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Grand canonical Monte Carlo simulation (GCMCs) is utilized for studying hydrogen storage gravimetric density
by pha-graphene at different metal densities, temperatures and pressures. It is demonstrated that the optimum adsorbent
location for Li atoms is the center of the seven-membered ring of pha-graphene. The binding energy of Li-decorated pha-
graphene is larger than the cohesive energy of Li atoms, implying that Li can be distributed on the surface of pha-graphene
without forming metal clusters. We fitted the force field parameters of Li and C atoms at different positions and performed
GCMCs to study the absorption capacity of Hy. The capacity of hydrogen storage was studied by the differing density
of Li decoration. The maximum hydrogen storage capacity of 4Li-decorated pha-graphene was 15.88 wt% at 77 K and
100 bar. The enthalpy values of adsorption at the three densities are in the ideal range of 15 kJ-mol~!-25 kJ-mol~!. The
GCMC results at different pressures and temperatures show that with the increase in Li decorative density, the hydrogen
storage gravimetric ratio of pha-graphene decreases but can reach the 2025 US Department of Energy’s standard (5.5 wt%).
Therefore, pha-graphene is considered to be a potential hydrogen storage material.

Keywords: hydrogen storage, pha-graphene, grand canonical Monte Carlo simulation (GCMCs), force field

PACS: 68.43.Bc, 31.15.E—, 02.70.Tt, 73.20.At

1. Introduction

With the rapid growth in energy demand and massive
burning of fossil fuels, it is imperative to develop and utilize
clean and renewable resources. Hydrogen (H;) stands out in
this field due to its high calorific value (144 mJ-kg~!) and ex-
cellent mass—energy density.[!) Wind, solar and other forms of
clean energy are random and intermittent. Their large-scale
and base development modes pose technical and economic
challenges for wind power and other clean energy in China
at the initial stage of development. However, due to the low
gravimetric density of adsorbed hydrogen at room tempera-
ture, its storage performance is still far from meeting the US
Department of Energy’s (DOE’s) ultimate goal.

At present, hydrogen storage methods mainly include gas,
liquid and solid hydrogen storage.>®! Storage of hydrogen
gas requires high-pressure tanks, which have a low gravimet-
ric density and poor safety.!”l Liquid hydrogen storage has
some disadvantages, such as high energy consumption, high
cost and troublesome operating conditions.[”! In addition to
these storage methods, extensive research has been made into
a reversible, safe technique for solid-state storage by physical
or chemical methods.®! The chemical process of physical ad-
sorption of hydrogen molecules through hydrogen storage ma-
terials involves the reaction of a hydrogen storage substance
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with a hydrogen molecule. These methods should meet DOE
goals such as high hydrogen storage density, reversible hy-
drogen storage and release of hydrogen under environmental
conditions.! In recent years, solid hydrogen storage materials
have been widely studied and show excellent hydrogen storage
performance. Solid hydrogen storage appears to be the best
among the three kinds of hydrogen storage methods, and is
at the forefront of research. Therefore, it is very important to
find high-quality hydrogen storage materials, and this would
be conducive to breaking through the bottleneck of hydrogen
energy development.

The US DOE requires domestic on-board hydrogen bat-
teries to have a hydrogen gravimetric density (the ratio of hy-
drogen released to total hydrogen gravimetric) of 5.5 wt% by
2025, with an eventual goal of 6.5 wt%. For suitable hydro-
gen adsorption and desorption processes, the average binding
energy at room temperature is 0.2 eV/H,—0.6 eV/H,.!'% In ad-
dition, the selected host material has a high surface area and
is light in weight. To achieve these goals, carbon-based nano-
materials are a better choice for hydrogen storage!'"'?! (e.g.,
carbon nanotubes,!'?! fullerenes,!'*! graphene,!!! etc.). Pure
graphene sheets have poor hydrogen storage performance be-
cause they do not have suitable adsorption sites for hydrogen
molecules.[!®! One of the reported strategies for improving the
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hydrogen storage performance of graphene-based materials is
to modify them with metal atoms, which change the surface
state of the material and can be used as effective adsorption
sites for hydrogen molecules and exhibit good hydrogen stor-
age performance.!!”-?% Recently, Shi et al. observed that the
maximum hydrogen storage performance of Li-modified net-7
reached 13.29 wt%. ]

