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ABSTRACT

In the framework of the European Cooperation in Science and Technology (COST) Action
MP1103 Nanostructured Materials for Solid-State Hydrogen Storage were synthesized, charac-
terized and modeled. This Action dealt with the state of the art of energy storage and set up
a competitive and coordinated network capable to define new and unexplored ways for
Solid State Hydrogen Storage by innovative and interdisciplinary research within the Eu-
ropean Research Area. An important number of new compounds have been synthesized:
metal hydrides, complex hydrides, metal halide ammines and amidoboranes. Tuning the
structure from bulk to thin film, nanoparticles and nanoconfined composites improved the
hydrogen sorption properties and opened the perspective to new technological applica-
tions. Direct imaging of the hydrogenation reactions and in situ measurements under

Nanostructure operando conditions have been carried out in these studies. Computational screening
Modeling methods allowed the prediction of suitable compounds for hydrogen storage and the
modeling of the hydrogen sorption reactions on mono-, bi-, and three-dimensional sys-
tems. This manuscript presents a review of the main achievements of this Action.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Introduction

Addressing climate change is an urgent worldwide problem
and finding energy storage solutions for intermittent renew-
able energy sources is an essential alternative to current fossil
fuel driven technologies. Current research focuses on the
development of materials such as novel hydrogen storage (H-
storage) materials to use hydrogen as an energy carrier.
Hydrogen technology, such as production, storage and fuel
cells, is a promising method of providing continuous non-
polluting energy for a range of applications. Storing
hydrogen as a solid in a metal matrix improves safety and
efficiency when compared to compressed gas or liquid H-
storage. However, several promising hydride materials have
not yet found their way to the market, because they do not
satisfy application-specific requirements, such as operating
temperature/pressure, weight, reversibility and fast kinetics.
Therefore, the mechanisms of hydrogen uptake and release to
and from this matrix are of interest both from a fundamental
scientific point of view and towards the development of
hydrogen storage materials for practical use.

The ideal solid-state matrix for efficient hydrogen storage
is the one, which can uptake and consequently desorb
hydrogen at near ambient conditions. The prime focus of
enhancing H-storage [1] capacity for such materials is to meet
the gravimetric and volumetric density target set by Depart-
ment of Energy (DOE) as 5.5 wt% hydrogen and 0.040 kg
hydrogen/L [2]. From a gravimetric perspective, the storage
material should be light to fulfill the DOE gravimetric density
target. On the other hand, the lighter materials are facing
problems of hydrogen desorption kinetics and/or reversibility.
There is a combination of the covalent, ionic or van der Waals
interactions involving strong or weak binding of hydrogen,
respectively. The challenge of achieving the balance between
the reaction enthalpies and the activation barriers for de- and
re-hydrogenations reactions is the essential motivation
behind hydrogen storage research in complex hydrides. For
the chemisorption phenomena, the bottleneck is the strongly
negative enthalpy of hydride formation, which can be
increased usually at expense of the loss in volumetric and
gravimetric capacities.

The impact and the importance of this topic required the
creation of specific tasks to address both fundamental and
technological questions. The COST Action MP1103 Nano-
structured Materials for Solid-State Hydrogen Storage (SSHS) rep-
resents the largest consortium of scientists working in the
framework of the European Union on hydrogen storage. In the
past 4 years, the Action moved towards the use of SSHS in
current technologic applications.

This paper represents a review and an overview of the
main achievements of the Action in terms of synthesis of
novel materials, innovative characterization methods and

theoretical tools to model the H-sorption reaction and design
new improved materials.

The rest of this manuscript is divided into three sections
representing the main tasks of the COST Action MP1103,
shortly introduced in the following.

Synthesis of novel materials and systems for SSHS

The synthesis of innovative materials with specific H-sorption
properties is the first step towards the development of effi-
cient H-storage systems. These materials are required to have
i) high gravimetric and volumetric H-storage capacities, ii)
suitable thermodynamics at operation conditions, iii) fast H-
uptake and release, iv) long-term cycling stability, v) low cost,
and vi) environmental friendliness. For attaining high gravi-
metric performance, the use of light-elements is mandatory
[3,4]. As a consequence, recent research activities mainly
focused on the synthesis of magnesium-based materials,
complex hydrides (alanates, borohydrides and imides-
amides), carbon and metal-organic-frameworks porous ma-
terials, as well as composite and hybrid materials made up of
the former material classes. Unfortunately, the mobility of
hydrogen in these compounds is usually slow as result of the
ionic and covalent bonds formed by hydrogen atoms. To
speed-up the reversible H-sorption processes, material
nanostructuration should be pursued to shorten diffusion
paths and increase the density of chemisorption sites. In some
particular cases, material downsizing to the nanoscale may
also modify the hydrogen thermodynamics for tuning to
operation conditions.

Characterization methods for novel materials and systems
for SSHS

Analysis and characterization of new materials and storage
systems, including metal organic framework (MOF) materials,
metal hydride powders and thin films, and the tanks in which
these materials are stored, pose new challenges due to the
sensitive nature of the materials themselves. These chal-
lenges include accurate measurement of H-storage capacities,
determination of phase evolution during H-sorption, thermal,
structural and morphological analysis, and characterization
of materials and heat transfer processes inside a storage tank.
This section outlines characterization methods that address
some of the challenges involved with novel H-storage
materials.

Computational methods for novel materials and systems for
SSHS

Computational modeling is largely used to study, search for,
and predict new materials for SSHS. The computational
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methods have improved greatly over the last decades, now
providing predictive accuracy in terms of thermodynamic and
structural properties, as well as identification of reaction
pathways and temperatures at a computational speed suit-
able for investigating multiple compositions and/or complex
structures covering a range of different physical phenomena
and processes [5—10]. Using computational methods, e.g. at
the density functional theory (DFT) level [11,12], it is possible
to obtain knowledge about the atomistic details of materials,
which might not be available using standard experimental
procedures, but important to describe and optimize a reaction
or transport mechanism [13]. Furthermore, it is possible to
perform large-scale screening studies of e.g. the stabilization/
destabilization effects that different alloys, mixtures and
dopants would have on a SSHS material, without the need of
synthesizing all possible combinations [14]. This approach
reduces the number of experimental screening tests, facili-
tating environmentally friendly and cost-saving computa-
tional materials design and optimization.

Synthesis of novel materials and systems for H,
storage

Different material nanoarchitectures deserve interest either
for mechanistic understanding or for H-storage applications.
This applies to powders, thin films, nanorods and nano-
particles which are prone to absorb hydrogen in atomic or
ionic form. On the other side, nanoporous materials can
adsorb hydrogen molecules by van der Waals forces on their
large internal surface area. Additionally, these porous mate-
rials can be used as scaffolds to confine nanoparticles and
avoid their coalescence. Specific synthetic routes for the
design of such kinds of material architectures are surveyed in
the following.

Nanostructured bulk materials

Three-dimensional nanostructured materials can be obtained
by the use of severe plastic deformation techniques. In
particular, mechanochemical synthesis has become one of
the most utilized methods for the preparation of nano-
structured hydride materials. Moreover, the direct synthesis
of nanohydrides from the elements can be achieved by milling
under hydrogen atmosphere [15]. Hydride formation can be
monitored in situ using special vials equipped with pressure
and temperature sensors [16]. This direct synthetic route has
been successfully applied to the synthesis of binary hydrides
(MgH,, TiH,) [15,17], magnesium complex hydrides (Mg,FeHs,
Mg,CoHs, Mg,NiH,, Mgy(FeHg)os(CoHs)os) [16,18—21], alkali
alanates (NaAlH,, NasAlHs, Na,LiAlHg, K,LiAlHg, KAIH,)
[22—-26] and lithium amide [27]. Compound formation is typi-
cally achieved in less than 3 h with reaction yields above 90%.
Up to 10 g of material can be prepared in a single experiment
and higher amounts can be industrially envisaged by imple-
mentation of continuous flow processes. This technique also
allows one-pot synthesis of catalyzed nanohydrides such as
Ti-doped alanates [28] and MgH,—TiH, nanocomposites [29].
To illustrate the architecture obtained for the latter system,
Fig. 1 displays the microstructure of 0.7MgH,-0.3TiH,

nanocomposites prepared by mechanochemistry of Mg and Ti
powder mixtures at p(H,) = 80 bar. The nanocomposites
consist of micrometric-size MgH,—TiH, agglomerates in
which 10 nm in size TiH, inclusions are homogeneously
distributed in MgH, matrix. These inclusions limit Mg grain
growth during reversible hydrogen cycling and favor H-
mobility within the composite [30]. Loose powders obtained by
mechanochemistry should be compacted for the imple-
mentation of hydrogen storage tanks [31].

Mechanochemistry under selected gas can be applied to
the synthesis of a wide range of hydrides thermodynamically
stable at the selected synthesis conditions, i.e. hydrogen
pressures up to 150 bar, macroscopic temperatures below
100 °C but may locally be significantly higher [32]. Heat
development and increasing temperatures may be reduced by
pauses during mechanochemical treatment [33]. Moreover,
mechanochemical synthesis of borohydrides may be safely
conducted in diborane B,Hg gas, which provided a new route
to halide and solvent free metal borohydrides [34—36]. Mech-
anochemical synthesis has provided a range of novel bi- and
tri-metallic borohydrides, which may notbe prepared by other
means, e.g. based on rare earths metal, new families of
perovskite type compounds or fast lithium ion conductors
[37—45]. In other cases, metal borohydrides may form eutectic
low melting mixtures, e.g. 0.725LiBH,—0.275KBH, with
melting point at T = 105 °C [46—438].

