) [7].

The magnetite (Fe3O4) and maghemite (γ-Fe2O3) are of a particular interest talking about iron
oxides (SPIONs). The magnetite structure corresponds to an inverse spinel ferrite. The oxygen
ions are the part of a close-packed cubic lattice, containing the iron ions between two different
interstices, tetrahedral sites (A), and octahedral sites (B). In a chemical point of view, the
magnetite/maghemite can be represented by the following formula: Fe3+ [Fe2+

1-y Fe3+
1-y

Fe3+
1.67y▯0.33y]O4, where y=0 for pure magnetite and y=1 for pure maghemite (completely

oxidized magnetite). From room temperature up to Curie temperature (Tc=860 K), the A sites
are filled by Fe3+ ions and the B sites are filled by Fe3+ and Fe2+ ions in equal quantity. Although
the lepidocrocite (γ-FeOOH) dehydration transforms into γ-Fe2O3, industrial fabrication of
maghemite is based on a multistep process (1):

( ) ( ) ( )
( )

2 3

3 4 2 3

 and/ or - FeOOH oxidation   - Fe O reduction   
Fe O controlled oxidation   - Fe O

a g a

g

® ®

® ®
(1)

In addition to the nZVI and SPIONs, a variety of composite inorganic iron-based nanomaterials
have been discovered, in particular core-shell Fe(or FexOy)/Au or more complex trimetallic
nanoparticles such as (Fe60Co49)core/Aushell [8]. These nanoparticles were classified [9] on the
basis of on their complexity levels: 1) the nanostructures based of an iron-containing material
with magnetic properties different from iron oxide; 2) the nanostructures with a non-spherical
morphology (e.g. hollow structure); 3) the nanostructures with multi-material composition, i.e.
each of them is constructed ≥2 more domains of joined together different inorganic materials.
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2. Main synthesis methods

A number of currently used methods, shown below, are nowadays used for preparation of Fe-
containing nanomaterials. At the same time, some well-known conventional wet chemistry
routes have not been forgotten and are applied for nZVI synthesis [10] (for instance, by a
borohydride reduction in laboratory scale) [11], Fe2O3 (sol-gel technique [12] or electrochemical
deposition [13]), or Fe3O4 (urea- and NaOH-assisted hydrolysis of Fe3+ and Fe2+ salts and further
ultrasonic treatment of FeO(OH)/Fe(OH)2). Particle sizes and morphologies of the formed
nanomaterials, synthesized by distinct methods, can vary depending on the synthesis condi‐
tions. For example, the Fe3O4 nanoparticles [14], obtained by radio frequency nitrogen plasma
technique, represent a regular spherical form, meanwhile the nanoparticles synthesized by
wet chemistry synthesis were seen as well shaped cubic form. In case of the plasma prepared
iron oxides, their size distribution was wider resulting small (25–80 nm) and larger (>100 nm)
particles.

2.1. nZVI and Fe-M nanoalloys and core-shell nanostructures

To produce nanopowders, the method of electrical explosion of wire was applied [15, 16], among
other physical methods. Intermetallic phases can also be obtained by the arc discharge techni‐
que, for example Fe-Sn bimetallic nanoparticles [17]. Thus prepared nanoparticles have a core/
shell structure consisting of a SnO2 shell (5–10 nm in thickness) and a core containing poly‐
crystalline intermetallic compounds. The intermetallic compounds FeSn2 and Fe3Sn2 were
shown to be generated; they coexist with the Sn phase as a single nanoparticle. Microwave
irradiation (which is used to fabricate normally inorganic materials and composites, lesser
organic- or organometallic-based materials), is an alternative method in comparison with
classic heating of product precursors. Metal transformations in microwave field are extensively
reviewed in a comprehensive recent book [18]. Elemental metal nanoparticles in various forms
can also be fabricated using this method. For example, iron-based nanoparticles were obtained
applying microwave–polyol route in ethyleneglycol at 100 and 150 °C with additives of
polyvinyl pyrrolidone and dodecyl amine [19]. Also, pulsed excimer laser radiation (248 nm)
was used to ablate a feedstock of permalloy (~2 μm, Ni 81%:Fe 19%) under both normal
atmospheric conditions (in air) and in other gases, as well as under pressures [20]. α-Fe
nanoparticles were also obtained with use of a modified metal-membrane incorporation method
applying diffusing metal ions through a dialysis membrane [21] (the diffusion-time ≤15 min).

To get nZVI in laboratory conditions [22], the classic and usual synthesis technique is the
reduction of Fe(II or III) salts using NaBH4, NaAlH4 or LiAlH4 as reductants. Thus, nZVI was
synthesized (reaction 2) [23] in ethanol medium by the method of reduction of FeXn (X= Cl,
OH, OR, CN, OCN, SCN) using sodium borohydride under atmospheric conditions [24].

( )0
3 4 2 23

2FeCl + 6NaBH + 18H O 2Fe + 6NaCl + 6 B OH + 21H® (2)
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A patent [25] describes a route to metal nanoparticles by thermal decomposition of iron acetate
Fe(OOCCH3)2, placed in a reaction vessel with a passivating solvent such as a glycol ether.
Discussing the pyrolysis method, it should be noted the preparation of iron nanoparticles
(embedded in a carbon matrix) from metal phthalocyanine as precursor [26] and carbon-
encapsulated iron nanoparticles (size 5–20 nm) via a picric acid-detonation-induced pyrolysis of
ferrocene as precursor; this route has such peculiarities as self-heating and extremely fast
process [27]. Also, the “greener” techniques [28, 29, 30, 31, 32] have been applied for nanoparticle
fabrication. Use of plant extracts and other natural products on polyphenole basis in these
syntheses as reductants and capping agents at the same time for obtaining nZVI and several
other Fe-containing nanoparticles is intriguing [33] as well. For instance, the herbal tea ex‐
tracts were applied to reduce iron(III) chloride to elemental iron nanoparticles (50 nm) [34].

In addition, a variety of general physico-chemical methods have been applied for the produc‐
tion of as Fe-containing bi- and polymetallic alloys as core-shell nanostructures. For instance, high
entropy Nd-Fe-Co-Ni-Mn alloy nanofilms were prepared [35] by electrodeposition at r.t. After
preliminary preparation of alumina nanotemplates, Fe, Fe-Ni, and Fe-Pd nanowires were
successfully electrodeposited within their porous structure. Also, the Fe-Pt nanocrystalline
magnetic films (200 nm of thickness) with planar texture were obtained with use of magnetron
sputtering and crystalline annealing in magnetic field [36].

2.2. Supported and coated iron nanoparticles

A number of publications are devoted to carbon-supported ZVI nanomaterials [37]. This type
of protective carbon-cage encapsulation of iron nanoparticles can result hybrid core-shell
nanomaterials with unique properties [38]. This way, carbon encapsulated iron core-shell
nanoparticles (15–40 nm in size) were obtained via confined arc plasma method [39]. Resulting
nanoparticles possessed a clear core-shell structure. The core (16 nm in diameter) of the par‐
ticles corresponded to a BCC iron structure, and the shell (thickness 6–8 nm) was shown to
be disorder carbon phase. A closely related arc discharge technique [40] is also frequently used
for obtaining a variety of nanomaterials, in particular the iron containing ones. For instance,
a simple, inexpensive and one-step arc discharge synthesis technique to prepare metal-con‐
taining carbon nanocapsules in aqueous solution is known [41]. It was established that iron
nanoparticles can be in situ encapsulated in carbon shells when the arc discharge process
was carried out in aqueous solutions of FeSO4.

Combustion synthesis of iron oxide/iron-coated carbons such as cellulose fiber, anthracite, and
activated carbon was reported a classic microwave oven with inverter technology [42]. The
size of the iron oxide/iron nanoparticle-coated samples were determined to be in the range of
50–400 nm. It was found that iron oxide/iron nanoparticles exist in 4 main phases: γ-Fe2O3, α-
Fe2O3, Fe3O4, and Fe, some of them had significant arsenic adsorption. In addition, carbon-
coated iron nanoparticles with well-developed quasi-spherical shape were prepared with
Fe(NO3)3⋅9H2O and starch as carbon source [43, 44]. This is an efficient approach for the mass
production of nanocage structures under mild conditions, which needs to be further explored
for preparing various carbon coated metal nanomaterials. Radiation methods are being applied
more widely last 10–15 years, in that case for preparation of Fe-carbon-supported nanostruc‐
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tures. This way, 2 types of amorphous carbon films (15 at.% iron containing film) were
deposited onto Si substrates by a sputtering method and further exposed to an electron flow,
where the energy and dose rate were much smaller compared to the electron beam in a TEM.
In this case, graphitic structures were observed in amorphous matrix at temperatures up to
450 K. It was established that the graphitization progressed more intensively during the
electron irradiation than in annealing at 773 K. This was attributed to thermal and catalytic
effects, strongly related to grain growth of metal clusters.

2.3. Free and supported iron oxides and ferrites

Zeolites and closely related supporting materials represent an ideal basis for iron oxide
nanocomposites. This way, the zeolite loading with nanoiron oxide by a simple chemical
process was described [45]. Final crystallite sizes of the doped nanomaterials were in the range
of 4–6 nm. It was shown that the zeolites become to have magnetic properties after being doped
with nanoiron oxide. Mesoporous nanocomposites “iron oxide/silicate” Fe2O3-SBA-15 (SBA-15
is an abbreviation for hexagonally ordered mesoporous silica) with iron loadings of 1.2–35.8
wt.% were prepared hydrothermally [46]. It was revealed that these composites contain well-
dispersed iron oxide nanoclusters in the walls of ordered mesoporous silica and high surface
area. Certain number of composite nanomaterials based on Fe3O4 is known, for instance core/
shell Fe3O4 coated gold nanoparticles (diameter 50–100 nm) [47]. Their possible formation
mechanism was proposed as follows: pH-sensitive polymer owing to a shrunken or stretched
structure of polyethyleneimine (PEI), led to the aggregation of the Fe3O4-gold seed nanopar‐
ticles, then gold reduces onto the surface of Fe3O4-gold seed nanoparticles. It was concluded
that these core/shell multifunction nanomaterials will not only have external magnetic
separation by the core of Fe3O4 but also detect the large biological molecules using the shell of
gold. In addition, iron phthalocyanine prepolymer/Fe3O4 nano hybrid magnetic material [48]
can be applied as high temperature-resistant polymer magnetic composite material. At last,
ferrites having different sizes, from ultrasmall (2 nm) to 50 nm, can be fabricated by distinct
techniques [49] mainly co-precipitation method (CPM), sometimes without using any capping
agents/surfactants.

3. Catalytic applications

3.1. nZVI and supported Fe0 nanocomposites

3.1.1. Catalyzed removal or decomposition of pollutants

nZVI has been extensively reported to resolve a series of environmental problems, related with
destruction, adsorption, precipitation, reduction or oxidation of heavy metals, salt anions,
hydrocarbons and halogenated organic pollutants (Fig. 1) [50], leading to their conversion to
final non-hazardous products. In these processes, iron nanoparticles have shown high
efficiency and practically no damage for the environment because of absence of toxicity. Thus,
the efficiencies of nitrate removal from aqueous solution by single (TiO2 and nZVI), and
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composite (nano-TiO2–Fe0 composite, NTFC) system under UV illumination were studied [51].
Among the three systems, both nZVI and NTFC can effectively remove nitrate. However, only
NTFC can achieve satisfactory transformation of nitrate to N2. Reactive materials for catalytic
degradation of chlorinated organic compounds in water at ambient conditions have been prepared
on the basis of silica-supported Pd-Fe nanoparticles [52]. Nanoscale Fe-Pd particles were
synthesized inside porous silica supports using (NH4)3[Fe(C2O4)3] and [Pd(NH3)4]Cl2 or Pd
acetate as reaction precursors. The reduction of these supported precursors using hydrogen
led to materials, revealed high activity in the processes of perchloroethene (PCE) degradation
and 2-chlorobiphenyl (2-ClBP) dechlorination. It was established that highly dispersed
amorphous Fe-Pd bimetallic nanoparticles on silica support possess superior catalytic activity
against PCE dechlorination, comparing with the free-standing Fe-Pd nanoparticles. It was also
established that the addition of vitamin B12 (it is known to be an effective electron mediator,
having strong synergistic effects with nZVI for reductive dehalogenation reactions) can
significantly enhance the reductive dechlorination of PCE by nZVI [53]. A remarkable
reductive dechlorination of PCE (0.25±0.01 h−1) was observed in nZVI suspension (0.05 g/24
mL) with 0.5 mM vitamin B12 in 6 h, while no significant reductive dechlorination of PCE was
observed in the nZVI suspension without vitamin B12. Similar composite material based on
deposition of nZVI particles and cyanocobalamine (vitamin B12) on a diatomite matrix was
also used for catalytic transformation of PCE and other organic contaminants in water [54].
The composite material rapidly degrades or transforms completely a large spectrum of water
contaminants, including halogenated solvents like TCE, PCE, and cis-DCE, pesticides like
alachlor, atrazine and bromacyl, and common ions like nitrate, within minutes to hours. In a
related publication [55], iron nanoparticles were applied for remediation of PCB-contaminated
soil, taking into account a maximization of PCB destruction in each treatment stage. The
efficiency of PCB destruction during the first step treatment (mixing of soil and iron nanopar‐
ticles in water) can be improved by increasing the water temperature. The PCB destruction
efficiency of minimum 95% can be achieved. In air at 300 °C, Fe2O3 is also a good catalyst for
remediating PCB-contaminated soils. In addition, photo-Fenton like method using nZVI/UV/
H2O2 was applied [56] for removing total petroleum hydrocarbons (TPH) and determining the
optimal conditions using Taguchi method. The removal rate in optimal conditions was
between 95% and 100%. The nZVI particles can be reused in a magnetic field. This process may
enhance the rate of diesel degradation in polluted water and could be used as a pretreatment
step for the biological removal of TPH from diesel fuel in the aqueous phase. Among other
degradation applications, we note the use of nZVI/AC for catalytic wet peroxide oxidation of
phenol [57]. The catalytic activity of phenol degradation was improved by application of nZVI/
AC catalysts compared to that of Fe/AC. For the range 150–1,000 mg/L, the phenol conversion
≥90% can be achieved using these nanocatalysts during 15 min of the reaction in presence of
the stoichiometric hydrogen peroxide for complete mineralization. At last, as an example of
classic organic synthesis, we emphasize the conversion of synthesis gas to C2 through C4
olefins with up to 60% selectivity by carbon [58], using catalysts which comprise Fe promoted
nanoparticles (5–30 nm in diameter) homogeneously dispersed on weakly interactive α-
alumina or carbon nanofiber supports.
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Figure 1. Core–shell structure of nZVI depicting various mechanisms for the removal of metals and chlorinated com‐
pounds. Adapted from Li et al. 2006 with permission.

Degradation of dyes with use of nZVI is carried out mainly on carbon-based nanocomposites.
Thus, nZVI/activated carbon (nZVI/AC) was investigated as heterogeneous Fenton catalyst in
3D electrode system for methyl orange (MO) degradation [59]. The mineralization of MO was
significantly improved by 20–35% compared to 2D AC system at the optimum conditions. A
possible mechanism for decolorization and mineralization was proposed, which was attrib‐
uted to the combination of adsorption, anodic oxidation, and Fenton oxidation in 3D
nZVI/AC system. As an example of application of CNTs-based system, an ozone catalyst
capable of working on acidic solution environments (labeled as CNTs-Fe0), which was
prepared by immobilizing nZVI onto the surface of MWCNTs and used for decomposition of
methylene blue (MB) by formed hydroxyl radicals (HO⋅) [60]. At pH 3, the production of
HO⋅ was found to be considerably accelerated in the presence of CNTs-Fe0 about 80 times in
comparison with results using plain ozone. In the process of CNTs-Fe0 catalytic ozonation, the
CNTs support was analyzed to perform as effective “promoter” allowing the fast surface-
mediated reactions, owing to the combination of its surface-active nature, conductivity, and
chemical stability. All these and above technologies perfectly fit into advanced water treatment
technologies, whose additional representative example is as follows. Thus, the in situ synthesis
of air-stable nZVI embedded in cellulose fibers led to the assembly of highly reactive magnetic
filter papers (membrane nanocomposites) [61]. This nZVI@FP nanocomposite (Fig. 2) showed
high activity towards the removal of hexavalent chromium as well as an excellent catalytic
ability to convert phenols into catechols, by simple filtration processes of the contaminated
water solutions.
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Figure 2. (a) Optical image showing the 2-step assembly of the magnetic nZVI@FP nanocomposite. (b) Scanning elec‐
tron micrograph of nZVI@FP loaded with 5% in weight of nZVI. (c) TEM micrograph of NZVI entrapped over a cellu‐
lose fibre of FP. The inset shows the particle size distribution, as estimated from TEM (Freq.-nZVI vs. nZVI-size),
together with the fitting analysis (red-line). (d) TEM micrograph of a magnified region of (c) revealing the intimate
interaction between NZVIs and the fiber surface. FP = filter paper. Adapted from Datta et. al. 2014 with permission.

3.2. Fe–M nanoalloys, bimetallic NPs and core–shell nanostructures

Degradation of pollutants. Iron-based alloys, core-shell, and bimetallic nanoparticles,
especially with noble metals, have been extensively applied in the catalysis and reviewed [62,
63, 64], so we will present in this section only their most representative recently reported
examples. As well as nZVI described above, bimetallic Fe-containing nanoparticles (Fe with
Pt, Ru, Rh, Ni, Co, Au, Cu, Ag) are used for the catalytic elimination of environmental
pollutants. Reactions between them (pollutants and nanoparticles) can be mainly divided in 4
types [65]: a) catalytic replacement reactions for removal of heavy metals, b) hydrodehaloge‐
nation reactions (in case of halogenated hydrocarbons), c) azo and nitro hydrogenation
reactions (for azo and nitro) compounds, and d) hydrodeoxygenation reactions (for oxyan‐
ions). In comparison with monometallic iron nanoparticles, the bimetallic iron NPs have
considerable capacity to be separated and catalytic ability for degradation of non-biodegrad‐
able pollutants. Among them, Fe-Pt NPs are of an especial interest. Thus, Pt-Fe application as
heterogeneous Fenton-like catalysts was reported for hydrogen peroxide decomposition and
the decolorization of methylene blue [66]. FePt (and also Fe3O4, see more information below)
NPs were prepared and tested as heterogeneous Fenton-like catalysts to evaluate and compare
their efficiency toward the decolorization of MB dye in solution. Both FePt and Fe3O4 exhibited
high activity toward the MB decolorization reaction though FePt exhibited a reaction rate that
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was 100 times faster for a 5 ppm catalyst concentration. Both FePt and Fe3O4 NPs are super‐
paramagnetic and thus can be easily separated with a magnet and reused for subsequent
catalytic cycles. The same objective was reached using core-shell NPs on the nZVI basis. Thus,
a series of nanocomposites consisting of nZVI encapsulated in SiO2 microspheres were applied
for the degradation of organic dyes was investigated using MB as the model dye in the presence
of H2O2 [67]. The degradation efficiency and apparent rate constant of the degradation reaction
were significantly enhanced with increased nZVI encapsulated in SiO2 microspheres, whereas
the dosage of H2O2 remarkably promoted degradation rate without affecting degradation
efficiency.

It should be also noted that Fe-containing thin films can be applied for dye degradation. Thus,
2D nano-TiO2 and Fe-doped nano-TiO2 thin films with large sizes were obtained [68] at low
temperature in an aqueous system via molecular self-assembly approach. Degradation of
methyl orange solution under action of UV and visible light radiation was applied for
evaluation of the photocatalytic activity. The doped iron presence was shown to improve the
TiO2 photocatalytic activity. The degradation yields of methyl orange were 98.62% and 89.24%,
respectively, under illumination by UV lamp and using visible light. As an example of another
degradation process, we note that the longevity and reactivity of nZVI and palladized
bimetallic particles (BNP) were evaluated in batch and column experiments for remediation
of a trichloroethene (TCE)-contaminated plume within a clayey soil [69]. The particle behavior
was found to be severely affected by clay sediments. Results of butch studies testified that TCE
degradation in ORR clayey soil corresponds to a pseudo-first-order kinetic model with reaction
rate constants (k) of 0.05–0.24 day−1 at varied iron-to-soil ratios. Despite of elevated reactivity
in water phase, the BNP were less effective in the site-derived clay sediment resulting
calculated TCE removal efficiencies of 98.7% and 19.59%, respectively.

Transformations of ketones using stabilized nZVI and bimetallic Fe NPs are known. Among
these catalytic processes, we note that porous Pt-Fe bimetallic nanocrystals were found to
effectively facilitate the manufacturing of 2-propanol from acetone [70]. It was suggested that
the high reactivity is strictly related to the interface consist of bimetallic Pt-Fe alloy and the
Fe2O3-x. As an example of reduction of substituted aromatic ketones to alcohols, iron nanopar‐
ticles (size 9 nm, 14 nm, and 17 nm), stabilized by polyethylene glycol (PEG), carboxymethyl
cellulose (CMC), and poly N-vinyl pyrrolidone (PVP), were used as catalysts in the hydroge‐
nation reaction of various substituted aromatic ketones to alcohols with NaBH4 [71]. Fe-PEG
NPs were found to act as better catalyst than Fe-CMC NPs and Fe-PVP NPs. The trend in the
catalytic activity among metals falls in the line of decreasing size effect of the nanoparticles
i.e., the order of the nanoparticle sizes increase as Fe-PEG < Fe-CMC < Fe-PVP. Also, effects of
substituents in the aromatic ring of ketones revealed that +I substituents are better catalyzed
than –I substituents. In addition, bimetallic ruthenium-iron nanoparticles constitute a mag‐
netically recoverable heterogeneous catalyst for transfer hydrogenation with a pronounced
selectivity for ketones over aldehydes and nitro groups [72]. The nanoparticles are recyclable
up to five times without significant decrease in activity or leaching.
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Other processes. An Fe group ternary nanoalloy FeCoNi (NA) catalyst (its synthesis see Fig.
3) enabled selective electrocatalysis towards CO2-free power generation from highly deliver‐
able ethylene glycol (EG) [73]. This FeCoNi nanoalloy catalyst exhibited the highest selectivi‐
ties toward the formation of C2 products and to oxalic acid, i.e., 99% and 60%, respectively, at
0.4 V vs. the reversible hydrogen electrode (RHE), without CO2 generation. The key feature
was the formation of an atomically mixed FeCoNi alloy to enhance the synergetic effect of the
Fe group elements on anti-self-oxidation and selective oxidation of EG to oxalic acid. Reduction
processes also required polymetallic particles. Thus, trimetallic core/shell Pd/FePt NPs were
applied in oxygen reduction reaction (ORR) catalysis [74]. The uniform FePt shell was formed
by controlled nucleation of Fe(CO)5 in the presence of a Pt salt and Pd NPs at designated
reaction temperatures.

Figure 3. Synthetic scheme for the preparation of a FeCoNi nanoalloy catalyst supported on carbon (FeCoNi/C). Metal‐
lic Fe, Co and Ni form in the presence of polyethylene glycol (PEG) and a carbon support (vulcan) after the addition of
an aqueous solution of NaBH4. The metallic species are oxidised spontaneously, with production of an oxide mixture
composed of Fe3O4, Co3O4, NiO, and so on is produced. FeCoNi/C was prepared by hydrogen reduction of the oxide
mixture. Adapted from Matsumoto et al., 2014 with permission.
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Iron-iron oxide core–shell nanoparticles were used as a catalyst for the hydrogenation of olefins
and alkynes (reaction 3) under mild conditions in ethanol and in an aqueous medium [75]. The
system is active in respect of a row of substrates and considerably selective for alkenes and
alkynes over aromatic and carbonyl groups. The authors supposed that the presence of an
oxide shell does not decrease its activity and provides a certain protection against oxidation
by oxygen and water. In addition, highly active and well-defined AuPt nanoalloys, supported
on the surface of ellipsoidal Fe@SiO2 nanoparticles, were prepared by a method involving the
loading of Pt NPs on the Fe2O3@SiO2 nanocapsules via Sn2+ linkage and reduction, then in
situ fabrication of Au nanoparticles by the galvanic replacement reaction between Au and Pt,
and finally calcination and reduction to convert the nonmagnetic Fe2O3 to Fe core with high
saturation magnetization [76]. The obtained Fe@SiO2/AuPt samples exhibited a remarkably
higher catalytic activity in comparison with the supported monometallic counterparts toward
the reduction of 4-nitrophenol to 4-aminophenol by NaBH4. The catalyst can be reused for several
cycles with convenient magnetic separation.

Hydrogenation of olefin catalyzed by Fe CSNPs.

3.3. Nano-Fe2O3 phases and their composites

Destruction of dangerous substances and pollutants. As well as Fe(0)-containing nanocom‐
posites, oxidated iron forms are successfully used for degradation of several substances, both
inorganic and organic. Thus, the decrease in temperature of decomposition of ammonium
perchlorate in the presence of nano-ferric oxide was investigated [77] (see also section below on
ferrites). It was shown that addition of nanometer-sized ferric oxide leads to a significant
decrease in higher decomposition temperature of ammonium perchlorate. The catalytic
activity of a colloidal catalyst (based on iron(III) oxides and obtained by hydrolysis followed
by peptization of FeCl3⋅6H2O salt in water in the presence of 1% ethanol) in decomposition of
H2O2 was studied [78]. The obtained catalyst is mainly composed of α-Fe2O3 crystals with an
admixture of other crystalline structures of iron oxides, as well as carbon-containing com‐
pounds. Its activity with respect to Н2О2 decomposition varies nonlinearly and nonmonoton‐
ically and its particle size grows starting from 1–3 nm with an increase in the initial
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concentration of FeCl3⋅6H2O used to synthesize the catalyst. In addition, thermal decomposi‐
tion of silver acetate at 200 °C in the presence of iron oxide microspheres in diphenyl ether led
to the formation of iron oxide@Ag core–shell nanoparticles, exhibiting superparamagnetic
behavior with a blocking temperature of about 42 K [79]. Their good catalytic activity and
magnetic recovery was demonstrated by using two reactions, namely, reduction of 4-nitrophe‐
nol and reduction of methylene blue in aqueous solution. An especial case is the use of iron oxide /
TiO2 nanoparticles [80]. Thus, photocatalytic oxidation with TiO2 nanoparticles (6–20 nm) was
investigated as a promising water-treatment process [81, 82]. TiO2 nanoparticles, after UV
irradiation, are able to adsorb and degrade a huge variety of organic contaminants present in
the environment. For example, in case of organic arsenic species (monomethylarsonic [MMA]
and dimethylarsinic [DMA] acids), the strong affinity between the TiO2 nanoparticles surface
results a covalent bonding between MMA or DMA and the nanoparticle surface via formation
of bidentate (AsMMA-Ti 3.32 Å) and monodentate (AsDMA-Ti 3.37 Å) inner-sphere com‐
plexes, respectively. Dopation of TiO2 nanoparticles with Fe3+ ions at 0.1–0.5% may signifi‐
cantly increase the photocatalytic activity. The doped ions act as charge separators of the
photoinduced electron–hole pair and enhanced interfacial charge transfers. Finally, an
interesting application is known for adsorption of elemental sulfur. Thus, photoinduced sulfur
desorption from the surfaces of Au Nps loaded on a series on metal oxides, in particular
Fe2O3, was studied [83]. Elemental sulfur S8 was selectively adsorbed on the Au Nps surfaces
of Au/metal oxides in an atomic state. This phenomenon is applicable to the low temperature
cleaning of sulfur-poisoned metal catalysts.

Organic synthesis. Free iron oxide(III) NPs and its nanocomposites have found numerous
application in organic synthesis. Thus, hematite α-Fe2O3 NPs (diameters in the 7–18 nm range,
synthesized by thermolysing a PVA-Fe(OH)3 gel matrix at moderate temperatures) can
effectively catalyze the epoxidation of styrene with tert-butyl hydroperoxide (TBHP) as the
terminal oxidant [84]. Iron oxide nanoparticles supported on zirconia were tested in the gas-
phase conversion of cyclohexanol to cyclohexanone in a fixed-bed flow type, Pyrex glass reactor,
at 433–463 K [85]. Major detected products were cyclohexanone, cyclohexene and benzene,
depending on the used catalyst. Experimental results showed that there was no leaching of
metal, and that the catalyst was thus truly heterogeneous. In addition, core-shell Fe2O3/Pt
nanoparticles with amorphous iron oxide cores exhibited superior catalytic activity with lower
peak potential and enhanced CO2 selectivity toward methanol electrooxidation in acidic medium
[86]. This catalytic performance may be attributed to the uniform distribution of Pt particles
on the amorphous Fe2O3 surface as well as interactions between the Pt particles and amorphous
Fe2O3 cores. The catalytic activity of core-shell Fe2O3/Pt nanoparticles first increases and then
decreases with decreasing Pt content. These nanomaterials also were found to have much
higher structural stability and tolerance to the intermediates of methanol oxidation.

A magnetically separable core–shell iron oxide@nickel (IO@Ni) nanocatalyst, synthesized by
reduction of Ni2+ ions in the presence of iron oxide (Fe2+, Fe3+) by a one-pot synthetic route using
NaBH4 as a reducing agent and starch as a capping agent, was found to have excellent activity
for the hydrogenation reactions of aromatic nitro compounds under mild conditions using water
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as a green solvent (reaction 4). Excellent chemoselectivity and recyclability up to 30 cycles for
the nitro group reduction was demonstrated. Nano propylsulphonated γ-Fe2O3 (NPS-γ-Fe2O3,
reaction 5) was applied as a magnetically recyclable heterogeneous catalyst for the efficient
one-pot synthesis of bis(pyrazolyl)methanes in water (reaction 6) [87]. The catalyst was easily
isolated from the reaction mixture by a magnetic bar and reused at least five times without
significant degradation in activity. Nanoporous α-Fe2O3 nanoparticles (about 100 nm in size
and containing pores <10 nm) were synthesized via a hydrothermal method and applied in the
catalytic benzylation of benzene and benzyl chloride (BC) in the fabrication of diphenylmethane
(DPM) [88]. The BC conversion reached 100% in a reaction time of 3 min with 97.76% selectivity
to DPM. The nanoporous α-Fe2O3 nanoparticles also have potential applications in other
Friedel-Crafts alkylations, especially in large molecular reactions. Another example is related
with chemical recycling of PET. Thus, easily recoverable superparamagnetic γ-Fe2O3 nano‐
particles (10.5 nm in size and 147 m2.g−1 surface area, produced by calcining Fe3O4 nanoparticles
prepared by the co-precipitation method) were used as a reusable catalyst for PET glycolysis
[89]. At 300°C and a 0.05 catalyst/PET weight ratio, the maximum bis(2-hydroxyethlyl)
terephthalate (BHET) monomer yielded reached more than 90% in 60 min. The catalyst was
reused 10 times, giving almost the same BHET yield each time. In addition, heterogeneous
photo-Fenton reaction which utilizes nanosized iron oxides as catalyst for maximizing the
activity due to the enhanced physical or chemical properties brought about by the unique
structures was described [90].

General scheme for the reduction of various nitroaromatics.

Synthesis of NPS-γ-Fe2O3.
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The reaction of benzaldehyde with 1-phenyl-3-methyl-5-pyrazolone.

Antibacterial activities. The doping effects of silver(I) and iron(III) on photocatalytic results
using TiO2 thin films were studied [91]. Ag and Fe doping and co-doping contents on nano-
titania photocatalytic bactericidal films were obtained by sol-gel technique, thus uniting three
classic active antibacterial species (Ag, Fe and TiO2). The photocatalytic activity of TiO2 films
was confirmed by the sterilizing rate of the E-coli in each case. Applying fluorescent light
irradiation, the optimal doping amounts of silver(I)/titania and iron(III)/titania were found to
be 0.05% and 0.1%, respectively. In addition, a photocatalytic technique using visible light and
carbon nanotubes and nano-sized Fe2O3 powder was used to inhibit pathogenic bacterial
growth in water [92]. It was suggested that after careful design, this system can be used to
disinfect drinking water, making it free of pathogenic bacteria.

3.4. Nano-Fe3O4 phases and their composites

Iron(II,III) oxide based nanostructures are slightly less explored in the organic synthesis. Thus,
haemin-functionalized magnetic iron(II,III) oxide nanoparticles (Fe3O4/haemin) exhibited
pronounced electrocatalytic activity towards trichloroacetic acid (TCA) like haemin itself (a
linear detection range of 5–80 M and a detection limit of 0.3 M at 60 °C) [93]. This activity
towards TCA was affected by detection temperature, which was controlled via electrically
heated carbon paste electrodes. The maximal catalytic current was 5.8 times higher at 60 °C
than at room temperature (25 °C). A process capable of synthesizing minor fractions of aromatic
hydrocarbons (benzene, toluene, xylenes, and mesitylene) from CO2 and H2 at modest temper‐
atures (T = 380 to 540°C) employing Fe/Fe3O4 nanoparticles as catalyst was designed [94]. The
authors consider this technology as principally compatible with solar heat and hydrogen
technology and having the potential to mitigate the impacts of global warming by making use
of the existing distribution technology for gasoline. Also, trisubstituted imidazoles can be
synthesized condensation reaction from 1,2-diketones, aromatic aldehydes, and ammonium
acetate (reaction 7) in high yield in the presence of sulphamic acid functionalized magnetic
Fe3O4 nanoparticles (reaction 8) as a solid acid catalyst under solvent-free classical heating
conditions or using microwave irradiation [95].
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One-pot synthesis of 2,4,5-trisubstituted imidazoles catalyzed by sulphamic acid functionalized magnetic Fe3O4 nano‐
particles under conventional heating conditions or using microwave irradiation.

Preparation steps for fabricating sulphamic acid functionalized magnetic Fe3O4 nanoparticles.

Among other reactions, we note an efficient one-pot, three-component condensation reaction
between 4-hydroxycoumarin, aryl glyoxals, and malononitrile catalyzed by Fe3O4 nanoparti‐
cles, which was carried out for the synthesis of several dihydropyrano[c]chromenes [96]. Also, an
inexpensive and non-hazardous sulfuric acid functionalized magnetic Fe3O4 nanoparticles
(efficiently catalyze one-pot multicomponent condensation of β-naphthol with aromatic and
aliphatic aldehydes and amide derivatives (reaction 9) at 100 °C under solvent-free conditions
to afford the corresponding amidoalkyl naphthols in excellent yields and in very short reaction
times [97]. Silver(0) nanoparticles supported on silica-coated Fe3O4 (synthesis see reactions
10) serve as an efficient and recyclable heterogeneous catalyst for oxidant-free dehydrogenation
of alcohols to the corresponding carbonyl compounds [98]. The catalyst can be easily recovered
and reused for 8 reaction cycles without considerable loss of activity. At last, a nanocomposite
of functionalized Ni(II) complex containing surface of pyridine, methoxysilanyl and amino
groups with iron(II,III) oxide, Fe3O4@[-Ni(bpy)2(py-tmos)] was found to be highly efficient
green catalyst for the synthesis of a diverse range of 3,4-dihydropyrimidin-2(1H)-ones under
solvent free conditions, and in addition it could be easily recovered by a simple magnetic
separation and recycled at least 5 times without deterioration in catalytic activity [99].
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Synthesis of amidoalkyl naphthols

Preparation of magnetically recoverable heterogeneous nanocatalyst Fe3O4@SiO2-Ag.

3.5. Ferrites

Cobalt ferrites having different sizes, from ultrasmall (2 nm) to 50 nm, can be fabricated by
distinct techniques [100], mainly co-precipitation method (CPM), sometimes without using
any capping agents/surfactants. Thus, the CPM was used to synthesize ultrasmall CoFe2O4

superparamagnetic nanoparticles (SPMNPs, 2–8 nm of an average size and high surface area
of 140.9 m2/g) without any surfactant [101]. Their catalytic activity was verified in the prepa‐
ration of arylidene barbituric acid derivatives (reaction 11) applying CoFe2O4 SPMNPs in aqueous
ethanol as a reusable catalyst, which can be magnetically separated from the reaction system.
Main advantages of this approach were found to be high yields, short reaction time and high
turnover frequency, a clean reaction methodology, and chemoselectivity, among several
others. More large-size CoFe2O4 magnetic nanoparticles (25 nm) were used as a catalyst for the
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oxidation of various alkenes in the presence of tert-butylhydroperoxide (t-BuOOH) with almost
quantitative yields (reaction 12) [102]. It seemed that this heterogeneously catalysis system
proceeds by coordination of t-BuOOH to the metal (Fe3+ cations) on the surface of the catalyst.
The separation of the catalyst from the reaction media was easily achieved with the aid of an
external magnet, and the catalyst can be reused several times with no loss of activity. In
addition, combination of synthesis techniques can also be used for cobalt ferrite preparation.
Thus, synthesis of spinel CoFe2O4 MNPs (average sizes 40–50 nm) was achieved by a combined
sonochemical and co-precipitation technique in aqueous medium, also without any surfactant
or organic capping agent [103]. These uncapped NPs were utilized directly for aldol reaction in
ethanol (reaction 13). After the reaction was over, the nanoparticules were compartmented by
using an external magnet.

Optimization of reaction conditions using CoFe2O4 nanocatalyst. Yields 40–95%, best results in EtOH.

Oxidation of alkenes using CoFe2O4 catalyst.

Figure 4. Aldol condensation reaction in presence of cobalt ferrite MNPs.
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Nickel ferrites. Pure or doped nickel ferrites out of the nano-range size are common and
frequently used in several catalytic processes. For instance, high reactivity of NiFe2O4 (111)
surfaces (higher that in Fe3O4) is well-known; NiFe2O4 is an effective metal-doped ferrite
catalyst in a typical industrial process such as the water-gas shift (WGS) reaction [104].
Similarly, NiFe2O4 was examined as catalyst in photocatalytic water oxidation using
[Ru(bpy)3]2+ as a photosensitizer and S2O8

2− as a sacrificial oxidant [105]. The catalytic activity
of NiFe2O4 is comparable to that of a catalyst containing Ir, Ru, or Co in terms of O2 yield and
O2 evolution rate under ambient reaction conditions. As an example of non-nano-sized doped
ferrites, their catalysts (granules of ~1 mm diameter) of nickel, cobalt and copper, prepared by
co-precipitation hydrothermal route and impregnated with palladium, cerium and lanthanum
as promoters [106], were tested for carbon monoxide oxidation activities. The catalysis of
NiFe2O4 nanoparticles on the hydrogen storage performances of magnesium hydride synthesized
by high-energy ball milling was studied [107], showing that the initial dehydrogenation
temperature of 7 mol.% NiFe2O4-doped MgH2 is 191°C, which is 250°C lower than that of
pristine MgH2. The enhancement in the H2 storage performances of MgH2 by adding NiFe2O4

nanoparticles is primarily ascribed to intermetallic Fe7Ni3 and (Fe, Ni) phases during the
desorption procedure, which act as the real catalyst in the 7 mol.% NiFe2O4-doped sample. As
an example of another application, a magnetic acidic catalyst comprising Preyssler
(H14[NaP5W30O110]) heteropoly acid supported on silica coated nickel ferrite nanoparticles
(NiFe2O4@SiO2) was investigated for the synthesis of bis(dihydropyrimidinone)benzene and 3,4‐
dihydropyrimidin‐2(1H)‐ones derivatives by the Biginelli reaction [108]. With the catalyst, the
reactions occurred in less than 1 h with good to excellent yields.

Copper ferrites. Non-nanosized range copper ferrites have certain catalytic applications, such
as, for example, for CO conversion to CO2 [109]. In a difference of pure nickel ferrites, copper
ferrite NPs are applied in organic catalysis in more uniform particle size (mainly about 20 nm).
Thus, nano material on the basis of copper ferrite (20 nm) was applied as reusable heteroge‐
neous initiator in the preparation of 1,4-dihydropyridines. The interaction of substituted
aromatic aldehydes, ethyl acetoacetate and ammonium acetate (reaction 14) was observed in presence
of CuFe2O4 nano powders in ethanol at ambient conditions. The nano catalyst can be magnet‐
ically recovered and reused [110]. The same 20-nm size copper ferrite nano material also was
reported as reusable heterogeneous initiator in the synthesis of β,γ-unsaturated ketones and
allylation to acid chlorides in THF at r.t. without any additive/co-catalyst (reactions 15–16)
[111]. The notable advantages are less expensive, heterogeneous reusable catalyst; mild
reaction conditions, high yields of products, shorter reaction times, no isomerization during
the reaction, and easy workup. In addition, 20-nm CuFe2O4 was applied as reusable hetero‐
geneous initiator in the synthesis of α-aminonitriles by one-pot reaction of different aldehydes
with amines and trimethylsilyl cyanides at r.t. in water as a solvent (reactions 17–18) [112]. α-
Aminonitriles are important in preparing a wide variety of amino acids, amides, diamines,
and nitrogen containing heterocycles. In addition, a strategy for the synthesis of benzoxazoles
from substituted N-(2-halophenyl)benzamides (reaction 19) was developed [113], where
inexpensive, readily available, air-stable, recyclable copper(II) ferrite serves as a nanocatalyst.
Also, larger-size cubic copper ferrite CuFe2O4 nanopowders (24–51 nm in size) were synthe‐
sized via a hydrothermal route using industrial wastes (ferrous sulfate containing free sulfuric
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acid ≈10%, 0.01% Zn2+ and 2% silica; copper waste 12.5% Cu, 8.7% Cl- with minor Ni 0.001%)
[114]. Study of photocatalytic degradation of the methylene blue (MB, C16H18ClN3S) dye using
copper ferrite powders showed a good catalytic efficiency (95.9%) at hydrothermal tempera‐
ture 200 °C for hydrothermal time 24 h at pH = 12 due to high surface area (118.4 m2/g).

Catalyst: Copper ferrite (1 mol.%), R = a) Ph, b) 4-Me-o-C6H4, c) 4-ClC6H4, d) 4-NO2-C6H4, e) 4-MeC6H4, (f) 3-NO2-C6H4,
(g) n-C9H9, (h) 2-NO2-C6H4, (i) 2-furyl, (j) 2-Me-o-C6H4.

Synthesis of β,γ-unsaturated ketone using allyl bromide. R = (a) C6H5, (b) 2-ClC6H4, (c) 2-Br, 5-F, C6H3, (d) 2-Br, 5-F,
C6H3, (e) furanyl, (f) 5-phenyl, 3-Methyl, 4-Isoxazolyl, (g) 5-(2,5-dichloro)phenyl, 3-methyl, 4-isoxazolyl, (h) (CH3)3C-,
(i) C11H23-, (j) C15H31-.

Synthesis of β,γ-unsaturated ketone using cinnamyl chlorides. Synthesis of β,γ-unsaturated ketone using cinnamyl
chlorides. R = (a) C6H5, (b) 2-ClC6H4, (c) furanyl, (d)-CH(CH3)2.
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The synthesis of α-aminonitriles in the presence of nano CuFe2O4 in water as green solvent at r.t.

Suggested mechanism for the synthesis of α-aminonitriles derivatives in presence of acidic nano copper ferrite.

Catalyzed cyclization of N-(2-bromophenyl)benzamide to 2-phenyl-1,3-benzoxazole.

Zinc ferrite. Non-nano-sized zinc ferrites (ZnFe2O4) have been used in oxidative organic
reactions. Thus, the catalytic behavior for oxidative conversion of methane and oxidative coupling
of methane was investigated over pure and neodymium substituted zinc ferrites prepared by
combustion method [115]. The catalytic activity proved to be strongly related to the oxide
structure as well as to the specific defects created by substitution. The pure zinc ferrite
(ZnFe2O4) and ZnNd2O4 exhibited high activity for coupling reaction whereas the neodymium
substituted ferrites (ZnFe1.75Nd0.25O4, ZnFe1.5Nd0.5O4 and ZnFeNdO4) was low active in this
reaction. The order of the catalytic activities expressed as yields to C2

+ were ZnNd2O4 >
ZnFe2O4 > ZnFe1.75Nd0.25O4 > ZnFeNdO4 > ZnFe1.5Nd0.5O4.

Analyzing  pure  zinc  ferrite  nanocatalysts,  we  note  that  mainly  ultrasmall  particles  are
currently applied in catalytic purposes. Thus, a nanosized highly ordered mesoporous zinc
ferrite (ZF, 7–10 nm in size) was synthesized via co-precipitation method, further sulfated
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with ammonium sulfate solution to obtain sulfated ZF (SZF) and was used for the synthe‐
sis of nopol by Prins condensation of β-pinene and paraformaldehyde (reaction 20) [116]. 70%
conversion of  β-pinene  with 88% selectivity to nopol was observed; the spent catalyst was
regenerated and reused successfully up to four cycles with slight loss in catalytic activity.
The influence of various reaction parameters such as solvent, reaction temperature, effect of
substrate  stoichiometry  and  catalyst  loading  was  investigated.  In  particular,  very  low
conversion (9%) of β-pinene was observed in protic solvents such as methanol (solvent effect);
in case of apolar–aprotic solvents such as hexane, ethyl acetate and toluene, increase in the
β-pinene conversion as well as nopol selectivity was observed. In case of reaction tempera‐
ture, as the temperature increased to 110 °C, β-pinene conversion increased to 72% with slight
drop in selectivity for nopol (57%). 95 °C was identified as optimal reaction temperature for
further studies. At molar ratio of β-pinene to paraformaldehyde 1:3 molar ratio, maximum
conversion was observed. The β-pinene conversion increased with an increase the catalyst
loading (0.12 to 0.16 g) without affecting the nopol selectivity.

Prins condensation reaction of β-pinene and paraformaldehyde.

Other simple ferrites. The catalytic behavior of supported Au NPs for the process of oxidation
of  benzyl  alcohol  was elucidated in presence of gold nanoparticles [117].  Mg2+  ions,  being
present in the ferrite structure, led to an improvement of the catalytic activity of supported
Au NPs to ca. 35% conversion, when an additional base was absent. Modifying the support
with  addition of  MgO,  the  catalytic  activity  of  supported Au nanoparticles  was  further
improved  to  ca.  50% conversion;  however,  the  catalyst  was  found to  be  deactivated  in
successive recycling tests.  As well  as  nano-Fe2O3  mentioned above in the corresponding
section, nano-MnFe2O4 particles (20–30 nm in size), synthesized by co-precipitation phase
inversion method and low-temperature combustion method, using MnCl2, FeCl3, Mn(NO3)2,
Fe(NO3)3, NaOH and C6H8O7, were applied for thermal decomposition of ammonium perchlo‐
rate [118]. The catalytic mechanism was explained by the favorable electron transfer space
provided by outer d orbit of transition metal ions and the high specific surface absorption
effect of MnFe2O4 particles. Manganese ferrite nanoparticles were also applied in the synthesis
of spirooxindoles  (compounds I-III) via  a one-pot and three-component reaction of isatins,
malononitrile, and anilinolactones in the presence of a catalytic amount of MnFe2O4 NPs in
PEG-400, as a nontoxic, green, and reusable solvent [119].
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Selected spirooxindole natural products.

Mixed-metal or core-shell ferrites. Ferrites containing 2 metal ions, additionally to iron, are
much more widespread in the nano-catalysis; their nanoparticle size can vary in a broad range,
from ultrasmall particles (5–8 nm) up to 100 nm or more (in case of supported NPs). Both nano-
sized and out-of-nano-sized mixed-metal ferrite NPs can be synthesized by a variety of
methods, in particular classic sol-gel and co-precipitation methods or microwave heating
(MnZnFe2O4 [120]).

Cobalt-based ferrite nanoparticles. For cobalt-containing ferrite NPs, as well as for zinc ferrite
above, one of important applications is the methanol decomposition to CO and hydrogen.
Thus, Cu1-xCoxFe2O4 (0<x<1, 8–40 nm in size) was applied as a nanodimensional powder for
this purpose [121]. The stabilization of the cubic structure with the substitution of copper ions
by cobalt in mixed Cu-Co ferrites was observed. Cobalt containing ferrites exhibited higher
and more stable catalytic activity and selectivity in methanol decomposition to CO and hydrogen
in comparison with the CuFe2O4 one. Photocatalytic properties of the cobalt zinc ferrite Co1-

xZnxFe2O4 (0<x<1) nanoparticles (10.5−14.8 nm in size), prepared by a hydrothermal method,
were studied on the example of degradation of methyl blue in aqueous solution [122]. It was
elucidated that the oxidation-reduction potential of methyl blue aqueous solution in presence
of the ferrite nano-particles at pH=7 under natural sunlight irradiation was negative and
increased with increase in Zn content. The degradation rate of methyl blue also decreases as
increase in Zn content in sunlight.

Nickel-based ferrite nanoparticles. Similar to cobalt ferrites, several nickel-containing mixed or
core-shell ferrites have been reported as nanocatalysts but in more narrow size range (18–50
nm). Thus, a magnetically separable catalyst consisting of ferric hydrogen sulfate (FHS)
supported on silica‐coated nickel ferrite nanoparticles (50 nm) was prepared [123]. This catalyst
was shown to be an efficient heterogeneous catalyst for the synthesis of 1,8‐dioxodecahydroacri‐
dines (reaction 21) under solvent‐free conditions. The catalyst can be recycled several times
with no significant loss of catalytic activity.

Other mixed-metal ferrite nanoparticles. Ferrite nanoparticles, containing other metals and
applied in the catalysis, are represented more chaotically in the available literature. Thus, the
spinel ferrites Cu1-xCdx[Fe1-xAlxCr1-xMnx]O4, where 0<x<1, having unknown particle size, were
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prepared by the coprecipitation technique [124]. Catalytic studies using decomposition of H2O2

as a model reaction between 303 and 343 K for 1–5 h using first order rate law suggested higher
catalytic power for the composition x = 0 and then it decreases gradually. For the mixed spinel
ferrite system Mn1-xCuxFe2O4 (x = 0, 0.25, 0.5, 0.75, 1.0), the formation of phase pure spinels with
FCC cubic structure with particle size ranging from 5.21 nm to 20 nm was observed at 333 K
applying co-precipitation method with MnCl2, Fe(NO3)3

.9H2O and Cu(NO)3
.3H2O as precur‐

sors [125]. These ferrites were used as catalysts in the alkylation of aniline, showing a maximum
conversion of 80.5% of aniline with selectivity of 98.6% towards N-methylaniline at 673 K,
methanol/aniline molar ratio of 5:1 and weight hour space velocity of 0.2 h-1. It was found that
the yield is maximum for CuFe2O4. In addition, the catalytic performance of the ferrites was
found to be proportional to surface area as well as acidity.

4. Conclusions

Iron-based nanoparticles, utilized in catalytic reactions described in this chapter, possess
different sizes, from ultrasmall (2 nm) to 100 nm. They are obtained mainly by wet-chemical
sol-gel or co-precipitation methods, sometimes combined with simple calcination at high
temperatures, sonochemical technique, mechanical high-energy ball milling, or spark plasma
sintering, among other methods. Microwave heating or hydrothermal route are also frequently
used. Due to magnetic properties, these nano catalysts can be easily recovered from reaction
systems and reused up to several runs almost without loss of catalytic activity.

Catalytic processes with application of iron-based nanocomposites are in a wide range.
Notable attention is paid to methanol decomposition to CO and methane or to CO and
hydrogen. Other catalyzed organic reactions consist of oxidation of various alkenes, aldol,
alkylation and dehydrogenation reactions, synthesis of various organic compounds such as,
for example, quinoxaline derivatives [126], β,γ-unsaturated ketones, arylidene barbituric acid
derivatives, α-aminonitriles, nopol, 1,4-dihydropyridines, and 1,8‐dioxodecahydro-acridines.
Degradation/decomposition processes are also reported, for instance decomposition of H2O2

or photocatalytic degradation of methylene blue. Some of catalyzed reactions might have great
practical applications, for instance transesterification of soybean oil to biodiesel. In addition,
small iron-based particles could also be considered [127] as substituents of noble metals in a

Synthesis of 1,8‐dioxodecahydroacridines in the presence of NiFe2O4@SiO2‐FHS.
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variety of catalytic transformations. Several iron nanomaterials could have biological appli‐
cations, such as peroxidase-like catalytic activity of Fe3O4 ultrasmall NPs [128].

We note that the total number of nano-iron composites applications for catalytic purposes is
still not high, so it could be a perfect research niche for further applications of these nanoma‐
terials in a variety of organic processes.
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Abstract

Fixation of carbon dioxide into valuable products is a promising method to mitigate
the issues of global warming and decrease the consumption of fossil-fuel carbon
sources. Poly alkylene carbonates (PACs) are environmentally friendly and low-cost
polymers that are synthesized from copolymerization of carbon dioxide and epoxides.
PACs are contemplated as an alternative to commercially available non-degradable
polymers in the market for a broad range of applications. However, a burden for the
synthesis of this group of polymers is the chemical activation of thermodynamically
stable CO2. It is, therefore, imperative to develop a catalyst with high efficiency to
overcome this hurdle. In this chapter, we describe the development and recent
advances in the catalytic systems that have been designed to activate CO2 for
copolymerization with epoxides. In particular, we will focus on the industrial trends
presented in the patents for conversion of CO2 into PACs.

Keywords: Carbon Dioxide Fixation, Epoxides, Polycarbonates, Catalysts

1. Introduction

Carbon dioxide is one of the main greenhouse gases that contributes to global warming [1].
One of the approaches to tackle this issue is to fix CO2 as a raw material into valuable polymers
[2]. The polymer industry is an emerging market that mostly relies on petrochemical products
derived from fossil-fuel feedstocks. However, CO2 is a cheap, renewable, non-toxic and the
most abundant carbon source. The consumption of CO2 as a reactant for the synthesis of
carbon-based products is a key step to cut down the reliance on the fossil fuels.



Alternative copolymerization of CO2 with epoxides, such as propylene oxide (PO) and
cyclohexene oxide (CHO), results in the formation of biodegradable PACs. As the physical
properties of PACs are comparable to conventional polymers, they can be used for a broad
range of applications such as packaging, agricultural and biomedical industries [3]. One of the
obstacles in the synthesis of PACs is the design of an efficient catalyst that can reduce the
activation energy of thermodynamically stable CO2 for such polymerization reaction [4]. In
addition to activity, it is pivotal to design a selective catalyst that reduces the yield of by-
products during the PAC copolymerization reactions [5]. Other factors that are contemplated
in developing a catalyst are cost and toxicity.

Since 1696 that poly(propylene carbonate) (PPC) was synthesized, many efforts have been
attempted to design catalysts [6]. These catalysts are mainly classified into two categories: (1)
homogeneous and (2) heterogeneous. This classification is based on their solubility in the
reaction media; therefore, the homogenous catalysts are those that are in the same phase as
reactants and heterogeneous are those that are in another phase. Regardless of large number
of research in this area, only a few of conventional metal-based heterogeneous catalysts have
been used for the commercial PACs synthesis that possess acceptable activity and selectivity
for large-scale production [3]. However, physical properties of this type of catalysts affect their
selectivity and activity remarkably. For example, particle size, crystallinity, microstructure and
morphology are key factors that show impact on the activity of a catalyst and the yield of the
final product [7–9]. Many bench-scale studies have been conducted to promote the catalyst
activity for the synthesis of PACs, and particularly poly(propylene carbonate) [3, 10]. In this
chapter, we provide an insight about these types of catalysts. Prior to a discussion about
catalyst, the main advantages of PACs are described. Then various catalysts that are available
for their synthesis are introduced, followed by discussion about strategies that have been
undertaken to promote the activity of these catalysts and finally, an overview of patents filed
for the synthesis of PACs are briefly reviewed.

2. Copolymerization of CO2 and epoxides

Direct copolymerization of CO2 and epoxides such as ethylene oxide, propylene oxide,
isobutylene oxide, cycloheptene oxide, cyclopentene oxide and cyclohexene oxide results in
the formation of PACs, which is a typical example of fixation of CO2 in polymers [11]. PACs
have excellent physical properties, including low density, transparency, durability, coloura‐
bility and processability, and also they exhibited decent electrical insulation properties [12].
Accordingly, these types of polymers have a broad range of applications in electronics, optical
media and have been used for the preparation of sheets, automotive productions, medical
devices and healthcare products [10]. Furthermore, they are commercially used as a binder,
plasticizer and raw material for polyurethane synthesis [3]. However, the most important
feature of PACs that has attracted attention in recent years, as a potent alternative for conven‐
tional polymers, is their biodegradability. PACs degrade into water and CO2 when exposed
to moisture and enzymes or non-sterilized soil such as landfills [3]. PACs can be considered
as an alternative to non-degradable polymers to address the growing concerns about the
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disposal of plastics in municipal waste, shortage of allocated spaces for landfills and consumer
pressure for sustainable products. The list of some companies that use PACs in commercial
scale for different purposes is presented in Table 1. PPC is used in combination with acrylo‐
nitrile butadiene styrene (ABS) to make a scratch resistance plastic by Bayer MaterialScience
[13]. Furthermore, poly(propylene carbonate) and poly(hydroxybutyrate) are blended with
other polymeric materials or mixed with inorganic solids to form the alternative plastic to
acrylonitrile butadiene styrene by Baden Aniline and Soda Factory (BASF) –a chemical
company [14]. Cardia Bioplastics (CO2 Starch Pty Ltd) has developed a method to manufacture
commercially PPC/starch blends [15], and they currently manufacture huge amount of
degradable plastic bags globally from this blend.

Name of Company Country Application Website

Life Cycle Products England Plastic bag and waste management
products

www.lifecycleproducts.co.uk

Nature Works Packaging Australia Shopping bag www.natureworkspackaging.com

Drogaria Araujo Brazil Biohybrid™ bags www.araujo.com.br

AZOmaterials England Organic binders for nanoparticles www.azom.com

Novomer USA Polyurethane hot-melt adhesive www.novomer.com

Mengxi High-tech Group China Medical dressings, biodegradable
packaging

www.mengxigroup.com

Jiangsu Jinlong-CAS
Chemical Co., Ltd

China Biodegradable packaging www.zkjlchem.com

TaiZhou BangFeng Plastic
Co., Ltd

China Disposable biodegradable dishes www.cn-bf.net

Cardia BioplasticsTM Australia Shopping bag www.cardiabioplastics.com

Table 1. List of Some Companies That Use PACs in Commercial Scale

PACs can be used for biomedical applications as an alternative to current biodegradable
polymers such as poly(lactic acid) (PLA). For example, enzymatic degradation of PPC leads
to producing benign products that include only water and CO2, which does not cause any
inflammation in biological environment. However, PLA degrades by hydrolysis and generates
lactic acid, reduces the pH in surrounding tissue leads to inflammation. In addition, studies
by Zhong et al. in 2012 and Yang et al. in 2013 demonstrated the potential of using PPC for
producing scaffolds for tissue engineering application [16–18].

PACs are superior polymers for the agricultural purposes. For example, they can be used for
the production of plastic films for agricultural mulches as an alternative to non-degradable
polyethylene. It is therefore eradicating the risk of accumulation of plastic residues in agricul‐
tural spots, the high cost of collecting mulches after the harvesting season and contamination
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with soil and dirt. PACs can also be used for designing biodegradable packaging products as
they are transparent and have minimal permeability to oxygen and water [19].

It is pivotal to determine the presence of any impurities that may have an adverse effect on
physical properties and also the toxicity of a product fabricated from a polymer for food and
biomedical applications. For instance, in processing PACs, the type of epoxide, by-product,
catalyst and any other impurities may have an impact on their properties [20]. In an ideal
copolymerization, CO2 and epoxide molecules form carbonate linkage. However, in reality,
two molecules of epoxide may also bond and produce undesirable products. The presence of
ether linkage has adverse effects on properties such as mechanical strength, thermal transition,
thermal decomposition temperatures and molecular weight [21]. Therefore, the design of an
active catalyst plays a critical role in promoting selectivity for the synthesis of favourable
copolymer and reducing the rate of reaction of undesirable products.

3. PACs synthesis

The first discovery of PACs synthesis goes back to 1969 when Inoue et al. used a mixture of
diethyl zinc (ZnEt2) and water as a catalyst to conduct the copolymerization of CO2 and
propylene oxide and form PPC [22]. Shortly after that, the same group successfully used
triethylaluminium as another organometallic catalyst for the synthesis of PPC [6]. However,
the yield of the copolymerization reaction in the presence of these catalysts was low due to the
formation of side products and presence of ether linkages on the polymer backbone. To address
the issue of low catalyst activity, other hydrogen donor compounds rather than water have
been used in combination with ZnEt2 [23, 24]. It was found that donor compounds with two
or three active hydrogen sites formed multi-site catalytic systems with higher activity and
selectivity compared with mono-site components. Therefore, the reaction was conducted
towards alternative copolymerization of CO2 and PO, and the amount of undesirable cyclic
propylene carbonate (cPC) reduced. Furthermore, a series of metal salts of acetic acid were
used to catalyze the copolymerization of carbon dioxide and PO [25, 26]. Besides, a combina‐
tion of zinc hydroxide with dicarboxylic acids was used to enhance the yield of desirable
polymer product; among all, catalyst system derived from zinc, hydroxide and glutaric acid
showed the superior activity [27].

One common mechanism proposed for the copolymerization of CO2 and epoxides is coordi‐
nation–insertion mechanism catalyzed via metal compounds with Lewis acid and Lewis base
active sites [10, 28]. In the coordination step, the epoxide molecule is coordinated by the
metallic centre of a catalyst (Lewis acid active site) and then attacked by nucleophile site (Lewis
base site) and undergone ring opening to form metal-bound alkoxide [10]. The nucleophilic
attack can take place by either the nucleophile active site on the metal catalyst (bifunctional
homogenous catalysts) or a separate compound (binary catalysts) and resulted to activation
of alkoxide [20]. CO2 molecule then inserted into the metal-oxygen bond and initiated the
reaction by forming metal carbonate. Up to this stage, all the steps were associated with the
activity of the catalyst; however, the pathway of the reaction after this step relies on the
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selectivity of the catalyst. In fact, selectivity is a function of the type of alkoxide. Commonly,
the metal carbonate goes towards its ring closure and forms propylene carbonate or propagates
by multiple coordination and insertion of CO2 and produces polycarbonate chain [29]. If the
second pathway is followed by the alternative coordination–insertion mechanism, the resulted
polycarbonate has 100% carbonate linkage in its structure; however, some catalysts can also
homopolymerize epoxides and form ether linkages on the backbone of polymer [10]. The
schematic of suggested coordination–insertion mechanism for the copolymerization of
epoxides and CO2 is demonstrated in Figure 1.

Polycarbonate

Formation of Ether Linkage

Figure 1. Coordination–insertion mechanism suggested for the copolymerization of epoxides with CO2

4. Catalytic systems for CO2/epoxide polymerization

Since 1696 when PPC was first synthesized, many efforts were carried out to develop both
homogeneous and heterogeneous catalysts with high selectivity [30]. In the following section,
various types of homogeneous and heterogeneous catalysts that have been used for the
reaction between CO2 and epoxides are described.
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4.1. Homogenous catalysts

Triphenyl phosphate (TPP) compounds with a metal atom in the centre were the first group
of homogeneous catalyst reported for copolymerization of CO2 and epoxides [31, 32]. TPP
compounds showed high activity; however, this catalysts were not very efficient, and the yield
of PACs was very low even after more than one weak reaction. Nitrogen donors compounds
such as N-methylimidazole and (4-dimethylamino)pyridine (DMAP) were added to TPP
compounds to enhance the yield of reaction. However, this catalyst system could only be used
for the copolymerization of COH and CO2. For the other epoxides, only cyclic alkylene
carbonates were produced [33, 34].

Chen et al. investigated the effect of metal type located in the centre of TPP compounds on the
activation of propylene oxide. It was found that the type of metal influenced the acidity
strength of catalysts and, therefore, the strength of epoxide metal bond and the yield of
copolymer synthesis [35]. Among three types of metal used in this study, chromium-based
catalyst exhibited higher selectivity compared to Al and Co towards the formation of PPC from
the reaction between PO and CO2.

In a metal complex catalyst, the metal acts as Lewis acid to attack the epoxide and after that
the nucleophile part of the catalyst opens the epoxide ring. The nucleophile part of the catalyst
can be either a ligand attached to the metal complex or a co-catalyst. In the former group, the
nucleophile ligand can often be a salen, a porphyrin, a phthalocyanine or an amido macrocycle
[30]. The nature of metal in the catalyst is critical in its activity and selectivity and also the
quality of the resulted polymer. Indeed, the strength of epoxide metal bond can determine the
pathway of reaction. When this bond is too weak, the reaction proceeds towards formation of
ether linkages and backbiting while the high strength of the bond may lead to closure of the
ring and formation of cyclic carbonates [36].

After TPP compounds, great number of metal complex catalytic systems such as phenoxide
[37–39] and β-diiminate (BDI) [29, 40] were investigated in terms of their activity for copoly‐
merization of CO2 and epoxides that are discussed in this section.

4.1.1. Phenoxide complexes

Phenoxide compounds include an aryl ligand that plays the role of nucleophile site of a catalyst
[41]. It was found that the activity of a catalyst is dramatically higher when the phenoxide
compounds contain zinc atom as a metal centre [42]. It was found that this group of metal
complexes are only able to activate and catalyze CHO to react with CO2 and are not efficient
in activation of other epoxides such as PO [37, 43, 44].

4.1.2. β-diiminate complexes

BDI is a family of complexes that include an aryl or acyl ligand with the molecular formula of
LnMOR (R: alkyl, acyl) [40]. BDIs have broad applications in inorganic as well as organic and
polymer synthesis, especially in the polymerization of lactides [45]. In the case of copolymer‐
ization of epoxides and CO2, BDIs have been used in a large number of studies. The results
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demonstrated that both the nature of metal centre and the aryl ligand have significant effect
on the activity and selectivity of the catalyst [29, 40, 46]. For example, only zinc metal showed
remarkable efficiency and selectivity towards the copolymerization of propylene oxide and
carbon dioxide [47, 48].

4.1.3. Metal salen complexes

Salens are a class of organic compounds including 1,6-bis(2-hydroxyphenyl)-2,5-diaza‐
hexa-1,5-diene ligand that are broadly used in the synthetic chemistry [49]. Metal salen
complexes were first used for the ring opening copolymerization of epoxides in 1995 [50]. This
family of catalysts has several advantages over other complexes for the copolymerization of
epoxides and CO2. They are highly selective towards the synthesis of polycarbonates in the
mild reaction condition (ambient temperature) [51]. Metal salen catalysts can be categorized
according to the type of metal in the centre.

Chromium-based salen complexes ((salen)CrCl) were efficient in the copolymerization of
epoxides and CO2 [52]. Two years after the first discovery, Jacobsen et al. successfully synthe‐
sized PCHC with 100% carbonate linkage using chiral salen chromium chloride catalyst [53].
The chromium-based salen complexes, however, showed low activity in the copolymerization
of CO2 and PO due to the negligible differences between the activation energy of PO and PPC
compared to cyclohexene carbonate (CHC) versus poly(cyclohexene carbonate) (PCHC) [54].
Therefore, the selectivity of the catalyst is a critical factor for the copolymerization of PO and
CO2. The addition of co-catalyst was found to be an efficient approach to tackle this issue. In
2003, Rieger et al. attempted to add co-catalyst 4-(N,N-dimethylamino)pyridine (DMAP) to
chromium salen and were able to successfully synthesize PPC with 98% carbonate linkage and
minimal PC side product [55]. They proposed that strong coordination of DMAP to chromium
promoted the propagation of polymer chain and formation of carbonate linkages. The type of
initiator was another factor that had an impact on the selectivity of chromium salen catalysts
for the synthesis of PPC. It was found that changing the initiator from phosphines to azide in
combination with Cr(salen)N3 catalyst significantly stimulated the reaction pathway towards
the formation of PPC rather than cyclic propylene carbonate [56].

The metal centre has a pivotal role in catalyst activity and selectivity of the metal salen
complexes. The first cobalt salen complexes (Co(salen)AOc) was introduced in 2003 for the
copolymerization of PO and CO2, which resulted in producing PPC with 99% carbonate
linkage [57]. In addition, it was found that similar to the chromium salen catalysts, the addition
of co-catalyst to the cobalt salen complexes has an impact on their activity and selectivity. For
instance, the addition of sub-stoichiometric amount of bis(triphenylphosphine)iminium (PPN)
as co-catalyst to a cobalt salen increased the yield of PPC synthesis to 36% with 99% carbonate
linkage [58]. However, any further effect on yield enhancement led to the formation of cyclic
propylene compounds due to backbiting degradation of the polymer chain. To accomplish
high activity of a catalyst without losing the selectivity, Nakano et al. designed a cobalt salen
complex with piperidinyl and piperidinium arms [59]. This modification resulted in producing
99% PPC with 97% conversion yield. Basically in this reaction, the side arms played the role
of in situ co-catalysts. This approach was a breakthrough in the copolymerization of CO2 and
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epoxides as it reduced the catalyst loading significantly. Similarly, a cobalt complex containing
two tertiary amine cations on pendant arms was designed and showed high activity and above
90% conversion yield for very low catalyst loadings such as 1:50,000 (catalyst/ PO) [60].

Many research activities have focused on the area of homogeneous catalysts for CO2–epoxide
copolymerization due to the design flexibility and high activity. However, none of them has
been used in large scale due to complicated synthesis process and low selectivity for PACs
copolymerization. On the other hand, heterogeneous catalysts are generally non-toxic and
economically viable due to the simpler synthesis process and easier handling. In the next
section, the heterogeneous catalysts that are designed for the synthesis of PACs are described.

4.2. Heterogeneous catalysts

4.2.1. Organometallic compounds

The organometallic compounds for the copolymerization of CO2 and epoxides are designed
from the combination of a hydrogen donor compound and a metal-based complex to activate
CO2 and open the ring of the epoxide. The commonly used hydrogen donors are water, primary
amines, dihydric phenols, trihydric phenols, aromatic dicarboxylic acids and aromatic
hydroxycarboxylic acids [61]. Several efficient organometallic catalysts with well-defined
structures have been developed for the copolymerization of carbon dioxide and epoxide.
However, the activity of the catalyst derived from zinc hydroxide and glutaric acid was
superior compared to other compounds [27]. Ree et al. copolymerized PO and CO2 using zinc
glutarate (ZnGA) obtained from various zinc sources. As a result, zinc glutaric derived from
zinc oxide and glutaric acid yielded the highest catalyst activity of 64 g /g of catalyst [62].
Discovery of the catalyst activity of zinc glutarate for copolymerization of CO2 and epoxides
was a breakthrough in the field especially after 1995 when Darensbourg et al. substituted
organic solvents, as the reaction media, by supercritical fluid [63]. This makes the copolymer‐
ization process more environmentally friendly and economically viable.

4.2.2. Double-Metal Cyanide (DMC) complexes

DMCs are another group of heterogeneous catalyst that are efficiently used for the homopol‐
ymers of epoxides. The first DMCs that showed average activity for copolymerization of PO
and CO2 to produce PPC were Zn3[Fe(CN)6]2 and Zn3[Co(CN)6]2, a double-metal cyanide
compound based on Zn and Fe or Co [64–66]. The activity of zinc–cobalt–DMC catalyst was
comparable with zinc glutarate [3, 21]. However, it was found that the system suffered from
low selectivity at low temperatures and poor activity at high temperatures [67]. In addition to
these catalysts, Darensbourg et al. and Robertson et al. attempted to modify the catalyst
structure by increasing the crystallinity of DMC-based catalyst [68, 69]. It was also found that
the low molecular weight polyols could act as an initiator to activate DMCs and promote the
copolymerization reaction [70].
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4.2.3. Rare earth metal catalysts

In the very first attempts, rare earth metal complexes such as Y(P204)3–Al(i-Bu)3–glycerine were
used for the copolymerization of PO and CO2 and formation of high molecular weight PPC.
However, the structure of the resulted copolymer consisted of up to 90% of ether linkages [71].
In the next discoveries, rare earth metal catalysts showed an increase in selectivity and
reduction in synthesis time for copolymerization of CO2 with epoxides [72–74]. Yttrium
carboxylate in combination with ZnEt2 significantly improved carbonate linkage percentage
on the PPC and PCHC backbone [75]. A ternary catalytic system of rare earth complex, diethyl
zinc and glycerine resulted in an extremely high molecular weight PPC [76]. Likewise, PO was
successfully copolymerized with CO2 and formed PPC by using Y(CCl3COO)3, ZnEt2 and
glycerine ternary system [76]. Rare earth metal catalytic systems, in general, can be used to
adjust the microstructure of the polymer chain. For instance, head-to-tail linkage and molec‐
ular weight distribution of PPC was successfully adjusted by using yttrium carboxylate as a
catalyst.

Comparing all heterogeneous catalytic systems created so far, conventional zinc glutarate is
the only catalyst that has been used commercially for alternative copolymerization of CO2 and
PO. Zinc glutarate exhibits high activity and favourable selectivity [62, 77]. It is cheap, non-
toxic and easy to synthesize and can be used for manufacturing relatively high molecular
weight PPC with superior carbonate linkage percentage [5]. However, its activity is still one
or two order of magnitude lower than the common catalysts used for synthesis of conventional
polyolefins [78]. Therefore, enhancement of the catalytic activity of ZnGA was the topic of
several studies [7–9].

4.2.4. Catalyst activity of zinc glutarate

Particle size, crystallinity, microstructure and morphology are the key factors that have
impacts on activity and yield of the final product. These characteristics can be tuned by
changing the source of zinc and glutarate, their particle size, purity, synthesis method and
processing condition.

Ree et al. studied the effect of various zinc sources on the activity of ZnGA catalyst [62]. Their
results showed that the highest activity of ZnGA was achieved when zinc was derived from
zinc oxide. Zinc glutarate from various sources of glutarate was synthesized in another study
carried out by Ree et al. [7]. Results of catalyst activity demonstrated that the yield of PPC was
significant when zinc oxide and glutaric acid were used for the synthesis of ZnGA. The effect
of zinc and glutarate source and synthesis media on the microstructure of ZnGA was also
investigated in a study carried out by Kim et al. [8]. This study demonstrated that the highest
activity was acquired when ZnGA was synthesized in toluene media due to achieving low
surface area and perfect crystallinity.

Particle size and purity of reactants are other parameters that have effect on the activity of
ZnGA [9]. It was shown that highly pure ZnO with large particle size resulted in ZnGA with
the superior crystallinity and large particle size. In addition, in a bench-scale study, it was
shown that when magnetic stirring was used rather than other methods of mixing, the degree
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of crystallinity of ZnGA was promoted and resulted in achieving higher yield and larger
molecular weight PPC. In yet another study, Pluronic PE6400 was used as an amphiphilic
template to increase the degree of crystallinity and enhance the surface area of ZnGA [79]. It
is important to note that in this study a mixture of ethanol/water was used as a solvent for the
synthesis of ZnGA, and they achieved 83 g PPC/g activity for ZnGA. The yield of PPC
production was increased nearly 20% when this catalyst was used for the copolymerization
reaction.

Reducing the particle size of crystalline particles of ZnGA is another strategy that has been
carried out to increase the catalyst activity [9]. Ball milling method can be used to reduce the
particle size; however, it is important to optimize the processing time as long-hour milling
might reduce the degree of crystallinity. It was also attempted to increase the surface area to
elevate the ZnGA catalyst activity. As an example, PPC with the yield of 115.2 g PPC/g catalyst
was obtained when high surface montmorillonite (MMT) was used for ZnGA support [80].

Optimization of the reaction condition was the subject of several studies with the aim of
increasing the yield of polymerization. High yield of 126 g PPC/g catalyst was reported for a
zinc glutarate supported on a perfluorinated compound with PO/catalyst ratio of 200 ml/g
under mechanical stirring [81]. An optimum PO/catalyst ratio of 312 ml/g resulted in PPC yield
of 160 g PPC/g catalyst for ZnGA prepared using ultrasonic stirring method [9]. Duan et al. in
2010 investigated the effect of pressure on the yield of copolymerization, product composition,
molecular structure and thermal stability of PPC [82]. The results showed a significant
enhancement in catalyst selectivity towards the formation of PPC and reduction of by-
products. Dehghani research group established a green method to synthesis ZnGA in super‐
critical CO2 and eliminated usage of the organic solvent [2]. This study demonstrated that the
crystallinity of catalyst produced in this solvent-free process was a function of processing
parameters such as temperature and pressure. In addition, the yield of PPC copolymerization
was significantly improved when catalyst processed by this technique was compared to ZnGA
that was synthesized in toluene.

4.3. New advances in the copolymerization of CO2 and epoxides

To enhance the catalytic activity and selectivity towards the copolymerization of CO2 and
epoxides, several measures have been taken such as bimetallic catalyst systems, non-metallic
catalysts, ionic liquids (ILs), and supported catalysts.

4.3.1. Bimetallic catalyst systems

The idea behind the bimetallic pathway for the copolymerization of carbon dioxide and
epoxides is to conduct the ring opening of epoxide and activation of carbon dioxide at the same
time. In fact, one of the metal centres is in charge of the coordination and activation of the
epoxide and the other metal centre associates with coordination and activation of CO2 [28]. It
was found that the bimetallic pathway involved a second-order dependence on the metal
concentration, whereas the monometallic pathway associated with a first order kinetic [30].
For instance, a double zinc centre complex showed high activity and selectivity in the conver‐
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sion of cyclohexene oxide and CO2 to PCHC at very low CO2 pressure [83]. Particularly, the
bimetallic pathway showed remarkable improvement in the catalyst activity of the salen
catalysts. In addition, a piperidinium end-capped (salen) Co(III) complex copolymerized PO
and CO2 without the generation of cyclic propylene carbonate [59].

4.3.2. Non-metallic catalysts and ionic liquids

An ionic liquid is a salt in which the ions are poorly coordinated. Accordingly, these solvents
are liquid at the temperatures below 100°C, or even at room temperature. ILs are broadly used
as reaction media, co-catalyst and catalyst for the chemical reactions. In the case of the reaction
of epoxides and CO2, several researchers have focused on the application of ILs. The mecha‐
nism of the reaction involved ring opening of the epoxide through a nucleophilic attack by the
anion followed by insertion of carbon dioxide and ring closure [28]. Indeed, the absence of
metallic centre as Lewis acid resulted in the selectivity of reaction towards the formation of
cyclic carbonate compounds [30]. 1-n-butyl-3-methylimidazolium tetrafluoroborate success‐
fully activated CO2 and propylene oxide for the synthesis of propylene carbonate [84]. Under
high-pressure condition, 100% conversion of propylene oxide was achieved by using 1-octyl-3-
methylimidazolium tetrafluoroborate as catalyst [85]. However, the reaction was only selective
towards the formation of cPC, and no polymer was achieved.

4.3.3. Supported catalytic systems

In these systems, the active catalyst should be anchored to the supporting material through a
strong covalent bond in order to avoid possible leaching during the reaction. In fact, the
immobilization of a catalyst on the solid support enables its rapid recovery and recycling.
However, in some cases, immobilization shows adverse effect on catalyst activity due to
limiting the diffusion of the reactants and intermediate compounds into and from the active
sites of the catalyst [30]. Mesoporous materials with high surface area such as MCM-41 or
SBA-15 have been used as supports to tackle this hurdle [28]. The zn β-diiminate catalyst was
supported on controlled pore glass, and mesoporous SBA-15. This catalyst showed significant
activity in the alternating copolymerization of CHO and CO2. However, the resulted copoly‐
mer contains higher ether linkages than their corresponding non-supported catalysts due to
the starvation of the active sites, particularly in the last stages of the reaction [86].

Recoverable aluminium salen catalysts bonded to poly(ethylene glycol bismethacrylate) and
polystyrene exhibited comparable catalyst activity in the copolymerization of CO2 and
epoxides [87]. Chromium salen catalysts anchored on the aminopropylsilyl-modified silica in
combination with an IL were used to catalyze the reaction of the styrene oxide and CO2 [88].
The resulted catalysts exhibited 100% conversion yield; however, they were only selective
towards the formation of cyclic carbonates.

Metal salen complexes were also immobilized on the surface of supporting material to facilitate
their recovery after synthesis. For instance, zinc β-diiminate complex is immobilized on the
surface of mesoporous silica (SBA-15), and this catalyst was used for the copolymerization of
CHO and CO2. However, ether linkage also occurred in the presence of this catalyst. In another
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study, chromium salen catalyst, immobilized on the surface of silicates, was used for the
copolymerization of styrene oxide and CO2 with nearly 50% activity and 80% selectivity [88].
In yet another example, aluminium salen catalyst, bonded on the surface of the polystyrene,
was used for the copolymerization of CO2 and styrene oxide [87]. In addition to the potential
of being recovered, the supported aluminium salen catalyst exhibited similar activity to the
unsupported aluminium salen compounds.

5. Industrial activities and commercial advances

A list of patents filed for the copolymerization of CO2 and epoxide is shown in Table 2. Since
1969, most patents filed for the copolymerization of CO2 and epoxides focused on developing
heterogeneous catalysts, particularly zinc-based catalysts. The first catalyst, diethyl zinc, was
developed by Inoue et al. in 1973 [89]. This patent that was sponsored by Nippon Oil Seal
Industry Company demonstrated that the presence of co-catalyst significantly increased the
yield of the copolymerization of ethylene oxide and CO2 nearly threefold. The co-catalyst
includes a hydrogen donor-based compound that was added to an organometallic compound,
formed from metals that belonged to group II or group III [90].

A process for preparing soluble zinc catalysts by the reaction of zinc compounds with either
a dicarboxylic acid anhydride or an alcohol or a monoester of a dicarboxylic acid was reported
and filed in 1987 [91]. This catalyst system that was soluble in most of solvents was useful for
the copolymerization of epoxides and carbon dioxide to form polycarbonates. In 1989 and 1990,
two patents, both sponsored by Japanese companies such as Mitsui Petrochemical Industries,
were filed for the development of several catalysts containing zinc oxide that reacted with an
organic dicarboxylic acid such as glutaric acid or adipic acid [92, 93]. These patents introduced
zinc glutarate from the source of zinc oxide and glutaric acid as the most efficient catalyst for
the copolymerization of propylene oxide and carbon dioxide.

In 1998, dicarboxylic acids were used to successfully synthesize co-, ter-, and block-polymers
from epoxides and carbon dioxide. This study that was sponsored by Buna Sow Leuna
Olefinverbund GmbH consisted of two dicarboxylic acids, which could be aliphatic, aromatic
or a mixture of the two, in combination with a divalent inorganic zinc salt [94]. In 2003 and
2004, new patents were filed to investigate catalyst efficiency of a range of zinc complexes
synthesized from different dicarboxylic acids (chosen from pentane diol, hexane diol, 1,5-
dibromopentane, 1,5-dichloropentane, 1,6-dichlorohexane, 1,6-dibromohexane, glutaronitrile,
adiponitrile, glutarimide, adipamide, glutaralaldehyde and adipaldehyde) precursor and zinc
precursor (chosen from zinc acetate dihydrate, zinc hydroxide, zinc nitrate hexahydrate, zinc
perchlorate hexahydrate, zinc oxide and zinc sulphate) [95, 96]. Among them, the complex
synthesized of zinc perchlorate hexahydrate and glutaronitrile showed the highest yield of
67% over a period of 30-h reaction for copolymerization of PO and carbon dioxide.

