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FIRST PRINCIPLES COMPUTATIONS

First principles calculations of H-storage in sorption materials
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Abstract A review of various contributions of first
principles calculations in the area of hydrogen storage,
particularly for the carbon-based sorption materials, is
presented. Carbon-based sorption materials are considered
as promising hydrogen storage media due to their light
weight and large surface area. Depending upon the
hybridization state of carbon, these materials can bind the
hydrogen via various mechanisms, including physisorption,
Kubas and chemical bonding. While attractive binding
energy range of Kubas bonding has led to design of several
promising storage systems, in reality the experiments
remain very few due to materials design challenges that are
yet to be overcome. Finally, we will discuss the spillover
process, which deals with the catalytic chemisorption of
hydrogen, and arguably is the most promising approach for
reversibly storing hydrogen under ambient conditions.

Introduction

Hydrogen is the most abundant element in the universe. It
is a carrier of clean and renewable energy and is considered
as a potential major alternative to fossil fuels [1, 2]. The
fossil fuels such as oil, coal, and natural gases produce
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green house gases, which have a long-lasting effect on our
environment. On the other hand, hydrogen is clean, non-
toxic, contains more energy per unit mass than any other
fuel, and produces water as byproduct. One of the biggest
hurdles to its practical usage is a lack of storage media,
which could meet the US Department of Energy’s 2015
targets [3], i.e., gravimetric g > 5.5 wt% and volumetric
v > 40 kg/m® (to appreciate the challenge, this is greater
than half-density of 71 kg/m® of liquid hydrogen, at 20 K).
This stringent requirement fueled an extensive search for
materials, which can store hydrogen within a reasonable
volume without significant increase in weight, essentially
they must be composed of elements lighter than Al In
addition, an efficient storage media should be able to
adsorb/desorb H,, reversibly and repeatedly within the
achievable temperatures and pressures. This condition
restricts the Hydrogen adsorption energy in a storage media
to a range of ~0.1-0.5 eV/H,. To find a storage media
which meets these two requirements simultaneously is one
of the most challenging problems for hydrogen economy.
Among various possibilities, the carbon-based adsorbents
[4-9] are recognized as strong candidates for storage media
as the large surface area and lighter weight make the
required volumetric and gravimetric content possible,
while considerable abundance of carbon allotropes sug-
gests economic feasibility. Moreover, owing to their ability
to bind hydrogen both by physisorption and chemisorp-
tions, graphitic structures can satisfy required binding
energy criterion.

Kubas bonding

An extensive search for efficient hydrogen storage mate-
rials led to finding of several promising candidates
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including metal hydrides [10-12], graphitic sorption
nanomaterials [4, 7], and metal organic frameworks (MOF)
[13, 14]. Although promising, these individual storage
materials suffer from one or other forms of practical diffi-
culties, e.g., too strong metal-H binding in metal hydrides
often results into poor kinetics, whereas too weakly physi-
sorbed H, in graphitic nanostructures require storage at very
low temperature. Between strong chemisorption and weak
physisorption there exists Kubas [15] type of interaction—a
“non-classical” form of binding of H, to metal with a
binding energy of ~0.4 eV/H,—which is ideal for the
reversible storage at ambient conditions. A single metal atom
can bind multiple H, molecules [15, 16] via Kubas interac-
tion leading to high gravimetric and volumetric density.

Chemistry of Kubas bonding

Kubas interaction [15], is based on Lewis concept of
donation of electron pairs. In such complex, a o-bonding
electron pair (H:H) of H, molecule interacts with the
d orbital of a metal via electron donation. The uniqueness
in the stabilization of M-H, complex is backdonation
(BD), i.e., the retrodative donation of electrons from a
filled metal d orbital to the o* orbital of H-H bond. The
BD is an important process in adding and orienting the H,
side-on to metal as well as in activating the dissociation of
H-H bond. If the backdonation becomes too strong, it leads
to over-population of ¢* orbital and results into breaking of
H-H bond and eventually leads to a strong M—H bonding
as in metal hydride. On the other hand, a balance of BD
and o donation stabilizes the Kubas complexes. The H-H
bond length, dyy, is stretched about 15-25 % over its value
in free H, (0.74 A). The dyy is controlled by the ability of
metal to backdonate electrons; therefore, varies with the
change of metal atoms.