Some of the hydrides cannot be prepared by standard ball
milling procedures either due to the highly exothermic self-
accelerating reactions, as those occurring in the preparation
of lithium and sodium hydrazinidoboranes [49,50], or due to
the safety concerns as for example related to the use of
aluminum borohydride, or due to the low stability of the
reacting components. In such cases, careful manual grinding,
or repetitive soaking/grinding as for the case of K[Al(BH4)4]
[51], or cryo-ball milling as for the case of NH4Ca(BH,)3 [43,52]
are used.

Solvent based methods are very useful to prepare new
halide-free mono-metallic borohydrides for precursors for
pure bi- or tri-metallic borohydrides [53,54]. A range of metal
borohydride solvates has also been discovered, e.g. [{Li(Et,0),}
Mn,(BHa)s] and [{Na(Et,0),JMn,(BHy)s] crystallize in the
monoclinic space groups C2/c and C2, respectively as in-
termediates during synthesis of Mn(BH,), [55]. The monoclinic
solvates M(BHy)3-S(CH3), (M =Y or Gd) transform to a-Y(BHy)s
or Gd(BH,); at about 140 °C as verified by thermal analysis [47].
Reductive synthesis in ether followed by solvent extraction is
also useful, e.g. for synthesis of Eu(BH,), and Sm(BH,), [53]. A
new method for synthesis of ammine metal borohydrides,
which combine mechanochemistry, solvent based methods
and solid—gas reactions has provided a wide range of mate-
rials with varying compositions, e.g. M(BH,)3-nNH3, M =Y, Gd,
Dy;n=7,6,5,4,2and 1 [56,57]. Metal borohydrides may also
be combined with other neutral molecules such as amido-
borane and mechanochemical treatment of a-Mg(BH,), and
NH3BH; provides Mg(BH,),-2NH3BH; [58]. Direct interaction of
the volatile aluminum borohydride and NH3;BH; yields
Al(BH,4)3-NH3BH3, where the Al-coordinated ammonia borane
releases two H, molecules per Al already at 70 °C [59]. Contrary
to that of the pristine ammonia borane and to its other com-
plexes with metal borohydrides, this process is endothermic,
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Fig. 1 — Microstructure of 0.7MgH,—0.3TiH, nanocomposites. Left: SEM micrograph. Right: TEM image in dark field mode
showing the homogeneous dispersion of TiH, inclusions in MgH, matrix.

suggesting a possibility for direct rehydrogenation. Other Al-
based Lewis acids, less challenging with respect to the sta-
bility and safety than Al(BH,)s, may be good agents for sup-
porting the reversible dehydrogenation of NH3BH; under mild
conditions.

Another way of preparing hydrides with high volumetric
hydrogen density is the use of a high hydrostatic pressure.
Already at pressures of 1 GPa, achievable in laboratory steel
dies, the amorphous Mg(BH,), can be synthesized [60], as well
as the dense form of Mn(BHg), [61]. Both phases can be
quenched to ambient pressure.

Nanostructured bulk materials can also be prepared by a
physical bottom-up approach, where the gas-phase conden-
sation technique is employed to grow nanoparticles from
metal vapors, followed by in situ collection and cold-
compaction of the nanoparticles. Using two or more vapor
sources, alloys or nanocomposites can be obtained even
starting from immiscible elements, as recently demonstrated
for the Mg—Ti immiscible couple [62]. Mg—Ti nanostructures
prepared this way exhibit extremely fast hydrogen sorption
kinetics even at Ti contents lower than 10 wt%.

Thin films

Thin films provide a means to analyze the effect of surface
energy, strain and plastic deformation on the hydrogenation
kinetics and thermodynamics in a controlled way. Nano-
sizing may result in a modification of all three terms, which
makes it often difficult to estimate the contribution of these
terms to destabilization aimed for. However, it should be
stressed that the first two effects give a shift in both branches
of the hysteresis, while plastic deformation results in
widening of the hysteresis. Therefore, one cannot conclude
much on the basis of a shift in the plateau pressure of only one
of the branches.

Using a Ti/Mg/Ti/Pd multilayer thin film with a gradient Mg
thickness Mooij et al. [63] found that the hydrogenation
plateau pressure depends on the thickness. They deduced this
to be the result of a change in the Mg/Ti interface energy on
hydrogenation of around 0.35 J/m?. From similar experiments

on Fe/Mg/Fe/Pd multilayers [64] a much higher interface en-
ergy was deduced, although the effect was partly obscured by
the diffusion of Pd through Fe. Strain plays only a minor role
on the plateau pressure of MgH, in this multilayer system.

Plastic deformation mainly affects the kinetics of the hy-
drogenation of Mg in the multilayer Ti/Mg/Ti/Pd system. Op-
tical transmission images of the films taken at a pressure
slightly below the hydrogenation plateau, clearly shows the
nucleation and growth behavior of Mg starting from prefer-
ential nucleation sites (Fig. 2). From an analysis of the relation
between the step curvature and the expansion of the nucle-
ating islands, the reduction of the kinetics due to the plastic
deformation could be quantified [65,66]. We expect that such a
reduction in the kinetics also takes place in melt-infiltrated
nanocrystals, which are bound to be strongly affected by
plastic deformation.

Porous materials

H-storage by physisorption of hydrogen molecules requires
high specific surface areas [67]. For decades the best crystal-
line materials have been zeolites with about 900 m? g~* and
the largest surface areas have been achieved by disordered
activated carbons with around 3000 m? g~*. The field of cry-
oadsorption gained new momentum due to the development
of a novel class of crystalline lightweight materials with
extremely high porosity, the so-called metal-organic frame-
works (MOFs), which are almost exclusively synthesized by
hydrothermal or solvothermal techniques. After removing the
solvent, these frameworks are stable exhibiting a permanent
nanoporosity and reaching specific surface areas of up to
5000 m? g~* [68]. The full characterization of these structures
and their hydrogen uptake requires typically measurements
at different temperatures and high pressures. Recently, a new
measuring procedure operated at low pressure and near the
boiling point of hydrogen was developed, which enables to
determine the physical upper limit of hydrogen uptake and
the BET apparent surface area with one low-pressure
isotherm [69,70]. Owing to their low heat of adsorption,
these materials have to be mainly operated around liquid
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Fig. 2 — Images of the 10 x 10 mm thin film Ti/Mg/Ti/Pd multilayer samples in optical transmission after multiple hours of
exposure to hydrogen (pu> = 70 Pa, T = 363 K). The MgH, domains transmit more light and are brighter. Over time, the

islands grow bigger, while new nuclei are still being formed.

nitrogen temperature to reach high storage capacities. Syn-
thesis of frameworks containing unsaturated metal sites [71]
or by linker modification [72] may help to improve the inter-
action with hydrogen and increase the heat of adsorption.
Recently, modifications of hydrides with permanent porosity
have been synthesized, which can additionally host smaller
guest molecules such as H,, N, or CH,Cl,, denoted y—Mg(BHy,),
and y—Mn(BH,), [54,73]. These novel structures are hybrids of
hydrides and physisorption materials which in principle can
reach extremely high, although non-reversible, hydrogen
densities. Nanoporous materials can also act effectively to
host metal hydride nanoparticles for reversible hydrogen
storage, as discussed in more detail in the next paragraph.

Nanoparticles and nanoconfined hydrides

A strategy to improve the kinetic and thermodynamic prop-
erties of hydride materials is through particle size reduction. It
is well known that the physicochemical properties of mate-
rials change when particles size reaches a few nanometers
[74,75]. An archetypical example is gold, which becomes a
very effective catalytic material once particle size reaches
10—20 nm [76].

Upon particles size reduction, hydride materials are ex-
pected to display faster H-sorption kinetics due to shorter
diffusion paths, but also to the higher surface area exposed to
hydrogen. More importantly, reduction in particle size may
lead to a positive or negative alteration of the thermodynamic
properties, i.e. a stabilization or destabilization of the hydride
[77—80]. The driving forces for these changes are mainly un-
derstood in term of excess of surface energy. Hence, if the
nanosized metal hydride particle has a higher surface energy
than the corresponding non hydrided metal particle,
hydrogen desorption will be facilitated at low temperatures.

However, establishing an effective method for the syn-
thesis of small, well defined and stabilized light metal hydride
nanoparticles has posed a great challenge. The possible ap-
proaches are illustrated in Fig. 3. Wet chemical synthesis in
solution yields isolated nanoparticles, and examples devel-
oped from the earliest reports on Mg nanoparticles in the

1980's to now include also complex metal hydride nano-
particles and core—shell structures. Even more recently,
methods based on porous hosts have started to emerge.
Solution-based impregnation generally yields supported
nanoparticles, while melt infiltration with complex metal
hydrides rather yields composites in which the scaffold pores
are completely filled with nanoconfined material. More
recently more complicated hydride composites have been
pore-confined or co-infiltrated. For practical applications, it is
important to maximize the hydride loading of the scaffold.

Gas-phase condensation permits the synthesis of metal
and alloy nanoparticles with a good control on their average
size and a high purity [81—83]. Individual nanoparticles can be
collected on suitable substrates for model studies of H-sorp-
tion by optical transmission, as discussed for thin films [84].
The formation of a continuous shell by, e.g. reaction with
oxygen prevents coarsening phenomena and naturally yields
core—shell metal-oxide systems [85]. Alternatively, co-
evaporation of a second phase effectively suppresses nano-
particle coarsening [62].