As mentioned before, zinc carboxylates, particularly zinc glutarate, are the only group of
catalysts that could be effective in the commercial and large-scale synthesis of polycarbonates.
However, the activity of this group of catalysts is still remarkably lower than the conventional
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catalysts used for the synthesis of polyolefins. Consequently, many research and development
activities are still focusing on novel catalysts for the synthesis of polycarbonates. For this
purpose, most patents in the last decade focused on designing bimetallic or metal cyanide
compounds to increase both yield and selectivity for the synthesis of polycarbonates [97]. For
example, highly selective and active cobalt containing cyanide catalysts for producing
poly(alkylene carbonates) from alkylene oxide and carbon dioxide was documented in 2005
[98]. However, the final product has still 10% cyclic carbonate by-product. In 2009, bimetallic
complex of Zn(H), Co(II), Mn(II), Mg(II), Fe(II), Cr(III)-X or Fe(III)-X was reported for copoly‐
merization of carbon dioxide and cyclohexene oxide or propylene oxide [99]. Following these
developments in 2012, a catalyst was invented from the reaction of one double-metal cyanide
compound, one organic complexing agent and one primary alcohol having 6–24 carbon atoms
(sponsored by Henkel Ag & Co.). The compound was effective in catalyzing both homopoly‐
merizations of epoxides or copolymerization of epoxides with carbon dioxide [100]. In the
same year, a process for the synthesis of a polycarbonate from carbon dioxide and epoxides
using a bimetallic catalyst system and a chain transfer agent was reported [101]. This invention
that was sponsored by Imperial Innovations Limited exhibited that bimetallic complexes were
successful in improvement of both activity and selectivity of PACs synthesis and accomplished
above 90% yield of copolymerization with 99% carbonate linkage.

Patent Number Catalyst Epoxide
Activity

(g/g catalyst)
Reference

US 3585168 Diethyl zinc and water a

Propylene oxide
Ethylene oxide
Styrene oxide

Isobutylene oxide

[89]

US 4783445

Soluble zinc-based catalysts as a result of
the reaction of zinc compounds (zinc

oxide and zinc acetate) and dicarboxylic
acids (maleic anhydride and

monomethyle adipate) a

Ethylene oxide
Propylene oxide

Cyclohexene oxide
[91]

US 4943677

Zinc polycarboxylate catalyst (from zinc
oxide and glutaric acid) in present of a

hydrogen donor compound such as
phenol and benzoic acid (acidity range

3-20 pKa) a

Propylene oxide [102]

US 4981948

zinc containing solid catalyst by
contacting zinc oxide with an organic
dicarboxylic acid (oxalic acid, malonic
acid, succinic acid, glutaric acid, adipic
acid, 1,5-pentane dicarboxylic acid, 1,6-

hexane dicarboxylic acid, 1,8-octane

Propylene oxide 60.7 (max) [92]
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Patent Number Catalyst Epoxide
Activity

(g/g catalyst)
Reference

dicarboxylic acid and 1,10-decane
dicarboxylic acid) and aromatic

dicarboxylic acids (phthalic acid,
isophthalic acid, terephthalic acid, 1,2-

naphthalene dicarboxylic acid, 1,3-
naphthalene dicarboxylic acid, 1,4-
naphthalene dicarboxylic acid, 1,5-
naphthalene dicarboxylic acid, 1,6-
naphthalene dicarboxylic acid, 1,7-
naphthalene dicarboxylic acid, 1,8-
naphthalene dicarboxylic acid, 2,3-
naphthalene dicarboxylic acid, 2,5-
naphthalene dicarboxylic acid, 2,6-

naphthalene dicarboxylic acid and 2,7-
naphthalene dicarboxylic acid) a

US 5026676

Zinc carboxylate catalyst by reaction of
zinc compounds (zinc oxide, Zn(OH)2,

Zn(CO3)2 and Zn(OAc)2) with a
dicarboxylic acid (glutaric acid or adipic

acid) a

Propylene oxide 26 (max) [93]

WO 2003029325
Zinc glutarate and zinc-cobalt based

double metal cyanide catalyst a

Propylene oxide
Ethylene oxide

[97]

WO 2004000912

Catalysts from the oxidizing of a
dicarboxylic acid precursor (chosen from

pentanediol, hexanediol, 1,5-
dibromopentane, 1,5-dichloropentane,

1,6-dichlorohexane, 1,6-dibromohexane,
glutaronitrile, adiponitrile, glutarimide,

adipaimide, glutaraldehyde and
adipaldehyde) and a zinc precursor

(chosen from zinc acetate dihydrate, zinc
hydroxide, zinc nitrate hexahydrate, zinc
perchlorate hexahydrate, zinc oxide and

zinc sulphate) a

Propylene oxide [95]

US 20060089252 Cobalt salen catalyst b Propylene oxide [98]

WO 2009130470
Bimetallic complex of Zn(II), Co(II),

Mn(II), Mg(II), Fe(II), Cr(III)-X or Fe(III)-
Xb

Cyclohexene oxide
Propylene oxide

[99]

WO 2012136658 Double-metal cyanide compound b Propylene oxide [100]
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Patent Number Catalyst Epoxide
Activity

(g/g catalyst)
Reference

WO 2013034750

Bimetallic catalyst with metal centre
from (Mg(II), Zn(II), Ca(II), Ge(II), Co(II),

Mn(II), Ti(II), Fe(II), Cr(II), Cr(III)-X,
Co(III)-X, Mn(III)-X, Fe(III)-X, A1(III)-X,
Ti(III)-X, V(III)-X, Ge(IV)-(X)2 or Ti(IV)-

(X)2) b

Cyclohexene oxide [101]

a Heterogeneous catalysts, b Homogeneous catalysts

Table 2. List of the Filed Patents in the Field of CO2 and Epoxide Copolymerization

6. Conclusions

This review demonstrated the significant advances that have been accomplished for develop‐
ing active catalysts for the copolymerization of carbon dioxide and epoxides in the last four
decades. In fact, a broad range of catalysts have been designed and examined with high activity
and selectivity for the synthesis of biodegradable poly(alkylene carbonates). In addition, the
mechanistic aspects of CO2 cycloaddition to epoxides have been recognized and reported.
Regardless of the structure of the catalyst and some slight differences, the overall mechanism
proposed for the copolymerization of CO2 and epoxides is coordination–insertion mechanism
catalyzed via metal compounds with Lewis acid and Lewis base active sites.

Homogeneous catalysts for CO2–epoxide copolymerization were proposed such as phenoxide,
β-diiminate and metal salen complexes. The two former groups only showed activity for
copolymerization of CHO and CO2. In addition, salen catalysts exhibited activity and selec‐
tivity for a broader range of epoxides copolymerized by CO2. However, none of these homo‐
genous catalysts was used in commercial scale due to complicated synthesis process and low
selectivity. Among several heterogeneous catalysts designed, organometallic complexes,
particularly zinc glutarate, are the most effective catalysts because of both high activity and
selectivity, low cost, non-toxicity and simple manufacturing process. In the last decade,
attempts have been undertaken to design bimetallic catalysts to enhance activity towards
copolymerization of CO2 with epoxides. However, these studies are still in their infancy and
have not yet used in the commercial scale.

In summary, the biodegradable polycarbonates are promising polymers that are produced
from bonding CO2 with epoxides that are partially renewable with huge market value for
production of broad range of products such as food packaging materials, healthcare devices
and agricultural mulches. Developing an efficient catalyst that reduces the cost and minimizes
the catalyst consumption and by-product is still attractive as an alternative to non-degradable
polymers in many applications to remedy the global issue of plastic wastes in landfills.
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Abstract

In recent years, metal organic frameworks (MOF) have received considerable interest due
to their physicochemical properties, such as structures’ flexibility, high surface area, tuna‐
ble pore size, and topologies, among others, which have lead to promising applications,
particularly in the area of catalysis. In this chapter, we present the most important results
of research conducted with MOF in catalytic applications; mainly in the design of its
structure, synthesis, characterization, and possible limitations.

Keywords: Metal-organic frameworks, Heterogeneous catalysis, Porous materials

1. Introduction

MOFs and the related researches have become more and more important not only in chemistry
but also in general science and technology. MOFs are a class of porous materials composed of
metal-containing nodes connected by organic linkers through strong chemical bonds. The
union of these two building units produces different coordination modes, depending on the
symmetry of the linker and the coordination number of the metal center. The flexibility or
rigidity of the added linker can allow the articulation of the clusters into a highly crystalline
three-dimensional framework, which can exhibit higher surface area and pore volume than
most porous zeolites [1]. Depending on the architecture of the obtained MOFs, they can be
synthesized with high purity and also, they can be engineered to have a high skeletal density
but constructed from relatively light elements. Therefore, most of the important related work
is aimed at designing compounds possessing very large pores and high surface areas in order
to load these materials with atoms, molecules, or even biomolecules. Due to these loading
possibilities, wide applications of MOFs have emerged in different fields, such as in catalysis
[2–4], guest adsorption (molecular recognition) [5], drug delivery [6, 7], gas storage [8–13],
optical applications [14–16], composites [17], water treatment [18, 19], and sensor technologies
[20], among others [21–26].



Some materials as metals in solution (transition metal complexes or metal salts) have been used
in catalysis with excellent results. These materials are able to catalyze a variety of organic
reactions, in many cases, reaching high yields and regenerating the material after the reaction.
However, in many cases the metals are hardly recovered and/or decompose during the reaction
due to the conditions. To achieve control these limitations, researchers have developed
methods using porous materials as carriers, to achieve well-isolated, uniform single sites that
don’t interact between them, preventing the decomposition [2, 27]. Active sites on MOFs are
located at the metal nodes on the crystalline structure; when the reaction occurs, the framework
protects their active sites and increases the efficiency and resistance of catalyst [28].

Given the variety of metallic nodes and organic linkers, it is possible to control the synthesis
of MOFs to design them with modular properties, functionalized with specific sites or specific
assets to catalyze organic reactions. In this chapter, we present the main results of research
with MOFs in the field of catalysis, with special focus on design, relationship between structure
and activity, formation of active sites and limitations of these materials.

2. Design of MOFs

2.1. Crystal engineering of MOF

The term of metal organic framework was introduced by Yaghi in 1995 [29, 30], however, such
structures were known until 1964 when Bailar first reported them [31]. The resurgence of the
structures has been accompanied by the application of these materials in various areas,
including: catalysis [2–4], guest adsorption (molecular recognition) [5], drug delivery [6, 7],
gas storage [8–13], optical applications [14–16], composites [17], water treatment [18, 19] and
sensor technologies [20], among others [21–26].

The structural characteristics of the MOFs are mainly determined by the nature of the metal
center and the organic linker, yet, during the synthesis of these materials, solvents and/or
counterions are typically used [32] and they also play an important role. The counterions
change the environment of the metal ion and may generate overlaps with the structure
resulting in weak interactions with the MOF. Meanwhile, solvent molecules with the MOF
generally crystallize during synthesis, modifying the pore size.

Generally, the transition metal ions used can generate a wide range of structures. The prop‐
erties of these metals, including the oxidation state and coordination number (typically varies
from 2 to 7), produce a linear, trigonal, square planar, tetrahedral, trigonal pyramidal,
trigonalbipyramidal, octahedral, and pentagonal bipyramidal geometries as well as some
other distorted forms [32]. The lanthanoidions, whose coordination number varies between 7
and 10, have polyhedral geometries and can generate MOFs with particular topologies [33].

In the formation of MOFs, the organic linkers must meet certain requirements to form
coordination bonds, mainly being multidentate having at least two donor atoms (N-, O- or S-)
and being neutral or anionic. The structure of MOF is also affected by the shape, length, and
functional groups present in the organic linker. The linkers commonly used in the MOFs
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synthesis are piperazine [34], 4,4′-bipyridine [34–37] (neutral ligands), and polycarboxylates
(anionic ligands). Polycarboxylates may be di- [38–43], tri- [38, 40–43], tetra- [44, 45], or
hexacarboxylates [46, 47].

The binding of a linker to the metal center may generate a one-dimensional (1D), two-
dimensional (2D) or three-dimensional (3D) arrangement, which depends on the metal center
(Figure 1) [48]. In a 1D network, two ligand molecules are coordinated to the metal center to
generate a chain, while in a 2D network, three or four molecules of the organic linker are
coordinated to generate a plane, and it grows in two dimensions. In a 3D MOF, the metal center,
with high coordination number, joins three more linker molecules, along the three spatial
dimensions, generating a three-dimensional structure with pores and cavities defined.

Figure 1. Basic building units of one-, two-, and three-dimensional MOFs [48].

Figure 2 shows examples of MOF with different dimensionalities. The helix (1D) is constituted
by distorted tetrahedrons mercury (II), formed by the union of two nitrogen atoms (from two
different linkers) and two terminal bromine atoms [49].

The 2D structures with grid shape are generally synthesized with a molar ratio between the
ligand and the metal center of 1:2. An example of such structures is shown in Figure 3, the
MOF is constituted by cobalt metal centers and ligands N-(3-pyridyl) nicotinamide [50]. The
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metal ions are coordinated with four molecules of ligand, which result in a two-dimensional
flat-shaped structure.

Figure 2 shows examples of MOF with different dimensionalities. The helix (1D) is 

constituted by distorted tetrahedrons mercury (II), formed by the union of two nitrogen 

atoms (from two different linkers) and two terminal bromine atoms [49]. 
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Figure 2. Examples of MOF structures 1D, 2D, and 3D. 

 

The three‐dimensional MOFs are formed by the interaction of one‐dimensional chains in all 

three directions. Connectivity of the construction nodes depends on the metal center, and 
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wherein the metal is cadmium center and has an octahedral coordination, is given in Figure 

3. The bidentate linker forms connections, where the four terminals of each linker involves 

oxygen atoms. The three‐dimensional growth of the framework generates cavities; generally 

occupied by solvent molecules [51]. 

Figure 2. Examples of MOF structures 1D, 2D, and 3D.

The three-dimensional MOFs are formed by the interaction of one-dimensional chains in all
three directions. Connectivity of the construction nodes depends on the metal center, and the
formed structures are usually tetrahedral or octahedral. An example of such structures,
wherein the metal is cadmium center and has an octahedral coordination, is given in Figure
3. The bidentate linker forms connections, where the four terminals of each linker involves
oxygen atoms. The three-dimensional growth of the framework generates cavities; generally
occupied by solvent molecules [51].

2.2. Synthesis of MOF

The physicochemical characteristics of MOFs can be modulated and it is clear that all these
properties can be modified in the material from the synthesis process. The solvothermal
synthesis is the most common way of obtaining MOFs. However, other recently studied
methods of synthesis, which may cause significant changes in the MOF’s properties, include
(i) mechanochemical, (ii) electrochemistry, (iii) assisted synthesis (by ultrasound or micro‐
wave), and (iv) subcritical water.
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2.2.1. Solvothermal synthesis

The solvothermal synthesis comprises the reaction of the metal salt and the organic ligand in
the presence of organic solvents or solvent mixtures typically involving formamide [52–55],
alcohols [56, 57], or pyrrolidones [58]. The reaction temperature is usually considerably less
than 523 K, but depends on the boiling point of the solvent used, for example, in the case of
methanol, the synthesis temperature is 338 K. Upon heating, the blends in sealed containers
such as teflon or glass pressure tubes produced compounds incorporating solvent molecules
in the pores of the material. These organic solvents are often toxic, carcinogenic, and/or
dangerous to the environment. For example, dimethylformamide (DMF), one of the most
commonly used solvents in the synthesis of MOFs is contaminant, mutagenic, and toxic [59].
Additionally, DMF decomposes when heated at high temperatures for long periods and
therefore cannot be reused [60].

The concern about the use of these organic solvents has increased due to their negative impact
on the environment [61]. Therefore, the replacement of polluting solvents in the synthesis of
MOFs with solvents that do not pose a risk to the environment has been established as a
primary objective, committing to the principles of Green Chemistry [62]. When the solvent is
water, the main problem encountered during synthesis is the low or nonsolubility of the
reactants and organic ligands, which generally prevents the formation of coordination
polymer.

Other important parameters in the solvothermal synthesis are: temperature, concentration of
reactants (which can be varied over a wide range) and the pH of the solution.

One of the advantages of this synthesis are the yields ranging from 60% to 95%; however,
removing solvent molecules occluded in the pores of the MOF is not a simple process, the
solids must be washed several times, which can take several days and considerably reduce
performance.

2.2.2. Mechanochemical synthesis

The mechanochemical synthesis is named due to the chemical reaction that occurs as a
consequence of mechanical energy supplied to the system [63]. In the mechanical grinding
process, several phenomena occur, such as

a. Fragmentation of grains

b. Generation of new surfaces

c. Formation of dislocations and defects in the crystal structure

d. Polymorphic phase transformation material, and

e. Chemical reactions (decomposition, ion exchange, oxidation-reduction, complexation,
etc.).

In the synthesis of MOFs, the metal salt and the organic linker are ground together in the
absence of solvents. In 2002, Belcher et al. [64] reported the synthesis of a 1D copper coordi‐
nation polymer, using mechanochemical synthesis (Figure 3).
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Figure 3. Basic unit of construction of coordination polymer [Cu(O2C-Me)2]2(μ-dpp) dpp = 2,3-bis(2-pyridyl)pyrazine.
Gray, red, white, violet, and orange spheres correspond to atoms of C, H, N, O and Cu, respectively.

In other recent studies [65], MOFs were synthesized using 12 metal salts and 5 organic linkers
to obtain 60 different solids. As a result, 38 microcrystalline MOFs were identified using X-ray
diffraction techniques. Their structure patterns are found on the CSD database (Cambridge
Structure Database), including microporous MOFs [Cu(INA)2]n (INA = isonicotinate) and
Cu3(BTC)2.

2.2.3. Electrochemical synthesis

Electrochemical synthesis of MOFs was reported by BASF in 2005 [66], in order to eliminate
the use of anions such as nitrate, perchlorate, and chloride, which act as counterions or as
impurities in the network. In this synthesis method, the metal salts are replaced by metal ions
produced from the anodic dissolution in the reaction medium. The dissolution also contained
organic linkers; in cathodes, metal deposition occurred. In particular, for the synthesis of
Cu3(BTC)2, copper metal bars that function as electrodes (anode and cathode) were employed
in the electrochemical cell with organic linker (BTC = benzene-1,3,5-tricaboxylic), dissolved in
methanol [67], with an applied voltage between 12 and 19 V and a current of 1.3 A for 150 min.
The result was the oxidation of the copper bar acting as the anode to form Cu2+, which reacts
with the organic linker. Furthermore, in cathode, water reduction took place to produce
hydrogen. At the end of the reaction, a greenish-blue precipitate was formed, which was
filtered and dried to obtain Cu3(BTC)2. Using these synthesis pathways, materials can be
produced with high purity and ease of being industrially scalable.

Other studies on the electrochemical synthesis of MOFs are presented in Table 1.

2.2.4. Microwave or ultrasound-assisted synthesis

Synthesis assisted by ultrasound or microwave is an alternative to the solvothermal synthesis.
In microwave-assisted synthesis, the reaction mixture is subjected to nonionizing radiation,
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which does not change the electronic structure of the material. The energy supplied to the
material by electromagnetic waves through interactions of molecular type offers a number of
advantages, such as a uniform controlled heating as well as a great speed with which energy
is generated [69]. The characteristic frequency of this radiation is between 300 MHz and 300
GHz (wavelengths between 0.01 and 1 m). This synthetic method has been applied to organic
molecules [70] and inorganic materials [71].

Generally, the microwave synthesis is carried out in minutes and offers a better method to
control the morphology of the material and the selectivity of the phases. For example, MOF-5
(Figure 4) was synthesized using microwave at 368 K for 9 min, with a yield of 27% [72], while
using the solvothermal synthesis, a yield of 60% was achieved after 7 days.

Table 2 shows the conditions of microwave-assisted synthesis of MOFs.

MOF Time (min) Temperature (K)

IRMOF1, IRMOF2, IRMOF3 0.42

(EMIm)2[Ni3(TMA)2(OAc)2](EMIm)2[Co3(TMA)2(OAc)2] 50 473

[Ni20(C5H6O4)20 (H2O)8 ]·40H2O 1 423–493

MIL(Cr)-101 1–40 483

[Cu2(pyz)2 (SO4)(H2O)2]n 20, 360 453

[Cu2(oba)2 (DMF)2]·5.25(DMF) 1–150 433

[Mn3(BTC)2 (H2O)]6 10 393

[Cd(H3IDC)(bbi)0.5] 20

MOF-5 9–60 368–408

[Cu3(BTC)2(H2O)3] [Cu2(OH)(BTC)(H2O)]·2nH2O 60 413

[Cu(H2BTC)2 (H2O)2]·3H2 O 10 443

[Zn2(NDC)2(DPNI)] 60 393

[Co3(NDC)3(DMF)4] y [Mn3(NDC)3(DMF)4] 30 383

EMIm = 1-ethyl-3-methylimidazolium; TMA = trimesate; pyz = pyrazine; oba = 4,4′-oxydibenzoic acid; BTC = ben‐
zene-1,3,5-tricarboxilic; H3IDC = 4,5-imidazoledicarboxylic acid; bbi = 1,1′-(1,4-butanediyl)bis(imidazole); NDC = 2,7-
naphthalene dicarboxylate; DPNI = N,N di(4-pyridyl)-1,4,8-naphthalenetetracarboxydiimide.

Table 2. Conditions of microwave-assisted synthesis of MOFs [73].

MOF Type of synthesis Reference

Zn and Cu-carboxylates
Systematic study of Zn, Cu, Co and Mg as anode 1,2,3-H3BTC,

1,2,5-H3BTC, H2BCD y H2BCD-(OH)2

[66]

Zn-Imidazolates Synthesis of Zn(MeIm)2 and Zn(BIm)2 [68]
Cu3(BTC)2 Synthesis and y growth of galvanic displacement layered [67]

H3BTC = benzene-1,3,5-tricarboxilic acid; H2BCD = terephtalic acid; MeIm = 2-methyl-1H-imidazole; BIm = benzimidazole.

Table 1. MOFs synthesized electrochemically.
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Ultrasound-assisted synthesis is another route for obtaining materials, where you can get
MOFs with small crystal size in a short reaction time. In this synthesis, the reaction mixture is
subjected to ultrasound (part of the spectrum of the sound whose frequency is approximately
19 kHz) to generate high temperatures (above 5000 K) and pressures at specific locations within
the mixture. Such increases in temperature and pressure are due to the phenomenon of
"cavitation", which involves the creation, expansion, and destruction of small bubbles that
appear when the reaction mixture is treated with ultrasound [74]. In this case, acoustic
radiation mechanical energy is converted into thermal energy. Among the MOFs synthesized
by this method are MOF-5, MOF-177, Cu3BTC2, Zn-2,2′bipiridina-5,5′dicaboxilato, Zn3(BTC)2

12H2O [Zn (1,4-bencendicarboxilato) (H2O)]n [75].

2.2.5. Synthesis of MOFs using near supercritical water conditions

Motivated by the resolution of the problem that exists with the use of solvents (1.3.1), Schröder
and Poliakoff [76] developed a new methodology for the synthesis of MOFs, building for its
acronym high-temperature water (HTW). Due to these properties, the HTW has been studied
as a means of organic reactions [77, 78], destruction of contaminants [79] and formation of
nanoparticles [80, 81]. Water properties change dramatically as it approaches its critical point
(647 K, 220 bar) [82]. For example, the dielectric constant decreases to values of typical nonpolar
solvents, and therefore, organic compounds, such as organic ligands of MOFs, can be dis‐
solved.

Water can potentially be reused after the reaction has been completed and, if necessary, ion
exchange may be employed in order to remove any traces of unreacted organic ligand and
metal ions. HTW presents some technical difficulties due to the high pressures and accelerated
corrosion of the reactors. However, Schröder and Poliakoff [76], in 2012, first reported the
possibility of using HTW (573 K) as solvent for the synthesis of a MOF with high performance.
The new MOF, {[Zn2(L)] (H2O)3}∞; (L = 1,2,4,5-tetrakis(4-carboxyphenyl)-benzene) (Figure 4),
is synthesized using only water as reaction medium at 573 K and 80 bar.

Figure 4. View of the crystal structure of the structure {[Zn2(L)] (H2O)3}∞. Green, red, black and gray represent Zn
atoms, O, C, and H, respectively [76].
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2.3. Characterization and evaluation methods of MOFs

The different methods of synthesis of MOFs can generate homogeneous solids that allow
carrying out processes of heterogeneous catalysis. Once the reaction finished, it is desirable
that the physicochemical characteristics of material prevail. There are different characteriza‐
tion techniques for determining the homogeneity of the material, structural characteristics,
and stability of the MOF. Analytical methods that are useful and applicable are listed below.
However, others characterizations may exist which are also useful in the evaluation of MOFs,
such as heterogeneous catalysis.

Powder X-ray diffraction (XRD) is used in determining the crystallographic MOFs by comparing
the diffractogram of MOF before and after the catalytic process. In certain processes, the
stability of the structure is also determined. Additionally, it is possible to determine the purity
of the catalyst and some crystallographic parameters as red parameter, size of lattice, and
crystal size.

Fourier transform infrared spectroscopy (FTIR) provides information about functional groups
present in the network of the MOF. It is possible to make a comparison to determine the
changes once the network has carried out the catalytic reaction.

Nuclear magnetic resonance (NMR) is a widely used technique in the characterization of
products, by-products, and intermediates of the catalysed reaction. It is possible to determine
the chemical environment inside the catalyst using probe molecules.

Nitrogen physisorption. The texture parameters such as surface area, pore volume, and average
pore size are determined by this technique. The shape of the isotherm provides information
about the homogeneity of the solid.

Ultraviolet-visible diffuse reflectance spectrum provides information about the environment metal
coordination before and after carrying out a catalysed reaction.

Thermogravimetric analysis (TGA) is useful to determine the thermal stability of the MOF. In
some processes, it is necessary to conduct a heat treatment prior to the catalysed reaction and
treatment parameters are determined by TGA. It is possible to obtain a model which is highly
suitable for the process reaction desired.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are able to show
the morphology, defects, grain boundaries, mixtures of crystalline phases, and grain size,
among others. In some solids, even the crystallinity and porosity can be determined by these
techniques.

Energy-dispersive X-ray (EDX) is used to determine the elemental materials analysis. The MOF
is studied before and after the catalytic process for identifying the presence of new elements
and their percentage.

Gas absorption analyser can be used to analyze the adsorption capacity for MOF for a particular
gas or vapour.

Gas/liquid chromatography-mass spectrometry (GC/LC-MS) is a powerful technique to analyse the
catalytic reaction and determine the amount and type of products.
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Raman spectroscopy is widely used in the characterization of noncrystalline or low-crystalline
catalysts. Comparing the spectra before and after the reaction provides information about the
incorporation of new components into the MOF network.

Temperature-programmed reduction (TPR) is used in determining redox reaction parameters. The
catalytic activity in redox conditions can be determined by this technique.

3. MOF’s structure using catalytic reaction

The active sites of MOFs can be designed depending on the type of catalytic process. The
Rosseinsky group reported the methanolysis of rac-propylene oxide and expected to yield 2-
methoxy-1-propanol and 1-methoxy-2-propanol reaction. They used the postsynthesis
modification of a porous homochiral Ni(L-asp)bipy 0.5, 1 (L-asp = L-aspartate, bipy = 4,4-
dipyridyl), leading to a functional Brønsted acidic material. These compounds are amino acids
(L- or D-aspartate) together with dipyridyls as struts. The coordination chemistry is such that
the amine group of the aspartate cannot be protonated by added HCl, but one of the aspartate
carboxylates can. Thus, the framework-incorporated amino acid can exist in a form that is not
accessible for the free amino acid. While the nickel-based compounds are marginally porous,
on account of tiny channel dimensions, the copper versions are clearly porous [83].

The results showed that the carboxylic acids behave as Brønsted acidic catalysts, facilitating
(in the copper cases) the ring-opening methanolysis of a small, cavity-accessible epoxide at up
to 65% yield. These researchers pointed out that the superior homogeneous catalysts existed,
but emphasized that the catalyst formed here is unique to the MOF environment, thus
representing an interesting proof of concept [84].

Lewis acid solids are commonly used in selective oxidation. An example of this type of catalysts
is trinuclear networks containing Cu2+, which have shown a high activity and selectivity for
the peroxidative oxidation process of cyclohexane into the corresponding alcohols and ketones
(MeCN/H2O/HNO3 media) [85]. The structure of such MOFs is composed of the secondary
building unit of {Cu3(μ3-OH)(μ-pyrazole)} with tetracoordinate metal centers in axial positions
of easy access.

Other structures with these types of catalytic sites on the Cu3(BTC)2 coordinated network are
made of copper links. It is feasible to prepare this MOF with modulated amounts of physisor‐
bed (molecules placed into the channels) or chemisorbed (molecules occupying CuX coordi‐
nation sites) water molecules with high surface area straight from the reaction vessel without
any postsynthetic steps [8]. Different reaction models have been tested in this MOF including:
citronellal cyclization [86], benzaldehydecyanosilylation [87], rearrangement of ethylene acetal
of 2-bromopropiophenone, isomerization of alpha-pinene oxide [86], among others [28].

Another example of MOF with high concentration of Lewis acidic sites is
Mn3[(Mn4Cl)3(BTT)8(CH3OH)10]2; H3BTT = 1,3,5-benzene-tristetrazol-5-yl. Mn2+ ions that are
exposed on the surface of the framework might serve as potent Lewis acids, and catalyze the
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cyanosilylation of aromatic aldehydes and ketones, as well as the more demanding Mukaiya‐
ma-aldol reaction. Moreover, in each case, a pronounced size-selectivity effect consistent with
the pore dimensions is observed [88].

Different types of MOF have been used in catalytic process as base catalysis, Brønsted acid
catalysis, Lewis acid catalysis, C–C bond formation and polymerization, enantio selective
catalysis, and catalysis by organometallic complex supported on MOFs, among others. Table
3 summarizes the MOF structures used in some catalytic processes reported so far. The most
common ions catalysis are: Ag+, Al3+, Bi3+, Ce4+, Cr3+, Co2+, Cu2+, Fe3+, Mn2+, Mg2+, Pd2+, Sc3+, V4+,
Zn2+, and Zr4+.

MOF Catalysed reaction Reference

Al2(bdc)3(MIL-53(Al))
Reduction of carbon–carbon multiple

bonds
[89]

[Ag3(tpha)2] 3BF4

(Ag-tpha)
1,3-Dipolar cycloaddition [90]

Bi(btb) Hydroxymethylation of 2-methylfuran [91]

Ce-mdip1 Cyanosilylation of aldehydes [92]

Cd(4-btapa)2(NO3)2 Knoevenagel condensation [93]

[Cd(bpy)2](NO3)2 Cyanosilylation of aldehyde [94]

Cd3Cl6L13 Alkylation of aldehyde [95]

Co(BPB) Oxidation of olefin [96]

Co2(dhbdc)( H2O)
(Co-MOF-74)

Cycloaddition of CO2 and epoxides [97]

[Co(DMA)6]3[(Co4Cl)3 - (btt)8(H2O)12]2(Co-btt)
Ring opening of epoxides; oxidation of

hydrocarbons
[98]

Cr3X(H2O)2O(bdc)3

X = F, OH, (MIL101(Cr))

Knoevenagel condensation;
Heck coupling;

Cyanosilylation of aldehydes
Oxidation of hydrocarbons

Oxidation of sulfides Cycloaddition of
CO2 and epoxides

[99–103]

[PW11TiO40]5-@[Cr3F(H2O)2O(bdc)3], and [PW11CoO39]5-

@[Cr3F(H2O)2O(bdc)3]
Oxidation of olefin [104]

Cu(2-pymo)2] and [Co(PhIM)2 Aerobic oxidation of olefin [105]

Cu(bpy)( H2O)2(BF4)2(bpy) Ring-opening of epoxide [106]

Cu(D-asp)bpe0.5and Cu(L-asp)bpe0.5] Methanolysis of epoxide [83]

Cu(L2)2(H2O)2, Cu(L3)2(H2O)(Py)2, Cu(L3)3(H2O)Cl
and Co(sal)( H2O)(Py)3

Epoxidation of olefin [107]

Cu(SO4)(pbbm) and (Cu(Ac)2(pbbm))CH3OH Oxidative self-coupling [108]
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MOF Catalysed reaction Reference

Cu3(btc)2

Isomerization; cyclization;
rearrangement Oxidation of

polyphenol Cyanosilylation of
aldehyde

[86, 87, 109–113]

Cu2(papa)2Cl2

Biginelli reaction; 1,2-additionof a,b-
unsaturated ketones

[115]

Cu3(pdtc)(pvba)2(H2O)3 Henry reaction [115]

Cu(2-pymo)2

Click reaction
Three-component couplings of amines,

aldehydes and alkynes
[116, 117]

Cu(tcba)(DMA) Epoxidation of olefins [118]

Cu2(bpdc)2(bpy)
Cross-dehydrogenative coupling

reaction
[119]

Cu2I2(bttp4)
Three-component coupling of azides,

alkynes, and amines
[120, 121]

Cu-MOF-SiF6and Cu-MOF-NO3 Oxidation of benzylic compounds [122]

CuPhos-Br and CuPhos-Cl and CuPhos-PF6 Ketalization reaction [123]

Fe3F(H2O)2O(btc)2

(MIL-100(Fe))

Friedel–Crafts benzylation Oxidation
of hydrocarbons Ring-opening of

epoxides Claisen Schmidt
condensation Oxidation of thiophenol

to diphenyldisulfide
Isomerization of a-pinene oxide

[124–129

In(OH)(hippb) Acetalization of aldehyde [130]

In2(OH)3(bdc)1.5

Reduction of nitroaromatic; oxidation
of sulfide

[131]

Mg3(pdc1)(OH)3(H2O)2 Aldol condensation reactions [132]

Mg(pdc2)( H2O) Aldol condensation reactions [133]

Mn(porphyrin)@[In48(HImDC)96] Oxidation of alkane [134]

Ln(OH)(1,5-NDS) H2O Epoxidation of olefin [135]

(Mn(TpCPP)Mn1.5)(C3H7NO)5 C3H7NO
Epoxidation of olefin; oxidation of

alkane
[136]

[Mn3((Mn4Cl)3BTT8(CH3OH)10)]2

Cyanosilylation of aldehyde;
Mukaiyama-aldol

[88]

Mn2(pvia)2(H2O)2 Alcohol oxidation [137]

(Na20(Ni8L412)(H2O)28)( H2O)13(CH3OH)2 Oxidation to CO2 [138]

Sc3(OH)( H2O)2O(btc)2

(MIL-100(Sc))

Intermolecular carbonyl ene reaction;
Michael addition reaction; ketimine

and aldimine formation
[139]
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MOF Catalysed reaction Reference

Pd(2-pymo)2

Oxidation of alcohol; Suzuki–Miyaura
coupling; hydrogenation of olefin

[140–142]

Tb[V6O13{(OCH2)3C(NH2CH2C6H4-4- CO2)}{(OCH2)3C-
(NHCH2C6H4-4-CO2)}2]4-

Oxidation of sulfide [143]

VIVO(bdc) (MIL-47(V)) Oxidation of hydrocarbons [144, 145]

Zn2(bpdc)2L5 Epoxidation of olefins [146]

Zn2(Py2(PhF5)2PorZn)(TCPB) Intermolecular transfer of acyl [147]

[Zn3(m3-O)(O2CR)6(H2O)3]n+ Transesterification [148]

Zn4O(bdc)3] and [Zn4O(ndc)3 Friedel–Crafts alkylation [149]

[(Zn4O)(bdc-NH2)3]Vsal0.4 Oxidation of olefin [150]

Zn2(bdc)(L-lac)(dmf) Oxidation of thioethers [151]

Zn3(chirbtb-1)2 Mukaiyama aldol reaction [152]

Zn3(chirbtb-2)2 Mukaiyama aldol reaction [152]

Zn(Meim)2(ZIF-8) Cycloaddition of CO2 and epoxides [153]

Zr6O4(OH)4(bdc)6

(UiO-66)
Aldol condensation reactions

Cyclization of citronellal
[154–156]]

Ac = acetyl; bdc = 1,4-benzenedicarboxylate; BPB = 1,4-bis(4´-pyrazolyl)benzene; bpdb = 1,4-bis(3,5-dimethyl-1H-
pyrazol-4-yl)benzene; bpdc = biphenyldicarboxylate; bpe = trans-1,2-bis(4-pyridyl)ethylene); bpy = 4,4´-bipyridine; btc =
benzene-1,3,5-tricarboxylate; btapa = 1,3,5-benzene tricarboxylic acid tris[N-(4-pyridyl)amide]; btb = 5 -(4-carboxyphen‐
yl)-[1,1′:3′,1″-terphenyl]-4,4′-dicarboxylate; btt = 1,3,5-benzenetris(tetrazol-5-yl); bttp4 = benzene-1,3,5-triyl triisonicoti‐
nate; ChirBTB-1 = 5′-(4-carboxy-3-((S)-4-isopropyl-2-oxooxazolidin-3-yl)phenyl)-3-((S)-4-isopropyl-2-oxooxazolidin-3-
yl)-3′-(3-isopropyl-5-oxooxazolidin-4-yl)-[1,1′:3′,1″-terphenyl]-4,4″-dicarboxylate;ChirBTB-2 = 3,3″-bis((S)-4-benzyl-2-
oxooxazolidin-3-yl)-5′-(3-(3-benzyl-5-oxooxazolidin-4-yl)-4-carboxyphenyl)-[1,1′:3′,1″-terphenyl]-4,4″-icarboxylic; D-
asp = D-aspartate; bdc = benzene-1,4-dicarboxylate; dhbdc = 2,5-dihydroxyisophthalic; ImDC = 4,5-imidazole
dicarboxylate; ippb = 4,4′-(hexafluoroisopropyl-idene)bis(benzoate); L1 = (R)-6,6′-dichloro-2,2-dihydroxy-1,1′-binaphth‐
yl-4,4′-bipyridine; L2 = (4-formylphenoxy)acetic acid; L3 = 2-[2-[[(2-aminoethyl)imino]methyl]phenoxy]acetic acid; L4 =
4,5-imidazoledicarboxylic acid; L5 = (R,R)-(-)-1,2-cyclohexanediamino-N,N-bis(3-tert-butyl-5-(4-pyridyl)salicyli‐
dene)MnIIICl; L-lac = L-lactic acid; mdip = 5,50 -methylenediisophthalic; meim = 2-methyl-1H-imidazole;nds = naphtha‐
lenedisulfonic acid; papa = (S)-3-hydroxy-2-((pyridin-4-ylmethyl)amino)propanoic;pbbm = 1,1′-(1,5-pentanediyl)bis(1H-
benzimidazole); pdc-1 = pyrazole-3,5-dicarboxylate; pdc-2= pyridine-2,5-dicarboxylate; PhIM = phenyl imidazolate; ptdc
= pyridine-2,3,5,6-tetracarboxylic; pymo = 2-hydroxypyrimidinolate; Py2(PhF5)2Por = 5,15-dipyridyl-1′,2′-bis(pentafluor‐
ophenyl)porphyrin; pvia= (E)-5-(2-(pyridin-4yl)vinyl)isophthalic; pvba = (E)-4-(2-(pyridin-4-yl)vinyl)benzoic; sal =
salicylidene moiety; tcba = 4,′4″,′4″″-nitrilotris([1,10-biphenyl]-4-carboxylic); TCPB = 1,2,4,5-tetrakis(4-carboxyphen‐
yl)benzene; TpCPP = tetra-(p-carboxyphenyl)porphyrin; tpha = tris(4-((E)-1-(2-(pyridin-2-yl)hydrazono)ethyl)phe‐
nyl)amine.

Table 3. MOF structure used for catalytic reaction.

4. Limitation of MOF structures

MOFs  are  excellent  candidates  for  certain  catalytic  processes  because:  (1)  they  can  be
designed  on  a  rational  basis  according  to  specific  requirements;  (2)  their  well-defined
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structure allows the assessment of structure–activity relationships; (3) the uniform catalyt‐
ic sites; and (4) the intrinsic nature of their pores.

However, the synthesis of MOF requires a series of steps to allow an activation network
free of solvent molecules and to expose the active sites, which can often require coordinat‐
ing solvents that may be toxic, carcinogenic, and/or dangerous to the environment [59]. In
some processes, the structure collapses, and activation prevents further use in catalysis.

Furthermore, when washed with solvent, they typically require energy, which increases the
time  synthesis  process  and  drastically  affects  the  efficiency.  For  example,  with  MOF-5
synthesized using solvothermal processes, a yield of 60% was achieved after 7 days [72].

The  use  of  coordinating  solvents  during  the  synthesis  of  MOF such  as  dimethylforma‐
mide (DMF) or diethylformamide (DEF) may interfere with the availability of molecules to
interact  with  the  active  sites.  DMF and DEF decompose  when heated at  high tempera‐
tures for long periods and therefore cannot be reused [60]. The study of local defects is also
crucial  since  catalytic  processes  can  be  favoured  with  the  appearance  of  the  same  or
conversely the process is catalysed not by excess thereof.

The MOF’s purity can be affected by the formation of other crystalline compounds or the
presence  of  reagents  in  the  network.  However,  characterization  of  MOFs’  purity  and
homogeneity can seldom be found in scientific papers about catalysis.

The thermal and chemical stability of MOFs is also a limitation for use in some catalytic
process. The zirconium MOF reported by Hafizovic Cavka et al. [157], which has a thermal
resistance above 500°C, resistance to most chemicals, and they remain crystalline even after
exposure to 10 tons/cm2  of external pressure, whereas other MOFs have a lower thermal
and chemical stability.
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Abstract

The work presents the studies on the epoxidation of allyl-glycidyl ether (AGE) to digly‐
cidyl ether (DGE) over the mesoporous Ti-SBA-15 catalyst and with 60 wt% hydrogen
peroxide. The influence of the following parameters was studied: the temperature 0–
100°C, the molar ratio of AGE/H2O2 = 0.03:1 – 4:1, the content of Ti-SBA-15 catalyst 0.0–0.5
wt%, and the reaction time 15–240 min. The studies showed that it is possible to obtain
DGE with the selectivity of 100 mol% (for reaction time below 60 min) but at low conver‐
sion of AGE – about 4 mol%. The prolongation of the reaction time decreases the selectiv‐
ity of DGE because the following competitive reactions take place: (1) hydration of the
epoxide ring in AGE and 3A12PD formation, (2) collapsing of the ethers by hydrolysis of
the ether groups, and (3) the epoxidation and the hydration of the products of collapsing
and obtaining glycerol. The explanation of the very high ineffective decomposition of hy‐
drogen peroxide and possible ways of increasing its efficiency of conversion are also pre‐
sented.

Keywords: Epoxidation, allyl-glycidyl ether, diglycidyl ether, hydrogen peroxide, Ti-
SBA-15

1. Introduction

1.1. Epoxidation of allylic compounds, especially diallyl ether and allyl-glycidyl ether, and
applications of allyl-glycidyl ether epoxidation product

Research on the epoxidation of allylic compounds: propylene [1–5], allyl chloride [6–12], allyl
alcohol [13–17], methallyl alcohol, crotyl alcohol, and 1-butene-3-ol [18] with hydrogen
peroxide over the titanium silicate catalysts have been carried out for over 10 years. There are
not many reports concerning the epoxidation of allyl-glycidyl ether (AGE) or diallyl ether



(DAE) [19] with hydrogen peroxide over these catalysts. It can be caused by the fact that the
epoxidation of AGE and DAE is very complicated, as in addition to the epoxidized ether
derivatives, by-products formed by the decomposition of these ethers and their epoxidized
derivatives, as well as products of further transformations of these decomposed products, i.e.
glycidol and glycerol, are received. Moreover, during epoxidation, the epoxy rings may be
opened and diols can be formed. However, due to numerous applications of diglycidyl ether
– DGE (production of linear, branched, and cyclic oligoglycerols used in the production of
surfactants, preparation of anti-arrhythmia agents, production of components of other
pharmaceuticals and medicines, for example, cryptands, preparation of lubricating oil
additives, and synthesis of aminoethers), the epoxidation of AGE with hydrogen peroxide over
Ti-SBA-15 is very interesting and worth further examinations. The simultaneous utilization of
Ti-SBA-15 and a low-cost, environment friendly oxidant - hydrogen peroxide in the epoxida‐
tion of AGE, makes this method of DGE production a modern and environment friendly as
the only product of hydrogen peroxide transformation is water and Ti-SBA-15 can be easily
recovered from reaction mixtures, recycled into the process, and regenerated if it loses its
activity [20]. An additional advantage is this process can be carried out in an aqueous medium
also.

2. The titanium silicate materials used for diallyl ether and allyl-glycidyl
ether epoxidation [19]

Until now, only the TS-1 and Ti-MWW titanium silicate materials have been used in the
epoxidation of DAE and AGE – with hydrogen peroxide. In the studies performed by Wu et
al. [19], AGE was the semi-product which was formed during DAE epoxidation and it
underwent among others further transformation to DGE. In the above mentioned research, at
the first stage, the epoxidation of DAE with hydrogen peroxide was performed under vigorous
stirring in a 20 ml glass flask, connected to a condenser. In the typical run, the appropriate
amounts of DAE, solvent (acetonitrile, acetone, water, methanol, ethanol, dioxane), and the
catalyst were mixed in the flask and heated to the desired temperature under the agitation.
Next, aqueous hydrogen peroxide (30 wt%) was added to the mixture to start the reaction. The
reaction was carried out at the temperature of 60°C for 0.5 h in case of Ti-MWW and for 1.5 h
in case of TS-1. Both Ti-MWW and TS-1 materials showed different solvent effect. During the
examinations over Ti-MWW catalyst, the highest conversion of DAE was obtained for
acetonitrile (about 40 mol%) and acetone (about 39 mol%) as the solvents. The selectivity of
AGE was the highest for acetonitrile, methanol, ethanol, and dioxane and amounted to about
71–79 mol%. The selectivity of DGE, which was formed as the product of AGE transformation
(epoxidation of the next double bond), was the highest for water as the solvent (about 40 mol
%). High values of the selectivity of this product also allow to obtain such solvents as:
acetonitrile (about 29 mol%) and acetone (about 25 mol%). The efficiency of hydrogen peroxide
conversion was the highest for examinations in acetonitrile (about 95 mol%), acetone (about
92 mol%), and dioxane (about 94 mol%). In methanol and in water, the efficiency of hydrogen
peroxide conversion amounted to about 82–87 mol%. The lowest value of this function of the
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process was obtained for ethanol (61 mol%). The total conversion of hydrogen peroxide was
the highest in acetonitrile and acetone (about 99–100 mol%). These studies showed that the Ti-
MWW catalyst favoured aprotic solvents such as acetonitrile or acetone. A little worse results
were obtained for water as the solvent.

During the studies over the TS-1 catalyst, the highest conversion of DAE was obtained in
acetone, methanol, and ethanol as the solvents. The selectivity of AGE was usually high and
amounted to about 61–89 mol%. This function was the highest for dioxane. The highest values
of DGE selectivity were obtained for acetone and methanol: about 22 and 21mol%, respectively.
Efficiency of hydrogen peroxide conversion was the highest for acetone and amounted to 70
mol%. The studies over the TS-1 material showed that methanol and acetone were the most
effective solvents in this process. The comparison of the results of DAE epoxidation present
that Ti-MWW material was more efficient than TS-1 material in catalytic activity, epoxide
selectivity, and hydrogen peroxide conversion when choosing acetonitrile or acetone as the
solvent [19].

At the second stage, in which only Ti-MWW material was used, also the influence of temper‐
ature from 0 to 67°C was tested in the epoxidation of DAE over the Ti-SBA-15 material. The
studies were performed in acetone and at the same conditions as in the first stage of these
studies. The examinations showed that the selectivities of AGE and DGE changed of about 10
mol% during the rising of temperature (the selectivity of AGE from about 80 to about 70 mol
%, and the selectivity of DGE from about 20 to 30 mol%). Conversion of DAE reached 40 mol
% above the temperature of 60°C. The efficiency of hydrogen peroxide conversion slightly
decreased with increasing temperature as a result of the thermal decomposition of hydrogen
peroxide, but the value of this function was higher than 95 mol% [19].

At the third stage, the influence of the Ti-MWW amount and reaction time were studied. The
examinations were performed in acetonitrile and at the temperature of 60°C. The studies
showed that the more the catalyst was used, the higher the catalytic activity of Ti-MWW
material. The DAE conversion raised rapidly within 30 min and then gradually with the time.
The decrease in the reaction rate for longer time was mainly caused by the pore blocking by
heavy organic species [19].

The comparison of the results obtained for Ti-MWW and TS-1 catalysts show that Ti-MWW
material exhibited more benefits in catalytic activity using less harsh reaction conditions [19].

3. The Ti-SBA-15 – titanium silicate mesoporous material, its synthesis and
characteristic

One of the newer titanium silicate catalysts is Ti-SBA-15. It is a mesoporous material, which is
much more durable than Ti-MCM-41 catalyst [20, 21]. Greater durability of this catalyst is likely
due to its construction – a honeycomb structure, wherein unlike Ti-MCM-41, in Ti-SBA-15 the
main cylindrical channels are connected together by transverse channels which introduces
additional porosity and, at the same time, strengthens the structure. Furthermore, Ti-SBA-15
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is characterized by thicker pore walls, and its synthesis is carried out in the presence of a
biodegradable template – Pluronic P123, as opposed to Ti-MCM-41 whose synthesis is carried
out in the presence of an ammonium compound (hexadecyltrimethylammonium bromide)
and is uncomfortable to the environment due to formation of amines during calcination of this
catalyst [22–31]. Our studies on the epoxidation of allylic alcohols over the Ti-SBA-15 catalyst
showed that this catalyst is very active in this process and these compounds can be effectively
converted to epoxides [18]. This is the main reason why this catalyst has been chosen to conduct
the epoxidation of AGE.

Ti-SBA-15 was obtained by the method of Berube et al. [30] and the following raw materials
were used in its synthesis: Pluronic P123 (Aldrich, MW = 5800) as structure-directing agent,
tetraethylortosilicalite (TEOS 98%, Aldrich) as a silicon source, and tetraisopropyl orthotita‐
nate (TiPOT >98%, Merck) as a titanium precursor. The characterization of Ti-SBA-15 was
performed with the following instrumental methods: XRD (X’Pert PRO Philips diffractometer,
Co Kα radiation), IR (Shimadzu FTIR-8100 spectrometer, KBr pellet technique), UV-vis
(SPECORD M40 type V-530 with the attachment for solid materials measurements), X-ray
microanalysis (Oxford X-ray analyzer ISIS 300), SEM (JOEL JSM-6100 instrument), and
porosimetric analysis (porosimetry analyzer ASAP Micromeritics).

The XRD pattern of the obtained Ti-SBA-15 catalyst was similar to the literature data [28, 32–
33]. For the SBA-15 material are typical: one characteristic very intensive diffraction peak at 2
Theta angle of 1.01° and two weak peaks at 2 Theta angle of 1.75° and 2.05°, corresponding to
the (100), (110), and (200) Bragg reflections. These reflections confirm the 2-d hexagonal
symmetry (P6mm) of the SBA-15. The IR spectrum of the obtained Ti-SBA-15 was also similar
to the literature data [23, 34–35]. To the main bands characterized, this kind of materials belong
to: the band at 800 cm–1 which is assigned to symmetric stretching vibrations of Si-O-Si in SiO4
units the same as the band at 1, 000–1, 300 cm–1, the band at 1625-1650 cm-1 which is assigned
to adsorbed water molecules, the band at 3, 000–3, 700 cm–1 which is characteristic for surface
Si-OH groups and adsorbed water molecules, and the band 957 cm–1 which is associated with
Ti=O or Si-O-Ti vibrations. The UV-VIS spectrum of the obtained Ti-SBA-15 catalyst showed
an intense absorption band at 211 nm, associated with ligand-to-metal charge transfer from
oxygen to Ti of an isolated tetrahedral Ti species. This band is direct evidence for titanium
atoms incorporated into the framework of the silica [36]. In this spectrum also a shoulder with
a maximum around of 290 nm was present. This band is connected with the presence of Ti
atoms in fivefold and sixfold coordination. This fivefold and sixfold coordination is generated
through hydration by one or two water molecules of the tetrahedral titanium ion in the first
coordination sphere [36]. Moreover, in the spectra was visible a weak band at 340 nm, which
is assigned to the presence of anatase in the sample. The obtained UV-VIS spectrum is similar
to the literature data [32, 36].

An X-ray microanalysis showed that the amount of Ti in the sample after calcination was 2.9
wt%. According to the porosimetric analysis, the specific surface area of the obtained catalyst
amounted to 620 m2/g, the size of the pores achieved was 5.0 nm, and the pore volume was 0.6
cm3/g. The SEM analyses showed that the Ti-SBA-15 catalyst consisted of large and long,
branched, pipe-like structures with diameter of about 4 μm. These structures consisted of
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smaller particles with diameter of about 0.3–0.6 μm and length about 1–2 μm. This morphology
is typical for structures such as SBA-15 [28, 37].

4. The studies on the epoxidation of AGE over the Ti-SBA-15 catalyst and
the comparison of the results obtained with the previous results obtained
for Ti-MWW and TS-1 catalysts

In the epoxidation of AGE, the following raw materials were used: AGE (99%, Aldrich),
hydrogen peroxide (60 wt% water solution, Chempur), and Ti-SBA-15 catalyst. The initial
technological parameters were as follows: the molar ratio of AGE/H2O2 = 1:1, catalyst content
3 wt%, the reaction time 2 h, and intensity of stirring 500 rpm.

The process of AGE epoxidation was carried out in glass vials with the capacity of 12 cm3

equipped with a rubber septum and a capillary. The raw materials were introduced into the
vials at the ambient temperature and in the following order: hydrogen peroxide, catalyst, and
AGE. Then the vials were closed with the rubber equipped with the capillary, located in a
shaker holder and immersed in a water bath having the appropriate temperature. In order to
calculate the mass balance, the unreacted hydrogen peroxide was determined by iodometric
method and the remaining products and the unreacted AGE were analyzed by the GC method.
The analyses were performed on the FOCUS apparatus with a flame-ionization detector fitted
with Quadrex capillary columns filled with methyl-phenyl-siloxanes. After calculating the
mass balance, the main functions describing the process were determined: the selectivity of
transformation to DGE in relation to AGE consumed and also selectivities of the by-products
in relation to AGE consumed, the conversion of AGE, and the selectivity of transformation to
organic compounds in relation to hydrogen peroxide consumed (effective conversion of H2O2).

The studies on the epoxidation of AGE to DGE was carried out by one-variable method,
changing the values of the following parameters: temperature 0–100°C, molar ratio of
AGE/H2O2 0.03:1–4:1, content of the Ti-SBA-15 catalyst (0–5 wt%), and reaction time 15–240
min. The main results of the studies on the influence of temperature on the course of AGE
epoxidation were presented in Figure 1.

During the studies on the influence of temperature, only three products were obtained: DGE,
3-allyloxy-1, 2-propanediol (3A12PD), and glycerol. The selectivity of transformation of AGE
to the product of epoxidation of the unsaturated bond – DGE, increases during the increase of
the temperature from 0 mol% (the temperature of 0°C) to 38 mol% (the temperature of 20°C)
and then decreases to 9 mol% (the temperature of 100°C). Figure 1 shows that DGE is not the
main product of this process, because for all investigated temperatures the main product of
the process is 3A12PD (with exception at the temperature of 0°C at which the reaction does
not proceed). The selectivity of this products changes from about 53–54 mol% (the tempera‐
tures 10–20°C) to 80–90 mol% (the temperatures 40–100°C).. The selectivity of glycerol amounts
to 13 mol% for the temperature of 10°C, and then decreases to about 2 mol% (for the temper‐
atures of 40–100°C). For the description of the process of AGE epoxidation, the reactions
presented in Figure 2 can be proposed.
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Figure 2. The main reactions of the process of AGE epoxidation.

Figure 1. The influence of temperature on the selectivities of the products of AGE epoxidation process: SDGE – the selec‐
tivity of DGE, S3A12PD – the selectivity of 3-allyloxy-1, 2-propanediol, and Sglycerol – the selectivity of glycerol (the molar
ratio of AGE/H2O2 = 1:1, the content of the catalyst 3 wt%, and the reaction time 120 min).
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Figure 2 shows that the process can proceed in the three directions: (1) the epoxidation of allylic
group in AGE and formation of DGE, (2) the hydration of the epoxide ring in AGE and
formation of 3A12PD, and (3) the formation of glycerol. Moreover, the two first directions are
the main directions of the process in low temperatures. The glycerol formation is a very
complicated process and this product can be formed as a product of hydrolysis of the ether
groups of AGE, DGE, 3A12PD, and, simultaneously, as a result of the secondary reactions of
the products of the hydrolysis of these ethers (epoxidation of allylic group in allyl alcohol to
glycidol and next hydration of the epoxide ring in glycidol to glycerol). Allyl alcohol and
glycidol were not detected in post-reaction mixtures. It shows that these compounds were very
reactive at the investigated conditions and right away underwent secondary reactions. The
tendency towards the formation of 3A12PD rises during increasing the temperature of the
performing process. On the other hand, the selectivities of the DGE and glycerol decrease. It
shows that at higher temperatures the epoxidation of AGE to DGE is hindered and the
hydrolysis of the ether groups in AGE, DAE, and 3A12PD is stepped or it proceeds very slowly.
The main reaction is hydration of the epoxide ring in AGE and formation of 3A12PD. The
formation of 3A12PD as the main product in this process can be explained taking into account
the acidic character of the mesoporous Ti-SBA-15 material. This character is mainly connected
with: (1) the silanol groups located on the surface of this catalyst [19, 38], (2) the species of Ti
present on the surface of the catalyst – tetrahedral Ti(IV) active sites, titanium-containing
species in the form of dimmers or very small oligomers [38–41], and (3) the active species of
titanium with hydrogen peroxide which are formed during the oxidation process, for example,
five-membered active complexes – titanium hydroperoxo species with the specific structure,
which are formed from tetrahedral Ti(IV) active sites, protic solvent (for example, methanol
or water), and hydrogen peroxide and are present on the surface of the catalyst [42].

Among others, the formation of 3A12PD can also be under influence of the active species of
titanium with hydrogen peroxide which are formed during the oxidation process and some
of them can have the acidic character. A few structures have been proposed until now for
explanations of the structures of these active species. Among these structures are: the peroxide
structure, the hydroperoxide structure, and superoxide structures (radical species) [40, 42–
49]. Indeed, mainly the hydroperoxide structure was described as the structure responsible
for the epoxidation of olefinic compounds [45, 47]. It exists in equilibrium with the peroxide
structure, which is a dominant structure in the water solution because it is stabilized by water
molecules [45]. In the medium in which epoxidation takes place, the excess of olefins causes
that the peroxide structure is converted to hydroperoxide structure [45]. Hydroperoxide
structures in the presence of protic solvent create the five-membered active complexes –
titanium hydroperoxo species which are composed from tetrahedral Ti(IV) active sites, protic
solvent (in case of these studies, from water), and hydrogen peroxide[40, 42, 50, 51].

Bhaumik et al. [42] described that under the influence of the titanium hydroperoxo species
undergoes acid-catalyzed cleavage of the oxirane rings in the epoxide compounds; this
reaction has considerable SN1 character and the nucleophilic attack is easy to occur at the more
crowded carbon atom that can best accommodate the positive charge. Taking into account that
this data can be propose the possible way of 3A12PD formation from the AGE presented in
Figure 3.

Studies on Obtaining Diglycidyl Ether from Allyl-Glycidyl Ether over the Mesoporous Ti-SBA-15 Catalyst
http://dx.doi.org/10.5772/61881

129



Figure 3. The possible way of 3A12PD formation from the AGE, where: R = CH2=CH-CH2-.

Also the hydration of the ether groups in AGE, DGE, and 3A12PD can be explained taking
into account the acidic character of various species which are present in the mesoporous Ti-
SBA-15 material (silanol groups, species of Ti and titanium hydroperoxo species).

During the studies on the influence of temperature, the conversion of AGE was very low and
it changes from 0 mol% (the temperature of 0°C) to about 4–5 mol% for the highest tempera‐
tures. The changes of the effective conversion of H2O2 are very similar. Very low values of this
function show that at the studied conditions the catalyst was very active in the ineffective
decomposition of hydrogen peroxide to water and oxygen, which takes place at the active centres
of Ti in the catalyst even at very low temperatures (the total conversion of hydrogen peroxide
changed from 83–90 mol%). The ineffective decomposition of hydrogen peroxide over titanium
silicate catalysts has been described in a great number of works [52–57], and this phenomen‐
on is typical for these catalysts, for example, it was shown in the literature that titanium
hydroperoxo species can decompose hydrogen peroxide molecules via formation of Ti-O*
radical and hydroperoxo radical (HOO*) [52]. As the results presented in this work showed,
the Ti-SBA-15 catalyst  was very active in the decomposition of  hydrogen peroxide.  The
epoxidation of olefinic bonds undergoes slower than the ineffective decomposition of hydro‐
gen peroxide at the five-membered active species. Probably, very small reactivity of the AGE
is connected with the steric hindrances connected with the structure of this ether when the
molecules of AGE are close to the active species of Ti with hydrogen peroxide. These steric
hindrances cause that the decomposition of AGE molecules also takes place. The increased,
ineffective decomposition of hydrogen peroxide can be also caused by the presence of TiO2

domains in the structure of the Ti-SBA-15 catalyst. Taking into account the UV-VIS spectrum
of the Ti-SBA-15 catalyst used in this work, the broad absorption peak at the 211 cm–1 and the
shoulder at the 290 cm–1, which is not only connected with the presence of Ti atoms in fivefold
and sixfold coordination [36] but also can be assigned to the oligomerized titanium-oxygen
species – formation of Ti-O-Ti bonds by clusterization of octahedrally coordinated titanium ions
[46, 58] or to octahedral titanium species in the form of highly dispersed TiO2 particles with the
particle size smaller than 5 nm [48]), and the results of the X-Ray microanalysis (amount of Ti
2.9 wt%), it can be assumed that the Ti-SBA-15 catalyst contains the titanium-oxygen species in
the form of dimmers or very small oligomers (TiO2 domains, Ti aggregates) [53, 55].

A lot of works present the strategies to increase the oxidant efficiency. The hydrogen peroxide
decomposition is strongly dependent on the pH of the reaction mixtures and on the surface
concentration of the hydroxyl groups of the catalytic material [52]. The improving of the
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efficiency of the hydrogen peroxide conversion can be done by: (1) addition of additives such
as for example: CH3COOH, KHSO4, KH2PO4, KHF2, Na2SO4, NaHCO3, K2CO3, K3PO4,
K2HPO4, or KH2PO4 [52]; (2) slow addition of hydrogen peroxide [52, 55, 57]; (3) choosing of
the appropriate solvent for the epoxidation process – the most beneficial are methanol,
acetonitrile, and acetone [44, 54, 55] or co-solvent, for example, sulfolane [59]; (4) increasing of
the acidity of the catalyst by the addition of metal oxide, for example, of TiO2, and utilization
of the appropriate temperature of the calcination [56]; and (5) the surface hydrophobization of
mesoporous titanium silicates [46]. We would like to test in our future work some of the ways
of improving the efficiency of hydrogen peroxide conversion: choosing the appropriate
solvent, additives, and slow addition of hydrogen peroxide.

Taking into account the results of the studies on the influence of temperature on the course of
AGE epoxidation, the temperature of 20°C was taken as the most beneficial for the next studies.

The main results of the studies on the influence of the molar ratio of AGE/H2O2 on the course
of AGE epoxidation were presented in Figure 4. The studies were performed at the range of
molar ratios of AGE/H2O2 0.03:1 – 4:1. The other parameters were as follows: the temperature
of 20°C, the content of the catalyst 3 wt%, and the reaction time 120 min.

Figure 4. The influence of molar ratio of AGE/H2O2 on the selectivities of the products of AGE epoxidation process:
SDGE – the selectivity of DGE, S3A12PD – the selectivity of 3-allyloxy-1, 2-propanediol, and Sglycerol – the selectivity of glyc‐
erol (the temperature 20°C, the content of the catalyst 3 wt%, and the reaction time 120 min).

The studies show that the conversion of AGE was the highest for the lowest molar ratio of
reactants and amounted of 11 mol% and next it decreased to 1 mol% for the molar ratio of
AGE/H2O2 = 4:1. The effective conversion of H2O2 had very low values independent of the
studied molar ratios, even for the molar ratios of AGE/H2O2 > 1. Figure 4 shows that inde‐
pendent of the molar ratio of reactants the main product of the process was 3A12PD, but its
selectivity decreased during increasing the molar ratio of reactants. It shows that the excess of
hydrogen peroxide or AGE molecules in the reaction mixture does not cause that the epoxi‐
dation of AGE is intensified and the hindering of the hydration of epoxide ring in AGE is not
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observed. The ethers molecules are unstable in reaction medium and underwent decomposi‐
tion by the hydration of the ether groups. Simultaneously, the results obtained show that the
surface of the catalyst independent of the molar ratio of reactants was very active in the
reactions of hydration of epoxide rings and ether groups. Also the formed allyl alcohol and
glycidol undergo secondary reactions (epoxidation and hydration of the epoxide ring) very
easily. On the basis of the results obtained, the molar ratio of AGE/H2O2 = 0.03 was taken as
the most beneficial for the next stages of the studies.

The main results of the studies on the influence of the Ti-SBA-15 catalyst content on the course
of AGE epoxidation were presented in Figure 5. These studies were performed for the
following parameters: the temperature 20°C, the molar ratio AGE/H2O2 = 0.03, and the reaction
time of 120 min.

Figure 5. The influence of the Ti-SBA-15 catalyst content on the selectivities of the products of AGE epoxidation proc‐
ess: SDGE – the selectivity of DGE, S3A12PD – the selectivity of 3-allyloxy-1, 2-propanediol, and Sglycerol – the selectivity of
glycerol (the temperature 20°C, the molar ratio of AGE/H2O2 = 0.03, and the reaction time 120 min).

The studies show that for the amount of the catalyst of 0 wt% no one reaction proceeded. The
conversion of AGE raised from 0 mol% (for 0 wt% of Ti-SBA-15) to 11 mol% (for 3 wt% of Ti-
SBA-15) and next did not change. The effective conversion of H2O2 was very low and amounted
to about 1 mol%, independent of the studied Ti-SBA-15 content.

Figure 5 shows that during the rising of the content of the catalyst the selectivity of 3A12PD
increased from 0 mol% (the Ti-SBA-15 content 0 wt%) to 78 mol% (the Ti-SBA-15 content 5 wt
%). It presents that with the increase of the Ti-SBA-15 content, the hydration of the epoxide
ring in AGE was intensified, but the hydrolysis at the ether group of AGE, DGE, and 3A12PD
was hindered. Only for the Ti-SBA-15 content of 0.5 and 1 wt%, glycerol was present in the
post-reaction mixtures. On the other hand, at higher catalyst content, the phenomenon of
ineffective decomposition of hydrogen peroxide at the active centers of Ti in the catalyst was
intensified and the water molecules obtained during ineffective decomposition of hydrogen
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peroxide could probably take part in hydration of the epoxide ring in AGE. The content of the
catalyst amounting to 3 wt% was chosen as the most beneficial for the last stage of the studies.

The main results of the studies on the influence of the reaction time on the course of AGE
epoxidation were presented in Figure 6. These studies were performed for the following
parameters: the temperature 20°C, the molar ratio AGE/H2O2 = 0.03, and the Ti-SBA-15 catalyst
content 3 wt%.

Figure 6. The influence of the reaction time on the selectivities of the products of AGE epoxidation process: SDGE – the
selectivity of DGE, S3A12PD – the selectivity of 3-allyloxy-1, 2-propanediol, and Sglycerol – the selectivity of glycerol (the
temperature 20°C, the molar ratio of AGE/H2O2 = 0.03, and the Ti-SBA-15 catalyst content 3 wt%).

The results show that with the prolongation of the reaction time from 15 min to 240 min, the
selectivity of DGE decreased from 100 mol% to 25 mol%. Only for the reaction time of 15 min
and 50 min, it was possible to obtain only DGE as the product in the post-reaction mixtures.
The conversion of AGE increased in the range of the studied reaction time from 3 mol% to 18
mol%, but the effective conversion of H2O2 was very low and amounted to about 1 mol%.
Figure 6 presents that for the reaction time of 120 min the second product of this process was
established – 3A12PD. Glycerol – the third product of this process appeared in the post-reaction
mixture for the reaction time of 240 min. It shows that it is possible to obtain only one product
in the post-reaction mixture – DGE (very desirable) only for short reaction time – 15 min. and
60 min. At this reaction time, it is only possible to stop the hydration of the epoxide ring and
formation of 3A12PD.

The comparison of our results obtained for the Ti-SBA-15 material with the results obtained
previously by Wu et al. for the Ti-MWW and TS-1 materials [19] shows that the main difference
between the epoxidation of AGE over Ti-SBA-15 and the epoxidation of DAE and AGE over
Ti-MWW and TS-1 is formation of the considerable amounts of 3-allyloxy-1, 2-propanediol
over Ti-SBA-15 and low efficiency of hydrogen peroxide conversion for this catalyst. It is
probably connected with the pore size of the Ti-SBA-15 mesoporous material and the structure
of the surface of this catalyst, especially with the presence of various species of Ti and hydroxyl
groups.
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5. Conclusions and future possibilities

The results presented in these studies show that the best conditions established for the
epoxidation of AGE to DGE on the Ti-SBA-15 catalyst in water solution are as follows: the
temperature of 20°C, the molar ratio of AGE/H2O2 = 0.03:1, the content of the catalyst 3 wt%,
and the reaction time of 60 min. At these mild and relatively safe conditions, the selectivity of
DGE amounts to 100 mol%; the conversion of AGE and the selectivity of transformation to
organic compounds in relation to hydrogen peroxide consumed amount to 4 mol% and 1 mol
%, respectively. These studies also show that this process is very complicated because of the
secondary reactions which proceed in reaction medium – hydration of epoxide ring in AGE
(formation of 3A12PD), hydrolysis at the epoxide group in AGE, DGE, 3A12PD, epoxidation
of the formed allyl alcohol, and hydration of the epoxide ring in glycidol and formation of
glycerol. However, it is possible to choose such a way of carrying up this process in which only
one product – DGE (the most desirable) – is obtained. The process of obtaining DGE is
performed at very mild conditions, thus the danger of the explosive decomposition of
hydrogen peroxide or compounds with epoxide group is very little, mainly taking into account
the very low temperature of this process which amounts 20°C. Hydrogen peroxide used in this
process is a relative cheap oxidizing agent and moreover, the methods of production of
hydrogen peroxide are still developed and modernized. The method of AGE epoxidation with
hydrogen peroxide is also ecologically friendly because only one product of its transformation
is water. The presented studies showed that for this process hydrogen peroxide should be used
in excess in relation to AGE. Mainly, it is connected with the phenomenon of ineffective
decomposition of hydrogen peroxide (not explosive decomposition) at the active centers of Ti
in the structure of the catalyst. This phenomenon causes that only a little amount of hydrogen
peroxide takes part in epoxidation process and utilization of the excess of hydrogen peroxide
in relation to AGE improves effective utilization of hydrogen peroxide molecules in the process
of epoxidation. On the other hand, hydrogen peroxide undergoes very easy ineffective
decomposition, thus even at the excess of hydrogen peroxide its concentration in reaction
mixtures is low. The main cause of this situation is high content of the Ti-SBA-15 catalyst in
reaction mixture (3 wt%). There are some possible ways of improving the hydrogen peroxide
conversion efficiency by, for example, (1) addition of additives (CH3COOH, KHSO4, KH2PO4,
KHF2, Na2SO4, NaHCO3, K2CO3, K3PO4, K2HPO4, or KH2PO4); (2) the changing of the way of
hydrogen peroxide addition; (3) choosing the appropriate solvent (methanol, acetonitrile or
acetone), or co-solvent (sulfolane); (4) increasing the acidity of the catalyst by the addition of
metal oxide, for example, of TiO2, and utilization of the appropriate temperature of the
calcination; and 5) the surface hydrophobization of mesoporous titanium silicates. We would
like to test in our future works some of the ways of improving the efficiency of hydrogen
peroxide conversion: choosing of the appropriate solvent, additives, and slow addition of
hydrogen peroxide. A large advantage of the presented process is also performing the process
of epoxidation in water solution without any other solvents. Moreover, water was not
additionally introduced in the reactor, only with the solution of the oxidizing agent it was
formed during the process. Water is now regarded as a very ecological solvent for organic
processes.
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Abstract

The recycling of chemicals and generation of alternative energy are central topics in the
efforts toward sustainable development. Among these, research on plastics recycling and
fuel cells has received significant attention, with the aim of designing novel catalysts to
improve yield and efficiency. We highlight our work on these areas focusing on the
chemical depolymerization of polyethylene terephthalate (PET) to recover its constituent
monomer and the development of high-performance anode catalysts for polymer electro‐
lyte membrane fuel cells (PEMFC). We demonstrate various flexible yet practical synthe‐
sis strategies (e.g. ultrasound-assisted deposition and biopolymer coating) that were used
to obtain catalytic properties optimized for these applications. The effectiveness and sim‐
plicity of these methods render the catalysts to be truly green — from synthesis up to
process application.

Keywords: PET glycolysis, fuel cell, ultrasound, polydopamine, nanocomposites

1. Introduction

Depleting resources and waste management are the major driving factors for environmental
conservation practices, such as recycling and development of alternative energy. Plastics
recycling and generation of renewable energy, in particular, are among the direct approaches
that aim to curb the consumption of oil-derived commodities. Research efforts on these areas
can contribute to the realization of long-term environmental sustainability, aiming for
increased productivities and minimal environmental impact. In these efforts, the development
of effective catalysts to improve their performance remains a major goal in optimizing
processes for resource conservation. Taking both catalytic activity and practical synthesis into
account, we present catalyst design strategies that truly conform to principles of green
catalysis.



1.1. Chemical recycling of poly(ethylene terephthalate)

Poly(ethylene terephthalate) or PET is currently the world’s most widely recycled plastic. Due
to its extensive use in various applications, largely in packaging, its worldwide consumption
has increased tremendously, adding to the generation of plastic solid wastes. The global market
for PET packaging was worth $48.1 billion in 2014, equivalent to about 16 million tons of PET.
Furthermore, the projected demand for PET packaging material is estimated to increase further
by 4.6% annually, reaching up to 20 million tons by 2019 [1]. The dramatic increase in PET
consumption over the past decades has led to significant efforts to recycle the thermoplastic
polyester.

The case of PET recycling is currently a logistically well-established, large-scale recycling in‐
dustry. Bottle recollection rates, for example, have shown a steady increase worldwide,
which accounted for at least 2.8 million tons of collected bottles in 2008 (Figure 1). Most of
recycled PET flakes produced worldwide are utilized for fiber applications. PET recycling,
at present, is largely dominated by physical methods or melt-phase recycling strategies, al‐
though various process routes have been studied and remain open to major advancements
for better sustainability [2–4].

Figure 1. a) Increase in PET bottle recollection rates in various regions worldwide from 1995 to 2008. b) Use distribu‐
tion of recycled PET flakes.

Significant efforts and renewed interest in chemical recycling routes have resurfaced recently,
as stronger calls for long-term sustainability and new process developments in chemical
recycling appeared. Extensive reviews on the progress and various aspects of PET chemical
recycling are available elsewhere [2–7]. It has been regarded in the recycling literature that
chemical recycling offers the most viable approach of sustainable recycling, allowing the
recovery of raw materials and other useful chemicals while dealing with long-term waste
disposal issues [5]. Figure 2 shows the monomer recovery routes in PET synthesis and chemical
recycling. Among them, glycolysis is the simplest and well established, requiring low to
moderate process conditions and capital investment (Table 1) [2].
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Figure 2. PET monomer recovery routes.

Recycling process Qualitative plant cost Economically competitive scale Safety conditions

Hydrolysis High Large plants High

Methanolysis High Large plants High

Glycolysis Medium-low Small plants/batch reactor Medium

Table 1. Process and economic considerations for PET monomer recovery routes [2]

The products obtained from glycolysis are the polycondensation monomer of PET, bis(2-
hydroxyethyl terephthalate) or BHET (Figure 3) and low molecular weight oligomers, which
are purified for subsequent use in PET manufacture or conversion into other chemicals. There
have been significant issues, however, in process efficiency and product purification that led
to recent efforts in the development of novel catalysts.

Figure 3. Glycolysis of PET chain releasing the monomer BHET.

Catalyst use is crucial in glycolysis and those used in earlier studies still required long reaction
times despite catalyst application. These include metal acetates, alkalis, sulfates, and chlorides,
some of which are those of toxic heavy metals [5]. Aside from efficiency, catalyst separation
has been a major drawback in these catalysts together with environmental concerns. Despite
chemical recycling being touted as the superior viable recycling route in the long-term,
significant process developments are needed before it can truly be considered as a practical
and competitive alternative to mechanical recycling. Results of life cycle assessments (LCA)
show (Figure 4) that not only chemical recycling incurs greater process costs, but it also
contributes to an overall negative impact in terms of a larger net consumption of non-
renewable energy source and environmental effects [4]. Fortunately, recent developments in
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novel catalyst design may offer effective solutions to achieve the goal of a truly green and
viable PET chemical recycling.

Figure 4. Comparison of life cycle assessment (LCA) results for PET manufacture and recycling in terms of non-renew‐
able energy use and equivalent CO2 generated per ton of PET fiber [4].

1.2. Hybrid catalysts for polymer electrolyte membrane fuel cells

The development of hybrid catalysts for polymer electrolyte membrane fuel cells (PEMFCs)
has received attention recently due to advantageous qualities in its interaction characteristics
and physical durability. The combination of conductivity enhancement and water manage‐
ment becomes widely used to improve PEMFC performance without external humidifying
system. In this respect, requirements for next promising materials for PEMFCs include such
categories as high proton conductivity, membrane electrode assemblies (MEA), and non-toxic
and easy fabrication method. The humidifying ability of MEA in fuel cells is crucial for proton
conductivity. As such, the approach to enhance conductivity and allow self-humidification at
the same time has been considered recently to improve the performance of PEMFCs [8]. Given
these requirements, the potential solution is platinum doping for conductivity and using silica
as support for its hygroscopic properties. It is a challenge, however, to increase the platinum
doping and enhance catalyst conductivity. With our bio-coating strategy for metal doping, we
demonstrate a successful implementation of N-doped carbon composite through a silica-based
templating technique [9]. In contrast to other reported methods that use chemical vapor
deposition (CVD) and plasma treatment of various nitrogen precursors, our method remains
on the practical side requiring no expensive equipment and complex treatment processes.

2. Synthesis and performance of metal oxide-based catalysts for PET
glycolysis

Clearly, there is a need to consider various factors in designing PET glycolysis catalysts such
as catalytic activity, ease of process applicability, and environmental impact. The coordination
between a metal cation and the PET carbonyl oxygen is the widely exploited basis of catalytic
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activity in glycolysis, although other catalytic pathways do exist. Numerous metal compounds
have been used as glycolysis catalysts with varying success [6]. Some of these made its way to
commercial application through patented technologies [7]. Recently, a significant amount of
work in the development of solid catalysts has appeared, potentially addressing the problem
of product/catalyst separation.

The first solid catalysts used for glycolysis were zeolites, which showed catalytic performance
of only moderate monomer yields (<70%). We have developed various glycolysis catalysts
based on metal oxides that were thermally stable and recoverable and provided excellent
monomer recovery yields. These are the ideal characteristics of industrially applicable
heterogeneous catalysts that could solve issues in existing conventional glycolysis catalysts.
We discuss in the following sections several methods used to synthesize them, their properties,
and performance as stable and effective glycolysis catalysts. It was possible to obtain free and
supported versions of these catalysts using flexible synthesis strategies [10–13] tailored to
specific process applications.

2.1. Glycolysis reaction set-up and product analysis

Virgin PET pellets were obtained, mixed with dry ice in a grinder, and reduced to a fine powder
with a particle size of <200 μm. The glycolysis reactions were carried out in a 10-mL stainless
steel batch-type pressure reactor at 300°C and 1.1 MPa, unless otherwise specified. The reactant
mixture of 0.3 g of PET, 1.1 g of EG, and a set amount of catalyst was loaded into the reactor.
The reactor was placed in a furnace preheated at the reaction temperature, which, after the
given reaction time, was taken out and quenched in cold water to stop the reaction. For
quantitative determination of the monomer yield, the reaction products were dissolved in
tetrahydrofuran (THF) and analyzed via HPLC. A reverse-phase Zorbax-C8 column and an
ultraviolet (UV) detector set at 254 nm were used. The mobile phase used was a 50:50 (v/v)
THF/H2O solution at a flow rate of 1.0 ml/min. The molar yield of BHET was calculated based
on the following equation:

moles of BHET producedBHET Molar yield, %  100%
moles of PET units

= ´

The monomer BHET was separated from the glycolysis products and purified for qualitative
analysis. Boiling water was added to the reaction mixture to dissolve BHET and the hot
solution was immediately filtered. Repeated washing was done to extract residual BHET in
the filter cake. The filtrate was stored in a refrigerator at 4°C for 24 h, after which white needle-
like crystals formed. These were filtered and dried at 70°C for 12 h. The dried crystals were
then used for various characterization steps, such as FT-IR, DSC, TGA, and NMR to verify the
structure and properties of the recovered monomer, properly distinguishing BHET from its
dimer and/or oligomers. Its chemical structure was analyzed by 1H NMR and 13C NMR using
DMSO-d6 as the solvent [10].
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2.2. Supported metal oxide composites via ultrasound-assisted synthesis

Metal oxides find important application as catalysts, but agglomeration during their synthesis
reduces the active surface area beneficial for catalysis. The combination of solid support and
metal has been proposed, since composite materials can isolate the nanoparticle on the
supporting material and effectively reduce its size. As a result, such nanocomposites can
increase the surface area of metal oxide catalyst [14–16]. Silica, one of the most widely used
catalyst supports, is synthesized in this study in the nanoscale and used as a metal oxide
support material. Another material considered as support for nanocomposites is graphene
oxide (GO). It is compatible with various organic/inorganic nanomaterials, taking advantage
of possible chemical modification utilizing the oxygen-containing functional group on its
sheet. In addition, it has high chemical stability and specific surface area [17–20]. The synthesis
of silica and graphene oxide-based catalysts is presented, where ultrasound was used to reduce
reaction time, simplify reaction steps, or perform synthesis in milder conditions.

2.2.1. Ultrasound-assisted catalyst synthesis

Ultrasound has been used in metal deposition, dish cleaning, chemical reactions, and particle
dispersion in a solvent [21]. The cavitation phenomenon includes formation, growth, and
collapse of bubbles generated in the aqueous solution under ultrasonic irradiation. The
phenomenon causes both high temperature (~5000 K) and pressure (~1000 atm) during the
sequence of bubble collapse. In a short span of time for bubble formation, it provides very high
heating and cooling rate. This unique condition generates intense energy that converts water
into H and OH radicals, promoting the formation of metal nanoparticles [22].

Our group applied the ultrasound irradiation method for the fabrication of metal-doped silica
nanocomposites [8,11,23,24]. The acoustic cavitation phenomenon facilitates interparticle
collision between metal and support material, inducing the binding between metal and
support [25,26]. As a result, metal doped on supporting material can be prepared without
surfactants or surface modification of support material in a short reaction time and mild
reaction conditions.

