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ABSTRACT

To use H5 gas as a common fuel it needs to be in high pressures or cryogenic temperatures to
have reasonable density. But, if we have adsorbent materials with high volumetric capacities to
store hydrogen at ambient temperature and low pressure without any compressing it is
worthwhile to use hydrogen as clean and reversible fuel. Here, we want to report the
adsorption and decomposition properties of aluminum and gallium-doped graphene at
ambient temperature. We studied the adsorption of H,O molecule on pure and doped
graphene via density functional theory. So, possible interactions between the H,O molecule
from three sides and pure and aluminum and gallium-doped were examined. After adsorption,
decomposition of the H,O molecule has been studied and so on, for receive a reaction
pathway, possible intermediates and transition states has been studied. To continue the
density of states, interaction energies and thermodynamic parameters have been calculated.
The results showed that the adsorbed water on aluminum and/or gallium-doped graphene
decompose to OH and H and then adsorb on the surface again at ambient temperature and

this process was thermodynamically favorable.
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INTRODUCTION

One of the useful ways for energy storing is the chemical bonds. The advantage of this way was known for decades
as the combustion of fossil fuels and breaking C-H bonds. However, CO, NO, and SO, emissions from fossil fuels
cause to necessitate a transition to non-carbon energy fuels [1]. Hydrogen with the energy density about of three
times more than gasoline and water as it's the only waste product would help us in the transition to a non-
emission energy system [2]. Indeed, it could encourage application of renewable energy and help transform to use
non-carbon fuels. Today using hydrogen for transportation as hydrogen fuel-cell are operating on the road and it

is already realized with over 120 hydrogen stations in California and Germany [3]. So, this is encouraging to use
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hydrogen as a transportation fuel, but this replacement is limited by the problems of hydrogen storage. Finite
space of the vehicle and especially the requirement to systems that enhance driving ranges need high density and
volume of energy, respectively. On the other hand, storing the hydrogen as a liquid needs a very low temperature
with densities of 70 g/L and as a compressed gas needs a very high pressures (more than 700 bar) with densities of
39 g/L [4]. Refueling by both ways is expensive and also developing of storage systems for operating under these
excessive conditions is difficult. Furthermore, the storage of hydrogen at that pressure needs significant energy for
compression. Also, storing at very low temperature increases storage capacities but seriously reduces the system
volumetric density and causes costs for operating the thermal management. So, we need high-density hydrogen
storage with moderate conditions and no cryogenic or highly compressed hydrogen storage [5, 6]. Adsorbent-
based systems could be a suitable alternative for this aim. Hence, we can use materials capability for storing at
ambient temperature. In the employing tanks for the hydrogen gasses storing the operating at low pressures,
being light, less expensive, and more conformable parameters are serious. So, by these or similar capabilities, the
fuel cell using in transportation will be provided as well as other usage [7].

In recent years, many scientists interested into design and synthesis of new materials with mentioned capabilities
for hydrogen storage [8-12]. Nanomaterials have been investigated as promising adsorbents for this. In particular,
the high surface-to-volume ratio and chemical versatility of these materials cause to increase hydrogen uptake. It is
important to extend active, stable non-toxic and inexpensive surfaces, too. While, using of the transition metal-
based adsorbent are limited due to cost and toxicity, there are many studies that report, graphene displays an
acceptable surface activity [13-15] and displays a good performance as a catalyst for dehydrogenation reaction
[16-18]. Water adsorption on nanostrucures like graphene is interested in for many researchers. Amanda J. Carr, et
al., studied on the adsorption of the water on graphene and graphene oxide experimentally [19]. Ikutaro Hamada
studied about the adsorption of water on graphene by the van der Waals density functional study and compared
the results with the quantum Monte Carlo approaches [20]. In addition, many studies have approved the
modifying of the physical and chemical properties of graphene by substituting the carbon by the heteroatom. It is
because of the changes in electronic structure [21-23]. For example, the surface reactivity of graphene and other
nanostructures could be improved by the aluminum and gallium doping [24-26]. Also, Yong-an Ly, et al. showed
that the aluminum or gallium doping enhanced the graphene activities for adsorption and dissociation of N,O
[27]. Qilin Yi, et al. showed the aluminum or gallium doping improved the graphene surface adsorption properties
for NF3 and N,O molecules [28]. In addition to the storing problem, we need to have an iminium source of
hydrogen to produce and then storage. Hydrogen molecule can be produced in different ways. Decomposition of
hydrogen-rich material is one of the most attractive ways for hydrogen-production. One of the important
hydrogen sources for this way is hydrocarbons. Water is the other hydrogen-rich. Water is a safe material respect
the hydrocarbon and is the most material on the earth. For this, water decomposition was interested for many
scientists [29, 30]. So, by this way, hydrogen atoms could be produced from the water, adsorbed and stored on the
surface and then desorb to produce the hydrogen gasses for use.

In the preset work, the adsorption and decomposition of the H,O molecules on the Al and/or Ga-doped graphene
sheet have been studied in room temperature and using density functional theory (DFT) calculation. The main aim
of this study was the investigation of the H,O molecule’s decomposition mechanism on the graphene surface.
Also, the possible reaction pathways and intermediates have been studied for this process. The performance of
heteroatom doping on the potentials of graphene for this process and use as hydrogen storage has been studied,
too.

