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Abstract—With a growing concern on climate change, hydrogen has attracted great attention as an alternative energy
fuel. The hydrogen economy allows us to accomplish a high level of energy security and realize zero emission. To suc-
cessfully establish the hydrogen economy, the development of sustainable hydrogen production, storage and fuel cell
technologies is important; among them, safe and stable hydrogen storage remains more challenging. In this review, we
briefly introduce solid-state hydrogen storage materials, focusing on metal hydrides and hydrogen sorption mecha-
nism with emphasis on the related thermodynamic and kinetic obstacles. To overcome such limits, nanoconfinement is
regarded as a representative strategy since it can modify hydrogen sorption kinetics and thermodynamics of metal
hydrides. We present a nanoconfinement effect of metal hydrides on hydrogen sorption properties, spotlighting car-
bon scaffolds for confinement. With a rational design of the composite based on metal hydrides and carbon scaffolds, a
potential application of solid-state hydrogen storage will be a stepping-stone on the path to a hydrogen economy.
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INTRODUCTION

Depletion of fossil fuels and irreversible climate changes induced
by emissions from fuel combustion have accelerated diversifying
renewable energy sources including solar, biomass and hydrogen
[1,2]. Among them, hydrogen has been regarded as one of the ulti-
mate carbon-free energy carriers since it does not generate envi-
ronmentally malicious greenhouse gases, such as carbon dioxide,
nitrogen oxides and sulfur oxides upon combustion, along with an
advantage that it possesses a high gravimetric energy density com-
pared to other chemical fuels [3]. A comprehensive application of
hydrogen energy requires an advancement in key technologies in-
cluding hydrogen production, storage and distribution. Unfortu-
nately; a successful transition from fossil fuels to hydrogen energy
has been retarded, especially due to a lack of efficiency and techni-
cal difficulties in storing hydrogen. Particularly, evolution of fuel cell
electric vehicle (FCEV) powered by hydrogen expects dramatic
progress in on-board hydrogen storage technology [4,5]. For prac-
tical use of hydrogen energy in various industries, a safe hydrogen
storage technology simultaneously satisfying a high capacity and
reversibility is imperative. However, a conventional hydrogen stor-
age method has been relying on compressed gas (up to 700 bar)
which has low volumetric storage capacity and intrinsic safety con-
cern due to potential explosion. In the case of liquefied hydrogen,
not only does it require tremendous energy to liquefy hydrogen, but
some amount of stored hydrogen suffers a loss by evaporation or
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“boil off” of liquefied hydrogen [6].

For these reasons, solid-state hydrogen storage has attracted con-
stant attention as a safe and efficient storage method, despite its
limitation on thermodynamic and kinetic properties associated with
de/hydrogenation reaction [7,8]. With respect to solid-state storage
systems, the candidate materials can be classified into four groups:
1) metal hydrides, 2) complex hydrides, 3) sorbents, and 4) chemi-
cal hydrides. Metal hydrides such as MgH, and LaNisH,, the most
studied hydrogen storage material, can readily release or store hy-
drogen via a reversible reaction between metallic species and hy-
drogen molecules, and the hydrogen atoms are stored in nongas-
eous form with high storage density [9,10]. Complex hydrides such
as LiBH, and NaAlH, consist of metal cations and hydrogen-con-
taining complex anions where hydrogen atoms are present in a com-
plex form covalently bonded to central atoms such as boron or
aluminum. They release hydrogen through multi-step reactions with
a formation of multi-phase intermediates, accompanied by poor
reversibility [11]. Sorbent materials such as metal-organic frame-
work (MOF) have nano/micro pores and high surface area, which
allows hydrogen molecules to be physically adsorbed onto the surface
via van der Waals force [7]. Chemical hydrides such as NH;BH,
contain covalently bound hydrogen atoms in solid or liquid form
with high density of hydrogen; however, the selection of an appro-
priate catalyst for regeneration is essential because of high reaction
enthalpy [12]. Above all, metal hydrides such as magnesium hydride
(MgH,) are one of the most promising materials due to their high
storage capacity (theoretical gravimetric and volumetric hydrogen
storage capacity of Mg are 7.6 wt% and 110 g L, respectively), excel-
lent reversibility and low cost [9,10]. In spite of these benefits, slug-
gish de/hydrogenation kinetics and thermodynamic stability of metal
hydrides require severe pressure and temperature condition for oper-
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Fig. 1. lustration of the de/hydrogenation mechanism in metal hydrides: (a) Dissociation of hydrogen molecules or recombination of
hydrogen atoms, (b) diffusion of hydrogen atoms into bulk interstitial sites to form an M-H solid solution commonly referred to as a-
phase, (c) formation of saturated S-phase of metal hydrides with an increase of hydrogen pressure.

