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Preface

The amount of research activity in the hydrogen storage field has increased sub-
stantially over the last decade or so, primarily due to the practical need for a
hydrogen storage method suitable for use in hydrogen fuel cell cars and other
hydrogen-based transportation technology. Hydrogen can store a large amount of
chemical energy per unit mass but under ambient conditions it exists in its pure
form only as a low density gas. As a consequence, a number of studies have
identified the problem of storing hydrogen, for use as a fuel, as a major obstacle to
the smooth transition from a fossil fuel-based transportation system to one in
which hydrogen is the principal energy carrier. This so-called hydrogen energy
transition is seen by many as the answer to the numerous problems associated with
our current reliance on oil, which include its finite nature and issues such as energy
security and climate change. The international effort to accelerate this transition is
well underway, with the recent introduction of the Honda FCX Clarity, the first
production hydrogen fuel cell car, leading the way towards wider commerciali-
sation of hydrogen fuel cell technology by the automotive industry. However, the
practical problems of fuel cell durability and cost, and effective hydrogen storage,
still exist. In the case of the latter, the storage of hydrogen in a solid state material
is a very promising potential solution, and the discovery or development of a
highly efficient reversible hydrogen storage material would therefore mark a step
change in the transition to a hydrogen-fuelled future.

Reversible hydrogen storage materials tend to be either hydrides or micropo-
rous adsorbents. A number of books are already available on metal hydride
materials, as well as others that cover the use of gas adsorption measurement for
the characterisation of porous adsorbents. The former tend to focus on metal-
hydrogen system properties, whether thermodynamic, magnetic, crystallographic
and so forth, and the latter on the characterisation of the porous structure or surface
area of porous materials and powders using the adsorption of gases other than
hydrogen. In addition, in the last year or so, undoubtedly due to the recent increase
in the level of interest in hydrogen energy, a handful of books have been published
with solid state hydrogen storage as their main focus; however, none of these have
yet dealt specifically, from a practical point of view, with the characterisation of
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the hydrogen storage, or hydrogen sorption, properties of candidate media. The
importance of this is clear because without high accuracy characterisation it is not
possible to effectively assess the storage capabilities of a material and hence make
a meaningful comparison with other potential candidates.

However, the practical measurement of hydrogen uptake and release, particu-
larly for storage applications, can be technically demanding, due mainly to the
physical properties of hydrogen, but also to the high pressure measurement con-
ditions required for hydrogen storage applications and the sensitivity of many of
the materials to contamination of one form or another. Although this aspect of
hydrogen storage material research has been partially addressed by some of the
recent books on the topic, it is not their main focus and measurement accuracy is
not treated in detail. This book is therefore an attempt to provide a monograph on
this important aspect of hydrogen storage material research. Coverage of the
various types of hydrogen storage material is included for completeness, along
with some of the common complementary characterisation techniques used in the
field. It is hoped that it will be of practical use as an introduction to relative
newcomers to the field, while also acting as a useful reference source for expe-
rienced hydrogen storage material or hydride researchers. In addition, although the
main motivation behind this work is the current search for a material suitable for
storing hydrogen for use as an energy carrier, it is also hoped that much of the
content will be of interest to those studying hydrogen absorption or adsorption by
materials for many other practical applications, as well as for scientific interest.

The basis for much of the content, in particular Chap. 6, which covers error
sources and issues affecting measurement accuracy, was prepared during a three
year postdoctoral period spent at the European Commission’s Institute for Energy
in the Netherlands. The remainder has been completed whilst I have been
employed by Hiden Isochema Ltd in the UK. However, any views or opinions
expressed are entirely my own and I also take full responsibility for any inaccu-
racies contained herein. I hope that the book is useful for those with an interest in
the subject and would very much welcome any feedback or questions regarding
any of the topics or issues covered and discussed (darrenbroom@inbox.com).

Warrington, August 2010 Darren P. Broom
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Chapter 1
Introduction

The search for new hydrogen storage materials is currently receiving a great deal
of attention from the scientific community. The target is a material that can satisfy
the tough demands of a practical hydrogen store for use in the automotive trans-
portation sector: one that can store large amounts of hydrogen in a light, compact
form, can be refuelled rapidly, and is affordable, safe and easy to produce in large
quantities.

The criteria for an onboard hydrogen storage system have been defined by the
US Department of Energy (DOE), in close collaboration with the automotive
industry. The most frequently quoted target is a gravimetric system storage
capacity exceeding 6 wt% (2.0 kWh kg-1). This was the 2010 target [1] until
recently but has since been reduced to 4.5 wt% (1.5 kWh kg-1). At the time of
writing, the 2015 target is 5.5 wt% (1.8 kWh kg-1). However, in addition to a
high gravimetric capacity, the 2015 requirements also include a volumetric energy
density of at least 1.3 kWh L-1 (0.04 kg L-1), a refuelling time of less than
3.3 min (1.5 kg min-1), a minimum lifetime of 1500 hydrogenation/dehydroge-
nation cycles, an operating pressure in the range 3–100 atm (0.3–10.1 MPa) and a
net storage system cost of less than $2 kWh-1. These figures are not currently
satisfied by any known storage system. The most promising chance of a solution to
this problem is thought to be through the use of solid state storage and, as a result,
the search for suitable candidate materials has intensified.

Characterisation of the hydrogen sorption properties of potential storage
materials is a crucial factor in this search, but it is also a technically demanding
process during which mistakes can easily be made. The main subject of this book
is therefore the determination of these properties. In this introductory chapter, we
will look at some of the background to the topic: the use of hydrogen as an energy
carrier, its storage and the use of solid state materials for this purpose. We will also
introduce the measurement methods for gaseous hydrogen uptake determination,
and briefly discuss the accuracy of these techniques. We will close the chapter by
defining some of the terminology used throughout the book.

D. P. Broom, Hydrogen Storage Materials, Green Energy and Technology,
DOI: 10.1007/978-0-85729-221-6_1, � Springer-Verlag London Limited 2011
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1.1 The Hydrogen Energy Transition

The intense interest in potential hydrogen storage materials is primarily due to the
current drive towards a hydrogen economy, also known as the hydrogen energy
transition [2]. The idea is to convert our transportation system from one dominated
by oil to one dominated by hydrogen. If the conversion was successful, and the
hydrogen predominantly produced using non-carbon emitting and sustainable
methods, it would go a long way towards mitigating the negative effects that our
current reliance on oil has on the world’s climate. It could also substantially reduce
the sensitivity of our current global energy supply network to geopolitical insta-
bilities, and provide an answer to the continuing depletion of our fossil fuel reserves.

At the centre of a future hydrogen energy transportation network stands the
hydrogen fuel cell [3]. Vehicles powered by these fuel cells produce only water as
a waste product, and so a further significant benefit is the elimination of the
harmful and polluting effects of the exhaust fumes from petroleum-based Internal
Combustion Engines (ICEs). Fuel cell vehicles, and indeed the cells themselves,
have been in existence for many years. The first fuel cell was constructed by the
Welsh physicist Sir William Grove in 1839, and the first vehicles were developed
in the late 1950s and early 1960s [4, 5]. The development work carried out in the
mid-20th century was driven by the need for a highly efficient and lightweight
power source for space applications; in this area, of course, the economic cost is
not an important factor. It is only relatively recently, however, that the technical
advances necessary for the application of hydrogen fuel cells for domestic trans-
portation have put us within reach of a hydrogen-fuelled future.1

The idea of the widespread use of hydrogen as a transportation fuel first began
to be taken seriously in the 1970s, following the 1973 oil crisis, and research and
development work has continued ever since; albeit with varying levels of support
[6, 7]. In 1974, the International Association for Hydrogen Energy (IAHE) was
founded, and the International Journal of Hydrogen Energy (IJHE) was established
the following year [8].

Later, in the 1990s, the automotive industry began in earnest to develop
hydrogen fuel cell technology, with an initial view to producing zero emission cars
[5]. This move undoubtedly helped bring the concept of a hydrogen energy-based
transportation system closer to a practical reality. By the end of 2003, according to
a report by the Breakthrough Technologies Institute in Washington, at least 16 of
the world’s leading car manufacturers were actively developing fuel cell tech-
nology and fuel cell vehicles [9].2 Bus demonstration projects are taking placing

1 Hydrogen can also be used to fuel ICEs, but their efficiency is lower than that of fuel cells and
so this just increases the problem of the storage of low density hydrogen. The focus is therefore
predominantly on fuel cells.
2 The report summarises active fuel cell vehicle development programmes by BMW, Daihatsu,
DaimlerChrysler, Fiat, Ford, General Motors, Honda, Hyundai, Mazda, Mitsubishi, Nissan,
Peugeot Citroën, Renault, Suzuki, Toyota and Volkswagen AG. Solomon and Banerjee [7] also
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worldwide, due to the commonly held view that hydrogen-powered buses provide
an excellent route to fuel cell vehicle commercialisation. A vast array of both light
and heavy duty vehicles powered by hydrogen fuel cells, including bicycles,
scooters, golfcarts, forklift trucks, tractors and locomotives, have also been
developed, together with boats, submarines and aeroplanes.

Since the 1970s the development of hydrogen fuel cell technology has been
supported by governments and international organisations that have implemented
various initiatives and networks to aid the transition. In 1977 the International
Energy Agency (IEA) began its Hydrogen Program [11], which currently has
representatives from 21 countries, together with the European Commission (EC).
In 2002, a coalition of national hydrogen associations formed the Partnership for
Advancing the Transition to Hydrogen (PATH), and the following year the
International Partnership for the Hydrogen Economy (IPHE) was established in
order to ‘‘accelerate the transition to a hydrogen economy’’.

As a result of the current level of research and development activity in the area,
the amount of investment that has already been committed by the public sector and
industry, and the increasing concerns surrounding climate change and energy
security, the likelihood of a successful transition to a hydrogen-based energy
network has never been greater;3 however, there are a number of barriers that
could either prevent the transition or at a minimum make it considerably more
arduous.

1.2 Technological Barriers

The overall task of the hydrogen energy transition is immense, requiring large-
scale changes to our energy supply networks and the transportation technology that
we currently use. Although the barriers are not all technological,4 solving the main
technical problems would help pave the way. According to a 2004 report by the
US National Research Council (NRC) and National Academy of Engineering

(Footnote 2 continued)
identify a number of companies with active hydrogen programmes. A recent report by the United
States Council for Automotive Research (USCAR) LLC [10], a joint initiative between Chrysler,
Ford and General Motors, strongly supports the continued funding of hydrogen fuel cell research,
due to both the recent progress made in the required technology and the greater potential shown
by hydrogen fuel cell vehicles compared to the alternative of non-hydrogen electric vehicle
technology.
3 It should be noted that although the idea of a hydrogen economy is gaining increasing levels of
support it is not without its critics [12, 13]; however, a discussion of the arguments is beyond the
scope of this introduction.
4 For example, according to Robertson and Beard [14] of DaimlerChrysler, ‘‘the scientific,
engineering, social, consumer acceptance, economic, and policy hurdles that must be overcome
are unprecedented’’.
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(NAE), there are four technological and economic challenges that must be
addressed to make the widespread use of hydrogen-fuelled transportation a reality
[15]. The first challenge is the development of cost-effective, durable, safe, and
environmentally desirable fuel cell and hydrogen storage systems. Within this,
onboard storage is described as a ‘‘major stumbling block’’ that is critical to the
future of the use of hydrogen fuel cells in transportation technology. The other
three challenges are (i) to develop the necessary infrastructure to deliver hydrogen
to light vehicle users, (ii) to reduce the cost of hydrogen production from
renewable energy sources and (iii) to capture and store the carbon dioxide that is a
by-product of the production of hydrogen through coal gasification. Similarly, the
US DOE has identified the three greatest challenges as improving hydrogen
storage, reducing the cost of hydrogen production and delivery, and making fuel
cells less expensive and more durable [16]. Although these are only two examples,
both of which are from the US, many other studies and reports on the hydrogen
energy transition also recognise onboard hydrogen storage as one of the major
technological barriers [17].

Aside from the issues that relate to a sustainable hydrogen energy infrastructure
(hydrogen production and delivery, and carbon capture and storage), it is clear that
significant improvements in fuel cell performance and hydrogen storage technol-
ogy would help the transition enormously. Let us first take a brief look at hydrogen
fuel cells, the development of which has progressed significantly in recent years.
There are a number of types of cell available: Alkaline, Molten Carbonate,
Phosphoric Acid, Proton Exchange Membrane and Solid Oxide [4]. Of these, it is
primarily the Proton Exchange Membrane (PEM) fuel cell that is being considered
for transportation applications. This type of fuel cell, also known as the Polymer
Electrolyte Membrane fuel cell, operates at relatively low temperatures and is now
approaching the cost and performance levels necessary for widespread commer-
cialisation. However, the cost and durability of these cells remains a problem. The
high cost is due to the fuel cell membrane materials and the use of precious metal
catalysts. Although the catalyst materials and membrane manufacture are still
relatively expensive, it is thought that significant reductions can be achieved
through higher production volumes, as well as other potential routes, such as
catalyst reclamation and recycling [18]. The durability, meaning resistance or
otherwise to performance degradation during use, is a more complex and chal-
lenging issue. The degradation is caused by many of the practical aspects of fuel
cell usage, including load cycling, start/stop cycling, cold starts and low (sub-
freezing) temperature operation, as well as fuel starvation and the presence of
gaseous impurities in the fuel stream. The negative effects of such operational
activities include chemical and physical degradation of the membrane, the dis-
solution and sintering of the platinum catalyst, and the corrosion of the carbon
(catalyst) support. Many of the aspects of fuel cell durability and degradation are
currently under investigation [19]. A better understanding of the fundamental
mechanisms behind the deterioration of the membrane, the catalyst and the catalyst
support should help in the overall improvement of fuel cell performance.
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The other major part of the challenge is the storage of hydrogen. The driving
range of a fuel cell vehicle, of a given tank-to-wheel efficiency, is ultimately limited
by the amount of hydrogen stored onboard. In the case of petroleum ICE cars, a
typical range is approximately 500 km. The approach taken by the automotive
industry is to assume that the widespread introduction of hydrogen fuel cell cars
will rely on their ability to match or exceed the performance of their petroleum
ICE-driven counterparts. This requires the onboard storage of between 4 and 8 kg
of hydrogen, which can be seen from the following real-life examples. Firstly, the
2007 Chevrolet Equinox Fuel Cell, a 5 door Sports Utility Vehicle (SUV), has a
range of 320 km using 4.2 kg of hydrogen [5]. Secondly, the Chevrolet Sequel is a
concept vehicle capable of the onboard storage of 8 kg of hydrogen, which gives it
a range of over 480 km. Thirdly, the Honda FCX Clarity, which was launched in
mid-2008, carries 3.9 kg of hydrogen and has a range of 240 miles (386 km).5 The
latter two examples may give the impression that the problem has nearly been
solved but in the next section we shall see that this is not the case.

1.3 Hydrogen Storage Technology

Hydrogen stores a large amount of chemical energy per unit mass: 142 MJ kg-1

compared to 47 MJ kg-1 for a liquid hydrocarbon. The problem is that, unlike the
liquid hydrocarbons, at atmospheric pressure hydrogen exists as a low density gas.
At room temperature and atmospheric pressure, for example, 1 kg of hydrogen
occupies a volume of 11 m3 [20].

A number of methods can be used to achieve practical densities for the purpose
of storage [21]. The hydrogen can be cooled to cryogenic temperatures and stored
as a liquid, or compressed to high pressures and stored as a gas at near ambient
temperature. Alternatively, it can be stored in non-reversible chemical form in
hydrogen-rich liquids and solids, or in molecular or atomic form absorbed or
adsorbed in solid state materials. The storage of hydrogen using materials can be
broken down into further categories but at this stage we will treat it as one.

Firstly, liquid hydrogen storage requires very low storage temperatures. The
boiling point of hydrogen is 20.3 K (-252.88C), and its critical temperature, the
temperature above which it can only exist as a gas, is 32.9 K (-240.28C). During
the required liquefaction process a significant amount of energy is consumed.
According to von Helmolt and Eberle [5], this is 30% of the stored chemical
energy, compared to 15% for compressed hydrogen gas at 70 MPa. There are also
significant losses during both cooling and storage, due to a number of so-called
boil-off mechanisms [22]. During storage, for example, heat leaks into the system
due to thermal conduction through the system pipes and cables result in increased
evaporation of the fluid and a subsequent rise in the vessel pressure. At around

5 http://automobiles.honda.com/fcx-clarity/, accessed 5th September 2009.
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1 MPa, a valve must be opened to vent some of the hydrogen. The actual losses
depend on a number of factors, including the tank size and shape, but a figure of
between 0.3 and 0.5% per day was used recently by de Wit and Faaij [23] in their
well-to-wheels analysis of hydrogen storage technologies. However, this figure is
for a 50 m3 storage container; for a small onboard storage unit, the losses are
significantly greater than this, and so cause a practical problem.

Compressed hydrogen gas storage can also achieve useful storage capacities.
This is illustrated by its use in the vehicles mentioned in the previous section.
Current state of the art storage tanks can hold hydrogen at pressures of up to
70 MPa, which allows, for example, the storage of 6 kg of hydrogen in a 260 L
tank. However, this is rather bulky: as a consequence, the Chevrolet Sequel, with
its impressive driving range of 480 km, was essentially designed around its
hydrogen storage units (three 70 MPa pressure vessels). In compressed gas stor-
age, the vessels themselves add significant weight to the system, although low
density materials are used to construct the high pressure tanks. The tanks devel-
oped by Quantum Technologies Inc (USA), for example, consist of three layers: a
polymer tank liner acting as a hydrogen permeation barrier, a second carbon
composite shell that provides the mechanical strength, and an outer protection
layer offering impact resistance. In the longer term, there are fundamental limits to
the densities that can be achieved using compressed gas storage, which is prob-
lematic. Gray [24] recently calculated that, without even considering the tank
construction material, pressures of 255 MPa would be required to meet the 2015
US DOE targets as they stood at the time. At pressures of 70 MPa there are already
public acceptance issues and so, leaving aside the problems of developing the
necessary tank construction materials, hydrogen storage at pressures this high is
unlikely to be widely accepted and commercialised. There is also considerable
energetic cost in the compression of the hydrogen gas, a problem that increases
with increasing storage pressure. Although the 15% consumed during compression
to 70 MPa is favourable compared to the losses of hydrogen liquefaction, the
consumption required for even higher pressures would become prohibitive.

Another option, non-reversible chemical hydrogen storage in hydrogen-rich
liquids and solids, could potentially achieve high energy storage densities; how-
ever, the non-reversible nature of these hydrogen stores means that a convenient
method for off-board regeneration is required. Although it is currently an active
area of research [25], the practical problems with off-board regeneration have
previously led the automotive industry to conclude that it is not a viable hydrogen
storage method [5]. Examples of the materials and liquids in this category include
boron-based compounds, such as sodium tetrahydroborate (NaBH4) and ammonia
borane (NH3BH3) [26], and organic liquids, such as cyclohexane, decalin and
carbazole [25, 27]. The potential of this solution can be seen in the high achievable
gravimetric and volumetric storage densities. For example, ammonia borane stores
19.6 wt% and 0.145 kg L-1, although the organic liquids do not unfortunately
provide such impressive figures. However, the considerable practical difficulties
with the use of this storage method will have to be overcome for it to become
viable, with the development of suitable catalysts being a priority.

6 1 Introduction



And so we come to the fourth option: the storage of hydrogen in solid state
materials. In solid state hydrogen storage [28], a material that can reversibly
absorb or adsorb hydrogen in atomic (H) or molecular (H2) form is used to
compress hydrogen (chemically or physically) to high storage densities. The
advantage of this option is the density to which the hydrogen atoms can be
compressed. Archetypal metal hydrides such as LaNi5Hx and PdHx, for example,
can store hydrogen at an atomic density far greater than that seen in its liquid form,
without the need for cryogenic temperatures and the associated liquefaction. The
problem with these two examples, and many other hydride-forming elements and
compounds, is that the mass of the host lattice results in a storage unit that is
simply too heavy for practical transportation applications. However, hydrides such
as these are not the only solid state option. In the next section we will expand on
the various classes of potential storage materials that are currently being
considered.

1.4 Solid State Storage

There are various types of potential hydrogen storage materials. Examples include
microporous materials, interstitial metal hydrides and complex hydrides. Each of
these will be covered in more depth, along with other possible storage materials, in
the next chapter; however, in this section we will present a brief overview.

The different types of material can be categorised in a number of ways. For
example, by operating temperature: microporous materials tend to have high
storage capacities at lower temperatures near the boiling point of liquid nitrogen,
interstitial hydrides can absorb and desorb hydrogen effectively at temperatures
just above or around ambient, whereas complex hydrides tend to require elevated
temperatures of 100–3008C (373–573 K) or even higher. The different materials
can also be categorised by the mechanism through which they adsorb or absorb
hydrogen. Microporous materials adsorb molecular hydrogen through physisorp-
tion, interstitial hydrides absorb atomic hydrogen as an interstitial that is free to
diffuse rapidly through the metal lattice, and complex hydrides contain ionically or
covalently bound atomic hydrogen as part of their structure, which then decom-
poses upon desorption.6

Microporous materials have pore dimensions of less than 2 nm and extraordi-
narily large internal surface areas. These materials store hydrogen in molecular
form at low temperatures. Within the micropores the hydrogen is effectively
compressed to a high density, resulting in an increase in the volumetric density of
the hydrogen in comparison with free gas at the same temperature and pressure.

6 Eberle et al. [21] categorise adsorbents as a physical storage method alongside compressed gas
and liquid storage, whereas interstitial and complex hydrides are considered chemical methods
alongside non-reversible storage compounds.
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This enrichment of the hydrogen density close to the pore walls is called
adsorption and the aim is to find or develop a material that can adsorb large
amounts of molecular hydrogen at low pressures and near ambient temperatures.
Materials that fall into this category include activated carbons, zeolites, metal-
organic frameworks and microporous organic polymers [29].

Metal hydrides store atomic hydrogen in the bulk of the material. In the case of
interstitial metal hydrides, the molecular hydrogen in the gas is split into atomic
hydrogen on the surface of the material and then diffuses into its bulk. Vast
numbers of different metallic compounds exist that will absorb hydrogen in this
manner. In most cases, however, the absorption does not occur at an appropriate
temperature and hydrogen pressure for practical storage purposes and, generally
speaking, the low mass of the hydrogen is overwhelmed by the mass of the host
metal. However, there are a number of interstitial hydrides that show very
favourable hydrogen absorption and desorption characteristics, in terms of the
kinetics, operating temperatures and pressures, and gaseous impurity resistance. In
this case, the challenge is to find a hydrogen-absorbing material that retains these
favourable characteristics but is light enough for the mass of the stored hydrogen
to still be significant for use in a hydrogen store. Materials that fall into the
interstitial hydride category include the two examples given previously (Pd and
LaNi5), intermetallic compounds, such as TiFe and TiCr1.8, and solid solution
alloys based on vanadium [30].

Like the interstitial hydrides, complex hydrides also store atomic hydrogen, but
in this case the hydrogen forms part of the structure of the host material. When the
hydrogen is desorbed the structure decomposes into two or more decomposition
products, one of which is molecular hydrogen. This reaction in some cases can be
reversed by the presence of a catalyst; the addition of a Ti catalyst to sodium
alanate (NaAlH4), for example, renders the hydrogenation reaction reversible. For
other systems, such as lithium imide and amide (Li2NH and LiNH2), a catalyst is
not required, although the hydrogenation process can be very slow. Along with the
alanates and the nitrides, another example from this group is lithium borohydride
(LiBH4). The strong interest in these complex hydrides is a result of their high
potential storage capacities (18.36 wt% for LiBH4); however, in each case there
are currently limitations to their practical use [31], which can include slow kinetics
and high sensitivity to air and moisture.

1.5 The Hydrogen Storage Properties of Materials

A number of different chemical and physical properties are important in assessing
the suitability of a material for use in hydrogen storage,7 but the most important

7 Examples include its thermal conduction properties, toxicity and the pyrophoricity of the
material upon hydrogen activation.
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are those related to its gas phase hydrogen sorption behaviour. These include the
amount of gaseous hydrogen taken up and released by the material, the rate at which
this occurs, the temperature and hydrogen pressure required, and the reversibility of
the process. The key characteristics can be derived, to a certain extent, from the list
of US DOE requirements to which we referred in the opening section of this
chapter: the reversible storage capacity (whether gravimetric or volumetric), the
long term cycling stability, the hydrogen absorption and desorption kinetics, and
the upper and lower operating pressures, although some important characterisation
parameters, such as the enthalpy of hydride formation and decomposition or
adsorption, are not referred to directly.

The storage capacity can be defined in a number of different ways. The
gravimetric capacity is the ability of the material to store hydrogen relative to its
mass. This can be expressed as a weight percentage (wt%), kg H2 kg-1, or
mol kg-1. The volumetric capacity is the amount of hydrogen stored per unit
volume of material. The units for this include kg m-3 and mol m-3. Both of these
can also be expressed as an energy storage density. See, for example, the definition
of the US DOE targets for the gravimetric and volumetric energy densities, which
are expressed as kWh kg-1 and kWh L-1. These two properties will define,
respectively, the weight and the bulk of the storage tank for a given mass of stored
hydrogen.

The reversible storage capacity of a material is normally lower than its max-
imum hydrogen storage capacity, although it is the latter figure that is often
reported in the literature. The reversible capacity is the amount of hydrogen
absorbed and desorbed between the lower and upper operating pressures of the
hydrogen store [30]. The closeness in agreement between the total capacity and the
reversible capacity will depend on the uptake behaviour of the material. In some
cases they may be effectively equal, but if a material takes up a relatively large
amount of hydrogen at low pressures there may be a considerable discrepancy. The
US DOE targets suggest that the upper and lower pressures considered should be 3
and 100 atm (0.3 and 10.1 MPa); any change in this pressure range is likely to
change the reversible capacity of a given material to a certain extent.

Materials can lose their reversible capacity as they are charged and discharged
with hydrogen. The ability of a material to retain its reversible storage capacity is
known as its long term cycling stability, or cyclic stability. The capacity loss can
be due to a number of factors including the effects of impurities in the hydrogen
gas and the partial breakdown of the host material, and is analogous to the loss in
the capacity of rechargeable batteries over a number of charge and discharge
cycles.

The sorption and desorption kinetics of a material define how quickly it can take
up and release hydrogen. This is important because it will determine how rapidly
the hydrogen storage tank can be refuelled and whether the store will release
hydrogen at a rate sufficient to supply the fuel cell during use. This can be defined
in a number of ways, but can practically be considered as the period the material
requires to be recharged or emptied between the lower and upper operating
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pressures mentioned above. In the case of hydrides the kinetics are strongly
dependent on temperature.

In addition to these considerations, there are a number of other relevant prac-
tical properties. These include the gaseous impurity resistance of a material, which
will affect its cyclic stability. The impurities present in hydrogen gas, depending
on its source, can include carbon monoxide, hydrogen sulphide and ammonia.8

Any of these could affect the subsequent hydrogen sorption properties of a
material by poisoning the surface, occupying and hence blocking adsorption sites,
or by breaking down the host structure. Another important property is the ease of
activation. Activation can be defined generally as the process by which the material
is prepared for reversible hydrogen sorption. In the case of microporous materials
this is the process of degassing the material to remove environmental adsorbates or
remnants of the synthesis process from its pore structure and external surfaces. For
hydrides it often involves the repeated hydrogenation and dehydrogenation of the
material. In other cases the activation may essentially be part of the synthesis
process itself.

The thermodynamic properties of a material will determine its operating
pressure and temperature ranges. For hydrides, the main property of interest is the
enthalpy of hydride formation and decomposition, and for microporous materials it
is the enthalpy of hydrogen adsorption. Both of these are typically expressed in
kJ mol-1 and determine the amount of hydrogen that can be stored by the material
at a particular temperature and pressure under equilibrium conditions. These are
thermodynamic parameters that must be considered in conjunction with the kinetic
properties. It is possible, for example, for a hydrogen-absorbing material to have a
suitable enthalpy of hydride formation and decomposition, but possess inappro-
priately slow sorption kinetics.

Each of these properties, and their importance with regard to each material type,
will be discussed in more depth in Chap. 3.

1.6 Hydrogen Sorption Measurement

The properties described above can each be determined using gas sorption mea-
surement techniques. Although testing a material in a prototype storage unit is
probably the most effective method for determining how well it performs as a
hydrogen store, this is not practical when developing, or searching for, new

8 As an example, the US FreedomCAR Fuel Cell Technology Team have specified, for the purpose
of testing fuel cell performance, a composition of hydrogen ([ 99.9% purity), with 10 ppb H2S,
0.1 ppm CO, 5 ppm CO2 and 1 ppm NH3 [19]. The FreedomCAR Hydrogen Storage Roadmap
specifies 99.99% purity with the following impurity levels: 5 ppm H2O, 2 ppm Hydrocarbons,
5 ppm O2, 100 ppm He/N2/Ar combined, 1 ppm CO2, 0.2 ppm CO, 0.004 ppm S (total), 0.01 ppm
Formaldehyde, 0.2 ppm Formic Acid, 0.1 ppm NH3 and 0.05 ppm Halogenates [1].
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materials. Therefore, laboratory gas sorption measurement techniques are rou-
tinely used to determine the hydrogen sorption properties of potential storage
materials. Knowledge of the engineering properties of a material is also required
for storage unit design, and so at every stage of the process, from materials
discovery to storage unit development, this type of measurement is crucial.

Gas sorption measurements can be broadly separated into three categories:
gravimetric, volumetric and temperature-programmed techniques. Gravimetric
techniques determine the amount of hydrogen sorbed or desorbed by a sample by
measuring the change in its mass. Generally speaking, the mass change is deter-
mined using a microbalance housed in a pressure and vacuum-rated vessel.
Volumetric techniques determine the amount of hydrogen sorbed or desorbed by a
sample by measuring the change in pressure in a fixed, known volume: absorption
or adsorption results in a decrease in the observed pressure, whereas desorption
results in an increase. These two techniques are used to measure isotherms, which
are plots of the hydrogen uptake versus pressure, or vice versa, at a fixed tem-
perature. Temperature-programmed techniques, on the other hand, measure the
amount of hydrogen desorbed by a material as a function of temperature. All three
of these can also, to a certain extent, be used to determine the kinetics of the
sorption process as well as to quantify the reversible equilibrium hydrogen content
of a material. These methods, and some of their variants, are described in more
detail in Chap. 4.

Hydrogen sorption data determined using the gas sorption measurement
methods introduced above can be complemented by the use of a range of other
techniques. In the case of hydrides, for example, hydrogen can be absorbed and
desorbed electrochemically, neutron scattering can be used to determine the
presence and position of hydrogen within the crystal structure, and both X-ray and
neutron diffraction can be used to determine hydride lattice expansion as a
function of hydrogen loading. Thermal analysis and calorimetry can be used to
measure the thermodynamic properties that can also be calculated from isotherm
data. For microporous materials, gas adsorption measurements performed with
adsorptives such as nitrogen and carbon dioxide can be used to determine effective
surface areas, pore volumes and pore size distributions. These properties correlate
to a certain extent with hydrogen uptake and can therefore be compared with
measured hydrogen capacities. These and other complementary characterisation
techniques will be covered in Chap. 5.

One motivation for the use of the complementary techniques mentioned above,
aside from scientific interest and the further insight they offer, is the determination
of the accuracy of a hydrogen sorption measurement. Good agreement and con-
sistency between data measured using different techniques is likely to indicate that
the hydrogen sorption measurements are reasonably accurate, providing the results
can be correlated sufficiently with the observed uptake. Although high measure-
ment accuracy is always important, it is particularly prominent in the field of
hydrogen storage material research due in part to the controversy surrounding the
hydrogen sorption properties of carbon nanotubes and nanofibres, which we shall
describe briefly below.
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Although the storage of hydrogen in microporous materials is not a new idea
[32–34], recent interest was undoubtedly triggered9 by the work of Dillon et al.
[35], in which the authors reported potential room temperature hydrogen storage
capacities of up to 10 wt% by carbon nanotubes. An estimated capacity of between
5 and 10 wt% was reported, based on temperature-programmed desorption mea-
surements. Although these initial measurements appear to have been erroneous, a
worldwide research effort was launched as a result. The later, and even more
impressive, claim made by Chambers et al. [36], as a result of erroneous volu-
metric measurements, of up to 67 wt% room temperature storage in carbon
nanofibres also fuelled the effort. A number of reports were subsequently pub-
lished with a large variation in the claimed storage capacity of these materials and
the topic attracted a great deal of debate. Despite some initial scepticism, carbon
nanotubes and nanofibres were considered for a while to be a possible solution to
the hydrogen storage problem [6], although it now seems clear that this is not the
case [37]. Inadequate characterisation of the host materials played a significant
role in this story, but inaccuracy in the measurement of the hydrogen sorption
behaviour was also partly to blame.

As a result of the importance of measurement accuracy, and the ease with
which mistakes can be made, Chap. 6 examines the possible sources of error that
can contribute to inaccuracy in these types of measurement. Although the volu-
metric and gravimetric techniques are, in principle, straightforward a number of
corrections must be applied to the measured data and, particularly at elevated
hydrogen pressures, which are crucial for storage applications, significant errors
can be introduced if they are not applied with care. We begin Chap. 6 by con-
sidering the areas that are common to most measurements to a certain extent.
These include the various possible equations of state that can be used to describe
the compressibility of hydrogen at elevated pressures and potential problems with
gas purity. Both of these are relevant to volumetric and gravimetric measurements.
In the latter part of Chap. 6 we cover the issues that are relevant to each particular
technique. For example, the buoyancy effect corrections that are required in
gravimetric measurement, and the error sources specific to the volumetric tech-
nique, such as the accumulation of errors through the measurement from each
successive gas dosing step.

In Chap. 7 we conclude with a discussion of some aspects of measurement
accuracy determination, such as the interlaboratory study of hydrogen sorption
measurement and the availability of reference materials for testing instrumenta-
tion. We also propose some measurement guidelines, based on the discussion in

9 In the intervening period there have been significant breakthroughs, including the exciting
developments in the synthesis of metal-organic frameworks. It is therefore likely that these
breakthroughs would have led to the re-emergence of the idea of adsorptive hydrogen storage in
the absence of the work of Dillon et al. [35]; however, this early work certainly opened up the
prospect of new candidate materials in this category and made adsorptive hydrogen storage a hot
topic.
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Chap. 6, and discuss the need for further research into the accuracy of hydrogen
sorption measurements.

1.7 Terminology

In the penultimate section of this introductory chapter, we will define some of the
terminology used in this book, partly by way of introducing the concepts but also
for reasons of clarity.

Firstly, with regard to microporous materials, the term micropore has been
defined in IUPAC (International Union of Pure and Applied Chemistry) guidelines
to mean a pore with a dimension of less than 2 nm [38]. The pore dimension, or
pore size, refers to the smallest pore dimension or the width of the pore. In the case
of cylindrical pores, the pore size is therefore represented by the diameter and not
its radius. The terms ‘nanopore’ or ‘nanoporous material’ are avoided here,
because they have a less precise definition10 and do not follow the current IUPAC
conventions.

Hydrogen adsorption is the enrichment of the hydrogen density on or near the
surface of a material whether in atomic or molecular form; hydrogen absorption is
the incorporation of atomic hydrogen within the crystallographic structure or bulk
of the material. Following the IUPAC guidelines on adsorption measurement [38],
the non-adsorbed, free (hydrogen) gas is known as the adsorptive, the adsorbed gas
as the adsorbate, and the adsorbing material as the adsorbent. Physisorption is the
result of the weak interaction of molecular hydrogen with the surface of the
adsorbent via van der Waals forces, whereas chemisorption involves the formation
of chemical bonds. Sorption will be used as a term encompassing the different
variations of adsorption and absorption, and desorption is the reverse process of
any of the above sorption mechanisms.

The measured hydrogen sorption property in a hydrogen adsorption experiment
is the excess adsorption. This is the difference between the amount of hydrogen
that would be present in the volume of the adsorbate layer or region, in the absence
of adsorption, and the total amount of adsorbate in the layer, the total or absolute
adsorption. In an absorption experiment the amount of hydrogen uptake measured
is the total uptake. If this is expressed as a weight percentage, the mass of the
hydrogen in the hydride is included in the overall mass of the material [30].

In this book, the term hydrogen storage material refers to a solid state hydrogen
store that is capable of reversible hydrogen storage. Reversible storage refers to
the capability of a material to be reversibly charged with gaseous hydrogen in the

10 ‘Nanopore’ typically refers to a pore size \ 100 nm, which covers the IUPAC micro-, meso-
and macroporous ranges. In hydrogen storage it is almost exclusively microporous materials that
are of interest, although it is worth noting that the IUPAC definitions are approximate and
materials will quite often have a mix of pore sizes; nevertheless, microporous materials will have
pore dimensions that are predominantly in the micropore region.
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fuel tank, not just re-hydrogenated off-board. The term chemical hydride is
reserved for the non-reversible storage materials, such as ammonia borane and
sodium tetrahydroborate, that require an off-board re-hydrogenation or regenera-
tion process. Complex hydride is used as an umbrella term for any of the non-
interstitial hydrides currently being considered as reversible hydrogen storage
materials, including alanates, nitrides, and hydroborates [31].11

The volumetric sorption measurement technique refers to any technique in
which the measurement of the volume, pressure and temperature of the gas present
in a system leads to the calculation of the adsorbed or absorbed quantity. Strictly
speaking, the measurement of the sorbed quantity through the measurement of a
change in pressure is a manometric measurement; however, the term volumetric
has become widely used to describe instruments that in actual fact perform
manometry and so we will retain it. The Sieverts Method or Sieverts’ Technique is
the terminology commonly found in the hydride field for the same manometric
measurements. True volumetric measurements, in which a change in the volume is
measured at a fixed pressure, can be and are used, but these are not as common as
the manometric equivalent. Gravimetric sorption measurement refers to the
technique of measuring the amount of gas adsorbed or absorbed by measuring the
change in the weight of the sample as a function of pressure, at a constant tem-
perature, but not to refer to standard Thermogravimetric Analysis (TGA) in which
samples are thermally decomposed into a flowing stream of inert carrier gas.

Finally, with regard to measurement accuracy, the accuracy of a measurement
is the closeness of the agreement between the measured quantity and its true value.
The repeatability is defined as the closeness of the agreement between the results
of successive measurements carried out under the same conditions, and the
reproducibility is the closeness of the agreement between the results of the mea-
surement of the same quantity under changed measurement conditions. As the true
value of a quantity can never really be known, under this definition, accuracy is
qualitative and can be ‘high’ or ‘low’ but cannot have a specific value. The
quantitative equivalent is the uncertainty of the measurement [39].12 The mea-
surement conditions referred to here can include the procedure, observer, instru-
ment, experimental conditions and location.

11 Under these definitions there is a blurred boundary between some of the chemical and
complex hydrides, but we will retain the former for compounds in which hydrogen release is
highly irreversible, and the latter for compounds that at a very minimum offer the promise of
reversible storage.
12 Note that in the most recent international vocabulary of metrology [40] some of the
terminology has changed slightly. For example, the measurement accuracy is now defined as
being the ‘‘closeness of the agreement between a measured quantity value and a true quantity
value of a measurand’’, rather than just the measured value and true value. However, the
underlying principles of the terms accuracy, repeatability, reproducibility and uncertainty remain
the same.
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1.8 Summary

In this chapter we have introduced the idea of the hydrogen energy transition and
have demonstrated the high level of international support for its practical imple-
mentation. A number of technological barriers have been identified by many of the
organisations, authors and analysts who have examined the potential of this idea,
and these must therefore be overcome before a hydrogen-based energy network
can become a reality. Of these barriers, the efficient onboard storage of hydrogen
in fuel cell vehicles is a major concern. We have seen that one of the most
promising solutions to this problem is the reversible storage of hydrogen in solid
state materials. The potential materials for this application span a range of material
types from high surface area, microporous materials that can store hydrogen at low
temperatures, to high temperature, air and moisture sensitive complex hydrides.
Gas sorption measurement techniques can be used to characterise the hydrogen
storage properties of each of these materials, and we have introduced both the
properties and the techniques in this chapter. The accuracy of this kind of mea-
surement is a major issue because of the experimental errors that have substan-
tially affected some of the data published in the literature to date. We have
therefore briefly summarised the background to this issue, and have introduced
some of the complementary techniques that can be used. We have also covered
some definitions of common terminology that will be used throughout the book.
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Chapter 2
Potential Storage Materials

A wide range of materials are currently being considered as potential reversible
hydrogen storage media. In this chapter we will expand on the material types
introduced in Sect. 1.4 and discuss some of their storage properties. We begin with
microporous adsorbents, which physisorb molecular hydrogen at low tempera-
tures. Secondly, we look at the interstitial hydrides, which are reactive metals that
reversibly absorb dissociated atomic hydrogen into their bulk as an interstitial. We
then cover the complex hydrides that bind atomic hydrogen either covalently or
ionically and release it via solid state decomposition, and finally consider some
alternative storage materials that do not fit readily into the other categories.
A summary of some basic hydrogen storage properties of the material types
covered in this chapter is given in Table 2.1.

2.1 Microporous Materials

Microporous materials adsorb molecular hydrogen. The narrow width of their
micropores leads to an increase in the density of hydrogen in the pore network
compared to the gas phase. This occurs primarily at relatively low, sub-ambient,
temperatures. According to the current IUPAC classification scheme [1], pores can
be divided by size into three categories: micropores, of dimensions below 2 nm,
mesopores, between 2 and 50 nm, and macropores, which are greater than 50 nm.
The porous materials being considered for physisorbed molecular hydrogen stor-
age are predominantly microporous. They are also often in the subcategory of
ultramicroporous, in which the pore dimensions are less than 0.7 nm; close to the
size of a single hydrogen molecule. At these length scales the adsorption potentials
of the opposing pore walls overlap, which significantly increases the density of the
adsorbed hydrogen, compared to the gas phase, at any given temperature and
pressure.

D. P. Broom, Hydrogen Storage Materials, Green Energy and Technology,
DOI: 10.1007/978-0-85729-221-6_2, � Springer-Verlag London Limited 2011
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The use of these materials as gas storage media has been considered for a
number of years. For example, various reports can be found in the literature that
describe the use of microporous carbons, zeolites and other adsorbents to enhance
the storage capacity of natural gas (methane) storage tanks [2] and the use of
microporous carbons and zeolites for hydrogen storage has been discussed for the
past 30 years1 [5–7]. Recently, however, the level of interest in the use of these
materials for hydrogen storage has increased dramatically. The proposal of carbon
nanotubes as a possible storage medium first attracted significant attention in the
late 1990s and the exciting progress made in the synthesis of new porous hybrid
materials [8] has further invigorated the field. Progress continues with the syn-
thesis of microporous organic polymers, as well as new hybrid material classes,
and new candidate materials are likely to emerge as the search, as well as the
interest in these materials for a range of other applications, continues. In this
section we cover the main groups of adsorbents currently being considered as
storage media.

Before beginning, however, we will briefly discuss the hydrogen uptake
behaviour of microporous materials because it is broadly similar for all the
materials considered in this section. According to the conventional classification of
adsorption by IUPAC [1, 9], isotherms can be of six general types (I–VI).
Hydrogen adsorption by microporous materials invariably corresponds to Type I,
which is concave to the pressure axis and saturates at a finite limit. Note that the
identification of supercritical hydrogen adsorption as Type I refers to the absolute
hydrogen uptake rather than the experimentally determined excess uptake (see
Sect. 3.1.1.3). The excess adsorption typically peaks at an elevated pressure and
then decreases as the hydrogen gas density increases yet further. This behaviour is
typical for high pressure adsorption at supercritical temperatures [10]. The amount
of adsorption that occurs at any given pressure decreases with increasing tem-
perature, although the form of the absolute adsorption isotherm will generally
remain the same. As an example, Fig. 2.1 shows some hydrogen adsorption data
for Na-X zeolite, determined gravimetrically up to a pressure of 2.0 MPa in the
temperature range 87–237 K. It can be seen that, as expected for pure physi-
sorption, the adsorption and desorption isotherms show good reversibility, with no
observable hysteresis.

The kinetics of hydrogen adsorption by microporous materials are very rapid,
which is practically advantageous for hydrogen storage (see Sect. 3.3), but low
temperatures are required to achieve significant capacities at useful storage pres-
sures. In practice, low temperature storage requires cooling, which inevitably adds
to the weight of a storage unit and is therefore a significant disadvantage. The
hydrogen adsorption capacity of microporous materials at ambient temperature is
currently too low for practical use [12]. However, the hope is to enhance the
interaction of hydrogen with the materials to allow this possibility in the future.

1 Hydrogen adsorption by porous materials has, however, been studied since the early twentieth
century [3, 4].
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Another drawback is their volumetric storage capacity, an issue that has occa-
sionally been sidelined in favour of gravimetric considerations. In order to achieve
high volumetric capacities, adsorbed hydrogen must be stored at relatively high
densities within the pores and the microporous framework should also occupy a
low proportion of the geometric volume of the material.2

2.1.1 Carbons

Several types of microporous carbons have attracted interest for hydrogen storage,
including activated carbons, carbon nanotubes and nanofibres and, more recently,
microporous templated carbons [13]. Carbon is very attractive technically as a host
because of its low molar mass. It is also chemically stable and can be synthesised
in a number of different forms. From a practical point of view, porous carbons are
already commercially produced in large quantities for a broad range of applica-
tions and are relatively inexpensive.

2.1.1.1 Activated Carbon

Activated carbon is a porous form of carbon that can be synthesised via both
chemical or physical activation methods. Depending on both the raw material and
the activation method and conditions, the resultant carbon will have a specific,
although not necessarily clearly defined, pore structure. Activated carbons can be
predominantly macro, meso or microporous, but the latter are the main focus for
hydrogen storage. Activated carbons tend to have slit-shaped pores [14, 15], but
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Fig. 2.1 Hydrogen
adsorption (+) and desorption
(9) isotherms for Na-X
zeolite at a number of sub-
ambient temperatures. The
isotherms were measured
gravimetrically at the
following temperatures: (a)
87 K, (b) 97 K, (c) 107 K, (d)
117 K, (e) 137 K and (f)
237 K. Reproduced from
Broom et al. [11] with
permission from Hiden
Isochema Ltd

2 The definition of the geometric volume is the volume occupied by the sample including both
closed and open pores (see the definition of geometric density in Sect. 6.2.1).
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also exhibit a relatively wide pore size distribution. This is in contrast to the
crystalline adsorbents, such as the zeolites or Metal-Organic Framework (MOF)
materials covered in the following sections, which have a well defined pore size
and pore geometry. There have been many studies of hydrogen adsorption by
activated carbons and, according to Yürüm et al. [13], these show that gravimetric
storage capacities can reach 5.5 wt% at 77 K. However, the pore structure of
carbons can take many different forms, depending on the chosen activation method
and the raw material used for the synthesis, and so a range of capacities have been
reported in the literature. Carbons are also challenging to characterise accurately,
as demonstrated by the variability in the results of a recent interlaboratory study
[16], which will be discussed in more detail in the closing chapter of this book.

In addition to the experimental characterisation difficulties, modelling work on
these materials is significantly limited by the lack of knowledge regarding their
microstructure, which is fundamentally different to crystalline microporous
adsorbents. The latter can be characterised crystallographically using powder
diffraction (Sect. 5.3) but activated carbons are X-ray and neutron amorphous. The
structure itself therefore has to be modelled, or an idealised slit-pore model used.
However, estimated maximum theoretical capacities appear to agree reasonably
well with those determined experimentally.

Jordá-Beneyto et al. [17] advocate the use of activated carbon monoliths for
hydrogen storage because microporous activated carbon in this form has a greater
bulk density than the same carbon in powder form. Equivalent monoliths formed
from MOFs have not yet been reported in the literature, at the time of writing, and
it is possible that activated carbon monoliths have significant advantages in terms
of volumetric storage capacity. An experimental comparison would be worthwhile,
however, because it may show that the higher gravimetric capacities reported for
the best performing MOFs (see Sect. 2.1.3) are counterbalanced by lower practical
volumetric capacities in real storage devices due to lower bulk material density.

2.1.1.2 Carbon Nanotubes and Other Carbon Nanostructures

The hydrogen sorption properties of carbon nanostructures, such as nanotubes and
nanofibres, have been investigated extensively in recent years. As described briefly
in Chap. 1, there has been considerable controversy over the storage properties of
some of these materials since the publication of the first report of the potential for
room temperature storage of hydrogen by carbon nanotubes [18]. Carbon nano-
tubes are cylindrical nanostructures formed from rolls of graphene. They can have
diameters of 0.7 nm up to several nanometres and form single and multi-walled
tubes that form close-packed bundles [19]. In 1997, Dillon et al. [18] reported
potential room temperature storage capacities of 5–10 wt%, a figure derived from
a rather optimistic extrapolation of thermal desorption data measured on a sample
consisting of an estimated 0.1–0.2 wt% of nanotubes (the remainder of the sample
was uncharacterised soot). The high temperature desorption peak claimed by
Dillon et al. [18] to indicate the ambient temperature storage capabilities of the
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nanotube sample was later shown by Hirscher et al. [20] to be due to metal
nanoparticles deposited during an ultrasonic purification process [19] (see Sect. 6.2).
Although modelling work has predicted the possibility of relatively high storage
capacities in nanotube structures the reported values are no greater than those for
activated carbons and it therefore appears that they offer no significant advantage
over other forms of carbon, which can be considerably easier to synthesise in large
quantities.

Carbon nanofibres consist of graphene layers, stacked together in various ori-
entations with respect to the axis of the fibre, including parallel and perpendicular,
as well as intermediately angled (so-called herringbone) configurations. In 1998,
Chambers et al. [21] reported incredibly high capacities for carbon nanofibres of
up to 67 wt%. Questionable experimental procedures in this work that produced
anomalous hydrogen storage capacities for well known and understood hydrides,
together with the unphysical nature of the claimed capacity, which corresponds to
a H/C atomic ratio of around 24, indicated that the measured capacities were
significantly overestimated. Subsequent studies of both nanotubes and nanofibres
produced a wide range of values, none of which substantiated these initial claims,
and an interesting controversy developed. Tabulated values can be found in a
number of articles, showing the spread of the data found in the literature at the
time [13, 22, 23]. Although the issue has not yet been resolved completely, it
seems fairly safe to conclude that both nanotubes and nanofibres are unlikely to be
the hydrogen storage panacea that some authors have suggested. In addition to
nanotubes and nanofibres, fullerenes and carbon nanohorns have also been
investigated, either experimentally or theoretically, for their hydrogen storage
properties [24, 25].

2.1.1.3 Templated Carbons

Templated carbons are a form of microporous or mesoporous carbon typically
synthesised by introducing a carbon precursor, such as sucrose or acetonitrile, into
the pores of an inorganic template. Carbonisation and the subsequent removal of
the template results in a pore structure that is relatively well defined compared to
their activated carbon counterparts [26, 27]. There have been a number of studies
on these materials and they can exhibit impressive hydrogen adsorption properties,
with the largest capacity reported to date being 6.9 wt% for a zeolite-templated
carbon at 77 K and 20 bar [12, 26]. The uptake was Type I, with an estimated
saturation capacity of 8.33 wt%. Unlike activated carbons, these materials show
evidence of microstructural ordering through the appearance of Bragg peaks in
their X-ray powder diffraction patterns. Another type of templating uses carbide
precursors and can produce microporous carbons with very well defined pores
sizes [28, 29]. According to Gogotsi et al. [29] the hydrogen uptake of these so-
called Carbide-Derived Carbons (CDCs) can reach 4.7 wt% at 60 bar and 77 K.
Although this is not particularly high, the CDCs offer the opportunity to further
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tune and optimise the pore size and continued investigation of the interaction of
hydrogen with these materials would undoubtedly be valuable.

2.1.2 Zeolites

Zeolites are microporous aluminosilicates formed from AlO4 and SiO4 tetrahedra.
They have a range of practical applications that exploit their ion exchange,
molecular sieving and catalytic properties. The term zeolite is often used to
describe compounds with similar structures that are formed by elements other than
Al and Si, including P, Ga, Ge, B and Be, but these materials are also known as
zeotypes. These materials form a variety of different crystallographic structures.3

Their ordered crystalline nature gives them uniform cavities and channels with
dimensions in the microporous regime. The framework structures are relatively
rigid and, as with all microporous solids, they have high specific surface areas and
large pore volumes. Their properties can be tuned by altering the Si/Al ratio of the
framework, or the equivalent stoichiometry in the case of zeotypes, with limits in
the range 0.5 \ Si/Al \?. The anionic nature of zeolite frameworks leads to the
presence of cations within their structure. Exchange of these cations can also
significantly alter their properties.

Although zeolites are highly porous, with high surface areas, the hydrogen
storage capacities reported in the literature have, to date, been fairly low. In their
study of low pressure (\ 0.1 MPa) hydrogen uptake by a range of porous solids,
Nijkamp et al. [31] concluded that zeolites are less likely to be effective as
hydrogen storage materials, in comparison to porous carbons, due to their limited
pore volume. Vitillo et al. [32] tabulated a number of the experimentally deter-
mined hydrogen uptakes, with the highest reported uptake at 77 K or above being
1.81 wt%, as reported by Langmi et al. [33]. This figure was found for Na-Y
zeolite at a pressure of 1.5 MPa. According to Anderson [34], the highest reported
uptake until recently was 2.55 wt% for Na-X at 77 K and 40 bar (4.0 MPa) [35].

The results of the molecular mechanics simulations performed by Vitillo et al.
[32] predict that the maximum storage capacities for a range of zeolites are in the
region of 2.65 and 2.86 wt%, whereas van den Berg et al. [36] found that, theo-
retically, the hydrogen content could reach (4.8 ± 0.5) wt% for sodalite (SOD)
structures.4 In the study by Vitillo et al. [32] a lower figure of 1.92 wt% was
determined for SOD. In later work, van den Berg et al. [37] found lower values for
the saturation uptake using Grand Canonical Monte Carlo (GCMC) simulations,
although the higher figures are supported by Song and No [38], who found an

3 176 different structure types are listed by Baelocher et al. [30].
4 Van den Berg et al. [36] and Vitillo et al. [32] both calculated the maximum hydrogen uptake
using molecular mechanics simulations but used different convergence criteria to define when the
hydrogen capacity had reached saturation. In addition, the latter study included a correction for
the zero point motion of hydrogen, whereas the former did not.
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uptake of 4.45 wt% for Mg-X. However, even these higher capacities are low in
comparison to the challenging US DOE storage system targets.

The temperature dependence of hydrogen adsorption by Na-X zeolite is illus-
trated in Fig. 2.1. These isotherms were measured gravimetrically up to a pressure
of 2 MPa in the temperature range 87–237 K. At room temperature and moderate
pressure, hydrogen uptake by zeolites is low. Hydrogen storage at higher tem-
peratures has been proposed through the mechanism of encapsulation [39–41], a
process by which, in the case of zeolites A, X and Y, hydrogen molecules enter the
sodalite cages. However, this does not appear to be a mechanism capable of
delivering practical storage capacities.5

Enthalpies of adsorption, a measure of the strength of the hydrogen-adsorbent
interaction (see Sect. 3.2.1), for zeolites can have a range of values. Garrone et al.
[42] report -DH0 (standard adsorption enthalpy) values in the range 3.5–
18 kJ mol-1, with the largest of these values being found for (Mg, Na)-Y zeolite
[43]. These values were determined using infrared spectroscopy (see Sect. 5.4.3).

Zeolites have a number of significant practical advantages over other micro-
porous adsorbents. They possess high thermal stability in comparison to metal-
organic frameworks and organic polymers, for example. Thorough degassing of
the framework can therefore be performed at 350�C (623 K) with no decompo-
sition. Their crystalline nature allows easy characterisation of the host material and
they have a well defined and understood pore size in comparison with activated
carbon. Current industrial production of synthetic zeolites also demonstrates the
feasibility of their synthesis in large quantities, although this is also the case for
carbons. However, it seems unlikely that zeolites will be useful as practical
hydrogen storage media for onboard applications. Felderhoff et al. [44] support
this view and argue that they do not show the required capacities for practical
storage applications. Zeolites are, however, certainly valuable as model systems
for the further investigation of the interaction of hydrogen with microporous
materials [45], and so their continued study is both likely and worthwhile.
Anderson [34] covered hydrogen storage in zeolites in detail and this review is
recommended to interested readers.

2.1.3 Metal-Organic Frameworks

Metal-Organic Frameworks (MOFs) are crystalline inorganic-organic hybrid sol-
ids consisting of metal ions or clusters linked by organic bridges [8, 46, 47].
The archetypal MOF is Zn4O(bdc), where bdc = 1,4-benzenedicarboxylate, which

5 Hydrogen encapsulation has been investigated by a number of authors [39–41] by loading
zeolites at elevated temperatures under a hydrogen atmosphere, then cooling the sample to
ambient and performing TPD up to temperatures of 673 K to desorb the encapsulated hydrogen.
However, storage capacities were found to be low; for example, 0.6 wt% for Na-X at
hydrogenation pressures of 13.3 kpsi (91.7 MPa) [39].
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is commonly known as either MOF-5 or IRMOF-1.6 This material consists of zinc
oxide clusters joined by benzene linkers. The metallic clusters are known gener-
ically as Secondary Building Units (SBUs) and in MOF-5 the structure forms a
highly porous cubic network. A number of reviews specifically addressing the
storage of hydrogen using MOFs can be found in the literature and these are
recommended to interested readers [12, 48–52]. Hundreds of different MOFs have
been studied for their hydrogen adsorption properties. Murray et al. [52], for
example, list hydrogen uptake data7 for 177 different MOFs and the current level
of interest in these materials is such that since this recent review the amount of
data in the literature is likely to have grown considerably.

Hydrogen storage by metal-organic frameworks was first reported by Rosi et al.
[53] in a study including MOF-5, IRMOF-6 and IRMOF-8. Their initial claimed
capacity for MOF-5 of 4.5 wt% at 77 K and 0.07 MPa met with some scepticism
[54], and was subsequently reduced in a later report [55]. Nevertheless, following
their discovery there have been many more studies on hydrogen storage by other
framework materials and the erroneously high capacity claimed for low pressure
adsorption has since been exceeded at higher pressures. Tabulated data compiled by
Collins and Zhou [49] and Thomas [12] indicate maximum hydrogen uptakes at 77 K
of between approximately 1.0 and 7.5 wt% for a range of MOFs. The highest value of
7.5 wt% was found for MOF-177 [Zn4O(btb), where btb = 1,3,5-benze-
netribenzoate], as reported by Yaghi et al. [55, 56]. This uptake was found at a
measurement pressure of 7.0 MPa; the uptake at 0.1 MPa was 1.25 wt%. The highest
reported value at room temperature (298 K) is 1.4 wt% reported for a pressure of
9.0 MPa, for Mn(btt), where btt = 1,3,5-benzenetristetrazolate, by Dincă et al. [57].
This MOF also adsorbs 6.9 wt% at 77 K and a hydrogen pressure of 9.0 MPa.

Aside from the large number of possible combinations of different SBUs and
organic linkers, and hence possible pore geometries, the presence within the
frameworks’ pores of exposed metal sites is another reason for the interest in
MOFs. To either increase the operating temperature of a microporous hydrogen
store, or increase the maximum storage capacity at near ambient temperature, an
increase in the strength of the hydrogen-surface interaction is required. Molecular
hydrogen is known to form so-called Kubas complexes with nearly all transition
metals [58] and the possibility of enhancing the hydrogen-surface interaction
through a similar mechanism offers the promise of developing MOFs with much
improved storage properties. This aspect of hydrogen adsorption in MOFs was the

6 Metal-organic frameworks tend to be known by the initials assigned to them by the researchers
responsible for the original synthesis. These initials do not follow any particular pattern but tend
to refer to either the material type or the researchers’ institution. Examples include MOF (Metal-
Organic Framework), MIL (Materials of Institute Lavoisier), IRMOF (IsoReticular Metal-
Organic Framework) and UMCM (University of Michigan Crystalline Material).
7 Note that the majority of the data reports the hydrogen uptake at atmospheric pressure, which
gives limited information with regard to the reversible capacity for storage purposes (Sect. 3.1.1),
and therefore further studies at elevated pressures are required.
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focus of the review by Dincă and Long [51], and was also addressed recently by
Hoang and Antonelli [59].

Another interesting feature is framework flexibility. In 2004, Zhao et al. [60]
reported two MOFs that showed hysteretic hydrogen adsorption, due to struc-
tural flexibility, so that for a given temperature the materials desorbed hydrogen
at a significantly higher pressure than that of adsorption. The hysteresis is shown
in Fig. 2.2, which includes isotherm data illustrating the hysteresis in compar-
ison with an activated carbon and a MOF exhibiting conventional reversible Type I
behaviour. The hysteresis is unusual for molecular hydrogen physisorption,
which is normally fully reversible at any given temperature. Thomas [12] gives a
number of examples of MOF materials that show flexibility during the adsorp-
tion and desorption of guest molecules, either with or without the breaking of
chemical bonds in their structure. The flexibility can lead to structural transfor-
mations that involve stretching, rotational, breathing and scissoring mechanisms.
The review on framework flexibility by Fletcher et al. [61] is recommended to
interested readers.

Many studies have focused on the enthalpy of hydrogen adsorption for MOFs,
since this is a measure of the strength of interaction between hydrogen and the
surface or pore structure (see Sect. 3.2.1 ). Reported values of the isosteric enthalpy
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Fig. 2.2 Hydrogen
adsorption and desorption
isotherms measured at 77 K
for an activated carbon (AC),
and three metal-organic
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exhibit hysteretic hydrogen
adsorption behaviour,
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conventional reversible Type
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of adsorption are in the range from 3.8 kJ mol-1 for MOF-5/IRMOF-1 [62] to
12.3 kJ mol-1 for a mixed zinc/copper metal-organic framework, M0MOF 1 [63].8

MOFs hold greater promise as potential storage media than zeolites, as the
reported gravimetric capacities are significantly higher and the unique features,
such as structural flexibility and exposed metal sites, give them more potential for
future development. However, these materials tend to be less robust than zeolites
and microporous carbons, because they exhibit lower thermal stability. Never-
theless, their commercialisation is already underway, principally by BASF who
market a series of framework materials under the tradename BasoliteTM, and so the
practical application and use of these materials on an industrial scale is clearly
feasible.

2.1.4 Organic Polymers

There are three main classes of microporous organic polymer that have emerged
recently as potential candidates for adsorptive hydrogen storage: Polymers of
Intrinsic Microporosity (PIMs), Hypercrosslinked Polymers (HCPs) and Covalent
Organic Frameworks (COFs) [64]. The latter are crystalline organic analogues of
MOFs, while both PIMs and HCPs are non-crystalline (X-ray and neutron amor-
phous) materials that have a disordered structure that more closely resembles
activated carbon than crystalline materials such as zeolites, MOFs and COFs.