2.2.2. Ultrasonic deposition of metal oxide catalyst on silica particles

Silica microparticles (SMPs) and silica nanoparticles (SNPs) were used as support for the
catalysts. Silica microparticles with size 1–20 μm were purchased from Junsei Chemicals and
used without any treatment. Nanosized silica particles were synthesized using the Stöber
method, with some modifications. In a sealed round-bottomed flask, 8.0 ml of ammonium
hydroxide (28 wt%) and 6.0 ml of deionized water were added to 100 ml of ethanol and stirred
for 15 min. Then, 4.7 ml of the silica precursor tetraethyl orthosilicate (TEOS) were added to
this solution and stirred at room temperature for 3 h. The resulting precipitate was centrifuged
and washed with water and ethanol several times. The product was dried in an oven at 70°C
for 8 h followed by calcination at 500°C for 12 h.

To synthesize the silica-supported manganese oxide or zinc oxide catalysts, a predetermined
amount of silica support was added to a 1.0 M solution of the precursor [Mn(NO3)2 xH2O or
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Zn(NO3)2 6H2O]. The metal oxide loading was set to be 15 wt%. Using a horn-type sonifier, the
solution was sonicated for 45 min. A 0.1 M ammonia solution was added at the start of the
sonication step in order to keep the pH at around 9.5. The ultrasound-assisted deposition
process is illustrated in Figure 5. After separating the particles by centrifugation, they were
washed with water and ethanol. The catalyst samples were then dried at 100°C for 8 h and
calcined at 350°C for 3 h.

Figure 5. Overall synthesis procedure of metal-doped silica nanoparticle.

The properties of the synthesized silica-supported catalysts are given in Table 2. At 1.0 wt%
catalyst-to-PET loading, glycolysis was performed at 300°C for 80 min, after which the product
monomer was recovered. Shown in Figure 6 are the FT-IR spectra of the recovered BHET
crystals and standard BHET sample. The matching spectra confirm that the product obtained
using the silica-supported catalyst was indeed the monomer. The spectrum showed the
presence of peaks corresponding to the functional groups in BHET: an -OH band at 3,424 and
1,128 cm−1, an aromatic C-H at 1,456–1,502 cm−1, C-O at 1,712 cm−1, and alkyl C-H at 2,879 and
2,964 cm−1 [10].

From the monomer yield versus reaction time data in Figure 7, the order of catalytic activity
can  be  determined  as  Mn3O4/SNPs>ZnO/SNPs>Mn3O4  SMPs>ZnO/SMPs.  This  trend  fol‐
lows the same order as the catalyst surface area and the pore volume given in Table 1. Among
the four catalyst samples with different size of support and metal oxide doping, the large
amount of active surfaces in the nanoparticle support and the activity of the Mn3O4 cata‐
lyst could be responsible for the fastest reaction rate and the maximum monomer yield [10].
Although it is evident that using a silica nanoparticle support could improve the catalytic
performance, it also has its drawbacks in the practical and industrial perspective. Using a
metal oxide catalyst is desired for easier purification of the glycolysis products, but effi‐
cient separation of a nanosized catalyst can be challenging. A trade-off between catalytic
performance and practical  applicability  will  be inevitable,  unless  an effective method to
separate the catalysts is provided.
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Catalyst BET surface area (m2/g) Pore volume ( cm3/g) Average pore diameter (nm)

ZnO/SMPs 2.49 0.014 21.4

Mn3O4/SMPs 3.38 0.020 24.4

ZnO/SNPs 22.44 0.154 30.2

Mn3O4/SNPs 45.09 0.214 18.9

Table 2. BET surface area, pore volume, and average pore diameter of silica-supported metal oxide catalysts [10]

2.2.3. Sonochemical synthesis of the GO-Mn3O4 composites

Mn3O4 and its nanocomposites have been utilized as highly effective catalysts for various
applications, including PET glycolysis as demonstrated in our previous studies. Some of the
known advantages of manganese oxides include excellent catalytic activity, low cost, abun‐
dance, and being environmental benign [27–30]. Depending on the oxidation states of man‐
ganese, there are several forms of MnOx (e.g. MnO2, MnO, Mn2O3, and Mn3O4), each of which
has different applications. Hausmannite (Mn3O4), with both Mn2+ and Mn3+ ions in its crystal
structure, has been widely used in catalytic applications. When loaded onto a support to
provide a large surface area and prevent aggregation, it could significantly enhance the
depolymerization of PET [10].

Figure 6. Comparison of FT-IR spectra of standard BHET and BHET recovered from catalyzed glycolysis. Figure from
[10].

Advanced Catalytic Materials - Photocatalysis and Other Current Trends148



Simultaneous formation and direct deposition of MnOx nanostructures have been reported by
using redox reaction and electrodeposition [21,29–31]. One of the most favorable methods to
do this is the reduction of permanganate ions into the insoluble manganese dioxide induced
by carbon such as that in a graphene structure. The procedure is simple and the reaction has
a self-limiting character [27,28,32]. This method can also be adapted to deposit Mn3O4 onto
graphene through thermal reduction of MnO2 over 1000°C [16]. This is an energy-intensive
process, over which alternative methods of synthesis using milder conditions would be
preferable [21,33]. In our work, sonochemical methods were used to facilitate mild conditions
for synthesis and reduce reaction time involved in Mn3O4 deposition as illustrated in Figure 8.

Using the modified Hummers method, graphene oxide (GO) was prepared from graphite
flakes [34]. One gram of graphite was added to 50 mL of concentrated H2SO4 in an ice bath.
Then, 3.5 g of KMnO4 were added and stirred for 2 h at 35°C. The suspension was then kept
at 98°C to which deionized (DI) water was added dropwise. Then, 25 mL of 3% H2O2 aqueous
solution were poured into the mixture and filtered with a 0.1 mm pore diameter Anodisc™
membrane. The product was washed with 10% HCl aqueous solution and DI water. By
applying ultrasound to the filtered graphite oxide cake suspended in DI water, exfoliated GO
was obtained and subsequently dried. Dispersion of GO in DI water at 0.5g/mL concentration
was prepared. Mixtures of 10 mg/mL KMnO4 and the GO dispersion at varied volume ratios
of 0.01, 0.03, and 0.05 were used for the synthesis of GO-Mn3O4 composite samples A, B, and
C, respectively. These are then subjected to ultrasonication at a power of 80 W/cm for 30 min
using a horn-type sonicator. The resulting suspension was then filtered and washed with DI
water and then ethanol [11].

Figure 7. Molar yield of BHET at 300°C and 1.1 MPa using silica-supported catalysts. Figure from [10].
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The formation of GO-Mn3O4 nanocomposite was verified by various characterization methods
such as XRD, XPS, and Raman spectroscopy. TEM images of pristine GO and the obtained
composite are shown in Figures 9a and 9b, indicating the coverage of the GO surface. The high-
resolution TEM image in Figure 9c shows the lattice fringes and diffraction pattern of the
Mn3O4 crystal structure. Compared to the silica-supported composites and conventional metal
salt catalysts [10,35], the monomer yield using the GO-Mn3O4 nanocomposite was comparable
or higher, reaching more than 90% (Figure 10). The yields for the composite were all above
90%, showing improvement from that of bare Mn3O4 at 83%. However, the Mn3O4 without the
support aggregated into micron scale. The GO support could prevent the aggregation of
Mn3O4 and provide an enlarged and stable active sites [11].

2.3. Magnetically recoverable superparamagnetic γ-Fe2O3 nanocatalyst

Efficient recovery of the catalysts in PET glycolysis is an important aspect that several
researchers have attempted to address recently. Among the recoverable catalysts studied are
various ionic liquids, which were shown to provide molar yields up to 80% [36–39]. Aside from
yield, there are several issues that should be considered in using ionic liquids as industrial
glycolysis catalysts such as cost, stability, and robustness with respect to process variables such
as moisture content, to which ionic liquids are very sensitive [10,11,40]. Urea was also reported
to be a reusable glycolysis catalyst at mild temperatures [41]. Vacuum distillation was used to
recover the catalyst, however, whose high energy requirements can be counterproductive.

We have studied magnetic nanoparticles as a recoverable glycolysis catalyst, among which γ-
Fe2O3 was chosen as excellent candidate being known to have good performance in a number
of reactions [42–44]. This was the first attempt to utilize magnetic nanomaterials in PET
depolymerisation. Nanosized γ-Fe2O3 was selected due to its stability, high catalytic activity,
and superparamagnetic property [42]. The superparamagnetic behavior allows recovery by
application of a magnetic field yet allows good dispersion in the reaction medium, as it has

Figure 8. Schematic illustration of ultrasound-assisted synthesis of the GO-Mn3O4 composites. MnO4 is first reduced to
MnO2 and precipitated onto the GO support by oxidizing carbon. The reduction of MnO2 to Mn3O4 then takes place in
the following steps.
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Figure 9. Low-magnification TEM images of (a) GO, (b) GO-Mn3O4, and (c) high-resolution TEM image of GO-Mn3O4

showing the d-spacing of the (101) crystal plane of Mn3O4 and its diffraction rings [11].

Figure 10. BHET yields for bare Mn3O4 and GO-supported Mn3O4 catalysts.
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zero remanent magnetization. Iron oxides have further advantages being cheap, nontoxic, and
abundant [12].

2.3.1. Synthesis of superparamagnetic γ-Fe2O3 catalyst and characterization

Slight modifications to the conventional co-precipitation method were done to obtain γ-Fe2O3

nanoparticles from Fe3O4 [45,46]. For the synthesis of Fe3O4 nanoparticles, predetermined
amounts of FeCl2 and FeCl3 precursors were dissolved in an HCl solution (0.4 M, 25 mL) to
prepare aqueous solutions of Fe2+/Fe3+ with 1:2 molar ratio. Sodium hydroxide (1.5 M, 250 mL)
was then added rapidly and stirred. The addition of NaOH solution instantly produced a black
precipitate, characteristic of Fe3O4. The surfactant used to control the particle size was citric
acid (0.2 M, 50 mL). The synthesis was performed in a nitrogen atmosphere. The formed black
precipitate was separated by placing a magnet and decanting the solution. The product was
washed with water four times and centrifuged at 4000 rpm for 4 min. The final washing step
was done using a 0.01 M HCl solution in order to neutralize the anionic charges on the
nanoparticle surface. Calcination of the dried Fe3O4 powder at 210°C for 3 h induced the phase
transformation into γ-Fe2O3 [12].

The particle morphology of the synthesized catalyst was observed by a 200 kV transmission
electron microscope (TEM). As shown in Figure 11a, the particles had a size distribution in the
range of 8–14 nm, with mean size of 10 nm. The BET surface area measured was 147 m2/g. The
superparamagnetic property of the nanosized γ-Fe2O3 was confirmed by the magnetization
curve obtained using a vibrating sample magnetometer (VSM). Figure 11b shows the magnetic
behavior in the presence of a magnetic field, exhibiting a strong response with saturation
magnetization reaching 47 emu/g. The curve does not have a hysteresis loop and retains no
magnetization when the magnetic field is removed. The advantageous consequence of this
property is redispersability of the catalyst particles when used in subsequent reactions [12].

The obtained X-ray diffraction (XRD) spectra of the catalyst suggest that the material is γ-
Fe2O3. This is not conclusive, however, because the XRD patterns of Fe3O4 and γ-Fe2O3 are very
similar. X-ray photoelectron spectroscopy (XPS) analysis of Fe2p cores was performed to
distinguish the two phases. Higher binding energies before the calcination as shown in Figure
11c are indicative of Fe3O4. The shift to lower binding energies after the calcination step
confirms the transformation of Fe3O4 to γ-Fe2O3 [12].

2.3.2. Catalytic activity, recoverability, and stability with repeated use

The  catalytic  performance  of  the  synthesized  γ-Fe2O3  nanoparticles  was  compared  to
previously studied silica nanoparticle-supported metal  oxide catalysts  [10,40].  Under the
same  reaction  conditions  and  catalyst/PET  weight  ratio,  γ-Fe2O3  delivered  comparable
performance (Figure 12). The BHET yield reached higher than 90% in 70 min at 1.0% catalyst-
to-PET loading. As with the supported nanocatalysts, the excellent catalytic performance of
the γ-Fe2O3 nanoparticles may be attributed to the high surface area and greater accessibili‐
ty to active sites [12].
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Figure 11. (a) Particle morphology, (b) superparamagnetic property, and (c) phase identification of the synthesized γ-
Fe2O3 nanoparticles. Figure from [12].

Figure 12. Catalytic performance of γ-Fe2O3 nanoparticles at various loadings and comparison to other metal oxide cat‐
alysts. Figure from [12].
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The main potential of using γ-Fe2O3 as candidate for industrial glycolysis catalyst is the easy
separation method and stability. In addition to the superparamagnetic property of γ-Fe2O3

nanoparticles that was beneficial to catalytic performance and separation, its stability with
repeated use was also successfully demonstrated. The catalyst was reused in 10 reaction repeat
cycles and did not significantly affect the BHET monomer yield, as shown in Figure 13. The
thermal stability was supported by thermogravimetric analysis (TGA), while the XRD spectra
of the used catalyst also proved phase stability [12]. These demonstrate the robust character‐
istics of the catalyst, withstanding repeated use at elevated temperature and pressure without
deterioration in performance. Given comparable performance to a homogenous catalyst as
shown in Figure 13b, the superparamagnetic catalyst provides a more practical approach to
catalyst separation by application of a magnetic field.

Figure 13. Assessment of catalyst stability with repeated use and comparison to a recoverable homogeneous catalyst at
the same reaction conditions. Figure from [12].

2.4. Mesoporous spinel oxide catalysts

Due to several advantages such as high mechanical strength, possibility of regeneration, easier
separation, and robust process integration, metal oxides can be considered superior to
conventional PET glycolysis catalysts. Moreover, there are numerous possibilities to tailor their
physical and chemical properties for the desired catalytic performance and functionality [47].
For the enhancement of catalytic activity, for example, altering the metal composition by
introduction of another metal could result in higher catalytic activity [48–50]. The same
principle is used to potentially enhance the performance of metal oxide catalysts for PET
glycolysis. In this section, pure oxides and mixed-oxide spinel oxides of zinc, manganese, and
cobalt were synthesised by simple precipitation or co-precipitation methods.

Simple precipitation method was used to synthesize the pure metal oxides. A 1.0 M solution
of the salt precursors (Mn(NO3)2 xH2O, Zn(NO3)2 6H2O, or Co(NO3)2 6H2O) was mixed with
0.1 M ammonium hydroxide to set the pH at 9.0. Precipitates of the corresponding metal
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hydroxides formed, which were filtered, washed with water, and dried at 100°C for 8 h. The
oxide form was obtained by calcination of the dried powder at 600°C for 4 h. For the mixed
metal oxides, a modified co-precipitation method was implemented [51–53]. The molar ratios
of the metal precursors were fixed to be 1:2. Similar to the previous synthesis, a 0.1 M ammo‐
nium hydroxide solution was stirred into the bimetallic precursor solutions, setting the pH
value at 9.0. The same procedures for filtering, washing, drying, and calcining were performed
on the mixed metal oxides [13]. The physical and chemical properties of the synthesized
catalysts are summarized in Table 3. The analysis of atomic composition of the oxides via EDS
was performed with results shown in Table 4.

Catalyst
BET surface area

(m2/g)
Pore volume

(cm3/g)
Average pore
diameter (nm)

Acid site concentration
(mmol/g)

ZnO 7.67 0.06 31.33 0.041

Co3O4 17.50 0.09 18.80 0.032

ZnCo2O4 21.65 0.08 12.23 0.045

Mn3O4 22.57 0.01 14.70 0.060

CoMn2O4 25.10 0.07 10.16 0.067

ZnMn2O4 32.40 0.14 14.50 0.088

Table 3. Surface area, pore dimensions, and acid site concentration of the pure and mixed oxide catalysts [53]

Catalyst Atom percentage Atomic ratio (Mixed oxides)

Zn Mn Co O Mn/Zn Mn/Co Co/Zn

ZnO 56.3 - - 43.7 - - -

Mn3O4 - 61.4 - 38.6 - - -

Co3O4 - - 75.9 24.1 - - -

ZnMn2O4 21.7 40.9 - 37.4 1.88 - -

CoMn2O4 - 36.2 21.0 42.9 - 1.72 -

ZnCo2O4 24.1 - 38.9 37.0 - - 1.61

Table 4. Atomic analysis of the synthesized oxide catalysts by EDX [53]

The catalytic activity of metal oxides in PET glycolysis is influenced by the interaction of the
metal cation and the carbonyl oxygen in the polyester. The nature of the metal, oxidation state,
and crystal structure affect this interaction. In spinel oxides, the metal cations can be located
in tetrahedral and octahedral sites. The metal covalency of two or more different metals in the
mixed oxides can result in a beneficial interaction that could enhance its redox properties and
catalytic activity. In this study, the best catalytic activity for glycolysis was demonstrated by
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ZnMn2O4 catalyst (Figure 14). This catalyst has the ion pair Zn2+/Mn3+ in its crystal lattice
compared to Co2+/Mn3+ and Zn2+/Co2+ in the other mixed spinels. The high activity of the catalyst
was attributed to the nature of the manganese ions combined with structural effects in the
spinel crystal [13].

Figure 14. Comparison of BHET yields among the pure and mixed oxide catalysts [13].

2.5. Purity of recovered BHET monomer

For all the glycolysis reactions above using various catalysts, the recycled BHET was recovered
via simple recrystallization. Several characterization methods have been employed to verify
the structure and purity of the recovered monomer. The FT-IR spectra of the recycled BHET
matched that of the standard sample [10], without extra peaks characteristic of contamination.
As it is also possible that dimers and oligomers are not effectively separated, thermal and
structure analyses have been performed using thermogravimetric analysis (TGA) and nuclear
magnetic resonance spectroscopy (NMR). The proton and carbon NMR spectra identified
peaks corresponding to distinct groups in the monomer and dimer backbones [13]. Along with
TGA thermogram profiles, the structure characterization verified the good separation of the
BHET from its oligomers.

3. Dopamine-induced carbon@silica hybrid as fuel cell anode catalyst

Aside from high proton conductivity and self-humidifying properties, principles of practical
design for potential materials for polymer electrolyte membrane fuel cell (PEMFC) demand a
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fabrication method that is non-toxic and requires no complex apparatus for easy and large-
scale production. Hybrid catalysts with carbon material and inorganic material have received
attention from many researchers for PEMFC [54,55].

In hybrid material synthesis, a variety of methods are used to combine organic and inorganic
materials. However, these fabrication methods require expensive equipment and complex
processes, thereby limiting mass production [56–58]. To resolve this problem, our group has
developed a simple and green fabrication of a hybrid catalyst for PEMFC. The hybrid compo‐
site consists of Pt nanoparticle, conductive dopamine coating layer, and silica support. Pt
nanoparticle has been used as a typical catalyst for electrode catalyst for energy storage
application. We also used Pt nanoparticle as the anode catalyst for PEMFC. To deposit Pt
nanoparticles on the surface of silica, we applied dopamine coating as an adhesive layer [9].
The overall synthesis procedure for the metal and dopamine-induced carbon@silica nano‐
composite is illustrated in Figure 15.

Figure 15. Overall procedure for synthesis of metal (M)- and nitrogen (N)-doped carbon@silica nanocomposite.

For the preparation of a hybrid anode catalyst, silica was fabricated by water-in-oil microe‐
mulsion method that produces a narrow size distribution. Silica is generally applied as support
material because of its mechanical, chemical, and thermal stability. Its size and surface property
can also be easily modified. Additionally, it has hygroscopic property that maintains the
humidity needed for the proton conductivity in PEMFC. The humidity dependence of the
membrane’s conductivity typically required humidity control using an external equipment.
However, the application of silica as support for the anode catalyst could provide both
humidity and conductivity to the proton conductive membrane [8].
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To deposit Pt nanoparticles on the surface of silica, we applied dopamine coating as an
adhesive layer and self-reducing agent. Dopamine is a mussel-inspired adhesive based on a
protein located at the end of the byssus of mussels. The protein allows mussels to strongly
attach on rock surfaces or support in sea. The adhesion property of the protein helps mussels
hold onto substrates in wet condition. Mussel-inspired dopamine is similar in chemical
structure, with catechol and amine functional group as the protein [59]. Attempting to mimic
the adhesive functionality, many researchers coated dopamine on various types of substrates.
After dopamine coating, the substrate achieved a more hydrophilic surface and can be well
dispersed in water. Dopamine coating also acts as a metal adhesive layer through the self-
reducing ability of catechol group in the dopamine chemical structure [60]. Moreover, the
coating is a simple and controllable dip-coating process in alkaline water solution (pH 8.5).
The coating thickness can be tailored in nanoscale by adjusting the temperature, pH, time, and
concentration of dopamine. Because of these advantages, dopamine coating has been applied
to a variety of fields, such as surface modification, heavy metal removal, carbon material
functionalization, and fabrication of conductive N-doped carbon sources [56–58,61].

We prepared Pt and N-doped carbon@silica with dopamine coating via metal decoration and
carbonization steps. The dopamine coating procedure was performed on a Tris buffer solution
at pH 8.5. Silica particles were dispersed in the solution. Then, 10 mM dopamine was added
and mixed mildly for 6 h. After the coating step, the particle was washed several times with
DI water. A thin layer of dopamine was observed to be coated well on silica with a thickness
of 11.5 nm as shown in Figures 16c and 16d. The prepared dopamine-coated silica was re-
dispersed in DI water. The dopamine-coated silica was then used to serve as catalyst support
with metal adhesion properties. The Pt nanoparticles on the coated silica were deposited
through the self-reducing ability of catechol groups in dopamine, as shown in Figure 17. This
phenomenon releases electrons via the transformation of the R-OH group to a C=O group,
which reduce Pt ions into Pt nanoparticles.

The dopamine coating layer naturally prohibits electron transfer (low conductivity). To
enhance catalyst conductivity, we conducted carbonization of the Pt and dopamine-coated
silica in an inert atmosphere at 800 °C. The carbonized dopamine layer contained nitrogen (N)
and had other functional groups removed. N-doped carbon layer from dopamine coating
enhanced both mechanical stability and conductivity of the material [57].

We applied Pt and dopamine-induced carbon@silica hybrid composite for polymer membrane
electrolyte fuel cell as anode catalyst. The composite was evaluated and compared with
commercial Pt/C catalyst under zero relative humidity. The carbonized dopamine coating and
silica could be useful in PEMFC under non-humidified conditions. Pt and N-doped car‐
bon@silica-based composites and commercial Pt/C were evaluated by galvanostatic polariza‐
tion and power density curves as functions of current density for a single PEMFC at zero
relative humidity (Figure 18). The Pt and dopamine-induced carbon@silica composite exhib‐
ited a maximum power density of 0.55 W cm-2, which exceeds that of commercial Pt/C (0.45
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Figure 16. SEM and TEM images of (a and b) silica, (c and d) dopamine-coated silica, and (e and f) Pt and dopamine-
induced carbon@silica. Scale bars are 100 nm.

Figure 17. Reduction pathway from Pt ion into Pt nanoparticle using self-reducing ability of dopamine coating layer.
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W cm-2). The improved performance of the composite is attributed to the hybrid synergy effect
of silica hygroscopic property and N-doped dopamine-induced carbon layer. Additionally,
the N-doped carbon obtained after the carbonization step could make the composite more
conductive with the enhancement of charge transfer at interfaces. As a result, these advantages
of the Pt and dopamine-induced carbon@silica composite could contribute to enhance
performance under low humidity conditions compared to the commercial Pt/C catalyst.

Figure 18. I-V polarization (left axis) and power density (right axis) curve for PEMFC single cell (H2/O2) with Pt and N-
doped carbon@silica nanocomposites (red triangle) and commercial Pt/carbon (black circle) used as an anode catalyst
under relative humidity at 0%.

4. Conclusion

We have presented various techniques to obtain novel catalysts that successfully enhance the
efficiency and productivity of PET glycolysis for monomer recycling as well as the performance
of polymer electrolyte membrane fuel cells. The catalysts can be considered a practical solution
that addresses various issues in these processes, such as catalyst separability, reusability, and
performance in limited operating conditions. The use of ultrasound-assisted synthesis
provided an efficient alternative synthesis approach to obtain metal-oxide composites of silica
and graphene oxide under mild conditions. The use of these catalyst composites offers the
potential of industrial-scale use given their high activity in addition to thermal and chemical
stability. Another practical and effective approach is the use of a magnetically recoverable
catalyst, γ-Fe2O3. The superparamagnetic nanocatalyst, offering comparable performance and
stability as the other solid catalysts, has further advantages of efficient separation and
relatively simplicity of synthesis approach. For fuel cell development, we developed a non-
toxic and easy chemical method to fabricate Pt and dopamine-induced carbon@silica compo‐
site without complex apparatus. The silica nanoparticles as support material acted as a self-
humidifying material, while the dopamine coating played the role of a self-reducing agent and
adhesive layer for anchoring the Pt nanoparticles. Additionally, the N-doped carbon from
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carbonization of dopamine coating enhanced electrical conductivity of the composite. This
resulted to overall superior performance of the composite as anode catalyst even under low
humidity conditions. The fabrication methods and alternative catalysis strategies presented
will be valuable for the commercialization of green catalysts for PET monomer recycling and
energy conversion systems.
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Abstract

Heterogeneous photocatalysis using semiconductors and renewable solar energy has
been regarded as one of the most promising processes to alleviate and even solve both
the world crises of energy supply and environmental pollution. Recently, numerous sem‐
iconducting materials and its composites have been studied for their photocatalytic appli‐
cations. In this chapter, we briefly summarize recent progress in the binary oxide system
(including TiO2 and α-Fe2O3), ternary oxide (Bi system), and the semiconducting materi‐
als and their composites which have remarkable applications in photocatalytic degrada‐
tion of toxic pollutants, hydrogen production and as an adsorbent for wastewater
treatment. In addition, we highlight the challenges and opportunities when we imple‐
ment photocatalytic materials to help on the development of energy research and find
ways to approach major problems.

Keywords: Photocatalysis, TiO2, α-Fe2O3, BiVO4, Bi2WO4, BiOX, Binary oxide, Ternary ox‐
ide

1. Introduction

Ever-increasing environmental issues and consumption of fossil fuels have stimulated
extensive research on the utilization of sustainable solar energy [1]. The extensive use of fossil
fuels has led to a serious energy crisis and environmental pollution, which are the two major
challenges facing the world in the 21st century. Among the many advanced technologies
available today, heterogeneous photocatalysis in view of semiconductors taking advantage of
regeneration solar energy has been identified as one of the most prospective strategies for
resolving both the environmental and energy problems and has thus caused much attention
during the recent decades [2–4]. In the past decades, numerous results have been reported for
photocatalysis and their applications to produce hydrogen from water (see Fig.1 a) [5–8],
convert solar energy into electric energy (see Fig.1 b) [9,10], degrade organic pollutants (see



Fig.1 c) [11–13] and reduce CO2 into organic fuels (see Fig.1 d) [13–15]. Besides the naturally
abundant in nonrenewable energy sources such as solar energy can be renewed into chemical
or electrical and thermal energies by using semiconductors having persisting materials in the
process of photocatalysis [17-20]. Generally speaking, the mechanism of a typical power-
driven photocatalysis process is mainly owing to three critical related synergistic steps: (i) light
absorption and charge excitation; (ii) charge separation and transport from the semiconductor
particle to its surface active sites; (iii) surface photocatalytic chemical reactions, and this process
is similar to the fundamental mechanism of photocatalysis in power systems.

Figure 1. Photocatalytic mechanisms of water splitting, solar cell, degradation of pollutants, CO2 reduction via one-
step photoexcitation. CB and VB represent the conduction and valence bands, respectively [16].

Typically, the electron-hole pair with specific reduction and oxidation potential will be created
on its conduction band (CB) and valence band (VB) under the irradiation of incident light with
energy greater than the band gap of a given semiconductor. Here, the band gap of the
semiconductor determines the utilization rate of the energy of the incident light, and the CB
and VB values are the origin of the reduction and oxidation abilities of the photoexcited
electrona and holes [21]. However, in practical process, the performance of photocatalysts is
mainly related to two conditions: (i) the energy (hv) of the incident photon should be larger
than the energy gap (Eg) of the photocatalyst; (ii) the redox potential of reactants should be
located between the CB and VB of the semiconductor photocatalyst. One the one hand, the
former condition indicates a narrow band gap, which can facilitate the efficient utilization of
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incident solar-light. On the other hand, the latter condition demonstrate that a more higher CB
potential and a more lower VB potential, which are thermodynamically beneficial for the
reduction and oxidation reactions of the reactants, respectively. But a high CB and low VB
potential means a broad band gap of a photocatalyst, which leads to the poor solar−light
utilization as discussed in condition (i). It is obvious that these conditions above are mutually
contradiction, and it is important to find the balance point to design the photocatalyst.
However, for a single component photocatalyst, it is difficult to possess both wide light
−absorption range and strong redox ability concurrently. Besides, in the single-component
structure, the photogenerated electrons in the CB can easily return to the VB or trap in the
defect state and recombine with the holes, which seriously reduces the utilization efficiency
of solar energy [22-24]. Hence, designing appropriate heterogeneous photocatalytic systems
should be an effective way to overcome this problem.

The chapter is divided into four main sections. In the first part, we describe the importance of
binary oxide system photocatalytic matericals in the case of two prominent and widely studied
matel oxides: Titania (TiO2), hematite (α-Fe2O3). In the second part, we do focus on materials
with a specific ternary oxide photocatalytic matericals, such as Bi systems photocatalytic
materials. In the third part, we discuss the semiconducting materials and its composites which
have promising applications in the area of energy and environment especially in photocatal‐
ysis. In the end, we highlight the challenges and opportunities on the way to implement
photocatalytic materials to help on the development of energy research and finding ways to
approach for the major problems. Hence, we believe that a comprehensive chapter on ad‐
vanced nanomatericals for solar photocatalytic is desirable for the further development of the
novel photocatalytic materials and deeper understanding of photocatalytic mechanisms will
be achieved in the near future, through more fundamental interdisciplinary research.

2. Binary oxide system

2.1. TiO2

TiO2 has turned out to be one of the most commonly investigated semiconductors due to its
low cost,  long−term thermodynamic stability in aqueous solution, low toxicity,  and high
efficiency in the removal of pollutants in water and air as well as hydrogen generation [25-28].
There following are the four commonly known polymorphs of TiO2 found in nature: anatase
(tetragonal), rutile (tetragonal), brookite (orthorhombic), and TiO2(B) (monoclinic) [29,30].
Rutile TiO2 has a tetragonal crystal structure and contains six atoms per unit cell as shown
in Fig. 2 [31]. Rutile is the most thermodynamically stable polymorph of TiO2 at all temper‐
atures, exhibiting lower total free energy than metastable phases of anatase and brookite.
Anatase TiO2 has a crystalline structure that corresponds to the tetragonal system but the
distortion of the TiO6 octahedron is slightly larger for the anatase phase. Anatase is the most
commonly used in photocatalytic applications due to its inherent superior photocatalytic
properties [32-34].
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Figure 2. Representations of the TiO2 anatase and rutile forms [31].

Anatase is the least thermodynamically stable TiO2 polymorph as a bulk phase, although, from
energy calculations, it appears as the most stable phase when the grain size is below 10−20 nm
[35,36]. The crystalline structure of the TiO2 oxides can be described in terms of TiO6 octahedral
chains. These differ by the distortion of each octahedron and the assembly pattern of the
resulting octahedral chains. The Ti−Ti distances in the anatase structure are greater than in
rutile, while the Ti−O distances are shorter [37]. These structural differences lead to different
mass densities as well as different electronic band structures. As a result, the anatase phase is
9% less dense than rutile and it presents more pronounced localization of the Ti 3d states and
further a narrower 3d band. Also, the O 2p−Ti 3d hybridization is different in the two struc‐
tures. Anatase exhibits a valence and conduction band with more pronounced O 2p−Ti 3d
character and less nonbonding self-interaction between similar ions (e.g., anion-anion and
cation-cation interactions) [38]. The importance of the covalent vs ionic contributions to the
metal-oxygen bond has already been discussed in a more general context for Ti oxides [39,40].
Therefore, it could be claimed that differential structural characteristics between anatase and
rutile of TiO2 are possibly attributed to the difference in the mobility of the charge carriers
upon light excitation.

In 1972, K. Honda and A. Fujishima discovered the photosensitization effect of a TiO2 electrode
on the electrolysis of H2O into H2 and O2 using a Pt metal electrode as cathode and a TiO2

photoanode irradiated with UV light. They found that, under UV light irradiation of the
TiO2 electrode, the electrolysis of H2O proceeded at a much lower bias voltage as compared
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with normal electrolysis [41]. From then on, the TiO2-based photocatalyst have been exten‐
sively studied in the past few decades due to its proper energy bandgap that matches the UV
−visible light irradiation, which favors many light-driven applications [42-47]. Moreover,
TiO2 has got many advantages and the nature of this material is naturally abundant, commer‐
cially available, economically viable, chemically stable, non-toxic and environmental eco
−friendly [44]. However, TiO2 has also faced few problems as photocatalysts in applying solar
energy processes due to its low sunlight spectrum matching, limited activity and reduced
sensitivity [48]. To overcome this shortage, recently many researchers have developed many
different modification methods to TiO2 material to make it as a potential challenging material
for highly active photocatalyst [48-55]. Among these works, crystal growth, doping and
heterostructuring of semiconductor photocatalysts are commonly used and can substantial
tune the light-response range, redox potentials of photoinduced charge carriers, and electron-
hole pair separation probability within the photocatalysts. Specifically, crystal growth can be
critical in controlling the phase, shape, and size of photocatalysts, as well as their crystallinity
and specific surface area. By rationally controlling crystal growth, the intrinsic surface atomic
structure and resultant surface states of the derived photocatalysts can be adjusted. For
materials design, doping effect can exert a substantial influence on modifying the electronic
structure and the construction of heteroatomic surface structures of the aiming material. In
particular, nonmetal doping (N [56,57], C [58-60], S [61,62], B [63-65], F [66-68], Br [69], I [70-73],
P [74]) in photocatalyst has attracted increasing attention due to its effectiveness in realizing
visible−light photocatalytic activity of wide bandgap semiconductor photocatalysts. The
chemical states and locations of dopants are considered to be key factors in adjusting the
spectral distribution of the induced electronic states of those dopants and reconstructing
favorable surface structure for photocatalysis. The hybrids of two or more semiconductor
systems, that is, heterostructures, seem to be possess advantageous in more efficiently utilizing
solar light by combining different electronic structures when compared with sing-phase
semiconductor photocatalysts. Furthermore, an efficient photo-excited electron or hole
transfer from one component to another with proper band edge matching can greatly decrease
the electron-hole recombination probability and increase the lifetime of charge carriers, which
further promoting the photocatalytic efficiency. In addition to the basic requirements of
electronic structure for each unit in the integrated photocatalytic systems, a favorable interface
contact between the two materials is essential in promoting interface charge carrier transfer
through different pathways. Fig. 3 demonstrates the connection between crystal growth,
doping and hetero-structure of semiconductors for heterogeneous photocatalysis, (CB:
conduction band; VB: valence band) [75].

According to the Wulff construction and calculated surface energy, the shape of anatase under
equilibrium conditions is a slightly truncated tetragonal bipyramid enclosed with eight
isosceles trapezoidal surfaces of {101} and two top squares of {001}, as shown in Fig. 4 [76] It
is predicted that the percentage of {101} is as high as 94%. Although the surface energy of {010}
(0.53 J m −2) was calculated to be between {001} (0.90 J m−2) and {101} (0.44 J m −2) [77], it is
surprising that no {010} will appears in the equilibrium shape of anatase. Anatase TiO2 is
usually exposed with low-index facets. Theoretical calculations indicate that the (101) surface
(0.44 J m−2) is the thermodynamically the most stable surface, the (001) surface (0.90 J m−2) is
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the most active and the (100) and (110) surfaces are between the (101) and (001) surfaces. As a
consequence, facets that have a high surface energy diminish quickly in the minimization of
surface energy during the crystal-growth process. Therefore, a large percentage of high active
facets has become a popular target in the synthesis of anatase TiO2 crystals. In the case of rutile,
the predicted equilibrium shape of a macroscopic crystal was constructed with (110), (100),
(001) and (011) faces (see Fig. 4) [78]. It is found that in the equilibrium shape, the most stable
(110) face with the lowest surface energy of 15.6 meV au- 2 dominates the shape, whereas (001)
with the highest surface energy of 28.9 meV au−2 does not exist at all. Gong et al. demonstrated
the systematic results of the structures and energetics of 10 stoichiometric 1×1 low-index
surfaces with different possible terminations of brookite [79]. The determining factors of the
relative stabilities of different faces are found to be negatively related to the concentration of
exposed coordinatively unsaturated Ti atoms. The equilibrium shape of brookite crystal is
shown in Fig. 4, we can observe that the most of it is composed of (111), (210), (010) and
reconstructed (001) facets. It is worth noting that brookite (210) is one of the most stable facets,
which has a very similar atomic structure to the most stable facet (101) of anatase. However,
their electronic states are different, which may result in different chemical reactivities [80].

Usually, different facets of a single−crystalline material possess distinctive adsorption,
catalytic reactivity and selectivity, which are caused by its different geometric and electronic
structures [81]. Since Lu and his coworkers first reported that the uniform anatase single

Figure 3. Correlation of key factors in crystal growth, doping and heterostructuring of semiconductors for photocataly‐
sis. (CB: conduction band; VB:valence band) [75].
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crystals with 47% {001} facets displayed superior photoactivity [82], crystal facet engineering
has proven to be an effective strategy to finely tune the efficiency and selectivity of heteroge‐
neous photocatalysts for different applications. Besides, different crystal facets can also
facilitate the separation of electrons and holes [83]. To date, many improved synthesis
procedures have been successfully developed and lots of exciting advances have been achieved
[84-99]. Lu and coworkers demonstrated that, under UV light irradiation, the sheet-like anatase
TiO2 crystal dominated by {001} facets is capable of producing OH that is more than five times
higher than that of Degussa P25 TiO2 [85]. They concluded that the high density unsaturated
five-fold Ti and their unique electronic structures of the {001} facets should be responsible for
the improved photoactivity. Similar results also have been reported by other groups. For
example, Han et al. [84] reported that the photocatalytic ability of TiO2 nanosheets with {001}
facets was higher than that of P25 in the degradation of methyl orange(MO) molecules. Zhang
et al. [86] successfully synthesized the a remarkable 80% level of reactive {001} facets microsheet
anatase TiO2 single−crystal photocatalyst, which exhibited much better photocatalytic per‐
formance in the oxidative decomposition of organic pollutant. By tuning the percentage of the
{001} facets, the photoreactivity was enhanced from 40.0% to 84.5%. The reactive {001} facets
played an important role in the photocatalytic reaction owing to their strong ability to
dissociatively adsorb water to form hydrogen peroxide and peroxide radicals. Although high-
energy {001} facets have been widely studied, anatase TiO2 crystals with higher-energy {100}
facets have been less well developed. Recently, Li and Xu [100] reported a facile hydrothermal
route for the synthesis of tetragonal−faceted nanorods (NRs) of anatase TiO2 with highly
exposed higher-energy {100} facets, which exhibited higher reactivity owing to the large
percentage of {100} facets compared with crystals that have normal majority {101} facets.

These results discussed above demonstrated that a higher density of surface−unsaturated
atoms will lead to a high surface energy of the crystal facets, which generally exhibit better
photocatalytic performance. However, recent studies have shown that a high surface energy
does not always make the crystal facets highly reactive in photocatalytic reactions. For
example, Liu et al. [97] demonstrated a raised conduction band of nanosized single crystals of
anatase TiO2 with 82% {101} facets compared to the crystals with 72% {001} facets, which is
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determined by UV/Vis adsorption spectroscopy. This different electronic−band difference will
further lead to a difference in atomic coordination, and this decrease will result in an enhanced
photoactivity in the splitting of water into hydrogen. This example shows that the band-gap
of crystal facets or crystal plates will change as the change in the arrangement of surface atoms.
As a result, the redox power of the photoexcited electrons and holes will be correspondingly
changed.

Generally speaking, the {101} facets are more reductive than {001} facets, which could act as
possible tanks of photogenerated electrons, while {001} facets act as oxidation sites, which play
a major role in the photooxidative processes [101,102]. For example, Pan et al. reported that
low−index facets of anatase TiO2 follow the photoreactivity order of {001} < {101} < {010} for
photocatalytic hydrogen evolution and⋅OH radical generation [103]. Similarly, a seeded
growth technique also demonstrated that the {101} facets of anatase TiO2 are more active than
the {001} facets for photocatalytic water splitting [104]. Surprisingly, it was even found that
the photocatalytic activity for H2 production over the {111} facet exposed anatase TiO2 is about
5, 9, and 13 times higher than that of the TiO2 sample exposed with dominant {010}, {101}, and
{001} facets, respectively [105]. However, most researchers ignored the synergetic effects of
various co-exposed facets in one sample. More attention has to be paid to finding special facets
rather than the balanced ratio of different exposed facets for the best photocatalytic efficiency
of water splitting.

Recently, Yu’s group found that an optimal ratio of the exposed {101} and {001} facets of
TiO2 played a significant role in the enhancement of photocatalytic performance for the
reduction of CO2 [106]. As shown in Fig. 5, the surplus electrons on the {101} facets will overflow
onto the {001} facets and then have a fast recombination with the holes on the {001} facets if
the percentage of {101} facets is too low to hold all the photoexcited electrons, this process will
lead to a decrease in the photocatalytic activity. The results clearly showed that it is of great
importance to find the balanced ratio of different exposed facets in achieving the best photo‐
catalytic efficiency [107]. This finding may shed light on the design and fabrication of advanced
nanosheet-based semiconductors for water splitting.

Figure 5. The electron overflow effect on the {101} facets of TiO2 [107].

In 2011, crystal facet dependence of TiO2 photocatalysis has been evidenced by using single-
molecule imaging and kinetic analysis [108]. Single−particle spectroscopy (microscopy) has
been used to explore the structural and kinetic features of “bulk” catalysis because of its high
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sensitivity and selectivity. This study demonstrated that the reaction sites for the effective
reduction of the probe molecules were preferentially located on the {101} facets of the crystal
rather than on the high surface energy {001} facets. This preference originated from the unique
properties of the {101} facets in terms of their electron-trapping probability induced by the
specific facet. This observation emphasizes the important role of the {101} surfaces as the
reductive site in TiO2 photocatalysis and is in agreement with the conclusion that the reactivity
of the {001} facets towards oxidation is higher than that of the {101} facets.

This aforementioned investigation shows that the reactivity of a photocatalyst can be control‐
led by tuning the exposed facets. Another tool-morphology control, which means the forma‐
tion of different surface facets with different surface atomic structures, also provides an
effective method to tune the selectivity of the photocatalysts. For example, Liu et al. [95]
reported a fluoride-mediated self-transformation method for fabricating hollow TiO2 micro‐
spheres (HTS) with anatase polyhedra with about 20% exposed {001} facets. The fluorinated
HTS exhibited preferential decomposition of methyl orange (MO) compared with methyl blue
(MB). In contrast, surface-modified HTS that was either washed with NaOH or calcined at
600°C favored the decomposition of MB over MO. This example demonstrated the importance
of the surface structure in modifying the catalytic selectivity of titania. Therefore, it is expected
that, by controlling the exposed facets, we can design photocatalysts with both high reactivity
and high selectivity. The photocatalysts that are terminated by specific facets allow the same
adsorption states of reactant molecules and generate photoexcited electrons of similar energies
on the specific facets. It is worth noting that these properties will be beneficial for the solar-
induced selective photoconversion of carbon dioxides into specific valuable fuels because this
process typically requires an undesired separation process and produces mixed hydrocarbons,
including CH4, CH3OH, and HCOOH. It is believed that the breakthrough in making specific
facets will intensify the development of selective organic transformations that are based on
semiconductor photocatalysts.

High-index facets of nanomaterials usually have unique surface atomic structures, such as a
high density of atomic steps, dangling bonds, kinks, and ledges, which can all act as active
sites. Unfortunately, these unique surface atomic structures always have a high surface energy
and high crystal growth rate, which is not naturally preferential growth and is easy to rapidly
diminish during the crystal-growth process, so it is quite challenging to synthesize tailor−made
crystals.

Yang and coworkers first reported the formation of anatase TiO2 crystals that are exposed by
high−index {105} facets [109]. They produced the product with well−faceted surface by a
modified high−temperature gas−phase oxidation route with titanium tetrachloride (TiCl4) as
the Ti source. During the TiCl4 oxidization process, the co−adsorption of oxygen, chlorine, or
other related species will occur and may specifically lower the Gibbs free energy of the {105}
facets thus the typical atomic configuration on the {105} facets can be stabilized and reserved.
The unique stepped atomic configuration on the high−index {105} facets makes these materials
promising candidates in the areas of renewable clean energy and environmental remediation.

Rutile is the thermodynamically stable phase of TiO2 polymorphs, which can be obtained by
typically three methods: (i) the hydrolysis of Ti precursors and subsequent crystallization; (ii)
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the post−transformation from anatase/brookite phase via thermal treatment (phase transfor‐
mation temperature required depends on the particle size of TiO2) [110] and (iii) mechanical
processing [111]. Although rutile is considered to be less active in photocatalytic reactions
compared to anatase, nanostructured rutile has also been used photocatalysis applications and
in some cases show even higher activity than anatase. Band gap of rutile TiO2 is 0.2 eV smaller
than anatase one and further results in a wider absorption range, which may be the advantage
of this phase.

Afterwards, various morphologies of rutile have been developed [112-119], with the nanorod
being is a common morphology. The synthesis routes of such rutile nanorods with a high aspect
ratio have been well documented in the literature [114,119,120-129]. Generally speaking, the
presence of Cl ions as mineralizer in the synthesis system is favourable for rutile TiO2,
regardless of the source of Cl. In the case of the specific synthesis routes of controlling
morphology of rutile, there are two representative examples demonstrate the formation of
faceted rutile crystals. One is the rapid formation of self-assembled microspheres with rutile
nanorods by microwave heating of TiCl3 at 200°C for only 1 min [115]. The nanorods are
exposed with {110} and {111} facets, but because of the extremely rapid growth rate, the surface
is not smooth. Interestingly, the synthetic rutile nanorods have a smaller bandgap of 2.8 eV
compared with the conventional 3.0 eV, which may facilitate the photocatalysis ability under
visible light irradiation. The other one is reported by Kakiuchi et al. [116], who observed the
dependence of degree of perfection of facets on hydrothermal temperature, where TiCl3 was
also used as a precursor together with NaCl additive. For example, at low temperature (80°C),
only needle−like nanorods without well−recognized facets were formed. However, when
elevating the temperature to 200°C, well−developed lateral {110} and top {111} facets can be
observed. Apparently, this result indicates that a higher temperature is favorable for growing
crystals with well-developed facets.

Compared with anatase and rutile, brookite phase TiO2 has attracted little interest due to the
generally considered lack of photocatalytic activity. However, increasing literatures have
shown that brookite is also photocatalytically active and even has unique photocatalytic
properties in some cases [130-133]. However, among the synthetic brookites, crystal facets are
usually non-recognizable. Interestingly, Buonsanti et al. [134] developed a nonhydrolytic
synthesis route to successfully prepare high−quality anisotropically shaped brookite nanorods
with a length of 30−200 nm. These rods are determined to be dominantly enclosed with the
longitudinal {210}/{100} and basal {001} facet, which is in agreement with the equilibrium shape
of brookite crystals predicted from the Wulff construction.

2.2. α-Fe2O3

Hematite (α-Fe2O3) is the most thermodynamically stable form of iron oxide under ambient
conditions and it is also the most common form of crystalline iron oxide. The iron and oxygen
atoms are naturally arranged in the corundum structure, which is trigonal−hexagonal scale‐
nohedral (3 2/m) with space group R−3c, lattice parameters a = 5.0356 Å, c = 13.7489 Å, and six
formula units per unit cell [135,136]. It is easy to understand hematite’s structure based on the
packing of the anions, O2-, which are arranged in a hexagonal closed−packed lattice along the
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[001] direction. The cations (Fe3+) occupy the two−thirds of the octahedral interstices (regularly,
with two filled followed by one vacant) in the (001) basal planes, and the tetrahedral sites
remain unoccupied. The arrangement of cations can also be considered as producing pairs of
FeO6 octahedra that share edges with three neighboring octahedra in the same plane and one
face with an octahedron in an adjacent plane in the [001] direction (Fig. 6). The face−sharing is
responsible for a trigonal distortion of the octahedra as the proximal iron atoms are repelled
to optimize the crystal’s Madelung energy. As a result, hematite exhibits a C3v symmetry and
there are two different Fe−O bond lengths (Figure 6). However, the electronic structures of the
distorted FeO6 octahedral are thought to be similar to undistorted clusters [133,136]. Hematite
is antiferromagnetic at temperatures below 260 K and is a weak (parasitic) ferromagnet at room
temperatures. While the magnetic properties of hemitate are not particularly dependent on its
photo electrochemical performance, the iron spin configuration does influence the optoelec‐
tronic and carrier transport properties of hematite. The absorption of photons by hematite
starts from the near−infrared spectral region where weak absorption bands (with absorption
coefficients, a, of the order 103 cm−1) are due to transition states electrons between two d orbital
energy levels of the Fe3+ ion, which are split by an intrinsic crystal field [136,138]. Analysis by
means of a Tauc plot shows the indirect nature of the band gap for the α-Fe2O3 involving d
orbital to d orbital transition sand a direct transitions from O (2p) to Fe (3d), which occurs only
for band gaps > 3.2 eV [139-141].

Figure 6. The unit cell (left) of hematite shows the octahedral face−sharing Fe2O9 dimers forming chains in the c direc‐
tion. A detailed view (right) of one Fe2O9 dimer shows how the electrostatic repulsion of the Fe3+ cations produce long
(light grey) and short (dark grey) Fe−O bonds [136,137].

Hematite (α-Fe2O3), an environmental friendly n-type semiconductor (Eg = 2.1 eV), has been
widely used in many fields such as lithium−ion batteries [142], gas sensors [143–145], photo‐
catalysis [146,147], water treatment [148] and water splitting for generating H2. Hematite is
one promising candidate for photocatalytic applications due to its narrow band gap of about
2.0−2.2 eV. Further, hematite absorbs light up to 600 nm, collects up to 40% of the solar spectrum
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energy, is stable in most aqueous solutions (pH > 3), and is one of the cheapest semiconductor
materials available. Due to the band gap value α-Fe2O3 and the fact that it,s valence band edge
is substantially lower than the water oxidation potential, it is a promising photoanode material
for photoelectrochemical (PEC) water splitting. Photochemical water splitting involves a
dispersed material in pure water and accordingly produces hydrogenand oxygen homogene‐
ously throughout the solution [149]. The theoretical photocurrent density of α-Fe2O3 is ~12.6
mA/cm2 under AM 1.5 G solar irradiation, and the solar energy conversion efficiency is ~15.5%
in an ideal tandem PEC cell [150,151]. However, the photocatalytic performance of α-Fe2O3 is
limited by certain factors such as high recombination rate of electrons and holes, low diffusion
lengths of holes (2−4 nm), and poor conductivity, which led to both low efficiencies and a larger
requisite over potential for photo-assisted water oxidation [152-156]. Many attempts have been
made by researchers to overcome these anomalies of α-Fe2O3 such as lowering the recombi‐
nation rate by forming nanostructures, enhancement in conductivity by doping with suitable
metals and improving the charge transfer ability [157,158]. Apart from water-splitting
applications, the photocatalytic activity of hematite can be used for the elimination of organic
compounds in water treatment applications.

As the surface area plays an important role in determining the photocatalytic activity of
materials, researchers have attempted to reduce the size of photocatalytic materials and
enhance the photocatalytic properties of these materials by producing hematite in a nanoscale
powder form. Many methods have been followed to synthesize α-Fe2O3 in a nanocrystalline
form and in different shapes including hydrolysis [159], co-precipitation [160,161], hydrother‐
mal methods [162–164], solvothermal methods [165,166], ionic liquid-assisted synthesis [167],
thermal decomposition [168], combustion methods [169], and a combination reflex condensa‐
tion and hydrothermal method [170].

Hosseinian et al. [171] synthesized nanostructured iron oxide of different morphologies and
different phase compositions (α-Fe2O3 and Fe3O4) by a solid−state reaction (SSR) route. The
photocatalytic activity was checked with respect to degradation of rhodamine B(RhB), and it
was observed that the samples containing a mixture of α-Fe2O3 and Fe3O4 showed better
photocatalytic activity than that of the pure α-Fe2O3. The higher photocatalytic activity
observed for a mixed-phase sample was attributed to the higher transfer of electrons and holes
generated during the photoreaction of α-Fe2O3 to the valence band of Fe3O4, which limits the
recombination rates [172]. Yang et al. [173] synthesized α-Fe2O3 nanoparticles of uniform size
(170nm to 2μm) by a hydrothermal route to study both magnetic as well as photocatalytic
properties. The α-Fe2O3 powders with the smaller crystallite sizes show the highest photoca‐
talytic degradation efficiency than that of the powders with larger crystallite sizes. Further, all
the samples showed higher efficiency for degradation of the dye than that of the commercially
available Degussa P25. Apte et al. [169] synthesized nano structured α-Fe2O3 powders in size
ranging 25−55nm and their photocatalytic activity was analyzed with respect to the decom‐
position of hydrogen sulfide (H2S) gas. α-Fe2O3 (necked structures) showed good photocata‐
lytic properties and production of H2. Zhou et al. [174] synthesized nanorods of α-Fe2O3 by
thermal dehydration and compared the photocatalytic activity with microrods. The authors
reported a higher degradation rate for rhodamine B(RhB) for nanodimensional α-Fe2O3 than
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that of the corresponding micron-sized rods. Higher Fe−O bond stretching frequencies were
proposed as one of the key factors behind the enhanced photocatalytic activity. Particle size,
composition, porosity, and the local structures are also the key factors that affect the photo‐
catalytic properties of materials. Townsend et al. [159] compared the photocatalytic activity of
three forms of Fe2O3 including bulk (crystallite size 120 nm), ultrasonicated bulk (crystallite
size 40 nm), and nanopowders of α-Fe2O3 (crystallite size 5.4 nm). They found that the rate of
oxygen evolution is higher when the crystallite size becomes smaller, and the highest rate was
reported for α-Fe2O3 nanopowders (1072 μmol/h g). In the case of α-Fe2O3 nanopowders, the
hole diffusion length is comparable to the crystallite size, which results in more availability of
holes to react with water. Dang et al. [160] reported the effects of calcination temperature,
reaction temperature, amount of catalyst, and duration of reaction on the catalytic properties.
They reported an increase in photocatalytic activity with increasing calcination temperature,
reaction temperature, and catalytic amount up to a certain extent, after which the activity
decreases. Similar effects were also reported by Pawar et al. [175] for α-Fe2O3 nanoparticles
synthesized by a sol-gel technique followed by the heat treatment at different calcination
temperatures. The efficiency of the catalyst was analyzed with respect to various experimental
variables such as calcination temperature, pH, light intensity, and concentration of dye and
catalyst. Samples calcined at 600°C show the highest photocatalytic activity because of the
formation of the more dominant α-Fe2O3 phase. The photocatalytic properties were analyzed
for the 3−10 pH range, and the reactions at higher pH conditions showed better photocatalytic
properties. In basic pH conditions, formation of OH⋅ radical is more favored and electrostatic
abstractive effects between cationic malachite green dye and negatively charged surface of α-
Fe2O3 increases, which results in a higher probability of dye degradation. Light intensity shows
a linear effect on the photocatalytic properties of α-Fe2O3 due to the increased availability of
photons for the reaction. Similar effects were also reported by Liu et al. [176] for α-Fe2O3

nanorods. These authors examined the effect of the amount of catalyst and initial dye concen‐
tration on the photocatalytic properties. The optimum catalyst amount was reported to be 50
mg/L to achieve the highest photocatalytic activity. However, the photocatalytic activity
degrades with increasing dye concentration. This effect was justified in terms of a decrease in
transparency with an increase in dye and catalyst concentration after a particular value.

In a photoreaction, the porosity of the catalyst plays a major role in enhancing the photocata‐
lytic properties. Sundarmurthy et al. [177] synthesized 1D α-Fe2O3 nanobraids and nanoporous
structures by electrospinning to analyze the photocatalytic properties. The nanostructures
show superior photocatalytic activity for the degradation of Congo red dye (CR) in a small
fraction of time due to the porous surface and nanosized crystallites of α-Fe2O3, which provide
more active catalytic centers and allow effective interaction between organic dye and α-Fe2O3,
thereby enhancing photocatalytic degradation performance. α-Fe2O3 porous structures were
prepared by Zhang et al. [162] and the photocatalytic activity was analyzed by the degradation
of methylene blue(MB). They analyzed the effect of porosity and the amount of catalyst on
photocatalytic activity. It has been reported that an optimized amount of catalyst (20 mg) is
required for getting the highest rate of degradation of MB, less or more than this amount leads
to lower photocatalytic activity. Large amounts of catalyst result in lesser illumination, and
when the amount of catalyst is insufficient, the active sites are not sufficient to degrade the
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organic dye. Geng et al. [178] followed a number of Ni2+/surfactant system routes for synthe‐
sizing α-Fe2O3 with a porous structure and rough surface which shows better photocatalytic
properties than that of the α-Fe2O3 nanoparticles in the degradation of MB as a result of higher
surface area. Gang et al. [147] prepared α-Fe2O3 micro/nano spheres synthesized by hydro‐
thermal synthesis followed by the thermal treatment. The micro/nano spheres show a better
dye degradation efficiency than that of the nanopowders. The calculated reaction rate for
spherical structures is more than twice than that of the reaction rate of nanopowders and 12
times the reaction rate of the micron-sized powders. The better photocatalytic activityis the
result of the higher specific surface area and porous structures.
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Figure 7. Photocatalytic degradation rate of RhB over the α-Fe2O3 nanostructures under visible light illumination in the
presence of H2O2 additive (a),and SEM/TEM images of the α-Fe2O3 nanostructures: (b,c)S1;(d,e)S2;(f,g)S3;and(h,i)S4
[179].

Xu et al. [179], Zhou et al. [180] and Bharathi et al. [170] reported the effect of the surface
morphology of α-Fe2O3 on its photocatalytic activity. α-Fe2O3 nanostructures with different
morphologies such as microflowers, nanospindles, nanoparticles and nanorhombohedra were
synthesized (Fig. 7) [179]. The photocatalytic activity was analyzed by monitoring the degra‐
dation of RhB in the presence of the catalyst. The best photocatalytic activity was observed for
the samples with highest surface area and porosity. Similar surface area effects were also
reported by Cheng et al. [181] for flower-like α-Fe2O3 nanostructures synthesized by a biphasic
interfacial reaction route. The photocatalytic properties of α-Fe2O3 were evaluated by meas‐
uring the degradation of RhB. The results were compared with the commercial α-Fe2O3
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powders and nanoflowers were found to have a better photocatalytic property than the
commercial powders. The enhancement was related to the increase in crystallinity and increase
in the surface area, which is also supported by results of other authors for TiO2 [182] and
Fe2O3 [183]. Similar surface area effects were also reported by Cao et al. [184], Xu et al. [166],
and Li et al. [163] for α-Fe2O3 hollow microspheres prepared by solvothermal and hydrother‐
mal methods. The photocatalytic activity was analyzed by the degradation of salicylic acid.
The hollow spheres associated with nanosheets show better photocatalytic activity than that
of then anoparticles of α-Fe2O3. Similar results were also reported by Majiet al. [168], where
α-Fe2O3 powders prepared at 500°C show better photocatalytic activity for the degradation of
rose Bengal dye than that of the powders prepared at 600°C and commercially available
TiO2(Degussa−25) as a result of higher surface area. α-Fe2O3 hollow spindles and spheres were
prepared by Li et al. [164] and Xu et al. [167], respectively. These authors reported an en‐
hancement in photocatalytic degradation efficiency as a result of the enhancement in specific
surface area, which results in more unsaturated surface coordination sites exposed to the
solution. The hollow microsphere facilitates more electron-hole transport and lowers the
recombination rate. Hollow microspheres allow multiple reflections of visible light within the
interior that encourage a more efficient use of the light source and enhance light−harvesting,
leading to an increased quantity of ⋅OH available to participate in the photo-catalytic reaction.
Along with this, the hollow spheres also provide ideal channels for the dye molecules and
increase the probability of interaction.

Apart from crystallite size, the orientation of crystallites also plays a major role in enhanc‐
ing the photocatalytic properties. This effect has been reported by Wu et al. [185], in which
the authors prepared α-Fe2O3 nanocubes by a solvothermal method and reported a higher
photocatalytic property for the {104} planes than that of the samples with {012} planes. The
photocatalytic properties involve Fenton’s reaction. The amount of Fe3+ on the surfaces of the
catalyst play a very important role in the Fenton reaction in which the reduction of Fe3+ to
Fe2+ generates hydroxyl radicals (⋅OH) [186]. It has been reported by Lv et al. [187] that {104}
planes of α-Fe2O3  contain 10.3 atoms/nm2  of exposed Fe3+  ions,  whereas the {012} planes
contain 7.33 atoms/nm2 of exposed Fe3+ ions. This explains the higher reactivity of {104} planes
than that  of  the {012}  planes.  Along with the surface morphology,  oxygen pressure and
amount of the catalyst also play a major role in enhancing the photocatalytic properties. Isaev
et al. [188] reported an enhancement in the photocatalytic activity with an increase in the
quantity of Fe2O3 up to a certain point, after that, the photocatalytic activity is decreased.
Similarly, the authors reported an enhancement in dye degradation with increased oxygen
content.  The  reason  behind  the  enhancement  in  photocatalytic  behavior  is  due  to  the
formation of more oxygen-containing active species such as HO⋅, O2⋅, and HO2⋅ oxidizing
species. Zhou et al. [189] investigate visible−light−induced photodegradation of model dye
rhodamine B (RhB) in the presence of hydrogen peroxide (H2O2)  over hematite architec‐
tures, namely 1D nanorods, 2D nanoplates, and 3D nanocubes (Fig. 8), and the reactivity
trend can be rationalized as exposed facets in the order {110} > {012} >> {001}. This photoca‐
talytic activity order can be well explained by different facets of α-Fe2O3 surface atomic and
electronic structures.
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Figure 8. Representative morphologies and structures of α-Fe2O3 architectures.(a) TEM image and (b) HRTEM image
of 2D α-Fe2O3 nanoplates. Insets: FFT pattern and drawing of a plate. (c) TEM image and (d) HRTEM image of 3D α-
Fe2O3 nanocubes. Insets: FFT pattern and drawing of a cube. (e) TEM image and f) HRTEM image of 1D α-Fe2O3 nano‐
rods. Insets: FFT pattern and drawing of a rod. Side views of surface terminations of α-Fe2O3. (g) {001}, (h) {012}, and (i)
{110}. Large black spheres are oxygen and small gray spheres are iron. The coordinatively unsaturated iron atoms on
the {012} and {110} surfaces are shown by arrows [189].

3. Ternary oxide system

3.1. BiVO4

Bismuth vanadate (BiVO4), which is an n−type semiconductor, has been identified as one of
the most promising photocatalytic materials. As it is well known, BiVO4 exists in three
polymorphs of monoclinic scheelite, tetragonal scheelite, and tetragonal zircon structures,
with bandgaps of 2.4, 2.34, and 2.9 eV, respectively. BiVO4 exists naturally as the mineral
pucherite with an orthorhombic crystal structure [190]. However, BiVO4 prepared in the
laboratory does not adopt the pucherite structure but crystallizes either in a scheelite or a
zircon-type structure (Fig. 9) [191,192]. The scheelite structure can have a tetragonal crystal
system (space group: I41/a with a = b = 5.1470 Å, c = 11.7216 Å) or a monoclinic crystal system
(space group: I2/b with a = 5.1935 Å, b = 5.0898 Å, c = 11.6972 Å, and b = 90.3871) [192,193] while
the zircon-type structure has a tetragonal crystal system (space group: I41/a with a = b = 7.303
Å and c = 6.584 Å) [192,194].
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Figure 9. Crystal structures of (a) tetragonal scheelite and (b) zircon-type BiVO4 (red: V, purple: Bi, and gray: O). The
crystal structure of monoclinic scheelite is very similar to what is shown in (a) with the exception being the subtle
changes in atomic positions of Bi, V, and O. Local coordination of V and Bi ions in (c) tetragonal scheelite, (d) mono‐
clinic scheelite, (e) and zircon−type BiVO4 structure with bond lengths shown in Å [192,194].

In the scheelite structure, four O atoms coordinate each V ion within a tetrahedral site and
eight O atoms from eight different VO4 tetrahedral units coordinate each Bi ion [192,193]. Fig.
9(a) shows the four−coordinated V center and the eight−coordinated Bi center alternating along
the [001] direction. Two Bi centers and one V center coordinate each O atom in this structure,
and a three−dimensional structure was formed by holding the Bi and V centers. The only
difference between the tetragonal and monoclinic scheelite structure is that the local environ‐
ments of V and Bi ions are more significantly distorted in the monoclinic structure, which
removes the fourfold symmetry necessary for a tetragonal system. For example, in the
tetragonal scheelite, all four V−O bond lengths were equal (1.72 Å), while in a monoclinic
scheelite structure, there are two different V−O bond lengths(1.77 Å and 1.69 Å). In the same
manner, in the tetragonal scheelite structure, only two very similar Bi−O distances exist (2.453
Å and 2.499 Å), while in the monoclinic scheelite structure, the Bi−O distances change
significantly (2.354 Å, 2.372 Å, 2.516 Å and 2.628 Å) [192,193]. The significant distortion of the
Bi−polyhedra indicates that the Bi 6s alone is more sterically expressed in the monoclinic
scheelite structure.

It should be noted that the monoclinic scheelite structure of BiVO4 was originally reported
with the space group I2/b, which is a nonstandard space group [192,193]. Some recent studies
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of BiVO4 have used a standard space group C2/c, which is converted from I2/b. Changes in the
crystallographic axes via the conversion of a monoclinic I−centered (body-centered) cell to a
monoclinic C-centered cell are shown in Fig. 10 [195]. With this cell conversion, the new cell
parameters for C2/c are a' = 7.2472 Å, b' = 11.6972 Å, c' = 5.0898 Å, and β' = 134.225°. The choice
of the I−centered monoclinic cell has the advantage of easily showing its structural relationship
to the tetragonal scheelite structure that was reported in a body−centered space group, I41/a,
using the identical unit cell choice and crystallographic axes. Since both I2/b and C2/c space
groups, which have different unit cell choices and crystallographic axes, are commonly used
to describe the monoclinic scheelite structure of BiVO4, it is necessary to clarify the space group
used when referring to specific atomic planes or crystal directions as well as the hkl indices of
X-ray diffraction peaks in order to prevent any possible confusion [192].

Figure 10. Cell conversion of (a) I−centered monoclinic to (b) C−centered monoclinic. a, b, c, and β represent the unit
cell parameters for the I−centered cell and a, b0, c0, and b0 for the C−centered cell [195].

In the zircon−type structure, V is still stabilized by four O atoms and Bi is coordinated by eight
O atoms. However, since two VO4 units provide two O atoms to Bi, each Bi is surrounded by
only six VO4 units, as shown in Fig. 9 (e). To form a 3D structure, two Bi centers and one V
center are connected by all oxygen atoms, which holds the V and Bi centers together [192].

It was reported that the low temperature synthesis (e.g., precipitation at room temperature)
can form a zircon−type structure [192,196,197]. However, in this process, kinetics plays a
critical role in the determination of final products, so the structure type obtained at low
temperatures may change with different synthesis methods used and detailed conditions. A
phase transition from tetragonal zircon to monoclinic scheelite was reported to occur irrever‐
sibly at 670−770 K [192,196]. Among scheelite structures, the tetragonal phase is a high
temperature phase and the phase transition between monoclinic scheelite BiVO4 and tetrago‐
nal scheelite BiVO4 was observed to occur reversibly at 528 K [192,196].

In the zircon−type BiVO4, the charge-transfer transition from O 2p orbitals to empty V 3d is
mainly responsible for the bandgap transition. In the scheelite structure, the bandgap is
reduced because the 6s state of Bi3+ appears above the O 2p and the transition from Bi 6s2 (or
hybrid Bi 6s2−O 2p orbitals) to the V 3d becomes possible. Among scheelite BiVO4 structures,
Tokunaga et al. reported that monoclinic scheelite structure shows much higher photocatalysis
activity for the photocatalytic water oxidation compared with tetragonal scheelite structure
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[192,198]. The bandgap energies of the tetragonal and monoclinic scheelite BiVO4 shows little
difference and the more severe distortion of the metal polyhedra present in the monoclinic
scheelite BiVO4is the reason why the photocatalytic performance is different [192,198]. As
discussed earlier, the local environment of Bi in the monoclinic scheelite structure is much
more distorted than that in the tetragonal scheelite structure (Fig. 9 (c) and (d)).

Figure 11. (a) Mechanism for the formation of BiVO4 quantum tubes. (b) Optical absorption edge of BiVO4 quantum
tubes (top and bottom insets:photodegradation of RhB vs. irradiation time under visible light). (c) TEM image of BiVO4

quantum tubes after the photodegradation [205]

Morphology  control  is  an  efficient  method  to  facilitate  carrier  transportation  and  light
harvesting, accelerate charge movement within the material structure and assist the collec‐
tion and separation of electron-hole pairs at the interface of the materials [199-202]. Control‐
lable synthesis of BiVO4 with controlled morphologies has been notable developed (such as
nanorods, nanowires, nanotubes (NTs), nanobelts, nanoellipsoids, hollow spheres, and even
some hierarchical architectures) and corresponding morphology-dependent photocatalytic
properties  have  also  been  extensively  studied  [203-211].  For  example,  Tada  et  al.  first
fabricated BiVO4 nanorods (NRs) using polyethylene glycol (PEG) as a shape−directing agent
[203].  Yu  et  al.  developed  a  template−free  solvothermal  method  to  synthesize  BiVO4

nanotubes (NTs) [203]. Xie et al. reported a novel assembly−fusion strategy for the synthe‐
sis of BiVO4 quantum tubes with an ultra-narrow diameter of 5 nm, ultrathin wall thick‐
ness down to 1 nm, and exposed {010} facets (Fig. 11 (a), (c)) [206]. As the increase of the
reaction time, optical absorption edge and band energy of the BiVO4  quantum tubes are
significantly  blue−shifted  compared  with  bulk  BiVO4,  which  is  due  to  the  well-known
quantum size confinement effect (Fig. 11 (b)).
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Nanosized building blocks, such as nanowires, nanobelts, nanosheets, and nanotubes possess
interesting properties, and the self-assembling of them into hierarchical architectures is much
more interesting and has attracted great attention [199]. Liu et al. and Chen et al. synthesized
BiVO4 porous hollow microspheres composed of single−crystalline nanosheets using a
solvothermal−induced self-assembling method (Fig. 12 (a), (b)) [207,209]. These hollow
microspheres exhibited excellent photocatalytic activity due to the increased specific surface
area and light harvesting ability. Xie et al. also reported the multi-responsive function of
ellipsoidal BiVO4 assembled from many small nanoparticles with major exposed {101} facets
[210]. Similarly, Zhao et al. synthesized uniform hyperbranched BiVO4 via a surfactant−free
hydrothermal route (Fig. 12 (c)) [211]. The crystal consists of four trunks with branches
distributed on opposite sides, this unique structure is beneficial from the different growth rates
along a, b, and c axes: preferentially along the [100] direction at the beginning and subsequently
along the [010] and [001] directions. The loosely packed building units of the hyperbranched
structure exhibits excellent photocatalytic activity, because (i) the small crystal size allows the
inside generated electron-hole pairs efficiently transporting from inside out to the surface and
(ii) the large surface area provides abundant active sites for the photocatalytic reaction and
promotes light harvesting as well as reactant adsorption.

One of the main reasons for the charge recombination in BiVO4 is the long diffusion length of
the photo−induced electrons [212-214]. Tailoring porous BiVO4, especially ordered porous
structures, can shorten the diffusion length and thus facilitate charge migration, providing a
readily accessible channel and increasing the adsorption of reactants and the supply of more
surface active sites [214,210]. Yu et al. reported that ordered mesoporous BiVO4 shows a higher
photoactivity than conventional BiVO4, and this mesoporous BiVO4 was fabricated by
nanocasting using mesoporous silica KIT−6 as the replica parent template (Fig. 13 (a)) [210].
Ordered macroporous BiVO4 with controllable dual porosity was synthesized by Xie et al. for
efficient solar water splitting and the relationship between the geometrical characteristics and
the charge migration was also demonstrated (Fig. 13 (b)) [215]. There are mainly two factors
that determined by the geometrical characteristics of periodically ordered macroporous
structures (Fig. 13 (b), (i)): the diameter of the macropores surrounded by the final skeletal
walls (denoted as D1) and the diameter of the pores between neighboring macropores (denoted
as D2). Previously, Lee et al. observed an efficient photo-induced charge drift mobility within
the proper D1 size [216]. Based on this, Xie et al. further synthesized ordered macroporous
BiVO4 architectures with controllable dual porosity (aforementioned as D1 and D2) via a
modified colloidal crystal templating method (Fig. 13 (b), (i) and (ii)), and verified that charge
migration in periodically ordered macroporous architectures has a strong dependence on D1
and D2 (Fig. 13 (b), (iii)) [215]. On the one hand, no matter in the bulk and on the surface, it is
believed that a smaller D2 is favorable for charge migration. On the other hand, a smaller D1
blocks bulk charge migration but facilitates surface charge migration.

The specific crystal facet determines the surface active sites and even the electronic structure,
as a result crystal facets play a critical role in photocatalysis. [198,217], and consequently, it is
of great importance to develop the crystals exposed with highly reactive facets [217-223]. Xi et
al. synthesized well-defined BiVO4 nanosheets exposed with {001} facets using a straightfor‐
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ward hydrothermal route without any template or organic surfactant (Fig. 15 (a)) [218].
Typically, BiVO4 crystals show a regular decahedron shape with controllable exposed facets
of {010}, {011}, {110} and {111}, as shown in Fig. 14. Li et al. Synthesized BiVO4 with a highly
exposed (010) facet using TiCl3 as a directing agent, and correlated this to the high activity in
O2 evolution on BiVO4 (Fig. 15 (b)) [219]. Inspired by this work, facet-dependent photocatalytic
activity for water oxidization on BiVO4 was investigated by density functional theory (DFT)
calculations, particularly between the (010) and (011) facets (Fig. 14 (c)) [220]. The (010) facet
has a higher activity compared with the (011) facet due to its higher charge carriers mobility,
easier adsorption of water, and lower overall potential energy of O2 evolution.

Recently, many studies have reported that photo−induced electrons and holes may be drifted
to different crystal facets [217,221-223], which means photo-reduction and oxidation may

Figure 12. (a) Formation mechanism, UV−Vis absorption, and RhB photodegradation of hollow BiVO4 microspheres
[207]. (b) Morphology evolution of BiVO4 hollow spheres via a hydrothermal method using urea as the guiding surfac‐
tant (I: 2 h; II: 4 h; III: 8 h; IV: 12 h; V: 24 h; scale bar is 2 μm) [208]. (c) Morphology evolution of hyperbranched BiVO4

at intervals of 10 min (I), 20 min (II), 30 min (III), 45 min (IV), 1 h (V), and 3 h (VI), respectively (the scale bars are 100,
200, 200, 200, 400 and 500 nm, respectively) [210].
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happen preferentially on different facets. Therefore, the cooperation of different facets is very
important to obtain high quantum efficiency. Using photochemical labeling, Li et al. discov‐
ered that photo-excited electrons-driven reduction reaction (Pt−photodeposition) and photo-
excited holes-driven oxidation reaction (MnOx-photodeposition) take place on the {010} and
{110} facets, respectively (Fig 16a) [222], which implies that the photo-induced electrons and
holes move to the {010} and {110} facets, respectively. Notably, it provides a very useful
inspiration to selectively deposited co-catalyst on specific facets via photodeposition (Fig. 16
(b)) [223]. Using this concept, the photocatalyst with Pt on the {010} facets and MnOx on the
{110} facets exhibits a much higher activity in both photocatalytic and PEC water oxidation,
compared with the counterparts with randomly distributed Pt and PbO2 co−catalysts (Fig. 16
(c), (d)). The coupling of co−catalysts on selected semiconductor facets may open up a new
strategy for developing highly efficient photocatalysts.

Figure 13. (a) Proposed process for the fabrication of ordered mesoporous BiVO4 [211]. (b) (i)Schematic representation
of dual porosity in periodically ordered porous BiVO4; (ii) typical SEM images of corresponding BiVO4; (iii) relation‐
ship between PEC performance and dual porosity [216].

Figure 14. Typical crystal of BiVO4 exposed with the {010}, {011}, {110} and {111} facets.
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3.2. Bi2WO6

The Aurivillius family have a general formula of Bi2An−1BnO3n+3 (A = Ca, Sr, Ba, Pb, Bi, Na, K
and B = Ti, Nb, Ta, Mo, W, Fe), and Bi2WO6 is the simplest member of this family (where n =
1) and usually have the layer structures and unique properties [224]. Fig. 17 shows a schematic
structure of the Bi2WO6 crystalline with orthorhombic structures constructed by alternating
(Bi2O2)n

2n+ layers and perovskite−like(WO4)n
2n- layers [225]. More recently, many Aurivillius-

based compounds have been reported which exhibit interesting properties suitable for
photocatalytic applications. Of these, Bi2WO6 is the simplest and probably the most studied
example within this family. In this bismuth tungstate, the perovskite−like structure is defined
by WO6 units which form a layer perpendicular to the (100) direction and sandwiched between
the (Bi2O2)2+ units. Layers sandwiched structure favors the efficient separation of photogener‐
ated electron-hole pairs and then improves the photocatalytic activity, which can be ascribed
to the formed internal electric fields between the slabs [226,227]. Due to its preferable band
composition and unique layered structure, Bi2WO6 possesses several advantages as photoca‐
talysts over the competing materials, especially in the view of practical applications, including
its desirable visible− light absorption, relatively high photocatalytic activity and good stability.

Bi2WO6 consists of accumulated layers of corner-sharing WO6 octahedral sheets and bismuth
oxide sheets [228,229]. The conduction band of Bi2WO6 is composed of the W5d orbital; its
valence band is formed by the hybridization of the O2p and Bi6s orbitals, which not only makes

Figure 15. (a) SEM and HRTEM images of BiVO4 nanoplates exposed with the {001} facets [213]. (b) Facet(010/110)-
dependent photoactivity of oxygen evolution on BiVO4 [214].
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the VB largely dispersed and thus results in a narrowed band gap of Bi2WO6 (2.8 eV) capable
of absorbing visible light (λ > 400 nm), but also favors the mobility of photogenerated holes
for specific oxidation reactions [230]. Such a band structure indicates that charge transfer in
Bi2WO6 upon photoexcitation occurs from the O2p + Bi6s hybrid orbitals to the empty W5d
orbitals, as illustrated in Fig. 18 [231].

As early as in 1999, the solid−state method was first used by Kudo et al. to synthesize Bi2WO6

photocatalyst [232], but the particle sizes of the product are in micrometers and the specific
surface area is very small, which greatly limit its application in the photocatalysis. In the aim
of obtaining micro or nanosized Bi2WO6 structures with enhanced photocatalytic activity,
several groups have developed many advanced synthetic methods including sol−gel method
[233], combustion synthesis method [234], ultrasonic method [235], co-precipitation method
[236], sol-gel method/calcining method [237], and hydro/solvothermal method [238-245].

Bi2WO6 micro/nano−structures with diverse shapes exhibit different photocatalytic activities,
and currently some of them have been used not only for the photodegradation of other organic
pollutants but also for the photocatalytic disinfection. In 2005, Zhu’s group have developed a
Bi2WO6 nanoplates [246,247] applied in the photodegradation of rhodamine B (RhB) under
visible−light irradiation. Notably, the photocatalytic reaction constant (k) of the best quality
Bi2WO6 nanoplates is three times higher than that of the sample prepared by solid−state
reaction [246]. In addition, they found a significantly pH-dependence of the photo-assisted

Figure 16. (a) Charge separation between the {010} and {110} facets confirmed by Pt and PbO2 photodeposition on Bi‐
VO4 [218]. (b) Selective deposition of dual redox co-catalysts on specific facets of BiVO4 [219]. (c, d) Photoelectrocatalyt‐
ic and photocatalytic water oxidation activity of BiVO4 with selectively deposited co-catalysts on specific facets and
randomly distributed co-catalysts [220].

Advanced Catalytic Materials - Photocatalysis and Other Current Trends192



degradation of RhB in aqueous Bi2WO6 as the pH varies from 5.03 to 9.89, where the highest
degradation rate was achieved at pH 6.53. It is proposed that the pH of the solutions can affect
the mode and extent of adsorption of RhB on the Bi2WO6 surface and further the transformation
rate of RhB indirectly. They further used the total organic carbon measurement to determine
the high mineralized degree of RhB [247]. Further studies on the mechanism shows that a
photocatalytic process and a photosensitized process is involved in the the Bi2WO6−assisted
photodegradation of RhB [247]. However, the contribution of RhB photodegradation driven
by the light−excited RhB was much slower than by the light−excited Bi2WO6. The experimental
results show that only 19% of RhB was degraded by photosensitized action, while 81% of RhB
was degraded by a photocatalytic process [247].

Figure 17. Structure of Bi2WO6 showing the WO4
2- and Bi2O2

2+ layers [225].

Figure 18. Band structure of the Bi2WO6 photocatalyst. [231]
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In order to further improve the photocatalytic activity of Bi2WO6, some groups have developed
Bi2WO6 nanoplates superstructures [248,249-253]. Zhang group also prepared Bi2WO6 micro/
nanostructures, including nanoplates, tyre/helixlike, disintegrated−flower−like and flower
−like superstructures [238,239]. The photodegradation results of RhB show that these Bi2WO6

micro/nanostructures exhibit different photocatalytic activities under visible-light (λ > 400 nm)
irradiation, as shown in Fig. 19 (a). Among these photocatalysts, the uncalcined flower-like
Bi2WO6 superstructure prepared with pH = 1 processes an improved photocatalytic perform‐
ance, which can degrade 84% of RhB in 60 min [238]. Besides, the photocatalytic performance
can be further improved by the calcination process, and the result calcined flower−like
Bi2WO6 superstructure has a higher photocatalytic activity, which can degrade 97% of RhB in
60 min (Fig. 19 (b)). This performance is also superior to other traditional photocatalysts such
as TiO2 (P25) and bulk SSR-Bi2WO6 powder prepared by solid−state reaction [239].