ation, and it still remains as significant challenge to reach techni-
cal performance targets for practical hydrogen storage systems
[13]. Nevertheless, an outstanding reversibility and high storage
capacity makes metal hydrides a good candidate for deploying hy-
drogen energy. To resolve the aforementioned drawbacks, various
strategies have been implemented in terms of material design. It
has been widely established that carbon additives and transition
metal catalysts enhance the hydrogenation reaction kinetics of metal
hydrides, although some portion of storage capacity is sacrificed
for the sake of such accelerated kinetics, as a result of considerable
dead mass in a total composite [14-16]. On the other hand, nano-
scaling contributes to thermodynamic destabilization of metal hy-
drides, lowering the reaction enthalpy. Also, it is believed that the
diffusion path for hydrogen atoms becomes shortened at the nano-
scaled metal hydrides, allowing a kinetic improvement [17,18]. Espe-
cially, confinement within a nanoscaffold provides additional mer-
its, in which case it prevents agglomeration and oxidation of metal
hydrides particles [19,20]. Moreover, it is known that alloying with
other elements (rare earth elements, transition metals and partial
main group elements) reduces thermodynamic barrier of metal
hydrides and changes de/hydrogenation mechanism [21]. Among
these strategies, nanoconfinement enables us to generate uniformly
dispersed metal hydrides by restricting evolution of particles. In
addition to the nanosizing effect, some scaffolds functionalized or
doped with hetero-elements show catalytic influences via charge
transfer, irrespective of the particle size of metal hydrides.

In this review; we introduce the nanoconfinement of metal hy-
drides into scaffold materials to advance hydrogen storage proper-
ties, particularly focusing on magnesium hydride (MgH,) as a model
system. Hydrogen sorption mechanism of metal hydrides is de-
scribed to understand the main obstacles to practical application
in terms of thermodynamic and kinetic characteristics, and vari-
ous nanoscaffold materials for the confinement of metal hydrides
are presented, laying stress on carbon scaffolds. The improvement
of both thermodynamic and kinetic properties for metal hydrides
associated with de/hydrogenation is followed as a result of struc-
tural manipulation with carbon scaffolds. It also includes the role
of such carbon scaffolds in improving hydrogen storage perfor-
mance of metal hydrides by means of nanoconfinement, simulta-
neously providing catalytic effects and structural stability.

HYDROGEN SORPTION MECHANISM
IN METAL HYDRIDE

The formation of metal hydrides consists of a series of steps
involving heterogeneous phase transformation at gas-solid inter-
face where metal (Mg) combines with hydrogen gas (H,) to pro-
duce metal hydride (MgH,). It can be summarized as the following
steps: 1) transport of H, onto the surface of Mg, 2) dissociation of
H, into 2H, 3) chemisorption of H, followed by diffusion from
surface to bulk, and 4) nucleation and growth of MgH, (Fig. 1).
The first step depends on collision of hydrogen molecules onto the
Mg surface. Accordingly; a high surface area with abundant active
sites is required to ensure a sufficient supply of H, [22,23]. The ad-
sorbed H, is dissociated into two hydrogen atoms on the surface
of Mg. In the subsequent step, the hydrogen atoms form a chemi-
cal bond with Mg initiated from the surface, moving into the tet-
rahedral interstitial sites within the lattice structure, which results
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Fig. 2. Simplified one-dimensional energy barrier curve for de/
hydrogenation of metal hydrides, showing separated indi-
vidual energy barriers from each step; in initial reaction, the
dissociation of H, into the hydrogen atoms on the metal sur-
face is a rate-limiting step due to the high potential energy to
split hydrogen molecules into atoms. Reprinted from ref.
[26], Copyright 2003, with permission from Elsevier.
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in a partial conversion to tetragonal o-phase of MgH, at low hy-
drogen concentration. At more concentrated hydrogen condition,
the hydrogen atoms promote the evolution of the S-phase, and the
antecedent o-phase is transformed into S MgH, [24]. The decom-
position of the metal hydrides into the metal, corresponding to
hydrogen desorption, is the reverse of the above-mentioned mech-
anism. In the case of absorption, the overall energy barrier consists
of the separated individual energy barriers from each step, which
includes energy for hydrogen adsorption, dissociation, chemisorp-
tion, penetration into the subsurface, diffusion in the bulk, and
nucleation and growth of hydrides (Fig. 2). In the initial process, it
is believed that the dissociation into the hydrogen atoms on the
surface is the slowest step owing to the high energy to split the hy-
drogen molecules [25,26]. On this basis, incorporation of various
catalysts (e.g., Pd, Ni, Ti) into metal hydrides has been considered
to reduce the energy barrier for dissociation of hydrogen molecules
and diftusion away from the catalytic site. However, as hydrogena-
tion progresses, the diffusion of hydrogen atoms through the £
MgH, phase also can be regarded as the rate-limiting step, prior to

