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The need for an efficient and renewable energy fuel is growing stronger with environmental consciousness, stringent
emission norms, rising fossil fuel prices and their depleting stocks. Hydrogen could significantly be a replacement of fossil
fuels if targets of volumetric and gravimetric densities required for automobile industry can be met. In this regard,
hydrogen economy and hydrogen storage have become thrust areas of research in the past few decades. It is possible to
store hydrogen in solid state as chemically bound hydrogen using metal/alloy nanostructures with favorable adsorption
sites. These nanoparticles when dispersed over suitable carbon nanomaterials exhibit better storage capabilities and
improved adsorption-desorption kinetics. High surface area carbon supports like graphene favor good dispersion of
catalyst nanoparticles alleviating their agglomeration and modulating the interaction strength between hydrogen atoms
and metal nanoparticles by providing pathway for chemi-physisorption of hydrogen in these nanocomposites. In this
review, the contribution of chemically modified graphene-based materials and their composites with metal/alloy catalyst
nanostructures in the field of hydrogen storage is reviewed and its future outlook discussed.

Introduction
Today, hydrogen (H2) is perceived as the best energy carrier
or energy vector (due to intended direction of energy flow)
for harnessing energy as it is abundantly available and is a
clean fuel with zero or near zero emissions. It is the lightest
element of the periodic table and on the parameter of
highest chemical energy stored per unit mass emerges as
the best fuel. More specifically, hydrogen yields about 142
-1
MJ kg chemical energy per mass as compared to 47 MJ kg
1
1
given by liquid hydrocarbons. This implies that for the
same mass of the fuel, hydrogen yields about 3 times more
energy. The concept of replacing the current oil-driven
socio-economic set-up to one that is hydrogen centric is
termed as hydrogen economy and includes production of
H2, its distribution, storage, and eventually energy transfer.
The energy transfer step, in particular, involves integration

of hydrogen storage system with hydrogen-driven fuel
cells.2, 3 The water released during fuel cell operation can
be stored and later split into its constituting elements, O2
and H2, by process of electrolysis while the released H2 can
4
be stored for future usage. H2 regenerated in certain
processes like fuel cells can be subsequently utilized and
hence enjoy the benefits of recycled fuel.
Hydrogen is the unifying factor for bringing various storagedistribution processes together giving rise to the concept of
smart energy grid as shown in Figure 1. The grids can
further be integrated with other renewables (solar/wind
5
etc.). The adaptability of technologies utilizing hydrogen as
fuel is also diverse ranging from on-board storage catering
to automotive vehicles to stationary (storage or grid
technology) as well as portable energy storage (hybrid
vehicles). For example, hydrogen energy storage systems
can provide fuel for fuel cell driven electric vehicles,
powering forklifts or pushback tractors at airports while
6
also supplying backup power. A net energy analysis by
Pellow and co-workers shows that a regenerative hydrogen
fuel cell energy storage system makes more efficient use of
manufacturing energy inputs as compared to lithium ion
5
battery storage but lacks in round-trip efficiency. The
round trip efficiency is defined as the ratio of out-flow to
the in-flow of energy in a regenerative hydrogen fuel cell.
Nonetheless, such hydrogen-based energy systems can
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work in conjunction with renewables like wind or solar
power to improve the return energy efficiency. A great deal
of efforts continue in the direction of harnessing energy
from hydrogen to bring it at par with the current day
competitive technologies.

Figure 1. Schematic of a smart energy grid integrating hydrogen
economy with other renewables.
In making hydrogen economy a commercial reality, it has
been acknowledged that hydrogen storage and its efficient
conversion into electricity remains a formidable barrier.
The US Department of Energy (DOE) reviews the progress in
the field of hydrogen storage and sets the targets for a
system’s gravimetric density, volumetric density, cost,
refuel time etc. Table 1 shows the gravimetric, volumetric
and cost targets for the year 2020 for on-board hydrogen
storage by light duty fuel cell vehicles.7
Table 1. On-board H2 storage targets for light duty fuel cell
7
vehicles.
Parameter

Units

Targets
for 2020

Ultimate
value

System Gravimetric
Capacity

kWh/kg
kg H2/ kg system

1.8
0.055

2.5
0.075

System Volumetric
Capacity

kWh/L
kg H2/ L system

1.3
0.040

2.3
0.070

Hydrogen can be stored in solids either as physically bound
(usually in molecular form) or chemically bound (atomic form)
hydrogen. Figure 2(b) shows the potential energy curve when a
gas molecule approaches the surface of a solid. At the onset, the
gas is in molecular form and adsorbs on the surface via van der
Waal forces of attraction that arise due to mutually induced
dipole moments in the carbon substrate and hydrogen molecule.
Once the entire surface of adsorbate is covered by H2 gas
molecules, the adsorption saturates. This is so because the
incoming gas molecules would interact with the first layer of
already adsorbed gas molecules. The strength of this interaction
-1
is very weak about 10-20 kJ mol and is characterized by the
minimum of potential energy curve. If the gas molecule has
sufficiently high kinetic energy so that it can approach the
surface within one molecule radius (~ 0.5-1 Å), the wave
functions of hydrogen molecule and carbon substrate can
overlap. This type of interaction involves the binding of
hydrogen atoms to the solid surface through the exchange or
sharing of electrons between the solid substrate and the
hydrogen atom. Thus, in chemisorption, interchange of electron
density between hydrogen and carbon atoms takes place. The
binding energy value of this interaction is about 100-200 kJ mol-1.
The overall potential energy profile is marked by a (green)
dotted curve in Figure 2(b). The curve is vertically shifted for
clarity. In principle, it overlaps the potential energy curves 1 and
2. Therefore, for successful adsorption the molecule should
come in close vicinity to the adsorbate and for absorption
adequate energy for molecule dissociation should be available.
The catalyst nanoparticles help in reducing this barrier. A
hydrogen storing material can be regarded as a strong
contender if it meets certain criteria like it has a good affinity
and
selectivity
towards
hydrogen,
plenty
of
adsorption/absorption sites, fast sorption kinetics, is easily
available, safe, light weight and economical. Table 2 summarizes
the different non-carbon based materials which incorporate
hydrogen atoms in their lattice.

Solid-state Hydrogen Storage
The methods of storing H2 under pressure in tanks (pressurized
H2 gas of 300 bar to 700 bar) besides being not-so-safe are cost
and energy intensive, while H2 storage in solid materials is safer,
can reach acceptable mass or volume densities and be used
both for stationary or portable applications. Figure 2(a) shows
material categories studied for hydrogen storage and how they
8
compete in terms of gravimetric and volumetric densities.
The targets for 2020 and ultimate targets have been
indicated for a ready comparison. Clearly, metal hydrides
have higher volumetric densities but lower gravimetric
densities whereas carbon adsorbents offer better
gravimetric densities but lower volumetric densities.
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Figure 2. (a) A comparison of gravimetric and volumetric
densities of H2 containing potential materials. Adapted from
Journal of Power Sources, 159, Ströbel et al., Hydrogen storage
by carbon materials, 781-801, Copyright (2006), with permission
8
from Elsevier. (b) Potential energy curve of gas adsorption and
absorption. The dotted curve (green) is the overall potential
energy curve and shifted vertically for clarity.