Figure 19. (a) The photodegradation efficiencies of RhB as a function of irradiation time by different Bi2WO6 nano/
micro−structures: (A) the uncalcined flower−like Bi2WO6 superstructure prepared with pH = 1, (B) the uncalcined dis‐
integrated flower-like Bi2WO6 superstructure prepared with pH = 2.5, (C) the calcined tyre/helix−like Bi2WO6 super‐
structures prepared with pH = 1 and P123, (D) the uncalcined Bi2WO6 nanoplates prepared with pH = 7.5; [239] (b) the
photodegradation efficiencies of RhB as a function of irradiation time by photocatalyst samples: (A) the calcined flow‐
er-like Bi2WO6 superstructure, (B) the uncalcined flower-like Bi2WO6 superstructure, (C) TiO2 (P25), (D)bulk SSR-
Bi2WO6 powder, and (E) blank [238].

The novel flower-like superstructures of the uncalcined or calcined Bi2WO6 is mainly respon‐
sible for the highly improved photocatalytic activity. At the same time, as shown in SEM
images (Fig. 20), there are plenty of meso− or macro−diameter sized pores in the flower-like
superstructures, which can be considered as electron transport paths that also contributes to
the photocatalysis process. [254]. It is generally believed that it is an integral part of the
architectural design if the reactant molecules can easily move in or out of the nanostructured
materials, the efficiency of the photocatalysis can be improved, and here, meso− or macro
−diameter sized pores provides the important transport paths [254,255]. They also believe that
the introduction of textural transport paths in the uncalcined or calcined Bi2WO6 superstruc‐
tures facilitate the reactant molecules to easily incorporate with the reactive sites on the
framework walls of photocatalysts, which leads to excellent photocatalytic performance for
the degradation of RhB [239]. On the other hand, fewer defects, which acting as electron-hole
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recombination centers, can be significantly reduced by improved crystallinity of Bi2WO6

through the calcination process of Bi2WO6 [238]. This has been proved by Amano et al. [256]
who experimentally investigated the influence of crystallization on the lifetime of photoexcited
electrons from Bi2WO6. The recombination rate of electrons decay with holes can be charac‐
terized by the intensity of transient IR absorption after a 355 nm laser pulse [256]. If an
appreciable absorbance at 100 μs in Bi2WO6 crystalline can be observed, it means a slow
recombination rate and a long lifetime of photogenerated carriers, which is beneficial for
driving appreciable photocatalytic reactions. However, no transient absorption for amorphous
Bi2WO6 samples was observed implying a fast recombination of electron-hole pairs, leading
to negligible photocatalytic activity. Therefore, the higher photocatalytic activity of the
calcined Bi2WO6 is explicable in several cases [238,251,256].

Figure 20. SEM (A) and TEM (B) images of an individual flower−like Bi2WO6 superstructure (inset: SEAD pattern re‐
corded at the corner of this individual sphere); (C) SEM image of a broken Bi2WO6 sample; (D) TEM image of a peeled
fragment (inset: SEAD pattern recorded at this individual nanoplate) (conditions: pH = 1, hydrothermally treated at
160 °C for 20 h, no surfactant, uncalcined) [238].

It is worth noting that Amano et al. [256] have demonstrated a high photocatalytic activity
of crystalline Bi2WO6 under visible-light (λ > 400 nm) irradiation for oxidative decomposi‐
tion of gaseous acetaldehyde (AcH) to produce CO2, however, amorphous Bi2WO6 sample
exhibits negligible photocatalytic activity under same condition. Because the mineralization
of colorless AcH does not involve a dye−sensitized process, this result provides an solid
conclusion that crystalline Bi2WO6 has excellent visible−light−driven photocatalytic activity.
Furthermore, the photocatalytic activity of crystalline Bi2WO6 has been finely evidenced by
its diffuse reflectance photoabsorption spectrum and action spectrum, that is, 8% apparent
quantum efficiency at wavelength of 400 nm [256]. In the future, much more clear evidence
needs to be provided to explore the mechanism of visible−light−driven photocatalytic activity
of Bi2WO6. [256].

Recently, Amano et al. [252] reported the preparation of Bi2WO6 superstructures with similar
hierarchical architecture, secondary particle size, crystalline shape, exposed crystalline lattice
planes, and crystalline content. The only difference is that as the increasing hydrothermal
reaction temperature, their specific surface areas of the products were different due to the
increase thickness of crystalline rectangular platelets. The specific surface area of the product
is very important, because when levels of crystalline content of Bi2WO6 flake-ball particles is
similar, the higher the specific surface area is, the better the photocatalysis ability it shows.
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This proportional relation could be explained by the fact that the initial rate of AcH decom‐
position was expressed by first-order kinetics with respect to the amount of surface-adsorbed
AcH, which is proportional to the specific surface area of Bi2WO6 samples.

Figure 21. (a) TEM, (b) HRTEM, and (c) structural model of Bi2WO6 square nanoplates. (d) CH4 generation over nano‐
plates and the SSR sample under visible−light irradiation (λ > 420 nm) [257].

In 2011, Zou and coworkers reported a remarkable increase in the CO2 reduction with water
to yield CH4 over Bi2WO6 square nanoplates (Fig. 21 (a)−(c)) under visible-light irradiation as
compared with yield over Bi2WO6 made by solid-state reaction (SSR) [257]. In detail, the CH4

production rate increases from 0.045 mmol g -1 h -1 for the SSR sample to 1.1 mmol g -1 h -1 for
the nanoplate catalyst (Fig. 21 (d)) [257]. Considering that the band gap of B2WO6 nanoplates
and SSR sample is very close, geometrical factors of the photocatalyst is mainly responsible
for the photoactivity enhancement. Firstly, reducing lateral dimension of the nanoplate to the
nanometer scale offers a higher specific surface area. Secondly, the ultrathin geometry of the
nanoplate facilitates the transfer of the charge carriers from the bulk onto the surface, where
they participate in the photoreduction reaction. Thirdly, the preferentially exposed (001)
crystal plane of the nanoplates is more effective than other crystal planes [257].

3.3. BiOX (X = Cl, Br, and I)

Another new class of interesting layered materials, Bismuth oxyhalides (BiOX; X = Cl, Br, and
I), shows promising photocatalytic energy conversion and environment remediation ability,
because of their unique layered−structure−mediated fascinating physicochemical properties
and suitable band structures, along with their high chemical and optical stability, nontoxicity,
low cost, and corrosion resistance [258-260]. The layered BiOX (X = Cl, Br and I) semiconductor
materials, as members of the Sillen−Aurivillius family, have a tetragonal PbFCl−type structure
(space group P4/nmm), which consists of [X−Bi−O−Bi−X] slices stacked together by the
nonbonding (van der Waals) interactions through halogen atoms along the c-axis [261]. In each
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[X−Bi−O−Bi−X] layer, a bismuth center is surrounded by four oxygen and four halogen atoms,
creating an asymmetric decahedral geometry. The covalent bonds is the interaction bond
within the [Bi2O2] layers, whereas the [X] layers are stacked together by van der Waals, forces
(nonbonding interactions) between the X atoms along the c-axis. The strong intralayer covalent
bonding and the weak interlayer van der Waals interaction can induce the formation of layered
structures. For BiOX crystals, the valance band maximum mainly comprises of O2p and X np
states (n = 3, 4, and 5 for X = Cl, Br and I, respectively) and the Bi 6p states dominate the
conduction band minimum [262-266]. As the atomic numbers of X increases, the contribution
of X ns states increases remarkably, and the dispersive characteristic of band energy level
becomes more and more striking, thereby narrowing the band gap. Taking BiOCl, for example,
as illustrated in Fig. 22, BiOX (X = Cl, Br, I) are characterized by the layered structure that are
composed of [Bi2O2] slabs interleaved with double halogen atom slabs along the [001] direction.
A highly anisotropic structural, electrical, optical, and mechanical properties of this material
origin from the nature of its strong intralayer covalent bonding and the weak interlayer van
der Waals, interaction, this unique structure allows BiOX to apply in many promising potential
applications including photocatalytic wastewater and indoor-gas purification, water splitting,
organic synthesis, and selective oxidation of alcohol [267-277].

Figure 22. The schematic diagram of crystal structure of BiOCl (green, Cl atoms;yellow, Bi atoms; red, O atoms) [278].

One−dimensional nanostructures (1D), which refers to the materials with nanoscaled thickness
and width, while the length can be several micrometers or longer, is considered to be promising
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in photocatalysis application. The prolonged length scale may allow the 1D nanomaterials to
contact the macroscopic world for various measurements [279,280]. Besides, the high aspect
ratio of 1D nanostructured semiconductors also facilitates the fast photoexcited electron-hole
separation, which is favorable for highly efficient photocatalytic reactions.

Figure 23. SEM images of the prepared (A) PAN/BiCl3 nanofibers and (B) BiOCl nanofibers [281].

BiOX (X = Cl, Br and I) material is naturally preferentially grow into nanoplates/sheets with
2D features due to its highly anisotropic layered structures. As a result, hard templates for the
synthesis of the 1D bismuth oxyhalide nanostructures is commonly used, becaused the
template can be easily removed by subsequent thermal or chemical treatments [281-283]. For
example, Liu et al. [281] developed the electrospinning method to synthesize BiOCl nanofibers,
as shown in Fig. 23. After thermal removal of the polyacrylonitrile (PAN) template at 500°C
for 10 h, they can obtain the BiOCl nanofibers with diameters ranging from 80 to 140 nm.
Interestingly, the as-prepared BiOCl nanofibers showed high activity towards rhodamine B
(RhB) degradation under the UV irradiation, and the photodegradation rate was found to be
about three times faster than that of Bi2O3 nanofibers obtained in the same way. In addition to
PAN, some other templates involving activated carbon fibers (ACFs) [282] and anodic
aluminium oxide (AAO) [283] have also been used to prepare BiOCl nanofibers/nanowire
arrays, which displayed efficient photocatalytic performance in the degradation of organic
dyes.

In the past few years, 2D nanomaterials, such as graphene, transition metal dichalcogenides
and layered double hydroxides (LDHs), have gained great attention for their extraordinary
physical/chemical features and promising applications in a great deal of applications [284-287].
Intrinsically, van der Waals bonds or electrostatic forces between the layer structure in such
2D nanostructures is the origin of its lamellar structure. Similarly, the layered structure makes
BiOX (X = Cl, Br and I) tend to the intrinsic 2D nanostructures, such as nanoplates, nanosheets
and nanoflakes. The formed intra-electric field between [Bi2O2] layers and halogen atom layers
could accelerate the transfer of the photo-induced carriers and enhance the photocatalytic
activity of BiOX (X = Cl, Br and I) [288].

To date, numerous synthetic methodologies have been exploited for the preparation of 2D
BiOX nanomaterials, such as hydrolysis, [288-292] hydrothermal/solvothermal synthesis,
[293-295] and thermal annealing [296]. For instance, recently, Zhang's group [293] has synthe‐
sized 2D BiOCl nanosheets with predominantly exposed {001} and {010} facets by selective
addition of the mineralizing agent NaOH. Interestingly, BiOCl nanosheets with exposed {001}
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facets displayed higher UV−induced photocatalytic degradation of MO dye, while the
counterpart with exposed {010} facets exhibited higher degradation activity under visible light.
On the one hand, the generated internal electric field along the [001] direction is more favorable
for direct semiconductor photoexcitation under UV irradiation as shown in Fig. 24, which was
also confirmed by the higher photocurrent of {001} facets than that of {010} facets from the
transient photocurrent responses. On the other hand, compared with {001} facets, the larger
surface area and open channel feature of {010} facets facilitate the adsorption of dye molecules,
which further results in its better indirect dye photosensitization performance under visible
light irradiation.

Figure 24. (a) Crystal structure of BiOCl. (b) Model showing the direction of the internal electric field in each of the
BiOCl nanosheets. (c) Photocurrent responses of the BiOCl nanosheets in 0.5 M Na2SO4 aqueous solutions under UV-
vis irradiation [293].

Researches have also using density functional theory (DFT) computations to reveal the nature
of such a facet-dependent photocatalytic property in BiOX (X = Cl, Br and I) [297]. The halogen
X−terminated {001} facets shows great thermodynamic stability and could efficiently separate
photo-generated electron−hole pairs, whereas the formation of deep defect levels in the band
gap of BiX−terminated {110} and other facets with surface O vacancies are bad for the carrier
separation. This finding reveals the insight into the fundamental facet determined photoca‐
talysis of BiOX (X = Cl, Br and I), which explains the superior photocatalytic performance of
BiOX (X = Cl, Br and I) nanosheets with higher percentage of {001} facets than those with lower
ones [289,290,296].

Self-assembly is a strong tool in nanotechnology fabrication of making low dimensional (e.g.,
1D nanorods, 2D nanosheets, etc.) materials into their higher−dimension (3D) multifunctional
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superstructures, which plays a major role in material synthesis and device engineering and
has been paid much attention recently [298-302]. Comparison with 1D and 2D nanostructures,
3D hierarchical nano/microstructures, which integrate the features of the nanoscale building
units and their assembled architectures, are more attractive for solar energy storage and
conversion [300-302]. Furthermore, 3D architectures could endow the BiOX (X = Cl, Br, I)
semiconductors with improved light harvesting, shortened diffusion pathways, faster
interfacial charge separation and more reactive sites, thus enhancing their photocatalytic
efficiencies.

Hydro/solvothermal routes are definitely the most robust method among the methodological
synthesis of the 3D BiOX (X = Cl, Br and I) hierarchical assemblies, [303-322] which are usually
carried out at critical conditions of water or other organic solvents. In 2008, a generalized
solvothermal process has been developed by Zhang et al. [303], who use ethylene glycol (EG)
to prepare BiOX (X = Cl, Br, and I) hierarchical microspheres from 2D nanoplates. The band
gaps of the resulting BiOX (X = Cl, Br and I) samples are calculated to be 3.22, 2.64, and 1.77 eV
for BiOCl, BiOBr, and BiOI, respectively. Under visible-light irradiation, the BiOI sample
exhibited the best photocatalytic performance with the order of BiOI > BiOBr > BiOCl evaluat‐
ed by MO dye solution degradation. Almost at the same time, Tang et al. [304] also prepared
3D microspherical BiOBr architectures assembled by nanosheets through EG−assisted solvo‐
thermal synthesis. The band gap of the BiOBr architectures is 2.54 eV, so it shows higher
photocatalytic activity for MO decomposition under visible−light irradiation than the BiOBr
bulk plates.

How to realize the hierarchical architectures in the microstructure modulation of BiOX (X = Cl,
Br and I) nano/microstructures with hollow voids draws much attention due to their better
penetrability and higher light utilization. Recently, Huang group [313] has developed a method
to synthesize uniform BiOBr hollow microspheres in the presence of 2-methoxyethanol solvent
a mini-emulsion-mediated solvothermal route. The size of the BiOBr hollow microspheres is in
the in the range of 1-2 mm and shell thickness of about 100 nm, which are composed of numerous
interlaced 2D nanosheets. As demonstrated in Fig 25, by observing a Tyndall effect of the
precursor  suspension,  the  author  confirmed  that  the  1 −hexadecyl−3−methylimidazolium
bromide ionic liquid ([C16Mim]BrIL) can not only serve as a Br source but also create a colloidal
mini-emulsions. The diameter of the BiOBr hollow microsphere is determined by the size of the
of the emulsion because the reaction takes place at the phase interface edge of the mini−emulsion
rather than in the itself.  Under visible-light irradiation, such BiOBr hollow microspheres
displayed superior photocatalytic activity in degradation of RhB dye and reduction of CrVI ions
to the samples with micro-flower shape. Xia and co-workers [319] prepared BiOI hollow
microspheres by the EG−assisted solvothermal method using 1-butyl-3-methylimidazoliumio‐
dine ([Bmim]I) IL as the reactive templates and I source. Under visible-light irradiation, such
3D BiOI hollow microspheres exhibited higher photocatalytic activity toward MO degrada‐
tion  than  that  of  2D  BiOI  nanoplates.  Besides  the  halide  ion-containing  ILs
[304,304,312,314,317,322], surfactants such as poly(vinylpyrrolidone) (PVP) [308] and hexadecyl‐
trimethylammonium bromide (CTAB) [311,312,314,316,318,319] have been used to tailor the
self-assembly process of the BiOX (X = Cl, Br, I) hierarchical architectures, and in particular
CTAB could act as reactive template to provide Br - ions for BiOBr.
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Apart from the hydro/solvothermal syntheses, other synthetic procedures are also used to
synthesize the ordered superstructures of BiOX (X = Cl, Br and I) semiconductors, such as
hydrolysis [323,324], direct precipitation [325,326], sonochemical route [327,328], refluxing
method [329], chemical bath [330] and solution oxidation process [331]. For example, Xiong
and co-workers [331] reported a rapid in situ oxidation process to fabricate 3D flower-like
BiOCl hierarchical nanostructures by reacting metallic Bi nanospheres and FeCl3 aqueous
solution at room temperature. As illustrated in Fig. 26, in the presence of Cl- ions, the redox
potential of Bi species could be reduced from +0.308 V (Bi3+/Bi vs. SHE) to +0.16 V (BiOCl/Bi).
Therefore, the high redox potential of Fe3+ (E(Fe3+/Fe2+) = +0.771 V) could oxidize the surface of
Bi nanospheres into the final 3D BiOCl hierarchical nanostructures. Compared with the
commercial BiOCl sample, such flower-like BiOCl nanostructures obtained displayed much
better RhB photodegradation activity and higher photoelectric conversion performances.

Figure 25. The schematic formation process of the BiOBr hollow microspheres by the mini-emulsionmediated solvo‐
thermal route [313].
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Interestingly, Zhang [332] found that the photoactivity of BiOCl nanosheets shows a highly
exposed facet-dependent effcet. The BiOCl nanosheets with exposed {001} facets showed
higher direct semiconductor photoexcitation activity towards pollutant degradation due to
both the surface atomic structure and suitable internal electric fields under UV light irradiation.
Under visible light, highly exposed {010} facet BiOCl nanosheets shows superior indirect dye
photosensitization activity for methyl orange degradation, which is due to the larger surface
area and open channel characteristic of BiOCl nanosheets. It is belived that the enlarged surface
area and open channel could enhance the adsorption capacity of methyl orange molecules as
well as provide more contact sites between the photocatalyst and dye molecules, thereby
facilitating the indirect dye photosensitization process because more efficient electron injection
from the photoexcited dye into the conduction band of the catalyst happened (Fig. 27). These
findings not only clarified the origin of facet-dependent photoreactivity of BiOCl nanosheets
but also provided effective guidance for the design and fabrication of highly efficient bismuth
oxyhalide photocatalyst.

Figure 27. Schematic illustration of facet-dependent photoreactivity of BiOCl single-crystalline nanosheets [332].

Figure 26. Schematic illustration of the fabrication of flower−like BiOCl hierarchical nanostructures by an in situ oxida‐
tion process [331].
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It is speculated by Ye et al. that oxygen vacancy induced by UV light could yield an inter‐
mediate state between the valence and conduction bands to narrow the band gap, which may
make oxygen−deficient BiOCl a promising alternative for the visible−light−driven photocata‐
lytic reaction [333,334]. Zhang group recently found that oxygen vacancies of BiOCl can be
created by the reductive ethylene glycol because it could easily react with the oxygen
−terminated (001) surface at 160°C, which is evidenced by the electron spin resonance (ESR)
spectra [335]. The resulting oxygen vacancies not only extended the light-response edge up to
650 nm but also enabled the effective capture of photoinduced electrons and molecular oxygen
to generate superoxide anion radicals, both of which are of great important for realizing high
photocatalysis efficiency of the photocatalyst. Recently, Xie et al. demonstrated that with the
reduced thickness of the {001} facet−dominant BiOCl nanosheets to the atomic scale, the defects
mainly change from isolated defects to triple vacancy, which could significantly promote the
sunlight−driven photocatalytic activity of BiOCl nanosheets. The enhanced adsorption
capability, the separation of electron-hole pairs and the generated reductive photoexcited
electrons is mainly responsible for this improvement [261].

4. Composites systems

In contrast to one individual semiconductor photocatalyst, semiconductor composites are
more intriguing for their interfacial heterostructures, which are formed at their junctures and
have an important effect on their photocatalytic performances. There are usually three types
of band positions in semiconductor heterojunctions: straddling gap (type I), staggered gap
(type II) and broken gap (type III), as presented in Fig. 28. Among them, semiconductor
composites with the staggered gap (type II) have drown much attention in the field of
heterogeneous photocatalysis [336,337]. In this system, the photoinduced electrons and holes
can be easily separated at the interface of the two semiconductors via effective interfacial
charge transfer, thereby enhances the photocatalytic performance of the semiconductor
composites.

Figure 28. Schematic diagram of three types of semiconductor heterostructures [338].
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4.1. Binary composite

In recent years, tremendous efforts have been made in surface modification of TiO2 nanoma‐
terials with other semiconductors. Most of these systems possess a high dye adsorption
capacity, an extended light absorption range, enhanced charge separation, promoted mass-
transfer and thus improved photocatalytic efficiency. This semiconductor provides the best
compromise between catalytic performance and stability in aqueous media. Therefore, the
magnetic iron oxide/TiO2 composite photocatalysts have become the research focus in recent
years. Using the magnetic properties of iron oxide itself for obtaining the magnetic recoverable
photocatalyst has become an important issue in the magnetic iron oxide/TiO2 composite
photocatalyst system [339-342]. For instance, Wang and coworkers have reported the fabrica‐
tion of core−shell Fe3O4@SiO2@TiO2 microspheres through a wet−chemical approach. The
microspheres possess both ferromagnetic and photocatalytic properties. The TiO2 nanoparti‐
cles on the surfaces of the microspheres degraded organic dyes under the illumination of UV
light. Furthermore, the microspheres were easily separated from the solution after the
photocatalytic process due to the ferromagnetic Fe3O4 core. The photocatalysts were recycled
for further use and the degradation rate of methyl orange still reached 91% after six cycles of
reuse [343]. As shown in Fig. 29, Chalasani and Vasudevan have demonstrated water-
dispersible photocatalytic Fe3O4@TiO2 core−shell magnetic nanoparticles by anchoring
carboxy−methyl beta−cyclodextrin (CMCD) cavities to the TiO2 shell, and photocatalytically
destroyed endocrine-disrupting chemicals, bisphenol A (BPA) and dibutyl phthalate, present
in water. The particles, which were typically 12 nm in diameter, were magnetic and removed
from the dispersion by magnetic separation and then reused. The concentration of BPA
solution was determined by liquid chromatography, and then irradiated under UV light for
60 min. After photodegradation of BPA, the CMCD−Fe3O4@TiO2 nanoparticles that were
separated from the mixtures by a magnet, and can be reused for the photodegradation of newly
prepared BPA solutions. The recycle photocatalytic performance of CMCD−Fe3O4@TiO2 for
the photodegradation of BPA was excellent and stable, retaining 90% efficiency after 10 cycles
[345]. For obtaining the magnetically recovered photocatalysts, Fe3O4 and γ-Fe2O3 were often
employed due to their higher saturation magnetization and good magnetic separation ability.

Figure 29. Scheme for the reuse of cyclodextrin-functionalized Fe3O4@TiO2 for photocatalytic degradation of endocrine-
disrupting chemicals in water supplies [344].
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On the other hand, α-Fe2O3 has often been introduced into the magnetic iron oxide/TiO2

composite photocatalyst in order to use its narrow band gap properties and to obtain magnetic
iron oxide/TiO2 composite heterostructures [344-348]. For example, Peng and coworkers have
synthesized Fe2O3/TiO2 heterostructural photocatalysts by impregnation of Fe3+ on the surface
of TiO2 and annealing at 300°C, the composites possess different mass ratios of Fe2O3 vs. TiO2.
The photocatalytic activities of Fe2O3/TiO2 heterocomposites, pure Fe2O3 and TiO2 were studied
by the photocatalytic degradation of Orange II dye in aqueous solution under visible-light
(λ > 420 nm) irradiation. The Fe2O3/TiO2 heterogeneous photocatalysts exhibited an enhanced
photocatalytic ability for Orange II, higher than either pure Fe2O3 or TiO2. The best photoca‐
talytic performance for Orange II could be obtained when the mass ratio in Fe2O3/TiO2 is 7 : 3.
The results illustrate that the generation of heterojunctions between Fe2O3 and TiO2 is key for
improving movement and restraining the recombination of photoinduced charge carriers, and
finally improving the photocatalytic performance of Fe2O3/TiO2 composites [348]. Recently,
Palanisamy and coworkers have prepared Fe2O3/TiO2 (10, 30, 50, 70 and 90 wt% Fe2O3)
photocatalysts by a sol-gel process. Mesoporous Fe2O3/TiO2 composites exhibited excellent
photocatalytic degradation ability for 4−chlorophenol in aqueous solution under sunlight
irradiation. The author claimed that the photogenerated electrons in the VB of TiO2 are
transferred to Fe(III) ions resulting in the reduction of Fe(III) ions to Fe(II) ions. Thus, the
photoinduced holes in the VB of Fe2O3/TiO2 cause an oxidation reaction and decompose the 4-
chlorophenol to CO2 and H2O. Meanwhile the transferred electrons in Fe(III) ions could trigger
the reduction reaction [349].

Wang’s group successfully synthesized Bi2WO6-TiO2 hierarchical heterostructure through a
simple and practical electrospinning-assisted route (Fig. 30 (A) and (B)) [350]. As shown in
Fig. 30 (A), Bi2WO6 nanoplates grew aslant on the primary TiO2 nanofibers. These three
dimensional (3D) Bi2WO6−TiO2 hierarchical heterostructures exhibited enhanced visible−light
−driven photocatalytic activity for the decomposition of CH3CHO, which was almost eight
times higher than that of the Bi2WO6 sample, and the decomposition rate by the bare TiO2 could
be neglected under visible light irradiation. This high photocatalytic activity was ascribed to
the reduced probability of electron−hole recombination and the promoted migration of
photogenerated carriers. Similarly, Wang et al. [352] fabricated SnO2−TiO2 heterostructured
photocatalysts based on TiO2 nanofibers by combining the electrospinning technique with the
hydrothermal method (Fig 30C and D). This SnO2−TiO2 composite possessed a high photoca‐
talytic activity for the degradation of rhodamine B (RhB) dye under UV light irradiation, which
was almost 2.5 times higher than that of the bare TiO2. The enhanced photocatalytic efficiency
was attributed to the improvement of the separation of photogenerated electrons and holes.
Wang’s group [352] prepared a graphene−Bi2WO6 composite via an in situ hydrothermal
reaction (Fig. 31(A) and (B)). This graphene−Bi2WO6 photocatalyst showed significantly
enhanced photocatalytic activity for the degradation of RhB under visible light (λ > 420 nm),
which was three times greater than that of the pure Bi2WO6. The enhanced photocatalytic
activity could be attributed to the negative shift in the Fermi level of graphene−Bi2WO6 and
the high migration efficiency of photoinduced electrons; these electrons may not only be
effectively involved in the oxygen reduction reaction but also suppress the charge recombi‐
nation. Kudo et al. [353] reported the composite of reduced graphene oxide (RGO) with
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BiVO4, where an significantly improved PCE activity of a near 10−fold enhancement was
observe compared with pure BiVO4 under visible-light irradiation. The longer photoexcited
electron lifetime of BiVO4 is mainly responsible for this improvement as the electrons are
injected to RGO instantly at the site of generation, leading to a significant reduction in charge
recombination.

Figure 30. SEM (A) and HRTEM (B) images of Bi2WO6/TiO2 [343]; SEM (C) and HRTEM (D) images of SnO2/TiO2 heter‐
ostructures [351].
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Figure 31. (A and B) TEM images of graphene decorated with Bi2WO6 composite [352].

A simple soft-chemical method was used to synthesize the BiOI/TiO2 heterostructures with
different Bi to Ti molar ratios at low temperature of 80°C. The degradation of methyl orange
under visible-light irradiation (λ > 420 nm) of the material revealed that the BiOI/TiO2

heterostructures exhibited much higher photocatalytic activities than pure BiOI or TiO2, where
50%BiOI/TiO2 showed the best activity among all these heterostructured photocatalysts [348].
BiOBr−Bi2WO6 mesoporous nanosheet composite enhanced photocatalytic activity is attribut‐
ed to well-matched band edge positions of BiOBr and Bi2WO6 and the large specific surface
area of the mesoporous nanosheet composites in view of the incorporation of mesopores and
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the highly exposed BiOBr (001) facet, compared with pure BiOBr and Bi2WO6 under exposure
to a 3−W LED light [354].

During the past few years, another promising carbon material, graphene, which possess many
unique properties, has been used for corporation with BiOX (X = Cl, Br and I) and significantly
improved photocatalytic efficiencies was achieved [356-360]. Ai and coworkers [357] have
developed a facile solvothermal route tosynthesize BiOBr/graphene hybrids using graphene
oxide (GO), bismuth nitrite, and CTAB as the precursors. As shown in Fig. 32, BiOBr nanoplates
with hundreds nanometers in size are dispersed randomly on the 2D graphene sheet surface.
Evaluated by the removal of gaseous NO under visible-light irradiation, the as-prepared
BiOBr/graphene hybrid displays a two times higher removal rate than that of pure BiOBr. It
is evidenced that the strong chemical bonding between BiOBr and graphene is mainly
responsible for the fast photogenerated electrons transfer from BiOBr to graphene, which
further inhibities the unwanted recombination and leading to its enhanced photocatalytic
activity.

Figure 32. Schematic illustration of the visible−light photocatalytic enhancement of BiOBr/graphene nanocomposites
[357].

4.2. Ternary composite

To date, although a variety of approaches have been developed to prepare many kinds of
visible−light−driven semiconductor heterojunction photocatalysts, many shortage is still
needed to be overcomed, for example, the limited region of visible-light photo−response. To
solve these problems, multi−component heterojunction systems have been developed
[361,362], in which two or more visible-light active components and an electron-transfer
system are spatially integrated as shown in Fig. 33 [363].

As demonstrated in Figure 33, since both semiconductor A (S-A) and semiconductor B (S-B)
can be excited by UV/visible light and have different photoabsorption ranges, the conjunction
of the two materials can overlap and broaden the range of UV/visible−light photoresponse. At
the same time, it is well-known that the photocatalytic reaction is initiated by the incident UV/
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visible photons with energy equal or higher than the band-gap in both S−A and S-B, which
lead to the creation of photogenerated holes in their VB and electrons in their CB. On the one
hand, the electrons in the CB of S−A easily flow into metal (electron transfer I: S−A metal)
through the Schottky barrier because the CB (or the Fermi level) of S−A is higher than that of
the loaded metal, which is consistent with the previous study on electron transfer from the
semiconductor (such as TiO2) to metal (such as Ag and Au) [361,364]. This process of electron
transfer I is faster than the electron-hole recombination between the VB and the CB of S−A.
Thus, plenty of electrons in the CB of S−A can be stored in the metal component. As a result,
more holes with a strong oxidation power in the VB of S−A escape from the pair recombination
and are available to oxidize the pollutants or OH-. On the other hand, since the energy level
of metal is above the VB of S−B, holes in the VB of S−B also easily flow into metal (electron
transfer II: metal S−B, see Fig. 33), which is faster than the electron-hole recombination between
the VB and CB of S−B. More electrons with a strong reduction power in the CB of S−B can
escape from the pair recombination and are available to reduce some absorbed compounds
(such as O2 and H+). Therefore, simultaneous electron transfer I and II (i.e., vectorial electron
transfer of S−A metal to S−B in Fig. 33) can occur as a result of UV/visible-light excitation of
both S−A and S−B. In these vectorial electron−transfer processes, metal in multicomponent
heterojunction systems acts as a storage and/or a recombination center for electrons in the CB
of S−A and holes in the VB of S−B, and contributes to enhancing interfacial charge transfer and
realizing the complete separation of holes in the VB of S−A and electrons in the CB of S−B.
Therefore, the multi-component heterojunction systems can simultaneously and efficiently
generate holes with a strong oxidation power in the VB of S−A and electrons with a strong
reduction power in the CB of S−B, resulting in greatly enhanced photocatalytic activity,
compared with the single semiconductor or semiconductor heterojunctions mentioned above.

In 2006, by using a facile photo−chemical technique, Tada et al. [361] developed a CdS−Au
−TiO2 ternary component nanojunction system (Fig. 34 (A) and (B)). This CdS−Au−TiO2 triple
nanojunction shows significantly improved photocatalytic activity, which was far higher than
that of either the single-component or two−components systems. For this photocatalytic CdS

Figure 33. Schematic structure of multicomponent heterojunction systems [363].
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−Au−TiO2 nanojunction system, 52.2% of methylviologen (MV2+) have been reduced in 100
min, which are 1.6, 1.8 and 2.3 times higher than that of Au/TiO2, CdS/TiO2 and TiO2 [361].

Figure 34. TEM (A) and HRTEM (B) images of Au@CdS−TiO2 [361]; SEM(C) and HRTEM (D) images of the AgBr−Ag
−Bi2WO6 nanojunction system [364].

Subsequently, an AgBr−Ag−Bi2WO6 nanojunction system was developed by a facile deposition
−precipitation method (Fig. 34 (C) and (D)) [364]. This AgBr−Ag−Bi2WO6 nanojunction system
shows much higher visible−light−driven photocatalytic activity than a photocatalyst with
single visible-light response components, such as Bi2WO6 nanostructures, Ag−Bi2WO6 and
AgBr−Ag−TiO2. For example, with the AgBr−Ag−Bi2WO6 nanojunction system as the photo‐
catalyst, the MX−5B could be photocatalytically degraded (42.8 mg L-1) within 60 min under
visible-light irradiation, which is higher than that of Bi2WO6 nanostructures (2.0 mg L-1), Ag-
Bi2WO6 (2.9 mg L-1) and AgBr−Ag−TiO2 (34.1 mg L-1). Furthermore, 65% of pentachlorophenol
could be mineralized within 4 h by AgBr−Ag−Bi2WO6, which is much higher than that (34.5%)
of the AgBr−Ag−TiO2 composite. This excellent visible−light−driven photocatalytic perform‐
ance was mainly attributed to the vectorial interparticle electron transfer driven by the two-
step excitation of both visible-light-driven components (AgBr and Bi2WO6).

A one-step low−temperature chemical bath method was developed to synthesize the flower
−like Ag/AgCl/BiOCl composite [365]. The as−prepared Ag/AgCl/BiOCl composite exhibited
enhanced visible−light photocatalytic activity on photodegradation of rhodamine B, which
was greatly improved in comparison with either pure Ag/AgCl or BiOCl. It is evidenced that
the superoxide radical, chlorine radical and the hole play a critical role in the photocatalytic
degradation of RhB over the Ag/AgCl/BiOCl. Next, Ag/AgX/BiOX (X = Cl, Br) three-compo‐
nent visible-light-driven photocatalysts were synthesized by a low−temperature chemical bath
method (Fig. 35) [366]. The Ag/AgX/BiOX composites showed enhanced visible−light−driven
photocatalytic activity for the degradation of rhodamine B, which was much higher than Ag/
AgX and BiOX. The photocatalytic mechanisms were analyzed by active species trapping and

Advanced Nanomatericals for Solar Photocatalysis
http://dx.doi.org/10.5772/62206

209



superoxide radical quantification experiments. The role of metallic Ag in Ag/AgCl/BiOCl and
Ag/AgBr/BiOBr were analyzed, and we found that the role of metallic Ag was a surface
plasmon resonance and the Z−scheme bridge for Ag/AgCl/BiOCl and Ag/AgBr/BiOBr,
respectively. This results suggests that no matter in narrow band gap photocatalysts (Eg < 3.1
eV) or wide band gap photocatalysts (Eg > 3.1 eV), metallic Ag can enhance visible-light-driven
photocatalytic activity though the different roles.
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Figure 35. FESEM images of Ag/AgCl/BiOCl (a) and Ag/AgBr/BiOBr (b): the red arrows pointing out the Ag/AgX.
TEM images of Ag/AgCl/BiOCl (c) and Ag/AgBr/BiOBr (d): blue rings show the small Ag/AgX, and the red dots point
out the large Ag/AgX. HRTEM images of Ag/AgCl/BiOCl (e) and Ag/AgBr/BiOBr (f) with small Ag/AgX and HRTEM
images of Ag/AgCl/BiOCl (g) and Ag/AgBr/BiOBr (h) with large Ag/AgX (i)the photocatalytic degradation percentage
of RhB under visible-light irradiation (λ ≥ 400 nm) and (k) schematic structure of multicomponent heterojunction sys‐
tems [366].

Recently, our group has demonstrated a simple and efficient one-pot approach to prepare Ag/
r−GO/TiO2 composites using solvothermal method under atmospheric pressures (Fig. 36)
[367], where N,N−dimethylacetamide serves as the reducing agent for Ag and GO reduction.
On account of the experimental result, we concluded that the introduction of Ag into classical
graphene/TiO2 system (i) availably expands the absorption range, (ii) improves the photogen‐
erated electron separation and (iii)increases the photocatalysis reaction active sites. The
optimized composite sample exhibits outstanding photocatalysis activity compared with pure
TiO2 under simulated sunlight. We further proposed that besides the above three advantages
of Ag, different sizes of Ag nanoparticles are also responsible for the improved photocatalysis
ability, where small−sized Ag nanoparticles (2~5 nm) could store photoexcited electrons that
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generated from TiO2, while large−sized Ag nanoparticles could utilize visible light due to their
localized surface plasmon resonance (LSPR) absorption. Our work gives a new insight into the
photocatalysis mechanism of noble metal/r−GO/TiO2 composites and provides a new pathway
into the design of TiO2−based photocatalysts and promote their practical application in various
environmental and energy issues.

 
Figure 36. (a) TEM and (b) HRTEM images of sample AGT. (c) STEM model of Ag/rGO/TiO2. 

Elemental mapping of (d) Ag and (e) Ti in the same area in (c). (f)Photocatalytic degradation of Rh B 
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Figure 36. (a) TEM and (b) HRTEM images of sample AGT. (c) STEM model of Ag/r−GO/TiO2. Elemental mapping of
(d) Ag and (e) Ti in the same area in (c). (f)Photocatalytic degradation of Rh B under simulated sunlight irradiation
over P25, Ag/r−GO/TiO2 composites with different AgNO3 contents. (g) Comparison of the photocatalytic activity of r
−GO, P25 and Ag/r−GO/TiO2 composites with different AgNO3 contents for the photocatalytic H2 production under
simulated sunlight irradiation [367].

Next, we have replaced the Ag with MoS2 quantum dots (QDs) and demonstrated a simple
and an efficient one−pot approach to prepare MoS2 quantum dots−graphene−TiO2 (MGT)
composites using a solvothermal method under obtained atmospheric pressures and at low
temperatures (Fig. 37) [368]. The shape of MoS2 obtained using this method is quantum dot
instead of a layered sheet because of the interaction between functional groups on GO sheets
and Mo precursors in a suitable solvent environment. In addition, it shows significantly
increased photodegradation performance even without a noble-metal cocatalyst, which is due
to the increased charge separation, visible-light absorbance, specific surface area and reaction
sites upon the introduction of MoS2 QDs. Besides, the enhancement mainly came from holes
left in the TiO2 crystals rather than electrons transferring to reduced graphene oxide (RGO).
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Figure 37. TEM and HRTEM images of the sample (a), (b) MGT−4 and (c), (d)MoS2−graphene. (e) Proposed mechanism
for the photodegradation of RhB by MGT under simulated sunlight irradiation (f) Photocatalytic degradation and (g)
photocatalytic degradation reaction of RhB under simulated sunlight irradiation over P25, MGT composites with dif‐
ferent MoS2 contents [368].

5. Summary and outlook

Photocatalysis appears to be a promising avenue to solve environmental and energy issues in
the future. Although the photocatalytic processes involve a complicated sequence of multiple
synergistic or competing steps, the efficient utilization of solar energy (especial visible-light
energy) and improvement in separation and transportation of charge carriers are the main
challenges and current trend to design highly effective photocatalysts. Finally, we conclude
that this chapter, after discussing with various materials and its composites for photocatalytic
process, may be useful for further applications in the area of energy and environment. In
summary, we have discussed the general strategies and recent progress in photocatalysis for
developing highly efficient and stable photocatalysts, including: (1) Titania (TiO2), iron oxides
(α-Fe2O3); (2) ternary oxide photocatalytic matericals, such as Bi systems photocatalytic
materials and (3) semiconducting materials and its composites. The achieved progress in
photocatalysis indicates a promising route to enhance the photocatalytic efficiencies of
photocatalytic semiconductors.

To date, in addition to different kinds of semiconductor materials and its composites significant
advances have been reported to improve the photocatalytic efficiencies that range from
environmental remediation to clean−energy harvesting by enhancing the utilization of
sunlight or improving the separation/transportation of the electron−hole pairs some examples
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are highlighted in this chapter. Extending light-response to the visible− or even infrared
regions, decreasing the amount of recombination of electrons and holes, and increasing the
light−harvesting efficiency have been the major tools that have led to such advances. Although
great advancements have been made in investigation of heterostructured photocatalytsts, it is
still challenging to design more challenges in high efficiency of photocatalytic systems. First,
there is no detailed understanding of the charge generation, separation and transportation
across nanoscale interfaces of heterostructured photocatalysts, which are critical for the design
and optimization of highly more-efficient and more-reliable photocatalysts. Second, while
most available photocatalysts so far can only function in the UV or near−UV regime, the highly
effective utilization of visible light is another challenge of heterostructured photocatalysts.
Third, photostability of heterostructured photocatalyst is and will still be a major challenge
for practical applications. Finally, elucidating and understanding the mechanisms that are
involved in various photocatalytic reactions. Therefore, the deepening knowledge of the
photocatalytic mechanism and exploration of new materials are indispensible to make
substantial breakthroughs for practical application of photocatalysts.
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ZnO/Sepiolite Catalysts – Characterization and
Photoactivity Measurements
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Abstract

Sepiolite-supported ZnO catalysts (ZnO-SEP) were prepared and characterized using X-
ray diffraction (XRD), surface area (BET) measurements, scanning electron microscopy
(SEM) with energy-dispersive X-ray analysis (EDX), X-ray photoelectron spectroscopy
(XPS) and UV-vis diffuse reflectance spectra (UV-vis DRS) techniques. XRD analysis sup‐
plied information about the generation of ZnO nanoparticles. SEM images and elemental
mapping scans revealed variations in the surface morphology of the SEP after ZnO load‐
ing. Supported catalysts possessed higher surface areas and pore volumes in comparison
to unsupported catalyst (0.25 M ZnO). They also revealed suitable band-gap energies in
the UV-A region. XPS analysis confirmed the build-up of ZnO nanoparticles on the SEP
matrix with the form of Zn2+ oxidation state. Photocatalytic performances were evaluated
in terms of methyl orange (MO) decolorization process following pseudo-first-order ki‐
netics. The repeatability of photocatalytic activity was also tested.

Keywords: Sepiolite, ZnO, Supported catalysts, Methyl orange

1. Introduction

The complete degradation of dye molecules is not possible by the application of precipitation,
adsorption, oxidation, reduction and biological and electrochemical types of conventional
methods. These methods may either end up with less efficiency or create a secondary sludge.
Semiconductor photocatalysis is an advanced oxidation process (AOP) for the treatment of air
and water streams and emerged as an important technology for the degradation of dye
molecules. In summary, the mechanism of photocatalytic processes is initiated by the band-
gap illumination and this leads to production of electron-hole pairs. After separation, electrons
and holes migrate to the catalyst surface, induce redox reactions with adsorbed pollutants and
eventually result in the degradation of the dye pollutants.



ZnO is a wide band-gap (∼3.3 eV) semiconductor that has been extensively used because of its
catalytic and photochemical properties along with its low cost [1]. There are many reports of
ZnO having higher photocatalytic activities than other semiconductors in both air and aqueous
media [2,3]. As a photocatalyst, the surface area plays an important role since reactions mainly
occur between catalyst surfaces and pollutants. The nanoscale ZnO crystals have shown larger
surface areas and higher photocatalyic performances than that of bulk materials [4]. There‐
fore, recent studies have focused on the synthesis of nanostructured ZnO with tunable size and
shape [5,6]. However, ZnO nanoparticles are not stable in acidic and alkaline conditions and
also show rapid deactivation in bulk due to increased tendency of aggregation [7]. Hence, the
development  of  industrially  viable,  cost-effective,  eco-friendly adsorbents  with attractive
multiple  functions  such  as  adsorption,  and  decomposition  becomes  important.  Silicate
adsorbents engineered with photocatalytic ingredients, for example, tailoring the aluminosili‐
cate layers and their surfaces with nanostructured semiconducting photocatalysts, can make
them multifunctional composites and heterogeneous catalysts [8]. ZnO/clay system reveals the
potential of this composite for various applications [9–12]. Among clay minerals, the usage of
sepiolite as a support material is rarely reported [13–18]. Natural sepiolite is a very cheap, fibrous
and hydrated magnesium silicate with a relatively high surface area. The presence of alkales‐
cent [MgO6] and acidic [SiO4] centers in the sepiolite structure enhances the adsorption of
reactant molecules and their degradation possibility. Moreover, silicate layers appear as an
attractive support for the assembly of small-sized metals and metal-oxide aggregates (clus‐
ters and nanoparticles) that have been mainly employed for catalytic purposes. The immobili‐
zation of nanoparticles on the inner and outer surfaces of inorganic supports results in the
formation of nanocomposite materials. The synergy established among nanoparticles and
support systems makes them attractive options for the degradation of pollutants. In the study
of Xu et al., quantum-sized ZnO particles supported on sepiolite were prepared using a sol-
gel  method  with  the  sepiolite  of  acid  activation  as  carrier  and  zinc  acetate  dihydrate
(Zn(CH3COO)2 2H2O) and lithium hydroxide monohydrate (LiOH H2O) as raw materials [13].
They found that the nano-ZnO supported on sepiolite can not only solve the dispersing problem
but also has a positive synergistic effect on the ZnO photocatalysis. Bautista et al. prepared
TiO2-Sep supports of vanadium oxide in order to obtain a new TiO2 support with a high and
thermostable surface area [14]. According to this study, vanadium oxides supported on TiO2-
coated sepiolite and sepiolite characterization studies indicated that well-dispersed vanadi‐
um in both types of supports was achieved in the systems with vanadia loading below the
theoretical monolayer. Above this vanadia loading, the formation of V2O5 nanoparticles with a
mainly crystalline character took place as well as the formation of V-Mg mixed metal-oxide
phases, especially in systems supported on sepiolite. The hydrophilic character and more open
structure of the sepiolite was underlined in the study of Arques et al. [15]. Accordingly, sepiolite
appeared to be a convenient support for pyrylium salts to be employed as a heterogeneous solar
photocatalyst. Also, promising results have been obtained testing the performance of the new
material with ferulic acid as target pollutant, and important percentages of photo-oxidation
were  achieved.  In  another  study,  monolithic  catalysts  based  on  Rh/TiO2-sepiolite  were
developed and tested in the decomposition of N2O traces [16]. The system was found to be
extremely sensitive to the amount of rhodium and is an attractive alternative for the elimina‐
tion of N2O traces from stationary sources due to the combination of high catalytic activity with
a low pressure drop and optimum textural/mechanical properties. The structural and photoca‐
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talytic properties of TiO2-supported sepiolite and sodium ion-treated sepiolite catalysts were
also investigated for the degradation of β-naphthol molecule [17]. Sodium chloride treatment
enhanced the attraction of sepiolite support through TiO2 nanoparticles. This study explored
that sepiolite can be employed as a catalyst support for the photocatalytic degradation reactions
in solution. Such supported catalysts can be readily separated from the suspension without
filtration since they decant in minutes, while TiO2 (Degussa P-25) sample could not sediment
over hours. This provided an important, practical advantage in the usage of TiO2-supported
sepiolite catalysts.

In this chapter, a mixed structure of ZnO and sepiolite (ZnO-SEP) is examined for the degra‐
dation of an azo dye, methyl orange (MO). Such supported catalyst systems are prepared using
a coprecipitation method with highly dispersed active ZnO nanoparticles and investigated in
terms of the dark adsorption capacities and photoactivities. X-ray diffraction (XRD), surface
area (BET) measurements, scanning electron microscopy (SEM) with energy-dispersive X-ray
analysis (EDX), X-ray photoelectron spectroscopy (XPS) and UV-vis diffuse reflectance spectra
(UV-vis DRS) techniques are used for the characterization of these catalysts. The decolorization
of MO is followed under UV irradiation.

2. Experimental section

The raw SEP used as a support in this study was obtained from the Eskişehir region of Anatolia
(Turkey) and characterized by X-ray diffraction and SEM-EDX analyses. The chemical
composition was found as SiO2 (69.25%), MgO (28.92%), Al2O3 (1.12%), Na2O (0.55%) and
TiO2 (0.16%). The clay was ground to approximately 200-mesh size powder. Zinc nitrate
hexahydrate (Zn(NO3)2 6H2O) (99.0%, Merck), sodium carbonate (Na2CO3) (analytical grade,
Merck) and (4-[[(4-dimethylamino)phenyl]-azo]benzenesulfonic acid sodium salt] (methyl
orange, Merck) were used as provided by the suppliers without further purification. Deionized
water, purified with an Elga-Pure Water Purification (UHQ II) system, was used for preparing
solutions in the experiments.

The following procedures and techniques were applied for the synthesis and characterization
of the photocatalysts:

ZnO catalysts in the absence of SEP were prepared by a coprecipitation method using
Zn(NO3)2 6H2O and Na2CO3 precursors [19]. Briefly, the precursors with 0.25 M concentrations
were separately dissolved in deionized water. Then, 100 mL of Zn(NO3)2 6H2O were added
gradually to 100 mL of Na2CO3 solution under continuous stirring. The resulting white
suspension was stirred for 2 h at room temperature followed by several washings and
centrifugations at 4000 rpm. Then, the resulting precipitate was dried at 100°C for 12 h and
calcined at 500°C with a heating rate of 10°C min-1 for 5 h. Finally, the catalysts were ground
into fine powder and named as 0.25 M ZnO.

Depending on the loading of ZnO on the support, precursor concentrations as 0.125 M ZnO,
0.25 M ZnO or 0.5 M ZnO (prepared following the above procedure) were added to the SEP
solution. After stirring the mixed suspension for about 12 h at room temperature, several
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washings and centrifugations (at 4000 rpm) were applied. The resulting catalysts were dried
at 100°C for 12 h and then calcined at 500°C with a rate of 10°C min-1 for 5 h. Finally, the catalysts
were ground into fine powder and named as 0.125 M ZnO-SEP, 0.25 M ZnO-SEP and 0.5 M
ZnO-SEP.

X-ray diffraction was used to monitor the formation of crystal planes and measure the
crystalline size of ZnO nanoparticles. The analyses were recorded on a Rigaku-D/MAX-Ultima
diffractometer using Cu-Kα radiation (λ=1.54 Å) operating at 40 kV and 40 mA and scanning
rate of 2 min-1. Nitrogen sorption analysis was used to measure the surface areas, pore volumes
and pore diameters of the catalysts.

The nitrogen adsorption/desorption isotherms were obtained at 77 K using Quantachrome
Nova 2200e automated gas adsorption system. The specific surface areas were determined
using multi-point BET analysis and the pore sizes were measured by the BJH method of
adsorption.

The surface morphologies were determined using scanning electron microscopy (SEM) in
combination with energy-dispersive X-ray analysis on an ESEM-FEG/EDAX Philips XL-30
instrument operating at 20 kV. The catalysts were fixed with carbon tape prior to the metalli‐
zation process with gold (Sputter Coater-Balzer SCD050).

In X-ray photoelectron spectroscopy (XPS) tests, Thermo Scientific K-Alpha X-ray photoelec‐
tron spectrometer equipped with electron analyzer and Al-Kα micro-focused monochromator
was used. The areas of peaks were estimated by calculating the integral of each peak after
subtracting a Shirley background and fitting the experimental curve to a combination of
Lorentzian/Gaussian lines. Binding energy shifts were observed in the samples and the
instrument was calibrated using the carbon peak (C-1s) at 285 eV as in the other studies [20,21].

The UV-vis diffuse reflectance spectra (UV-vis DRS) of the supports, 0.25 M ZnO and sup‐
ported catalysts were obtained using UV-vis spectrophotometer (UV-2450, Shimadzu)
equipped with an integrating sphere reflectance accessory. The baseline correction was done
by BaSO4. The spectra were recorded in the range 200–600 nm for the catalysts and the FA
using BaSO4 as a reference.

For the photocatalytic experiments, the details of reaction systems were given in our previous
studies [22,23]. Briefly, a Pyrex flask reactor was located in an “irradiation box” equipped with
eight black light lamps (Philips TL 15W/5BLB) with an emission maximum at λ=365 nm. The
lamps were positioned to surround the flask with an incident photon flux of 4.7×1015 photons
s-1. Then, 0.2 g of catalysts with 200 mL of 3.27 mg L-1 MO (unless the concentration effect of
MO was controlled) was used as reaction solutions. The flask had an inlet for the air circulation
and an outlet for the collection of aliquots. Prior to irradiation, suspensions were magnetically
stirred in the dark for 30 min. UV-vis spectrophotometer (UV-2450, Shimadzu) was used to
monitor the absorbance spectra of MO at 464 nm as a function of irradiation time. All experi‐
ments were performed at room temperature and without concerning the degradation inter‐
mediates. Also, measurements were conducted at least twice and the average value was
recorded. MO decolorization percentages were calculated by the following equation:
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where C0 is the initial concentration of MO and C is the concentration of MO after “t” minutes
irradiation.

3. Results and discussion

3.1. Characterization of ZnO-SEP catalysts

3.1.1. XRD analysis

The phase identification of the raw SEP and the supported catalysts were performed by XRD
analysis from 0° τo 70° (2θ) (Figure 1). The characteristic d 110 reflection of the SEP was noticed
with a basal spacing of 12.19 Å at 7.24° (2θ). ZnO loadings decrease the intensities of all SEP
reflections. For the supported catalysts, alteration in ZnO concentrations did not modify the
position of the SEP peaks due to the non-expandable nature of the SEP. Supported catalysts
also exhibited wurtzite ZnO structure with d 100, d 002, d 101, d 102, d 110, d 103 and d 200
crystal planes at 31.9°, 34.6°, 36.4°, 47.7°, 56.7°, 63.1° and 66.6° (2θ), respectively. The broad
and less intense ZnO peaks got sharper and more intense with the increments in ZnO loadings.

Figure 1. XRD patterns of SEP and supported catalysts (Z: ZnO).
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The crystalline sizes (DZnO) calculated using Scherrer’s equation for the broadening of d 101
reflection of ZnO were found as 16.1 nm (for 0.25 M ZnO), 13.4 nm (for 0.125 M ZnO-SEP),
12.3 nm (for 0.25 M ZnO-SEP) and 15.1 nm (for 0.5 M ZnO-SEP) (Table 1). The reduction in the
ZnO crystalline sizes and the decrements in the intensities of SEP reflections may suggest
highly dispersed ZnO nanoparticles over the surface and bulk.

Catalysts DZnO (nm)a BET (m2 g-1)b Vpore (cm3 g-1)c Rpore (Å)d

0.25M ZnO 16.1 7.58 0.012 17.7

SEP - 104.5 0.140 14.9

0.125M ZnO-SEP 13.4 91 0.151 19.1

0.25M ZnO-SEP 12.3 47 0.077 20.2

0.5M ZnO-SEP 15.1 51 0.091 14.8

a Calculated from the (101) diffraction peak of ZnO using the Scherrer equation.
b Determined from nitrogen adsorption-desorption isotherms using BET equation.
c Determined from cumulative adsorption pore volume using BJH method.
d Determined from adsorption pore size using BJH method.

Table 1. Crystalline sizes (DZnO), surface areas (BET), total pore volumes (Vpore) and pore radius (Rpore) of 0.25 M
ZnO, SEP and supported catalysts.

3.1.2. Nitrogen adsorption desorption isotherms

The textural characterization points out that 0.25 M ZnO had type II isotherms, which refer to
non-porous materials (Figure 2A and 2B). However, the raw SEP and the supported catalysts
had type IV nitrogen adsorption-desorption isotherms typical of mesoporous structures with
hysteresis loops [24]. Almost similar pore radius was detected for all catalysts and the SEP
(Table 1). The capillary condensation taking place within the mesopores in the high P/P0 range
became more difficult with the formation of narrower loops, owing to the higher ZnO loading
concentrations. Accordingly, 0.125 M ZnO-SEP shows almost similar surface area and pore
volume with respect to the SEP, whereas 0.25 M ZnO-SEP and 0.5 M ZnO-SEP reveal lower
values. The partial blockage of the pores by the ZnO nanoparticles on the supports’ surface
sites, edges and corners was expected to induce an easier attraction among MO molecules and
the catalyst particles.

3.1.3. SEM (EDX) analysis

Figure 3 illustrates the SEM and elemental mapping images of 0.25 M ZnO-SEP. The charac‐
teristic fibrous structure of SEP and pseudo-spherical shape of the as-prepared ZnO catalyst
were reported previously [17,22]. The heterogeneously dispersed ZnO nanoparticles within
the SEP matrix resulted in a different morphology in comparison to the raw SEP and unsup‐
ported catalyst. In the EDX analysis of 0.25 M ZnO-SEP (not shown), the reduction in the peak
intensities and percentages of SiO2 and MgO (from 69.25% to 16.08% for SiO2 and from 28.92%
to 10.93% for MgO) and also simultaneous detection of ZnO peak signified the in situ build-
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Figure 2. (A) Nitrogen adsorption/desorption isotherms and (B) pore size distribution plots of 0.25 M ZnO, SEP and
supported catalysts.
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up of ZnO nanoparticles in the SEP structure. In mapping images, ZnO existence was proven
by the dominating Zn signals within less dense regions of Si and Mg constituents.

Figure 3. SEM and mapping images of 0.25 M ZnO-SEP.

3.1.4. XPS analysis

In order to control the presence of ZnO on the SEP host, the surface chemical composition was
analyzed by the XPS method, focusing in particular on the binding energies of the typical lines
of Zn and O (Figure 4). The survey scan of 0.5 M ZnO-SEP reveals Zn peaks in addition to the
Mg (49.5 eV), Al (75.6 eV), Si (103 eV), O (531.47 eV) and some Auger peaks of the SEP (Figure
4A). Figure 4B depicts the presence of Zn ion with a doublet matching to Zn 2p3/2 and 2p1/2
core levels (Figure 4B). This shows the presence of Zn2+ ions in an oxide environment [25,26].
The O1s photoelectron peak is deconvoluted by three subspectral parts (Figure 4C). The peak
at 527 eV is attributed to the lattice oxygen in a Zn-O-Zn network with 8.7% spectral area. The
shift in the peak position with respect to ZnO binding energy of 530.5 eV can be due the complex
configuration in the ZnO-SEP matrix. For the other two components, 64.7% spectral area refers
to MgO and Al2O3 at 531 eV and 26.5% spectral area corresponds to SiO2 at 532.81 eV.

3.1.5. UV-vis DRS analysis

UV-vis absorption spectroscopies of the SEP and supported catalysts are presented in Figure
5A. The raw SEP shows an extended profile in between 200 and 600 nm. In contrast, 0.25 M
ZnO reveals its distinctive edge below 400 nm. The supported catalysts resemble this charac‐
teristic edge, which is more pronounced for the catalyst having the highest ZnO concentration.
The UV activities of the supported catalysts are evidenced by the evaluated band-gap energies
based on Kubelka-Munk transformed reflectance spectra as 3.08 eV for 0.125 M ZnO-SEP, 3.09
eV for 0.25 M ZnO-SEP and 3.16 eV for 0.5 M ZnO-SEP (Figure 5B).
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Figure 5. A) Diffuse reflectance spectra of SEP, 0.25 M ZnO and supported catalysts and (B) Kubelka-Munk trans‐
formed reflectance spectra of 0.25 M ZnO and supported catalysts.

3.2. Decolorization of MO by ZnO-SEP catalysts

Control experiments were performed under dark conditions for 0.25 M ZnO and 0.25 M ZnO-
SEP (Figure 6). The remaining MO percentage was found as 83% in the presence of 0.25 M ZnO
after 60 min, and then no significant variation was detected. The supported catalyst, however,
shows a lower percentage (73%) in 80 min. The interaction between the SEP matrix and ZnO

Figure 4. XPS analysis of 0.5 M ZnO-SEP: (A) survey spectrum, (B) Zn 2p spectra and (C) O 1s spectra.
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nanoparticles facilitated the adsorption of MO molecules. The low isoelectric point of the SEP
(IEPSEP~2) increased the contact possibility of positively charged Zn2+ ions or ZnO (with high
isoelectric point ~9) [18]. The attraction between positively charged Zn2+ ions and negatively
charged MO moiety decreased the intensity of absorption band at 464 nm, which is responsible
from the destruction of the chromophoric (-N=N-) group. The negligible photolysis of MO
proves the active role of ZnO nanoparticles within the supported catalyst system. It is also
noted that the raw SEP does not participate in the decolorization of MO (not shown).

The photoactivities of the supported catalysts were examined under irradiation (Figure 6,
inset). The highest MO remaining percentage (43%) was obtained in the presence of 0.125 M
ZnO-SEP within 120 min. The percentage of MO decreased upon the loading concentration of
ZnO. The synergy established on the mixed structures of ZnO and SEP improved the catalyst
performance. Accordingly, 0.5 M ZnO-SEP shows the best activity with the lowest MO
remaining percentage (19.8%) in solution.

Figure 6. Photolysis and dark adsorption experiments. Inset: Photocatalytic activities of the supported catalysts.

The whole mechanism starts with the illumination of ZnO nanoparticles and production of
electron-hole pairs (Eq. (1)).

( ) - +
CB VBZnO + h UV e + hg ® (1)

The main active species in such processes are known as hvb
+, ⋅OH and O2

⋅− [27,28]. The radicals
may form either by the reactions of photogenerated holes or electrons. The photogenerated
electron (ecb

−) can be easily transferred to the O2 molecules promoting the O2
⋅− formation and
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then converted to the active ⋅OH via hydrogen peroxide and hydroperoxyl radical generations
(Eqs. (2)–(5)).

- -
2 2O + e O® g (2)

- +
2 2O + H HO®g g (3)

2 2 2 22HO H O +O· ® (4)

2 2 2 2H O + O OH + O +OH×- · -® (5)

At the same time, the photogenerated hvb
+ can be captured on the catalyst surface undergoing

charge transfer with adsorbed water molecules or with surface-bound hydroxide species to
generate active ⋅OH (Eqs. (6) and (7)) and results in the degradation of MO molecule (Eq. (8)).

+ +
vb 2h + H O H OH·® + (6)

+ -
vbh + OH OH·® (7)

( )OH + MO MO decolorization and degradation· ® (8)

Thus, the separation of the charge carriers also enhanced the yield of hydroxyl radicals (highly
reactive electrophilic oxidants) and improved the photocatalytic activity of the supported
catalysts. The addition of the hydroxyl radical to the double bond of the azo group is referred
to as the main reaction pathway, with the disappearance of the color. The second route
followed the addition of hydroxyl radical to the aromatic rings [29,30]. Alternatively, hydroxyl
radicals may attack the carbon atom bearing the azo bond [30]. Further attacks caused the
formation of sulfonated intermediates, aromatic amine and phenolic compounds and ring
open fragments [31].

Kinetic analysis was performed by varying the initial ΜΟ concentration from 16.2 to 3.27 mg
L-1 in the presence of 0.5 M ZnO-SEP (not shown). The linearity obtained between ln(C0/C)
versus t plot indicates pseudo-first-order kinetics, where C0 is the initial concentration of ΜΟ
(mg L-1) and C is the concentration of ΜΟ (mg L-1) at irradiation time t (min) (Figure 7). The
rate constants k (min-1) hence calculated (slopes of the lines) were found to decrease with
increasing concentration of ΜΟ (from 0.01 (3.27 mg L-1) to 0.005 min-1 (16.2 mg L-1)). This can
be a result of blocking of the photocatalytically active sites on the supported catalyst and
reducing the interaction of photons with these sites.
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Figure 7. Effect of initial MO concentration on the photoactivity of 0.5 M ZnO-SEP.

The stability of 0.5 M ZnO-SEP catalyst was examined by recycling experiments (Figure 8). For
each run, 0.5 M ZnO-SEP was filtrated, washed and calcined at 500°C for 2 h. After four cycles,
the percentage of MO remaining in solution was found to increase by only approximately 3%
(from 19.8% to 22%). The slight increment in the percentage can be attributed to the catalyst
loss during each collection and rinsing steps.

Figure 8. Reuse properties of 0.5 M ZnO-SEP.
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4. Conclusions

This chapter has summarized the recent study of the author in an attempt to learn more about
supported catalyst framework where clay mineral sepiolite is used as a support material for
ZnO nanocatalysts. These photocatalysts were prepared and characterized by XRD, BET, SEM
(EDX), XPS and DRUV techniques. EDX, mapping and XPS analysis evidence the existence of
ZnO nanoparticles. DZnO sizes do not exhibit significant differences depending on the ZnO
loading concentrations. Moreover, supported catalysts exhibit an absorption edge similar to
0.25 M ZnO. The pronounced performance of the supported catalysts is attributed to the highly
dispersed ZnO nanoparticles within the ZnO-SEP matrix. Also, such systems can be readily
separated from the suspension without filtration, providing an important, practical advantage
in the usage of sepiolite supported catalysts.

Future studies will focus on the synthesis of new supported catalyst systems and their
applications in energy and environmental issues.
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Abstract

Nanocomposites and nanomaterials have been attracting more attention in various fields.
Nanocomposites can be prepared with a variety of special physical, thermal, and other
unique properties. They have better properties than conventional microscale composites
and can be synthesized using simple and inexpensive techniques. A composite material
consists of an assemblage of two materials of different natures completing and allowing
us to obtain a material of which the set of performance characteristics is greater than that
of the components taken separately. In our recent research, some functionalized nano‐
composites and nanomaterials have been prepared and investigated. In addition, some of
the analytical methods, theoretical treatments, and synthetic tools, which are being ap‐
plied in the area of self-assembly and supramolecular chemistry, will be highlighted. In
this chapter, we summarize our main research contributions in recent years in two sec‐
tions: (1) preparation and catalytic properties of some functionalized graphene nanocom‐
posites; (2) preparation and catalytic properties of some functionalized gold
nanocomposites. These works not only provided important inspirations for developing
graphene-hybridized materials but also opened new possibilities to improve the photoca‐
talytic activity of photocatalyst.

Keywords: nanocomposites, nanomaterials, catalytic property, self-assembly

1. Introduction

Nanocomposites and nanomaterials have been attracting increasing attention in various fields
[1–6]. Nanocomposites can be prepared with a variety of special physical, thermal, and other
unique properties. They have better properties than conventional microscale composites and
can be synthesized using simple and inexpensive techniques. In addition, as the assemblage



of various separate components, the designed composite materials would demonstrate greater
characteristics and performances. At the same time, nanomaterials and nanocomposites often
have unique properties that could enable composite materials with multiple unique properties
simultaneously; however, it is often challenging to achieve these properties in large-scale
nanocomposites and functionalized nanomaterials. In order to obtain the stated objective
composites, it is important to design different models of the interactions in nanocomposites
and next controllable properties. Moreover, it is well known that various self-assembly
techniques are important to fabricate well-defined hierarchical and organized nanostructures
with special properties and controlled capacity [7–10]. For different research systems, such as
inorganic–organic hybrids, various nanoparticles, colloidal microspheres, and supramolecular
nanostructures, the self-assembly process can demonstrate obvious advantages, especially in
preparing special nanostructures. The incorporation of nanocomposites with self-assembly
shows new performances for designed composite nanomaterial with different organized style
and processing routes.

In addition, as a special sp2-bonded single layer carbon material, graphene has been attracting
more attentions in various application fields, especially as photocatalytic material due to its
natural characteristics, such as high chemical stability, large surface area, and excellent
adsorption capacity [11]. And some new nanocomposites from graphene materials as photo‐
catalysts have been developed in recent years. For example, the research group of Ullah
prepared ternary Pt-graphene/TiO2 nanocomposites by microwave-assisted method and
investigated the photocatalytic degradation for dye rhodamine B [12]. Bai and coworkers
reported the preparation of new ZnWO4/graphene hybrid materials by in situ reduction of
graphene oxide and characterized the degradation capacity of methylene blue as photocata‐
lysts [13]. Sun’s group reported the synthesis of ZnFe2O4/ZnO nanocomposites anchored on
graphene substrates via an ultrasound-aided method [14]. Xu and coworkers prepared
reduced graphene oxide/Bi2WO6 composite materials as photocatalysts, and compared the
photocatalytic activities of composites with pure Bi2WO6 [15]. In addition, more research works
have been reported to enhance the photocatalytic activity of graphene-based composites as
photocatalysts [16–19]. Moreover, in the last several decades, the preparations of gold
nanoparticles have been attracting much attention [20–22]. Up to now, various processes [23–
25] and designed capping agents [26–29] have demonstrated the synthesis of functional gold
nanoparticles with designed nanostructures and tailored behaviors. It is well known that many
factors, such as the particle size, shape, colloid stability, and surface functionalized groups,
seem to be critical for the applications fields [30–32]. In addition, because the self-assembled
nanostructures are important and closely related to molecular skeletons in designed template
compounds, the design and synthetic routes are the key step in the whole process.

In recent research work reported by our group, various research systems about graphene and
gold nanocomposites/nanomaterials have been designed and characterized. And the involved
analytical methods and self-assembly techniques have been also highlighted. So in the present
chapter, we would like to demonstrate our recent research contributions in two parts: (1)
preparation and catalytic properties of some functionalized graphene nanocomposites; (2)
preparation and catalytic properties of some functionalized gold nanocomposites. These
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works not only provided important inspirations for developing graphene-hybridized materi‐
als but also opened new possibilities to improve the photocatalytic activity of photocatalyst.

2. Preparation and catalytic properties of some functionalized graphene
nanocomposites

Recently, our group has reported the design and fabrication of hybrid organogels by self-
assembly of composites containing cationic compounds and GO [33]. It is interesting to note
that the obtained gelation performances can be regulated via different functional substituted
headgroups in used compounds. The experimental data indicated that ammonium headgroup
in molecular skeletons seemed more favorable for the composite gelation than pyridinium
segment. The obtained results suggested that the self-assembly modes in present GO-based
composites could be manipulated by controlling efficient headgroup effect. In addition,
various weak forces between present building blocks seemed also responsible for the forma‐
tion of different nanostructures. Based on the obtained results data in present composite gel
system, a reasonable mechanism about self-assembly modes in gels is shown in Figure 1. For
the prepared CTAB-GO gel, various organized building blocks are obtained in different
solvents because of the van der Waals force of substituent chains and the strong electrostatic
interaction of ammonium headgroups with oxygen-containing functional groups at GO
surface. In addition, for the cases of C16Py-GO and BPy-GO composite gels, the strong π–π
stacking between carbon net in GO plane and additional pyridine headgroups showed as more
competitive with other forces, such as electrostatic interaction and van der Waals force. Thus,
the present research work demonstrates new exploration for the design of GO-based composite
gels and self-assembled soft matters.

In addition, we have also demonstrated the formation of organogels by self-assembly of
cationic gemini amphiphile–GO composites [34]. Their gelation behaviors in various organic
solvents can be controlled by regulating molecular symmetry. The obtained data indicated
that the designed functional groups and molecular symmetry could change the self-assembly
modes and produce different self-assembled nanostructures. It seemed that longer alkyl chains
in molecular skeletons could be helpful to enhance the intermolecular hydrophobic force in
the process of self-assembly. So the changes of building blocks and stacking modes between
present GO-based composites and different solvents are responsible for the formation of
various nanostructures, as seen in Figure 2. It clearly indicated that the formed nanostructures
in present composite materials were obviously different, such as nano-wrinkle, nano-lamella,
and nano-belt. The obtained different morphologies in self-assembled gels can be mainly due
to various formation mechanisms upon special self-assembly modes via weak interactive
forces between building blocks. Finally, a reasonable self-assembled mechanism for symmetry
effects in formation of present organized nanostructures is demonstrated. Thus, the present
GO-based composite gel materials will give a helpful clue for the design and preparation of
functional GO composite nanomaterials.
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Figure 1. Scheme of different assembly modes in cationic amphiphiles–graphene oxide gels. CTAB-GO (a), C16Py-GO
(b), and BPy-GO (c).
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Figure 3. SEM and TEM images for the RGO/PEI and RGO/PEI/Ag hydrogels.

In another composite system, we have reported the design and preparation of silver nanopar‐
ticle-containing RGO-based composite hydrogel materials via an in situ reduction process [35].
The obtained experimental data indicated that the prepared composite gels were composed
of 3D net-like nanostructures, as seen in Figure 3. In addition, the used preparation method

Figure 2. SEM images of xerogels for GO sheet, C18-6-6/GO gels, C18-6-12/GO gels, and C18-6-18/GO gels in different
solvents.
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included the in situ reduction of GO and silver acetate in hydrogel structures to fabricate
present RGO-based composite hydrogel. So the formed silver nanoparticles were uniformly
anchored on RGO surface in composite gel. Moreover, the photocatalytic behaviors for
removing dye pollutants are also characterized for the silver nanoparticle-containing RGO-
based composite hydrogel, as seen in Figure 4. It is interesting to note that the obtained
photocatalytic composite materials can be reused from an aqueous degradation system,
indicating the important and potential applications for dye removal and wastewater treatment.

Figure 4. Degradation kinetics curves of as-prepared RGO/PEI/Ag nanocomposites on MB (a, b) and RhB (c, d) at 298 K.

In order to investigate the mechanism of hybrid graphene composites, we have also synthe‐
sized some LaMnO3–graphene composites as photocatalysts by a sol–gel method [36]. It is
found that LaMnO3 perovskite phase was successfully fixed on graphene surface with well-
dispersion capacity, as seen in Figure 5. The data indicated that the photocatalytic capacity of
as-formed LaMnO3–graphene composite materials were better than pristine LaMnO3 material,
with the detailed results in Figure 6. The enhancement of photocatalytic properties can be
mainly due to the high separation efficiency of photo-induced electron–hole pairs originated
from the excellent conductivity of graphene in composite and the large interfacial contact
between components, which is helpful to increase the dyes adsorption and improve the
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transfer efficiency in photocatalytic process. This research demonstrated new inspiration for
designing photocatalytic graphene-based hybrid materials.

In another work, organized La1-xSrxMnO3/graphene thin films were prepared by both sol–gel
and spin-coating methods [37]. In experimental process, the formed sol nanoparticles were
adsorbed on graphene surface via electrostatic force in aging time. Then, the formed LaM‐
nO3 nanoparticles increase sizes and form crystal domains on graphene surface in the next
calcination step. Present obtained nanostructures and morphology were investigated during
various characterization techniques. Figure 7 shows the XRD patterns of graphene, LaMnO3,
LaMnO3/graphene, and La0.9Sr0.1MnO3/graphene thin film. The diffraction peak of graphene
appeared in the vicinity of 23°, which was similar to the diffraction peak position of graphite.
However, this peak broadened and weakened because the size of the graphite sheet decreased,
the integrity of the crystal structure declined, and the degree of disorder increased. The pattern
of LaMnO3 is in agreement with PDF33-0713, indicating its perovskite structure with complete
crystal shape. In the process of acid red 3GN photodegradation, LaMnO3/graphene thin film
had sound stability and better photocatalytic ability than LaMnO3 thin film. As shown in Figure
8, a mild photodecomposition effect was observed in the degradation of dye. The absorption
peak of acid red 3GN dye solution at 509 nm was from the initial 0.5446 to 0.5138 after
irradiating for 48 h without photocatalysts. The experimental results indicated that graphene
enhanced the dye adsorption, inhibiting the reunion of light-induced e−–h+ and improving
photocatalytic capacity. In addition, it should be noted that a red shift of absorption edge was
found by doping Sr, which seemed helpful to increase the photocatalytic performance of the
obtained composite film.

In addition, another new LaMn1–xCoxO3/graphene composite material as photocatalyst had
been designed and prepared by sol–gel method [38]. The experimental data indicated that
LaMnO3 perovskite phase was anchored on graphene surface with the special perovskite
structure. In addition, the photocatalytic capacity was characterized by the degradation of
diamine green B. In the photodegradation process, the graphene component in composite can
accelerate the dye adsorption, while doping Co component improves the photocatalytic
performance. Thus, the reasonable charge transfer mechanism that occurred in the obtained
LaMnO3/graphene composite during photocatalytic process is demonstrated in Figure 9.
Firstly, diamine green B molecules could shift to the active surface of prepared composites
from solution and organized in self-assembled face-to-face mode via π–π stacking with
aromatic graphene net. Due to the effect of these holes and electron transfers, charge recom‐
bination is pushed in obtained LaMnO3/graphene composite and improves the efficiency of
photocatalytic capacity.

Moreover, we have also reported the preparation of some graphene-based LaNiO3 composite
films by both sol–gel method and spin-coating technique [39]. The obtained experimental
results indicated that the size of formed LaNiO3 nanoparticles was about 20 nm, well dispersed
on graphene surface. The photocatalytic capacity of present hybrid films had been demon‐
strated by degradation of acid red A. In comparison with pure LaNiO3 films, the designed
LaNiO3/graphene composite films showed better photocatalytic behavior. It is interesting to
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note that when the content of graphene shifted to the value of about 4%, the photocatalytic
efficiency of the obtained composite films was double that of pure LaNiO3 films.

In another system, La1-xCaxMnO3 perovskite–graphene composites are synthesized as catalysts
for Zn–air cell cathodes [40]. The results indicated that perovskite phase adhered on the surface
of graphene sheets, and adding graphene significantly improved the electrochemical per‐
formance of LaMnO3. The XPS spectrum of La0.6Ca0.4MnO3–graphene composite is shown in
Figure 10. The peak contained all the elements of La0.6Ca0.4MnO3. In addition, the obtained
graphene showed gauze-like fold nanostructures, mainly originated from the oxygenic
functional groups and the surface defects during preparation process. So the formed porous

Figure 5. (a) AFM image of the as-synthesized graphene; (b) SEM image of graphene; (c, d, e) SEM, HRTEM, and SA‐
ED images of LaMnO3–graphene composites.

Advanced Catalytic Materials - Photocatalysis and Other Current Trends254



Figure 6. (a) UV–Vis spectral changes of the degradation of acid red A by LaMnO3–graphene and LaMnO3; (b) photo‐
catalytic activities of LaMnO3–graphene composite and LaMnO3; (c) kinetics of photocatalytic degradation by the LaM‐
nO3 and LaMnO3–graphene.
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Figure 7. XRD pattern of graphene, LaMnO3, LaMnO3/graphene, and La0.9Sr0.1MnO3/graphene.

Figure 8. UV–Vis absorb spectrums of acid red-3GN under different conditions: (a) raw dye solution, (b) irradiation 48
h without catalyst, (c) LaMnO3 thin film adsorb dye 4 h without irradiation, (d) LaMnO3/graphene or La0.9Sr0.1MnO3/
graphene thin film adsorb dye 4 h without irradiation, (e) irradiation 4 h with LaMnO3 thin film as catalyst, (f) irradia‐
tion 4 h with LaMnO3/graphene thin film as catalyst.
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3D nanostructure can obviously enhance the three-phase domains and improve the mass
transfer process as catalyst materials of air electrode. The experimental data indicated that the
voltage plateau was superior with 10 wt% ratio value of graphene. Moreover, Ca doping
maintained the perovskite structure and obviously enhanced the electrocatalytic activity for
ORR, and La0.6Ca0.4MnO3–graphene composite demonstrated the best catalytic capacity. Thus,
the obtained research work indicates that the prepared graphene-based La1−xCaxMnO3

composites are important material for design of air electrodes catalysts.

Recently, we have also reported the preparation of LaMnO3/graphene thin films with the
perovskite-type as new photocatalyst via sol–gel process and spin-coating method [41]. The
obtained results indicated that the addition of graphene did not change the perovskite
structure, with formed LaMnO3 particles at about 22 nm well dispersed on graphene surface.
Figure 11 displays the nitrogen adsorption–desorption isotherms and pore size distribution
curves calculated by BJH method for LaMnO3 and LaMnO3/graphene powders. The larger
surface area can effectively absorb the dye, thus increasing the contact probability of pollutant
molecular and catalyst. Determination of contact angle indicated that the contact angle of glass
substrate decreased and the hydrophilicity improved after treating with H2SO4 and APTES.
The UV–Vis photocatalytic activity of the photocatalysts was evaluated by the degradation of
diamine green B. LaMnO3/graphene thin films had better photocatalytic ability than LaM‐
nO3 and TiO2 films.

Figure 9. Proposed mechanism for photocatalytic degradation of diamine green B over graphene-based perovskite
photocatalysts under light irradiation.
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Figure 11. N2 adsorption–desorption isotherms (a) and pore size distributions of samples (b).

Figure 10. XPS spectrum of La0.6Ca0.4MnO3–graphene composite. (a) Overall spectrum, high-resolution curves of (b) O
1s region, (c) Ca 2p region, and (d) Mn 2p region.
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3. Preparation and catalytic properties of some functionalized gold
nanocomposites

In this section, many examples have been investigated, including the synthesis of gold
nanoparticles by some compounds with hydrophilic spacers and aromatic headgroups at
different interface. The obtained experimental data indicated that various gold nanostructures
could be prepared by controlling different substituted headgroups in template compounds.
In addition, the photocatalytic capacities of as-prepared gold nanoparticles on the degradation
of organic dyes were also demonstrated.

Figure 12. UV–Vis spectra and AFM images of organized LB films containing gold nanoparticles.

Firstly, the effect of gemini compounds on in situ self-assembly and fabrication of gold
nanoparticles in organized molecular films have been demonstrated [42]. In comparison with
traditional compounds, gemini molecules demonstrated well the capacity to fix chloroaurate
ions onto various solid substrates, suggesting an important route to prepare metallic nano‐
particles in organized films by chemical reduction method. In addition, gemini compounds
could produce a 2D confined environment in LB films to accommodate the formed gold
nanoparticles. Thus, the size, shape, and interparticle distances can be regulated by changing
various reducing methods. Various nanostructures could be fabricated, such as nanoparticles,
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nanowires, and the tree-branched domains. Based on the obtained experimental results,
different gold nanostructures could be synthesized by regulating various reductants or
reducing processes. Moreover, we tried to control gold nanostructures by optical method. The
obtained composite film was irradiated with UV light and then reduced by AuCl4

- ions with
hydroquinone, as seen in Figure 12. The present research work provided the new clue for the
synthesis of metallic particles in films from special compounds, showing important explora‐
tion in designing various gold nanostructures.

In addition, we presented a facile synthetic method to the gold nanostructures using a series
of gemini amphiphiles through liquid–liquid biphase method [43]. The gemini amphiphiles
themselves could serve as both capping and reducing agents. The spacer and concentration of
the gemini amphiphiles played an important role in the formation of gold nanoprisms. It is
predicted that gold and other novel metal nanostructures may be produced by gemini
amphiphiles whose properties can be well controlled by designing different headgroups,
spacers, or alkyl chains. In order to make clear the gold nanostructures, the chloroform solution
was cast onto copper grid for TEM measurement, as shown in Figure 13. For gold nanostruc‐
tures generated by GN1, a few polygon gold nanoparticles were found. In contrast, uniform
gold nanoparticles with a size of 11.4 ± 1.2 nm were observed in GN2 chloroform solution.
Interestingly, in GN3 chloroform solution, triangular nanoplates and nanoparticles were both
observed. The obvious difference suggests that the spacer has an influence on the shapes of
gold nanostructures. On the other hand, no gold nanoparticle can be observed in aqueous
phase no matter how long the reaction proceeded.