Geometrical Contraction
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the nucleation and growth of the hydride phase [22,27,28]. On the
other hand, defects or grain boundaries present in the metal hydride
can affect their overall reaction rate by providing quick pathways
for transportation of hydrogen atoms [23,29,30]. Thus, the de/
hydrogenation kinetics and related rate limiting steps depend on
structural variables, which can be modulated via synthetic meth-
ods or by forming a composite with other scaffold materials. To
comprehensively understand the rate limiting steps, several kinetic
models have been studied, including Jander and Johnson-Mehl-
Abrami-Kolmogorov (JMAK) models with the assumptions that
the hydride has similar size, shape, surface reactivity and defects
(Fig. 3) [31,32]. However, none of such models have been conclu-
sively proven to be employed generally since de/hydrogenation reac-
tion involves the multi-steps of the hydride decomposition/forma-
tion. Therefore, the explanation for rate limiting step via a specific
model should be subordinate to the accuracy of fitting.

With regard to thermodynamics, Gibbs energy change is the key
driving force for the de/hydrogenation reaction; thus, the metal
hydride system including Mg has been modified to induce the

\

nucleation

e

impingement
e

growth

Nucleation-Growth-Impingement

Fig. 3. Representative rate limiting step models: (a) Geometrical contraction models including contracting volume, Jander, Ginstling-
Broundshtein (G-B) and Valensi-Carter (V-C). Reprinted from ref. [32], Copyright 1995, with permission from Elsevier, (b) nucle-
ation-growth-impingement models which are generally regarded as Jonhson-Mehl-Avrami-Kolomogorov (JMAK) models. Reprinted

from ref. [31], Copyright 2016, with permission from Elsevier.
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change of thermodynamic parameters, modulating an interplay
between enthalpy and entropy (Fig. 4). A representative approach
is to reduce the particle size which exposes more atoms at the sur-
face, resulting in increased surface energy [22,23,27]. The enthalpy
for de/hydrogenation can decrease resulting from the excess surface
energy in the reduced particle size of Mg by nanoconfinement or
electrostatic/steric repulsion with surfactants [33-35]. In addition,
the formation of metastable phases (»MgH,) with different crys-
talline structure and stability compared to the #MgH, phase facil-
itates hydrogen diffusion and H atomic motion, attributed to the
lower migration barrier [36-39]. Also, it has been proposed that
the addition of a compressive stress to Mg by structural modifica-
tion provides destabilization of the Mg-H bond induced by the
elastic constraint, while it also leads to a repulsive interaction be-
tween hydrogen atoms in metal lattice structure [40,41].

SCAFFOLD MATERIALS FOR COMPOSITE
WITH METAL HYDRIDES

For an improvement in thermodynamic and kinetic properties
of metal hydrides associated with de/hydrogenation, numerous stud-
ies have focused on the nanoconfinement into a variety of scaf-
fold materials, which include polymer [20,42,43], carbon materials
[44-46], mesoporous silica scaftolds [44,47] and metal-organic frame-
work (MOF) [48,49] (Fig. 5). These scaffold materials for nano-
confinement typically have a controlled pore size and a high surface
area, also with a capability for facile surface modification to intro-
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duce further functionalities. In addition, they should be able to main-
tain structural robustness under de/hydrogenation condition. The
pore size of scaffolds can be controlled by the synthetic condition,
resulting in different size of metal hydride nanoparticles. Metal
hydrides can be incorporated with scaffolds via a solvothermal
method [20] or a solvent/melt infiltration [50-52].