COMPUTATIONAL METHOD

In this work, the investigation on the H,0 molecules to adsorption and subsequently dehydrogenation on the
graphene sheet were performed by using density functional theory (DFT) and time depending density functional
theory (TD-DFT) and M062X/6-31g(d) method/basis sets. For this study, we have considered the armchair graphene
sheet consisting of 25 carbon honeycomb that the end carbon atoms were bonded and saturated by hydrogen
atoms. We have studied non-pure graphene, too. So, we have considered the Al-doped graphene as configuration

"A",, Ga-doped graphene as configuration "B”, 2Al-doped graphene as configuration "C”,, 2Ga-doped graphene as
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configuration "D” and, Ga, Al -doped graphene as configuration "E”.. We have used the QST3 method to calculate
the transition state (TS). To confirm the stationary structure with one imaginary frequency, we have done the
frequency calculations. All the calculations have been done using the GAMESS program suite [31]. To illustrate the
configurations, we used GaussView 5.0.

We have used the following equation to calculate adsorption energy (E,q) of adsorbed H,O molecule(s) on Ga
and/or Al-doped graphene sheet,

Euq= E(surfaceerater) - (Esurface + Ewater) (1)

where E; fqce is the calculated energy of the Ga and/or Al-doped graphene sheet, E,, is the calculated energy
of one H,O molecule and E(swfacHwam) is the calculated energy of one H,0 molecule adsorbed on Ga and/or Al-
doped graphene sheet.

Also, we have studied the density of states, HOMO, and LUMO energy levels for the configurations before and after
possible interactions. For this, we used the GaussSum program [32].

RESULTS AND DISCUSSION

In this work, we have studied the adsorption and decomposition of the H,O molecules on Ga and/or Al-doped
graphene sheet. All structures of the configurations were optimized, energetically at ambient temperature. Also,
the surface activity was studied for the doped graphene for H,O molecules adsorption and then the
decomposition of two H,O molecules. The size of the considered configurations [33] and the level of theory [34]
employed for this study were validated by previous works. To continue we will discuss the process of adsorption
and dehydrogenation of H,O molecules on the mentioned surfaces.

Adsorption

Figure 1 illustrated the structure from top and side view for Al-doped graphene (configuration "A")) when M = Al or
Ga-doped graphene (configuration "B")) when M = Ga before and after adsorption of one H,0 molecule. Also, the
optimized structure of 2Al-doped graphene (configuration "C")) when M1, M2 = Al, 2Ga-doped graphene
(configuration "D")) when M1, M2 = Ga or Ga, Al-doped (configuration "E")) when M1 = Ga and M2 = Al, before and
after adsorption of two water molecules from top and side view have been shown in this figure.

As is clear in Figure 1, the optimized structures of mentioned configurations after adsorption of the water
molecules changed and be out of the plane, while, they were two dimensions sheet-like graphene before
interaction. For study about the adsorption of H,O molecules on graphene, the H,0 molecule is set upright on
graphene from H atom, from O atom, and one side of the H,O molecule. Adsorption has been studied on the
carbon atom and one of the honeycombs. For prevent of the edge effects, the center of the studied graphene was
selected. There was no any interaction between the H,0 molecule and the mentioned studied sites of graphene.
On the other word, in this work, pure graphene has not adsorbed any water molecule. Then, one of the carbon
atoms of the graphene has been substituted by one Al atom (configuration A).. For this configuration, adsorption
process has been studied on the doped atom site and the H,O molecule from three mentioned sides. It was seen
the only adsorption from the O atom of the H,O molecule, and there was no adsorption from two other sides on
the Al atom for configuration A. In continue configuration B, that one carbon atom of graphene has been
substituted by Ga, was designed. For this configuration, the adsorption process has been done as the same as
configuration A, and the H,0 molecule only was adsorbed from O atom on Ga atom, too. As can be seen from
Table 1, the scale of adsorption energy for the studied molecules is in the chemical adsorption range.

The density of states (DOS) was calculated for graphene and configurations A and B before and after one H,0
molecule adsorption. The DOS diagrams for the graphene and mentioned configurations before and after
adsorption have been shown in Figure 2. The energies of the HOMO, LUMO levels, and the difference between
them (Eg) for these configurations have been shown in Table 1. As is clear from Table 1 and Figure 2, by the
adsorption, the HOMO and LUMO energy levels were shifted and also the Ey increased. The Eg4 for our studied

graphene was 2.00 eV, which is in good agreement with other previous studies [35-38]. By the substitution of one C
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atom by Al or Ga atom the Ey decreases to 1.77 and 1.78 eV, respectively. It means that by doping the conductivity
of graphene increases. After adsorption of one H,O molecule on both configurations A and B, the E; were
changed to 2.21 eV. That change was about 0.43 and 0.42 eV for configuration A and B, respectively. It shows that
both the Al-doped and Ga-doped graphene are sensitive to water adsorption.
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Figure 1. The optimized structure of a) Al-doped graphene (M=Al) or Ga-doped graphene (M=Ga) on top (left) and side (right) view,
b) Al or Ga-doped with an adsorbed water molecule on top (left) and side (right) view, c) 2Aldoped graphene (M1, M2=Al), 2Ga-
doped graphene (M1, M2=Ga) or Ga,Al-doped (M1=Ga and M2=Al) on top (left) and side (right) view, d) 2Al, or 2Ga, or Ga,Al-doped
graphene with two adsorbed water molecules on top (left) and side (right) view.