PIMs are rigid and contorted macromolecules that consist of fused-ring com-
ponents. They form a microporous network as they are unable to pack space
efficiently and, as a consequence, have high BET surface areas in the range 500–
1100 m2 g-1 [65, 66]. HCPs derive a similarly high degree of microporosity, and
hence high BET surface areas, from a high density of crosslinks, the covalent
chemical bonds that occur between macromolecules in polymeric materials [67,
68]. COFs, meanwhile, are crystalline networks formed exclusively from the light
elements H, B, C, O and Si, that are linked by strong covalent bonds (B–O, C–O,
C–C, B–C, and Si–C) [69, 70].

Hydrogen capacities of up to 2.7 wt%, at 1.0 MPa and 77 K, have been
reported for a triptycene-based polymer (trip-PIM) [66]. The reported capacities
for HCPs are higher, reaching 3.68 wt% at 1.5 MPa and 77 K for a polymer based
on BCMBP [4,40-bis(chloromethyl)-1,10-biphenyl] [68]. Although the uptakes of
these amorphous organic polymers are not outstanding, they are attractive as
potential storage media due to the light elements from which they are formed, and
further development and the synthesis of new materials may yet produce a high
storage capacity polymer. One disadvantage in comparison to other microporous
media is their relatively low thermal stability, which means that care must be taken
not to induce thermal decomposition during the degassing process (see Sect. 6.4.1).

8 M0MOF 1 is Zn3(bdc)3[Cu(pyen)], where pyenH2 = 5-methyl-4-oxo-1,4-dihydro-pyridine-3-
carbaldehyde.
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Compared to the relatively conservative capacities reported so far for PIMs and
HCPs, the predicted and measured gravimetric capacities of COFs are impressive.
Furukawa and Yaghi [70] reported experimental uptakes of 72.4 mg g-1 and
70.5 mg g-1 for COF-102 and COF-103, respectively. These measurements were
made gravimetrically at 77 K and at pressures of up to around 9 MPa. COF-102
and COF-103 are prepared by self-condensation reactions of tetra(4-di-
hydroxyborylphenyl)methane (TBPM) and its silane analogue (TBPS) [71].
Simulated total uptakes reported by Han et al. [69] for COF-105 and COF-108
both exceed 18 wt% at 10.0 MPa and 77 K, with values of 18.3 and 18.9 wt%,
respectively. However, these two materials have large free volumes and the vol-
umetric capacity is lower than that of COF-102, which shows a lower simulated
and experimental gravimetric capacity.

With regard to the enthalpy of adsorption for hydrogen on organic polymers,
Spoto et al. [72] determined a value of approximately 4 kJ mol-1 H2 for a HCP
(cross-linked poly(styrene-co-divinylbenzene) polymer) using infrared spectros-
copy (see Sect. 5.4.3). Wood et al. [68], however, determined higher values in the
range 6–7.5 kJ mol-1 H2 for the isosteric enthalpies of adsorption from hydrogen
isotherms measured at 77 and 87 K. These higher figures were in general agree-
ment with those obtained from accompanying simulations. Measured isosteric
enthalpies of adsorption for COFs have been found to be in the range 4–
7 kJ mol-1 H2 [70]. The materials that exhibit the largest gravimetric uptake
possess the lowest enthalpy of adsorption, perhaps reflecting the fact that larger
pore volumes and pore dimensions lead to higher overall hydrogen uptakes, but a
concomitant decrease in adsorption potential due to the increased pore dimension.

In addition to PIMs, HCPs and COFs, the hydrogen adsorption behaviour of a
number of other organic polymers have been reported in the literature, including
dipeptide-based materials [73] and 3,30,4,40-tetra(trimethylsilylethynyl)biphenyl, a
type of organic zeolite [74], although the uptakes of these materials are relatively
modest. Early results indicating high hydrogen uptake by HCL-treated conducting
polymers, polyaniline and polypyrrole, were not successfully reproduced by other
investigators [75]. Another new group of materials reported by Rose et al. [76] are
Element Organic Frameworks (EOFs). These authors reported hydrogen uptake in
two of these materials, poly(1,4-phenylene)silane (EOF-1) and poly(4,40-biphen-
ylene)silane (EOF-2), of 0.94 and 1.21 wt%, respectively, at 77 K and 0.1 MPa.
Although, to date, none of these compounds have been proven as a practical
storage material, it is likely that significant further progress will be made as
synthetic chemists continue to discover interesting new microporous media. Fur-
ther study will also undoubtedly improve our understanding of the interaction of
hydrogen with organic microporous materials.

2.2 Interstitial Hydrides

These are formed from metallic elements or compounds that react with gaseous
hydrogen to produce binary, or higher, hydrides. Molecular hydrogen dissociates
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into atomic hydrogen on the surface of the host material and enters the bulk via
diffusion between interstitial sites in the host lattice. Most elemental metals will
absorb hydrogen in this manner under certain conditions of temperature and
hydrogen pressure; however, binary hydrides (MHx, where M is a metallic element
and x is the hydride stoichiometry) are generally either too unstable or too stable
for use as practical storage materials. The former means that the pressures at which
the host reversibly absorbs and releases hydrogen are too high at practical storage
temperatures, and the latter means the pressures are too low. In terms of formation
or decomposition enthalpies (see Sect. 3.2.2), DH is too high in the former case
(either small negative numbers or positive) and too low in the latter (a relatively
large negative value). However, when two or more metallic elements are com-
bined, particularly one that forms a stable hydride and one that does not, the
resultant alloy or intermetallic tends to form a hydride of intermediate stability.

The study of metallic hydrides began nearly 150 years ago with the discovery
of the hydrogen-absorbing properties of palladium by Thomas Graham [77]. Work
beginning in the 1960s resulted in the later commercialisation of Nickel-Metal
Hydride (Ni-MH) batteries in which the negative electrode material forms an
intermetallic hydride. Although this has been the most commercially successful
application of interstitial hydrides, metal hydride technology is also exploited in a
number of other application areas, including gas separation and purification,
temperature sensing, thermal compression, and refrigeration or cryocooling [78–
80]. For mobile storage applications, the gravimetric capacity of many interstitial
hydrides is relatively low, but some of these compounds show remarkable and
practical hydrogen absorption and desorption characteristics, and they are likely to
play an important role in a future hydrogen economy. A thorough account of the
physics of interstitial hydrides, along with many of their basic properties, can be
found in the monograph by Fukai [81] and this is recommended to interested
readers. Further extensive coverage can be found in the volumes edited by Alefeld
and Völkl [82, 83], Schlapbach [84, 85] and Wipf [86].

In this section, we look at a number of the different types of interstitial hydride,
and cover intermetallic compounds, solid solution alloys, modified binary hydrides,
and amorphous and nanostructured hydrides, including mechanically milled
materials, amorphous alloys produced using other methods, and quasicrystals.

2.2.1 Intermetallic Compounds

The host materials in this group are ordered stoichiometric compounds typically
formed from two metallic components, A and B. The A and B components tend to
form hydrides AHx and BHy, with enthalpies of formation DHA and DHB, repre-
senting a stable and an unstable hydride, respectively. As mentioned above, the
resultant intermetallic hydride AmBnHz, where m and n are integers and z is a real
number, will then tend to have an enthalpy of formation, DHAB, where
DHA \DHAB \ DHB. Varying the ratio n/m then shifts the value of DHAB in either
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direction. The components A and B can generally be fully or partially substituted
by other elements of relatively similar size or chemistry. Hydrogen-absorbing
intermetallics form a number of different groups, which can be distinguished by
their stoichiometries, including AB5, A2B7, AB3, AB2, AB and A2B compounds
[54, 87]. Early reports of the reversible hydriding properties of intermetallic
compounds include those by Libowitz et al. [88], published in 1958, on ZrNiH3

and the early work of Reilly and Wiswall [89, 90] in the late 1960s on the
hydrogenation of Mg2Ni and Mg2Cu. These reports pre-date the discovery of the
reversible hydrogenation of LaNi5 around 1970 [91] and the subsequent increase
in the amount of metal hydride research that ultimately led to the commerciali-
sation of Ni-MH battery technology, and the research into metal hydride-based
hydrogen storage that continues today.

A vast number of A and B element combinations are now known to form
reversible hydrides, although relatively few do so at useful temperatures and
pressures. Calculated DH values for 1265 different A5BHx, A2BHx, ABHx, AB2Hx

and AB5Hx intermetallic hydrides, along with measured values for 63 binary
hydrides and 135 ternary hydrides, were tabulated by Griessen and Riesterer [92].
Similarly, Buschow et al. [93] provide tabulated data and references on a large
number of compounds, including studies using many of the complementary
techniques we introduce in Chap. 5. In this section we will cover some of the
combinations and stoichiometries that are of practical interest for hydrogen stor-
age. Note that different stoichiometries can often be found within the binary phase
diagram of any given pair of constituents but, because of the dramatic effect that
the ratio of elements has on the hydriding properties, it is likely that only one of
these has a formation enthalpy that gives the material hydrogen absorption and
desorption capabilities in a practical temperature and pressure regime. As an
example, let us consider La and Ni, which combine to produce the well known
hydride-forming compound LaNi5. La forms a very stable hydride, LaH2, with
DH = -104 kJ mol-1 H, while Ni forms a very unstable hydride (DH =

-3 kJ mol-1 H) [92]. The calculated values of Griessen and Riesterer [92] for the
La–Ni–H system are -13.3, -23.0, -40.3, -60.6 and -82.5 kJ mol-1 H for
LaNi5, LaNi2, LaNi, La2Ni and La5Ni, respectively. Although these values do not
match the experimental values particularly well,9 the dependence on the ratio of
the two constituent metal elements can be seen clearly and matches the trend
observed experimentally: the lower the Ni content of the host intermetallic, the
more stable the associated hydride compound.

Some intermetallics, principally Mg-based compounds such as Mg2Ni and
Mg2Cu, form stoichiometric hydride complexes upon hydrogenation and can
therefore be categorised as complex transition metal hydrides rather than

9 The calculated values were obtained using the semi-empirical band structure model of Griessen
and Driessen [94]. The discrepancy between these values and experiment most likely originates
from the implicit assumption in this model that each hydrogen atom sits in the same environment,
surrounded by an average number of A and B atoms, rather than on crystallographically distinct
interstitial sites.
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interstitial intermetallic hydrides. Furthermore, there are interesting cases, such as
the intermetallic compound LaMg2Ni that forms a mixed hydride (LaMg2NiH7)
consisting of NiH4 tetrahedra and ‘interstitial’ H- ions, which blur the boundary
between the interstitial intermetallic hydrides and their complex counterparts,
which are covered in Sect. 2.3 [95]. To add to the already slightly fuzzy picture,
many of the intermetallics can be under or over-stoichiometric. The distinction
between the intermetallics and solid solution alloys (Sect. 2.2.2) still exists,
however, because the A and B components of an intermetallic tend to occupy
different lattice sites rather than randomly occupying all sites throughout the host
lattice. In each of the following sections we will briefly summarise the main
groups of interstitial hydride-forming intermetallics that are of interest for
hydrogen storage, and we therefore cover AB5, AB2 and AB compounds. We will
cover some of the A2B compounds in Sect. 2.3.4.

2.2.1.1 AB5 Compounds

The archetypal AB5 intermetallic is LaNi5. This compound readily forms a hydride
under fairly moderate hydrogen pressures and ambient temperatures. It has an
enthalpy of formation of -15.7 kJ mol-1 H and an enthalpy of decomposition of
-15.1 kJ mol-1 H [96]. Hydrogen capacity exceeds LaNi5H6, giving a reversible
gravimetric capacity in the region of 1.25 wt% [87]. LaNi5 and some other binary
AB5 compounds, such as CaNi5, can be subject to significant disproportionation
and therefore lose their reversible capacity during hydrogen cycling (see
Sect. 3.1.2). However, these compounds can be modified via partial substitution to
reduce the disproportionation. The most effective substituent for this purpose for
LaNi5 is Sn, with a composition of LaNi5-xSnx, where x & 0.2 [97]. For eco-
nomic reasons, mischmetal (Mm), a naturally occurring mixture of rare earths, can
be substituted for the La as the A component. As well as the LaNi5, LaNi5-xSnx

MmNi5 and CaNi5 intermetallics, hydride-forming AB5 compounds can be com-
posed of many other elemental combinations, with the A elements tending to be
either one or more of the lanthanides or Ca, as in the compounds mentioned above,
or Y and Zr, and the B elements any of a range of elements including Co, Al, Mn,
Fe, Cu, Sn, Si and Ti, as either full or partial constituents [87, 98]. The hydrogen
capacities, plateau pressures and the enthalpies of hydride formation of 36 binary,
ternary and quaternary AB5 compounds were tabulated by Ivey and Northwood
[99] and 477 records for AB5 compounds are currently listed in the Sandia
National Laboratories (US) Metal Hydride Properties database10 [100].

It can be seen clearly that the gravimetric storage capacity of these materials is
substantially lower than the current US DOE target for mobile hydrogen storage
applications. However, the AB5-based intermetallics show some remarkable
cycling properties including excellent resistance to gaseous impurity contamina-
tion, good long term cycling stability and a high volumetric storage density, and

10 http://hydpark.ca.sandia.gov/DBFrame.html, accessed 2nd January 2010.
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are therefore a prime example of a practically effective reversible hydrogen
storage material.

2.2.1.2 AB2 Compounds

AB2 compounds can be formed from the combination of many different elements.
According to Sandrock [87], the A elements are typically from group 4 (Ti, Zr, Hf)
or the lanthanoids (La, Ce, Pr, and so forth), whereas the B element can be a
transition or non-transition metal, with a preference for V, Cr, Mn and Fe. Feng
et al. [101] summarise the elements of interest for electrochemical applications of
AB2 compounds as A = Mg, Zr and Ti, and B = V, Cr, Mn and Ni, although
many more can be used as partial substituents. The Sandia database10 currently
includes 625 records for AB2 compounds.

These intermetallics crystallise in either the hexagonal C14 or cubic C15 Laves
phase structure. Like the AB5 compounds, they can show a range of hydriding
properties depending on the elemental composition. This allows the hydriding
properties of a given AB2 material to be tuned via partial elemental substitution. A
number of examples of multicomponent AB2 compounds can be found in Young
et al. [102], a recent report on TixZr1-x(VNiCrMnCoAl)2, a C14 Laves phase AB2

proposed for use as a battery electrode material. In addition to partially substituted
compounds, sub- or superstoichiometric compositions can also be formed. This
modification also affects the hydriding properties of a material [79]. Bowman and
Fultz [79] gave a good example of the effects of non-stoichiometry using the Zr–
Mn–H system. Substoichiometric ZrMn2-x, where x is positive, has a lower pla-
teau pressure and a significantly lower reversible hydrogen storage capacity than
ZrMn2, whereas superstoichiometric ZrMn2+x has a higher plateau pressure and
only a slightly smaller reversible capacity than the stoichiometric compound [79,
103].

AB2 intermetallics have been used practically as reversible hydrogen storage
materials. In the 1980s, a fleet of Daimler vans and automobiles were operated
using AB2-based hydrogen stores containing the non-stoichiometric compound
Ti0.98Zr0.02Cr0.05V0.43Fe0.09Mn1.5 [104]. This intermetallic exhibits very fast
kinetics and good long term cycling stability (see Sect. 3.1.2 ) [79]. On the other
hand, high material costs and a gravimetric storage capacity of 1.8 wt% do not, in
view of the current US DOE targets, make it particularly practical for widespread
use. However, despite this it is another example, along with the AB5-based
compounds, of a conventional interstitial metallic hydride that works well in real
applications by satisfying many of the required performance criteria.

2.2.1.3 AB Compounds

In comparison to the number of different AB2 and AB5 compositions reported in
the literature, the number of AB compounds of interest for hydrogen storage is
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fairly limited. The earliest study of an intermetallic hydride, by Libowitz et al.
[88], featured an ABHx intermetallic hydride, ZrNiH3, and many other metallic
AB compounds form hydrides; 179 records are currently listed in the Sandia
database.10 However, it is only TiFe that is of practical interest for storage
applications. The hydrogen-absorbing properties of this compound were originally
discovered by Reilly and Wiswall around 1970 [105].11 It achieves a total
gravimetric capacity of 1.86 wt% at H/M = 0.975, with a reversible capacity of
1.5 wt% [87]. There have been many studies on the hydrogen absorption prop-
erties of TiFe and it has reversible hydrogen storage characteristics in a useable
range. It has an ordered Body-Centered Cubic (BCC) structure, and shows two
distinct plateaus in its hydrogen absorption isotherm. Partial substitution can again
be used to modify the hydrogen absorption behaviour. Examples include the
partial substitution of Fe with Mn and Ni, which lower the pressure of the first
ambient temperature isotherm plateau, and therefore stabilise the hydride with
respect to pure TiFe. TiFe and TiFe0.85Mn0.15 show good long term cycling sta-
bility, they are low cost, and tend not to be pyrophoric [87], unlike the AB5

compounds. Unfortunately their activation is relatively difficult and they are sig-
nificantly more sensitive to gaseous impurities than AB5 intermetallics. As with
most of the intermetallic hydrogen storage compounds, their gravimetric capacities
are low in comparison to the current US DOE targets, but they are nonetheless
favourable to many other interstitial hydrides.

2.2.2 Solid Solution Alloys

Solid solution alloys formed by dissolving one or more hydrogen-absorbing
metallic elements in another also show interesting hydrogen storage properties.
Unlike the intermetallics described above, these materials do not necessarily have
stoichiometric or near-stoichiometric compositions. They can be formed from a
number of host solvents, including Pd, Ti, Zr and V; thermodynamic data for many
solid solution alloy hydride compositions are given by Fukai [81]. From a
hydrogen storage point of view, Pd-based alloys suffer from low gravimetric
capacities and the high cost of palladium, and Ti and Zr-based solid solutions tend
to be too stable. However, vanadium-based alloys have been found to possess
favourable absorption properties, and distinct advantages in terms of gravimetric
capacities over some intermetallics. Although pure vanadium is prohibitively
expensive, the use of low cost ferrovanadium has shown promise and so Fe-
containing V-based solid solution alloys make feasible hydrogen storage materials
[87].

11 Results had been presented at symposia 4 to 5 years prior to the report published in 1974
[105].
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Tabulated data presented by Sakintuna et al. [106] indicate that typical gravi-
metric hydrogen capacities can approach 4 wt% for Ti–V–Fe (Ti43.5V49.0Fe7.5) and
Ti–V–Cr–Mn alloys, although the latter requires elevated temperatures in the
range 520–745 K. The pressure-composition isotherms for these materials show
two plateaus, of which only the higher pressure plateau region can be exploited for
hydrogen storage applications. Therefore, in a practical pressure range, the
reversible capacity is significantly lower than the maximum capacity quoted above
at around 2.5 wt%. In their study of Ti–V–Fe alloys, Nomura and Akiba [107]
defined the ‘‘Available Hydrogen Quantity’’ (AHQ) as being the difference
between the hydrogen content at 100 kPa on the absorption and desorption iso-
therms at 253 and 573 K, respectively. They found the AHQ to be 2.4 wt% for
Ti43.5V49.0Fe7.5. Cho et al. [108], meanwhile, reported a reversible capacity of
2.3 wt% for Ti0.32Cr0.43V0.25; they also found that the alloy exhibits good cyclic
stability, maintaining a reversible capacity of approximately 2 wt% over the
course of 1000 hydriding and dehydriding cycles.

Many different compositional variations of the solid solution alloys can be
found in the literature [108–112]. The so-called Laves phase-related BCC solid
solution alloys are related materials, which are Ti–V–Mn, Ti–V–Cr and Ti–V–Cr–
Mn compounds that contain both Laves and BCC phases. The hydrogen storage
properties of these materials were reviewed by Akiba and Okada [113].

2.2.3 Modified Binary Hydrides

MgH2 is the binary hydride that has attracted by far the most attention as a
potential storage material; however, there are two other binary hydrides that we
should also mention, namely AlH3 and PdHx. The former is of interest due to its
high gravimetric storage capacity of 10.1 wt% [114–116]. However, it is effec-
tively non-reversible within a realistic hydrogen pressure range for a practical
storage unit and therefore requires off-board regeneration. This process is eco-
nomically and energetically costly, and non-reversible hydrides are beyond the
scope of our discussion.12 Palladium, meanwhile, is impractical as a storage
material because of its relatively high operating temperature and low gravimetric
capacity, as well as its high cost. However, research into nanoscale palladium
[117–121] is being actively pursued due to the interesting differences seen in its
hydrogen absorption behaviour compared to the bulk material. The hydrogen
solubility of the hydride phase and equilibrium hydrogen pressures are reduced
for small particles. The plateau region also slopes and narrows, and the critical
temperature, Tcrit, is significantly reduced in Pd clusters compared to the bulk

12 AlH3 is an example of a kinetically stabilised hydrogen storage material [114, 116], which are
hydrides that have high equilibrium hydrogen pressures at ambient temperature but do not desorb
appreciable amounts of hydrogen at this temperature due to kinetic limitations.
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[120, 121]. Concomitantly, there is also a reduction in the enthalpies of hydride
phase formation and decomposition. Similar effects are also seen for nanocrys-
talline samples [117]. From a practical point of view, the cost of Pd would seem to
be prohibitive for widespread use, although it is possible that nanoscale Pd could
find use as a catalyst in practical storage materials. Nevertheless, Pd hydride can
be regarded as a model system for the investigation of size effects [118–120] and
therefore continued study of this system is likely to provide further valuable
insight into the effects of particle size reduction in other interstitial metal hydride
systems.

Returning to magnesium, MgH2 is an attractive potential storage material
because it has a gravimetric capacity of 7.66 wt%. However, in addition to its high
thermodynamic stability (DH & -75 kJ mol-1 H2), the kinetics of hydride for-
mation and decomposition of the bulk material are too slow for practical purposes
[122–124]. The kinetics have, however, been improved significantly using
mechanical milling both with and without catalytic additives. The positive effects
of ball-milling pure MgH2 have been known since the late 1990s [123, 125],
although the temperatures required for desorption are still too high for practical
applications. The reviews of Huot et al. [123] and Zaluska et al. [125] both show
the improvement in the kinetics at 573 K, for example. However, alternative
methods of producing nanoscale magnesium have also been reported (see Gross
et al. [126] and references therein), and include an electrochemical synthesis
method reported recently by Aguey-Zinsou and Ares-Fernández [127], which
results in an average particle size of approximately 5 nm.

With regard to the catalytic enhancement of the hydrogen absorption and
desorption properties of MgH2, the most successful catalyst found to date appears
to be Nb2O5. The hydrogen desorption rates obtained using various oxide additives
are shown in Fig. 2.3 [128]. The reasons for the enhanced absorption and
desorption rates are not yet understood and it is possible that the additives do not
act catalytically but instead induce further MgH2 particle or grain size reduction
during the milling process [129]. The results of a number of different additives,

Fig. 2.3 The catalytic effect
of various transition metal
oxides on the hydrogen
desorption rate for MgH2

[128]. Reaction rates were
determined between 20 and
80% of the maximum
hydrogen storage capacity in
each case. Reprinted with
permission from Barkhordian
et al. [128]. Copyright 2006
American Chemical Society
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including AB5 and AB2 intermetallics and elemental metals such as Ni and Ti,
were tabulated by Sakintuna et al. [106]. In addition to the kinetic enhancement,
there is some theoretical evidence that a reduced particle size can alter the ther-
modynamics of this system. Ab initio Hartree-Fock and density functional theory
calculations, reported by Wagemans et al. [130], show that the stability of Mg
hydride is reduced for very small cluster sizes below approximately 1.3 nm.
Although this dimension is significantly smaller than the grain size achieved by
mechanical milling, whether with or without an additive, these calculations
demonstrate that there may be some potential for nanoscale magnesium hydride to
provide hydrogen storage capabilities in a practical temperature range, although
further work in this area is required. The use of magnesium hydride for hydrogen
storage was recently reviewed by Grant [131].

2.2.4 Amorphous and Nanostructured Alloys

In this section we will look primarily at three types of amorphous and nano-
structured alloy. Firstly, we will cover compounds that are synthesised or pro-
cessed through the use of mechanical milling. This can have different effects on a
material, depending on a number of factors. One possible effect is amorphisation,
which is the loss of crystallographic order by an originally crystalline material.
There are, however, a number of other ways to synthesise or process similarly
amorphous alloys and so, secondly, we will discuss amorphous materials that can
be produced using alternative routes. Thirdly, we will look at an interesting class
of materials known as quasicrystals.

2.2.4.1 Mechanical Milling and Alloying

A significant area of research into new hydrogen storage materials involves the use
of mechanical milling, as introduced in the section above for the modification of
MgH2, for which it is well suited. The use of the technique originates from the
development of Mechanical Alloying (MA), a powder processing method devel-
oped in the 1960s to produce oxide dispersion strengthened alloys [123, 132]. In
materials processing there are a number of different types of milling with specific
terminology used in each case [132]. For our purposes, the approaches applied to
hydrogen storage material synthesis or modification can be broadly separated into
three areas. Firstly, the synthesis of nanostructured or amorphous hydrogen-
absorbing alloys using either elemental metals or the combination of elemental
metals with crystalline intermetallics or alloys. Secondly, the nanostructuring or
amorphisation of existing crystalline alloys or intermetallics through milling and,
thirdly, the doping of an existing crystalline alloy or intermetallic with a catalytic
additive. The latter is essentially the same as the approach used widely for mag-
nesium hydride.
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In each case mentioned above, the materials can benefit from the effects of the
mechanical milling process, which includes the introduction of nanoscale struc-
tural features. Such nanostructuring can lead to size effects that are known to
dramatically alter the behaviour of materials compared to bulk samples [133, 134]
and the approach has a broad range of applications in materials science. Materials
that have undergone milling can possess a smaller grain size, amorphous and
disordered structural features, metastable and high pressure phases, an increased
proportion of grain boundaries, a higher density of defects and an increased sur-
face area [132]. All of these features can affect the hydrogen absorption properties
of the material in comparison with unmilled, single phase, homogeneous crys-
talline samples [119, 120, 135]. If hydrogen diffusion occurs more rapidly through
grain boundary regions, a smaller grain size will enhance the rate at which
hydrogen is absorbed or desorbed. Also, amorphous phases of some compounds
can show favourable absorption characteristics [136]. In addition, increased defect
densities can enhance hydrogen diffusion rates. The activation process, which in
many metallic absorbers involves the introduction of high dislocation densities
into the host structure, can also be accelerated by milling the material. All of these
factors can therefore potentially contribute to the improvement of the hydrogen
storage properties of a material through milling. Although the process does not
always have the desired effect, there is significant experimental evidence for the
improvement of the hydrogen storage properties of materials through mechanical
milling and alloying [123, 125, 137].

The different approaches mentioned above have been applied to a range of
interstitial hydrides and hydride-forming hydrogen storage materials. Catalytic
additives, such as Pd and Ni, have been milled with TiFe to improve the difficult
activation process for this compound [138, 139]. Amorphous and crystalline
hydrogen storage compounds that have been synthesised from the milling of
elemental metals include Ni1-xZrx amorphous alloys [140], nanocrystalline LaNi5
[141], amorphous and crystalline TiFe [142, 143], Ti–V–Mn alloys [144], and
nanocrystalline Mg2AlNi2 [145], although many more examples can be found in
the literature. The modification of crystalline alloys and intermetallics by milling,
meanwhile, has included work on LaNi5 [141, 146, 147], other AB5-based com-
pounds [148, 149], Ti–Cr [150] and Ti–Cr–V [151, 152] alloys, and the Mg–Ni
alloys [137, 153, 154] that can form complex transition metal hydrides (see Sect.
2.3.4). A further approach to the use of mechanical alloying is reactive milling in
which the materials are processed in a hydrogen atmosphere [147, 151]. As inti-
mated above, the milling process can also be damaging to the hydrogen sorption
properties, as well as beneficial, with hydrogen absorption sometimes prevented
entirely as a result of milling [144], or favourable isotherm behaviour being lost
along with a significant amount of storage capacity [147, 150, 152]. However,
increases in capacity as a result of milling have also been reported [149]. For
interested readers, a recent monograph by Varin et al. [155] focuses primarily on
the synthesis of hydrides for hydrogen storage through the use of mechanical
milling.
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2.2.4.2 Amorphous Alloys

In addition to the use of milling methods, amorphous alloys can also be produced
using alternative synthesis routes. The methods include the rapid quenching of a
melt, thermal evaporation, sputtering, electrodeposition and ion implantation [156,
157]. Many amorphous materials produced using these techniques can absorb
significant amounts of hydrogen. Those of interest for hydrogen storage were
summarised by Bowman [156] as being of the form A1-yBy where A is an early
transition metal or rare earth and B is a late transition metal, together with Pd1-ySiy.
Examples of the former include Ti1-yNiy, where 0.40 B y B 0.67, Zr1-yNiy, where
0.30 B y B 0.90, Zr1-yFey, where y is 0.24 and 0.25, and Y1-yFey, where
0.25 B y B 0.55. These compounds have maximum observed hydrogen-to-metal
atom ratios (H/M) of 1.25, 1.4, 2.46 and 1.8, respectively. Unlike the crystalline
intermetallic hydrides, these amorphous alloys tend to exhibit no plateau in their
hydrogen absorption and desorption isotherms. This would seem to be a disad-
vantage in storage applications, in which the relatively large uptakes over small
pressure changes in the plateau region are exploited (see Sect. 3.1.1 ). However, it
has been argued that because this indicates the absence of hydride phase formation,
the decrepitation that is associated with this process does not occur, which may lead
to greater long term cycling stability. However, it is worth noting that the meta-
stable state of these amorphous materials means that they can undergo recrystal-
lisation if subjected to too high a temperature. For storage purposes, it would seem
that these amorphous alloys would primarily be of interest if they absorb signifi-
cantly more hydrogen than their crystalline counterparts, but this is only the case for
some of these materials, such as Ti1-yCuyHx and Pd1-ySiyHx, although there
appears to be some discrepancies in the literature. See the review of Eliaz and
Eliezer [157] for further discussion of these points. Amorphous alloy systems are
discussed in more detail by Fukai [81], with a focus on their thermodynamics,
structure and the distributions of site energies in these materials, which differ
significantly from ordered hydrides. It is worth noting that hydrogen absorption can
itself induce amorphisation in some originally crystalline materials [81], although
this phenomenon does not necessarily have an application in the field of hydrogen
storage.

2.2.4.3 Quasicrystals

Quasicrystals are an interesting class of materials that show long range order but
no translational symmetry. Since the first report in 1984 [158], over one hundred
different quasicrystals have been synthesised [159, 160] and they have recently
been reported to occur in nature [160]. Several quasicrystals have been investi-
gated for their hydrogen storage properties, including alloys based on Ti–Zr–Ni
[161, 162], Ti–Hf–Ni [162], and Mg–Al–Zn [163]. The promise of enhanced
hydrogen storage capacities in these materials derives from the large number of
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potential interstitial sites that exist in their structure. Takasaki and Kelton [162]
found that a Ti-based quasicrystal of composition Ti61Zr22Ni17 had a hydrogen
storage capacity of 2.8 wt%, following electrochemical hydrogenation. The
capacity of the Mg44Al15Zn41 material studied by Bystrzycki et al. [163], mean-
while, was only 0.6 wt% at 100 bar (10.0 MPa) and temperatures of 573 and
673 K. Furthermore, the material was found to decompose into a MgZn2 phase and
MgH2 following hydrogenation. Although this latter result does not seem partic-
ularly promising, further work is undoubtedly necessary to determine whether
other quasicrystalline compounds could serve as effective hydrogen storage
materials.

2.3 Complex Hydrides

In the case of complex hydrides, atomic hydrogen is bound either ionically or
covalently into the bulk of the storage material. It is then released via the
decomposition of the host into two or more components. These materials are
generally formed from alkali or alkaline earth metals and [AlH4]-, [NH2]- and
[BH4]- anionic hydrides. As with many of the materials covered in this chapter,
complex hydrides were first synthesised many years ago but it is only through
recent work that their potential use as practical reversible hydrogen storage
materials has been realised. This has occurred, most notably, in the case of sodium
alanate (NaAlH4), due to the discovery of the catalytic enhancement by Ti-doping
of the hydrogenation/dehydrogenation process by Bogdanović and Schwickardi
[164] , but also by the discovery of the reversible hydrogen sorption properties of
the Li–N–H system by Chen et al. [165] . The term complex hydride has become
an umbrella term encompassing the alanates, nitrides and borohydrides that are
currently being considered for hydrogen storage [166, 167]. In this section, we
cover each of these in turn and also look at the A2BHx compounds that are classed
as complex transition metal hydrides.

2.3.1 Alanates

The prototype hydrogen storage material in this group is sodium alanate, NaAlH4.
Its structure consists of sodium atoms surrounded by [AlH4]- tetrahedra. During
the dehydrogenation process this phase decomposes into an intermediate Na3AlH6

phase with an associated release of gaseous hydrogen,

3NaAlH4 ! Na3AlH6 þ 2Alþ 3H2: ð2:1Þ
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A second reaction step then results in further hydrogen evolution,

Na3AlH6 ! 3NaHþ Alþ 3
2

H2: ð2:2Þ

Reaction (2.1) occurs between approximately 210 and 220�C (483 and 493 K),
and reaction (2.2) around 250�C (523 K). The dehydrogenation of NaH does not
occur until approximately 425�C (698 K) and does not, therefore, play a practical
role in the reversible hydrogen storage process. The two stage reaction results in an
isotherm with two plateaus. At 210�C (483 K), plateau pressures of 15.4 and
2.1 MPa were determined by Dymova et al. [168]. The irreversibility of this
reaction, the instability of the hydride and the slow desorption kinetics meant that
this material was not considered a particularly promising storage material. The
breakthrough came in the mid 1990s when Bogdanović and Schwickardi [164]
discovered the remarkable effect that the addition of TiCl3 has on the reversibility
and the kinetics of the hydrogenation process. Jensen et al. [169, 170] subsequently
improved on Bogdanović and Schwickardi’s wet chemistry doping method and
showed that further improvements could be made through mechanical mixing of
the alanate and the dopant compounds. Since this early work, many other effective
dopants have been identified, including ScCl3, CeCl3 and PrCl3 [168, 171].

Ti-doped NaAlH4 readily desorbs hydrogen at temperatures in the region of
120�C (393 K) and can be rehydrogenated at 170�C (443 K) in 15 MPa of hydrogen
[172]. Although the role of the Ti catalyst is not yet fully understood [173], this
material has already been used in practical hydrogen storage units, and so it has
proved to a certain extent that complex hydrides can be practically applied to
storage applications. Applied research into the use of sodium alanate is now at a
reasonably advanced stage; a recent study, for example, investigated the safety of a
sodium alanate store by experimentally simulating a tank failure and the subsequent
expulsion of sodium alanate powder [174]. The expelled dust cloud did not spon-
taneously ignite, but the presence of an external ignition source resulted in a flame
of reacting powder. Ignition also occurred when water was sprayed onto the
expelled dust cloud. This result is relatively positive because spontaneous ignition
may be expected but was not observed.

Other alanates that are being considered for hydrogen storage include LiAlH4,
KAlH4, Mg(AlH4)2 and Ca(AlH4)2, which have gravimetric hydrogen capacities of
10.54, 5.71, 9.27 and 7.84 wt%, respectively. A number of mixed alanates have
also been reported in the literature, including Na2LiAlH6, K2NaAlH6, K2LiAlH6

and LiMg(AlH4)3 [115, 175] and recent work has investigated various mixed
alanate combinations, including Mg–Li–Al–H [176], Mg–Ca–Al–H, Li–Ca–Al–H
and Na–Ca–Al–H [177], and Mg–Na–Al–H, Mg–K–Al–H and Ca–K–Al–H [178],
although work on these systems is still at an early stage. Continued research in the
area will hopefully reveal new alanates, new alanate phases or mixed alanate
combinations, as well as new catalysts, particularly if significant progress can be
made in understanding the role of the Ti dopant. Hydrogen storage using NaAlH4,
LiAlH4, KAlH4 and Mg(AlH4)2 was reviewed by Jensen et al. [168], with a focus
on Ti-doped sodium alanate.

2.3 Complex Hydrides 41



2.3.2 Nitrides, Amides and Imides

The potential of the Li–N–H system as a potential storage material was first
reported by Chen et al. [165]. The system forms three stoichiometric ternary
compounds: lithium imide (Li2NH), lithium amide (LiNH2) and lithium nitride
hydride (Li4NH). The latter, however, is not involved in the proposed reversible
hydrogen storage process. This begins with lithium nitride (Li3N), which is
hydrogenated to form a combination of lithium imide and lithium hydride (LiH).
Further hydrogenation results in the formation of lithium amide and further lithium
hydride, and the complete process is represented by the following reaction,

Li3Nþ 2H2 ! Li2NHþ LiHþ H2 $ LiNH2 þ 2LiH: ð2:3Þ

Dehydrogenation of the imide requires high vacuum and temperatures above
600 K [165]. These are unsuitable conditions for reversible hydrogen storage, but
the reaction between the imide and the amide is reversible under more moderate
conditions of both temperature and pressure. The mixed hydride/imide on the
right-hand side of reaction (2.3) gives a high theoretical hydrogen capacity of
10.4 wt%, but the reversible capacity between the imide and amide is approxi-
mately 6.5 wt% (one H2 molecule released from LiNH2 ? 2LiH).13

A number of other similar materials have been studied as hydrogen storage
media, including the ternary compounds Mg(NH2)2, RbNH2, CsNH2 and Ca–N–H,
and the quarternary and higher systems Li–Ca–N–H, Li–Al–N–H, Na–Mg–N–H,
Na–Ca–N–H, Mg–Ca–N–H and Li–Mg–Ca–N–H [167]. It can be seen that these
materials have the potential to provide high gravimetric storage capacities and are
therefore of great interest. However, the Li–N–H system suffers from a number of
drawbacks, including the high hydrogenation and dehydrogenation temperatures,
and air or moisture sensitivity. Another is the evolution of ammonia during the
dehydrogenation reaction [180]. As well as contributing to the degradation of
samples during long term cycling, the evolution of ammonia is also an issue
because it is a very effective poison for PEM fuel cell membranes [181]. The
storage of hydrogen using imides and amides, including mixed systems, was
reviewed recently by Gregory [182].

2.3.3 Borohydrides

Borohydrides have the highest gravimetric hydrogen storage capacities of any of
the complex hydrides. LiBH4 contains 18.5 wt% hydrogen, and releases it through
one of the following two reactions [183],

13 A theoretical capacity of 11.5 wt% is occasionally quoted but this value, depending on the
definition of hydrogen capacity, is an error from the original Chen et al. [165] paper that has since
appeared in other reports [179].

42 2 Potential Storage Materials



LiBH4 ! Liþ Bþ 2H2 ð2:4Þ
or,

LiBH4 ! LiHþ Bþ 3
2

H2: ð2:5Þ

However, the decomposition temperature is too high for practical purposes.
According to Orimo et al. [167], LiBH4 releases three of its four hydrogen atoms
upon melting at 280�C (553 K), with an enthalpy of decomposition of -88.7 kJ
mol-1 H2. LiH is very stable and its dehydrogenation occurs only above a tem-
perature of 727�C (1000 K). Nevertheless, the dehydrogenation reaction of LiBH4

is a reversible process, although rehydrogenation requires elevated pressures and
temperatures of 35.0 MPa at 600�C (873 K) and 20.0 MPa at 690�C (963 K). As
for most of the complex hydrides, the hydrogenation mechanism of LiH and B is
not yet understood, but it is thought to result either from the intermediate reaction
of LiH with B, to form a compound that is subsequently filled with hydrogen, or
from the reaction of B and H to form diborane, which then spontaneously reacts
with LiH to give the full borohydride [167].

A number of other alkali metal and alkaline earth metal borohydrides have high
gravimetric and volumetric hydrogen storage capacities. For example, the theo-
retical gravimetric capacities of NaBH4, KBH4, and Mg(BH4)2 are 10.6, 7.4 and
14.8 wt%, with volumetric capacities of 113.1, 87.1 and 146.5 kg m-3, respec-
tively. However, these are all theoretical values and cannot be reversibly achieved in
practice at practical temperatures; borohydrides are also moisture sensitive [184]
and Eberle et al. [173] suggest that the possible evolution of volatile boranes, even at
trace levels, would be problematic due to storage capacity loss and fuel cell damage.
However, as for all of the complex hydrides, their high theoretical capacities mean
that further work on these materials would be valuable. Nakamori and Orimo [184]
recently reviewed hydrogen storage using borohydrides, including those suitable for
both reversible and non-reversible chemical hydrogen storage. Walker [185],
meanwhile, discussed the destabilisation of complex hydrides via mixing with other
compounds, focusing on the use of this strategy for LiBH4 with various additives
including hydrides (MgH2), magnesium salts (MgF2, MgS2 and MgSe2), elemental
metals (Al), alloys, oxides (TiO2) and carbon. This offers an interesting route for the
modification of borohydrides, as well as other complex hydrides, for hydrogen
storage applications, and is likely to be the subject of continued research.

2.3.4 Complex Transition Metal Hydrides

A number of complex transition metal hydrides have been known for some time to
reversibly desorb and absorb hydrogen. Examples of these materials include
Mg2FeH6, Mg2NiH4 and Mg2CoH5 [95]. Some of the host metallic constituents
form stable intermetallics, such as Mg2Ni and Mg2Cu, but most do not. The
complex transition metal hydrides include compounds with impressive storage
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capabilities, including a H/M ratio of 4.5 in the case of BaReH9 and a volumetric
capacity of approximately 150 g L-1, twice that of liquid hydrogen, as is the case
for Mg2FeH6 [95].

Mg2NiH4 is the material in this group that has probably received the most
attention as a candidate storage material, due in part to its gravimetric hydrogen
capacity of 3.6 wt%. Its synthesis was first reported by Reilly and Wiswall [90] and it
was long considered to be an interstitial hydride, but its structure is now known to
consist of tetrahedral NiH4 complexes [186–188]. Complex transition metal
hydrides generally suffer from the same problem as the other complex hydrides
currently being considered for hydrogen storage, namely the high absorption and
desorption temperatures. Mg2NiH4 has an enthalpy of formation of -32.3 kJ mol-1

H and requires temperatures above 520 K for hydrogen desorption, and higher
temperatures still for absorption. Progress has, however, been made on the desta-
bilisation of this material through mechanical milling (Sect. 2.2.4) [186]. A decrease
of the hydrogen desorption temperature in mechanically milled Mg2Ni was attrib-
uted by Orimo and Fujii [137, 186] to the presence of a large proportion of grain
boundaries following the milling process. However, the hydrogen storage capacity
was concomitantly decreased to 1.6 wt% in the milled material.

Although these materials have not recently received as much attention as the
alanates, amides and imides, and borohydrides, they are prominent examples of
another type of non-interstitial hydride. It seems likely that there are many more,
as yet undiscovered, multinary complex hydride compounds that could potentially
serve as effective hydrogen storage materials. Therefore, although they do not
necessarily exhibit gravimetric capacities in excess of the US DOE targets, con-
tinued work into new complex hydride compounds, such as the complex transition
metal hydrides, may yet prove fruitful.

2.4 Other Materials

In the last three sections we have covered a range of potential reversible storage
materials grouped into the porous adsorbents, interstitial hydrides and complex
hydrides. In this section we look at materials that do not fit readily into these
categories, which include the clathrates and ionic liquids. We shall also look at
materials that show enhanced hydrogen storage through the mechanism of
hydrogen spillover. Although the latter are principally porous adsorbents, the
proposed storage mechanism is fundamentally different to molecular physisorp-
tion, as covered in Sect. 2.1; hence its separate treatment.

2.4.1 Clathrates

Clathrate hydrates are a novel proposed solution to the hydrogen storage problem.
They are inclusion compounds formed from hydrogen-bonded networks of water
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molecules and have long been known due to their occurrence in natural gas and oil
pipelines [189]. The guests can include species such as methane, nitrogen and
argon, but the discovery of molecular hydrogen encapsulation by Mao et al. [190]
has led to the study of clathrates for solid state hydrogen storage [191]. Although
pure hydrogen clathrate hydrates are stable only at high pressures or low tem-
peratures, recent work has shown that they can be stabilised under near-ambient
conditions using a promoter such as Tetrahydrofuran (THF) [191, 192]. There are
three clathrate hydrate structures, namely sI, sII and sH, and the latter two have
been studied for their hydrogen storage properties.

Some controversy has surrounded the capacity of sII after an initial report by
Lee et al. [193] of a potential hydrogen storage capacity of 4 wt% and the
ability to tune the clathrates by varying the THF concentration. These results
have not been independently verified, and it seems that the consensus is a
practical maximum storage capacity closer to 1 wt% [194]. Recently, hydrogen
storage in the sH phase has been proposed, with estimated capacities in the
region of 1.4 wt% [195–197]. The stabilisation of sH has been achieved using
alternative promoters, including Methyl tert-Butyl Ether (MTBE) and 1,1-
Dimethylcyclohexane (DMCH) [196, 197]. The reduced capacities of the sta-
bilised clathrates, and hence the source of some of the controversy, originates
from the occupancy of a proportion of the cages in the clathrate structures by
the promoter molecules rather than hydrogen. In the case of sII, it was argued
that reducing the quantity of THF used to stabilise the clathrate allowed
hydrogen to occupy some of the larger cages occupied by THF at higher
concentrations, thus allowing significantly higher hydrogen storage capacities to
be achieved [193]. However, the occupation of these larger cavities by hydrogen
was subsequently disputed by other authors [194]. In addition to hydrogen
storage in clathrate hydrates, the possibility of hydrogen storage in the organic
clathrate hydroquinone (1,4-benzenediol) has also been reported recently [198–
200]. As for many of the materials covered in this chapter, hydrogen storage
using both clathrate hydrates and alternative organic clathrates is the subject of
ongoing research.

One significant disadvantage of clathrates is the slow rate of clathrate forma-
tion. In recent work, Cooper et al. have demonstrated that clathrates stabilised in
the pores of emulsion templated polymers14 [201] and formed in hydrophilic
water-swellable polymer network15-based hydrogels [202] show potential for
hydrogen storage applications. Although the reported capacities are low, such
supported clathrate formation appears to greatly enhance the kinetics of the pro-
cess and is therefore an interesting area for further research.

14 Ultralow density, emulsion-templated polymerized High Internal Phase Emulsion (polyHIPE)
material.
15 Lightly crosslinked poly(acrylic acid) sodium salt (PSA).
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2.4.2 Ionic Liquids

Ionic liquids have been attracting significant amounts of attention due to their use
in catalysis, as so-called green solvents and in a vast array of other applications
[203, 204]. They are defined as materials composed of cations and anions which
melt at or below 100�C (373 K) [203], and their negligible vapour pressures mean
that they are environmentally-friendly in comparison to the volatile organic sol-
vents that they can potentially replace in many industrial and chemical processes.
Stracke et al. [205] recently reported the potential of imidazolium ionic liquids for
hydrogen storage, with a volumetric hydrogen capacity of up to 30 g L-1. How-
ever, the dehydrogenation temperature of the Pd/C-catalysed material16 was in the
region 230 to 300�C (503 to 573 K) and the hydrogenation time was approxi-
mately 100 hours. Although this performance does not appear particularly
encouraging, it is worth bearing in mind that, according to Plechkova and Seddon
[203], there are over one million simple ionic liquids, and many more binary and
ternary systems. Therefore, further work is certainly required if a meaningful
conclusion on the suitability of this interesting class of materials for hydrogen
storage applications is to be drawn.

2.4.3 The Use of Hydrogen Spillover

Extensive research on the exploitation of spillover for hydrogen storage has been
carried out in recent years [206, 207]. Spillover is a mechanism by which
molecular hydrogen dissociates on catalytically active particles and subsequently
migrates to the surface of a solid state support that would not otherwise adsorb or
absorb the atomic hydrogen under the same conditions [208]. For this to occur, a
porous material must be doped with suitably catalytic nanoparticles to facilitate the
dissociation process. It is a well documented, yet poorly understood, phenomenon
in heterogeneous catalysis [208] and has been proposed as a way of enhancing the
storage capacity of porous materials at near-ambient temperature. The proposed
methods for producing high capacity storage materials include physical mixing of
a supported catalyst with a secondary (receptor) material, the use of carbon bridges
between a supported catalyst and the receptor, and the direct doping of the receptor
with the catalyst [206]. The first two of these use so-called secondary spillover. In
the case of the carbon bridge-building approach, the carbon bridges are formed
from a carbon precursor, such as glucose, which is subsequently carbonised by
heating. This forms a carbon bridge between the supported catalyst, such as Pd on
carbon, and a secondary receptor, such as an activated carbon. At 298 K, this
method was found to enhance the storage capacity of an activated carbon (AX-21)
by a factor of 2.9 [209]. The carbon bridge-building approach has also been

16 1-alkyl(aryl)-3-methylimidazolium N-bis(trifluoromethanesulfonyl) salt.
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applied to MOFs using a carbon precursor that does not require carbonisation
temperatures high enough to decompose the metal-organic framework support,
although simple physical mixing of a supported catalyst has also been used. The
doping of various metallic catalysts, such as Ni, Pd, Pt and Ru, has been performed
via chemical, ultrasonic and plasma-assisted methods on a range of carbon sup-
ports [206]. The capacities claimed for room temperature hydrogen storage using
the spillover mechanism show improvement over undoped materials; however, it
remains to be seen whether significant enhancement in the reversible storage
density of hydrogen can be achieved using this approach.

2.4.4 Organic and Inorganic Nanotubes

We will close this section by mentioning some nanostructured materials closely
related to the carbon nanotubes covered in Sect. 2.1.1.2. As we saw in that section,
carbon nanotubes have received a great deal of attention as potential storage
materials, but many other organic and inorganic nanotube materials also exist.
The review by Rao and Nath [210] provides a good overview of inorganic
nanotubes and their synthesis, including chalcogenide, oxide and nitride nanotube
materials. A number of these, in particular those consisting of lighter elements,
have been investigated for their hydrogen storage properties. Three types were
covered by Seayad and Antonelli [211]: boron nitride (BN) [212, 213], titanium
sulfide (TiS2) [214] and molybdenum sulfide (MoS2) nanotubes [215], with
reported capacities reaching 4.2 wt% for collapsed BN nanotubes at 10 MPa and
ambient temperature [216]. In addition, other materials in nanotube form have
since been investigated either experimentally or theoretically for their hydrogen
storage properties, including titanium oxide (TiO2) [211, 217], tungsten carbide
(WC) [218], silicon [219] and silicon carbide (SC) [220], and the hydrogen
sorption properties of some of these materials appear very interesting. For
example, the ability of some multiwalled nanotubes to intercalate other species
[210, 211] provides a possible proposed mechanism that could allow significant
amounts of hydrogen to be stored at practical temperatures [217]. However, the
suitability of these nanostructured materials for a large scale application, such as
automotive transportation, remains open to question.

2.5 Summary

In this chapter we have presented an overview of the various types of materials
that are currently being considered as potential reversible hydrogen storage media.
We began with microporous materials, which include carbons, zeolites, metal-
organic frameworks and microporous organic polymers, before moving on to the
interstitial hydrides. Microporous materials store molecular hydrogen adsorbed in
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their pores at relatively low temperatures and, in certain cases, can achieve
gravimetric storage capacities on a materials basis in excess of the current 2015
US DOE system storage target. The interstitial hydrides absorb atomic hydrogen
into the bulk of a metallic host material and, although they do not possess par-
ticularly high gravimetric capacities, they exhibit impressive volumetric hydrogen
storage capabilities and some favourable hydrogen storage properties. The third
type of storage material we have considered are the complex hydrides. This group
of compounds, like the interstitial hydrides, store atomic hydrogen in their bulk
but, in this case, bond the hydrogen in complexes. Upon hydrogen desorption, their
host structure decomposes to one or more additional decomposition products. We
concluded the chapter by considering some materials that do not fit readily into the
other three main categories, including clathrates, ionic liquids and inorganic
nanotubes. Some of the basic hydrogen storage properties of materials covered in
this chapter are summarised in Table 2.1.
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Chapter 3
Hydrogen Sorption Properties
of Materials

A number of factors should be considered in order to assess the suitability of a
material for widespread use as a hydrogen store. The important physical and
chemical properties include those related to safety, such as the pyrophoricity of
the material and its toxicity, as well as those that affect the operation and hence the
design of hydrogen storage systems, such as the thermal conductivity of
the material in an activated state. Other practical considerations include the cost of
the material and its raw constituents, and their natural abundance.1 However, the
properties of prime technological importance are those relating to hydrogen
sorption, and so in this chapter we will introduce and discuss the most important of
these.

In the first section we will look at practical storage properties, such as storage
capacity and long term cycling stability. We shall then discuss the equilibrium
thermodynamic properties that affect the temperature and pressure at which a
hydrogen store can operate effectively, before covering the kinetics of the
hydrogen sorption and desorption processes. We conclude the chapter by
describing some of the models that can be used to fit experimental data measured
under both equilibrium and dynamic conditions for both adsorbing and absorbing
materials.

3.1 Practical Storage Properties

The practical storage properties covered in this section are the reversible storage
capacity, including the excess and absolute adsorbed quantities for adsorbents, the
long-term cycling stability, the resistance of a material to gaseous impurities in the

1 The natural abundance is significant if a material is to be used in bulk quantities in the
automotive industry [1], but less so for niche applications.

D. P. Broom, Hydrogen Storage Materials, Green Energy and Technology,
DOI: 10.1007/978-0-85729-221-6_3, � Springer-Verlag London Limited 2011
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hydrogen fuel supply and the ease with which a material can be activated to allow
the reversible storage of hydrogen.

3.1.1 Reversible Storage Capacity

The reversible storage capacity of a material is the quantity of hydrogen sorbed
and desorbed between the lower and upper operating pressures of a hydrogen store.
This figure is more technologically important than the total or maximum storage
capacity. The difference between the two values will depend on the uptake
behaviour of the material under consideration. The most important aspect is the
isotherm shape, because this will determine the pressure range over which the
majority of the reversible uptake will occur. However, it can also be affected by
the rate of hydrogen uptake and release as it is possible that some of the stored
hydrogen will not be released in a practical timeframe due to kinetic limitations,2

which could also prevent full hydrogenation upon recharging. With regard to
isotherm shape, we will consider two straightforward examples: an interstitial
hydride with a single plateau in its isotherm and a microporous material showing
typical Type I adsorption isotherm behaviour.

Let us first consider the interstitial hydride. The reversible storage capacity in
this case will be determined by the width of the plateau in the Pressure–Compo-
sition Isotherm (PCI), because this is the main part of the isotherm exploited for
storage purposes. If there is only a small amount of uptake in either single phase
region, the reversible hydrogen storage capacity will be close to the maximum
hydrogen content of the compound.3 The reversible capacity is indicated in Fig.
3.1 using the hydrogen absorption and desorption PCIs for an intermetallic (AB5)
hydride. The PCIs shown were determined for LaNi5Hx at a temperature of 60�C
(333 K), and the reversible capacity is based on charging and delivery pressures of
2 and 0.3 MPa, respectively.

The temperature of the sorption process will also, however, affect the reversible
capacity. For any given hydride, including binary compounds, the absorption
plateau pressure will increase with increasing temperature, and will generally
follow the van ‘t Hoff relation, as discussed in more detail later,

ln P ¼ DH

RT
� DS

R
ð3:1Þ

2 The materials representing the extreme of this case are the kinetically stabilised hydrides [2].
3 There will always be some discrepancy because isotherms are not typically vertical in the
single phase regions (on a pressure against composition plot) and, in addition, some residual
hydrogen is usually trapped in the sample after dehydrogenation.
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where P is the pressure, DH is the enthalpy of hydride formation or decomposition,
DS is the entropy of formation or decomposition, R is the universal gas constant
and T is the temperature.

As the temperature increases, the phase diagram of the hydride approaches a
critical point above which there is no phase transition between the a and b phases
that co-exist in the plateau region. The closer the temperature is to this critical
point, the narrower the plateau region, and so therefore the lower the reversible
capacity. This is illustrated in Fig. 3.2, which shows a series of isotherms measured
at different temperatures for a Pd foil sample. The reversible capacity of a hydride
showing this single plateau uptake behaviour therefore depends predominantly on
the width of the plateau in the isotherm at the chosen operating temperature of the
hydrogen store. Note that the upper temperature isotherm in Fig. 3.2 was measured
at 300�C (573 K), which is just above the critical temperature of the Pd–H system,
Tcrit = 293�C (566 K) [4].4

Let us now consider a microporous adsorbent operating near liquid nitrogen
temperature. In contrast to the shape of the hydride isotherm, a microporous
material at low temperature will typically show Type I adsorption isotherm
behaviour, as described in Sect. 2.1 and seen here in Fig. 3.3, which shows the
hydrogen adsorption behaviour of Na–X zeolite at 87 K. As expected for Type I
behaviour, the equilibrium uptake initially increases significantly as a function of
pressure, but at higher pressure reaches a plateau, at which point the hydrogen
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Fig. 3.1 The hydrogen absorption and desorption PCIs for LaNi5 at 60�C (333 K), indicating the
reversible capacity, in terms of the hydrogen-to-metal atom ratio. The capacity has been
determined assuming a charging pressure of 2 MPa and a delivery pressure of 0.3 MPa, and the
vertical dotted lines therefore correspond to the hydrogen content on the hydrogen absorption
isotherm at 2 MPa and the content on desorption isotherm at 0.3 MPa. Data plotted from [3], with
permission from Hiden Isochema Ltd

4 The critical H/M ratio is xcrit = 0.29 and the critical pressure, Pcrit = 2.015 MPa [4].
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uptake saturates and will not increase further to any significant extent. In contrast
to the interstitial hydride, there is no above ambient pressure plateau, over which
large increases in capacity occur for relatively small pressures changes. The
reversible capacity determined from the isotherm at a particular temperature
therefore depends mainly on the choice of the lower storage pressure and, to a
lesser extent, on the upper pressure. Figure 3.3 shows two reversible capacities,
one for a lower operating pressure around ambient and one for a lower operating
pressure of 0.304 MPa (3 atm), which is the lower figure identified in the current
2015 US DOE hydrogen storage targets. The reversible capacities determined
using these pressures are considerably lower than the maximum storage capacity
and clearly depend significantly on the operating pressure range (see Sect. 3.2.1).
Although the choice of the upper and lower operating pressures is crucial, the
temperature of operation also has a significant effect on the reversible storage
capacity. The uptake at a chosen pressure generally decreases significantly with
increasing temperature, as seen in the variable temperature hydrogen adsorption
data for Na–X zeolite shown in Fig. 2.1. It is worth emphasising the larger vari-
ation in the reversible capacity of porous materials with temperature, compared to
hydrides. Although there is some variation with temperature for the latter, pro-
viding the hydride phase can form, the plateau width will not vary significantly.
For microporous materials, however, there is a rapid decrease in capacity with
increasing temperature for any given set of upper and lower operating pressures. In
reality it is likely that the practical design of a low temperature adsorptive
hydrogen store would allow the temperature to be increased during desorption in
order to deliver a greater amount of hydrogen than the reversible capacity indi-
cated in Fig. 3.3. However, there is a compromise to be made between the amount
of energy required to heat and cool the store and the amount of additional
hydrogen that would be delivered by the store as a result of the temperature
increase. The hydrogen content of the material at the lower operating pressure, or
the hydrogen delivery pressure, would still dictate the maximum amount of
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reversibly stored hydrogen in this case, but it would be determined from the
isotherm at the upper operating temperature of the storage unit, rather than an
isotherm at a single temperature as shown in Fig. 3.3.

In these examples, the hydride capacity is defined in terms of the hydrogen-to-
metal atomic ratio and the adsorbent capacity in terms of the mass ratio of
hydrogen to the host material (mol g-1); without conversion these units do not
express the practical storage capacity of a hydrogen storage material. Two prac-
tically useful definitions are the gravimetric and volumetric storage capacities. The
definitions of both these quantities are straightforward, in principle, but in practice
can be more difficult to define, and we will now take a look at each of these in turn.

3.1.1.1 Gravimetric Storage Capacity

The gravimetric storage capacity is the amount of hydrogen stored per unit mass
of material. In the hydride case, this is a clearly defined quantity and is typically
calculated from the ratio of the mass of hydrogen stored within the metal or
compound to the mass of the host material including the absorbed hydrogen [6] so
that the capacity in wt%, Cwt%, is given by,

Cwt% ¼
H=M
� �

MH

MHost þ H=M

� �
MH

� 100

0

@

1

A% ð3:2Þ

where H/M is the hydrogen-to-metal or material host atom ratio, MH is the
molar mass of hydrogen, and MHost is the molar mass of the host material or metal
[7].

For adsorbents the analogous calculation cannot be performed because of the
difficulty in defining the total adsorbed quantity of hydrogen, or the amount of
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hydrogen that can be attributed to the adsorbed phase,5 as discussed further in Sect.
3.1.1.3. A typical unit for the measured quantity, the excess adsorption, is the
number of moles of adsorbate per unit mass of adsorbent; for example, mol g-1,
mmol g-1, or lmol g-1.6 As the molar mass of the adsorbate is known, this can be
readily converted into a wt% uptake but this is not the same as the wt% uptake
definition for hydride materials given above.

Nevertheless, a calculation equivalent to Eq. 3.2 can be performed, in which the
excess adsorption is included in the denominator [9],

Cwt% ¼
naMH

nHostMHost þ naMH
� 100

� �
% ð3:3Þ

where na is the excess adsorption in moles and nHost is the number of moles of host
material in the sample; however, this does not account for the total amount of
adsorbed hydrogen because it only uses the excess adsorbed quantity. To calculate
a total gravimetric adsorption capacity, the total quantity of hydrogen in the
adsorbed phase must be used, and this is where the ambiguity lies in adsorption
because an assumption must be made in order to convert the excess to the total, or
absolute, adsorbed quantity (see Sect. 3.1.1.3). na in Eq. 3.3 should therefore
represent the absolute adsorption in order to define the total gravimetric adsorption
capacity of an adsorbent.

3.1.1.2 Volumetric Storage Capacity

The volumetric storage capacity defines the amount of hydrogen stored per unit
volume of the material. In the case of hydrides, this quantity is the amount of
hydrogen stored per unit volume of the bulk metal.7 Leaving aside the expansion
of the host lattice due to hydrogen absorption, and any other real material phe-
nomena, this is clearly defined, because every absorbed hydrogen atom enters the
bulk of the material and is therefore contained within the boundaries of the crystal
lattice. If we assume that the lattice (unit cell) volume does not change signifi-
cantly with hydrogen absorption we can use the geometric density of the host
compound, and the number of moles of absorbed hydrogen, for the calculation. In
reality there will always be lattice expansion and so, strictly speaking, this should
be accounted for in the calculation of the volumetric storage capacity.