NaAlH4

Complex metal
hydride Hforms a
negatively
charged
coordination
complex and
surrounds
metal cations.

Greater than
5 wt.%

Poor
kinetics,
regenera
tion at
very high
temperat
ures (>
~500 K)

13

Structures
contain organic
heterocyclic
hydrides

4.7 wt.%

Increasin
g H2 yield

14

H2 molecules
absorbed in
the voids,
some cations
can also induce
spillover of H2
gas.

Pt
nanoparticles
introduced in
MOF-5
showed 0.62
wt. % uptake.

Require
cryogenic
temperat
ures

15

Hydrogen
molecules due
to virtue of
small size can
enter pores of
zeolites.

1.81 wt.% @
77K and 15
bar

Require
cryogenic
temperat
ures

16

Table 2. Material-based H2 storage ways and challenges.
Material

How H2 is
incorporated
Forms strong
chemical
bonds with
metals

Performance
High
hydrogen
content of
19.6 wt.%

Main
Concerns
Regenerat
ion

Ref

10

9

BN-methyl
cyclopenta
ne

NH3-BH3

LaNi5H6

MgH2

AB5 type
metal-hydride
Metallic bonds,
H atoms share
electrons with
metal atoms

1.3 wt.% of H,
0.1 kg/L
volumetric
density

Reversibili
ty, high
cost

The
equilibrium
modification of
MgH2 under
normal
conditions, α –
MgH2 has a
tetragonal
crystal
structure of
rutile type.
Under high
pressure α –
MgH2
undergoes
polymorphic
transformation
to form two
modifications:
γ – MgH2 and β
– MgH2, having
orthorhombic
structure and
hexagonal
structure,
respectively

Very good
theoretical
hydrogen
storage
capacity (7.6
wt %), and
relatively low
cost.

High
dehydrog
enation
temperat
ure
(350−400
°C), poor
kinetics

MOFs

11, 12

Zeolites (Ex.
Sodalite)

Hydrogen Storage using Carbon Materials
2

3

Carbon can easily hybridize in sp, sp , and sp type of bonds
favouring formation of its 0-D, 1-D, 2-D and 3-D forms, their
composites or their functional derivatives. They possess pores in
various sizes, which are ideal physisorption sites for gases.
Activated carbon has been used as adsorbent since centuries
and the discovery of carbon nanotubes (CNTs) in 1991 followed
by discovery of graphene (G) in 2004 led to the syntheses of
many different carbon n..anoforms like single-walled, doublewalled, multi-walled CNTs, graphite nanoflakes, few-layered
graphene, graphene oxide, graphene and any combination of
17-20
These nanoforms differ in their
the different nanoforms.
pore arrangement and pore dimensions. IUPAC classification of
pores is done as per the pore size according to which micropores
have width less than 2 nm, mesopores have width ranging from
2-50 nm and macropores have width 50-100 nm. Pore sizes
comparable to the dimension of hydrogen molecule can result in
a higher density of adsorbed molecules. This is because
adsorption potentials for smaller pore width (~ 0.7 nm) overlap
within the pore volume thereby increasing the adsorption
8
energy of the adsorbed gas molecules. Porous carbons have
21
also been investigated for H-storage. The arrangement of
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carbon atoms in the network governs the interaction between
the gas molecules and the carbon nanoform. CNTs (single-walled,
double-walled and multi-walled) are capable of storing
hydrogen in molecular form either inside the cylindrical cavity,
between shells, on the surface or at the tube ends. Graphene,
2
-1
which has the highest surface area of ~2630 m g can
theoretically adsorb hydrogen gas on both surfaces. Few-layered
graphene can accommodate hydrogen molecules in the
interlayer spacing as well as on the exposed surfaces of the first
and the last sheets. Carbon-based adsorbents mostly fulfil the
requirements for a H2 storage material as they possess merits
like large surface area, high porosity, light weight, chemical
inertness, ease of functionalization, good mechanical strength
etc. Table 3 lists some important studies on hydrogen storage by
carbon nanotubes and their derivatives.

Table 3. Highlights of progress made from 1990s to present in
the field of hydrogen storage using CNTs.
Year

Study

Ref

C soot containing SWNT: 5-10 wt% @ 133 K;
SWNT observed to have 4.2 wt% @ room
temperature and 100 bar; Alkali doped MWNT:
20 wt% for Li-doped at 635 K and 14 wt% for Kdoped @ 300 K

22-24

MWNTs show 3.2 wt% at room temperature
and 120 bar; Carbon nanostructures: 4.5 wt% at
77 K; carbon aerogel: 5 wt% at 77 K and 20-30
bar; B-CNT: 2 wt% at 80 bar while CNT: 0.6 wt%;
ordered porous carbon: 7 wt% at 77 K and 20
bar; porous materials: less than 0.5 wt% at
standard temperature and high pressures; PdCNT: 0.66 wt% and V-CNT: 0.69 wt % @ 20 bar

25-31

CNT packings with different orientations: 19
wt% @ 77 K and 5.5 wt% @ 300 K; theoretical
study on Si-doped SWNTs: 2.5 wt% H2 storage at
room temperature; at ambient conditions
storage capacities were found to be: CNT - 0.3
wt%, Ca-CNT-.05 wt%, Co-CNT - 1.51 wt%, FeCNTs - 0.75 wt%, Ni-CNTs - 0.4 wt% and Pd-CNTs
- 7 wt%, Ru nanoparticles on porous carbon
surface: 0.8 wt.% @ 298 K and 75 bar and 4.1
wt.% @ 77K and 40 bar; polyaniline-derived
mesoporous
carbon
supported
Pd
nanoparticles:
Catalyze
hydrogenation
dehydrogenation reactions

32-36

van der Waals attractive forces (physisorption), which arise due
to mutually induced local dipole moments in the hydrogen
molecule and surface carbon atoms. Faster kinetics and good
26
reversibility support this mechanism. As discussed in the
previous section, the energy of such interactions is about .01-0.1
-1 37
eV i.e. about 10 kJ mol . Physisorption can cause linkage of a
hydrogen atom to two carbon atoms yielding a 4.2 mass %. If
hydrogen approaches the carbon support within a distance of
hydrogen molecule, then due to the possible overlap of wave
functions carbon atom with that of hydrogen electron, the
activation energy barrier for hydrogen dissociation can be
overcome. As a result, the H-H bond of hydrogen molecule
loosens. Hydrogen atoms then chemisorb over carbon atoms
-1 38
with typical energy of about 2-3 eV (~10-50 kJ mol ). This is an
ideal value for the binding of hydrogen, since a material with
slightly weak hydrogen bond would not be suitable as H2 storage
material. Therefore, efforts are on to increase the binding
energy of H2 atoms or molecules to adsorbate surfaces without
compromising on kinetics or reversibility.