To continue, in the graphene sheet, two carbon atoms were substituted by two Al atoms (configuration C).. For this
configuration, adsorption process was studied for the mentioned doped sites and it was seen as the only
adsorption from O atom of the water molecule. Then configuration D is designed which two previous carbon
atoms were substituted by two Ga atoms. For this configuration, the adsorption process has been done as the
same as configuration C. The last configuration was E that two carbon atom were substituted by one Ga atom and
one Al atom. Also, for this configuration, the H,O molecules only were adsorbed from the O atom on Ga and Al
atoms.

The DOS was calculated for configurations C, D, and E before and after adsorption of two H,0 molecules, too. The
DOS diagram for the graphene and three mentioned configurations before and after the adsorption of two H,0
molecules have been shown in Figure 3. The energies of the HOMO, LUMO levels, and Ey have been shown in Table
1, too. As the Table 1 and Figure 3, the HOMO and LUMO energy levels were shifted and also the Eg increased for
configurations C, D, and E after the adsorption. In Figure 3 (a),, the DOS of graphene have plotted beside the DOS
of configurations C, D, and E for comparison. By the substitution of two C atoms by Ga and/or Al atom to design
the configurations C, D, and E the Ey decreases to 1.89, 1.95, and 1.70 eV, respectively. So, for these configurations,
the conductivity is more than graphene, too. The Eq for the configurations C, D, and E was changed to 1.82, 2.02,
and 2.01 eV, respectively by the adsorption of two water molecules. These changes were decreasing for
configuration C by about 0.07 eV and increased by about 0.07 and 0.31 eV for configurations D and E, respectively.
It shows that configuration E is more sensitive than configurations C and D to water adsorption. Also, the amount

of charge transferring (qct) from water molecule to the Al and/or Ga-doped graphene after adsorption process was
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listed in Table 1. As can be seen from Table 1, the amounts of qCT for all interactions between water and Al and/or

Ga-doped graphene are positive.

Table 1. The adsorption energy, energies of the HOMO, LUMO levels, Eg and qc for the graphene, configurations A, B, C, D, and
E before and after adsorption of one or two water molecule (s).

Configuration E,gs (kcal/mol) HOMO (eV) LUMO (eV) Eg (eV) qcr (@)

Graphene - -4.79 -2.79 2.00 -

A - -4.93 -3.16 1.77 -
A +H,0 -71.41 -4.80 -2.59 2.21 0.16

B - -4.95 -3.17 1.78 -
B+H,0 -77.35 -4.80 -2.59 2.21 0.15

C - -4.86 -2.97 1.89 -
C+2H,0 -129.01 -4.23 -2.41 1.82 0.16

D - -4.89 -2.94 1.95 -
D+2H,0 -141.52 -4.38 -2.36 2.02 0.31

E - -4.84 -3.14 1.70 -
E+2H,0 -137.53 -4.36 -2.35 2.01 0.32

Decomposition

Decomposition of One H,0 Molecule

After adsorption of the H,O molecule on the configuration A (or B), the decomposition process starts. For
decomposition of H,0 molecule it planned to be decomposed two O-H bonds. First step is involving the stretching
and then breaking of the two O-H bonds. As configurations A and B are the same for the decomposition steps, we
only showed the decomposition process of one H,O molecule on configuration A in Figure 4, for briefness. But, for
both configurations the thermodynamic parameters (reaction energy (AE), change of Gibbs free energy (AG,gg) and
change of enthalpy (AH,gg)), imaginary frequencies (v), and corresponding activation energies (E;«) have been
summarized in Table 2.

Table 2. Calculated parameters for every possible steps of decomposition of one water molecule on configurations A and B.
(activation energy (E,), imaginary frequency (v), reaction energy AE, change of Gibbs free energy (AG,gg), and change of enthalpy

(AH39g)).
Eact v AE AGzgg AH;95
Reaction
(kcal/mol) (cm™) (kcal/mol) (kcal/mol) (kcal/mol)
Configuration A
P1—P2 14.5 1350i -12.8 -12.9 -13.4
P2—P4 82.4 295i 80.9 81.7 81.8

Configuration B

P1—-P2 19.7 1376i -4.1 -4.1 -4.5
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Figure 2. DOS diagrams for a) graphene, configuration A and configuration B, b) configuration A before and after adsorption of
one water molecule, and c) configuration B before and after adsorption of one water molecule.



Materials Chemistry Horizons 2024, 3, 1056 7 of 13

(@ Graphene (b) —— 24ldoped graphene

e 241 doped graphae - 21 doped graphene with two water molecules

- - - 2Ga-doped graphene

- - AlLGa-doped graphene

Density of States

4 4
Energy (V) Energy(eV)

2Ga-doped graphene

ALGa-doped graphene

©

R — @ T ——

Density of States

0 3 - 4 2 0

4 -
Energy(eV) Energy (eV)

Figure 3. DOS diagrams for a) graphene, configuration C, configuration D and configuration E, b) configuration C before and after
adsorption of two water molecule, c) configuration D before and after adsorption of two water molecule, and d) configuration E
before and after adsorption of two water molecule.