In the case of adsorbents, the quantity is more problematic to define for
equivalent reasons to the gravimetric case, as we do not know the volume of the

5 The term adsorbed phase is used to describe the hydrogen that can be considered adsorbed and
so therefore not in the bulk hydrogen gas phase.
6 The unit recommended in the IUPAC adsorption measurement guidelines is mol g-1 [8].
7 This does not, however, determine the actual volumetric storage capacity of a practical
hydrogen store constructed using the material because this will depend on the bulk density of the
storage bed (see Sect. 6.2.1).

66 3 Hydrogen Sorption Properties of Materials



adsorbed phase. However, the assumption that the adsorbed phase occupies the
entire volume of the pores, in what is termed below the total pore volume
approximation, can be applied for the purpose of volumetric capacity calculation.
The discussion of which assumption more closely represents the true adsorption
capacity of a material is perhaps academic in the practical application of hydrogen
storage materials because the most important point is to identify the material that
operates most effectively in a practical storage unit. This will include other
parameters such as the bulk (packing) density of the material (see Sect. 6.2.1) in
the storage container. However, for the characterisation of hydrogen storage
materials for storage applications, it is crucial that different materials are compared
on a like-for-like basis and that a reported capacity is not increased unreasonably
by an inappropriate choice of assumption.

3.1.1.3 Total and Excess Adsorption

In hydrogen adsorption measurement, the measured quantity is the excess adsorp-
tion. This is also known as the Gibbs excess or Gibbsian surface excess. This
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Fig. 3.4 A schematic diagram illustrating the concept of the Gibbs excess and total adsorbed
quantities. The volumes of the solid, Vsolid, the adsorbed layer, Va, and the fluid (gas) phase, Vf,
are shown. The adsorbed phase volume, Va, is defined as the volume between the solid surface (at
x = 0) and the boundary a distance, xa, from the surface of the solid. The position of x = 0 is
known as the Gibbs dividing surface. The total fluid (gas) in the system is shown in the lower plot
as the region (a + b + c), the Gibbs excess is shown as region (a) and total adsorbed quantity is
shown by region (a + b). In the upper part of the figure, the white circles indicate molecules that
can be attributed to the region (b + c) and the black circles indicate molecules that can be
attributed to the Gibbs excess (a). As the pressure of the bulk fluid increases, qH increases and as
the pressure decreases, qH will decrease. At very low pressures, region (b) may become negligible
compared to (a) and, in this case, mtot & mexcess. At higher pressures the region (b) will become
of increasing significance to the total adsorption and then mtot [mexcess; if, at high pressure, the
region (a) becomes insignificant compared to region (b), the surface excess will approach zero. At
higher pressures still, the excess can become negative. Figure and caption adapted from Broom
[7]
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quantity and its relation to the total, or absolute, adsorbed quantity is illustrated in
Fig. 3.4. The excess is the difference between the amount of gas phase hydrogen
that would be present in the equivalent volume of the adsorbed phase, in the
absence of adsorption, and the actual total amount in the phase. The total quantity
is known as the total or absolute adsorption. The total adsorbed mass, mtot, can be
expressed as,

mtot ¼
Z

VðAÞ

q xð ÞdV ð3:4Þ

where q(x) is the gravimetric adsorbed hydrogen density at a point x = (x1, x2, x3)
and V(A) is the volume of a set, A, of hydrogen molecules; in this case, all of those
that are considered to be in the adsorbate phase [10]. At a sufficient, but unknown,
distance from the surface of the adsorbent the hydrogen is assumed to approach an
equilibrium state of constant bulk density, qH,

qH ¼ lim
x!1

q xð Þ ð3:5Þ

where qH can be described by an accurate equation of state for hydrogen (see
Sect. 6.1.1). In Fig. 3.4, the unknown distance at which q(x) approaches qH is
labelled xa. The excess adsorbed mass, mexcess, can therefore be expressed as,

mexcess ¼
Z

VðAÞ

q xð Þ � qHð ÞdV: ð3:6Þ

This is the difference between the total adsorption, mtot, or the total adsorbed
mass, and the mass of the hydrogen that would be present in the volume of the
adsorbed phase, Va = V(A), in the absence of hydrogen–surface interactions or, in
other words, if there is no change in the average local hydrogen density due to the
presence of the surface and therefore,

mexcess ¼ mtot � qHVa: ð3:7Þ

The conversion between the two quantities mexcess and mtot requires knowledge
of Va, the volume of the adsorbed phase, which cannot be measured experimen-
tally. The gravimetric and volumetric gas adsorption measurement methods
described in the next chapter can only measure mexcess because they only deter-
mine the quantitative difference between the actual amount of hydrogen adsorbed
and the amount of hydrogen that would be present in the absence of any inter-
actions, which is, by definition, the excess. The conversion is therefore necessary
to determine the total or absolute adsorption from experimental data.8 This is less

8 The reverse is also necessary in order to compare theoretical, or simulated, hydrogen
adsorption capacities directly with experimental data, although this is less of a concern here
because we are interested in the experimental determination of hydrogen adsorption capacity.
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significant at lower pressures at which the bulk density of the hydrogen, qH, is low,
providing there is a significant amount of adsorption, because mexcess can be
considered to be approximately equal to mtot under these conditions. However, for
hydrogen storage, which necessarily involves higher pressures, the conversion is
important because qH becomes more significant with increasing pressure and
therefore mexcess = mtot. The assumption that mexcess & mtot will generally hold if
the adsorbate phase density is much greater than the bulk gas phase density. This is
often the case at near and subcritical adsorptive temperatures, as the adsorbate is
expected to condense to a liquid-like state on the surface, but is less likely to be the
case with hydrogen adsorption at supercritical temperatures. Furthermore, Va, and
hence the phase boundary, is more clearly defined in subcritical adsorption
because there is a gas and a liquid phase. At supercritical temperatures there is not
necessarily such a clear, well-defined phase boundary [11].

At this point we can treat the problem using either the volumetric or the
gravimetric measurement case and we will look at each of these in turn. Firstly, let
us consider hydrogen adsorption measurement in a system with a known volume,
Vtotal, given by,

Vtotal ¼ Vsolid þ Va þ Vf ð3:8Þ

where Vsolid is the solid adsorbent volume including any inaccessible pore volume,
Va is the adsorbed phase volume and Vf is the bulk fluid (gas) phase volume. We
can now define the following reference quantity,

mref ¼ qH Vtotal � Vsolidð Þ: ð3:9Þ

This is the mass of gas phase hydrogen that would occupy the dead volume of
the adsorption system, Vtotal - Vsolid, at a density, qH, in the absence of adsorption.
This can be defined through the use of a reference gas, which is typically helium,
using the assumption that it does not interact with the adsorbent during the ref-
erence volume measurement. This was termed the direct route for dead space
determination by Rouquerol et al. [12]; the alternative is the indirect route, which
involves the experimental measurement of Vtotal and the calculation of Vsolid using
the mass of the sample and an independent sample density determination mea-
surement. In the absence of any experimental error, which is an unlikely scenario,
this would have the same value as the directly determined volume. In both cases,
the determined volume defines the position of x = 0 in Fig. 3.4, which is known as
the Gibbs dividing surface (see Sect. 6.2.1.2).

The excess adsorption can then be obtained from,

mexcess ¼ msystem � mref ð3:10Þ

where msystem is the total mass of hydrogen present in the adsorption measurement
system. In this expression we do not distinguish between hydrogen in the non-
adsorbed gas phase and the hydrogen in the adsorbate phase, as is the case in a
practical gas adsorption measurement. To calculate the total adsorption we can
then apply Eq. 3.7,
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mtot ¼ mexcess þ qHVa ð3:11Þ

using an assumed value for either Va or qHVa. One simple approach is to assume
that,

Va ¼ Vpore ð3:12Þ

where Vpore is the estimated, theoretical, or independently determined pore vol-
ume. This assumes that the volume of the adsorbed phase does not change as a
function of pressure, and also relies on the accurate determination of the pore
volume of the material. This assumption, termed the total pore volume approxi-
mation by Murata et al. [13], has been used widely in recent work on hydrogen
storage by metal–organic frameworks, to the point that total adsorption is some-
times defined using this assumption.9

Following the approach of Murata et al. [12], the assumptions can be separated
into two types: the first assumes a constant adsorbed phase volume and the second
assumes a constant phase density. The total pore volume approximation mentioned
above is an example of the former; another is the effective thickness approxima-
tion, which uses the molecular diameter of the adsorbate and the Specific Surface
Area (SSA) of the adsorbent. This approximation is not recommended for
microporous hydrogen storage materials because the concept of SSA is inappro-
priate for microporous solids.10

In the constant density approach, a constant value for the mean adsorbate phase
density, qah i; at a particular temperature, is used. A value for Va is not required in
these expressions but it can be calculated, if necessary, from,

Va ¼
mtot

qah i
: ð3:13Þ

The various constant density methods then simply differ in the expressions used
for the mean phase density, qah i: The critical density approximation uses,

qah i ¼ qc ð3:14Þ

where qc is the critical density of the adsorbate. The liquid density approximation
uses either,

qah i ¼ qliq ð3:15Þ

9 See Murray et al. [14], a review on hydrogen storage by MOFs, in which the total adsorption is
defined as the amount of hydrogen contained within the boundaries formed by the faces of the
framework crystals, although this is only the case if the total pore volume approximation is used.
10 The measured SSA depends on the diameter of the adsorbate molecule and the chosen
method. In addition, a ‘surface layer’, which does not physically form on the internal surfaces of
micropores, would be three dimensional in the smallest pores. A material consisting exclusively
of perfect slit-shaped pores would perhaps be an exception, but this is an idealised scenario that is
unlikely to occur in practice. See Sect. 5.2.4 for further discussion of the applicability of the
concept of surface area for microporous materials.
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where qliq is the liquid density of the adsorbate, or,

qah i ¼
qb

liq

exp a T � Tbð Þ½ �ð Þ ð3:16Þ

where qliq
b is the liquid density at the boiling temperature, Tb, and a is a thermal

expansion coefficient for superheated liquid. The van der Waals constant
approximation uses,

qah i ¼
M

b
¼ MRTc

8Pc
ð3:17Þ

where b is the van der Waals constant, M is the molar mass, R is the universal gas
constant, Tc is the critical temperature and Pc is the critical pressure. In these
constant density approximations, qH is expressed in terms of the fugacity, f,

qH ¼
Mf

RT
: ð3:18Þ

Using Eq. 3.13, the total or absolute adsorption, as a function of fugacity, is then
given by,

mtot fð Þ ¼ mexcess fð Þ þ Mf

RT

� �
mtot

qah i

� �
: ð3:19Þ

And therefore,

mtot ¼
mexcess fð Þ
1� Mf

RT qah i

� �: ð3:20Þ

In the treatment up to now we have assumed that we know the total volume of
the adsorption system and we therefore know the number of moles of hydrogen
present. We will now look at the gravimetric case, in which we do not know the
volume of the system, but instead reference the derived quantities to the mass and
density of the sample (T. J. Mays 2008, private communication). The experi-
mentally measured mass, mexp, in a gravimetric measurement is dependent on the
mass of the adsorbent or solid, ms, the mass of the adsorbed phase, mtot, and
the buoyancy correction (see Sects. 4.2.1.1 and 6.6.2), which is the product of the
density of the hydrogen at the measurement temperature and pressure, and the
displaced volume, Vdisp, and so is given by qHVdisp. Therefore,

mexp ¼ msolid þ mtot � qHVdisp: ð3:21Þ

The displaced volume is a combination of the volume of the solid, Vsolid,
including any inaccessible pores, and the volume of the adsorbed phase, Va, and
so,

mexp ¼ msolid þ mtot � qH Vsolid þ Vað Þ: ð3:22Þ
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Therefore,

mtot ¼ mexp � msolid þ qHVsolid þ qHVa: ð3:23Þ

If we now combine this with Eq. 3.7 we obtain,

mexcess ¼ mexp � msolid þ qHVsolid: ð3:24Þ

Now, Vsolid ¼ msolid

qsolid
; where qsolid is the known or independently determined

density of the sample, and so,

mexcess ¼ mexp � msolid þ qH
msolid

qsolid

� �
: ð3:25Þ

If we then substitute Eq. 3.13 into Eq. 3.7 we get,

mexcess ¼ mtot � mtot

qH

qah i

� �
ð3:26Þ

and so,

mtot ¼
mexcess

1� qH
qah i

� �: ð3:27Þ

Combining this with Eq. 3.25 we obtain,

mtot ¼
mexp � msolid þ msolid

qH
qsolid

� �

1� qH
qah i

� � : ð3:28Þ

This is the equivalent of Eq. 3.20 but mtot is expressed using the experimental
parameters from a gravimetric measurement. If we assume that qah i[ qH ; which
must be the case if adsorption occurs, then we calculate the total adsorbed quantity
with a constant density approximation. The approximation then just depends on
the choice of qah i: It can be seen that the lower the assumed adsorbed phase
density the greater the calculated mtot. An unrealistically low value of qah i will
therefore lead to an overestimated total adsorbed quantity, and hence an overes-
timated reversible hydrogen storage capacity. The practical problem is clearly that
qah i is unknown. A typical assumed value is the liquid density of hydrogen, 0.07 g

cm-3, although it is not clear whether this assumption is physically reasonable at
supercritical temperatures.11

11 See Fig. 6.2, Sect. 6.6.2, for an example of this correction applied to hydrogen adsorption data
for an activated carbon.
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3.1.2 Long-Term Cycling Stability

The long-term cycling stability of a material defines its ability to retain its
reversible storage capacity during repeated hydrogen charge and discharge cycles.
The 2015 US DOE storage targets specify an ability to undergo 1,500 hydroge-
nation/dehydrogenation cycles. Factors affecting the cycling stability of a material
can be complex and will vary greatly between different material types. The
problem of poor cycling stability is more significant for hydrides than it is for
porous adsorbents, because metal hydrides invariably undergo physical and
chemical degradation during prolonged hydrogen cycling. This is true even for the
compounds that are the most resistant to degradation. If a host hydrogen adsorbent,
on the other hand, is thermally stable, and therefore does not decompose at the
operating or hydrogen cycling temperature, the cycling stability of the material,
using pure hydrogen, is likely to be high. If the hydrogen contains gas phase
impurities, preferential adsorption of the contaminants will reduce the capacity.
The affinity for any given material towards gaseous impurities in the hydrogen
fuel, however, is discussed in Sect. 3.1.3. Therefore, we shall concentrate here on
the cycling-induced degradation of metal hydrides.

The different metal hydride degradation mechanisms can be classified as either
intrinsic or extrinsic. The former primarily refers to disproportionation, the pro-
cess by which a ternary or higher hydride decomposes into more thermodynam-
ically stable decomposition products, but defect formation also appears to play an
important role; extrinsic mechanisms, meanwhile, are those induced by impurities
in the gas phase hydrogen, and can include poisoning and corrosion of the surface
[6, 15]. Extrinsic degradation mechanisms relate to the presence of impurities in
the gas phase, which is addressed next, and so we will concentrate in this section
on disproportionation and the effects of defect formation.

As stated above, disproportionation is the process by which a ternary or higher
hydride decomposes into more thermodynamically stable decomposition products.
For example, in the LaNi5–H system, LaH2 + Ni is more thermodynamically stable
than LaNi5Hx. Therefore, providing the metal atoms are sufficiently mobile within
the host matrix, segregation into pure Ni and La hydride will tend to occur during
the hydrogen cycling process, or there will at least be some separation into Ni-rich
and La-rich regions. The mobility of the metal atoms, however, is crucial in
governing the extent to which this process occurs and so the effects are partially
dependent on the temperature at which hydrogen cycling is performed. Although
disproportionation occurs during cycling, Sandrock et al. [16] found that neither
hydrogen pressure cycling nor thermal cycling in a hydrogen atmosphere are
required, providing the material is held in the ordered hydride (b) phase at suffi-
cient temperature. They observed significant disproportionation of LaNi5 when it
was held in the b phase at 180�C (453 K). For this material, the degree of phase
separation can be reduced by partial substitution of the Ni. It has been suggested
that the mobility of the host metal atoms is reduced by the presence of these
substituent atoms in the lattice [17]. An example is the presence of the larger
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Al atom in the 3 g lattice position in the LaNi5-xAlx structure. This site is normally
only occupied by Ni in pure LaNi5, but it has been proposed that the Al prevents,
or at least reduces, the mobility of the Ni through the B component sub-lattice.
This reduces the disproportionation of the host into LaH2 and Ni, because the Ni
cannot diffuse so readily. Both LaNi5-xSnx and, to a lesser extent, LaNi5-xAlx
show greatly improved long term cycling stability over that of the parent LaNi5
compound. In a study by Lambert et al. [17] another AB5 compound,
La0.9Gd0.1Ni5, which showed an 80% capacity loss over 10,000 cycles, was found
by X-ray powder diffraction to contain a Ni phase whereas in hydrogen-cycled
LaNi4.8Sn0.2, which showed less than 15% capacity loss after more than 10,000
cycles, pure Ni was not observed. Therefore, from this evidence, disproportion-
ation appears to be the main origin of the loss of capacity with extended hydrogen
cycling in these materials. In a subsequent study by Bowman et al. [18],
LaNi4.8Sn0.2 was shown to have an improved resistance to degradation, in com-
parison to pure LaNi5, by a factor of 20. They detected nanocrystalline LaHx and a
Ni metal phase in cycled LaNi5 and LaNi4.9Sn0.1, which supports disproportion-
ation as the primary degradation process. A significantly lower amount of a Ni
metal phase was detected in the cycled LaNi4.8Sn0.2 sample, but no LaHx phase
was identified. A similar process is observed in other intermetallic hydrides. For
example, Lee and Lee [19] attributed the cycling-induced degradation of an AB2

Laves phase intermetallic, Zr0.9Ti0.1Cr0.9Fe1.1, to the formation of a more stable
crystalline Cr-rich hydride phase.

The degradation of the hydrogen storage capacity of metal hydrides also appears
to be linked to the formation of dislocations during initial activation and extended
cycling, although the complex relationship between the crystallography and
microstructure of the materials, and the degradation behaviour is not fully under-
stood [20]. However, the wide variation in dislocation densities between pure LaNi5
and a number of its partially substituted derivatives, following hydrogen cycling,
has been identified by analysis of the anisotropic neutron and X-ray powder dif-
fraction peak broadening exhibited by these materials [15, 21–24]. High vacancy
concentrations in these and other intermetallic hydrides have also been identified by
Positron Annihilation Spectroscopy (PAS) [25]. Compounds such as LaNi5-xSnx

and LaNi5-xAlx, which exhibit the highest long term hydrogen cycling stabilities,
appear to contain very low dislocation densities in comparison to pure LaNi5. Given
that disproportionation relies on metal atom mobility [16] and that dislocation cores
are known to provide enhanced solid state diffusion paths12 [26], it seems likely that
the suppression of dislocation formation could play a significant role in the
reduction in disproportionation and hence the enhanced long term cycling stability
of some of the intermetallic hydrides, although this point has not been widely
discussed in the literature.

The long term cycling stability of the complex hydrides has not been studied
to the same extent as that of the intermetallics, due primarily to the shorter history

12 So-called pipe diffusion.
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of hydrogen storage research into these materials. While impressive extended
cycling studies of the performance of intermetallic hydrides have been published,13

similar studies have not yet been carried out on their complex hydride counterparts.
A number of shorter term studies have, however, been performed and indicate that
a number of different degradation mechanisms exist. These include the loss of the
reversible storage capacity of lithium amide due to ammonia evolution [28] and the
evolution of boranes in the case of borohydrides [29]. TiCl3-doped sodium alanate,
meanwhile, appears to exhibit good cycling stability over the course of 100 cycles
[30]. In a recent review, Chandra [31] covered both the intrinsic and extrinsic
degradation of hydrides and presented some provisional results on LiNHx, showing
the cycling stability over 1,100 cycles. The system lost approximately 25% of its
initial capacity over the first 500 cycles, and had lost 2.53 wt% of the initial
reversible capacity of approximately 5.6 wt% after 1,100 cycles. However, this
practical cycling test used industrial hydrogen of a minimum 99% purity, con-
taining impurities at the following approximate levels: 32 ppm of water, 10 ppm of
oxygen, 400 ppm of nitrogen, 10 ppm of hydrocarbons, 10 ppm of carbon mon-
oxide, and 10 ppm of carbon dioxide. Therefore, the degradation observed may
have been more influenced by the gaseous impurities present (see Sect. 3.1.3) than
the intrinsic cycling stability of the material.

Nevertheless, the important points to be noted are, firstly, that the cycling
stability due to intrinsic degradation of a given material is strongly dependent on
its physical and chemical properties; secondly, that long term cycling stability is a
crucial performance criterion for hydrogen storage applications; and, thirdly, that
this property can be practically investigated by determining the equilibrium
hydrogen sorption properties before, during and after the hydrogen cycling pro-
cess. There is no standard approach to describing the cycling stability of a material
but a capacity loss in wt% or as a percentage of the maximum reversible capacity,
over any given number of cycles, both appear to give a good indication of the
resistance of a material to degradation. The English translation of a Japanese
Industrial Standard (JIS) glossary of terms for hydrogen absorbing alloys defines
the degree of degradation as ‘the degree of decrease of the initial storage capacity
of hydrogen absorbing alloys due to the number of repetitions or elapsed time’ and
the cyclic durability with hydrogen absorption and desorption as ‘the change of
the moving quantity of hydrogen depending on the number of cycles when
hydrogen and hydrogen absorbing alloy are repeatedly reacted’ [32]. In addition,
the determination of the cycling stability of hydrogen absorbing alloys is covered
by a separate JIS [33].

13 See, for example, the study of the performance of three AB5 compounds by Wanner et al. [27]
in which each sample was subjected to approximately 95,000 thermally induced hydrogen
absorption/desorption cycles.
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3.1.3 Gaseous Impurity Resistance

Another important property is the resistance of a material to gaseous impurities in
the hydrogen fuel supply. As mentioned in Sect. 1.5, hydrogen fuel can contain a
variety of contaminants, and hydrogen purity specifications for fuel cell testing
purposes include varying levels of contamination by CO, CO2, H2O, H2S, NH3,
O2, hydrocarbons, formaldehyde, formic acid and halogenates [34, 35]. Table 3.1
shows some of the common impurities found in hydrogen produced from different
feedstocks [35]. Accurate hydrogen sorption measurements should ideally use the
highest purity hydrogen possible. This will typically involve research grade
hydrogen, perhaps combined with filtration if deemed necessary (see Sect. 6.2.1).
However, although this will help ensure accurate characterisation of the storage
capacity of a material, assessment of the reaction of a material to gaseous impu-
rities is also essential in assessing its practical capability as a hydrogen store.14

In the case of microporous adsorbents this will primarily involve the tendency
of the material to preferentially adsorb impurity species but could also involve the
breakdown of the material. However, multicomponent gas adsorption measure-
ments are challenging and the control of the partial pressures of various constit-
uents in a gas mixture at impurity levels is difficult, although premixed gases can
be used. It is possible to calculate the preferential adsorption of various contam-
inant adsorptives using the isotherms of individual species, using methods such as
the Ideal Adsorbed Solution Theory (IAST) [36]. It is also worth noting that
different adsorbents will have differing affinities for certain contaminant species.
So, for example, hydrophilic zeolites are more likely to be affected by moisture
contamination than a hydrophobic carbon. In the case of low temperature
adsorptive storage, the temperature of operation will ensure that any moisture will
have been frozen from the supply gas; however, if adsorbents are developed for
ambient temperature operation, this will not be the case.

Table 3.1 The impurities
found in hydrogen fuel
produced using different
production methods or
produced from different
feedstocks [35]

Feedstock Potential impurities

Crude oil CO, NH3, H2S, HCN
Gasolines Hydrocarbons, aldehydes
Diesels Mercaptans
Natural gas CO, NH3, H2S, HCN,

hydrocarbons, mercaptans
Methanol/DME CO, odorants, alcohols
Biomass Cations, aldehydes, alcohols,

formic acid, NH3, H2S, HCN
Water electrolysis Anions, cations

14 If a good understanding of the hydrogen sorption properties of a material is to be obtained, its
performance using high purity hydrogen should be determined initially before the controlled
introduction of impurities. The performance using high purity hydrogen will then act as a baseline
measurement against which future comparisons can be made.
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Relatively few studies have been performed specifically on the effect of gaseous
impurities on the hydrogen storage capabilities of microporous adsorbents. An
example, however, is the work of Amankwah and Schwarz [37], who examined the
effect of nitrogen as an impurity on the storage capacity of activated carbon using
gravimetric measurements. They found that the hydrogen capacity of the super-
activated carbon AX-31M was reduced by the presence of nitrogen at a level of
500 ppm. They found that the reduction reached 30% at pressures above
approximately 5.0 MPa at a working temperature of 150 K, although the effect was
lower at 195 K with an average reduction of 10% throughout the pressure range up
to 5.0 MPa.

Although studies of the effects of gaseous impurities on the hydrogen adsorp-
tion capacity of materials for storage purposes are scarce, many porous adsorbents
are used in gas separation processes [38] and therefore useful insights can be
gleaned from studies in this research field. As an example, in a review of the use of
activated carbon for gas separation and storage, Sircar et al. [39] show the pref-
erential adsorption of CO2 over H2 for a range of activated carbons and 5A zeolite,
although the carbons used are predominantly mesoporous and are therefore unli-
kely to be considered as effective hydrogen storage media. The data are also for
higher temperatures (303 K) than those considered for adsorptive hydrogen stor-
age; however, it can be seen that the preferential adsorption of CO2, present as an
impurity, by these materials will affect the hydrogen storage capacity at near
ambient temperatures. Sircar et al. [39] also describe the purification of hydrogen
using Pressure Swing Adsorption (PSA), involving the removal of CO2, CH4, CO
and N2 from a H2-rich gas stream. The beds used in such a process15 contain an
activated carbon and 5A zeolite, which are chosen because they preferentially
adsorb all four species mentioned above over H2; the selectivities for the carbon
are highest for CO2, followed by CH4, CO and then N2, and for the zeolite, CO2,
CO, CH4 and N2. The temperature is again high in comparison to the low tem-
peratures at which these materials store significant amounts of hydrogen but their
tendency to adsorb these species in preference to hydrogen is the important point
and this shows that preferential gaseous impurity adsorption could significantly
reduce the hydrogen storage capacity of porous adsorbents. The use of a porous
carbon to remove C4H10, C3H8, C2H6 and CH4 from a hydrogen stream is also
described, showing again the preference for the adsorption of other species over
hydrogen.

Similarly, metal–organic frameworks have more recently been proposed for use
in separation applications and some of the adsorption data from this literature can
be used to provide useful information on their interaction with potential contam-
inants. Li et al. [40] recently reviewed selective gas adsorption by MOFs and a
number of studies of the difference between the uptake of hydrogen and other
gases by MOFs can be found in the literature [41–44]. However, the work so far
understandably appears to concentrate on the interaction of different adsorptives

15 Further details can be found in Yang [38].
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with the materials best suited to separation applications, rather than the multi-
component adsorption behaviour of the most suitable materials for hydrogen
storage. The hydrogen storage literature has also focused on the search for
new high capacity adsorptive storage materials. It is likely, however, that the
gaseous impurity resistance of the best performing storage materials will be the
subject of future research, as this is crucial to their practical application in
hydrogen storage.

In contrast, there have been a number of studies on the effects of various
gaseous impurities on the performance of interstitial metal hydrides, some of
which are listed in Table 3.2. The interaction of different impurities with these
materials results in a range of effects. Sandrock and Goodell [46] proposed four
types of interaction that are responsible for extrinsic degradation. The first is
poisoning, which results in a rapid loss of hydrogen storage capacity without a
decrease in the kinetics of the unaffected portion of the sample. Examples of
poisoning given by Sandrock and Goodell [46] are the effects of CH3SH (methyl
mercaptan) on the hydrogen storage properties of LaNi5 and Ti(Fe, Mn), and the
effect of H2S on LaNi5. The second effect is retardation, which reduces the
kinetics of hydrogen absorption but does not reduce the storage capacity. An
example is the effect of NH3 on LaNi5. Reaction is the third type of interaction in
which the capacity is reduced by bulk corrosion of the alloy. This is exemplified by
the effects of long term cycling of LaNi5 in oxygen-contaminated hydrogen. A
fourth effect, which is defined as innocuous, does not damage the surface but
decreases the sorption kinetics due to inert gas blanketing. This effect is seen in the
hydrogen sorption properties of Ti(Fe, Mn) and LaNi5 determined using hydrogen
contaminated with CH4, C2H4 or N2. The JIS glossary of terms [32], meanwhile,

Table 3.2 A summary of some example studies of the effects of gaseous impurities on hydrogen
storage by metal hydrides

Host material Impurities Reference

LaNi5, FeTi, Fe0.85Mn0.15Ti CO, O2, H2O [45]
LaNi5, Fe0.85Mn0.15Ti N2, CH4, CO, CO2, O2, H2S, NH3, C2H2,

CH3SH
[46]

LaNi5, FeTi N2, CH4, CO, CO2, H2S [47]
LaNi5, LaNi4.7Al0.3 CO [48]
LaNi5, LaNi4.7Al0.3 O2 [49]
LaNi4.7Al0.3 (untreated and

fluorinated)
CO [50]

LaNi4.9Al0.1 CO [51]
LaNi5, LaNi4.7Al0.3, MmNi4.5Al0.5 CO, O2 [52, 53]
LaNi5 N2, CO, CO2, O2, H2S [54]
LaNi5-xAlx (x = 0, 0.1, 0.3, 0.5) O2, H2O [55]
Fe0.85Mn0.15Ti, Fe0.85Ni0.15Ti CO [48]
Ti0.98Zr0.02Cr0.05V0.43Fe0.09Mn1.5 N2, CH4, CO, CO2, O2 H2O [56]
Mg N2, CO, CO2, O2 [57]
Mg2Ni CO [48]
Mg–V composite (5 at.% V) N2, CO2, O2 [58]
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defines poisoning more generally as ‘a phenomenon in which a hydrogen
absorption characteristic is deteriorated by adsorption on an alloy surface or
reaction on the alloy of substances other than hydrogen such as water which are
supplied together with hydrogen gas’.

We shall now briefly consider a specific example of the contamination of a
material by a gaseous impurity. Goodell [49] studied the effects of oxygen on the
cycling stability of LaNi5 and LaNi4.7Al0.3. For LaNi5 the degradation was found
to be dependent on the oxygen content, with tested impurity levels of 0.03, 0.1 and
0.5%. The highest concentration caused a significantly greater decrease in the
hydrogen storage capacity over the course of nearly 300 cycles, in comparison to
the lower levels, and the degradation was also greater at higher temperatures (358
K compared to 298 K). Although this general summary is true, the response to the
presence of oxygen was complex, with three observed stages: initial retardation,
recovery and oxidation decay. The LaNi4.7Al0.3 alloy showed greatly improved
long term cycling resistance in tests with 0.1% oxygen levels. The partial sub-
stitution of Ni by Al therefore appears to enhance the resistance of the LaNi5-based
materials to both intrinsic and extrinsic degradation.

In the case of the complex hydrides, moisture can break down the host material
itself but, as for intrinsic degradation, studies on the effects of gaseous impurities
on the complex hydrides are less common, although some of the practical aspects
of hydrogen storage in sodium alanate have been addressed in the literature [59].
See Sect. 3.1.2 for a brief description of the work of Chandra [31] on the degra-
dation of lithium amide and imide using industrially pure hydrogen.

From a practical point of view, if a material in a solid state storage system is
affected or damaged by gaseous impurities, the hydrogen delivered to the store can
be filtered or purified to avoid this consequence. It can be argued therefore that
poor gaseous impurity resistance can be addressed in the design of the storage unit.
However, purification inevitably adds to the cost and bulk of the system and so it is
preferable for the material itself to exhibit a high impurity resistance to reduce
potential problems that must otherwise be considered in the engineering of the
storage unit. Any susceptibility to gas phase contamination is therefore a signifi-
cant disadvantage and must be taken into account in the assessment of the suit-
ability of a material for reversible hydrogen storage.

3.1.4 Ease of Activation

Most hydrogen sorbing materials require activation, of one kind or another, which
is the process by which a sample is prepared for the reversible adsorption or
absorption of hydrogen.16 In the case of microporous adsorbents, this process

16 The definition of activation in the JIS glossary of terms is ‘a promotion of reaction for
absorption and desorption of hydrogen absorbing alloys’ [32].
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essentially involves the removal of any environmental adsorbates from the internal
pore structure and the external surfaces of the solid. If a material has been syn-
thesised using wet chemistry methods any solvents used during the synthesis
process must also be removed. Generally speaking, both environmental contami-
nants and remnants from the synthesis process can be removed by exposing the
sample to vacuum at elevated temperatures, although samples can also be flushed
through with an inert gas, which can also help remove pre-adsorbed species.
Therefore, in the case of adsorbents, activation is a fairly straightforward process
and generally involves heating and evacuating the adsorbent. On an experimental
level this process involves monitoring either the weight change during degassing
in a gravimetric system or the decrease in the pressure above the vacuum pump
system in volumetric apparatus (see Sect. 6.5.1).

In the case of hydrides the situation is more complex [60]. Practically speaking,
activation can involve the exposure of a material to a pressure of hydrogen at a
particular, possibly elevated, temperature or the extended temperature and pressure
cycling of a material to achieve practical and repeatable reversible absorption and
desorption behaviour. As with microporous materials, the surface must first be
cleaned to prepare for the initial reaction with hydrogen. However, rather than
simply adsorbing molecular hydrogen onto its internal surface, the material will
typically undergo significant changes in its physical properties. In the case of any
brittle host compound this will involve the decrepitation of the bulk host material
into a fine powder, with the result that fresh metallic surfaces are exposed for the
dissociation of molecular hydrogen, allowing the subsequent absorption of atomic
hydrogen. Although the precise mechanisms involved in the initial activation of a
metallic absorber are not yet fully understood, the surface segregation of elemental
metallic particles has been proposed as part of the process in a number of cases,
including the segregation of metallic Ni in the case of LaNi5 and Mg2Ni, and
metallic Fe in the case of TiFe. The segregated metallic particles are likely to act
as an effective catalyst for the dissociation of molecular hydrogen. Although this
seems to be the case in LaNi5 and, to a lesser extent, Mg2Ni there is contradictory
evidence in the case of Fe-containing compounds. For TiFe, which is more
challenging to activate than the AB5 compounds, an alternative mechanism has
been proposed, whereby initial bulk hydride phase formation results in the creation
of cracks in the surface oxide layer. These cracks then allow the easier passage of
hydrogen into the TiFe bulk. According to Manchester and Khatamian [60] this is
the more likely mechanism for the activation process in this case. Other possible
mechanisms involve the dissolution of the surface oxide layer and the enhance-
ment of the permeability of the oxide layer due to the defect structure of the TiO2

on the surface.
However, regardless of the exact mechanism involved, the important point is

that the activation process is governed by the particular properties of the hydride-
forming compound and this is an important practical consideration. A complicated
and prolonged activation procedure can limit the practical use of a material or add
economic constraints to its widespread use. Adsorbents do not have this disad-
vantage as they simply require degassing. With regard to the activation of recently
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proposed or developed absorbing materials, as with prolonged cyclic stability
testing, many of these have not yet been studied thoroughly, and the detailed
mechanisms will undoubtedly be the subject of future research.

3.2 Thermodynamic Properties

The thermodynamic properties of a storage material govern its operating tem-
perature and pressure range. They must be considered in conjunction with the
reversible storage capacity and the kinetic hydrogen sorption properties of a
material, but are a fundamental measure of the hydrogen storage properties of a
particular host, whether an adsorbent or an absorber. For many years, research in
the hydride field has focused on the prediction of the formation and decomposition
enthalpies of new hydrides through empirical, semi-empirical and first principles
methods. Meanwhile, recent research on adsorbents for hydrogen storage has
concentrated on increasing adsorption enthalpies in existing materials, in order to
increase the temperatures at which a porous material will reversibly adsorb or
desorb molecular hydrogen. In this section we will look at each of these properties
in turn. From a practical point of view, the amount of heat generated by the
hydrogen sorption process is another important thermodynamic consideration, as
emphasised in a recent review by Eberle et al. [29]. In an adsorption system
operating at low temperatures, the result will be the evaporation of the coolant,
which presents an engineering challenge and would add to the economic cost of
this hydrogen storage method. An absorption system, meanwhile, requires a heat
exchanger to deal with the significant amount of heat generated while recharging
the store in a short period of time.

3.2.1 Enthalpy of Adsorption

The enthalpy of adsorption provides a measure of the strength of the interaction
between a molecule and the adsorbent surface or pore structure. The temperature at
which hydrogen will physisorb onto a flat surface is low and of no practical use for
storage purposes. Micropores result in the overlap of the potential fields from
opposing pore walls and a subsequent increase in the density of the adsorbed
hydrogen at any given temperature and pressure. Furthermore, recent work has
included the investigation of the possibility of increasing the adsorption enthalpy
of hydrogen by metal–organic frameworks through the interaction of hydrogen
with exposed metal sites in the framework structure (see Sect. 2.1.3).

The enthalpy of adsorption can be defined in a number of ways. Rouquerol et al.
[12] identify several definitions, including the transformed molar surface excess
enthalpy, transformed differential surface excess enthalpy, transformed differential
enthalpy, transformed integral molar enthalpy, differential surface excess enthalpy,
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and the differential enthalpy of adsorption. It is the last of these that is typically
determined experimentally from the measurement of two or more isotherms at
different, but not greatly separated, temperatures using the isosteric method. The
differential enthalpy of adsorption, measured and determined for a particular
uptake, or ‘surface coverage’, is then known as the isosteric enthalpy of
adsorption,17DHiso.

There are a number of ways of determining DHiso and the result will depend to a
certain extent on the chosen method. In each case, the pressure at which a fixed
amount of hydrogen is adsorbed at different temperatures is required. One method
is to apply the following expression,

DHiso ¼ �
RT1T2

T2 � T1
ln

P2

P1

� �
ð3:29Þ

where T1 and T2 are two closely spaced measurement temperatures, P1 and P2 are
the pressures at which a given quantity of hydrogen is adsorbed, and R is the
universal gas constant [12, 61]. 10 K is a typical temperature difference, so that T2

- T1 = 10 K, and, due to the convenience of using liquid nitrogen and liquid argon,
T1 = 77 K and T2 = 87 K are often chosen. In order to interpolate between data
points it is necessary to fit the adsorption data to an appropriate adsorption
equation (see Sect. 3.4.1). The method employed by Panella et al. [61] used the
Langmuir equation to fit adsorption data that showed some scatter at higher
pressures. Values of -3.8 and -4.5 kJ mol-1 H2 were obtained for MOF-5 (IR-
MOF-1) and Cu-BTC, respectively, with an estimated error of ±0.8 kJ mol-1 H2.
Alternatively, if isotherms are available at a series of temperatures, a plot of the
natural log of the pressures at a fixed coverage or fixed absolute adsorbed quantity
can be plotted against 1/T, to produce a van ‘t Hoff isochore. The gradient gives
DHiso, according to the van ‘t Hoff relation (see Eq. 3.1 and Sect. 3.2.2.1).

Chen et al. [62] recently compared three methods of determining the isosteric
enthalpy of adsorption for hydrogen and deuterium adsorption by a mixed zinc and
copper metal–organic framework.18 Two of these used virial equations to fit the
adsorption data and the third used the Langmuir–Freundlich equation (see Sect.
3.4.1). The first method involves fitting the following virial equation to the
adsorption isotherm [12],

ln
n

P

� �
¼ A0 þ A1nþ A2n2 þ � � � ð3:30Þ

where n is the amount adsorbed, P is the pressure and A0, A1 and A2 are constants.
The fitted parameters from this expression are then used for the interpolation and
the van ‘t Hoff relation applied.

17 This is also known as the ‘isosteric heat’, although this terminology is less precise and so
‘isosteric enthalpy of adsorption’ is preferable.
18 Zn3(BDC)3[Cu(Pyen)], where H2BDC = 1,4 benzenedicarboxylic acid and PyenH2 = 5-
methyl-4-oxo-1,4-dihydro-pyridine-3-carbaldehyde.
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The second method used a different virial equation, which was introduced by
Czepirski and Jagiełło [63] and has since been used to fit low pressure (sub-
ambient) hydrogen adsorption data for a range of materials, including carbon
nanotubes [64, 65], activated carbon [65] and metal–organic frameworks [66, 67].
The equation is given by,

lnðPÞ ¼ lnðnÞ þ 1
T

� �Xm

i¼0

ain
i þ
Xn

j¼0

bjn
j ð3:31Þ

and,

DHiso ¼ �R
Xm

i¼0

ain
i ð3:32Þ

where P is the pressure, n is the amount adsorbed, T is the temperature, R is the
universal gas constant, and ai and bj are temperature independent empirical
parameters.

The third method used the Langmuir–Freundlich equation (see Eq. 3.47 and
Sect. 3.4.1) to fit the adsorption isotherm data, and a modification of the Clausius–
Clapeyron equation. They conclude that the first method provided the most
accurate description of the hydrogen and deuterium adsorption isotherms and so
the calculation of DHiso using this method was favoured.

Another quantity of interest is the differential enthalpy of adsorption at zero
coverage, DHzero. For a heterogeneous adsorbent the differential enthalpy will
decrease as a function of surface coverage19 because at low surface coverages, or
rather low loadings, the adsorbate will interact initially with the most active sur-
face sites, or enter the most narrow pores. The differential enthalpy of adsorption at
zero coverage can be determined from the variation in the Henry’s law constant
with temperature. Henry’s law describes the linear relationship between uptake
and pressure at low surface coverage, and is given by,

n ¼ kHP ð3:33Þ

where kH is known as the Henry’s law constant. The differential enthalpy of
adsorption at zero coverage is then given by [12],

DHzero ¼ RT2 o ln kHð Þ
oT

� �
: ð3:34Þ

If the data are fitted using the virial equation (Eq. 3.30), and the plot is
linear, only the first two terms are required. From Eq. 3.33, kH = n/P and therefore

19 An increase in the isosteric enthalpy of adsorption can occur due to increased adsorbate–
adsorbate interactions [12] but this does not apply to supercritical hydrogen adsorption in
microporous materials.
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kH = exp(A0) at n = 0. The A0 values obtained from the fits to the virial equation at
two closely separated temperatures can therefore be used to calculate DHzero.

As for the case of hydrogen absorption discussed in Sect. 3.2.2, the pressure at
which a particular quantity of hydrogen is adsorbed depends also on the entropy
change, DS, as a result of adsorption. In hydrogen absorption DS can be attributed
primarily to the loss of disorder during the transition of the hydrogen from its
gaseous molecular state to its atomically absorbed state and this can be considered
to be relatively constant. In the case of adsorption the reduction in the disorder is
lower because the hydrogen remains in molecular form and retains some rotational
freedom [68]. Garrone et al. [69] recently analysed experimentally determined DH
and DS data for a number of zeolites and concluded that there is a clear nonlinear
correlation between these values, and so the entropy in adsorbent systems should
not necessarily be considered constant. Using Grand Canonical Monte Carlo
(GCMC) simulations, however, Bhatia and Myers [70] found that for porous
carbons, with a pore dimension in the range 0.755–1.76 nm, DS was approximately
constant with a value of -8R. This may be due to the fact that for the model
carbons, unlike zeolites, the enthalpy is not affected by the presence of different
framework cations or other chemical heterogeneity. It is worth noting, however,
that the value determined for cylindrical silica pores of dimension 0.65 nm was -

8.95R, reflecting the increased confinement of the hydrogen in pores of this size,
and so differences in the DS values for materials with different pore dimensions
can still be observed, regardless of the surface chemistry.

In the same study, Bhatia and Myers [70] also analysed the thermodynamic
requirements for adsorptive gas storage and derived the following expression for
the optimum enthalpy of adsorption for a store with an operating pressure between
P1 and P2,

DH0
opt ¼ TDS0 þ RT

2
ln

P1P2

P2
0

� �
ð3:35Þ

where T is the temperature, DS0 is the entropy change relative to the standard
pressure, P0 (1 bar), and R is the universal gas constant. This assumes Langmuir
adsorption behaviour (see Sect. 3.4.1) and leads to an optimum enthalpy of 15.1 kJ
mol-1 for ambient temperature adsorptive hydrogen storage. This value was cal-
culated using upper and lower operating pressures of 30 and 1.5 bar (3.0 and 0.15
MPa), respectively, and an entropy change of -8R (-66.5 J mol-1 K-1). If
different values are used for these parameters the optimum enthalpy will change.
Garrone et al. [69] suggest that, due to the enthalpy–entropy correlation, the
optimum enthalpy is in the range -22 to -25 kJ mol-1 based on the extrapolation
of their collated data.

In addition, Bhatia and Myers [70] derived the following expression for the
optimum operating temperature for an adsorbent with particular values of DH0 and
DS0,

Topt ¼
DH0

DS0 þ R
2 ln P1P2

P2
0

� �h i: ð3:36Þ
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For the same operating pressures and standard entropy change, using an
enthalpy of adsorption of 5.8 kJ mol-1, an optimum operating temperature of
114.4 K was calculated. If we use the P1 and P2 values from the current 2015 US
DOE criteria, which are 100 and 3 atm (10.1 and 0.3 MPa), respectively, the
optimum temperature rises to 135.5 K.

In conclusion, the thermodynamic parameters are crucial to the assessment of
the suitability of a material for the purpose of adsorptive hydrogen storage, and
their determination is therefore critical for the characterisation of the performance
of these materials. Careful consideration must be given to the chosen method of
determination because different approaches can yield different results.

3.2.2 Enthalpy of Hydride Formation or Decomposition

The principle thermodynamic property of interest in hydride characterisation is
the enthalpy of hydride formation or decomposition, DH. It can be seen from
Eq. 3.1 that the plateau pressure for any given hydride can be expressed as a
function of both the enthalpy, DH, and the entropy, DS, of the hydriding or
dehydriding process. Both quantities can be determined from pressure–compo-
sition isotherms using van ‘t Hoff plots, which are described below. As men-
tioned in the previous section, DS can be considered relatively constant in
comparison to the enthalpy term because, while DH varies greatly between dif-
ferent hydride compounds, the entropy change is dominated by the entropy of
hydrogen gas that is lost upon hydrogenation20 (DSgas = 130 J K-1 mol-1 H2 at
ambient temperature) and hence will not vary significantly between different
materials. The other contributions, which include the vibrational entropy of the
atomic hydrogen in the solid, the modifications induced in the vibrational
spectrum of the host structure, the entropy change due to the difference in the
electronic heat capacity between the hydride and the empty host, and the con-
figurational entropy of the hydride, are relatively small in comparison [71].21 The
important point to note is that DH determines the general operating temperature
and pressure of a hydride compound, and if this value is beyond a particular
range it will be either too stable or too unstable for practical storage purposes.22

20 This argument is stronger in the case of hydrides partly because there is a larger range of
formation enthalpy values for hydrogen absorption compared to the adsorption enthalpies for
physisorption, which typically range from -4 to -12 kJ mol-1 (adsorption is always
exothermic). In contrast, to use somewhat extreme examples, according to Buschow et al.
[71], the enthalpy of hydride formation can range from -225 to +52 kJ mol-1 for the binary
hydrides (hydrogen absorption can be both endo- and exothermic). Therefore, a relatively
constant DS can be ignored when determining whether a given hydride is likely to form at
practical temperatures and pressures.
21 Further discussion of this is given by Buschow et al. [71].
22 The kinetically stabilised hydrides mentioned briefly in Sect. 2.2.3 are a possible exception.
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It is also worth noting that the enthalpies of hydride formation and decomposition
determined for any given system will be different due to the hysteresis typically
observed between the hydrogen absorption (hydride formation) and desorption
(hydride decomposition) plateau pressures, which is discussed below. However,
the differences are not particularly significant compared to those between stable
and unstable compounds.

3.2.2.1 Van ‘t Hoff Plots

The enthalpy of hydride formation or decomposition is commonly calculated from
pressure–composition isotherms using a graph of the natural log of the plateau
pressure versus inverse temperature, which is commonly known as a van ‘t Hoff
plot. Following Eq. 3.1, the slope of the line gives the enthalpy term and the
intercept gives the entropy. In addition to this calculation, the van ‘t Hoff plots of a
number of hydrides presented in the same figure allows the comparison of their
suitability for use as hydrogen storage compounds. Figure 3.5 shows a number of
plots for different hydrides, with the primary region of interest for hydrogen
storage applications clearly indicated. For hydride characterisation purposes, the
enthalpy calculated from such a plot can be readily compared to the value
determined using calorimetry (see Sect. 5.1).
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Fig. 3.5 Van ‘t Hoff plots for a number of hydrides, with the main region of interest for storage
applications indicated by the shaded box, which marks the approximate temperature range of
ambient to 100�C (373 K) and the pressure range from ambient to 100 bar (10 MPa). If the
hydrogen stoichiometry is not indicated, the plots can be assumed to represent the mid-plateau
pressures of the respective pressure–composition isotherms, measured during desorption or
hydride phase decomposition. The data were plotted using enthalpy and entropy values from
Sandrock [6], Bogdanović et al. [72], and the Sandia National Laboratories (US) Metal Hydride
Properties database (http://hydpark.ca.sandia.gov/PropertiesFrame.html, accessed 30th July
2010) [73]
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3.2.2.2 Plateau Pressure Hysteresis

The pressure of the plateau in the absorption isotherm for any given hydride is,
with few exceptions,23 always higher than the pressure of the plateau for
desorption, for any given temperature, but the degree of hysteresis varies between
compounds. Its origin is not fully understood, but it is a fundamental property of
metal hydride systems and a number of models or explanations have been pro-
posed [74]. It has been observed empirically that during desorption more repeat-
able or reproducible results are obtained compared to absorption and, according to
Wang et al. [75], it is therefore sometimes wrongly assumed that the desorption
isotherm represents equilibrium. However, this is not the case, and the absorption
and desorption plateaus both represent metastable states [74]. The degree of pla-
teau pressure hysteresis can be expressed, thermodynamically, either as the
uncompensated heat, q0, given by,

q0 ¼ 1
2

RT ln
Pa

Pd

� �
ð3:37Þ

where Pa and Pd are the plateau pressures in the absorption and desorption iso-
therms, respectively, measured at a temperature, T, and R is the universal gas
constant; or as entropy production, DiS, given by,

DiS ¼
1
2

R ln
Pa

Pd

� �
: ð3:38Þ

In practical terms, plateau pressure hysteresis will only cause a problem if it is
very significant, to the point of preventing hydrogenation at the charging pressure
of the hydrogen store, or dehydrogenation at its delivery pressure. However,
minimisation of hysteresis is the ideal scenario, and its existence is another factor
to consider in the characterisation of hydrides for storage applications.

3.3 Kinetic Properties

The kinetic hydrogen sorption properties of a storage material determine the rate
at which a practical store can be charged and discharged. If a material cannot
take up and release hydrogen in a practical timeframe then it will be of limited use
in a reversible onboard storage unit. In this section we will cover some of the
properties that characterise the kinetics of hydrogen sorption and desorption. We
will firstly look briefly at hydrogen adsorption in which the kinetics of hydrogen
uptake and release tend to be relatively rapid. The kinetics of hydrogen absorp-
tion will then be covered. We will discuss the latter in more depth, partly because

23 One example is fully activated Pd0.85Ni0.15 alloy, which exhibits no hysteresis [75].
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the rate of hydride formation and decomposition is more of an issue in practical
terms,24 but also because of the greater complexity of the hydrogen absorption
process.

3.3.1 Hydrogen Adsorption

In general terms, diffusion through porous media can take a number of forms, and
the dominant mechanism depends on the pore dimension and mean free path of the
diffusing molecules [36]. In the continuum regime (see Sect. 6.1.4) diffusion can
take place via Poiseuille flow, in which the diffusion is driven by the pressure
gradient, or by molecular diffusion, which is also known as continuum diffusion.
The latter occurs when there are two species present in the absence of a pressure
gradient, and can therefore be ignored for our purposes. In the free molecule
regime, the primary mechanism is Knudsen diffusion, which is induced by the
collision of the gas molecules with the walls of the pore. A fourth mechanism is
surface diffusion, in which adsorbed molecules diffuse between different surface
adsorption sites. Surface diffusion25 becomes more significant with decreasing
pore diameter and so can be considered the primary hydrogen diffusion mechanism
in microporous materials [62]. The surface diffusion of hydrogen on carbon
nanotubes, carbon nanohorns and carbon black has been studied using Quasi-
Elastic Neutron Scattering (QENS) (see Sect. 5.4.1), and diffusion coefficients of
the order of 10-8 m2 s-1 have been determined at temperatures below 70 K [77–
80].

Another process which must occur before diffusion through the pore network
can proceed is the entry of the hydrogen molecules into the pores (see, for
example, the discussion by O’koye et al. [81] regarding the adsorption of other
supercritical adsorptives in carbon molecular sieves). However, practically
speaking, the entire hydrogen adsorption process is very rapid. For example,
Zhao et al. [82] found that, during gravimetric isotherm determination of
hydrogen uptake by microporous activated carbons, equilibrium was achieved
within 2 min and was therefore too rapid for accurate measurement using the
gravimetric method. Measurable isobaric adsorption kinetics were recently

24 As an example, MgH2 shows practically useful gravimetric and volumetric hydrogen storage
capacities but the slow kinetics of hydrogen uptake and release mean that much of the research
into MgH2 and Mg-based hydrides for storage purposes has focused on the enhancement of the
rates of hydrogen absorption and desorption by these materials; for example, by mechanical
milling of the hydride, either to modify the microstructure and particle morphology or to mix the
material with an appropriate additive (see Sects. 2.2.3 and Sect. 2.2.4.1).
25 According to Ruthven [76] the terminology can vary in the literature and so this is also known
as micropore diffusion, configurational diffusion and intracrystalline diffusion.
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observed by Chen et al. [62] for a MOF exhibiting a high isosteric enthalpy of
adsorption; however, the kinetic data showing the uptake of hydrogen and
deuterium occurring over a timescale of 60 and 20 min at 77 and 87 K,
respectively, were measured at pressures of 0.4 and 0.5 kPa, which are con-
siderably lower than those of practical interest for storage applications. It
therefore appears that neither entry into the pores nor surface diffusion effects
limit the overall kinetic hydrogen adsorption process within timescales readily
observable using macroscopic adsorption measurement methods at pressures
relevant to storage applications, and we can conclude that slow hydrogen
adsorption kinetics for microporous media is not likely to be an issue from a
practical standpoint.

3.3.2 Hydrogen Absorption

A common approach to the analysis of reaction kinetics is to assume that there is
a rate-limiting, or rate-determining, step [83]. There is some ambiguity in the
meaning of this term but in hydride kinetics it generally means the slowest
process in the hydrogen absorption or desorption reaction and therefore the
partial reaction step that limits the rate at which the reaction can proceed.
Although an understanding of the processes involved in the overall hydriding or
dehydriding reaction is not necessarily required in order to assess the storage
capabilities of a material, it is nevertheless worthwhile emphasising the com-
plexity of the hydrogen absorption and desorption process for hydrides, relative
to molecular hydrogen adsorption and desorption by porous solids, and to
therefore explain the difficulty in practically quantifying the sorption kinetics
using a single parameter, such as a diffusion coefficient. Furthermore, an
understanding of the processes that can inhibit the rapid absorption and
desorption of hydrogen can help in the improvement of the performance of a
particular material, and so it is important to consider the microscopic processes
related to the sorption reaction during the characterisation process. Later in this
section we will then introduce some of the parameters that can help characterise
the kinetic performance of a metal hydride.

The macroscopic kinetics of hydrogen absorption or desorption by hydrides
are affected by a number of different microscopic processes [84, 85]. If we
consider the case of interstitial hydrides, the first stage is the transport of the
molecular hydrogen through the gas phase to the surface region. The second
stage involves the physisorption of molecular hydrogen onto the surface. The
hydrogen must then dissociate into atomic hydrogen and chemisorb. The fourth
stage then involves the penetration of the chemisorbed atomic hydrogen through
the surface of the material, followed by diffusion between interstitial sites in the
lattice, which initially takes place through a disordered solid solution (a) phase.
Providing the concentration of hydrogen in the material is sufficient, upon further
hydrogen absorption, an ordered hydride (b) phase will form, or nucleate. The
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final stage of the absorption process is then the formation of the hydride26 at its
interface with the solid solution phase and the movement of this interface
through the material.

At the mesoscopic level, hydrogen uptake by a single particle can be viewed as
a shrinking core process, although alternative models exist.27 In the shrinking core
model, a b phase hydride film forms on the surface of a predominantly a phase and
typically spherical particle. As the reaction proceeds, the a phase then constitutes a
shrinking spherical core as the reaction front moves through the particle [89, 90].
The majority of the uptake by an interstitial hydride occurs during this process
(hydride phase nucleation and growth). However, the other processes must con-
tinue in order for further hydrogen to be available at the solid solution–hydride
phase interface to allow further hydride phase growth, and so any of the micro-
scopic processes described above could potentially be rate-limiting regardless of
the bulk hydrogen concentration. For example, the rate at which further hydride
phase precipitates nucleate could be limited by the rate at which hydrogen pene-
trates the surface or the sub-surface layer and the process would then be surface-
limited. However, if molecular hydrogen adsorption and dissociation on the sur-
face is very rapid, as is hydrogen diffusion through the surface layer and bulk, but
hydride phase formation and growth is relatively slow, the hydrogen uptake
kinetics will be of the form expected from an appropriate nucleation and growth or
shrinking core model (see Sect. 3.5.3). The rate-limiting process in this case is then
hydride phase formation at the a/b interface. Alternatively, if the adsorption and

26 The formation and growth of the hydride phase is not straightforward and can take many
forms. The observation of the initial stages of hydride formation has been performed for some
bulk hydride samples [84], but is experimentally challenging. There have also been a large
number of surface studies of hydrogen adsorption on nearly perfect single crystal surfaces [86].
However, extrapolation of these results to real samples and elevated hydrogen pressure suffers
from what has become known in surface science and catalysis as the materials, complexity and
pressure gaps [87, 88]. The first two relate to the difference between near perfect single crystal
samples and real (polycrystalline and heterogeneous) materials, and the latter to the difference
between the nature of gas–solid interactions in Ultra-High Vacuum (UHV) environments and
gas–solid interactions at the elevated pressures encountered in real applications.
27 An alternative view is that the b phase nucleates randomly throughout the bulk of the particle.
This tends to be called the nucleation and growth model, although in both cases the hydride phase
must initially nucleate and then grow. According to Bloch and Mintz [84], in pure metals, nuclei
form initially at the locations of the highest hydrogen concentration and the lowest activation
energy for nucleation. These locations will include bulk discontinuities such as grain boundaries
and defects. In detailed studies, different groups of nuclei have been observed, each with different
relative rates of nucleation and growth, so that some groups rapidly form a large number of nuclei
that grow slowly, whereas others slowly form a small number of nuclei that grow rapidly. The
growth of the nuclei can also be anisotropic in terms of crystallographic direction. Hydride
formation follows the hydrogen concentration gradient in the host metallic lattice. Hydrogen
tends to accumulate under the surface passivation layer, the protective oxide coating discussed in
Sect. 3.1.4, and so this is where the nucleation begins. If there is rapid hydrogen diffusion through
grain boundaries, nucleation can then occur at greater depths. In the case of powder samples,
however, for which the surface area-to-volume ratio is large, the surface region is the most likely
location for hydride nucleation.
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dissociation remains rapid, as above, but the hydride phase formation and growth
is faster than hydrogen diffusion through the bulk and the surface layer, the
hydrogen uptake kinetics will follow a diffusion model (see Sect. 3.5.2). In this
case, hydrogen diffusion is the rate-limiting step. A number of the expressions that
can describe these different individual processes are given in Sect. 3.5. Fromm
[85] treated this topic in detail and provided an introduction to chemical reaction
kinetics in the context of the absorption and desorption of hydrogen. The author
emphasises the likelihood of more than one process being rate-limiting throughout
the course of the hydrogen absorption process and describes a model that can be
used to analyse scenarios involving the transition from one rate-limiting step to
another at any stage of the reaction. Further discussion of this approach and the
analysis of macroscopic hydrogen absorption and desorption kinetics is given in
Sect. 3.5.

However, if we assume the existence of a single rate-limiting step, the
absorption or desorption process can be parameterised, providing the experimen-
tally determined hydrogen uptake or release can be described adequately by at
least one of the appropriate analytical expressions. It should also be noted that the
experimental conditions and experimental artefacts can greatly affect the results of
a kinetic measurement. These include non-isothermal conditions due to the evo-
lution of heat during the reaction, potential surface contamination and poisoning,
and further decrepitation of the sample. A number of authors (see Wang and Suda
[91] and references therein) have developed experimental apparatus, in particular
specific sample reactors, for the determination of the intrinsic reaction kinetics of
hydrogen–metal systems. There are two main reasons for this. Many hydrides,
including most, if not all, of the proposed hydrogen storage compounds, absorb
and desorb hydrogen when they are in powder form. Powders, by their nature, have
low thermal conductivity in comparison with their bulk or single crystal equiva-
lents. Meanwhile, the hydrogen absorption reaction for hydrides of practical
interest is strongly exothermic. Conversely, hydrogen desorption by the same
compounds is strongly endothermic. Therefore, any hydrogen absorption or
desorption results in significant temperature excursions from the initial bed tem-
perature and the powder form of hydride beds do not exhibit good heat transfer
properties which might otherwise aid the dissipation of the generated heat.
Experimental set-ups designed for the determination of isothermal kinetic mea-
surements therefore seek to minimise these excursions through the use of thermal
ballast or heat sinks. Although temperature excursions are seen in the case of
adsorption, both as a result of the expansion of gas into measurement cells and the
enthalpy of adsorption, these deviations are not as extreme as those seen in the
hydride case. These experimental difficulties are another reason why attributing
the reaction to a single rate-limiting partial step based on the fitting of an analytical
expression to data is at best questionable.

Nonetheless, regardless of the acknowledged difficulties, in the following
sections we will cover three parameters that can be applied to kinetic hydrogen
absorption and desorption processes. The first is the activation energy, which
expresses the energy barrier of any activated kinetic process. The second is the
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hydrogen diffusion coefficient, which expresses the rate at which atomic hydrogen
diffuses through the host lattice. The third is the apparent rate of hydrogen
absorption or desorption, which can be used to parameterise kinetic rates without
attributing the macroscopic behaviour to any particular microscopic process and
without describing the temperature dependence of the absorption or desorption.
Some of the models that can describe the kinetics for different partial reaction
steps and processes will be covered in Sect. 3.5.

