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Abstract—The review is devoted to current and promising areas of application of graphene and materials
based on it for generating environmentally friendly hydrogen energy. Analysis of the results of theoretical and
experimental studies of hydrogen accumulation in graphene materials confirms the possibility of creating on
their basis systems for reversible hydrogen storage, which combine high capacity, stability, and the possibility
of rapid hydrogen evolution under conditions acceptable for practical use. Recent advances in the develop-
ment of chemically and heat-resistant graphene-based membrane materials make it possible to create new gas
separation membranes that provide high permeability and selectivity and are promising for hydrogen purifi-
cation in processes of its production from natural gas. The characteristics of polymer membranes that are cur-
rently used in industry for the most part can be significantly improved with small additions of graphene mate-
rials. The use of graphene-like materials as a support of nanoparticles or as functional additives in the com-
position of the electrocatalytic layer in polymer electrolyte membrane fuel cells makes it possible to improve
their characteristics and to increase the activity and stability of the electrocatalyst in the reaction of oxygen
evolution.
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INTRODUCTION
In recent years, graphene has received much atten-

tion from the scientific community. The innovative
experiments of A.K. Geim and K.S. Novoselov, for
which they were awarded the Nobel Prize in Physics in
2010 [1], gave a huge boost to the active research and
implementation of graphene and graphene-like mate-
rials in various fields of science and technology.
Graphene is a single layer (monolayer) of carbon
atoms strongly bound in a hexagonal crystal lattice.
This is a carbon allotrope in the form of a plane of sp2

bonded carbon atoms with a molecular bond length of
0.142 nm [2]. Graphene possesses a number of unique
properties, such as very high thermal and electrical
conductivities and high specific surface area, mechan-
ical strength, and resistance against corrosive environ-
ments [2, 3]. All of these properties make it an

extremely promising material for use in nanoelectron-
ics and electrochemical power engineering, and in the
field of membrane materials for desalination and water
purification; research on the anti-cancer properties of
graphene is also underway. This review considers new
topical and promising areas of application of graphene
and materials based on it for generating environmen-
tally friendly hydrogen energy, namely, in hydrogen
purification and storage systems, as well as in electro-
chemical systems for the production and utilization of
hydrogen.

1. GRAPHENE-BASED HYDROGEN
STORAGE SYSTEMS

For the development of hydrogen power genera-
tion, it is necessary to create safe and efficient systems
for the reversible storage of hydrogen with high capac-
ity and stability, and the possibility of rapid hydrogen
evolution [4–8]. Much attention has been paid
to graphene-based nanomaterials, two-dimensional
(2D) crystals composed of a monolayer of sp2 hybrid-
ized carbon atoms that form a honeycomb structure.
This configuration of carbon atoms can provide effec-
tive bonding with hydrogen atoms. In terms of hydro-
gen storage, graphene has other useful properties as
well. It is an environmentally friendly, lightweight, and
thermally and chemically stable material, which has
273
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high mechanical strength and can be transported over
long distances. At the same time, graphene is a f lexible
material, which is important for use in various devices.
Graphene can be synthesized in large quantities using
different methods, and its production is becoming
cheaper every year. According to theoretical estimates,
the specific surface area of graphene is 2630 m2/g
[9, 10]. Indeed, individual sheets obtained during the
synthesis of graphene form agglomerates and/or have
defects, so the real specific surface is usually 150–
600 m2/g (less often about 2000 m2/g). It should be
noted that the specific surface area of three-dimen-
sional (3D) graphene materials can reach 3500 m2/g
[11, 12]. These materials will be discussed separately
below.

Hydrogen can be adsorbed on graphene in two
ways. These are physical sorption (usually hydrogen in
molecular form) and chemisorption (atomic hydro-
gen).

The physical sorption is caused by physical interac-
tions mainly due to van der Waals forces. This process
shows fast kinetics, but high pressures and low tem-
peratures are required to ensure stability. According to
various estimates, the binding energy at a distance of
about 0.3 nm from the graphene layer is only 0.01–
0.06 eV [13, 14]. The first theoretical estimates of the
gravimetric hydrogen storage capacity of graphene
gave very low values, but the authors of [15] in 2005
took into account quantum effects in their model and
obtained encouraging results. It should be noted that
we are not talking about a separate graphene sheet.
The above study presents data for two graphene layers
separated by an interlayer gap of d = 0.4–1.4 nm
(Fig. 1). The calculations were performed for pres-
sures of 5 and 10 MPa and temperatures in the range
of 200–300 K. The best results were obtained for an
interlayer distance of about 0.7 nm (in natural graph-
ite, the distance between layers is about 0.335 nm).
The gravimetric capacity at a temperature of 300 K
and at pressures of 5 and 10 MPa is 3.32 and 4.54 wt %,
respectively; this characteristic at 250 K and at pres-
sures of 5 and 10 MPa is 5.11 and 6.43 wt %, respec-
tively. A substantial decrease in the gravimetric capac-
ity values is observed for interlayer distances of less
than 0.6 nm and more than 0.8 nm. According to the
authors of [15], only a system of layers with an
increased distance compared to that of graphite can be
of interest for practical application. Such systems can
be created, for example, by introducing other atoms
(this topic will be have more discussion below).

In most experiments, the values of the sorption
capacity of graphene turned out to be rather low, in
particular, less than 1 wt % at room temperature and
pressures of 0.1–10 MPa and slightly more than 1 wt %
at 77 K (for example, see [14, 16, 17]). Some of the best
experimental data on sorption capacity were obtained
in [18], namely, 3.1 wt % at 300 K and 10 MPa.
A graphene sample with a specific surface area of
NANOTEC
925 m2/g was obtained by exfoliation of graphite oxide
and consisted of 3–6 layers (Fig. 2). The value of the
gravimetric capacity was close to the calculated one
[15]; however, it should be taken into account that the
authors of [18] do not exclude the presence of func-
tional groups that have arisen during synthesis and
processing.

The authors of [19] used a modified version of the
expanded graphite model and demonstrated the possi-
bility of storing hydrogen between layers of graphene
nanoplates. Experiments have confirmed their con-
clusions about marked physical sorption. The gravi-
metric capacity of such a system at a pressure of
0.2 MPa and a temperature of 99 K was 2.47 wt %.

Graphene with nanoblisters deserves separate
mention. This structure is a graphene layer with islets
of various shapes, in which gas can accumulate. Blis-
tering, which is among the most dangerous mecha-
nisms of destruction of metals due to the formation of
bubbles filled with gas (hydrogen, helium, etc.), has
been actively studied for more than 50 years, especially
in connection with the problem of creating a thermo-
nuclear reactor [20]. In contrast, the blister structure
found in graphene materials can be used for the devel-
opment of hydrogen storage and transportation sys-
tems [21–23]. Blisters of different sizes appear during
the synthesis of graphene materials or are specially
formed to obtain certain electronic properties [24].
Under the influence of atomic hydrogen, such struc-
tures are formed on the surface of highly oriented
pyrolytic graphite (HOPG) or graphene [21–23]. In
[21], HOPG samples were exposed to atomic hydro-
gen (5 × 1013 N/cm2). As a result, the surface of the
samples was covered with lumps, in which molecular
hydrogen was detected by various methods, including
the method of scanning electron microscopy (SEM),
and its pressure was estimated to be about 2.7 MPa.
The blisters were stable for several months. The author
of [21] believed that there had been intercalation of the
atomic hydrogen, which is small enough to penetrate
into the graphite layers. It then turned into molecular
hydrogen gas, deformed a layer of graphite
(graphene), and was trapped in a blister. In [23], the
sorption of hydrogen into a system of several graphene
layers with blisters in the upper monolayer was studied
(Fig. 3). In accordance with the experimental results
published in [21], the filling with atomic hydrogen was
considered. Simulation showed that the maximum
hydrogen density in a blister about 7 nm in size at 77 K
and normal pressure is 6.86 wt %; moreover, 6.66 wt %
is attributed to the fraction of molecular hydrogen and
only 0.2 wt % remains in the form of atoms that have
formed chemical bonds with the lattice at the blister
periphery. Blisters are mechanically stable even in the
presence of defects in the structure, but hydrogen can
be released with an increase in the temperature or
pressure. Indeed, the prospects for practical appli-
cation are not yet clear, but it was difficult to imag-
HNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6  2020
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Fig. 1. Dependences of (a) gravimetric and (b) volumetric hydrogen storage capacities on interlayer distance. The solid horizontal
lines at 6.5 wt % and 31.2 cm3/mol are the benchmarks for hydrogen storage on board vehicles [15].
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Fig. 2. Image of graphene synthesized by thermal exfolia-
tion of graphite oxide [18].

20 nm
ine a few years ago that graphene blisters would be
used in the development of various nanomechanical
devices [23].

The volumetric storage capacity of hydrogen
during physical sorption in graphene materials
depends on the degree of compaction of graphene
flake plates. Sufficient values can be achieved at room
temperature and a pressure of 10 MPa [15].