Polymer materials such as poly(methyl methacrylate) (PMMA)
[20,43] and methacrylate-based block copolymer [42] have been
used as a scaffold material for metal and complex hydrides. Jeon et
al. reported a synthetic method to fabricate air-stable Mg nano-
composites by using PMMA [20]. PMMA can protect the surface
of Mg nanoparticles from water and oxygen due to its hydrogen
selective-permeable property; leading to an improvement in cyclabil-
ity and hydrogen storage performance. In addition, Gosalawit-Utke
et al. used a block copolymer, which is the PMMA-co-butyl meth-
acrylate (PMMA-co-BM), to fabricate LiBH, in nano-scale [42].
The onset dehydrogenation temperature of the nano-confined LiBH,
is decreased, and the reactivity of LiBH, with oxygen and water is
dramatically reduced due to the hydrophobicity of the block copo-
lymer, improving cyclability.

Carbon scaffolds such as ordered mesoporous carbons [17,53,
54], graphene derivatives [19,55-59], activated carbons [60-65] and
graphite [57,66] are the most extensively studied materials for the
nanoconfinement of metal hydrides due to an ease of modification
with controllable physicochemical properties. Ordered mesoporous
carbons such as CMK-3 have interconnected channels for the dif-
fusion of metal hydrides, which makes them adequate for infiltra-
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Fig. 5. Schematic illustration of various scaffold/matrix materials with metal hydrides: (a) Polymer. Reprinted from ref. [43], Copyright 2013,
with permission from Elsevier, (b) porous carbon scaffold. Reprinted with permission from ref. [46], Copyright 2018 American
Chemical Society, (c) mesoporous silica scaffold (SBA-15). Reprinted with permission from ref. [47], Copyright 2010 American
Chemical Society, and (d) metal-organic framework (MOF). Reprinted with permission from ref. [48], Copyright 2009 American

Chemical Society.
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tion, and metal and complex hydrides confined within CMK-3
exhibit an improvement in hydrogen storage performance. Li et al.
reported confined NaATH, in CMK-3 via melt impregnation meth-
ods [67]. The confined NaAlH, had enhanced kinetics and cycling
stability with high capacity retention of >80%. Similar NaAIH, com-
posite with higher loading capacity of 45 wt% was synthesized by
Minella et al. [51]. The nanoconfinement of Mg within CMK-3 has
been reported by several groups including He et al. [53] and Jia et
al. [54], where Mg in CMK-3 presents an kinetic enhancement for
hydrogen storage. Activated carbon is another attractive scaffold
with numerous porous sites. Liu et al. reported Mg nanoparticles
confined in carbon aerogels (CA) through the wet impregnation
method [55]. The Mg-CA composite showed significantly low acti-
vation energy (29.4 kJ/mol H,) for hydrogen sorption. Gosalawit-Utke
et al. also synthesized carbon aerogel-based nanoconfined metal hy-
dride composite [65]. 2LiBH,-MgH,-TiCl; in resorcinol-formalde-
hyde carbon aerogel scaffold exhibited improved sorption rate and
reversibility. Furthermore, a variety of graphene derivatives have been
investigated for confinement of metal hydride due to its high spe-
cific surface area and unique chemical/physical properties. Graphene
derivatives allow a high encapsulation efficiency for metal hydrides,
compared to other carbon materials, due to high surface-to-volume
ratio. Xia et al. synthesized monodisperse MgH, nanoparticle in
graphene (MHGH) with 20-75 wt% loading capacities [56]. The
MHGH with Ni nanoparticles had outstanding sorption kinetics
and maintained its performance for 100 cycles. The derivatives of
graphene such as graphene nanoribbon [68] and nanoplate [69]

(a)
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were also synthesized with Mg and showed improved hydrogen
storage properties.