Recently, a new two-dimensional carbon-based material,

(221 has been proposed. It is an antisymmetric

pha-graphene,
graphene allotrope consisting of three carbon rings contain-
ing five, six and seven carbon atoms. The energy, dynamic
and thermal stability of the structure are fully confirmed. >3]
Monte Carlo (MC) simulation based on probability and statis-
tics theory was proposed by Von Neumann and colleagues in
the 1940s. As an important numerical calculation method, MC
simulation has been widely used in the study of the thermody-
namic and kinetic properties of ionic conductors.>-2’ By the
1950s, the Metropolis algorithm,?®! which can be applied to
most physical equilibrium systems in MC simulation, was pro-
posed. According to different research objects, MC simulation
can be divided into two categories: one is the simulation of
non-time correlation of the thermodynamic equilibrium pro-
cess, such as the common grand canonical Monte Carlo simu-
lation (GCMCs) while the other is the study of time-dependent
dynamical problems, such as the kinetic Monte Carlo (KMC)
simulation. The ultimate goal of both MC simulations is to
find the configuration of structures hovering near a low po-
tential energy surface as much as possible. As a classical
thermodynamic MC simulation, GCMCs is widely used in
the synthesis and porous adsorption of electrochemical en-
ergy storage materials. In recent years, hydrogen storage ma-
terials based on first-principles calculations have made some
progress.[?=331 Based on density functional theory (DFT) and
GCMCs, the hydrogen storage performance of Li-decorated
pha-graphene has been studied theoretically. The results show
that Li atoms tend to adsorb at P; because the maximum bind-
ing energy is at P3. In this paper, the hydrogen storage per-
formance of pha-graphene decorated with different densities
of Li at different temperatures and pressures was studied by
GCMCs. The simulation results show that pha-graphene is a
potential hydrogen storage material.

2. Computational details

In this paper, the capacity of Li-decorated pha-graphene
was explored based on DFT.’*! The generalized gra-
dient approximation (GGA) formulated by the Perdew—
Burke—Ernzerhof functional is used for structure and energy
optimization.*>) The DFT-D2 method of Grime is used to de-
scribe the van der Waals interaction.®) The k-point of the
Brillouin zone is set to 6 X 6 x 1, and the cutoff energy is
500 eV. In order to ensure the accuracy of the calculation, the

relaxation convergence criteria of energy and force are set to
1073 eV and 0.01 eV-A~!, respectively. The vacuum layer
thickness is set to 20 A to prevent interlayer interaction.

The average binding energy of Li atoms decorated on a
pha-graphene surface at different densities can be expressed
as

E EmLi+pha-graphene —mEL; — Epha-graphene
b — )
m

where m represents the number of Li atoms, Ei, Epha-graphene
and Eu1i 4 pha-graphene represent the energy of a single Li atom,
the pha-graphene primitive cell total energy and the pha-
graphene primitive cell total energy when decorated by Li
atoms, respectively. The hydrogen storage gravimetric density
of the system is defined as

nM, H,

G(wi%) = x 100%,

nMuy, + M, mLi+pha-graphene
wherein My, and ML pha-graphene T€present the relative
molecular weight of a single My, molecule and the total rela-
tive molecular weight of m a pha-graphene system decorated
with Li atoms, respectively.