Kubas bonding and H, storage

Historically, Niu et al. [16] have shown, for the first time,
using first principle calculations that while a neutral Ni
atom can bind only two dissociated hydrogen atoms, a Ni™
cation can bind up to six hydrogen molecules (dihydrogen)
with a binding energy of about 0.4 eV/H,. Gagligardi and
Pyykko [17] extended this study to include other transition
metal atoms and have shown that Ti, Cr, Mo, W, and Mn
can also adsorb more than 10 dihydrogen molecules. These
two studies were focused on estimating the H, adsorption
capacity of single TM atom in vacuum, which was not very
attractive for practical application due to the clustering
problem of exposed metal atoms. The deadlock was broken
by two groups around the same time, Yildrim et al. [18]
and the Zhang and coworkers [19] who proposed an
entirely new concept to utilize this phenomenon to design

path-breaking organometallic molecules based on transition
metal-decorated carbon nanotube and fullerene Cqq as
storage system, Figs. 1 and 2, respectively. They used first
principles calculations and show that these organometallic
molecules can reversibly store up to 9 wt% hydrogen, at
room temperature and near ambient pressure. Zhang and
coworkers [19] exploited the fact that H, and cyclopenta-
diene (Cp = CsHjs) rings can be ligands for TMs. A TM
atom interacts with a Cp ring through Dewar coordination
[20] and with a dihydrogen ligand through a Kubas inter-
action [21]. While these two types of bondings are of his-
torical importance in coordination chemistry [9, 10], Zhao
et al. [19] were the first to propose an idea of joining the two
in designing a solution for hydrogen storage media. They
show that a Cp[ScH,] complex can store 6.7 wt% of dihy-
drogen. This approach has a small practical problem as after
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Fig. 1 The structure of high-density hydrogen covered Ti-coated

(8,0) nanotube. The two structures have different concentration of
metal atoms. The figure is reproduced from the Ref. [18]

Cp[ScH,]ua0

[ScHyl,

ScH,(H,)s

Fig. 2 Optimized structures of various transition metal atom-deco-
rated fullerenes with the full hydrogen coverage, a Cgo[ScHo(Hb)4]12,
b CysB12[ScH(Hy)sli2, ¢ CplScHalenain, and d [ScHsl; (leff) and
ScH3(H,)g (right). For clarity, only part of the buckyballs is shown.
The figure is reproduced from the Ref. [19]
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desorption of hydrogen these complexes may polymerize,
which can make this process irreversible. In order to over-
come this limitation, they show that these complexes can be
arranged symmetrically on a buckyball, species such as
CeolScH>];» and C4gB5[ScH];,. These metal-decorated
fullerenes were found to be stable and could reversibly
adsorb additional hydrogen, resulting in capacities of 7.0
and 8.77 wt%, respectively, as shown in Fig. 2. As expec-
ted from such Kubas complexes, the binding energy was
found to be ideal for vehicular applications, 0.3-0.4 eV.
Further support to this idea was lent by experimental syn-
thesis of TM-coated buckyballs [22] and nanotubes [23].

A comprehensive study on Ti-decorated carbon nano-
tubes were carried out by Yildrim et al. [18]. They show
that Ti-decorated CNTs are stable structures, Fig. 1. A
detailed study on the four armchair (n,n) (n = 4, 5, 6,
and 7) and five zigzag (n,0) (n =7, 8, 9, 10, 11, and 12)
nanotubes, revealed the dependence of binding of metal
atoms on CNTs, upon their chiralities and curvatures.
Furthermore, they concluded that a single Ti atom absorbed
on hexagons of SWNT could bind up to four dihydrogen
molecules. This was observed to be a general behavior in a
very large number of nanotubes and in other carbon-based
nanoclusters, including C¢q [24]. They studied the effect of
Ti concentration by covering %4 and "2 of the hexagons on
the nanotubes by Ti atoms and found that in this configu-
ration the system stores 5 to 8 wt% of H,. Furthermore, the
binding energies were in the range of 0.43 to 0.50 eV/H,,
which was close to the required value for a reversible
storage. They extended their study to Cgo decorated by the
first row TM atoms, including Sc, Ti, V, Cr, Mn, and Fe
atoms [24]. The different transition metal atoms get
adsorbed at different sites. For example, Sc and Ti prefer
the hexagonal site, while V and Cr prefer the double bond
sites. Heavier metals such as Mn, Fe, and Co do not bind to
C [24]. Each metal atom can adsorb up to four dihydrogen
molecules with an average binding energy of 0.3-0.4 eV/H
[24]. Furthermore, they report that systems with high metal
coverage can adsorb up to 56 H, molecules corresponding
to 7.5 wt%.