Mesoporous silica scaffolds are also considered promising for
encapsulating metal hydrides attributed to mesoporous structure
and structural rigidity. The most common types of mesoporous sil-
ica scaffolds are MCM-41 [70] and SBA-15 [47,71], which have been
widely studied as a stable support structure for hydrogen storage
materials. For example, nanoconfined MgH, in pores of ordered
mesoporous silica (SBA-15), which was prepared by infiltration of
MgBu, solution into the pores followed by freeze drying and hy-
drogenation treatment, was presented for improvement on dehy-
drogenation properties by Wang et al. [72]. The nanoscaled MgH,
exhibited significantly decreased desorption temperature compared
to that of unconfined by silica scaffold. In addition, Ngene et al. fabri-
cated a system in which LiBH, is confined into a mesoporous sil-
ica scaffold via the melt filtration method for enhancing hydrogen
release kinetics [47]. The silica scaffold effectively restricted the for-
mation of intermediates, such as lithium silicates, from LiBH, and
reduced hydrogen release temperature of LiBH,.

With chemical versatility and controllable pore size, MOF is well-
known as a hydrogen storage material via a physical adsorption
[73,74], while it can be also employed as a scaffold for metal hy-
dride infiltration with a desired porous structure. Zn [75], Cu [48,
76] and Mg-based MOF [76] have been extensively used as a scaf-
fold material for metal and complex hydrides. For example, Lim et
al. fabricated Mg nanocrystals in a porous MOF (SNU-90) [75]. This
Mg-MOF nanocomposite can store hydrogen in dual approaches
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via both the physisorption (MOF-H,) and chemisorption (nano-
sized Mg-H,). On the other hand, Bhakta et al. reported that NaAlH,
can be confined within the MOF pore, resulting in acceleration of
the hydrogen desorption rate [48]. The HKUST-1 was selected as
a host MOF to infiltrate NaAIH, into the pore of MOE thereby
obtaining the confined structure of NaAIH,.

ROLE OF CARBON NANOSCAFFOLDS IN
ENHANCING HYDROGEN STORAGE
PERFORMANCE OF METAL HYDRIDES

As mentioned, carbon-based materials are a promising and widely
used scaffold for the nanoconfinement of metal hydrides with an
advantage of physiochemical versatility. A variety of carbon mate-
rials such as graphite [66], carbon fiber [61,77] and graphene deriva-
tives [19,21] have been studied as a scaffold of metal and complex
hydrides with a facile structural and morphological modification
procedure. For example, Shinde et al. developed a MgH, nanopar-
ticle embedded into a three-dimensional activated carbon scaffold
(Fig. 6) [78]. This scaffold enables MgH, to be homogeneously sepa-
rated in the pore of matrix, suppressing the aggregation of nano-
particles, and the composite exhibited a distinguished hydrogen stor-
age performance with 6.63 wt% of hydrogen storage capacity and
rapid hydrogen sorption kinetics at 180°C. On the other hand,
Carr et al. demonstrated the effect of N-doped/undoped nano-
porous carbon scaffolds on dehydrogenation properties of the nano-
confined NaAlH, [46]. They found that the surface chemistry of
carbon scaffolds can have a noticeable effect on the activation energy
for the desorption process of the confined NaAIH,. The NaAIH,
confined within N-doped carbon scaffold showed a lower activa-
tion energy-approximately by 20 kJ/mol-than the one in the undoped
counterpart. This result indicates that the hetero-atoms doped over
carbon scaffolds lead to the change of the electronic energy level of
the metal hydride, resulting in tuning hydrogen sorption kinetics.
In addition to ease of surface modification, a high thermal con-
ductivity of carbon materials has a beneficial effect on hydrogen
storage performance of the hydrides upon the formation of com-
posites. The effective control of heat transfer during de/hydrogena-
tion reactions of metal or complex hydrides is one of the major
challenges to the hydrogen storage system due to a high value of
reaction enthalpy, and carbon scaffolds can play a crucial role in
thermal management of metal hydrides [7].

Here, we highlight the effects of carbon scaffolds on the hydro-
gen storage performance of metal hydrides, exploring the related
nanoscaling and catalytic effects along with stability of composites.
On the basis of understanding structureproperty relationship of the
composite, it enables an elaborate material design using carbon scaf-
folds for an enhancement of hydrogen storage performance of metal
hydrides.