During chemisorption (chemical adsorption) of
hydrogen, a chemical bond (mostly of covalent
nature) is formed between hydrogen and graphene
atoms. The hybridization of carbon atoms changes
from the sp2 type to the sp3 type. For the chemisorp-
tion of molecular hydrogen, dissociation (dissociative
chemisorption) is required. Chemisorption of atomic
hydrogen is a more favorable process. It is believed
that the binding energy and the barrier of chemisorp-
tion for atomic hydrogen are around 0.7 and 0.3 eV,
respectively [13]. However, this raises the issue of the
reversibility of the adsorption process.
NANOTECHNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6  2020
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Fig. 3. (Color online) (a) Graphene with nanoblisters; (b) blister filled with hydrogen (6.86 wt %) [23].

(a) (b)
During chemisorption, the maximum attainable
sorption capacity corresponding to the filled graphene
surface is 8.3% (1 : 12). For hydrogen power engineer-
ing, hydrogenated graphene, or graphene, is also of
interest from the point of view of hydrogen storage.
Graphane is a 2D material in which each carbon atom
is bonded to a hydrogen atom and three carbon atoms.
In 2003, the authors of [25] theoretically considered
the possibility of chemisorption of hydrogen on both
sides of a graphene sheet. The material was named
graphane in 2006 by the authors of [26], who demon-
strated, using the first principles calculations, its sta-
bility at room temperature. In 2009, graphane was
experimentally obtained [27]; its structure is shown
in Fig. 4.

To ensure the chemisorption of hydrogen on both
sides, the authors of [27] used graphene samples in the
form of free membranes. The treatment was carried
out with cold hydrogen plasma. It should be noted that
desorption is a problem for hydrogen storage systems
in this case as well.

As can be seen from the above, ideal graphene (as
well as graphane) is not a promising material for prac-
tical hydrogen storage. Let us consider in more detail
the main directions of experimental and theoretical
studies to increase sorption capacity and enhance the
kinetics of hydrogen sorption/desorption on graphene.

Study of the effects of the surface curvature of
graphene materials on the chemisorption of hydrogen
is among these directions [14, 28–30]. The density
NANOTEC

Fig. 4. (Color online) Crystal structures of (a) graphene
and (b) graphane [27].
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functional theory calculations demonstrated the
dependence of the binding energy and the adsorption
barrier on the surface curvature. The binding energy
on convex surfaces—for example, on the ridges of cor-
rugated graphene—is 1–2 eV higher than in the valleys
[28, 29], and the adsorption barrier is substantially
reduced. Experimental results obtained using scan-
ning tunneling microscopy confirmed these conclu-
sions [30]. The authors of [30] studied the adsorption
of hydrogen and found atomic hydrogen precisely on
the convex regions of the graphene monolayer. The
curvature of graphene was caused by an interaction
with the SiC (0001) substrate (it should be noted that
there are other methods of preparation of corrugated,
folded, and other types of graphene; for example, see
[31]). Calculations showed that curvature inversion is
required for hydrogen desorption (Fig. 5).

Curvature inversion gives rise to desorption of
hydrogen in the molecular form [28].

The dependence of chemisorption on the surface
curvature in combination with the f lexibility of
HNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6  2020

Fig. 5. (Color online) Atomic hydrogen is adsorbed on the
surface ridges. Inversion of the curvature results in desorp-
tion of molecular hydrogen [28].
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Fig. 6. (Color online) Diagram of a hydrogen storage device. Three phases can be distinguished. Atomic hydrogen is supplied into
the device and chemisorbed on the protrusions (ridges), i.e., the storage stage begins. Inversion of the curvature leads to associa-
tive desorption of H2 [29].
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graphene gives hope for the creation of reversible
hydrogen storage systems with controlled hydrogen
evolution at room temperature. According to the
authors of [29], the gravimetric capacity can reach
8 wt %. Associative desorption of hydrogen occurs
with curvature inversion, for example, under the
influence of external fields, without changing the tem-
perature and pressure (Fig. 6).

For practical application, it is important that folds
and waves that are nearly always present on the
graphene surface are chemically active regions and can
reduce, as the density functional theory calculations
show [32], the dissociation energy of molecular
hydrogen by a factor of 6. The authors of [33] demon-
strated in their experiments that hydrogen, unlike all
other gases, penetrates through a graphene monolayer.
It is the presence of regions with local curvature and
stressed state, on which adsorption and dissociation of
molecular hydrogen take place (the barrier for reach-
ing this state is reduced to 1 eV), that causes this. An

sp3 bond is formed. Hydrogen atoms that penetrate
through the graphene monolayer are desorbed from
the concave surface, which allowed the authors of [33]
to detect them.

This line of research relates to a change in the con-
figuration of the graphene surface, and practical appli-
cations require creation of three-dimensional systems
that would retain, if possible, the necessary properties
during the transition from 2D to 3D structures. It is
very difficult to pack graphene sheets into a multilayer
3D structure while maintaining a distance of about
0.7 nm between them, which is optimal for physical
sorption [15, 34]. At present, researchers mainly use
the two approaches: the creation of disordered porous
frameworks and the incorporation of molecular
NANOTECHNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6
columnar spacers between the graphene sheets [9, 11,
12]. The precursors in both versions are graphene
flakes or reduced graphene oxide (RGO) flakes.
Unlike graphene, reduced graphene oxide contains
residual oxygen and other heteroatoms, as well as
structural defects. Reduced graphene oxide is
obtained from graphene oxide (GO) by ultrasonic,
chemical or thermal reduction, as well as from graph-
ite oxide after preliminary reduction of this material
with alkalis to GO. The authors of [11] used RGO
flakes obtained from graphite oxide and additionally
activated in KOH in their experiments. As a result, a
hierarchical three-dimensional framework structure
(3D scaffolds) was formed from particles up to 10 μm
in size, which consisted of defective and intercon-
nected graphene layers (Fig. 7). The specific surface

area and pore volume were 3200–3400 m2/g and

2.2 cm3/g, respectively. The gravimetric capacity at
77 K reached a maximum under a pressure of 4 MPa
and was 7.04 wt %; the sorption of hydrogen at 193 and
296 K increased with an increase in the pressure and
was 4 and 1.13 wt % under a pressure of 12 MPa for 193
and 296 K, respectively (Fig. 7). Additional activation
in a hydrogen atmosphere for 2 h at 450°C increased
the sorption of hydrogen by about 10 wt % for all three
temperatures.

In the second version of the formation of 3D
graphene structures, molecular columns composed of
organic molecules—for example, polyaniline and
diamines—are often used to separate layers (Fig. 8)
[35]. Simulation gives good results of about 4 wt %,
but the gravimetric capacity in various experiments
reaches only 1.5 wt % [12].

Researchers also propose more exotic versions, in
which carbon nanotubes (CNTs) [36, 37] or fullerenes
  2020
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Fig. 7. (Color online) (a) SEM images of a sample with a BET specific surface area of about 3300 m2/g. A hierarchical porous

structure (1, 2) and a layered structure at the microparticle edges (3, 4) are visible. (b) Adsorption isotherms of a sample with a

specific surface area of 3230 m2/g at 77 (before and after annealing in hydrogen), 193, and 296 K [11].
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(Fig. 9) serve as supporting pillars between graphene
overlays [38]. First, the results of computer simulation
of such systems appeared, in which quite good hydro-
gen sorption parameters were predicted (for example,
4 wt % at 77 K and 1 MPa and 6.1 wt % and 41 g/L
under normal conditions with the addition of Li,
according to [36]). Later, 3D systems with columns of
nanotubes were synthesized, but by rather compli-
cated methods [37, 39], and it is difficult to imagine
the possibility of their practical application.

The authors of the studies described above were
looking for opportunities to increase the sorption
capacity and improve the kinetics of hydrogen sorp-
tion and desorption on graphene materials by chang-
ing the surface curvature, increasing the distance
between layers, and creating 3D framework systems.
The results of theoretical calculations and simulations
are quite optimistic, but it was not possible to achieve
the required sorption capacity values at temperatures
NANOTEC

Fig. 8. (Color online) Three-dimensional diagram of a
graphene structure with columns of organic molecules [35].
and pressures acceptable for practical use in experi-
ments, both in cases of physical sorption and
chemisorption. Perhaps this is because the synthesized
samples cannot fully reproduce the ideal model sys-
tems.

The functionalization of graphene with heteroat-
oms is another approach aimed at increasing the sorp-
tion of hydrogen under normal conditions [13, 14, 17,
40–43]. This includes the addition of alkaline metal
atoms (Li, Na) [44, 45] and transition metals Ti, Ni,
Pd, Pt to the graphene surface (so-called decoration)
[16, 46, 47], the substitution of carbon atoms in
graphene with B, S, N, P (doping) [48, 49], and simul-
taneous decoration and doping [17, 40, 50, 51]. Tran-
sition metal atoms on the graphene surface act as cat-
alytic centers for the dissociative chemisorption of
hydrogen. A spillover effect, i.e., migration of the
formed hydrogen atoms onto graphene, occurs
because of their presence, which increases the sorp-
tion efficiency [6, 9, 52]. In addition, researchers who
follow this line of research believe that the decorated
or doped systems will eliminate the drawbacks of both
chemical and physical sorption and provide interme-
diate values of the binding energy. This will allow one
to improve both the stability of the system and the
kinetics of sorption/desorption even at room tempera-
ture. We will give some of the results of theoretical and
experimental studies. An example of the effective
action of Li additives to a 3D graphene system with
CNT pillars has been discussed above [36]. Theoreti-
cal studies [44] showed that the gravimetric density of
the graphene–2(Li–3H2) system can reach 10.2 wt %.