Considering the above research background, we have prepared new kinds of gold nanopar‐
ticles via some bolaform Schiff base compounds with hydrophilic spacers and aromatic
headgroups in molecular skeletons [44]. By stirring the mixed solution of aqueous AuCl4

− ions
with chloroform solution of used Schiff base molecules, the metal ions shifted to the chloroform
phase and reduced to the formation of different gold nanoparticles. The data indicated that
different gold nanostructures could be obtained by regulating the molecular skeletons of used
bolaform compounds, including spacers and headgroups, as well as the relative ratios of
compounds to metal ions. In addition, the characterization of morphologies and spectra
indicated that the present designed bolaform amphiphilic compounds could act as both
capping agents and reducing agents. So the UV–Vis spectra in different conditions are
demonstrated, as seen in Figure 14. From the obtained UV–Vis data, it clearly indicated that
the spacer and azomethine segments in bolaform molecules could be positively charged at
interface in transferred process. In addition, the photocatalytic capacity of the obtained gold
nanoparticles on dye degradation was demonstrated in Figure 15, showing the influence of
molecular skeletons in the used compounds on the regulation of prepared gold nanoparticles
and next catalytic behaviors. The present obtained data suggested that various gold nano‐
structures could be designed and synthesized by changing substituted skeletons in used
template compounds
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Figure 13. TEM images of reduced gold in GN1 (a), GN2 (b), and GN3 (c) chloroform solution after 36 h of reaction
respectively.
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Figure 14. UV–Vis spectra of 0.1 mM AuCl4
- ions and prepared gold nanostructures in aqueous solution.

Figure 15. AFM images of height and 3D surface plot view with depth histogram of gold nanoparticles on mica pre‐
pared from instant ultrasonic ethanol solution with SN2 to chloroaurate ion ratio of 2:1 after 35 h of reaction.

In addition, some other gold nanoparticles were synthesized by two bolaform cholesteryl
imide derivatives with different lengths of ethyleneamine spacers at a liquid–liquid interface
[45]. Spectral and morphological measurements indicated that both bolaform amphiphiles
could act as both capping agents and reducing agents. To further characterize the prepared
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gold nanostructures, TEM measurements have been demonstrated, as seen Figure 16. The
images indicated that the size distribution of obtained gold nanostructures could be regulated
by changing various spacers in used molecular skeletons. In addition, the effect of molar ratio
of the template compound to AuCl4

– ions was also investigated in details. The experimental
data indicated that various nanostructures, such as hexagonal, polygon nanoparticles, and
nanoplates, could be synthesized. Moreover, the photocatalytic capacity of prepared gold
nanostructures on dye degradation was also characterized, suggesting the importance of
compounds’ skeletons in regulating the formation of gold nanoparticles and changing relative
catalytic properties, as demonstrated in Figure 17. The obtained research data would give new
clue for the preparation of gold nanostructures by designing special template compounds.

Figure 16. TEM images of gold nanoparticles by using different compounds to chloroaurate ion ratio.

4. Conclusion and perspectives

We are working on the preparation, self-assembly, and application of functionalized nano‐
composites and nanomaterials. In this chapter, various kinds of nanocomposites including
graphene nanocomposites and gold nanoparticles have been designed and characterized. For
preparation of graphene composites, hybridization with functional little organic molecules,
polymers, and various metal oxides/salts have been achieved, and the self-assembly process
and photocatalytic capacities have also been demonstrated. As for the synthesis of gold
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nanoparticles, the different prepared conditions, such as LB films/bulk, molecular skeletons/
substituted headgroups, and kinds of template compounds, have been investigated to control
and regulate the designed gold nanostructures. Thus, the photocatalytic behaviors of as-
obtained gold nanoparticles on dyes degradation were also characterized. The above-men‐
tioned research work may provide new and potential perspective for the preparation and
analysis of nanocomposite and nanomaterials. In closing, in recent several decades, prepara‐
tion of novel nanocomposites are promising and emerging as attentive research platforms
based on special properties and application fields. In addition, the self-assembly techniques
belonging to supramolecular chemistry seem to be key subject in physical chemistry, related
to various fundamental and scientific fields such as electron and energy transfer, organic
electronics, catalysis engineering, and so on. Thus, the present preliminary research works
only give a cursory browse of recent progress in this field. Future research orientation on
synthesis of nanocomposites and nanomaterials would mainly focus on the special nanostruc‐
tures with less-expensive fabrication process to gain high-performance and low-cost nano‐
composite and nano-devices.
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Abstract

Hydrogen sulfide is an extremely toxic gas which is generated from both nature factors
and human factors. A proper method for the efficient decomposition of hydrogen is of
great importance. Using traditional Claus process, hydrogen sulfide could be decom‐
posed into hydrogen oxide and sulfur. One drawback of this process is that the energy
stored in hydrogen sulfide is partially wasted by the formation of hydrogen oxide. In fact,
the energy could be utilized for the generation of hydrogen, a potential energy source in
future, or other chemical products. Various methods that could possibly make better use
of hydrogen sulfide have been studied in recent years, like thermal decomposition, plas‐
ma method, electrochemical method, and photochemical method. In particular, there
have been high hopes in photochemical method due to the possible direct solar energy
conversion into chemical energy. Unlike traditional photocatalytic water splitting, hydro‐
gen sulfide decomposition is more accessible from the thermodynamic point of view.
Photocatalytic hydrogen sulfide decomposition could occur in both gas phase and solu‐
tion phase and various systems have been reported. Besides, the photoelectrochemical
decomposition of hydrogen sulfide is also highlighted. In this chapter, we will simply in‐
troduce the current situation for photochemical decomposition of hydrogen sulfide.

Keywords: photocatalysis, hydrogen sulfide

1. Introduction

Hydrogen sulfide (H2S) is an extremely toxic and corrosive gas with an odor of rotten eggs.
Usually, H2S could be released due to nature factors like microbial metabolism in the absence
of oxygen and volcanic eruptions. However, in modern society, the main source of H2S should
be more attributed to human activities like the refinery of crude oil (desulfurization) and the
sweetening of natural gas. For example, due to the exhaustion of high-quality natural gas
reservoirs and our continued growth in energy demand, people has to turn to some sour nature
gas reservoirs with a large amount of H2S. As a matter of fact, the H2S content of sour natural



gas at some locations could be as high as 70–80% (like Harmatten, Alberta in Canada) that they
are considered unusable [1]. A concentration of H2S above 320 ppm in air could lead to
pulmonary edema with the possibility of death [2], and H2S must be carefully removed in
related human activities.

Classically, the Claus process is the industrial standard to remove hydrogen sulfide. With this
process, gaseous hydrogen sulfide could be decomposed into hydrogen oxide and sulfur (see
Eq. (1)) with first thermal step at temperature above 850°C (Eq. (2)) and subsequently catalytic
step (Eq. (3)) with activated aluminum(III), titanium (IV) oxide and so on [3].

2 2 22 H S O 2 S 2 H O+ ® + (1)

2 2 2 2 210 H S 5 O 2 H S SO  + 7 S + 8 H O+ ® + (2)

2 2 22 H S SO 3 S 2 H O+ ® + (3)

Although this process is very mature and yields elemental sulfur as a by-product, one big
drawback of it is that the energy stored in hydrogen sulfide is partially wasted by the formation
of hydrogen oxide. In fact, the energy stored in H2S could be utilized for the generation of
hydrogen, a potential energy source in future, or other chemical products like H2O2. Other
disadvantages of Claus treatment include additional tail gas treatment and inflexibility to
adjust to changes [4].

Various methods that could possibly make better use of hydrogen sulfide have been studied
in recent years, like thermal decomposition, electrochemical method, plasmachemical method,
and photochemical method [5]. For thermal decomposition, high temperature above 1000 K
for significant conversion of H2S is often required. Besides, high pressure and proper catalyst
like molybdenum sulfide and other metal sulfide are commonly suggested, too. Interestingly,
solar furnace was also suggested as the thermal source from the energy source point of view.
Electrochemical method like direct electrolysis is often carried out in basic solutions where
H2S is absorbed. Anode poisoning by sulfur is a big challenge. In addition, chemical redox
couples such as I3−/I− and Fe3+/Fe2+ are also introduced for indirect electrolysis of H2S. The main
problem of electrochemical method is the high electricity costs today. Plasma generated from
microwave, ozonizer, and glow discharge was also reported to be an active species to induce
the decomposition of H2S into H2 and S. In comparison, the plasma method is relatively clean
and effective. However, similar to electrochemical method, the big obstacle of the plasma‐
chemical method is the use of electricity.

In contrast to others like thermal and electrochemical methods, the photodecomposition of
H2S is much less mature. Nevertheless, it is a very attracting method, as it offers us one possible
approach to directly harness solar energy and convert them into chemical energy, in a period
that we are under the pressure of both exhaustion of fossil fuel and increase in energy demand
worldwide.
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2. The principles for photochemical method

As early as 1912, photochemist Giacomo Ciamician has drawn us a picture of the future [6]:

“On the arid lands there will spring up industrial colonies without smoke and
without smokestacks; forests of glass tubes will extend over the plains and glass
buildings will rise everywhere; inside of these will take place the photochemical
processes that hitherto have been the guarded secret of the plants, but that will
have been mastered by human industry which will know how to make them bear
even more abundant fruit than nature, for nature is not in a hurry and mankind
is. And if in a distant future the supply of coal becomes completely exhausted,
civilization will not be checked by that, for life and civilization will continue as
long as the sun shines! If our black and nervous civilization, based on coal, shall
be followed by a quieter civilization based on the utilization of solar energy, that
will not be harmful to progress and to human happiness.”

However, even after 100 years later of this vision, human civilization is still “made use almost
exclusively of fossil solar energy. Would it not be advantageous to make better use of radiant
energy?”

In this chapter, we will mainly focus on photocatalysis (photochemical reaction carried out in
the presence of catalyst), which has risen during the last half century. Ever since the discovery
that TiO2 could split water into hydrogen and oxygen with the assistance of light and electricity
in 1972, photocatalysis has aroused great interest of people [7]. Usually, photocatalysis is a
chemical process triggered by photogenerated electrons and holes from light-responsive
materials. Like photosynthesis happening in nature, the light energy could be converted into
chemical energy with photocatalysis. Therefore, some photocatalytic reaction like water
splitting for hydrogen and oxygen evolution is called artificial photosynthesis and has given high
hopes.

Both molecule and inorganic semiconductor systems could be constructed for photocatalysis.
Typically, three processes are necessary to complete the photocatalyis (Figure 1) : (1) absorption
of photons and subsequent generation of free electrons and holes (see Eq. (4) and the enlarged
section on the top right of Figure 1) ; (2)charge transfer and separation of photogenerated
carriers (pathway C and D), accompanied with the competitive charge recombination proc‐
esses (pathways A and B); (3) reduction of reaction substrates by electrons; and (4) oxidation
of adsorbents by holes (Eq. (5)).

semiconductor CB VBhv e h- ++ ® + (4)

A A , D D- +® ® (5)

For molecular systems, these three steps are often occurred on different materials. Taken
photocatalytic hydrogen evolution as an example, step 1 is often carried out by one kind
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molecule (like ruthenium complexes), and step 3 is finished with the help of another molecule
(such as recently popular cobalt and nickel complexes), while step 2 occurs both intra and
intermolecularly. For semiconductor systems, all three steps could happen on one material
(TiO2 for instance), although sometimes cocatalyst (like Pt nanoparticles) is introduced for a
higher light-to-chemical energy conversion. Molecular systems could be easily modified and
could help us better observe the underlying catalytic mechanism from molecular level;
nevertheless, such systems usually lacks long-term stability and we will mainly focus on
semiconductor-based photocatalytic systems in this chapter.

Figure 1. Schematic photoexcitation in a solid followed by deexcitation events. Adapted with permission from refer‐
ence [8]. Copyright 1995 American Chemical Society.

Various kinds of semiconductors have been developed for photocatalysis. Due to its nontox‐
icity, low cost, and high stability, TiO2 is the most studied semiconductor ever since its big
sensation in 1972, and it is still very popular today. However, the crystal symmetry of TiO2

allows only indirect interband transitions, and TiO2 suffers from serious recombination of
charge carriers [9]. Most importantly, the wide band gap of TiO2 (3.2 eV for anatase and 3.0 eV
for rutile) only makes it response to UV light (with wavelength below 398 nm for anatase and
413 nm for rutile), which only accounts for about 4% of the full solar spectrum [10]. Sensitiza‐
tion and doping are two common methods for modification of TiO2 to increase its responsibility
to visible light. Recently, it has been reported that with disorder engineering by hydrogenation,
the onset of optical absorption of TiO2 could be shifted to about 1200 nm (corresponding to 1.0
eV), and no obvious loss of photocatalytic activity of TiO2 is observed [11].

In addition to TiO2, many other binary and ternary oxides are also studied, such as d0 metal
oxides (SrTiO3, ZrO2, Nb2O5, Ta2O5, Bi2W2O9, etc.), d10 metal oxides (ZnO, In2O3, etc.), and f0

metal oxides (like CeO2). Metal sulfides are another important category of photocatalysts.
Among them, CdS has attracted large attentions. The main advantage of CdS is its responsi‐
bility to visible light (with a direct band gap of 2.4 eV), while one big disadvantage is its
instability (mainly the oxidation of S2– in the absence of hole scavenger) under light illumina‐
tion. Other sulfides like ZnS, CuInS2, AgIn2S2, and their solid solution have also been well
studied for photocatalysis [12]. In particular, carbon materials, like graphene carbon nitride
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and carbon quantum dots, have lately aroused people’s great interests due to their metal-free
property and easy preparation [13,14]. Figure 2 shows the band gap and conduction and
valence band levels of several typical semiconductors at pH 0. A more comprehensive
presentation of the band structure of oxides and sulfide semiconductors was reported by
Schoonen and Xu [15]. From the thermodynamic point of view, the conduction and valence
band edge of semiconductors is an indication of their reducing and oxidizing ability, respec‐
tively. For instance, oxides often have deep valence band edge and hence strong oxidizing
ability.

Figure 2. Relationship between band structure of semiconductor and redox potentials of water splitting. Reproduced
by permission from the Royal Society of Chemistry from reference [12]. All rights reserved.

In all photocatalytic reactions were studied, water splitting is considered to be the Holy Grail
of solar energy conversion. Over the last 40 years, scientists have been committed to find ideal
photocatalytic systems that could turn water into hydrogen and oxygen by solar light. For a
semiconductor qualified for water splitting, the conduction band edge should be more
negative than the redox potential of H+/H2 (0 V vs NHE at pH 0), and the valance band edge
should be more positive than the redox potential of O2/H2O (1.23 V vs NHE at pH 0). Never‐
theless, overpotential and large kinetic barriers are also needed to be considered in practice.
Several semiconductor systems have been reported for the stoichiometry water splitting for
hydrogen and oxygen evolution (with mole ration of 2:1), such as In1-xNixTaO4 (x = 0–0.2) [16],
NiO (0.2 wt%)/NaTaO3:La (2%) [17], and the lately reported visible light-responsive carbon
dot/C3N4 nanocomposite [14].

As a matter of fact, the photocatalytic decomposition of H2S is similar to that of water splitting.
To some extent, the direct decomposition of H2S into H2 and elemental S is much easier than
that of H2O from the thermodynamic point of view: the energy needed for H2O decomposition
is about 237.2 kJ/mol [18], while that for H2S is only 39.3 kJ/mol [4,10]. The reductive reaction
that occurs in the decomposition process of H2S is still hydrogen evolution from protons in
most cases (with exception mentioned below), but the oxidative reaction changes from O2
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evolution to oxidation of S2−. Therefore, for a semiconductor qualified for H2S decomposition,
the conduction band edge should still be more negative than the redox potential of H+/H2, but
the valance band edge only needs to be more positive than the redox potential of H2S/S2− (0.14
V vs NHE at pH 0). This means that for semiconductors that are capable of water splitting are
all qualified for H2S decomposition. Besides, for some semiconductor, even if they may be not
proper for water splitting due to the less positive valance band edge, they still have the
potential for H2S decomposition. One example is silicon. As seen from Figure 2, the valence
band edge of silicon is far more negative than the redox potential of H2O/O2, which determines
its inability for oxygen evolution. Nevertheless, it could be used in the system of H2S decom‐
position (see below).

Like water splitting could occur in both gas phase (water vapor) and liquid phase, H2S, as an
acid gas, could be decomposed in gas phase directly and disposed in liquid phase indirectly
after being absorbed by solution. Moreover, here we will have a review of these two cases,
respectively.

3. Photocatalytic hydrogen sulfide decomposition by gas phase reaction

Jardim et al. studied the gas phase destruction of H2S with a low concentration range of
hundreds of ppm using TiO2 as the catalyst and black light lamp as the light source [19]. In the
existence of oxygen and water vapor, H2S could be effectively decomposed (about 99%
efficiency) and the main product is determined as SO4

2–. The deactivation of TiO2 would
happen with a H2S concentration larger than 600 ppm, and it was mainly caused by the
adsorption of by-product on its surface. No elemental S was detected by the color change of
TiO2 from white to yellow, and hydrogen evolution was not considered in this study. Notably,
if oxygen is absent in the system, H2S could be barely removed.

In a similar experiment, with the assistance of in situ FT-IR, Anderson et al. confirmed that no
other gaseous products like SO2 or SO, and SO2− adsorbed on TiO2 may be one intermediate
during the “eight electron transfer” process [20]. Furthermore, Sano et al. have found that the
photodeposition of Ag on TiO2 would promote the adsorption of H2S on the sample, possibly
due to the partially oxidized silver surface, and the deposited Ag could act as a cocatalyst for
removal of H2S. Both factors made Ag-deposited TiO2 more efficient for H2S degradation [21].

In addition, Sánchez et al. have tried glass “Raschig” ring, poly(ethylene terephthalate) (PET),
and cellulose acetate (CA) as the supports to load TiO2 for photocatalytic treatment of H2S gas
[22]. Glass rings supported TiO2 (which has underwent fire treatment) outperforms PET and
CA supported TiO2. For PET and CA supports with low temperature treatment, PET supports
displayed the higher photocatalytic activity, and TiO2 caused the degradation of CA supports
under illumination. Different from reports before, although SO4

2– is one main product of H2S
removal, SO2 was detected from these systems.

The interaction of H2S with the semiconductor surfaces has also been investigated. Two
adsorption modes of H2S with high defect density rutile TiO2 (110) surfaces were suggested:
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dissociative adsorption with both H and S atom attached to the Ti atom at low H2S concen‐
tration and molecular adsorption at high H2S concentration [23]. Moreover, the preadsorption
of H2S would significantly block O2 adsorption on TiO2 surfaces even in the presence of large
Ti3+ cations. Using Langmuir isotherm, Sopyan further discovered that H2S adsorbed more
strongly on rutile (0.7 molecules / nm2) rather than anatase (0.4 molecules/nm2). This is in sharp
contrast with other molecules like acetaldehyde and ammonia [24]. Consequently, photoca‐
talytic activity of anatase film is only 1.5 times higher than that of rutile for degradation of H2S.

In all the above systems, H2S in gas phase is studied within low concentration (tens to hundreds
of ppm) and people mainly concerns with the oxidation product of H2S. Little attention is paid
to the reductive reaction of H2S. Nevertheless, the reduction of H2S (which is often the
conversion of H2S into H2) is more attractive from an energy point of view.

Early in 1990s, Naman has combined thermal and photocalytic decomposition of H2S together
and studied the influence of light influx on the thermal decomposition of H2S by VxSy on
different substrates (TiO2, Al2O3, and ZnO) [25]. Under light irradiation, the conversion of H2S
to H2 was increased by 27.6%, 44.6%, and 16.5% at 500°C, respectively. The Arrhenius activa‐
tion energy for H2S decomposition has also calculated to be 50% of that in darkness. The author
tentatively attributes this photoactivation effect on thermal decomposition to the photoexci‐
tation of semiconductors (including VxSy) and the subsequent generated charge carriers.

In 2008, Li et al. have compared the activity of five typical semiconductors TiO2, CdS, ZnS,
ZnO, and ZnIn2S4 for the direct decomposition of H2S in gaseous phase [26]. With illumination
of Xe lamp and Pt loading (0.2 wt%), the efficiency of the decomposition of 5% H2S in argon
decreases as a sequence of ZnS > TiO2 > ZnIn2S4 > ZnS > CdS under the gas flow rate of 6 ± 0.5
mL/min. Various noble metal loadings on ZnS have been compared, and it turns out that Ir is
superior than others (Pd, Pt, Ru, Rh, and Au), which improves the hydrogen evolution
efficiency from 1.2 to 4.5 μmol/h. Doping ZnS was also carried out, and transition metal Cu2+

doping (0.5% mol) could greatly promote the decomposition process and improve efficiency
of the hydrogen evolution by about 20 times in contrast to blank ZnS. In addition, the absorp‐
tion edge of ZnS shift from 400 to 450 nm after Cu doping, and this contributes to a photoca‐
talytic H2 production rate of 17 μmol/h under visible light irradiation (λ > 420 nm). Similarly,
one limitation of this research is that only the reduction product, H2, is detected in the system
and the oxidative products are ignored.

Although systematic experimental studies of the photocatalytic decomposition of H2S in
gaseous phase are scarce, thermodynamic analysis of solar-based photocatalytic H2S decom‐
position has recently been reported, which may be instructive for further studies on experi‐
ments [27]. Analysis indicates that energy efficiency of this process is not significantly affected
by the intensity of solar irradiation. Exergy efficiency (the second law efficiency) will decrease
with the increase of solar intensity, while the hydrogen yield will increase. Although the exergy
efficiency value of current catalyst is calculated to be less than 1%, the author envisioned that
an exergy efficiency of 10% could be achieved in the near future, and a maximum exergy
efficiency of 27% may be obtained for a chemical conversion ratio of 0.6 if close to optimum
cases of the quantum efficiency and the catalyst band gap can be obtained.
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4. Photocatalytic hydrogen sulfide decomposition in solution

4.1. H2S decomposition in aqueous solution

In comparison with solid gas phase photocatalysis, more often H2S is first absorbed in solution.
Under these circumstances, H2S mainly participate in the photocatalytic reaction in the form
of S2– or HS−, depending on the pH of the system. (The dissociative constants for the first and
the second dissociation of H2S at 298 K are 1.02 × 10–7 and 1.3 × 10–12, respectively.) Hydrogen
(in most cases) is generated in these systems as a result of the proton reduction. H2S has a high
solubility in pure water (ca. 0.1 M at 298 K); however, due to the limited availability of S2– and
HS−, the hydrogen evolution efficiency is low [28]. More often, H2S is absorbed by alkaline
solution like NaOH and KOH solution, and sulfide solution is often used to replace the gaseous
H2S for photocatalytic H2 evolution.

In 1976, Wrighton et al. reported that when using Na2S as the sacrificial reagents in the presence
of NaOH, the photocorrosion of CdS or CdSe photoelectrodes could be effectively inhibited
[29]. The added S2– in solution is oxidized, judging from the color change of the solution from
transparent to yellow. H2 was evolved at the Pt counter electrode. Later, Nozik proved that
when the Schottky-type n-CdS/Pt photochemical diodes was suspended in the solution
containing 1 M Na2S and 1 M NaOH, hydrogen evolution could be observed with the illumi‐
nation of simulated sunlight [30].

Early exhaustive studies of such work were conducted by Grätzel et al. [31]. When loaded with
RuO2 (0.1 wt%), CdS shows a high H2 evolution rate of 0.128 mL g–1 h–1 in the presence of 0.1
M Na2S (pH 3). With the S2– ions present in the photocatalytic solution, a H2S to H2 conversion
efficiency of 90% was calculated. Also, the concomitantly formed oxidation product S would
not interfere with the water reduction (hydrogen evolution). The reaction mechanisms are
shown in Eqs. (6–8):

CdS hv e h- ++ ® + (6)

22 H 2 He+ -+ ® (7)

+ +
2H S 2 2H Sh+ ® + (8)

Moreover, the overall reaction corresponds to H2S splitting into H2 and S with the assistance
of two photons (Eq. (9)):

2 2H S 2 H Shv+ ® + (9)
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During the photocatalytic process, although oxygen reduction can compete with hydrogen
reduction, the existence of O2 has little effect on the system’s efficiency. Furthermore, the study
shows that a basic solution and a higher RuO2 loading (but no more than 0.5 wt%) could
obviously improve the efficiency, while increase of the concentration of S2– in solution and Pt
loading on CdS seems has no significant influence on hydrogen evolution. Under optimal
conditions, a quantum yield of 0.35 is obtained. In a similar CdS involved photocatalytic system
with S2– as the electron donor, Reber et al. pointed out that in contrast to an acidic environment,
only disulfide instead of elemental sulfur is formed in an alkaline medium [32].

Photocatalytic hydrogen evolution with in situ H2S absorption in alkaline solution has been
carried out with various kinds of semiconductor photocatalysts, too (Table 1). The mechanism
of such systems is similar to that contains sulfide solution. One recent example with relatively
high efficiency for hydrogen evolution was reported by Kale et al. with nanostructure Bi2S3,
which has a direct band gap of 1.3–1.7 eV [33]. Both nanorod and hierarchical nanoflower
Bi2S3 were synthesized by hydrothermal method. With continuous H2S bubbling into KOH
solution, a hydrogen evolution efficiency of 8.88 and 7.08 mmol g–1 h–1 was observed for
nanoflower and nanorod, respectively, under solar irradiation (from 11:30 a.m. to 2:30 p.m.).

photocatalyst light source aqueous reaction
solution

Cocatal./H2 activity
(µmol·h-1 g-1)

Quantum yiled (%) Ref.

CdIn2S4 450-W Xe H2S + KOH 6960 17.1 (500 nm) [40]

ZnIn2S4 300-W Xe H2S + KOH 10574 - [41]

N-doped TiO2 300-W Xe H2S + KOH 8800 - [42]

N-doped ZnO 300-W Xe H2S + KOH 19785 - [43]

Bi2S3 Sunlight H2S + KOH 8880 - [33]

6,13-Pentacenequinone
450-W Xe,
> 420 nm

H2S + KOH 48480 - [44]

CdSe0.5S0.5 in GeO2 glass
450-W Xe,
> 420 nm

H2S + KOH 8165 26 (> 420 nm) [45]

CdSe in GeO2 glass
450-W Xe,
> 420 nm

H2S + KOH 7257 21 (> 420 nm) [45]

CdS in GeO2 glass
450-W Xe,
> 420 nm

H2S + KOH 7560 - [46]

Bi QD in GeO2 glass
450-W Xe,
> 420 nm

H2S + KOH 11541 - [47]

Cd0.1Zn0.9S
450-W Xe,
> 420 nm

H2S + KOH 8320 - [48]

FeGaO3 450-W Xe, H2S + KOH NiOx/5890 9.3 (550 nm) [49]
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photocatalyst light source aqueous reaction
solution

Cocatal./H2 activity
(µmol·h-1 g-1)

Quantum yiled (%) Ref.

> 420 nm

FeGaO3

450-W Xe,
> 420 nm

H2S + KOH NiOx/4730 7.5 (550 nm) [49]

CuGa2O4

450-W Xe,
> 420 nm

H2S + KOH 3212 5.3 (550 nm) [50]

CuGa1.4Fe0.6O4

450-W Xe,
> 420 nm

H2S + KOH RuO2/9548 15.0 (550 nm) [50]

CuGaO2

450-W Xe,
> 420 nm

H2S + KOH 7316 11.4 (550 nm) [51]

CuGa0.065In0.935O2

450-W Xe,
> 420 nm

H2S + KOH RuO2/8656 13.6 (550 nm) [51]

Nb2Zr6O17−xNx

450-W Xe,
> 420 nm

H2S + KOH 8566 13.5 (550 nm) [52]

CdS-TiO2

500-W Hg,
> 420 nm

H2S + NaOH Pt/9800 41 (> 420 nm) [53]

CdS in HY zeolite
250-W Hg,
> 400 nm

H2S + NaOH /
Na2SO3

24000 - [54]

Table 1. Photocatalytic systems directly using H2S gas dissolved in alkaline solution for hydrogen evolution.

4.2. H2S decomposition through S2–/SO3
2– solution

One challenge often encounters with alkaline sulfide solution for photocatalytic hydrogen
evolution is the interference of by-product. Disulfide and polysulfide ions usually form in
alkaline sulfide solution by reaction between S2– and elemental S immediately after the
photooxidation (see Eqs. (10–12)). These ions are yellow and can act as an optical filter, which
reduces the absorption of photocatalyst. In addition, polysulfide would compete with protons
for reduction. Therefore, with the accumulation of disulfide, the hydrogen evolution efficiency
of related systems is slowed down. A common solution for this is the addition of SO3

2– into the
system. The additional sulfite could react with sulfur and avoid the generation of polysulfide;
meanwhile, colorless thiosulfate is formed, which is thermodynamically less easily reduced
than protons:

2S 2 Sh- ++ ® (10)

2 2
2S S S- -+ ® (11)
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2 2
2 4S 2 S S- -+ ® (12)

2 2
3 2 3SO S S O- -+ ® (13)

Then the net oxidative reaction that occurs in such a photocatalytic system is

2 2 2
3 2 3SO S 2 S Oh- - + -+ + ® (14)

and the whole photocatalytic hydrogen evolution reaction corresponds to

2 2 2
3 2 2 3 2S   SO   2 H O  2 S O  + 2 OH  + Hhv- - - -+ + + ® (15)

Photocatalytic hydrogen evolution systems based on S2–/SO3
2– solution is widely reported, and

some typical reports are given in Table 2 [10]. As a matter of fact, the S2–/SO3
2– solution is one

of the most famous sacrificial donors for photocatalytic hydrogen evolution under basic
environment; this is especially true for metal sulfide photocatalysts. CdS, ZnS, CuInS2 ZnInS2,
and their solid solution are all well studied for photocatalytic hydrogen evolution with such
system. Metal sulfide often suffers from instability in photocatalytic processes as a result of
the self-oxidation of sulfide with other sacrificial donors, but this could be effectively inhibited
in the presence of sulfide in solution. This may be one important reason for the wide use of S2–/
SO3

2– solution in photocatalysis. In contrast, metal oxide is less popular in such system,
probably due to their small response in the visible light region.

Using S2–/SO3
2– solution, Kudo et al. have developed a series of visible light-responsive ZnS–

CuInS2–AgInS2 solid solution photocatalysts for hydrogen evolution under irradiation from
the solar simulator [34]. With increasing the proportion of CuInS2 and AgInS2 in the solid
solution, the absorption spectrum of the photocatalyst could be extended to near-infrared
region; however, hydrogen evolution was only observed with light absorption of wavelength
less than 650 nm. When loaded with 0.75 wt% Ru, the initial hydrogen rate of 8.2 L m–2 h–1 and
a quantum yield of 7.4% (at both 480 and 520 nm) could be observed with irradiation of solar
simulator. Furthermore, they have demonstrated that with this photocatalytic system, a solar
hydrogen evolution rate of about 2 L m–2 h–1 could be obtained for a reactor of 1 m2 in November
in Tokyo [12]. In addition, CdS loaded with RuO2 (0.25 wt%) is also evaluated for its potential
for commercial application. When the CdS-RuO2 concentration is 2.0 mg mL–1 in 500 mL
solution of 0.1 M Na2S and 0.1 M Na2SO3 (with a surface area of 112 cm2), a hydrogen generation
rate of 28 mL h–1 could be achieved under solar light irradiation [35].
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photocatalyst light source Cocatalyst / H2

activity (µmol·h-1 g-1)
Quantum yiled (%)

CdS 300-W Xe, > 420 nm Pt-PdS/29 233 93 (420 nm)

CdS/ZnS 350-W Xe, > 430 nm 900 10.2 (420 nm)

CdS/TiO2 350-W Hg, > 420 nm Pt/6400 -

CdS/ZnO 300-W Xe Pt/3870 3.2 (300-600 nm)

CdS/LaMnO3 300-W Xe, > 420 nm 375 -

c-CdS/Pt/hex-CdS 500-W Hg-Xe, > 420 nm 13 360 -

CdS/Na2Ti2O4(OH)2 300-W Xe, > 420 nm Pt/2680 43.4 (420 nm)

CdS/Zr0.25Ti0.75PO4 300-W Xe, > 430 nm Pt/2300 27.2 (420 nm)

CdS/AgGaS2 450-W Hg, > 420 nm Pt/4730 19.7 (> 420 nm)

CdS:Ag 900-W Xe Pt/33480 ∼25 (450 nm)

CdS-ZnS:Ag 900-W Xe Pt/40957.5 37 (450 nm)

CdS:In/Cu 300-W W-H, > 420 nm Pt/2456 26.5 (420 nm)

CdS:Mn 500-W Xe, > 420 nm RuOx/1935 7 (> 420 nm)

Cd0.1Zn0.9S:Ni 350-W Xe, > 420 nm Pt/585.5 15.9 (420 nm)

(Zn0.95Cu0.05)0.67Cd0.33S 300-W Xe, > 420 nm Pt/3633.3 31.8 (420 nm)

ZnS:C 500-W Hg, > 420 nm Pt/∼90 -

ZnS:Ni 300-W Xe, > 420 nm 160 1.3 (420 nm)

ZnS:Pb/Cl 300-W Xe, > 420 nm 93 -

CdSe 700-W Hg, > 400 nm 436 13.4 (> 400 nm)

In2S3 300-W Xe, > 400 nm Pd/960.2 2.1 (430 nm)

CuInS2 500-W Xe, > 420 nm Pt/84 -

ZnIn2S4 300-W Xe, > 430 nm Pt/562 18.4 (420 nm)

ZnIn2S4:Cu 300-W Xe, > 430 nm Pt/757.5 14.2 (420 nm)

AgGaS2 500-W Hg, > 420 nm Pt/2960 12.4 (> 420 nm)

CuGa3S5 300-W Xe, > 420 nm NiS/∼2800 1.3 (420-520 nm)

AgIn5S8 300-W Xe, > 420 nm Pt/200 5.3 (411.2 nm)

Ag2ZnSnS4 300-W Xe, > 420 nm Ru/1607 3 (500 nm)

Cu2ZnGeS4 300-W Xe, > 420 nm Ru/1233 -

CuGa2In3S8 300-W Xe, > 420 nm Rh/10667 15 (560 nm)

AgGa2In3S8 300-W Xe, > 420 nm Rh/3433 15 (490 nm)

AgInZn7S9 300-W Xe, > 420 nm Pt/3164.7 20 (420 nm)

ZnS-In2S3-CuS 300-W Xe, > 400 nm 360 000 22.6 (420 nm)
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photocatalyst light source Cocatalyst / H2

activity (µmol·h-1 g-1)
Quantum yiled (%)

ZnS-In2S3-Ag2S 300-W Xe, > 400 nm 220 000 19.8 (420 nm)

Cu0.25Ag0.25In0.5ZnS2 300-W Xe, > 420 nm Ru/7666.7 7.4 (520 nm)

In(OH)3:S/Zn 300-W Xe, > 420 nm Pt/223.3 0.59 (420 nm)

ZnS1-x-0.5yOx(OH)y 400-W H, > 420 nm ∼460 3.0 (400-700 nm)

AgGaS2/TiO2 450-W Hg, > 420 nm Pt/4200 17.5 (> 420 nm)

TiO2-xNx/WO3 300-W Hg, > 400 nm Pd/1005 0.45 (> 400 nm)

Cr2O3/Na2Ti2O4(OH)2 350-W Xe, > 400 nm 36.4 -

Adapted with permission from reference [10]. Copyright 2010 American Chemical Society.

Table 2. Photocatalysts for hydrogen evolution using S2-/SO3
2- related solution as the sacrificial donor under visible-

light irradiation.

4.3. Thiosulfate cycle for H2S decomposition

To make more efficient use of solution with mixed sulfide and sulfite for photocatalytic
hydrogen evolution, Grätzel et al. further propose the concept “thiosulfate cycle” [36]. Under
light illumination, S2O3

2– could be disproportionated into S2– and SO3
2– with the assistance of

TiO2 (see specific reaction in Eqs. (16–19) and overall reaction in Eq. (20)). Oxidation products
like SO4

2– and S2O6
2– are excluded from the system, and the 1:2 stoichiometric ratio of S2– and

SO3
2– is maintained during the whole irradiation time:

2TiO  2  2 + 2 hv h e+ -+ ® (16)

2 2
2 3 4 62 S O  2  S Oh- + -+ ® (17)

2 2 2
4 6 3 2 3 2

3 3S O 3 OH  SO +  S O +  H O
2 2

- - - -+ ® (18)

2 2 2
2 3 3S O   2  S +  SOe- - - -+ ® (19)

2 2 2
2 3 3 2

3 3 S O   3 OH  2  2 SO  +  S  +  H O
2 2

hv- - - -+ + ® (20)

Therefore, if a system contains both photocatalytic hydrogen generation (Eq. (15)) and sulfite
generation (Eq. (20)) compartments and one coordinates to the other well, three molecules of
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H2 would be produced with the oxidation of one mol of S2– into SO3
2– through the thiosulfate

cycle (Eq. (21)):

2 2
2 3 2S  3 H O  10 SO  + 3 Hhv- -+ + ® (21)

With such a cycle, no sulfur or thiosulfate would accumulate in such system. Figure 3 shows
such a possible two-compartment system composed of CdS and TiO2. Ideally, for the genera‐
tion of 1 mol of H2, 2 mol and 4/3 mol photons are needed to be absorbed by CdS and TiO2,
respectively. However, whether the efficiency of the two half cycles could match each other
effectively is one important question unveiled to us, and there is no further clear report of this
system till now.

Figure 3. Schematic illustration of H2S decomposition by two photosystems, linked through the S2O3
2–/S2–/SO3

2– redox
system.

4.4. H2S decomposition in ethanolamine solution

In addition to hydroxide alkaline solution, some other additives are introduced to promote
the absorption of H2S in solution. For example, ethanolamine solution is frequently used in
gas sweetening industry. Naman and Grätzel have dissolved H2S in aqueous solution of
alkanolamines (including monoethanolamine (MEA), diethanolamine (DEA), and triethanol‐
amine (TEA)) and studied the photocatalytic efficiency of such system with vanadium sulfide
as the photocatalyst [37]. Taking monoethanolamine for instance, one monoethanolamine was
able to dissolve one molecule of H2S (see Eqs. (22 and 23)). However, one big disadvantage of
this method is that ethanolamines themselves could be decomposed under light illumination
and the amount of ammonia detected from the photocatalytic system could even be higher
than that of H2:

2HOCH2CH2NH2 + H2S⇌ (HOCH2CH2NH3)2S (22)

(HOCH2CH2NH3)2S + H2S ⇌ (HOCH2CH2NH3)2
(SH)2 (23)
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Furthermore, Li et al. used anhydrous ethanolamine solution to absorb H2S [38]. Different from
early report that system containing aqueous MEA outperforms that contains DEA and TEA,
nonaqueous DEA solution is best for H2S decomposition with CdS-based photocatalyst. Such
a system is also better than system with NaOH-Na2S solution from both the point of lifetime
and rate for photocatalytic hydrogen evolution. In addition, the reduction of polysulfide in
H2S-DEM system is effectively depressed and could hardly compete with the proton reduction,
which commonly occurs in NaOH-Na2S system.

4.5. Extraction of elemental sulfur

Although numerous kinds of catalysts have been reported for the decomposition of H2S
through the above-mentioned method and hydrogen indeed evolves from solution, one
problem is that S2– often transforms into polysulfide, thiosulfate, or sulfite. How to deal with
these by-products is another big challenge for us. Elemental S is more favored as the by-
product; nevertheless, it could not be recovered from such photocatalytic system. To obtain
pure sulfur, people have developed several ideas.

One simple method is to take advantage of the limited acid stability of complex sulfur species.
Both polysulfide and thiosulfate would produce S when the pH value of the system decreases
to a certain extent. That is, if the outlet reaction solution after photocatalysis (containing
polysulfide or thiosulfate) encounters the inlet acidic gas H2S, elemental S could possibly be
precipitated from the system with a proper drop of pH:

2- - -
2 3 2 3S O + H S S+ HS + HSO® (24)

2- -
2 2S + H S S+ 2HS® (25)

In this regard, Linkous et al. have designed a circulating photoreactor for H2S decomposition
(Figure 4) [39]. The feasibility of this system was conducted. In the photoreactor, hydroxide
would be generated along with H2 evolution, and the pH of the solution would increase.
Nevertheless, when this solution flows into the scrubber tower, pH would decrease due to the
input H2S gas. For the fresh reaction solution constituted of both S2– and SO3

2–, S2O3
2– would

be generated after photocatalysis, and pH must be lowered to 4.2 (by neutralization with H2S)
for sulfur release from S2O3

2–. Then S could be collected as precipitates and the remaining
solution (enriched with HS– and HSO3

–) would be sent back to the photoreactor for another
round of photocatalysis, with a low pH (≤ 4.2). For fresh reaction solution only constituted of
S2–, polysulfide would be generated and the pH of the solution need to be lower than 10 for
precipitation of sulfur. Normally, the photocatalytic systems using S2– or SO3

2– as the electron
donor are more efficient for hydrogen evolution under basic conditions (pH ≥10); in some cases,
the system could not even work under a relatively acidic environment (like pH 4). This urges
us to reconsider the effect of SO3

2– under such circumstances: as described above, SO3
2– are

widely used in S2– involved hydrogen evolution system to avoid the generation of polysufide
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(which competes not only with catalyst from light absorption but also with protons for
reduction by electrons), but the acidity necessary for the release of S from the obtained
thiosulfate would greatly reduce the photocatalytic activity of the catalysts. In their study,
Linkous pointed out that if the depth of reaction solution in photoreactor is less than 1 cm, in
order to reduce the light absorption of polysufide, S2– alone as the electron donor for photo‐
catalytic hydrogen evolution is probably more suitable for the cyclic sulfur release in a
CdS/Pt involved system. Additionally, another problem of this design is that if the commonly
studied suspension system is used for photoreaction, photocatalyst could not be easily
separated with the solution. Therefore, catalyst may need to be immobilized for circulating.

Figure 4. Generalized scheme for light-driven H2S decomposition using an immobilized photocatalyst. Reprinted from
reference [39], Copyright (1995), with permission from Elsevier.

5. Photoelectrochemical decomposition of hydrogen sulfide

In addition to the photocatalytic decomposition of H2S alone, sometimes photochemical
method is combined with electrochemical method for the decomposition of H2S, that is, the
photoelectron-chemical (PEC cell) decomposition of H2S. Actually, the colloidal semiconduc‐
tor photocatalyst system mentioned above could also be seen as some kind of short-circuit PEC
cell, in which both anodic and cathodic reaction occurs on the surface of semiconductors at the
same time (similar to the “photochemical diodes” developed by Nozik [30]). In this section,
traditional PEC cells (with separated anode and cathode connected by wires) would be mainly
focused. These cells could not only decompose hydrogen sulfide but also generate electricity.
In addition, voltage bias could be applied to the cells if the drive force of light is not enough
for hydrogen sulfide decomposition.

In 1987, Kainthla and Bockris reported a PEC cell for the decomposition of H2S based on CdSe
anode and Pt cathode [55]. CdSe film was directly grown on Ti substrate. Using polysulfide
(prepared by H2S dissolution in NaOH and subsequent addition of sulfur) as the electrolyte,
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an open circuit voltage of 0.62 V and short circuit current of 8.82 mA cm–2 could be achieved.
H2 bubbles could be observed to leave the Pt cathode when photocurrent flows through the
cell and a Faraday efficiency of 0.97 is calculated. With the gradual accumulation of polysufide
during the reaction, elemental sulfur would precipitates from the solution when polysulfide
reaches its solubility limit. Stability of the cell is also tested and short circuit drops less than
10% with continuous illumination of 2 weeks. The total cell conversion efficiency (ε) given as
the ratio of the recoverable energy to the input energy is calculated based on Eq. (26):

cell light(%) (0.171 ) 100 /I IV We = + ´ (26)

where 0.171I is the chemical energy storage for H2S decomposition into H2 and S, IVcell is the
electrical energy generated from the cell, and Wlight is the intensity of light. Maximum light to
chemical energy storage, light to electrical energy, and total cell conversion efficiency occurs
at cell voltage of 0, 0.3, and 0.275 V, with the corresponding efficiency to be 1.5%, 1.8%, and
2.85%, respectively. In this regard, the PEC cell can be operated in a manner that electrical
energy or chemical energy can be selectively collected.

It is noteworthy that for eliminating the competition of polysulfide with proton for reduction
in this cell, which is also a big problem in suspension systems, anode and cathode are placed
in two compartments, and Nafion membrane is used to prevent the contact of polysulfide with
cathode. If there is no Nafion membrane, only polysulfide is reduced into sulfide, and no H2

could be detected from the system. Under this circumstance, no net chemical reaction happens
in the cell, and light energy could only be converted into electrical energy.

Another advantage for PEC cells is that some strategies for the electrochemical decomposition
of H2S could be extended to PEC cell. One strategy is the indirect decomposition of H2S with
the assistance of redox couple like I–/I3

–(or I–/IO3
–) and Fe3+/Fe2+, in which the electrical energy

or solar energy is first stored in the redox intermediate species, and then the intermediate could
drive the following chemical reactions. Although indirect strategy may consume more
additional energy for H2S decomposition from a thermodynamical point of view, it is kineti‐
cally more favored and is beneficial for the extraction of elemental sulfur from the system.

Lately, Li and Wang et al. have adopted this strategy in PEC cells for H2S decomposition and
achieved good results. PEC cell with p-type Si deposited with protective TiO2/Ti n+ doping
layer and H2 evolution cocatalyst Pt (Pt/TiO2/Ti/n+p-Si) as the photocathode and Pt plates as
anode was reported for the decomposition of H2S [56]. In a two-compartment cell separated
by Nafion membrane, freshly prepared 0.2 M of FeSO4 (or KI) in 0.5 M of H2SO4 solution and
0.5 M of H2SO4 was used as the anodic and cathodic electrolyte, respectively. After H2S
bubbling into the anode compartment, S and H2 could be separately produced from the anode
and the cathode under light illumination at an applied potential of 0.2 V vs RHE. In this system,
the chemical redox couple is significant for the conversion of H2S into H2 and S (Eqs. (27–33)):

+Photoelectrode + 2 2 + 2 hv h e-® (27)
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2+ + 3+Anode: Fe  + 2 Feh ® (28)

3+ 2 +
2H S 2 Fe 2 Fe 2 H  + S (chemical reaction)++ ® + (29)

+
3 Or anode: 3 I  + 2 Ih- -® (30)

+
2 3 H S I 3 I 2 H  + S (chemical reaction)- -+ ® + (31)

+
2Cathode: 2 H  + 2 He- ® (32)

2 2Overall reaction: H S + 2 H  + Shv ® (33)

Control experiment shows that if there is no existence of Fe2+ or I– in the electrolyte, such
experiment is unsuccessful due to the low solubility of H2S in acidic solution. Besides, n-type
Si coated with 3,4-ethylenedioxythiophene (PEDOT) as the anode was also tested in this
system, and it turns out that Fe2+ and I– could be easily oxidized on it. Nevertheless, due to the
low stability of the n-type Si anode, further study in this report is unclear.

Notably, they further developed this indirect strategy in PEC cell and have made H2O2 and
S from H2S in the presence of oxygen [57]. This is quite novel because most study related to
H2S decomposition is limited to H2 as the only reduced product now. In addition to the redox
couple I–/I3

– in the anode compartment of the cell for S production, another redox couple
anthraquinone/anthrahydroquinone (AQ/H2AQ) was introduced to the cathode cell for H2O2

production. In fact, AQ is also an important reaction substrate in Hysulf process, one indirect
strategy related to the thermal decomposition of H2S. The anode reaction is still the same as
Eqs. (30 and 31), but the cathode reaction and the overall reaction change as follows (Eqs.
(34–36)):

+
2Cathode: 2 H  + AQ + 2 H AQe- ® (34)

2 2 2 2H AQ + O AQ + H O  (chemical reaction)® (35)

2 2 2 2Overall reaction: H S + O  + 2 H O  + Shv ® (36)

At zero bias, Pt/p+ n Si photoanode and Pt cathode can simultaneously oxidize I– to I3
– and

reduce AQ to H2AQ, respectively. Solar to chemical conversion efficiency was estimated to be
1.1%. If Pt cathode is replaced with carbon plate, a higher photocurrent could be observed.
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6. Conclusion

In general, H2S is a highly polluted gas that must be carefully handled and removed. The
traditional Claus process suffers from high-energy consumption and waste of potential energy,
H2. The photochemical decomposition of H2S, which emerges with the rise of photocatalysis
in the last century, could be one improved method for H2S disposal. Lots of progress in the
field of the photochemical decomposition of H2S has been made in both gaseous phase and
liquid phase. The mechanism of such reaction has been studied, and the efficiency of these
systems has been calculated. Most often, the photochemical decomposition of H2S is indirectly
carried out in the form of photocatalytic H2 production from aqueous sulfide solution. Details
of the photochemical decomposition of H2S, such as extraction of elemental sulfur from
reaction system and the cyclic operation, were also of preliminary consideration. In addition,
photochemistry was combined with electrochemistry for H2S conversion: photoelectrochem‐
ical cells were built to extract H2 (or H2O2) and S from H2S with the assistance of redox couples.

In 2009, Li et al. reported CdS loaded with PdS and Pt dual cocatalyst can effectively generate
H2, with a quantum yield of 93% at 420 nm in the presence of S2–/SO3

2– solution and no
deactivation was observed within illumination of 100 h for H2 generation [58]. This is probably
the most efficiency system reported relevant to the photocatalytic decomposition of H2S till
now. However, a lot of scientific problems are still unsolved, and there is a long, long way to
go for the real application of the photocatalytic decomposition of H2S in large scale chemical
processing. In present, problems below may be considered in priority:

In gaseous phase systems, the concentration studied for H2S decomposition is often low (with
a volume concentration on ppm level); they are not practical in real industrial process. Also,
people tend to focus on half of the reaction (oxidation of S2– to SO4

2– or H2 generation). This is
especially true in solution phase system with S2–/SO3

2– or S2– as the electron donor: most reports
only consider how to improve the efficiency of hydrogen evolution. Without the thorough
consideration of both oxidizing and reducing reactions, the photochemical decomposition of
H2S is not persuasive. Moreover, in solution phase system for H2S decomposition, along with
H2 evolution, the simultaneously generated polysulfide or thiosulfate is also a pollutant to
environment; subsequent processing of such reaction solution should be cared for meaningful
utilization of H2S. Although systems have been designed for sulfur generation from polysul‐
fide or thiosulfate solution, successful trials are limited and the subsequent separation of sulfur
from solution is also a challenge.

Current catalysts with high efficiency of photochemical H2S decomposition are mainly metal
sulfide loading with noble metal cocatalyst like Pt, RuO2, and so on. Although CdS is consid‐
ered one of the most efficient photocatalyst for H2 generation under visible light, the high
toxicity of CdS should be taken seriously. New materials are needed to be exploited, and carbon
materials may be alternative photocatalysts in consideration of cost, stability, and toxicity.
Besides, noble metal poisoning by sulfide is another problem could happen sometimes and
new earth abundant (low cost) cocatalyst resistive to sulfide poisoning is necessary. Transition
metals like Fe, Co, and Ni and their compounds could be promising from the current available
data. Similar in PEC cells for H2S decomposition, stability and cost could be big problems, too.
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To conclude, the photochemical decomposition of H2S is still in a relatively early stage. New
photocatalytic H2S decomposition systems with low cost, high quantum efficiency, and long
stability should be further developed, especially those responsive to the visible light region,
which account for 43% in the full solar spectra. (Taking similar photocatalytic water spitting
as a reference, a quantum yield of 30% at 600 nm is the starting point for practical application,
which corresponds to about 5% solar energy conversion.) This may be fulfilled with optimized
structure design, including chemical composition, electron and band structure, crystal
structure and crystallinity, surface state, morphology, and so on, which is currently highlight‐
ed in nanoscience and technology. Moreover, people should keep in mind that oxidation and
reduction of H2S is equally important for H2S decomposition if we want to handle H2S in a
really green way.
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Abstract

This review focuses on recent research efforts to synthesize metal/semiconductor hybrid
nanocrystals, understand and control the photocatalytic applications. First, we summa‐
rize the synthesis methods and recent presented metal/seminconductor morphologies, in‐
cluding heterodimer, core/shell, and yolk/shell etc. The metal clusters and nanocrystals
deposition on semiconductor micro/nano substrates with well-defined crystal face expo‐
sure will be clarified into heterodimer part. The outline of this synthesis part will be the
large lattice mismatch directed interface, contact and morphologies evolution. For de‐
tailed instructions on each synthesis, the readers are referred to the corresponding litera‐
ture. Secondly, the recent upcoming photocatalysis applications and research progress of
these hybrid nanocrystals will be reviewed, including the photocatalytic hydrogen evolu‐
tion (water splitting), photo-reduction of CO2 and other newly emerging potential photo‐
synthesis applications of metal/semiconductor hybrid nanocrystals. Finally, we
summarize and outlook the future of this topic. From this review, we try to facilitate the
understanding and further improvement of current and practical metal/semiconductor
hybrid nanocrystals and photocatalysis applications.

Keywords: Metal/semiconductor, hybrid nanocrystals, photocatalysis, sythesis, interface,
lattice mismatch, Plasmon, exciton, photooxidation, photoreduction

1. Introduction

The shape and size effect, the controllable doping, heterocomposite, and interface are the
prerequisite of colloidal nanocrystals for exploring their optoelectronic properties, such as
fluorescence, plasmon–exciton coupling, efficient electron/hole separation, and enhanced
photoelectric conversion [1–4]. The use of photoexcited electrons and holes in semiconductor
nanocrystals as reduction and oxidation reagents is an intriguing way of harvesting photon



energy to drive chemical reactions since increasing energy demand and environmental
pollution create a pressing need for clean and sustainable energy solution. The high efficient
separation and collection of photoexcited electrons (e-) and holes (h+) are the key points to get
high efficient photocatalysis applications. Hybrid nanocrystals composed of semiconductor
and metal components are receiving extensive attention in recent years due to their high
efficient separation of photoexcited electrons and holes and potentional photocatalysis
applications [1,4–5]. Furthermore, hybrid nanocrystals composed of semiconductor and
plasmonic metal components are receiving extensive attention. The simultaneous existence
and coupling of localized surface plasmon resonance induced plasmon and excitons in
semiconductors, as well as the synergistic interactions between the two components [1, 6–7].

This review focuses on recent research efforts to synthesize metal/semiconductor hybrid
nanocrystals to understand and control the photocatalytic applications. First, we summarize
the synthesis methods and recent presented metal/semiconductor morphologies, including
heterodimer, core/shell, and yolk/shell. The metal clusters and nanocrystals deposition on
semiconductor micro/nanosubstrates with well-defined crystal face exposure will be clarified
into heterodimer part. The outline of this synthesis part will be the large lattice mismatch-
directed interface, contact, and morphology evolution. For detailed instructions on each
synthesis, the readers are referred to the corresponding literature.

Second, the recent upcoming photocatalysis applications and research progress of these hybrid
nanocrystals will be reviewed, including the photocatalytic hydrogen evolution (water
splitting), photoreduction of CO2, and other newly emerging potential photosynthesis
applications of metal/semiconductor hybrid nanocrystals. Finally, we provide a summary and
outlook on the future of this topic. From this review, we try to facilitate the understanding and
further improvement of current and practical metal/semiconductor hybrid nanocrystals and
photocatalysis applications.

2. Metal/semiconductor hybrid nanocrystal synthesis

According to the classical hetero epitaxial growth theory [8], when a secondary material
(referred to as ‘‘2’’) has to be deposited over a preexisting seed substrate of a different material
(denoted as ‘‘1’’), total Gibbs free surface energy change function  ΔGs can be described as
follows: ΔGs =γ1−γ2 + γ1,2, where  γ1 and γ2 are the surface energies of seed substrate and the
deposited materials, respectively, the solid/solution interfacial energies of colloidal nanostruc‐
ture in the liquid medium, and γ1,2 is strain-related solid/solid interfacial energy that depends
on the bonding strength and degree of crystallographic compatibility between materials 1 and
2. As shown in Figure 1, if material 2 exposes lower energy surfaces (γ2 < γ1) and/or attains
good lattice matching with the material 1 (γ1,2 is small), then it is easy to get continuous and
uniform core/shell nanostructure (ΔGs >0,   Frank—van der Merwe (FM) growth mode). On
the contrary, if material 2 is featured by higher energy surfaces (γ2 > γ1) and/or γ1,2 is high
owing to the large lattice mismatch, then it will tend to deposit as a discontinuous island-like
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domain to be heterodimer structure (ΔGs <0, Volmer—Weber (VW)growth mode) or even
separate from each other. Therefore, the metal/semiconductor hybrid nanocrystal synthesis
should follow the mechanism of Figure 1. However, in colloidal phase, γ1  and γ2 would be
strongly influenced by adhesion of solvent, capping ligands and precursors, thus changing γ1,2

too [9,10]. Considering of the significant impact of binding of organic stabilizers or other
solution species to the surface energy terms and therefore altering the ultimate  ΔGs, the
colloidal phase synthesis will be potential for the control of large lattice mismatch-directed
shape evolution and morphology control when choosing different solvent, capping ligands,
and reactant precursors.

Figure 1. General metal/semiconductor hybrid nanocrystal synthesis sketches by traditional heterogeneous epitaxy
growth mechanism: (A) Franck–van der Merwe (FM) mode; (B) Volmer–Weber (VM) mode.

2.1. Metal/semiconductor heterodimers by direct heterogeneous deposition

A broad family of metal/semiconductor hybrid nanocrystals has been obtained by accom‐
plishing direct heterogeneous nucleation and growth of one or more secondary material layers
onto preformed metal NC seeds serving as starting “cores” [9,10]. Synthetic strategies aim, on
one side, at inhibiting homogeneous self-nucleation of isolated NCs made of the shell material
and, on the other side, at achieving size- and shape-mediated deposition of the shell beyond
limitations imposed by misfit strain at the metal/semiconductor interface. Practical techniques
to realize these objectives rely on the colloidal synthesis, the “active” surface of “core” and the
slow-nucleation of another material to deposit on “core” homogeneously, depending on the
inherent chemical accessibility of the “core” or “seeds” as well on the reactivity of the shell
molecular precursors (generally nonaqueous) solution media. The regulation of the thermo‐
dynamics and kinetics of reactions, namely, the temperature and selection of suitable surface-
adhering organic ligands or surfactants and the optimal reactant injection rate all critically
influence on the temporal evolution of the supersaturation degree.

Metal/Semiconductor Hybrid Nanocrystals and Synergistic Photocatalysis Applications
http://dx.doi.org/10.5772/61888

297



To date, disparate combinations of metals, semiconductors, and oxides have been addressed
by manipulating direct heterogeneous deposition pathways [11–25]. Here, we typically review
most recent achievement in the field, the metal/semiconductor heterodimers (as scheme in
Figure 1). Representative transmission electron microscopy (TEM) and high-resolution TEM
examples of core–shell NCs can be found in Figure 2, respectively.

The one-pot synthesis of metal/semiconductor heterodimers mostly focus on the bifunctional
heterodimers of nanoparticles, such as the conjugate of quantum dots (QDs) and magnetic
nanoparticles reported by Gu et al. [20], the noble metal/metal oxide heterodimers by Wang
et al. [21] and Wu et al. [22], and the bimagnetic FePt–iron oxide heterodimer nanocrystals by
Figuerola et al. [23] and Cozzoli et al. [24] (see also Figure 2).

Figure 2. (A) FePt/CdS heterodimers by one-pot synthesis: (a) the scheme of synthesis process, (b) a TEM image, and
(c) a high-resolution TEM image of FePt/CdS heterodimers. Adapted from Gu et al. [20] with permission; copyright
American Chemical Society. (B) Seed-mediated high temperature growth of M/metal oxide heterodimers: (a) the
scheme of synthesis, (b) 5–12 nm Au–Fe3O4, (c) 5–12 nm Ag-Fe3O4, and (d) 5–12 nm Pt–Fe3O4. Adapted from Wang et
al. [21] with permission; copyright American Chemical Society. FePt/In2O3 heterodimers were adapted from Wu et al.
[22] with permission; copyright American Chemical Society. (C) One-pot, two-step colloidal strategy to prepare FePt/
iron oxide heterodimer nanocrystals: (a) the scheme of synthesis method; (b) the TEM image of FePt/ Iron Oxide heter‐
odimers; and (c) the HRTEM image of FePt/ Iron Oxide heterodimer. Adapted from Figuerola et al. [23] and Cozzoli et
al. [24] with permission; copyright American Chemical Society.

The Au/ CdSe or Au/CdS heterodimer nanocrystals, because of the noble metal and II-VI QDs,
are potential for photocatalysis applications. Banin et al. used surface nucleation and growth
of a second phase to get Au/CdSe nanorod (NR) heterodimers, the first time to realize site-
selective growth of Au NPs on CdSe NRs tips (see also Figure 3A) [13, 25, 26]. Du et al. used
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similar way to directly deposit the Au NPs on CdS NRs to get heterodimers (see also Figure
3B) [27]. The as-obtained Au/CdS and Au/CdSe NR heterodimers promote the electron/hole
separation and exhibit promising photocatalytic activity for the water-splitting reaction in
photoelectrochemical cells and photodegradation applications.

Figure 3. (A) TEM images showing controlled growth of gold onto the tips of CdSe nanorods. (a, b) The size of the
gold tips can be controlled by varying the amount of gold precursor added during growth. (c, d) HRTEM images of a
single nanodumbbell (c) and a nanodumbbell tip (d); the CdSe lattice for the rod in the center and gold tips at the rod
edges can be identified. (From [25, 26], reprinted with permission from the AAAS.) (B) (a) TEM image, (b) HRTEM
image, and (c) HAADF-STEM image of Au/CdS NRs hybrid nanocrystals. (d) XRD patterns of hybrid nanocrystals of
Au/CdS NRs. (e) HAADF-STEM images in which the size of Au NPs is ∼8 nm. (f) TEM images of Au/CdS hybrid
nanocrystals in which the size of Au NPs is ∼3 nm. Adapted from Du et al. [27] with permission; copyright Wiley-
VCH Verlag GmbH & Co. KGaA.

Colloidal metal/semiconductor hybrid nanoparticles contain multiple nanoscale domains
fused together by solid-state interfaces. They represent an emerging class of multifunctional
lab-on-a-particle architectures that underpin future advances in solar energy conversion,
photocatalysis. Buck et al. reported that the known direct heterogeneous deposition could be
applied in a predictable and stepwise manner to build complex hybrid nanoparticle architec‐
tures that include M–Pt–Fe3O4 (M=Au, Ag, Ni, Pd) heterotrimers, MxS–Au–Pt–Fe3O4 (M=Pb,
Cu) heterotetramers, and higher-order oligomers based on the heterotrimeric Au–Pt–Fe3O4

building block [18]. This synthetic framework conceptually mimics the total synthesis ap‐
proach used by chemists to construct complex organic molecules (see Figure 4).

In other words, the advantage of direct heterogeneous deposition colloidal method is it could
get heterodimers with high monodispersity. The disadvantages are as follows: (1) The metal
part or semiconductor part could not be mediated in more larger size range, such as tens of
nanometers to hundreds of nanometers due to the Lar Mer growth mechanism of high
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temperature organic phase synthesis. (2) The interface between metal and semiconductor is
still not controlled well to be clear enough because of the size of two parts mostly still limited
at <10 nm range. The lattice mismatch-induced stain energy here is usually too large to get
more defects on the interface, which is not helpful for the highly efficient photoinduced
electron/hole separation and the following photocatalysis applications.

2.2. Large lattice mismatch-directed shape evolution and morphology control

The growth of monocrystalline semiconductor-based metal/semiconductor hybrid nanostruc‐
tures with modulated composition, morphology, and interface strain are the prerequisite for
exploring their plasmon–exciton coupling, efficient electron/hole separation, and enhanced
photocatalysis properties. As the schematic process in Figure 1, different from generally used
one-pot epitaxial growth on performed metal nanoparticle seeds, Ouyang et al. and Zhang et
al. unprecedentedly took two steps of facile chemical thermodynamics processes to maximally
adjust the surface energies γ2, γ1,2, and then ΔGs to change their overgrowth modes from FM
mode to VW mode gradually. Furthermore, Ouyang et al. and Zhang et al. unprecedentedly
used the cation exchange initiated the topotactic in situ conversion from amorphous to be
single-crystalline structure [28–33]. In this case, the more flexible size range (from smaller than

Figure 4. (A–D) TEM images showing the stepwise direct heterogeneous deposition of linear nanoparticle heterote‐
tramers: (A) Pt nanoparticles, (B) Pt–Fe3O4 heterodimers, (C) Au–Pt–Fe3O4 heterotrimers, and (D) Cu9S5–Au–Pt–Fe3O4

heterotetramers. (E–H) TEM images and schematic representations showing a series of metal/semiconductor hetero‐
dimers (same synthetic conditions for all steps) aimed at understanding the site-selective deposition of Ag onto Pt–
Fe3O4 heterodimers: (E) Ag grown off Fe3O4 nanoparticles, (F) Ag grown off Pt nanoparticles, (G) Ag grown indiscrim‐
inately off both Fe3O4 and Pt nanoparticles when both are present as a physical mixture, and (H) Ag grown exclusively
off the Pt domain when Pt and Fe3O4 are directly attached as heterodimers. Reprinted from Buck et al. [18] with per‐
mission (Copyright of Nature group 2011, Macmillan Publishers Limited).
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10 nm to tens of nanometers, to hundreds of nanometers, and to micrometer scale), morphol‐
ogy (isotropic and anisotropic), interface, and single-crystallinity of metal and semiconductor
part could be tailored synergistically.

By controlling soft acid–base coordination reactions between molecular complexes and
colloidal nanostructures, Zhang et al. and Ouyang et al. showed that chemical thermodynam‐
ics could drive nanoscale monocrystalline growth of the semiconductor shell on metal
nanosubstrates and then enhanced light–matter-spin interactions in these judiciously engi‐
neered nanostructures could be achieved [28, 3].

Figure 5. Schemes of large lattice mismatch-directed shape evolution and morphology control by Ouyang et al. and
Zhang et al.: (A) Nonepitaxial growth process and mechanism of hybrid core–shell nanostructures with substantial lat‐
tice mismatches. From Zhang et al. [28], reprinted with permission from the AAAS. (B) The cation exchange reaction
initiated by different phosphines or phosphites (R3P) and phosphine-initiated cation exchange for precisely tailoring
composition and properties of metal/semiconductor nanostructures. (C) The schematic process of controllable structur‐
al symmetries in Au/CdX (X = S, Se, and Te) hybrid structures with large lattice mismatch by two steps of in situ chem‐
ical conversion. The a-Ag2X means amorphous Ag2X, c-Ag2X means crystalline Ag2X. Adapted from Gui et al. [31] and
Zhao et al. [32] with permission; copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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First, as shown in Figure 5A, based on the Lewis acid–base reaction mechanism, where the
entire nanostructure is spatially confined by an amorphous matrix, the monocrystalline
growth of the semiconductor shell is fully directed by chemical thermodynamic properties of
reactions within the matrix; the shell’s lattice structure can be independent of that of the core
NPs, thus circumventing the limitations imposed by epitaxial strategies. Starting from the core
NPs, an overlayer of metal with soft Lewis acidity is grown onto the core. For all hybrid core–
shell structures, we choose an Ag metal overlayer. The silver shells can be modified to form
silver compound shells (Ag2X) with an amorphous structure, providing a crucial platform for
the next chemical transformation stage, ultimately leading to monocrystalline growth. It has
been demonstrated that nanoscale chemical transformations, such as cation exchange,
represent a versatile route for converting one crystalline solid to another [34, 35]. They show
that this process can be harnessed to drive the single-crystal growth by carefully controlling
the thermodynamic properties of reaction (1).

Tributylphosphine (TBP) was selected because it is a soft base and can behave as a phase-
transfer agent to transport metal ions (Mn+) to the surface of the core NPs by binding to free
cations in solution. The high acid softness of Ag+ favors the exchange process between Ag+ in
the amorphous matrix and Mn+ in solution as long as the softness of Mn+ is small enough to
result in a positive ΔG.

Second, based on above research achievements, as shown in Figure 5B, Zhang et al. further
studied the cation exchange reaction here. It has been explored that different phosphines could
modulate the thermodynamic and kinetic parameters of the cation exchange reaction to
synthesize complex semiconductor nanostructures [31]. Here, we take the examples of cation
exchange between N+ in amorphous N2E (E means chalcogen) nanoparticles (NPs) and M2+

(such as Cd2+) ions in solution, as shown in reaction (2) and Figure 1. Besides TBP, many other
phosphine choices have been studied to mediate the thermodynamics and kinetics of reaction
(2). Initiated by trace phosphine (R3P), the crystallization, the morphology, and the composi‐
tion of metal/ME core/shell NCs have been tailored well.

The thermodynamics and kinetics of different phosphine and phosphite agents to synthesize
semiconductor shell have been studied. The prerequisite to forward the cation exchange is the
lone-pair electrons of P atom in phosphines or phosphites. Based on this, different π-accepting
and σ-donating capabilities of them to M and N ions make reaction (2) to be exothermic (ΔG
reaction < 0). Different phosphine coordinating to Ag+ and Cd2+ and their coordination abilities
study further prove reaction (2) is exothermic in principle. Therefore, thermodynamics and
kinetics of reaction (2) could be mediated. The stronger coordination ability of R3P to N+ than
to M2+ ions enables in situ conversion of amorphous N2E nanoparticles to be ME NCs. Although
many kinds of phosphine or phosphite are applicable in reaction (2) thermodynamically, the
steric effect derived from carbonyl ligands, such as alkyl and aryl ligands, would influence the
kinetics of reaction (2), and the crystallization and composition of produced ME NCs distinctly.
They took the example of cation exchange from amorphous Ag2S nanostructure to single-
crystalline CdS nanostructure. The kinetic activity order here is PEt3 > P(MeO)3 > P(EtO)3 > P(n-
Bu)3 > PPh3 > P(n-Oct)3 > P(PhMe)3 > P(PhOMe)3. This is almost consistent with their σ donation
ability order and contrary to their π back-bonding order. In particular, the steric hindrance
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from carbonyl ligands would influence σ donation ability and then chemical kinetics distinctly.
That is the reason why P(PhOMe)3 phosphines have low activities to reaction (2). These
findings are concordant with Chad Tolman’s classic phosphine ligands ordering in terms of
their electron-donating ability and steric bulk. Besides preserving the original shape and size,
phosphine-initiated cation exchange reactions show potential to precisely tune the crystallinity
and composition of metal/semiconductor hybrid nanocrystals.

Third, as illustrated in Figure 5C, Zhang et al. further showed that the structural symmetry of
such metal/semiconductor hybrid heterostructures can be finely tuned with controllable
separation between metal and semiconductor components by taking advantage of chemical
thermodynamics-directed colloidal strain tuning, from symmetric core–shell to asymmetric
heterodimer gradually by in situ conversion of amorphous/crystalline Ag2X shell to be single
crystalline CdX. Typically, nanoparticle/solution interfacial energies and heterointerfacial
energy (due to the lattice mismatch) can be strongly influenced by adhesion of solvent, capping
ligands and precursors in colloidal phase [9]. Here, Zhang et al. took a facile two-step approach
to maximize these effects to precisely control gradual shape evolution from symmetric core/
shell to asymmetric heterodimer nanostructures, as shown in Figure 5C [32]. This approach is
fundamentally different from generally used one-pot epitaxial overgrowth with metal
nanoparticle seeds [11-25]. First, they started with concentric Au–Ag core/shell. The fact of
close lattice feature between Au and Ag makes it possible to achieve precise control of core
size, shell thickness, and monodispersity based on Frank-van der Merwe growth mode [9].
Moreover, the higher reactivity of silver metal nanostructures than gold enables the in situ
conversion of Ag shell to silver chalcogenide (Ag2X) without modification of the Au metal core.
Depending on reaction condition (such as temperature and reactants), the crystallinity of Ag2X
can be controlled from amorphous to partial crystalline, thus leading to different lattice
mismatch between Au core and Ag2X shell. As a result, different interfacial lattice strain
between Au and Ag2X can be induced to initiate phase separation to a certain extent. Different
from the long time aging-induced elemental Au diffusion in Au–Ag2X core/shell nanocrystals
via Ostwald ripening, the Au–Ag2X here was used as intermediate precursor to carry out next
step quickly to get Au/CdX heteronanocrystals. Second, they utilized cation exchange process
based on the theory of hard-soft acid and base to realize the in situ conversion of Ag2X to
monocrystalline CdX [28]. The cation exchange-induced cation rearrangement and crystallog‐
raphy texture transformation provide further impetus to shift CdX shell gradually because of
the larger strain energy between Au and monocrystalline CdX. In general, the higher crystal‐
lization of Ag2X shell as well as the higher reaction temperature of cation exchange reaction
leads to larger phase separation between Au and CdX to reduce interfacial and grain boundary
energies. These tunable relocations of gold to CdX in quantum size region would enable
maximum degree of tunability of their optoelectronic properties coupling.

2.3. Metal/semiconductor core/shell nanocrystals

The  growth  of  single-crystal  semiconductor-based  heterostructures  with  modulated
composition is a prerequisite for exploring fundamental nanoscale semiconductor physics
[36] and can offer technological devices with optimum characteristics, including enhanced
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optical properties with high quantum yields [37], engineered electronic band gaps [38–40],
and various solid-state optoelectronic properties [41–43]. Unintentional crystalline imperfec‐
tions (such as polycrystallinity, dislocations, and other structural defects) lead to perform‐
ance degradation or even premature failure of devices. For example, although the optical
quality of semiconductor CdSe nanoparticles (NPs) could be improved by an overlayer of
epitaxially grown CdS or ZnS, problems appear once the shell  thickness becomes larger
than  the  critical  layer  thickness  (about  two  monolayers)  due  to  the  existence  of  strain-
induced defects [38, 44, 45].

Current methods that achieve high-quality monocrystalline heterostructures are all based on
epitaxial growth, as shown in Figure 1, which requires moderate lattice mismatches (<2%)
between the two different materials. This lattice-matching constraint is a severe obstacle,
particularly for growth of core–shell nanostructures with (quasi)spherical core NPs with
highly curved surfaces that present many different crystallographic facets [46]. In addition to
such lattice-matching requirements, the issues related to differences in crystal structure,
bonding, and other properties have been found to inhibit epitaxial growth of dissimilar hybrid
materials such as monocrystalline semiconductors on metals [47]. Attempts to use epitaxy to
achieve hybrid metal core–semiconductor shell nanostructures have been unsuccessful,
resulting in either polycrystalline semiconductor shells or anisotropic structures with segre‐
gation of the core and shell. This is only because as Figure 1 schemed, under large lattice
mismatch (>40%), the semiconductor nanostructures would grow as small island-shaped NPs
on metal core surface to decrease the surface strain energy. In this case, the Volmer—Weber
(VW) mode growth would happen. Thus, based on these direct heterogeneous deposition
methods, such as Figures 2–4 demonstrated, the polycrystalline semiconductor shell formed
finally. As Figure 6 demonstrated, the Klimov, Talapin, and Wang groups have tried these
kinds of method to prepare Au–PbS, Co–CdSe, Au–CdS, and Au–ZnS core/shell hybrid
nanocrystals. Although they are highly monodispersed and could self-assemble into super‐
lattice, the polycrystalline shell and too many defects at the interface limited their usefulness,
especially in photocatalysis applications [48–53].

The photocatalysis application in the integration of semiconductor nanocrystals with noble
metals uses the localized surface plasmon resonance (LSPR) effect of the metal component to
enhance the light absorption, charge separation, and facilitate the absorbed light energy
transfer from the metal to the semiconductor component for technologically important light-
involved applications. Abundant studies have been devoted to the controllable productions
of various hybrid nanocrystals. Heterostructure preparation is the basis for any application of
semiconductor/noble metal hybrid nanocrystals. The crystalline imperfections of each
component and the defects on the interface lead to the performance degradation or lost.
Currently, high-quality monocrystalline heterostructures are usually produced by thermal
decomposition epitaxial growth or through cation-exchange processes. The reported studies
of monocrystalline hybrid nanocrystal synthesis are mainly based on epitaxial growth, which
requires a moderate lattice mismatches between the different components. The lattice-
mismatching constraint seriously limits the application of this method, particularly for growth
of core/shell hybrid nanocrystals with highly curved surfaces. Therefore, it is a great challenge
to synthesize the large lattice-mismatching semiconductor/metal hybrid nanocrystals with
monocrystalline compounds and clear interface. Cation exchange reaction is a successful
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synthetic method to preparation hybrid large lattice-mismatching heterodimer and core/shell
nanocrystals with monocrystalline compounds and clear interface, which cannot be obtained
by conventional epitaxial techniques [48–54]. Based on the Lewis acid–base reaction between
molecular complexes and colloidal nanocrystals, the amorphous nanostructures can be
transferred into monocrystalline compounds. Hence, by combining the sulfidation, seleniza‐
tion, or hyperoxidation of silver with cation exchange, other monocrystalline metal chalcoge‐
nide, selenide, or oxide nanostructures can been nonepitaxially grown on the large lattice-
mismatching metal surface [28–33]. For the catalytic applications of semiconductor/noble
metal hybrid nanocrystals, the key challenges are to obtain a clear semiconductor–metal
interface and precise control over the size and shape of the heterostructures. Via cation
exchange reaction, a series of semiconductor/metal hybrid nanocrystals can be obtained from
concentric core–shell to nonconcentric heterodimer with precisely controlled separation and

Figure 6. The metal/semiconductor core/shell NCs with polycrystalline semiconductor shell by direct heterogeneous
deposition method. (A) Au–PbS core/shell NCs. (B) Co–CdSe core/shell NCs. Adapted from Lee et al. [48] and Kim et
al. [49], respectively, with permission; copyright American Chemical Society. (C) Au–TiO2 core/shell NCs. Adapted
from Fang et al. [53] with permission; copyright Royal Society of Chemistry. (D) Au–CdS and Au–ZnS core/shell NCs.
Adapted from Sun et al. [54] with permission; copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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clear interface between the semiconductor and noble metal compounds. The symmetry
evolution of semiconductor/metal hybrid nanocrystal has led to novel control of light absorp‐
tion and photocatalytic activity, which indicates the advantage of cation exchange nonepitaxial
growth and the importance of nanoscale interface control. For the phosphine-initiated cation
exchange, different phosphines have been used to modulate the thermodynamic and kinetic
process of the cation exchange reaction in semiconductor nanocrystal synthesis. By using
different phosphines, the crystallinity, composition, morphology, and related properties of
semiconductors can be precisely controlled.

Different from the reports in Figure 6, Ouyang et al. and Zhang et al. used the nonepitaxial
growth scheme (Figure 5A) to get metal–semiconductor core/shell NCs with single crystalline
semiconductor shell. The size of metal, semiconductor shell, and the composition of semicon‐
ductor shell could be precisely controlled (Figures 7–9) [28].

Figure 7. Au–CdS core–shell nanostructures with monocrystalline shell. (A) Typical TEM image showing uniform
core–shell nanostructures. Scale bar, 20 nm. (B–E) High-resolution TEM images of core–shell nanostructures from (A).
Whereas Au core NPs can manifest monocrystalline (B), single-fold twin (C), fivefold twin (D), and multiple-twin (E)
lattice structures, all CdS shells are monocrystalline. The red lines highlight the lattice orientations within the Au core
NPs. Scale bar, 5 nm. (F) XRD pattern of Au–CdS sample shown in panel A. Bulk Au [red solid lines, Joint Committee
on Powder Diffraction Standards (JCPDS) #04-0784] and wurtzite CdS (blue solid lines, JCPDS #41-1049) are also pro‐
vided for reference and comparison. (Inset) A ball-and-stick molecular model of Au–CdS, illustrating a cubic core and
wurtzite shell. (G–J) Angle-dependent high-resolution TEM characterization. The sample depicted has a larger shell
thickness than the one in panel A to emphasize the extremely high-quality crystallinity of the shell. The CdS shell
shows perfect monocrystalline features without detectable structural defects under a different viewing angle. Scale bar,
5 nm. From Zhang et al. [28], reprinted with permission from the AAAS.
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Figure 8. Large-scale (left) and high-resolution (right) TEM images of different hybrid core–shell nanostructures with
various combinations of the core and shell components. All semiconductor shells show monocrystalline features. Scale
bars for large-scale and high-resolution TEM images are 20 and 5 nm, respectively. (A) Au–CdSe; (B) Au–CdTe; (C)
FePt–CdS; (D) Au–PbS; (E) Au–ZnS; and (F) Pt–CdS. From Zhang et al. [28], reprinted with permission from the
AAAS.

Figure 9. Growth of complex hybrid core–shell nanostructures with tailored structures and compositions of the mono‐
crystalline shells. (A–C) Control of the monocrystalline cation species within the shell: the case of Au–(CdS+PbS). (A)
Schematic of the growth procedure. (B) Large-scale TEM image. Scale bar, 20 nm. (C) (Top) High-resolution TEM im‐
age. Blue and green dashed arc curves highlight the monocrystalline CdS and PbS regimes, respectively. CdS and PbS
manifest distinct lattice planes that can be assigned to (100) and (220), respectively. Scale bar, 5 nm. (Bottom) Single-
particle EDS measurements in the CdS and PbS regimes. Peaks from Cd, Pb, and S elements are highlighted. (D–F)
Control of the monocrystalline anion species within the shell: the case of Au–CdS1–aSea. (D) Schematic growth proce‐
dure. (E) Large-scale TEM image. Scale bar, 20 nm. (Inset) High-resolution TEM image showing the monocrystalline
alloy shell. Scale bar, 5 nm. (F) XRD patterns highlighting lattice evolution from CdSe to CdS with different ratio a.
From Zhang et al. [28], reprinted with permission from the AAAS.
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Based on the strategy in Figure 5B, Zhang et al. use air-stable PPh3 for the first time to initiate
cation exchange reaction (2). Figure 10 demonstrates the Au–CdS, Pt–CdS core/shell NCs
preparation by PPh3 initiated reaction (2). Following the nonepitaxial growth process we
published before [28] after cation exchange from amorphous Ag2S shell, Au–CdS and Pt–CdS
NCs could preserve thick monocrystalline CdS shell. LRTEM and HRTEM images in Figure
10A–D confirmed their good crystallization. Especially, as shown in Figure 10D, despite of
anisotropic shape of Pt nanocube, the thick CdS shell has good single-crystallinity. PPh3 further
facilitates the monocrystalline engineering to break through critical layer thickness limit of
heteroepitaxy. PPh3 is “green” choice than TBP because it is air-stable enough to enable reaction
(2) under more flexibly conditions, such as higher temperature and longer time to facilitate
versatile ME NCs crystallization. Moreover, besides crystallization tailoring, PPh3 could
initiate cation exchange to get more complex heterostructures with precise compositional
tailoring. Figure 11A and B showed the LRTEM and HRTEM images of as-prepared Au–
CdS1-xSex core/shell nanocrystals with ternary single-crystal alloys shell. The S-to-Se ratio could
be tailored (CdS0.58Se0.42 and CdS0.45Se0.55, obtained by EDS elemental analysis) to engineer their
band gaps. The consistent shift of their powder XRD peaks from CdS1-xSex shell (Figure 11C)
and the distinct colloid color changing (insert in Figure 3D) confirmed the homogeneous
composition modulation. The strong visible light absorption (550–700 nm) (Figure 11D) due
to the surface plasmon resonance (SPR) and exciton coupling in as-prepared Au–CdS1-xSex

NCs indicated their potential photocatalysis and photovoltaic applications [55].