3.3.2.1 Activation Energy

An activated process requires a particular amount of energy before it can proceed,
and the rate at which the process occurs will change with temperature. The
magnitude of this energy barrier is known as the activation energy, Ea. If the rate
constant, k, of an activated kinetic process follows the Arrhenius relation,

k ¼ A exp �Ea

RT

� 	
ð3:39Þ

where A is known as the pre-exponential factor, R is the universal gas constant and
T is the temperature, then Ea can be determined from an Arrhenius plot of ln
k versus 1/T.

There are a number of different methods used for activation energy determi-
nation. One approach used in a number of recent studies of hydrogen desorption is
the Kissinger method, which was originally proposed for the analysis of differ-
ential thermal analysis data [92]. In this method the thermal desorption spectra (see
Sect. 4.3.2) at a series of different heating rates, b, are determined. Each spectrum
will show a maximum in the desorption rate at a particular temperature, Tmax.
These two parameters can then be used to determine Ea using the following
equation,

ln
b

Tmax

� �
¼ � Ea

RTmax

þ ln k0ð Þ ð3:40Þ

where k0 is a constant. A plot of ln(b/Tmax) against 1/Tmax therefore has a negative
slope of Ea/R.

Other ways to determine the activation energy include the method due to Flynn
and Wall, and Osawa (see Flynn [93]), and the approach of Gao and Wang [94],
which uses an expression, derived from the Johnson–Mehl–Avrami equation (see
Sect. 3.5.3), that was developed to determine the activation energy of crystalli-
sation in metallic glasses. The latter was applied recently by Yang et al. [95] for
the determination of the activation energy of a mixed lithium amide, lithium
borohydride and magnesium hydride material. A number of these and other
models are described by Brown [96] and references for a range of methods are
given by Starinck [97, 98]. In view of the competing processes involved in
hydrogen desorption, values determined using these methods should be considered
apparent activation energies.
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3.3.2.2 Hydrogen Diffusion Coefficient

Hydrogen diffusion between interstitial sites in a lattice can occur via a number of
mechanisms and the dominant mechanism depends primarily on temperature [99].
Below a certain threshold temperature the processes are primarily quantum
mechanical in nature. At the lowest temperatures, coherent tunnelling dominates.
Then, as the temperature increases, phonon-assisted tunnelling becomes the pri-
mary mechanism. As the temperature increases yet further, the hydrogen atoms
begin to behave as classical particles that migrate via over-barrier jumps induced
by thermal excitations. At the highest temperatures, the hydrogen atoms behave
like those in a gas, undergoing free motion through the lattice [99]. At the elevated
temperatures of interest for hydrogen storage the quantum behaviour of hydrogen
atoms described above for the lower temperature regimes can be ignored and they
can be considered classical particles.

The rate at which hydrogen diffuses through a material, regardless of the actual
mechanism, can be characterised by its diffusion coefficient. There are two types,
namely the chemical diffusion coefficient, Dchem, and the tracer diffusion coeffi-
cient, Dt. The former describes the bulk diffusion of particles or atoms in the
presence of a concentration gradient and the latter, the diffusion of individual,
distinguishable particles. Dchem can be measured via bulk or macroscopic mea-
surements and Dt, by microscopic measurement techniques such as Quasi-Elastic
Neutron Scattering (QENS) and Nuclear Magnetic Resonance (NMR) (see
Sect. 5.4). From a practical point of view we are more interested in Dchem, as this
describes the motion of hydrogen through a material as a hydride store is charged
or discharged, although Dt is still crucial as it helps characterise the rate at which
the interstitial hydrogen can move through the lattice. Dchem and Dt will generally
have different values, but can be related using the following expression,

Dt ¼
DchemkBT

c ol=ocð Þ ð3:41Þ

where kB is the Boltzmann constant, T is the temperature, c is the hydrogen
concentration and l is the chemical potential [100, 101].

The chemical diffusion coefficient can be determined by fitting data to a
solution to the diffusion equation for the uptake of hydrogen by the sample, under
isothermal isobaric conditions, using the assumption that the process is hydrogen
diffusion-limited. There are many solutions to the diffusion equation, each
dependent on the chosen boundary conditions. The solutions for diffusion into a
sphere and a plane sheet or slab are covered in Sect. 3.5.2.

3.3.2.3 Apparent Rates of Absorption or Desorption

A practical way of expressing the rate at which hydrogen is absorbed and desorbed,
without assuming any particular underlying mechanism, is through the use of an
apparent rate of absorption and desorption. A number of different ways of defining
this have been used. Goodell et al. [102] used the two parameters T� and R� to
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parameterise the kinetics of a number of interstitial metal hydrides. T� is the time the
reaction takes to reach half completion, expressed in minutes, and R� is the reaction
rate at the time T�, expressed in H/M min-1. The JIS glossary of terms [32],
meanwhile, defines the hydriding rate as ‘the hydriding amount per unit time’ and the
dehydriding rate as ‘the dehydriding amount per unit time’. A JIS on the measure-
ment of hydriding kinetics [103] then defines an 80% reaction time, t80, and an 80%
reaction rate, w80. These express the time it takes for the hydrogen absorption or
desorption to reach 80% of the equilibrium value, and the quantity of hydrogen
absorption or desorption at the 80% reaction time divided by the 80% reaction time,
respectively. According to the JIS [103], t80 is expressed in seconds and w80 in units
of s-1.

It can be seen from Fig. 2.3 that another approach used in the literature is to
determine the average desorption rate between the times at which the desorbed
hydrogen quantity is at 20 and 80% of its maximum. A potential problem with this
approach would occur if it is used to compare materials with significantly different
initial desorption rates, because this would result in a significant offset in the 20%
desorption time. However, a reasonable assessment of the kinetic data should allow
the potential for the distortion of the apparent rates, due to this effect, to be iden-
tified. Furthermore, this problem is more likely to be an issue in the comparison of
absorption, rather than desorption, rates because different materials could poten-
tially show sigmoidal-type behaviour during absorption in which a long incubation
time of significant practical concern would be excluded from the calculated
absorption rates. The result could be that materials exhibiting similar calculated
absorption rates may practically take significantly different periods to charge.
Attention should therefore be paid to the shape of kinetic profiles when determining
how best to express apparent hydrogen absorption and desorption rates.

3.4 Isotherm Models

In this section we will cover some of the models that can be used to fit experi-
mental equilibrium hydrogen uptake data. In the case of adsorption, these include
some of the isotherm models that have been proposed for the adsorption of dif-
ferent gases and vapours of practical interest in a range of applications, as well as
for fundamental studies. For absorption, we cover a number of models that have
been proposed for absorption and desorption isotherms for metal–hydrogen sys-
tems. In this case, the models must account for the hydride phase formation and
decomposition processes that occur during hydrogen absorption and desorption, as
well as the heterogeneity of real host compounds.

3.4.1 Supercritical Hydrogen Adsorption

There are numerous adsorption isotherm models available to describe the inter-
action of gases with solid materials, and many of these have been covered

94 3 Hydrogen Sorption Properties of Materials



extensively in books on adsorption measurement and theory [10, 12, 36, 38, 104,
105]. The simplest is the Langmuir equation, which describes monolayer
adsorption on an ideal surface and is given by,

h ¼ bP

1þ bP
ð3:42Þ

where h is the surface coverage, P is the pressure and b is the adsorption coeffi-
cient. The adsorption coefficient is related exponentially to the positive value of
the energy of adsorption, E, so that,

b ¼ K exp
E

RT

� �
ð3:43Þ

where K is proportional to the ratio of the relative rates of adsorption and
desorption of the adsorbate molecules.

The Langmuir equation was originally derived from a kinetic model in which
the gas–solid system is in dynamic equilibrium and the ratio of the relative rates of
adsorption and desorption is constant for any given pressure. The model assumes
that an adsorbed molecule occupies a localised adsorption site, that each site can
be occupied by only one adsorbate molecule, that the energy of adsorption for each
site is equal and that there are no adsorbate–adsorbate interactions. It can also,
however, be derived from thermodynamics and from statistical mechanics [104].
In the latter case, the coefficient b is expressed in terms of the internal partition
functions for the molecules in the adsorbed and gas phases.28 Despite its limita-
tions, the Langmuir isotherm equation has been used recently to fit supercritical
hydrogen adsorption data [61, 107].

The linear form of the Langmuir equation, which is given by,

P

n
¼ 1

nmb
þ P

nm
ð3:44Þ

where n is the amount adsorbed and nm is the monolayer capacity, so that h = n/nm,
has also been used recently for supercritical hydrogen adsorption [61, 108].29

However, the theoretical basis for the Langmuir expression does not seem satis-
factory for the case of supercritical hydrogen adsorption on heterogeneous

28 Fowler [106] derived the Langmuir equation using essentially the same assumptions that the
atoms or molecules are adsorbed on definite adsorption sites, only one adsorbate atom or
molecule can be accommodated on each site and that the energy of each is unaffected by the
presence of neighbouring adsorbate atoms or molecules.
29 Note that n in this case should be the absolute adsorbed quantity (see Sect. 3.1.1.3).
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microporous solids30 and its form does not practically appear to describe the
overall uptake particularly well.

A number of empirical isotherm equations have been proposed to describe the
adsorption of gases on heterogeneous surfaces. One approach, following the
Langmuir equation, is to assume there are N independent regions, each of constant
adsorption affinity, and that the Langmuir equation applies to each of these, so that,

Cl ¼
XN

j¼1

Cl;j
bjP

1þ bjP
ð3:45Þ

where Cl is the total uptake and Cl,j is the uptake by region j, which has an
adsorption coefficient bj. In other words, the adsorbent has a patchwise surface
topography, with the Langmuir equation applicable to each patch and the patches
consisting of only one type of adsorption site possessing a single adsorption
energy. However, even in the case of N = 2, known as the dual Langmuir isotherm,
this expression contains four fitting parameters and a number of empirical relations
with only three have been proposed that better represent adsorption on heteroge-
neous surfaces. One of these combines the Langmuir isotherm with the empirical
Freundlich isotherm [109].

The Freundlich expression was originally proposed as an empirical relation but
it can be derived theoretically from the model described above, using the
assumption that the adsorption energy distribution is described by an exponential.
This gives the following result,

Cl ¼ KP1=n ð3:46Þ

where Cl, as above, is the concentration of the adsorbed species, and K and n are
empirical parameters. Obviously, for n = 1 this relation is linear; for n [ 1, the
isotherm becomes increasingly non-linear with increasing n. However, for n = 1,
this expression does not show Henry’s law behaviour (Eq. 3.33) in the low
pressure region31 and also does not reach a finite limit at high pressures.32

Nonetheless, the Freundlich equation can be used to fit experimental data over a
limited (intermediate) pressure range [36].

30 In addition to the assumption of a homogeneous surface, another fundamental assumption in
the derivation of the Langmuir equation is that the enthalpy of adsorption does not vary with the
amount of gas adsorbed [104]. This has been shown experimentally not to be the case for
supercritical hydrogen adsorption on a number of microporous adsorbents, which further supports
the inapplicability of the Langmuir equation.
31 Henry’s law describes a linear uptake with pressure at low surface coverage, due to the
absence of competition for adsorption sites and the non-interaction of neighbouring adsorbate
molecules or atoms. The latter is expected to be the case for very low adsorbate concentrations
(see also Sect. 3.2.1).
32 The adsorbed quantity should saturate because it cannot increase indefinitely.
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The combination of Eqs. 3.42 and 3.46, derived by Sips [109], assumes
Langmuir isotherm behaviour but with a near Gaussian distribution of site ener-
gies, so that,

Cl ¼ Cls
bPð Þ1=n

1þ bPð Þ1=n
: ð3:47Þ

This expression reduces to the Langmuir equation for n = 1 and to the Fre-
undlich equation at low pressure; as a consequence, it also cannot describe Henry’s
law behaviour at low pressures. The value of n can be considered as a measure of
the level of homogeneity shown by the sample and is normally greater than one,
with a larger value indicating a more heterogeneous surface. The Sips equation,
also known as the Langmuir–Freundlich isotherm, has been shown to fit experi-
mental adsorption data effectively and has been used recently to fit supercritical
hydrogen adsorption data. See, for example, the report by Kaye and Long [110] on
hydrogen adsorption by dehydrated Prussian blue analogues.

Two other well known expressions used to describe adsorption on heteroge-
neous surfaces are the Tóth and the Unilan equations. Unlike the Sips equation,
both of these show Henry’s law behaviour in the low pressure regime and saturate
at elevated pressures. The first of these describes the adsorption in terms of another
exponent, t,

Cl ¼ Cls
bP

½1þ ðbPÞt�1=t
ð3:48Þ

where b and t are specific to a given adsorbate–adsorbent system. This expression
reduces to the Langmuir equation for t = 1. Usually, for a heterogenous adsorbent,
t\1. As with n for the Sips equation, t is said to represent the heterogeneity of the
system. Lin et al. [111] recently used the Tóth equation, in conjunction with the
Soave–Redlich–Kwong (SRK) equation of state (see Sect. 6.1.1.2), to represent the
total, or absolute, hydrogen adsorption in the conversion of experimentally
determined excess adsorption isotherms for a series of three metal–organic
frameworks (NOTT-101, NOTT-102 and NOTT-103). The values of t obtained
were 0.71, 0.56 and 0.66, respectively, indicating a variation in the heterogeneity
of each material, assuming that the model is applicable in this case.

The Unilan equation, which derives its name from the combination of a uniform
distribution and Langmuir local isotherm, assumes patchwise surface topography,
local Langmuir behaviour and a uniform distribution of site energies. However,
this equation has a more complicated form than both the Tóth and the Langmuir–
Freundlich expressions and is yet to be applied, to the author’s knowledge, to
supercritical hydrogen adsorption data. Other examples of isotherm expressions
that have been applied to the case of supercritical hydrogen adsorption include the
virial equations covered briefly in the context of the determination of the isosteric
enthalpy of adsorption in Sect. 3.2.1.
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Apart from the Langmuir equation, the isotherm equations described above
apply to adsorption on heterogeneous surfaces, whether porous or non-porous.
For hydrogen storage, we are specifically interested in adsorption by micropo-
rous solids, as well as adsorption at supercritical temperatures. At sub or near-
critical temperatures, the adsorption process for a microporous solid is governed
by micropore filling, rather than monolayer formation followed by a transition to
multilayer adsorption. This is not necessarily the case for supercritical adsorption
in micropores, but the measurement of gas adsorption below and above the
critical temperature by microporous solids has shown that there is no abrupt
change in the form of the adsorption observed during the transition from sub-
critical to supercritical conditions [36]. This can be seen in the adsorption of
carbon dioxide both above and below its critical temperature by a microporous
carbon, which is shown in Fig. 3.6. Therefore, equations based on a micropore
filling mechanism, such as the Dubinin–Radushkevich (DR) and Dubinin–As-
takhov (DA) expressions, can be empirically applied to supercritical gas
adsorption by microporous materials.

The DA equation is one of a series of expressions, due to Dubinin and co-
workers, based on Polanyi’s potential theory, which views adsorption in terms of
the adsorption potential of the material. For any given adsorbate–adsorbent sys-
tem, the adsorption potential can be determined empirically by measuring its
temperature-independent characteristic curve. This expresses the fractional filling
of the micropore volume, h, in terms of A, the Polanyi adsorption potential and E,
the characteristic energy of the system,

h ¼ exp � A

E

� �n� 	
ð3:49Þ

where n is an empirical constant. This is a generalisation of an earlier proposal by
Dubinin and Radushkevich in which n = 2. In the DA equation, which tends to fit
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Fig. 3.6 Carbon dioxide
adsorption isotherms for a
commercial activated carbon
sample measured at
temperatures below and
above the critical temperature
of CO2, Tc = 304.1 K. The
data shown are for (a) T =
299 K, (b) T = 308 K and
(c) T = 318 K. Unpublished
data, reproduced with
permission from Hiden
Isochema Ltd
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experimental data more satisfactorily, n has been reported to range from 1.2 to 6.33

The value of n can be considered an indication of the heterogeneity of the
adsorbent because the isotherm, expressed as a function of the adsorption potential
or relative pressure, sharpens with increasing n. Therefore, as the isotherm is
expected to be relatively sharp for a homogeneous solid, the lower the value of the
exponent, the greater the heterogeneity.

The adsorption potential, A, is given by the following expression,

A ¼ �RT ln
P

Ps

� �
ð3:50Þ

where Ps is the pseudo saturated vapour pressure, which replaces the real saturated
vapour pressure, P0, in the standard DA equation.

It can be seen that the use of these equations requires the calculation of Ps, a
parameter of questionable physical significance. One method involves the
extrapolation of the Antoine equation,

ln Psð Þ ¼ A� B

C þ T
ð3:51Þ

where A, B and C are the empirically determined Antoine coefficients, T is the
temperature in K and P is the pressure in bar. In the case of hydrogen A = 3.543,
B = 99.395 and C = 7.726. These values are calculated from the data of van
Itterbeek et al. [112] in the temperature range 21.01–32.27 K, as listed in the NIST
Chemistry WebBook.34 Another assumption, suggested by Dubinin, calculates Ps

in terms of the critical pressure, Pc, and the critical temperature, Tc, and is given by,

Ps ¼ Pc
T

Tc

� �2

: ð3:52Þ

A generalisation of this approach was proposed by Amankwah and Schwarz
[113], so that,

Ps ¼ Pc
T

Tc

� �k

ð3:53Þ

where k is specific to the adsorbate–adsorbent system. The authors applied this
expression in conjunction with the DA equation for hydrogen adsorption on four
microporous carbons and found that n, the exponent in the DA equation, had
values in the range 1.67–1.79 and k was in the range 2.72–4.16. Poirier and Dailly
[114–116] have recently applied the DA equation to hydrogen adsorption data for

33 According to Do [36], values for a strongly activated carbon are typically between 1.2 and 1.8,
and for zeolites between 3 and 6, although Rouquerol et al. [12] quote values between 2 and 6
from original work by Dubinin, and Lowell et al. [105] mention the range 2–5.
34 http://webbook.nist.gov/chemistry/, accessed 13th January 2010.
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a series of MOFs and used the Amankwah and Schwarz [113] expression for the
pseudo saturated vapour pressure.

3.4.2 Hydrogen Absorption

Models for the isothermal uptake of hydrogen by metal hydrides are not applied as
widely as those for the isothermal adsorption of gases. This is due mainly to the
wide applicability of the equations discussed in the previous section, which can be
applied to the adsorption of various species by heterogenous and microporous
solids in a wide array of practically important applications, as well as fundamental
adsorption studies. An isotherm model that can parameterise the reversible
absorption and desorption of hydrogen by a metallic host is therefore more narrow
in scope. However, a number of models have been proposed, although they have
not been widely tested on different materials and they have not yet passed into
common usage.

An early model of the pressure–composition dependence of hydrogen absorp-
tion by Pd was proposed by Lacher [117]. The model assumes that there are a
definite number of interstitial sites in the metal lattice for the hydrogen to occupy
and that the heat of absorption increases as the sites become occupied. Hydride
phase formation is considered to occur due to attractive interactions between the
hydrogen atoms in the metal lattice and can be viewed as condensation of the
absorbed hydrogen from a gaseous to a liquid-like state. Lacher assumed that
the interaction was nearest-neighbour, and applied the Bragg–Williams (mean
field) approximation [118] to derive the following expression for an absorption
isotherm,

ln P1=2 ¼ ln
h

1� h

� �
� 1

kBT
v0 �

vd

2
þ hv

� �
þ ln A ð3:54Þ

where P is the hydrogen pressure, h is the fractional site occupancy (h = Ms/Ns,
where Ms is the number of hydrogen atoms and Ns is the number of interstitial
sites), kB is the Boltzmann constant, T is the temperature, -v0 is the energy of a
hydrogen atom in its lowest quantum state in an interstitial site, vd is the disso-
ciation energy of a hydrogen molecule from it lowest quantum state, v is a pro-
portionality constant dependent on the critical temperature35 (Tcrit = v/4kB) and ln
A over a limited temperature range can be treated as a constant (log10A = 2.3009 in
the work of Lacher).

A number of more complex models have been developed since this early work.
Rees [119] formulated a model that accounted for the disorder in the parent lattice,
assuming that either Frenkel or Schottky defects were present. Kierstead [120]

35 Note that Tcrit is the temperature of the critical point for the two phase co-existence region of
the palladium–hydrogen system, not that of fluid phase hydrogen (see Sect. 3.1.1).
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derived Lacher’s expression thermodynamically and extended it to multiplateau
isotherms so that each plateau corresponds to a different set of sites. Kierstead also
applied the same approach to the Rees model and used it to fit experimental
isotherms for DyCo3Hx [121]. Subsequent work by the same author included the
improvement of the Lacher and Rees theories to better represent the temperature
dependence of their description of hydrogen uptake behaviour [122], the gener-
alisation of the multiplateau isotherms based on Lacher’s theory [123], and the
introduction of interactions between hydrogen atoms absorbed on different sites
[124], which had been neglected in the previous models.

Bjurström et al. [125] took a different, empirical, approach. They reduced
isotherms measured at different temperatures for the LaNi4.79Al0.21Hx system into
a single characteristic curve, analogous to the characteristic adsorption curves used
in the Dubinin approach to adsorptive processes (see Sect. 3.4.1), using the free
energy function RT ln P=PXref

ð Þ, where PXref
is a reference pressure for a given

reference composition Xref. A good fit to the data was achieved with the following
six parameter expression for the equilibrium hydrogen-to-metal ratio,

H

M

� �

eq

¼ a1
a2x1=a3

1þ a2x1=a3
þ a4

a5x1=a6

1þ a5x1=a6
ð3:55Þ

where a1 to a6 are the six fitting parameters. A similar approach had been applied
previously by Larsen and Livesay [126] to fit their equilibrium SmCo5Hx data.
This expression does not describe Sieverts’ law behaviour (

ffiffiffi
P
p
¼ KSx; where KS is

the Sieverts constant and x is the hydrogen-to-metal ratio [99]) at low pressures
and fails in the critical region, but Bjurström et al. [125] argue that it is sufficiently
accurate for engineering applications.

Fujitani et al. [127] modelled pressure–composition isotherms by fitting the a
and b phase regions using the Lacher model, as applied by Evans and Everett
[128], and by fitting the plateau region using a Gaussian distribution function to
represent the plateau slope. They demonstrated the model by fitting data for
LaNi4.55Al0.45Hx. Similarly, Zhou et al. [129] presented a model that represents the
a, a + b and b phase regions separately but fits the sloping plateau region
according to a ‘slope factor’, fs, which expresses the gradient in the mixed phase
region at a temperature, T, relative to the gradient at 298 K. They demonstrated
their model by fitting data from two AB and five AB5 compounds. The model was
later applied to a series of AB2 compounds [130, 131], and also modified to allow
for curvature in the mixed phase region [132].

Lototsky and co-workers [133–136] have modified the Lacher model and Ki-
erstead’s multi-plateau version to incorporate a Gaussian distribution in the ther-
modynamic properties in the plateau region, in order to account for the
inhomogeneity of real materials. The model appears to fit data for real alloys more
accurately than the original Lacher and Kierstead models. Lexcellent and Gondor
[137] recently presented a model, applicable to single plateau isotherms, which is
based on the theory of hysteresis in open two-phase systems containing coherent
interfaces developed by Schwarz and Khachaturyan [138, 139]. Lexcellent and
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Gondor criticise the model of Lototsky and co-workers for not addressing the
phase transition in the mixed phase region and for producing unconvincing fits to
experimental data. However, in a recent article on PCI modelling, Payá et al. [140]
point out that the Lexcellent and Gondor model predicts a linear dependence of ln
P upon hydrogen content, which is inconsistent with published data. In their
article, Payá et al. [140] compared a smoothed version of the Zhou et al. [129]
model, with the Lototsky et al. [134] model and a polynomial fitting method, by
fitting data for an AB2 and an AB5 compound. They conclude that the Zhou et al.
[129] model provides the best fit to the data. The polynomial approach also pro-
vided good fits but non-physical oscillations are apparent in the fitted model in the
plateau region; the authors therefore urge caution in using this method.

3.5 Kinetic Models

In this section we will cover models that can describe experimental kinetic
hydrogen sorption and desorption data. Although the kinetics of the adsorption and
desorption of molecular hydrogen by microporous materials are of practical
interest, they are generally very rapid (see Sect. 3.3.1). This is a significant
advantage for hydrogen storage applications but, firstly, provides less motivation
for their study and analysis36 and, secondly, makes their experimental determi-
nation challenging. On the other hand, the kinetics of hydrogen absorption and
desorption by metal hydrides can be a significant problem and hence a significant
disadvantage for hydrogen storage applications. Gaining a better understanding of
their origin is therefore practically important, as is their measurement, and so we
shall concentrate here on the kinetics of hydrogen absorption. As explained in
Sect. 3.3, reaction kinetics are often analysed under the assumption that there is a
single rate-limiting step. In the case of hydrogen absorption and desorption there
are a number of processes involved, each of which potentially could be rate-
limiting. These include surface penetration, hydrogen diffusion and hydride phase
formation. In this section we will therefore cover some of the possible models for
these three processes.

Firstly, however, we shall discuss some issues surrounding the analysis of
kinetics, particularly with regard to the assumption of a single rate-limiting step,
beginning with the work of Fromm and co-workers [85, 90, 141]. In their model of
the hydrogen absorption and desorption process, Martin et al. [90] assumed a
spherical particle shape and the shrinking core model (see Sect. 3.3.2), and pre-
sented expressions for five partial reaction steps: (i) physisorption of molecular
hydrogen on the surface, (ii) the dissociation of the molecular hydrogen and
subsequent atomic chemisorption, (iii) surface penetration by atomic hydrogen,

36 In this regard, it is not a materials problem that requires a solution, although it is still of
scientific interest.
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(iv) hydrogen diffusion, and (v) hydride formation. Using their model, they ana-
lysed volumetrically determined kinetic data for LaNi4.7Al0.3 and a Ni-coated Mg
sample, using Al powder in the reactor, for the LaNi4.7Al0.3 measurements, as a
heat buffer in order to reduce the temperature excursions during the absorption and
desorption processes. Schweppe et al. [141] subsequently presented a combined
model that incorporates the physisorption, chemisorption, surface penetration and
hydrogen diffusion partial steps, and allows for the possibility of different partial
reaction steps being rate-limiting at different stages of the absorption or desorption
processes. For example, a surface-related process could determine the initial
absorption rate, with a subsequent transition to a diffusion-limited regime at longer
times. Fromm and co-workers argued that the complex nature of the heterogeneous
hydrogen–metal reaction means that the laws of first order reaction kinetics and the
Johnson–Mehl equation (see Sect. 3.5.3) are not suited to the description of the
kinetics of hydrogen absorption and desorption. The former describes the case of a
single phase homogeneous reaction in which the reaction rate is proportional to the
unreacted fraction, and the latter is often used to describe the kinetics of nucleation
and growth processes.

In addition, prior to the work described above, the analysis of the hydrogen
sorption kinetics of hydride powders was discussed in detail by Mintz and Zeiri
[89]. They concluded that the determination of the rate-limiting step through the
analysis of the sorption kinetics is possible but only under certain conditions. The
three factors they identify as problematic to the application of sorption kinetics
using a spherical particle model are the likelihood of a particle size distribution in
the sample, variations in the shape of the powder particles, and a distribution in the
time at which the reaction proceeds for each of the particles in the sample. Fur-
thermore, in recent work on the interplay of diffusion and dissociation mechanisms
in the hydrogen absorption process, Borgschulte et al. [142] concluded that, in
most cases of hydrogen absorption, a single rate-limiting step does not exist.

When considering hydrogen sorption kinetics, temperature variation due to the
exothermic or endothermic nature of both the absorption and the desorption pro-
cess, is another factor that complicates an already complex picture. Any temper-
ature variation is unlikely to be homogeneous and gradients will most likely be
present. These temperature transients do not affect equilibrium uptake measure-
ments to such an extent because the actual (equilibrium) measurement can and
should be made after the material has returned to thermal equilibrium. In addition
to the heat of reaction, we must also consider carefully the surface state of the
hydriding material. When surface scientists study the interaction of gases with a
sample they use a near-perfect surface in an Ultra-High Vacuum (UHV) envi-
ronment. This means that both the crystallographic (hkl) plane of the surface is
known and, due to the UHV conditions, there are minimal contaminants present in
the gas phase. The sample will be nearly perfect with a relatively low level of
defects. In contrast, laboratory hydrogen sorption measurements are typically
performed using real polycrystalline materials with a complex surface structure.
This surface, depending on the history of the material, will consist of oxides,
hydroxides and many other surface functional groups. If a previously activated
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hydride sample has been exposed to air, varying amounts of surface oxidation may
have occurred. This is known as surface passivation. Part of the hydrogenation
reaction may therefore involve the reduction of the surface oxide layer. This will
affect the absorption behaviour observed using bulk measurement techniques.
Martin et al. [90] suggest that the Johnson–Mehl sigmoidal-type behaviour often
observed is due to successive activation of the sample surface, which has been
poisoned by impurities, rather than internal kinetics due to the nucleation and
growth process. If this surface passivation effect is considered, combined with the
possible presence of gaseous impurities, even at very low levels, in the hydrogen
and their interference with the adsorption and dissociation process, possible
temperature excursions and the highly defective nature of real surfaces, it can be
seen that extreme caution should be exercised when attempting to draw conclu-
sions from the form of the bulk kinetic uptake of hydrogen by materials based only
on standard gas sorption measurements. Mintz and Bloch [143] make the point that
although the measurement of hydrogen uptake kinetics for particular metals or
alloys may provide important technological information regarding their perfor-
mance in practical devices, including hydrogen storage systems, it is virtually
impossible to extract meaningful basic information on the microscopic mecha-
nisms involved in the reaction because the measured rates depend on so many
extrinsic parameters, such as the morphology of the powder, the heat transfer, the
reactor configuration, and so forth.

So, bearing in mind the uncertainties and difficulties in the measurement of
hydrogen absorption and desorption kinetics, the problems associated with the
assumption of a single rate-limiting step and the difficulty in analysing data when
there is uncertainty in some of the properties and parameters, we shall now briefly
look at some models that can be used assuming the rate-limiting steps are surface
penetration, hydrogen diffusion and hydride phase formation.

3.5.1 Surface Penetration

The surface penetration step can be represented by the idealised surface barrier
model [144, 145]. This has been used in different forms to describe the flux of
hydrogen penetrating the surface in a number of combined hydrogen kinetic
models [90, 141, 143, 146]. Following Pick et al. [144] and Davenport et al. [145],
hydrogen penetration through the surface can be described by four fluxes, f1 to f4.
f1 is the flux from the gas phase onto the surface and f2 is the flux from the surface
to the gas phase. f3 is the flux from the surface to the bulk and f4 is the return flux
from the bulk to the surface. f1 is dependent on the flux of hydrogen molecules
hitting the surface, C, the sticking coefficient, S, and the number of substrate atoms
per unit area, Ns. The flux of hydrogen hitting the surface can be calculated from
kinetic theory,

C ¼ P
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmHkBT
p ð3:56Þ

104 3 Hydrogen Sorption Properties of Materials



where P is the hydrogen pressure, mH is the mass of the hydrogen, kB is the
Boltzmann constant and T is the temperature. The assumption of second order
Langmuir kinetics leads to the following dependence for the sticking coefficient, S,
on the surface coverage, h,

S ¼ S0 1� hð Þ2 ð3:57Þ

where S0 is the sticking coefficient for the bare surface [147].37 Therefore, f1 is
given by,

f1 ¼
2CS0

Ns
1� hð Þ2 ð3:58Þ

Meanwhile, f2 is given by,

f2 ¼ �Kh2 ð3:59Þ

with the rate constant, K, defined as,

K ¼ K0 exp �2ED

RT

� �
ð3:60Þ

where K0 * 1013 s-1, ED is the surface energy per hydrogen atom, R is the
universal gas constant and T is the temperature. f3 is given by,

f3 ¼ �mh 1� xð Þ ð3:61Þ

where x is the atomic fraction of hydrogen atoms in the bulk and the rate constant,
m, representing the jump frequency from the surface to the bulk, is defined as,

m ¼ m0 exp �EA

RT

� �
ð3:62Þ

where m0 * 1013 s-1 and EA is the activation energy for a jump from the bulk to
the surface. Finally, f4 is given by,

f4 ¼ b 1� hð Þx ð3:63Þ

where the rate constant, b, representing the jump frequency from the surface to the
bulk, is defined as,

b ¼ b0 exp �EB

RT

� �
ð3:64Þ

where b0 * 1013 s-1 and EB is the activation energy for a jump from the surface to
the bulk.

37 See Johansson et al. [148] for a discussion of the validity of this dependence, as well as
comments on the variability of experimental results in Christmann [86].
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By balancing these fluxes, the following two differential equations are obtained,

dh
dt
¼ 2CS0

NS
1� hð Þ2�Kh2 � mh 1� xð Þ þ b 1� hð Þx ð3:65Þ

and,

dx

dt
¼ mh

Nl
1� xð Þ � b

Nl
1� hð Þx ð3:66Þ

where Ns is the number of metal atoms per unit area and Nl is the number of metal
layers in the bulk. These equations do not have a general solution and so sim-
plifying assumptions and approximations must be made to obtain a solution.
Davenport et al. [145] discuss three different solutions; however, for the sake of
brevity we will present the solution that Pick et al. [144] applied to Pd-coated Nb.
Firstly, x is assumed to be small compared to 1 and so (1 - x) is removed from the
third term on the right-hand side of Eq. 3.65. Secondly, x and h are assumed to be
in quasi-equilibrium after an initial, very rapid, transient. Thirdly, dh/dt is assumed
to be very small compared to Nldx/dt. Therefore,

1þ bx

m

� �2dx

dt
¼ 2CS0

NsNl
� Kb2x2

Nlm2
: ð3:67Þ

Pick et al. [144] then defined the following three variables,

y ¼ x

xmax

ð3:68Þ

a ¼ 2CS0

NsNlxmax

ð3:69Þ

b ¼ b
m

� �
xmax ¼

hmax

1� hmax

ð3:70Þ

and found, by integration, that for absorption,

1� bð Þ2

2
ln 1þ yð Þ � 1þ bð Þ2

2
ln 1� yð Þ � b2y ¼ at ð3:71Þ

and for desorption into vacuum,

1
y
� 1

y0
þ 2b ln

y0

y

� �
þ b2 y0 � yð Þ ¼ at ð3:72Þ

where y0 is the value of y at the start of the desorption process.
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3.5.2 Hydrogen Diffusion

As we saw in Sect. 3.3.2.2, hydrogen diffusion can be described by the tracer or the
chemical diffusion coefficient. The diffusion in terms of the latter for certain
sample geometries can be described by various solutions to the diffusion equation
[149]. Here we give the solutions for diffusion into a spherical and slab-like (plane
sheet geometry) medium. These are the two solutions most relevant to the analysis
of hydrogen diffusion in solids because a sphere can be used to approximate a
powder particle and plane sheet geometry represents a foil or thin film.

If the surface concentration is constant, the mass change due to the diffusion of
a substance into a sphere of radius, a, as a function of time, t, is given by,

Mt

M1
¼ 1� 6

p2

X1

n¼1

1
n2

exp �Dn2p2t

a2

� �
ð3:73Þ

where Mt is amount of the substance that has entered the sphere in a time, t, M? is
the amount after infinite time and D is the diffusion coefficient. The above solution
is suitable for the conditions of an isobaric hydrogen sorption measurement.

For a plane sheet sample, with the surface concentration held constant on both
sides, the mass change as a function of time is given by,

Mt

M1
¼ 1�

X1

n¼0

8

2nþ 1ð Þ2p2
exp �D 2nþ 1ð Þ2p2t

4l2

 !

ð3:74Þ

where l is the thickness of the sheet. In practice, for both solutions, only the first
few terms of the summation are required to represent the uptake to sufficient
accuracy.

3.5.3 Phase Transformation

The kinetics of solid state phase transformations can be described using a number
of models and these can be used to describe hydride phase formation, subject to the
caveats covered in the introduction to this section and in Sect 3.3. One of the best
known is Avrami’s model [150–152], which describes the transformation in terms
of a time constant, k, and an exponent, n,

a ¼ 1� exp �ktnð Þ ð3:75Þ

where a is the reacted fraction and t is the time. This model assumes random
spatial nucleation and an exponential decrease in the nucleation rate. The value of
n depends on the geometry (including the dimensionality) of the reaction. This
model is used widely in materials science [153, 154], thermal analysis [96, 98] and
many other fields, but has also been applied to metal hydrides [155]. It is also
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known variously as the Avrami–Erofeev [96], Johnson–Mehl–Avrami [155],
Johnson–Mehl–Avrami–Kolmogorov (JMAK) [98] model, and other such varia-
tions [154]. It is commonly applied in its linear form,

kt ¼ � ln 1� að Þ½ �1=n: ð3:76Þ

When expressed in terms of a mass uptake for the kinetic fitting of isobaric
gravimetric kinetic measurements, it takes the form of Eq. 4.12 (see Sect. 4.2.1.2).

3.6 Summary

In this chapter we have discussed the various hydrogen sorption properties of
materials that are of practical interest in the study of hydrogen storage. Firstly, we
looked at the practical storage properties that can be assessed using the gas phase
characterisation techniques that will be described in more detail in the following
chapter. These included the reversible hydrogen storage capacity of both hydrides
and adsorbents, the long term cycling stability, gaseous impurity resistance and the
ease of activation. Where appropriate, we have discussed the origins of the effects
that can lead to problems with regard to these properties in different materials. The
thermodynamic properties, including the enthalpy of molecular hydrogen
adsorption and the enthalpy of hydride formation or decomposition were then
discussed. We briefly covered the kinetics of hydrogen adsorption, before dis-
cussing the kinetics of hydrogen absorption in more detail. The latter can be
described using one of a number of characterisation parameters. We considered the
activation energy, the hydrogen diffusion coefficient and the apparent rate of
hydrogen absorption and desorption. The latter part of the chapter considered both
equilibrium and kinetic models that can be used to describe experimental data.
With regard to equilibrium properties, we covered both analytical adsorption
isotherm equations and expressions that can describe hydrogen pressure–compo-
sition isotherms for interstitial hydrides. We concluded with kinetic models and
focused on expressions for different stages of the hydrogen absorption process,
including surface penetration, hydrogen diffusion and hydride phase formation.
The methods used to determine many of the properties discussed above will be
described in the next chapter.
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72. Bogdanović B, Brand RA, Marjanović A, Schwickardi M, Tölle J (2000) Metal-doped
sodium aluminium hydrides as potential new hydrogen storage materials. J Alloy Compd
302:36–58

73. Sandrock G, Thomas G (2001) The IEA/DOE/SNL on-line hydride databases. Appl Phys A
72:153–155

74. Flanagan TB, Park CN, Oates WA (1995) Hysteresis in solid state reactions. Prog Solid
State Chem 23:291–363

75. Wang D, Flanagan TB, Kuji T (2002) Hysteresis scans for Pd–H and Pd-alloy-H systems.
Phys Chem Chem Phys 4:4244–4254

76. Ruthven DM (2006) Transport in microporous solids: an historical perspective. Part I:
Fundamental principles and sorption kinetics. In: Conner WC, Fraissard J (eds) Fluid
transport in nanoporous materials. Springer, Dordrecht

77. Narehood DG, Pearce JV, Eklund PC, Sokol PE, Lechner RE, Pieper J, Copley JRD, Cook
JC (2003) Diffusion of H2 adsorbed on single-walled carbon nanotubes. Phys Rev B
67:205409

78. Fernandez-Alonso F, Bermejo FJ, Cabrillo C, Loutfy RO, Leon V, Saboungi ML (2007)
Nature of the bound states of molecular hydrogen in carbon nanohorns. Phys Rev Lett
98:215503

79. Ross DK (2008) Neutron scattering studies for analysing solid-state hydrogen storage. In:
Walker G (ed) Solid-state hydrogen storage: materials and chemistry. Woodhead
Publishing, Cambridge

80. Haas O-E, Simon JM, Kjelstrup S, Ramstad AL, Fouquet P (2008) Quasi-elastic neutron
scattering investigation of the hydrogen surface self-diffusion on polymer electrolyte
membrane fuel cell catalyst support. J Phys Chem C 112:3121–3125

81. O’koye IP, Benham M, Thomas KM (1997) Adsorption of gases and vapors on carbon
molecular sieves. Langmuir 13:4054–4059

82. Zhao XB, Xiao B, Fletcher AJ, Thomas KM (2005) Hydrogen adsorption on functionalized
nanoporous activated carbons. J Phys Chem B 109:8880–8888

83. Laidler KJ (1996) A glossary of terms used in chemical kinetics, including reaction
dynamics. Pure Appl Chem 68(1):149–192

84. Bloch J, Mintz MH (1997) Kinetics and mechanisms of metal hydrides formation—a
review. J Alloy Compd 253–254:529–541

85. Fromm E (1998) Kinetics of metal–gas interactions at low temperatures: hydriding,
oxidation, poisoning. Springer, Berlin

86. Christmann K (1988) Interaction of hydrogen with solid surfaces. Surf Sci Rep 9:1–163
87. Stoltze P, Nørskov JK (1985) Bridging the ‘pressure gap’ between ultrahigh-vacuum

surface physics and high-pressure catalysis. Phys Rev Lett 55(22):2502–2505
88. Freund HJ, Kuhlenbeck H, Libuda J, Ruppenrechter G, Bäumer M, Hamann H (2001)

Bridging the pressure and materials gaps between catalysis and surface science: clean and
modified oxide surfaces. Top Catal 15(2–4):201–209

89. Mintz MH, Zeiri Y (1994) Hydriding kinetics of powders. J Alloy Compd 216:159–175
90. Martin M, Gommel C, Borkhart C, Fromm E (1996) Absorption and desorption kinetics of

hydrogen storage alloys. J Alloy Compd 238:193–201
91. Wang X-L, Suda S (1990) A dehydriding kinetic study of LaNi4.7Al0.3 hydride by a step-

wise method. J Less Common Met 159:83–90
92. Kissinger HE (1957) Reaction kinetics in differential thermal analysis. Anal Chem

29(11):1702–1706

112 3 Hydrogen Sorption Properties of Materials



93. Flynn JH (1996) Early papers by Takeo Ozawa and their continuing relevance. Thermochim
Acta 282(283):35–42

94. Gao YQ, Wang W (1986) On the activation energy of crystallization in metallic glasses.
J Non Cryst Solids 81:129–134

95. Yang J, Sudik A, Siegel DJ, Halliday D, Drews A, Carter RO III, Wolverton C, Lewis GJ,
Sachtler JWA, Low JJ, Faheem SA, Lesch DA, Ozolinš V (2008) A self-catalyzing
hydrogen-storage material. Angew Chem Int Ed 47:882–887

96. Brown ME (2001) Introduction to thermal analysis: techniques and applications, 2nd edn.
Kluwer Academic Publishers, Dordrecht

97. Starinck MJ (2003) The determination of activation energy from linear heating rate
experiments: a comparison of the accuracy of isoconversion methods. Thermochim Acta
404:163–176

98. Starinck MJ (2004) Analysis of aluminium based alloys by calorimetry: quantitative
analysis of reactions and reaction kinetics. Int Mater Rev 49(3–4):191–226

99. Fukai Y (2005) The metal–hydrogen system. Basic bulk properties, 2nd edn. Springer,
Berlin

100. Ross DK (1992) The interpretation of coherent quasielastic neutron scattering experiments
on lattice gases and similar systems. Physica B 182:318–322

101. Stonadge PR, Benham MJ, Ross DK, Manwaring C, Harris IR (1993) The measurement of
concentration dependent diffusion coefficients in the solid-solution alloy Pd–Y. Z Phys
Chem 181:S125–S131

102. Goodell PD, Sandrock GD, Huston EL (1980) Kinetic and dynamic aspects of rechargeable
metal hydrides. J Less Common Met 73:135–142

103. Japanese Industrial Standards Committee (2007) Method for measurement of hydrogen
absorption/desorption reaction rate of hydrogen absorbing alloys. JIS H 7202:2007 (E)

104. Brunauer S (1943) The adsorption of gases and vapors vol 1—physical adsorption.
Princeton University Press, Princeton

105. Lowell S, Shields JE, Thomas MA, Thommes M (2004) Characterization of porous solids
and powders: surface area, pore size and density. Springer, Dordrecht

106. Fowler RH (1935) A statistical derivation of Langmuir’s adsorption isotherm. Proc Camb
Philos Soc 31:260–264

107. Schimmel HG, Kearley GJ, Nijkamp MG, Visser CT, de Jong KP, Mulder FM (2003)
Hydrogen adsorption in carbon nanostructures: comparison of nanotubes, fibers, and coals.
Chem Eur J 9:4764–4770

108. Langmi HW, Book D, Walton A, Johnson SR, Al-Mamouri MM, Speight JD, Edwards PP,
Harris IR, Anderson PA (2005) Hydrogen storage in ion-exchanged zeolites. J Alloy Compd
404–406:637–642

109. Sips R (1948) On the structure of a catalyst surface. J Phys Chem 16(5):490–495
110. Kaye SS, Long JR (2005) Hydrogen storage in the dehydrated prussian blue analogues

M3[Co(CN)6]2 (M = Mn, Fe, Co, Ni, Cu, Zn). J Am Chem Soc 127(18):6506–6507
111. Lin X, Telepeni I, Blake AJ, Dailly A, Brown CM, Simmons JM, Zoppi M, Walker GS,

Thomas KM, Mays TJ, Hubberstey P, Champness NR, Schröder M (2009) High capacity
hydrogen adsorption in Cu(II) tetracarboxylate framework materials: the role of pore size,
ligand functionalization, and exposed metal sites. J Am Chem Soc 131(6):2159–2171

112. van Itterbeek A, Verbeke O, Theewes F, Staes K, de Boelpaep J (1964) The difference in
vapour pressure between normal and equilibrium hydrogen. Vapour pressure of normal
hydrogen between 20�K and 32�K. Physica 30:1238–1244

113. Amankwah KAG, Schwarz JA (1995) A modified approach for estimating pseudo-vapor
pressures in the application of the Dubinin–Astakhov equation. Carbon 33(9):1313–1319

114. Poirier E, Dailly A (2008) Investigation of the hydrogen state in IRMOF-1 from
measurements and modeling of adsorption isotherms at high gas densities. J Phys Chem C
112(3):13047–13052

115. Poirier E, Dailly A (2009) Thermodynamic study of the adsorbed hydrogen phase in Cu-
based metal–organic frameworks at cryogenic temperatures. Energy Environ Sci 2:420–425

References 113



116. Poirer E, Dailly A (2009) Thermodynamics of hydrogen adsorption in MOF-177 at low
temperatures: measurements and modeling. Nanotechnology 20(20):204006

117. Lacher JR (1937) A theoretical formula for the solubility of hydrogen in palladium. Proc R
Soc Lond A 161:525–545

118. Tanaka T, Keita M, Azofeifa DE (1981) Theory of hydrogen absorption in metal hydrides.
Phys Rev B 24(4):1771–1776

119. Rees ALG (1954) Statistical mechanics of two-component interstitial solid solutions. Trans
Faraday Soc 50:335–342

120. Kierstead HA (1980) A theory of multiplateau hydrogen absorption isotherms. J Less
Common Met 71:303–309

121. Kierstead HA (1980) Application of the Rees theory to multiplateau hydrogen absorption
isotherms. J Less Common Met 75:267–271

122. Kierstead HA (1981) Enhancement of the Lacher and Rees theories of hydrogen absorption
isotherms. J Less Common Met 77:281–285

123. Kierstead HA (1982) A generalized theory of multiplateau hydrogen absorption isotherms.
J Less Common Met 84:253–261

124. Kierstead HA (1984) A theory of hydrogen absorption with interactions. J Less Common
Met 96:141–152

125. Bjurström H, Suda S, Lewis D (1987) A numerical expression for the P–C–T properties of
metal hydrides. J Less Common Met 130:365–370

126. Larsen JW, Livesay BR (1980) Hydriding kinetics of SmCo5. J Less Common Met
73:79–88

127. Fujitani S, Nakamura H, Furukawa A, Nasako K, Satoh K, Imoto T, Saito T, Yonezu I
(1993) A method for numerical expressions of P–C isotherms of hydrogen-absorbing alloys.
Z Phys Chem Bd 179:S27–S33

128. Evans MJB, Everett DH (1976) Thermodynamics of the solution of hydrogen and deuterium
in palladium. J Less Common Met 49:123–145

129. Zhou Z, Zhang J, Ge J, Feng F, Dai Z (1994) Mathematical modeling of the PCT curve of
hydrogen storage alloys. Int J Hydrogen Energy 19(3):269–273

130. Fang S, Zhou Z, Zhang J, Yao M, Feng F, Northwood DO (1999) Two mathematical models
for the hydrogen storage properties of AB2 type alloys. J Alloy Compd 293–295:10–13

131. Fang S, Zhou Z, Zhang J, Yao M, Feng F, Northwood DO (2000) The application of
mathematical models to the calculation of selected hydrogen storage properties (formation
enthalpy and hysteresis) of AB2-type alloys. Int J Hydrogen Energy 25:143–149

132. Feng F, Geng M, Northwood DO (2002) Mathematical model for the plateau region of P–C-
isotherms of hydrogen-absorbing alloys using hydrogen reaction kinetics. Comput Mater
Sci 23:291–299

133. Davidson DJ, Sai Raman SS, Lototsky MV, Srivastava ON (2003) On the computer
simulation of the P–C isotherms of ZrFe2 type hydrogen storage materials. Int J Hydrogen
Energy 28:1425–1431

134. Lototsky MV, Yartys VA, Marinin VS, Lototsky NM (2003) Modelling of phase equilibria
in metal–hydrogen systems. J Alloy Compd 356–357:27–31

135. Singh RK, Gupta BK, Lototsky MV, Srivastava ON (2004) On the synthesis and
hydrogenation behaviour of MmNi5-xFex alloys and computer simulation of the P–C–
T curves. J Alloy Compd 373:208–213

136. Singh RK, Lototsky MV, Srivastava ON (2007) Thermodynamical, structural, hydrogen
storage properties and simulation studies of P–C isotherms of (La, Mm) Ni5-yFey. Int J
Hydrogen Energy 32:2971–2976

137. Lexcellent Ch, Gondor G (2007) Analysis of hydride formation for hydrogen storage:
pressure–composition isotherm curves modeling. Intermetallics 15:934–944

138. Schwarz RB, Khachaturyan AG (1995) Thermodynamics of open two-phase systems with
coherent interfaces. Phys Rev Lett 74(13):2523–2526

139. Schwarz RB, Khachaturyan AG (2006) Thermodynamics of open two-phase systems with
coherent interfaces: application to metal–hydrogen systems. Acta Mater 54:313–323

114 3 Hydrogen Sorption Properties of Materials



140. Payá J, Linder M, Laurien E, Corberán JM (2009) Mathematical models for the P–C–
T characterization of hydrogen absorbing alloys. J Alloy Compd 484(1–2):190–195

141. Schweppe F, Martin M, Fromm E (1997) Model on hydride formation describing surface
control, diffusion control and transition regions. J Alloy Compd 261:254–258

142. Borgschulte A, Gremaud R, Griessen R (2008) Interplay of diffusion and dissociation
mechanisms during hydrogen absorption in metals. Phys Rev B 78:094106

143. Mintz MH, Bloch J (1985) Evaluation of the kinetics and mechanisms of hydriding
reactions. Prog Solid State Chem 16:163–194

144. Pick MA, Davenport JW, Strongin M, Dienes GJ (1979) Enhancement of hydrogen uptake
rates for Nb and Ta by thin surface overlayers. Phys Rev Lett 43(4):286–289

145. Davenport JW, Dienes GJ, Johnson RA (1982) Surface effects on the kinetics of hydrogen
absorption by metals. Phys Rev B 25(4):2165–2174

146. Bloch J (2000) The kinetics of a moving metal hydride layer. J Alloy Compd 312:135–153
147. Colonell JI, Curtiss TJ, Sibener SJ (1996) Coverage dependence of the kinetics for H2

desorption from Rh(111). Surf Sci 366:19–28
148. Johansson M, Lytken O, Chorkendorff I (2007) The sticking probability of hydrogen on Ni,

Pd and Pt at a hydrogen pressure of 1 bar. Top Catal 46(1–2):175–187
149. Crank J (1975) The mathematics of diffusion, 2nd edn. Oxford University Press, Oxford
150. Avrami M (1939) Kinetics of phase change. I. General theory. J Chem Phys 7:1103–1112
151. Avrami M (1940) Kinetics of phase change. II. Transformation–time relations for random

distribution of nuclei. J Chem Phys 8:212–224
152. Avrami M (1941) Granulation, phase change, and microstructure kinetics of phase change.

III. J Chem Phys 9:177–184
153. Smallman RE, Bishop RJ (1999) Modern physical metallurgy and materials engineering:

science, process, applications. Butterworth-Heinemann, Oxford
154. Pineda E, Crespo D (1999) Microstructure development in Kolmogorov, Johnson-Mehl, and

Avrami nucleation and growth kinetics. Phys Rev B 60(5):3104–3112
155. Grant D (2008) Magnesium hydride for hydrogen storage. In: Walker G (ed) Solid-state

hydrogen storage: materials and chemistry. Woodhead Publishing, Cambridge

References 115





Chapter 4
Gas Sorption Measurement Techniques

In this chapter we cover the common laboratory techniques used to measure the
sorption of gaseous hydrogen by materials. The techniques can be broadly sepa-
rated into three categories: gravimetric, volumetric and Temperature-Programmed
Desorption (TPD), which is also known as Thermal Desorption Spectroscopy
(TDS). The gravimetric and volumetric techniques are used to measure sorption
isotherms, which are plots of hydrogen content or uptake versus hydrogen pres-
sure, or vice versa, at a fixed temperature, whereas the temperature-programmed or
thermal desorption techniques are used to determine the amount of hydrogen
desorbed from a sample as a function of temperature. All three techniques can also
be used to determine the kinetics of the sorption and desorption processes,
depending on the experimental set-up and the material being studied.

In principle, the gravimetric and volumetric methods are the same as the
techniques routinely used to determine the adsorption of gases other than
hydrogen for a broad range of other purposes, including the characterisation of
porous materials [1, 2] and the determination of gas–solid equilibria for prac-
tical applications such as adsorption-based gas separation [3, 4]. However,
some of the properties of hydrogen, primarily its low molar mass and sus-
ceptibility to leakage, and the above ambient pressures required for hydrogen
storage applications mean that specialised measurement apparatus is required.
Similarly, the temperature-programmed desorption techniques described here
are, broadly speaking, the same as techniques used for a range of other
applications, including the study of the thermal decomposition of solids [5], the
analysis of catalytic materials [6] and desorption processes in surface or vac-
uum science [7, 8]; however, as before, the unique properties of hydrogen
mean that specific apparatus is required. Commercial analytical equipment is
available for this purpose and Table 4.1 shows a list of the main apparatus
suppliers.

D. P. Broom, Hydrogen Storage Materials, Green Energy and Technology,
DOI: 10.1007/978-0-85729-221-6_4, � Springer-Verlag London Limited 2011
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4.1 Volumetric Techniques

The volumetric method is the most common of the measurement techniques
described in this chapter. It can be implemented relatively easily using a gas
handling system of known volume in which the temperature and pressure can be
accurately measured. The amount of hydrogen sorbed by a sample is calculated
using the real gas law,

PV ¼ nZRT ð4:1Þ

where P is the pressure, V is the volume, n is the number of moles, Z is the gas
compressibility, R is the universal gas constant and T is the temperature. Volu-
metric measurements can be performed in a number of ways but the manometric
method, which is known in the metal hydride research community as the Sieverts
Method or Sieverts’ Technique, is the most common.1 We shall therefore con-
centrate primarily on this method, but we will also briefly cover some of the
alternative approaches to volumetric measurement.

Table 4.1 A list of the main suppliers of commercial instrumentation suitable for the charac-
terisation of the hydrogen sorption properties of reversible storage materials at elevated pressures

Supplier Type of apparatus Country of origin

Advanced Materials Corporation (AMC) Volumetric USA
Bel-Japan Gravimetric/volumetric Japan
Hiden Isochema Ltd Gravimetric/volumetric/TPD-MS UK
HyEnergy (Setaram) Volumetric USA/France
Micromeritics/Particulate Systems Volumetric USA
Rubotherm Gravimetric/volumetric Germany
Suzuki Shokan Co. Ltd Volumetric Japan
VTI (TA Instruments Corporation) Gravimetric/volumetric USA

1 There are some variations and inconsistencies in the terminology used for the measurements
described in this section. The measurement type used often in metal hydride research is
essentially the same as the method used by adsorption equipment for the determination of the
BET surface area and pore size distribution of porous solids. It is widely called the volumetric
technique, although the measurement parameter that determines the sorbed quantity is principally
the pressure and therefore it should be termed manometry [1] or the manometric technique or
method [4, 9]. The equipment is also sometimes referred to as PCT apparatus, because the
measured data determine the Pressure–Composition–Temperature (PCT) properties of a metal
hydride system. This is a particularly imprecise term because these properties can be determined
in a number of ways. Here we use the term volumetric to encompass all techniques that use the
measurement of the volume of hydrogen, as opposed to a change in the sample mass, to
determine hydrogen uptake because this is common terminology, but acknowledge that for
manometric apparatus this is, strictly speaking, incorrect.
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4.1.1 The Manometric (Sieverts) Method

The manometric method is the most widely used hydrogen sorption technique. It is
practically more convenient to implement than gravimetric methods because a
simple manually operated system can be built relatively easily from off-the-shelf
gas handling components. It is also the most common technique for gas adsorption
measurement, in general, because commercial BET surface area and pore size
distribution determination instruments also operate using the same principle.

A schematic diagram of a basic manometric system is shown in Fig. 4.1 [10].
V1 and V2 are known volumes, and valves A and B control the hydrogen gas inlet
and vacuum outlet, respectively, allowing the control of the hydrogen pressure in
V1. Valve C allows the introduction or removal of gas to or from V2, and the
pressure in V1 is measured using the manometer. The sample, which is held in V2,
should be secured appropriately, although this will depend on the form of the
sample (for example, a fine or coarse powder, foil, single crystal, and so forth).
The thermostat or thermal bath can be any temperature-controlling system,
including a liquid nitrogen dewar, a cryostat, a low temperature fluid bath or a
furnace, with the sample temperature monitored appropriately. The main system
temperature should be controlled and monitored, preferably with sensors in more
than one location. The manometer in Fig. 4.1 represents one or more pressure
measuring devices, depending on the hydrogen pressure ranges required. In a
system designed for both low and high pressure measurement, this is likely to
include separate gauges for different ranges. The vacuum pump can be of any type,
although an oil-free system with an Ultra-High Vacuum (UHV) compatible pump
is preferable, particularly if samples are to be degassed. For microporous materials
high vacuum2 is essential and so a turbomolecular pump backed by a membrane or
scroll pump is recommended. An oil-free system is favourable because oil vapour
can backstream into the system causing contamination; although oil vapour filters
can reduce backstreaming, they are unlikely to eliminate it entirely. The hydrogen
supply should be of very high purity ([99.999%). Many of these points are dis-
cussed in further detail in Chap. 6, and some of the practical issues regarding
hydrogen compatibility of pressure systems are covered in Sect. 4.2.3.2.

To perform a simple, single step sorption experiment on an activated sample
(see Sect. 3.1.4) in the apparatus shown in Fig. 4.1, valves B and C are first opened
to evacuate V1 and V2. After a sufficient period, valves B and C are then closed.
Valve A is opened, allowing V1 to fill with hydrogen to an initial pressure Pi.
Valve A is then closed and valve C subsequently opened to fill V2. Any drop in
pressure beyond that due to the volume difference between V1 and (V1 ? V2) is
then assumed to be the result of hydrogen uptake by the sample. So, assuming the

2 The high vacuum regime can be defined as the range *10-3 to 10-8 mbar (10-1 to 10-6 Pa).
Either side of this regime is ultra-high vacuum in the range 10-8 to 10-12 mbar (10-6 to
10-10 Pa), medium vacuum in the range 1 to 10-3 mbar (102 to 10-1 Pa) and low vacuum in the
range atmospheric pressure to 1 mbar (105 to 102 Pa) [11].
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experiment is performed at a constant temperature, T, and that the final measured
pressure is Pf, the number of moles sorbed is given by,

Dn ¼ PiV1

Zi;TRT
� Pf V1 þ V2ð Þ

Zf ;T RT
ð4:2Þ

where Zi,T and Zf,T are the hydrogen compressibilities at the measurement tem-
perature T and the pressures Pi and Pf, respectively. To continue the measurement,
the subsequent step then uses the values of Dn and Pf as a starting point. The
repetition of the above procedure results in the measurement of a complete
sorption isotherm, so that the total hydrogen uptake, after m sorption steps, is given
by,

nm ¼
Xm

j¼1

Pf ;j�1;T V2

Zf ;j�1;T RT
þ Pi;j;TV1

Zi;j;TRT
� Pf ;j;T V1 þ V2ð Þ

Zf ;j;T RT

� �
ð4:3Þ

where Pi,j,T and Pf,j,T are the initial and final pressures at isotherm point j, Zi,j,T and
Zf,j,T are the compressibilities of hydrogen at pressures Pi,j,T and Pf,j,T, and T is the
measurement temperature. The first term accounts for the residual gas phase
hydrogen in the sample cell from the previous isotherm point. Note that for j = 1
this term is zero because the sample cell begins at vacuum, so Pi,0,T = 0, and
Eq. 4.3 for the first step (or m = 1) then reduces to Eq. 4.2.