The authors considered the graphene–2Li–graphene
structure (two layers of graphene with lithium atoms
in the gap, which decorate the layers called f loor and
ceiling) (Fig. 10). The average energy of adsorption of
H2 molecules on the Li atom is 0.37, 0.17, and 0.12 eV
HNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6  2020
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Fig. 9. (Color online) Graphene 3D-systems with carbon nanotubes [36] and fullerenes [38].
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Fig. 10. (Color online) Graphene–2(Li–3H2)–graphene structure after 5 ps annealing at 77 and 300 K [44].
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Fig. 11. (Color online) Optimized structure of graphene
with Ca atoms, which adsorbs the maximum number of
hydrogen molecules [53].
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for hydrogen molecules 1–3, respectively; these values
are between the values for physical and chemical sorp-
tion (0.06–0.8 eV). Thus, the reversible adsorption of
hydrogen can be achieved.

The first principles calculations for graphene dec-
orated with Ca atoms showed that up to six hydrogen
molecules can be adsorbed on a Ca atom with a bind-
ing energy of 0.2 eV/H2, while the gravimetric capacity

can reach about 5 wt % (Fig. 11) [53].

As was shown by the results of theoretical estimates
and simulation, as well as by the results of experi-
ments, the decoration with transition metals leads to
the formation of stable, but reversible systems. Ab ini-
tio calculations with the use of the density functional
theory demonstrated that the adsorption of Pt atoms
leads to an increase in the binding energy of hydrogen
molecules in comparison with the value for the initial
graphene, which is around 0.07 eV [47]. Depending on
the number of adsorbed hydrogen molecules, which
can vary in the range from one to eight, the binding
energy varies from 1.84 to 0.13 eV, respectively. The
gravimetric capacity of graphene for the adsorption of
eight H2 molecules per Pt atom is 3.74 wt %. Experi-

mental data confirm that the gravimetric capacity of
NANOTECHNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6
graphene increases upon decoration with transition

metals, but the values do not exceed 1.5 wt % [16, 46,

54]. Thus, the authors of [54] obtained 1.4 wt % at

298 K under a pressure of 3 MPa after decorating a

sample of graphene plates comprising several layers

with platinum. In [46], the decoration with Pt and Pd
  2020
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Fig. 12. (Color online) (a) SEM images of a material made of multilayer graphene sheets doped with phosphorus. (b) Sorption of
hydrogen by this material, undoped graphite powder (G), graphene oxide (GO), and reduced graphene oxide (RGO) [49].
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led to a twofold increase in the sorption capacity of
graphene at 303 K and 5.7 MPa from 0.067 to 0.15 and
0.156 wt %, respectively. It is possible that the spillover
effect, which should promote an increase in the sorp-
tion capacity, is suppressed during particle agglomera-
tion. The only exception seems to be excellent results
obtained in [55]. The authors of [55] synthesized the
Pd–graphene nanocomposite. Spherical Pd nanopar-
ticles with sizes in the range of 5–45 nm were uni-
formly distributed over a graphene matrix consisting of
graphene plates with a wrinkled surface. The gravi-
metric capacity reached 6.7 wt % for the nanocompos-
ite with 1% Pd at room temperature and under a pres-
sure of 5 MPa, 8.67 wt % with 1% Pd under a pressure
of 6 MPa, and 7.16 wt % in the nanocomposite.

Doping (substitution of carbon in the lattice) with
N, P, S, and some other atoms leads, depending on the
NANOTEC
dopant properties, to redistribution of charges at
neighboring atoms, structural deformation, and the
formation of vacancies. Heteroatoms can be activation
centers for hydrogen that will be subsequently trans-
ferred to the surface of the carbon matrix by spillover.
As was shown in [49], the gravimetric capacity of a
material made of multilayer graphene sheets increases
as a result of P doping and reaches about 2.2 wt % at
298 K and 10 MPa (Fig. 12).

The layered graphene material doped with nitrogen
(7.5 at %) was studied in [48]. At room temperature
and a pressure of 9 MPa, the gravimetric capacity was
around 1.5 wt % (Fig. 13).

It should be noted that nitrogen doping is actively
used in the development of efficient electrocatalysts
for hydrogen fuel cells (FCs) [56–59]. Like other car-
HNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6  2020
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Fig. 14. (Color online) TEM images of (a) N–graphene and (b) Pd–N–graphene. (c) A schematic representation of the spillover
effect on Pd–N–graphene. (d) Adsorption–desorption isotherms of hydrogen for the sample of Pd–N–graphene at tempera-
tures of 25–100°С and pressures of up to 4.5 MPa (45 bar) [51].
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bon nanomaterials, graphene itself cannot act as a cat-

alyst due to the absence of active centers. The forma-

tion of various nitrogen configurations (graphite-like

or substituting N, pyridine N, and pyrrole N configu-

rations) leads to the creation of such centers and also

plays an important role in the stabilization of catalytic

metal nanoparticles (Pt and Pd). There are various

methods for nitrogen doping, which are used, for

example, in the synthesis of graphene materials or in

their post-processing. Recent studies showed that the

method of nitrogenation in gas discharge plasma is an

effective method (the plasma-forming gases are nitro-

gen or a nitrogen/argon mixture) [60].

The most promising studies of hydrogen sorption

in graphene materials with heteroatoms relate to joint

decoration/doping, especially when the doping is per-

formed with nitrogen and the decoration is performed

with Pt and Pd metals. The atoms of these and some

other transition metals on the graphene surface act as

catalytic sites for the dissociation of hydrogen mole-

cules. As mentioned above, the introduction of nitro-

gen atoms gives rise to the formation of stabilization

sites for nanoparticles of these metals and prevents

their agglomeration, which could reduce the spillover

effect. However, there are still a surprisingly small

number of experimental studies of this kind. The dop-

ing of graphene nanoplates (10–20 monatomic layers)

decorated with palladium with nitrogen is an example

[51]. At room temperature and a pressure of 3.2 MPa,

the gravimetric capacities of graphene nanoplates,

N-doped graphene nanoplates, and Pd-decorated

N-doped graphene nanoplates are 0.27, 0.42, and

1.25 wt %, respectively (Fig. 14, images obtained using

transmission electron microscopy (TEM)). The

authors of [51] emphasize that the doping with nitro-
NANOTECHNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6
gen provided a strong Pt–graphene bond and a high

dispersion of Pt nanoparticles.

To conclude of this section, we discuss another

approach to creating 3D hydrogen storage systems.

Graphene is not the main component in them, but it

plays an important role. We are talking about compos-

ites of nanostructured hydrides wrapped in graphene

[61]. Complex hydride LiBH4 has high calculated

gravimetric (18.5 wt %) and volumetric (121 kg/m3)

densities, but also the high desorption temperature [6].

Its thermodynamic parameters can be slightly

improved by adding destabilizing agent MgH2. The

gravimetric capacity of the 2LiBH4–MgH2 system is

11.4 wt %. To achieve an acceptable desorption rate,

temperatures above 400°C are still required. In addi-

tion, problems, such as grain growth, phase separa-

tion, and particle agglomeration, arise upon cycling.

The authors of [61] created a unique composite of

2LiBH4–MgH2 nanoparticles with a size of about

10.5 nm, which are uniformly distributed over

graphene substrates that are f lexible, but strong. The

synthesis scheme is shown in Fig. 15.

The SEM images of MgH2 nanoparticles on

graphene and 2LiBH4–MgH2 nanoparticles on

graphene are shown in Fig. 16.

The nanocomposite has a high hydrogen sorption

capacity (9.1 wt %) and good stability during cycling

(the capacity after 25 cycles at 350°C is 8.9 wt %).

The results of theoretical and experimental studies

of hydrogen accumulation in graphene materials con-

sidered above confirm the possibility of creating effec-

tive systems for reversible hydrogen storage on their

basis.
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Fig. 15. (Color online) Scheme of the synthesis of the 2LiBH4–MgH2–graphene nanocomposite: (1) self-assembly of MgH2

nanoparticles on graphene during solvothermal synthesis in a hydrogen atmosphere; (2) impregnation with LiBH4 solution;

(3) solvent removal; and (4) heterogeneous nucleation of LiBH4 on MgH2 nanoparticles [61].

1 2

3
4

MgH2 LiBH4LiBH4 in THF

Fig. 16. (Color online) SEM images of (a) MgH2 nanoparticles on graphene and (b, c) a 2LiBH4–MgH2–graphene nanocom-

posite [61].

100 nm

(a) (b) (c)

200 nm 500 nm
2. GRAPHENE-BASED MEMBRANES
FOR THE PURIFICATION

AND CONCENTRATION OF HYDROGEN

For hydrogen power generation, resolution of the
problems of concentrating hydrogen and purifying it
from impurities is of paramount importance. There
are various methods for industrial production of
hydrogen, such as steam reforming of methane or nat-
ural gas, coal gasification, water electrolysis, and ther-
mochemical methods [62]. Steam conversion of etha-
nol obtained in large quantities from renewable bio-
mass to hydrogen is also used [63]. In all cases,
additional purification of the target product is
required. For example, hydrogen produced by steam
reforming of methane, which is among the most wide-
spread technologies today, inevitably contains meth-
ane impurities.