Although a full understanding of the behavior of hydrogen
in nanosized hydrides has not been reached to date, remark-
able progress has been made in recent years and several
marking features can be highlighted:

(i) Generally particle size reduction leads to a drastic
improvement in kinetics, and hence a reduction of the
hydrogen desorption temperature. For example, sup-
ported MgH, nanoparticles released hydrogen at 200 °C
instead of the 400 °C for bulk magnesium, and most of
the hydrogen content could be absorbed within 5 min at
300 °C compared to 60 min for ball-milled magnesium
[86—88]. NaAlH, supported on carbon showed room
temperature hydrogen desorption instead of the 250 °C
for bulk NaAlH, [89,90]. Similarly, lower desorption
temperatures have been found for LiBH, and NaBH,
[91,92].

Particle size reduction also enables reversibility. Hence,
many complex hydrides non-reversible under practical
conditions, show some degree of, or even full,

—
—
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Fig. 3 — Selected examples of synthetic approaches for confined hydrides [74,75,77—-80].

reversibility under relatively mild conditions and
without a catalyst upon particle size reduction and/or
confinement. This is particularly the case for NaBH,
[93,94], LiBH, [92], and NaAlH, [95,96].

Particle size reduction, and interaction with the scaffold
pore walls, is likely to modify thermodynamic paths. For
example, confined ammonia borane shows little by-
products in the form of borazine or ammonia [97].
While for ionic hydrides such as MgH, the hydride will
become relatively less stable upon particle size reduc-
tion, for complex metal hydrides such as NaAlH,, which
have lower surface energies than their decomposition
products, instead the nanosized hydrides may become
more stable [98].

In core—shell systems, the shell may mechanically
constrain the volume changes, which the core un-
dergoes upon hydrogen sorption. Simple calculations
show that the resulting elastic strain can induce rele-
vant thermodynamic changes, such as hydride desta-
bilization [84]. The onset of plastic deformation,
however, can strongly reduce this effect, giving rise to a
large pressure hysteresis between absorption and
desorption.

(i

=

(iv]

a5

New amidoboranes

The exploration of new compounds is the starting point to
select suitable candidates for SSHS. Recently, ammonia
borane (NH;BH3) has been extensively investigated due to its
extremely high gravimetric and volumetric hydrogen density.
However, serious drawbacks make it an unfavorable system
for practical onboard hydrogen storage. Its reactivity is largely
determined by intermolecular dihydrogen bonding

interaction of N-H*"--->"H-B type, which operates in solid
NH3BH;. Thus, the flexibility of this interaction is of crucial
importance for fine-tuning of properties of NH3;BHj3-based
systems. A very successful approach is its chemical modifi-
cation by substitution of one H*" of NH; moiety by an elec-
tropositive element, such as alkaline or alkaline earth metal,
which gives rise to amidoboranes [99]. This substitution cau-
ses a significant destabilization of dihydrogen bonding
network, with assistance of dehydrogenation via hydride
transfer by intermediate MH species. The changes in dehy-
drogenation mechanism, as well as opportunity of tuning of
thermodynamics [100] make them highly promising systems
for hydrogen storage2. Additionally, complexation of amido-
boranes with hydrogen bond donating species, such as NH;
[101] or NH3BH; [102] further promotes dehydrogenation.

Seen these facts, it is therefore extremely important to
synthesize and characterize new NH3;BHj3-based materials.
Specifically, in the framework of the COST Action MP1103,
synthesis and characterization of a bimetallic NH;BH3-based
compound was successfully achieved: Li,Mg(NH,BH3)s. As
comparison, Na,Mg(NH,BH3), [103] was synthesized under
the same conditions, starting from NH3;BH; and NaH.

Fig. 4 presents combined evidence from IR spectra and XRD
for Li,Mg(NH,BH;),: its structure was solved by Rietveld
refinement [104] and it shows that the bonding in this system
is very similar, but not isostructural to Na,Mg(NH,BHz3),. These
structural measurements determine the coordination of cat-
ions, revealing similar behavior of Li* and Na': each Mg®" is
tetrahedrally bonded to N of four NH,BH; groups, while each
Li*/Na* is octahedrally coordinated to the BHs units of six
NH,BH; groups [103].

Recently, numerous metal amidoboranes, including the
mixed-metal compounds Na[Li(NH,BH3),] [105] and
Na,[Mg(NH,BH3),] [103], were obtained and characterized.


http://dx.doi.org/10.1016/j.ijhydene.2016.04.025
http://dx.doi.org/10.1016/j.ijhydene.2016.04.025

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 14404—14428

14411

— NaH:MgH,;AB=2:1:4
S — LiH:MgH,AB=2:1:4
©
©
(=
f=y
[2]
14
[
<
ML e e
4000 3500 3000 2500 2000 1500 1000 500
wavenumbers / cm’"
3
©
=y
‘0
| =
Q
|l

I B L B L B O B B R R
10 15 20 25 30 35 40 45 50 55 60
20/°

Fig. 4 — IR (top) and XRD (bottom) of Li,Mg(NH,BH3), (blue)
and Na,Mg(NH,BH3), (red) as comparison. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article.)

Although most of the metal amidoboranes release NH; and
NH,BH, in addition to hydrogen, LiNH,BH;-NH3;BH; produces
up to 14.0 wt % of pure hydrogen upon heating to 230 °C [102].
The first Al-based amidoborane, Na[Al(NH,BH,)4], has been
obtained mechanochemically and characterized in detail
recently [106]. Reaction of the hydrides NaAlH, and NH3;BH3,
splitting hydrogen, was possible due to both the lower sta-
bility of the Al-H bonds compared to the B—H ones in boro-
hydrides, and due to the strong Lewis acidity of AI**. On
heating, Na[Al(NH,BHj3),] releases in two steps 9 wt % of pure
hydrogen and the amorphous product can reversibly adsorb a
partof the released hydrogen at 250 °C and p(H,) = 150 bar. The
composite NaAlH,—4NH3;BH; might become a starting point
towards a new series of aluminum-based tetraamidoboranes
with improved hydrogen storage properties. This series can be
extended in particular using synthesis in solutions, for
example in THF.

These results open a new possibility for storing hydrogen
in solids and confirm the importance of structural in-
vestigations for the validation of the synthesis procedures.

Characterization methods for novel materials
and systems for H, storage

Metal-organic framework materials and direct imaging
techniques

Metal-organic frameworks (MOFs) are a relatively new class of
porous materials, consisting of metal ion centers linked

together by organic linkers to create flexible but crystalline
porous networks. In recent years, MOFs received huge atten-
tion because of their high specific surface areas and pore
volumes, applicable in catalysis, photovoltaics and especially
in gas (H,) storage [107,108]. For specific applications MOF
crystals can be loaded with catalytically active materials like
Au, Pt and Ru in the form of nanoparticles, small clusters or
single atoms, leading to an increased activity in e.g. olefin
hydrogenolysis and methanol synthesis, or with semi-
conductor nanomaterials like GaN or ZnO for improved opti-
cal properties [107]. In H-storage applications, hydride-
forming materials, like Pd, can also be loaded into the
frameworks in the form of nanoparticles, in order to boost the
storage capacities.

Structural characterization of this type of extremely deli-
cate materials and their interaction with extra-framework
guests remains extremely challenging. Most of the common
characterization techniques such as X-ray diffraction or ni-
trogen adsorption for this type of materials only offer global
structural information, and cannot provide direct information

Fig. 5 — a) HAADF-STEM of Pd@COF-102; the image reveals
the even distribution of Pd particles throughout the COF-
102 framework; b) HRHAADF-STEM image of a Pd
nanoparticle imaged along the [110] zone axis at atomic
resolution; c) Fourier transform of the area highlighted by
the white frame in b) showing evidencing that the particle
in b) is cubic Pd(0); d) Tomographic reconstruction of
Pd@COF-102. The Pd nanoparticles are rendered in gold,
the COF framework in soft off-white; e) Orthoslice through
the three dimensional reconstruction of a loaded Pd@COF-
102. The particles visible as white dots are clearly present
in the whole crystals without any preferential distribution
in size or position.
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on e.g. the distribution of embedded nanoparticles. Trans-
mission electron microscopy is an ideally suited technique for
this purpose, as it can provide structural information down to
atomic resolution. Furthermore, technological advances
including aberration-correctors, low-voltage techniques,
cooling holders, beam-blanking systems and fast-readout
cameras nowadays do allow pore imaging of most types of
MOFs by TEM [109)].

A recent example of the characterization of this type of
material is presented in Fig. 5 [110]. In this work, covalent
organic frameworks (3D), a metal-free subclass of the metal-
organic frameworks, were demonstrated as a new class of
novel templates for the deposition of hydride-forming Pd
nanoparticles. Photo decomposition of a [Pd(n3-CsHs) (n°-
CsHs)]@COF-102 inclusion compound (synthesized via gas
phase infiltration method) led to the formation of a PdA@COF-
102 hybrid material. Advanced electron microscopy tech-
niques (including high-angle annular dark field images in
scanning transmission electron microscope mode and elec-
tron tomography) along with other conventional character-
ization techniques unambiguously showed that highly
monodispersed Pd nanoparticles (2.4 + 0.5 nm) were evenly
distributed inside COF-102 framework. The Pd@COF-102
hybrid material discussed in this work was one of the very
rare examples of metal nanoparticles loaded porous crystal-
line materials with a very narrow size distribution without
any larger agglomerates even at high loadings (30 wt%). Two
samples with moderate Pd content (3.5 wt% and 9.5 wt%) were
used to study the H-storage properties of the metal decorated
COF surface. The uptake of hydrogen at room temperature
from these samples was significantly higher than similar
systems such as PA@MOF. The study showed that the H, ca-
pacities were enhanced by a factor of 2—3 via Pd impregnation
on COF-102 at room temperature and 20 bar. This remarkable
enhancement was not only due to Pd hydride formation, but
also to hydrogenation of residual organics such as bicyclo-
pentadiene. The significantly higher reversible H-storage ca-
pacity that came from decomposed products of the employed
organometallic Pd precursor suggested that our discovery may
be relevant to the discussion of the spill-over phenomenon in
metal@MOF and related systems.