In this expression, V2 is the dead volume of the sample cell; in other words, the
free space that is not occupied by the sample or any containment material in the
sample cell. This can be determined in two ways, using the methods called direct
and indirect dead volume determination by Rouquerol et al. [1]. The direct method
involves the measurement of the volume using a gas that is assumed to be non-
interacting, which is typically helium, and the indirect method involves the sub-
traction of an estimated sample volume from the measured volume of the empty
cell. For the direct method Eq. 4.3 is simply used with V2 input as the dead volume
of the sample cell determined using a helium calibration measurement on the

Fig. 4.1 A schematic
diagram of a basic
manometric sorption
measurement system [10]
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sample cell with the sample in its activated state.3 For the indirect method the
expression becomes,

nm ¼
Xm

j¼1

Pf ;j�1;T Vcell � ms=qs

� �

Zf ;j�1;T RT
þ Pi;j;TV1

Zi;j;T RT
�

Pf ;j;T V1 þ Vcell � ms=qs

� �� �

Zf ;j;T RT

� �

ð4:4Þ

where ms and qs are the mass and density of the sample, respectively.
Equation 4.4 only applies to the situation in which the sample cell and the

system are at the same temperature, T. This can be the case and some systems are
immersed in a water bath, for example, to ensure complete isothermal conditions.
However, it is common for measurements to be performed at temperatures at
which it would be impractical to maintain the entire apparatus. Therefore the
difference between the temperature of the main system, represented in the sche-
matic in Fig. 4.1 by V1, and the temperature of the sample cell, V2, must be
accounted for in the calculation. In reality, not all of V2 will be at the sample
temperature. The calculation can be made by assuming that there is a fixed
dividing line at a point along V2 at which the temperature changes from the sample
temperature, Tsample, to the system temperature, Tsys. This point can be determined
using calibration measurements and defined as the decimal fraction, f, of the
sample cell volume that remains at Tsys. Therefore, fV2 is at Tsys and (1 - f)V2 is at
Tsample. Equation 4.3 then becomes,

nm ¼
Xm

j¼1

fPf ;j�1;Tsys
V2

Zf ;j�1;Tsys
RTsys

þ
1� fð ÞPf ;j�1;Tsample

V2

Zf ;j�1;Tsample
RTsample

� �
þ

Pi;j;Tsys
V1

Zi;j;Tsys
RTsys

�
Pf ;j;Tsys

V1 þ fV2ð Þ
Zf ;j;Tsys

RTsys

þ
1� fð ÞPf ;j;Tsample

V2

Zf ;j;Tsample
RTsample

� �

2

6664

3

7775
ð4:5Þ

and Eq. 4.4 becomes,

nm ¼
Xm

j¼1

fPf ;j�1;Tsys
Vcell � ms=qs

� �

Zf ;j�1;Tsys
RTsys

þ
1� fð ÞPf ;j�1;Tsample

Vcell � ms=qs

� �

Zf ;j�1;Tsample
RTsample

� �
þ

Pi;j;Tsys
V1

Zi;j;Tsys
RTsys

�

Pf ;j;Tsys
V1 þ f Vcell � ms=qs

� �� �

Zf ;j;Tsys
RTsys

þ

1� fð ÞPf ;j;Tsample
Vcell � ms=qs

� �

Zf ;j;Tssmple
RTsample

0

BBBB@

1

CCCCA

2

6666666664

3

7777777775

ð4:6Þ

3 Providing the empty cell volume is known this is also a helium pycnometry measurement of
the sample volume and hence its density. For adsorption measurement, this defines the position of
the Gibbs dividing surface.
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If the system contains further volumes, Eqs. 4.5 and 4.6 gain further real gas
law terms corresponding to the additional sections in the apparatus. Note that,
strictly speaking, the decimal volume fraction should apply to the empty sample
cell in both cases, so as not to shift the hypothetical dividing line between the two
temperature zones. However, it is very important to apply modified versions of
Eqs. 4.5 and 4.6 to the specific experimental set-up that is being used. The
expressions presented here are intended to help explain the principle of the
technique and provide a basis for the discussion in Chap. 6, but not to be used
without critical evaluation of a particular piece of apparatus to which they are to be
applied.

For hydrogen absorption, the quantity nm is the total amount of absorbed
hydrogen (Eq. 3.2 in Sect. 3.1.1.1) and for adsorption it is the excess adsorbed
quantity (Eq. 3.7 in Sect. 3.1.1.3). In the case of adsorption measurement, V2,
measured using helium, is the reference volume, Vref, defined in
Sect. 3.1.1.3. A Japanese Industrial Standard (JIS) covers the determination of
pressure–composition isotherms using Sieverts’ method for hydrogen absorbing
alloys in the temperature range 173–573 K, and in the pressure range 1 kPa to
5 MPa [12].

4.1.2 Other Volumetric Approaches

The manometric method described above is the most common approach to volu-
metric measurement but there are other types. In this section we will briefly
describe the flowing and differential volumetric methods, the dynamic volumetric
determination of PCIs and the variable volume hydrogenator proposed recently by
Gray [13].

In the flowing volumetric method, the amount of hydrogen sorbed by a sample
is determined through the measurement of the flow rate of hydrogen into the
sample cell. In this case, a flow meter or a Mass Flow Controller (MFC) is
positioned before the sample cell. If a mass flow meter is used with a standard
manometric system, the integrated mass flow can be used to perform a kinetic
measurement. If an MFC is used and controlled in such a way as to maintain
isobaric conditions, the integral of the resulting flow rate as a function of time
gives a measure of the isobaric absorption rate. The integral of the total mass flow
signal gives the total absorbed quantity. An example is the flowing volumetric
system presented by Poirier et al. [14], which operates up to atmospheric pressure.
The authors presented data for hydrogen sorption by Pd and carbon nanotubes.
The system has an MFC on the gas delivery line from the helium and hydrogen
supplies, which is used to measure the amount of sorbed hydrogen. The result
from this apparatus, which is designed only for low pressure measurement below
1 bar, is a single uptake point, rather than a full isotherm and so the reversibility
of the sorption process cannot be established. This apparatus therefore seems
relatively limited.
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In the differential volumetric method two parallel reference volumes and sample
cells are used. The differential pressure between the two sample cells is determined
and used to calculate the gas uptake [1]. This method is not widely used for
hydrogen sorption measurement but a differential system was reported by
Blackman et al. [15] and used to measure the uptake of hydrogen by activated
carbon and carbon nanofibres. It is argued that the system, which is an improved
version of the unthermostated system used by Browning et al. [16], has advantages
over Sieverts’ method because differential pressure transducers have a higher
accuracy than their absolute pressure measurement counterparts and also that
errors associated with temperature fluctuations are minimised because each arm of
the system is subject to the same thermal disturbances. However, the system
measures only a single uptake point, rather than a full isotherm and so an isotherm
must be constructed from a series of single point measurements. The system
presented by Blackman et al. [15] also requires the entire apparatus to be main-
tained at 303 K. Presumably there is some scope for extending the operating
temperature range but this will be limited by the operating temperature range of
the pressure transducers and valves. A wider operating temperature range is
possible by placing the sample cells in a separate thermostat, which was the
approach taken by Zielinski et al. [17], who presented a more versatile differential
system that operates up to 2000 psi (13.8 MPa). The instrument can determine full
adsorption and desorption isotherms, and this was demonstrated by the measure-
ment of hydrogen adsorption and desorption by a zeolite and an activated carbon,
as well as methane adsorption on the same zeolite (Na-A). All measurements were
performed near ambient temperature, in the range 273–323 K. They note that the
differential method eliminates problems with the thermal effects of gas expansion
(see Sect. 6.1.2) because the reference arm experiences the same expansion as the
sample arm during gas dosing, and also emphasise the importance of considering
helium adsorption effects during the dead space volume determination for
microporous materials (see Sect. 6.2.1).

In the dynamic volumetric method hydrogen is delivered to a system of known
volume at a fixed mass flow rate. If no sorption occurs then the pressure in the
system will rise linearly, ignoring any non-linearity arising from the compress-
ibility of the gas. Any deviation from the expected pressure increase is assumed to
be due to sorption. Providing the sorption process is rapid enough and the mass
flow rate, and hence the expected pressure increase, is slow enough, the system can
be considered to be close to equilibrium and this method allows an entire isotherm
to be measured relatively rapidly. This technique has been used to determine
dynamic PCIs for a range of hydrides [18] and was also used in a commercial
adsorption measurement system originally manufactured by Omicron Technology
Corporation (USA), and subsequently by the Coulter Corporation (USA), which
was known as the OMNISORP ([19]; J. D. Bullis 2009, private communication).
The latter was used for the characterisation of microporous solids. Both Rouquerol
et al. [1] and Lowell et al. [2] note the ‘‘unsurpassed’’ resolution of this approach,
providing equilibrium conditions can be reached, and the former gives further
details of the implementation of the method. In the case of hydrides, however,
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Goodell et al. [18] found significant differences between isotherms determined
statically and dynamically.

Another volumetric method was described recently by Gray [13]. The appa-
ratus, named the variable volume hydrogenator, operates in a true volumetric
mode in which the volume can be varied with a fixed quantity of hydrogen held
within the system. A motor-driven piston allows the volume to be changed and the
measurement of the hydrogen pressure for any given volume or temperature can be
used to calculate the equilibrium hydrogen sorption properties of the loaded
sample. This method eliminates the accumulative errors inherent in standard
manometric measurements (see Sect. 6.5.4), but some additional practical com-
plications are associated with the apparatus because of the need for a variable
volume piston.

4.1.3 Kinetic Measurements

The absorption and desorption of hydrogen by the hydrides of interest for storage
purposes are exothermic and endothermic reactions, respectively. Therefore, a
temperature excursion is associated with any absorption or desorption that occurs.
In order to determine the isothermal sorption kinetics of these materials a number
of sample reactors have been developed and presented in the literature. The main
approaches tend to involve the use of thermal ballast, such as Ni or Al powder, or
double walled reactors (see, for example, Wang and Suda [20] and references
therein). Another example of a container designed for kinetic measurements using
the volumetric method was given in a Japanese Industrial Standard (JIS) [21],
which shows a large copper sample container, designed to hold a relatively small
amount of hydriding material in a flat, disc-shaped chamber 40 mm in diameter
and less than 1 mm thick, in order to maximise heat dissipation.

4.2 Gravimetric Techniques

The gravimetric method was originally applied to the measurement of the
adsorption of gases and vapours by materials (see, for example, McBain and Bakr
[22]). More recently the technique has been used successfully to study the
absorption of gases, including hydrogen [23–26], and it has now become a widely
accepted method for the determination of both the adsorption and absorption of
hydrogen. In this section we first describe the gravimetric method before covering
the vacuum microbalances required for this measurement type. We then discuss
the technical requirements for a hydrogen compatible system and also briefly
describe an alternative gravimetric measurement method.
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4.2.1 The Gravimetric Method

A gravimetric hydrogen sorption measurement system requires the following
elements: an accurate (micro) balance, a vacuum system for sample degassing and
system evacuation, a gas supply system that can control the hydrogen pressure in
the balance chamber, and the ability to control the sample temperature. Once a
sample has been mounted on the microbalance pan and the system evacuated,
gaseous hydrogen is then introduced at a series of measurement pressures and the
mass change measured at each step to determine the hydrogen content of the
sample. Following the application of appropriate corrections, the measured weight
as a function of hydrogen pressure is then used to plot an isotherm.

A schematic diagram of a basic gravimetric system is shown in Fig. 4.2 [10].
Valves A and B control the hydrogen gas inlet and vacuum outlet, respectively,
allowing the control of the hydrogen pressure in the sample (microbalance)
chamber, which is measured using the manometer. The sample is shown sitting in
a holder suspended from a microbalance. The diagram implies the use of a
compensating beam balance but this can also be a magnetic suspension balance in
which the balance mechanism is isolated from the sample chamber (see Sect.
4.2.2). The thermostat or thermal bath can be any temperature-controlling unit,
including a liquid nitrogen dewar, a cryostat, a low temperature fluid bath or a
furnace, and the temperature of the system itself should be carefully controlled to
ensure stability of the balance reading. The manometer represents one or more
pressure measuring devices, depending on the hydrogen pressure ranges required.
As for the manometric method, the vacuum pump can be of any type, although an
oil-free system with UHV capability is preferable, particularly if samples are to be
degassed. For microporous materials high vacuum is essential and so a turbo-
molecular pump backed by a membrane or scroll pump is recommended. The
hydrogen supply should be of very high purity ([99.999%), and the system must

Fig. 4.2 A schematic
diagram of a basic
gravimetric sorption
measurement system [10]
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be compatible with hydrogen use as described in more detail in Sect. 4.2.3.2.
These practical points are discussed further in Chap. 6.

To perform a simple, single step experiment on an activated sample in the
apparatus shown in Fig. 4.2, valve B is first opened to evacuate the microbalance
chamber for a sufficient period. The dry or empty sample mass4 is then determined
from the microbalance reading after this period. Valve B is then closed and valve
A subsequently opened to allow the hydrogen pressure in the sample chamber to
reach the pressure required for the single isotherm point. As the sample sorbs
hydrogen, valve A can then be used to maintain a constant hydrogen pressure in
the chamber. Once the weight has reached an appropriate ‘‘equilibrium’’, the
hydrogen uptake can be determined from the sample weight, after the application
of the buoyancy effect (Archimedes’ Principle) corrections, using the dry or empty
sample mass as a reference point. The achievement of sufficient equilibrium can be
determined by defining an appropriate differential weight change threshold as a
function of time or by fitting an appropriate function to the real time weight
change. To extend this measurement to a full isotherm, the pressure is then
increased and the weight monitored. After a sufficient period, the uptake can then
again be determined from the buoyancy effect-corrected weight, with reference to
the dry or empty sample reading. This process is then repeated until a full isotherm
has been measured. At each point, the dry or empty sample mass is used as the
reference point, thus avoiding the accumulative errors inherent in the volumetric
measurement procedure.

4.2.1.1 Equilibrium Hydrogen Uptake Calculation

The measurement parameter of interest is the force, fsorb, on the microbalance due
to hydrogen sorption,

fsorb ¼ msorbg ð4:7Þ

where msorb is the mass of the adsorbed or absorbed hydrogen and g is the
acceleration due to gravity. This measured force must be corrected for the
buoyancy of the sample, which creates an upthrust, fbuoyancy, given by,

fbuoyancy ¼ msg
qH

qs

� �
ð4:8Þ

where ms is the empty sample mass measured at vacuum, qs is the sample density,5

and qH is the hydrogen density at the measurement temperature and pressure (see
Sect. 6.1.1). Strictly speaking, in the case of adsorption, this term should also

4 Empty in the sense of unloaded, unhydrogenated, or at the hydrogen loading required at the
start of the measurement, including any trapped residual hydrogen.
5 The (ms/qs) term therefore simply represents the volume occupied by the sample.
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include the buoyancy effect from the adsorbed phase. In the case of absorption, the
term will also include the increased sample volume due to hydrogen absorption
and the sample density should be the density of the sample including the absorbed
hydrogen.

In the absence of any other buoyancy effects, this produces a total force on the
balance, ftot, given by,

ftot ¼ fsorb � fbuoyancy ¼ msorbg� msg
qH

qs

� �
: ð4:9Þ

With knowledge of the sample mass and density, the mass of sorbed hydrogen can
therefore be calculated.

In an actual measurement using a beam balance we must also account for the
contributions from the other objects present in the gas phase. A counterweight is
suspended from the reference arm and this contributes a negative force to the
balance reading, along with the counterweight hangdown. On the sample side, a
hangdown and the sample pan contribute positively. In the simplest arrangement,
we must consider a sample hangdown of mass, msh, and density, qhd, a counter-
weight hangdown of mass, mch, and the same density, qhd, a counterweight of
mass, mcw, and density, qcw, and the sample pan of mass, msp, and density, qsp.
Therefore, the buoyancy correction, fbuoyancy, becomes,

fbuoyancy ¼ mshg
qH

qhd

� �
þ mspg

qH

qsp

 !

þ msg
qH

qs

� � !

� mchg
qH

qhd

� �
þ mcwg

qH

qcw

� �� � ð4:10Þ

The first bracketed term in the above expression includes the items on the sample
side of the balance and the second term includes those on the counterweight side.
In this expression, for the sake of simplicity, we have assumed that the entire
apparatus is at the same temperature and so both the counterweight and sample are
suspended in hydrogen of gas density, qH, which is the density of gaseous
hydrogen at the measurement temperature and pressure. If the counterweight and
sample are not at the same temperature, the appropriate gas densities for each term
should be used. Additional terms must be included if any additional material, such
as quartz wool to secure the sample, is present in the microbalance chamber.

The mass of the absorbed hydrogen is then determined using the definition of
fbuoyancy from Eq. 4.10 and rearranging Eq. 4.9 to give,

fsorb ¼ ftot þ fbuoyancy: ð4:11Þ

At each hydrogen pressure we therefore apply a buoyancy correction to the total
measured force, based on the parameters in Eq. 4.10 and the appropriate value of
qH. Note that, as the buoyancy is expected to create an upthrust on the balance
with increasing hydrogen pressure, fbuoyancy is expected to be negative at elevated
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pressures. For the case of hydrogen adsorption, adding a buoyancy term to the first
bracketed term in Eq. 4.10 for the adsorbed phase, using an assumed adsorbed
phase density, gives a calculated total adsorbed quantity, following Eq. 3.28,
rather than the experimental parameter, the excess adsorption.

4.2.1.2 The Approach to Equilibrium

During an isotherm measurement, at each hydrogen uptake point, the approach to
equilibrium should be monitored as a function of time. This allows us to determine
whether the state defined by Keller and Staudt [4] as technical equilibrium has
been achieved. This is the point at which sufficient adsorption, absorption or
desorption of hydrogen has taken place, so that the measurement can move on to
the next isotherm point. The two approaches mentioned previously in the intro-
duction to this section are those taken by Agarwal and Schwarz [27] and Benham
and Ross [25], respectively. Agarwal and Schwarz [27] defined a threshold dif-
ferential weight change of 0.8 lg min-1 for their adsorption measurements, cor-
responding to the achievement of a constant balance reading for a period of 5 min
on a balance with a 4 lg resolution.6 Benham and Ross [25], in their work on the
gravimetric determination of hydrogen absorption by Pd, fitted the mass change in
real time to Avrami’s model,

mðtÞ ¼ m0 þ Dm 1� exp �ktxð Þð Þ ð4:12Þ

where m(t) is the mass as a function of time, t, m0 is the sample mass at the start of
the isotherm point, k is the time constant and x is an exponent. This function was
originally proposed by Avrami to represent the kinetics of solid state phase
transformations and has subsequently been used to represent a wide range of
physical and chemical processes (see Sect. 3.5.3). For x = 1 it reduces to a simple
exponential, which represents the Linear Driving Force (LDF) mass transfer
kinetic model [28, 29]. For x \ 1, it shows a steeper initial rise than the LDF
model, and can therefore approximate solutions to the diffusion equation, which
take the form of sums of exponentials (see Sect. 3.5.2). For x [ 1, the function
becomes sigmoidal which describes the kinetics of the nucleation and growth of
new phase precipitates in a host matrix.

Providing the uptake is adequately represented by Eq. 4.12, an asymptotic
uptake (m0 ? Dm) can be predicted. Therefore, the isotherm measurement can
proceed to the next pressure point after a sufficient percentage of uptake has been
reached. The asymptote can then be used as the uptake value for the current
isotherm point. This approach has the advantage of optimising the measurement
time and allowing the adjustment of the necessary waiting time for a particular
isotherm point using the predicted time constant. This method is implemented by

6 This is also the method of determining technical equilibrium described by Keller and Staudt
[4].
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the Intelligent Gravimetric Analyser (IGA) instruments currently manufactured by
Hiden Isochema Ltd (UK).

4.2.2 Vacuum Microbalances

A vacuum microbalance is a highly accurate balance that can measure the weight
of a sample suspended in vacuum and is the main component of a gravimetric
sorption measurement system. There are a number of different types, including the
spring balance, compensating beam balances, the magnetic suspension balance and
the quartz crystal microbalance [30]. The use of vacuum microbalances for
adsorption measurement has a long history [31], but the spring balance was one of
the early types used for this purpose in the 1920s by McBain and Bakr [22]. It
consists of a suspended helical spring made from fused silica with a sample holder
attached below. Any sample weight change results in an extension or contraction
of the spring. The magnitude of the change can then be determined from the
displacement. Helical spring balances do not have the resolution of modern
compensating beam balances and have now been largely superseded by the latter
[1], although spring balances combined with modern displacement determination
methods are still being developed [32].

Electronic compensating beam balances, such as those previously manufactured
by Sartorius (Germany) and Cahn (USA), and currently produced by CI Elec-
tronics Ltd (UK), are the most widely used for the purpose of hydrogen sorption
measurement. They consist of a pivoted beam, the displacement of which is
compensated by the application of an electromagnetic signal. The strength of this
signal gives a measure of the weight of the sample. More specifically, the CI
Electronics compensating beam balance, which is currently used in Hiden Isoc-
hema IGA instruments, uses an infrared sensing system to detect the beam dis-
placement. The balance beam, which is made from fine aluminium tubing, is then
held in a null position using a galvanometer coil. The electromagnetic force
required to maintain the null beam position is produced by passing a current
through the coil. The current required to maintain the position is proportional to
the applied force. Providing the balance is held in a well thermostatted enclosure,
this allows the detection of mass changes of ±0.1 lg.

The magnetic suspension balance, currently manufactured by Rubotherm
(Germany), is a relatively recent advance in which the sample chamber is sepa-
rated from the balance chamber [33]. The balance pan is attached to a permanent
magnet and any change in the sample mass is detected through a non-magnetic,
dielectric, wall by a second, coupled, magnet attached to the balance mechanism.
This system has significant advantages over the compensating beam balances
when performing measurements with corrosive species, which can attack the
mechanism of the latter, but the disadvantages of the large buoyancy contribution
of the permanent magnet assembly in the sample chamber and the requirement to
re-zero the balance regularly throughout a measurement do not make it an obvious
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choice for hydrogen sorption measurement in which corrosion resistance is
unnecessary and high accuracy is required due to the low molar mass of hydrogen.
Further details of this balance type can be found in Keller and Staudt [4].

Quartz crystal microbalances use the frequency shifts of a quartz crystal due to
an increase in its mass to determine the magnitude of the mass change, and can be
used to measure hydrogen uptake by metal hydrides [34–36]. However, to perform
the measurement the crystal is coated with a thin film of the hydrogen-absorbing
material, which is then hydrogenated while its mass is monitored. As a conse-
quence, their use is restricted to thin film samples and this technique has therefore
not found widespread use in hydrogen sorption measurement, particularly for
potential storage materials.

The commercial gravimetric systems that are currently available for hydrogen
sorption measurement therefore use either a compensating beam balance (Hiden
Isochema) or a Rubotherm magnetic suspension balance (Rubotherm/BEL Japan
and VTI/TA Instruments).

4.2.3 High Pressure Systems

In order for a vacuum microbalance to be used in hydrogen sorption measurement
it must be interfaced with a gas delivery system. Although low pressure (sub-
ambient) measurements are of interest, for storage applications we are primarily
interested in the above ambient performance of the material, and so it is crucial
that the hydrogen uptake at pressures above ambient can be determined. The
pressure system in which the microbalance is housed must have a method to
accurately measure and control the pressure and must also be suitable for safe
operation in pressurised gaseous hydrogen. We will now discuss both the pressure
control system and the technical requirements for high pressure hydrogen-com-
patible operation.

4.2.3.1 Pressure Control

The pressure can be controlled in a number of ways. In the simplified description
of the gravimetric method given in Sect. 4.2.1, valves A and B are described as
controlling the pressure in the microbalance chamber. Simple open or shut valves
will not perform this function accurately and so these should be valves that can
open or close to varying degrees to precisely control the hydrogen pressure. In the
Hiden Isochema IGA instruments, the equivalent of valves A and B are stepper
motor-controlled bellows valves that allow PID control of the hydrogen pressure in
conjunction with the manometer. An alternative is the control of the pressure using
MFCs with feedback control. There are a number of possible practical solutions,
but the important point is that the gas inlet and vacuum outlet of the microbalance
chamber must be able to control the hydrogen pressure sufficiently. If accurate
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isobaric kinetic measurements are to be performed, a high degree of pressure
control is essential.

4.2.3.2 Technical System Requirements

In order for a pressure system to be compatible with hydrogen it must be resistant
to hydrogen leakage through joints and connections, as well as hydrogen perme-
ation, embrittlement and attack of the construction material. If a system has been
built to allow high vacuum operation then it is likely to conform to at least the first
of these requirements. All metal seals are required and there should be minimal
hydrogen leakage. Swagelok� VCR� components and valves, which are suitable
for use with high pressure hydrogen and have high vacuum capability, for
example, have a quoted helium leak rate \4 9 10-11 std cm3 s-1. Hydrogen
permeation, embrittlement and attack can be avoided by the selection of 316L
stainless steel. The grade is important because the permeation rate of hydrogen
through, for example, 403 and 316L stainless steel differs by orders of magnitude
[37, 38]. The temperature of operation is also an important consideration. 316L
stainless steel is known to be suitable for cryogenic use and so can also be used for
low temperature adsorption measurements. At the other end of the scale, it can be
used safely up to temperatures of 500�C (773 K). Above this temperature alter-
native specialist alloys may be suitable for use with hydrogen; however, hydrogen
permeation and attack data are not readily available for many materials. The
hydrogen embrittlement of steel is caused by a number of mechanisms. These
include stress-induced hydride formation and cleavage, hydrogen enhanced
localised plasticity, and decohesion [39]. Hydrogen embrittlement tends to occur at
lower temperatures, near ambient, whereas hydrogen attack occurs at elevated
temperatures. In the latter, high pressure bubbles form as a result of gaseous
methane formation from the reaction of hydrogen with carbides or from water
vapour formation from interaction with oxides [39].

Leak tightness can be determined using helium pressure hold leak testing.
Providing high pressure helium testing is successful, the leak tightness can then be
confirmed using high pressure hydrogen hold tests. If high pressure hydrogen is
being used in a laboratory, a hydrogen safety sensing system should be used with
appropriate fail safe mechanisms. The requirements can vary depending on the
location and the physical size of the laboratory, but an extraction hood above the
equipment will, for example, ensure that any hydrogen leakage will be safely
removed from the vicinity of the equipment as hydrogen rises rapidly in air. The
Lower Explosive Limit (LEL) for hydrogen is 4%. Safety sensors for flammable
gases are typically set with two alarm settings at 10–20 and 40%LEL, and will
therefore be set at a concentration of approximately 0.4–0.8 and 1.6% hydrogen in
air. Another safety precaution is to ensure that the alarm system triggers slam-shut
valves if these concentrations are met. However, any safety systems must be
considered within the context of the particular laboratory and the relevant national
safety regulations, and specific guidelines are beyond the scope of this book.
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4.2.4 Other Gravimetric Approaches

So far we have focused on the standard gravimetric gas sorption measurement
technique but to close this section we shall briefly describe an interesting alter-
native gravimetric approach for the rapid screening of potential hydrogen adsor-
bents, presented by Zielinski et al. [40]. Their straightforward and cost effective
method involves measuring the mass change due to hydrogen pressurisation of a
detachable pressure cell filled with adsorbent. The sample is first activated in
separate apparatus before being weighed and transferred into a 180 g sealable
pressure cell under argon. The cell is then attached to a gas dosing manifold and
the sample degassed at ambient temperature to remove the residual argon from the
cell. A pressure of hydrogen is applied and, after equilibration, the valve on the
cell is closed and the cell disconnected from the manifold. Measurement of the
mass of the cell then allows the total amount of hydrogen stored to be calculated.
Note that this method does not just determine the amount of adsorbed hydrogen
but also the amount held in the gas phase. It therefore provides an easy way of
determining the benefit of the presence of the adsorbent in the cell, and hence a
storage unit, versus pressurised gas phase hydrogen storage in the same volume.
However, the determined value will depend to a certain extent on either the bulk or
the tap density of the adsorbent (see Sect. 6.2.1), which is dependent on the
manner in which the cell is loaded.

The method requires a relatively large sample but the minimum sample size
depends on the uptake shown by the material and the pressure.7 Activated carbon
samples weighing around 1.7 g were used to demonstrate the determination of
both methane and hydrogen storage, with impressive agreement shown with data
measured using the differential volumetric measurement apparatus covered in
Sect. 4.1.2. The method is recommended only for ambient temperature storage
measurement because of the uncontrolled pressurisation that will occur if the cell
is first cooled, pressurised and then allowed to warm prior to mass measurement,
although presumably this would not be a problem providing the cell was rated to a
sufficiently high pressure.8

4.3 Thermal Desorption

We now come to the third type of measurement, in which hydrogen desorption
from a material is induced by the application of a thermal ramp. This measurement

7 A greater uptake and higher pressure allows a smaller sample size.
8 Careful calculations would be required before this was attempted because the resultant pressure
rise due to an increase from 77 to 300 K, for example, is nearly fourfold ignoring any desorption
from the sample. However, this might only limit the upper pressure of the measurement because
2–3 MPa would seem to be feasible, whereas 20 MPa would not because a 77 K measurement
could potentially result in pressures approaching a kbar (100 MPa).
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type has several analogues. It is similar to standard Thermogravimetric Analysis
(TGA), which is widely used to study the thermal decomposition of solids [5], and
Thermal Desorption Spectroscopy (TDS) or Temperature-Programmed Desorption
(TPD), which is used widely in surface science [7, 8] and for the study of catalytic
materials [6]. Standard TGA can be used to determine the amount of hydrogen
released as a function of temperature by measuring the mass loss of the sample,
providing a hydrogen loaded material can be mounted in the instrument. Otherwise
a system in which the sample can be hydrogenated in situ must be used. TDS can
be performed in a system equipped with a mass spectrometer in which the
hydrogen is desorbed into vacuum or in a flowing configuration in which it is
desorbed into an inert carrier gas stream. A more technically straightforward
arrangement involves the desorption of the hydrogen into a calibrated volume
while monitoring the subsequent pressure increase.

4.3.1 Thermogravimetric Analysis (TGA)

In TGA, the change in the weight of a sample as a function of temperature is
measured. Standard TGA equipment differs from gravimetric sorption apparatus
because it cannot typically be used to hydrogenate samples at different hydrogen
pressures to determine isotherms. TGA equipment can, however, be used to desorb
hydrogen from a material, or to decompose a sample to induce hydrogen release.
TGA measurements are normally performed as a function of temperature; although
for hydrides with slow desorption kinetics experiments can be performed by
ramping the sample to a temperature at which hydrogen evolves and then main-
taining a fixed temperature during the desorption process.

TGA apparatus consists of a microbalance onto which a sample can be mounted
[5]. A carrier gas is flowed over the sample and the mass monitored as a function of
temperature. The carrier gas is typically inert and at ambient pressure in standard
systems, although both elevated and sub-ambient pressure operation are available
commercially. To determine the nature of the decomposition or desorption products
a mass spectrometer can be coupled to the apparatus using, for example, a heated
capillary to provide the necessary pressure reduction and to transport the decom-
position products effectively to the quadrupole analyser [41]. The pressure reduc-
tion is required as quadrupole mass spectrometers operate in the high vacuum
regime and so, in order to analyse the composition, the gas must be sampled from
the experimental pressure and reduced to levels below 10-4 mbar (10-2 Pa). The
vacuum level depends on the detector being used. A Faraday detector operates at
higher pressures or a lower vacuum than a Secondary Electron Multiplier (SEM);
the latter, however, provides higher sensitivity for low analyte concentrations. The
combination of mass spectrometry with TGA is known as TGA-MS. This can be
particularly useful if the characterisation of decomposition products other than
hydrogen is of interest; an example being the possible evolution of NH3 during the
decomposition of lithium amide and lithium hydride (see Sect. 2.3.2).
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4.3.2 Thermal Desorption Spectroscopy

Thermal Desorption Spectroscopy (TDS) involves the desorption of hydrogen into
either a vacuum or a flowing inert carrier gas. In a volumetric-type instrument, a
known calibrated vessel of sufficient volume initially at vacuum can be used. The
hydrogen is desorbed into the vessel and the increase in pressure used to determine
the quantity of desorbed hydrogen. Hydrogen can also be desorbed into vacuum
with the pressure, measured by a low pressure range gauge, used to plot a thermal
desorption spectrum [42]. However, although this vacuum method allows the
determination of the peak desorption temperature, it does not allow the quantita-
tive determination of the desorbed hydrogen. The desorbed quantity can also be
determined using a flow meter [43]. A more accurate method uses a mass spec-
trometer to monitor the hydrogen signal [44].

Von Zeppelin et al. [44] desorbed hydrogen into vacuum and used the mass
spectrometer to determine the amount of desorbed hydrogen. The signal was
calibrated using the response from a sample of known hydrogen content. In this
case, hydrogenated PdGd alloy and TiH2 was used. This kind of TDS is similar to
the measurements commonly performed in surface science in UHV equipment and
was the technique used in the report of Dillon et al. [45] on hydrogen storage in
carbon nanotubes (see Sect. 2.1.1.2). Panella et al. [46] later reported TDS
apparatus that can be used to study low temperature hydrogen desorption from
20 K. Subcritical temperatures are required to study the temperature-programmed
desorption of adsorbed molecular hydrogen in order to retain the physisorbed
hydrogen before the application of the thermal ramp. The desorption of hydrogen
can also be calibrated using a controlled flow of a calibrant gas mixture (H2/N2 or
H2/He, for example). This method is used by the Hiden Isochema HTP1-S
hydrogen desorption analyser and involves flowing the calibrant gas at three
appropriate flow rates and using the mass spectrometer response as a calibration
curve [47].

Regardless of the calibration method, the total desorbed hydrogen quantity is
calculated from the integral of the calibrated thermal desorption signal,

Ntot ¼
Z t1

t0

nðtÞdt ð4:13Þ

where Ntot is the number of moles of desorbed hydrogen, n(t) is the molar
hydrogen desorption rate as a function of time, t, and t0 and t1 are the start and end
times of the measurement, respectively [44].

TDS also allows the application of the Kissinger method, in which desorption
spectra are measured at different thermal ramp rates, to allow the calculation of the
activation energy of the desorption process (see Sect. 3.3.2.1). For example, Zlotea
et al. [47] used this method to determine activation energies of 182 and
153 kJ mol-1 for MgH2 and Mg24Y5-H, respectively.
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4.4 A Comparison of the Techniques

Before concluding the chapter we will briefly discuss the comparative merits of the
different techniques. Many of the accuracy issues discussed in Chap. 6 play an
important role in the choice of technique and these can depend significantly on the
material being studied, as well as the measurement temperature and pressure
ranges of interest. Other aspects to consider, however, are the ease of imple-
mentation and use, the required sample throughput (i.e., measurement times) and
the versatility. The information required from the measurement is also important.
For example, if the determination of the high pressure behaviour, including the
uptake as a function of pressure and temperature, is of significant importance, the
volumetric and gravimetric techniques are more appropriate than temperature-
programmed desorption, assuming that the thermal desorption is performed into
either an inert carrier gas stream or into a vacuum. On the other hand, temperature-
programmed methods are very useful for activation energy determination and TDS
performed with a mass spectrometer can be used for the characterisation of the
hydrogen desorption behaviour of small samples. This is particularly important if
novel synthesis methods that produce only small sample quantities of the order of
milligrams are being used. It also allows relatively rapid screening of different
materials because the thermal desorption procedure is performed using a single,
relatively rapid, temperature ramp.

With regard to the volumetric and gravimetric techniques, the former is easier
to implement from a practical point of view. Gravimetry, on the other hand,
provides higher accuracy at moderate pressures because the measurement error is
not accumulative and high accuracy microbalances provide higher precision and
accuracy in the determination of hydrogen uptake. Typical microbalances can
detect weight changes of ±0.1 lg, a quantity that is challenging to measure vol-
umetrically, or manometrically, because it would require both a very small volume
and high accuracy pressure measurement to achieve an equivalent level of sen-
sitivity. However, the accuracy of the microbalance reading is counteracted at
increasing measurement pressures by the increasing significance of the buoyancy
corrections, which also increase with decreasing sample density. For adsorption
measurement, both techniques are increasingly affected at higher pressures by our
knowledge of the sample volume. This affects both absorption and adsorption
measurement, but in the latter there is the added complication of the effects of
possible helium adsorption during sample density or dead volume determination,
which defines the position of the Gibbs dividing surface. For hydrides the sample
volume problem still exists but the issue of helium adsorbing in micropores does
not affect the measurement.

Generally speaking, volumetric measurements can be performed more rapidly
than gravimetry. Measurements that use a microbalance need to be performed
more carefully, in terms of pressurisation rates and the possibility of the physical
disturbance of the apparatus, which will not affect volumetric measurements to the
same extent. However, in the case of hydrides, isobaric hydride formation or
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synthesis is an intrinsically slower process than the approach used in manometric
apparatus because, in the latter, the hydrogen absorption is driven by a pressure
differential. Versatility can be defined in a number of ways, but it can include the
ease with which a technique can be combined with other complementary char-
acterisation techniques (see Chap. 5) and, in the case of hydrides, the possible
variation in the sample size for activation purposes. In principle, with a large
enough internal volume, large sample sizes can be activated in manometric
apparatus, whereas the sample size is limited in gravimetry by the capacity of the
microbalance. Both techniques can be combined with complementary character-
isation techniques but the use of gravimetry for this purpose is complicated by the
need to keep the sample independently suspended from the microbalance.
Volumetric measurement is therefore more often used for the performance of in
situ X-ray and neutron scattering experiments (see Sects. 5.3 and 5.4.1). Air or
moisture sensitive sample handling is also easier to perform with volumetric
apparatus because the sample does not need to be loaded onto a balance but instead
can be easily loaded inside a glovebox, into a cell equipped with an isolation valve.

From the point of view of the information required from a measurement,
the volumetric and gravimetric techniques both allow the determination of either
the enthalpy of hydride formation or decomposition (see Sect. 3.2.2) or the
isosteric enthalpy of hydrogen adsorption for microporous materials (see
Sect. 3.2.1) via the measurement of a series of isotherms at different temperatures.
Temperature-programmed techniques, on the other hand, allow the determination
of the activation energy of the desorption process and, in the event of different
peaks appearing in the desorption spectra, the occupation of different sorption
energy sites.

In each case, the techniques described in this chapter have significant advan-
tages compared to the others and the selection of the appropriate method depends
on many of the points discussed above. The most thorough approach to the
characterisation of hydrogen storage materials is to use a range of techniques,
because good agreement between the measurements performed with different
apparatus, if expected from the different hydrogenation routes (isobaric or
isochoric), will provide validation of the results from each method and increase
confidence in the determined hydrogen storage properties of the material.
A thorough discussion of the experimental errors that can affect measurements of
each type is presented in Chap. 6.

4.5 Summary

In this chapter we have covered the common laboratory gas sorption techniques
that can be used to determine the hydrogen storage properties of materials. Firstly,
we described volumetric methods, which determine the amount of hydrogen
uptake by measuring the change in the pressure of hydrogen in a measurement
system of a fixed known volume or by measuring the volumetric hydrogen flow
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rate. We focused on the manometric method as this is the most commonly used
technique, and is the approach used in the majority of commercial instrumentation.
Secondly, we discussed gravimetric measurement in which a vacuum microbal-
ance mounted in a pressure-rated, hydrogen-compatible, vessel is used to deter-
mine the uptake of hydrogen by measuring the weight change of the sample due to
hydrogen sorption. We have briefly covered the different microbalance types and
the technical requirements for systems specified for pressurised hydrogen use. We
then covered thermal desorption, or temperature-programmed, techniques in which
desorption from a hydrogen loaded sample is driven by an applied temperature
ramp, before briefly comparing the different techniques. Issues surrounding the
accuracy of these techniques and sources of experimental error in hydrogen
sorption measurement are covered in more detail in Chap. 6.
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Chapter 5
Complementary Characterisation
Techniques

We will now cover some of the techniques that can be used to complement the
common laboratory hydrogen sorption characterisation methods described in
Chap. 4. We focus on methods that have typically been used for the character-
isation of hydrogen storage compounds and, in particular, have been used for
comparison with data obtained using one or more of the sorption measurement
techniques. We begin with thermal analysis and calorimetry, both of which can be
used to determine the thermodynamic parameters associated with phase transitions
in metal hydrides. In addition, thermal analysis can also be used to rapidly
determine the temperature required for hydrogen absorption and desorption. We
then cover the gas adsorption characterisation methods that are commonly used to
characterise microporous adsorbents, in terms of surface area, pore volume and the
pore size distribution. The experimental procedures used in these methods are
essentially the same as the laboratory hydrogen sorption techniques described in
Chap. 4, but the data analysis methods are more sophisticated than the analysis
typically applied to hydrogen adsorption isotherms. We will therefore concentrate
on the isotherm analysis methods, rather than experimental details. We then dis-
cuss X-ray and neutron powder diffraction, which are techniques that can be used
to determine the structural changes that occur as a result of hydrogen absorption by
hydrides, as well as the positions of adsorbed hydrogen molecules at suitably low
temperatures in microporous adsorbents. Following this, we look at different types
of spectroscopy, such as Inelastic Neutron Scattering (INS) and Nuclear Magnetic
Resonance (NMR), which can be used to study the dynamics of hydrogen in
materials, together with Variable Temperature Infrared (VTIR) spectroscopy,
which can be used to determine the strength of the hydrogen-adsorbent interaction.
We end the chapter with a brief discussion of some other techniques that have also
been used in one way or another to complement sorption measurements on storage
materials.

D. P. Broom, Hydrogen Storage Materials, Green Energy and Technology,
DOI: 10.1007/978-0-85729-221-6_5, � Springer-Verlag London Limited 2011
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5.1 Thermal Analysis and Calorimetry

Thermal analysis and calorimetry can be used in a number of ways to complement
hydrogen sorption measurements. Thermal analysis is a broad term that covers a
number of experimental methods, including TGA and TDS or TPD, which were
covered in the previous chapter in the context of the quantification of the hydrogen
content of materials. Here we shall briefly consider two other thermal analysis
techniques, Differential Thermal Analysis (DTA) and Differential Scanning Cal-
orimetry (DSC), together with reaction calorimetry. We will focus primarily on the
study of hydrides using these techniques.

In DTA, the difference in temperature between the sample and a reference
material is measured while the same heating program is applied to both. Heat flux
DSC is similar to DTA except that the heat flow between the sample and the
reference material, rather than the temperature difference, is determined. In power
compensated DSC, meanwhile, the sample and the reference material are heated
independently but at the same temperature ramp rate. The difference between the
independent supplies of power to each gives a measure of the heat flow (dq/dt) into
the sample. In each case, the occurrence of a phase transition or a reaction
involving the sample will result in a peak in DT or dq/dt as a function of time
[1, 2]. In the case of hydride phase formation or decomposition, the integral of the
signal will be related to the enthalpy of hydride formation or decomposition. The
temperature at which a DSC peak occurs also provides valuable information
regarding the temperature of desorption. This is useful, for example, when
studying the effects of mechanical milling because the results of two samples
under the same conditions will indicate the level of improvement due to the
treatment. In addition, methods used for the determination of the activation energy
from thermal desorption measurements, such as the Kissinger method (see
Sect. 3.3.2.1), were originally developed for DSC and can therefore be used for the
analysis of hydrogen absorption or desorption reactions. In these methods the peak
of the DSC signal as a function of heating rate is used for the determination of an
apparent activation energy.

Reaction calorimetry, meanwhile, measures the amount of energy consumed or
released during any given chemical reaction. The technique can be implemented in
a number of ways [3], including heat flux and power compensated variants, and it
provides higher accuracy than DSC [4]. Calorimetry also allows the determination
of the enthalpies of hydrogen solution through the course of a pressure-compo-
sition isotherm measurement, by combining a calorimeter with volumetric sorption
apparatus, so that more detailed thermodynamic studies as a function of hydrogen
content can be performed. The other thermal analysis methods can also be com-
bined with other complementary characterisation techniques; this is often known
as hyphenation, or the resultant combination as a hybrid technique.

DTA, DSC and reaction calorimetry have been used to characterise many metal
hydride materials, including intermetallic AB [5], AB2 [6], AB3 [6, 7], AB5 [8–12],
A2B17 [7] and AB12 [7] hydrides, amorphous alloys [13], ball-milled nanocrystalline
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complex transition metal hydrides [14, 15], and various other complex hydrides,
including the alanates [15–18] and borohydrides [19–21].

An example of a detailed thermodynamic study is due to Murray et al. [10] who
used differential heat conduction calorimetry to study the enthalpy of hydrogen
solution for CaNi5. This AB5 intermetallic has a two plateau isotherm and a series
of over 70 simultaneous pressure-composition and calorimetric enthalpy mea-
surements were performed through a single absorption and desorption isotherm on
two samples. Another example of hyphenation, meanwhile, was presented by
Fernández et al. [4]. The authors combined DSC with TDS (Sect. 4.3.2) and
applied the technique to PdHx, TiCr1.85Hx and ZrCr2Hx. A TiH1.92 sample was
used to calibrate the TDS signal and the simultaneous determination of the
enthalpies of hydride phase decomposition and the desorbed quantity of hydrogen
was therefore possible. However, it should be noted that the enthalpies determined
at different (Ar) carrier gas rates for a particular material differed significantly. It
was therefore necessary to perform measurements at a series of different flow rates
and extrapolate a linear fit to obtain a ‘‘true’’ enthalpy. As a consequence, the
enthalpy value for each material contained a significant estimated uncertainty. The
DSC and MS signals for the TiCr1.85Hx sample are shown in Fig. 5.1, in which it
can be seen that the signals show good agreement.

An alternative approach to the use of thermal analysis was presented recently
by Rongeat et al. [15], who used high pressure DSC to determine the enthalpies of
hydride formation and decomposition of a Ni-doped MgH2 sample, ball milled
Mg-Co hydride, and Ti-doped NaAlH4. A series of DSC scans were performed at
different hydrogen pressures in the range 3 bar (0.3 MPa) to 120 bar (12.0 MPa).
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Fig. 5.1 A plot of the DSC and MS signals for hydrogen desorption from TiCr1.85H0.4,
performed at a heating rate of 20�C min-1. The solid line shows the DSC signal and the dotted
line shows the MS signal. (Reprinted from the Journal of Alloys and Compounds, Volume 298,
Simultaneous differential scanning calorimetry and thermal desorption spectroscopy measure-
ments for the study of the decomposition of metal hydrides, pages 244–253 [4], Copyright 2000,
with permission from Elsevier)
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A van ‘t Hoff plot (see Sect. 3.2.2.1) was then constructed from the natural log of
the pressure of each scan and the onset temperature of the endo- or exothermic
peak. The authors argue that this provides a rapid alternative to the measurement
of pressure-composition isotherms. A recent example of the application of dif-
ferent activation energy determination methods is the study by Zakotnik et al. [22]
in which the Kissinger and Friedmann methods were used to determine the acti-
vation energy for hydrogen desorption from a Sm2Co17-based magnetic material
using DSC.

5.2 Gas Adsorption

The measurement of gas adsorption is used widely for the characterisation of
powders and porous materials. The most common method is surface area determi-
nation using the BET (Brunauer–Emmett–Teller) method, which typically involves
the measurement of nitrogen adsorption at its boiling point, 77 K, to determine the
Specific Surface Area (SSA) of a material. Other commonly used characterisation
methods include the determination of the pore volume of porous solids from the
measurement of nitrogen uptake, and the determination of the pore size distribution
of porous materials using nitrogen, argon or carbon dioxide adsorption. In this
section we will consider each of these methods in turn, before concluding with a
discussion of the concepts of surface area and micropore volume, and their relation to
hydrogen storage capacity. For more in-depth coverage of the methods covered here,
interested readers are referred to the books specifically on the topic by Rouquerol
et al. [23] and Lowell et al. [24].

5.2.1 Surface Area Determination

The most common way to measure surface area is to use the BET method. In this
technique the adsorption isotherm for a particular subcritical adsorptive is measured,
normally using volumetric apparatus, and the isotherm is analysed on the basis of a
series of assumptions. The BET theory is an extension of the Langmuir theory of
monolayer formation (Sect. 3.4.1) but accounts for the adsorption of further layers
above the first. The theory assumes adsorption on a flat surface, with no limit on the
number of adsorbed layers, so that there is an infinite number of layers at P/P0 = 1.
As in the Langmuir theory, it assumes that the surface is energetically homogeneous
and that there is no interaction between neighbouring adsorbate molecules. At
equilibrium, after monolayer formation, it is also assumed that the rate of conden-
sation onto the first layer is equal to the rate of evaporation from the second layer, and
that these properties are the same as for the adsorbate in the liquid state. These
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adsorption and desorption rates are dependent on the respective energies of
adsorption and liquefaction, which are therefore assumed to be equal.

The above assumptions lead to the BET equation,

V ¼ VmCP

P0 � Pð Þ 1þ C � 1ð Þ P
P0

� �h i ð5:1Þ

where V is the adsorbed phase volume, Vm is the volume of a complete monolayer,
C is the BET constant, P is the pressure and P0 is the saturation pressure of the
adsorptive, so that P/P0 is the relative pressure. The full derivation can be found in
a number of books on adsorption [23–26]. The BET constant, C, in Eq. 5.1
expresses the magnitude of the adsorbate-adsorbent interaction and, in order for it
to carry physical meaning, should have a positive value [27, 28]. If C has a low
value, the BET equation describes a Type III isotherm, whereas for higher values
of C, it describes Type II. There is not a distinct boundary between these two
extremes, but instead a gradual transition; however, generally speaking, if C \ 1
the isotherm will be Type III but if it is of the order of 100 or greater, the isotherm
will be Type II.

The following linearised form of the BET equation is then used to determine the
surface area of a material,

P

V P0 � Pð Þ ¼
1

VmC
þ C � 1

VmC

� �
P

P0

� �
: ð5:2Þ

BET analysis therefore involves plotting the left-hand side of this equation,
P/V(P0 - P), against relative pressure, P/P0, and determining the gradient, m, and
intercept, c, of a straight line fit to the linear part of the resulting plot. The gradient
will be m = (C - 1)/VmC and the intercept c = 1/VmC, so that,

Vm ¼
1

mþ cð Þ ð5:3Þ

and,

C ¼ m

c

� �
þ 1: ð5:4Þ

The BET SSA, aBET, can then be calculated from the following expression,

aBET ¼ VmNAr ð5:5Þ

where NA is the Avogadro constant and r is the molecular area of the chosen
adsorbate [29]. This is typically nitrogen, with r assumed to have a value of
0.162 nm2; however, a number of other adsorptives can be used where appropriate.
The BET equation is commonly considered to be valid for data in the approximate
range 0.05 \ P/P0 \ 0.3, but it is important to assess the linearity of the BET plot
on a case-by-case basis; for microporous materials the range is considered to be
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lower than this (see Sect. 5.2.4). Furthermore, the chosen relative pressure region
should be stated when reporting the results of BET surface area analysis.

5.2.2 Pore Volume Determination

The pore volume, expressed for example as cm3 g-1, is an important parameter for
a porous adsorbent. If adsorption by a porous material is due to a pore filling
mechanism rather than Langmuir-type monolayer formation, the adsorption
capacity of an adsorbent will be dependent on its specific pore volume rather than
its SSA. The pore volume of a material can be determined by measuring the
adsorption isotherm of a probe gas other than hydrogen. If the isotherm exhibits
Type I behaviour then the pore volume can be determined from the saturation
capacity, assuming that the adsorbate density is known. The assumption that the
adsorbate has the same volume as an equivalent quantity of bulk liquid is known as
the Gurvich rule [23]. Although confined fluids are known to behave in a different
manner to bulk fluids [30], this rule seems to hold generally for subcritical
adsorbates. See, for example, the recent work of Moellmer et al. [28] who found
good agreement between the pore volumes of an indium-based MOF (soc-MOF)
using the Gurvich rule applied to the adsorption of subcritical argon at 87.3 K,
methane at 107.4 K and carbon dioxide at 273 K, with values of 0.47 cm3 g-1,
0.45 cm3 g-1 and 0.44 cm3 g-1 obtained, respectively.

5.2.3 Pore Size Distribution Determination

There are many different methods available for the determination of the Pore Size
Distribution (PSD) of a porous material using the analysis of gas or vapour
adsorption [24]. Some of these are applicable to pore sizes that are not of specific
interest for hydrogen storage applications. These include mesopore analysis
methods based on the Kelvin equation of which the Barrett–Joyner–Halenda (BJH)
method is one of the best known. However, a number of approaches apply to
microporous adsorbents and they can be grouped into classical and modern
methods. The former category, which includes the Dubinin–Radushkevich (DR),
Dubinin–Astakhov (DA) and Horvath–Kawazoe (HK) methods, generally consider
the adsorbed fluid as if it behaves in the same manner as the bulk fluid phase.
Although the HK method allows for the attractive solid–fluid forces in narrow
pores it does not describe the mechanism of pore-filling correctly1 and also does
not account for fluid layering near the pore walls. These classical methods tend to

1 Micropore filling is considered to be a continuous process, but in the HK method it is assumed
that pore filling occurs discontinuously at a specific pressure [24].
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lead to underestimated pore sizes, compared to the results obtained using their
modern counterparts. The modern methods include Density Functional Theory
(DFT), and the Monte Carlo and Molecular Dynamics methods, and they allow the
determination of the equilibrium density profiles of confined fluids and the sub-
sequent calculation of equilibrium adsorption isotherms from these densities. As
the Grand Canonical Monte Carlo (GCMC) and Non-Local DFT methods are
considered to be the most accurate methods of PSD determination, we shall
concentrate on these in this section.

In the DFT method the local fluid density, q(r), at a position r, is determined by
minimising the corresponding grand potential, X[q(r)]. Once the equilibrium form
of q(r) has been determined, the isotherm and other properties of the system can
then be calculated. The grand potential is given by,

X q rð Þ½ � ¼ F q rð Þ½ � �
Z

drq rð Þ l� Vext rð Þð Þ ð5:6Þ

where F is the intrinsic Helmholtz free energy of the fluid (the Helmholtz energy
in the absence of an external field), l is the chemical potential and Vext(r) is the
potential field due to the pore walls [30, 31].

The description of the fluid–fluid interaction is chosen to allow the reproduction
of the bulk behaviour of the fluid. The parameters that describe the solid–fluid
interactions, meanwhile, are obtained from fitting calculated isotherms to the
standard (nitrogen) isotherm on a planar surface. It is assumed that the fluid is
contained in individual pores of simple, typically slit-like or cylindrical, geometry.
An individual carbon slit pore, for example, is represented by two infinite, parallel
graphitic slabs separated by the pore width [24].

There is more than one type of DFT and they differ in the way that the fluid–
fluid interactions are represented. Local DFT uses the Local Density Approxi-
mation (LDA), which omits short range correlations, whereas Non-Local DFT uses
a Non-Local Smoothed Density Approximation (SDA) that includes short range
correlations. The latter accounts for the oscillations of the density profile near to
the pore walls [30, 32], and the advantage of Non-Local DFT is that it therefore
provides a more accurate description of the behaviour of fluids confined in narrow
pores in comparison with Local DFT.

The GCMC method, meanwhile, simulates the situation of an adsorbed fluid in
equilibrium with a bulk fluid reservoir. Molecules are moved and rotated ran-
domly, leading to different system configurations, which are then accepted or
rejected using thermodynamic criteria. After many such moves, an average is
taken and an equilibrium density profile is determined. This allows the subsequent
calculation of an adsorption isotherm. GCMC is considered to be the most accurate
method for the description of fluids confined in narrow pores, but is more com-
putationally expensive than DFT.

Both the GCMC and DFT methods produce a set of isotherms calculated for a
corresponding set of pore sizes in a given range for the adsorptive under
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consideration. The isotherms are calculated by integrating q(r) for the fluid in a
model pore of each size in the chosen range. The isotherm set is known as a kernel,
and is used as the basis of the PSD determination. Such a kernel, N(P/P0,W), where
P/P0 is the relative pressure and W is the pore width (dimension), is then correlated
with experimental data using the Generalized Adsorption Isotherm (GAI),

N P=P0ð Þ ¼
Z Wmax

Wmin

N P=P0;Wð Þf Wð ÞdW ð5:7Þ

where N(P/P0) is the experimental isotherm for a relative pressure of P/P0, and
f(W) is the pore size distribution function. This expression assumes that the total
isotherm consists of a number of individual isotherms for given pore sizes mul-
tiplied by their relative distribution. The GAI is then solved numerically from a
kernel produced using either GCMC or DFT. This is, generally, an ill-posed
problem but stable solutions can be found using regularisation algorithms. These
algorithms are numerical methods, or rather different implementations of the
Regularisation Method, which can be used to solve the GAI regardless of the
chosen kernel [33–36].

The accuracy of the results of PSD determination using these methods
depends on the availability of kernels that are applicable to the adsorbate-
adsorbent system of interest. The currently available methods also do not take
into account the chemical and geometric hetereogeneity of pore walls in real
materials. The calculated theoretical isotherms therefore exhibit steps due to
layer transitions, which are not observed in experimental isotherms [24]. They
are, however, considered to be the most accurate methods for PSD determi-
nation for both microporous and mesoporous media. Related work, due to
Jagiello and co-workers, which is of considerable interest in the context of
hydrogen storage, has investigated the use of hydrogen itself as a probe mol-
ecule for PSD determination [37–40]. Although not traditionally used for this
purpose, the argument is that hydrogen can probe smaller pore sizes than argon,
nitrogen and carbon dioxide. Jagiello et al. [38] used low (sub-ambient) pres-
sure hydrogen adsorption data measured at 77 K to predict the uptake of
hydrogen by three porous carbons up to a pressure of 100 atm (10.1 MPa) at
temperatures of 87 and 298 K, with very good agreement shown between the
predicted isotherms and experimental data measured gravimetrically in the
elevated pressure regime. This process required the determination of additional
high pressure kernels at the temperatures of interest. Jagiello et al. [39]
advocate the combination of hydrogen and nitrogen adsorption for the PSD
determination of carbons; the hydrogen probes smaller pores, which are either
inaccessible to nitrogen molecules or lead to kinetic limitations at 77 K, and the
nitrogen provides better sensitivity than supercritical hydrogen in the meso-
porous regime. Similarly, Jagiello and Betz [40] demonstrate the combination of
hydrogen and argon adsorption measurements for the same reasons, also using
microporous carbons.
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5.2.4 Discussion

With regard to hydrogen storage material characterisation, these methods are
primarily of interest for the characterisation of the physical properties of micro-
porous adsorbents.2 In this section we discuss the validity of the concept of surface
area for microporous materials and the relevance of the assessment of porous
material characteristics in the context of hydrogen storage.

The BET method has been very successful and is widely used for surface
area determination, even though the assumptions behind the theory are some-
what questionable. Another method that has been used recently for the char-
acterisation of microporous materials in the hydrogen storage literature is the
determination of the Langmuir surface area. However, the use of these methods
tends to result in a significant difference in the calculated SSAs3 because they
use different models for the adsorption process. The Langmuir picture of
adsorption considers pure monolayer formation, while the BET theory assumes
the formation of multilayers. Type I adsorption behaviour, which is typically
exhibited by microporous media, results from pore filling rather than monolayer
or multilayer formation, and therefore the ‘surface area’ determined using either
method is a measurement parameter, as opposed to a real physical property of
the system. The value obtained for the surface area using either method will
also depend on the adsorbate because different size probe molecules [29] will
‘see’ a different surface area (or micropore volume). The chosen value of
the adsorbed molecular area for a specific probe species will also affect the
result.

For the application of BET analysis to microporous materials, Rouquerol et al.
[27] argue that it would more appropriate to replace the concepts of surface area or
micropore volume with the terms BET strong retention capacity, external surface
area, micropore capacity and saturation capacity.4 The use of the concept of a
single SSA for microporous materials, however, remains in common usage.

2 SSA is an interesting physical property of metal hydrides because a larger surface area provides
a greater area for the surface dissociation of molecular hydrogen. The surface area can be
increased by the ball milling of materials, and also as a natural consequence of the decrepitation
of brittle metal hydrides upon hydriding and dehydriding. A change in the surface area of a
material can likely be associated with an improvement in the sorption kinetics if the process is
surface-limited. However, it is not a property that can be linked in any direct manner to the
determination of total hydrogen uptake or the measurement of isotherms; hence our focus here on
microporous adsorbents rather than hydrides.
3 See, for example, the data tabulated by Thomas [41] and the lower gradient in Fig. 5.3
compared to Fig. 5.2.
4 Under these proposals, the BET strong retention capacity would consist of two components:
the micropore capacity and the external surface area, the latter of which is the monolayer content
on the non-microporous sections of the surface. The saturation capacity is then the amount
adsorbed at saturation.
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The application of the BET method to microporous carbon has been the subject of a
recent interlaboratory study (Round Robin exercise), which was reported by
Silvestre-Albero et al. [42]. The nitrogen BET surface areas for two commercial
activated carbons (Takeda 4A and 5A) were found to be 313–422 and 476–589 m2

g-1, respectively, thus demonstrating the potential variability in the results of
surface area determination for microporous media, even when using both the same
method and the same adsorbate. The authors concluded that the large discrepancies
may be due to kinetic restrictions on the diffusion of nitrogen in the pore network
and this means that measurements performed at 77 K are strongly dependent on the
choice of equilibration time. Discussion of the range of applicability and the
practical use of the BET method, in general, can be found in Rouquerol et al. [23]
and Lowell et al. [24], and it is also covered by IUPAC guidelines [43], while
Rouquerol et al. [27] discuss the validity of the method specifically for microporous
materials. Although they conclude, as mentioned above, that the BET ‘surface area’
does not represent a real surface area they propose conditions that should aid the
consistent application of the BET equation. These include ensuring a positive value
of C and only using a relative pressure range in which V(P0 - P) increases con-
tinuously with P/P0. The application of these criteria by the authors to argon
adsorption data at 87 K for 13X (Na-X) zeolite led to the use of only the data in the
range below P/P0 = 0.04 for BET analysis.