GCMC:s obtains the hydrogen storage gravimetric den-
sity curve and adsorption enthalpy curve of hydrogen. Under
the condition that the chemical potential, volume and temper-
ature of hydrogen molecules remain unchanged, the Metropo-
lis importance sampling algorithm is adopted, and the Ewald
method is adopted for electrostatic interaction. Both the bal-
ance and production steps are set to 5 x 10°. According to the
structure of the paper, the force field parameters of Dreiding
were modified, and hydrogen adsorption was carried out at a
fixed temperature and different pressures. Based on the fol-
lowing understanding, 77 K (=196 °C) is the lowest tempera-
ture that can be achieved in the current experiment and 233 K
(—40 °C) is the lower limit of near-ambient temperature set by
the DOE. Furthermore, 298 K (25°C) is used for the simula-
tion at room temperature. Therefore, the hydrogen adsorption
data were measured at these three fixed temperatures of 77 K,
233 K, and 298 K and at control pressures of 1 bar—100 bar,
respectively.

3. Results and discussion

Figure 1 shows the top and side views of the optimized
primitive cell and the pha-graphene decorated with different
Li densities. As can be seen in Fig. 1(a), the four possible ad-
sorption sites are P; (the center of a five-membered ring), P,
(the center of a six-membered ring), P3 (the center of a seven-
membered ring) and P4 (the center of the lower six-membered
ring). Cohesive energy is defined as the difference between
the compound energy and the sum of the corresponding iso-

[37-39

lated atomic energy. | The experimental cohesive energy
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of Li atoms is 1.63 eV.[*0) The average binding energies of a
single Li atom at Py, P, P; and P4 are —2.40 eV, —2.47 eV,
—2.51 eV and —2.45 eV, respectively.

Top view (a)| Top view (b)

Side view

Top view (d)

Side view Side view
e © ¢ © 000 ¢
HEE LA | S ads1s
© ¢ © © o900 ©

Fig. 1. Views of the optimized structure from above and from the sides:
(a) optimized unit cell of pha-graphene, (b) 4Li-decorated pha-graphene,
(c) 6Li-decorated pha-graphene and (d) 10Li-decorated pha-graphene.
The dotted lines present a primitive cell. The gray and purple spheres
represent C and Li atoms, respectively.

We found that the binding energies of these four sites
were Pz, P>, P4 and P; from large to small, which were all
greater than the cohesive energy of Li atoms, indicating that
metal aggregation would not occur. We also found that the
binding energy difference between the optimal adsorption site
P3 and the secondary P and tertiary P4 adsorption sites was
slight. Therefore, we considered decorating the optimal ad-
sorption position and symmetric position with Li atoms first
and then modifying the secondary and tertiary adsorption po-
sitions with Li atoms successively. Eventually, 4, 6 and 10 Li
atoms were introduced. The optimized structures are exhibited
in Figs. 1(b)-1(d). It can be observed that the Li atoms in the
three optimized metal density Li-modified structures are sym-
metrically distributed on both sides of pha-graphene. With in-
crease in the density of Li metal, the distribution of Li atoms is
different from that of 4Li-decorated pha-graphene distributed

in parallel on both sides, but presents a certain curvature. The
average binding energies of single Li atoms of pha-graphene
decorated with 4Li, 6Li and 10Li are —2.02 eV, —1.94 ¢V and
—1.96 eV, respectively. The average binding energy of Li at
the three densities is greater than the cohesive energy of Li
atoms (1.63 eV) obtained in the experiment. It can be found
that with the increase in Li density, the average binding energy
of Li atoms first decreases and then becomes constant at a cer-
tain point (6Li here), but the average binding energy between
Li atoms and the pha-graphene is greater than the cohesive
energy of Li atoms obtained experimentally, so metal agglom-
erations will not be formed. However, when 14Li atoms are
considered for decoration, it is found that the optimized struc-
ture is no longer stable. The average adsorption energy de-
creases the density with the increase in Li. This suggests that
Li atoms cannot grow indefinitely.