Lighter metal atoms as adsorbents

Owing to advantage of wt%, lighter metal atoms [25-27]
were also explored as a multiple dihydrogen molecule
adsorbent. Jena and coworkers [25] have shown that an
isolated Li-decorated Cgy cluster—where Li atoms are
capped onto the pentagonal faces of the fullerene—is very
stable and can store up to 120 hydrogen atoms in molecular
form with an average binding energy of 0.075 eV/H,.
Yoon et al. [27] introduce a new concept of polarization
field, which is caused by the adsorption of Ca atom on the
surface of fullerene, acts as attractor for the H, molecules.

@ Springer

The binding strength dependence on the type of metal
atoms, e.g., while Be and Mg bind weakly, Ca, and Sr can
be adsorbed strongly on Cgg, with preference for a mono-
layer coating. The strong binding for Ca and Sr is attributed
to the charge transfer to the empty d levels of the metals.
They argue that the charge redistribution gives rise to
electric fields surrounding the coated fullerenes, which
function as effective molecular hydrogen attractors. They
report hydrogen uptake in such materials in excess of
8.4 wt%. Kim et al. [26] have explored the possibility of
lighter atom impurity doping of Cs¢ and reported
enhancement of storage capacity. They have observed Li
and F prefer to be at interstitial site while N, B, and Be,
prefer substitutional sites. However, only Be and B show
significant adsorption energy 0.39 and 0.65 eV/H,,
respectively. Their analysis show that a strongly localized,
empty p, orbital of B and Be is essential for the enhanced
interaction with the occupied ¢ orbital of H,, which leads
to partial charge transfer from H, to the fullerene. A room
temperature reversible storage capacity of 1.7 wt% is
reported for Cs4Bes with adequate binding energies for
reversible adsorption.

These works led to a great interest in this technologi-
cally important area of research. Several interesting pos-
sibilities and designs have been proposed. For example,
TM-ethylene complexes are once shown to store as much
hydrogen [28, 29] as 14 wt%. Very recently, Sorokin et al.
[30] have demonstrated that hydrogen adsorption on
calcium-decorated carbyne chain by ab initio density-
functional calculations. The estimation of surface area of
carbyne gives the value four times larger than that of
graphene, which makes carbyne attractive as a storage
scaffold medium. Furthermore, calculations show that a
Ca-decorated carbyne can adsorb up to 6 H, molecules per
Ca atom with a binding energy of <0.2 eV, desirable for
reversible storage, and the hydrogen storage capacity can
exceed 8 wt%. DFT was the most reliable working horse
for all these works.

Clustering of metal atoms

These materials are promising and, if experimentally real-
ized, can easily meet the material-based DOE targets [3] for
2015. The biggest hurdle on the way to success of such
materials is the tendency of metal atoms to aggregate [31,
32]. In order to prevent the clustering of metal atoms, the
doping of carbon nanostructures by boron has been pro-
posed [19]. Owing to stronger B-TM binding, boron acts as
an anchor to the metal atom and prevents the clustering.
However, the practical difficulty of doping carbon nano-
structures with boron remains a challenge for successful
synthesis of such materials. Despite attractive binding
energy and sound design proposed by DFT calculations,
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experiments were not able to catch up with the theoretical
work. There has been enormous effort to reproduce these
results experimentally; however, it remains hard to match
the predicted fantastic values of the wt% till today.

An early indication of the possible cause of this problem
comes from the work of Sun et al. [31], where they show
that a 12 atom cluster of Ti is energetically more favorable
than isolated Ti atoms decorating the surface of Cgg. This
would essentially translate into a much lower wt% on such
system. Krasnov et al. [32] carried out a detailed study to
address the important questions on energetics, kinetics of
metal aggregation, and the hydrogen uptake on the aggre-
gated metal clusters. They studied the aggregation mech-
anism of Sc atoms on the surface of carbon nanotubes and
graphene. They performed a systematic study to estimate
the binding strength between a single Sc atom and the
SWNT and its dependence on the diameter and chirality
angle, Fig. 3. A wide range of zigzag-type SWNTs with
diameters ranging from 0.31 to 0.78 nm [(m,0) where
m=4,5,..., 10] and SWNTs with chirality angles from O
to 30° [(n,8 — n), where n = 4, 5,..., 8]) were considered
[32], Fig. 3. The binding energy of a single Sc on small
diameter SWNT is very strong (e.g., 3.37 eV on (4,0)
SWNT), but decreases fast with increasing tube diameter
(e.g., decrease to 1.83 eV on (10,0) SWNT), Fig. 3. This is
attributed to the decrease in chemical reactivity of the
nanotubes with decreasing curvature as the hybridization
approaches closer to sp®. On the other hand, the binding
energy of a Sc atom on graphene, which represents a
limiting case of large diameter SWNT, is only 0.2 eV.
Their results show a very strong dependence of binding
energies on the diameter and chirality angle of SWNT.
Although SWNTs with very small diameters bind Sc atoms
strongly, binding energy remains sensitive to the tube
chirality angle and tube type and decreases fast with
increasing SWNT diameter. For SWNTs of 1-2 nm, the
binding energy predicted to be significantly lower of the
order of 1 eV/atom. Compared to the 3.90 eV/atom cohe-
sive energy of Sc bulk [33], such a binding energy is too
weak to prevent the Sc atoms from aggregation.

