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! Changes in graphene related to the amount of adsorbed hydrogen are investigated.

! Transition between graphene and graphane is examined using modelling software.

! Possible application of graphene in energy storage industry is explained.

! One-sided and completely two-sided hydrogenation of graphene is considered.
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a b s t r a c t

This article discusses the effect of hydrogenation of graphene (one-sided and two-side

hydrogenation) in relation to the change in the physicochemical properties of graphane

as a material capable of reversible H2 storage. Therefore, the change of the system's energy

was determined, differences in HOMO-LUMO molecular levels and the distribution of

electrostatic potential as a function of its hydrogenation were simulated. At the same time,

the mechanism of graphane reduction to graphene was discussed as a result of interaction

with steam from the air. It has been shown that along with the increase in the degree of

hydrogenation, the graphane changes its electrostatic potential from negative to positive,

simultaneously pushing the negative charge to the edge of the graphene flake. This fact

may have an impact on its further chemical reactions, which may significantly limit the

sorption properties of graphene. Areas rich in negative charge will prefer chemical re-

actions with molecules of electrophilic properties, while positive areas with molecules of

nucleophilic properties. This determines the elimination of the storage environment of

graphene structures used as reversible sources of chemical bonding of hydrogen in order to

increase their lifetime as well as sorption capacity.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Currently, intensive work is conducted regarding the devel-
opment of materials capable of reversible hydrogen storage as

alternative sources of energy. Themain areas of application of
hydrogen as a fuel are the automotive, aviation and arma-
ments industries, especially in drone propulsion systems.
Currently, four methods of hydrogen storage are known and
used: in the liquid state [1e3], in the gas state under high

pressure [2e5], cryo-adsorption technique [2,6] and storage in
metal hydrides [7,8]. However, themost prospectivemethod is* Corresponding author.
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the storage of hydrogen on carbon structures. The advantages

of this type of structures are: (1) high value of kinetics of
sorption and desorption processes, (2) low mass compared to
current industrial solutions for hydrogen storage and, what is
also very important (3) its high chemical and physical stabil-
ity, (4) no toxicity, (5) limited flammability and explosiveness.

The carbon structures were examined, among others, by
teams of prof. Chenga and Khoa Nguyen, including mono-
[10,11] andmulti-walled [12] nanotubes, fullerenes [13] as well
as broadly developing graphene [14]. While carbon systems in
the form of nanotubes and fullerenes do not currently allow
storage of enough hydrogen to be commercially viable (this

limit is 6% by mass [9]), graphene properties allow exceeding
this value. This is due to the possibility of its double-side
chemical interaction with hydrogen atoms, which signifi-
cantly shifts the theoretical value of the potential amount of
hydrogen storage up to 15%.

According to the literature, however, these studies have
not been systematized. Changes in charge distribution on the
surface of graphene have not been considered in terms of the
ability to chemisorb any subsequent hydrogen atoms. In
addition, there is no information on the potential instability of
graphane (hydrogenated graphene) and the possibility of its

uncontrolled reduction to graphene. Therefore, within this
article, the influence of the degree of hydrogenation on the
physicochemical properties of graphane and the resulting
behavior under natural conditions will be determined.

Research

First, using the SCIGRESS v.FJ 2.7 program, a graphene struc-
ture consisting of 136 carbon atoms was created as a model

system of atoms, with 46 hydrogen atoms which saturate
bonds with carbon at the edge of the analyzed graphene flake.
The system created in this way was optimized in order to
achieve the energy minimum. After the optimization of the
analyzed graphene structure, the length of CeC bonds is
1.42 Å, while the CeCeC torsion angle is 120". For such ob-
tained model, computing simulations were carried out using
the molecular mechanics.

Next, modelling of molecular systems was performed in
which the change in the dihedral angle, bending stresses and

van der Waals forces were analyzed as a function of the

change in the number of created CeH bonds at sp2

hybridization.
In order to determine the chemical stability of hydroge-

nated graphene systems, the graphene structure prepared in
this way was firstly analyzed to determine the Highest Occu-
pied Molecular Orbital (HOMO) and the Lowest Unoccupied
Molecular Orbital (LUMO), as well as calculating the thermal
energy of the created systems. Then this system was sub-
jected to the hydrogenation process in two variants, forming
respectively 2, 4, 8, 16, 32, 48, 64, 80, 96 chemical bonds with
carbon atoms of graphene, which corresponded to: 1.5; 2.9;

5.9; 11.8; 23.5; 35.3; 47.1; 58.8 and 70.6% at. hydrogenation of
graphene. The first variant of the molecular calculations
considered double-side hydrogenation of graphene, while in
the second variant, all hydrogen atoms were chemically
bound on one side of graphene (Table 1).