Also, Figure 5 have shown the decomposition reaction pathways for a H,O molecule on both configurations A and
B. In these ways, the first intermediate (P1) was taken as one adsorbed H,O molecule on the configuration A and
configuration B (see Figure 5). Breaking of the O-H bond in first step of the reaction pathway starts with the
elongation of it in the adsorbed H,0 molecule. In the first step, for the mentioned configurations, the energy
barrier was 14.5 and 19.7 kcal/mol, respectively. For the configuration A this is smaller than the corresponding
activation energy over Co (110) surface (ca. 19.14 kcal/mol) [39]. It shows that these reactions is thermodynamically
favored and so takes place at ambient temperature. As can be seen from Figure 4, at the TS1 (first transition state)
the O-H2 bond elongated from 0.97 to 1.21 A (configuration A),, and 1.25 A (configuration B).. Also, the O—-Al and
O—-Ga distance’s was shortened from 1.94 to 1.85 and from 2.00 to 1.92 A, respectively. By elongation the O-H2
bond the second intermediate (P2) has been created. The lengths of newly formed C1-H2 bond in the second
intermediate are 1.11 A, for both of the mentioned configurations. The energy of the P2 for the configurations A
(-12.8 kcal/mol) and B (-4.1 kcal/mol) is lower than the P1.

: O-H2:2.94 A
O-H2:1.21 A

CI-H2:1.11 A
C1-H2:1.49 A ;

: O-HL1: 0.96 A
0-H1:0.97 A :
ALO: 185 A ALO: 175 A

AFC2:1.93 A
: O-H1:2.25 A
O-HL:1.73 A
0-H2:3.27 A
C2-H1:1.17 A
C2-H1:1.09 A
ALO: 1.70 A :
ALO: 1.68 A
CI-H2:1.11 A ;
N 299 A Cl-H2:1.11 A
ALC2: 2.56 A

TS2

Figure 4. The stationary points structures for dehydrogenation of H20 molecule on Al-doped graphene for configuration A after
energetically optimization.

Initial adsorption energy -71.41 (configuration A) and -77.35 kcal/mol (configuration B) and dehydrogenation
barrier for configurations A and B are 14.5 and 19.7 kcal/mol, respectively. As can be seen, in this way the initial
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adsorption energy is large enough to the subsequent dehydrogenations.

In the second step, by breaking another hydrogen atom the dehydrogenation has been studied. For the P2, O-H1
bond could break while a large activation barrier of about 82.4 kcal/mol for configuration A (Figure 5), and for
configuration B this step did not occur On the configuration A, the TS1 structure is verified by an imaginary
frequency of the O-H2 stretching vibration mode (1350i cm™"). On the configuration B, the imaginary frequency for
the same stretching vibration mode is 1276i cm™'. Also, for the configuration A, the TS3 structure that is
correspond to the second H atom on the H,O molecule for dehydrogenation (O-H1) is verified by an imaginary
frequency (295i cm™).

As can be seen from Tables 1 and 2, the first step with AH,gg = -13.4, AG,9g = -12.9 kcal/mol, and reaction energy of
-71.41 kcal/mol respect to the initial state for configuration A, and with AH,gg = -4.5, AGygg = -4.1 kcal/mol, and
reaction energy of -77.35 kcal/mol respect to the initial state for configuration B is exothermic and
thermodynamically favored. While, the second step with AH,9g = +81.8 and AGygg = +81.7 kcal/mol is endothermic
and is not thermodynamically favored. It shows that for the adsorbed H,0 molecule on both configurations A and
B, the second step of dehydrogenation is not occurred easily at ambient temperature.

Decomposition of Two H,0 Molecules

To continue, the decomposition of two adsorbed H,O molecules on the configurations C, D, and E have been
studied. The same dehydrogenation steps have been studied for these configurations and so, only the reaction
pathway for decomposition of the two adsorbed H,0 molecules on configuration D and the optimized structure of
stationary points have been shown in Figure 5, for briefness. So, after adsorption of two H,O molecules, as
mentioned, onto the Al atoms (configuration C), or Ga atoms (configuration D),, or Ga & Al atoms (configuration
E),, the decomposition would be start. The thermodynamic parameters (change of Gibbs free energy (AG), reaction
energy (AE), and change of enthalpy (AH)), imaginary frequencies (v), and corresponding activation energies (E;)
have been summarized in Table 3.

In Figure 5, the first intermediate (P1) has been taken as configuration D with two adsorbed H,0 molecules. By
studding on the first H,O molecule with elongation of the O1-H1 bond, the reaction pathway of dehydrogenation
begins. As can be seen in Table 3, the activation energy barrier for this step is 21.8 kcal/mol. This energy barrier is
13.5 kcal/mol for configure C and 16.3 kcal/mol for configurations E. This shows that these reactions would occur
rapidly at ambient temperature. The O1-H1 bond elongated from 0.97 to 1.23 A, and the O—-Ga distance was
shortened from 1.99 to 1.94 A at the first transition state (TS1) on the configuration D (see Figure 6). By elongation
the O1-H1 bond the second intermediate (P2) has been created. The length of newly formed C1-H1 bond in the P2,
is 1.11 A, and the Ga1—-01 distance’s stays at 1.84 A. The energy of the P2 for the configuration D is -7.1 kcal/mol
and is lower than the P1 and also, the initial adsorption energy for this configuration is about -141.52 kcal/mol
and dehydrogenation barrier energy is 21.8 kcal/mol. It is clear that, in this way the initial adsorption energy is
large enough to the subsequent dehydrogenations.