Kinetic possibility of aggregation was examined by
evaluating the migration barrier of Sc atom on the (4,0)
nanotube along two symmetrically non-equivalent direc-
tions and reported to be 0.48 and 0.61 eV, respectively,
Fig. 4. However, on the graphene, the migration barrier was
only 0.15 eV. Among all the SWNTs studied there, (4,0)
SWNT and graphene bind Sc atom most strongly and
weakly, respectively. This has led to the conclusion that the
diffusion barrier, E*, of a single Sc atom on larger diameter
SWNT surfaces will be less than that on (4,0) SWNT and
higher than that on graphene and will lie in the range
0.15-0.48 eV. The diffusion frequencies were also esti-
mated for these two extreme cases at room temperature
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Fig. 3 Plots of a diameter and b chiral angle dependence of binding
energies of a single Sc atom-decorated SWNTS. Red lines are the best
linear fit of the energies. c—e are the optimized structures of Sc@(8,0),
(6,2), and (4,4) SWNTs. The figure is reproduced from the Ref. [32]
(Color figure online)
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Fig. 4 Possible paths and barrier of Sc diffusion along SWNT (4,0)
(up) and graphene layer (down) and corresponding barriers. The
figure is reproduced from the Ref. [32]

(T = 298 K) by transition state theory. The calculated dif-
fusion frequency in this energy range was found to be
~10°-10" ™', implying that the single Sc atoms would be
extremely mobile on both SWNT and graphene. From these
analyses, it was concluded that aggregation of Sc on SWNT
is both energetically and kinetically probable. Importantly,
they also found that most of the adsorbed H, on the Scy
cluster were dissociated with much more stronger binding
energies compared with Kubas type of binding, making
desorption very hard at ambient conditions.

Design of new class of materials

The key to the success of hydrogen storage via Kubas
interaction may lie in finding nanomaterials, where the
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metal atoms are among the constituent elements (and thus
cannot aggregate), yet retain their H-binding ability. One
such class is metallacarboranes [34], derived from the
carboranes, one of the most studied classes of boron clus-
ters. Carboranes are essentially borane clusters containing
one or more carbon atoms. Replacing one or more BH units
of carboranes by metal atoms leads to formation of me-
tallacarboranes. The advantage of having both metal and C
in the same cage has been utilized in various applications,
including even nanomotors [35].

Singh et al. [36] investigated hydrogen storage capacity
of metallacarborane-based MOF, which was motivated by
the experimental demonstration of 2 wt% of H, at 77 K via
physisorption [37, 38] in icosahedral carborane-based
MOF. Singh et al. [36] proposed and showed by density-
functional theory calculations that metal in metallacarbor-
anes can bind multiple hydrogen molecules, while carbon
can link the clusters to form three-dimensional frame-
works, Fig. 5. Replacing carboranes in MOF by metalla-
carboranes enhances the wt% due to adsorption of
additional H, on metal atoms via Kubas interaction. This
leads to storage of up to 8.8 wt% in metallacarbornes.
Moving from a pure physisorption to Kubas type of H,
binding increases the binding strength, which can insure
room temperature storage. The binding energies lie within
the reversible adsorption range at ambient conditions. Sc
and Ti are recognized as the most optimal metals in
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Fig. 5 Optimized structure of 1-5-C,BgH;(Ti, with the Zn-carbox-
ylate groups attached. Lower likely structure of a MOF with 1-5-
C,BgH;oTi, linkers. The figure is reproduced from the Ref. [36]
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maximizing the storage capacity. Furthermore, they show
that carboxylate-based connectors have no effect on num-
ber of adsorbed H, molecules. Therefore, in addition to
adsorbing H, via Kubas interaction, such frameworks will
also physisorb H, in the pores, Fig. 5. Given the recent
progress made in the carborane-based MOFs and abun-
dance of metallacarboranes, such materials can soon
become experimental reality.