Membrane separation of gas mixtures, pressure
swing adsorption, and cryogenic distillation are used
for the concentration and purification of hydrogen.
The last two methods are expensive and consume sig-
nificant amounts of energy, although they allow pure
hydrogen to be obtained. At present, membrane puri-
NANOTEC
fication methods are considered to be the most prom-
ising approach, since they provide an optimal cost–
effectiveness ratio [64]. The most important mem-
brane characteristics, i.e., the permeability and selec-
tivity, depend on the physical and chemical properties
of the membrane materials. In industry, polymer
membranes are mainly used [65–67]. Unfortunately,
it is necessary to sacrifice permeability for the sake of
selectivity or vice versa in this case. Research and
development in other areas is actively continuing;
much attention is paid to membranes with a nano-
structured carbon selective layer, as well as with a
mixed matrix membrane, including carbon nanoma-
terials [68–76]. Graphene is of particular interest.
Indeed, it is a very promising membrane material with
the smallest possible thickness (one atom), and it is
strong, f lexible, and chemically and thermally stable at
the same time. Recently, various methods for its syn-
thesis in rather large volumes have been developed. Of
course, ideal graphene is impermeable for gases. It
should be noted that it was recently experimentally
shown that H2, unlike all other gases, penetrates a

graphene monolayer in some degree [33] (Section 1).
Nevertheless, this fact can be explained by the pres-
HNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6  2020
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Fig. 17. (Color online) Schematic representation of the process of creating controlled subnanometer pores in graphene:
(I) graphene on a grid for TEM, (II) bombardment with gallium ions, (III) bombardment creates defects, and (IV) chemical
etching turns defects into pores [80].

I II

III IV
ence of crimples and waves on the surface (surface
curvature effects), i.e., the reason for that is the imper-
fection of graphene.

The main lines in the development of graphene-
based membranes are the creation of pores in the
graphene plane and the design of channels in graphene
layers (with use of GO) [65–67, 77–79].

According to both theoretical estimates and some
experimental data, nanoporous graphene can offer
high permeability and selectivity in the separation of
hydrogen-containing gas mixtures. The difficulty lies
in creating the required number of pores with the
desired size. Ion and electron beams and plasma treat-
ment are traditionally used [80–84]. For example,
pores with diameters ranging from 10 nm to 1 μm were
formed using a focused beam of Ga and He ions in
bilayer graphene [81]. The authors of [80] showed that
the bombardment of a graphene monolayer with gal-
lium ions (6 × 1012 cm–2) gives rise to defects, which
transform into pores with a diameter of 0.4 nm and a
pore density of about 1012 cm–2 after rather prolonged
chemical etching with the use of an oxidizer (Fig. 17).

The authors of [83, 84] demonstrated that
nanoporous graphene indeed provides record-break-
ing separation of the H2/CH4 mixture with high per-
meability. They developed a method for the formation
of pores with a strictly controlled size (with an accu-
racy of tenths of a nanometer). Defects appear (mainly
of the sp3 type) when a graphene monolayer is treated
with oxygen plasma (1–2 s), from which pores that
allow to pass H2 and do not allow to pass CH4 and
C3H8, i.e., with a size of no more than 0.38 nm (the
sizes of the H2, CH4, and C3H8 molecules are 0.259,
NANOTECHNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6
0.38, and 0.43 nm, respectively), are developed as a
result of subsequent etching in gaseous ozone for 2–
10 s (Fig. 18). The density of these pores is 2.1 ×
1012 cm–2, which is sufficient to ensure high permea-
bility. The proportion of larger pores is less than
0.002%. The separation factor is 15–25 for the
H2/CH4 mixture and 38–58 for the H2/C3H8 mixture.
If we consider the process of hydrogen evolution from
a mixture that contains 35% hydrogen, then 90% of
hydrogen with a purity of 90% will be recovered with a
separation factor of 20.

The authors of [83, 84] also developed a method
for transferring, without damage, a graphene mono-
layer synthesized by chemical vapor deposition onto a
microporous substrate, which is important for the
practical applications of this membrane material.

Theoretical studies predict that membranes based
on nanoporous graphene can show even higher effi-
ciency than that found in the experiments, especially
when the pores are modified with nitrogen. As shown
in [85] with use of the density functional method,
porous graphene and porous graphene that are modi-
fied with nitrogen to varying degrees (Fig. 19) provide
the hydrogen permeability value required for indus-
trial applications at 350, 275, and 125 K in configura-
tions Figs. 19a, 19b, and 19c, respectively. The smaller
the pores and the larger the gas molecules, the higher
the energy barriers preventing the passage of gases
through the pores. As a result, the gases studied in [85]
can be arranged in the following sequence, in line with
their permeability values, which are opposite to the
sequence of the energy barrier values: He > H2 > Ne >
CO > N2 > Ar > CH4. A very high selectivity is
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Fig. 18. (Color online) Schematic representation of pore formation in a graphene monolayer [84]. Nucleation of defects under the
influence of O2 plasma. Development of pores during ozone etching.

Graphene monolayer O2 plasma

creates defects

Development of pores

during etching with O3
required for hydrogen purification, and H2/CH4 >
H2/N2 > H2/CO.

The authors of [77] compared the permeability and
selectivity of graphene and polymer membranes in the
separation of the H2/CH4 mixture. In simulation using
the molecular dynamics method, graphene membrane
configuration shown in Fig. 20 was used. Some of the
carbon atoms were replaced by modifying hydrogen
and nitrogen atoms. The distance between the pores
(4 nm) and the pore density (around 6 × 1012 cm–2)
were close to the experimental data given above.

According to calculation results published in [77],
the permeability of nanoporous graphene membranes
is an order of magnitude higher than that of polymer
membranes, while the selectivity is slightly lower, but
of the same order of magnitude (it reaches 225 and can
be 300–400 for some polymer membranes) (Fig. 21).
A significant economic effect can be achieved from
the standpoint of energy consumption for compaction
and for the required area of the membrane, since the
energy consumption for compaction does not
depend on the selectivity when its value is higher
than 200, and the gain in the area of the membrane
will be substantial.

Owing to its unique thin-layered structure and the
presence of functional groups, membranes based on
graphene oxide (GO membranes) can also provide
high permeability and selectivity and can be used in
NANOTEC

Fig. 19. (Color online) Structures used for calculations
in [85].

(a) (b)

H N

C

(c)
practice for hydrogen purification or hydrogen evolu-
tion [66, 67, 73, 79, 86–93]. The homogeneous lay-
ered structures required to form membranes can be
obtained from dispersions of GO flakes by dip coating,
vacuum filtration, spray coating, layer-by-layer depo-
sition, and other methods. It is important to optimize
the f lake sizes, the packing configuration, the overall
thickness, and the interlayer distance. Without this,
the diffusion path for gas molecules will be too wind-
ing and long, which will affect the permeability. At
present, various types of GO membranes, in particu-
lar, free membranes (without a substrate); membranes
deposited on porous polymers, ceramics, and other
porous materials; and composite membranes, are
being synthesized and investigated. Membranes with-
out a substrate have the advantage of being thinner.
Even with a total membrane thickness of several
micrometers and small horizontal dimensions of the
flakes, significant permeability and selectivity for the
H2/CO2 mixture has been achieved [86]. Using
molecular dynamics, the authors of [88] showed that
the GO membrane effectively separates hydrogen and
methane. In [93], the same method was used to study
the H2/CO2 mixture and it was found that the selectiv-
ity depends on the interlayer distance and the distance
between the pores located in different layers. Both
experimental and theoretical data indicate that the
question of the mechanism of transporting gas mole-
cules is not completely clear. Apparently, the main
mechanism for large molecules (CH4, N2, and CO2) is
Knudsen diffusion, since the interlayer distance is
rather large. This is confirmed by experimental data—
the permeability of these gases is inversely propor-
tional to the square root of the molecular weight [89,
90, 92]. However, the substantially higher permeabil-
ity for hydrogen and helium indicates that another
path contributes additionally. According to the
authors of [89, 90], this is a straight narrow channel
formed by defects (Fig. 22). Indeed, the layer structure
and porosity depend on the method of synthesis of
GO flakes and the membrane itself. Figure 23 shows
SEM images of the surface and cross section of a GO
membrane obtained by vacuum filtration on a macro-
porous polymer substrate [90].