It is interesting to note in this context that light complex
hydrides are very sensitive to electron beams. However,
complete structural information, including the location of the
H atoms, can be obtained from submicrometer-sized crystal-
lites, as illustrated on the example of LiBH, [111], using pre-
cession electron diffraction at low-dose conditions.

Gas sorption measurement techniques

Basic hydrogen storage properties of practical interest for
solid materials, namely (a) sorption capacity, (b) kinetic
properties, (c) enthalpy of sorption, (d) cycling stability, can be
assessed using gas sorption based experimental techniques,
either manometric or gravimetric [112]. In principle, mano-
metric and gravimetric techniques provide the same infor-
mation, however as they are based on different concepts,
discrepancies are often observed. As such, the combination of
volumetric and gravimetric measurements is often required

for the reliable assessment of a material's H-storage
properties.

Both types of methods allow the measurement of the up-
taken/desorbed amount of gas at pre-selected temperatures
(e.g. from 20 to 600 K), as a function of pressure (e.g. up to
150 bar), while monitoring simultaneously the kinetics of gas
sorption at each pressure step.

The most technologically relevant property determined
through such methods is the reversible H-storage capacity of a
material, defined as the quantity of hydrogen up-taken and
desorbed between the respective lower and upper operating
pressures. In the case of hydrides the reversible storage ca-
pacity can be deduced by the width of the plateau in the so
called Pressure—Composition Isotherm (PCI) curve, that are
obtained by measuring the changes in hydrogen pressure and
corresponding evolution of the hydrogen content in the
hydrogen/metal system (expressed as hydrogen-to-host
atomic ratio, H/X) at a given temperature. By performing a
set of isotherms at different temperatures, it is possible to
deduce the enthalpy change, AH, associated with the hydrid-
ing/dehydriding reaction, comprising a fundamental measure
of the metal-H bond strength, especially important for the
heat management required when considering practical ap-
plications. For almost all hydrides, the absorption plateau
pressure increases with temperature, following in general the
van 't Hoff relation:

AH® AS°
np/r" =%~ %
where p is the hydrogen pressure, AH® and AS° are the stan-
dard enthalpy and entropy of hydride formation at pressure
p°, Ris the universal gas constant and T is the temperature.

In contrast to metal and complex hydrides, the storage
capacity of sorbents (e.g. nanoporous materials) is typically
expressed as gravimetric (wt%), considering both the mass of
the sorbent and the up-taken hydrogen, or volumetric (vol%),
related to the volume occupied by the solid, while the amount
of hydrogen stored in the materials can be expressed in terms
of total, absolute, excess storage capacity or net storage ca-
pacity [113].

With the gravimetric methods, which are more convenient
for measurements not too far from room temperature,
hydrogen uptake is determined by monitoring, with ultra-
sensitive microbalances, the evolution of a material's weight
due to H-sorption, when it is exposed to a certain gas pressure
under isothermal conditions. The most widely used method is
the manometric, which is advantageous for measurements at
cryogenic temperatures, and is based on monitoring gas
pressure changes when dosing between calibrated constant
volumes, at fixed temperature. The H, sorption capacity ob-
tained in this case refers to excess adsorption, defined as the
difference between the quantity of hydrogen gas stored at
temperature, T, and pressure, p, in a volume containing the
adsorbent and the quantity that would be stored under the
same conditions in the absence of gas—solid interactions
[112,114]. In order to deduce the excess hydrogen adsorption,
the volume of non-adsorbed gas in the system is typically
measured with helium which is assumed to be a non-
adsorbing gas [115]. The absolute adsorption can be then
derived considering that the amount of gas adsorbed on a


http://dx.doi.org/10.1016/j.ijhydene.2016.04.025
http://dx.doi.org/10.1016/j.ijhydene.2016.04.025

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 14404—14428

14413

120 4

® 77K, low pressure =
e000®
@ 87K, low pressure ........o 6 * o o o0
0%

= i
a.
& .
E &
L =2
] “"; 3
= o
s
£y
o~ 2 4
I

14

° 0 10 20 30
Pressure (bar)
0 T T T T ] 0 T T T T 1
0 0.2 0.4 0.6 0.8 1 0 20 40 60 80 100

Pressure (bar)

H, uptake (cm3/g)

Fig. 6 — Left: High and low pressure H, adsorption isotherms at 77 K and 87 K of a high surface area, ultramicroporous
magnesium formate. Right: H, isosteric heat of adsorption as a function of surface coverage.

sample is expressed as the total amount of gas introduced in
the sample cell minus the free molecules in the gas phase
[116]. This conversion is however based on critical assump-
tions that might affect the reliability of the obtained results. In
this context, critical factors are the determination of “uncer-
tain” quantities such as the volume (for manometric mea-
surements) and the density (for gravimetric measurements) of
the adsorbed phase, also as a function of pressure. Fig. 6, left
shows high and low pressure H, adsorption isotherms
measured manometrically using a PCTPro-200 (Setaram) and
an Autosorb 1-MP (Quantachrome) system, respectively, at
77 K and 87 K for a high surface area, ultramicroporous mag-
nesium formate [117]. The low pressure measurements at
different temperatures allowed to calculate the corresponding
isosteric heat of adsorption, Qg;, using the Clausius—Clapeyron
equation (Fig. 6, right).

It is remarkable, that the same thermodynamic approach
of extracting the isosteric heats of adsorption can be applied
to occupancies of guest molecules refined from in situ
diffraction experiments carried either in isobaric or
isothermal modes [73]. In the former case, an interpolation of
the data should be used for two experiments carried out at
sufficiently different pressures. This approach offers the
advantage of a simultaneous microscopic characterization of
the guest location inside the pores. The main restriction is
imposed on this technique by the possibility to locate reliably
the guest, thus limiting the studies to the relatively small-pore
systems with pore sizes below approximately 10 A.

Solid state hydrides and in situ X-ray diffraction using
synchrotron radiation

X-ray diffraction is a superior technique for structural char-
acterization of crystalline matter strongly accelerated by ac-
cess to intense, well-collimated photon beams from
synchrotron X-ray sources. These high intensity sources have
allowed development of in situ real-time techniques for a
number of purposes, e.g. synchrotron radiation powder X-ray
diffraction (SR-PXD) [118]. Real-time studies of solid—solid or
solid—gas reactions at elevated pressures and temperatures in

different gas atmospheres are of particular interest for
development of new SSHS materials and may simultaneously
provide structural, chemical and physical properties as a
function of pressure, temperature and/or time at different
length scales, i.e. nanoscale structural data and bulk
[118—121].

Metal borohydrides have attracted significant attention
due to high hydrogen densities, but the conditions for
hydrogen release and uptake need to be improved3 [122,123].
One such systems is the lithium potassium borohydride sys-
tem, LiBH,—KBH,, where a phase diagram illustrates the low
eutectic melting point of the composition
0.725LiBH,4—0.275KBHy, Terr ~105 °C [124]. A bimetallic boro-
hydride LiK(BH,), also exists in this system, which dissociates
to the monometallic borohydrides at ~95 °C [124,125]. To
distinguish the effect of grinding or manual mixing from the
effect of thermal treatment on the formation of LiK(BHa),, PXD
studies were conducted. A sample of 0.5LiBH, — 0.5KBH, was
ground manually, placed in a borosilicate capillary, melted
while in the capillary and then crushed manually before being
placed in a new capillary for further analysis. The PXD anal-
ysis revealed the presence of the LiK(BH,), in two samples
after grinding. These results concluded that heat treatment
was not responsible for the formation of LiK(BH,),, which was
in contrast to previous investigations [124,125]. Analysis of the
unit cell volumes of LiBH,, KBH, and LiK(BH,), in the tem-
perature range 25—90 °C using in situ SR-PXD data indicate that
formation of the bimetallic borohydride is facilitated by a
more dense packing as compared to the reactants. The
smaller volume of LiK(BH,), compared to the added volume of
LiBH, and KBH, reveal a more dense LiK(BH)), structure,
which indicates that LiK(BHy), is likely stabilized by pressure
and not heat treatment leading to thermal expansion [124]
indicating that LiK(BH4), may be considered metastable and
its formation is pressure induced. Thus, in general, mecha-
nochemistry and manual grinding may facilitate formation of
new compounds, with a higher packing density compared to
the reactants [15].

Another example of benefit of using synchrotron radiation
for powder diffraction is the solvent-based synthesis and
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characterization of a-Mn(BH,), and a new nanoporous poly-
morph of manganese borohydride, y-Mn(BH,),, via a new
solvate precursor, Mn(BH,),-%S(CHs), [54]. The new poly-
morph, y-Mn(BHy),, is isostructural to the zeolite-like com-
pound, y-Mg(BH,),, also with a 3D network of pores
(diameter > 6.0 A) in this structure. The solvate,
Mn(BH,),-4S(CHj3),, is also isostructural to the magnesium
analog of Mg(BH,),:'S(CHs),. In fact, interestingly, a new
polymorph of Mg(BH,),, denoted by ¢-Mg(BH.), is also iso-
structrual to a-Mn(BHy),. Temperature dependent in situ SR-
PXD showed that Mn(BH,),-%S(CHs), transforms directly to
o-Mn(BH,), in the temperature range 70—95 °C (Fig. 7) while
losing the solvated Dimethyl sulfide. Thermal analysis
revealed decomposition of Mn(BH,), at 160 °C and a mass loss
of 14.8 wt%, which is a mixture of diborane and hydrogen
(Pm(Mn(BHy),) = 9.5 wt% H,).