1. Effect of Nanoscaling on Hydrogen Storage Properties

Thermodynamic and kinetic properties of metal hydrides asso-
ciated with hydrogen sorption are dramatically influenced by their
size. As mentioned, in the hydrogenation process the adsorbed hy-
drogen molecule on the surface of the active-metal phase is disso-
ciated into two hydrogen atoms, and these hydrogen atoms are sub-
sequently diffused into the lattice structure to form metal hydride

phase. Nanoscaling of metal hydrides can offer opportunities to
improve hydrogen storage performance in the following aspects:
1) hydrogen molecules are able to adsorb onto the active-metal sur-
face with a high probability due to high surface-to-volume ratio; 2)
the diffusion length of hydrogen atoms from surface to bulk phase
is significantly reduced, rapidly forming metal hydride phase; 3)
according to theoretical studies, the enthalpy of formation for metal
hydrides can decrease via nanostructuring ascribed by surface energy
or lattice deformation [79]. In a typical bulk metal and complex
hydride, surface energy is inconsequential, whereas the portion of
surface energy becomes substantial for a nano-sized counterpart,
leading to a reduction in the enthalpy of formation of metal hy-
drides. In addition, the nanoconfined metal hydrides experience
lattice distortion, which induces additional strain fields and struc-
tural destabilization, resulting in change of thermodynamic prop-
erties for hydrogen sorption.

Nanoscaled metal hydrides can be manipulated by confining
within the carbon scaffolds which have a well-defined pored struc-
ture to present enhanced hydrogen sorption properties [78]. For
example, Zhang et al. developed a new approach to preparing nano-
confined MgH, in which MgBu, precursor is incorporated into
carbon aerogel scaffolds, followed by a conversion MgH, through
the hydrogenation process [80]. In general, it is known that metal
hydrides such as MgH, are hardly inserted into pore of carbon scaf-
folds due to their intrinsic rigidity as well as a low solubility in any
solvent as opposed to complex hydrides. The nano-confined MgH,
exhibited five-times faster dehydrogenation rate than ball-milled
bulk MgH,, which is attributed to the high specific surface area of
MgH,, shortened diffusion length of hydrogen atoms, and suppres-
sion of aggregation of nanoparticles. Furthermore, Ampoumogli
et al. infiltrated complex hydrides, such as Ca(BH,),, into CMK-3
scaffold, which has a narrow pore distribution between 3-5nm [81].
The decomposition temperature of Ca(BH,), with CMK-3 was
approximately decreased by 100 °C as compared to bulk Ca(BH,),.
This result would be caused by destabilization of Ca(BH,), which
originates from the mechanical stress under the confined structure
and the increased surface to volume ratio of nano-sized Ca(BH,),.
2. Stability Improvement via Nanoconfinement

As mentioned, nano-sizing significantly enhances hydrogen stor-
age properties of metal hydrides. The reactive surface of nanoscale
metal hydrides certainly promotes the hydrogen sorption reaction,
while it also causes an aggregation of nanoparticles during sorp-
tion cycles. Accordingly, nanoscale metal hydrides without support-
ing scaffolds easily lose their structure, nullifying improved per-
formance after several sorption cycles [82-84]. Therefore, prevent-
ing structural deformation such as aggregation during de/hydroge-
nation cycles is essential to maintain the performance of nanoscale
metal hydrides. In this respect, confinement in scaffolds provides
an adequate route to enhance a structural stability of metal hydrides;
particularly, carbon scaffolds are resistant to oxidation and their
rigid porous structure can prevent aggregation of nanoscale metal
hydrides by limiting the movement and physical contact of indi-
vidual particles during cycles. Various carbon scaffolds such as acti-
vated carbon [57,60,61], CMK-3 [17,53,54], polymer [20,42,85],
carbon nanotube [57,86,87], graphene derivatives [19,55-59] have
been reported where they commendably enhance the cycling sta-
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bility of metal hydrides by confinement. Among them, graphene
derivatives exhibit outstanding performance with its unique physi-
cal and chemical properties. Cho et al. reported highly stable rGO-
Mg laminates which have 3.26 nm-size of Mg crystal encapsulated
in rGO [19]. The Mg crystal in this composite was stable for 25
cydles and no aggregation or performance degradation was observed
(Fig. 7(a)). The encapsulated Mg crystals were well dispersed in
rGO so that they did not come into contact with each other and
maintained this structure even after the cycle (Fig. 7(b)). The other
groups also reported Mg [58,59] and MgH, [55-57,88] nanocrystal
which were similarly synthesized with graphene, and they exhib-
ited an improvement in durability as well. Complex hydrides also
take advantage of nanoconfinement with carbon scaffolds. During
the desorption process, complex hydrides decompose as interme-
diates and the agglomeration of these intermediates significantly
reduces reversibility. Carbon scaffold prevents the migration and
agglomeration of these intermediates, thereby improving the repeti-
tive storage property [42,49,76,89-94].