Nanocomposite and hybrid membranes that con-
sist of graphene or GO plates and a polymer or inor-
HNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6  2020



GRAPHENE AND GRAPHENE-LIKE MATERIALS 285

Fig. 20. (Color online) Configuration of a nanoporous graphene membrane and a nanopore structure [77].
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 =
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Fig. 21. (Color online) Permeability (histogram) and selec-
tivity (line) for different hydrogen–methane ratios in the
mixture (5 : 1, 5 : 2, 5 : 3, 5 : 4, and 5 : 5) [77].
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ganic membrane material are also of interest for
hydrogen purification [65, 66, 73]. As shown by the
studies carried out at the Kurchatov Institute, microp-
orous ceramic tubes made of aluminum oxide are a
good substrate for the preparation of nanocomposite
membranes with a nanocarbon selective layer [68–
70]. The authors of [94] synthesized a new type of such
membranes with a GO monolayer deposited from a
solution. The membranes showed stability, high
hydrogen permeability, and good H2/CO2 selectivity

(separation factor >57). The authors of [73] developed
a method for the preparation of f lexible 2D mem-
branes with a mixed matrix, the main material of
which is GO, while metal-organic framework (MOF)
structures are used as nanosized microporous inclu-
sions that increase permeability. To accomplish this,
an ultrathin mixed membrane of GO and CuO nano-
plates was created first by the method of successive
precipitation from solutions, and then organic ligands
were introduced into the solution and CuO was trans-
formed into framework structures (Fig. 24). The syn-
thesized membranes had high permeability; the
H2/CO2 separation factor was 73.2.

Using the method of vacuum filtration, stable
GO–MoS2 hybrid membranes were synthesized

(Fig. 25) [95]. A 60 nm thick membrane containing
about 75 wt % MoS2 provided high hydrogen permea-

bility and an H2/CO2 selectivity of 26.7, and a 150 nm

thick membrane containing about 29 wt % MoS2 was

more selective (44.2), but its permeability was lower by
a factor of about 2.6. In general, the GO–MoS2 hybrid

membrane has better permeability and selectivity in
comparison with the individual GO and MoS2 mem-

branes; there is a synergistic effect between them. In
the hybrid membrane, the layer packing was the same
as in the pure GO membrane, but the addition of
MoS2 nanoplates led to the formation of pores (the

higher the concentration of MoS2, the higher the pore

density). From the standpoint of practical application,
it is important that the hybrid membrane has higher
stability.
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As mentioned above, the industry is currently
mainly using polymer membranes, with either perme-
ability or selectivity having to be sacrificed. Research-
ers are trying to overcome these problems by adding
graphene materials to the polymer. Various versions of
mixed matrix membranes are being developed.
According to the authors of [65], the best polymer is
the Matrimid polyimide. It is a thermostable material
with sufficient mechanical strength and good gas
transportation properties, especially for hydrogen
purification and concentration. Three types of films
that can serve as membrane materials were synthe-
sized from a solution of a powder of this polymer
mixed with suspensions of GO nanoplates. We used
the GO samples obtained from graphite oxide by
ultrasonic exfoliation, thermal reduction (T-RGO),
and chemical reduction (C-RGO). According to the
X-ray diffraction data, the thicknesses of GO nano-
plates were 5.62, 0.92, and 0.97 nm for GO, T-RGO,
and C-RGO, respectively; at the same time, the num-
bers of layers were 6, 3, and 2, and the interlayer dis-
tances were 0.89, 0.31, and 0.41 nm, respectively. The
SEM images of cross sections of three membranes
  2020
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Fig. 22. (Color online) Scheme of two possible transport routes in layered GO membranes [89, 91].

A B

CH4/N2/CO2

H2/He

Fig. 23. SEM images of the surface and cross section of the GO membrane obtained by vacuum filtration on a macroporous poly-
mer substrate [90].

1 �m

(a) (b)

200 nm

Fig. 24. (Color online) (a) Scheme of the synthesis of a f lexible GO membrane. CuO nanoplates are embedded in the GO matrix.
MOF structures are formed in situ as a result of the reaction of CuO with organic ligands in a solution. (b) SEM image of the
membrane cross section [73].

(a) (b)
CuO

MOF structure

5 �m5 �m5 �m
containing 0.4 wt % GO and the SEM image of the
initial polymer are shown in Fig. 26. As can be seen,
graphene nanoparticles are uniformly distributed and
each of them is surrounded by a polymer cell.

Gas transport in polymer membranes follows the
dissolution–diffusion mechanism. In composite
membranes, graphene inclusions have an effect on the
diffusion. When gas molecules encounter an obstacle
NANOTEC
in the form of graphene nanoplates, they can either

return to the polymer matrix or penetrate between the

layers. The particular mechanism, whether it is Knud-

sen diffusion or a molecular sieve effect, depends on

the gap between the layers. Thus, molecules of all

studied gases (H2, CO2, O2, N2, and CH4) in the case

of a GO membrane can pass not only through the

polymer, but also through the graphene phase with an
HNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6  2020
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Fig. 25. (Color online) Graphene oxide–MoS2 hybrid
membrane with a thickness of 160 nm [95].

1 �m1 �m1 �m

160 nm160 nm160 nm
interlayer distance of 0.89 nm (Fig. 27). The gas trans-

port properties are only slightly improved compared to

the polymer membrane. In contrast to this, mem-

branes with T-RGO and C-RGO with interlayer dis-

tances of 0.39 and 0.41 nm exhibit extremely high

selectivity in the processes involving hydrogen. The

H2/CH4 selectivity at a concentration of 0.2 wt % GO

reaches 226 for a membrane with T-RGO and 231 for

a membrane with C-RGO (it is 50 for a polymer mem-

brane). The H2/N2 selectivity for these membranes
NANOTECHNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6

Fig. 26. SEM images of cross sections of three composite membr
(c) C-RGO, and (d) SEM image of the initial polymer [65].

10 �m

(a)

(c)

10 �m
increases by a factor of about 2 relative to the initial
polymer membrane. Thus, the new membranes are
promising for hydrogen purification in the processes
of its production from natural gas, as well as for the
extraction of hydrogen from the purge gases of ammo-
nia synthesis.

The development of chemically and thermally
resistant graphene-based membrane materials that
provide high permeability and selectivity can lead to
significant progress in membrane technologies, which
is crucial for solving the problems of hydrogen power
generation. The unique material as graphene has many
other applications, including fighting infections. Sci-
entists in many countries believe that it will play an
important role in defeating the coronavirus infection
COVID-19 and will be used both for diagnosis (sen-
sors) and protection (filters, masks (Fig. 28)) [96].
Chinese researchers have already proposed a method
for functionalizing conventional surgical masks by
applying graphene coatings. The new masks are supe-
rhydrophobic; they can be sterilized simply in the sun
and used repeatedly [97].

3. APPLICATION OF GRAPHENE
IN ELECTROCATALYTIC LAYERS 

OF POLYMER ELECTROLYTE MEMBRANE 
FUEL CELLS

Power plants based on Polymer Electrolyte Mem-
brane (PEM) FCs are among the most promising ones
because of their low operating temperature, low noise
  2020
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Fig. 27. (Color online) Different diffusion paths for gas molecules in three types of membranes [65].
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H2 N2CO2 CH4O2 H2 N2CO2

CH4O2

Membrane with GO Membrane with T-RGO Membrane with C-RGO
level, ability to quickly start, high specific power, and
environmental friendliness. PEMFCs have been
developed for use in small power generators (with a
power capacity in the range from 1 kW to 5 MW)
installed directly in consumption areas, such as hospi-
tals, hotels, and office buildings, owing to their com-
pact design. They can also be used in portable elec-
tronic devices (20–100 mW), such as laptops, mobile
phones, and camcorders, because they are lighter and
smaller then batteries, have longer run times, faster
response, and do not require recharging from power
grid (unlike rechargeable batteries). Transport, for
example, buses, cars, motorcycles, and unmanned
aerial vehicles, is another important niche for the use
of PEMFCs (with a power of 5–500 kW). The devel-
opment of this area is facilitated by the constant
growth of the prices of fossil fuels, which is caused by
their limited availability and the tightening of environ-
mental legislation in many countries of the world in
order to reduce the intensity of greenhouse gas emis-
NANOTEC

Fig. 28. (Color online) Mask [97].
sions [98]. In addition, PEMFCs, which are currently
being actively implemented in the world power pro-
duction, play an important role in power plants and
power systems based on renewable energy sources
because of their properties, such as low inertia, high
explosion and fire safety, and short response times to
power load changes.

The limitation of the lifetimes of PEMFCs, which
is mainly associated with the degradation of electrodes
and membranes and with the influence of impurities
contained in the supplied gases, is the most important
restrictive factor. Poisoning of the electrocatalyst sur-
face (for example, with CO molecules) leads to the
deterioration of FC performance due to a decrease in
the number of active sites [99]. The electrocatalytic
layers, in which electrochemical half-reactions that
comprise a total current-forming reaction occur, are
among the main components of PEMFCs. The use of
electrocatalysts, which usually, Pt nanoparticles on a
carbon support [100], ensures high rates of half-reac-
tions.

At present, various types of carbon blacks (such as
Vulcan XC-72, Ketjen Black, etc.) are most widely
used as supports for electrocatalysts. The properties of
these carbon supports, including their relatively high

specific surface area (up to 250 m2/g for XC-72 [101]),
porous structure, electrical conductivity, mechanical
strength, and corrosion resistance, largely determine
the efficiency of the catalysts and, consequently, the
performance of the electrochemical system. The most
important drawbacks of carbon black include the pres-
ence of organosulfur impurities, deep micropores on
the surface of the material (the proportion of microp-
ores is up to 47% [100]), and still insufficient stability.
Catalyst nanoparticles are trapped in micropores and
HNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6  2020
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have no access to reagents and electrolyte, as a result of
which the catalytic activity decreases [101, 102]. Car-
bon black is also unstable under strongly acidic/alka-
line conditions in FCs, which is manifested in the
form of corrosion of the carbon support and detach-
ment of catalyst nanoparticles [101], which leads, in
turn, to substantial deterioration in the performance of
PEMFCs.