Anchoring TM atoms onto some well-selected media
has emerged as another promising approach to exploit
Kubas type of binding. This has been explored both
experimentally [39-42] and computationally [43, 44].
Hoang et al. [41] show that low coordinated V centers in
vanadium hydrazide gels act as the Kubas H, binding sites.
Hamed et al. [39] have shown the hydrogen storage
capacity of mesoporous silica using tri- and tetrabenzyl Ti
precursors. They reported up to 1.66 wt% storage, which
was equivalent to an average of 2.7 H, per Ti center [39].
Vittilio et al. [42] used the IR spectroscopy to study the
role of open metal atom sites in increasing H, adsorption in
MOFs. These experiments are very encouraging as they
show significant improvement in binding energies due to
exposed metal sites [39—42], which are prohibited to cluster
due to a novel architecture. Shevlin and Guo [43] proposed
by density-functional theory that the native defects in CNT
can enhance the Ti—~CNT interaction and thereby reducing
the chance of agglomeration. Similar to experimental work
on silica, Wang et al. [44] showed interesting possibility of
decorating graphene oxide (GO) by Ti. The Ti binds with
the oxygen very strongly and thus reduces the chance of
clustering.

Validity of DFT

A shadow of doubt has been cast over the reality of H,
storage using Ca as decorative material. Cha et al. [45]
have found that DFT for hydrogen adsorption geometry
and binding energy is not consistent with the MP2 and
CCSD(T) for the Ca'" system. They show that the geom-
etry of the four H, molecules adsorbed onto Ca'" is only
locally stable and energetically unstable in the MP2 and
CCSD(T) results, whereas their DFT results show that the
adsorption geometry of the four H, molecules is the global
energy minimum. They also reported that this inconsis-
tency exists not only in the case of the bare Ca'™ but also in
the previously suggested potential hydrogen storage media
such as Ca-adsorbed nanostructures. This work found fur-
ther support by a similar study carried out by Bajdich et al.
[46] by means of quantum Monte Carlo simulations of the
binding of single and quadruple hydrogen molecules on a
positively charged Ca ion. They show that unlike DFT,
single determinant QMC calculations find no binding at
short range by approximately 0.1 eV for the quadruple
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hydrogen molecule case for a fixed hydrogen bond length
of 0.77 A. They furthermore show the differences in den-
sity-functional calculations using common functionals
(LDA and B3LYP) and QMC binding curve. They found
that use of full Hartree-Fock exchange and Perdew—
Burke—Ernzerhof (PBE) correlation (HFX + PBEC)
obtains close agreement with the QMC results, both qual-
itatively and quantitatively.

Contrary to the above finding, Sun et al. [47] performed
highly accurate calculations by the MP2 perturbation the-
ory and coupled cluster theory with single, double, and
perturbative triple excitations for the dihydrogen binding
on four representative systems that cover a wide range of
sorbent materials including Ca. They carried out a thorough
comparison with nine widely used density-functional
theory exchange—correlation functionals and found that
the PBE and PWOI results are accurate to within a few
hundredths of an eV/H,. They claim to validate the pre-
dictions obtained by these methods [47]. The reasons for
discrepancy between these two works could be the use of
Ca'" as a model for the Ca, which decorate graphitic
material. The exact charge transfer from Ca to the graphitic
material is definitely not an integer +1 as assumed by Cha
et al. [45]. Furthermore, Bajdich et al. [46] do not allow
relaxation of the system, which is a key to stabilization of
dihydrogen binding. For the case of TM, the dihydrogen
binding is a reality beyond any doubts; however, for Ca
atom, more experiments are required to settle this issue.

Chemisorption (spillover)

As discussed in the previous section, the H-storage
capacity of sp’-carbon materials (e.g., graphene, nano-
tubes, fullerenes, and nanofibers) can be significantly
enhanced by decorating them with metal atoms [18, 19, 24,
29, 48, 49]. On the other hand, the tendency of metal atoms
to aggregate and cluster [31, 32], presents biggest chal-
lenge, which has yet to be overcome in a satisfactory way.
Recently, a new role for these clustered metal atoms is
revealed, where they act as catalyst and enhance the
hydrogen uptake of substrates via spillover [50-53]. In the
spillover process, the H, molecules dissociate at metal
catalyst; the atomic H then binds to the receptor-substrate,
which otherwise (without the catalyst) would not adsorb
hydrogen [54]. It is empirically established that the spill-
over can further be enhanced by adding bridges [55]
between the catalyst and receptor. Significant enhancement
has been reported in hydrogen storage via spillover on
CNTs [50, 52, 55-65], carbon fibers [53, 62, 66-70],
activated carbons and templated carbons [71-76], MOFs
[77-81], and COFs [82]. The most widely used catalysts
for spillover of H-atoms on graphitic materials are Pd, Pt,