In addition to aggregation, oxidation of metal hydrides has also
a vital effect in hydrogen storage performance. In general, dehy-
drogenated metal hydrides easily react with oxygen and moisture
in air. For MgH,, Mg even can be oxidized in an open vacuum con-
dition during desorption step to form MgO or Mg(OH),. Metal
oxide and hydroxide like MgO and Mg(OH), are not able to react
with hydrogen and significantly impede hydrogen sorption com-
pared to bulk metal state. Moreover, those oxidized metals are
hardly restored to zero-valent metal state or hydride form; there-
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fore, oxidation of metal also causes enormous loss in storage capac-
ity. Hence, protecting the surface from oxidation is important for
permanent use of metal hydrides without deterioration. The con-
finement in carbon scaffolds effectively prevents the oxidation of
metal hydride. The Mg crystals in rGO showed an excellent oxi-
dation stability in high humid atmosphere at 60 °C and even after
several months under ambient condition [19] (Fig. 7(c), (d)). This
is due to the molecular sieving effect of graphene which only allows
the penetration of hydrogen, not oxygen or water molecule. Also,
the role of thin surface oxide layers as oxidation barrier for Mg
nanocrystal within graphene was elucidated by Wan et al. [58] and
Zhang et al. [59]. This thin oxide layer of Mg is formed through
limited oxidation in graphene layers, effectively suppressing fur-
ther oxidation of Mg crystals without deteriorating hydrogen stor-
age performance.
3. Catalytic Effects of Scaffolds on Hydrogen Storage Perfor-
mance

Carbon scaffolds not only stabilize metal hydrides but also en-
hance the sorption thermodynamic and kinetics. This improve-
ment partially comes from the nanoscaling effect as particles are
confined to the nano-sized pores, and it also largely attributed to
the interaction effect between scaffolds and metal hydrides at the
interface. The nano-sizing effects have already been elucidated in
the preceding section (section 4.1), thereby focusing on the cata-
Iytic effects of carbon scaffold in this section.

A catalytic effect through carbon scaffolds is typically consid-
ered as an effect from carbon itself and an additionally functional-
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Fig. 8. Mg-C interaction induced enhanced hydrogen desorption
performance of MgH,-rGO nanocomposites in which Mg
donates electron to sp” carbon in rGO during ball-milling and
hydrogen absorption step, subsequently recovering it during
desorption. Adapted with permission from ref. [96], Copy-
right 2018 American Chemical Society.

ized moiety such as transition metal or electron-rich hetero atom
(N, B etc.). A common mechanism is charge transfer at the inter-
face of metal hydrides and catalyst. Jia et al. [95] reported a signifi-
cantly reduced reaction enthalpy and entropy of MgH, confined
within CMK-3. They claimed that the charge transfer between un-
saturated carbon in CMK-3 and Mg caused Mg-H bond instabil-
ityj which allows easier release of hydrogen from Mg. A similar
mechanism has been proposed for a composite of ball milling
graphene and MgH,. Shriniwasan et al. [96] synthesized MgH,-
rGO composite by ball-milling and showed that the Mg-C bond
formed during the ball milling reaction greatly improved the de-
sorption rate of MgH, (Fig. 8). Through a ball-milling and hydro-
genation step, Mg donated electron to 7 orbital of rGO, and this
caused the formation of C-H bond along with the weakened 7
band. The newly formed sp’ structure of rGO was recovered during
desorption cycle with hydrogen release from carbon. With the dis-
sociation of hydrogen, electrons occupy the 7 and 7 orbital, and
the 7 electrons are back-donated from carbon to Mg, weakening
the Mg-H bond. Besides, a myriad of studies have reported the
enhanced hydrogen storage performance of Mg with carbon scaf-
folds, which includes not only the above-mentioned CMK-3 [17,
61] and graphene [19,55-59], but also graphite [62], porous carbon
and carbon nanotube [62,86] etc. [17,60,62].