In the next step, breaking another hydrogen atom for the dehydrogenation process has been studied. On
intermediate P2 configuration the activation barrier energy for 02-H2 bond splitting was about 27.4 kcal/mol (see
Figs. 5 and 6). As the previous step and the first adsorption process are exothermic, this energy barrier could partly
offset. On the surface of configuration D the TS1 structure is verified by the imaginary frequency that related to the
stretching vibration mode of O1-H1 bond and is 1498i cm™!. For the TS2 configuration the bond elongation
change for 02-H2 is from 0.97 to 1.32 A, and the O—-Ga2 was shortened from 2.0 to 1.90 A. Also, the TS2 structure
is verified by the imaginary frequency that related to the stretching vibration mode of 02-H2 bond and is 1154i
cm™'. In the next step, it needs to be study about intermediate P3 that is obtained by elongating and breaking the
02-H2 bond. The length of newly formed C3-H2 bond in the P3 configuration is 1.11 A, and the distance of Ga2—-
02 is shortened from 2.0 to 1.81 A.
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Table 3. Calculated parameters for every possible steps of decomposition of two water molecule on configurations C, D and E.

(activation energy (E,), imaginary frequency (v), reaction energy AE, change of Gibbs free energy (AG,gg), and change of enthalpy

(AH39g)).
Eact v AE AGzgg AH;95
Reaction
(kcal/mol) (em™) (kcal/mol) (kcal/mol) (kcal/mol)
Configuration C
P1—P2 13.5 1358i -31.2 -28.8 -32.7
P2—P3 35.1 328i 4.0 2.8 5.3
P3—P4 77.4 596i 68. 8 70.0 68.3
P4—P5 65.5 376i 60.7 60.2 60.5
Configuration D
P1—P2 21.8 1498i -7.1 -11.1 -12.2
P2—P3 27.4 1154i 5.7 3.0 4.0
P3—P4 65.6 1699i 53.0 58.9 57.1
P4—P5 91.8 718i 62.0 57.8 57.6
Configuration E
P1—-P2 16.3 1313i -15.5 -14.6 -15.7
P2—P3 26.8 1163i 4.9 2.8 3.4
P3—P4 72.3 1677i 61.5 62.9 61.9
P4—P5 83.4 1059i 55.6 58.7 57.8
—————— Al-doped graphene TS4
Ga-doped graphene ": :\\
-4 2Aldoped graphene :.' ‘\‘ bs
--4#--- 2Ga-doped graphene ,.",' \‘»_.
--&-- Al,Ga-doped Graphene ’,':“ ! - em—
= .;,"/
E T3 P4
- 1 N H
) f— "—j
g 41 Se——t
) ,;,',:
TS1 TS2 il
= — ’r”l",'
00 n” Ny P2 S ‘*f‘.i.’}","
\ W—s / / WY i

Figure 5. One H20 molecule decomposition reaction pathways on configuration A and B, and two H20 molecules decomposition

reaction pathways on configuration C, D, and E.

By the elongation of the O1-H3 bond, study about the decomposition reaction pathway of adsorbed water
molecule continued. In the TS3 configuration the O1-H3 bond was elongated to 1.37 A, and the O1—-Ga1 distance
was shortened to 1.87 A. An imaginary frequency of 1699 cm™ in the TS3 is related to the mode of O1-H3 bond.
Then, for obtained the intermediate P4 the O1-H3 bond breaks. The length of C2-H3 bond in the P4 is about 1.10
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A, and the Ga1—-01 distance stays at 1.87 A. The reaction energy of this step is about +53.0 kcal/mol and it needs
to pass the activation energy barrier about 65.6 kcal/mol, relative to P3, with AHygg = +57.1 and AGygg = +58.9
kcal/mol. So, this reaction would not arise at ambient temperature because this is not thermodynamically favored.
In continue of decomposition process, the 02-H4 bond at the TS4 configuration was elongated to 1.37 A, and the
02—-Ga2 distance was shortened to 1.85 A and an imaginary frequency of 718i cm™ in the TS4 is related to O2-H4
bond elongation. By breaking, the 02-H4 bond, intermediate P5 is obtained. The length of C4-H4 bond in the P5
configuration is 1.11 A, and the Ga2—-02 distance stayed at 1.87 A. The calculated activation energy and reaction
energy for this step is 91.8 and +62.0 kcal/mol, respectively. Also, as can be seen from Table 3 AH and AG for this
step is +57.6 and +57.8 kcal/mol, respectively. These results mean that this reaction would not arise at ambient
temperature because of the thermodynamic limits. So, for this configuration, the second H atoms of two water
molecules (H3 and H4) bonded to O1 and O2 atoms, respectively, instead to bond to the carbon atoms of studied
surface. This is because the aromaticity of the sheet. The O atom creates double bond with Ga atom of
configuration D and it cause to disturb the aromaticity of the sheet. So, it means that the reaction is not kinetically
preferable.