With regard to the relationship between surface area, pore structure and
hydrogen storage, Figs. 5.2 to 5.4 show data for various microporous materials, as
tabulated and plotted by Thomas [41]. These plots seem to suggest, for the chosen
materials, that the correlation between the BET surface area and hydrogen uptake
(Fig. 5.2) is stronger than the correlation between pore volume and hydrogen
uptake (Fig. 5.4). If we use the terminology of Rouquerol et al. [27] and assume
perhaps incorrectly that, in highly microporous materials, the BET SSA is dom-
inated by the micropore capacity, rather than the external surface area, this
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observation means that the hydrogen uptake correlates more strongly with the
micropore capacity than it does with the total pore volume. This sounds reasonable
because any pores of a larger dimension will not contribute significantly to the
overall hydrogen adsorption capabilities of a predominantly microporous material.
It is notable that the greatest variation in hydrogen capacity versus pore volume in
Fig. 5.4 is shown by carbons, which are most likely to have a broader pore size
distribution. This could therefore explain the greater overall scatter in the pre-
sented pore volume data. This topic is, however, the subject of ongoing research.
A number of studies have investigated the relationship between the pore structure
characteristics of carbons and their hydrogen storage capabilities [44–48] with one
suggestion being that the hydrogen storage capacity of activated carbons scales
best with the CO2 micropore volume determined from DR analysis of data mea-
sured at 273 K [44]. For some of the materials in this study, the CO2 DR
micropore volume was approaching only a third of the value of the total pore
volume determined using N2 at 77 K, while the trend for the CO2 DR micropore
volumes between the different materials more closely follows the trend shown by
the surface area5 than that shown by the total volume. Further detailed discussion
of this and other related work [46, 48] is beyond the scope of this chapter, but we
can perhaps tentatively conclude that the hydrogen storage capacity correlates
reasonably well with micropore capacity, although this is more effectively
determined using the BET method than the total pore volume determination
methods used to obtain the data compiled in Fig. 5.4. A more thorough analysis
would require the separation of these data into those determined for the pore
volumes of different material types using each individual method, different
adsorbates (e.g., N2, Ar and CO2) and also, potentially, different assumed densities
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5 The method of surface area determination was not defined in the article.
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of the adsorbate in each case, because each of these factors could affect the
quantitative determination of the pore structure characteristics and hence the
conclusion. In related work, Gogotsi and co-workers [49, 50] argue that, for
Carbide-Derived Carbons (CDCs), the pore dimension is critical to the hydrogen
capacity. They show that, of two CDCs with differing SSAs, it is the material with
the lower SSA but smaller pore size that adsorbs the most hydrogen at 77 K and
0.1 MPa. However, the maximum hydrogen uptake, or at least the uptake at an
elevated pressure, was not determined in these studies. The results of Gogotsi et al.
[49] also, however, showed a correlation with the pore volume, which was
determined using Ar adsorption at 77 K, analysed using NLDFT, and the pore
volume also followed the BET SSA. It would seem possible that the material with
the smaller pore dimensions adsorbs more hydrogen at lower pressure but the
material with the greater measured SSA adsorbs more hydrogen at saturation
because it also has a greater total pore volume. In a subsequent report, Yushin et al.
[50] showed plots of sub-nanometre micropore volume against low pressure
hydrogen capacity that exhibited a much clearer correlation than the plot of the
volume of pores [ 1 nm.

With regard to MOFs, recent modelling work has interestingly suggested that
the BET method can apply to these materials [51, 52]. Furthermore, other mod-
elling work by Snurr and co-workers has indicated that hydrogen uptake by a
metal–organic framework will scale with different characterisation parameters
depending on the pressure regime [53]. At low pressures the uptake correlates with
the heat of adsorption, at intermediate pressures it correlates with surface area and
at higher pressures it correlates with the free volume (the available pore volume).6
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6 The three pressure regimes, in this case, are of the order of 0.01, 3 and 12 MPa, respectively.
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If, as an initial indication, we are interested in the maximum potential hydrogen
uptake this work also therefore suggests that it is the pore volume that is important,
rather than the surface area. However, as discussed above, the pore volume must
clearly also be considered in conjunction with the pore size, as larger pore meso-
or even macroporous materials may have large pore volumes but will not exhibit
high hydrogen uptakes because broader pores do not provide the enhanced
adsorption potentials necessary for the effective physisorption of hydrogen.

In conclusion, if we consider the BET method as a quick and easy way to
determine the micropore capacity, rather than the surface area, of a microporous
material then it can be seen that it provides a useful way to assess the approximate
amount of volume available for the effective adsorption of hydrogen at elevated
pressures. Furthermore, the empirical observation that the hydrogen capacity
scales approximately with BET surface area does not contradict the idea that,
physically, the pore volume is actually more important; it is just, perhaps, a
question of terminology. However, given that the apparently complex relationship
between hydrogen adsorption behaviour and the enthalpy of hydrogen adsorption,
the measured surface area, the total pore volume, the micropore volume and the
pore dimension has not yet been conclusively determined for any material type, it
seems likely that the interrelationship between the pore structure characteristics
and the hydrogen storage capabilities of porous materials will be the subject of
future research. Any further conclusions that can be drawn will greatly aid our
understanding of hydrogen storage by this class of materials, and will also increase
the usefulness of gas adsorption analysis as a complementary technique. In the
meantime, it is clear that the gas adsorption characterisation methods covered in
this section provide crucial complementary information regarding the potential
hydrogen storage performance of newly synthesised microporous adsorbents, and
that they will continue to play a pivotal role in the characterisation of porous
hydrogen storage materials.

5.3 Powder Diffraction

Powder diffraction is a solid state characterisation technique that allows the
determination of the crystallographic structure of materials. In both X-ray and
neutron diffraction, the incoming beam is elastically scattered and produces peaks
at angles defined by Bragg’s law,

k ¼ 2d sin h ð5:8Þ

where k is the wavelength, 2h is the scattering angle and d is the lattice spacing for
a particular set of Miller (hkl) indices. Diffraction can be performed with single
crystals or with powders. In the single crystal case, the sample is rotated to allow
the reflection intensities from each lattice plane to be determined. In contrast, a
powder consists of a large number of small crystallites that are randomly oriented
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with respect to each other. The result is that a sufficient number of crystallites are
in the correct orientation for scattering from each aligned hkl plane to occur. All
information regarding the atomic arrangement of a material is therefore contained
in a single pattern.

The advantage of powder diffraction, or rather the reason why powder dif-
fraction is often used, is that a single crystal is not required for its implemen-
tation. It is often the case for hydrogen-absorbing materials that single crystal
samples are unavailable,7 particularly for in situ studies of the microstructural or
crystallographic effects of hydrogen absorption, and so powder diffraction must
be used. In this section we will look at powder diffraction using both neutrons
and X-rays, which interact with matter in fundamentally different ways. The
X-ray interaction is governed by the scattering strength of the electrons of the
scattering atoms. The strength of the scattering, expressed as a scattering length
or scattering cross-section, is thus dependent on the number of electrons sur-
rounding the nucleus, and so the larger the atom, generally speaking, the greater
the X-ray scattering strength. X-ray scattering by light atoms, such as hydrogen,
can therefore be overwhelmed by the scattering strength of heavier surrounding
atoms. Neutron scattering, on the other hand, is governed by the interaction
strength between the incoming neutrons and the nucleus of the scattering atom.
As a consequence, the scattering strength of neutrons as a function of atomic
mass varies in an unpredictable manner, and the scattering strengths of elements
close in atomic mass can therefore be significantly different. This allows, under
certain circumstances, the scattering of light atoms, such as hydrogen, to be
clearly distinguished from scattering by heavy atoms. In addition, there can be
very significant differences between the scattering strengths of different isotopes,
which can often be exploited experimentally.

The use of X-ray and neutron powder diffraction methods for the solution of the
structures of hydrides for hydrogen storage was covered recently by Hauback [54],
and this introduction and review is recommended to interested readers. The topic is
also discussed by Yvon [55], who provides a useful comparison of X-rays and
neutrons. Although the author concludes that neutrons generally yield superior
results to X-rays, a number of disadvantages of neutrons were highlighted. These
include limited flux, and hence the need for large samples, the large background
induced by incoherent scattering, strong disorder scattering from natural isotope
mixtures, and strong thermal diffuse scattering from mobile hydrogen, and the
large degree of neutron absorption by some natural isotope mixtures of interest for
hydrogen storage. Despite the importance of powder diffraction for structure
solution, we will concentrate here on the use of in situ methods for the study of the
structural evolution of hydrides during the hydrogenation and dehydrogenation
processes, because it is this measurement type that can most effectively

7 Most of the materials of practical interest for storage applications decrepitate upon hydride
phase formation, although some metallic hosts, such as Pd, do not.

154 5 Complementary Characterisation Techniques



complement hydrogen sorption measurement. We shall also, however, touch upon
in situ neutron diffraction studies of adsorbed molecular hydrogen.

5.3.1 Neutrons

Neutron scattering, and hence neutron powder diffraction, experiments require a
neutron source of sufficient flux. Unfortunately, this tends to mean a centralised
experimental facility that produces either constant wavelength neutrons using a
nuclear reactor or pulsed neutrons, from a so-called spallation neutron source.
Despite its numerous advantages over X-ray powder diffraction, it is therefore not
a standard laboratory technique and this is one of its main practical disadvantages.

Constant Wavelength (CW) neutron powder diffraction experiments are per-
formed in a similar manner to laboratory X-ray powder diffraction, and so the
technique therefore involves the determination of the angular spread of a scattered
beam from an incoming monochromatic source. The resultant diffraction pattern is
a plot of scattered intensity versus scattering angle, and so consists of Bragg peaks
corresponding to each of the hkl planes in any crystalline phase or phases in the
sample. The positions of the peaks will be dependent primarily on the crystallo-
graphic structure and the lattice parameters of the material. Their intensity will
depend on a number of factors, including the scattering strength of the elements
responsible for the scattering within the unit cell, in particular, but also micro-
structural details such as the size of the coherent diffracting domains.8

Pulsed neutron powder diffraction experiments, on the other hand, use an
incoming polychromatic beam of neutrons and measure the diffraction pattern as a
function of the neutron Time-of-Flight (TOF). This allows the measurement of an
entire diffraction pattern from a measurement made at a single scattering angle. To
illustrate this we can consider that the neutron wavelength, kn, is given by the de
Broglie equation,

kn ¼
h

mnvn
ð5:9Þ

where h is Planck’s constant, mn is the neutron mass and vn is the neutron velocity.
If a neutron takes a time, t, to travel a distance, L, then vn = L/t, and so,

kn ¼
ht

mnL
: ð5:10Þ

By combining this expression with Bragg’s law, Eq. 5.8, for a fixed instru-
mental path length, L, and scattering angle, 2h, the plane spacing of a particular hkl
plane, dhkl, can be expressed as a function of the time-of-flight, t,

8 A reduced domain size results in the broadening of diffraction peaks, which reduces the overall
peak height.
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dhkl ¼
ht

2mnL sin h
: ð5:11Þ

The experimental advantage of measuring a diffraction pattern at only one
scattering angle is that complex sample environment equipment [56] can surround
most of the sample, if necessary, without affecting the performance of a mea-
surement. In reality, to minimise counting time, modern TOF diffractometers use a
bank of detectors each at a different 2h position and the data measured at each
position is summed to provide better counting statistics for a given data acquisition
time.

Powder diffraction data are often analysed using the method originally pro-
posed by Rietveld [57, 58] for the analysis of CW neutron data. However, the
approach is now also widely used for TOF neutron powder diffraction, as well as
laboratory and synchrotron X-ray powder diffraction, data analysis and involves
the calculation of a full powder diffraction pattern from a crystallographic model
consisting of one or more crystalline phases. Various parameters used in the model
are then refined using least squares minimisation to improve the agreement
between the calculated pattern and the experimental data. A number of software
packages are available for the analysis of data using the Rietveld Method, of which
GSAS [59] and FULLPROF [60] are two of the best known. These packages allow
the refinement of models that include multiple phases. The lattice expansion and
phase transitions that occur through the hydrogen absorption process can therefore
be determined with this method, thus providing crucial complementary informa-
tion. Using this technique the absorption of hydrogen by a material can effectively
be ‘seen’, rather than just inferred from the volumetric or gravimetric measure-
ment of hydrogen uptake.

A crucial point to note with regard to neutron powder diffraction studies of
hydrogen storage media is the significant difference in the scattering behaviour of
hydrogen and deuterium. Any element or isotope has a coherent and an incoherent
scattering cross-section, rcoh and rinc, respectively.9 These two properties express
how strongly the respective nucleus scatters neutrons. The coherent scattering is
exploited in powder diffraction and contributes to the Bragg peaks, whereas the
incoherent scattering contributes only to the background.10 Neutron scattering by

9 The scattering of neutrons by nuclei is dependent on their nuclear spin states. In a real
scattering system there is a deviation in the scattering lengths of the nuclei from the mean value
due to the differing spin states of each individual nucleus. The coherent scattering is the
scattering that would occur if all of the nuclei in the scattering system had a scattering length
equal to the mean value. In this case, scattered waves from each pair of nuclei are in phase, which
results in interference effects. This provides us with information regarding the relative positions
of the atoms, which is the reason that coherent scattering is exploited in neutron diffraction
studies. However, in addition to the coherent scattering, in a real system there is a contribution
that is due to the random distribution of the deviations of the scattering lengths from their mean
value, which is known as the incoherent scattering.
10 Incoherent neutron scattering methods are also used to measure hydrogen content at low
concentrations in metals [61, 62], but this is beyond the scope of this discussion.

156 5 Complementary Characterisation Techniques



hydrogen is dominated by the incoherent contribution, but this is not the case for
deuterium;11 the latter should therefore be used for diffraction experiments on
hydrogen-containing materials. This approach assumes that the isotope effect
between hydrogen and deuterium is not significant; the validity of this assumption
should, however, be assessed on a case-by-case basis.

In situ hydrogenation and dehydrogenation experiments can be performed, in
which diffraction patterns are determined for a series of different hydrogen con-
centrations. This type of experiment allows intermediate concentrations of
hydrogen to be maintained in the neutron beam, which would not otherwise be
possible.12 The hydrogen content can be measured volumetrically or gravimetri-
cally during the experiment. Such studies require the use of a sample cell that can
withstand the application of a hydrogen pressure but does not interfere signifi-
cantly with the measured diffraction pattern. Examples include the use of a coated
vanadium window or a so-called null matrix Ti-Zr alloy [64]. In the former case,
vanadium contributes only an incoherent background whilst the coating prevents
hydrogenation or hydrogen embrittlement and, in the latter case, the coherent
scattering from the Ti and Zr in the window material cancel each other out.

In situ neutron powder diffraction studies have been carried out on a variety of
materials, including both hydrides and microporous adsorbents. Example data
from a recent in situ neutron powder diffraction study of a complex hydride is
shown in Fig. 5.5, which was measured on OSIRIS at the ISIS neutron source
(UK) [65]. The deuteration of lithium nitride is shown as a function of deuterium
content for an applied deuterium pressure of 5 bar (0.5 MPa). A section of the
measured diffraction pattern, as a function of time, can be seen in Fig. 5.5a. The
(111) peak from LiD, the (101) peak from Li3N, the (200) peak from LiND2 and
the (004) peak from LiND2 are labelled. Rietveld refinement of models for each
pattern, in which the relative phase fractions were refined together with other
crystallographic parameters, allowed the molar phase fractions to be determined as
a function of time (Fig. 5.5b).

In the case of microporous materials, the refinement of structural models using
the Rietveld Method has allowed the positions of adsorbed hydrogen (or deute-
rium) molecules to be determined at low temperatures. This approach has been
applied recently to a number of different MOFs [66–70]. The hydrogen (deute-
rium) positions are typically determined at temperatures in the range 3.5–5 K. In
addition to studies of hydrides and microporous adsorbents, in situ neutron dif-
fraction has also been applied to clathrates, in order to study the cage occupancy of
hydrogen (deuterium) as a function of temperature [71].

11 For hydrogen, rcoh = 1.8 b and rinc = 80.2 b; for deuterium, rcoh = 5.6 b and rinc = 2.0 b
(1 b = 1 barn = 1 9 10-28 m2) [63].
12 The surface of hydrides can be poisoned in order to trap hydrogen in the sample but this
approach is not as flexible as in situ hydrogenation and does not allow time-resolved studies of
the hydrogenation or dehydrogenation processes.
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5.3.2 X-rays

Although the use of laboratory X-ray powder diffraction is widespread in materials
characterisation and will be familiar to many materials scientists and chemists,
there are two general types of the method that are worth emphasising with respect
to the complementary characterisation of hydrogen storage materials. Firstly, in
situ laboratory powder diffraction is particularly useful for the characterisation of
hydrogen sorption by hydrogen-absorbing materials because the structural evo-
lution, whether lattice expansion and contraction or phase transformation, of the
material during the hydrogen absorption and desorption processes can be observed.
The second is the use of synchrotron radiation, which provides both higher res-
olution, in terms of diffraction peak widths, and greater penetration depths than the
laboratory equivalent. The improved resolution means that closely spaced neigh-
bouring peaks are resolved more easily, allowing the analysis of complex struc-
tural details. It also means that complicated peak broadening effects can be more
readily observed. Meanwhile, greater penetration depths mean more sophisticated
sample environment equipment can be used for in situ studies. Significantly higher
beam intensities also allow time-resolved studies because the time required to
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Fig. 5.5 In-situ neutron
powder diffraction data
showing the absorption of
deuterium by Li3N following
the application of a deuterium
pressure of 5 bar (0.5 MPa).
a The time-dependent
evolution of four of the Bragg
peaks as a function of lattice
spacing (d-spacing). b The
molar phase fractions for
Li3N, LiND2, Li2ND and LiD
as a function of time for the
same kinetic process, as
determined by Rietveld
refinement of the diffraction
patterns. (Bull et al. [65]—
Reproduced by permission of
the PCCP Owner Societies)
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record a single diffraction pattern is much reduced, and synchrotron sources also
enable the easy selection of a given wavelength due to the broad continuous
distribution of beam intensity they produce as a function of wavelength [54].
Rietveld refinement, as discussed in the previous section, is commonly used to
analyse X-ray powder diffraction data and can yield detailed information regarding
the microstructure and phase composition of samples.

In situ laboratory X-ray diffraction has been used to study a range of hydrides
including sodium alanates [72–74], Mg hydride-based materials [75, 76], La-Mg
alloys [77], Mg(BH4)2 [19] and Pd nanoparticles [78, 79]. Examples of recent in
situ synchrotron radiation work, meanwhile, include the study of the dehydroge-
nation of LiBH4 [80], Mg(BH4)2 [20, 81], Ca(BH4)2 [81], LiAlH4 [82], Ti and
V-doped LiAlH4 [83], Mg(AlH4)2 [84], AlH3 [85], ball-milled Mg-based materials
[75, 86–88] and other composites [89, 90]. The hydrogenation and dehydroge-
nation of AB5 compounds has also been studied recently using synchrotron radi-
ation by Joubert et al. [91] (LaNi5) and Stange et al. [92] (LaNi4.7Sn0.3). As
mentioned above, in situ synchrotron radiation studies typically exploit the high
flux and high resolution of synchrotron radiation, which allows the performance of
detailed time-resolved studies of the hydrogen absorption and desorption pro-
cesses. In the case of the study by Joubert et al. [91], for example, data acquisition
times of the order of 10 s allowed the formation of a transient c phase to be
observed during both the absorption and desorption processes, following the initial
hydrogenation of the sample. As is the case for neutron powder diffraction, such in
situ studies require the use of specialised sample cells. Gray et al. [93] recently
presented an in situ synchrotron X-ray diffraction cell, which is suitable for
hydrogen storage material studies. It was designed for use in transmission
geometry with the powder sample held between two parallel plate beryllium
windows. The cell allows sample thicknesses of 0.5 and 1.0 mm, and it can
withstand a hydrogen pressure of up to 100 bar at a sample temperature up to
573 K. The use of the cell was demonstrated using the hydrogenation of LaNi5 at
283 K following a step change in the hydrogen pressure. As an example of ex-situ
studies of hydrides using synchrotron radiation, Černý et al. [94] reported a study
of the anisotropic peak broadening observed in the powder diffraction patterns of
intermetallic hydrides due to high dislocation densities. Synchrotron X-ray dif-
fraction was used in this work due to its high resolution, and this therefore pro-
vides a good illustration of the advantage of synchrotron radiation over neutrons in
this respect.

5.3.3 Small Angle Scattering

It can be seen from Bragg’s law (Eq. 5.8) that the angle of coherent elastic
scattering depends on the spacing of the scattering objects. In the determination of
crystallographic structure, in which the scattering is due to individual atoms, these
distances are in the range of typical plane spacings. As the scattering angle
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decreases, we observe scattering due to increasingly large scattering object
spacings. In the low angle region we can therefore observe scattering that origi-
nates from fluctuations in the scattering strength over longer length scales. Small
angle scattering of both X-rays and neutrons typically probes the range between 1
and 100 nm [95–98], although longer length scales of up to 50 lm can be studied
using ultra small angle scattering13 [98]. In terms of the study of potential
hydrogen storage materials, the phenomena that can result in the scattering density
fluctuations probed by small angle scattering include the spatial inhomogeneity of
the hydrogen concentration in metal hydrides, the lattice strain and dislocation
formation that accompanies hydride phase formation, and the porosity of hydrogen
adsorbents.

Orimo et al. [99, 100] used Small Angle Neutron Scattering (SANS) to study
the spatial inhomogeneity of the deuterium concentration in ball milled Mg2Ni
deuteride and found inhomogeneities that they attributed to the intra- and inter-
grain regions. Fultz et al. [101, 102] used in situ SANS to study the difference in
the spatial homogeneity of the deuterium concentration in LaNi5Hx and
LaNi4.75Sn0.25Hx intermetallic hydrides. While no difference was observed
between the fully deuterated samples, the homogeneity on an approximate length
scale of 4 nm to 15 nm was found to be greater for the partially substituted
compound at intermediate deuterium concentrations. The authors propose that the
smoothing of the mesoscopic hydrogen concentration profile in Sn-substituted
compounds may be responsible for their greater long term cycling stability (see
Sect. 3.1.2). SANS was also used by Flanagan et al. [103] to study phase sepa-
ration in a Pd0.85Ni0.15 alloy following exposure to hydrogen. A greater scattering
intensity was observed in the low angle region for the samples treated under a high
hydrogen pressure, which was attributed to the existence of Pd-rich and Pd-poor
regions in the materials. SANS has also been used to study the trapping of
deuterium by dislocations in Pd [104–106] and the formation of Pd deuteride
[107, 108]. Although the latter studies are of a more fundamental nature, it is still
worth noting the complementary information that such studies can provide in the
practical characterisation of hydrogen storage by hydrides.

Relevant work related to the study of particle morphology and the dispersion of
dopants in potential hydrogen storage media has also been presented recently.
Pranzas et al. [109, 110] have used both SANS and USANS, as well as Small
Angle X-ray Scattering (SAXS) and USAXS [110], to study the particle size of
nanocrystalline MgH2 as a result of ball milling with and without additives.
Dobbins et al. [111], meanwhile, used USAXS to study changes in the powder
morphology of NaAlH4 as a function of milling time with four different dopants,
namely TiCl2, TiCl3, ZrCl3 and VCl3. Although the results were not directly
compared to the hydrogen storage properties of the particular samples studied, it
was found that the sample doped with TiCl3, which is the most effective additive

13 This is known as either Ultra Small Angle X-ray Scattering (USAXS) or Ultra Small Angle
Neutron Scattering (USANS).
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from a hydrogen storage point of view (see Sect. 2.3.1), had the highest powder
particle surface area. In addition, Sartori et al. [112] recently applied SANS to
study the dispersion of Mg(BH4)2 in an activated carbon matrix.

A range of porous materials relevant to hydrogen storage applications have also
been studied recently using small angle scattering, including porous silica [113],
CDCs [114], zeolites [115] and MOFs [116]. Sheppard et al. [113] used laboratory
SAXS to complement hydrogen adsorption measurements performed on the
mesoporous silica MCM-41. The SAXS data from this preliminary study allowed
the identification of the lower limit of the pore size of the MCM-41 (dp C 2.3 nm).
Laudisio et al. [114] used laboratory SAXS to complement gas adsorption studies
of the PSD of CDCs synthesised under different conditions. Similarly, Du and Wu
[115] used synchrotron SAXS to analyse the porosity of zeolites A and X, and
ZSM-5. Tsao et al. [116] recently used laboratory SAXS to complement nitrogen
adsorption characterisation methods for MOF-5 (IRMOF-1). They examined
samples that had been synthesised using different methods, which resulted in
significant discrepancies between the BET and Langmuir SSAs (see Sect. 5.2)
measured for samples prepared using different synthesis routes. Mesopores of
approximately 8 and 12 nm were identified in samples prepared using differing
synthesis methods and conditions.14 Although the X-ray powder diffraction pat-
terns of each sample showed significant differences, the mesoporosity of the
samples would not have been detected from the crystallographic information
obtained from the (wide angle) powder diffraction measurements. This latter study
is particularly pertinent to our later discussion of the importance of sample purity
to hydrogen sorption characterisation (see Sect. 6.2.4).

5.4 Spectroscopy

Various types of spectroscopy can be used for the complementary characterisation
of hydrogen storage materials. Inelastic Neutron Scattering (INS) has been used
extensively to study the dynamics of hydrogen in metals and has been applied
recently to the study of the adsorption of molecular hydrogen in microporous
adsorbents. Quasi-Elastic Neutron Scattering (QENS) is a closely related tech-
nique that can be used to study the bulk and surface diffusion of atomic and
molecular hydrogen, respectively. Nuclear Magnetic Resonance (NMR), mean-
while, provides another method for the determination of diffusion coefficients and
jump rates for hydrogen in metals. Finally, although it is used widely in materials
chemistry, infrared spectroscopy has recently been applied in a variable

14 Unfortunately, Tsao et al. [116] only measured hydrogen adsorption at ambient temperature
for these samples and did not detect a strong dependence on the degree of mesoporosity shown by
the low SSA materials. This was due, partly, to the low uptake and large error attributed to the
ambient temperature measurements, which were performed at 6.9 MPa. However, it is likely that
the hydrogen adsorption at 77 K would vary significantly between the samples.
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temperature form to determine the enthalpy and entropy of molecular hydrogen
adsorption in microporous adsorbents. In this section we look at each of these
techniques in turn.

5.4.1 Inelastic Neutron Scattering

Inelastic Neutron Scattering (INS) experiments involve the determination of the
energy transfer between neutrons and the scattering objects. This technique can be
used to probe the local environment of atomic hydrogen in matter or to determine
the quantized excitation energies of adsorbed molecular hydrogen [117]. The
scattering can be coherent or incoherent, but we are primarily concerned with
incoherent INS.15 Some of the advantages of neutrons covered in Sect. 5.3 for
diffraction studies of hydrogen storage materials also apply to INS, including their
penetrating nature and the strong scattering exhibited by hydrogen relative to other
heavier elements. In addition, INS also has further advantages over other spec-
troscopic techniques, such as IR and Raman spectroscopy, which are both
restricted by the symmetry requirements that lead to selection rules. These rules
mean that not all of the vibrational modes are visible. In contrast, the symmetry
requirements are absent for neutrons, so all vibrational modes are neutron active
and can therefore be identified using INS. INS spectroscopy is also sensitive to
modes at all wavevectors across the Brillouin zone, again in contrast to IR and
Raman Spectroscopy [118]. Quasi-Elastic Neutron Scattering (QENS) is a related
technique in which the broadening of the elastic scattering peak is measured to
determine information regarding the diffusion rate of hydrogen. A thorough
introduction to the use of both INS and QENS for the study of potential hydrogen
storage materials was given by Ross [119], while a more detailed treatment of the
theory of neutron scattering can be found in the book by Squires [63]. The study of
hydrogen in binary hydrides using INS was addressed in some detail by Fukai
[120], together with the use of QENS for the investigation of diffusion processes.
Other recent reviews have also covered the use of INS to study potential hydrogen
storage materials [118, 121–123].

INS spectroscopy has been used to study many ternary hydrides. For example,
a number of studies have focussed on the transition metal complex hydrides
[124–128]. INS, used in conjunction with IR and Raman spectroscopy, allowed the
identification of the vibrational modes (stretching, bending, librational, transla-
tional and acoustic) in Mg2FeH6 [124], Mg2CoH5 [125], a series of Pd-H based
complex hydrides [126], Rb2PtH6 [127] and BaReH9 [128]. Although these studies
focus on the crystal chemistry of these materials, in terms of complementarity, INS
clearly provides an excellent method of actually ‘seeing’ the hydrogen bound in

15 Coherent INS can be used to study excitations in solids but this is beyond the scope of our
discussion.
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the bulk of metal hydrides. INS also has an advantage over diffraction in certain
circumstances because, unlike the latter, it does not require a sample to exhibit
long range crystalline order. For example, Schimmel et al. [129] compared the
vibrational spectrum of ball milled MgH2, both before and after a single hydro-
genation cycle, with the spectrum from the unmilled material [130]. Although the
spectrum from the ball milled sample indicated the presence of stresses in the
material, the spectrum for the hydrogen cycled sample matched that for un-milled
bulk magnesium hydride. This showed that the dehydrogenation and hydrogena-
tion process annealed the structure, whilst also demonstrating the important role
that INS can play in the study of hydrogen in nanocrystalline materials that exhibit
only broad peaks in their powder diffraction patterns (see Sect. 5.3). Fu et al.
[131], meanwhile, used INS to identify the presence of molecular aluminium
hydride during the hydrogenation of Ti and Ti/Sn doped sodium alanate, and
borohydrides have also been studied using the technique [132, 133].

With regard to microporous materials, INS can be used to observe the rotational
transitions of adsorbed molecular hydrogen. Mulder et al. [134] determined the
energies of these transitions for hydrogen in MOF-5 and were able to identify five
different adsorption sites in this material. Brown et al. [135] used INS to study
hydrogen adsorption in the metal–organic framework HKUST-1, identifying three
main adsorption sites from the observed rotational transition peaks, while Nouar
et al. [136] used INS to observe differences in the binding of molecular hydrogen
in lithium and magnesium ion-exchanged Zeolite-like Metal–Organic Frameworks
(ZMOFs). Although in the latter study the spectra were broadly similar, at low
hydrogen loading an additional low energy peak was observed in the Li-exchanged
compound, suggesting that there is a stronger hydrogen interaction with this
material. As exemplified by the first two examples given above [134, 135], INS
spectroscopy is often combined with first principles calculations to aid the
assignment of peaks in the neutron energy transfer spectra to particular transitions.
Other microporous materials that have been studied by INS include zeolites
[137, 138] and nanostructured carbons [119, 139–143]. In the latter case, INS
played an important role in confirming that the highest, and most controversial,
hydrogen storage capacities reported for carbon nanotubes and nanofibres were
erroneous [139].

THF-stabilised clathrate hydrates (see Sect. 2.4.1) have also been studied
recently using INS [144–146] due to its ability to observe the behaviour of
hydrogen held in the cages. Tait et al. [144] observed the rotational transitions of
the molecular hydrogen, but also identified a series of transitions between trans-
lational quantum states. Similarly, translational as well as rotational transitions
were also observed by Ulivi et al. [145, 146]. Further details regarding TOSCA,
the INS spectrometer at the ISIS neutron source used by Ulivi et al. [145, 146] and
in a number of the other INS studies mentioned above, have been given by Parker
and co-workers [147, 148]. These reports are recommended to interested readers.

In quasi-elastic neutron scattering, the diffusion of hydrogen results in the
Lorentzian broadening of the elastic scattering peak, and the overall peak shape
can therefore be represented by one or more Lorentzian functions convoluted with
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the instrumental resolution. The width of the Lorentzian broadening can then be
related to the diffusion behaviour by appropriate models, of which the jump dif-
fusion model due to Chudley and Elliot [149] is the best known. QENS has been
used to study hydrogen dynamics in a range of materials, including microporous
absorbents such as carbons [143], zeolites [150–154], MOFs [155, 156] and
microporous amorphous silica [157], and hydrides, such as the alanates [158, 159]
and AB2 [160–164] and AB5 [165] intermetallics. Although QENS does not
provide quantitative information regarding the hydrogen content, it allows direct
observation of hydrogen in a particular sample and the determination of hydrogen
diffusion coefficients, which can be related to the kinetics of the hydrogen sorption
process. It can therefore provide important complementary information for kinetic
studies.

5.4.2 Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) spectroscopy can use any isotope with a
nuclear magnetic moment, and can therefore be performed with hydrogen, deu-
terium and tritium. There are many different ways to implement NMR and it can
be used to study both the structure and dynamics of metal hydrides [166]. Recently
it has been used for the study of the microstructural composition and evolution of
complex hydrides, such as the sodium [167, 168] and lithium [169, 170] alanates
and Li amide [171], during or as a result of hydrogenation, dehydrogenation, or
ball milling. However, we will concentrate here on the use of proton (1H) NMR to
study hydrogen diffusion and, in particular, the determination of atomic hydrogen
jump rates and diffusion coefficients.

In NMR spectroscopy, a Radio Frequency (RF) magnetic field is applied in the
presence of an applied static field, while the response is detected by a receiver. The
technique can involve the measurement of the position, or frequency, of the res-
onance line, the strength of the line, the linewidth or one of the relaxation times.
The study of hydrogen diffusion usually involves the measurement of relaxation
times, although pulsed field gradient methods and the determination of linewidth
can also be used [120, 172]. With regard to the former, various relaxation times
can be determined, and these include T1, the spin–lattice (longitudinal) relaxation
time, T1q, the spin–lattice relaxation in the rotating frame, T1D, the dipolar
relaxation time, T1Dq, the dipolar relaxation in the rotating frame, and T2, the spin–
spin (transverse) relaxation time. Each of these represents the time that the nuclear
spin system takes to return to equilibrium following perturbation by the RF pulse
[173–175]. The spin–lattice relaxation times represent the time taken for the lattice
to absorb energy from the spin system and the spin–spin relaxation times represent
the timescale for the exchange of energy within the spin system. The relaxation
times are indirectly related to the diffusion properties of a system and can therefore
be related to the hydrogen diffusion process, although this requires the use of a
model and a number of assumptions.
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Each relaxation time mentioned above applies to a different timescale and so
can be used to probe hydrogen diffusion over a range of regimes. According to
Richter et al. [172], T1 probes an approximate diffusion coefficient (D) range of
10-10 cm2 s-1 to 10-6 cm2 s-1, T1q, the range 10-13 cm2 s-1 to 10-7 cm2 s-1, T1D,
the range 10-15 cm2 s-1 to 10-11 cm2 s-1, and T2 can be used to determine D in
the range 10-11 cm2 s-1 to 10-7 cm2 s-1. In each case, the diffusion coefficient is
calculated by determining the interval between hydrogen jumps, sH, using the
expression,

D ¼ fl2

6sH
ð5:12Þ

where l is the jump distance and f is the tracer correlation factor. Complications
can arise due to jumps occurring over different length scales, but Pulsed Field
Gradient (PFG) methods, which involve the determination of the attenuation of
spin echo signals, can be used to directly measure D.16 By combining relaxation
rate measurements to determine sH and PFG methods to determine D, the jump
length can therefore be determined. For our purposes, the important point is that
1H NMR potentially allows the determination of the hydrogen diffusion rates in
metal hydrides, whether inferred from sH or measured directly using PFG
techniques.

It is worth noting that relaxation times, and hence the measured diffusion
parameters, can be significantly affected by the presence of paramagnetic impu-
rities [176] and NMR spectroscopy cannot be performed on ferromagnetic and
strongly paramagnetic materials [172]. The determined jump rates can also be
affected by the choice of model used to relate them to the relaxation times. An
example is the BPP (Bloembergen–Purcell–Pound) model [177], which can result
in a significant error in the calculated sH, but a number of alternative models have
been proposed and applied to metal-hydrogen systems [172, 178].

With regard to practical experimental NMR systems, Baker and Conradi [179]
presented apparatus for the performance of in situ NMR studies on hydrides up to
hydrogen pressures of 55 atm (5.57 MPa) and temperatures of 1,300 K. In this
system, the sample is contained in an alumina ceramic tube. The tube is protected
against rupture by the external application of an overpressure of argon. The
temperature of the sample is controlled by a serpentine heater wound through
ceramic tubes around an outer ceramic tube in the Argon environment at the lower
end of the apparatus, with a series of baffles situated above. The gaseous hydrogen
is delivered to the sample through the top of the ceramic sample tube.

NMR spectroscopy has been used to study hydrogen diffusion in a range of
potential storage materials, including nanostructured H-graphite [180–182],
amorphous hydrides [183, 184], AB2 [161, 185] and AB5 [186–188] intermetallic
hydrides, coarse-grained and ball milled MgH2 [189], Mg-based ternary and

16 Note that PFG methods measure relatively rapid diffusion rates in the range 10-8 cm2 s-1 to
10-4 cm2 s-1.
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quaternary hydrides [190–192], BCC alloys [193], quasicrystalline alloys [178,
194, 195] and Na alanate [196]. The technique has also been used to study the
diffusion of molecular hydrogen in microporous materials [151], and to study both
H2 diffusion [197–199] and cage occupancy [200] in clathrate hydrates. Although
NMR spectroscopy does not probe hydrogen in materials as directly as either INS
or QENS and has some disadvantages, including its inapplicability to ferromag-
netic materials, it can clearly provide useful information regarding the motion and
state of hydrogen in many different types of solid state storage material.

5.4.3 Infrared Spectroscopy

In Infrared (IR) spectroscopy, infrared radiation is passed through a sample and an
absorption spectrum recorded. Depending on the sample, the spectrum will include
characteristic IR absorption bands corresponding to the wavenumbers of the
infrared active vibrational modes in the sample. IR spectroscopy can be used to
determine the energy of gas–solid interactions, providing the adsorptive molecule
has at least one IR absorption mode which is altered, or appears, as a result of its
interaction with the surface during adsorption. If this is the case, the integrated
intensity of the corresponding absorption band should be proportional to the sur-
face coverage, and this relationship is exploited in Variable Temperature Infrared
(VTIR) spectroscopy.

Two methods have been used to determine the enthalpy of adsorption of
hydrogen by microporous materials using VTIR. The first requires the integrated
intensity of the IR absorption band and the equilibrium hydrogen pressure to be
recorded at a series of temperatures. The second approach, termed the pseudo-
isobaric method [201], assumes that the coverage is sufficiently low for the
equilibrium pressure to be ignored. In this case, only the integrated intensity of the
IR band is required at each of the measurement temperatures.

In the first method, the IR transmission spectra are measured using a Fourier
Transform Infrared (FTIR) spectrometer, with the sample mounted in a variable
temperature cell that allows the measurement of the equilibrium gas pressure at the
measurement temperature [202, 203]. A known amount of hydrogen is dosed to
the cell at a low temperature and a transmission spectrum recorded, together with
the equilibrium pressure. The cell is sealed and IR spectra are then determined at a
series of increasing temperatures whilst the rise in pressure due to the temperature
change in the closed system is recorded. The pressure rise partially counteracts the
desorption that occurs due to the increasing temperature [204]. To analyse the
data, the Langmuir equation (Eq. 3.42) is combined with the van ‘t Hoff relation
(Eq. 3.1) to give the following expression for the surface coverage, h,

h ¼
P exp DS0

R

� �
exp �DH0

RT

� �

1þ P exp DS0

R

� �
exp �DH0

RT

� � ð5:13Þ
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where P is the pressure, DS0 and DH0 are the entropy and enthalpy changes
relative to standard pressure, R is the universal gas constant and T is the tem-
perature. By assuming the validity of the Beer–Lambert law, which results in the
intensity, A, of the characteristic IR absorption band being proportional to the
amount adsorbed, the surface coverage can be expressed as the ratio of the mea-
sured intensity to the maximum intensity, Am, so that h = A/Am. Eq. 5.13 can be
expressed in the following linearised form,

ln
h

P 1� hð Þ

� �
¼ �DH0

RT
þ DS0

R
ð5:14Þ

so that a plot of the left hand side versus inverse temperature gives a plot of
gradient, -DH0/R, and intercept, DS0/R [205].

In the pseudo-isobaric method, using the ideal gas law (Eq. 6.1) and the
assumption of h « 1, the IR absorption band intensity is expressed as,

A � AmNt
RT

Vc

� �
exp

DS0

R

� �
exp �DH0

RT

� �
ð5:15Þ

where Nt is the total number of moles of gas in the sample cell volume, Vc. This
can be written as,

A � CT exp �DH0

RT

� �
ð5:16Þ

where C is a constant. An approximate value for the enthalpy can then be deter-
mined from a plot of ln(A/T) versus inverse temperature [201].

VTIR spectroscopy has been used to determine the enthalpy of adsorption for
hydrogen on a range of microporous adsorbents. Garrone et al. [206] reported
enthalpy values in the range -3.5 kJ mol-1 to -18 kJ mol-1 for a number of
zeolites, with the largest of these values being found for (Mg,Na)-Y zeolite [207].
Spoto et al. [208] determined the enthalpy of adsorption for a Hypercrosslinked
Polymer (HCP) using the technique, reporting a value of approximately -

4 kJ mol-1 using the first of the two methods described above in the temperature
range 14–100 K. Vitillo et al. [209] determined the enthalpy of adsorption for
hydrogen on three metal–organic framework materials, MOF-5, HKUST-1 and
CPO-27-Ni, using VTIR to examine the role of exposed metal sites in these
materials. They obtained values of -10.1 and -13.5 kJ mol-1 for HKUST-1 and
CPO-27-Ni, respectively, and either -3.5 or -7.4 kJ mol-1 for MOF-5,
depending on which peak was selected for the calculation. This method can clearly
provide important complementary information on the enthalpy, and hence the
strength, of hydrogen adsorption by different host adsorbents.
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5.5 Other Techniques

In this section, we will note some further examples of complementary techniques
that are commonly used in relation to hydrogen storage materials. Firstly,
electrochemical PCI determination is an alternative to the use of gas phase
sorption techniques. The development of Ni-MH batteries using LaNi5-based
intermetallics as cathode materials has been the most commercially successful
practical application of metal hydride technology, and electrochemical charac-
terisation of the electrode material is obviously crucial for this application. The
electrochemical charge and discharge process is directly analogous to gas phase
hydrogenation and dehydrogenation, and so a direct comparison between data
from electrochemical and gas phase techniques can be made. If an electrode is
constructed from a hydride-forming alloy or a hydrogen adsorbing material and
equilibrium electrochemical measurements are performed in a cell to produce a
plot of potential (V) against discharge capacity (mAh g-1), the data can be
directly compared to the gas phase equivalent using the Nernst equation
[210, 211]. The operating temperature of a cell is limited and the material must
be suited to electrochemical charging and discharging, but electrochemical
characterisation can nevertheless serve as a useful comparative technique. See,
for example, the work of Züttel and co-workers on the adsorption of hydrogen
by carbon nanotubes [212–214]. A large number of reports regarding the elec-
trochemical behaviour and characterisation of metal hydrides can be found in the
literature and a number of reviews cover the topic [210, 211, 215, 216]. It was
recently argued by Bliznakov et al. [217] that electrochemical PCT determina-
tion performed over a limited temperature range, in order to determine the
thermodynamic properties of a metal hydride, offers a low cost, safe and
affordable alternative to gas phase measurements, providing the material in
question can be electrochemically charged and discharged.

Electron microscopy, including Transmission Electron Microscopy (TEM)
and Scanning Electron Microscopy (SEM), is used widely in hydrogen storage
material research although primarily for the microstructural characterisation of
materials. Such microstructural characterisation is beyond the scope of our dis-
cussion; however, it is worth noting the use of the technique to examine the
effects of hydrogen cycling, which together with the analysis of anisotropic peak
broadening in X-ray and neutron powder diffraction patterns and the use of
Positron Annihilation Spectrocopy (PAS) [218, 219], can greatly aid our
understanding of the effects of the activation process (see Sect. 3.1.4) and long
term hydrogen cycling (see Sect. 3.1.2). Studies of the effects of hydrogen
cycling on intermetallics include the work of Kim et al. [220, 221], who used
TEM to examine the microstructural effects of the hydrogen absorption and
desorption process on LaNi5. In addition to LaNi5, Decamps et al. [222] studied
partially substituted AB5 materials, also using TEM, while Inui et al. [223]
reported TEM for both cycled LaNi5 and FeTi. Recently, however, in situ SEM
and TEM have been used to study the dehydrogenation of a number of materials,
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including AlH3 [224–226], NbF5-doped MgH2 [227], and sodium and lithium
alanates [228].

There are a number of other techniques that have been used for the study of
hydrogen diffusion in hydrides, a summary of which is provided by Fukai [120]
with regard to binary hydrides. These include gas phase permeation measurements,
electrochemical methods, the measurement of resistivity, and mechanical relaxa-
tion measurements using the Gorsky effect, the Snoek effect and Zener relaxation.
The use of the Gorsky and Snoek effects for the study of hydrogen diffusion was
also covered briefly by Richter et al. [172]. Anelastic relaxation spectroscopy has
been used recently to analyse the dynamics of the hydrogenation and dehydro-
genation process in sodium alanates [229, 230]. The application of this technique
to alanates, as well as lithium nitrides and ammonia borane, was reviewed recently
by Palumbo et al. [231].

5.6 Summary

In this chapter we have covered a number of complementary techniques that can
be used to study hydrogen storage materials. We have seen how thermal analysis
and calorimetry can be used to determine thermodynamic parameters that can be
compared to the results obtained using laboratory gas sorption measurements. We
have also covered the gas adsorption methods that allow the determination of the
surface area, pore volume and pore size distribution of microporous materials. The
microstructural evolution of hydride compounds can be followed using in situ
neutron and X-ray diffraction, and these techniques can be used to directly observe
the hydrogen sorption processes that are measured indirectly using the laboratory
gas sorption measurement techniques. Small angle scattering of X-rays and neu-
trons can determine fluctuations in the density of hydrogen and deuterium over
larger length scales than standard powder diffraction, as well as probing other
microstructure-related spatial inhomogeneities. We have also covered various
spectroscopic techniques that can provide valuable complementary information
regarding the dynamics of both atomic and molecular hydrogen in solids, and to
directly probe hydrogen in matter, as well as to determine thermodynamic infor-
mation such as the enthalpy of molecular hydrogen adsorption in microporous
adsorbents. Finally, we have briefly covered some of the other complementary
techniques that do not fit readily into the above categories, including the elec-
trochemical determination of PCIs, electron microscopy, and some kinetic mea-
surement methods. The use of one or more of these methods should be considered
during the characterisation of hydrogen storage materials in order to support the
results obtained from either equilibrium or kinetic gas phase hydrogen sorption
measurements.
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Chapter 6
Experimental Considerations

A careful assessment of the potential sources of error is a crucial precursor to the
performance of an accurate hydrogen sorption measurement and so we address
some of these issues in this chapter.1 Firstly, we will cover some of the properties
of hydrogen that are relevant to the accurate measurement of hydrogen uptake by
materials. We begin with the compressibility, a property that must be described
with sufficient accuracy for elevated pressure measurements, and we present some
equations of state that can describe the real gas behaviour of hydrogen with
varying degrees of accuracy. We then describe the Joule–Thomson effect and
discuss the thermal conductivity of hydrogen, both of which can affect the nec-
essary isothermal conditions and the accurate determination of the sample tem-
perature. The transition between the continuum (viscous flow) and free molecule
regimes, in terms of the mean free path of hydrogen and the system length scale, is
then discussed and we also describe thermal transpiration effects, which can affect
low pressure measurements. We conclude the first section by discussing the
importance of gas purity. In the second section, the properties of the storage
material itself are covered. These include the interrelated properties of sample
volume, density and mass, the sensitivity of the sample to air and moisture, and the
likelihood of the gettering of impurities from the gas phase hydrogen. The third
section addresses general instrumentation issues. We first discuss the compatibility
of instrumentation for both vacuum and high pressure hydrogen operation, in
terms of leakage and permeation. We then look at the importance of temperature
homogeneity, stability and control, and accurate temperature and pressure mea-
surement. Aspects of the experimental methodology are then covered, including
the conditions under which the sample is degassed prior to a measurement and the
monitoring of equilibration times at each isotherm point.

In the last three sections, we discuss error sources that apply to the volu-
metric, gravimetric and thermal desorption techniques, respectively. The volu-
metric measurement issues include the existence of thermal gradients, the sample

1 The content of this chapter is based on previous discussions of the topic [1–3].

D. P. Broom, Hydrogen Storage Materials, Green Energy and Technology,
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size-to-system volume ratio, the dead volume calibration or corrections, the
accumulative errors inherent in multipoint volumetric or manometric isotherm
determination, and hydrogen leakage. The gravimetric measurement issues con-
sidered here include sample size, buoyancy effect corrections and the disturbance
of the balance. The issues relating to the thermal desorption techniques include the
sample size, the importance of the temperature ramp rate and, where applicable,
the signal calibration method.

6.1 Properties of Gas Phase Hydrogen

In this first section we cover some of the properties of gaseous hydrogen that are
relevant to the performance of accurate hydrogen sorption measurements. Most of
these properties are relevant to other error sources discussed later in this chapter,
and we will therefore expand upon their influence later, where appropriate. The
properties addressed are the compressibility of hydrogen, the Joule–Thomson
effect, thermal conductivity, the transition of the gas between the continuum and
free molecule regimes as a function of pressure, thermal transpiration (thermo-
molecular flow) effects and gas purity.2 Some of these can cause errors directly,
such as insufficient gas purity, whereas others, such as the thermal conductivity,
should be considered in relation to other error sources.

Molecular hydrogen exists in two forms, known as ortho- and para-hydrogen,
which differ in the orientation of the nuclear spins of the two component atoms.
Normal hydrogen is the equilibrium mixture of the two spin isomers, which varies
from nearly 100% para-hydrogen below the boiling point to 25% para-hydrogen
and 75% ortho-hydrogen at temperatures above 200 K [4]. We refer here only to
normal hydrogen, the natural mixture for any given temperature, because in the
context of sorption measurement accuracy the differences in the properties of the
two forms of hydrogen are not sufficiently significant to be of concern.

6.1.1 Compressibility

As for any real gas, the pressure-density relationship for hydrogen deviates to a
certain extent from the linearity expressed by the ideal gas law,

PV ¼ nRT ð6:1Þ

2 An extensive compilation of thermophysical data for hydrogen was compiled by McCarty [4],
which includes many more properties than we cover here. The report also includes an extensive
reference list of data published prior to 1975. A later report [5] updating and correcting some of
the content of the earlier report, but also including other useful hydrogen property information, is
also recommended.
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where P is the pressure, V is the volume, n is the number of moles, R is the
universal gas constant and T is the temperature. The relationship must therefore be
represented by an Equation of State (EOS), which can produce either the density of
the hydrogen directly from the pressure and temperature, or the compressibility
factor, Z, for use in the real gas law,

PV ¼ nZRT : ð6:2Þ

The most prominent way in which this can affect the result of a hydrogen
sorption measurement is during the volumetric determination of hydrogen sorption
at above ambient pressure. In this case, any error introduced to the calculation of
the sorbed quantity accumulates through the measurement and an inaccurate
representation of the compressibility can contribute significantly to this error
accumulation (see Sect. 6.5.4). However, the description of the compressibility of
hydrogen is also important for gravimetric measurement in which an accurate
representation of the pressure-density relationship of hydrogen is required in order
to apply the buoyancy effect corrections (see Sect. 4.2.1.1 and Sect. 6.6.2).

Numerous equations of state are available that can be used to calculate the
density of pure fluids as a function of pressure and temperature. The accuracy of
each equation differs and this tends to depend, to a certain extent, on the mathe-
matical complexity of the expression; however, different EOS can also apply to
different temperature and pressure regimes with varying degrees of accuracy.3 The
expressions of practical interest can generally be separated into either cubic or
multiparameter equations of state. The former, with the exception of the van der
Waals equation, describe the pressure-density relationship in terms of the critical
temperature, critical pressure and an acentric factor; the former two are well
known gas properties and the latter, a term introduced by Pitzer and co-workers
[6, 7], expresses the degree of non-sphericity of any given molecule.4 The mul-
tiparameter equations of state, on the other hand, describe the pressure-density
relationship from empirical fits to experimental data using the number of empirical
parameters required to provide sufficient accuracy [8]. The choice of the EOS for
hydrogen sorption measurement has been addressed by a number of authors and, in
some cases, different equations have been compared [9–11]; however, a com-
prehensive survey has not yet been published. Nasrifar [12] recently compared 11
different EOS for hydrogen, for the prediction of various thermodynamic prop-
erties, although the report focuses only on cubic expressions.

3 For example, an EOS that may be sufficiently accurate at ambient temperature may not apply at
77 K.
4 It is perhaps notable in the context of the current discussion that Pitzer [6] specifically excluded
hydrogen and helium from his discussion because of the importance of quantum effects for these
two fluids. However, our interest is in EOS for the higher temperature supercritical region for
which quantum effects are less significant. It is also worth noting that the aim of some EOS is to
describe behaviour accurately in the region of the critical point, whereas our interest lies in the
accuracy of an expression well above this regime in terms of temperature.
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6.1.1.1 Van der Waals

The first EOS we will present is the well known van der Waals (vdW) equation,
which, in terms of molar density, qm, is given by,

P ¼ qmRT

1� qmb
� aq2

m ð6:3Þ

where a is the attraction parameter and b is the repulsion parameter or effective
molecular volume, also known as the van der Waals co-volume [13]. In terms of
the molar volume, vm, it is given by,

P ¼ RT

vm � b
� a

v2
m

: ð6:4Þ

In terms of the compressibility, Z, the vdW EOS becomes,

Z3 � 1þ Bð Þ Z2 þ AZ � AB ¼ 0 ð6:5Þ

where A and B are given by,

A ¼ aP

RTð Þ2
ð6:6Þ

and,

B ¼ bP

RT
: ð6:7Þ

The van der Waals EOS has been used to represent the compressibility in
previous hydrogen storage studies using the volumetric technique (see, for
example, Tibbetts et al. [14]). However, care must be taken with the use of this
expression because it is not sufficiently accurate in some important temperature
and pressure regimes, as shown by Zhou et al. [11] in their work on low tem-
perature hydrogen and methane adsorption by MOF-5 and ZIF-8. The use of the
van der Waals EOS at 77 K up to a pressure of 55 bar (5.5 MPa), in this case,
resulted in a greater error5 than the use of the ideal gas law.

6.1.1.2 Soave–Redlich–Kwong

A modified version of an earlier EOS, due to Redlich and Kwong [15], was
presented by Soave [16] and is commonly known as the Soave–Redlich–Kwong
(SRK) EOS. In terms of the molar density, the SRK EOS expresses the pressure as,

5 In this case, the measurement of ‘‘false hydrogen adsorption’’ in an empty sample cell.
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P ¼ qmRT

1� qmb
� aðTÞq2

m

1þ qmb
ð6:8Þ

and in terms of molar volume, vm, it is given by,

P ¼ RT

vm � b
� aðTÞ

vm vm þ bð Þ: ð6:9Þ

For the SRK EOS, the parameters a and b are given by,

a ¼ 0:42747R2T2
c a

Pc
ð6:10Þ

and,

b ¼ 0:08664RTc

Pc
ð6:11Þ

where Tc is the critical temperature, Pc is the critical pressure and a is defined
using the following pair of expressions,

ffiffiffi
a
p
¼ 1þ S 1�

ffiffiffiffiffi
T

Tc

r� �
ð6:12Þ

and,

S ¼ 0:480þ 1:574x� 0:176x2 ð6:13Þ

where x is the acentric factor. For hydrogen, x = -0.216, Tc = 33.2 K and
Pc = 1.28 MPa [9].6

In terms of the compressibility, the SRK EOS becomes,

Z3 � Z2 þ A� B� B2
� �

Z � AB ¼ 0 ð6:14Þ

where A and B are given by Eqs. 6.6 and 6.7.
The SRK expression was one of the EOS considered by Zhou and Zhou [9] and

Zhang et al. [10]. Although its use for hydrogen sorption does not seem particu-
larly widespread, it has been used in some of the recent work on low temperature
hydrogen adsorption by MOFs [18, 19].

6.1.1.3 Peng–Robinson

The Peng–Robinson EOS [20] is another cubic equation, which expresses the
pressure as,

6 Values of x = -0.215, Tc = 33.19 K and Pc = 1.32 MPa are given by Perry and Green [17].
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P ¼ RT

vm � b
� a Tð Þ

vm vm þ bð Þ þ b vm � bð Þ ð6:15Þ

where the parameters a and b are given by,

a ¼ 0:45724R2T2
c a

Pc
ð6:16Þ

and,

b ¼ 0:07780RTc

Pc
: ð6:17Þ

For the Peng–Robinson EOS, a is also expressed using Eq. 6.12, but the
parameter S takes the following form,

S ¼ 0:37464þ 1:54226x� 0:26992x2: ð6:18Þ

In terms of the compressibility, the Peng–Robinson EOS becomes,

Z3 � 1� Bð Þ Z2 þ A� 2B� 3B2
� �

Z � AB� B2 � B3
� �

¼ 0 ð6:19Þ

where A and B are given by Eqs. 6.6 and 6.7.
The Peng–Robinson EOS has been used in both experimental studies on

hydrogen storage [21, 22] and to represent the compressibility of hydrogen for
simulation purposes [23], although it was not selected by Zhou and Zhou [9],
Zhang et al. [10] or Zhou et al. [11] in their comparisons of different EOS.

6.1.1.4 Hemmes et al.

A hydrogen-specific EOS was developed by Hemmes et al. [24] and is commonly
used in metal hydride studies. It is valid for temperatures in the range 100–1,000 K
and for pressures up to 100 GPa. It is a modified van der Waals EOS of the
following form,

Pþ a Pð Þ
Va Tð Þ

� �
V � b Pð Þð Þ ¼ RT ð6:20Þ

where, for P [ 0.1 MPa,

a Pð Þ ¼ exp a1 þ a2 ln Pð Þ þ exp a3 þ a4 ln Pð Þð Þ½ �: ð6:21Þ

For P C 10.0 MPa, the parameter b is given by,

b Pð Þ ¼
X8

i¼0

bi ln Pð Þi: ð6:22Þ
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For P \ 10.0 MPa, b equals the value at 10.0 MPa. Meanwhile, at T B 300 K,
the exponent a(T) is given by,

aðTÞ ¼ a0 þ a1T þ a2T2: ð6:23Þ

For T [ 300 K, a(T) equals the value at 300 K. The parameters for hydrogen
are given in Table 6.1.

McLennan and Gray [25] used the same EOS to represent the pressure–density
relationship for deuterium. The parameter set they presented applies to pressures
up to at least 100 MPa in the temperature range from 123 K to greater than 623 K.
The authors demonstrate the importance of using an accurate equation of state by
showing the significant differences exhibited by pressure-composition isotherms
for the Pd-D system, at 523 K up to a pressure of 5.4 MPa, calculated using
different EOS. The parameters for deuterium presented by McLennan and Gray
[25] are given in Table 6.2.

6.1.1.5 Beattie–Bridgeman

The Beattie–Bridgeman EOS [26] expresses the pressure in terms of five param-
eters, A0, a, B0, b and c,

P ¼ RT

v2
m

1� c

vmT3

� �
vm þ B0 1� b

vm

� �� �
� A0

v2
m

1� a

vm

� �
: ð6:24Þ

It can also be written in the following virial form,

Table 6.1 Hemmes et al.
[24] EOS parameters for
hydrogen

Parameter Value

a0 2.9315
a1 -1.531 9 10-3

a2 4.154 9 10-6

b0 20.285
b1 -7.44171
b2 7.318565
b3 -3.463717
b4 0.87372903
a1 19.599
a2 -0.8946
a3 -18.608
a4 2.6013
b5 -0.12385414
b6 9.8570583 9 10-3

b7 -4.1153723 9 10-4

b8 7.02499 9 10-6

6.1 Properties of Gas Phase Hydrogen 189



Pvm ¼ RT þ b
vm
þ c

v2
m

þ d
v3

m

ð6:25Þ

where,

b ¼ RTB0 � A0 �
Rc

T2
ð6:26Þ

c ¼ �RTB0bþ A0a� RB0c

T2
ð6:27Þ

and,

d ¼ RB0bc

T2
: ð6:28Þ

To express the pressure as a function of the molar density, this becomes,

P ¼ RTqm þ RTB0 � A0 �
Rc

T2

� �
q2

m þ �RTB0bþ A0a� RB0c

T2

� �
q3

m

þ RB0bc

T2

� �
q4

m: ð6:29Þ

The compressibility can then be written as,

Z ¼ 1þ B0 �
A0

RT
� c

T3

� �
qm þ �B0bþ A0a

RT
� B0c

T3

� �
q2

m þ
B0bc

T3

� �
q3

m: ð6:30Þ

Table 6.2 McLennan and
Gray [25] EOS parameters
for deuterium

Parameter Value

a0 2.75133
a1 -6.21145 9 10-5

a2 4.37677 9 10-7

b0 20.285
b1 -7.44171
b2 7.318565
b3 -3.463717
b4 0.87372903
a1 18.76040
a2 -0.74606
a3 -8.69181
a4 -1.03114 9 10-3

b5 -0.12385414
b6 9.8570583 9 10-3

b7 -4.1153723 9 10-4

b8 7.02499 9 10-6
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The parameters for hydrogen are A0 = 0.02 Pa m3 mol-2, a = -5.06 9

106 m3 mol-1, B0 = 20.96 9 106 m3 mol-1, b = -43.59 9 106 m3 mol-1, and
c = 5.04 m3 K3 mol-1 [26, 27].

In a recent study of the thermodynamics of MgH2 nanoparticles, Paskevicius
et al. [28] note the importance of expressing the equilibrium properties of the
system in terms of the fugacity rather than pressure in order to represent the non-
ideality of the hydrogen.7 The conversion to fugacity uses an EOS and they note
that the literature values for bulk MgH2, determined by Stampfer et al. [29]
using the Beattie–Bridgeman EOS, exhibit a deviation of approximately 2%
from the values obtained using either the Hemmes et al. EOS (Sect. 6.1.1.4) or
the US National Institute of Standards and Technology (NIST) thermophysical
properties database [30]. This suggests that the Beattie–Bridgeman EOS is not
sufficiently accurate for the high temperature region (573–633 K) considered in
this study.

6.1.1.6 Benedict–Webb–Rubin

The Benedict–Webb–Rubin (BWR) EOS [31] expresses the pressure in terms of
eight empirical parameters,

P ¼ RTqm þ B0RT � A0 �
C0

T2

� �
q2

m þ bRT � að Þ q3
m þ aaq6

m

þ c

T2
1þ cq2

m

� �
exp �cq2

m

� �
q3

m: ð6:31Þ

The compressibility can therefore be expressed as,

Z ¼ 1þ B0 �
A0

RT
� C0

RT3

� �
qm þ b� a

RT

	 

q2

m

þ aa
RT

q5
m þ

c

RT3
1þ cq2

m

� �
exp �cq2

m

� �
q2

m: ð6:32Þ

Zhou and Zhou [9] compared this expression with the SRK EOS, using the
following values for the eight parameters: A0 = 9.7319 9 10-2 L2 mol-2 atm,
a = -9.2211 9 10-3 L3 mol-3 atm, B0 = 1.8041 9 10-2 L mol-1, b = 1.7976 9

10-4 L2 mol-2, C0 = 3.8914 9 102 L2 mol-2 K atm, c = -2.4613 9

102 L3 mol-3 K2 atm, a = -3.4215 9 10-6 L3 mol-3, and c = 1.89 9

10-3 L2 mol-2. These values are valid for the temperature range 273–423 K, and q/
qc \ 2.5. In this limited range of applicability they found that the BWR EOS showed
greater precision than the SRK EOS.