Graphene based Hydrogen Storage
19901999

20002009

20102017

As summarized in Table 3, the storage capacities at ambient
temperature and moderate pressure conditions are far from the
US DOE targets. In spite of extensive results available on H2
uptake by carbonaceous materials, the actual mechanism of
storing hydrogen varies from sample to sample. The primary
interaction between carbon support and hydrogen molecules is

Graphene, theoretically, is a single sheet of carbon atoms and
has been predicted to have a hydrogen uptake capacity of 8.3
39
wt.% on both its surfaces with chemisorption. It is important
to acknowledge that modelling of graphene sheet in theoretical
studies is far from the actual practical conditions. Therefore,
even the best experimentally reported values do not approach
the ideal theoretical value. Nonetheless, theoretical studies
predict the performance of materials under specific conditions
and enhance the fundamental understanding of various
processes at play. For instance, curvatures as well as strain in
graphene sheets have been reported to influence the adsorption
40, 41
Theoretical studies also show that increase in the
capacity.
interlayer distance (d) of graphene layers can lead to increased
physisorption free energy and the binding energy for H2 on
graphene substrates. An interlayer distance of approximately 67 Å was found to be optimal to achieve high volumetric
42
density. It is understood that the large surface area, defect
sites such as carbon vacancy, wrinkles, sheet edges and
presence of π-electron density out-of-plane of graphene sheet
favour physisorption of incoming gas molecules. Therefore, the
hydrogen uptake capacity of graphene depends on how it has
been processed. Table 4 lists some experimental studies that
43
investigated hydrogen adsorption capacity of graphene.
H2 storage of about 0.1-0.7 wt.% under moderate temperature
and pressure conditions has been reported by different authors
for exfoliated graphene that possess high BET surface areas.
44, 45
Srinivas et al. studied the hydrogen
Defects and porosity.
storage properties of graphene powder with a BET surface area
2 -1
of 640 m g in the temperature range 77 K to 298 K up to a
maximum hydrogen pressure of 10 bar. Figure 3(a) shows the
hydrogen adsorption-desorption isotherms. The graphene
powders exhibited better storage ~ 1.2 wt% at 77 K and 10 bar
-1
pressure. An isosteric heat of adsorption of about 5.9 kJ mol
for 0.1 wt% of hydrogen uptake (inset of Figure 3(b)) suggested
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some favorable interaction between the adsorbate and the
44
adsorbent. In our previous study, a similar isosteric heat of
-1
46
adsorption ~6 kJ mol was determined. In a similar study,
Klechikov et al. studied the hydrogen adsorption isotherms at 77
K for graphene samples with surface areas ranging from 370
2 -1
2 -1
m g to 2300 m g . The highest uptake of about 4.1 wt.% at 77
K and 10 bar pressure was reported by graphene with the
2 -1 47
largest surface area of 2300 m g . The role of higher surface
area support materials in higher storage capabilities was
investigated and established as shown in Figure 3(b).

Table 4. Hydrogen storage studies on graphene sheets. G:
Graphene sheet, T: Temperature, P: Pressure.
Carbon
material

nano-

H2 wt.% @T (K) / P (bar)

Ref

G nanosheets

1.2% @77 / 10, 0.1% @298 / 10
and 0.72% @ 298 / 100

44

G

0.7% @298 / 40

45

G

0.9% @298 / 100

48

G

<0.2% @290 / 60; 0.4% @77 / 1

49

G

.067% @303 / 57

50

G

3.1% @300 / 100

51

G

1.38% @77 / 1

52

Hierarchical G

4.01% @77 / 1.07

53

G

1.1% @77 / 2

54

Figure 3. (a) Hydrogen adsorption-desorption isotherms of
graphene powder at various temperatures in the range of 77298 K and pressures up to 10 bar. Inset: The isosteric heat of
adsorption versus adsorption capacity. The hydrogen uptake
isotherm of graphite powder was measured at 298 K (1-2
micron, synthetic from Aldrich) for comparison. Reprinted from
Carbon, 48, Srinivas et al., Synthesis of graphene-like
nanosheets and their hydrogen adsorption capacity, 630-635,
44
Copyright (2010), with permission from Elsevier. (b) Hydrogen
adsorption isotherms recorded for graphene samples with
different surface area at 77 K using immersion thermostat.
Isotherm recorded from reference sample of activated carbon is
shown by red symbols. Reprinted from Microporous and
Mesoporous Materials, 210, Klechikov et al., Hydrogen storage
in bulk graphene-related materials, 46-51, Copyright (2015),
with permission from Elsevier.47

Hydrogen Uptake by Chemically Modified Graphene and its
Analogues
Functionalized graphene (f-G) refers to chemical modification of
graphene by attaching various functional groups containing
oxygen, nitrogen, sulfur, phosphorus and boron, etc. Interested
readers are directed to an excellent review on functionalization
of graphene by Georgakilas et al.55 Acid functionalization is often
used to attach surface oxygen functional groups like hydroxyl,
carboxyl, carbonyl, etc. on graphene sheets. These functional
groups attach at the surface irregularities, defect sites or edges
and serve as adsorption sites for impinging gas molecules or as
nucleation sites for catalyst nanoparticles.45, 46 Some authors
believe that such functionalities result in increasing the interlayer spacing of graphene sheets. For instance, activation of
reduced graphene oxide by KOH resulted in high specific surface
area value of 3000 m2 g-1 and a pore volume of 2.2 (cm3 g-1 or
cm2 g-1).56 The measured hydrogen uptake capacity of samples
activated by high temperature annealing in H2 gaseous
environment yielded a saturation value of about 7.8 wt.% at 77
K. The increased surface area helps in promoting
adsorption/accumulation of more number of H2 molecules in
the inner layers.57 Yan et al. have shown the electronic
properties of graphene to be significantly influenced by
oxidation.58 In both these cases, the interaction between gas
molecules-support and catalyst nanoparticle-support is
strengthened. Guo et al. synthesized a “hierarchical” graphenebased material containing a hierarchy of micro (~0.8 nm), meso
(~4 nm) and macro (> 50 nm)-pores and was thus named.53 The
pores are visible in the SEM image of the material in Figure 4(a).
The synthesized material exhibited a 4 wt.% hydrogen storage
via physisorption at atmospheric air pressure.53. Figure 4(b)
depicts the schematic to synthesize the hierarchical graphenebased material, which involves vacuum heat treatment of
graphite oxide that contains abundant oxygen functional groups.
These functional groups under high temperature and vacuum
conditions convert into O2 and CO2 gases. Pores are created
between graphene sheets by these escaping gases forming
53, 59
Thus, functional groups can
wave-like graphene layers.

This journal is © The Royal Society of Chemistry 20xx
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either cause changes in local dipole moment and end up in a
stronger interaction between gas molecules and the carbon
support by acting as tethering sites for incoming gas
atoms/molecules or even play a role in restructuring graphene
sheets. The results of hydrogen uptake by different
functionalized graphene or composites are listed in Table 5.