An excellent recent example of using in situ diffraction to
explore the mechanism of hydrogenation is made for the VO,-
H, system [126]. The synchrotron and neutron diffraction
studies allowed to map out the structural phase diagram as a
function of temperature and hydrogen content, to clarify the
crystal structures and the physical basis of the related metal-
insulator transitions.

Hydpride thin films and ion beam analysis

Among the different nanostructures, hydride thin films are
frequently investigated because of their relatively ease of
synthesis and their low reactivity. During the H-sorption
processes, thin films are excellent materials to systematically
investigate the influence of microstructure (crystallite size,

strain) and surface states (presence of oxides, hydroxides or
catalysts). The use of thin films also extends beyond SSHS
media as the utilization of metallic films as hydrogen sensors
and/or switchable mirrors becomes attractive for other
applications.

The characterization of hydride thin films is usually per-
formed by standard bulk techniques (e.g. X-ray Diffraction,
Raman Spectroscopy and Electron Microscopy). However,
extensive and thorough characterization can only be achieved
with specific techniques (e.g. optical measurements, surface
spectroscopies) that consider film morphology. These
methods are widely used but many of them are not able to
offer compositional analysis of the film and they are
extremely surface sensitive or even sample destructive
techniques.

In this context, Ion beam Analysis (IBA) is a set of charac-
terization techniques that can easily cater for thin film sam-
ples as a quasi-non-destructive method for the near surface
analysis of solids (~nm to ~um) [127]. Moreover, they are fast,
sensitive, quantitative and multi-elemental providing a
detailed compositional depth profile of the films. In this
technique, the sample is bombarded with ions having en-
ergies in the MeV-range (typically 0.5—4 MeV). The different
events (X-rays, y-rays and charged particles) emitted during
the ion—target interaction provide information about the
sample composition and determine the technique used. In
particular, RBS-ERDA  (Rutherford Back  Scattering
Spectrometry-Elastic Recoil Detection Analysis) are two
complementary techniques to obtain depth profiles of heavier
and lighter elements with the probe ion (usually He*) where a
compositional map of the hydrogenated films can be obtained.

The RBS has recently been used to investigate the thermal
decomposition of non-catalyzed MgH, [128] and Pd-capped
MgH, films [129] providing new insights on the role of
different interfaces on the desorption mechanism. To this
aim, RBS and ERDA measurements were carried out at
different stages of the hydrogen desorption process. For
example, Fig. 8 a and b show the compositional depth profile
of a hydrogenated and dehydrogenated Mg—Pd film, respec-
tively. The hydrogenated film (~370 nm) exhibits a constant
hydrogen concentration along the film depth with a ratio of H/
Mg = 1.7 + 0.1 indicating that film is fully hydrogenated. In
addition, the Pd-layer on the Mg-film surface is also observed
as well as the aluminum substrate (dashed region). Other el-
ements such as oxygen can also be detected and this high-
lights the advantages of this method. The desorbed hydride
film at 200 °C (Fig. 8b) shows a decrease in thickness (~300 nm)
with no significant amount of hydrogen detected along the
film. This result also shows that a Mg—Pd alloy is produced at
the surface since the temperature is elevated enough to
desorb the hydrogen from the film. Formation of this interface
seems to be key to control the desorption mechanism.

Reactive hydride composite system and simultaneous
thermal analysis techniques

Lightweight complex hydride systems including borohydrides
and amides are advantageous due to high hydrogen capac-
ities. New combinations of hydride materials can be tailored
to specific operating pressures and temperatures as part of an
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energy storage system coupled with renewable energy. High
hydrogen content composites such as boron and nitrogen
containing compounds are of increasing importance as com-
binations of hydrides have improved properties when
compared to the individual components. One such reactive
hydride composite (RHC) is the LiBH,—MgH, system that is
fully reversible at lower enthalpies than each individual
compound [131,132]. It is important to measure accurately
thermodynamic data such as reaction enthalpies as well as
reaction kinetic information such as activation energies of
reactive hydride composite systems and these can be ob-
tained using thermal analysis techniques.

Thermal analysis, including differential scanning calo-
rimetry (DSC) and differential thermal analysis (DTA), mea-
sures the difference in heat flow due to thermal transitions of
a sample and a reference. In the case of H-storage materials,
hydrogen absorption is usually an exothermic reaction and
hydrogen desorption is an endothermic reaction. The more
stable the bonds between the metal and the hydrogen, the
higher the enthalpy or energy needed for either absorption or
desorption to occur. The DSC keeps the temperatures of the
sample and of the reference material identical and measures
the difference in applied power, while DTA applies the same
heating power and measures the temperature difference,
from which the heat flow is determined. The integral of the
heat flow curve recorded in the course of a transition gives the
heat of transition. This technique enables the measurement
of the temperature dependence of specific heats, enthalpies of
reaction and can also be used to give kinetic information such
as activation energies from the Kissinger method [133,134]. In
order to account for the sensitive nature of hydride materials
to oxygen or moisture, DTA or DSC instrumentation can be
installed and fully operated in an inert atmosphere glovebox
without any compromise to the technique. This reduces the
risk of reaction with O, or H,0 during heating ensuring that
contamination is low during measurements.

Further, DTA analysis can be coupled with complementary
measuring techniques such as thermogravimetic analysis
(TGA) and mass spectrometry (MS) (Fig. 9) to simultaneously
measure changes in weight of the sample and also identify
any gases that may be released during the desorption reaction
[135,136]. TGA uses a series of microbalances that can accu-
rately measure a decrease in weight on the milligram scale
during the same temperature program as the DTA. Similarly,
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Fig. 9 — Thermal analysis from the complex hydride
Mg,FeHg upon heating at 5 °G/min: (a) Differential Thermal
Analysis (DTA); (b) Thermogravimetric Analysis (TGA); (c)
H, detected from mass spectroscopy (MS) [135].

the MS can detect the release of not only H, but also gases
such as B,Hg and NH;, which may be released during RHC
desorption. The differential techniques (DSC and DTA)
together with the TGA and MS are able to determine thermal
transitions at specific temperatures and also show whether
the reactions occur in single or multiple steps as shown in
Fig. 9.
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Preparation of hydrogen storage materials for tanks

Selection of appropriate hydrogen storage materials to be
used in tank systems can be achieved through the various
characterization techniques described in the previous sec-
tions. However, once these materials are inside the tank
further analysis of the behavior needs to be fulfilled. Heat
management and gas transport are two important aspects to
consider during tank design for hydrogen storage. Previous
studies have shown that material in the form of powder inside
tanks could be detrimental for its performance [137,138]. Hy-
dride powders tend to pack and sinter during repeated H-
sorption cycles causing a reduction in hydrogen system ca-
pacity and slower gas—solid reaction kinetics. One solution to
address these issues is the compaction of the powder into
pellets prior to placement in the tank [137]. The use of com-
pacted powders instead of free powders provides minimal risk
of contamination (oxygen or moisture) to the hydrides, facil-
itates the charging of the material in the tank by it improving
heat conduction and improving gas transport through the
system [138—141]. With the improvement of compacted
powder, the material inside the tanks would have constant
and stable hydrogen uptake and release properties.

In addition to compaction, the introduction of carbon-
based materials can improve the performance of the mate-
rials inside a tank. In the case of Magnesium-based systems, it
was reported that the use of carbon-based materials such as
carbon nanofibers and expanded natural graphite (ENG), could
improve the stability [141-144]. It was reported that ENG
stratifies along a direction perpendicular to the axis of
compaction allowing the gas to diffuse in the material there-
fore increasing the mechanical stability of the pellets. How-
ever, the formation of cracks in the compacted systems was
observed after cycling under hydrogen pressure. These cracks
appear in zones areas where the material appears to be het-
erogeneous [145]. For this reason, the effect of the compaction
pressure on the mechanical stability of the pellets under
cycling was studied. The compaction pressure positively af-
fects the characteristics of the pellets and it was observed that
the higher the compaction pressure the lower the variation of
dimensions of the pellets with cycling [31].

The preparation of the pellets of ball milled MgH, with
Nb,Os as a catalyst was implemented by coating with

Fig. 10 — SEM image of a fracture of the pellet prepared by
ball milling MgH, with 5wt% Nb,Os, 5wt% ENG and coated
with Al, after 50 cycles at 310 °C under H, pressure of 8 bar
(absorption) and 1.2 bar (desorption).

nanosized metals (for example Cu, Al, Cr) or oxides. Hydrogen
capacity and kinetics of these systems showed good stability
in that there was no significant change over 50 cycles of H-
sorption at 310 °C and 8 and 1.2 bar respectively. The pellet
showed drastically increased structural stability compared to
the same material without the nanometric additives. Fig. 10
shows a SEM image of the pellet where the thin Al layer on
the surface and the Nb,Os (white spots) are clearly visible.

Neutron radiography for solid state storage tank design and
performance

The final approach towards application of solid state mate-
rials in a storage system is the design and performance of the
tank itself, together with the characterization of the enclosed
material. There are several aspects associated with tank
design including theoretical modeling and simulations based
on tank geometries and materials [146], heat transfer and
coupling with units such as an electrolyzer or fuel cell. To be
more specific when it comes to the design of the storage tank,
it is necessary to take into account a number of parameters
such as hull material, tank diameter and tube arrangement to
optimize hydrogen transport, intrinsic kinetics and heat
transfer to and from the material [146]. To investigate further
the performance of both the tank and the material inside the
tank it is necessary to develop special characterization
methods such as neutron radiography.