During the hydrogenation analysis it was assumed that the
hydrogen bound to carbon at the edges of the graphene flake
will not be counted in the context of the H/C contribution. For
such structures, the change in the HOMO-LUMO energy gap
and the heat of structure formation as a function of the in-
crease in the atomic hydrogen share in the chemical reaction

with the sp2 hybridization catalyst were determined.
Based on the analysis of HOMO-LUMO energy gap, one can

infer about the chemical stability of the studied systems [15].
In addition, according to Ref. [16], the value of HOMO-LUMO
energy gap determines the nature of the material being
analyzed (up to 0.3 eV: conductors, 0.3 ÷ 5 eV: semiconductors,
over 5 eV: insulators). HOMO and LUMOmolecular orbitals for
the graphene layer saturated with hydrogen only on the edges
are shown in Fig. 1 - structure marked G0H2. In Tables 2 and 3,
the HOMO and LUMO energies were compared, as well as the
HOMO-LUMO energy gap with chemically hydrogenated gra-

phene structures considering their heat of formation for one-
and double-sided hydrogenated graphene respectively (see
Table 4).

The visible surface polarization of a hydrogenation gra-
phene may translate into a increase of a driving force of
chemical reactions, thus decreasing its activation energy.
Eventually, the paring of valence electrons will improve the
sorption properties of graphene. On the other hand, the phe-
nomenon may influence the sorption degree of hydrogen

Table 1 e List of analyzed graphene samples depending on the degree of its hydrogenation and the type of structure
formed: one-sided or double-sided hydrogenated graphene.

One-side hydrogenation Double-side hydrogenation

Sample Amount of bonds created
through C sp2þH2 reaction

Degree of
hydrogenation, %

Sample Amount of bonds created
through C sp2þH2 reaction

Degree of
hydrogenation, %

G0H2 0 0 G0H2 0 0
G1H21S 2 1,5 G1H22S 2 1,5
G2H21S 4 2,9 G2H22S 4 2,9
G4H21S 8 5,9 G4H22S 8 5,9
G8H21S 16 11,8 G8H22S 16 11,8
G16H21S 32 23,5 G16H22S 32 23,5
G24H21S 48 35,3 G24H22S 48 35,3
G32H21S 64 47,1 G32H22S 64 47,1
G40H21S No possibility to conduct analysis due to

the high degree of structural deformation
G40H22S 80 58,8

G48H21S G48H22S 96 70,6
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Fig. 1 e Structures of one-side hydrogenated forms of graphene along with the distribution of HOMO-LUMO molecular
orbitals and electrostatic potential maps (electrostatic potential mapping from the charge density matrix).
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molecules, especially with an increased degree of graphene
defects. In the area of structural defects, a negative chargewill
also gather, which surprisinglywill form a driving force for the
H* bond. Of course, an increase in the defects' summary area
theoretically decreases the amount of carbon atoms capable
of forming chemical bonds with hydrogen.

Due to that, an increase in amount of defects with benefi-
cial distribution of charge on the graphene surface negatively
affects the hydrogen sorption properties. However, an in-

crease of hydrogenation degree with a simultaneous push of
negative charge to the edge of the structure will also change a
type of possible chemical reactions to occurwith the graphene
(ex. with water vapor), what has been described above.

Based on the HOMO-LUMO energy gap analysis [15], it can
be concluded that with increase of hydrogenation the gap size
increases as well, which may indicate thermodynamic sta-
bility of the analyzed chemical structure (see Fig. 5). However,
as explained further below, the thermodynamic stability im-
proves after crossing a certain degree of graphene hydroge-
nation (Fig. 6). Moreover, a tendency to change the nature of

the analyzed material from semiconductor to typical proper-
ties of an insulators can also be observed and is the effect of
bonding valence electrons which form a delocalized bond
during the reaction with atomic hydrogen.