7 In Chap. 3, we considered the properties in terms of only the pressure, an approach that is
commonly taken in the literature.
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6.1.1.7 Modified Benedict–Webb–Rubin

Many modified forms of the BWR EOS have been proposed. A well known
version was formulated by Starling [32], but we shall cover only the 32-term
modified BWR equation used in the NIST REFPROP database before the inclusion
of the Leachman and co-workers [33, 34] EOS (see next section). The 32-term
modified BWR EOS expresses the pressure as,

P ¼ qmRT þ q2
m G1T þ G2T1=2 þ G3 þ

G4

T
þG5

T2

� �

þ q3
m G6T þ G7 þ

G8

T
þ G9

T2

� �
þ q4

m G10T þ G11 þ
G12

T

� �

þ q5
mG13 þ q6

m

G14

T
þ G15

T2

� �
þ q7

m

G16

T

� �
þ q8

m

G17

T
þ G18

T2

� �

þ q9
m

G19

T2

� �
þ q3

m

G20

T2
þ G21

T3

� �
exp cq2

m

� �

þ q5
m

G22

T2
þ G23

T4

� �
exp cq2

m

� �
þ q7

m

G24

T2
þ G25

T3

� �
exp cq2

m

� �

þ q9
m

G26

T2
þ G27

T4

� �
exp cq2

m

� �
þ q11

m

G28

T2
þ G29

T3

� �
exp cq2

m

� �

þ q13
m

G30

T2
þ G31

T3
þ G32

T4

� �
exp cq2

m

� �
ð6:33Þ

where c is 1/qc
2. The values of the parameters G1 to G32 are given in Table 6.3. qc

for normal hydrogen for this expression is 14.94 mol L-1. P is the pressure in MPa
and qm is the molar density in mol L-1. The compressibility is given by dividing
the right hand side of Eq. 6.33 by qmRT.

6.1.1.8 Leachman et al.

This recently developed expression is a multiparameter EOS that is implemented
in the current version of the NIST REFPROP thermophysical properties database
[30]. The modified BWR and some other multiparameter equations of state are
explicit in pressure, so that density and temperature are used to calculate a pres-
sure. The Leachman et al. EOS, however, is explicit in the Helmholtz free energy
[33, 34]. This means that the derivation of other thermophysical properties from
the EOS is more convenient, although this is not an important factor for our
requirements.

The Helmholtz free energy, a, is expressed as,

a T; qmð Þ
RT

¼ a s; dð Þ ð6:34Þ
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where a is the reduced Helmholtz free energy, T is the temperature, qm is the molar
density, R is the universal gas constant, and s and d are given by the following two
expressions,

s ¼ Tc

T
ð6:35Þ

and,

d ¼ qm

qcm
ð6:36Þ

where Tc is the critical temperature and qcm is the critical molar density. s is
therefore the inverse reduced temperature and d is the reduced density.

Table 6.3 Modified BWR
EOS parameters for Eq. 6.33,
as presented by Leachman
[33]

Parameter Value

G1 4.675528393416 9 10-4

G2 4.289274251454 9 10-2

G3 -0.5164085596504
G4 2.961790279801
G5 -30.27194968412
G6 1.908100320379 9 10-5

G7 -1.339776859288 9 10-3

G8 0.3056473115421
G9 51.61197159532
G10 1.999981550224 9 10-7

G11 2.896367059356 9 10-4

G12 -2.257803939041 9 10-2

G13 -2.287392761826 9 10-6

G14 2.446261478645 9 10-5

G15 -1.718181601119 9 10-3

G16 -5.465142603459 9 10-7

G17 4.051941401315 9 10-9

G18 1.157595123961 9 10-6

G19 -1.269162728389 9 10-8

G20 -49.83023605519
G21 -160.6676092098
G22 -0.192679918531
G23 9.319894638928
G24 -3.222596554434 9 10-4

G25 1.206839307669 9 10-3

G26 -3.84158819747 9 10-7

G27 -4.036157453608 9 10-5

G28 -1.250868123513 9 10-10

G29 1.976107321888 9 10-9

G30 -2.411883474011 9 10-13

G31 -4.127551498251 9 10-13

G32 8.91797288361 9 10-12
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The reduced Helmholtz free energy consists of an ideal gas contribution, a0,
and the residual contribution, ar, so that,

a s; dð Þ ¼ a0 s; dð Þ þ ar s; dð Þ: ð6:37Þ

The ideal gas contribution is given by,

a0 ¼ ln dþ 1:5 ln sþ a1 þ a2sþ
XN

k¼3

ak ln 1� exp bksð Þð Þ ð6:38Þ

where the ak and bk parameters are given in Table 6.4.
In the Leachman et al. EOS, the residual contribution to the reduced Helmholtz

free energy is given by,

ar s; dð Þ ¼
Xl

i¼1

Nid
disti þ

Xm

i¼lþ1

Nid
disti exp �dpið Þ

þ
Xn

i¼mþ1

Nid
disti exp /i d� Dið Þ2þbi s� cið Þ2

	 

ð6:39Þ

where l = 7, m = 9 and n = 14. The parameters Ni, di, ti, pi, ui, bi, ci and Di for
normal hydrogen are given in Tables 6.5 and 6.6.

The pressure and compressibility factors are then given by,

P T ; qmð Þ ¼ qmRT 1þ oar

od

� �

s

� �
ð6:40Þ

and,

Z T ; qmð Þ ¼ P

qmRT
¼ 1þ oar

od

� �

s

: ð6:41Þ

The Leachman et al. EOS is the current state of the art equation for hydrogen.
It should therefore provide the highest accuracy description of the compressibility
of hydrogen available to date. It has not yet been widely tested for use in hydrogen
sorption measurement, but it would seem reasonable to recommend its use due to
the higher accuracy it should provide, over a wide measurement temperature and
pressure range, in comparison with older expressions.

Table 6.4 Parameters for the
ideal gas contribution to the
reduced Helmholtz free
energy in the Leachman et al.
EOS [33, 34] for normal
hydrogen

k ak bk

1 -1.4579856475 –
2 1.888076782 –
3 1.616 -16.0205159149
4 -0.4117 -22.6580178006
5 -0.792 -60.0090511389
6 0.758 -74.9434303817
7 1.217 -206.9392065168
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6.1.2 The Joule–Thomson Effect

The Joule–Thomson Effect, which is also known as the Joule-Kelvin Effect, occurs
when a real gas expands through a throttling device, such as a valve orifice or a
porous filter. It results in a temperature change, defined by the Joule–Thomson
coefficient, lJT, which is given by,

lJT ¼
oT

oP

� �

H

ð6:42Þ

where T is the temperature and P is the pressure. The subscript H denotes the
constant enthalpy conditions under which the Joule–Thomson effect occurs. lJT,
expressed in units of K Pa-1, is positive below a so-called inversion temperature,
Tinv, at which lJT = 0, and is negative above this threshold. Practically speaking,
this means that a gas cools when undergoing isenthalpic expansion below its
inversion temperature and heats when above it. This effect is widely exploited in
industrial liquefaction processes [35].

The inversion temperature is dependent on the gas pressure and is above
ambient for most gases. A plot of inversion temperature versus pressure is known
as the Joule–Thomson inversion curve. Tinv reaches a maximum at zero pressure
and for nitrogen, for example, this is 625 K [36].8 Hydrogen and helium are the
only pure fluids that have an inversion temperature below ambient, with maximum
inversion temperatures of 205 K and 40 K, respectively. This means that hydrogen
delivered to sorption apparatus at ambient temperatures or higher will undergo a
heating effect, but for low temperature adsorption measurements it will cool.
Joule–Thomson effects for hydrogen were determined experimentally by Johnston

Table 6.5 Parameters for the
residual contribution to the
reduced Helmholtz free
energy in the Leachman et al.
EOS [33, 34] for normal
hydrogen

i Ni ti di pi

1 -6.93643 0.6844 1 0
2 0.01 1 4 0
3 2.1101 0.989 1 0
4 4.52059 0.489 1 0
5 0.732564 0.803 2 0
6 -1.34086 1.1444 2 0
7 0.130985 1.409 3 0
8 -0.777414 1.754 1 1
9 0.351944 1.311 3 1
10 -0.0211716 4.187 2 –
11 0.0226312 5.646 1 –
12 0.032187 0.791 3 –
13 -0.0231752 7.249 1 –
14 0.055734 2.986 1 –

8 Joule–Thomson data for a number of pure fluids can be found in Perry and Green [17].
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et al. [37] at a range of temperatures from 64 K to 288 K and pressures up to
200 atm (20.3 MPa). The results show positive excursions at near ambient tem-
peratures (288 K) of nearly 6 K at the higher pressures, and negative excursions of
over 20 K under a number of low temperature, high pressure conditions. It can be
seen that the thermal effects of such gas expansion can be relatively severe and so
this should be taken into account during a sorption measurement if such expansion
is likely to occur in the apparatus. It is necessary to allow a return to thermal
equilibrium if heating or cooling effects such as these occur, and it is also
important not to misattribute associated experimental artefacts to a sorption pro-
cess or processes.

6.1.3 Thermal Conductivity

The thermal conductivity of gases varies with temperature, pressure and species. In
the case of hydrogen, the thermal conductivity under atmospheric conditions is
relatively high (0.1971 W m-1 K-1). Although comparable to the thermal con-
ductivity of helium (0.1574 W m-1 K-1), it is an order of magnitude greater than
many common adsorptives, including nitrogen (0.0275 W m-1 K-1), argon
(0.0190 W m-1 K-1) and carbon dioxide (0.0183 W m-1 K-1) [38]. These fig-
ures are for P = 101 kPa and T = 273 K, for comparative purposes, but a survey
of the literature on the experimental determination of the thermal conductivity of
hydrogen, covering a wide range of temperatures and pressures, was presented
recently by Leachman et al. [39] and this article is therefore recommended to
interested readers. The thermal conductivity can also be calculated from equations
of state, and it is therefore one of the many thermophysical properties that can be
calculated using the NIST REFPROP database [30].

With regard to sorption measurement, the thermal conductivity of any gas will
affect the measurement of temperature in the gas phase as a function of pressure.
At vacuum there is limited heat transfer and so a thermal gradient will exist. In
gravimetric measurement, in which the temperature sensor cannot be in direct
contact with the sample (see Sect. 6.3.4), it is not always possible to achieve the
required sample temperature at vacuum and so a small amount of gas may be
necessary to provide some heat transfer between the thermostat and the sample at
the start of a measurement. Once this first dose of gas is present any observed
gradient is likely to then change as a function of pressure through the isotherm

Table 6.6 Parameters for the
residual contribution to the
reduced Helmholtz free
energy in the Leachman et al.
EOS [33, 34] for normal
hydrogen

i ui bi ci Di

10 -1.685 -0.171 0.7164 1.506
11 -0.489 -0.2245 1.3444 0.156
12 -0.103 -0.1304 1.4517 1.736
13 -2.506 -0.2785 0.7204 0.67
14 -1.607 -0.3967 1.5445 1.662
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measurement. The same effect will occur to a certain extent in volumetric mea-
surement but this is dependent on the exact positioning of the sample temperature
measurement sensor and the size of the sample cell. The key point is that any heat
transfer effects, or temperature variations due to these effects, could be greater
with hydrogen than other common adsorptives because of its higher thermal
conductivity, and so this should be considered during the performance of sorption
measurements.

6.1.4 Continuum, Transition and Free Molecule Regimes

The physical behaviour of a gas changes significantly during the transition from
high vacuum conditions to elevated pressure. Under high vacuum the gas exists in
the free molecule regime. At these pressures, the mean free path of a gas molecule
is significantly greater than the length scale of typical laboratory apparatus and the
gas molecule transport is dominated by collisions with the walls of the vacuum or
pressure system. As the pressure increases, the gas will pass through the transition
region, before reaching the continuum (viscous flow) regime. In the continuum
regime the gas molecule transport is dominated by intermolecular collisions.

The regime can be determined by the assessment of the Knudsen number, Kn,
of the system, which is defined by,

Kn ¼ k
L

ð6:43Þ

where L is the system length scale and k is the mean free path of the molecule,
which is given by,

k ¼ kBT
ffiffiffi
2
p

pd2
mP

ð6:44Þ

where kB is the Boltzmann constant and dm is the molecular diameter.
The boundaries between the different regimes are not that clearly defined but,

generally speaking, the free molecule regime refers to Kn [ 1, which is the point
at which the mean free path begins to exceed the length scale of the system. The
continuum regime is in the region Kn \ 0.01, and the transition region is given by
0.01 [ Kn [ 1.0. The Knudsen number has a significant effect on the likelihood of
errors associated with thermal transpiration, or thermomolecular flow, effects
covered in the next section. It also affects the fluid transport mechanisms in porous
media discussed in Sect. 3.3.1, but this is not an accuracy issue unless it affects
experimental equilibration times (Sect. 6.4.2). This can have significant experi-
mental error implications in many adsorption measurements because of kinetic
limitations on pore diffusion, but the rapid diffusion of hydrogen at the temper-
atures of interest for storage applications (see Sect. 3.3.1) means that it is generally
not a consideration for hydrogen adsorption measurement.
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6.1.5 Thermal Transpiration (Thermomolecular Flow)

A possible source of error at low pressure is the occurrence of thermal transpi-
ration, which is also known as thermomolecular flow, whereby a thermal gradient
along a tube of a diameter close to, or below, the mean free path of the gas
molecule (Kn [ 1) will result in a pressure gradient along the length of the tube. In
practical terms this can occur when measuring the pressure of a system, or the
pressure of a sample cell or calibrated volume, which is at a different temperature
to the pressure measuring device (Sect. 6.3.3.2). A similar effect can also lead to
the disturbance of the microbalance during gravimetric measurements at low
pressure in the presence of a temperature gradient (Sect. 6.6.3).

With regard to pressure measurement, there are two practical consequences of
thermal transpiration effects. Firstly, pressure measurement data that is subject to
this error should be corrected using one of the empirical corrections we describe
later; secondly, the internal diameter of apparatus intended for low pressure
measurement should be considered during instrument design. The use of large
bore tubing will minimise thermal transpiration effects, as well as being
favourable for high vacuum operation due to its higher conductance. Broom [2]
presented plots of the mean free path for hydrogen at a range of temperatures in
the pressure range of interest for sorption measurements, and of the characteristic
length scale versus mean free path, indicating the three regimes. These plots
show that thermal transpiration effects could start to become significant at the
lower end of the low vacuum range (102–103 Pa) in typical laboratory instru-
mentation. Some of the empirical corrections that have been applied to account
for thermal transpiration effects during pressure measurement will be covered in
Sect. 6.3.3.2.

6.1.6 Gas Purity

High purity hydrogen should be used for sorption measurement purposes for a
number of reasons. During the measurement of hydrogen adsorption by micro-
porous materials, gas phase impurities can preferentially adsorb on the material
(see Sect. 6.2.5). This will potentially affect the actual uptake of hydrogen due to
pore blocking or by the occupation of adsorption sites. It will also affect the
measurement in the case of gravimetry because the weight increase due to
impurity adsorption is potentially indistinguishable from the weight increase due
to hydrogen uptake, although the likelihood of impurity adsorption can be
assessed from the kinetics of the sorption process (see Sect. 6.2.5). In the case of
hydrides, gas phase impurities can inhibit the surface adsorption and dissociation
of molecular hydrogen or can react with the surface to form a passivating layer.
Although this may depend on the impurity type and the material, the most
obvious way to ensure that surface poisoning or passivation, or any other process
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that could be detrimental to hydrogen absorption, does not occur is to use high
purity gas. The minimum purity that should be considered in any hydrogen
sorption measurement is 99.999%, but higher purity gas should ideally be used
and, for adsorption experiments, 99.9999% purity and the addition of filtering is
the ideal. During the controversy over the hydrogen storage properties of carbon
nanostructures, for example, Yang [40] showed that the capacities of 20 and
16 wt% reported by Chen et al. [41] for lithium and potassium-doped carbon
nanotubes, respectively, were most likely due to moisture contamination in the
hydrogen supply. In this case, the reaction of water with the alkali dopants
resulted in a false reading in the gravimetric measurements due to the formation
of hydroxides, hydrates, and other compounds, such as semiquinones and phe-
nolate. This example clearly illustrates the need to ensure that measurements are
performed with a sufficiently pure hydrogen supply.

Practical experience in the Hiden Isochema applications laboratory9 suggests
that sufficient purity gas can be delivered to an instrument for hydrogen
adsorption measurement without filtration providing, firstly, that sufficient pro-
visions are made to minimise contamination of the regulator during bottle
changes and, secondly, that the gas bottle is connected directly to the instrument
without a significant length of gas supply line. Thomas [42], on the other hand,
suggests that filtration is obligatory; however, we should add the caveat that if
measurements are to be performed without filtration, in the case of hydrogen
adsorption, it is essential to confirm that this approach is suitable using micro-
porous materials of known hydrogen storage capacities and to confirm the
complete reversibility of the hydrogen adsorption process. Contaminants are
likely to introduce some form of hysteresis into the adsorption and desorption
isotherms, as well as affecting the overall isotherm shape. In the case of labo-
ratories with an external gas supply, which necessitates a gas supply line
between the cylinder and the instrument, filtration will almost certainly be
required and is therefore recommended.

6.2 Properties of Materials

In this section we will look at the properties of potential storage materials that can
affect the determination of their hydrogen sorption behaviour. We are concerned
primarily with the degree to which uncertainty in the properties of a material can
lead to uncertainty in the determination of its sorption properties. Many physical or

9 See, for example, Xiang et al. [18] in which the hydrogen adsorption measurements show very
good reversibility, which is indicative of pure physisorption and the absence of impurity
contamination. These data were measured without hydrogen filtration using 99.9999% purity
hydrogen and a so-called ‘‘T-purge’’ regulator supplied by Air Products. Further examples are the
highly reversible, variable temperature datasets for hydrogen adsorption by Na-X zeolite shown
in Fig. 2.1 (see Sect. 2.1).
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chemical properties will not affect the hydrogen adsorption or absorption of
hydrogen, and hence its measurement, but some aspects can have a significant
impact. Any uncertainty will directly affect the accuracy of the determination of
the hydrogen sorption properties of a particular material and could potentially
affect the reporting of its hydrogen storage capability. As with many of the points
discussed here, the material type will have a significant effect on the importance of
each of these issues, and so we will try to identify the material types that are most
significantly affected in each case. It is also worth noting that there is considerable
interplay between many of the points discussed in this section and the basic
characterisation of the host materials.10

Firstly, we look at the definition and determination of the sample volume,
density and mass. The accurate determination of the density of a real material is
challenging and the measured value will differ from the theoretical density due to
the presence of impurities and defects. Any error in the knowledge of the real
density will lead to an error in one or more of the corrections necessary for high
pressure hydrogen sorption measurements. In the case of high density materials
these may be negligible but the lower the material density the greater the potential
error. Secondly, many hydrogen storage materials are air or moisture sensitive and
so we will briefly look at the effects that this property could have on measurement
uncertainty. We will then discuss the importance of either knowledge or under-
standing of the history of the sample and the degree to which different storage
conditions, thermal history, hydrogen cycling, and so forth, can affect the prop-
erties and hence the measured hydrogen sorption behaviour of a material. We will
then look at the importance of sample purity before briefly discussing gaseous
impurity gettering.

6.2.1 Sample Volume, Density and Mass

Accurate determination of the volume, density and mass of a sample is crucial in
all measurements but it can vary in importance depending on the material type.
In the gravimetric technique the mass is known to high accuracy from the direct

10 By this we mean the determination of the microstructural and chemical composition of the
material. Prominent examples are the carbon nanotube samples of Dillon et al. [43]. After the
initial reports of high temperature hydrogen adsorption, the samples were later shown by Hirscher
et al. [44, 45] to be storing hydrogen via the interaction of hydrogen with Ti alloy particles rather
than the carbon nanotubes themselves. The alloy particles had been deposited on the nanotubes
during a purification process, which was performed using an ultrasonic probe constructed from
Ti-6Al-4V alloy, and they subsequently reacted with the hydrogen during the hydrogen loading
process. This resulted in the appearance of a high temperature TDS peak during the subsequent
desorption experiment, which was incorrectly attributed to the carbon nanotubes. Thorough
sample characterisation prior to hydrogen sorption measurement and careful consideration of the
effects of any impurities present is therefore clearly essential, as this case demonstrates.

200 6 Experimental Considerations



in situ measurement of the sample mass at the start of an experiment.11 However,
the sample volume and hence the density, or vice versa, is unknown and must be
determined using another method in order for the buoyancy corrections to be
applied to elevated pressure data. The buoyancy corrections increase, for a sample
of a given mass, with decreasing sample density (Sect. 6.6.2). In volumetric
measurement the degassed sample mass is not known to high accuracy and
knowledge of the sample volume is necessary for the application of the dead
volume corrections (Sect. 6.5.3). Although the direct determination of the dead
volume does not necessarily require knowledge of the sample volume or density
for the calculation of the observed uptake, the direct determination of the dead
volume in a sample cell of known volume is itself a helium pycnometry mea-
surement and therefore implicitly contains the errors associated with this type of
sample density determination. In this section we will look at the different defi-
nitions of density, before discussing, firstly, the effects of sample density and
volume on sorption measurement accuracy and, secondly, the effects of sample
mass.

6.2.1.1 Definitions of Density

There are a number of definitions of the density of a material, with some variation
between their use in different fields. Density determination methods and defini-
tions have been covered by a number of standards, and the topic is covered in more
depth by Lowell et al. [46]. There are two definitions that are of interest to us, with
regard to measurement accuracy, and a further two that are of interest generally in
the application of hydrogen storage materials. The most important density defi-
nition, in terms of measurement accuracy, is known commonly as the skeletal
density. This is the ratio of the mass to the volume occupied by the sample,
excluding the volume of any open pores. This is the density that should be used in
the buoyancy effect (Sect. 6.6.2) and dead volume (Sect. 6.5.3) corrections, in the
gravimetric and volumetric techniques, respectively. This may be different to the
true density of a material, if we define the true density as the ratio of the mass to
the volume occupied by the sample, excluding all pores, both open and closed.12

The true and skeletal densities will be equal if a microporous adsorbent contains
no blocked pore regions or, in the hydride case, if the host material is completely
non-porous. The second definition, which has come to prominence in recent
research into hydrogen storage using MOFs, is the envelope or geometric density.
This is the density calculated from the mass and the volume occupied by the
solid, including all internal pore space. This has been widely used for the surface

11 Practically speaking, in gravimetric measurement a decision must be made as to the exact
point at which the weight at vacuum is recorded but the possible variation is small compared to
the uncertainty of the sample mass in volumetric measurements (see Sect. 6.2.1.3).
12 Closed pores, in this context, are internal volumes and voids that are inaccessible to hydrogen.
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excess-to-absolute adsorption conversion using the total pore volume approxi-
mation (see Sect. 3.1.1.3), even though the adsorbed phase volume does not
necessarily equal the total pore volume.

Meanwhile, the two definitions of interest practically for hydrogen storage,
which are therefore relevant in the context of the comparison of the performance of
different materials, are the bulk and the tap density. The bulk density is calculated
from the volume occupied by the solid, including all internal pore space and the
volume of the voids between particles. The tap density is similar except it is
obtained after the container holding the material is tapped in a specified manner to
allow more efficient packing of the bed. This will tend to result in the tap density
being greater than the bulk density and is obviously only relevant to powders.13

6.2.1.2 Sample Density and Volume

The specific effects of our knowledge of sample density and hence volume, or vice
versa, in the separate cases of adsorption and absorption measurement are different.
However, the errors introduced by uncertainty in our knowledge of the sample
volume for both hydrides and porous adsorbents have an identical origin: uncer-
tainty in either the dead volume of volumetric apparatus or the buoyancy effect
corrections in gravimetry. Although the density of a material is a simple concept, its
accurate determination for many real materials is not a trivial task. In our intro-
duction above, we have chosen a straightforward definition of skeletal density but
what we determine in practice is an apparent density [46]. This relates to the
skeletal volume observed by our chosen characterisation fluid or species. This is
invariably helium for microporous materials, which is probably the best choice but
we have to assume, firstly, that there is no adsorption of helium in the micropores at
the measurement temperature and pressure and, secondly, that the apparent helium
density is equal to the apparent hydrogen density. The determination of the apparent
helium density of a microporous material at low temperature is likely to lead to
some adsorption [48] and the errors associated with this effect. Therefore, it is
recommended that helium density determination is performed at elevated temper-
atures. A convenient measurement temperature is ambient but some authors have
advocated the use of significantly higher temperatures of up to 400�C (673 K)
[49]14 to avoid errors associated with the adsorption of helium. It seems, however,

13 As mentioned in Chap. 2, Jordá-Beneyto et al. [47] advocate the use of activated carbon
monoliths for hydrogen storage because microporous activated carbon in this form has a greater
bulk density than an activated carbon powder. As well as the tap density for their powder
samples, Jordá-Beneyto et al. [47] also use the term packing density, which in their case is the
bulk density we have defined above determined after the powder has been pressed in a mould
with a pressure of 550 kg cm-2.
14 The upper temperature will obviously be limited by the thermal stability of the material and
therefore the highest temperatures will not always be practical. Malbrunot et al. [49] suggest
using the degassing temperature of the adsorbent.
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possible that higher temperature measurements could involve increased errors due
to the thermal gradients that exist in the pycnometry apparatus.

If helium adsorption occurs, the density of a material will be overestimated in a
volumetric pycnometry measurement because the helium will appear to fill a larger
volume than it would in the absence of adsorption. Therefore, the sample volume
will be underestimated, and hence the calculated density overestimated for any
given sample mass. This will result in a reduced buoyancy correction for a sub-
sequent gravimetric experiment or too large a dead volume in the volumetric
equivalent. In both cases this will reduce the perceived hydrogen uptake by the
material. Another possibility is that helium cannot access the same pore volume as
hydrogen. If it can access a greater volume, it will have the same effect as helium
adsorption and the density will be overestimated further. If it cannot access some
of the volume that is accessible to hydrogen then it will have the reverse effect and
ultimately the hydrogen uptake will be overestimated. However, the kinetic
diameters of hydrogen and helium are 0.283–0.289 and 0.255 nm, respectively,
according to values tabulated by Li et al. [50], and so the former is more likely.

In adsorption, this issue is linked to the determination of the Gibbs Dividing
Surface (GDS), which defines the boundary between the solid and the gas phase.
This topic has been addressed by a number of authors because it is of significance
in many areas of adsorption measurement. Gumma and Talu [51] presented a
method that corrects for helium adsorption, and other approaches have also been
proposed (see Gumma and Talu [51] and references therein). Their method
involves measuring the weight change of the sample as a function of helium
pressure at a number of different temperatures. These data are then used to plot b
versus temperature, where b is a parameter dependent on the isosteric heat of
adsorption, a second parameter related to the entropy of adsorption, and the vol-
ume of the solid. By fitting the experimentally determined values of b, the volume
of the solid and hence the location of the GDS can be determined. The method was
demonstrated using helium adsorption data measured for a silicalite sample at 12
temperatures in the range 93–515 K, up to approximately 3.5 MPa. Gumma and
Talu [51] also advocate the implementation of a standard set of conditions, by
IUPAC or the International Adsorption Society, for the determination of the GDS.
Such a definition would be of great interest for the study of adsorptive hydrogen
storage, and would play a valuable role in the development or definition of
hydrogen adsorption measurement guidelines (see Sect. 7.3).

Absorption measurements are not affected by helium adsorption or pore
accessibility problems, because the materials of interest are not microporous;
although the apparent density of a material will still differ from its theoretical
value. In the case of absorption, however, the volume and mass, and hence density,
of the sample will change throughout a measurement and so it is important to
ensure that this volume dilation does not substantially affect the results of a
measurement. This can be viewed as the analogue of the excess-to-absolute con-
version problem in adsorption measurement and the necessary corrections are
nontrivial. However, it does not create such an issue because, firstly, the lattice
expansion is not as significant in relation to the empty sample volume compared to
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the ratio of adsorbed phase volume to the skeletal volume of a microporous
material and, secondly, for single phase samples the lattice expansion associated
with hydrogen absorption can be measured using in situ diffraction methods. It is
therefore known to a certain extent, unlike the adsorbed phase volume, which can
only be assumed. However, for samples containing multiple phases this remains a
problem. Another reason, associated with the first point, is that the absorption does
not occur exclusively in the sample cell dead space, as it does in the case of
adsorption. The hydrogen enters the sample and the overall decrease in the sample
cell dead volume is relatively small per hydrogen atom. Furthermore, the host
materials in the absorption case tend to have a higher density than adsorbents and
so the associated buoyancy effect or dead space corrections are less significant;
although this is not the case for many complex hydrides, which can also have low
skeletal or apparent densities. Further investigation of this issue for complex
hydrides would be very valuable.

6.2.1.3 Sample Mass

The mass of a sample at the beginning of a measurement must be known
accurately. In gravimetric measurement this is determined in situ and is used as
the reference point for the calculation of hydrogen uptake. For hydrogen
absorbing materials this is unlikely to be significantly different to the mass of the
sample measured before either mounting or activating the sample. However, in
the case of adsorbents it can be substantially different due to the removal of pre-
adsorbed species during the degassing process (see Sect. 6.4.1). In some cases,
this may only be a few wt% but for adsorbents synthesised using wet chemistry
methods it can be a significant fraction of the total mass because they may still
contain solvents from the synthesis process. The degassed sample mass must,
however, be determined to sufficient accuracy, otherwise the calculated gravi-
metric hydrogen capacity (wt%) will contain a significant associated error.
Different methods can be used for this purpose. One common approach is to
degas the sample in a removable sample cell equipped with an isolation valve.
The sample mass can then be determined by subtracting the empty cell weight
from the weight of the cell containing the degassed sample. However, this
method is subject to the additive errors from the subtraction of one relatively
large mass from another. For small samples this could add considerable error to
the calculated wt% hydrogen uptake. Another approach is to correct the loaded
(wet) mass for the percentage loss observed in a parallel gravimetric degassing
process. However, the error in this case originates from the likely difference in
the vacuum degassing conditions at the sample, and hence the mass loss as a
function of time, between different apparatus. If the mass loss during degassing
is significant, the uncertainty in the activated sample mass is a major source of
error in volumetric measurement. The same problem can also affect independent
density determinations, although if the dead volume is determined directly this
should not be such an issue.
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Another related consideration in gravimetric measurement is the point at which
the sample weight at vacuum is recorded. In the case of measurements at low
temperatures the sample will not reach the measurement temperature at vacuum
because the presence of some gas is required for heat transfer purposes. The choice
is somewhat arbitrary but for comparison between samples consistency is the most
important consideration. In terms of accuracy, or rather uncertainty, the potential
variation in the sample weight at vacuum is another source of error.

6.2.2 Air and Moisture Sensitivity

Many hydrogen storage materials are sensitive to air or moisture. In the case of the
complex hydrides this sensitivity can result in the decomposition of the sample
upon exposure to air. Samples must therefore be loaded into the instrument under
an inert atmosphere. In volumetric instrumentation this can be performed using a
detachable sample cell that can be sealed sufficiently in a glovebox or by loading
the sample in a glovebox attached to the instrument. For gravimetric systems this
task is more problematic as the sample must be loaded onto the microbalance pan.
One approach is to attach a glovebox to the instrument for this purpose. An
alternative is the method used in the Hiden Isochema IGA instruments in which an
inert atmosphere sample loader can be temporarily attached to the instrument
during the loading of the sample and then removed before starting the measure-
ment. The sample is passed into the inert gas environment of the loader pre-
mounted in a sample holder in a small sealed transfer chamber and attached to the
microbalance hangdown using a wobble stick.

The important point with regard to measurement accuracy is that the sample
should not be affected significantly during the transfer process. In gravimetric
measurements the weight can be monitored in situ, which will give an indication of
the stability of the sample. In volumetric systems the weight cannot be monitored
and so any uncertainty in the loaded sample mass will contribute to measurement
error. This point is related to the sample mass discussion in the previous section. In
addition, the stability of the sample cannot be monitored in volumetric instru-
ments. If the sample mass is determined after measurement, however, the uncer-
tainty can be determined or eliminated from consideration. Repeated hydrogen
cycling with no loss of capacity would also indicate that there is no significant
deterioration of the sample during the loading or sample transfer process. An
example of a scenario that could result in significant measurement error is the case
of ammonia evolution from lithium amide and imide in which a portion of the
nitrogen that forms part of the host material would be lost as a result. A similar
effect could occur for borohydrides with the evolution of boranes.

Interstitial metal hydrides are often air sensitive in that an oxide layer will form
on the surface of an activated sample upon exposure to air. If the sample is to be
subsequently hydrogen cycled, this layer must be reduced or fractured sufficiently
to allow rehydrogenation. Samples exposed to air for different periods of time are
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likely to have different surface properties. For comparison purposes, it is therefore
crucial that sufficient attention is paid to the surface state of different samples. It is
possible that samples treated differently in terms of air exposure following acti-
vation or hydrogen cycling will not be returned to the same state, regardless of
the treatment used. Further discussion of sample surface oxidation is given in
Sect. 6.2.5.

6.2.3 Sample History

The history of a sample, including periods of storage, can have a significant effect
on its sorption properties. The history referred to here can include the thermal
history, including any annealing that has been performed in the case of hydride-
forming compounds, the hydrogen cycling and activation processes, and the
exposure of materials to air, but it can also include the synthesis process itself. As
discussed in Sect. 3.1.2, the hydrogen cycling of metallic hydrides will result in
disproportionation and the creation of significant numbers of lattice defects.15 Any
annealing performed could return the sample to its virgin state, to a lesser or
greater degree. Annealing can also be used to increase the compositional homo-
geneity of a metal host prior to hydrogenation. The significant effects that
annealing can have on a sample, whether during sample preparation or for the
purpose of regeneration after hydrogen cycling-induced degradation, mean that it
is important to record and pay close attention to the effect that this could have on
the hydrogen absorption properties.16 Any previous hydrogen cycling that has been
performed on a sample will also have an effect on the subsequent absorption
properties, and this should also therefore be recorded. In the case of the activation
of metallic hydrides, which normally involves a hydrogen cycling process of some
kind, this should also be recorded for the same reasons. Disproportionation, and
any other form of compositional or microstructural degradation, or surface mod-
ification, that occurs through the activation process could later affect the hydrogen
absorption behaviour of a material.

With regard to microporous materials, exposure to air for prolonged periods or
previous activation and hydrogen adsorption procedures could potentially affect
subsequent adsorption behaviour. In the case of crystalline samples, such as
zeolites and MOFs, the synthesis procedure could affect the hydrogen adsorption
behaviour of a material. However, this is perhaps more closely related to sample
purity, which is discussed in the next section. Prolonged exposure to air can result

15 Measured dislocation densities in some hydrogen-cycled AB5 intermetallics, for example, can
exceed those of heavily deformed (cold worked) metals [52].
16 The extended cycling study of Wanner et al. [53] included periodic sample regeneration
through annealing, which was shown to restore lost storage capacity, and so this is a good
example of the effect that an annealing process can have on the hydrogen absorption properties of
a material.
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in surface oxidation in the case of carbon samples [54–56], and this may alter their
adsorption properties. This should therefore be considered as a potential source of
uncertainty during reproducibility studies on carbon samples.

In conclusion, close attention should be paid to the synthesis, preparation,
activation and thermal history of samples when assessing the accuracy of a
measurement performed on any given material. Rigorous microstructural, crys-
tallographic and chemical analysis of samples prior to hydrogen sorption mea-
surement will reduce any uncertainty relating to the history of the sample but, as
concluded by Buckley et al. [57] in their study of the effects of the thermal history
of LaNi5 on its hydrogenation properties, it is also important to record the history
of a sample when data are published.

6.2.4 Sample Purity

The purity of a sample can greatly affect its hydrogen sorption properties. In the
interstitial hydrides the purity can be affected by contaminant elements in the host
matrix or by the presence of minority phases. The hydrogen absorption properties
of alloys or intermetallics are known to strongly depend on the presence of partial
substituents and so any uncertainty in the composition will carry over into the
absorption measurement. Thorough sample characterisation will ensure sufficient
knowledge of the presence of any impurity elements or minority phases. The
preparation of high purity intermetallic host materials was discussed in detail by
Percheron-Guégan and Welter [58]. Among the sample purity-related issues
highlighted are the greater possibility of compositional variation in the interme-
tallics compared to elemental metals, the effect that this variation may have on the
homogeneity of the hydrogen concentration in the hydride, and the more severe
effect that impurities can have on the stability of ternary or higher intermetallic
hydrides compared to the equivalent effect on the stability of binary hydrides.

With regard to microporous adsorbents, the synthesis method used to produce
MOFs has been shown to have a significant effect on the measured uptake [59, 60].
Therefore careful attention should be paid to the importance of the synthesis
method as well as the activation procedure (Sect. 6.4.1). This uncertainty could
originate from partial framework collapse, pore blockage or the presence of
impurity phases. The results of a recent study by Hafizovic et al. [61] suggest that
large variations in the reported adsorption properties, and hence hydrogen storage
capacity, of MOF-5 (Sect. 2.1.3) can be explained by framework interpenetration
and the blocking of pores by Zn(OH2) species, while Tsao et al. [62] found that
MOF-5 samples prepared using different synthesis routes exhibited different
mesoporous characteristics (see Sect. 5.3.3). Such a variation in the pore structure
will greatly affect the measured hydrogen storage properties of a microporous
material. For these materials, in general, the presence of any impurities within the
structure could potentially alter the interaction between the internal surface and
hydrogen due to changes in the surface chemistry. Their presence could also affect
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the skeletal density of the material, which could potentially change the measured
hydrogen sorption properties (see Sect. 6.2.1). Thorough sample characterisation is
therefore crucial and sufficient detail should be included when reporting hydrogen
sorption data to allow the effects of any chemical or structural impurities to be
assessed.

6.2.5 Gaseous Impurity Gettering

A getter is a reactive material that can be used to remove impurities from a
vacuum or gaseous environment. In the presence of impurities, any hydrogen
storage material can act as a getter to some extent. Impurities can be present in the
gas supply, they can outgas from the internal surfaces of the measurement system,
or be present due to virtual and real leakage within the system.

Porous materials that are effective hydrogen adsorbents are likely to adsorb
contaminants, or impurities, from the hydrogen that is being used to perform the
measurement, particularly in view of their large surface area and narrow pores.
The type of impurity adsorbed and the extent to which the adsorption is prefer-
ential will depend on the adsorbent. This may be difficult to predict and the
measurement of multicomponent gas mixture adsorption is also challenging. The
best approach is to simply minimise the amount of impurities present. The first
essential step is to use high purity hydrogen. Practically, this means hydrogen
greater than 99.999% purity but higher purity is preferable (see Sect. 6.1.6). The
second step is either filtration of the gas or the minimisation of the chance of
contamination being introduced into the gas stream from the gas bottle regulator or
the gas delivery lines. As discussed in Sect. 6.1.6, special purge regulators are
available commercially that can help ensure the cleanliness of an ultra-high purity
or research grade gas supply following a cylinder change.

In gravimetric instrumentation it is possible to observe impurity adsorption by
monitoring the mass change of the sample during equilibration. Hydrogen appears
to exhibit particularly rapid kinetics in comparison to gases of larger molecular
size [63]. A very slow adsorption kinetic, combined with a failure to reach a stable
equilibrium uptake, is therefore indicative of impurity contamination [42].
Repeatability and reversibility studies will help confirm whether significant con-
tamination is present. In the absence of contamination, molecular hydrogen
physisorption is expected to be fully reversible, with no significant hysteresis, and
this can be confirmed by the measurement of both adsorption and desorption
isotherms.

With regard to hydrides, activated samples require a reactive surface in order to
dissociate molecular hydrogen and absorb it in atomic form. Therefore, it is likely
that the surface of a hydride sample will react with impurities in gas phase
hydrogen. If a metal hydride sample attracts impurities from the gas phase, there is
a chance that this could be misinterpreted as hydrogen uptake. As discussed in
Sect. 3.1.3, the presence of some impurity species will result in surface passivation
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or poisoning, although this is dependent on the material; for example, surface
segregation of LaNi5 is known to lead to the binding of O2 and H2O impurities as
La oxide or hydroxide while metallic Ni continues to dissociate molecular
hydrogen [64].

In the context of hydrogen concentration determination techniques for the
purpose of accurately correlating metal hydride lattice expansion to the hydrogen-
to-metal ratio of the sample, Peisl [65] discussed the effect that gaseous impurities,
such as oxygen and nitrogen, can have on gravimetric measurements. As the
influence of these impurities, which will result in much greater mass changes than
hydrogen, is mainly within the surface layer, Peisl concluded that the accuracy of a
gravimetric measurement increases with a decreasing surface area-to-volume ratio.
Therefore, this is not an issue for large single crystals but it can be significant for
powders. In a recent study of the surface oxidation of a commercial AB2 Laves
Phase alloy, Ti0.96Zr0.04Mn1.43V0.45Fe0.08, Schülke et al. [66] found that an oxide
layer approximately 15 nm thick was formed on the surface of the material after
exposure to air for a prolonged period. The analysis was performed using Sec-
ondary Neutral Mass Spectrometry (SNMS) after an exposure period of several
months.

As the importance of gaseous impurity gettering is dependent on the surface
area-to-volume ratio, particular care should be taken with fine powder samples. As
discussed by Lowell et al. [46], particle size and shape can have a considerable
effect on the surface area. The ratio of the surface area of a powder of an identical
material consisting of cubic and spherical particles is given by,

Scube

Ssphere
¼ 2 rsphere

lcube
ð6:45Þ

where Scube and Ssphere are the surface areas of the cubic and spherical particles,
respectively, rsphere is the sphere radius and lcube is the cube edge length.

The surface area of a powder consisting of uniform spheres is given by,

Ssphere ¼
3

q rsphere
ð6:46Þ

where q is the density of the material. Thus, an order of magnitude decrease in the
particle radius results in an order of magnitude increase in the surface area; as does
a similar decrease in the material density. A sphere has the minimum surface area-
to-volume ratio of all geometric forms and any deviation from this will increase
the surface area. Furthermore, surface irregularities, which are present in any real
material, will also increase the absolute surface area. The available surface area for
gaseous impurity gettering will therefore be affected by the particle size, mor-
phology and the surface topography, and the potential significance of the effects of
this phenomenon will depend on each of these factors.

In their study of the loss of reversible hydrogen capacity of LaNi5 with
hydrogen cycling, Gray et al. [67] discussed the effect that impurity gettering
would have on their data of hydrogen uptake as a function of cycle number. They
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observed a positive shift in the zero point mass of their sample after hydrogen
cycling and suggested that this could be due to impurity gettering rather than the
trapping of residual hydrogen in their sample. However, they concluded that, in
this case, impurity gettering was unlikely to be responsible for the loss in
reversible capacity because the isotherm data they measured gravimetrically did
not show an overall increase in the sample mass with time. The loss in capacity
resulted only in a narrowing of the plateau width rather than any shift to higher,
and unphysical, hydrogen-to-metal ratios. Careful consideration of the measured
pressure-composition behaviour with both time and cycle number, as demonstrated
in this work, can therefore help assess the likelihood of problems with gaseous
impurity contamination, and hence gettering.

Generally speaking, gaseous impurity gettering is more of an issue in gravi-
metric instrumentation because it will directly affect the measurement. The sample
is also likely to be exposed to a larger volume of hydrogen gas and therefore, after
the adsorption of, or reaction with, the impurities, the supply of contaminant
species near to the surface of the sample is more readily replenished. However,
gravimetric measurement also allows identification of the occurrence of impurity
gettering, as described above. In the case that impurity adsorption or reaction
passivates the surface of the sample preventing full hydrogenation, but does not
significantly affect measurement accuracy, the gravimetric technique has the
advantage that the kinetic profile will help diagnose the problem. In gravimetric
measurement the mass signal from an adsorbed or absorbed impurity atom or
molecule will be significantly greater than that of hydrogen. In volumetric mea-
surement the impurity adsorption or reaction will affect the pressure to a similar
extent to hydrogen and may therefore be more difficult to differentiate from a
hydrogen sorption process.

6.3 General Instrumentation Issues

In this section we will look at the accuracy issues associated with the instru-
mentation used for hydrogen sorption measurement. We begin with the vacuum
and pressure capability of any given system, before examining the thermal stability
and homogeneity of measurement apparatus, in terms of sample temperature and
the overall thermal performance of the instrument. We then cover both pressure
and temperature measurement.

6.3.1 Vacuum and Pressure Capability Considerations

The vacuum and pressure handling capability of apparatus is important for several
reasons. High vacuum operation with a dry pump system is required to ensure a
clean environment, because any contamination can affect sorption measurement
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accuracy. A difference in the vacuum quality above the sample following acti-
vation will result in sorption measurements beginning from different reference
points. It will also lead to different degassing conditions, which can be crucial for
microporous adsorbents (see Sect. 6.4.1). Meanwhile, leakage and hydrogen per-
meation at high pressures, as well as being a safety concern, will lead directly to
measurement errors, although this mainly applies to volumetric measurement (see
Sect. 6.5.5); in addition, leakage can permit the ingress of contaminants. In this
section, we will look, firstly, at vacuum pump systems before discussing the
implications of hydrogen leakage.

6.3.1.1 Vacuum Pump Systems

High vacuum operation should ensure a clean system. Generally speaking, the
lower the vacuum capability, the higher the chance of contamination of the gas-
eous hydrogen and the subsequent effects that this will have on the hydrogen
sorption measurement. The quality of the vacuum achievable in sorption apparatus
will depend on a number of factors. These are principally the choice of vacuum
pump, the diameter and length of the system tubing, the number of valves, which
are likely to reduce the conductance of the system, the quality of the vacuum seals
and the tortuosity of the pumping path. However, it will also be affected by the
smoothness of the internal system surfaces and the existence of virtual leaks
through, for example, poor quality welds. Impurities can be flushed from a system,
to a certain extent, by flowing an inert gas or hydrogen, following an initial
evacuation, or by repeated system pressurisation and evacuation, but the provision
of high vacuum capability is a preferable route to ensuring a clean system. The
simultaneous heating and evacuation of a system, a process known as baking or
bakeout in vacuum science [68], will help desorb impurities and dry the apparatus,
particularly if moisture contamination is likely. The application of heat rapidly
accelerates any thermally activated desorption processes, and this treatment is
necessary in UHV systems to achieve ultra-high vacuum conditions.

The choice of vacuum pump is important. A typical and recommended dry high
vacuum pump configuration for operation with hydrogen is a turbomolecular pump
backed by a scroll or membrane (diaphragm) pump. As mentioned in Chap. 4
(Sects. 4.1.1 and 4.2.1) a dry pump system should be used because the back-
streaming of oil vapour can contaminate the system [68]. Oil vapour filters, which
are often called foreline traps, are available but a contaminated filter will result in a
contaminated system and there seems to be little advantage in risking the chance of
oil contamination when a membrane or scroll pump will suffice for roughing pur-
poses. The advice to use a dry system is particularly pertinent to the case of
hydrogen adsorption measurement because any contamination can potentially
adsorb to the microporous adsorbent during the degassing procedure (Sect. 6.4.1).
Any preferential adsorption of impurities will affect the accuracy of a measurement
either by increasing the sample mass during a gravimetric measurement or by
partially blocking the process of hydrogen adsorption in either the volumetric or
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gravimetric case. Furthermore, microporous materials require high vacuum condi-
tions for degassing and so the use of a turbomolecular pump is essential in this case.

6.3.1.2 Leakage

In Sect. 4.2.3.2 we covered the technical system requirements for high pressure
hydrogen sorption measurement. These are necessary for safe operation with high
pressure hydrogen but they are also crucial for the performance of high accuracy
measurements. The effect of leakage on the accuracy of a measurement relates
primarily to the false detection of sorption or desorption in volumetric apparatus due
to the misinterpretation of the resultant drop or rise in pressure, respectively.
However, internal leakage through valves is also a problem for the maintenance of
isobaric conditions in gravimetric instrumentation. Any leakage can be safely
detected before an experiment using helium pressure hold tests. Leakage during an
experiment will be seen as an approximately linear decrease in pressure with time
which is atypical of a sorption process, because kinetic profiles normally show some
curvature. This should be seen during the kinetics of sorption for a single isotherm
step. If the kinetics of hydrogen sorption are expected to be very slow, as can be the
case for some of the complex hydrides, then it can become difficult to differentiate
between leakage and the slow sorption process. In this situation, the removal of the
sample and extended leak testing with a blank sample cell is probably the best
approach, combined with repeatability and reproducibility testing. If, during uptake,
the kinetics are not recorded then problems with leakage can potentially be diagnosed
from the isotherm shape of a well known or understood sample. Leakage will result in
unusual isotherm curvature or unexpected linear sections in terms of hydrogen
uptake or release versus pressure. Leakage has been identified as a significant source
of error in volumetric measurement by a number of authors (see Sect. 6.5.5).

Although less significant during gravimetric measurements, hydrogen leakage
should also be avoided in this case. It has less significant implications for the
accuracy of a measurement but internal leakage through mass flow controllers or
pressure and vacuum control valves will affect the ability of the measurement system
to control the hydrogen pressure. However, this should be relatively obvious from the
time-dependent pressure data during a measurement. Leakage in a gravimetric
system could also result in the increased supply of contaminants to the sample
chamber, which may then be adsorbed by the sample. External leakage will affect the
achievable vacuum level and so the pressure above the pump system can be used to
check for any leakage, to a certain extent, in addition to pressure hold tests.

6.3.2 Thermal Stability and Homogeneity

The temperature stability of both the measurement apparatus and the sample is
important in all techniques. Firstly, we will look at the sample temperature,
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primarily with regard to the maintenance of stable isothermal conditions and,
secondly, we shall emphasise some of the most significant effects of thermal
instability in a system and a lack of homogeneity throughout, or in a particular part
of, the apparatus.

6.3.2.1 Sample Temperature

A stable and homogeneous sample temperature is a key factor in accurate sorption
measurement. Temperature gradients across a sample bed will result in differing
sorption characteristics, which will affect the overall accuracy of a measurement.
The exo- and endothermic nature of the sorption and desorption processes can
result in significant temperature excursions during the characterisation of a
material; hence the need for special reactors for the study of the isothermal
absorption kinetics of hydrides (Sect. 4.1.3), for example. During normal isotherm
determination, it is therefore necessary to carefully monitor the sample tempera-
ture to ensure that the sample has returned to thermal equilibrium before an
isotherm point (the equilibrium hydrogen uptake) is determined. This is an
important consideration during experimental method development and comple-
ments the consideration of equilibration times with regard to hydrogen sorption
equilibrium, at each isotherm point. A larger sample size is likely to both exac-
erbate this problem and increase the likely presence of thermal gradients even
under ‘equilibrium’ conditions. Therefore, a strong argument can be made for
reducing the sample size for this reason providing the ability of the instrument to
determine the uptake of hydrogen by the sample at each point is not compromised
significantly by the sample size reduction.

The thermostat, or the method used to control the sample temperature, must be
able to maintain a stable temperature. The stability must be as high as possible,
with variations of the order of 1 K or higher liable to affect the measurement
significantly. This is less important at elevated temperatures but crucial for low
temperature measurements. The Japanese Industrial Standard (JIS) on Sieverts’
method measurements on hydrogen absorbing alloys [69] specifies a precision
of ± 0.5 K for temperature stability of the thermostat and of the temperature
measurement, although higher precision, as well as accuracy, than this is required
at low temperatures.

6.3.2.2 Instrumentation

Hot or cold spots, whereby a part of the apparatus is at a different temperature to
the majority of the system, can greatly affect the volumetric measurement of
adsorption by porous adsorbents. This is particularly crucial in the measurement
of subcritical adsorptives because a cold spot can result in bulk condensation
within the instrument, which will lead to a false measurement of adsorption.
Although bulk condensation will not occur in supercritical hydrogen adsorption
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measurement, unless perhaps the measurement is close to the critical temperature,
it could still lead to false or spurious decreases in pressure that could be misin-
terpreted as adsorption by the sample. Hot spots will have the opposite effect. For
volumetric measurement any temperature inhomogeneity will affect the calculated
sorbed quantity due to an increased uncertainty in the PV = nZRT terms of the
calculation (see Sect. 6.5.4). Thermal stability is essential in gravimetric mea-
surement in order to achieve an accurate weight reading. Any fluctuations over
short or long time scales will affect the accuracy of the measurement regardless of
the intrinsic accuracy of the microbalance. In other words, high thermal stability is
required for a stable microbalance reading, and hence high gravimetric measure-
ment accuracy (see Sect. 6.6.3).

6.3.3 Pressure Measurement

Pressure measurement is obviously important in both the volumetric and gravi-
metric techniques. In the volumetric method it is used directly to calculate the
hydrogen uptake and therefore must be determined to sufficient accuracy for this
purpose. However, the accurate determination of the pressure is also crucial for
gravimetric techniques. Significant uncertainty in the pressure will add significant
error bars to an isotherm plot and the maintenance of a stable pressure is critical
for isobaric measurements. Inaccurate pressure measurement will contribute to
uncertainty in the determination of the hydrogen density or the compressibility at
the measurement temperature and pressure. This could affect the buoyancy effect
corrections in gravimetric measurements (Sect. 6.6.2) and add to the cumulative
error in the calculation of the sorbed quantity for volumetric measurements
(Sect. 6.5.4).

6.3.3.1 Manometer Accuracy

For volumetric measurement, when selecting a pressure measuring device it is
important to ensure that the uncertainty in the pressure measurement is not sig-
nificant compared to the expected decrease in pressure upon hydrogen sorption, or
vice versa. Practically speaking, significant improvements in transducer accuracy
involve a concomitant increase in cost: at the time of writing, a transducer with a
quoted accuracy of ± 0.05% is reasonably priced and could be used on relatively
low cost laboratory equipment, as well as typical commercial hydrogen sorption
instrumentation, but significant increases in accuracy beyond this require sub-
stantially higher expenditure. However, this will presumably change as pressure
measurement technology continues to improve. To ensure sufficient accuracy over
a broad range of pressures, it may be necessary to use different devices to cover
different pressure measurement ranges. In low pressure sorption instrumentation
used for pore size distribution determination, this can be essential to cover the low
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P/P0 region during which micropore filling occurs [46]. In high pressure hydrogen
sorption instrumentation, however, it is not so crucial but it will allow higher
accuracy sub-ambient pressure sorption measurements to be performed and it is a
prerequisite if the Henry’s law region for hydrogen adsorption is being investi-
gated. The higher accuracy of differential pressure transducers is a good argument
in favour of the differential volumetric method (see Sect. 4.1.2).

6.3.3.2 Thermal Transpiration Effects

There are a number of empirical corrections that have been applied to account for
the effects of thermal transpiration (Sect. 6.1.5) on measured pressures. In the free
molecule regime (Kn [ 1), using the tube diameter as the characteristic length
scale, the correction necessary for thermal transpiration effects is given by,

Pt

Pm
¼ Tt

Tm

� �1=2
ð6:47Þ

where Pt is the true equilibrium pressure at the sample temperature, Tt, and Pm is
the measured hydrogen pressure at a temperature, Tm. As Kn approaches unity the
thermal transpiration effect decreases with increasing pressure, and it becomes
zero once the pressure is above the threshold at which the system has fully entered
the continuum regime. In the transition region, the pressure dependence must be
described and a number of approaches have been used. Knudsen’s original deri-
vation gave,

Pt

Pm
¼ Tt

Tm

� �v=2
ð6:48Þ

with,

v ¼ 1þ d

k

� ��1

ð6:49Þ

where d is the tube diameter. Wallbank and McQuillan [70] applied thermal
transpiration corrections to Ti–H data at low pressures by representing v using the
following empirical expression,

v ¼ 1þ Pm

P0

� �1=2" #

exp � Pm

P0

� �1=2" #

ð6:50Þ

with P0 = 3.4 Pa, a value that was determined empirically. They demonstrate the
correction with experimental data measured using significantly different tube
diameters of 3.5 and 18 mm, and applied the correction to data below 15 Pa.
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Two other corrections, which are of a more complicated form than the cor-
rection applied by Wallbank and McQuillan, are due to Liang [71] and Takaishi
and Sensui [72]. The Liang correction takes the form,

Pt

Pm
¼ au2X2 þ buX þ Tt=Tmð Þ1=2

au2X2 þ BuX þ 1
ð6:51Þ

where X = Pmd with Pm in Torr and d in mm [73]. The value of u is 1.0 for
helium, which is used as the reference, and 1.52 for hydrogen [71]. a and b are
empirically determined constants for any given gas.

The Takaishi and Sensui [72] correction is an extension of the Liang
expression,

Pt

Pm
¼ A� X=T�ð Þ2þB� X=T�ð Þ þ C� X=T�ð Þ1=2þ Tt=Tmð Þ1=2

A� X=Tð Þ2þB� X=T�ð Þ þ C� X=T�ð Þ1=2þ1
ð6:52Þ

where T* = (Tt ? Tm)/2 and X is defined as above. A*, B* and C* are coefficients
obtained empirically.

These corrections are commonly applied in low pressure measurements using
UHV systems [74]. They are not relevant at elevated pressures but low pressure
hydrogen sorption measurements can be affected at surprisingly large tube diam-
eters, particularly in the presence of large temperature gradients. The Wallbank and
McQuillan [70] study shows how high temperature hydrogen absorption mea-
surements can be affected, and low temperature pressure measurement can contain
errors of up to 100% if these effects are not properly taken into account [75]. Wilson
et al. [74] corrected all pressure measurements below 2 Torr (0.267 kPa) in their
low temperature (20–100 K) study of hydrogen and deuterium adsorption by
carbon nanotubes.

6.3.4 Temperature Measurement

The sample temperature must be monitored carefully during a sorption measure-
ment. In volumetric techniques this can be performed directly because a temper-
ature sensor can be in contact with the sample. Any error in the measured value in
the volumetric case will, however, contribute to the cumulative error in the cal-
culation of the sorbed quantity (see Sect. 6.5.4). In gravimetric measurement the
sensor can only be in the vicinity of the sample because, if it is in direct contact,
the presence of the sensor will affect the weight measurement. In the gravimetric
case, discrepancies between the real sample temperature and the measured value
will not significantly affect the determination of the sorbed quantity, but any
systematic error in the measured sample temperature will result in a deviation of
the isotherm from its true pressure and hydrogen content for that particular tem-
perature. The significance of this error will depend on the sensitivity to
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temperature of the hydrogen uptake for the material in question. For temperature-
programmed measurements, if the analysis of the data includes such information
as the TDS peak position, it is essential that the measured temperature accurately
represents the real increase experienced by the sample. Otherwise, for integration
of the signal for total content determination, sample temperature measurement is
not so crucial. In general, the accuracy of the temperature measurement will
depend on the sensor type and the regularity of recalibration, and so attention
should be paid to both of these aspects. It is likely that sensor readings will drift
over time and so regular checks are recommended.

6.4 Experimental Methodology

In this section we will cover two of the general issues related to the development
of a suitable experimental method. Firstly, we will look at the degassing of
microporous materials and the activation of hydrides and, secondly, we will dis-
cuss the importance of ensuring that sufficient equilibration times are allowed
during the approach to equilibrium at each isotherm point.

6.4.1 Sample Degassing and Activation

The degassing of porous adsorbents is crucial to the accurate characterisation of
their adsorption properties because a material must be degassed17 before the
performance of any adsorption experiment. If this process is not performed thor-
oughly the adsorption process could be affected significantly. Degassing is the
method by which microporous adsorbents are activated in preparation for

17 In vacuum science, outgassing is defined as the evolution of gas from a solid or liquid in a
vacuum, degassing as the deliberate removal of gas from a solid or a liquid in vacuum as a result
of the impact of molecules, electrons, ions, or photons; or by heating and desorption as the release
of adsorbed atoms and/or molecules, either neutral or ionised, from the surface of a solid or liquid
as a result of the impact of molecules, electrons, ions, and photons; or by thermal energy at the
temperature of the material [76]. Using these definitions, degassing is the most appropriate term
in this case, because we are interested in deliberately removing gas, or liquid, either by heating in
a vacuum or by bombarding the surface with inert gas molecules. In the context of hydrogen
adsorption measurement and apparatus, the term outgassing should be reserved for the general
phenomenon in which the evolution of potential contaminants occurs from either the sample
surface or the internal surfaces of the apparatus under vacuum conditions. This clearly
distinguishes between, for example, the different processes of sample degassing by evacuating
and heating the sample to deliberately drive off contaminants, and the unavoidable outgassing
from the apparatus walls at vacuum that can contaminate the sample due to gettering. Desorption
is then simply used for the temperature-programmed techniques (thermal desorption spectroscopy
or temperature-programmed desorption) in which hydrogen is deliberately desorbed from the
sample.
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hydrogen adsorption (see Sect. 3.1.4) and involves the evacuation of the sample at
elevated temperatures to remove any environmental contaminants or remnants
from the synthesis process. This is clearly crucial regardless of the measurement
technique and insufficient removal of contaminants will inevitably result in
measurement errors. If the measurements are being made at elevated temperatures
at which the contaminants could potentially react with hydrogen, then the result of
the contamination could be quite unpredictable. On the other hand, if the mea-
surement is performed at low temperatures it is likely that the contaminants will
freeze on or in the sample and will result in a reduced uptake of hydrogen due to a
reduction in the number of adsorption sites or the accessible pore volume.

In gravimetric apparatus the sample degassing process can be monitored
directly by measuring the weight change of the sample as a function of time. In
any other apparatus, whether a TDS or volumetric system, it cannot be determined
directly, although it is possible to monitor the evolution of gases from the sample
using a mass spectrometer if the experimental configuration allows for this pos-
sibility. However, in a standard volumetric instrument the only method of moni-
toring the degassing process is to measure the pressure above the vacuum pump
system. In this case, it is necessary to monitor the quality of the vacuum achieved
above the vacuum pump until it has reduced to a level low enough to indicate that
there is no further significant evolution of pre-adsorbed species from the sample.
The effectiveness of this method will depend, to a certain extent, on the quality of
the vacuum achievable in a particular piece of apparatus (see Sect. 6.3.1.1). In the
case of a system that can achieve a lower vacuum, the vacuum reading should not
be relied upon entirely. It is better to err on the side of caution, bearing in mind
that any microporous material is likely to require degassing for a number of hours.
The effect of degassing time on the subsequent adsorption behaviour of a material
can be investigated by determining the reproducibility or repeatability of the
measurement following different degassing procedures.