Figure 4. Synthesis schematic of hierarchical graphene. SEM
image of the hierarchical graphene is at the centre of the
synthesis schematic. Reprinted with permission from Guo et al.,
ACS Sustainable Chemistry & Engineering, 1, 14-18, 2013,
Copyright (2012) American Chemical Society.53

Table 5. Hydrogen uptake values reported in literature for
modified/functionalized graphene. T: Temperature, P: Pressure,
MWNT: Multi-walled carbon nanotube.
Carbon
nanomaterial

Functionalization
with

H2 wt.% @T (K) /
P (bar)

Ref

f-G

Chlorosuphonic
acid

1.6% @77 / 2

54

f-G

Oleum

1.4% @77 / 2

54

GO

-

1.4% @298 / 50

60

GO+MWNT

-

2.6% @298 / 50

60

G+MWNT

-

2.1% @298 / 50

60

f-G

Pt

0.15% @303 / 57

50

f-G

Pd

0.156% @303 /
57

61

f-G

Pd

0.81% @298 / 40

45

Doping of graphene has also been employed to affect desirable
properties. Doped-graphene here refers to substitutional doping
of carbon network by a foreign atom. Doping methods can be
classified into in-situ and ex-situ treatments. In-situ treatments
can incorporate the heteroatoms simultaneously during the
synthesis of graphene itself. Ex-situ methods are post

treatments in which the diffusion of heteroatoms in presynthesized graphene takes place. Ex-situ methods are more
advantageous as they provide better control over synthesis
procedure/parameters like doping level, creation of porous
structure in production, etc. Dai et al. studied the gas adsorption
on graphene doped by boron, nitrogen, aluminium and sulphur
62
atoms by density functional theory (DFT). While the planar
surface of pristine graphene sheet was retained after B- and Ndoping, out-of-plane protrusion was observed in case of Al- and
62
S-doping. The possible cause was attributed to longer bondlengths of Al-C and S-C as compared to C-C, B-C or N-C bond
lengths. The out-of-plane protrusion caused slight curvature of
the graphene sheet resulting in some strain within the sheets
and a change in the local reactivity at the dopant site. The
adsorption energies for H2 gas were estimated as -0.014 eV for
B-G, -0.008 eV for N-G, 2.92 eV for Al-G and -0.006 eV for S-G.62
Thus, out of B, N, Al and S doped graphene, Al-G exhibited the
least hydrogen uptake. In another study by Ao et al. hydrogen
storage capacity of aluminium-doped graphene was investigated
by density functional theory and a capacity of 5.13 wt.% at 300 K
and a high pressure of 1000 bar was estimated.63 Defect sites in
graphene can undergo C-C reconstruction in order to stabilize
the lattice and attain the most stable configuration. However,
the C-C reconstruction would mean a loss in the defect site
density in the carbon network, an effect undesirable for
adsorption studies and/or applications. In situ investigations of
graphene sheet in nitrogen environment have shown that
nitrogen dopant atoms donate 1 and 2 π-electrons to carbon
lattice thereby avoiding its reconstruction at defect sites.64
Nitrogen-doped graphene nanoplatelets yielded a H2 storage
capacity of 0.42 wt.% at 25 °C and 32 bar.65 Phosphorous-doped
graphene sheets were prepared by Ariharan et al. that showed
hydrogen uptake of ~2.2 wt.% at 298 K and 100 bar pressure.66
Thus, even the doped-graphene sheets do not meet the DOE
targets but are effective in enhancing the hydrogen-uptake
capacity as compared to pristine graphene.
Influence of Metal or Alloy Catalyst Doping on the Hydrogen
Uptake of Graphene and its Analogues
Since its discovery in 2004, graphene has been the subject of
theoretical as well as experimental studies in many diverse fields
due to its unique properties.67 Theoretical studies enable
researchers to carry out in-depth investigations. For instance,
the structure of graphene sheets can be designed to the extent
of number of contributing layers, pore size, pore volume, pore
distribution, curvature, edge- or sheet-defects etc. all of which
are known to influence the adsorption capability of support
materials. Of particular importance is the study reported by
Dimitrakakis et al. who reported a novel CNT separated
graphene three-dimensional pillared network shown in Figure
68
5(a). Gravimetric hydrogen uptake by graphene, CNT, pillared
graphene and Li-doped pillared graphene was studied at 77 K
and 300 K in the 0-100 bar pressure range is shown in Figure
5(b-c). The hydrogen uptake by Li-doped pillared graphene was
the highest among the studied samples exhibiting 41 g H2 per
liter, which was very close to the then DOE volumetric
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requirement of 45 g H2 per liter. Ca-decorated zigzag graphene
nanoribbons studied by Lee et al. showed a 5 wt. % hydrogen
capacity. The low-cohesive energy of calcium atoms helps in
maintaining their dispersion over the support and avoids their
69
agglomeration.

Figure 5. (a) Pillared graphene. A novel 3-D network
nanostructure proposed for enhanced hydrogen storage.
Gravimetric hydrogen uptake for graphene (diamonds), (6,6)
carbon nanotubes (squares), pillared material (triangles), and Lidoped pillared (stars) at (b) 77 K and (c) 300 K. Reprinted with
permission from Dimitrakakis et al., Pillared graphene: A new 3D network nanostructure for enhanced hydrogen storage, Nano
Letters, 8, 3166-3170, 2008. Copyright (2008) American
68
Chemical Society.

reversible adsorption. Figure 7 shows the charge density
variation of different defects and variation in hydrogen binding
70
energy as hydrogen coverage increases. The authors find that
Stone-Wales defect in the vicinity of a single vacancy are
favorable sites for hydrogen binding due to increased binding
energy. Some more studies on graphene and graphene-like
supports studied by researchers for hydrogen storage
capabilities have been summarized in Table 6.

Figure 6. (a, b) The optimized atomic geometries for a Ca atom
adsorbed on the edge of a zigzag graphene nanoribbon (ZGNR)
and armchair graphene nanoribbon (AGNR), respectively. (c, d)
The charge density difference between the Ca atom and the
ZGNR with the isosurface value of 0.0005 e/(au)3 when the Ca
atom is attached on the edge and the middle, respectively. Red
and blue colours indicate electron accumulation and depletion,
respectively. (e-i) The optimized atomic structures of a Ca atom
adsorbed on the armchair edge of a zigzag-armchair-edged GNR,
the zigzag edge of an armchair-zigzag-edged GNR, the zigzag
edge of a large vacancy-defected graphene, a (7,0) C-BN
nanotube junction, and a (7,7) mixed C-BN nanotube,
respectively. Reprinted with permission from Lee et al., Calciumdecorated graphene-based nanostructures for hydrogen
storage, Nano Letters, 10, 793-798, 2010. Copyright (2010)
American Chemical Society.69

As shown in Figure 6, Ca atoms tend to adsorb on the zigzag
edge of graphene with a Ca-Ca distance of 10 Å, without
clustering of the Ca atoms and up to six H2 molecules could bind
to a Ca atom with a binding energy of ∼0.2 eV/H2. Another
recent theoretical study addressed the role of topological
defects of graphene in anchoring and binding hydrogen to
defect sites like Stone-Wales type, single and double vacancy
70
defects. It was found that a single vacancy in the vicinity of a
Stone-Wales defect had a favorable hydrogen binding ability for

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Journal of Materials Chemistry A Accepted Manuscript