However, the effects of carbon have not been fully understood
in all metal and complex hydrides. The interaction between car-
bon and NaAlH, is considered not as effective as the case of Mg,
Stavila et al. [49] and Gao et al. [92] reported nanoconfined NaAlH,
in MOF and in nanoporous carbon separately. Both composites
showed an improvement in kinetics and thermodynamics as well
as reversibility; however, the authors claimed that the enhancement
was based on the confinement effect which restricts the movement
of Al during desorption cycles and nano-sizing effect of NaAlH,,
without any catalytic effect from the scaffolds. Especially, Gaos group
argued that the comparable activation energy of NaAlH, in a simi-
lar particle size regardless of supporting materials was strong evi-
dence that indicates the reduction of size is a dominant factor of
enhancement by nanoconfinement, not an interaction with scaf-
fold. Berseth et al. [90] also reported that only electronegative car-
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Fig. 9. Relative catalytic activity of carbon nanomaterials and TiCl,
in NaAlH,. Carbon materials with high curvature showed
superior catalytic activity. Adapted with permission from ref.
[90], Copyright 2009 American Chemical Society.

bon matrices with high curvature such as fullerenes have catalytic
effects on the desorption kinetics of NaAIH,. The catalytic perfor-
mance of various carbon materials with NaAlIH, is shown in Fig. 9
[90].

The catalytic effects of carbon scaffolds can be enhanced by addi-
tional doping agents. These doped substances, such transition met-
als or hetero-atoms, improve hydrogen storage performance by ac-
celerating hydrogen diffusion and/or dissociation. In the case of
transition metals, the extended d-orbital mediates the electron trans-
fer between Mg and hydrogen, acting as a catalyst [97]. Especially,
nickel reacts with Mg and forms Mg,Ni alloy which significantly
facilitates the hydrogen diffusion [97,98]. In this regard, many studies
have modified carbon scaffolds with transition metal such as Ti
[49,88,93,94,99,100] and Ni [21,54,69,72,101-103]. Doping of some
electron-rich elements (N, P) has also been reported to contribute
to improved hydrogen storage performance [53,54].

CONCLUDING REMARKS AND PERSPECTIVES

In this review, we have introduced various scatfold materials for
nanoconfinement of metal hydrides and discussed their effects on
hydrogen storage performance, particularly focusing on carbon scaf-
folds. Carbon materials play multiple roles in improving hydrogen
sorption properties of metal hydrides-not only producing nanoscaled
metal hydride particles, but also providing a structural stability,
simultaneously offering catalytic effects. These effects have been
explained based on understanding of hydrogen sorption mecha-
nism of metal hydrides, along with their kinetic and thermody-
namic limits.

A remarkable development has been accomplished in hydrogen-
based energy technologies including hydrogen storage, and cur-
rently we are witnessing hydrogen powered vehicles and domestic
fuel cells. For hydrogen storage, material-based solid-state storage
is the ultimate goal due to its high storage density and guaranteed
safety. With a rational material design which utilizes various build-
ing blocks, such as carbon scaffolds, hydrogen storage performance
based on metal hydrides has significantly improved; however, fur-
ther advancement is required so that they can be used in practical
application. For example, we have to enhance the infiltration/encap-
sulation efficiency of metal hydrides since incorporation of scaf-
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fold materials inevitably causes dead mass, lowering hydrogen storage
capacity. In addition, it is necessary to boost catalytic effects for
alleviating operation temperature up to 85 °C. Furthermore, the mod-
ified hydrogen sorption mechanism in newly developed material
systems should be underpinned in detail via reliable experimental
and computational tools so that the related thermodynamic and
kinetic properties can be elucidated to ensure the technological
reproducibility. Although these tasks still remain to be resolved, we
anticipate that further advancement of solid-stated hydrogen stor-
age will eventually provide sustainable solutions to energy and cli-
mate challenges.
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