For hydrides, sample activation can be a more involved process than simple
degassing (see Sect. 3.1.4). A good understanding of the activation process is
necessary before accurate characterisation of the hydrogen sorption properties of a
material can be performed. In the case of intermetallic hydrides, the hydrogen
absorption and desorption properties change significantly during the first few
cycles while the sample is undergoing full activation. It is possible for a hydride
sample to be only partially activated if the full procedure is not performed, leading
to different portions of the sample exhibiting different absorption behaviour. In
this situation, macroscopic hydrogen absorption measurements will only determine
the average behaviour of the sample, which will not represent the real behaviour of
the fully activated material, and therefore lead to significant inaccuracy in the
characterisation process. The changes in the hydrogen absorption and desorption
behaviour of a material through the activation process can be determined by
measuring isotherms during the initial cycling process. If a material exhibits good
cycling stability (see Sect. 3.1.2), its hydrogen absorption and desorption behav-
iour will remain relatively consistent after full activation has been achieved. A
detailed description of the procedure should ideally be given when reporting data.
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6.4.2 Equilibration Times

Consideration of the time required for the system to reach equilibrium at each
isotherm point during a hydrogen sorption measurement should include the
approach to both thermal and sorption equilibrium. If the sorption kinetics are
rapid it is possible that the time required will be dictated by the approach to
thermal equilibrium rather than the approach to sorption equilibrium. This is more
likely to be the case for hydrogen adsorption than it is for hydrogen absorption
because the former is typically a rapid process. In Sect. 4.2.1.2, we saw that
gravimetric data can be fitted in real time to allow the approach to equilibrium to
be carefully monitored and an asymptotic uptake to be predicted. In volumetric
measurement, meanwhile, the pressure decay is monitored. In the case of rapid
adsorption, with the addition of the pressure drive for volumetric measurement, the
pressure decay is likely to be rapid with thermal effects perhaps making the most
significant contribution to non-equilibrium conditions, and therefore monitoring
the sample temperature, as well as the pressure, during the approach to equilibrium
is important.

For hydrogen absorption measurements, the more complex nature of the
absorption process (see Sect. 3.3.2) means that equilibration times between dif-
ferent materials can vary greatly, and also that they can vary significantly through
the course of a single isotherm measurement for any given material. If sufficient
equilibrium is not achieved at each point using either technique, the isotherm
shape can be significantly affected. For example, for an intermetallic hydride, the
plateau pressure in the absorption isotherm will be higher and the plateau is likely
to be shortened in the higher hydrogen content region. The plateau could also
exhibit a steeper gradient. In the desorption case, the plateau pressure may appear
lower than expected because the pressure will not have risen sufficiently, at each
step, to represent technical equilibrium. A substantial exothermic reaction in the
case of hydrides means that the sample temperature must be monitored carefully.
As mentioned above, in gravimetric measurement the weight change as a function
of time is monitored to assess the approach to equilibrium. In theory, in an isobaric
experiment, if the uptake is exponential in nature, as expected for a diffusion-
limited process, the asymptotic mass will not be reached. A given percentage of
the predicted asymptotic mass can therefore be used to define the necessary
conditions for the achievement of technical equilibrium. Exponential behaviour
will not necessarily be the case, however, and so the reaction may reach com-
pletion but nevertheless it is necessary to define the required equilibration con-
ditions (see Sect. 4.2.1.2).

In the volumetric case, during absorption, the system will reach an apparent
equilibrium when the hydrogen pressure drops sufficiently and therefore prevents
further hydrogen absorption. At this point any further absorption would result in
the hydrogen pressure, and hence the chemical potential, dropping below the level
required for more hydrogen to enter the sample or for further hydride phase
formation to occur. The reaction therefore cannot continue until more hydrogen is
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supplied to the system, and so there is a significant difference between the hyd-
riding processes in the isochoric manometric and isobaric gravimetric measure-
ment methods. In the isobaric gravimetric case the chemical potential of the
gaseous hydrogen is held constant18 on the surface of the sample. In the mixed
phase region, for a homogeneous sample, the reaction will therefore continue until
the hydride phase transformation is complete [77]. However, in the case of most
real materials, particularly those being considered for hydrogen storage applica-
tions, the presence of significant hetereogeneity means that the plateau is unlikely
to be flat and stepwise hydriding will be required to allow complete conversion of
the sample from the a to the b phase.

For measurements using Sieverts’ method on hydrogen absorbing alloys, the
Japanese Industrial Standard [69] suggests that no pressure change over the period
of 1 min indicates that equilibrium has been achieved. However, it includes the
caveat that this is dependent on the sample and if different degrees of hysteresis
are seen in the absorption and desorption isotherms with an extension of the
equilibrium period at each point, then the equilibrium time should be extended.

6.5 Volumetric Measurement

In this section we consider some of the issues specific to volumetric measurement.
We first look at the effect of the presence of thermal gradients, which must be
taken into account unless measurements are made under fully isothermal condi-
tions. We then cover the ratio of the chosen sample size to the overall system
volume. This can affect the ability of a system to detect hydrogen sorption for a
given transducer accuracy, for example, or it can exaggerate effects from errors in
either the compressibility description or our knowledge of the dead volume or
sample volume and density. We then cover the dead volume calibration or cor-
rections, the accumulative errors inherent in any multipoint volumetric measure-
ment, and the consequences of hydrogen leakage.

6.5.1 Thermal Gradients

Although thermal gradients are a practical problem in gravimetric as well as
volumetric measurement, the uncontrolled gradient between the sample cell and
delivery manifold is of particular importance in the volumetric case. In Chap. 4 we
looked at the calculation of the hydrogen uptake in the presence of a gradient
between the sample cell and the system (Eqs. 4.5 and 4.6), using the parameter f,

18 This is not strictly true because the heat generated by the reaction will change the chemical
potential of the gas phase hydrogen.
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which is the decimal fraction that defines a hypothetical dividing line between the
two temperature zones of the apparatus. Any uncertainty in this value will con-
tribute to the uncertainty in the measurement. The minimisation of the volume
between the two temperature zones, in order to reduce the proportion of the overall
volume that is uncontrolled, will therefore help reduce this potential source of
error. Thermal gradients within either the system or the sample cell will also
contribute an error. The problem of hot and cold spots was introduced in Sect.
6.3.2.2. These two phenomena, in which regions of the apparatus are at signifi-
cantly higher or lower temperatures than the assumed or measured average tem-
perature, will be detrimental to measurement accuracy because the accurate
calculation of the sorbed quantity relies on the assumption of isothermal condi-
tions. Cold regions will produce a decrease in the overall pressure that could be
misinterpreted as sorption, and warm regions will have the opposite effect. Any
uncertainty in the overall average system temperature will be transferred to the
calculated uptake. In addition to the elimination of thermal gradients, the system
temperature, or the temperature of the housing for the dosing volume, should be
resistant to external ambient temperature fluctuations and ideally maintained
constant.

6.5.2 Sample Size to System Volume Ratio

The ratio of the sample size to the system volume is an important aspect of the
design and operation of a volumetric instrument, and it affects measurement
accuracy. Let us consider the case of a small sample mounted in a volumetric
system of large internal volume. When the hydrogen is dosed into the system by
opening valve C in Fig. 4.1, the pressure will drop by at least the amount expected
due to the difference between the volumes V1 and (V1 ? V2). If the sample is too
small the amount of hydrogen uptake will not be detected by the additional
pressure drop, DP, even if the pressure is measured with high accuracy. A
straightforward conclusion is, therefore, that for a system of a given volume, a
sufficient amount of sample must be used, taking into account the thermal stability
of the instrument (Sect. 6.3.2.2), the accuracy with which the pressure can be
determined (Sect. 6.3.3) and the accuracy of the description of the compressibility
(Sect. 6.1.1). Conversely, if a system is being designed for samples of a given size,
then its total volume must be such that the expected hydrogen uptake can be
determined accurately. The JIS on Sieverts’ method measurements on hydrogen
absorbing alloys [69] suggests that a minimum of 1 g per 100 cm3 of system
volume should be used, with no upper limit specified.

However, the ratio of V1 and V2 is also important and also the density of the
material. Blach and Gray [78] examined the effect of the sample size-to-system
volume, as well as the dosing volume-to-sample cell ratio, on measurements
performed on low density hydrogen storage materials. They considered the
determination of hydrogen uptake using the indirect dead volume determination
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method and therefore used an independently determined sample density. They
concluded that both the dosing volume and empty sample cell volume should be
considerably larger than the volume occupied by the sample, by a factor of at least
100, and that both volumes should be roughly equal. They also note that, because of
the sensitivity of these measurements to sample density, accurate measurement
with a relatively high density hydride sample, such as LaNi5, does not necessarily
mean that the instrument will be accurate for low density samples. Therefore,
the use of high density hydride samples to check apparatus subsequently used for
the measurement of hydrogen sorption by low density hydrogen storage materials
should be avoided and a low density reference material used instead (see Sect. 7.2).

6.5.3 Dead Volume Corrections

The dead volume corrections account for the difference between the total sample
cell volume and the total cell volume minus the volume occupied by the sample.
They are the analogue of the buoyancy effect corrections for gravimetric mea-
surement [79], because they also account for the presence of the sample in the
chamber. As for the buoyancy effect corrections, their significance increases with
increasing hydrogen pressure, as well as decreasing sample density, and so any
error associated with the correction will increase in absolute terms with the
pressure. As we saw in Sect. 4.1.1, the dead volume determination necessary for
the manometric (volumetric) method can take the direct or indirect form. Using the
direct method, the dead volume of the sample cell is determined using a gas that is
assumed to be non-interacting, which is typically helium. The indirect approach,
meanwhile, uses a dead volume calculated by subtracting an independently
determined sample volume (see Sect. 6.2.1.2) from the measured volume of the
empty sample cell. As we saw in Eq. 4.4, the expression for the total number of
moles at the mth sorption point, nm, is given by,

nm ¼
Xm

j¼1

Pf ;j�1;T Vcell � ms=qs

� �

Zf ;j�1;T RT
þ Pi;j;TV1

Zi;j;T RT
�

Pf ;j;T V1 þ Vcell � ms=qs

� �� �

Zf ;j;T RT

� �

ð6:53Þ

where Vcell is the empty sample cell volume, V1 is the calibrated dosing cell
volume, ms is the sample mass, qs is the sample density, Pi,j,T and Pf,j,T are the
initial and final pressures at isotherm point j, Zi,j,T and Zf,j,T are the compress-
ibilities of hydrogen at pressures, Pi,j,T and Pf,j,T, T is the measurement temperature
and R is the universal gas constant.

In this expression it can be seen that the two terms Pf,j-1,Tms/Zf,j-1,TRTqs and
Pf,j,Tms/Zf,j,TRTqs both account for the presence of the sample in the cell and
increase with increasing pressure, as well as decreasing sample density. Both terms
are of the same approximate form as the sample buoyancy correction term
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msg(qH/qs) in Eq. 4.10, ignoring the conversion to a force in the latter, because the
P/ZRT contribution to the dead space correction terms from Eq. 6.53 represents the
density of gaseous hydrogen, qH, shown in the buoyancy correction. The magni-
tude of both terms therefore depends on the ratio qH/qs. The key difference for
multipoint manometric isotherm determination is that the corrections for the dead
volume accumulate error through the course of a measurement, whereas the
buoyancy effect corrections do not because, in the latter case, every isotherm point
is referenced to the empty sample mass at vacuum (see Sect. 6.6.2).

6.5.4 Accumulative Errors

The expression for the number of moles of hydrogen absorbed by a material
measured volumetrically, at the mth point on the isotherm, assuming direct dead
space volume determination, is given by,

nm ¼
Xm

j¼1

fPf ;j�1;Tsys V2

Zf ;j�1;Tsys RTsys
þ

1� fð ÞPf ;j�1;Tsample V2

Zf ;j�1;Tsample RTsample

� �
þ

Pi;j;Tsys V1

Zi;j;Tsys RTsys
�

Pf ;j;Tsys V1 þ fV2ð Þ
Zf ;j;Tsys RTsys

þ
1� fð ÞPf ;j;Tsample V2

Zf ;j;Tssmple RTsample

� �

2

6664

3

7775
ð6:54Þ

where the various parameters have the same definitions as those for Eq. 6.53,
except we have non-isothermal conditions and therefore Tsys is the system tem-
perature and Tsample is the sample temperature, with f being the decimal fraction of
the sample cell volume that remains at Tsys. Also, V2 is the sample cell dead
volume determined directly using a non-interacting gas such as helium. It can be
seen that the determination of nm is an iterative calculation and any errors in the
pressures, volumes, temperatures and gas compressibilities used in the above will
accumulate through the measurement. This is in contrast to the gravimetric
technique in which the sorbed quantity is calculated using a non-iterative function
referenced to the empty sample mass measured at vacuum. This is a disadvantage
of the volumetric technique and contributes to the lower accuracy of volumetric
measurements in comparison to gravimetry. The accumulative errors also mean
that measuring a smaller number of isotherm points will reduce the total accu-
mulative error in volumetric measurement, and so this should be considered during
the development of the experimental method.

6.5.5 Leakage

Leakage can be a significant practical problem in volumetric measurement, and it
has been identified as such by a number of authors [14, 42, 80, 81]. As discussed in
Sect. 6.3.1.2, any measurable leakage could be misinterpreted as either sorption or
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desorption depending on its direction. Any suspected leakage should be investi-
gated through pressure hold tests, but the measurement of pressure versus uptake
for an empty sample cell and the measurement of hydrogen uptake by well
understood materials can also help identify leakage problems. Kiyobayashi et al.
[80] measured the hydrogen leak rate of their system over a 10–20 h period to use
as a reference for comparison with the pressure reduction observed during
adsorption. Such a measurement is recommended during the characterisation of
the performance of an instrument. The measurement of uptake for an empty cell in
the absence of leakage should, meanwhile, yield an approximately zero uptake as a
function of pressure. Any significant deviation from zero could indicate leakage
problems, particularly if it increases with pressure; although it is important to
monitor the pressure as a function of time for each point to confirm that leakage is
the issue. The measurement of hydrogen sorption isotherms for well understood
materials should also help confirm leakage problems. Significant leakage will
result in unusual curvature or unexpected linear sections in the hydrogen sorption
isotherms (see Sect. 6.3.1.2) and so any such deviation from the expected isotherm
shape could be indicative of such problems, particularly if the deviation increases
with increasing pressure.

6.6 Gravimetric Measurement

In this section we consider the issues specific to gravimetric measurement, and
begin with the choice of sample size, which is important when performing
measurements using a balance of a particular resolution, stability or accuracy. We
then look at the buoyancy effect (Archimedes’ Principle) corrections that are
essential for any pressure dependent gravimetric measurement to account for the
upthrust experienced by the balance due to the increasing gas density at elevated
pressure. Finally we consider potential problems caused by the disturbance of the
balance.

6.6.1 Sample Size Considerations

Sample size considerations in gravimetric measurement largely depend on the
balance resolution, long term stability and maximum capacity. The compensating
beam balance used in the Hiden Isochema IGA instruments has a resolution
of ± 0.1 lg and a long term stability19 of ± 1 lg, with a maximum capacity of

19 The long term stability is determined primarily by the thermal stability of the balance
enclosure, although it is also limited to a certain extent by the balance resolution.
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200 mg. These values, combined with the expected hydrogen uptake of a material,
govern the feasible sample size range for the performance of an accurate hydrogen
sorption measurement. The isotherm points, from one measured hydrogen com-
position to the next, should be sufficiently separated in terms of weight to allow
accurate determination of the associated change in the balance reading. The
sample size cannot be specifically defined without taking into account the mag-
nitude of the buoyancy effect corrections, which are inversely proportional to the
sample density; however, generally speaking, the minimum sample size in the case
of the balance characteristics described above, will be of the order of tens of
milligrams. If the balance accuracy is lower then the sample size should be
increased accordingly to achieve equivalent measurement accuracy.

6.6.2 Buoyancy Effect Corrections

The basic calculation of the hydrogen uptake in a gravimetric measurement was
covered in Sect. 4.2.1.1. The buoyancy effect corrections are necessary in gra-
vimetry to account for the upthrust on the microbalance originating from the
presence of the sample in gas phase hydrogen of differing density in the micro-
balance chamber. The upthrust is dependent on the mass of hydrogen displaced by
the sample, according to Archimedes’ Principle, and is denoted by fbuoyancy in
Eq. 4.8. As it is dependent on the mass of gaseous hydrogen displaced it will
increase with increasing hydrogen pressure for any given sample size. In Eq. 4.10
we gave the buoyancy correction necessary for a hypothetical gravimetric
experimental configuration in which there is a contribution from each of the four
other components in the gas phase,

fbuoyancy ¼ mshg
qH

qhd

� �
þ mspg

qH

qsp

 !

þ msg
qH

qs

� � !

� mchg
qH

qhd

� �
þ mcwg

qH

qcw

� �� �
ð6:55Þ

where the first term on the right hand side of the equation represents the buoyancy
effect from the sample side of the balance and the second term represents the
buoyancy effect from the counterweight side. A hangdown of density, qhd, is
suspended from both arms, contributing a mass, msh, on the sample side and a
mass, mch, on the counterweight side. The sample of mass, ms, and density, qs, is
mounted in a sample pan of mass, msp, and density, qsp, and a counterweight of
mass, mcw, and density, qcw, is mounted on the counterweight side. g is the
acceleration due to gravity. In this expression, ms is taken as the mass of the
sample at vacuum and stays constant regardless of any interaction with the gas in
the microbalance chamber. In addition, in adsorption measurement, the conversion
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from an excess to an absolute adsorbed quantity should account for the buoyancy
contribution of the adsorbed phase (see Sect. 3.1.1.3).

It can be seen that these corrections increase with increasing pressure. For this
reason, it can be argued that beyond a certain threshold the magnitude of the
corrections necessary in gravimetry begins to outweigh the benefits that make
gravimetric measurements intrinsically more accurate than volumetric measure-
ments in the lower pressure range. However, the level of any such pressure is
dependent on the particular experimental configuration, as well as the temperature
of operation and the density of the sample. Therefore, if such a threshold exists, it
will be a rather complex function of the measurement temperature and the sample
density, for any given experimental configuration.

As an example, however, let us consider the buoyancy contribution of 100 mg
samples of three different material densities, 1.5 g cm-3, 3 g cm-3 and
10 g cm-3. Figure 6.1 shows the buoyancy contribution from these 100 mg
samples at 77 K and 298 K in the pressure range up to 20.0 MPa. The hydrogen
density was calculated using the NIST REFPROP database [30]. The wide range of
corrections can be seen with the correction for the low density sample at low
temperature unsurprisingly being considerably larger than the high density sample
at ambient temperature for the equivalent hydrogen pressure. Furthermore,
Fig. 6.2 shows a practical example of the application of buoyancy effect correc-
tions to hydrogen adsorption data measured gravimetrically for an activated carbon
sample at 77 K. The figure shows the uncorrected weight data, expressed as a wt%
uptake, excess adsorption data, which is corrected for the buoyancy of the sample,
and absolute adsorption data, which is corrected for both the buoyancy of the
sample and the buoyancy of the adsorbed phase. The conversion of the excess to
absolute adsorption uses the assumption that the density of the adsorbed phase is
equal to the density of liquid hydrogen (see Sect. 3.1.1.3). This figure shows that
the corrections at low temperatures can be significant even at pressures below
2.0 MPa and therefore must be applied with care.
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6.6.3 Disturbance of the Balance

All microbalance-based gravimetric measurements are susceptible to errors orig-
inating from the disturbance of the balance. These can arise from a number of
sources. One obvious example is external vibration. This can be eliminated by
appropriate mounting of the balance. Another is thermal instability of the balance
enclosure, as covered briefly in Sect. 6.3.2.2. A further two sources relating to the
measurement temperature and pressure are thermal transpiration effects, which
occur at low pressure, and convection currents, which can affect measurements at
elevated pressures. Both of these effects occur when there is a significant tem-
perature gradient between the sample and the balance chamber. In the former case,
it is useful to assess the likely occurrence of thermal transpiration effects by
considering the Knudsen number, Kn, of the system for any particular measured
pressure and system dimension (see Sect. 6.1.4), or to ensure their minimisation
during instrument design. The effects are, however, complex and depend on a
number of factors, including the geometry of the experimental set-up, the density
and geometry of the sample, the hangdown and the gas type [82–85]. In the case of
convection currents, baffles can help dampen the disturbance. Empty pan mea-
surements can help determine the likely disturbance of the balance due to each of
these effects and to assess the effectiveness of baffles in eliminating instability
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Fig. 6.2 Hydrogen adsorption by an activated carbon at 77 K measured using the gravimetric
technique. The uncorrected data show the raw weight data from the microbalance reading without
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problems associated with convection currents. A stable empty balance pan reading
in the temperature and pressure range of interest should help eliminate these
potential problems from consideration.

6.7 Thermal Desorption Measurement

In this section we consider the issues specific to the thermal desorption mea-
surements covered in Sect. 4.3. These include sample size considerations, the
temperature ramp rate at which the desorption is performed and the method used to
calibrate the hydrogen desorption signal.

6.7.1 Sample Size Considerations

Generally speaking, smaller sample sizes can be used for thermal desorption
spectroscopy, performed using a mass spectrometer, compared to volumetric or
gravimetric measurement. One of the key errors associated with the measurement
of desorption from a small sample is the accuracy with which the sample mass can
be determined (Sect. 6.2.1.3). If a total desorbed quantity, in terms of wt%, is
calculated this will obviously be affected by the accuracy with which either the
empty or the hydrogenated sample mass is known. Another important aspect of
temperature-programmed desorption measurement is heat transfer. This should be
considered in conjunction with the temperature ramp rate, which is addressed in
the next section, but the smaller the sample the easier it is to maintain a relatively
homogeneous sample temperature, taking into account the endothermic nature of
the hydrogen desorption process.20 In general, the problem of heat transfer in
larger samples is more likely to affect the shape of thermal desorption spectra, and
hence activation energy determination (see Sect. 3.3.2.1), than the calculation of
total desorbed quantities determined using this method. This is because the acti-
vation energy determination methods typically depend on the measurement of
peak position as a function of heating rate. If heat transfer problems affect the
measured peak positions, the result will be an associated error in the calculated
activation energy. Total desorbed quantity, or hydrogen content, determination,
meanwhile, relies only on the integration of the complete thermal desorption
spectrum.

20 In the case of the hydrides of interest for hydrogen storage, the desorption process is usually
endothermic.
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6.7.2 Temperature Ramp Rate

The temperature ramp rates in TDS studies of hydrides should be relatively slow
(1–20 K min-1, for example), in comparison with the rapid rates typically used
in surface science, because the desorption process for a hydride is slow in
comparison with desorption from a surface. The chosen ramp rate should reflect
the sample size to a certain extent because if the ramp rate is too high there is
little chance of the sample temperature following the applied rate and consid-
erable inhomogeneity could be introduced as a result. The endothermic nature of
the desorption process should also be considered because the associated cooling
effect will oppose the heating rate. In the case of the determination of the total
desorbed quantity, the effect of ramp rate on the calculated quantity should be
checked to ensure reasonable agreement between measurements performed under
different conditions.

6.7.3 Signal Calibration Method

The hydrogen signal from a thermal desorption experiment must be calibrated if
quantification of the desorbed quantity is required. Calibration is not necessary for
TDS measurements intended for activation energy determination, as described in
Sect. 4.3.1, because in this case the peak desorption temperature is used rather than
the total desorbed quantity. In the case of TGA, the weight reading gives a direct
measurement of the desorbed quantity of hydrogen, assuming that the weight loss
is all due to hydrogen desorption.21 We will therefore now consider the calibration
of non-TGA TDS measurements, which tend to fall into one of two categories.

The first approach has been used by Fernández et al. [86] and von Zeppelin
et al. [87], and involves the use of a calibrant sample. This method involves
desorbing a known quantity of hydrogen from a well understood material and
measuring the resultant mass spectrometer signal, which can then be used for
calibration purposes. Fernández et al. [86] chose TiH1.92 as a calibration material,
whereas von Zeppelin et al. [87] used three different calibration materials, namely
a hydrogenated PdGd alloy, TiH2 and CaH2. They found that the first two of these
were better suited to the task and that CaH2 should be avoided due to its hygro-
scopic nature. The latter was examined because it was chosen as a calibrant sample
by Dillon et al. [43] in previous carbon nanotube work, discussed briefly in
Sect. 2.1.1.2 and Sect. 6.2. Von Zeppelin et al. [87] estimate an error of ± 5% in
their quantitative calculations of desorbed hydrogen. They used a series of TiH2

samples that were in the mass range (1–6) mg, but the PdGd alloy sample was
significantly larger (* 1 g) due to its lower gravimetric hydrogen content. In later

21 If there is a possibility of the evolution of other species during the desorption or
decomposition process, this can be confirmed by coupled quadrupole mass spectrometry.
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work on low temperature thermal desorption spectroscopy from microporous
materials, Panella et al. [88, 89] used PdH0.7 as a calibrant material.

The second approach involves measuring the mass spectrometer response to the
flow of a calibrant gas mixture at a series of flow rates [90]. The accuracy of this
method is partially dependent on both the uncertainty in the pre-mixed calibrant
gas mixture and the accuracy of the mass flow controllers used for both the
desorption measurement and the calibration routines.

6.8 Summary

In this chapter we have covered a number of the experimental issues relating to
the performance of accurate hydrogen sorption measurements. We began with a
number of the properties of hydrogen, including coverage of some of the
equations of state that can be used to represent the pressure-density relationship
of hydrogen as a function of temperature. We then addressed some of the other
relevant properties, such as the Joule–Thomson effect, thermal conductivity and
thermal transpiration, as well as considering the pressures and length scales at
which hydrogen exists in the free molecule, transition and continuum regimes.
We have emphasised the importance of the gas purity, as well as discussing the
properties of a material that can affect the accuracy of hydrogen sorption
measurements, such as its density, sensitivity to air or moisture contamination
and the purity of the crystal or compound. Various general aspects of sorption
instrumentation have been discussed including vacuum and pressure measure-
ment and compatibility, and temperature measurement and stability. Two of the
main considerations when developing an experimental method, the sample
degassing and activation procedure, and the equilibration time at each isotherm
point, were then addressed. The following three sections covered some of the
issues that apply specifically to each of the laboratory gas sorption measurement
techniques covered in Chap. 4. We began with issues relevant to the gravimetric
measurement technique, which include sample size considerations, the buoyancy
effect corrections, and disturbance of the balance. We then considered the issues
relating specifically to volumetric measurement. These include thermal gradients,
the ratio of the sample size to the internal system volume, the dead space volume
corrections, the accumulative errors inherent in the multipoint manometric iso-
therm determination method, and hydrogen leakage. We concluded the chapter
with considerations for thermal desorption techniques, which include sample
size, the choice of temperature ramp rate and the TDS signal calibration method.
All of the aspects discussed in this chapter that are relevant to the particular
material being studied and the measurement type being used should be consid-
ered when performing hydrogen sorption measurements on potential hydrogen
storage materials.
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Chapter 7
Concluding Remarks

One of the main topics addressed by this book is the accurate characterisation of
the hydrogen storage properties of potential hydrogen storage materials. An
effective approach to the investigation of the accuracy of any particular experi-
mental technique or measurement method is to perform an interlaboratory study, in
which measurements are made on a chosen sample by a number of different
laboratories and the results are later compared. This type of exercise can help
certify reference materials, which can be used subsequently by individual labo-
ratories to assess the performance of a piece of apparatus, or the suitability of a
related experimental method, for the task in hand. If reference materials have been
subject to interlaboratory investigation, an uncertainty can be assigned to the
particular property of interest and an instrument can then be tested by performing a
measurement on a sample of the material to ensure that the results obtained fall
within the range defined by the maximum permissible measurement error. In the
case of hydrogen sorption measurements for hydrogen storage purposes, the most
basic measurement parameter is the hydrogen uptake at a particular temperature
and pressure, although as we have seen the uptake as a function of pressure at any
given temperature is also of crucial importance. If an interlaboratory study has
been performed under tightly controlled experimental conditions that have been
shown to result in reproducible data, the chosen method could also be used to form
the basis of guidelines that would help other laboratories perform sufficiently
accurate measurements on closely related materials. In this concluding chapter we
therefore firstly discuss the results of a recent interlaboratory study on hydrogen
adsorption measurement before moving on to discuss potential reference materials.
We then define some provisional measurement guidelines, which provide both a
tentative guide to the most important considerations for the performance of high
accuracy hydrogen sorption measurements as well as a practical and useful
summary of many of the topics discussed in the previous chapter. We conclude
with a discussion of the importance of future research in this area.

D. P. Broom, Hydrogen Storage Materials, Green Energy and Technology,
DOI: 10.1007/978-0-85729-221-6_7, � Springer-Verlag London Limited 2011
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7.1 Interlaboratory Studies

An effective way to investigate or demonstrate the reproducibility of a measure-
ment technique, or to compare the results of different techniques, is to conduct an
interlaboratory study [1], also known as a Round Robin exercise. Interlaboratory
studies involve the measurement of a sample or samples in a number of different
laboratories, and this type of exercise has been performed in many different
research fields. Recent work related to our area of interest include interlaboratory
studies of the characterisation of the pore structure characteristics of porous
materials using gas adsorption [2] and the measurement of carbon dioxide
adsorption by coals and activated carbon [3–5]. However, an interlaboratory study
of hydrogen adsorption measurement was recently reported by Zlotea et al. [6]
and, due to its direct relevance to the subject of this book, we shall now discuss the
results. In the study, the hydrogen adsorption and desorption characteristics of a
microporous carbon, namely Takeda CMS 4A, at both 77 K and ambient tem-
perature, were determined by 14 participating European laboratories. Figs. 7.1 and
7.2 show the data obtained at both 77 K and ambient temperature (293–301 K). It
can be seen that there is a considerable spread in the data, particularly at the higher
hydrogen pressures, for both measurement temperatures.

The data measured at 77 K show reasonable agreement at low pressures but a
considerable spread at elevated pressures. It is notable, however, that dataset 10
appears to show a particularly large uptake even at lower pressures with a very steep
rise up to the upper measurement pressure of just below 1.0 MPa and so it is not
only the highest pressure measurements that vary. With regard to the highest
pressures, only datasets 1–3 include data above 3.0 MPa. Dataset 1 shows a sig-
nificantly higher uptake at these elevated pressures, reaching approximately
2.6 wt% at 8 MPa, whereas dataset 3 shows less than 1.5 wt% uptake at a similar
pressure. Zlotea et al. [6] attribute the large uptake seen in dataset 1, which was
determined volumetrically, to possible hydrogen leakage or impurity contamination

Fig. 7.1 Hydrogen
adsorption isotherms for
Takeda CMS 4A measured at
77 K by 11 participants in the
interlaboratory study reported
by Zlotea et al. [6].
Reproduced with permission
from Zlotea et al. [6].
Copyright 2009 International
Association for Hydrogen
Energy
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due to the 99.99% purity of the hydrogen used in the measurement. The low
hydrogen purity in this case is likely to affect the measurement accuracy (see
Sect. 6.1.6), but there are other potential sources of error that could also have
contributed to the deviation seen in this data. Firstly, the recorded sample density
for this dataset was 2.72 g cm-3, which is rather high for a microporous carbon.
This suggests that there could be an error in the calibration of the dead volume or
the dosing volume of the apparatus (see Sect. 6.5.3). Secondly, the equation of state
used is recorded only as ‘real’ and so an error in the compressibility description
could also be the cause of the higher measured capacity, although this depends on
the chosen expression (see Sect. 6.1.1). Regardless of the exact reason for the larger
overall uptake, the shape of the isotherm looks unusually linear for hydrogen
adsorption at 77 K by a microporous material, which further supports the argument
that this dataset is erroneous. Dataset 3 on the other hand, which shows more
curvature, was reported with a more physically reasonable density of 1.72 g cm-3.
The difference in the position of the Gibbs dividing surface, as defined by material
densities of 1.72 and 2.72 g cm-3, is very significant and could account for the
majority of the difference in the observed uptakes. According to Blach and Gray
[7], the ratio of the dosing volume to sample cell volume may have a significant
effect on the calculated hydrogen uptake by a low density material in volumetric
(manometric) apparatus (see Sect. 6.5.2). The authors suggest that an inappropriate
choice of internal volumes can increase problems associated with uncertainty in the
volume, and hence density, or vice versa, of the sample. Therefore, a problem
relating to the discrepancy in the densities used or found, which could be exacer-
bated by the choice of internal volumes, would seem to be a possible origin of the
discrepancy between these datasets; however, this possibility is difficult to assess
because the internal volumes were not reported in the study.

According to Zlotea et al. [6], when considering the data below 2.5 MPa, datasets
3, 6, 7 and 11 show similar Type I behaviour with a plateau of around 1.4 ± 0.1 wt%
at elevated pressures. Datasets 3 and 6 were measured volumetrically, whereas
datasets 7 and 11 were obtained using the gravimetric method. They conclude that
the data reported by these participants can be considered as the reference behaviour
for this carbon because each of these datasets were reported with reasonable density
values, high vacuum degassing conditions, and high purity hydrogen.1 In addition,
1.4 wt% is consistent with a value of 1.45 wt% reported for this carbon in the
literature [8]. The authors also argue that the porous structure characteristics
exhibited by the carbon, including a micropore volume of 0.17 cm3 g-1 and an

1 The authors also mention the satisfactory agreement between equilibrium times (see Sect. 6.4.2)
but these were only recorded for datasets 7 and 11. It is also interesting to note that these two
datasets used only the ideal gas law to represent the pressure-density relationship for hydrogen.
The description of the hydrogen compressibility is, however, of lower importance for gravimetric
measurements in the lower pressure regime. In comparison to the spread in the other data, this is
therefore unlikely to be a particularly important factor.
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‘‘apparent surface area’’ of 423 m2 g-1,2 are consistent with a relatively modest
hydrogen uptake of 1.4 wt%. The other datasets were grouped into (1) those that
exhibit Type I behaviour but an underestimated adsorption capacity in relation to the
reference value, (2) those that show Type I behaviour but overestimate the capacity,
and (3) those that do not show Type I behaviour. Each dataset in the third group also
indicates a lower capacity than the reference value. Datasets 8a and 8b are in the first
group. The second group consists of datasets 1, 10 and 12, and the third group
includes datasets 2 and 13. It is interesting to note that in the pressure range 3–5 MPa
dataset 3, which is in the reference group, is in good agreement with dataset 2, which
is in the third group. Although it is difficult to draw definite conclusions from these
results, they clearly demonstrate the potential variability in the measurement of
hydrogen adsorption due to differences in either the experimental conditions or the
real behaviour of the material. Some of the potential errors are known to become
more significant with increasing pressure, and decreasing temperature, and this
would appear to be borne out by the data presented here. These results clearly
illustrate the need to carefully consider many of the issues discussed in the previous
chapter, particularly at elevated pressures.

With regard to the ambient temperature measurements, the results of which are
shown in Fig. 7.2, two datasets clearly appear to be erroneous. Firstly, dataset 5
appears to show a step, which in sub or near-critical temperature adsorption is
indicative of either monolayer formation (or rather a monolayer to multilayer
transition), or the existence of two distinct pore size regimes (e.g., mixed micro-
porous and mesoporous characteristics, or a bimodal pore size distribution).
However, Takeda CMS 4A is known to be predominantly microporous and the
behaviour indicative of a monolayer to multilayer transition does not occur in

Fig. 7.2 Hydrogen
adsorption isotherms for
Takeda CMS 4A measured at
ambient temperature (293–
301 K) by 12 participants in
the interlaboratory study
reported by Zlotea et al. [6].
Reproduced with permission
from Zlotea et al. [6].)
Copyright 2009 International
Association for Hydrogen
Energy

2 Note that values in the range 313–422 m2 g-1 were determined for the nitrogen BET surface
area of this carbon in the recent interlaboratory study reported by Silvestre-Albero et al. [2], and
so the value quoted by Zlotea et al. [6] is at the upper end of this range.
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microporous materials because adsorption is dominated by pore-filling rather than
Langmuir-type monolayer formation. In addition, regardless of the pore structure,
it is also highly unlikely to occur at such a high temperature (T/Tc & 9). Secondly,
dataset 2 indicates negligible hydrogen uptake and appears close to an empty
sample cell measurement. This also seems unlikely for a microporous material
with such a high surface area or micropore volume because some adsorption is
expected to occur at elevated pressures; this seems particularly true in view of the
greater amount of adsorption observed by the other participants. Furthermore, the
adsorbed quantity appears to decrease at approximately 4.5 MPa, which is unex-
pected at such a high temperature.3 Zlotea et al. [6] suggest that the large uptake
indicated by dataset 5 could be the result of an incorrect dead volume measure-
ment, noting that the density of the material was reported as 0.2 g cm-3. This is a
remarkably low material density and clearly indicates a problem with this mea-
surement. Dataset 2, meanwhile, was measured in a volumetric system in which
the sample volume was approximately 1% of the ‘‘reaction chamber volume’’. It is
possible that the internal system volume was too large, in this case, to accurately
measure the hydrogen uptake for the chosen sample size, but it is also notable that
the temperature stability is reported as only 2 K at ambient temperature. Thermal
stability at least an order of magnitude better than this should be achievable using a
waterbath to maintain near ambient temperatures. If we therefore exclude the two
outlying datasets4 (2 and 5) from the 300 K measurements, the spread is signifi-
cantly reduced, but there is still a notable variation in the measured uptake at any
particular chosen pressure. At 8.0 MPa, for example, datasets 1 and 14 show
uptakes of approximately 0.2 and 0.45 wt%, respectively. In their analysis, Zlotea
et al. [6] again separate the datasets into different groups. One group consists of
the outlying datasets 2 and 5, while the other three consist of datasets 3, 7, 9 and
11, which are considered to have produced reference behaviour consistent with the
literature value of 0.1 wt% at 2.0 MPa reported by Schmitz et al. [8], and two
groups that show uptakes either below or above the assumed reference value.

The authors conclude that the maximum hydrogen capacity of the material
at 77 K and 1 MPa is 1.4 ± 0.1 wt% and at ambient temperature it is 0.07 ± 0.01
wt% and 0.12 ± 0.01 wt% at 1.0 and 2.0 MPa, respectively, based on the
behaviour determined by the two groups of isotherms that were assumed to rep-
resent reference behaviour at each temperature. A statistical analysis of the data,
meanwhile, resulted in calculated relative standard deviations of 14 and 36% for
the 77 K and ambient temperature measurements, respectively. It is not entirely

3 The peak observed in the excess adsorption tends to move to higher pressures with increasing
temperature. See, for example, the data of Zhou et al. [9] for MOF-5 in which the peak moves
from below 1.0 MPa at 40 K to approximately 4.0 MPa at 77 K.
4 In the statistical analysis of data, outliers, which are data or observations that appear
inconsistent with the remainder of the dataset, should be included if they are the result of random
fluctuations in the measurement. However, if they are due to human error or another fault in the
measurement process, the cause should be investigated and the value corrected, or the data
excluded from consideration [10].
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clear whether the spread in the data discussed above is due primarily to intrinsic
uncertainties in the hydrogen adsorption behaviour of the carbon sample or to
errors in the sorption measurements. If it is the former, this could be due poten-
tially to modification of the surface chemistry of the various batches of sample due
to exposure to different environmental conditions prior to measurement (see
Sect. 6.4.1). However, it seems more likely to be due to measurement error
because the experimental conditions, in each case, show significant variation
between the participating laboratories. As indicated in the discussion above, the
sample density is reported to range from 0.2 to 2.72 g cm-3, while the degassing
pressures range from 3 9 10-5 to 60 Pa (see Sects. 6.3.1.1 and 6.4.1) and the
recorded equilibration times vary between 1.6 and 30 min (see Sect. 6.4.2). The
actual spread of the latter, however, may be greater because equilibration times
were not reported by half of the participants. Furthermore, 4 of the 14 laboratories
used the ideal gas equation to represent the pressure-density relationship for
hydrogen and eight of the participants have not stated the hydrogen purity used. It
therefore seems reasonable to conclude that the spread in the data is most likely
due to the variation in the experimental conditions used by the participants, rather
than the intrinsic uncertainty in the hydrogen uptake behaviour of the sample. If
this is the case, then it is a good demonstration of the need to carefully address
many of the points discussed in Chap. 6. If, on the other hand, the variation is due
to intrinsic uncertainty in the adsorption behaviour of the carbon, the results
perhaps provide good evidence against the selection of this particular carbon for
use as a reference material. However, further investigation under more tightly
controlled experimental conditions would be required before any firm conclusions
could be drawn.

7.2 Reference Materials

To characterise and corroborate both sorption instrument performance and experi-
mental methodology, it is necessary, or at least useful, to have reference materials
[11] available, for which the hydrogen sorption behaviour is known or under-
stood to a sufficient extent; preferably with a predetermined and hence known
uncertainty.

With regard to microporous materials, Zlotea et al. [6] conclude in their study
that Takeda CMS 4A would be suitable for ‘benchmarking’, while Furukawa et al.
[12] have previously proposed MOF-177 as a suitable ‘benchmark material’.
Although MOF-177 has not yet been the subject of a published interlaboratory
study, Furukawa et al. [12] present volumetrically and gravimetrically determined
hydrogen adsorption data that appear to be in good agreement with each other.
However, this material shows a high hydrogen uptake and it could be argued that
in order to benchmark other materials, characterise the performance of an
instrument or check experimental protocols, it is better to use a material with a
more modest hydrogen capacity, because lower measurement sensitivity is
required to achieve high measurement accuracy in the case of materials with a high
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adsorptive capacity. Furthermore, the hydrogen uptake of metal–organic frame-
works is known to depend on their purity [13–15] (see Sect. 6.2.4). In the author’s
opinion a more suitable choice would be one of the synthetic zeolites, such as Na-
X, because these are stable materials with more modest hydrogen adsorption
capacities than MOF-177, and they are crystalline, unlike Takeda CMS 4A. The
latter means that they are easier to characterise in terms of their crystallography
and pore structure than amorphous carbons. This suggestion would need to be
tested in an interlaboratory study, but this is also the case for the other candidates
before they could become reference materials because Takeda CMS 4A would
need to exhibit more reproducible data than those presented by Zlotea et al. [6] and
the hydrogen uptake of MOF-177 reported by Furukawa et al. [12] would have to
be confirmed independently by a number of different laboratories.

Another, perhaps obvious, suggestion would be to use a microporous material
that has already been certified for surface area, pore volume or pore size distri-
bution determination. A good example is the recently certified BAM-P109,5 which
is a porous carbon material with a micropore diameter of approximately 0.8 nm
and a certified BET Specific Surface Area (SSA) of 1,396 m2 g-1. During the
certification process, 22 laboratories using 23 different instruments found mean
BET SSAs of between 1,354 and 1,445 m2 g-1. The measurements were per-
formed with nitrogen at 77 K over a minimum relative pressure range from P/P0 =
0.01 to P/P0 = 0.1. The results of an interlaboratory study for high pressure
hydrogen adsorption measurement on this material, performed under suitably
controlled experimental conditions, would be very interesting to see, in order to
determine whether the disparity in results broadens significantly with increasing
hydrogen pressure, and whether it could serve as a feasible reference material for
high pressure hydrogen adsorption measurement. If we assume that the range of
BET SSA values reported represents a micropore capacity that correlates well with
the amount of hydrogen adsorbed at high pressure (see Sect. 5.2.4), then a series of
accurate hydrogen adsorption measurements should result in a significantly
reduced variation in the data compared with the spread seen in the data presented
by Zlotea et al. [6].

For hydrides it is challenging to produce a reference material because the
hydrogen absorption and desorption properties of hydride compounds depend on
both the activation procedure and the history of the sample (see Sects. 6.2.3 and
6.4.1). The activation of a hydride-forming material can be viewed as a hydride
synthesis process, in which different synthesis routes will potentially lead to dif-
ferent hydride materials due to the complex microstructural effects and modifi-
cations that accompany hydride phase formation. However, LaNi5 and Pd have
both been used extensively as test materials for volumetric (Sieverts’) and

5 http://www.rm-certificates.bam.de/de/rm-certificates_media/rm_cert_porous_materials/bam_
p109e.pdf, Accessed 19 August 2010.
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gravimetric apparatus. Furthermore, Ti alloy standard samples are available from
NIST,6 under the reference numbers SRM 2452, SRM 2453 and SRM 2454,
although the hydrogen contents of these certified materials are very low.7 Each of
these standard reference materials are Ti–V-Al alloys, which have had their
hydrogen contents determined using either cold-neutron Prompt-Gamma Activa-
tion Analysis (PGAA) and volumetric measurement (SRM 2452 and SRM 2454)
or by these methods and Neutron Incoherent Scattering (NIS) analysis (SRM
2453). By virtue of their low hydrogen content, these standard reference materials
do not appear to make particularly good materials for the testing of hydrogen
storage material characterisation equipment, although they could be used effec-
tively to test TDS apparatus because the hydrogen could be desorbed in a single
desorption scan.8 Both LaNi5 and Pd, on the other hand, would seem to make
reasonable choices as test materials for hydrogen absorption measurement appa-
ratus, although it is worth noting that they may be inappropriate to test apparatus
for measurements on low density hydrides [7]. In addition, the dependence of the
plateau pressures, and the amount of uptake at any given pressure, on the sample
history, purity, activation procedure, and the amount of residual hydrogen trapped
in the sample should also be taken into account.

To conclude this section, we will emphasise the need to perform test mea-
surements on reference materials that are similar to those that are to be charac-
terised. The practice of using a high density hydride-forming compound to test
apparatus subsequently used for measurements on a low density adsorbent is not
uncommon [6, 16–19]; however, as mentioned above, Blach and Gray [7] note that
an accurate measurement with a high density material, such as LaNi5, in mano-
metric apparatus does not necessarily mean that a system will provide high
accuracy measurements on low density samples. It is also evident that the mea-
surement of hydrogen adsorption should be referenced against test measurements
on another adsorbent, rather than on a hydrogen absorbing material, because the
accurate determination of the excess adsorbed quantity is so critically dependent
on the location of the Gibbs dividing surface and hence on the accuracy of its
determination. A measurement performed on a hydride-forming compound will
not test the ability of the apparatus to determine the location of the Gibbs dividing
surface with sufficient accuracy, or test the sensitivity of the instrument to a
realistic uncertainty in the determined position of the dividing surface, or the

6 http://www.nist.gov/ts/msd/srm/, Accessed 19 Aug 2010.
7 The hydrogen contents of SRM 2452, SRM 2453 and SRM 2454 are 62.5 ± 1.6, 114 ± 5 and
211 ± 4 mg kg-1, respectively.
8 There would be an uncertainty in this characterisation process, however, because it is not clear
whether some residual trapped hydrogen would remain in the material following the thermal
desorption process. This is likely to depend, to a certain extent, on the temperature range over
which the desorption is performed.
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skeletal density of the sample, during subsequent measurements. Therefore, any
further work on the development of reference materials of different densities and
types (hydrides and porous adsorbents) would clearly be very valuable in helping
to ensure that appropriate materials are available for the testing of apparatus for
different measurement types.

7.3 Measurement Guidelines

One possible consequence of the interlaboratory studies discussed in Sect. 7.1, and
other research in the area, is the development of guidelines and standards for the
measurement of hydrogen sorption. IUPAC guidelines currently exist for
adsorption measurement [20], while BET measurements are covered by a British
standard [21]. There are many other standards available for particle character-
isation techniques, a number of which cover associated adsorption measurement
methods [22], and Japanese Industrial Standards (JIS) also exist for metal hydride
characterisation [23–26]. An extension of one or more of these standards or
guidelines to hydrogen storage materials, in general, should be possible with
further research. The challenge, however, is to define procedures that ensure high
accuracy but do not potentially restrict the application of the methods to new
materials or limit the use of different apparatus that may still be suitable for the
task.

A useful precursor to standardisation, which is a lengthy and complicated
process, would be the establishment of a set of accepted guidelines for measure-
ment that, at least, provides a checklist for the minimum amount of experimental
information that should be provided when presenting hydrogen sorption data, but
also includes measures that should help ensure avoidance of the most common
pitfalls encountered during hydrogen sorption measurement. The experimental
conditions reported by Zlotea et al. [6] were quite varied, and a good starting point
would therefore seem to be a more tightly controlled set of such conditions,
expanded to cover different material types. The author has previously proposed
tentative checklists for volumetric and gravimetric measurements of both hydro-
gen absorption and adsorption [27], and a modified version of these is presented
below, in the context of the relevant sections of Chap. 6. Thermal desorption
spectroscopy has not been included, although the guidelines could easily be
extended to such measurements in the future. The following guidelines are worth
bearing in mind during the study of potential hydrogen storage materials and
would also seem to provide a useful and practical summary of the discussion
presented in the previous chapter. The guidelines presented previously were sep-
arated into four different checklists, with each point in each list corresponding to a
different section in the report. Here we combine the guidelines, due to the sig-
nificant amount of overlap between many of the points addressed previously. The
guidelines consist of five sections: (1) gas supply and instrumentation, (2) sample
considerations, (3) methodology, (4) data reduction and (5) data reporting.
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7.3.1 Gas Supply and Instrumentation

The minimum purity of the hydrogen should be 99.9999%, or 99.999% with
filtration (see Sects. 6.1.6 and 6.2.5). The temperature of the instrumentation
should be maintained constant with a variation of less than 1 K, but preferably
better (see Sect. 6.3.2.2), with no hot or cold spots present. The sample
environment should be controlled, using a cryostat, coolant bath, or furnace that
can maintain the sample temperature with a variation of less than 1 K (see
Sect. 6.3.2.1). Pressure should be measured to high accuracy with particular
attention paid to volumetric instrumentation. The uncertainty should be
substantially lower than the differences in pressure before and after a sorption or
desorption step; for example, better than 0.1% of the range (see Sect. 6.3.3.1).
Different devices should be used, where necessary, to cover different pressure
measurement ranges. The accuracy of the weight measurement in gravimetric
systems must be substantially lower than the expected weight change due to
hydrogen sorption or desorption at each isotherm point (see Sects. 6.3.2.2 and
6.6.1). For volumetric measurement, the system volume must be low enough, for
a given sample size, for the pressure measuring device to be able to detect the
required or expected drop in pressure due to hydrogen sorption or desorption
(see Sect. 6.5.2). The sample temperature should be monitored throughout a
measurement by a sensor in contact with, or close to, the sample (see
Sects. 6.3.2.1 and 6.3.4). The temperature sensor should be calibrated regularly
and be accurate to within ± 1 K. The achievable accuracy will depend on the
sensor type, which should be stated (see Sect. 6.3.4). All measuring devices
should be regularly calibrated, including the pressure and temperature measuring
systems in volumetric and gravimetric instruments (see Sect. 6.3.4), and the
microbalance in gravimetric apparatus (see Sect. 6.6.1). The volumes of a
manometric system, including the sample cell dead volume (see Sect. 6.5.3),
must also be calibrated with an uncertainty better than the volume change that
would significantly alter the calculated quantity of hydrogen present in the
system. The required level of uncertainty will depend on the accuracy of
the pressure and temperature measuring devices, and the thermal stability of the
instrument. Leakage should be minimised, with particular attention paid to this
issue for volumetric systems. The leakage rate of an instrument should be
determined using pressure hold tests (see Sect. 6.5.5). A dry pump system should
be used to avoid oil vapour contamination (see Sect. 6.3.1.1). High vacuum
capability is the ideal for all measurement types, but is a prerequisite for thor-
ough degassing of porous materials (see Sects. 6.3.1.1 and 6.4.1). System design
should minimise the tortuosity of the pumping path and other factors that will
reduce the achievable vacuum in the sample cell (see Sect. 6.3.1.1). The
performance of the instrument should be tested with a suitable reference mate-
rial; the chosen material or materials should be similar to the material under
investigation, in terms of density and the proposed sorption mechanism (see
Sect. 6.5.2 and 7.2).
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7.3.2 Sample Considerations

An appropriate sample size in relation to the system volume and pressure mea-
surement accuracy should be chosen for volumetric measurements (see Sect. 6.5.2).
For gravimetric measurement it should be selected according to the resolution, long
term stability and the capacity of the microbalance (see Sect. 6.6.1). For volumetric
measurement, the sample should be large enough to allow the accurate determi-
nation of the sample mass in an external balance; for example, greater than 50 mg.
Any pretreatment, such as annealing in the case of hydrides, should be considered
before the characterisation of a material. The history of a sample should be known
and recorded (see Sect. 6.2.3). A hydride sample should be fully activated (see
Sect. 6.4.1).

7.3.3 Methodology

For porous materials, the degassing conditions for the sample must be considered
carefully. High vacuum (\ 10 mPa) conditions are required and the process must
be performed for a sufficient period of time (see Sects. 6.3.1.1 and 6.4.1). The
temperature must be high enough to remove any environmental contaminants or
remnants from the synthesis process (see Sect. 6.4.1) without affecting the stability
and porous structure of the material, and the process should be monitored effec-
tively by either measuring the pressure decrease above the vacuum pump in
volumetric apparatus or the sample weight loss in a gravimetric system (see
Sect. 6.4.1). For volumetric measurement, the dead volume should be determined
either directly using helium at ambient temperature or above, or indirectly using a
physically reasonable value for the apparent or skeletal density of the material (see
Sects. 6.2.1.2 and 6.5.3). For gravimetric measurement, the weight reading should
be corrected for buoyancy as a function of hydrogen pressure using the density and
mass of each component in the microbalance chamber and a physically reasonable
value for the apparent or skeletal density of the material (see Sects. 6.2.1.2 and
6.6.2). The accuracy of both the dead volume calibration in the volumetric tech-
nique and the buoyancy correction in the gravimetric technique is crucial for
adsorption measurement because they both define the position of the Gibbs
dividing surface or the apparent volume and density of the sample assumed in the
measurement (see Sect. 6.2.1.2). The errors that accumulate in multi-point volu-
metric isotherm determination mean that the greater the number of points in a
single isotherm measurement, the greater the accumulated error. The number of
points in a volumetric isotherm measurement should therefore be minimised,
providing sufficient information regarding the shape of the isotherm can be
obtained (see Sect. 6.5.4). In volumetric measurement, the pressure should be
monitored at each isotherm point, to ensure sorption equilibrium has been
achieved. Similarly, the weight should be monitored in the gravimetric case.
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The equilibration times should be long enough to ensure both sufficient sorption
and thermal equilibrium has been achieved at each isotherm point. Thermal effects
from the hydrogen absorption and desorption reactions for hydrides must be
carefully monitored to ensure thermal equilibrium has been achieved at each point.
The equilibration times used for each point should therefore be considered care-
fully and subsequently recorded (see Sect. 6.4.2), or the method used to monitor
the approach to equilibrium stated.

7.3.4 Data Reduction

The pressure-density relationship for hydrogen must be represented accurately
because use of the ideal gas law at elevated pressure, during the calculation of
hydrogen uptake, will result in an error. The effects are significantly more severe
for volumetric measurement and so particular attention must be paid to this issue
in the volumetric case. If an equation of state is used directly it should be suffi-
ciently accurate in the temperature and pressure range of the measurement (see
Sect. 6.1.1) and the expression used should be stated. If the compressibility values
are tabulated for use in the data reduction process, they should be defined in small
steps of temperature and pressure to ensure errors are not introduced as a result.
If measurements are made at low pressures, the measured values should be cor-
rected for thermal transpiration, or thermomolecular flow, effects using the
expressions of Liang [28] or Takaishi and Sensui [29], or an appropriate alter-
native (see Sect. 6.3.3.2). The pressure at which the corrections are required will
depend on the system dimension (see Sects. 6.1.4 and 6.1.5) but they are likely to
apply only at pressures below 100 Pa. For volumetric measurements, the method
used to account for the thermal gradient between the dosing volume and the
sample cell in the calculation of the sorbed quantity should be considered carefully
and stated (see Sects. 4.1.1 and 6.5.1). For adsorption measurement, if the excess
is converted to the absolute adsorption, a physically reasonable assumption
regarding the adsorbed phase volume or density must be used during the data
reduction (see Sect. 3.1.1.3). If the results are reported as the excess quantity, this
should be clearly stated.

7.3.5 Data Reporting

Based on the guidelines detailed above, the following information regarding the
experimental conditions should be provided to allow a reasonable assessment of
the quality of published hydrogen sorption data. Measurements performed using
variations on either microbalance-based gravimetric techniques or the isochoric
manometric (Sieverts’) method can be accommodated by simply replacing some of
the points with the equivalent piece of relevant information. So, for example, the
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flowing volumetric method may require a statement regarding the accuracy of the
flow meter or mass flow controller used in the measurement, rather than the
accuracy of the volume calibration, although the internal volume of the system is
still important and should therefore be reported. The proposed list of relevant
information is, as follows:

1. The purity of hydrogen gas supply, and any filtration or contamination
reduction strategies employed.

2. The temperature stability of the apparatus and the sample.
3. The pressure measurement accuracy or uncertainty.
4. The long term stability and the uncertainty of the weight reading for gravimetry.
5. The volume of the dosing volume, sample cell and any additional components

for volumetry.
6. The sample temperature measurement accuracy or uncertainty.
7. The leak rate of the empty system.
8. The vacuum pump configuration and base pressure capability.
9. The sample mass.

10. Information regarding the sample synthesis and history, including the acti-
vation procedure.

11. A description of the degassing procedure for porous materials, including the
period, temperature and base pressure.

12. The dead volume calibration method used for volumetry.
13. The buoyancy effect corrections applied for gravimetry.
14. The equilibration times, or the method used to assess the approach to equi-

librium at each isotherm point.
15. The hydrogen compressibility description used, including the equation of state

or the source of tabulated compressibility factors.
16. The thermal transpiration effect correction applied, if required.
17. The method used to account for the thermal gradient between the dosing

volume and the sample cell in volumetry.
18. For adsorption measurement, the reported quantity (excess or absolute

adsorption) should be stated, with the conversion to absolute adsorption
defined, where applicable.

19. The reference or benchmark material or materials used to assess the instru-
ment performance prior to the reported measurements.

Although it is probably unrealistic to expect every report of hydrogen sorption
to either strictly follow the above guidelines or include such detailed information,
the author believes that the above description, including the data reporting list,
represents a reasonable description of best practice for hydrogen sorption mea-
surements on potential hydrogen storage materials.

It should be noted that a US DOE-funded report on best practices for the
characterisation of hydrogen storage materials has recently been compiled [30] but,
at the time of writing, only a draft version of the report is available and the authors
do not attempt to either define specific guidelines of the form described above or
summarise their extensive discussion of hydrogen sorption measurement-related
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issues. Zlotea et al. [6], however, presented guidelines for hydrogen adsorption
measurement in their report, which are largely the same as those presented above,
although there is some deviation. The differences include the potential use of Pd or
LaNi5 as a reference material, which is a practice that, as mentioned above, should
be avoided for adsorption measurements. They also do not include minimum
temperature or pressure measurement accuracies, or the minimum required
hydrogen purity, although the authors recommend that this information should be
recorded when reporting data.

7.4 Future Research

As we saw in the opening chapter, hydrogen storage technology is of critical
importance to the implementation of a future hydrogen economy and it is therefore
clearly crucial that the search for a suitable material continues apace. The rapid
application-oriented development of new materials in any research field relies on
the accurate characterisation of the relevant physical and chemical properties of the
materials in question, and hydrogen storage is no exception. Inaccuracies, errone-
ous data and the ensuing controversies are an unwelcome distraction that can
consume both research time and funding. Although some discussion of the prop-
erties of a newly discovered or developed material is inevitable during the scientific
process, it is undoubtedly beneficial to reduce the repetition of avoidable meth-
odological mistakes that can lead to erroneous characterisation data or conclusions.
Any attempts to both improve our understanding of measurement accuracy and to
help ensure that erroneous characterisation is minimised in the future will therefore
have an important role to play in the development of new hydrogen storage media.
The willingness of major funding bodies, including the US DOE and the European
Commission, to support such research in recent years is a testament to the practical
significance of this issue.

In addition to the performance of interlaboratory studies, as described in Sect.
7.1, it should be possible to further investigate hydrogen sorption measurement
accuracy through research into the hydrogen sorption properties of proposed ref-
erence materials using existing measurement methods and complementary tech-
niques. In the author’s opinion, this work should be continued in parallel with the
development of new hydrogen storage materials and the investigation of the
hydrogen storage mechanisms involved. Furthermore, it is likely that conclusions
drawn from work on hydrogen adsorption measurement accuracy will contribute to
our understanding of supercritical gas adsorption in other fields and could there-
fore have benefits beyond the targeted search for new hydrogen storage media.9

Our fundamental understanding of sorption processes and the interaction of
hydrogen, and other gases, with matter relies on the performance of accurate

9 Supercritical gas adsorption at elevated pressure is of significant interest in a range of other
application areas, including gas separation, methane storage and carbon dioxide capture.
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experimental measurements. In view of the controversy over the storage properties
of carbon nanostructures (see Sects. 2.1.1.2 and 6.2), the initially erroneous data
reported for MOF-5 and the subsequent variation in the hydrogen storage capac-
ities measured for different MOF-5 samples [13], the disagreement regarding the
storage capacity of THF-stabilised clathrates (see Sect. 2.4), and the variation in
the data presented by Zlotea et al. [6] for an activated carbon, it seems likely that
some isolated studies of the hydrogen sorption properties of materials reported in
the literature may contain erroneous or inaccurate data. Gaining a better under-
standing of the relative importance of the various error sources in high pressure
hydrogen sorption measurements, in general, should help reduce the probability of
such erroneous or inaccurate data being reported in the future. As a consequence, it
could help reduce the likelihood of further controversies developing over the
hydrogen storage capabilities of particular materials and, furthermore, it would
greatly aid and accelerate our understanding of the interaction of hydrogen with
matter. Work in this area is therefore of both fundamental and technological
importance in the field of hydrogen storage material research, and is crucial to the
rapid and effective development of the technology required for the implementation
of a future hydrogen economy.

7.5 Summary

In this concluding chapter, we have discussed some of the issues surrounding the
accurate characterisation of potential hydrogen storage materials. Firstly, we dis-
cussed interlaboratory studies, which are an effective way of investigating the
reproducibility of a measurement method or technique. We then discussed refer-
ence materials that can be used for the corroboration of experimental hydrogen
sorption measurement methodology and for the characterisation of the perfor-
mance of sorption measurement instrumentation. Although low hydrogen content
hydride materials are available from NIST, no high hydrogen content standard
reference materials exist that are appropriate for the testing of hydrogen sorption
measurement apparatus and so the development of such materials is important to
progress in the field of hydrogen storage material research. We have presented
tentative guidelines for the performance of hydrogen sorption measurements and a
checklist for the minimum amount of information that should be provided when
reporting hydrogen sorption data. The guidelines are referenced to the relevant
sections in Chap. 6 and therefore represent an effective summary of the topics
discussed in that chapter. We concluded by emphasising the importance of future
research into hydrogen sorption measurement accuracy, which could greatly aid
our understanding of the interaction of hydrogen with matter and help reduce the
variation in the reported hydrogen sorption properties of new materials in the
future. Any such progress would make a significant contribution to the search for
new solutions to the hydrogen storage problem. It is hoped that this book will also
make a positive contribution towards these goals.
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see Spectroscopy
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Reference materials, 222, 240–243
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Round Robin exercise,

see Interlaboratory studies

S
Safety sensors, 131
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Sieverts’ method, 14, 118–122
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