Moreover, HOMO-LUMO energies determine the ability of a

molecule to donate or receive electrons. This fact is especially
important, since in case of using graphene in hydrogen stor-
age applications, every change its hydrogenation degree in-
fluences its reactivity in relation to compounds with donor or
acceptor properties. Because of that, any analysis regarding
the graphene hydrogenation must be supplemented with
calculations of any potential reactions between graphene and
chemical compounds present in the surrounding environ-
ment, even in trace amounts. This will help determine the
environmental parameters that must be taken into account
during development stage for a hydrogen storage bed based

on graphene. It is crucial to determine the oxidizing potential,
which translates to the type of a compound the graphene will
react with at different degree of its hydrogenation. According
to the research team prof. H.Y [17] and Hong Yan Yue [18], the
oxidation potential increases with an increase in the HOMO-
LUMO energy gap. Analyzing the energy gap values for the
graphene flake being studied, it can be stated that this value
increases over 2.3 times (3.89 eV for graphene flakes to 9.15 eV
for graphene hydrogenated at 70%) compared to non-
hydrogenated graphene flakes. A similar relationship is
observed for one-side hydrogenated graphite.

The increase in the oxidation potential of the graphane
structure as a function of its oxidation degree is confirmed by
the analysis of the distribution of electrostatic potential (Figs.
1 and 2), which is consistent with the research carried out by
the team of M Saranya [19]. This correlation is observed both
for one- and double-side hydrogenated structures. Red areas
in the analysis of the electrostatic potential of the graphene
flakewith different degrees of hydrogenationmean “negative”
zones - “richer” in electrons. On the other hand, the blue color
indicates an area poorer in electrons, therefore they take on a
“positive” character. Positive areas prefer chemical reactions

withmoleculeswith nucleophilic properties. In contrast, areas
rich in negative charge will prefer chemical reactions with
molecules with electrophilic properties. For this reason, the
areas of graphene, inwhich the sp2þH* hybridization reaction
occurs in the Csp3 eH binding, are marked as positive zones. In
addition, the tendency to push the negative charge on the
edges of the flake is clearlymarked. A similar relationship was
found by X. Duan, K. O'Donnell [20], who analyzed graphene
systems doped with sulfur and/or nitrogen.

The occurrence of this phenomenon would explain the
reduction of graphane to graphene in the air, which is
confirmed by the FTIR spectra of HSMG® graphene samples

subjected to the hydrogenation process, after which the
samples were placed in air atmosphere. After the graphene
hydrogenation process, it was observed that contact with air
caused a significant drop in its resistance [21]. In this case, DR
% decreases within 600s from a value close to 340 to 140. The
presence of this phenomenon may indicate a reduction of
chemically adsorbed atomic hydrogen. The analysis of the
FTIR spectra of the hydrogenated samples proved that a new
peak appears indicating the appearance of the CeO bond at
1082 cm$1 (Fig. 3).

Therefore, the following experiment was carried out to

determine the effect of the composition of the atmosphere on
the dehydrogenation of the graphene layers under analysis.
For this purpose, the following atmospheres were

Table 2 e Energy of HOMO, LUMO, HOMO-LUMO gap and
heat of creation of chemically one-side hydrogenated
graphene structures.

Structure HOMO
[eV]

LUMO
[eV]

HOMO-LUMO
energy gap [eV]

Heat of
creation [kcal/

mol]

G0H2

G1H21S $6,56 $2,23 4,33 423
G2H21S $6,67 $2,13 4,54 440
G4H21S $6,81 $1,92 4,89 466
G8H21S $7,18 $1,37 5,81 511
G16H21S $7,60 $0,40 7,20 539
G24H21S $7,54 0,02 7,56 535
G32H21S $7,70 0,49 8,19 649
G40H21S No possibility to conduct analysis due to the high

degree of structural deformationG48H21S

Table 3 e Energy of HOMO, LUMO, HOMO-LUMO gap and
heat of creation of chemically double-side hydrogenated
graphene structures.

Structure HOMO
[eV]

LUMO
[eV]

HOMO-LUMO
energy gap [eV]

Heat of
creation [kcal/

mol]