and 3d-transition metal atoms. On the other hand, the best
coverage of H on graphitic substrates can be achieved
when they are hydrogenated from both sides, and spillover
[83] is considered as possible path to achieving it. Such
fully hydrogenated graphene would have stoichiometry
CH, with 7.7 wt% of hydrogen [84—86], meeting the DOE
goals. The theoretical saturation spillover storage capaci-
ties for different MOFs and COF-1 were calculated by
Ganz and coworkers [87] by accurate ab initio quantum
chemistry calculations. Their results show the theoretical
capacities of 4.5 wt% for IRMOF-1, 5.7 wt% for IRMOF-
15, and IRMOF-16. These studies further confirmed the
applicability of hydrogen spillover to hydrogen storage.

Route for chemisorption of H on graphene

Even though spillover [54] has emerged as promising
process to store hydrogen in graphitic materials under
ambient conditions, fundamental question that how would
an H-atom bind to graphene if it is more favorable for it to
form H,, however, was not well answered. Lin et al. [86]
attempted to understand the process of spillover. They
proposed hydrogen storage via spillover as phase nucle-
ation process of full hydrogenation of graphene. They
studied the hydrogenation of graphene by density-
functional theory and found a tendency of clustering in
adsorbed H-atoms. They computed the binding energy of
such cluster of n hydrogen atoms defined as ¢,(n) = (Eg +
ney — Enneg)/n, where Eg, ey and E e, are the energies
of graphene, a single H-atom, and the total energy of
hydrogenated graphene, respectively. The first hydrogen
atom binds very weakly with the BE 1.5 eV less than of
H,, and therefore was not sufficient to initialize the spill-
over. The weak binding is due to breaking of the n bond
between neighboring C atoms, (so-called starred and
unstarred C, respectively) and leaving energetically unfa-
vorable radical on one of the carbon atom. Next, H prefers
to bind to this radical and lowers the energy, Fig. 6. The
chemisorption of H changes the hybridization of the host C
atom from sp” to sp and the hydrogenated C atom buckles
off the plane. If two adjacent C atoms are hydrogenated
from the opposite sides, the induced strains compensate
each other reducing the energy. Such configuration was
found to be more stable than the one with both H’s attached
on the same side. The resulting BE remains weaker by
0.6 eV compared with the H,.

Figure 6 shows BE for a series of structures and display
the steady increase from 0.79 eV for a single H to 1.70 eV/
H for a pair, to 2.16 eV/H for a sextet, and further to
2.35 eV/H for 24 adsorbed atoms, which already is
0.05 eV/H more than 1/2 Ey. Finally, for a fully both-
sided hydrogenated graphene of composition CH, the
binding energy reaches 2.54 eV/H, exceeding 1/2 Ey, by
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composed of six rings (e.g., of 6H, 10H, 16H, and 24H) Pty
have stronger binding than any others with incomplete six '
rings. A clear tendency of clustering was observed. Fur-
thermore, the total energy fits well a continuum model of
an island, which was decomposed into bulk and surface <
(island boundary) contribution, Fig. 7. For any given P and 2
. . P.T . . (O] H d
T, Gibbs formation energy AG ' (n) exhibit typical phase 5 ":::3::::’
nucleation dependencies with the nucleation barrier AG* Wi
and the critical size n* (or [*), where n and [ are the number _ *
of adsorbed hydrogen and perimeter of the island, respec- ;f
tively. Most importantly, it was shown that the balance e
between the gas phase and storage phase can be changed P
reversibly by altering P and T closer to the ambient con- 40 50

ditions, meeting the requirement for reversible storage,
Fig. 7. This was the first time when first principles calcu-
lations resolved the controversy surrounded around the
spillover process.

Role of catalyst

Although the previous work [86] showed the feasibility of
the spillover process, the role of catalyst was not consid-
ered, and the focus was on the variation of the hydrogen
binding to the receptor and its thermodynamic comparison
with gaseous H,. The first attempt toward this direction
was made by the Cheng and coworkers [88, 89], they
studied the dissociative chemisorptions of molecular
hydrogen and desorption of atomic hydrogen on common
catalyst Pt cluster. They carried out a very detailed study
and found the possible sites for the adsorption of H, mol-
ecules. The dissociative H, adsorption was caused by the
charge transfer from Pt to H, molecules via the overlap of