On the whole, the key differences of graphene and

its derivatives from carbon black traditionally used as a

support for electrocatalytically active Pt nanoparticles

(for example, Vulcan XC-72 [103]) are their high spe-

cific surface area, chemical stability, and graphite-like

structure [104] that provides higher electrochemical

corrosion resistance of the support, as well as strong

metal–support interaction, which protects catalyti-

cally active Pt nanoparticles from aggregation and dis-

solution [105, 106]. Likewise, the advantages of

graphene-like materials can be attributed to their lay-

ered structure, which can facilitate the mass transfer of

reagents [107] and can increase the tolerance of the

anode catalyst of a PEMFC based on Pt to CO poi-

soning [107]. On the other hand, graphene-like mate-

rials have a number of drawbacks that delay their use as

supports. These drawbacks include strong agglomera-

tion of Pt nanoparticles during the synthesis of cata-

lysts, restacking of graphene nanosheets due to van der

Waals interaction, and the tendency of graphene

nanosheets to agglomerate in aqueous solutions [108].

The properties of catalysts based on graphene-like

materials depend on various factors, such as the meth-

ods used for their synthesis and drying; the techniques

used for catalytic ink preparation; the mechanical,

chemical, and physical treatment of the catalyst; etc.

[109–112].

In [109], a Pt/RGO catalyst prepared by the simul-

taneous reduction of graphene oxide and H2PtCl6

using NaBH4 as a reducing agent was investigated. The

Pt content in the catalyst was 45 wt %, and the specific

electrochemically active surface area (EASA) was

44.6 m2/g Pt. A study of the electrochemical activity of

the catalyst in the oxidation of methanol by cyclic vol-

tammetry showed that the resulting Pt/RGO electro-

catalyst is substantially more active than the Pt/Vul-

can catalyst prepared in a similar way. The maximum

current density of the Pt/RGO catalyst was about

200 mA/mg Pt at 0.652 V (relative to the silver chlo-

ride reference electrode), which is almost twice as high

as that of the Pt/Vulcan catalyst. In [111], the authors

showed the effect of the drying procedure for a

Pt/RGO catalyst synthesized by the same method as

in [109, 110] on the properties of the catalytic ink. In

the case of traditional drying, the catalyst is highly

aggregated, so redispersion of the ink for their applica-

tion is practically impossible even with use of powerful

ultrasonic treatment. Much attention is paid to dis-

persing graphene sheets in water or other solvents by
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adding surfactants or functionalizing the graphene

surface. However, surfactants have a negative effect on

the course of reactions in FCs and can also lead to

deteriorating the electronic conductivity [112]. To sta-

bilize graphene and prevent irreversible aggregation

and folding of planes during drying and heat treat-

ment, it was proposed to apply lyophilization in [111],

which made it possible to prevent strong aggregation

in the Pt/RGO system. The maximum current density

of the Pt/RGO electrocatalyst in the methanol oxida-

tion reaction was 182.6 A/g, while it was only 77.9 A/g

for the Pt/Vulcan XC-72 catalytic system. Annealing

the Pt/RGO (Pt/RGO-O) catalyst at 300°C for 2 h in

an N2 atmosphere made it possible to increase the

maximum current density to 261.6 A/g due to factors,

such as the enhancement of the interaction between Pt

and the support (RGO), the appearance of additional

active Pt sites, and the partial destruction of surface

functional groups, which led to a decrease in the num-

ber of defects on the RGO surface and an increase in

its stability, as well as an increase in the crystallinity of

Pt nanoparticles.

In [110], the Pt/RGO electrocatalyst was synthe-

sized by the polyol method, but in two different ways.

In one case, the reduction of graphene oxide and

H2PtCl6 was carried out in ethylene glycol at once,

while GO in the second case was preliminarily

reduced with NaBH4 and then was placed in ethylene

glycol to deposit Pt nanoparticles on its surface. Volta-

metric measurements, as well as the results of testing

electrocatalysts in PEMFCs, showed that the catalyst

obtained in a two-stage process was more active in the

methanol oxidation reaction.

In [113], the authors succeeded in synthesizing

bimetallic Pt–Ru nanoparticles on fibers of the car-

bon cloth wrapped in RGO nanosheets (Fig. 29). The

need for such a modification of carbon cloth is

explained by the fact that nanoparticles weakly inter-

act with the surface of the fibers despite the high sur-

face area of the cloth, and their degree of dispersion

remains low [114]. The modification promotes the for-

mation of uniformly distributed small size electrocat-

alyst nanoparticles with a large surface area. In [115], a

multilayer electrocatalyst was synthesized in the form

of carbon nanofibers (CNFs) wrapped in RGO sheets,

on the surface of which Pt nanoparticles were depos-

ited. These particles play the role of a spacer for the

next RGO layer, onto which Pt nanoparticles are again

reduced. Cyclic voltammetry studies of the catalyst in

a solution of 1 M KOH and 1 M CH3OH showed that

a multilayer electrode has a higher catalytic activity in

the oxidation of methanol in comparison with the

Pt/RGO/CNF and Pt/CNF catalytic systems.

Graphene also attracts great attention as a support

of electrocatalysts for hydrogen–oxygen (–air) FCs

[116–119].
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Fig. 29. (Color online) Scheme of the synthesis of Pt–Ru nanoparticles on carbon fabric fibers wrapped in RGO (CF, carbon
fabric; GO, graphite oxide) [113].
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In [116], it was possible to synthesize a number of
platinum catalysts on RGO as a support with an EASA

value of more than 70 m2/g Pt. In particular, we stud-
ied Pt/RGO catalysts modified with polydiallyldime-
thylammonium (PDDA), which is used to functional-
ize the graphene surface in order to improve the dis-
persion of Pt nanoparticles on the RGO surface. Thus,
the EASA value of the electrocatalytic layer based on

PDDA-modified RGO was found to be 78.6 m2/g Pt

versus 72.5 m2/g Pt for the catalyst based on unmodi-
fied RGO. In the course of the study, it was possible to

achieve a maximum power density above 700 mW/cm2

in the composition of an air–hydrogen fuel cell.
The EASA value after accelerated stress testing (AST)
was 23.5% of the initial value for the Pt/RGO cata-
lytic system and 43% of the initial value for the
Pt/RGO-PDDA system.

As was shown in [120], the use of ethylene glycol as
a reducing agent makes it possible to obtain electrocat-
alysts based on Pt and RGO or graphene nanoplates
(GNPs) with the highest EASA and activity in the
oxygen reduction reaction (ORR) with uniform distri-
bution of nanoparticles over the support surface. In
addition, it was shown that H2PtCl6 turned out to be a

more effective precursor of Pt nanoparticles than
K2PtCl4. In [121], the authors gave two different and

effective methods for the synthesis of Pt nanoparticles
on GNP as a support. The first method was supercrit-
ical CO2 deposition and the second method was

microwave irradiation. The advantage of the former is
a decrease in the degree of agglomeration of
Pt nanoparticles during reduction due to the strong
interaction between the adsorbed precursor ions and
the surface of GNPs, which makes it possible to obtain
Pt nanoparticles with an average size of less than
1.5 nm and to increase the corrosion resistance of the
catalyst as a whole (against corrosion of the support).
The authors also proposed a f lexible one-step method
for depositing Pt nanoparticles onto the RGO surface
NANOTEC
by plasma jet treatment of a solution of H2PtCl6. The

resulting electrocatalyst demonstrated high activity in
the ORR in both acidic and alkaline solutions [122].

The results [123, 124] showed that RGO and
graphite oxide can also be used as an electrocatalyst
support for high-temperature PEMFCs based on a
polybenzimidazole membrane.

The pH of the medium, the Pt precursor, the

OH–/Pt ratio, and the properties of the initial graphite
oxide are also of great importance in the synthesis of
electrocatalysts based on RGO by the polyol method.
The best result from the standpoint of morphology
(particle size, uniformity of their distribution over the
support surface, etc.) was achieved using H2PtCl6,

freeze-dried GO prepared by the Hammers method
with a graphite : oxidizer ratio of 1 : 6 and a pH value
of 12 [125].

An original method of using graphene as a support
of molecular electrocatalysts for hydrogen evolution
was demonstrated in the studies of Russian research-
ers, including those performed at the National
Research Center Kurchatov Institute [126]. The clath-
rochelate complexes of Fe, Co, and Ru can be
adsorbed on the developed RGO surface, which
makes it possible to significantly increase the effi-
ciency and productivity of the cathode of a PEM water
electrolyzer [127, 128]. A similar approach can be used
in the case of molecular electrocatalysts of the ORR,
etc. [129].