G0H2 $6,34 $2,45 3,89 401
G1H22S $6,56 $2,24 4,32 415
G2H22S $6,66 $2,17 4,49 425
G4H22S $6,81 $2 4,81 435
G8H22S $7,2 $1,55 5,65 462
G16H22S $7,78 $0,68 7,1 486
G24H22S $7,82 $0,35 7,47 415
G32H22S $8,15 0,12 8,27 360
G40H22S $8,33 0,59 8,92 277
G48H22S $8,46 0,69 9,15 234
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Table 4 e Different types of molecular vibration and corresponding wavelengths in IR spectra of hydrogenated graphene
structures.1
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Fig. 2 e Structures of double-side hydrogenated forms of graphene along with the distribution of HOMO-LUMO molecular
orbits and electrostatic potential maps (electrostatic potential mapping from the charge density matrix).
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independently tested, which were introduced in a controlled
manner into a vacuum chamber (O2 or Ar or O2 þ H2O). It has
been proven that an intense increase in electron mobility is
observed in the O2 þ H2O atmosphere. Therefore, it was
assumed that the dehydrogenation mechanism is as follows.
First of all, condensation of water vapor on the surface of
graphene and the formation of hydrogen bonds between the

donor (hydrogen bound to the surface of graphene) and the
acceptor (oxygen in the water molecule) is observed. The
dissolved oxygen molecule in the environment of the water
vapor condensed on the graphene surface dissociates ac-
cording to the equation (1) forming the OH- ions.

O2 þ H2O þ 4ee / 4OH$ (1)

Fig. 3 e Example of IR spectra of HSMG® graphene (grown on a forming matrix covered with SiC nanoparticles) before the
hydrogenation process (a) and after it with a stage of interaction with steam from the air atmosphere (b).

Fig. 4 e Simulated IR spectra for chosen double-side hydrogenated graphene structures.
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In the presence of ions, intensive dehydrogenation of gra-

phene occurs according to reaction (2), as a result of which the
reaction is immediate and cyclic due to the formation of water
molecules, being the reaction medium, capable of dissolving
molecular oxygen and re-generating OH- ions.

OH$ þ H-GHSMG / H2O þ GHSMG (2)

In order to determine the actual functional groups, present
in the structure of graphene flakes - graphane (hydrogenated
form), appropriate infrared spectra were simulated using
molecular mechanics through the SCIGRESS v.FJ 2.7 software.
For this purpose, as a model atomic system, a graphene
structure composed of 136 carbon atoms was created, which
was subjected to spatial optimization in order to achieve the
minimum energy of the system. For the obtained energy-
optimized structure, computer simulations were carried out
to identify the interaction of infrared radiation with charac-
teristic chemical groups. The following functional groups

have been identified corresponding to the characteristic
wavelengths.

The spectral analysis proves that with the increase in the
degree of hydrogenation of graphene, the intensity of the peak
at 1260 cm$1 and 1360 cm$1 increases and the intensity of all
peaks coming from graphene structure decreases, i.e. in the
range 1400e1670 cm$1 and 1740-2700 cm$1 (Fig. 4. Table 3).

It is worth noting that the reaction (2) occurs only in case of
hydrogen bound with carbon from a graphene structure with
sp2 hybridization, i.e. Csp2 þ H2 / Csp3-H. It results from the
following fact. On the edge the carbon has sp3 hybridization,

in which the carbon creates two s bonds with two electrons
from sp2 orbitals of adjacent carbon atoms and one swith the
orbital s of a hydrogen atom. Regarding hydrogenated gra-
phene, the case is sp3 hybridization of carbon where it forms
three s bonds with three sp2 electrons of three neighboring
carbon atoms and one s bond with the orbital s of a hydrogen
atom. Such a hydrogen bonding system and the formation of

sp3 carbon hybridization in the graphene structure makes the

binding energy equal Cgraphene-H ¼ 35 kcal/mol [22]. However,
in case of interaction of hydrogen with defects (edge), a strong
tendency to create chemical bonds CG-edge-H is observed, in
case of which this energy corresponds to the energy of CeH
bonds in aromatic compounds and ranges 72e110 kcal/mol.

The increased CeH binding energy on the edges of gra-
phene results from the necessity of saturating the carbon
atoms' valence electrons. This causes the reactivity of the
system to decrease, with a simultaneous improvement of its
thermodynamic stability. Low binding energy of CeH in the
graphene structure is related to additional stress inside it.

Namely, hybridization change from sp2 to sp3 during the
creation of CeHbonds causes the graphene to lose it “flatness”
and form a local 3D systems. Due to that, contrary to the re-
actions occurring at the edges of the structure, the thermo-
dynamic stability of the system decreases. The hydrogenated
graphene is characterized with a higher energy, so it naturally
lowers it by reversing the Cgraphene-H reaction and return to a
flat system through the Cgraphene-Cgraphene bonding.