@ Springer

Fig. 7 Gibbs free energy of formation of a CH island in the graphene
as a function of number of H, computed for different P and 7. The
typical nucleation-type shapes are characterized by the critical
nucleus size, i.e., number of atoms, n*, or dimension [*, and the
nucleation barrier. The nearly vertical thin downward line corre-
sponds to the atomic plasma, where the chemical potential is high and
the nucleation barrier vanishes. The horizontal gray arrow indicates a
possible role of the catalyst particle as a nucleation seed. The inset
shows thermodynamic equilibrium line between the H, gas and the
storage phase (CH). The figure is reproduced from the Ref. [86]

5d orbitals of Pt and 1¢* orbital of H,. They concluded that
the number of adsorbed H, increases with the increasing
size of the cluster. Furthermore, they show that the binding
strengths are clearly coverage dependent and decrease with
the increasing coverage. This would essentially imply that
the available H energy states on Pt catalyst raise, which
approximately represent the increase of the chemical
potential pyy in the absence of significant contribution from
entropy. They find for the low coverage the adsorption
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strengths are very large and at the saturation level are
closer to the energies on fully covered Pt(111) surface [88,
89]. In contrast, the strength of H- binding to sp*-carbon
receptor is shown to increase with the greater coverage due
to its clustering and CH-phase formation [86]. This anal-
ysis reconcile the weak binding of H to the bare substrate
by emphasizing the role of nucleation of high-coverage
CH-phase, which must be forming in the process of spill-
over on graphene-receptor, more favorable than H, mole-
cule [86].

The key elements of spillover process are kinetics, rel-
ative energy states of the hydrogen in its (i) dihydrogen gas
form, (ii) at the metal catalyst, and (iii) on the receptor-
substrate. These elements are analyzed in detail by Singh
et al. [90]. By means of the first principle calculations they
explain the thermodynamics and kinetics of the spillover
process. They show that it is energetically unfavorable for
the spillover to occur on a pristine graphene surface, unless
the C—H binding energy is significantly improved. This can
be achieved by the presence of a phase of hydrogenated
graphene, defects, and doping. They show details of
hydrogen binding to the catalyst particle, which was
modeled by Pd, cluster and serves as a gateway to the
entire process. They showed the importance of the catalyst
saturation for bringing the energy closer to the range
required for the spillover. They combine all the pieces such
as molecular dihydrogen gas phase, H dissolved on the
catalyst, and H in the “storage phase.” and presented a
quantitative schematic of spillover as shown in Fig. 8. On
the left, the blue line marks the energy of H in its molecular
form with the additional broad (also blue) range is the
chemical potential of H including the entropic contribution
at different gas conditions. On the right side, a family of
thin dark blue lines corresponds to the energies of H bound

Fig. 8 Left schematics of

spillover process in real space.

Right model of spillover in

energy space displays the

relative energy (chemical

potential) of H in different e
states. The gray, dark-red, and
blue lines show the py in fully
hydrogenated graphene (CH), in
metal hydride, and in the H,
molecule, respectively. The pink
and dark-red blocks show the
range of energies of H at the
catalyst and at the Pd(111)
surface with the H coverage
varying form 0.25 to 1 ML. The
family of thin dark-blue lines
corresponds to the energies of H
bound to graphene. The figure is
reproduced from the Ref. [90]
(Color figure online)

”..N(ﬂ)

o,

U, @gas > u, @Pd > u, @Support

to graphene, which vary with the size and the configuration
of the cluster island [86] and converge to the CH-phase
energy. The mid-section pink block shows the computed
range of energies of H at the catalyst. The first H, molecule
dissociates and binds to the catalyst rather strongly, and
therefore pyy lies deep in this picture. However, the ener-
gies of the subsequent H, binding gradually decrease,
raising the uy. For the spillover of an H to occur from the
metal, the uy must exceed the CH state energy level shown
by the gray line before the metal cluster saturates, i.e.,
becomes unable to further accept new H, molecules [90].
The catalyst plays an important role in bringing the pyy into
this range. Possible metal-hydride phase formation imposes
an additional constraint on the py. The former must lie
above the uy of the receptor, to avoid formation of metal
hydride before the spillover, assuming that the hydride
phase would inhibit the catalytic activity. They validated
this model by exploring through ab initio computations the
gradual energy change of H on the catalyst and show that it
fits between the energy on the receptor and as free gas.
Comparing these uy values, they identified the range of
chemical potential favorable for the spillover [90]. They
explicitly show the role of catalyst saturation and binding
strength of H on the receptor in bringing the uy in this
desirable range. Furthermore, they also calculate the
adsorption energy of the H on Pd(111) surface, for cover-
age from 0.25 to 1 ML, as shown by red block in Fig. 8.
They found that the adsorption energy of 0.25 ML hydro-
gen was only slightly higher (~0.1 eV) than that in the
Pd,. Therefore, it was concluded from this study that with
increasing cluster size the threshold of the spillover may
decrease but not very significantly.