Journal Name

Please
not adjustChemistry
margins A
Journal
ofdo
Materials

Page 8 of 18
View Article Online

DOI: 10.1039/C7TA05068B

ARTICLE

Journal Name

Figure 7. (a) Top view charge density plot for the single vacancy
defect. The three carbon atoms adjacent to the vacancy can be
observed to have lower charge density around them in
comparison to the rest of the carbon atoms in the graphene
sheet. The carbon atom with a dangling bond is located just
above the vacancy in the figure. The other two adjacent atoms
have a greater amount of charge between them than the
amount of charge between either of them and the dangling
bond atom, giving these two adjacent atoms slightly higher
stability than the dangling bond atom. Change in average
hydrogen binding energy of high defect density systems with
increasing number of hydrogen molecules: (b) single vacancy
(SVMD) system (c) Stone-Wales and single vacancy (SWSVMD)
system. Adapted from International Journal of Hydrogen Energy,
39, Yadav et al., Defect engineering of graphene for effective
hydrogen storage, 4981-4995, Copyright (2014), with permission
from Elsevier.70

Material

Outcome/ Prediction Year

Year

Ref

Graphitic
#
platelets

Physisorption energy of H2 on
graphitic platelets and
polycyclic aromatic
hydrocarbons estimated to be
-1
-1
3.5 kJ mol and 7.2 kJ mol ,
both of attractive nature

2004

71

Graphene
#
and SWNT

Binding energy for hydrogen
bound inside nanotubes is
about twice of adsorption
outside nanotubes or on
graphene layer. Parallel
orientation of hydrogen bond
more effectively binds to
carbon substrate.

2007

72

C linear
chain,
graphene
and NTs#

Transition-metal atoms can
bind on the inner as well as
outer surface of NTs and also
on both sides of graphene

2008

73

Li-adsorbed
#
graphene

Li 2s orbital donates part of its
electronic charge to graphene
inducing metallic character in it
and reaching a gravimetric
density of 12.8 wt.%

2008

74

3-D carbon
nano#
structure

By design the material has
tunable pore sizes and surface
areas, if doped with lithium
cations, material’s storage can
-1
reach ~ 41 g H2L under
ambient conditions

2008

68

Ti on
graphene
#
oxide

Each Ti can bind multiple H2,
the desired binding energies
-1
(14-41 kJ mol of H2).
Theoretical gravimetric and
volumetric densities are
estimated as 4.9 wt % and 64 g
-1
L

2009

75

Ca on
porous 3-D
graphene#

Ca donates its 4s charge partly
to emptyπ∗band of graphene,
Ca becomes positively charged
while graphene on receiving
electron density exhibits
metallic character. By
adsorbing Ca on both sides of
graphene sheet, hydrogen

2009

76
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77

Ca atoms preferably adsorb on
3
sp hybridized vertex sites as
2
compared to sp hybridized
planar surface. Coulomb and
Kubas interaction result in
higher (5-6 wt.%) storage
capacity.

2009

Interaction of H2 with the
alkoxide material can be
increased to 3.7 kcal mol-1,
gravimetric and volumetric
targets can be met at low
hydrogen pressures and 77 K

2010

Graphenelike
nanosheets$

At 10 bar, hydrogen absorption
capacities of 1.2 wt.% @ 77 K
and 0.1 wt.% at 298 K

2010

Li on borondoped
#
graphene

Li coated boron-doped
graphene has p-p hybridization
that increases the binding
energy to about 0.13 eV per H2
such that four
polarizedH2molecules are
attached to a Li atom

2010

Li-graphene,
#
Ti-graphene

Effect of strain on adsorption
of metal atoms over graphene
surface studied. A tensile strain
of 10% increases adsorption
with a binding energy of 0.2
eV/ H2, gravimetric density for
Li and Ti to increase to 15.4
wt.% and 9.5 wt %, respectively

2010

41

Transition
metal (TM)
doped
defected
#
graphene

Periodic arrangement of
carbon atom vacancy forms the
defected graphene. TM atoms
adsorbed at these defect sites
are bound sufficiently strongly
so as to avoid their clustering.
Fe-Ti decorated defected
graphene has gravimetric
efficiency of 5.1 wt % of
hydrogen with desorption
starting at ∼400 K.

2010

80

Al adsorbed
#
graphene

Al adsorbed on both sides of
graphene can store up to 13.79
wt.% with recycling at ambient
conditions with average

2010

Ca on
#
graphene

Published on 09 October 2017. Downloaded by University of Newcastle on 10/10/2017 02:08:57.

adsorption energy of -0.193 eV
per H2

Alkoxide OLi
#
group

78

Li-doped
porous
#
graphene

Gravimetric capacity of 12 wt.%
is estimated.

2010

82

Ca on
graphenebased
nanostructur
#
e

Ca atoms adsorb on zigzag
edges of graphene, binding
energy of -0.2 eV per H2 and
gravimetric density of 5 wt.% is
estimated

2010

69

Pd and Pt
decorated
graphene$

Volumetric adsorption done to
study H2 adsorption till 303 K
and 5.7 MPa. Both Pd and Pt
decorated graphene adsorb
more hydrogen as compared to
pristine graphene.

2011

50

Ti in doublevacancy
#
graphene

Up to eight hydrogen
molecules can be stored per
unit cell.

2011

83

Ni and B
doped
$
graphene

Graphene doped with Ni (0.83
wt.%) and B (1.09 wt.%) stores
4.4 wt.% H2 at 77 K and 106
kPa

2011

84

Ca
decorated Bdoped
#
graphene

Ca atoms on graphene form
clusters and doping graphene
with B avoids the clustering
problem of Ca atoms. Average
binding energy is about -0.4 eV
per H2. Theoretical gravimetric
density of 8.38 wt.% for
double-sided Ca-decorated
graphene doped with 12 at% of
B atoms has been estimated.

2011

85

Corrugations and curvature of
graphene can be used to
influence the binding energy by
about 2 eV. Reversible storage
of hydrogen possible by
changing the curvature of
graphene sheets at ambient
conditions. Gravimetric
capacities of up to 8 wt.% were
estimated.

2011

40

Pillared graphene is shown to
have better hydrogen storage
capacity as compared to CNTs.

2012

86

44

79

Graphene

81

#

Pillared
graphene#
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Lithium
amidoboran
e (LiAB) and
GO

-O and –OH groups help in
combination of GO and LiAB as
GO3-LiAB, which exhibits better
dehydrogentation properties

2013

87

Mg-rGO$

Mg nanocrystals in graphene
oxide, gravimetric density of
6.5 wt.%

2016

88

N-doped
#
graphene

Physisorption preferred on
pristine and substitutional Ndoped graphene where as
pyrrolic and pyridinic nitrogen
doped graphene prefer
chemical adsorption.

2016

89

MgH2catalyz
ed by
Fe3O4@grap
$
hene sheets

Improved H-storage (6.2 wt.%
at 290 °C and 15 bar), lower
desorption temperature of 262
°C, which is about 160 °C lower
than pristine MgH2. Formation
of Mg1-xFexO penetrates MgO
layer providing H-diffusion
pathways resulting in better
kinetics

2016

90

Pd
decorated
graphene
and
nitrogendoped
#
graphene

Nitrogen-doped graphene
binds Pd more effectively as
compared to Pd-graphene. At 0
K a gravimetric density of 3.622
wt. % was estimated.