In situ neutron radiography is a technique that allows for
time resolved hydrogen distribution in metal hydride systems
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Fig. 11 — Processed radiography of the investigated metal
hydride material (147.5 g) inside a tank made of aluminum.
The image is normalized by the flat field and corrected for
the dark image. Additionally, a negative logarithm is
applied to derive the distribution of the neutron beam
attenuation. The area within the circle is the projected
volume containing the metal hydride material, denoted by
Ao. In the remaining area the attenuation is time
independent, it is denoted by B. Area A; in the lower part
corresponds to free volume inside the aluminum tank
[146].
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within a storage tank especially designed for the technique
[146]. Due to the strong hydrogen—neutron interaction cross-
section it is possible to quantitatively analyze and spatially
resolve the hydrogen content that is absorbed by the metal
hydride material. A method was developed recently by Borries
et al. [147] to investigate and clarify the influence of sample
scattering on the measured intensity field, which was shown
exemplary for two different tank hull materials, aluminum
and stainless steel. Fig. 11 shows a processed radiography
image of a hydride material inside a tank made of aluminum.
Using a fission neutron spectrum, it was demonstrated that it
exists a strong linear correlation between the attenuation by
hydrogen and the amount of hydrogen absorbed in a sodium
alanate system, which was referred to as a model material. It
was concluded that quantitative in situ neutron imaging is a
valid technique for investigation of hydride materials in gen-
eral [147]. This method can therefore lead the way in terms of
quantitative material analysis inside scaled-up metal hydride
systems, greatly contributing to the optimization of future
storage tanks in terms of application.

Computational methods for novel materials and
systems for H, storage

Novel approaches in computational materials design for
efficient hydrogen storage

Many interesting mixed or doped compounds have been
proposed and experimental verified, often based on chemical
intuition by mixing similar elements. Through these human-
guided (also computational) experiments various materials
have been continuously improved in small steps. However,
the incremental change of parameters is very time-
consuming both using computational techniques, during
synthesis and characterization, and the materials properties
are generally only modified slightly. Instead of only testing
slight deviations from what is known to work, large high-
throughput screening studies test many different combina-
tions substituting elements systematically, possibly resulting
in superior materials [148—150]. However, due to the fact that
chemical knowledge is often not included a priori, many of the
suggested mixtures would not be stable, and possibly
decompose upon cycling. Using computational screening is
therefore often a useful tool to sort away mixtures, which for
sure are not interesting, as it is faster, possibly cheaper, and
does not generate any chemical waste.

Given the computational speed, it is generally beneficial to
be inclusive when searching for new mixtures, and limit or
avoid exclusion of specific material combinations prior to a
study, e.g. due to cost or toxicity. Because of this, the inves-
tigated configuration spaces can easily contain many thou-
sand candidates, which should be tested computationally.
Despite the fact that improved methods have been developed
and the computational power continues to increase, it is
generally not feasible to study all materials in great detail, e.g.
to identify the lowest energy crystal structures. One approach,
which can be followed to lower the computational cost, is
template based screening, where the atomic ordering is
(partially) fixed in representative crystal structures, which is

significantly faster than allowing full relaxation of all struc-
tures [148,149]. Limiting the possible symmetries is to some
extent at the expense of the obtainable accuracy, but it will
often be possible to investigate trends and identify promising
and stable mixtures, which subsequently can be studied in
detail. If so, it is also important to have an inclusive selection
approach allowing slightly unstable structures for further
studies, as they might become stable upon full relaxation.

As an alternative to brute-force high-throughput screening
studying every candidate in a large search space, different
methods are available to reduce the number of candidates to
test. One very useful method are the biologically inspired ge-
netic algorithms (GAs) based on natural, Darwinistic, selection
favoring the survival of the fittest species [148,149,151,152].
The GAs can be very useful to guide structural optimization of
complex systems containing many atoms, as for example
carbon allotropes [153] and nanoparticles [154,155], which is a
computationally challenging task, as the potential energy
surfaces contain an enormous amount of local minima. Or-
dinary local optimization methods are often very slowly
converging and would often not locate the global optimum,
which is easier with GAs because it can make big “jumps” by
combining important structural Combining the
methods to create a GA method allowing subsequent struc-
tural optimization of the suggested candidates using gradient-
based methods can often be advantageous.

The basic idea in GAs is to maintain a population of the best
materials, which is initiated using a number of randomly
selected compositions (Fig. 12). From the population, new
generations are created using the genetic information from the
current parent structures and various operators. In general, two
types of operators are available to generate new offspring: the
crossover taking one part from one parent and mating it with a
part from another, allowing the identification and reuse of
important building blocks; and to reduce the risk of being
trapped on local minima in configuration space, mutation op-
erators, which make random changes, are very important.
The most fit of the generated offspring are kept in the popu-
lation to generate further offspring in subsequent genera-
tions. The fitness of a structure determines where the search
should progress, and can be defined as a function, for example
the gravimetric hydrogen density (wt%), release tempera-
tures, price, toxicity and stability of the mixture. Often it is
advantageous to define a more simple fitness function con-
taining only one or a few parameters as for example the wt%,
and then in addition apply some selection rules determining,
which structures are not allowed in the population, e.g. to
deselect expensive or unstable mixtures.

One class of materials, which have been investigated using
GAs are the mixed metal halide ammines. The pure metal
halide ammines are very well known, and many metal/halide
combinations are known to have stable ammine phases [156].
A challenge for the pure metal halides is however that they
generally show multi-step releases over broad temperature
intervals [157]. Furthermore, the release temperatures are
often too high resulting in low total efficiency, as too much
energy has to be supplied to release the ammonia. Very large
configuration search spaces have been investigated, contain-
ing up to 100,000 structures mixing alkaline earth, 3d and 4d
metals with different halides in a unit cell with up to 8 metal

units.
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Fig. 12 — Illustration of a genetic algorithm searching for optimized material mixtures using templates. The individual
candidates are encoded as vectors describing the contained metals and their position in the templates. Using various
operators, the algorithm generates new trial candidates by using the information from one or more parents.

atoms, resulting in a lowest “dopant” concentration of 12.5%
[149]. Using the genetic algorithms, Jensen et al. demonstrated
that the global optimum for the mixed hexa ammines in the
defined search space of more than 54,000 structures, could be
identified consistently by calculating less than 2% of the
candidates [148]. By using the GAs not only the global opti-
mum structure was found, but also a population containing
many interesting mixtures was identified. This is very bene-
ficial compared to only identifying the global optimum, taking
into account that the study was template-based, which as
mentioned could introduce some inaccuracies.

Desorption temperature / °C
50 75

In a subsequent study by the same group, the complexity
was further increased by including many possible intermedi-
ate ammine phases [149]. The fitness was defined to search for
materials releasing the ammonia between 0 and 100 °C, which
is a temperature range suitable for e.g. system integration
with low-temperature polymer electrolyte membrane fuel
cells (PEMFC). The efficiency of the implemented algorithm
was verified by three trial runs capable of finding the same
optimal mixtures starting from different random populations,
testing <5% of the candidates in a search space containing
more than 100,000 structural combinations. In Fig. 13, all the
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Fig. 13 — Visited parts of the search space, showing that different reactions are grouped in bands. The legends and coloring
show the predicted observed phases, where 8 signifies octa ammine, 6 hexa ammine, 2 di ammine, and 0 the empty salt.
Reprinted from Ref. [149] with permission. Copyright 2015, American Chemical Society.


http://dx.doi.org/10.1016/j.ijhydene.2016.04.025
http://dx.doi.org/10.1016/j.ijhydene.2016.04.025

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 14404—14428

14419

stable mixtures releasing the ammonia in this temperature
interval are grouped according to the release patterns. As can
be seen from the figure, the two best structures, which are
found by all three runs, are decoupled from the other inves-
tigated structures, proving the algorithm's ability to identify
structures in narrow regions of the phase space. The two best
structures are special in that they display a multistep release
within the temperature interval, which is only seen for a very
limited number of structures in the searches (many materials
do have a multistep release but with some of the releases at
too low or high temperatures). The remaining structures seem
to be more correlated, also proving the algorithm's success to
find the optimal solution in a small subset. Some of the best
candidates were already confirmed experimentally, and
others offered a record high, accessible hydrogen capacity
exceeding 9 wt%. Among the identified materials is the first
known high-capacity ternary metal halide ammine,
Bag 5ST0.375Ca0.125(NH3)gCl,, which was subsequently synthe-
sized and tested, thereby confirming the ammonia storage
properties.

Functionalization effect and elemental substitution

Functionalized 2D materials (graphane, silicene and silicane)
Systematic DFT based electronic structure investigation
[158—161] has been carried out for pristine and hydrogenated
silicene and graphane functionalized with a series of alkali
and alkaline earth metals (Li, Na, K, Be, Mg and Ca). It was
found out that Li-functionalized graphane sheets could attain
the storage capacity of 3.23 wt% with concentration of Li
doping as low as 5.56%. Ca-functionalized graphane also
shows a reasonable H-storage capacity of 6.0 wt% with 11.10%
doping concentration of Ca adatoms. For silicene, Li and Na
have been found as most prominent dopant adatoms
adsorbing four H, molecules in their corresponding vicinity.
The storage capacities of Li- and Na-functionalized silicene
are 7.75 wt% and 6.90 wt% respectively, with the adsorption
energy in the range suitable for practical H-storage applica-
tions. In the case of hydrogenated silicene or silicane, the
binding energies for Li and Na functionalization are 0.63 and
0.55 eV/atom, which are greater than their respective bulk
cohesive energies. This rules out the possibility of adatoms
aggregation on surface. The H-storage capacities for Li and Na
are 6.30 wt% and 5.40 wt% respectively, which are the most
efficient ones compared to the other adatoms to functionalize
silicane.