Figure 10. Core/shell metal–semiconductor NCs with thick monocrystalline CdS shell synthesized by PPh3 initializa‐
tion under large lattice mismatches: LRTEM and HRTEM images of Au–CdS NCs (A) and Pt–CdS NCs with Pt nano‐
cube core (B-D). Adapted from Gui et al. [31] with permission; copyright Wiley-VCH Verlag GmbH & Co. KGaA)

Recently, through the strategy in Figure 5C, Zhang et al. have demonstrated evolution of
relative position of Au and CdX in Au–CdX (X means S, Se, and Te) from symmetric to
asymmetric configuration (Figures 12 and 13) [32].
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Figure 12. TEM characterizations on controllable structural symmetry from core/shell to heterodimers. (A, B) Au–Ag2S
with amorphous (A) and crystalline Ag2S (B) shells. The inserts are HRTEM images of a-Ag2S (A) and c-Ag2S shell (B);
scale bar, 5 nm. Red solid lines are guides for the eye, distinguishing the Au core and c-Ag2S shell boundaries, respec‐
tively. (C–F) Au/CdS hybrid nanostructure with controllable structural symmetry. (C) Concentric core/shell. (D) Non‐
concentric core/shell. (E, F) Heterodimers. The inset diagrams highlight the phase separation-induced Au/CdS
morphologies. Scale bar: 20 nm. (G–J) HRTEM images highlight the shape separations of panels C–F, respectively.
Scale bar: 2.5 nm. Adapted from Zhao et al. [32] with permission; copyright Wiley-VCH Verlag GmbH & Co. KGaA.

Figure 11. Au–CdS1–xSex NCs synthesized by PPh3 initialization. (A, B) LRTEM and HRTEM images of prepared Au–
CdS0.58Se0.42 NCs and Au–CdS0.45Se0.55 NCs. (C) XRD patterns comparison of them. (D) UV-Vis extinction spectra com‐
parison of them. Inserted pictures showed their colloid color. Adapted from Gui et al. [31] with permission; copyright
Wiley-VCH Verlag GmbH & Co. KGaA)
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Figure 13. Large-scale TEM images of shape evolutions in Au/CdSe and Au/CdTe hybrid nanostructures with ∼5 nm
sized Au. (A) Concentric core/shell of Au/CdSe; (B, C) heterodimer of Au/ CdSe; (D) heterodimer of Au/CdTe. The in‐
set diagrams highlight the phase separation-induced Au/CdSe and Au/CdTe morphologies. Scale bar: 20 nm. Adapted
from Zhao et al. [32] with permission; copyright Wiley-VCH Verlag GmbH & Co. KGaA.

Based on Figure 5, the metal/semiconductor core/shell NCs can further lead to fine tuning of
plasmon–exciton coupling, different hydrogen photocatalytic performance, and enhanced
photovoltaic, electrical properties.

2.4. Metal/semiconductor yolk/shell nanocrystals

With a unique structure, metal-semiconductor yolk/shell nanocrystals play an important role
in photocatalysis and other fields [56–63]. As photocatalysts, metal-semiconductor yolk/shell
nanocrystals process some advantages, such as stronger absorption, higher catalysts selectiv‐
ity, and higher quantum yield. Nowadays, different kinds of metal-semiconductor yolk/shell
nanoarchitecture have been designed to enhance their photocatalysis properties. Following it
are several methods for preparing metal-semiconductor yolk/shell nanocrystal.

2.4.1. Template Free for formation of metal/semiconductor yolk–shell nanocrystals

Following this method, metal/semiconductor yolk–shell nanocrystals are synthesized directly.
During the process, no any nanostructure is used as template or core–shell nanocrystals
forming during the process are taken as self-template [56, 64, 65]. For example, Pt–CeO2 yolk–
shell nanoparticles can be synthesized by hydrothermal method, although the mechanism may
involve several factors [64]. Pt nanoparticles and CeO2 precursors are put into the autoclave
and heated at 90ºC in a period. The authors illustrate that the ratio of CeCl3 concentration and
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Pt colloid solution is the main factor to formation of yolk–shell nanoparticles. Only can Pt–
CeO2 core–shell nanoparticles be obtained when a larger CeCl3/Pt ratio is employed. With a
smaller ratio, the looser shell of Pt–CeO2 yolk–shell nanoparticles can be obtained. The yolk–
shell nanoparticles enhance the properties of photocatalysis of hydride of Pt and CeO2.

Au–Cu2O yolk–shell nanocrystals are synthesized by prolonging the reaction time after
formation of Au–Cu2O core–shell nanocrystals [65]. Cu2O shell grows on the surface of Au
nanoparticles to form Au–Cu2O core–shell nanoparticles. As the reaction time increasing, Au
core and Cu2O shell spare forming yolk–shell nanostructure. The longer the reaction time, the
more obvious the yolk–shell nanostructure. Furthermore, the thickness of Cu2O shell can be
tuned with Au colloid/Cu2+ ratio. As the authors showed in the articles, the distance between
Au core and Cu2O shell and the thickness of Cu2O shell have a strong influence on the optical
properties of Au–Cu2O yolk–shell nanoparticles (Figure 14). It means that the method for
preparation of Au–Cu2O with tunable yolk–shell nanoparticle provides a route to tune the
optical properties which is of importance for photocatalysis.

Figure 14. (A) Schematic illustration of formation of Au–Cu2O yolk–shell nanocrystals. (B–M) TEM images of prepared
Au–Cu2O yolk–shell nanoparticles. (N) Photograph of Au–Cu2O during hollow process. (O) Their optical properties
collected by experiment and simulation. Copyright: American Chemistry Society, 2011.

Co–SiO2 yolk–shell nanoparticles are obtained by reduction of CoO–SiO2 core–shell nanopar‐
ticles. Park et al. coat silica on CoO nanoparticles to form CoO–SiO2 nanoparticles then reduce
CoO–SiO2 nanoparticles with hydrogen to form Co–SiO2 yolk–shell nanoparticles [66].

With template free method, some metal cation is introduced into hollow nanocrystals then
reduced forming metal nanoparticles in the cavities of hollow structure [67, 68]. Cu–SiO2 yolk–
shell nanocrystal is synthesized by reducing Cu2+ cation in cavity of SiO2 hollow particle and
the size of Cu core can be tuned by multiple reduction cycles (Figure 15A–D) [67]. Besides that,
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yolk–shell nanocrystals can be employed because they also have cavities for reduction of metal
cation. By this method, multiplied cores or cores with different materials can be synthesized.
Au–SiO2 yolk–shell with tunable core is prepared by reducing HAuCl4 in the cavity of SiO2–
SiO2 yolk–shell nanostructure (Figure 15F–I) [68]. On account of that, metal cation can be
introduced into the cavities of hollow nanoparticles or yolk–shell nanoparticles, and other
kinds of metal cation can be introduced into the cavities to react with metal core forming a
new metal core or alloy core. For instance, Ag–SiO2 yolk–shell nanoparticles can be obtained
by displacing Cu with Ag+ from Cu–SiO2 yolk–shell nanoparticles (Figure 15E) [67]. Moreover,
because the cavity of yolk–shell can be taken as reactor, the synthesis way can be applied to
form other yolk–shell nanostructures.

Figure 15. TEM images of various yolk–shell nanoparticles prepared with different way. (A) SiO2 hollow nanosphere,
(B–D) Cu–SiO2 yolk–shell nanoparticles, and (E) Ag–SiO2 yolk–shell prepared by replacing the Cu core of Cu–SiO2

yolk–shell nanoparticles with Ag+; scale bar: 100 nm [67]. Copyright: Royal Society of Chemistry, 2004. (F) SiO2–SiO2

yolk–shell nanoparticles, (G-I) Au–SiO2 yolk–shell nanoparticles with different sizes Au core; scale bar: 50 nm [68].
Copyright: Wiley-VCH, 2010. (J) Au–CeO2 yolk–shell nanoparticles [69]. Copyright: RSC, 2012. (K-M) Pt–CeO2 yolk–
shell nanoparticles [64]. Copyright: RSC, 2011.

Although some of mechanism of template free of yolk–shell nanostructure formation is
unclear, it provides the method to design and prepare metal/semiconductor yolk–shell
nanocrystals.
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2.4.2. Using template for metal-semiconductor yolk–shell nanocrystals

Template employed for synthesizing metal-semiconductor yolk–shell nanocrystals can be
conclude into two kinds of templates: soft template and hard template.

Using soft template for metal-semiconductor yolk–shell nanocrystals: By soft template
protocol, several kinds of chemical are usually employed as soft template, such as biomolec‐
ular, polymers, surfactants, or microemulsions [56, 70]. In most of case, the large molecular
would form microemulsions in solution and precursors react on the boundary of microemul‐
sions. Therefore, sizes or morphologies of yolk–shell nanoparticles could be tuned by tuning
cell of microemulsions [71–73]. For metal semiconductor yolk–shell nanoparticles, metal core
is reduced in the cavities of microemulsions then semiconductor shell grows on the boundary
of microemulsions. For instance, Priebe and Fromm synthesize the Ag–SiO2 yolk–shell
nanoparticles in cyclohexane and Igepal CO-520 system [72]. Ag+ is introduced into cavity of
microemulsions and reduced to nanoparticles. Subsequently, silica precursor is introduced
into the system and form the shell on the boundary of microemulsions (Figure 16). Besides,
because Ag+ is reduced in the cavities, the size of Ag core can be tuned by using the series of
concentration of AgNO4 solution.

Figure 16. (A) Schematic for formation of Ag–SiO2 yolk–shell nanoparticles and (B–I) TEM images of Ag–SiO2 yolk–
shell nanoparticles with various Ag core size; scale bar: 500 nm, Copyright: Wiley-VCH, 2014.

Metal cores can also be introduced the cavities of microemulsions and then the shell grows to
form metal/semiconductor yolk–shell nanoparticles directly [73]. Hyunjoon Song and his
coworkers introduce Pd nanoparticles into the system of hexanol and igepal CO-630, followed
by adding tetraethyl orthosilicate (TMOS) and octadecyltrimethoxysilane (C18TMS) for shell
growth (Figure 17). Their protocol provides a possible method for preparing metal/semicon‐
ductor yolk–shell nanoparticles with other metal core and semiconductor shell.
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Figure 17. (A)Schematic for preparing Pb–SiO2 yolk–shell nanoparticles and TEM images of Pb cores (B), Pb–SiO2 core–
shell nanoparticles (C), and Pb–SiO2 yolk–shell nanoparticles(D). Copyright: ACS, 2011.

Using hard template for metal/semiconductor yolk–shell nanostructure: By hard template
method, shell coating on core is synthesized as middle layer and subsequently removed or
etched. The material of middle shell includes SiO2, carbon, polymer, and so on. For example,
Au–TiO2, Au–ZrO2, Au–SnO2, and Au–SiO2 yolk–shell nanoparticles are synthesized by
coating semiconductor shell on Au–oxides and subsequently etching oxides layer (Figure 18)
[74–77]. In most of case, SiO2 is employed as hard template to form the middle layer and etched
by NaOH, HF, or other reagents.

For example, Au–ZrO2 yolk–shell nanoparticles can also be synthesized by etching SiO2 layer
of Au–SiO2–ZrO2 core–shell nanoparticles (Figure 18A) [74]. It is reported that such Au–
ZrO2 yolk–shell nanostructure is stable at high temperature and can be used as catalyst for the
oxidation of CO. Taking SiO2 as template, SnO2 hollow nanosphere, and Au–SnO2 yolk–shell
nanoparticles can be obtained (Figure 18B). Lou et al. show their work on preparation of Au–
SnO2 yolk–shell nanoparticles, etching the SiO2 layer with HF and they found that controlling
the size of SiO2 template cage-like and double layer shell of Au–SnO2 can be obtained [75]. The
method can also be used for synthesis of yolk–shell with other hybrid material shell [78].

3. The photocatalytic hydrogen evolution applications of metal/
semiconductor hybrid nanocrystals

3.1. Mechanism of photocatalysis on semiconductors and key problems

Since Fujishima and Honda [79] discovered photoelectrochemical formation of H2 over TiO2

electrode, photocatalytic water splitting and H2 evolution are an attractive solution of global
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energy supply and related environmental issues. Numerous researchers had extensively
studied water splitting using semiconductor photocatalysts since the finding [80–87]. The
fundamental principle of solar water splitting for semiconductor photocatalysts is shown in
Figure 19. Semiconductor materials have a band structure in which the conduction band (CB)
is separated from the valence band (VB) by a band gap with a suitable width. When the energy
of incident light is larger than that of a band gap, the electrons in the VB of the semiconductor
photocatalyst are excited to the CB, while the holes are left in the VB. Therefore, it creates the
negative-electron (e-) and the positive-hole (h+) pairs. These photogenerated electron–hole
pairs may further be involved in the following possible processes: (1) successfully migrate to
the surface of semiconductor, (2) be captured by the defect sites in bulk and/or on the surface
region of semiconductor, and (3) recombine to release the energy in the form of heat or photon.

Figure 18. TEM images of (A) Au–ZrO2 yolk–shell nanoparticles [74]. Copyright: Wiley-VCH, 2006. (B) Au–SnO2, yolk–
shell nanoparticles [75]. Copyright: Wiley-VCH, 2007. (C) Au–Zr0.5Si0.5O2 yolk–shell nanoparticles [76]. Copyright:
Springer, 2014. (D, E) Fe3O4/Au–SiO2 yolk–shell nanoparticles. (F) Au–SiO2 yolk–shell nanoparticles. (G–J) Ag–SiO2

yolk–shell nanoparticles [77]. Copyright: Royal Society of Chemistry, 2010. (K, L) TEM and HAADF-STEM images and
EDS maps of Au–GO/TiO2 yolk–shell nanoparticles [78]. Copyright: America Chemistry Society.
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If the photoexcited carriers separate and migrate to the surface without recombination,
adsorbed species are reduced and oxidized by the photogenerated electrons and holes to
produce H2 and O2, respectively (Figure 19).

Figure 19. Process in photocatalytic water splitting [80]. Copyright: Royal Society of Chemistry, 2009.

For effective water splitting, important points in the semiconductor photocatalyst materials
are their band structure, including the band gap and positions of VB and CB. The bottom level
of the CB has to be more negative than the redox potential of H+/H2 (0 V vs. NHE), while the
top level of the VB be more positive than the redox potential of O2/H2O (1.23 V) [80]. Therefore,
a minimum band gap of 1.23 eV is required, while a much larger band gap (usually >2.0 eV)
is often needed for appreciable water splitting reaction due to additional overpotential
associated with each electron transfer and gas evolution step [84]. The band edge positions of
some semiconductor photocatalysts are shown in Figure 20. The band structure of a semicon‐
ductor is not only determined by its own crystal phase and vacancies but can also be modified
by the introduction of foreign elements into the bulk or surface of the semiconductor. Take the
most studied photocatalyst TiO2 as an example, the larger band gap (~3.2 eV) of TiO2 limits its
utilization of the solar spectrum to only the ultraviolet (UV) region (wavelength λ < 400 nm)
[85]. The solar spectrum has a very small fraction of UV light (ca. 5%) in comparison with those
of visible light (400 < λ < 800 nm, ca. 43%) and near-infrared (NIR) light (800 < λ < 2500 nm, ca.
52%) [83]; therefore, studies on visible-light-driven photocatalysts are more important for
practical applications. There are two efficient strategies to make TiO2 as visible-light-driven
photocatalysts as shown in Figure 2B [84]: (1) narrow the band gap of TiO2 to make it absorb
visible light by introducing other elements into TiO2 and (2) modify the TiO2 surface with other
visible light active materials (dye or quantum dot) as a light harvester to sensitize TiO2.
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Figure 20. (A) Relationship between band structure of semiconductor and redox potential of water splitting [80]. Copy‐
right: Royal Society of Chemistry, 2009. (B) Donor level (a), acceptor level (b), and mid-gap states (c) formed by metal
ion doping. (C) The mechanism of H2 production for (a) dye-sensitized and (b) QDs-sensitized semiconductor [82].
Copyright: Royal Society of Chemistry, 2015.

After excited charges are created, efficient charge separation is next crucial factor determining
the light to fuels conversion efficiency. Crystal structure, crystallinity, and particle size strongly
affect the step [86]. The defects operate as trapping and recombination centers between
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photogenerated electrons and holes, resulting poor photocatalytic activity. Therefore, improv‐
ing the crystalline quality will decrease the amount of defects and improve photocatalytic
activity. If the particle size becomes small, the distance that photogenerated electrons and holes
have to migrate to reaction sites on the surface becomes short, and this results in a decrease in
the recombination probability. Also, the fabrication of junction structure has been recognized
as an effective strategy to avoid charge recombination in semiconductors.

The surface catalytic reaction is a successive step of charge separation. The important points
for this step are surface character (active sites) and quantity (surface area). Even if the photo‐
generated electrons and holes possess thermodynamically sufficient potentials for water
splitting, they will have to recombine with each other if the active sites for redox reactions do
not exist on the surface. Cocatalysts such as Pt, NiO, and RuO2 are usually loaded to introduce
active sites for H2 evolution [87], which will be discussed later.

The processes of the photocatalytic reaction on a semiconductor photocatalyst involve light
absorption, charge separation, carrier migration, and surface catalytic reactions. Therefore,
developing band gap engineering to narrow down the band gap of semiconductor materials
for absorbing broader spectrum of solar energy and materials engineering to tune the physical
properties (crystal structure, crystallinity, and particle size) for gaining efficient charge
separation and migration and creating enough active sites are the key problems of improving
photocatalytic hydrogen evolution efficiencies.

3.2. Metal/semiconductor heterodimer nanocrystals: the role of metal

Integration with metal is a commonly used configuration to improve the photocatalytic
hydrogen evolution performance of a semiconductor. The metal may play a variety of roles in
the enhancement of photocatalytic performance. In the following sections, we will focus on
the role of metal as cocatalyst and the plasmonic effect of noble metals.

3.2.1. The cocatalyst role

Since the work by Kraeutler and Bard in 1978 loading Pt on the surface of TiO2 [88], the loading
of metal nanoparticles onto different semiconductor photocatalysts has been regarded as a
popular strategy to improve the photocatalytic performance in photocatalytic water splitting.
Besides Pt, other metal cocatalysts, including Pd, Rh, Ru, Ir, Ag, Ni, Co, etc., have been
recognized as efficient cocatalysts for photocatalytic hydrogen evolution [89–96]. The proc‐
esses of charge transfer between metal cocatalyst and host semiconductor photocatalyst are
described in Figure 21A.

The metal cocatalysts mainly play two roles in the improvement of photocatalytic perform‐
ance. One is to assist in electron–hole separation through the formation of Schottky barrier
between the metal cocatalyst and the light-harvesting semiconductor. A Schottky barrier is a
type of junction resulting from the intimate contact of a metal with a semiconductor (Figure
21B). The metal cocatalyst with larger work function, that is, lower Fermi energy level, should
more readily trap the photogenerated electrons migrated to the surface of the host semicon‐
ductor photocatalyst. Meanwhile, the photogenerated holes stay at the host photocatalyst and
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migrate to its surface. This retards the possibility of electron–hole recombination and enhances
efficient separation of the photogenerated electrons and holes. It improved the overall
photocatalytic activity of the water splitting because it helps to promote charge separation,
which in return reduces both bulk and surface electron/hole recombination.

The other role of metal cocatalysts is to serve as the reaction sites to catalyze the proton
reduction to H2. Proton reduction course on cocatalysts goes through at least two steps: a
discharge step and catalytic step (Figure 21C) [89]. Most semiconductor photocatalyst,
particularly oxides, lack surface H2 evolution sites rather than O2 evolution sites since their CB
levels are not sufficiently negative for electrons to reduce water to produce H2 without catalytic
assistance whereas their VB levels are usually positive enough for holes to oxidize water and
form O2 even in the absence of cocatalyst [92]. Metal cocatalysts could lower the activation
energy or overpotential for H2 evolution reaction on the surface of semiconductors. It also
accelerates the surface chemical reaction by inhibiting the backward reaction.

Overall, the role played by the metal cocatalysts dispersed on the surface of the semiconductor
photocatalysts is extremely important. Many factors can affect the capability of H2 evolution
cocatalysts in the semiconductor-based photocatalytic water splitting, such as cocatalyst
loading amount and its particle size and structure [89, 94]. For example, there is a volcano-type
trend between the loading amount of a given cocatalyst and the photocatalytic activity
(regardless of the synthesis method, photocatalyst type, and loaded cocatalyst) [94, 95]. At the
same loading amount, metal cocatalysts with smaller size and high dispersion display higher
catalytic activity due to their larger specific surface area and more active sites [96].

Figure 21. (A) Processes of charge transfer between host photocatalyst and cocatalyst, taking Pt as the example of coca‐
talyst [86]. Copyright: America Chemistry Society, 2010. (B) Schematic of Schottky barrier [90]. Copyright: Royal Soci‐
ety of Chemistry, 2010. (C) Two general steps for proton reduction reaction [89]. Copyright: America Chemistry
Society, 2013.
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3.2.2. The plasmonic metal case: plasmonic-metal/semiconductor heterodimer nanocrystals

The harvesting and conversion of solar energy become a renewed in recent years. Among
various technologies, the direct conversion of solar to chemical energy using photocatalysts
has received significant attention. Although heterogeneous photocatalysts are almost exclu‐
sively semiconductors, it has been demonstrated recently that plasmonic nanostructures of
noble metals (mainly silver and gold) also show significant promise [1]. Herein, the recent
progress in using plasmonic metallic nanostructures in the field of photocatalysis is reviewed.
We focus on plasmon-enhanced water splitting on composite photocatalysts containing
semiconductor and plasmonic-metal building blocks and recently reported plasmon-mediated
photocatalytic reactions on plasmonic nanostructures of noble metals.

Plasmonic metallic nanostructures are characterized by their strong interaction with resonant
photons through an excitation of surface plasmon resonance (SPR). SPR can be described as
the resonant photon-induced collective oscillation of valence electrons, established when the
frequency of photons matches the natural frequency of surface electrons oscillating against the
restoring force of positive nuclei (Figure 22A). The resonant photon wavelength is different
for different metals. For example, gold, silver, and copper nanostructures exhibit resonant
behavior when interacting with ultraviolet (UV) and visible (Vis) photons. The utilization of
the localized SPR (LSPR) effect of nanostructured Au, Ag, and Cu was examined for the
potential photocatalysis [97–99], using Au or Ag nanoparticles (NPs) supported on ZrO2, AgCl,
or TiO2 for the unselective degradation of organic species under visible light irradiation. As
shown in Figure 22 A, LSPR is the resonant photon-induced coherent oscillation of charge at
the metal-dielectric interface, established when the photon frequency matches the natural
frequency of metal surface electrons oscillating against the restoring force of their positive
nuclei [100]. The frequency of the surface plasmon absorption is highly dependent on the type
of metal, size, shape, surrounding dielectric medium, distance between neighboring objects,
and configuration their ensemble [101]. A wide range of metal/semiconductor heterostruc‐
tures, including Au/TiO2, Ag/TiO2, Au/CdS, and Au/Fe2O3, have been explored to achieve
enhanced photocatalytic activity [102–110].

Although the exact nature of LSPR effect on enhanced photocatalytic activity is not entirely
understood, three possible enhancement mechanisms have been proposed: (1) near-field
enhancement, (2) SPR-induced electron transfer from metal to semiconductor, and (3) scatter‐
ing [103, 104] (Figure 22A–C). The strong SPR-induced electric field of plasmonic metal NPs
can interact with the adjacent semiconductor (Figure 22B-a), this interaction may increase the
rate of exciton formation and the concentration of the charge carriers generated in this part of
the semiconductor [104]. If only the metal excited, the metallic plasmonic NPs can absorb
resonant photons and transfer energetic photogenerated charge carrier to the semiconductor
during the decay of the LSPR (Figure 22B-b). As a result of the plasmonic sensitization process,
a wide band gap semiconductor could perform catalytic reduction reactions under visible light.
Plasmonic structures of size larger than 50 nm are efficient in scattering the resonant photons,
which increases the path length of photons in semiconductor/plasmonic metal nanostructures.
Therefore, the resonant photons that are not absorbed by semiconductor photocatalysts could
be scattered by the bigger plasmonic metal particles, ultimately increasing the number of
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electron/hole pairs. The above-mentioned three mechanisms are governed by the metal/
semiconductor configurations and their arrangements in the hybrid system.

Figure 22. Schematic illustrating (A) localized surface plasmon resonance [102]. Copyright: America Chemistry Soci‐
ety, 2011. (B) The mechanisms for plasmon-enhanced chemical reactions with metal/semiconductor hybrid nanostruc‐
tures: (a) plasmonic enhancement of light absorption; (b) hot-electron effect [103], with permission. Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. (C) The scattering mechanism [104]. Copyright: Royal Society of Chemistry, 2013.

In the case of SPR-mediated charge injection from metal to semiconductor, charge carriers are
directly injected from excited plasmonic-metal nanostructures into the semiconductor surface.
The metallic plasmonic nanoparticles essentially act as a sensitizer, absorbing resonant
photons and transferring the energetic electron, formed in the process of the SPR excitation,
to the nearby semiconductor (Figure 23) [1, 111]. Furthermore, the ability to tune the SPR
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resonance wavelength and intensity by changing the size or shape of Au or Ag nanostructures
suggests that plasmon enhancement could be more dramatic when the interface between Au
(Ag) and semiconductor, such as TiO2, CdS, etc. The charge injection mechanism was func‐
tional in composite photocatalysts where the plasmonic nanoparticles and semiconductor are
in direct contact with each other, allowing a rapid transfer of charge carriers. These composite
systems are geometrically similar to the conventional cocatalyst/semiconductor photocatalysts
that are often synthesized by an incipient wetness deposition of metal precursors and their
subsequent thermal treatment on a semiconductor surface. Therefore, the defect in the
heterointerface should be decreased to get more efficient charge separation and injection to be
“chemically useful” energetic charge carriers for photoreduction. Otherwise, too many defects
on the interface will trap the photoinduced charge.

Figure 23. Mechanism of SPR-induced charge transfer with approximate energy levels on the NHE scale. Dashed red
lines refer to the water-splitting redox potentials. (i) Electrons near the metal Fermi level, Ef, are excited to surface plas‐
mon (SP) states; (ii) the electrons transfer to a nearby semiconductor particle; (iii) this activates electron-driven process‐
es such as the hydrogen evolution half-reaction [1]. Copyright of Nature group 2011, Macmillan Publishers Limited.

3.2.3. The cocatalystic metal on semiconductor nanocrystals with well-defined crystal face exposure

Based on the photoreduction reaction of Pt4+ (Pt4+ + e− →  Pt) and photooxidation reaction of
Pb2+ (Pb2+ + H2O + h+ →  PbO2), it is clearly indicated that rutile {110} and {011} facets provide
reduction and oxidation sites, respectively (Figure 24Aa, c) [112–113]. The obvious separation
of reduction and oxidation sites on faceted rutile crystals is attributed to photoexcited electron
and hole transfer between {011} and {110} facets, which is driven by the higher electronic energy
levels of {011}. Although the selective distribution of photodeposited Pt and PbO2 particles on
anatase {101} and {001} facets (Figure 24 Ab, d) is not as obvious as that on different rutile
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facets, anatase {101} and {001} facets can still be considered to be more reductive and more
oxidative, respectively [113].

The spatial separation of reduction and the oxidation sites in TiO2 crystals with appropriate
different facets are well known now [114]. Consequently, the corresponding spatial separation
of photoexcited charge carriers on different facets improves the photocatalytic activities of
photocatalysts, as illustrated in Figure 24B and C. Liu et al. reported that anatase crystals with
{101} and {001} facets, with selective deposition of Pt particles by a photoreduction process
only on the reductive {101} facets show a much higher photocatalytic hydrogen evolution
(reduction reaction) from a mixture of H2O and methanol than do the same crystals with Pt
particles on both {101} and {001} facets (Figure 24D). It is now clear that the difference in spatial
distribution of cocatalysts on photocatalysts is an important but unfortunately neglected
factor. The spatial separation of photoexcited electrons and holes on different facets was also
seen in brookite nanosheets surrounded with four {210} and two {101} facts as reduction sites,
and two {201} facets as oxidation sites. Consequently, such spatial separation produces an
excellent photocatalytic activity of brookite, which is conventionally inactive [113–116].

Figure 24. .(A) SEM images of (a) a rutile particle and (b) an anatase particle on which Pt fine particles were deposited
by UV-irradiation in a solution of 1.0 mM H2PtCl6; SEM images of (c) a rutile particle and (d) an anatase particle show‐
ing PbO2 deposits, which were loaded on the particles by UV irradiation of the Pt-deposited TiO2 powder in a solution
of 0.1 M Pb(NO3)2. Reprinted with permission from Ohno et al. [113]. Copyright 2002 Royal Society of Chemistry. (B)
Schematic of the spatial separation of redox sites on anatase crystals with {101} and {001} facets and rutile TiO2 particle
with {110} and {011} facets. Reprinted with permission from Murakami et al. [115]. Copyright 2009 American Chemical
Society. (C) Hydrogen production after 6 h irradiation time using TiO2 nanocrystals (NCs) with different exposed {001}
facets as photocatalysts. Reprinted with permission from Liu et al. [116]. Copyright 2013 Wiley-VCH. (D) (a) Hydrogen
production amounts of Pt deposited TiO2 NCs by means of photochemical-reduction (■) and chemical reduction
routes (▲). SEM images of TiO2 NCs with 0.5% Pt loading amount prepared by (b) chemical reduction and (c) photo‐
chemical reduction, respectively. Reprinted with permission from Liu et al. [116]. Copyright 2013 Wiley-VCH.
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3.3. Metal–semiconductor core/shell nanocrystals and photocatalysis application

3.3.1. Metal core–semiconductor shell: large lattice mismatch-induced interface control and
photocatalytic applications

In metal-semiconductor hetero structures, the contact interface between metal and semicon‐
ductor plays a critical role in transfer and separation of charge carriers [117–118]. Our precise
symmetry control of Au–CdX can enable different contact interface between metal and
semiconductor components at the nanoscale, thus offering a new dimension to control optical
and electronic properties of hybrid nanostructures in a highly control manner. Figure 25A
highlights evolution of plasmon–exciton coupling in Au–CdS enabled by their symmetry
control. As compared with the SPR feature of a pure metal nanoparticles, optical absorption
of Au–CdS is significantly broadened in the visible regime (500–700 nm), which can be
attributed to the existence of plasmon–exciton coupling [119, 3]. They further performed finite-
different time-domain (FDTD) simulation to evaluate optical response in Au–CdS with
different structural symmetry and summarize the results in Figure 25B. The FDTD simulation
reproduces symmetry dependent optical property very well. The strong SPR-induced visible
light absorption of Au/CdS colloids can overlap most of the solar spectrum, and particularly
important, its tunability makes it feasible to optimize photorelated processes, including solar
water splitting.

It is well known that CdS or CdSe possesses conduction and valence bands at potentials
appropriate for water reduction, namely, the bottoms of conduction bands locate at a more
negative potential than the reduction potential of H+ to H2. In order to get high efficiency of
H2 evolution by sunlight irradiation, more visible light should be harvested, and then photo‐
excited electron/hole should be separated and migrated to the surface without recombination
[120, 121]. By integrating with plasmonic Au nanoparticle in a hybrid nanostructure, its tunable
optical response achieved in Figure 25A and B should make it feasible to mediate the visible
light-induced electron/hole separation in CdX and electron transfer from CdX to Au surface
due to the plasmon–exciton coupling [3,122]. As shown in Figure 25C and D, for comparison,
photocatalysis with pure 4.5 nm CdS QDs and the CdS/Au heterodimers prepared by reported
in situ deposition are also presented [123–124]. The rate of CdS QDs alone is 0.1 mmol h−1 g
−1.The concentric core/shell Au–CdS has the least H2 evolution activity (0.009 mmol h−1 g−1) and
the heterodimer structured Au/CdS has better H2 evolution activity (7.3 mmol h−1 g−1) that
manifest a dramatic photoactivity enhancement of 730 times. However, the CdS/Au hetero‐
dimers has less H2 evolution activity (0.359 mmol h−1 g−1). Figure 25C and D can be understood
by the mechanism of SPR enhanced electron–hole separation and collection, as illustrated in
the Figure 25E. For an asymmetric Au–CdS heterodimer, under visible light illumination, the
energy band alignment between CdS and Au suggests a rapid electron transfer from conduc‐
tion band of CdS to Au nanoparticle. In the meantime, concentrated electric field due to SPR
of metal constituent can significantly enhance light absorption of CdS semiconductor and
promote charge separation near the Au–CdS interface. Such synergetic effect enriches the
electron (e-) on the Au tip for the efficient water reduction and leads to high efficient H2

evolution activity. The bad H2 evolution activity of the CdS/Au heterodimers mainly attributes
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to the weak SPR and consequent visible light harvest of smaller sized Au (2–3 nm). On the
other hand, in a concentric Au–CdS core–shell nanostructure with high structure symmetry,
the electrons are retained in the Au core after photo excitation and charge separation and
cannot participate in photocatalytic reaction; thus, the photon absorption of CdS is suppressed.
As a result, almost no H2 evolution is observed with concentric Au–CdS.

Figure 25. (A) Evolution of experimental UV-Vis absorption spectra with symmetry of Au/CdS colloid. (B) The normal‐
ized FDTD simulation of the SPR in these Au/CdS heteronanostructures. (C) Comparison of H2 evolution activities of
different Au–CdS photocatalysts. (D) Time evolution of photocatalytic generation of H2 evolution amount versus irra‐
diation time for them. (E) Schematic illustrations of visible light-induced electron/hole separation and transfer differ‐
ence in heterodimer and core/shell Au/CdS when dispersed in aqueous solution containing sacrificial reagents. From
Zhao et al. [32] with permission; copyright Wiley-VCH Verlag GmbH & Co. KGaA.

In conclusion, based on the series of metal-semiconductor hybrid nanostructures from
concentric core–shell to nonconcentric heterodimer with precisely controlled separation
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between metal and semiconductor constituents, the gradual symmetry evolution has led to
novel control of optical response (plasmon–exciton coupling) and photocatalytic activity in
hybrid nanostructures, which highlight the importance of nanoscale interface control for both
fundamental understanding and technology applications. Thus, it can allow us to evaluate a
possible upper limit of a photocatalytic reaction and guide the design toward high efficient
hybrid nanostructures. Due to the plasmon intensity difference from different sized Au NPs,
the larger sized Au, such as tens of nanometers to hundreds of nanometers size, the plasmon
enhancement for photocatalysis may become strong.

4. The photoreduction of CO2 applications of metal/semiconductor hybrid
nanocrystals

Photoreduction of CO2 is another important application of metal/semiconductor photocatalyst,
and it directly converses CO2 into organic compound such methane, methanol, formalin,
formic acid, and so on [125–130]. Being similar with photocatalysis for hydrogen evolution,
metal/semiconductor photocatalysts for photoreduction of CO2 need some potential to meet
the photocatalysis reaction (Schemes 1–5) [125],

® D2 2 2H O H + 1/2 O , E = 1.23V (1)

® D2 2 2CO + H O HCOOH + 1/2 O , E = 1.40 V (2)

® D2 2 2CO + H O HCOH + O , E = 1.34 V (3)

® D2 2 3 2CO + H O  CH OH + 3/2 O , E = 1.21 V (4)

® D2 2 2CO + H O CH4 + 2 O , E = 1.06 V (5)

and two pathways of photoreduction of CO2: formalin pathway and carbine pathway are
proposed to explain the mechanism of photoreduction of CO2. According to these rules,
various photocatalysts have been synthesized for conversing CO2 into fuel and modified for
higher conversion efficiency. What is needed to point out here is that the reduction potential
of CO2 depends on the reaction conditions, such as pH, and as the reduction is carried out, a
series of reactions occur simultaneously. Therefore, as the reaction conditions vary, the main
product of photoreduction of CO2 is different.
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Nowadays, several series of semiconductor have been used for photoreduction of CO2, such
as oxides [126, 131–133], sulfides [134], phosphide [135–136], and so on. In most case, metal
will be used as cocatalysts to enhance photoreduction efficiency. Habisreutinger and his
coworker have concluded photoreduction of CO2 using semiconductors (Table 1) and in most
of the cases, metal would be used as cocatalyst [132]. However, as using different metal as
cocatalysts, the main products of photoreduction of CO2 are different. It hints that metal
nanocrystals play an important role in the photocatalysis system. It provides impossibility for
tuning the photoreduction of CO2 by doping metal cocatalysts.

As a kind of photocatalysts, TiO2 is one of the most popular semiconductors for photoreduction
of CO2 [130]. For example, Li and her coworkers dope Cu onto TiO2 nanocrystals supported
with mesoporous silica and enhance the photoreduction of CO2 (Figure 26A–D) [137]. More
complex structure of photocatalysts has also been synthesized for photoreduction of CO2.
Wang and his coworkers prepared the CdSe/Pt/TiO2 and monitor decrement of CO2 under
irradiation of visible light (wavelength > 420 nm). They found that TiO2/Pt combining with
CdSe platform a higher activity for photoreduction of CO2 (Figure 26E and F) [133].

Figure 26. Cu/TiO2 nanocrystals TEM (A) and HRTEM (B) images and its catalysis properties of photoreduction of CO2

(C and D). Copyright: Elsevier, 2010. CdSe/Pt/TiO2 nanocrystals and its photoreduction of CO2 (E and F). Copyright:
America Chemistry Society, 2010.

Beside TiO2 nanocrystals photocatalyst, sulfides such as CdS nanocrystals and ZnS nanocrys‐
tals also show excellent properties for the photoreduction of CO2. It is reported that using ZnS
nanocrystals as photocatalyst, the rate of formic acid production is up to 7000 μmol h-1 g-1 [132,
134]. What’s more, the shape of nanocrystals and other factors on photoreduction of CO2 attract
lots of attention and photoreduction of CO2 (Figure 27) [138].

Metal/Semiconductor Hybrid Nanocrystals and Synergistic Photocatalysis Applications
http://dx.doi.org/10.5772/61888

327



Figure 27. SEM images and schematic of CeO2 modified with HPO4 ions (A–D) and CH4 evolution from photoreduc‐
tion of CO2 (E and F). Copyright: America Chemistry Society, 2015.

5. Some other recent photosynthesis applications of metal/semiconductor
hybrid nanocrystals

Beside hydrogen evolution and photoreduction of CO2 form photocatalysis, metal/semicon‐
ductor hybrid nanocrystals recently are used for photosynthesis applications. Metal or noble
metal is usually employed as catalysts in organic synthesis [139]. Moreover, noble metal has
plasmonic effect and induces the organic reaction under visible light and enhances the
conversion efficiency [140]. Combining with semiconductor nanocrystals, metal/semiconduc‐
tor hybrid nanocrystals have potential advantages in organic photosynthesis: higher conver‐
sion efficiency, higher selectivity, and lower by-products [141–143].

For instance, Au/CeO2 is employed for oxidation of Alcohol forming aldehyde or ketone under
irradiation of visible light [144]. The reaction rate depends on the surface area of Au nanopar‐
ticles, the power of irradiation and the function group of organic compound (Figure 28A–C),
and a high selectivity of oxidation is also showed in such hybrid nanocrystals (Figure 28D–F).
Beside, metal/semiconductor hybrid nanocrystals, such as Au/ZrO2, can be used for other
organic reaction: reduction of nitroaromatic compound, Suzuki reaction, ester reaction. and
so on [140, 142–143].
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Figure 28. Reaction rate depending on surface area of Au nanoparticles (A), light intensity (B), and substituted func‐
tional groups. Copyright: America Chemistry Society, 2012.

In summary, metal/semiconductor photocatalysts have shown their potential application on
hydrogen evolution, photoreduction for conversing CO2 into fuel and organic photosynthesis.
Although there is a long way before the metal/semiconductor hybrid nanocrystals being
implemented in real-life application, more photocatalysts with different components, special
architectures, or structures would be designed for the real-life application.

6. Summary and outlook

Metal/semiconductor hybrid NCs did have advantages on integration of functionalities of
noble metal and semiconductors based on well-controlled morphologies and heterointer‐
face control. Then they could have potential applications to improve the quantum yield of
photoinduced electrons or holes for photoreduction and photooxidation. This review has
demonstrated the recent research efforts to synthesize metal/semiconductor hybrid NCs and
to  understand  and  control  the  photocatalytic  applications,  such  as  photocatalytic  water
splitting, CO2 photoreduction, and photoinduced organic synthesis. First, on the long term,
it  can  be  expected  that  innovative  design  and  improved  synthetic  capabilities  in  the
development of elaborate metal/semiconductor NCs with defined topologies and interface
control will deliver exciting opportunities in both fundamental understanding and practical
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exploitation  of  unconventional  properties  and  functionalities  stemming  from  properly
engineered heterostructures with tailored interfaces and structural features. It can also be
expected that some recent new synthesis strategy, such as the reaction between coordinat‐
ed cation ions and semiconductor nanostructures (core/shell,  heterodimers,  doped NCs),
nonepitaxial growth of metal/semiconductor core/shell, and heterodimers will speed up the
precise photocatalysts synthesis and design. The new mechanism of photocatalysis, such as
plasmon-enhanced  photocatalysis,  the  synergistic  cooperation  of  plasmonic  metals,  and
cocatalysts based on well-defined interface will also boost each of them to an unprecedent‐
ed level of catalytic performance.
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Abstract

Semiconductor photocatalysis has been considered a potentially promising approach for
renewable energy and environmental remediation with abundant solar light. However,
the currently available semiconductor materials are generally limited by either the har‐
vesting of solar energy or insufficient charge separation ability. To overcome the serious
drawbacks of narrow light-response range and low efficiency in most photocatalysts,
many strategies have been developed in the past decades. This article reviews the recent
advancements of visible-light-driven photocatalysts and attempts to provide a compre‐
hensive update of some strategies to improve the efficiency, such as doping, coupling
with graphene, precipitating with metal particles, crystal growth design, and heterostruc‐
turing. A brief introduction to photocatalysts is given first, followed by an explanation of
the basic rules and mechanisms of photocatalysts. This chapter focuses on recent progress
in exploring new strategies to design TiO2-based photocatalysts that aim to extend the
light absorption of TiO2 from UV wavelengths into the visible region. Subsequently, some
strategies are also used to endow visible-light-driven Ag3PO4 with high activity in photo‐
catalytic reactions. Next, a novel approach, using long afterglow phosphor, has been used
to associate a fluorescence-emitting support to continue the photocatalytic reaction after
turning off the light. The last section proposes some challenges to design high efficiency
of photocatalytic systems.

Keywords: Photocatalysts, TiO2, Ag3PO4, graphene, long afterglow phosphor

1. Introduction

It is well known that environmental pollution is affecting human survival and development.
Photocatalytic technology is considered as an efficient, stable, and environmentally friendly
method in the field of environmental pollution control [1]. In general, a photocatalytic reaction
includes three steps [2] (Fig. 1). First, electrons (e−) and holes (h+) are generated through



photoexcitation. Then, these electrons and holes migrate to the surface of photocatalysts and
subsequently react with adsorbed electron acceptors and donors, respectively. Thus, an
efficient photocatalyst requires a semiconductor with a suitable band gap for harvesting light,
facile separation and transportation of charge carriers, and proper valence band (VB) and
conduction band (CB) edge potential for redox reaction being feasible. To date, much effort is
currently focused on how to improve the light absorption, charge separation, and surface
reactivity in order to achieve outstanding photocatalytic performance, such as doping, coupled
with graphene, precipitated with metal particles, crystal growth design, and heterostructuring.

In the past few decades, TiO2 nanomaterials have attracted tremendous interest in environ‐
mental pollution removal and photocatalytic hydrogen generation. However, all of them have
large electronic band gaps of 3.0–3.2 eV, which means only less than 5% of the entire solar
energy can be utilized. Thus, much effort has been devoted to bring about the absorption of
TiO2 into the visible-light region and improved photocatalytic activity.

Figure 1. Schematic illustration of the reactions following light absorption by a photocatalyst. (a) Electron–hole pair
formation; (b) donor oxidation by hole; (c) reduction by electron; (d) and (e) electron–hole recombination on the sur‐
face or in the bulk. Adapted with permission from ref. 2. © 1995 ACS.

Despite the fact that there are many research articles on modified TiO2, the exploration of new
active and efficient visible-light-driven photocatalysts attracts much attention [3–22]. In the
effort to exploit novel photocatalyst systems working under visible light, it has been revealed
that orbitals of some p-block metals with a d10 configuration [22], such as Ag 4d in Ag(I), could
hybridize O 2p levels to form a new preferable hybridized VB, thus narrowing the band gap
to harvest visible light.

Compared with single-phase semiconductor photocatalysts, hybrids of two or more semicon‐
ductor systems, i.e., heterostructures, seem to possess advantages in more efficiently utilizing
solar light. Besides metal/semiconductor and carbon group materials/semiconductor-hetero‐
structured photocatalysts [23–28], semiconductor/semiconductor-heterostructured photoca‐
talysts with diverse models have been developed (Fig. 2), including type-I and type-II
heterojunctions, Z-scheme, p–n heterojunctions, and homojunction band alignments [29–32].
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Figure 2. Schematic illustration of band alignments corresponding to five kinds of heterostructured photocatalysts, in‐
cluding the straddling alignment (type I), staggered alignment (type II), Z-scheme system, p–n heterojunctions, and
homojunctions. Reproduced with permission from ref. 30–32 © 2011 RSC & 2011 ACS & 2012 Wiley.

2. TiO2-based photocatalysts

In this section, strategies on the modulation of energy band structures or surface states of wide-
band-gap photocatalysts, especially for TiO2, are reviewed. Currently, many strategies have
been developed to modulate the band structures of TiO2, including doping, coupling with
graphene, precipitating with metal particles, crystal growth design, and heterostructuring,
which will be discussed.

2.1. Doping

Doping is an available strategy to tune the absorption band of wide-band photocatalysts.
Several studies have investigated nonmetal doping. Asahi et al. reported nitrogen-doped
TiO2 of nonmetals, such as N [33, 34], C [35–37], S [38, 39], B [40–42], F [43–45], Br [46], I [47–
50], P [51], in 2001 [33]. In our study [34], nitrogen-doped titania nanoparticles (NPs) were
successfully prepared by a microwave-assisted solvothermal process in a very short time, and
the prepared samples showed visible-light absorption in the range of 400–550 nm, indicating
its potential applications as visible-light-induced photocatalyst. The chemical states and
locations of dopants are considered to be key factors in adjusting the spectral distribution of
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the induced electronic states of those dopants and reconstructing favorable surface structure
for photocatalysis.

Co-doping with two suitable heteroatoms can also achieve substantial synergistic effects [41,
52–55]. For example, B, N co-doped TiO2, benefits from the B–N bonds formed, which can
increase the amount of doped N on the TiO2 surface and the promoted separation of photo‐
excited electron–hole pairs [41].

2.2. TiO2-graphene composite

Graphene, a two-dimensional carbonaceous material, can be used in many applications due
to its unique and remarkable properties such as high conductivity, large surface area, and
good chemical stability [56–59].  Tremendous interest  is  devoted to fabricating numerous
graphene–semiconductor composites to aid charge separation and migration and improve
the performance of the photocatalysts [60–64]. Graphene works as an electron acceptor or
transporter to induce electron transfer, leading to an efficient charge separation. Thus, an
appropriate  integration  of  graphene  and  TiO2  could  give  rise  to  a  nanocomposite  that
combines the desirable properties of graphene and TiO2, e.g., the photocatalytic activity of
TiO2  can be improved. In the past  few years,  there were some reports about graphene–
TiO2 composites [13–17].

Recently, Liu et al. synthesized the graphene oxide–TiO2 nanorod composites [65, 66]. Wu et
al. reported the synthesis and application of graphene–TiO2 nanorod hybrid nanostructures
in microcapacitors [67]. As shown in Fig. 3, the assembling of TiO2 nanocrystalline with
exposed {001} facets on graphene sheets reported in our previous work showed a higher
photocatalytic activity than the other normal TiO2/graphene composites [68]. In another work
(Fig. 4), graphene/rod-shaped TiO2 nanocomposite was synthesized by the solvothermal
method [69]. In a one-pot system, the rod-shaped TiO2 can be homogeneously dispersed on
the surface of graphene sheets by syngraphenization strategy. Owing to the combination of
graphene and rod-shaped TiO2, the graphene/rod-shaped TiO2 nanocomposite shows a
significant enhancement in the photocatalytic performance compared with that of the gra‐
phene/spherical TiO2 nanocomposite, which can be attributed to the high electronic mobility
of graphene, higher Brunauer-Emmett-Teller (BET) surface area, and rod-shaped structures of
TiO2. In our recent work [70], a series of B-doped graphene/rod-shaped TiO2 nanocomposites
were synthesized via one-step hydrothermal reaction. The photocatalytic activity of the
obtained nanocomposites for the oxidative photodestruction of NOx gas showed better
photocatalytic properties than pure TiO2 and graphene/TiO2 nanocomposites. This work
provides new insight into the fabrication of TiO2–carbon nanocomposites as high-performance
photocatalysts and facilitates their application in addressing environmental protection issues.

2.3. TiO2-based plasmonic photocatalysts

Plasmonic photocatalysis has offered a new opportunity to solve the problem of the limited
efficiency of photocatalysts [71–73]. In these photocatalysts, the nanostructured plasmonic
metals are often combined with a semiconductor-based material (e.g., TiO2), and the photo‐
catalytic activity is greatly enhanced due to the local surface plasmon resonance (LSPR) effect
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[74]. The LSPR effect endows the metal nanocrystals with very large absorption and scattering
cross sections and local electromagnetic field enhancement in the near-field region near the
surface of plasmonic metal nanocrystals, which is promising in manipulating light absorption
in photocatalytic systems. The intensity of the local electromagnetic field is several orders of
magnitude larger than that of the far-field incident light, and the highest charge carrier
formation is observed at the semiconductor/liquid interface, which benefits the photocatalytic
reactions [71–72].

Recently, noble metal nanoparticle-deposited TiO2 has attracted significant attention. The main
advantages of these noble metal NPs can be attributed to their chemically inert properties

Figure 3. Scanning electron micrograph (SEM) and transmission electron micrograph (TEM) of (a1 and a3) GO and (a2
and a4) GS; (b1 and b2) TEM images of TiO2/GS with different Ti:C ratios; (b3 and b4) high-resolution transmission
electron microscopic (HRTEM) images of sample b1; (c) photocatalytic degradation of MB and MO under the irradia‐
tion of UV light and visible light over the TiO2/GS composites; (d) a proposed schematic illustration showing the reac‐
tion mechanism for photocatalytic degradation of organic pollutants over the TiO2/GS composites. Reproduced with
permission from ref. 68 © 2012 RSC.
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toward (photo) oxidation and LSPR effect on the surface [75, 76]. Meanwhile, our previous
work found the plasmonic enhancement of the photocatalytic activity of semiconductor–metal
nanocomposite materials [77–79]. Thus, noble metal NP-deposited TiO2 could be an appro‐
priate approach to improve the photocatalytic performance of TiO2.

A variety of nanostructured Au/TiO2 with different morphologies have been synthesized, such
as highly stable mesoporous Au/TiO2 spheres (~500 nm) [80] and mesoporous Au–TiO2

nanocomposites using a simple spray hydrolytic method [81]. In our study, Au NPs are
precipitated on the highly porous one-dimensional (1D) TiO2 nanotubes (NTs), and the
plasmonic photocatalytic properties of the material are investigated [82]. Compared with
nanoparticles, there are some advantages of 1D NT structures, such as favorable recycling
characteristics and the vectorial transport of photogenerated charge carriers [83, 84], which
have great potential for superior photocatalytic performance. The Au NPs/TiO2 NTs were
synthesized by emulsion electrospinning followed by deposition–precipitation (DP) method.
The results in Fig. 5 show that the modified porous TiO2 NTs with the presence of Au NPs
increased photocatalytic destruction of methylene blue (MB) solution under visible-light
irradiation. Furthermore, the migration of Au NPs from the rutile phase to the interface of

Figure 4. TEM images of (a1) graphene oxide, (a2) graphene, (a3) 0.48% GR/RT, and (a4) HRTEM image of a single
rod-shaped TiO2 nanocrystal in the composite; (b) photocatalytic degradation of MO solution over graphene/rod-shap‐
ed TiO2 nanocomposites with various graphene contents compared with that of GR/ST; (c1) SEM image, (c2) TEM im‐
age, (c3) EDX, and (c4) HRTEM image of 7.5% BG/RT; (d) photocatalytic activity for the destruction of NOx gas under
UV irradiation using different photocatalysts. Reproduced with permission from ref. 69 & ref. 70 © 2012 & 2014 RSC.
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rutile/anatase was found when the calcination temperature changed from 250 °C to 350 °C.
The optimal photocatalytic activity was obtained in the sample Au3(DP350)/TiO2, due to the
plasmon activation of the Au NPs followed by consecutive electron transfer that induced
efficient charge separation. Therefore, such a highly porous Au/TiO2 heterojunction structure
provides a new pathway for the design and fabrication of other energy- and environment-
related applications.

Figure 5. (a) SEM and (b) TEM images of as-prepared TiO2 NTs and (c) SEM and (d) TEM images of the representative
sample Au3(DP350)/TiO2 NTs; TEM images of Au3(DPy)/TiO2 (y = 150 (e11), 250 (e12), 350 (e13), and 450 °C (e14), respec‐
tively) and the dispersion of Au co-catalysts (e21), (e22), (e23), and (e24), respectively; (f1) effect of calcination tempera‐
ture on the location and size of the Au NPs on TiO2 NTs; (f2 and f3) TEM and HRTEM images of Au3(DP350)/TiO2.
Variation of normalized C/C0 of MB concentration as a function of visible-light irradiation time for (g1) Aux(DP350)/
TiOy and (g2) Au3(DPy)/TiO2 (y = 150, 250, 350, 450 °C, respectively); (g3) schematic diagram for the possible mecha‐
nism for photocatalytic degradation of MB over Au3(DP350)/TiO2 under visible-light irradiation. Reproduced with per‐
mission from ref. 82 © 2013 RSC.
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2.4. TiO2-based heterostructure photocatalysts

The heterojunctions provide a facile way to enable the effective separation of photoexcited
electron–hole pairs, thus to enhance the photocatalytic performance. Table 1 lists recent
prominent heterostructured photocatalysts as well as their photocatalytic application.

Heterostructured photocatalysts

Type I CdS/ZnS,[85] Bi2S3/CdS,[86] V2O5/BiVO4[30]

Type II
CdS/TiO2,[87–89] SrTiO3/TiO2,[90, 91] Fe2O3/TiO2,[92] ZnO/CdS,[93] AgIn5S8/TiO2,[94]

Ag3VO4/TiO2,[95] ZnFe2O4/TiO2[96]

p–n
CuFe2O4/TiO2,[97] CuO/ZnO,[98] MoS2/CdS,[99, X] Ag2O/TiO2,[101] CuInSe2/TiO2,[102]

TiO2/ZnO,[103] ZnFe2O4/TiO2,[104] NiO/ZnO[105]

Homojunction
Anatase/rutile TiO2,[106] α/β-Ga2O3,[31] p–n Cu2O,[107] α/γ-Bi2O3,[108] Co-doped

TiO2/TiO2,[109] W-doped BiVO4,[110] Pt/n-Si/n+-Si/Ag[111]

Z-scheme
CdS/Au/TiO1.96C0.04,[112] CdS/Au/TiO2,[113] ZnO/CdS,[114] CdS/Au/ZnO,[115]

CuO/TiO2,[116] CaFe2O4/WO4[117]

Table 1. Recent reports of diverse heterostructured photocatalysts.

According to different electronic energy levels and band gaps of photocatalysts, five kinds of
semiconductor heterojunctions have been reported: straddling alignment (type I), staggered
alignment (type II), Z-scheme system, homojunctions, and p–n heterojunctions [118, 119]. In
those work, the dynamics of electron and hole were studied, including the band gap, the
electron affinity, and the work function of different semiconductor heterojunctions.

3. Visible-light-driven Ag3PO4 photocatalysts

A breakthrough was made in finding a novel semiconductor material, Ag3PO4, as an active
visible-light-induced photocatalyst [4]. Ag3PO4 demonstrates extremely high capability for
O2 evolution from H2O and organic dye decomposition under visible-light irradiation [120].
More importantly, this novel photocatalyst can achieve a quantum efficiency up to 90% at
wavelengths longer than 420 nm, which is clearly higher than that reported previously by
using semiconductor photocatalysis.

So far, various methods have been proposed to further enhance the photocatalytic activity of
Ag3PO4 under visible-light irradiation. One approach is the synthesis of Ag3PO4 with various
morphologies. This is because photocatalytic reactions are typically surface-based processes;
thus, the photocatalytic efficiency is closely related to the morphology and microstructure of
a photocatalyst [83]. Recently, some new morphologies of Ag3PO4 have been developed [120–
126]. For example, Bi et al. fabricated the single-crystalline Ag3PO4 rhombic dodecahedrons
and cubes, and they found that both of these samples exhibited higher photocatalytic activity
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than the microsized spherical Ag3PO4 particles [120]. Liang et al. synthesized hierarchical
Ag3PO4 porous microcubes with enhanced photocatalytic property [123]. Wang et al. reported
the synthesis of Ag3PO4 tetrapod microcrystals, and they demonstrated that Ag3PO4 tetrapod
showed higher photocatalytic activity than the microsized spherical Ag3PO4 particles [126].

Another approach is to couple Ag3PO4 with other semiconductors, carbon materials, or noble
metals to improve the photocatalytic activity, such as Ag3PO4/TiO2 [127, 128], Ag3PO4/AgX
(X = Cl, Br, I) [129], Ag3PO4/BiOCl [130], Ag3PO4/Fe3O4 [131], Ag3PO4/SnO2 [132], Ag3PO4/
carbon quantum dots [133], Ag3PO4/reduced graphite oxide sheets [134], and Ag3PO4/Ag
composites [135–137].

3.1. Crystal growth design

Manipulating the crystal structure will result in controlling the percentage of exposed facets
on crystal surfaces and thus can lead to a dramatic change in reactivity, which has been widely
investigated in sensing [138], electronics [139], magnetic memory devices [140], and catalysis
[141]. It is widely accepted in catalysis that a higher surface energy leads to a more reactive
surface. Therefore, the control of the exposed facets is one of the most available and efficient
methods to obtain more active surface [142], which has been investigated recently to promote
photocatalytic activity [83].

Herein, we controllably prepared Ag3PO4 crystals with various new morphologies (including
branched, tetrapod, nanorod-shaped, and triangular-prism-shaped Ag3PO4 crystals) via a
facile and efficient synthesis process in the solvent mixture of N,N dimethylformamide (DMF)
and H2O at room temperature (Fig. 6). The results indicate that the branched Ag3PO4 sample
shows highly enhanced photocatalytic activity compared with other as-prepared Ag3PO4

samples, and the BET-specific surface area makes a greater contribution to the enhanced
photocatalytic activity of as-prepared Ag3PO4 crystals [143].

3.2. Ag3PO4–graphene composite

The photocorrosion phenomenon of Ag3PO4 reduces the photocatalytic activity during the
process. Up to now, some solutions have been put forward to improve its stability and
photocatalytic properties under visible-light irradiation. Apart from its unique electronic
properties [58], graphene has several other excellent attributes, such as the large theoretical
specific surface area [57] and good chemical stability [59]. The large specific surface area of
graphene facilitates the attachment of inorganic nanomaterials [144, 145]. Thus, the combina‐
tion of graphene and Ag3PO4 could be a good choice to construct a stable and efficient
photocatalyst composite.

In one of our works, Ag3PO4/reduced graphite oxide (RGO) nanocomposites were synthesized
to enhance the visible-light photocatalytic activity and the stability of Ag3PO4. The results show
that the graphene content obviously affects the photocatalytic activity of Ag3PO4/RGO
nanocomposites [134]. As shown in Fig. 7, among a series of Ag3PO4/RGO, the Ag3PO4/2.1 wt
% RGO shows the best photocatalytic activity despite the degradation of MB or Methyl Orange
(MO) solution. In addition, the Ag3PO4/RGO is more stable than pure Ag3PO4 since the RGO
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can be used as protective coatings that inhibit the photocorrosion of Ag3PO4. Thus, the
Ag3PO4/RGO nanocomposites with excellent photocatalytic performance and enhanced
stability can find promising applications in addressing environmental protection issues.

3.3. Ag3PO4-based heterostructure photocatalysts

Many narrow-band-gap metal oxides or chalcogenides have been coupled with Ag3PO4

photocatalyst to enhance its photocatalytic activity and/or improve its stability. In Yao’s work,
Ag3PO4/TiO2 has been synthesized via the in situ deposition of Ag3PO4 nanoparticles onto the
TiO2 surface, which facilitates electron–hole separation, thereby leading to enhanced photo‐
catalytic activity [128].

In our work, the phenomenon of “self-corrosion” was first observed in the simple physical
mixed Ag3PO4/TiO2 compounds (Fig. 8). It is found that both self-corrosion and photocorrosion
in Ag3PO4/TiO2 compounds alter the chemical environment of Ag. The corrosion degree,
however, is different due to a slight difference in the chemical environment of Ag. Further‐
more, it is the strong adsorption capacity that determines the photocatalytic activities of

Figure 6. SEM images of (a) branched, (b) tetrapod, (c) nanorod-shaped, and (d) triangular-prism-shaped Ag3PO4 crys‐
tals; (e) schematic illustration of the possible formation mechanism of Ag3PO4 crystals with four typical morphologies
prepared under static and ultrasonic conditions; (f) variation of MB solution concentration against illumination time in
the presence of branched, tetrapod, nanorod-shaped, triangular-prism-shaped, and irregular spherical Ag3PO4 prod‐
ucts. Reproduced with permission from ref. 143 © 2013 RSC.
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Ag3PO4/TiO2compounds under UV light irradiation, which is almost independent of self-
corrosion. In contrast, it is the amount of visible-light response of Ag3PO4 in Ag3PO4/TiO2

compounds that mainly determines the photocatalytic activities under visible-light irradiation,
which is highly relevant to self-corrosion [146].

Besides Ag3PO4/TiO2 composite heterostructures, AgX/Ag3PO4 (X = Cl, Br, I) heterocrystals
have also attracted much attention due to their excellent photocatalytic activity [129]. Bi and
coworkers have reported that the AgX/Ag3PO4 (X = Cl, Br, I) heterocrystals embodied some
advantages compared to the single Ag3PO4, and it is a more promising and fascinating visible-

Figure 7. (a) TEM image of pure Ag3PO4 nanoparticles; (b and c) TEM images of Ag3PO4/2.1 wt% RGO nanocomposite;
(d) HRTEM image of a single Ag3PO4 nanoparticle in the Ag3PO4/2.1 wt% RGO nanocomposite; (e) scheme of synthetic
procedure for the Ag3PO4/RGO nanocomposite; (f) variation of MO and MB concentration against irradiation time us‐
ing Ag3PO4/RGO nanocomposites with various RGO contents under visible-light irradiation and plots of ln(C0/C) ver‐
sus irradiation time representing the fit using a pseudo-first-order reaction rate; (g) repeated photocatalytic
degradation of MB solution under visible-light irradiation. Reproduced with permission from ref. 134 © 2013 Elsevier
B.V.
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light-driven photocatalyst than pure Ag3PO4 [129]. In their work, the AgBr/Ag3PO4 hybrid
displayed much higher photocatalytic activity than single AgBr or Ag3PO4, as well as high
stability under visible-light irradiation.

4. Long afterglow phosphor-assisted photocatalysts

Long afterglow phosphor-assisted novel photocatalysts become promising functional mate‐
rials due to their effective utilization of solar light in practical applications of environmental
purification. In this section, the recent development on TiO2-based and Ag3PO4-based fluo‐
rescence photocatalyst composites with full-time active photocatalytic properties is reviewed.

The long afterglow phosphor (CaAl2O4:(Eu, Nd)) has a high luminescent brightness around
440 nm of wavelength, long afterglow time, good chemical stability, and low toxicity. The
luminescent brightness around 440 nm can excite the visible-light-responsive nitrogen-doped
titania (TiO2–xNy). Therefore, TiO2–xNy photocatalyst was expected to possess a novel photo‐
catalytic property after coupling with CaAl2O4:(Eu, Nd).

Figure 8. Images of fresh samples of (a1 and a3) P25 TiO2, bare Ag3PO4, and Ag3PO4/TiO2 compounds and their coun‐
terparts (b1 and b3) kept in dark for 5 days; (c) XPS spectra of Ag 3d; (d) UV–Vis absorption spectra for related sam‐
ples; (e1) effects of "self-corrosion" on the photocatalytic activity under UV light irradiation, (e2) maintained time, (e3)
decreased degradation percentage, (e4) adsorption capacity. Reproduced with permission from ref. 146 © 2014 Elsevier
B.V.
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In our research [147–149], the degradation of continuous NO gas was achieved by TiO2–xNy

surface-immobilized CaAl2O4:(Eu, Nd) microparticles (Fig. 9). The results show a persistent
deNOx ability of the CaAl2O4:(Eu, Nd)/TiO2−xNy composite. In another work [149], the
persistent fluorescence-assisted photocatalysts of Ag3PO4 composites have been synthesized
to expand the application of Ag3PO4 on dye decomposition day and night. Sr4Al14O25:(Eu,Dy)/
Ag3PO4 composites exhibited excellent photocatalytic activities for the Rhodamine B (RhB)
decomposition reaction in the dark without additional light sources (Fig. 9c).

Figure 9. (a) Composition and (b) the mechanism of the persistent fluorescence-assisted photocatalysts; (c) variation of
RhB solution concentration against illumination time using Sr4Al14O25:(Eu,Dy)/Ag3PO4 composites. Reproduced with
permission from ref. 148 © 2013 Elsevier B.V. & ref. 149 © 2013 RSC.

5. Challenges and perspectives

Photocatalysis appears to be a promising avenue to solve environmental and energy issues in
the future. A variety of strategies, such as doping, coupling with graphene, precipitating with
metal particles, crystal growth design, heterostructuring, were explored to enhance the
efficiencies of photocatalytic activities. Besides modified TiO2 and Ag3PO4, other visible-light-
driven photocatalysts, including CdS, BiVO4, Bi2WO6, and g-C3N4, even fluorescence-assisted
photocatalyst composites, have attracted increased attention [147–156].
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Although great progresses have been achieved, some challenges still exist to design high
efficiency of photocatalytic systems. First, fundamental studies are essential to tackle the
bottleneck problems in the field, including improved charge separation and transfer, promoted
optical absorption, optimized band-gap position, lowered cost, and toxicity. Second, faceted
photocatalysts remain a challenge and the development of surfactant-free synthesis routes is
highly desirable, since most synthesis strategies involve the use of morphology-controlling
agents that must be eventually removed in order to obtain clean facets. Finally, photostability
of photocatalyst is and will continue to be a main challenge for practical applications. There‐
fore, new material design and innovative strategies for improving the efficiency and increasing
the visible-light absorption of photocatalysts will be the key challenge and opportunity in this
field.
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Abstract

The ongoing global energy and environmental issues warrant the development of envi‐
ronmental catalysts for decomposing pollutants in water and air by utilizing solar energy
named as “solar environmental catalysts.” This chapter describes the recent studies on a
novel class of solar environmental catalysts consisting of TiO2 and molecular-scale first-
row transition metal oxide clusters (or metal oxocomplexes) on the surface (MOs/TiO2).
The TiO2 surface modification with the oxocomplexes by the chemisorption–calcination
cycle (CCC) technique presents a novel band engineering for fine-tuning the band ener‐
gy. The unique physicochemical and electronic properties of MOs/TiO2 give rise to the
outstanding photocatalytic activity for the decomposition of organic pollutants. The com‐
bination with the rapidly growing technique for preparation of TiO2 nanostructures al‐
lows us to expect further improvement of the performances and the wide application to
the solar chemical transformation for producing useful substances.

Keywords: Visible-light photocatalyst, Titanium(IV) oxide, Surface modification, Metal
oxide cluster, Metal oxocomplex, Band energy turning, Solar environmental purification

1. Introduction

Environmental pollution is beyond limits, and the development of environmental catalysts is
a critical subject for scientists and engineers all over the world. Here, the catalysts for purify‐
ing polluted water and air by utilizing the solar energy are termed as “solar environmental
catalyst.” The TiO2 photocatalyst possesses great potential as the “solar environmental catalyst”
owing to its strong oxidation ability, high physicochemical stability, abundance in nature, and
nontoxicity [1,2]. Scheme 1 shows the fundamental reaction mechanism on the TiO2-photocata‐
lyzed decomposition of organic pollutants with the characteristic time for each process [3]. UV-
light absorption by TiO2 causes the excitation of electrons in the valence band (VB) to the



conduction band (CB) in the order of femtoseconds. Most of the photogenerated charge carriers
are lost by the recombination within ~100 ns. The charge carriers surviving the recombination
are trapped at the TiO2 surface to induce the redox reactions. In general, the CB electrons reduce
oxygen (O2), whereas the VB holes oxidize organic pollutants. The VB holes have a highly
positive potential (+2.67 V versus standard hydrogen electrode (SHE) at pH 7) to oxidize most
organic compounds. Conversely, the driving force for one-electron O2 reduction (standard
potential, E0(O2/O2

−) = −0.284 V versus SHE) by the CB electrons (−0.53 V versus SHE at pH 7)
is small. Consequently, the O2 reduction reaction (ORR) is much slower (~ms) than the oxidation
process (~100 ns). TiO2 usually takes crystal forms of rutile and anatase. The flatband poten‐
tial of anatase is ~0.2 V, which is more negative than that of rutile, and anatase has a higher UV-
light activity for the oxidation of organic compounds as compared with rutile [4]. This fact also
points to the importance of the ORR in TiO2 photocatalytic reactions. Also, the coupling of
anatase and rutile TiO2 can further increase the UV-light activity because of the enhancement
of charge separation due to the interfacial electron transfer [5].

Sheme 1. The basic mechanism on the TiO2 photocatalytic reaction (the surface trapping processes for the CB electrons
and VB holes are abbreviated) with the characteristic time for each step shown.

Recently, the visible-light activation of TiO2 by its surface modification with metal oxide
nanoparticles (NPs) or oxocomplexes has been developed [6,7]. This approach has a major
advantage over the conventional doping [8–14], in that visible-light activation can be achieved
by a simple procedure without the introduction of the impurity/vacancy levels into the bulk
TiO2. To date, the impregnation method has been mainly used for the surface modification
with metal oxide NPs, including chromium oxides [15], iron oxides [16–18], and copper oxides
[19]. Unfortunately, the surface modification by the impregnation method is effective for rutile
but less effective for anatase.

This chapter deals with our recent studies on the surface modification of anatase TiO2 with the
first (3d) transition metal oxocomplexes (MOCs) by the chemisorption–calcination cycle
technique (MOCs/TiO2) [20] and the characterization and photocatalytic activities for the
degradation of organic pollutants. We show that some MOCs/TiO2 fulfill the requirements for
the “solar environmental catalyst.”
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2. Design for solar environmental catalysts

The requirements for the highly active TiO2-based “solar environmental catalyst” are described
below. As shown in Figure 1, the excitation from the VB electrons to the CB needs UV-light
irradiation, occupying only 3% of the incident sunlight. From a viewpoint of the effective use
of the sunlight, the response to the visible-light occupying 45% of the solar energy (Figure 1)
should be particularly imparted to anatase TiO2 and anatase–rutile-mixed TiO2 (Requirement
1). However, even if TiO2 can be endowed with the visible-light activity, it is usually much
smaller than the UV-light activity. Therefore, the inherent excellent UV-light activity of TiO2

should be compatible with the visible-light activity (Requirement 2). For high levels of visible
and UV-light activities to be achieved, the enhancement of the ORR is crucial because it is
usually the rate-determining step in the TiO2-photocatalyzed reactions [21] (Requirement 3).

3. Catalyst preparation

3.1. Chemisorption–calcination cycle technique

The adsorption mechanism of metal acetylacetonates (acac) on TiO2 depends on the kind of
complexes. As an example, Fe oxocomplex formation by the CCC technique is represented in
Scheme 2. In the first step, Fe(acac)3 is chemisorbed on the TiO2 surface via the ligand ex‐
change between the acac ligand and the surface Ti-OH group from the nonaqueous solution
(Eq. 1) [22]:

( ) ( ) ( ) ( ) ( )s s3 3-l l
Fe acac +l Ti -OH   Fe acac O-Ti +lAcacH l  1® » (1)

where the subscript s denotes the surface atom.

Figure 1. Solar spectrum (AM 1.5).
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Conversely, [Sn(acac)2]Cl2 is adsorbed on TiO2 via the ion exchange between H+ and
[Sn(acac)2]2+ ion (Eq. 2) [23]. In each case, the adsorption apparently obeys the Langmuir model.
The saturated adsorption amount and the adsorption constant for the adsorption of various
metal acetylacetonates on TiO2 at 298 K are summarized in Table 1. The adsorption constants
range from 102 to 104, indicating that they are strongly adsorbed on the TiO2 surface by chemical
bonds. Exceptionally, Cr(acac)3 is not adsorbed because of its large ligand-field stabilization
energy (1.2∆0).

Sheme 2. Fe oxocomplex (Fe2O3) formation on the TiO2 surface by the CCC technique.

Table 1. Adsorption properties of 3d metal acetylacetonates on TiO2 at 298 K.
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( ) ( ) ( ) ( )2 s s2 2 2
Sn acac Cl + 2 Ti -OH   Sn acac O-Ti + 2HClé ®ùë û (2)

In the second step, the oxidation of the acac ligands by heating the samples in air at 773 K
yields iron oxides on the TiO2 surface. Further, these procedures are repeated to control the
Fe-loading amount. Chemical analysis confirmed that all the Fe was confirmed to be present
only on the TiO2 surface. The Fe-loading amount is expressed by the number of Fe ions per
unit TiO2 surface area (Γ/ions nm−2).

3.2. Control of loading amount

A feature of the CCC technique is precise control of the loading amount of metal oxides. As
an example, the manner in which the Fe-loading amount is controlled in the iron oxide/TiO2

system is described. Figure 2A shows the relation between Γ and initial complex concentration:
black, Fe(acac)3 and blue, Mn(acac)3. In each case, the Γ gradually increases with an increase
in the initial concentration. Figure 2B shows plots of Γ versus CCC cycle number (N): black,
Fe(acac)3]0 = 0.65 mmol dm−3 (black) and blue, Mn(acac)3]0 = 8 mmol dm−3. The Γ further
increases in proportional to N in both the systems. The linear Γ–N relation is also observed in
the other metal oxide/TiO2 systems. In this manner, the loading amount of metal oxides can
be controlled in a wide range using the precursor complex concentration and the cycle number.

4. Structure of surface metal oxocomplexes

Another feature of the CCC technique is the formation of molecular-scale metal oxide species
on TiO2. Figure 3 shows transmission electron micrographs (TEMs) of iron oxide/TiO2 with
varying Γ. No particulate deposits are observed on the TiO2 surface at Γ < 1 ions nm−2. This fact
suggests that iron oxides exist as molecular-scale iron oxide species on the TiO2 surface.

Figure 2. (A) Plots of Fe-loading amount (Γ/ions nm−2) versus initial concentration of the complex ([M(acac)3]0): M = Fe
(black) and M = Mn (blue). (B) Plots of Γ versus cycle number (N) at Fe(acac)3]0 = 0.65 mmol dm−3 (black) and
Mn(acac)3]0 = 8 mmol dm−3 (blue).

To obtain the detailed structural information, Fe K-edge X-ray absorption fine-structure
spectra were measured for the iron oxide/TiO2 samples with varying Γ [24]. Figure 4A shows
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X-ray absorption near-edge structure (XANES) spectra for the iron oxide/TiO2 samples, and
authentic Fe, Fe3O4, and α-Fe2O3 for comparison. The absorption edge of the iron oxide/TiO2

sample is in agreement with that of α-Fe2O3, indicating the oxidation number of the iron to be
+3 (Table 1). Figure 4B shows the Fourier transforms of the k3-weighted X-ray absorption fine
structure (EXAFS) for the iron oxide/TiO2 samples. The peaks around 1.6 Ǻ and 2.8 Ǻ arise
from the scattering from the nearest neighbor O and Fe, respectively. It is worth noting that
the latter peak becomes very weak at Γ ≤ 0.5. Evidently, the iron oxides exist as a mononuclear
Fe oxocomplex on TiO2 designated as Fe2O3/TiO2 below.

Figure 3. TEM images of Fe2O3/TiO2 with varying Γ : (A) Γ = 0 (P-25); (B) Γ = 0.23, (C) Γ = 0.38, (D) Γ = 0.54.

In this manner, MOCs are formed on the TiO2 surface in a highly dispersed state by the CCC
technique, whereas the conventional impregnation method usually yields metal oxide NPs.
As illustrated in Scheme 2, the molecular size of Fe(acac)3 (~0.5 nm2 complex−1) is much larger
than the reciprocal number density of the Ti-OH groups on the TiO2 surface (~0.1 nm2 group
−1) [25]. In the first step of the CCC process, Fe(acac)3 complexes are chemisorbed isolatedly
each other owing to the bulky acac-ligands. Also, the strong bond between the complexes and
the TiO2 surface suppresses the aggregation of the oxocomplexes during the second step.
Consequently, mononuclear MOCs can be formed on the TiO2 surface.

Figure 4. XANES and EXAFS spectra. (A) XANES spectra for Fe, Fe3O4, α-Fe2O3, and Fe2O3/TiO2 with varying Γ. (B)
Fourier transforms of the k3-weighted EXAFS spectra for Fe2O3/TiO2. The figures were taken from Ref. 24.
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5. Characteristics of metal oxocomplex–surface-modified TiO2

5.1. Optical property

The optical property is a fundamental factor affecting the photocatalytic activity. Figure 5
shows UV–visible absorption spectra for Fe oxocomplex–surface-modified mesoporous TiO2

nanocrystalline films (Fe2O3/mp-TiO2) with varying Γ. Impregnation samples usually have
absorption approximately 470 nm in addition to absorption at 410 nm [16,17,26,27]. The former
and latter absorptions can be attributed to the d–d transition and electronic transition from
Fe3+ levels to the CB of TiO2, respectively [28]. A strong d–d absorption is also observed for a
heavy-loading CCC sample (Fe2O3(Γ = 5.5)/mp-TiO2). In contrast, the absorption spectra of
Fe2O3(Γ ≤ 2.1)/mp-TiO2 apparently show a marked bandgap narrowing from 3.3 to 2.85 eV with
an increase in Γ, whereas the d–d transition absorption is very weak [24]. Similar spectra were
previously observed for TiO2 doped with Cr [12] and N [13] prepared by ion implantation and
magnetron sputtering. The weak d–d transition absorption is a common feature for the CCC
samples including Co2O3/TiO2 [29], NiO/TiO2 [30,31], and CuO/TiO2 [32]. Clearly, the unique
optical properties of the CCC samples originate from the highly dispersed MOCs on the
TiO2 surface.

Figure 5. UV–Vis absorption spectra of Fe2O3/mp-TiO2 prepared by the CCC technique.

5.2. Fine-tuning of band energy

The VB maximum determines the oxidation ability of the holes, and thus is a key factor for the
decomposition of organic pollutants by semiconductor photocatalysts. The VB maximum level
can be estimated from the VB-X-ray photoelectron spectroscopy (XPS) [24]. Since the VB
maximum of TiO2 is almost independent of its crystal form and size, the VB maximum of MOC-
modified TiO2 can be compared with respect to that of unmodified TiO2. Figure 6 shows the
VB-XPS spectra for Fe2O3/TiO2 with varying Γ. The emission from the O 2p–VB extends from
2 to 9 eV. As a result of the surface modification, the top of VB rises, whereas the bottom remains
invariant. Figure 6B compares the energy shift in the VB maximum level with respect to that
of unmodified TiO2 (∆EVBM) as a function of Γ for the Fe2O3/TiO2, Co2O3/TiO2, NiO/TiO2, and
SnO2/TiO2 systems. Interestingly, the ∆EVBM for the MOC-modified TiO2, except SnO2/TiO2,
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goes up with an increase in Γ, which means that the oxidation ability of the VB holes can be
tuned by Γ. This is the most unique and important feature of the TiO2 modification with MOCs
using the CCC technique.

Figure 6. (A) VB-XPS spectra for Fe2O3/TiO2 with varying Γ. (B) Energy shift in the VB maximum level (∆EVBM) as a
function Γ for various MOCs/TiO2. The figure (A) was taken from ref. 35.

These results were further simulated by the density functional theory (DFT) calculations [7].
In the DFT-optimized structure for a model Fe2O3 cluster-adsorbed TiO2 system, plural Fe–O–
Ti interfacial bonds were observed. The PEDOS (projected electronic density of states) plots
showed that states from the adsorbed Fe2O3 clusters lie above the VB of TiO2, that is, the iron
oxide-derived states make it to the top of the VB. This changes the nature of the VB edge that
moves the top of the VB to higher energy. The offsets between the TiO2 VB edge and the iron
oxide states around the VB are ~0.3 eV for Fe2O3-modified TiO2, which is comparable with the
experimental value. The effective mixing between the surface Fe2O3 levels and O 2p through
the Tis–O–Fe interfacial bond is considered as yielding a d-band overlapping the VB of TiO2.
Thus, the excitation of Fe2O3/TiO2 by the visible light with wavelength below 500 nm can induce
the interfacial electron transfer from the surface d-band to the CB of TiO2.

Conversely, the information about empty levels can be obtained by photoluminescence
spectroscopy. TiO2(ST-01) has a broad emission band centered at 538 nm (E1) [22]. The E1 signal
intensity remarkably weakens with heating ST-01 at 773 K for 1 h in air. This PL band is
assignable to the emission from the surface oxygen vacancy levels of anatase TiO2 [33]. On
modifying ST-01 with the Fe oxocomplexes, the intensity further decreases to disappear at Γ
> 0.044 ions nm−2, while a new emission appears at 423 nm (E2). The E2 signal can be attributed
to the emissions from extrinsic levels. These findings strongly suggest that the excited electrons
in the CB of TiO2 are transferred to the empty surface Fe oxocomplex levels with the energy
distributed around 0.27 V below the CB of TiO2.