2017

Figure 8: TEM images of (a) GO/V2O5 and (b) GO/TiO2. It can be
seen that thin layers of GO wrap V2O5 and TiO2. Arrows indicate
GO layers. High pressure H2 adsorption of (c) V2O5, GO,
GO/V2O5, and (d) TiO2, GO and GO/TiO2. Reprinted from
International Journal of Hydrogen Energy, 37, Hong et al., Agentfree synthesis of graphene oxide/transition metal oxide
composites and its application for hydrogen storage, 7594-7599,
Copyright (2012), with permission from Elsevier.92
91

The above discussion and studies listed in Table 6 suggest that a
significant number of theoretical studies report a high
gravimetric or volumetric density for H2 storage in graphene,
which are difficult to substantiate with practically observed
values. The strength of physisorption on large area and nano
porous carbon favor fast kinetics of adsorption/ desorption but
low binding energies render them thermodynamically less
stable. Hong et al. studied the graphene oxide wrapped TiO2 and
V2O5 nanostructures for hydrogen adsorption and found that
wrapping the oxide nanostructures by few layers of graphene
resulted in the increased uptake of hydrogen as shown in Figure
92
8. The authors further found that the C-OH species present in
GO react with surface-adsorbed oxygen of metal oxides and
favor the bonding between graphene sheets with the metal
oxide nanostructures.

Recently, Cho and co-researchers reported safe and selective
hydrogen storage in graphene oxide-metal nanocrystal
multilaminates.93 Magnesium nanocrystals were encapsulated in
reduced graphene oxide sheets. The reduced graphene oxide
sheets played a dual role. The sheets being atomically thin firstly
eliminate any extra inactive mass that could be present in the
adsorbate resulting in high hydrogen uptake capacities. Secondly,
the encapsulation provides a protective coating against oxygen
or moisture thereby retaining the Mg nanocrystals in their
metallic state ready for hydrogen absorption. Interestingly, the
metallic state of Mg nanocrystals was retained even after three
months of air exposure highlighting the robustness of the
encapsulating layer. Figure 9 shows the reduced graphene
oxide-Mg laminates and their hydrogen adsorption/desorption
characterization. The material could achieve 6.5 wt% of
gravimetric density as shown in Figure 10.
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Figure 9. Mixed dimensional rGO-Mg laminates for stable and
energetically-dense hydrogen storage. (a) Illustrations depicting
the structure of the rGO-Mg nanolaminates where rGO layers
prevent O2 and H2O from penetrating, while allowing the
diffusion of H2 (inset: photograph of rGO-Mg in air). (b) TEM
images of rGO-Mg showing the high density of Mg nanocrystals
with no visible aggregates. The upper inset is a high-resolution
image and the lower inset is diffraction pattern where the
hexagonal dots are matched to Mg (100), corresponding to a dspacing of 2.778Å (JCPDS 04-0770). (c) XRD spectra of rGO-Mg
after synthesis and after 3 months in air with indices of peaks
(JCPDS 04-0770; the bottom bars represent an XRD pattern of
hexagonal Mg (hcp) (red), tetragonal MgH2 (pink), hexagonal
Mg(OH)2 (green) and cubic MgO (blue)). Reproduced from
https://www.nature.com/articles/ncomms10804 licensed under
CC BY, http://creativecommons.org/licenses/by/4.0/), DOI:
10.1038/ncomms10804.88

Figure 10. Hydrogen absorption/desorption characterization of
rGO-Mg multilaminates. (a) Hydrogen absorption/desorption (at
200 °C and 15 bar H2/300 °C and 0 bar) for the prepared rGO-Mg
multilaminates. (b) Hydrogen absorption/desorption cycling of
rGO-Mg multilaminates that were first exposed to air overnight.
The first 5 cycles were performed at 250 °C and 15 bar H2/350 °C
and 0 bar, and the additional 20 cycles at 200 °C and 15 bar
H2/300 °C and 0 bar. (c) XRD spectra of rGO-Mg after
absorption/desorption (the bottom bars represent the XRD
patterns of Mg (red), MgH2 (pink), Mg(OH)2 (green) and MgO
(blue)).
Reproduced
from
https://www.nature.com/articles/ncomms10804 licensed under
CC BY, http://creativecommons.org/licenses/by/4.0/), DOI:
10.1038/ncomms10804.88

From experimental studies it is clear that hydrogen storage
capacities of carbonaceous materials can be increased by the
incorporation of alkali metal, transition metal or metal oxide
nanoparticles. These reports have suggested that in the
presence of transition metal nanoparticles, molecular hydrogen
complexes of transition metals can be formed.94 The binding is
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J. Name., 2013, 00, 1-3 | 11

Please do not adjust margins

Journal of Materials Chemistry A Accepted Manuscript

Published on 09 October 2017. Downloaded by University of Newcastle on 10/10/2017 02:08:57.

Journal Name

Please
not adjustChemistry
margins A
Journal
ofdo
Materials

Page 12 of 18
View Article Online

DOI: 10.1039/C7TA05068B

Journal Name

strong due to Kubas interaction in which the charge from the
highest occupied orbital of H2 ligand is donated to empty metal
d-orbitals and back-donated to lowest unoccupied orbital of
8
ligand. Another mechanism, proposed and tested is the
hydrogen spillover mechanism depicted in Figure 11 that
involves dissociation of H2 molecules into hydrogen atoms
followed by their chemisorption on metal nanoparticles. The
hydrogen molecules get polarized in the vicinity of metal
nanoparticles and the H-H bond loosens up, while hydrogen
atoms chemisorb on metal nanoparticles. As the metal
nanoparticle saturates, the hydrogen atoms migrate and diffuse
over the supporting material, which is the adsorbate. A good
contact between the metal nanoparticle and supporting
adsorbate material mitigates the barrier for hydrogen atom
migration and plays a very important part in “spilling” the
hydrogen atoms over adsorbate’s surface.95 Since the cohesive
forces between metal nanoparticles are strong, metal
nanoparticles tend to agglomerate. The resulting bigger
nanoparticles have considerably less adsorption sites and
compromise the hydrogen uptake capacity. In connection with
spillover mechanism, the system of Ni-graphene was studied for
hydrogen storage and at room temperature a gravimetric
density of 0.14 wt.% at 1 bar pressure and 1.18 wt.% at 60 bar
pressure was reached.96 In other studies, Pd-graphene system
studied by Zhou et al. was found to yield a gravimetric density of
6.7 wt. % at 50 bar pressure in the 1% Pd/graphene
nanocomposite, while the capacity increased to 8.67 wt. % at 60
bar.97 Further, for the 5% Pd/graphene nanocomposite,
gravimetric density of 7.16 wt.% at 60 bar was reported.97 At
room temperature (25 °C), Pd-graphene and Pt-graphene were
found to have gravimetric densities of 1.76 wt.% at 20 bar
pressure and 1.4 wt.% at 30 bar, respectively.46, 98 At room
temperature
and
10
bar
pressure,
TiO2-graphene
nanocomposite exhibited H2 storage capacity of 0.39 wt.%.99