The mechanism of hydrogen adsorption in molecular form
on each solid state substrate in pristine and hydrogenated
form have been investigated, finding that H, molecules are
adsorbed on each adatoms stepwise in a one by one manner.
Each H, molecule around the metal adatom is polarized while
approaching to the adatom and adsorbed due to weak van der
Waals forces along with the electrostatic interactions. The H,
molecules attach vertically to the metal adatom in order to
increase the H, storage capacity and simultaneously maintain
the physisorption distance between them. This also leads to
the spontaneous reduction of the unwanted repulsion be-
tween the H, molecules imposed by the polarization effect of
the metal adatoms. The Bader charge analysis also reflects the
interaction of the metal adatoms with the two-dimensional

sheet of graphane, silicene and silicane. The analysis pre-
dicts the charge transfer direction between the metal adatoms
and the sheet. The bonding between the metal adatoms and
the sheet has been expedited with the electron donation and
simultaneous acquisition of a net positive charge to the metal
adatoms. This efficient charge transfer also enhances the
electrostatic interactions between the metal adatoms and the
two-dimensional sheets.

Effects of doping and elemental substitution in 3D materials

It is experimentally well known that dopants and substitu-
tional elements can have dramatic effects regarding e.g. the
stability and kinetics of the release of hydrogen from a solid
phase [162—-164]. Using computational methods, one can
easily exchange the elements in the crystal structure of a
given material, and systematically search for materials com-
positions with improved properties. Due to the fact that
doping is generally the result of a trace impurity element,
introduced in a low concentration, quite big unit cells are
often needed to describe the system. When studying solid
materials, it is also difficult to study the effect of the position
of the dopant(s) in the material, and periodic boundary con-
ditions are in general imposed, resulting in materials with the
dopants regularly distributed, which might not be experi-
mentally observed. Because of these limitations, “real” dopant
effects are normally not studied, as this would require vast
computational resources. Most studies are instead focusing
on studying the effect of mixing different elements in certain
ratios, thereby allowing the study of trends and making it
possible to identify important regimes that subsequently can
be studied in details experimentally or computationally.

The latter approach was followed by Biliskov et al. to study
the effect of partially exchanging Ni for either Ga or Al in
SmNisH, [165,166]. In the combined experimental (XRD and
hydrogen desorption) and computational (DFT) studies it was
predicted that the intermetallics with Ga or Al substitutions
would be thermodynamically stable. Furthermore, it was
shown that the substitutions preferentially take place in a
specific layer of the structure, and that the hexagonal P6/
mmm space group is retained when substituting up to 50% of
the Ni, in agreement with experiments. The absorption of
hydrogen in different interstitial positions was studied, and
the stabilities and H-storage capacities of the hydrides were
found to depend on the substitutions. Especially the local
coordination of the hydrogen atoms to the metals is impor-
tant: hydrogen atoms prefer positions that are not coordi-
nated with Ga or Al atoms. Using the gathered insight, the
effect of substitution by other or multiple metals at a time can
now be studied, and thereby it is possible to select only the
most relevant candidates for experimental testing.

Complex hydrogen storage materials in the form of metal
halide ammines are promising candidates for indirect
hydrogen storage [167], due to high hydrogen densities [168],
good cyclability and H-sorption kinetics [169,170]. Strontium
chloride is one of the most studied metal halide ammines,
allowing the storage of eight ammonia molecules coordinated
to each metal atom giving 8.2% hydrogen by weight in
Sr(NH;)gCl, [170—172]. The major drawback with strontium
chloride is however that the ammonia is released in two or
three steps depending on the pressure and temperature,
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ammonia density as a function of Ba concentration. (b) Experimental and calculated usable volumetric ammonia density as
a function of Ba content. Reprinted from Ref. [174] with permission. Copyright 2015, Elsevier.

bypassing a di and/or a mono ammine [171]. Furthermore, the
last ammonia molecule is generally too strongly bound
requiring higher temperatures for the release (>100 °C).
Ba(NHj3)sCl, on the other hand do show a one-step release, but
the ammine is not stable at room temperature. From van der
Waals corrected DFT calculations (vdW-DF [173]) it was shown
that solid solutions of BaCl, and SrCl, should show increased
available storage capacities surpassing both of the pure salts
[174]. Through synthesis and experimental tests, it was shown
that mixtures with a Sr:Ba ratio of around 40:60 displayed an
optimum capacity and a one-step release in excellent agree-
ment with the theoretical predictions (Fig. 14). The mixed
material show very high gravimetric and especially volu-
metric ammonia capacities, comparable to that of liquid
ammonia, while maintaining safe handling due to a low vapor
pressure at standard conditions. Using template based
screening in larger screening studies it was also tested
whether mixed metal halide ammines could be tuned to give a
high available ammonia release in a desired temperature in-
terval [148,149]. Through these studies, a wide range of can-
didates were identified, some of which might have been
suggested from chemical e.g. BapsSrpass.
Cap 125(NH3)sCly, whereas others as e.g.
Tip 25CUo sMgo 25(NH3)sCl, would have not been proposed.

intuition,

Ab initio calculations for Mg based metal hydrides

MgH, is an interesting candidate for SSHS due to high gravi-
metric capacity and low price, but has the major drawback
that the hydride is too stable, resulting in high release tem-
peratures and slow kinetics [175]. To improve the material's
hydrogen release properties, “doping” with various elements
was extensively investigated experimentally and computa-
tionally. However, due to the mentioned problems with large
unit cells, the dopant concentration has been at least 6.25%
[150,176—179]. DFT was used to study how dopants and strain
affect the electronic structure and the density of states (DOS),
which have been correlated with H-sorption energies
[177—179]. Through the computational studies, it has been
possible to describe the catalytic effect resulting from the
destabilization of the crystal structure as a result of the

substitutions. Another information that can be gained from
the structural relaxations, are the volumetric hydrogen stor-
age capacities change due to the dopants. H-sorption kinetics
were not included in the studies, because they require the use
of computationally very expensive methods.

An interesting study by Giusepponi et al. investigated
dopant effects for low concentration dopants, using DFT to
study how Fe dopants catalyze the hydrogen diffusion in the
magnesium hydride [180]. In the study, it was investigated
how dopants destabilize the materials by altering the metal-
hydrogen bonding at the Mg—MgH, interface. It was found
that doping with a few percent of Fe, Co, Ni, Nb and Pd is
energetically favored. Moreover, as found in experiments, the
dopant concentration is highest near the interface, catalyzing
the release of hydrogen. The major part of the work is devoted
to an ab initio Car—Parrinello molecular dynamics (CPMD)
study of the hydrogen release at elevated temperatures for the
Fe-doped system, which was previously shown to perform
well [181]. Due to the size of the system (low dopant concen-
tration) and the general challenges with MD simulations
requiring sampling of an enormous amount of atomic con-
figurations, the computational methods have to be carefully

Fig. 15 — Charge density (green) and its gradient (red) field
in the MgH,-V (1-10) plane. Blue and red filled circles
designate positions of bonding and ring critical points,
respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version
of this article.)
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chosen to ensure an acceptable accuracy within a limited time
frame. In this study, the simple local density approximation
(LDA) and pseudopotential approach with a limited number of
valence electrons were used to lower the computational cost.
By observing the mobility of the hydrogen atoms at different
temperatures, a lowering of the desorption temperature to
500 K is observed compared to the system without metallic
doping that shows no desorption below 600 K. This funda-
mental study of the highly investigated MgH, and the agree-
ment with experiments shows that it is possible to accurately
study the dynamics of solid materials using DFT, opening up
for further investigation and improved understanding of re-
action mechanisms for related materials.

Ab initio electronic structure calculations of the
Mg;sTMHs, (TM - transition metals) systems for the complete
3d TM series were performed by Paskas Mamula et al. [150].
The bonding and the mechanism of MgH, destabilization by
TM metals were investigated using the “atoms in molecules”
(AIM) Bader's charge density topology analysis (Fig. 15). The
acquired trends show that, along the 3d TMs series, different
kinds of bonding to nearest hydrogen atoms are accom-
plished, that in general weaken related Mg—H bonds and
destabilize the surrounding MgH, matrix. The specifics of
bonding critical points arrangement, the charge density in
these points and the value and sign of its Laplacian indicate
the rising of covalence-to-ionic ratio in TM-H bonding along,
with the trend being reversed at the end of the 3d TM series.
The bonding strength and bond lengths obey the same trend,
which can be explained in terms of alternate filling of bonding,
non-bonding and anti-bonding states. Effect of TM doping is
nevertheless localized to a few neighbor shells only, so the
influence TMs have on hydrogen desorption process cannot
be fully ascribed to electronic effects [150].

Further, ab initio calculations were used to investigate
hydrogen desorption from the (110) surface of p-MgH,. The H-
desorption was reproduced as a consecutive release of the
four two-fold bonded H atoms from the surface. It was shown
that decrease in number of surface H atoms lowers the H-
desorption energy in each desorption step and that both the
H—H and the Mg—H interatomic interactions have an effect on
the H-desorption process. The hydrogen vacancy formation
energy in the first three sub-surface layers also exhibits a
pronounced dependence on concentration. One can conclude
that the tendency of the MgH, (110) surface to preserve a
maximum possible surface H concentration in its most stable
configuration is the limiting factor for the H-desorption ki-
netics. The obtained results allow to determine the preferred
paths of surface and sub-surface H-diffusion for a wide range
of H concentrations and the principal features of the MgH,
dehydrogenation process, at least for the H-rich region [182].