5.3. Electrocatalytic activity for oxygen reduction reaction

As stated above, the ORR is frequently the key process in the TiO2-photocatalyzed reactions
as well as low-temperature polymer electrolyte membrane fuel cells (PEMFCs) [34,35]. Figure
7 shows dark current (I)–potential (E) curves of the mp-TiO2 film-coated F-doped tin oxide
(FTO) electrodes (mp-TiO2/FTO) with and without the surface modification by Fe oxocom‐
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plexes. In the absence of O2, a small current due to water reduction is observed regardless of
the surface modification. In the presence of O2, the current for ORR markedly increases with
the surface modification (Fe2O3/mp-TiO2/FTO), whereas it remains weak without O2. In this
manner, the surface Fe oxocomplex has an electrocatalytic activity for the ORR, and a similar
ORR-promoting effect is also observed for the NiO/TiO2 [30] and Co2O3/TiO2 [29] systems. This
is also the unique feature of the MOC/TiO2 systems.

Figure 7. (A) Dark current (I)–potential (E) curves for the Fe2O3/mp-TiO2/FTO electrodes. (B) Comparison of the elec‐
trocatalytic activity of the MOC/mp-TiO2/FTO electrodes for the ORR.

6. Photocatalytic activity

Acetaldehyde is a toxic volatile organic compound (VOC), while 2-naphthol is widely used
as the starting material of azo dyes. Both of them are optically transparent in the visible
region, and then, acetaldehyde and 2-naphthol were used as model air and water pollu‐
tants,  respectively.  The  relative  photocatalytic  activities  of  various  MOCs/TiO2  were
evaluated with respect to that of highly active commercial TiO2 particles with a crystal form
of anatase (ST-01, Ishihara Sangyo Co.). The photocatalytic degradation of 2-naphthol and
acetaldehyde  apparently  follows  the  first-order  rate  law,  and  the  rate  constants  for
irradiation of UV light (330 < λ < 400 nm, kUV) and visible light (λ > 400 nm, kvis) were used
as the indicators for the photocatalytic activities. Figure 8 shows the kvis and kUV of Fe2O3/
TiO2  for  the  degradations  of  2-naphthol  (A)  and  acetaldehyde  (B)  as  a  function  of  Γ.
Surprisingly, the surface modification of TiO2  by the Fe-oxocomplex gives rise to a high
level  of  visible-light  activity and a concomitant  increase in the UV-light  activity of  ana‐
tase TiO2 [24]. Each plot exhibits a volcano-shaped curve, which is a general feature in the
activity-Γ  plots  for  the  MOC/TiO2  systems.  By  using  an  atomic  layer  deposition  techni‐
que,  Libera et  al.  have recently prepared Fe(III)  oxospecies–surface-modified TiO2  show‐
ing a reactivity for the decoloration of methylene blue under visible-light irradiation [18].

Particulate systems have high photocatalytic activity due to the large surface area, but needs
the troublesome separation of the particles from purified water. Oppositely, in supported
films, the photocatalytic activity is generally much lower due to the smaller surface area,
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while the separation process is unnecessary. TiO2 nanotube array (NTA) has the advantag‐
es of the particulate and film systems is promising. Figure 9 shows TEM image for TiO2

NTA prepared by two-step anodization. The application of the CCC technique to the TiO2

NTA led to a high visible-light activity for 2-naphthol degradation comparable with that
of the particulate system [36].

Figure 10 compares the relative visible-light activity (kvis) and UV-light activity (kUV) of 3d
MOCs/TiO2(ST-01) with respect to the activities of unmodified TiO2(ST-01) (kvis

0  and kUV
0)

for the 2-naphthol degradation under the same conditions. Each Γ shows the optimum value
for visible-light activity in each MOC/TiO2  system. Among MOCs, the surface modifica‐
tion  by  Fe2O3  [24],  Co2O3  [25],  and  NiO  [30]  is  effective  in  the  visible-light  activation.
Particularly, the Co2O3/TiO2 system exhibits a very high level of visible-light activity [29].
The  activity  is  on  the  order  of  Co2O3  >  Fe2O3  >  NiO >  CuO >  V2O5  ≈  Mn2O3  >  SnO2  ≈
unmodified TiO2.  However,  the surface modification with Fe2O3,  NiO, and Co2O3  by the
CCC technique can endow anatase TiO2 with high levels of visible-light activity, with the
high UV-light activity further increased (Fe2O3) or maintained (Co2O3, NiO). Although the
effect of the surface modification by SnO2 was small for anatase, a significant increase in
the UV-light  activity  was induced for  rutile  [37].  Interestingly,  Boppana and Lobo have

Figure 8. (A) UV-light activity (kUV, blue) and visible-light activity (kvis, red) of Fe2O3/TiO2(ST-01) for the liquid-phase
decomposition of 2-NAP as a function of Γ. (B) UV-light activity (kUV, blue) and visible-light activity (kvis, red) of
Fe2O3/TiO2(ST-01) for the gas-phase decomposition of CH3CHO as a function of Γ.

Figure 9. TiO2 NTA parepared by a two-step anodization of Ti plate (first anodization 40 V, 0.5 h/second anodization
40 V-1 h/heating temperature, Tc = 773 K). The figure was taken from Ref. 35.
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recently reported that loading of SnOx  clusters on ZnGa2O4  by the impregnation method
causes visible-light activity for the decomposition of p-cresol [38]. Besides metal oxides, the
surface modification of TiO2 with halogeno complexes of rhodium(III) and platinum(IV) on
the TiO2 surface is known to induce visible-light activity [39,40].

Figure 10. Comparison of the visible-light activities (kvis) and UV-light activities (kUV) of MOCs/TiO2(ST-01) with re‐
spect to those of unmodified TiO2 for the 2-naphthol degradation under the same conditions.

The degradation of formic acid was further carried out in the aqueous phase with Co2O3/
TiO2 at 298 K under visible-light irradiation. The Co2O3 surface modification greatly enhanced
the decomposition of formic acid to CO2. The visible-light activity reached a maximum at Γ =
0.17 with the conversion to CO2 reaching ~100% within 5 h [29] (Eq. 3).

2 3 2CO O /TiO
2 2 2( 400nm)HCOOH+1/2O CO +H Ohn l>¾¾¾¾¾® (3)

Also, prolonging irradiation decomposed 2-naphthol to CO2, but the conversion was only ~6%
at 96 h. The decomposition of 2-naphthol to CO2 would proceed stepwise via oxidative
cleavage of the naphthalene ring.

On the basis of the energy band diagram, the action mechanism of MOCs in the TiO2 photo‐
catalysis can be explained. In the nanoscale Fe2O3–TiO2 coupling system, Fe2O3 NP with a band
gap of 2.2 eV is excited by the visible-light irradiation. However, the potential of the CB
electrons is more positive than the TiO2 CB minimum of TiO2 (−0.48 V) and the standard redox
potential of O2 (E0(O2/O2

−) = −0.284 V). Thus, the electron transfer from the CB electrons of
Fe2O3 to neither TiO2 nor O2 can occur. Consequently, nano-coupling does not show visible-
light activity [41].

Scheme 3 illustrates the surface modification effects of the Fe oxocomplex on the TiO2

photocatalytic decomposition of organic pollutants. In this case, the surface modification raises
the VB maximum with the CB minimum unchanged, due to the effective electronic coupling
through the Fe–O–Ti interfacial bonds (Effect 1). The resulting decrease in the band gap shifts
the light absorption to the visible region (Effect 2). The visible-light absorption triggers
electronic excitation from the highest-energy oxocomplex-derived VB states to the empty CB
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of TiO2 in order to generate charge carriers. This surface-to-bulk interfacial electron transfer
enhances charge separation (Effect 3). The surface modification permits the electron transfer
from the CB of TiO2 to shallow vacant surface oxocomplex levels, which distribute around ca.
−0.2 V [22]. The formation of O2

− radicals was confirmed by chemiluminescence photometry
in the Cu2+-grafted TiO2 system under visible-light irradiation [42]. In this cathodic process,
the electrons efficiently reduce adsorbed O2 with the aid of the electrocatalytic activity of the
surface-adsorbed oxocomplex (Effect 4). This effect should also contribute to the increase in
the UV-light activity. In the anodic process, the holes generated in the VB could take part in
the oxidation process without diffusion (Effect 5) [15]. Consequently, Fe2O3/TiO2 as well as
NiO/TiO2 and Co2O3/TiO2 satisfy the three requirements of the “solar environmental catalyst.”

7. Conclusions and future prospect

The surface of TiO2 can be modified by oxocomplexes of the first transition metals (MOCs/
TiO2) with the loading amount precisely controlled by using the CCC technique. Among the
MOCs/TiO2, Fe2O3-, Co2O3- and NiO-surface-modified TiO2 possess unique physicochemical
properties such as strong visible-light absorption and the excellent reduction ability of O2.
Spectroscopic experiments and first-principles DFT simulation have revealed that the surface
modification with the MOCs raises the VB maximum of TiO2 due to the formation of plural
metal–O–Ti interfacial bonds. Surface-to-bulk and/or bulk-to-surface interfacial electron
transfer induced by visible-light absorption enhances charge separation. This novel coupling
system consisting of MOCs and TiO2 would be promising as the “solar environmental
catalyst.”

Sheme 3. Surface modification effects of the Fe oxocomplex on the TiO2-photocatalyzed decomposition of organic pol‐
lutants. The levels around −0.2 V show the vacant Fe oxocomplex.
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The standard potentials of multiple-electron ORRs (E0(O2/H2O2) = +0.695 V and E0(O2/H2O) =
+1.229 V versus SHE) are much more positive than that of one-electron ORR. Therefore, the
hybridization of appropriate electrocatalysts for the multiple-electron ORR can impart visible-
light activity to many metal oxide semiconductors with Eg < 3 eV. The effectiveness of this
approach has recently been verified in the Pt NP-WO3 (Eg = 2.7 eV) [43] and Cu(acac)2-BiVO4

(Eg = 2.4 eV) hybrid systems [44], where Pt NP and O2-bridged Cu complex work as excellent
electrocatalysts for multiple ORRs, respectively.

As a future subject, we further suggest the importance of the effective use of the infrared ray
occupying 52% of the solar energy for the catalytic reactions (Figure 1). For example, Co2O3/
TiO2 exhibits high levels of photocatalytic and thermocatalytic activities [29], whereas Mn2O3/
TiO2 exhibits a high thermocatalytic activity for the oxidation of organic compounds [45].
Further, MOCs/TiO2 with the VB maximum level (or the oxidizing ability of the VB holes) fine-
tuned by the loading amount may open up the application of MOCs/TiO2 to “green” and
selective chemical transformations [46–48].
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Abstract

Development of state-of-the-art electrocatalysts using commercially available precursors
with low cost is an essential step in the advancement of next-generation electrochemical
energy storage/conversion systems. In this regard, noble metal-free and graphene-sup‐
ported nanocomposites are of particular interest. Graphene-based nanocomposite is an
excellent candidate as energy-device and sensor-related electrode materials, largely due
to their high electrical conductivity, large specific surface area, high-speed electron/heat
mobility, and reasonably good mechanical strength. Among many types of graphene-
based composite materials, graphene–metal oxide nanohybrids hold great promise to‐
ward engineering efficient electrocatalysts and have attracted increasing interest in both
scientific communities and industrial partners around the world. The goal of this chapter
is primarily set on an overview of cutting-edge developments in graphene–metal oxide
nanohybrid materials, with the recently reported results from worldwide research
groups. This chapter is presented first with an introduction, followed by synthetic meth‐
ods and structural characterization of nanocomposites, an emphasis on their applications
in energy and sensor-related fields, and finally completed with brief conclusions and out‐
look.

Keywords: Graphene, metal oxides, graphene–metal oxide nanohybrids, electrocatalysis,
energy storage and conversion, sensors, electrochemistry

1. Introduction

Graphene, a single atomic thick layer of graphite with closely packed conjugated and hexag‐
onally connected carbon atoms, has attracted tremendous attention since its discovery in 2004
because of its large specific surface area, high-speed electron mobility, good mechanical
strength, high electric and thermal conductivity, room temperature quantum hall effect, good



optical transparency, and tunable band gap [1, 2]. This material has a theoretical surface area
of 2630 m2 g-1, a mobility of 200,000 cm2 V-1 s-1 at a carrier density of ~1012 cm-2, and the highest
electrical conductivity of 106 s cm-1 at room temperature [3, 4]. Also, graphene has a Young’s
modulus of ~1 TPa, breaking strength of 42 N m-1 [5], and thermal conductivity of 5000 W
m-1 K-1 [6]. For all these versatile properties and obvious advantages, a rapid development of
graphene-based materials has been witnessed in the fields of chemistry, physics, biology, and
many other interdisciplinary fields such as nanotechnology and nanomedicine.

Electrocatalysis is a special type of catalysis that speeds up the rate of an electrochemical
reaction occurring on electrode surfaces or at liquid/solid interfaces. Various kinds of electro‐
chemical reactions are involved for different electrocatalytic applications in energy and sensor-
related fields. Therefore, design and fabrication of advanced electrocatalysts with outstanding
performance and low cost are of great significance for the commercialization of electrocata‐
lytic-system-based energy devices. Metal oxide nanostructures have been identified as one of
the most important electrocatalytic materials due to their several advantages. Firstly, they have
exceptional electrical, optical, and molecular properties. Secondly, there is further possibility
to insert more functional groups on the surface for the immobilization of other biological
catalysts. Thirdly, metal oxides have higher alkaline corrosion resistance compared to other
materials in electrochemical environmental due to the stabilization of the higher oxidation
state of the transition metals. Finally, their unique crystalline structures benefit in preventing
the agglomeration of metal oxide nanostructures with their size retained [7]. Besides electro‐
catalytic activity and cost, the stability and durability of a catalyst are very critical issues for
practical applications. In addition, a good catalyst support is needed, which should have a
large surface area for catalyst dispersion, excellent electronic conductivity, and high electro‐
chemical stability in different electrolytes. In recent years, various catalyst support materials
have been proposed and studied. In this regard, graphene nanosheets have shown promising
characteristics for wide applications as 2D support materials for different electrocatalysts. In
the last decade, intensive efforts have been devoted to functionalize graphene-based nano‐
materials and to explore their applications in sensors [8],[9], electrochemical energy storage
[10, 11], electronics, optoelectronics [12], and others. Graphene-based nanocomposites provide
a new option as electrode materials in the field of electrocatalytic applications due to their high
electrical conductivity, high surface area, and richness of functional groups for further
modification. The rapid development of low cost and facile preparation methods of graphene-
based nanocomposites has promoted their practical industrial applications. The catalytic
activity of the graphene-supported catalysts can be improved, due to enhanced electronic
communication (e.g., charge transfer) between catalysts and support. Furthermore, arising
from their synergistic effects of graphene sheets and functionalized components, the nano‐
composites can offer novel physicochemical properties and consequently improve electro‐
chemical performances. As a result, graphene-based nanocomposites have thus been regarded
as one of the most promising hybrid materials that can drive the development of more efficient
next-generation energy devices as well as applied in the fabrication of electrochemical and gas
sensors. This chapter is focused on one of such nanocomposites, made of chemically exfoliated
graphene and metal oxides. We overview and discuss their synthesis methods, structural
features, electrocatalytic applications, and future perspectives.
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2. Synthesis of graphene–metal-oxide-based nanohybrid composites

2.1. Introduction

In terms of electrocatalysis, graphene-supported metal oxides nanohybrid materials have
exhibited promising applications because of the following well-recognized advantages.
Firstly, the large surface area and 2D flexibility of graphene nanosheets can offer sufficient
space to accommodate different nanomaterials and also prevent their agglomeration. Second‐
ly, due to the good superficial characteristics of graphene, solid-air contact efficiency increases
and simultaneously the amount of oxygen adsorption also increases. Thirdly, the electrical
conductivity of graphene promotes the electron transfer rate on the surface. Finally, the
structural defects of graphene also provide more active sites for further modification with
different functional groups to promote the selective electrocatalysis.

Incorporation of inorganic nanomaterial onto the surface of graphene has attracted tremen‐
dous attention for the development of new-generation catalytic materials [13]. These novel
nanostructures show superior electrocatalytic activity, selectivity, and long-term stability,
which can serve as promising electrode material for different electrochemical reactions.
Different metal oxides are promising in this regard for the replacement of noble-metal-based
electrocatalysts. But normally metal oxides are poorly conductive and often suffer from
dissolution and aggregation during the electrochemical reactions [14, 15]. It was proposed that
anchoring metal oxide nanostructures onto graphene surface by suitable synthetic procedure
could solve the problems. Indeed, some graphene-supported metal oxide nanocomposites
have displayed remarkable improvements in electrocatalytic activity and stability toward
some crucial electrochemical reactions in amperometric sensors and energy storage and
conversion.

2.2. Major synthetic methods

The increasing interest in graphene-based metal oxides nanohybrid materials for different
electrocatalytic applications has led to a variety of new processes proposed for the synthesis
of nanocomposite materials. Some recently established methods are discussed in this section.

2.2.1. Solvothermal and hydrothermal synthetic approaches

Solvothermal and hydrothermal synthetic approaches are one of the most common synthetic
strategies for the development of different graphene-based nanohybrid electrocatalysts. Song
et al. [16] reported a new hydrothermal approach for the preparation of CuO/GO nanocom‐
posite materials, which used cupric acetate and graphene oxide as precursors. The reaction
was conducted for 10 h under different temperatures (120, 150, and 180°C). The final product
was washed by deionized water and dried for the electrocatalytic applications. Dong et al. [17]
introduced another hydrothermal approach for the preparation of Graphene/Co3O4 nanowire
composite. They used presynthesized 3D graphene and CoCl2.6H2O as starting materials. This
reaction was proceeded in autoclave at 120°C for 16 h. Dai et al. [18] also used a hydrothermal
approach for the synthesis of covalent hybrid of spinel manganese−cobalt oxide and graphene.
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They employed a two-step procedure to synthesize MnCo2O4–graphene oxide nanohybrids.
In the first nucleation step, Co(OAc)2 and Mn(OAc)2 were mixed at 80°C with mildly oxidized
graphene oxide in an ethanol/water NH4OH solution. In the second step, hydrothermal
treatment was done at 150°C to achieve the nitrogen-doped graphene. And the final material
showed an excellent electrocatalytic activity for oxygen reduction reaction (ORR). Dai et al.
[19] also used cobalt acetate and GO as a precursor for the hydrothermal synthesis of Co3O4/
graphene hybrid bifunctional catalyst for ORR and water oxidation or oxygen evolution
reaction (OER).

Figure 1. Schematic illustration of the hydrothermal synthesis of 3D graphene/MnO2 (a), and schematic illustration of
electrons transfer on the 3D hybrid material (b). (Reproduced with permission from ref. 44 Copyright 2014 American
Chemical Society)

Wang et al. [20] reported a hydrothermal approach for the synthesis of CoO/rGO nanocom‐
posite using GO, Co (Ac)2.4H2O, Co(NH2)2 as a precursor (190°C, 2 h). Mullen et al. [21]
successfully synthesized 3D nitrogen-doped graphene aerogel-supported Fe3O4 nanoparticles
by hydrothermal approach for the efficient electrocatalysis of ORR. Graphene oxide, iron
acetate, and polypyrrole were hydrothermally assembled at 180°C for 12 h to form a 3D
graphene-based hydrogel. The hydrogel was further dehydrated and annealed at 600°C for 3
h under nitrogen atmosphere.

Hydrothermal methods for the synthesis of graphene-based hybrid materials can be carried
out at different temperature ranges, up to 190°C [22]. Figure 1 shows an example for the
preparation of 3D graphene–MnO2 composites. There are several advantages of using
hydrothermal process. Firstly, the strong electrolyte water possesses a high diffusion coeffi‐
cient and dielectric constant under hydrothermal reaction conditions, which helps to remove
the oxygen-containing groups via dehydration and also accelerates heterolytic bond cleavage.
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Secondly, this is a green reduction approach and does not add any further impurities to the
final product. Thirdly, the degree of reduction and the properties of the hybrid material can be
tuned by adjusting temperature and pressure of the reaction. And finally, the process could be
easily implemented in an industry scale with a relatively simple setup (an autoclave) and low
cost. A possible disadvantage of the method could be the consumption of significant amount
of energy.

2.2.2. Chemical reduction approaches

Chemical reduction is another method among the most common approaches for the prepara‐
tion of different graphene-based nanohybrid electrocatalysts. Different research groups have
used different types of reducing agents for the specific synthesis purposes. For example, Qiao
et al. [23] reported a simple chemical reduction method for the preparation of CuO/N-rGO
nanohybrid using NaOH in the mixture of CuCl2 and N-doped reduced graphene oxide. Guo
et al. [24] used diethylene glycol (DEG) as a reducing agent for the preparation of Cu2O/RGO
composite material. Yang et al. [25] prepared PDDA-G/Fe3O4 nanohybrid material using
ammonia solution as a reducing agent. Khezrian et al. [26] also used ammonia solution as a
reducing agent for the synthesis of Fe3O4 magnetic nanoparticles/RGO hybrid nanosheets.
Wang et al. [27] used citric acid for the preparation of MnO2/GO. Ruoff et al. [28] used
hydrazine as a reducing agent for the synthesis of RGO/tin oxide (TiO2) nanocomposite.

The major advantage of this approach is that one can tune the degree of reduction and other
properties by using specific reducing agents. And also for most of cases the reactions are very
energy-efficient due to low temperatures and slow time. An obvious drawback is the need of
purifying the final product from different reducing agents, which is in some cases quite
challenging.

2.2.3. MW-assisted synthetic approaches

Microwave (MW)-assisted synthesis is a simple and popular technique for the fast production
of nanomaterials with small particle dimensions, uniform particle size distribution, and high
purity. It is a uniform heating procedure compared to the other conventional heating systems.
Moreover, microwave can facilitate the nucleation of nanoparticles and shorten the synthesis
time. There are some excellent examples of using this approach. For instance, Peng et al. [29]
synthesized CuO/SG hybrid materials by MW-assisted method using graphene oxide and
cupric acetate as a precursor (Fig. 2). Ruoff et al. [30] also reported MW-assisted method for
the synthesis of RGO/Fe2O3. Ferric chloride and graphene oxide were used as precursors for
this method. And the as-synthesized nanocomposite was used as a high-performance anode
material for lithium ion batteries. Wang et al. [31] synthesized highly dispersed titanium
dioxide (TiO2) nanoclusters on RGO in a toluene–water system by MW-irradiation-assisted
method. The main advantages for the MW-assisted synthetic approaches include rapid
reaction time, possibility for scale-up production and impurity-free final nanohybrid product.
The relatively high cost needed for experimental setups could be a major drawback.
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Figure 2. Schematic illustration of the MW-assisted synthesis of CuO nanoparticle supported on S-doped graphene/SG
and CuO/SG on glassy carbon electrode for glucose sensing. (Reproduced with permission from ref. 29 Copyright
Elsevier 2015)

2.2.4. Electrochemical synthetic approaches

The electrochemical synthetic method is an efficient technique for transforming electronic
states by regulating the external power source to change the Fermi energy level of the electrode
material surface [32]. Kong et al. [33] successfully prepared CuO nano needle/graphene/carbon
nanofiber modified electrodes by electrochemical synthetic approaches for nonenzymatic
glucose sensing in saliva. Duan et al. [34] reported a novel electrochemical approach to deposit
MnO2 nanowires on graphene for the sensor applications. The MnO2 nanowires were anodi‐
cally electrodeposited onto a graphene paper electrode using a CV technique in the potential
range from 1.4 V to 1.5 V with a scan rate of 250 mV s−1 (Fig. 3) by cyclic voltametry.

The electrochemical synthetic approach is a fast, controllable, and green technique. By this
procedure, one can achieve impurity-free nanohybrid material using little power consump‐
tion. However, this approach normally yields solid nanocomposite products, which is difficult
for further processing. And also it would be difficult for large-scale production.

2.2.5. Other synthetic approaches

There are several other techniques that have also been explored for the synthesis of different
nanocomposites, such as electrospinning, template-based synthesis, light- or radiation-
induced methods, etc. However, although among them each technique has its specific
advantages for specific systems; to date, few have been widely used.
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In summary, a number of methods have been developed for the synthesis of metal oxide/
graphene composites, among which hydrothermal procedures have been most extensively
used in particular. However, each method has its advantages as well as disadvantages. Table
1 summarizes the preparation methods and their major applications of most studied metal
oxide/graphene nanocomposites.

Metal oxides
Nanohybrid
electrocatalyst

Preparation method Precursors Applications Ref

Copper
oxide

RGO-Cu2O
Heat treatment and
sonication

GO, CuSO4.5H2O,
[C16MMIm]Br

Nonenzymatic
amperometric glucose
sensing

[35]

CuNiO-graphene Hydrothermal synthesis CuCl2, NiCl2, Graphene
Nonenzymatic
glucose sensors

[36]

Cu2O–rGO
Physical adsorption, in
situ reduction and one
pot synthesis

GO, CuSO4.5H2O, PDDA
Nonenzymatic
H2O2 sensing

[37]

CuO/ rGO/ CNF Electrodeposition
GO, CuCl2, carbon
nanofiber

Nonenzymatic
sensing of glucose in
saliva

[33]

Figure 3. Schematic illustration of electrodeposition-assisted synthesis of MnO2 nanoparticle supported on reduced
graphene oxide paper electrode for biosensor applications. (Reproduced with permission from ref. 34 Copyright 2012
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Metal oxides
Nanohybrid
electrocatalyst

Preparation method Precursors Applications Ref

CuO/graphene
Heat treatment and
annealing

Copper nitrate, GO
Nonenzymatic
glucose sensors

[38]

CuO/GO Hydrothermal synthesis GO, Cupric acetate, DMF
Nonenzymatic
glucose sensors

[16]

Cu2O/GNs Ultrasonication, stirring GO, CuCl2

Nonenzymatic
H2O2 and glucose
sensing

[39]

CuO/SG
microwave-assisted
solvothermal
method

GO, Benzyl disulfide,
Cupric acetate

Nonenzymatic
glucose sensors

[29]

CuO/N-rGO Chemical reduction N-rGO, CuCl2

Direct methanol fuel
cells

[23]

Cu2O/RGO Chemical reduction GO, Cupric acetate, DEG Alkaline ORR [24]

Cobalt
oxide

Co3O4 /graphene
Ultrasonication and
pyrolyzation

GO, cobalt
phthalocyanine

Anode Materials for
Li- Ion Batteries

[40]

3D graphene/ Co3O4 Hydrothermal synthesis Graphene, CoCl2.6H2O
Supercapacitors
and enzymeless
glucose sensors

[17]

MnCo2O4/N-rGO Hydrothermal method
GO, Co(OAc)2, Mn(OAc)2,
NH4OH

Alkaline ORR [18]

Co3O4/rmGO Hydrothermal synthesis GO, Co(OAc)2, NH4OH Alkaline ORR [19]

CoO/CG
Aerosolization/
high-temperature

GO, CoCl2

Enzymeless glucose
sensors

[41]

CoO/rGO Hydrothermal synthesis
GO, Co (Ac)2. 4H2O,
CO(NH2)2

Electrochemical
nonenzymatic sensor

[20]

Iron oxide RG-O/Fe2O3 Microwave irradiation GO, FeCl3, N2H4

Anode Materials for
Li- Ion Batteries

[30]

RGO/Fe3O4

Chemical coprecipitation
method

GO, FeCl3.6H2O,
FeCl2.4H2O, NH4OH

Nonenzymatic
H2O2 sensing

[42]

PDDA-G/Fe3O4 Chemical reduction
GO, FeCl3.6H2O, FeSO4,
PDDA

Amperometric H2O2

sensing
[25]

Fe3O4/r-GO Chemical reduction
GO, FeCl3.6H2O,
FeCl2.4H2O

Eletrochemical NADH
sensors

[26]

3D Fe3O4/ N-GAs
Hydrothermal/ heat
treatment

GO, iron(III) acetate,
polypyrrole

Alkaline ORR [43]
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Metal oxides
Nanohybrid
electrocatalyst

Preparation method Precursors Applications Ref

Manganese
oxide

MnO2 /rGOP Electrodeposition GO, MnSO4

Nonenzymatic
H2O2 sensing

[34]

GO/MnO2 Chemical reduction GO, KMnO4

Nonenzymatic
H2O2 sensing

[27]

GO/MnO2 Solution process GO, MnO2

Voltammetric sensor
for
hydroquinone and
catechol

[44]

PtAu–MnO2/ GP Electrodeposition GO, MnSO4

Nonenzymatic
glucose sensors

[45]

MnO2/3D rGO Chemical reduction GO, KMnO4

Electrochemical
energy storage

[46]

Mn3O4/GO Hydrothermal method GO, N2H4, KMnO4 Alkaline ORR [47]

GO-MnO2 Electrodeposition GO, MnO2 Alkaline ORR [48]

Nickel oxide NiONPs/GO Electrodeposition GO, Ni(NO3)2.6H2O
Supercapacitor
and enzymeless
glucose sensors

[49]

NA/NiONF-rGO Electrospinning GO, C4H6O4Ni.4H2O
Nonenzymatic
glucose sensor

[50]

NiO-GR Electrodeposition GO, NiSO4

Nonenzymatic
glucose sensor

[51]

Tin oxide RG-O/SnO2 Chemical reduction GO, SnCl4.6H2O
Anode Materials for
Li- Ion Batteries

[28]

SnO2-rGO Hydrothermal method GO, SnCl4.6H2O NO2 sensors [52]

Titanium
dioxide

RGO–TDN Microwave synthesis
GO, titanium
(IV) isopropoxide

Glucose sensors [31]

TiO2-graphene Hydrothermal method
GO, titanium
(IV) isopropoxide

Adenine and
Guanine sensors

[53]

GN/TiO2
Template-based
synthesis, Calcination

GO, titanium
(IV) isopropoxide, CTAB

Determination of trace
colorants in foods

[54]

TiO2@TiOxNy/TiN-
GS

Hydrothermal/heat
treatment

GO, TiO2

Anode Materials for
Li- Ion Batteries

[55]

TiO2-FGS Chemical reduction TiCl3, CNT Li- Ion Batteries [56]

TiO2-FGS Heat treatment
GO, sodium dodecyl
sulfate (SDS), TiCl3

Alkaline ORR [57]
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Metal oxides
Nanohybrid
electrocatalyst

Preparation method Precursors Applications Ref

Vanadium
oxide

Graphene/ V2O5 Chemical reduction
GO, vanadyl tri
isobutoxide

High-performance
cathodes in Li-Ion
batteries

[58]

V2O5/GO
Chemical reduction,
freeze drying

GO, HVO3 Li-ion batteries [59]

3D VO2 NR/ rGO
Hydrothermal/heat
treatment

V2O5, GO
High-capacity
supercapacitor
electrodes

[60]

Zinc Oxide Graphene/ZnO Hydrothermal method ZnCl2, Graphene
Supercapacitors
and electrochemical
sensors

[61]

rGO quantum
dots/ZnO

Electrospinning GO, ZnO
Intracellular H2O2

sensors
[62]

Table 1. Summary of the main synthetic methods for preparation of metal oxide–graphene nanocomposites and their
major applications.

3. Structural characterization and physicochemical properties of graphene–
metal oxide nanocomposites

As the synthesized graphene–metal oxide nanohybrid materials have tremendous effects on
electrocatalytic applications, structural characterization is of paramount importance for
understanding the correlation between their nanostructures and catalytic activity. The
fundamental knowledge about the structural features of a nanocomposite is also essential for
the building up of catalysts with optimal electrocatalytic activity. These structural features also
offer helpful clues for further modification of the catalysts. In this section, we briefly summa‐
rize characterization of the structural features of different graphene–metal oxide nanocompo‐
sites by various instrumental techniques. These widely used techniques include scanning
electron microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy
(AFM), Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray photo‐
electron spectroscopy (XPS), energy dispersive X-ray spectroscopy (EDX), and thermogravi‐
metric analysis (TGA).

3.1. Microscopic imaging of chemically exfoliated graphene and composites

The atomic structural features of a material affect its electronic, chemical, and catalytic
properties. Various microscopic imaging techniques such as SEM, TEM, and AFM are proven
as very essential tools to characterize nanomaterials. Their high-resolution capability enables
to provide detailed information regarding shape, size, chemical composition, and phase of
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nanomaterials. As a typical example, it has been well-shown that particle size, morphology,
and exposed active facets have significant impacts on the catalytic efficiency of metal or metal
oxide nanomaterials toward ORR electrocatalysis.

Figure 4. (a) Optical micrograph of graphene oxide sheets on the Quantifoil (QF) TEM grid. (b) Electron diffraction
pattern of a bilayer area, displaying the stacking structure of the sheets. (c) Diffraction pattern from a single layer. (d)
TEM image of RGO sheets on the QF grid. (e) TEM image with the sample tilted to 60°. The region between the hori‐
zontal dashed lines is a single layer (region above is a double layer, below is vacuum). Arrows indicate horizontal dark
lines where the RGO sheet appears parallel to the beam, indicating local deformations up to 30°. Scale bars are 10 μm
(a), 200 nm (d), and 10 nm (e). (f) Atomic resolution, aberration-corrected TEM image of a single layer reduced gra‐
phene oxide membrane. (g) Highlight with color in different areas. The light-gray color indicates the defect-free crys‐
talline graphene area. Dark-gray shaded regions show the contaminated area. Blue regions indicate the disordered
single-layer carbon networks, or extended topological defects due to the remnants of the oxidation–reduction process.
Red areas indicate individual ad-atoms or substitutions. Green areas highlight isolated topological defects, that is, sin‐
gle bond rotations or dislocation cores. Holes and their edge reconstructions are marked in yellow color. Scale bar in (f)
and (g) is 1 nm. (Reproduced with permission from ref. 65. Copyright ACS 2010)

SEM is mainly used to get the overall morphology of nanocomposites at large scales from
several microns to 500 nm. However, to get more detailed and descriptive view of metal oxide
nanocomposites and the crystal lattices or defects on graphene sheets, TEM and high-resolu‐
tion TEM (HRTEM) are the most appropriate tools [63, 64]. The working principles of HRTEM
are based on the interference of different transmitted and diffracted electron beams for
building an image that can show the variation in phase. This is quite different from other
traditional microscopic techniques, where sample image is derived from the variation of beam
amplitudes due to the absorption of specimens. Compared to mechanically exfoliated gra‐
phene, the chemically synthesized graphene contains notable structural defects, but they could
hardly be detected by normal spectroscopic and microscopic characterizations. TEM is one of

Electrocatalytic Applications of Graphene–Metal Oxide Nanohybrid Materials
http://dx.doi.org/10.5772/61808

389



the leading methods for atomic scale imaging of graphene-based materials. For example, Fig.
4a shows an optical micrograph of RGO-coated Quantifoil (QF) TEM grid with the coverage
visible as grayish spots [65]. TEM imaging analysis of the sample (Fig. 4d) showed that only
∼1% of the holes of the whole grid were covered with sheets. Diffraction analysis was done
to find holes covered by single-layered graphene sheets, which exhibited only one hexagonal
pattern (Fig. 4c). These hexagonal patterns indicate the presence of a long-range hexagonal
order orientation in the graphene sheets. Figure 4b indicates the parallel-beam diffraction
pattern from a bilayer area, where two hexagonal patterns can be clearly detected. Then, the
sample imaging was done under a high tilt (60°, Fig. 4e), which showed a high level of
roughness, much more than that in mechanically exfoliated graphene sheets. The horizontal
dark lines in Fig. 4e (arrows) was explained as representing the graphene layer in parallel to
the electron beam. This image interprets that the wrinkles might be due to solution processing
and drying, to stress, or to form defects in RGO. The high-resolution imaging of single-layered
graphene sheets showed the actual atomic structure of the RGO layers, as represented in Figs.
4f and 4g. Various regions of the image are highlighted by colors in Fig. 4g. It is clearly observed
that the largest part of the layer is formed of clean well-crystallized graphene areas where the
hexagonal lattice is clearly seen (light-gray color in Fig. 4f). The visible well-crystallized areas
are around 3–6 nm in the domain size and they cover ∼60% of the whole plane. However, it
is impossible to determine the exact structure of graphene with the adsorbed contamination,
which covers ∼30% of the total area. As most of the contaminants prefer to stick on the defects,
the part of the defective areas is most likely underestimated. In spite of the presence of such a
significant number of topological defects, the long-range oriented order of RGO is maintained.
But such defects were normally not seen in any mechanically exfoliated graphene samples.
Because the RGO and mechanically cleaved graphene samples were prepared from the same
graphite source, it can be ruled out that the defects were from the starting material. These
observations suggest that the high density of topological defects in these samples were
introduced during graphene exfoliation by strong chemical oxidation and reduction. Although
HRTEM can magnify the micro view into 1 nm, there is still limitation at around 0.2 nm. And,
as electron beam heating can destroy small nanoparticles, the possibility of particle melting
should be considered.

Song et al. [66] reported an alternative important strategy using scanning transmission electron
microscopy (STEM), which combines the advantages of SEM and TEM and has extensively
used in characterization of morphology and crystal structures of nanomaterials. Scanning
probe microscopy techniques such as AFM and scanning tunneling microscopy (STM) also
play an important role in the structural characterization of material surfaces with atomic
resolution. Although the theoretical thickness of monolayer graphene is approximately 0.34
nm, the detected thickness by AFM analysis of a single layer of chemically synthesized GO is
around 0.6–1.2 nm [67]. Although AFM can partially provide information regarding the
number of layers in graphene, it is always better to associate it with Raman and XPS meas‐
urements for a complete chemical information. In addition, the STEM technique is also very
helpful to obtain the lattice structure, surface morphology, particle size, and distribution of
graphene-based materials surface at atomic resolution [68],[69],[70]. Figure 5a shows an
overview of blue-shaded and uniformly folded graphene nanosheets taken by STEM at 200
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kV with a high-angle annular dark field (HAADF) detector. Figures 5b and 5c show the 3 and
28 layers of graphene edges corresponding to the two arrows pointed area in Fig. 5a [66].
Figure 5d displays AFM images of chemically synthesized RGO nanosheets with ~0.6 nm
thickness and with lateral dimensions in a few hundred nanometers to one micrometer [67].
And Figs. 5e and 5f show the AFM images of self-assembled RGO nanosheets with a 0.9 nm
thickness [71].

Figure 5. (a) HAADF-STEM image showing an overview of graphene flakes supported by a holey Formvar film cov‐
ered with Cu grids. The arrows indicate areas where graphene is freely suspended on the holey film. (b) High-resolu‐
tion TEM images of a three-layered graphene edge. (c) High-resolution TEM images of a 28-layered graphene sheet
edge. (d) An AFM image of RGO nanosheet. (e,f) AFM images as an example of the self-assembled patterns of RGO
nanosheets forming a bilayer nanofilm on mica surfaces. Scanned areas of AFM images are 80 μm × 80 μm (c) and 20
μm × 20 μm. (Combiningly reproduced with permission from ref. 66 Copyright Elsevier 2010, ref. 67 copyright 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, and ref. 71 copyright 2012 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim)

Figure  6  shows  the  morphology  and  structure  of  the  3D  graphene/Co3O4  nanowire
nanohybrid materials by SEM and TEM imaging. Figure 6a shows the SEM images of 3D
porous  structured  graphene.  Figure  6b-6d  shows  the  uniform  coverage  of  Co3O4  nano‐
wire on 3D graphene skeleton. The high-resolution SEM image shows that the diameter of
Co3O4  nanowire on 3D graphene is around 200–300 nm and the length is around several
micrometers (Fig. 6d). And the TEM image (Fig. 6e) shows that the Co3O4 nanowires are
composed of numerous nanoparticles.

3.2. Spectroscopic characterization

FTIR spectroscopy has been widely used to characterize different functional groups with
specific chemical bonds (such as hydroxyl, carbonyl, carboxylic, and epoxy), which absorb
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light energy (4000 cm−1 to 400 cm−1) and exhibit a frequency corresponding to the fundamental
vibrations [72]. Raman spectroscopy deals with the frequencies of Raman-scattered mono‐
chromatic light. As a supplementary to FTIR, Raman spectroscopy can provide sufficient
information for characterization of graphene-based materials. Vibrations of different groups
in polar/nonpolar molecules can be efficiently detected by these two methods. From the Raman
spectra of graphene, three typical peaks of the G band at around 1580 cm−1, the D band at
around 1350 cm−1, and the 2D band at 2700 cm−1 are often observed. The G band is an indicator
of the stacking structures; the D is generally associated with the order/disorder of the material;
the 2D-band is sensitive to the layer number of graphene sheets [2]. The ratio of the intensity
of the two bands (D/G) is used for determining the number of layers in a particular graphene
sample and its overall stacking behavior [2]. From Fig. 7a [16], two prominent peaks for the D
and G bands are observed in the range of 1000–2000 cm-1. And the intensity ratio of the D and
G band indicates the density of structural defects on the graphene surface. In Fig. 7a, the ID/IG

ratio of CuO/GO composite is 1.03 (S3), 0.96 (S2), and 0.87 (S1), which is much higher than the
calculated value of GO (0.77). These ratios clearly indicate that the CuO modification intro‐
duced additional defects into the GO structure [16].

Figure 7b displays the FT-IR spectra of GO and different metal oxide nanocomposites. GO
shows some typical peaks at 3420 and 1712 cm−1, respectively, for the stretching vibrations of
O–H and C=O. And also the bending vibration peak at 1408 cm−1 for O–H, at 1223 cm−1 for
C–OH, the stretching peak at 1052 cm−1 for C–O, and the vibration peak at 1633 cm−1 for C=C
[73]. For the spectra of Mn3O4–GNS, the vibration peaks at 610 cm−1 and 491 cm−1 are an indi‐

Figure 6. SEM images of (a) 3D graphene structure, (b) 3D graphene/Co3O4 nanowire nanohybrid (c, d) Low- and high-
magnification SEM images of 3D graphene/Co3O4 nanowire nanohybrid material. Inset panel d shows an enlarged im‐
age. (e, f) Low- and high-resolution TEM images of Co3O4 nanowire grown on the 3D graphene surface. (Reproduced
with permission from ref. 17 Copyright © 2012 American Chemical Society)
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cation of the stretching modes of the Mn–O. In the spectrum of Fe3O4–GNS, the peak at 570
cm−1 is assigned to the vibration of the Fe–O bonds. In addition, for the spectrum of Co3O4–
GNS, the peaks at 611 cm−1 and 575 cm−1 correspond to Co–O bonds [74].

Figure 8. C 1s XPS spectra of (a) GO, (b) Mn3O4–GNS composite, (c) Fe3O4–GNS composite, and (d) Co3O4–GNS com‐
posite. The blue, pink, and green curves denote C–C, C–O, and C=O spectra, respectively. (Reproduced with permis‐
sion from ref. 74 Copyright RSC 2012)

XPS is a powerful tool for the investigation of chemical composition, elemental states, and the
nature of heteroatom functionalized or doped-graphene-based nanohybrid materials. For

ba

Figure 7. (a) Raman spectra of GO and CuO/GO composites and (b) FTIR spectra of GO, and Mn3O4–GNS, Fe3O4–GNS,
and Co3O4–GNS nanocomposites. (Reproduced with permission from ref. 16. Copyright ACS 2013; from ref. 74 Copy‐
right RSC 2012)
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example, the presence of different metal or different heteroatom on functionalized graphene
can be reliably identified by XPS. Zhang et al. [74] synthesized different inorganic–organic
hybrid nanocomposite materials based on reduced graphene oxide and three different metal
oxides. Figure 8a shows the C 1s spectrum of GO with two strong peaks of C–C, C–O, and a
relatively weak peak of C=O species. After the formation of the composites, the peaks of C–O
and C=O are significantly weakened due to the removal of oxygen-containing functional
groups on GO [75]. Also, by comparing Fig. 8(b)–(d), Fe3O4–GNS displays the lowest C–O and
C=O intensity, indicating that Fe2+ is the most efficient ion for the reduction of GO. In addition,
C 1s, O 1s, and M 2p peaks existing in the wide scan spectra of different metal nanocomposites
with graphene clearly indicate the combination of graphene nanosheets and different metal
oxide NPs.
Other spectroscopic techniques are also available for the characterization of nanocompo‐
sites. UV-vis spectroscopic analysis often shows some typical absorption peaks for graphene
and graphene oxide at around 268, 230, and 300 nm, which is relevant to the π–π* transi‐
tions of aromatic C=C bonds, and the n-π* transitions of C=O bonds, respectively [76]. TGA
technique has been extensively used in characterizing the thermal stability and loading
amount of different metal nanoparticles in graphene-based nanocomposites [77, 79]. Energy
dispersive X-ray (EDX) spectroscopy is very helpful for qualitative and quantitative analysis
of the element distribution on graphene-based nanocomposite materials. EDX is more effec‐
tive for determination of the locations of different metals in nanocomposites when com‐
bined with TEM or SEM [80, 81].

3.3. Main physicochemical properties

The physicochemical properties of different graphene–metal oxide nanohybrid material can
be characterized by a series of electrochemical methods and instruments, such as cyclic
voltammetry (CV) measurements, linear sweep voltammetry analysis (LSV), and electrochem‐
ical impedance spectroscopy (EIS). In some cases, rotating-disk electrodes (RDE) and rotating
ring-disk electrodes (RRDE) are needed. Each method has its specific advantages for studying
electrocatalytic performance of the hybrid materials. For the different characterizations, one
method is normally not sufficient but several methods involved. In this section, we focus on
discussing some electrochemical characterization techniques and their specialties and limita‐
tions.

3.3.1. Cyclic Voltammetry (CV)

CV is arguably the most common and straightforward method to determine the electrocatalyt‐
ic activity of a nanocomposite material. CV is normally measured in a typical electrolyte solution
at room temperature. An electrochemical cell  consists of three electrodes, i.e.,  a working
electrode loaded with the catalyst, a reference electrode, and a Pt wire as a counter electrode [82].

As shown in Fig. 9, the electrochemical kinetics of CuO/GO/GCEs compared with CuO/GCEs
was studied by CV systematically. The CV was performed in 0.1 M NaOH electrolyte solution
with a scan rate of 100 mV/s. Figure 9a shows a peak at +0.67 V versus Ag/AgCl from all the
three CuO/GCEs electrodes, which corresponds to the Cu(II)/Cu(III) redox couple. The three
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different types of CuO NP generated different peak currents. CuO NPs obtained at 120°C
displayed the most efficient electron transfer. The inset in Fig. 9a represents the CVs of before
and after the addition of 5 mM glucose to the electrolye solutions for CuO/GCE based on 120°C
CuO NPs. The Cu (II)/Cu(III) redox couple is the important factor for nonenzymatic glucose
detection. Figure 9b shows the CV response of the CuO/GO/GCE before and after the addition
of 5 mM glucose to the electrolye solutions, and the inset shows the CV curve of the GO/GCE
electrode as a reference. As GO is electroinactive, there is no electrocatalytic oxidation of
glucose. In contrast, CuO/GO/GCE showed high electrocatalytic activity, and the peak current
significantly increases. Thus, the cyclic voltammetry offers a convenient way to study the
electrocatalytic oxidation process of glucose.

a b

Figure 10. (a) CVs of ORR on different electrodes in N2- and O2-saturated 0.1 M KOH with a scan rate of 10 mV s−1. (b)
CV curves of MnCo2O4/N-rmGO, MnCo2O4 + N-rmGO mixture, Co3O4/N-rmGO, and N-rmGO on GCEs in O2-saturat‐
ed (solid line) or N2-saturated (dash line) 1 M KOH. The peak position of Pt/C is displayed as a dashed line for com‐
parison. (Reproduced with permission from ref. 19 Copyright Nature 2011; from ref. 18 Copyright ACS 2012)

0.8

Figure 9. CV curves of (a) CuO NPs synthesized at 120, 150, and 180°C. The inset is the CuO NPs synthesized at 120°C
in 0.1 M NaOH before (black trace) and after (red trace) the injection of 5 mM glucose. (b) CuO/GO composite S3 and
GO sheet (inset) in 0.1 M NaOH before (black trace) and after (red trace) the injection of 5 mM glucose. (Reproduced
with permission from ref. 16. Copyright ACS 2013)
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As shown in Fig. 10a, the commercial Pt/C displays typical CV responses of ORR in N2 and
O2-saturated 0.1 M KOH. The black dash line shows CV response in the N2-saturated 0.1 M
KOH within a potential window from 0.36 to 1.1 V. It is clearly seen that there is no sign of the
typical ORR peak of Pt/C at +0.9 V [19]. However, a distinct performance of ORR (black solid
line) is clearly seen in the case of O2-saturated 0.1 M KOH. The clear peak at ~0.9 V of Pt/C
indicates that the Pt/C exhibits excellent ORR activity with its standard onset potential (~1.0
V) and peak potential (~0.9 V). Figure 10b compares the electrocatalytic ORR performance of
MnCo2O4/N-rmGO, N-rmGO mixture, Co3O4/N-rmGO, and N-rmGO in an N2- and O2-
saturated 0.1 M KOH solution, respectively. However, these four electrodes showed different
ORR activity in O2 saturated electrolyte solutions. The ORR activity of MnCo2O4/N-rmGO (red
solid line) has a more positive peak potential and higher peak current density (0.88 V, 0.5 mA
cm−2) than those of the N-rmGO mixture (~0.84 V, 0.38 mA cm−2), Co3O4/N-rmGO (~0.86 V, 0.44
mA cm−2), and N-rmGO (~0.82 V, 0.29 mA cm−2). Therefore, MnCo2O4/N-rmGO material is
more promising for ORR application, with a similar performance to that obtained at commer‐
cially available Pt/C [18].

3.3.2. Linear Sweep Voltammetry analysis (LSV)

LSV analysis is a vital method for evaluating the ORR activity of synthesized nanocomposites
combining a rotating-disk electrode (RDE) or rotating ring-disk electrode (RRDE) [83, 86].
Similar to CV, the LSV analysis is also done in an O2-saturated 0.1 M KOH electrolyte solution
at different rotation rates of electrode under room temperature. For LSV, the electrolytic bath
contains three electrodes: an RDE or RRDE quantitatively coated with the synthesized catalyst,
an Ag|AgCl/KCl (saturated) reference electrode, and a Pt wire as an auxiliary electrode.
During electrochemical measurement, the working electrode steadily rotates at the required
rotation rate, and the current density changes in the potential range corresponding to the CV
for one linear sweep are recorded. LSV technique has been extensively used in studying the
electrocatalytic ORR kinetics and mechanism.

3.3.3. Amperometric technique (I-t)

Amperometric technique is very crucial for electrocatalytic sensing applications. For ampero‐
metric sensors, current is produced proportional to the concentration of the analyte to be
detected.

Figure 11a compares the I−t curves of CuO/GCE and three CuO/GO/GCEs (S1−S3) electrode
sensing glucose. Figures 11a and 11b show that the sensors produced an excellent ampero‐
metric current with a short response time. Figures 11c and 11d show the amperometric
responses of CuO/GO/GCEs S3 sensor toward the electrocatalytic oxidation of glucose in
human serum and the corresponding calibration curve [16]. The sensitivity, lower detection
limit, and linear range can thus be calculated from these amperometric data.

3.3.4. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) has become a popular and effective technique
in recent decades for the determination of double-layer capacitance, characterization of
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electrode processes, and identification of complex interfaces. EIS records the response from an
electrochemical system by the stimulation of an imposed periodic small amplitude AC signal.
EIS measurements are normally done at various AC frequencies, and then, the EIS can be
measured by the changes of the ratio between the AC potential and current signal with the
corresponding sinusoid frequencies (ω). EIS analysis has extensively been performed for ORR
to explore the kinetic process of the reaction with some essential information, including the
interface and structure of the ORR electrode materials, properties of electric double layer, and
diffusion of oxygen. The kinetic electron transfer process for ORR is explained by an EIS plot
with a semicircle and a linear portion corresponding to a charge transfer and mass transpor‐
tation procedure at the high-frequency region and the low-frequency region, respectively.

4. Applications of graphene–metal oxide nanohybrids as electrocatalysts

Graphene–metal-oxide-based nanohybrid materials have a wide range of applications from
electrochemical sensing to the ORR electrocatalysis, due to their superior properties and low
cost [87, 88]. The new types of materials could open up a new window for superior electroca‐
talytic activity as well as selectivity and durability, which can act as promising electrode
materials for various electrochemical reactions [89, 90, 91]. In this section, we present some
examples for the applications of graphene–metal oxide nanohybrids for different kinds of
electrocatalytic reactions.

Figure 11. Amperometric responses: (a) CuO (120 °C) and three different RGO-CuO (S1, S2, and S3); (b) the corre‐
sponding calibration curves of (a); (c) S3 to successive additions of human serum contained 50 μM glucose; (d) corre‐
sponding calibration curve of (c). (Reproduced with permission from ref. 16. Copyright ACS 2013)
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4.1. Metal-oxide-decorated 2D graphene structures and electrocatalysis

If metal oxide nanoparticles are randomly loaded on graphene sheets but with little control in
size and structure [92], then it can result in make the poor interaction between nanoparticles
and graphene sheet [93]. Recently, the methods have been continuously improved, to some
degree with controlling their locations and amount. In this context, a number of metal oxides
are synthesized and loaded onto graphene matrix used as nonenzymatic sensor materials [16,
29, 31, 35, 45, 94, 95]. For example, Sun and coworkers [96] made a presynthesized monodis‐
perse Co/CoO core/shell nanoparticles on the graphene surface (Fig. 12). In Co/CoO core/shell
nanoparticles, Co core size and thickness can be tuned by controlling the oxidation conditions.
In their work, they demonstrated the significance of Co/CoO size and graphene support for
the tuning of electrocatalysts for efficient ORR with a selective 4e process (Fig. 12b,c).

a b c

Figure 12. (a) A TEM image of the Co/CoO core/shell NPs deposited on graphene surface. (b) ORR polarization curves
of the G–Co/CoO NPs and commercial C–Pt catalyst. Scan rate: 10 mV s−1 and rotation rate 400 rpm. (c) The chronoam‐
perometric responses for the ORR on the G–Co/CoO NPs and commercial C–Pt catalyst at −0.3 V. Rotation rate: 200
rpm. The measurements were performed in O2-saturated KOH (0.1 M) solution. (Reproduced with permission from
ref. 96 Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

The optimized Co/CoO–graphene electrocatalyst exhibited reasonably high activity and better
stability than the commercial Pt/C catalyst. It is also evident that the ORR activity of cobalt
oxide–graphene hybrid electrocatalysts is significantly enhanced with the Co content and its
coupling with N-doped graphene [97]. Cobalt oxides/graphene nanohybrid materials can also
serve as the ORR catalysts used in Li–O2 batteries. Graphene sheets with Co3O4 nanofiber
immobilized on both sides can act as a bifunctional catalyst for the ORR[98]. This excellent
electrochemical performance relies on the facile electron transport and fast O2 diffusion
between the porous Co3O4 nanofiber networks and the ultrathin graphene layer. Manganese-
oxides-based graphene nanocomposites have also been used as a stable and low-cost cathode
electrocatalysts for fuel cells and Li–air batteries [99, 101]. It is clearly evident that electroca‐
talytic performance of metal oxide–graphene nanocomposites is closely associated with
morphology and size of metal oxide nanoparticles and metal oxide–graphene electronic
couplings [102]. Qiao and coworkers showed a mesoporous structure of Mn3O4/graphene
hybrid nanomaterials with good ORR activity, excellent stability, and high selectivity [103].
Kim and coworkers also showed the ORR mechanism of a system with a lower loading (19.2%)
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of Mn3O4 nanoparticles on graphene sheets is comparable to that of the Pt/C electrode with a
4e transfer, whereas the composite with a higher Mn3O4 content (52.5%) undergoes a conven‐
tional 2e process [104]. Also, other graphene-supported metal oxides, e.g., Fe3O4 [105], Fe2O3

[106], Cu2O [107, 108], and Ru2O [109] were also studied as electrocatalysts for ORR in fuel
cells and Li–air batteries.

4.2. Metal-oxide-decorated 3D graphene structures and electrocatalysis

3D structured graphene (e.g., graphene foam) is an ideal candidate for noble metal oxide
catalyst support for electrocatalytic applications because of its high electron conductivity, large
surface area, sufficient porosity, and thermal stability [110]. 3D graphene can offer high surface
areas for higher loading of metal oxide nanoparticles, which can show enhanced electrocata‐
lytic activity. For example, Dong and coworkers [17] synthesized a 3D graphene–cobalt oxide
nanohybrid material for high-performance supercapacitor and enzymeless glucose detection.
Figure 13 shows the electrocatalytic oxidation of glucose in low-concentration alkaline
solutions. Figure 13a shows the CV curves of the 3D graphene/cobalt oxide composite electrode
obtained at different scan rates. Two pairs of redox peaks (I/ II and III/ IV) are observed from
the CV. The redox peak currents increase with increasing scan rate proportionally, which
implies a surface-controlled electrochemical process. Figure 13b shows that the oxidation
current at peak III (at ∼0.58 V) started increasing with introduction of glucose, but the other
peak remained almost constant. Figure 13c shows the amperometric responses of the gra‐
phene/Co3O4 composite electrode to glucose with various concentrations. The calibration curve
of the amperometric response was plotted in Fig. 13d. This composite material showed an
excellent sensitivity of 3.39 mA mM-1 cm-2, a relatively narrow linear range (up to 80 μM) and
sub-100 nM lower detection limit (LOD).

Feng and Mullen have studied the controllable structural assembly of Fe3O4 nanoparticles on
3D N-doped graphene aerogel support [21]. Figure 14 (a-d) shows interconnected macropo‐
rous graphene hybrid network uniformly decorated with Fe3O4 nanoparticles. The Fe3O4/N–
graphene aerogel network displayed excellent electrocatalytic activity for the ORR in alkaline
electrolytes with a high current density, low ring current and H2O2 yield, being a four electron
transfer number, and high stability (Fig. 14e,f). The electrocatalytic ORR has an onset potential
of +0.16 V (vs Ag/AgCl) and a high current density of 1.46 mA cm−2, which is well-comparable
with the performance by commercial Pt/C.

4.3. Heteroatom doped-graphene-materials and their electrocatalysis

Nitrogen and sulfur are the mostly used elements for doping graphene[111, 114]. Specific
doping on graphene could lead to remarkable increase in charge carrier concentration, specific
surface area, and enhanced capacitance retention. The N- or S-doped graphene materials show
new exciting properties compared to pristine graphene. For instance, the spin density and
charge distribution of carbon atoms are modulated by the neighboring nitrogen dopants,
which induce the “activation region” on the graphene surface. This kind of activated region
can directly participate in electrocatalytic reactions such as ORR [115, 116] or anchor metal
nanoparticles with specific catalytic activity desired [117].
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Sheng et al. [118] reported a facile catalyst-free method for the synthesis of N-doped graphene
via thermal annealing graphene oxide with melamine for the electrocatalytic application in
ORR. Figure 15 compares cyclic voltammograms (CVs) for the electrochemical reduction of
O2 at a bare glassy carbon electrode (GCE), graphene/GCE, and NG/GCE in O2-saturated 0.1
M KOH solutions. The onset potential of ORR at the NG/GCE occurs at 0.1 V, which is about
0.1 V more positive than that of graphene/GCE. The electrocatalytic process of NG/GCE is a
one-step four-electron pathway for ORR, which is almost twice as large as that for pristine
graphene in the current density. Sulfur-doped graphene was successfully prepared using GO
and benzyl disulfide as precursors under high temperature, and the as-prepared temperature-
dependant S-Doped graphene was tested as a metal-free cathode catalyst for oxygen reduction.
All the results further confirmed that the S-doped graphene is a promising material with high
catalytic activity for ORR [119]. N and S co-doped graphene was also developed and used for
ORR recently; compared to the single element doped graphene, co-doped graphene displayed
even more efficient electrocatalysis toward ORR [120].

Figure 13. Electrochemical sensing of glucose in 0.1 M NaOH solution using the 3D graphene/Co3O4 composite elec‐
trode. (a) CV curves measured at different scan rates (5, 10, 20, and 50 mV/s). (b) CV curves in the presence of different
concentrations of glucose (0, 0.2, 0.4, 0.6, 0.8, and 1 mM), at the scan rate of 20 mV/s. (c) Amperometric data of the
composite electrode (potential 0.58 V) upon addition of glucose to increasing concentrations. (d) Average dose re‐
sponse curve (amperometric current response vs glucose concentration) obtained from three different sensors, with a
linear fitting at lower concentration range and an exponential fitting at higher concentration range. The error bars indi‐
cate the standard deviations. (Reproduced with permission from ref. 17. Copyright ACS 2012)
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(a) (b)

Figure 15. (a) Cyclic voltammograms (CVs) for ORR obtained at a bare GCE (a), graphene/GCE (b), and NG5/GCE (N
% = 7.1%) (c) in O2-saturated 0.1 M KOH aqueous solution. (B) CVs for ORR at NGs, synthesized with different mass
ratio of GO and melamine (1:1, 1:2, 1:5, 1:10, 1:50) at 800°C, modified GCE in O2-saturated 0.1 M KOH aqueous solu‐
tion. Scan rate: 100 mV/s. (Reproduced with permission from ref. 118 Copyright ACS 2011)

Figure 14. (a,b) Typical SEM images of Fe3O4/N-Gas, revealing the 3D macroporous structure and uniform distribution
of Fe3O4 NPs in the GAs. The red rings in (d) indicate Fe3O4NPs encapsulated in thin graphene layers. Representative
(c) TEM and (d) HRTEM images of Fe3O4/N-Gas, revealing an Fe3O4 NP wrapped by graphene layers. (e) CVs of
Fe3O4/N-GAs in N2- and O2-staturated 0.1 M aqueous KOH electrolyte solution at a scan rate of 100 mV s–1. (f) LSVs of
Fe3O4/N-GAs in O2-saturated 0.1 M KOH at a scan rate of 10 mV s–1 at different RDE rotation rates (in rpm). (Repro‐
duced with permission from ref. 21. Copyright ACS 2012)
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5. Conclusions and outlook

The rapid development of graphene-based nanohybrid electrocatalysts for energy conversion,
storage, and various electrochemical sensors has been driven by their unique structural
features, novel physicochemical properties, high stability, and low cost. The immobilization
of transition metal oxides on graphene by various methods via the use of interactions between
the structural defects and functional groups on graphene’s surface, contributed to the im‐
proved catalytic activity and stability of graphene-based transition metal oxide nanohybrid
catalysts. In this chapter, we have discussed the recent development of graphene-supported
transition metal oxide nanohybrid materials for their sensor and energy applications, includ‐
ing their synthesis, structural characterizations, key properties, and major applications. The
control in the morphology and dimension of the graphene-based nanocomposite is of crucial
importance for their electrocatalytic activities. As a consequence, multivalent transition metal
oxides with special structural properties exhibit more efficiency for the electrocatalytic
reactions than amorphous nanocomposites under similar experimental conditions. Electroca‐
talytic performance of graphene-based transition metal nanohybrid materials can be charac‐
terized by different electrochemical techniques in detail. Stability and durability are among
the most important factors for promising electrocatalytic applications. The flexibility and large
surface area of graphene sheets could prevent particles from agglomerationand facilitate
accommodation of large amount of particles. Monotransition metal oxides anchored on
graphene have already shown good electrocatalytic performance with long-term stability.
However, the strategy of synthesizing bimetallic transition metal oxides is very promising for
further elevating the electrocatalytic activity. Also, covalently bonded bimetallic oxides on
graphene can offer better activity and longer durability than the physical mixture of two types
of metallic nanoparticles. Therefore, the rational design of cationic substitution and covalent
coupling with graphene supports can instruct the construction of advanced electrocatalysts
for sensor- and energy-related applications. Thus, the advancement of sophisticated structure-
controlled methods and processes for the in situ synthesis of graphene-based transition metal
oxide nanocomposites is crucial for the development of next-generation electrocatalysts. It
should be noted, however, that the fundamental mechanisms behind the electrocatalytic
performance of graphene-based nanocomposites are far from being fully understood. More‐
over, the electronic interactions between graphene and nanoparticles and the synergistic
effects are needed to be explored. These remained challenges will motivate strongly many
ongoing research and further development of this field.
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Abstract

Silver-based nanoalloys owing to their cost, performance and stability are an attractive
electrocatalyst system for oxygen reduction reaction (ORR) in the alkaline fuel cells and
metal air batteries. A systematic computational and experimental approach has been
adopted to investigate their performance for ORR in alkaline environment. Firstly, genet‐
ic algorithm (GA) based calculations have been performed to look for the stable composi‐
tions and structures of these nanoalloys. Later, density functional theory (DFT) is
employed to simulate the working of those stable nanoalloys in actual working condi‐
tions. Finally, the most promising nanoalloys have been synthesized by physical and
chemical routes to confirm their performance in real-life conditions. It has been found
that the alloying of silver with copper enhances the catalytic performance of Ag nanopar‐
ticles. The enhancement in performance can be related to the modification of the electron‐
ic and physical structure of Ag due to copper doping. The superior performance of Ag–
Cu nanocatalysts in alkaline fuel cells and metal air batteries along with their modest cost
and long-term stability make them a promising candidate for deployment as a catalyst
for ORR in alkaline media.

Keywords: Electrocatalyst, silver nanoalloys, metal air batteries, oxygen reduction reac‐
tion, rechargeable zinc air battery

1. Introduction

Oxygen reduction reaction (ORR) plays a vital role in the working of fuel cells and metal-air
batteries. Both of these technologies utilize oxygen from the air to generate electrical energy.
The ORR mechanism in acidic environment is accompanied with the formation of water.



2 2  4   4  2O H e H O+ -+ + ® (1)

For alkaline medium, hydroxyl formation takes place as

2 2  2   4  4O H O e OH- -+ + ® (2)

The current Li-ion battery technology is unable to offer the solutions for the long-range electric
vehicles and energy storage grids. It is also postulated that the Li-ion battery system may reach
its theoretical limit which will still be short of the demand for the long-range EVs. Metal air
batteries such as Li-air (11,000 Wh/kg) and Zn–air systems (1,084 Wh/kg) offer much higher
energy capacities [1–3]. A great deal of contemporary research is directed toward the realiza‐
tion of these high energy systems. Apart from being dense in energy, metal air batteries and
fuel cells are green source of energy. The product of their working is free from toxic and
harmful waste gases which damage the environment. These systems provide a valuable
opportunity to cut the greenhouse gas emissions on a tremendous scale [4,5].

Electrocatalyst plays a crucial role in the working of metal air batteries and fuel cells. The ORR
and OER mechanism are strongly related to the functionality of the electrocatalyst. Pt and Pt-
based alloy catalysts are widely used for ORR, but prohibitive cost and catalytic poisoning are
major drawbacks associated with Pt. Therefore, it is highly desirable to explore novel Pt-free
cost-effective catalysts. Different non-platinum catalysts have been considered as a replace‐
ment of Pt. Silver being about 50 times cheaper than platinum is an attractive choice for catalyst
in alkaline fuel cells. The pourbaix diagram reveals the superior stability of Ag over platinum
in alkaline environment [6,7].

The ORR is accompanied with the formation of various adsorbed intermediates such as O, OH
and OOH. Norkosov et al. evaluated the effect of potential on the free energy of various
intermediates on Pt (111) by DFT calculations [8]. At high potential, the adsorbed oxygen was
found to be stable. The ORR reaction was found to proceed only by lowering the potential,
hence giving rise to overpotential. Bond energies of oxygen and hydroxyl on different metals
were also calculated by DFT. The rate of ORR is limited by the removal of O, OH for metals
which bind oxygen strongly where as in case of metals with poor oxygen binding, the rate is
limited by the weak bonding of the adsorbed species. A volcano plot as shown in Figure 1 is
obtained as a result of DFT calculations performed on various systems. Although platinum
sits near the top of volcano plot developed by DFT calculations, alloying of metals can result
in new materials with adsorption energies for the intermediates that are different from the
constituent pure metals. Therefore, new generation of superior electrocatalysts can be devel‐
oped by alloying of metals to yield optimum binding of adsorbates onto alloy surface.

Tremendous amount of research has been performed in the past decade to enhance the activity
of ORR catalyst. A myriad of bimetallic and multi metallic alloy compositions have been
developed in a variety of structures such as core shell, skin alloys, thin films, ordered inter‐
metallics and solid solutions [9–12]. Skin alloys have been widely popular because of their
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superior activity as compared to the bulk alloys. This is accompanied with the reduction of
cost of precious metal cost such as Pt in skin alloys by using a monolayer thick platinum on
top of a non-precious metal/alloy core. As the skin is of Pt, therefore, stability in the corrosive
chemical environment is still maintained in these alloys. The enhancement in the activity of
these skin alloys is attributed to the geometric and ligand effect of the subsurface atoms on the
skin. Recently, these structural form alloys have been reported to improve the ORR perform‐
ance of the silver-based alloys. Some possible modifications of the surface electronic structure
by the ligand mechanism are revealed in Figure 2.

Figure 2. Modification of the surface geometric and electronic structure by subsurface configuration (a) skin on pure
metal, (b) skin on alloy/compound, (c) subsurface ligand.

The rate-limiting step for ORR in case of Pt catalyst is the removal of adsorbed OH species. It
is well established that the decrease in binding energy by 0.1–0.2 eV will optimize the per‐
formance of the Pt-based catalyst [13,14]. By using the Pt skin on a transition metal core, this
reduction in binding energy can be achieved. This is attributed to the modification of the
electronic structure of the surface atoms by the core. In case of transition metals such as Ti, Co,
Ni, and Ru, charge transfers from the core to the dband of the surface atoms of platinum [15].
This occupancy of dband lowers the dband centre of the platinum atoms which in turns

Figure 1. Variation of activity with oxygen adsorption energy for metals. Reproduced with permission from ref. 8.
Copyright 2004, American Chemical Society.
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decreases the adsorption of the OH on the Pt skin. As a result of this mechanism, the activity
of these alloy systems has been reported to be much superior than that of commercial Pt/C
catalyst. The skin of platinum atoms can be either in compression or tension. This is because
of the subsurface structure effect on the skin alloy. The compression of the Pt skin increases
the overlap of the d orbitals which consequently increases the dband width. The result of this
perturbation of the structure is the lowering of the dband center of the surface atoms [16, 17].
According to the dband theory, the lower the dband center of the surface, the lower its
reactivity and vice versa. By the combination of geometric and ligand effects, the dband center
of the surface can be tuned to the desired value so as to achieve the optimum adsorption of
adsorbates such as O, OH and OOH on the surface of the metal. This is in accordance with the
Sabatier principle which implies that for the catalytically induced chemical reactions catalyst
for the reaction should have neither strong nor weak adsorption for the reaction species [18].

From Figure 1, it is evident that weak binding of oxygen onto silver is the cause of its shift from
the volcano peak and weak ORR activity.

The oxygen reduction reaction for alkaline can occur by a direct four electron transfer method
as in Eq. 2 or by indirect 2e transfers [19–21] as:

2 2 2 2  O H O e HO OH- - -+ + ® + (3)

2 22 3H O e HO OH- - -+ + ® (4)

In the indirect mechanism, second step, i.e., Eq. (4), is the rate-determining step. The oxygen
reduction reaction by indirect mechanism seriously limits the performance of the cell. This is
because of the fact that if the reaction 4 does not occur by direct mechanism, then the total
electrons transferred during ORR reduce to two only. As the result, this lowers the total output
voltage and energy density. Also the peroxide formed in Eq. (3) can undergo catalyst-induced
conversion to O2 and OH– by Eq. (5).

2 2   2HO O OH- -® + (5)

Reaction 5 limits the catalytic activity of the catalyst and hence it is desirable that the ORR
proceeds by direct four electron transfer mechanism. The effect of pH on the ORR mechanism
has been studied by Blizanac et al. [22]. In case of ORR on Ag(111) in alkaline medium, four
electron transfer was found to be the dominant mechanism at all overpotentials, but in case of
low pH, i.e., in acidic solutions, 2 electron pathway was favored at low overpotentials. It was
observed that the ORR on Ag (111) by 4 electron pathway could take place only at high
overpotentials in the low pH electrolytes.

Owing to the stability and efficient ORR mechanism of silver-based catalysts in alkaline media,
various research groups have focused on the synthesis of Ag-based catalysts. Holewinski et
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al. have investigated the effect of alloying on silver for the ORR performance [23]. Density
functional theory (DFT) based calculations were performed on Ag alloy slabs with an Ag skin
on top to investigate the effect of alloy core on the ORR performance. The 4 electrons transfer
has been proposed by the following mechanism:

 
1 1

2       
H OH

Ag O e Ag OOH OH
-

- -+ + ® +L (6)

 
1 1     
H OH

Ag OOH e Ag O OH
-

- -+ ® +L L (7)

  
1 1       
H OH

Ag O e Ag OH OH
-

- -+ ® +L L (8)

  
1 1     
H OH

Ag OH e Ag OH
-

- -+ ® +L (9)

A reaction coordinate diagram was developed for different alloys of silver on the basis of DFT
calculation for the above mentioned reactions. From the theoretical calculations it was
concluded that in case of silver-based catalysts, the rate-determining step for ORR is the initial
adsorption of oxygen on the catalyst surface to form OOH adsorbate. In order to confirm the
theoretical findings, the group synthesized Ag–Co alloys. After chemical etching of the alloy
an Ag-skin with an Ag-Co core was developed. The resulting silver alloy showed phenomenal
improvement in the ORR as compared to the unalloyed catalyst. Functionality tests on the Ag-
skin /Ag-Co alloy core yielded an improvement in the area specific activity by a factor of 6 @
0.8 VRHE. This significant enhancement was attributed to the perturbation of the electronic
structure of the surface silver atoms which resulted in the lowering of the activation energy
barriers for the ORR.

Composites of silver/graphene oxide and silver/graphene oxide/carbon were developed to
investigate their ORR performance in alkaline environment [24]. The composites were facially
synthesized by the reduction of AgNO3 with graphene oxide with or without the presence of
Vulcan XC-72 carbon black. The average particle size of Ag/CO/C composites (ca d = 12.9 nm)
was found to be almost twice of Ag/CO composite (ca d = 6.9). The composites were electro‐
chemically characterized which revealed the superior performance of Ag/CO/C for ORR as
compared to Ag/CO composite. Rotating disc electrode (RDE) analysis revealed that the onset
potential and the half wave potential shift positively for Ag/CO/C as compared to Ag/CO
composite. This enhancement in ORR performance of Ag/CO/C composites as compared to
Ag/CO composites was attributed to the 3D composite support which not only improves the
electrical conductivity but also facilitated the mass transport in the catalyst layer. A similar
beneficial effect of catalyst support was observed in the case of Ag/Mn3O4/C catalysts [25]. The
catalyst performance for ORR in alkaline media was found to be superior to the simple Ag/C
catalyst. This improvement was ascribed to the Mn3O4 support which perturbed the electronic
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structure of the silver particles. Charge was transferred to Mn3O4 support from Ag which was
manifested by the lowering of the binding energy of the Ag 3d electrons in XPS measurements.
This was accompanied with the rise of the d-band center of Ag in the Ag/Mn3O4/C catalyst as
compared to the Ag/C catalyst. This was attributed to the tensile strain which results in less
overlap of d orbitals and a corresponding rise of the dband center which in turn favors the
kinetics of ORR by O—O bond breakage. Figure 3 reveals the oxygen reduction polarization
curves for Ag/C, Ag/Mn3O4/C and Pt/C at 1600 rpm in O2-saturated 0.1 M KOH. The onset
potential for Ag/Mn3O4/C was 0.92 V (vs. RHE) which is close to the onset potential for Pt/C
catalyst. The limiting current incase of Ag/Mn3O4/C (c.a. Il = 5.5 mA/cm2) was also found to be
very close to the limiting current of Pt/C (c.a. Il = 5.62 mA/cm2). Moreover, the electron transfer
mechanism was found to proceed by four electrons from the Koutecky–Levich plots.

Figure 3. Oxygen reduction polarization curves for Ag/C, Ag/Mn3O4/C and Pt/C premetek at 1,600 rpm in O2-saturat‐
ed 0.1 M KOH at 10 mV s–1, and (inset) Koutecky–Levich plots for ORR in the presence of Ag/C, Ag/Mn3O4/C and Pt/C
premetek at 0.32 V vs. RHE. Reproduced with permission from ref. 25. Copyright 2015, American Chemical Society.

The effect of morphology of the silver catalyst particles was studied by Ohyama et al. [26].
Silver particles with three distinct morphologies were investigated for their ORR performance
in alkaline medium. Among the spherical, worm-like and the faceted particles, the maximum
specific activity was observed in the worm-like particles with subsurface oxygen at surface
defects. This was followed by the multifaceted particles with surface AgCO3 layer and defects.
The smooth and spherical particles had the least specific activity of the three types. This
increase in activity is justified by the large number of defects on these irregular-shaped
particles which increase the reactivity of the silver catalyst toward the O2 during ORR.

2. Computational work

The computational work involves initially the search for the structure with global minimum
energy by genetic algorithm. The structure with minimum energy is further optimized by
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density functional theory (DFT) calculations. The most optimum structures are employed for
simulations of the ORR reactions by density functional theory calculations.

2.1. Structural optimization

The first step toward computational modeling of the nanoalloys is to search for the most stable
geometry at absolute zero. This requires the modeling of the potential energy surface for the
multi-element alloy. Gupta potential was used for the atomistic modeling of the nanoalloy [27,
28]. It is a semi-empirical method for the approximation of the potential energy surface. This
method is based on the second moment approximation to the tight binding theory (SMATB).
Total energy E for the nanoalloy AxBN–x is written as a sum of an attractive term Ej

b and a
repulsive term Ej

r.

 (  ) b r
j j

j

E E E= +å (10)
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N is the number of atoms, rij is the distance between atoms i and j in the cluster and ro is the
nearest-neighbor distance. The parameters A, ro, ξ, p and q for the pure species are fitted to
several bulk experimental values, such as the cohesive energy, the lattice parameter and the
elastic constants. The heteroatom interactions are fitted to the solubility energy of an impurity
A into a B bulk. The Gupta potential parameters used for the Ag–Cu system are listed in Table
1 [29].

Parameters A(eV) ξ (eV) p q ro(Ao)

Ag–Ag 0.1031 1.1895 10.85 3.18 2.8291

Ag–Cu 0.0980 1.2274 10.70 2.805 2.72405

Cu–Cu 0.0894 1.2799 10.55 2.43 2.556

Table 1. Gupta potential parameters for Ag–Cu system
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From the modeling of the potential energy surface the next step forward is to search for the
global minimum (GM) by optimization. This is performed by the help of Birmingham cluster
genetic algorithm (GA) [30]. From the initially randomly generated cluster population, the
algorithm looks for the most stable cluster structure by mutation and cross over. For each
generation, parent clusters are chosen with a probability depending on their fitness and
offsprings are developed from parents by a cross-over scheme which is followed by a mutation
step on the offspring to bring diversity in population. The whole population is ranked by
fitness and the less fit, i.e. high-energy, clusters are replaced with more stable structures. The
whole process is repeated till a predefined convergence criterion is met.

The 13 atom Ag–Cu bimetallic cluster was chosen for further geometric optimization by
Dmol3 module available in the materials studio software package [31,32]. The 13 atom cluster
is a magic size owing to special stability and relative abundance in case of Ag–Cu alloy clusters
[33,34]. Spin-polarized DFT calculations are performed in real space within the framework of
DFT-based semi core pseudo potentials (DSPPs) with the double numerical plus polarization
(DNP) function. Grid integration is performed with a global cutoff of 5.0 °A. Self-consistent
field procedures are performed with a convergence criterion of 10-6 Hartree on the total energy
and the electron density. The Perdew et al. generalized gradient approximation (PBE/GGA) is
used for the exchange–correlation functional during the geometry optimization for the Ag
cluster. The ascending order of stability for the pure 13 atom Ag cluster is icosahedron (Ih)
with binding energy Eb = –18.682 eV, decahedron (Dh) with Eb = –18.731 eV and cuboctahedron
(COh) with Eb = –18.958 eV, where cuboctahedron (COh) structure was found to be the most
stable configuration for the 13 atom Ag cluster. In case of the single Cu surface-doped Ag12Cu
cluster, the increasing order of stability is also icosahedron (Ih) with Eb = –19.18727 eV,
decahedron (Dh) with Eb = –19.40207 eV and cuboctahedron (COh) with Eb = –19.55135 eV. So
for both pure Ag13 and Ag12Cusurface clusters, the most stable structural form was found to be
cuboctahedron (COh).

2.2. ORR on 13 atom Ag-Cu clusters

Ma et al. performed first principle calculations for the ORR process in alkaline media on the
13 atom pure Ag and Cu doped Ag clusters [35]. 13 atom Ag-Cu nanoalloy clusters have been
previously identified as a potential candidate for ORR catalyst [36]. Pure Ag13 and Ag12Cusurface

clusters with cuboctahedron (COh) symmetry were used for these calculations. The doping of
copper significantly improves the ORR process. The ORR reaction was observed to occur by
the efficient four electron transfer mechanism. Pure silver is a poor catalyst for the ORR because
of its weak adsorption of oxygen. Doping of silver with copper atom on the surface improves
the binding of the intermediates such as O, OH and OOH on the nanoalloy cluster. This
optimum binding is critical for the efficient ORR. Binding energies of different adsorbates are
described in Table 2.

From Table 2 it is evident that the binding energy of every adsorbate is more negative on the
Ag12Cusurface cluster as compared to pure Ag13 cluster. This stronger binding facilitates the
electron transfer reactions in the ORR process. A schematic of the ORR mechanism is provided
in Figure 4.
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Figure 4. ORR pathway on Ag13(a,b,c,d) and Ag12Cu (a’
, b’, c’,d’). Reprinted with permission from ref. 35. Copyright

2014, Springer.

The improvement of the ORR performance of the copper doped 13 atom nanocluster can be
attributed to the modification of the dband. The dband center of the Ag13 cluster is at –3.078
eV. Doping with a copper atom at surface raises the dband center to –1.507eV. This can be
explained by the dband theory of the reactivity of metal surfaces. According to that theory, the
deeper the dband from the Fermi level, the lower is the surface reactivity. Alloying with copper
raises the dband of the nanoalloy as compared to the pure metal cluster, which in turn raises
the binding ability of the intermediates onto the nanoalloy cluster. The stronger binding of the
intermediates is the reason behind the better ORR performance of Ag12Cu cluster as compared
to the Ag13 cluster.

2.3. ORR on 38 atom Ag–Cu clusters

The 38 atom Ag38–xCux cluster has been studied for ORR because of its relative stability by
another group [37]. Truncated octahedron (TO) Ag32Cu6 alloy cluster was observed to perform
as a better catalyst for ORR as compared to the TO Ag32Cu6 core-shell clusters. With the use of
Gupta potential-based potential energy surface and genetic algorithm (GA) search for global
minimum, polyicosahedron (PIh) Ag32Cu6 core-shell structure is found to be the most stable

ORR pathway *O2
*O2

– *OOH *OOH– *OH + *OH *OH

Ag13 (eV) −0.216 −0.259 −1.144 −0.980 −4.594 −2.958

Ag12Cu (eV) −1.019 −1.154 −1.697 −1.304 −5.405 −3.312

Table 2. Binding energy of different adsorbates on nanoclusters
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structure for Ag32Cu6 nanoalloy by Zhang et al.[38]. The stability of polyicosahedron (PIh)
Ag32Cu6 core-shell structure exceeds that of truncated octahedron (TO) Ag32Cu6 core shell by
0.564 eV. For both pure Ag38 and Cu38 clusters truncated octahedron (TO) was the most stable
geometry. Figure 5 shows that the minimum energy structure of the pure 38 atom silver took
35 iterations while more than 70 iterations were required for the Ag32Cu6 nanoalloy cluster.