Figure 11. Schematic depicting the concept of hydrogen spillover.
45, 46

Hydrogen Uptake by Metal/Metal Alloy-Decorated Chemically
Modified Graphene
Chemical modification of the carbon support materials can
significantly affect the hydrogen adsorption and desorption
process and result in uniform dispersion of metal catalyst
nanoparticles over support. Kim and co-workers investigated
metal dispersion on N-doped graphene by pseudopotential
density functional theory approach and found that the new
acceptor-like states near Fermi level resulting from lone pairs of
nitrogen atoms strengthen the binding of transition metal on
graphene.100 Boron-doped graphene (B-G) decorated with Ni, Pd
and Co nanoparticles was investigated using first principle
calculations for hydrogen storage through spillover and it was
found that B-G promotes faster H-diffusion.101 DFT studies on
transition metal-alkaline metal decorated B-G surface revealed
that high gravimetric densities of ~6.5 wt.% could be
achieved.102 The system chosen by Nachimuthu et al. for the
study was Ni-Ti-Mg. The criterion of such selection by authors
was based on the hydrogen adsorption energies of the metals
which are strong (Ni = -0.92 eV), medium (Ti = -0.52 eV) and
weak (Mg = -0.01 eV) to optimize adsorption/desorption
processes. DFT calculations on dual-surface Ca decorated borondoped graphene show that a gravimetric density of 8.38 wt.%
can be achieved.85 Polarization of H2 molecule due to electric
field of Ca-graphene dipole and hybridization of 3d orbitals of Ca
and σ orbitals of H2 together contribute towards the adsorption
process.
The theoretical studies have been corroborated experimentally
by various research groups. For instance, our earlier results
show that Pd can act as very good catalyst for hydrogen
storage.46, 103 The uniform dispersion of catalyst particles in
nano-dimensions over adsorbent material with strong bonding
enhances the catalytic activity and hence hydrogen storage
capacity. Chemical modification of carbon support is necessary
for the uniform dispersion of metal catalyst nanoparticles
without compromising on the inherent properties of support
such as porosity and high surface area.4, 104, 105 In our previous
study, Pd catalyst nanoparticles were dispersed over chemically
modified few layer graphene (FLG) samples. The chemical
modifications of the graphene samples were carried out by acid
functionalization (f-FLG) and nitrogen doping (N-FLG). Acid
functionalization resulted in different oxygen functional groups
(-OH, -COOH, -C=O, etc.) on graphene support. Meanwhile,
nitrogen doping by N2 plasma treatment introduced pyridinic,
pyrrolic and graphitic nitrogen functional groups to the
graphene support. Figure 12 depicts the SEM images of f-FLG (a),
Pd/f-FLG (b), N- FLG (d) and Pd/N-FLG (e). SEM images of f-FLG
and Pd/f-FLG show that acid functionalization leads to the
restacking of graphene sheets. SEM image of N-FLG and Pd/NFLG illustrate that nitrogen doping by plasma method does not
lead to restacking of sheets and thus retains the high surface
area of graphene structure even after chemical modification.
The Pd nanoparticle’s dispersion over chemically modified
graphene sheets was seen to be fairly uniform (Figure 12 (c and
f)). Pd particle sizes for Pd/f-FLG and Pd/N-FLG samples were

12 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Journal of Materials Chemistry A Accepted Manuscript

Published on 09 October 2017. Downloaded by University of Newcastle on 10/10/2017 02:08:57.

ARTICLE

Page 13 of 18

Please
not adjustChemistry
margins A
Journal
ofdo
Materials
View Article Online

DOI: 10.1039/C7TA05068B

ARTICLE

approximately ~ 4 nm and ~ 3.1 nm, respectively. A uniform
decoration and distribution of nanoparticles over the carbon
supports is difficult yet important to realize, as mentioned
earlier. The decorated nanoparticles make surface sites available
for adsorption. A nanoparticle well-connected with the support
can also transfer the dissociated hydrogen atoms via spillover
effect on the carbon support contributing towards a higher
46, 65
Thus, it is important that the catalyst
hydrogen uptake.
nanoparticles adhere to the support strongly and in turn
mitigate cohesive forces resulting in agglomeration.

The hydrogen uptake capacity of FLG, N-FLG, Pd/f-FLG and
Pd/N-FLG at 25 °C and 20 bar (20 bar) pressure were observed
to be 0.53, 0.88, 1.75 and 2.10 wt. %, respectively as shown in
Figure 13. Nitrogen doping and subsequent Pd catalyst
nanoparticle dispersion increases the hydrogen storage capacity
of FLG by 0.6 times and 2.96 times, respectively at 25 °C and 20
bar pressure. Even though Pd catalyst dispersion over acid
functionalized FLG increases the hydrogen storage capacity
considerably, it is lesser as compared to the Pd catalyst
dispersion over nitrogen doped FLG. The main reason for this is
the large agglomeration of graphene sheets after acid
functionalization that reduces its physical surface area required
for the adsorption of hydrogen. The maximum hydrogen storage
capacity of 2.94 wt. % and 4.4 wt. % were achieved for Pd/fHydrogen Exfoliated Graphene and Pd/N-Hydrogen Exfoliated
Graphene samples at 25 °C and 40 bar pressure. 45, 103
Table 7. Average Isosteric heat of adsorption for all metal
catalyst nanoparticles decorated doped and undoped graphene
samples. Reprinted with permission from Vinayan et al.,
Langmuir, 28, 7826-7833, 2012, copyright (2012), American
Chemical Society 45, 46
Sample

Figure 12. SEM image of (a) f-FLG, (b) Pd/f-FLG, (d) N-FLG and (e)
Pd/N-FLG.TEM image of (c) Pd/f-FLG and (f) Pd/N-FLG. Reprinted
with permission from Vinayan et al., JPCC, 115, 15679-15685,
2011, Copyright (2011) and Langmuir, 28, 7826-7833, 2012,
copyright (2012), American Chemical Society.45, 46

Hydrogen
wt.% at 20
bar and 25 °C

Average isosteric heat of
adsorption, - Qst, (kJ mol
1
) between 0.1 ≤η ≥ 1

Few layer
Graphene (FLG)

0.53

N-FLG

0.88

8.2

Pd/f-FLG

1.75

10.5

Pd/N-FLG

2.10

14.5

6.0

The interaction of hydrogen with graphene, doped-graphene
and decorated and doped-graphene supports was studied by
estimating the heats of adsorption of H2 for all samples. The
hydrogen adsorption isotherms at 25 °C, 50 °C and 100 °C by
using the Clausius-Clapeyron equation .46 The isosteric heats of
adsorption (∆H) were calculated by evaluating the slope of the
plot (η) of ln (P) vs. (1/T) at the same adsorption amount (wt. %).
It has been observed that an isosteric heat of adsorption (∆H)
varies with H2 wt. % and the average heat of adsorption for the
samples is tabulated in Table 7. The authors have reported the
isosteric heats of adsorption of ~ 6 kJ mol-1 for pristine graphene
samples in an earlier work.46 After incorporation of Pd catalyst
nanoparticles on chemically modified graphene support, ∆H
value is observed to increase to ~ 14.5 kJ mol-1, respectively,
indicating a shift from physisorption to chemisorption.
Figure 13. Pressure-composition isotherms of (a) FLG, (b) N-FLG,
(c) Pd/f-FLG and (d) Pd/N-FLG at different temperatures.
Reprinted with permission from Vinayan et al., JPCC, 115,
15679-15685, 2011, Copyright (2011) and Langmuir, 28, 78267833, 2012, copyright (2012), American Chemical Society.45, 46