Moreover, due to the generation of relatively high stress in
the structure of hydrogenated graphene and associatedwith it
a steric hindrance of Cgraphene-H, the system weakens its

binding force. It is possible for it to showbonds in-between the
type of chemical binding and physical interaction. It is the
result of a possibility of electron exchange between Cgraphene-
H bonds and graphene's delocalized bonds.

We presume that the effect of the described phenomena
and, as a result, weakening the Cgraphene-H bond dictates its
reversive properties. Thanks to that, by properly applying the
temperature and pressure of the system, it is possible to
achieve the phenomenon of reversible storage of hydrogen.
However, any structural defects affect the forming of stable
bonds of Cedge-H, Cdefect-H, which even in the optimal condi-

tions of pressure and temperature, do not undergo the process
of reversible binding of hydrogen. Due to that, a crucial
parameter of the storing bed is the quality of the graphene

Fig. 5 e Stages of graphene hydrogenation with energy values for each structure.
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that could be estimated by the ratio of
Csp3

Csp2
, which treats the

amount of carbon atoms not taking part in the process of

reversible hydrogen storage.
The above phenomena explains why in the cycles of

sorption and desorption of hydrogen on graphene sheets, the
system virtually returns to the starting point of the resistance
value. This insignificant value of DR is related to the perma-
nent interaction of hydrogen with defects of the graphene
structure constituting the holes, the boundaries of poly-
crystalline graphene [23] and its edges. In this case, the energy
of hydrogen-carbon bonds of the graphene system is 35 kcal/
mol [17] in contrast to the energy of hydrogen-carbon bonds in
aromatic structures being at least twice as high [24e26]. As a

consequence, in these conditions hydrogen is not desorbed
due to defects.

For this reason, it is important to eliminate even trace
amounts of water vapor from tanks intended for the storage
of graphene sheets capable of reversibly binding hydrogen.
This is crucial in case of eliminating uncontrolled reduction
of hydrogenated graphene structures and the formation of
water particles in accordance with the above-described
mechanism.

At the same time, the heat of creation of the analyzed
structures was calculated depending on the degree of their

hydrogenation and the type of structure created: one-side or
double-side hydrogenated graphene. For both one- and
double-side hydrogenated graphene, the heat of formation for
all analyzed intermediate systems has a positive value and
increases as a function of the degree of hydrogenation. The
positive value of the enthalpy of formation indicates that
these processes are endothermic.

However, in relation to double-side hydrogenated systems,
the increase of this value is observed up to the composition
level of chemically bound hydrogen of about 23%. Further
delocalization of electrons from atomic orbitals lying

perpendicular to the s plane is energetically beneficial. This
effect is achieved after exceeding the hydrogenation degree of
23%. Thermodynamic stabilization of the system to the level
of non-hydrogenated graphene energy may result from the
fact of reaching the degree of saturation of delocalized bonds.
Thus, the occurrence of conjugated multiple bonds is mini-
mized. Then, the structure stabilizes reaching the heat of
formation value around 230 kcal/mol for the level of hydro-
genation ~70%. For comparison, this value for the simulated,

Fig. 6 e Dependence between heat of creation of analyzed structures and their hydrogenation degree as well as the type of
structure: one- or double-sided hydrogenated graphene.
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non-hydrogenated graphene structure is nearly 400 kcal/mol

(Fig. 6).

Conclusion

Based on the analyzes carried out on HOMO-LUMO energy
gaps, electrostatic potential distribution as well as FTIR anal-
ysis of real and simulated hydrogenated graphene systems,
the following correlations were determined:

1. From the point of view of the energy of the system (the
possibility of minimizing it), double-side hydrogenation of
graphene structures is preferred.

2. With the increase of the graphene hydrogenation degree,
one observes:
a) The change of its nature from semiconductor (up to 6%

at the hydrogenation of graphene) to typical properties
as for insulators (difference in HOMO-LUMO energy gap
value above 5 eV).

b) Increase in the oxidation potential of the graphane
structure with simultaneous tendency to push the

negative charge on the edges of the analyzed flake.
c) An increase in the tendency to reduce in the atmosphere

containing water vapor. This is due to increase in the
driving force resulting from the change of charge dis-
tribution on the graphane surface and a stronger inter-
action with OH$ ions. This fact clearly indicates the
need to eliminate even trace amounts of residual water
vapor in hydrogen storage tanks using graphene struc-
tures as a sorbent.
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