In addition, they also study the effect of different metal
element catalysts on the spillover by carrying out

Ha@C

LEdHers o

CH ==

H@Pd(111)
{ |

@ Springer
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hydrogenation of a Ni, cluster [90]. The effect of changing
the metal from Pd to Ni essentially shifts in the threshold of
the spillover, which occurs after adsorption on 7th H,,
compared with the Pd,, where spillover becomes possible
after adsorption of 6th H, molecule. This is due to the more
diffused nature of Pd 4d orbital compared with the Ni
3d orbital. The overall catalytic activity of the Niy cluster
was found to be very similar to the Pd4. This result would
impact the economy of storage systems significantly as Ni
is much cheaper metal than the Pd.

Kinetics

Singh et al. [90] extended their study to understand the
kinetics of the spillover process. First, they assessed the
likelihood of an H-atom to move from the catalyst to
the pristine graphene substrate. This was tested by
removing the H-atom from the saturated catalyst and
placing it to the receptor. Upon relaxation, they found that
H went back to the catalyst spontaneously, Fig. 9. When
the removed hydrogen was placed farther away from the
catalyst, it does not come back to catalyst even though
the whole process became endothermic, highlighting again
the difficulty of spillover on pristine graphene. On the other
hand, when the removed H-atom is placed in the vicinity of
a fully hydrogenated graphene phase, it was found that H
did not come back to the catalyst, and the overall process
becomes energetically favorable, making spillover possible
on hydrogenated graphene [50, 91].

Next, Singh et al. [90] studied the motion of the H-atom
from the catalyst to the receptor. The migration barrier for
H to move from the metal to CH-phase was calculated by
nudged elastic band method [92], Fig. 9, and found to be
E; = 0.68 eV. This barrier could be easily overcome even
below the room temperature. They estimated the charac-
teristic time 1 of this step from standard rate theory [93] as
= (kpT/h)-exp(—EJ/k,T). At room temperature, the pre-
factor kyT/h is 10" sfl, and 7 ~ 30 ms, which is rea-
sonably fast [50]. Singh et al. [90] convincingly show the
feasibility of spillover under the ambient condition both
thermodynamically and kinetically.

Fig. 9 a Structure of a relaxed (a)
cluster saturated with H, next to

hydrogenated phase (gray area).

b Plot of energies of

intermediate images for the

barrier calculation versus the

reaction coordinate. The figure

is reproduced from the Ref. [90]

@ Springer
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In conclusion along with the catalyst saturation, the
optimum C-H bonding has emerged as an important factor
for the spillover. Therefore, any modification of the
receptor that leads to an increase in this C—H interaction
energy will potentially enhance the spillover. The incor-
poration of defects, curvature, and dopants are few routes
to facilitate nucleation by improving the C—H binding. This
has been demonstrated for graphene where the energy of
hydrogenation changes drastically by Stone—Wales type of
defects [94]. Lee et al. [95] have performed a first princi-
ples study of H spillover on IRMOF-1 and shown that the
hole doping can substantially lower the energies as well as
barriers to enable spillover at ambient conditions.

Conclusions and future perspective

We have reviewed the important contribution of first
principle calculations on sorption materials and show how
it has been instrumental in driving this technologically
important area of research. The DFT has been extremely
successful in predicting the adsorption energies for the
Kubas type of binding of dihydrogen molecule in open
transition metal atoms. The dihydrogen binding in alkali
and alkaline earth metal requires more experiments to clear
the doubts created by conflicting theoretical works. Indeed,
the energy range for Kubas binding is very attractive for
reversible ambient condition storage and has potential to
provide an ideal storage media, which can easily meet the
DOE targets. There remain open challenges to design such
materials, such as metal atoms clustering apparently,
turning out to be the strongest barrier. The key to the
success lies in finding out materials, where metal atoms are
integral part such as metallacarboranes. Hydrogen storage
in graphitic materials via spillover has emerged a winner so
far. The first principle-based calculations played an
important role in explaining the thermodynamics and
kinetics of this process and thereby removing the doubts on
the experimental results. All the necessary ingredients to
design an ambient condition sorbent system have been laid
down by DFT calculations. This provides an ideal example,

(b)

0.6

0.2

-0.2 “_»

Reaction coordinate
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where theory and experiments can go hand in hand in
solving a very important problem.
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