Ol-H1:1234 O1-H1:266 A
C1-H1:148A Cl1-HI:1.11A
01-H3-097 A 01-H3-097 A
Gal-O1:1.94A Gal-O1:1.84A
Ga2-02:2 004 Ga2-02:2 004
02-H2-097 A

‘9 02-H2- 097 A

O1-H1-261 A
Cl-HI:1.11A4
O1-H3:097A
Gal-O1-1834
Ga2-02:181A
02-H4:0.97 A
02-H2-285A
C3-H2:1.11A4

0O1-H1-265 A
Cl-HI:1.11A
O1-H3:097A
Gal-O1-1844
Ga2-02:190A
02-H4:0.97T A
02-H2- 132 A
C3-H2: 137A

01-H1-309 A
Cl-HI:1.11A
. O1-H3:225A
C2-H3 110A
Gal-O1:1.87A
Ga2-02:1.83A
02-H4-097 A
02-H2:2.83A
C3-H2:1.11A

O1-H1-3 404
Cl-HI:1.11A
O1-H3:137A
C2-H3 1254
Gal-O1:1.87A
Ga2-02:1.83A
02-H4-097 A
02-H2:2.84 A
C3-H2:1.11A

O1-H1:329A O1-H1:3.08A
Cl-HI:1.11A4 Cl-HI:1.11A4
0O1-H3-217A O1-H3-222 A
C2-H3:1.11A C2-H3:1.11A4
Gal-O1:1.88A Gal-O1:1.88A
Ga2-02:185A - Ga2-02:187A
02-H4:137A 02-H4:228A
02—H2:3.22A 02-H2:3.06 A
CB—HZil,llA C3-H2-111 A
C4-H4:126 A T C4-H4:1114A
TS4 P5

Figure 6. The stationary points structures for dehydrogenation of H20 molecule on 2Ga-doped graphene (configuration D). All
distances are in A.

Reaction pathways for mentioned studied configurations show that the one-step dehydrogenation of the
adsorbed H,0 molecules could be suitable. The H,O molecules are decomposed to H and OH on the Al-doped, Ga-
doped, and Al, Ga -doped graphene. In other word, after decomposition the water molecule on the mentioned
surfaces, the hydrogen atoms is adsorbed on carbon sites on graphene sheet and OH is remained on the doped
atoms in the studied surfaces. The H atoms could decompose and produce the H, molecules at ambient
temperature, while, it not possible for OH to decompose from the doped sites in this situation. It is predictable,
because the bond energy of Al-O (119.74 kcal/mol) and Ga-O (89.38 kcal/mol) are stronger than C-H bond (80.78
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kcal/mol) [40]. There are almost infinite sites on the studied surfaces to bond with the decomposed H atoms. So,
we believe that the Ga and/or Al-doped graphene could be suitable catalyst for the dehydrogenation of H,0
molecules and also convenient storage to store and then produce H, molecules on a large scale at ambient

temperature.

CONCLUSION

The pursuit of the structures capable to adsorb and storage hydrogen has already focused on storage by binding
hydrogen on their infinite atoms at ambient temperature. We have targeted graphene as a nanostructure for its
infinite carbon atoms to be adsorbent sites and water molecules as hydrogen-rich safe material. Pure graphene has
not adsorbed any water molecule. So, graphene adsorption has been improved by substituting the percent of
carbon atoms with gallium and/or aluminum atoms. Adsorption and then decomposition of water molecules have
been done on doped graphene. While one of the water's hydrogen atoms dissociated and adsorbed on the
graphene’s carbon atom and the second hydrogen atom preferred to be with the oxygen atom of water bound on
gallium or aluminum atom. This decomposition and hydrogen adsorption process was exothermic and
thermodynamically favored. So we have an adsorbent with high volumetric capacities to store hydrogen at ambient
temperature and low pressure without any compressing and use energy.

STATEMENTS AND DECLARATIONS

Conflicts of Interest/Competing Interests

The author declares no competing interests.

Ethics Approval

Not applicable.

Data and Code Availability

All data generated or analyzed during this study are included in this published article.
Funding

No funding was received to support this work.

Acknowledgment

This work has been supported by Damghan University.

AUTHOR INFORMAION

Sadegh Afshari-School of Chemistry, Damghan University, Damghan, Iran;
orcid.org/0000-0002-6411-6585

REFERENCES

[1] I Larki, A. Zahedi, M. Asadi, M.M. Forootan, M. Farajollahi, R. Ahmadi, A. Ahmadi, Mitigation approaches a
nd techniques for combustion power plants flue gas emissions: A comprehensive review, Science of The To
tal Environment 903 (2023) 166108.

[2] F. Qureshi, M. Yusuf, H. Kamyab, D.-V.N. Vo, S. Chelliapan, S.-W. Joo, Y. Vasseghian, Latest eco-friendly aven
ues on hydrogen production towards a circular bioeconomy: Currents challenges, innovative insights, and
future perspectives, Renewable and Sustainable Energy Reviews 168 (2022) 112916.