The combination of graphene and carbon black,
which is traditionally used as a support for electrocat-
alysts, has been recognized as a successful approach
[130, 131]. The authors of [132] developed an electro-
catalyst on a mixed support based on graphene and car-
bon black, in which the optimum carbon black content
was 25%. This electrocatalyst demonstrated substan-
tial improvement in the characteristics of a FC operat-
ing at a high current density. The maximum specific

power of the FC was 2.58 kW/g Pt or 645 mW/cm2.
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Fig. 30. (Color online) Schematic diagram of an electrocatalytic layer formed on an electrocatalyst with RGO as a support
(a) without using a spacer and (b) using carbon black as a spacer between RGO flakes [117].

(a)
Pt nanoparticles

Graphene nanoplate

Spacer

(b)
In addition, it was shown that intercalation of carbon
black between RGO sheets prevents strong folding and
agglomeration of RGO nanosheets [133]. In [117], the
authors also suggested that spherical carbon black par-
ticles would act as spacers between graphene sheets
(Fig. 30). It was shown that the presence of carbon
black particles promotes exfoliation of graphene deco-
rated with Pt nanoparticles and also contributes to an
increase in the distance between RGO sheets and an
increase in the permeability of the catalytic layer for
reagents. The optimum carbon black content was 25%.
The EASA area increased by about 50% because of
carbon black addition, although its value cannot be

considered sufficiently high (48 m2/g Pt for a compos-
ite support). It was shown in [134] that the use of car-
bon black as a spacer between B-doped RGO nano-
flakes leads to a decrease in both the ohmic and polar-
ization resistance of the membrane–electrode unit.
Similarly, the addition of multiwalled CNTs to an
electrocatalytic layer based on a Pt/graphene electro-
catalyst promotes better transport of reactants and
reaction products (due to a change in the pore struc-
ture), provides better electrical contact between
catalyst particles, and leads to an increase in the
degree of Pt utilization [135].

As was shown in [136], Pt/RGO sheets and oppo-
sitely charged CNTs spontaneously form a sandwich
structure; in solution, negatively charged CNTs are
embedded between the sheets of a pre-synthesized
positively charged Pt/RGO composite. Being sand-
wiched between Pt/RGO sheets, carbon nanotubes
promote mass transfer in the FC electrocatalytic layer
and prevent restacking of the Pt/RGO layers. After
AST, the electrochemically active surface area of the
Pt/RGO-CNT(10) catalyst was 61% of the initial
value, while the EASA areas of the Pt/RGO and Pt/C
electrocatalysts dropped to about 20% of the initial
value.

An original approach was demonstrated in [137–
139], which consisted in introducing oxygen-modified
CNFs into the cathode along with a platinum catalyst
on a support. The authors of [137] believe that the
mechanism of the effect of oxygen-modified CNTs on
NANOTECHNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6
the kinetics of electrochemical reduction of oxygen on
platinum consists in the inclusion of the quinine–
hydroquinone Red–Ox transition in the oxygen
reduction process. Carbon nanotubes that are elec-
trically bound to platinum reduce (because of the
presence of hydroquinone groups) the oxygen
adsorbed on it.

As mentioned above, electrocatalysts in which
graphene or RGO nanoflakes are used as a support
suffer from the tendency to agglomerate under the
action of van der Waals forces [104]. In [135], the
porous structure formed by multiwalled CNTs acted
both as a medium for efficient transfer of reagents and
reaction products, and as an electron-conducting grid.

The functional possibilities of using thermally
expanded graphite in electrodes for chemical sources
of electric current were shown in [140–142]. The effi-
ciency of using thermally expanded graphite as a
binder instead of polymer solutions and, at the same
time, as a conductive component in the composition
of electrodes for various chemical sources of electrical
energy was demonstrated. Adding 1 wt % of RGO in a
composite bipolar plate allows its conductivity to be
increased (both longitudinal and transversal) and the
maximum power density of a PEMFC to be increased
by 10% [143].

Reduced GO can act as a functional additive to the
electrocatalytic layer based on a traditional platinum
catalyst, which makes it possible to increase the effi-
ciency of FC operation in the region of high current
densities [134, 144–146]. In this case, RGO
nanosheets in the electrocatalytic layer act as spacers
between the Vulcan XC-72 support particle agglomer-
ates coated with Pt nanoparticles [147]. Owing to the
high aspect number (ratio of length to thickness) of
RGO nanosheets, the percolation limit with respect to
the electronic conductivity of the active layer
decreases in this case, which was confirmed by both
simulation (Monte Carlo method) and experimental
results. It was shown that the use of particles that form
large agglomerates (CNFs) (up to 4 μm) in the electro-
catalytic layer enables reducing the percolation limit
with respect to the electronic conductivity of the layer,
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Fig. 31. (Color online) Results of accelerated stress testing of the Pt/N–RGO, Pt/RGO, and Pt/C electrocatalysts: (a) cyclic vol-
tammograms of electrodes with Pt/N–RGO, Pt/RGO, and Pt/C before and after stress testing for 5000 cycles in a deaerated
0.1 M HClO4 solution; (b) comparison of the EASA values of electrocatalysts before and after stress testing [157].
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increases the ionomer content, and facilitates the mass
transfer of reagents and reaction products [147]. In
view of the spatially developed structure and high elec-
trical conductivity of RGO, a highly conductive grid
(matrix) is formed in the structure of the catalytic
layer, which was confirmed by the results of imped-
ance measurements [144]. In addition, the porosity of
the active layer and its permeability to reagents
(hydrogen and oxygen) and the product of the electro-
chemical reaction (water) increase, which contributes
not only to a slight decrease in the mass transport
restrictions [134], but also to an increase in the utiliza-
tion of Pt nanoparticles [136]. According to the results
published in [148, 149], thermally expanded graphite
can be used as a thermostabilizing functional additive,
which makes it possible to increase the operating tem-
perature of FC electrodes based on the Nafion pro-
ton-conducting polymer with the aim of increasing
the operating current density, to reduce the platinum
loading, and to increase the lifetime of the electrodes.

Reduced graphene oxide offers rich possibilities for
modifying its surface properties. There are several
approaches to imparting reversible redox properties to
RGO. Surface modification by adsorption of organic
molecules obviously possessing reversible redox prop-
erties, like quinine–hydroquinone cycles, is among
the simple and obvious methods [150]. In some cases,
it is possible to fix such organic molecules on the sur-
face of graphene particles by means of strong chemical
bonds. The functionalization of RGO by imparting
reversible redox properties directly to the RGO parti-
cles themselves is another method, in which the
ensembles of oxygen-containing functional groups
acquire the ability to reversible redox reactions [151].
In addition, preparative methods make it possible to
obtain RGO samples with different electrical conduc-
tivity, hydrophilicity, and donor-acceptor properties.
Reduced graphene oxide doped with various elements
(N, B, P, S, O, and F) seems to be a promising com-
ponent of electrocatalysts [152, 153] for air-hydrogen
NANOTEC
fuel cells and electrolyzers, in particular, owing to a
significant increase in the local density of Fermi
energy states, which facilitates electron transfer from
graphene carbon to chemisorbed oxygen, thereby
facilitating the process of electrochemical reduction of
oxygen [154].

Below we will discuss several examples of using
modified graphene materials both as carriers of active
Pt nanoparticles and as ORR electrocatalysts.

Frequently, GO (exfoliated graphite oxide) is an
intermediate substance in the production of graphene,
the surface of which contains a large number of oxy-
gen-containing functional groups, including epoxy,
carboxyl, and hydroxyl groups that can then be func-
tionalized on each side of the sheet [155]. For exam-
ple, nitrogenation (modification of the support with
nitrogen) was simultaneously carried out during the
reduction of graphite oxide to RGO [156]. Nitrogen-
doped GO turned out to be a more stable support than
carbon black Vulcan XC-72 (after AST, the Pt/RGO-N
electrocatalytic system lost 60% of EASA, while the
Pt/Vulcan XC-72 catalyst lost 96%). The Pt/RGO-N
electrocatalyst, in which Pt nanoparticles were depos-
ited on the surface of N-doped RGO (N atoms acted
as bridges between Pt nanoparticles and the support),
demonstrated a substantially higher specific activity in
the ORR as compared to its commercial analogue
because of the mutual synergistic effect of Pt nanopar-
ticles and the heteroatom-doped RGO matrix, as well
as owing to the small size (2.8 nm) and specific struc-
ture of Pt particles (111). Nitrogen atoms enable the
transport of electrons, which leads to a decrease in the
electrical resistance and prevents detachment, disso-
lution, migration, and aggregation of nanoparticles on
the RGO surface during accelerated stress-testing
(Fig. 31) [157].

In [158], a highly stable Pt/FeNGnPs electrocata-
lyst was developed, in which Pt nanoparticles are fixed
on the surface of graphene-like nanoplates doped with
HNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6  2020
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Fig. 32. (a) Scheme of preparation of a Pt–BG electrocatalyst; (b) SEM and (c) TEM images of the Pt–BG-3 electrocatalyst
(4–4.7 at % Pt) [160].
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N and Fe. In addition to increasing their stability, the
Fe–N–C functional groups act as additional sites
active in the ORR, which makes it possible to reduce
the Pt loading.