Effect of external strain, anisotropy and nano-confinement
in nanostructures

Effect in 2D nanostructures

One can also increase the efficiency of a solid-state matrix by
applying an external strain on it, which leads to the func-
tionalization stability of the material. The strain induced
stabilization of the Li adatom on graphane and Mg adatom on
pristine and hydrogenated silicene or silicane have been

studied. The two-dimensional sheets are also confirmed to be
stable under external mechanical strain [183,184]. This has
been validated by the experimental correspondence of
applying external strain up to 15%, and the sheets were found
to lie within their elastic limits under such high strain. The
electronic structure calculations were employed already to
study the effect of external biaxial asymmetric strain (7.5%
and 10% along X and Y direction) on Li-functionalized graph-
ane. The external strain increases the stability of Li-doped
graphane and uniformly distributes the adatoms on the
sheet. Both sides of the sheet can adsorb maximum four H,
molecules with the corresponding storage capacity of 12.12 wt
%.

In the case of pristine and hydrogenated silicene or sili-
cane, it was found that Mg-functionalized sheets do not have
high storage capacity. However, under the biaxial strain up to
10% on both sheets, the Mg adatom can be attached with
maximum six H, molecules with the corresponding storage
capacity of 8.10% and 7.95% for silicene and silicane respec-
tively. The external strain increases the binding energy of Mg
to silicene and silicane sheets compared to the corresponding
bulk cohesive energies. This removes the possibility of clus-
tering of Mg adatoms on silicene and silicane sheets, which is
one of the hindrances behind decreasing the hydrogen storage
capacity. The larger binding energy significantly decreases the
surface to adsorbate distance and increases the Mg—Mg bond
lengths, thus leading to uniform distribution of the adatoms
on the surfaces rather than cluster formation.

Effect in 3D nanostructures

As discussed earlier, computational studies are often focusing
on the atomic details, which can result in macroscopic effects.
Ahuja et al. have for example studied the combined effect of
strain and dopants resulting in improved desorption from
magnesium hydride [177,179]. Applying a strain along the di-
rection of Mg—H bond was found to bring down the dehy-
drogenation energies resulting from a direct weakening or
lengthening of the Mg—H bond. Furthermore, addition of
certain transition metals resulted in a higher volumetric ca-
pacity, due to a decrease of the equilibrium volumes.

Combining DFT calculations and in situ X-ray powder
diffraction (XRPD), Johnsen et al. explained the anisotropic
thermal expansion of Sr(NHj3)sCl, [172]. From the experiments,
it was evident that the bonding distances between strontium
and the eight coordinating ammonia molecules were not
equal. Using DFT, the binding energies of the three different
Sr—N bonds were analyzed, and it was found that one of the
ammonia molecules was significantly easier to distort from
the equilibrium bond distance. This loosely bound ammonia is
oriented almost parallel to one crystal direction, resulting in
an anisotropic expansion of the material upon heating, which
could be described from the ground state properties, by esti-
mating the expansion coefficients [185].

The decomposition of LiBH, takes place at temperatures
above the melting point of LiBH,, resulting in partial deacti-
vation due to agglomeration of the reactive powders. Nano-
confinement of metal borohydrides is a promising route for
improvement of the poor kinetic and thermodynamic prop-
erties related to hydrogen storage [186,187]. Lodziana et al.
have studied nanostructured LiBH, extensively and accurately
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predicted the ''B NMR chemical shifts [188,189]. The calcu-
lated NMR parameters provide detailed insight, at the atomic
scale, into the properties of nanosized structures. More
detailed models describing the nanoconfined borohydrides
have also been suggested, giving some possible explanations
of the observed decreased hydrogen capacity during cycling in
carbon based materials [189,190].

Monolayer boron nitride (BN) and boron carbides (BCs) sheet

The hexagonal boron nitride (h-BN) and boron carbide (BCs)
also emerged [191,192] as promising H-storage materials in
the last years. The functionalization of Ni and Rh elements
replacing nitrogen in BN sheets enhances the H-storage
capacity. Additionally, an external electric field also in-
creases the H-storage capacity by adsorbing three H, mol-
ecules with a gravimetric density 7.5 wt%. The electric field
application in H-storage phenomena is also quite attractive
because of the reversibility factor of H, release at the elec-
tric field removal time. It also provides a controlled tool for
reversible H-storage and the energetics and kinetics of the
systems can be tuned by tuning the applied electric field.
Additionally, one does not need the complicated synthesis
route to embed the metal ions under the electric field
application and also the chance of those ions to be clustered
during the simultaneous hydrogenation and dehydrogena-
tion becomes less probable. The stabilities of the sheets do
not get perturbed with constant H, uptake and release, and
there is lower probability of getting poised with other gases.
Tuning the suitable electric field strength can control the
reversibility and kinetics of the sheet.

During the last years, the polylithiated species containing a
large density of Li atoms were investigated experimentally
and theoretically aiming at enhancing their hydrogen storage
capacity. The polylithiated compounds CLi, (n = 3-5) and
OLiy(m = 1—4) emerge as highly stabilized compounds with a
strongly C—Li and O—Li polar bonds respectively. CLi, and OLi,
compounds can bind to twelve and ten H, molecules indi-
vidually. Therefore, functionalization of the two-dimensional
sheets with such polylithiated species can increase the
hydrogen storage capacity for practical applications. The h-BN
sheet functionalized with CLi; and OLi, can adsorb up to three
and four H, molecules leading respectively to 6.80 wt% and
6.11 wt% H-storage capacity, with reasonable adsorption en-
ergy range, which is important for practical H, storage at
ambient conditions. It is worth to mention that all these
polylithiated-functionalized sheets were checked for the
dynamical stability at room temperature by phonon disper-
sion molecular dynamics simulations based on DFT based
electronic structure formalism.

The polylithiated functionalized BC; monolayer sheet is
also quite useful in terms of hydrogen storage capacity. It has
been found that the storage capacity attains 9.83 wt% with
feasible binding energy, while functionalized with CLi; and
each Li binds to four H, molecules. In case of CLi; and OLi,
functionalization, the hydrogen storage capacities are
11.80 wt% and 8.70 wt% respectively. The BC; sheet after
functionalization with CLi;, CLi; and OLi, has been examined
from the dynamical stability perspective based on phonon
dispersion and molecular dynamics study. The OLi,

functionalization has been envisaged in case of hydrogenated
graphene or graphane as well, where it shows 12.90 wt% of
hydrogen storage capacity with each Li can hold up to three H,
molecules at an instant. The polar nature of C—O and Li—O
bonds are predicted from Bader charge analysis in the case of
graphane and it is worth to mention here that OLi, are
replacing the two hydrogen atoms of graphane [193,194] in
order to avoid the cluster formation that can effect the
reversibility of the hydrogen storage and release by the solid
state matrix.

The number of Li atoms in polylithiated species is not
really restricted to m = 1—4 (for OLi,,) and n = 3—5 (CLiy,). There
are species containing higher number of Li indeed, but it has
been seen that the average charge on Li decreases as the
number increases due to the metallicity of the coordination
shell. This leads to reducing the H, molecule adsorption by
individual Li* ion through the electrostatic interactions. The
partial change on each lithium should be maximum in order
to attain the maximum possible H, storage capacity. In addi-
tion to this, the hyper-coordinated polylithiated species can
also decrease the stability of the dopants on the two-
dimensional nanostructures. It is worth to mention that the
binding energies of CLi4 an OLi, adsorbed on the top of Cand B
of BC; sheet are found to be the minimum energy configura-
tions among all possibilities. The binding energies for CLiy and
OLi, with BC; are higher than the individual dimerization
energies of the both polylithiated species. This leads to the
least possibility of cluster formation on BC; monolayer and
prevails the uniform distribution of CLi, and OLi, over the
BCznanosheet. The formation of Li* ion arises due to the sig-
nificant charge transfer from Li to C and O in the case of CLis
and OLi, because of the electronegativity difference and this
favors the H, adsorption around Li* ion through the electro-
static and weak van der Waals interactions.

The importance of computational modeling

As highlighted by the presented examples, computational
modeling of materials for solid state hydrogen storage has
reached a level where it is now possible to accurately
describe and predict the thermodynamic and structural
properties, even for large configuration spaces. It has also
become possible to explain a range of complex experimental
observations, such as anisotropic thermal expansion or the
fact that mixing known materials or doping with different
elements can result in materials with optimized thermo-
dynamics and kinetics. Even more important, it is now
possible to use the computers as virtual laboratories to
design and optimize new materials. This opens up exciting
possibilities for large-scale screening studies that can
reduce the number of experimental tests, facilitating fast,
environmentally friendly and cost-saving computational
materials design.

Conclusions

This paper summarizes the progress on hydrogen storage in
solids achieved in the framework of the COST Action MP1103.
Novel efficient nanomaterials were synthesized, innovative
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characterization methods were used to identify the hydrogen
sorption reactions and theoretical tools allowed their
modeling. More than 50 compounds have been synthesized
and characterized; the full range of nanostructure modifica-
tions, from nanocavities to nanoparticles, has been exploited
to improve the hydrogen sorption properties of the bulk ma-
terials. New characterization methods, such as tomography
and radiography, were set up and made available to the con-
sortium. More than 100,000 structural combinations were
screened via theoretical simulations and complemented the
experiments in finding the hydrogen sorption reaction path-
ways. Numerous collaborations within the European Research
communities and beyond were developed because of this
important COST Action. The most significant outcomes of
these collaborations have been summarized in this
publication.
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