[3] P.Halder M. Babaie, F. Salek, N. Haque, R. Savage, S. Stevanovic, T.A. Bodisco, A. Zare, Advancements in hy
drogen production, storage, distribution and refuelling for a sustainable transport sector: Hydrogen fuel ¢
ell vehicles, International Journal of Hydrogen Energy 52 (2024) 973-1004.


https://orcid.org/0000-0002-6411-6585

Materials Chemistry Horizons 2024, 3, 1056

12 of 13

(4]

[5]

(6]

[7]

(8l

[91

[10]

(111

[12]

[13]

[14]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

T. Zhang, J. Uratani, Y. Huang, L. Xu, S. Griffiths, Y. Ding, Hydrogen liquefaction and storage: Recent progre
ss and perspectives, Renewable and Sustainable Energy Reviews 176 (2023) 113204.

A. Fly, I. Kirkpatrick, R. Chen, Low temperature performance evaluation of electrochemical energy storage t
echnologies, Applied Thermal Engineering 189 (2021) 116750.

P. Xie, L. Jin, G. Qiao, C. Lin, C. Barreneche, Y. Ding, Thermal energy storage for electric vehicles at low temp

eratures: Concepts, systems, devices and materials, Renewable and Sustainable Energy Reviews 160 (2022)
112263.

L. Schlapbach, A. Zittel, Hydrogen-storage materials for mobile applications, Nature 414(6861) (2001) 353-3
58.

Y. Sun, C. Shen, Q. Lai, W. Liu, D.-W. Wang, K.-F. Aguey-Zinsou, Tailoring magnesium based materials for hy
drogen storage through synthesis: Current state of the art, Energy Storage Materials 10 (2018) 168-198.

J. Ren, N.M. Musyoka, HW. Langmi, M. Mathe, S. Liao, Current research trends and perspectives on materia
Is-based hydrogen storage solutions: A critical review, International Journal of Hydrogen Energy 42(1) (201
7) 289-311.

Q. Lai, Y. Sun, T. Wang, P. Modi, C. Cazorla, U.B. Demirci, J.R. Ares Fernandez, F. Leardini, K.-F. Aguey-Zinso

u, How to Design Hydrogen Storage Materials? Fundamentals, Synthesis, and Storage Tanks, Advanced Su
stainable Systems 3(9) (2019) 1900043.

E.I. Davydova, A.S. Lisovenko, AY. Timoshkin, Complex beryllium amidoboranes: Structures, stability, and
evaluation of their potential as hydrogen storage materials, Journal of Computational Chemistry 38(7) (201
7) 401-405.

S. Bandaru, N.J. English, A.D. Phillips, J.M.D. MacElroy, Towards the design of novel boron- and nitrogen-su
bstituted ammonia-borane and bifunctional arene ruthenium catalysts for hydrogen storage, Journal of C
omputational Chemistry 35(12) (2014) 891-903.

Z.Yang, X. Ren, K. Guo, F. Shaik, B. Jiang, Tuning the composition of tri-metal iron based phosphides integ
rated on phosphorus-doped vertically aligned graphene arrays for enhanced electrocatalytic activity towar
ds overall water splitting, International Journal of Hydrogen Energy 46(72) (2021) 35559-35570.

M. Lorengz, B. Civalleri, L. Maschio, M. Sgroi, D. Pullini, Benchmarking dispersion and geometrical counterp
oise corrections for cost-effective large-scale DFT calculations of water adsorption on graphene, Journal of
Computational Chemistry 35(24) (2014) 1789-1800.

K.K. Bejagam, S. Singh, S.A. Deshmukh, Development of non-bonded interaction parameters between gra
phene and water using particle swarm optimization, Journal of Computational Chemistry 39(12) (2018) 721-
734,

J. Xu, Y. Li, X. Chen, G. Li, J. Huo, L. Jia, Nitrogen/oxygen co-doped graphene bonded nickel particles comp
osite for dehydrogenation of formic acid at near room temperature, International Journal of Hydrogen En
ergy 47(3) (2022) 1765-1774.

K. Li, H. Li, N. Li, Q. Song, L. Qi, Dissociation mechanisms of CH4 on pristine, N-doped and vacancy graphe
ne by DFT study, Diamond and Related Materials 114 (2021) 108323.

B. Sen, E. Kuyuldar, A. Savk, H. Calimli, S. Duman, F. Sen, Monodisperse rutheniumcopper alloy nanoparticl
es decorated on reduced graphene oxide for dehydrogenation of DMAB, International Journal of Hydroge
n Energy 44(21) (2019) 10744-10751.

A.. Carr, S.E. Lee, A. Uysal, Ion and water adsorption to graphene and graphene oxide surfaces, Nanoscale
15(35) (2023) 14319-14337.

I. Hamada, Adsorption of water on graphene: A van der Waals density functional study, Physical Review B
86(19) (2012) 195436.

JY. Damte, Z.-. Zhu, P.q. Lin, C.-H. Yeh, J.-C. Jiang, B, N-co-doped graphene-supported Ir and Pt clusters for
methane activation and C—C coupling: A density functional theory study, Journal of Computational Chem
istry 41(3) (2020) 194-202.

C.-K. Lin, Theoretical study of nitrogen-doped graphene nanoflakes: Stability and spectroscopy dependin
g on dopant types and flake sizes, Journal of Computational Chemistry 39(20) (2018) 1387-1397.

S. Afshari, J. Jahanbin Sardroodi, H. Mohammadpour, Electronic Behavior of Doped Graphene Nanoribbon
Device: NEGF+DFT, Journal of Nanoanalysis 4(4) (2017) 272-279.