In [159], a simple and environmentally friendly
method for doping graphene with boron was pro-
posed, and it was also shown that it is the modified
polyol method of catalyst synthesis that makes it pos-
sible to obtain a catalyst with high activity and optimal
morphology. It was also possible to synthesize Pt
nanoparticles with an almost zero degree of agglomer-
ation by using B-doped RGO (Fig. 32). The particle
size was in the range of 9–16 nm for the Pt–BG-3
sample with a sufficiently high Pt content (4–4.7 at %
Pt) [160].

The modification of carbon materials, such as acti-
vated carbon, carbon black, CNF, graphite, and
graphene-like materials, with oxygen by using ozone
treatment [161–163] for the controlled formation of
oxygen-containing functional groups on their surface,
is relatively poorly studied. The relative simplicity of
the setup design, the simple principle of its operation,
NANOTECHNOLOGIES IN RUSSIA  Vol. 15  Nos. 3–6
and its low cost are advantages of this method over, for

example, liquid-phase oxidation or treatment with

oxygen plasma. In addition, this approach is easily

scalable for mass production and can be supplemented

by such operations as raising the process temperature

and adding steam or ultraviolet treatment [164] to

increase the oxidation state. According to [165], the

treatment of graphene-like materials with ozone made

it possible to increase the specific surface area of

expanded graphite and to form additional functional

groups on its surface, while the O/C ratio reached 0.2

when the process was carried out at room temperature.

Ozonation at elevated temperatures (about 140°C)

causes partial decomposition of graphite, which is

accompanied by the release of CO and CO2. On the

other hand, single-layer and multilayer graphene-like

plates subjected to ozone treatment undergo a change

in their structure towards the amorphous state,

according to the results published [164]. In [163], it

was succeeded in achieving an O/C value of 0.503 and

increasing the number of carboxyl groups by an order

of magnitude to more than 14% by ozonation of RGO
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Fig. 33. (Color online) Schematic representation of the procedure of synthesis of an ORR electrocatalyst in the form of graphene-
like plates doped with S and N [171].
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doped with S and N
nanosheets at 80°C. In [166], graphite was prelimi-
narily oxidized by an electrochemical method, exfoli-
ated, and then used as a support for Pt nanoparticles.
The obtained electrocatalyst demonstrated high activ-
ity in the ORR both in a study by the method of a
rotating disk electrode and in the membrane–elec-
trode unit of a FC. The appearance of defects and
functional groups (C=O and OH) in graphite as a
result of electrochemical oxidative treatment was con-
firmed by Raman and photoelectron spectroscopy
methods. Experimental studies [167, 168] showed that
the treatment of RGO with ozone leads to the forma-
tion of additional oxygen functional groups on its sur-
face; however, ozone oxidizes the most chemically
active surface regions, which could already act as
nucleation centers for nanoparticles. Therefore, a sub-
stantial increase in the number of particle nucleation
centers and a corresponding decrease in the size of Pt
nanoparticles (and an increase in the catalyst EASA)
were not observed. On the contrary, the modification
of RGO with f luorine led to an increase in the mean
size of Pt nanoparticles and a sharp decrease in the
electrocatalyst EASA area, which is explained by the
strong acceptor properties of f luorine and the low
accessibility of the surface of the f luorinated support
for sorption of the precursor.

Carbon materials doped with heteroatoms them-
selves are promising nonmetallic electrocatalysts that
NANOTEC
can be used in electrochemical storage and energy

conversion applications [169–172]. Their operation

mechanism is explained by the difference between the

electronegativity of the doping heteroatoms and the

carbon atoms of the support itself, which leads to a

change in the distribution of the atomic charge/spin

density on neighboring carbon atoms that act as active

sites in the ORR [173]. Such a large difference in the

electronegativity of atoms in the support matrix also

enhances the interaction between metal nanoparticles

(for example, Pt) and the support, which contributes

to an increase in the nanoparticle stability. For exam-

ple, it was shown in [174] that electrodes based on

N-doped RGO demonstrated high activity, stability,

and tolerance in the ORR. Moreover, the activity can

be controlled by the concentration and configuration

of N atoms. According to recent studies, N atoms in

the forms pyridine and graphite are mainly responsible

for the activity of nitrogen-doped carbon nanomateri-

als [175]. In [172], an electrocatalyst in the form of

graphene-like plates simultaneously doped with S and

N atoms (Fig. 33) showed higher activity in the ORR

in comparison with monodoped counterparts and

substantially higher stability as compared to the tradi-

tional ORR electrocatalyst, i.e., Pt/C, in both acidic

and alkaline media. The high activity in the ORR is

caused by the high content of nitrogen in the forms of

graphite and pyridine; however, S atoms enable polar-
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ization of neighboring C and N atoms, which leads to
stretching and the appearance of defects in the carbon
cage, ultimately contributing to the chemisorption of
oxygen [176].

P atoms are too large to be embedded in the graph-
ite plane and can effectively occupy only edge defects.
P active sites are most active in the case of an unoxi-
dized electrocatalyst and can be easily oxidized by
oxygen-containing particles and lose their activity.
However, the oxidized P active site bonded to N stabi-
lizes the graphite state of N and activates the neighbor-
ing C site in the reaction of oxygen evolution [170].

Despite the rather high activity values achieved
under laboratory conditions, nonplatinum electrocat-
alysts have not yet demonstrated a sufficiently high
proven service life in fuel cells to compete with Pt-based
electrocatalysts.

CONCLUSIONS

This review shows that the exploration and study of
the properties of graphene and graphene-like materi-
als (GO, RGO, CNT, CNF, etc.), as well as the devel-
opment of available methods for the synthesis of these
materials, with the aim of their wide application in
efficient systems for purification and reversible storage
of hydrogen and in fuel cells as electrocatalyst supports
are of great interest.

The results of theoretical and experimental studies
confirm the possibility of creating efficient systems for
reversible hydrogen storage on the basis of graphene
materials. The developments are carried out in several
directions. The possibility of increasing the sorption
capacity and improving the kinetics of sorp-
tion/desorption of hydrogen by changing the curva-
ture of the graphene surface, increasing the distance
between layers, and creating 3D framework systems
based on graphene or RGO is shown. The functional-
ization of graphene with heteroatoms (surface decora-
tion or doping by substitution of carbon atoms) is
another important direction of development. Transi-
tion metal atoms on the graphene surface act as cata-
lytic sites for dissociative chemisorption of hydrogen,
which leads to the appearance of a spillover effect that
increases the sorption efficiency. The combined deco-
ration and doping, especially when nitrogen is used for
doping and Pt and Pd metals for decorating, is appar-
ently the most promising approach. The development
of composites from nanostructured hydrides wrapped
in graphene is also of interest. For example, a compos-
ite that contains 2LiBH4–MgH2 nanoparticles uni-

formly distributed over f lexible, but strong graphene
substrates has a sorption capacity of 9.1 wt % and
shows good cycling stability.

The development of chemically and heat-resistant
graphene-based membrane materials that offer high
permeability and selectivity can lead to significant
progress in membrane technologies for hydrogen con-
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centration and its purification from impurities. The

formation of the required pores in the graphene plane,

the design of channels in graphene layers (with use of

graphene oxide), and the creation of nanocomposite

and hybrid membranes containing graphene or

graphene oxide plates and an inorganic membrane

material are main areas of work are main lines of

developments. To improve the characteristics of poly-

mer membranes that are mostly used in industry

today, additives of graphene materials are proposed.

For example, polymer membranes with additives of

0.2 wt % RGO demonstrated extremely high H2/CH4

selectivity. New membranes are promising for hydro-

gen purification in the processes of its production

from natural gas.

The use of RGO as a support for Pt nanoparticles

makes it possible to improve the transport characteris-

tics of the electrocatalytic layer in an PEMFC, to

increase its stability (as a result of both the higher sta-

bility of the support and the specific interactions

between nanoparticles and the support), and to

increase the activity of the electrocatalyst in the ORR

(which helps to reduce the Pt content). The problem

of restacking (agglomeration) of f lat particles (sheets)

of graphene-like materials can be solved by incorpo-

rating (intercalating) functional additives (for exam-

ple, carbon black particles or nanotubes between sheet

particles of RGO, including those with already depos-

ited Pt nanoparticles), introducing functional groups,

or applying metal nanoparticles that prevent agglom-

eration under the action of van der Waals forces on

their surface. Graphene-like materials themselves can

act as functional additives in the electrocatalytic layer

based on a traditional catalyst, which makes it possible

to increase the efficiency of the fuel cell in the region

of high current densities by improving the transport

characteristics of the layer (increasing porosity, accel-

erating oxygen diffusion, etc.), and increasing the

electrical conductivity and the degree of utilization of

the noble metal. Graphene-like materials can be

doped with heteroatoms (N, O, B, P, and S) by various

methods in one or several steps, which allows one to

influence, to a certain extent, the electrocatalytic

properties of RGO itself or Pt nanoparticles on its sur-

face, as well as their morphology. The most promising

methods for modifying the surface of graphene-like

materials are plasma methods because they make it

possible to avoid the use of high temperatures and sol-

vents, and prevent the contaminations of the final

product, which are associated with these factors.
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