Figure 5. Generations to reach global minimum by genetic algorithm. Adapted from ref. 38.

The polyicosahedron (PIh) Ag32Cu6 core-shell structure was further investigated for ORR
because of its stability. ORR was found to proceed more favorably by the dissociation mech‐
anism as compared to the associative mechanism by 0.1 eV. Hence, dissociative ORR mecha‐
nism involving the scission of molecular oxygen to atomic form, i.e., O2 →O +O , was
considered for computational analysis. Four non-equivalent sites were identified on the
Ag32Cu6 core-shell structure as B1 to B4. The ORR was then followed with the bond fracture
and subsequent adsorption of atomic oxygen at hollow sites marked H1, H2 and H3 as shown
in Figure 6.

Of the four adsorption configurations, we notice that the adsorption energy on B4 site has a
highest value of –0.149 eV, and also the maximum value of 1.209 eV for the dissociation barrier,
and an energy release of 0.259 eV, dissociating to H2 and H3 sites. The B1 site, which has similar
adsorption energy to B4 site, –0.146 eV, further dissociates to two H2 sites with barrier of 0.993
eV and exothermicity of 0.259 eV. The O2 on B2 and B3 sites have bond-cleavage barriers of
0.715 and 1.134 eV and energy release of 1.088 and 0.368 eV, respectively. It is clear that the
most favorable pathway for O2 dissociation is B2 sites with a minimum value of activation
energy barrier.
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The interaction strength of atoms and molecules with metal surface is defined by the d-band
center of the metal. In order to explain further that B2 site is most favorable to display a good
catalytic behavior, the electronic structure of these four adsorption configurations was
addressed and the position of the d-band center relative to the Fermi energy for these different
sites was calculated as shown in Figure 7. The dband center of B2 site is –3.395 eV, which is
closest to the Fermi level. By having the dband center closest to the Fermi level as compared
to the other adsorption sites on the polyicosahedron (PIh) Ag32Cu6 core-shell structure, B2 site
is the most conducive for ORR as it enhances the otherwise weak affinity of silver alloys for
the reaction intermediates.

Figure 7. Partial density of states (PDOS). Adapted from ref. 38.

Figure 6. Reaction coordinate diagram. Adapted from ref. 38.
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Moreover, frontier orbital theory describes that the states of a metal which are involved in
electron transfer with the adsorbates are closest to the Fermi level [39]. Therefore, the density
of states (DOS) at the Fermi level is an indicator of the chemical activity. We notice that the
density of states at the Fermi energy level is maximal for B2 site. This further endorses the
superior activity of the B2 site for ORR on Ag32Cu6 core-shell nanoalloy.

3. Synthesis of Ag–Cu nanoalloy

Bimetallic Ag–Cu nanoalloy particles were developed by both physical and chemical routes.

3.1. Pulse laser deposition

Pulse laser deposition (PLD) is widely used in the field because the approach is a feasible way
to control the thickness of catalyst layer [40]. As the utilization of catalyst in the fuel cell is
determined mainly by the surface area of catalyst with electrolyte, the reduction of the
thickness of catalytic layer can lead to improvement of the catalyst utilization and reduction
of the fuel cell cost [41]. Moreover, compared to chemical preparation techniques such as
electrochemical deposition, chemical vapor deposition, reduction of salts and facile hydro‐
thermal method, PLD method owns high repeatability and stability in process, making it to
be a suitable route to obtain electrocatalyst with film state [42–44].

Ag–Cu alloyed catalyst was developed by PLD method in a vacuum chamber [45]. The target
of Ag–Cu alloy with atomic ratio of 50:50 was irradiated with a nanosecond Q-switched
Nd:YAG laser beam (EKSPLA, Lithuania). The wavelength was set to be 266 nm, and the pulse
duration was ranging from 3 to 6 ns. The laser beam diameter was around 1 mm, with an
energy density of 200 mJ/pulse. Both target and substrate (nickel foam) rotated at a speed of 5
rpm during deposition, and target was irradiated for 2 min at 10 Hz to clear away the oxide
on the surface before deposition. The laser was operated at the frequency of 10 Hz. The
deposition time is set as 90 min. The as-prepared product is Ag50Cu50 catalyst.

Figure 8 shows series of TEM analysis on Ag50Cu50 catalyst. According to Figure 8a, plenty of
nanoparticles are distributed in a continuous film. The tiny nanoparticles with size under 5
nm dominate the film. Magnifying the blue rectangle area, the obtained HRTEM is shown in
Figure 8b. It can be seen that they display two different states: few are amorphous, and the left
are with crystallized state.

HAADF result shown in Figure 8c displays that contrast of the particles is brighter than the
gap area between particles, demonstrating a higher atomic number Z for nanoparticles. The
lower Z corresponding gap area then is attributed from Cu element. This is because Z of Cu
(Z = 29) is smaller than Ag (Z = 47). Combining the amorphous state in gap area observed in
Figure 8b, we can draw that Ag50Cu50 catalyst actually is Ag–Cu alloyed nanoparticles
embedded in amorphous Cu film.

Electrochemical characterizations have been carried out on PLD synthesized Ag50Cu50 catalyst.
Figure 9a shows RDE polarization curves of Ag50Cu50 catalyst with rotation rate 1,600 rpm in
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N2 and O2 saturated 0.1 M KOH solutions. It can be seen that there is reduction in current
density in O2-saturated KOH solution, while that in N2-saturated solution is flat. This shows
that the catalyst indeed works on O2. Figure 9b shows a set of RDE curves with rotation rates
of 400, 800, 1,200 and 1,600 rpm. The Koutecky–Levich plots were then obtained from the
limiting current density, as shown in Figure 9c. The plots show the inverse current density J−1

as a function of ω–1/2. From these plots the number of electrons transferred during ORR was
found to be 3.76, 3.87, 3.85 and 3.97 when the potential was 0.5, 0.4, 0.3 and 0.2 V, respectively.
Hence, four electrons route was found to be dominant for ORR in case of synthesized
Ag50Cu50 catalyst. Finally, 9d gives a comparison of the performance of Ag, Ag50Cu50 and Pt/
C(20 wt%).

The catalytic layer was used to assemble a zinc-air battery and results showed open-circuit
voltage (OCV) of the cell was around 1.48 V close to the theoretical value, and the maximum
power density is 67 mW cm−2 at 100 mA cm−2. The resulting rechargeable zinc-air battery
exhibits low charge–discharge voltage polarization of 1.1 V at 20 mAcm−2 and high durability
over 100 cycles in natural air.

Wu et al. deposited Ag–Cu nanoalloys on nickel foam by pulse laser deposition. Several Ag–
Cu alloys with Ag/Cu atom ratios of 90:10, 50:50 and 25:75 are used as the target material with
the high-purity nickel foam (99.97%) as substrate [46]. Ag–Cu nanoalloys were used as the
catalyst layer of the air cathode for a single zinc-air battery, and found to exhibit good

Figure 8. TEM and HAADF characterization of Ag50Cu50 catalysts. (a) bright field image, (b) HRTEM, (c) HAADF re‐
sult and (d) IFFT image. Adapted from ref. 45.
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bifunctional catalytic performance. The effect of the Ag/Cu atom ratio on the average electron
transfer numbers of the ORR was systematically investigated. This carbon-free binder-free
bimetallic catalyst layer was found to possess both ORR and OER catalytic activity in the
rechargeable zinc-air battery. Figure 10(a) shows representative microscopic images of the
Ag50Cu50 alloys used in this work. The Ag–Cu nanoparticles were uniformly distributed in the
substrate, and the electron diffraction pattern revealed the single phase and polycrystalline
structure of the Ag–Cu alloy. Figure10 (b) shows a HRTEM image of more than 100 nanopar‐
ticles in the substrates. It is clear that the nanoparticles have an average size of 2.58 nm with a
narrow size distribution between 1 and 5 nm. Figure 10(c,d) indicate that the nanoparticles are
enriched with Ag atoms, with few doped copper atoms in them, and the films are enriched
with Cu atoms.

Hence, it can be concluded that the nanocatalyst has crystalline Ag-enriched nanoparticles
embedded in an amorphous Cu-enriched matrix. These copper-doped silver nanoparticles
with composition Ag50Cu50 were observed to have superior catalytic performance for ORR as
compared to pure silver as shown in Figure 11. The ORR was found to proceed via four electron
transfer mechanism. It is for the first time the Ag-based electrocatalysts in amorphous films
were created from the vapor phase under far-from-equilibrium condition by pulse laser
ablation, previous works demonstrated that the face-centered cubic Ag–Cu solid solutions or
completely amorphous Ag–Cu metal glasses were formed by rapid quenching from the liquid
or vapor phase as corrosion-resistant non-equilibrium alloys and metastable phases.

Figure 9. Electrochemical characterization of Ag50Cu50 catalyst. (a) The RDE curves of Ag50Cu50 catalyst in O2- and N2-
saturated 0.1 M KOH solution; (b) the RDE curves at the rotation rates of 400, 800, 1,200 and 1,600 rpm; (c) the Kou‐
tecky–Levich plot of Ag50Cu50 catalyst; and (d) the ORR mass activity for Ag, Ag50Cu50 and Pt/C (20 wt%) catalysts.
Adapted from ref. 45.
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Figure 11. (a) RDE polarization curve of different compositions in O2-saturated 0.1 M KOH solution. (b) RDE polariza‐
tion curve for Ag50Cu50 same environment (c) Koutecky–Levich plots for (b). Reprinted with permission from ref. 46.
Copyright 2015, American Chemical Society.

Zinc-air batteries were assembled using Ag90Cu10 and Ag50Cu50 catalysts in the air cathode, and
the discharge performance is shown in Figure 12(a). The cell voltage decreases nearly with
increasing current density, demonstrating that the cell performance shows a strong depend‐
ence on the resistance of the battery. For Ag50Cu50 and Ag90Cu10 catalysts, the open-circuit

Figure 10. (a)TEM bright-field images and SAED patterns (inset) of the Ag50Cu50 film prepared by PLD. (b) HRTEM
images and the particle size distribution (inlet) of Ag–Cu nanoparticles in the film. (c) TEM element mapping for Ag,
Cu and Ni on a Ag–Cu nanoparticle deposited on nickel grid. (d) EDS of the Ag50Cu50 film on nickel grid. Reprinted
with permission from ref. 46. Copyright 2015, American Chemical Society.
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voltages of the single cell are about 1.42 V and 1.44 V, the peak power densities of the zinc-air
batteries are 86.3 mW.cm–2 and 82.1 mW.cm–2, and the current densities at a voltage of 1 V are
60 mA cm–2 and 50 mA cm–2, which is higher than Ag/C, N-doped CNTs and silver-molybdate
catalysts [47,48]. Figure 12 (b) records the change of cell voltage with time at a current density
of 20 mA cm–2. It is clear that Ag90Cu10 catalysts have a higher initial discharge voltage of 1.15
V than Ag50Cu50 catalysts (1.0V); however, after 30 h discharging, the discharge voltage of
Ag90Cu10 catalysts gradually reduces to 1.11 V, while Ag50Cu50 catalysts gradually increase to
1.18 V. The discharge curve of the Ag50Cu50 catalysts gradually rises to a stable cell voltage and
decrease by 16% as compared with the open-circuit potential, but for Ag90Cu10 catalysts, the
curve gradually reduces to a stable voltage after about 30 h of discharge, showing a decrease
of 20%. It can be concluded that the Ag50Cu50 catalyst has higher discharge voltage stability,
being more stable than the Ag90Cu10 catalysts for applications in zinc-air batteries.

Figure 12. (a) The discharge polarization and power density curves for Ag90Cu50 and Ag50Cu50 catalyst layer of air-cath‐
ode in the primary zinc-air battery. (b) The single cell voltage and time curves at 20 mA cm–2 in the primary zinc-air
battery. (In 6M KOH solution) Reprinted with permission from ref. 46. Copyright 2015, American Chemical Society.

3.2. Galvanic displacement synthesis

Ag–Cu catalysts were synthesized directly on Ni foams by galvanic displacement reaction,
which is an environment-friendly and straightforward process [42]. In this method, the
catalysts were directly grown on Ni foams, thereby freeing the catalytic layer from carbon and
binder. The driving mechanism to grow the various catalysts in this work is the large difference
of the redox potentials of Ni2+/Ni (–0.25 V vs. SHE), Cu2+/Cu (0.34 V vs. SHE) and Ag+/Ag (0.799
V vs. SHE). The galvanic displacement reaction can be described by the following equations:

( ) ( ) ( ) ( )2 2    Ni s Cu aq Cu s Ni aq+ ++ ® + (13)

( ) ( ) ( ) ( )22 2   Ni s Ag aq Ag s Ni aq+ ++ ® + (14)

( ) ( ) ( ) ( )2 2   2Cu s Ag aq Ag s Cu aq+ ++ ® + (15)
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Figure 13 shows the typical SEM images of (a) Ni foam, (b) Cu nanoparticles, (c) AgCu-10 and
(d) Ag catalysts. Figure 13(a) shows the pure Ni foam smooth surface. Immersion into
CuSO4 solution for 3 h makes the surface of the foam rough (Figure 13(b)) along with coverage
of octahedral copper nanoparticles (Figure 13(b) inset). The SEM of AgCu-10 catalyst prepared
by two-step galvanic displacement reaction is shown in Figure 13(c). The catalyst has dendritic
morphology. The dendrites shown in Figure 13(c) have a dense and uniform distribution, and
the shape is complete. On the other hand, similarly dendritic morphologies are obtained for
pure Ag catalyst (Figure 13(d)) prepared by directly immersing the as-prepared Ni foam into
AgNO3 solution. The dendrites of Ag catalyst are thinly distributed on the Ni foam compared
to that in Figure 13(c). The difference of the dendrites between AgCu-10 and Ag catalysts can
be because of the different sacrificial templates. For the AgCu-10 catalyst, the Ni foam was
already covered by octahedral copper nanoparticles while the nickel surface was free from
copper in case of pure Ag particles.

Figure 13. The FE-SEM images of (a) Ni foam. (b) Cu nanoparticles supported on Ni foam. The inset in (b) shows the
high-magnification image of Cu nanoparticles. (c) Ag–Cu dendrites in AgCu-10 catalyst and (d) Ag dendrites support‐
ed on Ni foam. Reprinted with permission from ref. 42. Copyright 2015, Elsevier.

As shown in Figure 13(c), the one-dimensional dendrites prefer to form in a relatively high
AgNO3 concentration (10 mM). The AgCu-10 bimetallic catalyst possessed a hierarchical
structure characteristic and highly rough surface which provided more catalytic active sites
so it showed higher catalytic current during the RDE polarization measurements. The SEM
elemental mapping analysis for AgCu-10 catalyst shown in Figure 14(a–d) clearly prove that
Ag and Cu are uniformly distributed. HRTEM and SAED images are shown in Figure 14 (e,
f). The clear lattice fringes are observed for AgCu-10 catalyst. The SAED pattern shows a typical
polycrystalline structure with the sharp diffraction rings for AgCu-10 catalyst. The diffraction
spots for Ag (111), (2 0 0), (2 2 0), (311) facets and Cu (111), (2 2 0) facets are observed. A fast
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Fourier transform (FFT) diffraction pattern as shown in Figure 14 (g) is obtained on the area
marked by the red rectangle in Figure 14 (e), exhibiting the two phases characteristic of
AgCu-10 catalyst. The FFT image also reveals that Ag and Cu crystallites are in an epitaxial
relationship relative to each other in parallel orientation. The grown orientation schematic is
shown in Figure 14 (h).

Figure 14. EDS elemental map of the AgCu-10 catalyst: (a) Overlay image. (b) Ag map. (c) Cu map. (d) Ni map. The
TEM characteristic for AgCu-10 catalyst: (e) HRTEM image. (f) SAED pattern. (g) Fast Fourier transform (FFT) image
corresponding to (e) and schematic drawing with index of reflections (h). Reprinted with permission from ref. 42.
Copyright 2015, Elsevier.

Rotating disc measurements were performed on the catalysts made by galvanic displacement
and comparison was made with pure silver. AgCu-10 performed efficiently as compared to
the pure silver particles in terms of both onset potential and the limiting current. The Kou‐
tecky–Levich plots revealed the four electron transfer mechanism during ORR. Rechargeable
zinc-air battery was also fabricated by as-prepared AgCu-10 catalyst-based air cathode, 6 M
KOH solution with 0.2 M zinc acetate (zinc acetate was dissolved in KOH to form zincate to
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ensure reversible Zn electrochemical reactions at the anode) and pure zinc plate anode. A
charge–discharge cycle experiment was performed with a short cycle period of 20 min and a
long cycle period of 4 h at 20 mA cm−2. At the short cycle period, the initial charge and discharge
potentials of AgCu-10 based rechargeable zinc-air battery are 2.04 and 1.1 V, respectively. The
round-trip efficiency corresponding to the first cycle is 53.9%. There is almost no apparent
fluctuation for the charge and discharge potentials of the rechargeable zinc-air battery through
all the cyclic process. The round-trip efficiency after 100 cycles is 53.08% compared to the initial
53.9% with a little decline of 0.82%. A further cycle performance study with a long cycle period
of 4 h was carried out with the same rechargeable zinc-air battery after replacing the zinc anode
and the electrolyte. The rechargeable zinc-air battery also shows high cycling stability at the
long cycle period. The increase in charge and discharge potentials difference from the first to
tenth cycle is as little as 0.06 V, which is comparable to the tri-electrode rechargeable zinc-air
battery [49]. The cycling stability obtained on AgCu-10 catalyst based zinc-air battery is
certainly appealing and significant for the large-scale application of metal-air batteries and
fuel cells.

3.3. Electro-deposition of Ag–Cu nanoalloys

Ag–Cu catalysts were synthesized by the electrodeposition method under a potential of −0.4
V for a period of 50 s by using the conventional three-electrode cell system [50]. For synthesis,
AgNO3, Cu(NO3)2 3H2O and 3 mM sodium citrate (Na3C6H5O7) are mixed by deionized water
with the formula of AgxCu100–x (labelled as Ag25Cu75, Ag50Cu50 and Ag75Cu25 for x = 25, 50 and
75 mM, respectively).

Figure 15(a) describes the TEM and SEM (the inset) images of the bimetallic Ag–Cu catalyst.
The nanoplatelets have diameters of 40–50 nm. The HRTEM analysis in Figure 15(b) clearly
shows lattice fringes, indicating good crystallinity. The lattice spacing obtained from the
HRTEM image is 0.239 nm. The particle demonstrates a single crystal pattern in the SAED of
Figure15(c), indicating that Ag–Cu catalysts grow larger by the oriented attachment from small
Ag–Cu nanoparticles. The cell constant of the single crystal is 0.3986 nm, which is between the
standard cell parameter of FCC-Ag (a = 0.4086 nm) and FCC-Cu (a = 0.3615 nm), suggesting
that the Cu atoms are partially alloyed with the Ag atoms.

Figure 15. Images of the Ag–Cu catalyst (a) TEM (inset SEM). (b) HRTEM. (c) SAED. Reprinted with permission from
ref. 50. Copyright 2015, John Wiley & Sons.
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The EDX spectrum of the Ag–Cu nanoalloy in Figure 16(a) exhibits that the Ag–Cu deposits
contain both Ag and Cu elements and the nominal atomic composition are 1.5:1, 5:1 and 10:1
for the Ag25Cu75, Ag50Cu50 and Ag75Cu25 samples, respectively.

The survey spectrum of XPS for the Ag–Cu catalyst is shown in Figure 16(b), which shows
clear Ag and Cu peaks. The binding energies of the Ag3d3/2 and Ag3d5/2 orbits observed from
the high-resolution spectrum (Figure 16(b) inset) are 374.4 and 368.4 eV. This result indicates
that the Ag atoms are zero-valent (Ag0) metals [51,52]. The binding energies of the Cu2p1/2 and
Cu2p3/2 orbits are 952.6 and 932.7 eV (Figure 16(f)). An analysis of the Auger electron spectrum
for Cu LMM (Figure 16(f) inset) is also conducted to determine the specific valence of Cu; an
apparent kinetic energy peak at 918.6 eV is seen, corresponding to the zero-valent Cu[53]. Thus,
the Ag and Cu atoms exist as elemental metallic substances in Ag–Cu catalyst.

Figure 16. (a) EDX. (b) XPS survey spectrum, inset: high-solution spectrum of Ag3d. (c) High-solution spectrum of
Cu2p, inset: Cu LMM. Reprinted with permission from ref. 50. Copyright 2015, John Wiley & Sons.

As shown in Figure 17(a), a reduction current peak is observed from the CV curves of the Ag–
Cu catalyst in O2-saturated 0.1 M KOH at −0.3 V (vs. SCE) but not in N2-saturated solution,
indicating that Ag–Cu catalyst has catalytic activity for ORR. To study the catalysis kinetics of
Ag–Cu catalyst for ORR, an RDE experiment is performed in O2-saturated 0.1 M KOH solution
(Figure 17(b)). The number (n) of electrons transferred on the Ag–Cu catalyst during ORR,
which determines the catalytic efficiency, is calculated by the Koutecky–Levich plots (see
inset). The result with n = 3.8 and 3.7 at −0.7 and −0.8 V, respectively, indicates that the ORR
catalyzed by the Ag–Cu catalyst occurs through a four-electron pathway, which is more
efficient than a two-electron pathway.

The performance of primary battery fabricated from Ag50Cu50-based air cathode was evaluated
as shown in Figure 18(a). The open-circuit voltage (OCV) and maximum power density are
1.49 V and 87 mWcm−2, respectively, which have significant improvements [54,55]. After the
primary zinc–air battery undergoes 10 discharging cycles, the OCV and power density
decrease slightly. This result may be attributed to the polarization of the zinc anode caused by
the zincate produced during the discharge process. Replacing the zinc anode and electrolyte
revitalizes the battery performance. The battery has no obvious voltage loss compared with
the first cycle, suggesting that the Ag50Cu50-based air cathode is stable in alkaline solution and
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can be a potential candidate for rechargeable zinc-air batteries. Further analysis of discharging
performance of this primary zinc-air battery is conducted at different constant current densities
as in Figure 18(b). The cell voltages are stable during the whole discharge period of 20 h, except
for a slight drop of approximately 0.05 V at the current density of 50 mA cm−2. This voltage
drop can be attributed to the electrode polarization under high current density.

Figure 18. Performance of the primary zinc-air battery fabricated with an Ag50Cu50 catalyst-based air cathode: a) Cell
voltage and power density polarization curves of the battery over 10 cycles and the polarization curve after replacing
Zn anode and electrolyte; b) discharge voltage curves at different current densities. Reprinted with permission from
ref. 50. Copyright 2015, John Wiley & Sons.

Figure 17. (a) CV curves for Ag–Cu catalyst in O2- and N2-saturated 0.1 M KOH solutions at a scan rate of 10 mV s−1. (b)
RDE polarization curves at different rotation rates in O2-saturated 0.1 M KOH solution at a scan rate of 10 mV s−1, inset:
Koutecky–Levich plots. Reprinted with permission from ref. 50. Copyright 2015, John Wiley & Sons.
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Figure 19(a) shows the charge and discharge polarization curves of the secondary zinc-air
battery. An abrupt polarization occurs when the current densities increase from 0 to 10 mA
cm−2 because of the activation polarization and anode polarization [56]. However, once the
zinc-air battery begins its function, the polarization exhibits a steady increase with varying
current densities from 10 to 100 mA cm−2. The charge–discharge voltage gap (i.e., the overpo‐
tential) at 20 mA cm−2 is 0.9 V, which is lower than that of Co3O4-based rechargeable zinc-air
batteries [57,58]. The cycle performance with different cycle periods is shown in Figure 19(b).
As seen in the bottom of Figure 19(b), the secondary zinc-air battery undergoes 100 charge and
discharge cycles at 20 mA cm−2 with 20 min per step. The difference between the charge and
discharge potentials is 0.9 V, and the overpotential shows no apparent fluctuation through all
100 cycles. The round-trip efficiency is up to 56.4%, which is a considerable improvement. A
more violent charge and discharge cycle experiment is conducted with a cycle period of 4 h
for the same rechargeable zinc-air battery after replacing the zinc anode and electrolyte. As
shown in the top of Figure 19(b), the charge and discharge voltages are still stable even with
the long cycle period; this result is comparable to the result of the tri-electrode rechargeable
zinc-air battery.

Figure 19. (a) Charge–discharge polarization curves for the rechargeable zinc air battery. b) Cycle performance for the
rechargeable zinc-air battery at 20 mA cm–2 with a 20 min cycle period for 100 cycles and a 4 h cycle period for 40 h.
Reprinted with permission from ref. 50. Copyright 2015, John Wiley & Sons.

4. Conclusions

Silver copper Ag–Cu nanoalloy particles have been investigated for prospective application
as an electrocatalyst for oxygen reduction reaction in alkaline fuel cells and metal air battery
systems. A holistic approach has been adopted incorporating density functional theory
simulations along with synthesis of potential candidate compositions of Ag–Cu nanoalloys.
Following conclusions can be drawn from this work:
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1. Alloying of silver with copper significantly enhances the catalytic activity of silver for
ORR. The enhancement of this catalytic activity is attributed to the modification of the
surface electronic structure of the Ag–Cu nanoalloy catalyst.

2. Our DFT-based calculations confirm the rise of the d-band center of Ag–Cu nanoalloy
catalyst toward Fermi level which in turn increases the adsorption strength of ORR
intermediates on the catalyst surface during oxygen reduction. It has been well established
that the optimum binding reaction intermediates such as O, OH, OOH are crucial for the
fast kinetics of ORR.

3. The doping of a single Cu atom on the surface of 13 atom silver cluster improves the
adsorption strength of ORR intermediates on the catalyst surface. We report that in case
of 38 atom nanoalloy clusters, polyicosahedron (PIh) Ag32Cu6 core-shell structure is found
to be the most stable structure by genetic algorithm calculations. The most active catalytic
site on the Ag32Cu6 nanoalloy was also identified by our DFT calculations.

4. Ag–Cu nanoalloys have been successfully synthesized on Ni foams by pulse laser
deposition as well as by chemical routes such as galvanic displacement and electrodepo‐
sition. Characterization of these nanoalloys by electron microscopy techniques (TEM,
HRTEM, SEM) endorse the alloying of Ag and Cu atoms at the nanoscale.

5. Electrochemical characterization by rotating disc electrode methods (RDE) reveals the
improvement of the ORR performance of the Ag–Cu nanoalloys due to the synergistic
role of silver and copper in the Ag–Cu nanoalloys. Out of various compositions produced
by PLD Ag50Cu50 was observed to be the most active toward ORR in alkaline media. A
twofold increase in limiting current density along with more positive onset potential was
recorded in case of AgCu-10 nanoalloy compared to pure silver. We report four electron
transfer pathway to be dominant during ORR in alkaline conditions on the surface of Ag–
Cu nanoalloys.

6. Ni foam is reported here to be a suitable support for Ag–Cu nanoalloy catalysts which
enables the elimination of binder-based carbon supports.

5. Future outlook

Ag–Cu nanoalloy catalysts offer an attractive alternative for the otherwise costly Pt-based
alloys. The performance of these Ag–Cu nanoalloy catalysts was found to be reasonable while
the stability in alkaline media is much superior compared to the Pt-based alloy catalysts. The
realization of high energy density metal air batteries and alkaline fuel cells for stationary and
mobile applications demand swift ORR kinetics at cathode which can be achieved by highly
active silver-based nanoalloy electrocatalysts. Very few Ag-based Ag/transition metal nano‐
alloy electrocatalysts have been reported for ORR. Recently, the number of publications on
silver-based nanoalloy electrocatalyst for ORR in alkaline media has been on the rise. DFT-
based calculations show that the surface electronic structure of the nanoalloy catalyst is
sensitive to doping. This opens the window for carrying out investigations on the ternary Ag–
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Cu–M catalyst systems with different morphologies to further improve the catalytic activity.
Moreover, the effect of support such as CNT, MWCNT, RGO is still to be investigated for the
Ag–Cu nanoalloys. These advance catalyst supports have been previously reported to be
highly beneficial for Ag-based systems. The highest amount of catalytic activity in Ag-based
systems is reported in the Ag composites owing to the ensemble effect. Incorporation of Ag–
Cu nanoalloys into composite structures can provide a big leap forward toward improving
the catalytic activity of these nanoalloys. At present, the activity of silver nanoalloys in alkaline
media is limited because of weak adsorption of ORR intermediates. Highly active silver
nanoalloy compositions can be identified by DFT calculations which when combined with
active supports can rival or even surpass commercial Pt/C in alkaline media. A universal
approach incorporating first principle simulations and experimental analysis is pivotal for the
realization of highly active and stable silver-based nanoalloy electrocatalysts for ORR in
alkaline media.
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Abstract

Catalysis of chemical reactions is crucial for both chemical industry and research. How‐
ever, scientists are not the first ones to use catalysts in their laboratory. In fact, they are
also essential for nature which designs plenty of biocatalysts, playing a pivotal role in liv‐
ing systems. For a long time, it was thought that only enzymes had this property. How‐
ever, since the beginning of the 1980s, it is known that ribonucleic acids (also termed
RNA) can acquire this ability, making them compulsory for key reactions (e.g., for the
translation of messenger RNA in the ribosome). Based on that, chemists designed several
synthetic DNA catalysts (termed DNAzymes) for a large variety of reactions and applica‐
tions. Among the DNA structures used, G-quadruplexes are guanine-rich noncanonical
DNA structures (i.e., differing from duplex DNA) composed of native G-quartets and
particularly interesting for their ability to catalyze reactions of peroxidation. This peroxi‐
dase-mimicking system found plenty of applications detailed in this chapter. Moreover,
optimizations of experimental conditions are also discussed and highlight the versatility
and easy-to-use characteristics of G-quadruplexes DNA. Also, synthetic G-quartets,
mainly TASQ (for template-assembled synthetic G-quartets), developed by chemists showed
their ability to mimic G-quadruplexes, thanks to the presence of a G-quartet. Thus, syn‐
thetic G-quartets proved their capability to catalyze peroxidase-mimicking reactions, and
these new exciting nature-mimicking catalytic systems are presented in detail in this
chapter.

Keywords: DNAzyme, G-quadruplex, hemin, G-quartet, TASQ

1. Introduction

Catalysts are essential in the fields of both synthetic applications and biological functions.
Indeed, while they make thousands of chemical reactions possible for industry and research,



they play a pivotal role in living systems. All along the years, nature develops strategies to
catalyze biochemical reactions. The most representative catalysts are undoubtedly the
enzymes, but they are not the only ones. Interestingly, ribonucleic acids (also known as RNA)
are also able to play this role and to catalyze key reactions, like in the active site of the ribosome
during the translation of messenger RNA (mRNA). Besides, it is strongly supposed that the
origins of the prebiotic life were based on the use of RNA as both the carrier of the genetic
information, and a catalyst: RNA was a self-sufficing molecule. This theory was termed “RNA
world.”[1–6]

Inspired by the role of RNA as a catalyst, chemists developed new catalytic systems based on
deoxyribonucleic acids, also termed DNA.[7, 8] DNA offers more advantages, like its better
stability compared to the RNA equivalent.[9] These aspects are developed in section 2 of this
chapter.

Among all the DNA structures used as catalysts (e.g., canonical duplex structures or nonca‐
nonical triplexes, etc.), author would like to highlight the reader on the G-quadruplex struc‐
tures.[10] These noncanonical edifices, composed of a stacking of native G-quartets, are
introduced in section 3. This presentation is followed by the story of the discovery of G-
quadruplexes as catalysts, and then, by a rationalization of how this chemical mechanism
works, and how chemists can modulate experimental conditions to obtain the efficiency
desired. To complete the presentation, the large range of applications of these noncanonical
structures is commented on and shows how versatile and effective quadruplex DNA are.

Based on the observation that the catalytic activity of G-quadruplex is mainly due to the
presence of native G-quartets,[11] several groups designed new molecules able to form a
synthetic G-quartet. The most representative examples are TASQ (for template-assembled
synthetic G-quartet), [12–16] composed of four guanines grafted on a template, and able to self-
assemble into an intramolecular G-quartet. In section 4 of this chapter, the concept of TASQ is
first clarified and then their catalytic activity is specified. Finally, the very first applications
proposed in the literature are described, and pave the way to the use of synthetic molecules
to mimic natural enzymes, like peroxidases.

2. From enzyme to DNAzyme

2.1. From enzyme to ribozyme

Long regarded as the only biomolecules able to catalyze chemical reactions, proteins are not
the exclusive edifices playing this pivotal role in biological systems. Indeed, at the beginning
of the 1980s, it was discovered that RNA (for ribonucleic acids) share also this property and are
involved in numerous biological process.[1, 2] Some of the most representative examples are
certainly the RNase P catalyzing transfer RNA (or tRNA) maturation [17], the riboregulators
(also termed riboswitches) incorporated in certain messenger RNA (or mRNA), and control‐
ling transcription or translation in cellulo.[18, 19] Active site of the ribosomes, composed of
ribosomal RNA (or rRNA) and catalyzing the protein synthesis in the cytoplasm, also has to
be highlighted.[20] This ability of RNA to catalyze an enzymatic reaction was termed “ribo‐
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zyme,” obtained by contracting the words “ribonucleic acids” and “enzyme.” This fantastic
biological and chemical breakthrough was honored in 1989 by the Nobel Prize in Chemistry,
attributed to the two pioneers of this field: Sidney Altman and Thomas R. Cech.[3, 4] The
potential of these ribozymes quickly drew the scientific community’s attention which devel‐
oped the very first artificial ones in 1990.[21] The RNA sequences were first designed to
catalyze single-strand RNA cleavage and then for RNA ligation, porphyrin metalation, or more
classic organic chemical reactions like Diels–Alder and Michael reactions.[22]

2.2. From ribozyme to DNAzyme

Interestingly, not any natural catalytic deoxyribonucleic acids (or DNA) has been found as yet
in nature. However, their higher chemical stability compared to RNA and proteins makes DNA
catalysts of choice for chemists who want to develop innovative applications in a larger range
of experimental conditions. Indeed, the DNA stability against heat treatment and hydrolysis
is evaluated at 1.000 and 100.000 times higher than for RNA and proteins, respectively. [9]
Furthermore, obtaining specific designed DNA sequences is increasingly easy, thanks to the
automated DNA synthesizers for both academic laboratories and the industry. In parallel,
several companies are specialized in the custom DNA synthesis, and offer the opportunity for
everybody to work now with DNA catalysts. Other advantages of using DNA as a catalyst can
be highlighted here, like the possibility to functionalize it (e.g., fluorescent probes or specific
other moieties), to graft it on a solid support (e.g., polymers, gold surface), and on top of that,
the virtually unlimited number of catalysts that may be obtained by modulating both the
number and the nature of the nucleotides.[7, 23, 24] Thus, chemists can design the specific
sequence meeting their requests in term of application and efficiency.

It was not until 1994 that the first instance of an artificial catalytic DNA, termed “deoxyribo‐
zyme” (by analogy with the ribozymes) or most widely named “DNAzyme,” was published.
[25] Since then, plenty of applications has been developed, from the most original to the most
complex ones, using different kinds of DNA structures. As a matter of fact, DNA is a highly
versatile molecule that can self-assemble into several tridimensional organizations, depending
of the sequences and conditions.[7, 23, 24] The most familiar form is undoubtedly the double-
helix (also termed duplex) DNA form, used as a DNAzyme for enantioselective Diels–Alder
and Friedel–Craft reactions.[7, 22] Nevertheless, other noncanonical DNA structures were also
studied for their ability to catalyze chemical reactions. The two most representative structures
are the triplex and the G-quadruplex DNA forms, with a clear predominance for the latter
ones, which constitute the next section of this book chapter.[23, 24]

3. Native G-quartet-based DNAzymes: G-quadruplexes

3.1. Structure of G-quadruplexes

G-quadruplexes (Figure 1), formed from G-rich DNA strands, are composed of a stacking of
several native G-quartets. Each quartet results from the self-assembly of four guanines in a
same plan, self-stabilized by eight hydrogen bonds, from the Hoogsteen and Watson–Crick
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faces of the guanine moieties. The additional π-stacking interactions between G-quartets, and
the bonding of cationic ions (e.g., K+, Na+), increase the global stability of the tridimensional
edifice.[10, 26, 27] In a structural point of view, the G-quadruplexes can mainly differ from the
total numbers of constitutive G-quartets (from two to several thousands)[28–30] or strands
(from one to four),[31–35] from the orientation of the strands (leading to several conformations
named antiparallel, parallel, and hybrid), and finally from the length, DNA bases composition,
and position of the loop(s) (which can be edgewise, diagonal, or chain-reverse).[36–41] All of
these parameters are linked to the global stability of the edifice, like the number of G-quartets
(as it is discussed later in this chapter), and are interdependent.

Figure 1. Schematic representation of the self-assembly of guanines via the Watson–Crick and Hoogsteen faces to form
G-quartets, and G-quadruplexes.

These noncanonical structures are well known in a biological context, because they are strongly
suspected to play important roles in key cellular events, like chromosomal instability, or
regulation of gene expression. These aspects are far from the scope of this chapter, and author
incites curious readers to have a look to some reviews cited hereafter.[26, 27, 42–44]

3.2. The seeds of the G-quartet ability to catalyze peroxidase-like reactions

In 1996, Y. Li and D. Sen developed and published the fourth known DNAzyme system,[45]
able to catalyze the incorporation of metals (i.e., Cu(II) and Zn(II)) into a specific porphyrin,
named mesoporphyrin IX, or MPIX. To select the best DNA catalyst for their system, they used
the in vitro SELEX (for systematic evolution of ligands by exponential enrichment) method that
highlighted one sequence, termed PS5.ST1, from an initial pool of DNA sequences.[45, 46]
Interestingly, three main observations were crucial:

a. the sequence of the strand was guanine-rich,

b. the presence of alkaline cations was required (with a catalytic activity 300 times higher
with K+ than with Na+), and

c. the addition of another porphyrin derivative, the N-methyl mesoporphyrin IX (or NMM),
well known for its interaction with G-quadruplexes and unable to be metallated due to
the steric hindrance of the methyl group,[47–49] inhibited the incorporation of the metals
into the MPIX. Altogether, these data suggested for the very first time that G-quadruplexes
could adopt catalytic properties.
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The subsequent step has been taken in 1998 when the same group showed that hemin, a Fe(III)
cofactor playing a pivotal role in many enzymes (e.g., in catalases, monooxygenases, and
peroxidases), is activated by the presence of a G-quadruplex. More precisely, authors proved
that the activity of the horseradish peroxidase (also termed HRP), composed of an hemin
surrounded by a protein environment, can be mimicked using the same hemin but in the
presence of G-quadruplexes.[50] Since then, many experiments using different sequences and
morphologies of G-quadruplexes unambiguously confirmed the mandatory role of the G-
quadruplex structure, for which the accessible G-quartet (i.e., the external one), able to interact
with hemin, constitutes the key step of the reaction.[24, 51–55]

3.3. Mechanism and factors influencing the catalytic activity

After almost 20 years of research on the G-quadruplex peroxidase-mimicking systems (Figure
2), the precise mechanism of the catalytic cycle is not fully understood. Nevertheless, in 2012,
L. Stefan et al. proposed a first mechanism in nine main steps focused on the iron–porphyrin
complex (i.e., the hemin).[56] It was built on the basis of plenty of work published for the
hemoprotein systems (primarily peroxidases and catalases).[57, 58] The mechanism is not
scrutinized here, and readers are urged to see the references for additional information.
However, the main factors influencing the catalysis are described hereafter and might be used
as a roadmap.

Figure 2. Schematic representation of the DNAzyme activity promoted by a G-quadruplex.

As explained before, the morphology of the G-quadruplexes used (i.e., number of G-quartets,
strands, type and length of loops, etc.) influences the catalytic efficiency of the reaction. The
activation of the hemin rests on the presence of a hydrophobic binding site, playing the role
of the “binding pocket” in enzymes. In this DNAzyme context, accessible G-quartets favor the
interaction with hemin and, besides, protect the porphyrin from the oxidative degradation due
to the oxygen peroxide. The existence of an axial ligand giving electronic density to the iron
atom is another major key point.[11] Like in the native HRP in which an histidine has this
function, it is assumed that in the G-quadruplex, one of the guanines of the external G-quartet
is devoted to this, by flipping out of the plan (exactly like what was observed in another study
with platinum complex binding to a G-quadruplex).[59, 60] Moreover, based on molecular
modeling, it was also supposed that this effect could be due, in special cases, to a cytosine from
a nearby loop, intercalated between the accessible G-quartet and the hemin, and creating π-

Native and Synthetic G-quartet-based DNAzyme Systems – Artificial Enzymes for Biotechnological Applications
http://dx.doi.org/10.5772/62165

451



stacking interactions.[55] This insertion of the loop is clearly not a sine qua non condition,
because several G-quadruplexes without loops and/or cytosine are effective as biotechnolog‐
ical catalysts (e.g., d((G3Tn)3G3) (n = 1–4),[54] d((TG4)4),[56] d((T4G4)4),[23]or d((T4G6T4)4)).[61]
Notwithstanding, their activities are less high than G-quadruplexes with loops, for which the
catalytic efficiency can be sorted as follows: antiparallel ones > hybrid forms > parallel ones.
[62] The presence of a polar environment and several H-bond donors and acceptors on the
distal face of the hemin also constitute a positive point.[11] All these aforementioned criteria
are directly linked to the inherent design of the DNA sequence,[63] but other experimental
parameters can be used to modulate the pseudo-enzymatic activity of the G-quadruplex.
Among all the conditions (non-exhaustive list), chemists can easily inflect the pH, the nature
of the buffer, the nature and concentration of salts (e.g., K+ and Na+ are important for the G-
quadruplex structuration), the presence and nature of a surfactant (e.g., Triton X-100, Tween
20, Brij 56), the temperature, and, last but not least, the adjunction of an “additive.”[9, 50, 64–
66] Indeed, some additional compounds can be used to amplify the response of the catalysis.
In particular, the use of adenosine triphosphate (or ATP), and its derivatives, was studied by
the groups of D.-M. Kong and D. Monchaud.[56, 67] Interestingly, the role of this small
molecule is tricky, and Monchaud’s team tried to decipher its actual role. In fact, ATP was
proposed to favor several equilibria in the hemin oxidation/reduction process, as it was
described in detail in 2012.[56] The four main effects of ATP are:

a. to facilitate the fixation of H2O2 on the iron atom of hemin,

b. to fuel the two one-electron transfer steps of the catalytic cycle,

c. to protect the reaction partners against oxidation, and

d. to modulate the pH of the reaction mixture, like what is observed in cells.[68]

3.4. Applications of G-quadruplex-based DNAzymes

The horseradish peroxidase, mimicked by G-quadruplex-based DNAzyme systems, is a very
well-known protein in a biochemical context in which, grafted to a biomolecule (mainly an
antibody), it is used to oxidize a colorimetric or fluorogenic substrate in ELISA (for enzyme-
linked immunosorbent assay). This high-throughput assay is, for example, used for the clinical
detection of anti-HIV antibodies from biological samples.[69, 70] Moreover, the horseradish
peroxidase is also used for the purification of waste waters,[71] to develop biosensors, or as a
reagent for organic synthesis. This popular enzyme, extracted from the root of the horseradish,
is able to oxidize many substrates (e.g., aromatics, phenols, indoles, amines) in the presence of
hydrogen peroxide. Its properties were discovered by L. A. Planche in 1810, who noticed that
a tincture of guaiac resin became blue when a piece of fresh horseradish root was placed in it.
The chemical reaction occurred here is now expected to be due to the peroxidase-catalyzed
oxidation of 2,5-di-(4-hydroxy-3-methoxyphenyl)-3,4-diphenylfuran to the corresponding bis-
methylenequinone (also known as “guaiacum blue”).[72]

Due to all the advantages described before concerning the use of DNA instead of protein to
catalyze reactions, chemists have used for more than 15 years DNAzyme to develop and create
plenty of new applications. Indeed, the far better modularity of the G-quadruplex-based
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peroxidase-mimicking systems constitutes a new powerful and invaluable tool for scientists,
mainly for in vitro detection of a large range of molecules.

Trying to be as exhaustive as possible, a list of the principal applications found in the literature
is detailed hereinafter.

a. Detection of monovalent cations like K+[73–76] or Ag+.[77–79] These corresponding
methods are mainly based on the properties of monovalent cations to fold G-rich DNA
strands to G-quadruplex. In other words, if the ion is present in the solution, the G-
quadruplex is formed, and then it can interact with hemin, and subsequently, with the
addition of H2O2, it is able to catalytically oxidize a colorimetric, such as ABTS (for 2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)[80, 81] or TMB (3,3’,5,5’-tetramethyl‐
benzidine)[82–84] or a fluorimetric probe.[85, 86]

b. Detection of bivalent cations like Cu2+,[87–91] with a very low detection limit of 1 nM using
the DNAzyme system published by F. Wang et al. [92] Also detection of Hg2+[92–98] and
Pb2+[96, 99–108] are well represented, in particular because they cause huge damage to
human body through food, water, and air. Recently, a dual label-free sensor was devel‐
oped by H. Li et al., and it can be used to measure the concentration of these ions to the
limit of 3.9 nM and 4.8 nM, for lead(II) and mercury(II), respectively.[89]

c. Detection of organic molecules. Among them, C. Yang et al. focused their research on the
ochratoxin A, a toxin that can contaminate a large number of food commodities (e.g.,
cereals, spices, coffee, milk).[109] The International Agency for Research on Cancer has
classified this compound as a possible human carcinogen, and the European Commission
has set the maximum level at 5 nM (equal to 2 µg.kg–1) for grape-based beverages, like
wine. In their publication, the authors proposed a powerful DNAzyme system with a
detection limit of 2.5 nM, making it suitable for this analysis, respectful of the European
standards. Moreover, the detection of glucose in urine by naked eyes can be performed
using a sensor composed of both 23-mer G-quadruplex and glucose oxidase.[110] Thus,
the DNAzyme system is coupled to a classic enzymatic reaction, and offers the opportu‐
nity to detect glucose from a concentration of 1 µM. Cocaine is also the focus of several
studies, and DNAzymes have a high sensitivity up to 5 µM,[111] or 2.5 µM,[92] depending
of the methodology used.

d. Detection of proteins, like nucleolines,[112] thrombin,[113–120] lysozymes,[113, 116, 121],
and the vascular endothelial growth factor (VEGF), which plays a major role in the cancer
development.[122] Also, Z. Ye et al. designed a DNAzyme system able to evaluate the
concentration of the estrogen receptor alpha (ERα), a transcription growth factor involved
in the hormone-dependent breath cancer development.[123] In the same way, a DNA‐
zyme-based immunosensor for the highly sensitive detection of the spore wall proteins
of Nosema bombycis, from biological samples (i.e., silkworm blood), is a promising bio‐
technological tool for the diagnosis of pébrine disease, a silkworm infection with signifi‐
cant economic impacts.[124] Furthermore, a 96-well plate assay is reported by Y. He et
al. for the detection of leptin, a protein playing a key role as a “satiety hormone” and
influencing basal metabolism, hematopoiesis, reproduction, and angiogenesis.[125] This
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method has a sensitivity up to 2 pg.mL–1, 50 times better than the results obtained with
ELISA (with a limit of 100 pg.mL–1). Likewise, L. Stefan et al. reported the very first steps
of a general strategy to make G-quadruplex DNA catalysts easily immobilizable, for the
development of high-throughput ELISA-type assay.[126] In this study, a 96-well plate
coated with streptavidin was functionalized using a cyclododecapeptide termed RAFT
(for regioselectivity addressable functionalized template),[127] equipped on one side with a G-
quadruplex (intra- or intermolecular), and with a biotin on the other side. The first step
was the optimization of experimental conditions to access the best detection limit. In this
case, it was found that for a catalysis limited to 2 hours (a fixed time decided by the authors
to have a catalytic response in an acceptable amount of time), reactions have to be carried
out in a cacodylic buffer (10 mM, with 10 mM KCl and 90 mM NaCl) at pH 4.4, with 1 µM
hemin, 400 µM TMB, and finally 2 mM H2O2 to trigger the process. Using this protocol
compatible with biochemical applications, the authors used only 2 pmol of the catalysis
per well to detect streptavidin from a commercially available pre-coated microplate (300
pmol/well). This default of RAFT-quadruplex was chosen both to avoid unspecific
associations and to limit the consumption of the catalyst. To propose scientists different
ways to work with these kinds of DNAzyme systems, two protocols were developed. The
more user-friendly one is a three-step procedure: first, a 200 µL solution of RAFT-
quadruplex + hemin solubilized in the ad hoc buffer described before was poured in the
wells; after an incubation time of half an hour, a washing step (using a cacodylic buffer at
pH 7.2) was performed to remove all unbound materials; and finally, a solution, including
the luminescent probe TMB, was put inside all the wells. Reactions started when hydrogen
peroxide solutions were put inside. The variation of absorbance at 370 nm was monitored
using a 96-plate UV–Vis reader with one measure every 2 minutes. This work highlighted
the fact that surface-immobilized DNAzymes are interesting alternatives to develop
practically convenient, simple, and rapid biophysical assays. Nevertheless, this work
constitutes another brick in the wall of the development of effective DNAzyme-based
assays.[126]

e. Detection of nucleic acids is also the target of several G-quadruplex DNAzyme process.
Indeed, they are applied for the detection of single-strand DNA,[128] or other DNA
analytes,[62] including the smart “DNA machine” developed by I. Willner’s team in which
its sensitivity is equal to 10–14 M of the target sequence (a 29-mer corresponding to a domain
of single-strand DNA hepatitis B viral gene).[129] The detection of genetically modified
organisms can also be done, as proved by B. Qiu et al. with both cauliflower mosaic virus
35S promoter, and lectin gene.[130] This approach was improved in 2014 to reach a
detection limit of 5 nM.[131] Interestingly, a nonclassic fluorescence probe, the 2′,7′-
dichlorodihydrofluorescein diacetate (or H2DCFDA), was used instead of the usual ABTS,
TMB, or luminol.

f. Moreover, DNAzyme is a powerful biotechnological tool to detect micro RNA (also
termed mRNA),[132–134] particularly when it is coupled to a rolling circle amplification
which allows a sensitivity of 0.3 fM,[135] or as “DNAzyme Ferris wheel” like nanostruc‐
tures, as proposed by W. Zhou et al. in 2015,[136] with a detection limit of 5x10–13 M for
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miR-141 (a biological marker of the human prostate cancer) by naked eyes. Furthermore,
scientists created DNAzyme sensors to detect small nucleotides like adenosine triphos‐
phate (or ATP),[137–140] cyclic diguanilate c-di-GMP,[141] and also 8-OHdG (for 8-
hydroxy-2′-deoxyguanosine) from the urine, that is associated with various cancers,
diabetes, and neurological diseases.[142]

g. The modification of one nucleotide inside a DNA sequence can also be verified using G-
quadruplex-based DNAzyme. Actually, the method published by M. Deng et al. is able to
detect the substitution of one DNA base in a 39-mer strand.[143] In parallel, I. Willner’s
team proposed an alternative method using functionalized magnetic particles,[144]
whereas in 2015, D. Verga et al. described a smart methodology to discriminate by naked
eyes a single nucleotide variation.[145] Enzymatic activities were also investigated in the
presence of DNAzyme-based sensors. It was the case for the methyltransferase,[146]
cholesterol oxidase,[147] glucose oxidase,[148] or telomerase.[149–151] This last example
is of great interest because telomerase, overexpressed in a tumoral context, constitutes a
high-potential biological marker for the diagnosis of cancers.[152, 153] The first DNAzyme
method to detect it from cellular lysates was proposed by R. Freeman et al., and is based
on the concept that only cellular extracts containing telomerase (i.e., the cancer cells) can
elongate a primer.[154] Thus, the longer G-rich DNA strand, composed of several specific
(TTAGGG)n repeats, is able to form a G-quadruplex that can act as the catalyst of a
DNAzyme process. Consequently, an “ON” signal, due to the catalytic oxidation of the
colorless ABTS to the corresponding green oxidized product, is the proof of the telomerase
activity, that is, that the lysate was from a cancer cell. Conversely, healthy cells contain
nonactive telomerase, and the corresponding lysate has consequently no effect on the
primer. Too short to form a G-quadruplex, the DNAzyme catalysis cannot occur, leading
to no change of the media color/absorbance: it is the “OFF” signal. Inspired by this work,
the D. Monchaud’s team decided to use additives (i.e., template-assembled synthetic G-
quartet) to improve the detection limit of G-quadruplex composed of a repeat of the
(TTAGGG)n motif.[155] This research will be discussed later in this chapter. Another work
from L.-J. Wang is based on the same concept as the Freeman’s one, but using a 93-mer
nucleotide telomerase substrate primer which leads to a detection limit as low as 0.1 aM
(= 10–18) able to detect telomerase activity from HeLa cells.[156]

h. Detection of antibodies to develop ELISA-type immunoassays[157, 158] or for immuno‐
histochemistry assays are also extremely promising. G-quadruplex DNAzyme enables the
visualization of the prostate-specific antigen (PSA), a high-potential tumor marker,
directly in solid tissue sections.[159] In parallel, an assembly of antibody/gold nanopar‐
ticle/DNAzyme system was develop by M. Shi et al. in 2014[160] and is used to quantify
one of the most important carbohydrate tumor marker, the antigen CA19-9, from human
serum samples. The detection limit obtained was 0.016 U.mL–1, which is the lowest one
reported in the literature. Using a close approach with a G-rich DNA sequence grafted on
the gold nanoparticles surface, a new DNAzyme biosensor was proposed as a direct
antigen–antibody detection assay.[161]
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i. Interestingly, the DNAzyme methodology was also used to detect bigger living systems,
like the bacteria Escherichia coli O157:H7[162] or Alicyclobacillus acidoterrestris.[163] In the
first example, authors used graphene oxide/thionine/gold nanoparticles coated SiO2

nanocomposites to immobilize DNA, while for the second one, a more classic approach
was used, in which G-quadruplex–hemin complexes oxidize the colorless guaiacol,
produced by the bacteria, to tetraguaiacol, which is amber.

j. Developed to target G-quadruplexes in vivo, in cellulo, or in vitro for biological applications,
G-quadruplex ligands are molecules able to interact with G-quadruplexes and to stabilize
them.[164–166] This ability can be evaluated, thanks to the DNAzyme process, because
of a competition between the ligands researchers want to try, and the hemin. In other
words, a good ligand takes the place of the hemin; hemin is subsequently not activated
and, consequently, leads to a decrease of the signal intensity (measured by UV–Vis or by
fluorescence).[61, 167–169]

k. To finish this laundry list, it is essential to mention other ingenious applications for the
G-quadruplex DNAzymes, like the development of logic gates[170–173] as the INHIBIT
one published by T. Li et al.,[174] or as the AND one proposed by J. Chen et al., described
as a keypad lock security system.[175]

To summarize, all these cases, which represent the range from the more applied to the more
conceptual scientific applications of the same DNAzyme catalysis, illustrate how using DNA
instead of enzyme to catalyze a reaction puts out a new avenue in terms of polyvalence. It is
believed that this list will increase more and more in the next years. But the precise under‐
standing of the mechanism constitutes also an exciting challenge. On the one hand, this
progress should offer scientists the possibility to fine-tune the experimental conditions (e.g.,
sequence of the G-quadruplex DNA strand(s), length of the loop(s), addition of a boosting
agent, etc.). On the other hand, a better comprehension should help to enlighten chemists about
the mechanistic aspect of the oxidation states of the hemin, in both biological and DNAzyme
systems.

4. Synthetic G-quartet-based DNAzymes: template-assembled synthetic G-
quartets (or TASQ)

4.1. Concept and structure of TASQ

Based on the idea that G-quadruplexes, mimicking the natural horseradish peroxidase, lead to
an increase of the range of applications, mainly due to the higher stability of the DNA
compared to the protein and permitting a use in a bigger range of experimental conditions
(temperature, buffer, ion strength, etc.),[7, 23, 176] few research teams decided to develop G-
quadruplex-mimicking systems.

Because the pivotal step of the catalytic cycle is based on the activation of hemin by interaction
with one of the external G-quartet,[11] the group of Dr. D. Monchaud decided to synthesize
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the very first example of a water-soluble molecule, composed of four guanine residues, and
able to form, intramolecularly, a synthetic G-quartet.[14]

Historically, the very first observation of synthetic G-quartets was made by I. Bang in 1910,
who was able to form gels from a concentrate solution of guanosine monophosphate. However,
the hypothesis of the self-assembly of guanine derivatives to G-quartet arrangements was only
published more than half a century later by M. Gellert, M. Lipsett, and D. Davies in 1962. The
dried fibers obtained could be analyzed by X-ray diffraction and helped the authors to propose
the initial supramolecular structure shown in Figure 1.[177] Interestingly, a recent study
proved that the length of the fibers can reach from 8 nm to 30 nm, corresponding to from 24
to 87 stacked G-quartets, respectively.[178]

During the last decades, plenty of examples using synthetic G-quartets as a supramolecular
motif were developed and well summarized in several reviews.[10, 179, 180] The applications
of these systems concern pH-sensitive hydrogel probes,[181] synthetic transmembrane Na+

transporter,[182] and other ionic channels,[183–185] enantioselective systems controlled by the
cation used,[186] combinatorial chemistry,[187] and also molecular electronics and liquid
crystals.[179] Among all these examples, in which the elementary brick is made of one or two
guanines, only few stem from a four-guanine-based compound. This assessment is inquisitive
and nonintuitive because G-quartets are composed of four guanines. It was why the team of
J. Davis developed in 2000 and 2003 1,3-alternate calix[4]arene derivatives functionalized by
four guanines.[188, 189] This smart system in which two guanines are on one side, while the
two others are on the other side of the calixarene template, was used as both cation (inside the
G-quartet) and anion (thanks to the H-bonds between protons of the amide groups and the
anion) receptors.[188] The formation of the G-quartet is intermolecular between two guanines
from one molecule, and two guanines from another one. It took the scientific community until
2008 to propose the first intramolecular synthetic G-quartet molecules, termed TASQ.

The name “TASQ,” for template-assembled synthetic G-quartet, was introduced by the research
group of J. C. Sherman to describe molecules built around a template and functionalized by
four guanines, able to interact each other to self-assemble into an intramolecular G-quartet.[12]
This concept probably derived from a modification of the TASP (for template-assembled synthetic
peptide) development,[190] in which four peptide sequences were used instead of DNA bases.
The aim of these models was the understanding of protein interactions, thanks to their spatial
proximity when grafted to the same scaffold.

Thus, the first TASQ were synthesized from a highly lipophilic calixarene moiety substituted
by four 2′,3′-O-isopropylideneguanosine.[12] The intramolecular formation of the G-quartet
was demonstrated by 1H NMR, NOESY, COSY, and HMQC and was definitively proved by
X-ray diffraction in 2012.[191] Notwithstanding, no application of these systems was publish‐
ed, and their hydrophobic properties were probably the reason for that. Interestingly, they
rectified this point using first phosphate groups to functionalize the calixarene on the opposite
side of the guanosines[192] and then, subsequently, with the phosphate group intercalating
between the guanine moieties and the scaffold (due to the use of 3′-monophosphate guano‐
sines).[193]
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Figure 3. Chemical structures of the first TASQ developed by J. C. Sherman (A), [12] RAFT-G4 (B), [13] DOTASQ-C5 in
equilibrium between its open (left) and closed conformations (right) (C), [14] PNADOTASQ (D), [15] and PyroTASQ (E).
[16]

In parallel, the group of E. Defrancq was focused on the functionalization of a cyclodecapeptide
termed RAFT (for regioselectivity addressable functionalized template) by DNA strands.[127, 194–
196] This research led the team to synthesize a TASQ from a RAFT equipped with four
guanosines.[13] Thanks to a collaboration with D. Monchaud’s team, this molecule was studied
as a DNAzyme (see section 4.2) and showed that the G-quartet intramolecular formation
(confirmed by circular dichroism, and NMR studies) was able to catalyze the hemin oxidation/
reduction cyclic reaction.[197]

However, the very first example of a water-soluble TASQ was proposed by L. Stefan et al. in
2011.[14] The key point was the choice of the ad hoc template, able to drive the G-quadruplex
formation, and being fully soluble in water. It was why the cyclen macrocycle was chosen, for
its high solubility, its ability of metal chelation, and its C4-type symmetry, identical to the one
of a G-quartet.[198, 199] Even if this last criteria was not a sine qua non condition, it seemed to
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be favorable, like in the calixarene-templated TASQ developed by J. C. Sherman’s group. Thus,
DOTASQ were born from a DOTA (for 1,4,7,11-tetraazacyclododecane-N,N′,N″,N’’’-tetraace‐
tic acid) moiety in which the four “arms” were functionalized by four alkylguanine groups.
The term DOTASQ is a portmanteau word created from both acronyms DOTA (i.e., the
template) and TASQ (i.e., the supramolecular property of the molecule). For the sake of
comparison, four DOTASQ were synthesized: DOTASQ-C1 and DOTASQ-C5 (C1 and C5

suffixes indicating the length of the alkyl chain), and the terbium(III) equivalents Tb.DOTASQ-
C1 and Tb.DOTASQ-C5, respectively.[14]

Furthermore, another TASQ was developed with peptide nucleic acid guanine (also termed
PNA guanines) arms and was called PNADOTASQ.[15]

The peroxidase-mimicking catalytic activities of these compounds were evaluated and are
described in the next sections. As a remark, other TASQ were developed by D. Monchaud’s
team like PyroTASQ (pyrene as a template),[16] NaphtoTASQ (naphthalene as a template)
[200], and also PorphySQ and PNAPorphySQ (porphyrin moieties as templates).[201, 202]

4.2. Catalytic activities of synthetic G-quartets

The formation of a synthetic G-quartet was expected to have the same properties as a native
one from a G-quadruplex. Indeed, this synthetic G-quartet is able to mimic the external (also
termed accessible) G-quartet of the biological edifice.[12–16, 201] In this section, the main
experimental data and results are highlighted to prove the feasibility of this new strategy of
nature-mimicking catalysts. To begin with, the very first example of this approach, published
by D. Monchaud’s team, is presented and then the improvement with PNADOTASQ is ex‐
plained. A collaboration between this group and the E. Defrancq’s one led to the study of the
RAFT-G4, introduced in the previous section (see section 4.1), and detailed here.

In parallel, the work of H. O. Sintim’s group, focused on intermolecular G-quartets (i.e., not
TASQ) using c-di-GMP (for cyclic diguanylic acid) as a catalyst, will be presented.[141, 203, 204]

DOTASQs as a pre-catalyst: As explained before, the main step of the catalytic reaction is the
activation of the hemin by interaction with the G-quartet. To verify this sine qua non condition,
titrations of 1 µM hemin with DOTASQ were performed in cacodylic buffer.[205] The char‐
acteristic UV–Vis band of hemin from 350 nm to 400 nm was observed and, interestingly, the
signal increased in all the cases with DOTASQ-C1, DOTASQ-C5, and 22AG, the telomeric G-
quadruplex sequence d[AG3(T2AG3)3] used as a reference. Moreover, for the three systems, a
stoichiometry of about 1:1 was found, and the dissociation constants were calculated using the
following equation:

hemin cat.
K  

hemin catd

é ù é ùë û ë û=
é ù+ë û

(1)

Thus, the subsequent Kd were found: 170 nM for DOTASQ-C1, 135 nM for DOTASQ-C5, and
235 nM for the native G-quadruplex 22AG. These results were duplicated with other concen‐
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trations of hemin, and similar values were obtained. They show that both native and synthetic
G-quartets are able to interact with hemin, forming the key step of the peroxidation reaction.
Inspired by the optimal experimental conditions published by P. Travascio et al., and devel‐
oped for G-quadruplexes,[50] primitive experiments were carried out with 1 µM hemin, 2 mM
ABTS, 600 µM H2O2, and from 0 µM to 50 µM DOTASQ, in Caco.KTD buffer. This buffer
designated a cacodylic acid buffer composed of 10 mM lithium cacodylate (Caco), 10 mM KCl
(letter K), 90 mM LiCl, with addition of 0.1 % (v/v) DMSO (letter D) favoring the solubilization
of hemin, and 0.05 % (w/v) Triton X-100 (letter T), a nonionic surfactant promoting disaggre‐
gation of hemin.

Figure 4. Schematic representation of the peroxidase-like activity promoted by the use of a TASQ. [205, 206]

The catalytic activity was therefore evaluated by UV–Vis absorbance, in 1-mL-quartz cuvettes,
measuring the formation of ABTS⋅+ (also proposed as ABTS⋅– in the scientific literature), the
oxidized product of ABTS which absorbs at 420 nm.[80, 81] All the results were compared to
a control experiment, strictly composed of all the same reagents, except the lack of the pre-
catalyst (i.e., the hemin is alone with ABTS and hydrogen peroxide, and not catalyzed by G-
quadruplexes or TASQs). After less than 1 hour, all the absorbance signals were constant and
proved the feasibility of the TASQ-catalyzed peroxidation reaction concept.

However, to confirm that the catalysis of hemin was due to the formation of the intramolecular
G-quartet, a DOTASQ-C5 derivative, termed Prot.DOTASQ-C5, was synthesized. In fact,
Prot.DOTASQ-C5 has “protected guanines” with 6-O-benzyl groups in the four guanine
moieties. Thus, the formation of G-quartet is impossible because of the rupture of the H-bonds
involving the carboxylic group in position 6. The catalytic activity of this compound is null,
confirming that the formation of an intramolecular G-quartet inside the TASQ is mandatory
to activate hemin and to catalyze the reaction.[205]

For the sake of comparison of the efficiency of the DOTASQ, apparent rate constants kcat were
calculated, dividing the initial rate (V0) by the concentration of the catalyst ([cat.]), using Eq (2).

0V Abs 1k   x  
cat. cat.

i
cat

ABTS
e +

D
= =
é ù é ùë û ë ûg

(2)
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Thus, kcat of 0.36 h–1 and 0.29 h–1 were obtained for DOTASQ-C5 and DOTASQ-C1, respectively.
For structural reasons, DOTASQ-C5 is able to form its intramolecular G-quartet easier than
DOTASQ-C1. This better stability of the G-quartet favors the π-stacking of hemin and,
consequently, the catalytic activity.

To compare TASQ with G-quadruplexes, a constant of kcat = 9.71 h–1 was got for 22AG, which
is 25 times more efficient than DOTASQ-C5. This difference seems to be curious because the
Kd of DOTASQ and 22AG with hemin were close. A similar assessment was reported in the
literature but with opposite results, with PS2.M and the RNA equivalent rPS2.M.[51] Indeed,
their catalytic activities were similar, although the Kd values were 27 nM and 900 nM, respec‐
tively.

It can be hypothesized that, even if the key step was defined as the hemin/G-quartet interaction,
the environment around the G-quartet plays also a pivotal role for the catalytic efficiency. The
presence of loops, the accessibility of the G-quartet to hemin, and other factors described before
(see section 3.3) are critical for all the steps of the catalysis.[11, 56]

Finally, to eliminate all the doubts, another substrate was used instead of ABTS, and TMB was
chosen. Its oxidation is a two-step reaction producing first a charge transfer complex, with
absorbance at 370 nm and 652 nm, and a final diimine product absorbing at 450 nm.[82–84]
Using different experimental conditions than before, the catalytic activity of 50 µM DOTASQ-
C5 was evaluated in the presence of 1 µM hemin, 500 µM TMB, and 1.5 mM H2O2 in Caco.KTD
buffer, and were compared with the same reaction with 2 µM 22AG. Like with ABTS, experi‐
ments with TMB approved the ability of TASQ to catalyze peroxidase-like catalysis. Obtained
apparent catalytic constants were 0.02 h–1 for DOTASQ-C5 against 0.27 h–1 for 22AG.[205]
Altogether, these results constitute the proof of concept of the use of native and synthetic G-
quartets as a universal platform for the peroxidation reactions. However, efficiency had to be
improved, and better results were obtained with the second generation of TASQ: the
PNADOTASQ.
PNADOTASQ as a pre-catalyst: The main structural modifications made from DOTASQ to
PNADOTASQ were the substitution of the original alkyl-arms by PNA guanine moieties. Thus,
the new properties worn by this new TASQ are numerous and not detailed here (this molecule
was also developed as a smart G-quadruplex ligand),[15] but the main point which must be
highlighted here is the introduction of a total of four cationic charges, thanks to the presence
of four pendant primary amine side chains. These positive charges (at physiological or acidic
pH) are of the utmost importance to increase the interaction with hemin. Indeed, hemin is an
Fe(III)–porphyrin holding two anionic charges due to two carboxylic groups. Electrostatic
interactions were expected to facilitate the hemin approach and association with the G-quartet.

To verify this hypothesis, R. Haudecoeur et al. performed the catalytic reaction with TMB,
using the same protocol described before, from 0 µM to 50 µM PNADOTASQ. For the sake of
comparison, experiments with the same range of concentration were carried out with DO‐
TASQ-C5 (i.e., the most efficient DOTASQ) and also with 22AG at 2 µM as a reference.[206]

Interestingly, the results showed the far better catalytic ability of PNADOTASQ compared to
the DOTASQ. Indeed, the initial rates were evaluated at 1.25 µM.min–1 and 0.05 µM.min–1 at
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50 µM, respectively, corresponding to an average increase of efficiency of 2600 %. At this stage,
PNADOTASQ is the more active TASQ catalyst for peroxidase-like reactions, and is closer to the
activity of G-quadruplex, with a factor of 11 between it and 22AG (i.e., in the experiments, 22
µM PNADOTASQ offers the same catalytic response than 2 µM of the natural G-quadruplex).
PNADOTASQ confirms the role of intramolecular G-quartets to activate hemin and to perform
DNAzyme-like catalysis, and also that improvement of the efficiency is just at the very
beginning of the development. The modification of the arms is a positive point, but the role of
the template, directly linked to the ability of synthetic G-quartet formation, is by consequence
indirectly linked to the catalytic properties.

RAFT-G4 as a pre-catalyst: To evaluate the role of the template on the DNAzyme-like activity,
the TASQ developed by E. Defrancq’s team was tested.[197] Termed RAFT-G4, the molecule
is composed of a cyclodecapeptide and four guanosine arms in which one triazole per arm is
intercalated between the ribose and the peptide scaffold (playing a role in the stabilization of
the intramolecular G-quartet).[13] As a first step, UV–Vis titrations of hemin by RAFT-G4 were
performed to check the interaction, and compared with DOTASQ-C5. Interestingly, very
similar signals shifted from the signal of hemin alone were obtained in the presence of both
TASQ for the two peaks at 363 nm and 394 nm, corresponding to the aggregated and disag‐
gregated forms of the hemin (i.e., catalytically active), respectively.[50]

Afterwards, catalytic experiments were carried out with 1 µM hemin, 2 mM ABTS, and 600
µM H2O2 in Caco.KTD buffer, with concentrations of DOTASQ-C5 and RAFT-G4 from 10 mM
to 100 mM. Positively, the results revealed the ability of RAFT to be a catalyst, even if the
efficiency was lower than for the DOTASQ-C5. To optimize the catalysis, the use of 10 mM
ATP in Caco.KTD buffer at pH 4.8 (protocol based on previous studies with G-quadruplexes)
was performed and showed the positive effect of these modifications of the experimental
conditions. More precisely, this optimization led to an improvement of DOTASQ and RAFT-
G4 efficiency by factors 1.8 and 5.1, respectively.[197]

These series of experiments triggered two main conclusions. First, the ability of a TASQ to be
a good catalyst is dependent on the template, the nature of the guanine arms, and the stability
of the G-quartet, and it seems to be for now difficult to rationalize their impacts. The multi‐
plication of examples of TASQ in the literature will be an invaluable chance to understand the
role of each structural part of the molecules. Author wagers that new molecules like Pyro‐
TASQ[16] or NaphtoTASQ[200] will help to decipher a little more the reasons of these
differences.

Another nice synthetic G-quartet system used as DNAzyme-like catalyst was developed by
H. O. Sintim’s team.[141] In this case, the molecule is not a TASQ forming an intramolecular
G-quartet, but the cyclic diguanylic acid (also termed c-di-GMP), composed of two guanine
residues. The authors proposed that c-di-GMP are able to form a discrete G-quadruplex formed
by two intermolecular G-quartets (i.e., from four c-di-GMP molecules) at the micromolar level,
but with the sine qua non presence of the intercalating proflavin molecule. In this case, it can
be considered that proflavin assumes the role of a non-covalently linked template, unlike in
TASQ. Experiments carried out with 0.5 µM hemin, 30 µM proflavin, 2 mM ABTS, and 2 mM
H2O2 in Tris-HCl buffer (50 mM, pH 7.9) revealed that a catalytic activity can be distinguished
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for concentrations of c-di-GMP higher than 2 µM. Several control experiments were performed
and clearly highlighted the fact that the formation of intermolecular G-quartets is required to
observe catalytic activities.

All these data firmly confirm the role of synthetic G-quartets, both intramolecular and
intermolecular, as efficient and promising nature-mimicking systems. In spite of the increasing
excitation around this field, it is nevertheless honest to confess that the use of TASQ as catalysts
for peroxidase-like experiments is, for the moment, far from the success of the DNAzyme,
mainly in term of applications.[7, 23, 24] However, the very first ones were developed and are
presented hereinafter.

4.3. Applications of synthetic G-quartets

One of the main topics of natural G-quartets is the biological role of G-quadruplex structures,
found in many sequences in the human genome (estimated at about 350.000 sequences).[207,
208] This alternative higher-order DNA structure (i.e., a noncanonical double-helix one)[209]
is strongly suspected to play important roles in key cellular events, like chromosomal insta‐
bility or regulation of gene expression.[26, 27, 42–44] Notably, the extremities of chromosomes,
termed telomeres, are composed of a G-overhang strand with several (TTAGGG)n repeats from
an average of 100–200 bases.[26, 27, 210] Interestingly, this single strand (stabilized by a protein
complex named shelterin) is the substrate for a key enzyme, the telomerase.[211–213] Although
this field is of particular interest and extremely exciting, it is far from the scope of this chapter,
and author recommends some excellent reviews to go further insight. In few words, telomerase
is able to synthesize TTAGGG repeats, leading to the elongation of the telomeres. It is however
only active in a vast majority of cancer cells (85 % of the tested cell lines) but inactive in somatic
healthy cells.[214] Telomerase is thus considered as a cancer marker with a strong therapeutic
potential.[152, 153] Consequently, direct or indirect evaluation of the activity of this enzyme
from cell lysates could be of the utmost importance for the tumor diagnosis.

Based on the DNAzyme technology, R. Freeman et al. developed an assay to detect telomerase
activity in an indirect way. If it is active, a primer is elongated to long (TTAGGG)n strands able
to form G-quadruplexes.[154] However, long single-strand sequences can form multimers,
[215] composed of several G-quadruplex structures, with a “stacking”[216–218] or a “beads-
on-a-string”[219, 220] global structure. In the first case, several G-quadruplexes from the same
strand are stacked together, while in the second case, G-quadruplexes are independent,
without any interactions between them.

A study from L. Stefan et al. [155] showed that mainly for a 46-base long strand
(d[AG3(T2AG3)7] composed of two G-quadruplexes separated only by three nucleobases), two
different kinds of G-quartets able to activate hemin can be defined. Indeed, the first accessible
G-quartets are the external ones, and are identical to the ones found in a single G-quadruplex.
However, the second hemin interaction site is at the interface between two G-quadruplexes.
The teams of L. Petraccone and H. Sugiyama demonstrated that this “pocket” (composed of
two G-quartets) is more hydrophobic than the classic external G-quartet and favors therefore
the interactions with hydrophobic organic molecules, like hemin.[221, 222] Interestingly, this
internal binding site clearly has a positive effect on the hemin binding and on its catalytic
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activity. The efficiency of the DNAzyme response is due to the hydrophobic properties of this
internal site that favors hemin fixation and its protection against degradation. Moreover, once
stacked to an internal G-quartet, the distal face of the Fe(III)–porphyrin is “through contact
with” the second G-quartet that can play a key role during the oxidation/reduction process of
the iron during the catalysis (e.g., mimicking the action of histidine like in the natural proteins,
favoring H2O2 deprotonation).[11] This hydrophobic site, composed of two native G-quartets
able to “sandwich” the hemin, is thus more active than only one G-quartet. The increase of
activity leads surely to a better detection limit.

With this in mind, it was decided by D. Monchaud’s group to create an artificial high-activity
hemin binding site to improve the detection of telomeric G-quadruplex sequences, thanks to
the use of TASQ. For the detection of 22AG, the addition of TASQ was expected to modify the
characteristics of one or two of the external sites, to one or two pseudo-internal sites. Indeed,
thanks to a like-likes-like process, TASQ interact with G-quadruplexes via a synthetic G-
quartet/native G-quartet recognition, identical to a classic G-quartet/G-quartet interaction.
Thus, the “binding pocket” created between the external native G-quartet of the G-quadruplex
and the intramolecular synthetic G-quartet of a TASQ is an artificial high-activity hemin
binding site.[155]

To verify it, a DNAzyme experiment was carried out in Caco.KTD in a 96-well plate with 1
µM hemin, 2 mM ABTS, and 600 µM H2O2, in the presence or absence of 50 µM DOTASQ-C5,
with different concentrations of 22AG (from 65 nM to 8 µM). Results highlighted the fact that
the catalysis is more efficient in the presence of TASQ, and offer the possibility to decrease the
detection limit from 4 µM to 500 nM. This improvement confirms the concept of the pseudo-
internal high-activity hemin binding site that can be considered as an equivalent of the
“binding pocket” of natural enzymes. In term of initial rates, whereas the optimal concentra‐
tion of DOTASQ-C5 can increase it by factor 2.7 at 40 equivalents, PNADOTASQ was able to
double it only at one equivalent.[155]

To conclude, TASQ can be used as “boosters” of the catalytic activity of DNAzyme, and permit
to improve the detection limit by speeding up the rate of oxidation of the substrate (e.g., ABTS
or TMB). This effect could be very interesting to detect smaller concentrations of G-quadru‐
plexes, in particular of telomeric G-quadruplexes, to determine with a better signal-to-noise
ratio telomerase concentrations from cell lysates.

Another application detailed here is the development of a DNAzyme-mimicking system to
detect the bacterial signaling molecule c-di-GMP, published by H. O. Sintim et al.[141] The
detection of this molecule, able to form biofilms in several clinical relevant bacterial pathogens,
is crucial to limit hospital infections. Interestingly, the target molecule is also, by itself, the
catalyst of the peroxidation reaction (see section 4.2), because of its ability to self-assemble to
form G-quartets. This method was validated with E. coli overexpressing a diguanylate cyclase
WspRD70E from crude bacterial lysates.

The last but not the least application is the use of TASQ to create fully synthetic process able
to mimic nature. Indeed, from a fully natural process with the horseradish peroxidase, DNA
strands and hemin are still natural products in DNAzyme. However, in TASQ-based catalysis,
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only hemin is natural, because organic synthetic molecules (i.e., TASQ) replace DNA. To
pursue the evolution, another extremely soluble Fe(III)–porphyrin, the 5,10,15,20-tetrakis(4-
sulfonatophenyl)porphyrin (also termed FeTPPS), was used instead of hemin. This molecule
was well known for its excellent water solubility, its stability, its resistance to highly oxidative
conditions, and known to perform H2O2-mediated oxidations for more than two decades.[223–
225] After a first titration of the FeTPPS with DOTASQ-C5, the catalytic experiments were
carried out in Caco.K (without Triton X-100 and DMSO, because of the excellent solubility of
this porphyrin compared to hemin). The same protocol was used in the presence of ABTS, and
results showed an initial rate of 0.36 h–1 for DOTASQ-C5, while no activity was detected with
22AG. This point must be due to electrostatic repulsions between the four negative charges of
the sulfonate derivative and the negatively charged phosphate groups of the DNA strand. In
sum, the use of FeTPPS with a TASQ was the last step to create a fully synthetic process
mimicking a well-known natural process of peroxidation.[205]

5. Conclusion

As demonstrated all along this chapter, native and synthetic G-quartets are powerful catalysts
for peroxidase-like process.

On the one hand, the DNAzyme field is fed by the numerous examples of G-quadruplexes
used as a native catalytic platform, that found dozens of applications, from the detection of
products in biological samples, to the evaluation of heavy metal concentrations, proteins
activity, or to develop logic gates for new DNA-based nanotechnologies.[7, 23, 24] G-quadru‐
plex DNA are extremely versatile structures that can be folded from plenty of sequences, in
several media, and their functionalization to add probes, functional groups, or to graft them
on a solid support are important and invaluable advantages. The design of the G-quadruplex
structures, that is, of the catalyst, is far easier than for enzymes, because small modifications
of a protein commonly lead to a modification of the active site and then, consequently, to a
partial or total loss of activity. Indeed, all the G-quadruplexes are virtually able to catalyze
peroxidase-mimicking reactions, because the key part of these noncanonical structures is one
of the external G-quartet which is, by definition, the basic unit of G-quadruplexes.[10, 180] As
a result, these easy-to-use DNAzyme systems are ready to be applied in chemistry and biology
laboratories, mainly for their adaptability and stability, but also in the medical field in which
DNAzyme can be considered as a cheaper alternative to the natural horseradish peroxidase,
mainly to tag relevant biomolecules, like antibodies in ELISA protocols.

On the other hand, the only use of the minimal catalytically active part of the G-quadruplexes,
the G-quartet, was presented in this chapter, mainly thanks to the use of TASQ. These template-
assembled synthetic G-quartets, able to form an intramolecular G-quartet, proved that a small
synthetic molecule can selectively interact with hemin to catalyze peroxidase-mimicking
reactions. Interestingly, all the TASQ highlighted here (DOTASQ,[14, 205] PNADOTASQ, [15,
206] or RAFT-G4)[13, 197]) offer different activities, and the best edifice is definitely
PNADOTASQ, which is closer to the efficiency of G-quadruplex-based DNAzymes, even if a
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decrease by a factor of 10, approximately, is observed. However, the use of synthetic molecules
instead of natural structures (i.e., enzymes or DNA) is an undeniable advantage, in particular
because these TASQ are easily synthesized in four straightforward steps from commercially
available products, with good yields. Their modifications and improvements are only limited
by imagination, and the new molecules designed by D. Monchaud’s team clearly demonstrate
this point.[16, 200] Interestingly, a fully synthetic system based only on nonnatural compo‐
nents was described in this chapter for its ability to reproduce the natural enzymatic process.
In other words, TASQ permit to mimic a natural catalysis originally made by the horseradish
peroxidase with only synthetic molecules made by chemists.[55] It can be postulated that the
mechanism behind this reaction is probably very close to the natural one, even if more data
are needed to confirm this proposition.

To conclude, this chapter showed the role of nature-mimicking catalytic systems, using
noncanonical DNA G-quadruplex structures as native G-quartets, or synthetic G-quartets with
TASQ. Even if the efficiency of these systems is for now not as high as the natural horseradish
peroxidase, it is weighted against plenty of advantages in terms of applications, experimental
conditions, versatility, and chemical modifications. Step by step, the scientific community puts
new bricks in the wall and paves the way to more efficient nature-mimicking catalytic systems,
closer and closer to what nature is able to do.
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