Materials Chemistry Horizons 2024, 3, 1056

13 0of 13

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[33]

[36]

[37]

[38]

[39]

[40]

N. Serincay, M.F. Fellah, Acetaldehyde adsorption and detection: A density functional theory study on Al-d
oped graphene, Vacuum 175 (2020) 109279.

G. Gecim, M. Ozekmekci, M.F. Fellah, Ga and Ge-doped graphene structures: A DFT study of sensor applica
tions for methanol, Computational and Theoretical Chemistry 1180 (2020) 112828.

M.-R. Ghasemi, S. Afshari, Investigation of Hydrogen Cyanide and Ethanol Adsorption on Aluminum-dope
d BNNT in Order to 1,3-Oxazole Production: A DFT Approach, Materials Chemistry Horizons 1(1) (2022) 1-6.
Y.-a. Lv, G.-l. Zhuang, J.-g. Wang, Y.-b. Jia, Q. Xie, Enhanced role of Al or Ga-doped graphene on the adsorpti
on and dissociation of N20 under electric field, Physical Chemistry Chemical Physics 13(27) (2011) 12472-12
477.

Q. Yi, G. Wei, Z. Cao, X. Wu, Y. Gao, Adsorption Properties of NF<sub>3</sub> and N<sub>2</sub>0 on Al-
and Ga-Doped Graphene Surface: A Density Functional Theory Study, Adsorption Science & Technology 20
22 (2022) 1019746.

H. Dotan, A. Landman, SW. Sheehan, K.D. Malviya, G.E. Shter, D.A. Grave, Z. Arzi, N. Yehudai, M. Halabi, N.
Gal, N. Hadari, C. Cohen, A. Rothschild, G.S. Grader, Decoupled hydrogen and oxygen evolution by a two-s
tep electrochemical-chemical cycle for efficient overall water splitting, Nature Energy 4(9) (2019) 786-795.

Y. Huang, T. Yang, H. Yu, X. Li, J. Zhao, G. Zhang, X. Li, L. Yang, J. Jiang, Theoretical Calculation of Hydrogen
Generation and Delivery via Photocatalytic Water Splitting in Boron-Carbon-Nitride Nanotube/Metal Clust
er Hybrid, ACS Applied Materials & Interfaces 12(43) (2020) 48684-483690.

MMW. Schmidt, K.K. Baldridge, J.A. Boatz, S.T. Elbert, M.S. Gordon, J.H. Jensen, S. Koseki, N. Matsunaga, K.A.
Nguyen, S. Su, T.L. Windus, M. Dupuis, J.A. Montgomery, General atomic and molecular electronic structur
e system, Journal of Computational Chemistry 14(11) (1993) 1347-1363.

N.M. O'boyle, A.L. Tenderholt, K.M. Langner, cclib: A library for package-independent computational chemi
stry algorithms, Journal of Computational Chemistry 29(5) (2008) 839-845.

E.F. Sheka, Graphene Oxyhydride Catalysts in View of Spin Radical Chemistry, Materials 13(3) (2020) 565.

M. Ghanbari, S. Afshari, S.A. Nabavi Amri, New capability of graphene as hydrogen storage by Si and/or Ge
doping: Density functional theory, International Journal of Hydrogen Energy 45(43) (2020) 23048-23055.
J.-A. Yan, M.Y. Chou, Oxidation functional groups on graphene: Structural and electronic properties, Physic
al Review B 82(12) (2010) 125403.

N.T. Tien, N.V. Ut, B.T. Hoc, T.T. Ngoc Thao, N.D. Khanh, Electronic Transport in the V-Shaped Edge Distorted
Zigzag Graphene Nanoribbons with Substitutional Doping, Advances in Condensed Matter Physics 2019 (2
019) 4715953.

H. Abdelsalam, H. Elhaes, M.A. Ibrahim, Tuning electronic properties in graphene quantum dots by chemic
al functionalization: Density functional theory calculations, Chemical Physics Letters 695 (2018) 138-148.

M. Ojeda-Martinez, A.N. Pérez Martinez, ). El Hamdaoui, M. Courel Piedrahita, E.M. Feddi, S.P. Thirumuruga
nandham, M.L. Ojeda Martinez, J.L. Cuevas Figueroa, C. Velasquez Ordofiez, D.J. Mowbray, Tuning the ener
gy gap of graphene quantum dots functionalized by OH and COOH radicals: First principle study, Material
s Chemistry and Physics 311 (2024) 128543.

F.F. Ma, S.H. Ma, ZY. Jiao, XQ. Dai, Adsorption and decomposition of H20 on cobalt surfaces: A DFT study,
Applied Surface Science 384 (2016) 10-17.

Luo, Y.-R, Comprehensive Handbook of Chemical Bond Energies (1st ed.), CRC Press (2007).



	Adsorption and Decomposition of Water Molecules on Al and/or Ga-Doped Qraphene at Ambient Temperature: Density Functional Theory
	ABSTRACT
	INTRODUCTION
	COMPUTATIONAL METHOD
	RESULTS AND DISCUSSION
	Adsorption
	Decomposition

	CONCLUSION
	STATEMENTS AND DECLARATIONS‎
	Conflicts of Interest/Competing Interests‎
	Ethics Approval
	Data and Code Availability‎
	Funding‎
	Acknowledgment

	AUTHOR INFORMAION
	REFERENCES