In spillover mechanism, the use of transition metals and their
alloys can reduce the hydrogen dissociation barrier. But
transition metals like Ti bind strongly H atoms after dissociation
and hinder their migration to the carbon support.45 In this case,
the metal nanoparticle becomes inactive after its saturation
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with H atoms. Thus, the catalyst nanoparticles should carry out
the dissociation of H molecules with an optimum binding energy.
One recent report showed that alloying of Pd with the 3d-TM
like Co could give a very good catalyst for H2 adsorption. The
authors showed a H2 storage capacity of 5.3 ± 0.1 wt. % for
Pd3Co/gC3N4 sample at room temperature and 33 bar H2
106
pressure. Alloying of Pd with Co can lead to a deficiency of
107
electrons in the valence d orbital of Pd. These changes in
electronic density states of Pd by the inclusion of Co can give an
easy dissociation of H atoms and their optimum binding energy
with catalyst nanoparticles. In addition, the alloying with Co
would reduce the hydrogen corrosion in palladium leading to
better stability of the material after several cycles of
hydrogenation.

penetrate through the graphene sheet and combine with
electrons on the inner surface of carbon nitride to produce
hydrogen molecule. The penetration of holes through the
graphene sheets occurs due to electrostatic attraction between
the proton and the electron. The hydrogen thus produced stays
within the sandwiched volume. Figure 14 shows the mechanism
of the entire process and completes the generation to storage
sequence.

Recent Developments on Multicomponent
Graphene-based Systems
The efforts are constantly being made to enhance the H2 storage
capacity of solid state materials and graphene-based materials
have shown promising results to be a part of this solution. The
authors believe that few recently reported studies are very
promising, which would be useful for designing future hydrogen
storage materials. The first study explores the possibility of using
graphene along with LiAlH4 which has a high H2 storage capacity
of 10.5 wt.% and can release 7.9 wt.% but requires high
108
temperatures (~ 200 °C) for H2 release. A 1 wt.% of NiCo alloy
encapsulated in graphene (NiCo@G) was used as catalyst for
ball-milled LiAlH4 and the dehydrogenation temperature could
be reduced by 109 °C, which is a great achievement in this
direction. It is understood that after doping with 1 wt.% NiCo@G
alloy, the particle size significantly reduces resulting in increased
grain boundaries. Graphene, due to its high mechanical strength
serves as a good grinding agent for ball milling. This study could
well prove to be a trend-setter, opening up a window of
opportunities combining strengths of graphene hydrogen
adsorption with other methods of H2 storage. In the second
study, nanocrystalline TiO2@C-doped sodium alanate (NaAlH4)
109
was used for hydrogen storage by Liu et al. Sodium alanate is
known for poor reversibility and slow kinetics. However, the
TiO2@C-doped NaAlH4 exhibited a remarkable improvement in
uptake and release of hydrogen. While hydrogen release
temperature could be brought down by 114 °C i.e. to 63 °C,
hydrogen reabsorption could be started at 31 °C. Moreover, the
dehydrogenated sample could be completely hydrogenated at
100 bar and 50 °C. The study highlights that ambient
temperature hydrogen storage by alanates is possible due to
109
synergistic effects of Al-Ti and carbon.
In the third study,
photocatalytic hydrogen generation followed by hydrogen
110
storage in capsule has been discussed. This pioneering work
integrates hydrogen generation with H2 storage. In this study,
carbon nitride functionalized on either side by different
functional groups is sandwiched between two graphene sheets.
Light absorbed by the top layer generate electron-hole pair and
deliver the holes to the outer graphene sheet where water
splitting and proton generation take place. The protons

Figure 14. Scheme of water splitting and hydrogen capsuling
scheme. (a) Models of graphitic carbon nitrides CN, C2N, C3N4.
(b) The photocatalytic (water splitting) hydrogen generation and
capsule storage scheme: (1) photo-generated electrons (e ) and
+
+
holes (h ) separating; (2) water splitting to produce protons (H )
+
+
through holes (h ) attacking; (3) protons (H ) penetrating
through GO and producing H2 molecules; (4) H2 molecules are
prohibited from moving out of the sandwich. Here GO–CN–GO is
used as an example. Blue, grey, pink and red beads stand for N,
+
C, H (H ) and O atoms, the yellow and light blue clouds are for
+
photo-generated electrons (e ) and holes (h ), and the blue and
magenta arrows represent the migration of corresponding
particles. Reproduced from
https://www.nature.com/articles/ncomms16049 licensed under
CC BY, http://creativecommons.org/licenses/by/4.0/), DOI:
110
10.1038/ncomms16049.

Conclusions and Future Prospects
The efforts to present the world with a green, efficient,
renewable and economical fuel are in progress and there are
still milestones to be achieved. In this direction, success on the
front of hydrogen storage will expedite realization of hydrogen
economy and the smart renewable energy grid concept. The
challenge is to find a material with reasonably good hydrogen
storage capability with recyclability and faster kinetics.
Graphene due to its high surface area, edge defects and
curvature is widely employed as a popular support material. A
lot of reports have appeared in the past few years which have
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focused on theoretical studies and structures so ideal that are
impossible to imitate practically. Therefore, there is a huge
difference in the theoretical and experimental values. While on
the theoretical front it would be challenging to imitate real
graphene-based scalable structures and carry out simulations of
hydrogen adsorption/desorption. It would be further challenging
to synthesize near-perfect graphene-based materials and study
their H2 adsorption/desorption properties at ambient conditions.
In order to tune the binding energy of H2 gas molecules on
support materials, the techniques of surface chemical
modifications and metal/alloy catalyst dispersion are very
promising. Modified graphene supports by heteroatom doping
or functionalization exhibit marked improvement over the
pristine supports. Research on combining metal hydrides,
alanates and MOFs with graphene materials may lead some
improvement in hydrogen storage in the coming years.

6.

7.

8.
9.

10.
11.
12.

In addition, the prospect of designing graphene-based “smart”
devices is anticipated by the authors. These devices could be
made up of units of bilayer graphene sheets stacked together in
the form of a three-dimensional network capable of tuning the
curvature and interlayer spacing of graphene sheets. The
curvature of interlayer spacing could be self-tuned by the “smart”
material after receiving stimulus from an external agent that
could be pressure, temperature, electric field etc. A change in
curvature or interlayer spacing would result in change in binding
energy of the adsorbents thus either promoting or suppressing
adsorption. These “smart” devices should be able to sense the
demand for hydrogen adsorption/desorption and accordingly
undergo structural modification. So in conclusion, combining
techniques of structural/ surface modifications and introducing
new materials could be a way forward to elevate the current
H2 storing capabilities by graphene-based materials.
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