GCMCs explored the H, adsorption isotherms and ad-
sorption enthalpy change curves of pha-graphene decorated
by 4Li, 6Li and 10Li in the pressure range of 0—100 bar and
at fixed temperatures of 77 K, 233 K and 298 K. Force field
parameters of the interaction of H, with Li-decorated pha-
graphene can be obtained by fitting the Morse equation

-ofonf(1-2) o[£ (-2}

where r;;, D, a and ro denote the interaction distance, well
depth, force constant and the equilibrium bond distance, re-
spectively. The optimal adsorption potential energy of the in-
teraction of Hy and Li-decorated pha-graphene calculated by
DFT simulation and the fitted potential energy curve is shown
in Fig. 2. It can be seen that the fitting curve is completely
consistent with the results of the DFT calculation. The Morse
force field parameters are shown in Table 1. Here Li_4, Li_5
and Li_6 represent the atomic types of Li and are located at
the best P3, P, and P4 positions, respectively. C_7, C_6 and
C_5 represent the types of C atoms in the corresponding rings
of P3, P> and P4. Other field parameters of C atoms in pha-
graphene were taken from the Dreiding field.[*!]

Table 1. The Morse potential force field parameters employed in this
paper.

Term D (eV) ro (A) a
Li4-HA 0.11105 2.03219 7.01532
Li5S-HA 0.11283 2.03128 6.98927
Li6-HA 0.11183 2.03583 7.00256
C7-HA 0.09723 3.45697 5.65769
C6-H.A 0.10265 3.43157 5.61142
C5-HA 0.10227 3.42287 5.66535

The H; adsorption isotherms of pha-graphene decorated
with Li of different densities are shown in Fig. 3 for increasing
pressure. According to the adsorption isotherm in Fig. 3, it can
be concluded that when the pressure of 4Li- and 6Li-decorated
pha-graphene is greater than 30 bar and 50 bar, respectively,

066803-3
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the hydrogen storage gravimetric ratio at all three temper-
atures exceeds 5.5 wt% (2025 DOE standard). The maxi-
mum hydrogen storage gravimetric ratio reaches 15.88 wt%
and 14.65 wt% at 77 K and 100 bar, respectively. However,
the maximum hydrogen storage gravimetric ratio of the 10Li-
decorated pha-graphene isotherm is only 5.3 wt% at a pressure
of 100 bar and temperature of 298 K. Longitudinal comparison
of adsorption isotherms under the three densities shows that
the lower the temperature is, the higher the hydrogen storage is
under the condition of fixed pressure. From the GCMCs data
of pha-graphene decorated with different Li densities, under
the same conditions, the hydrogen storage gravimetric ratio of
pha-graphene decreases with increase in the metal Li density.
The reason for this phenomenon is that with the increase in
modification density, the effective adsorption sites of hydro-
gen do not increase but become fewer and fewer, resulting in
a decrease in the hydrogen storage gravimetric ratio. This can

also be seen from the diagram of maximum hydrogen storage
density in Fig. 3(a).

T T T T T T
41 @ Calculated force field -
—— Fitted force field
>
=
5]
AR o ¥ o §: ]
e Distanc
=}
9]
=
: o : e |
-1 T T T T T T

0 2 4 6 8 10 12
Distance (A)

Fig. 2. DFT calculation of H, and Li-decorated pha-graphene and com-
parison of the fitting force field. The white, purple and gray spheres rep-
resent H, Li and C atoms, respectively.
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Fig. 3. The gravimetric adsorption isotherms of H, calculated for pha-graphene decorated with different Li densities and the adsorption enthalpy at 77 K,
233 K and 298 K in the range from 1 bar to 100 bar: (a) 4Li-decorated gravimetric hydrogen adsorption isotherms, (b) 6Li-decorated gravimetric hydrogen
adsorption isotherms, (c) 10Li-decorated gravimetric hydrogen adsorption isotherms, (d) 4Li-decorated enthalpy of adsorption, (e) 6Li-decorated enthalpy
of adsorption, (f) 10Li-decorated enthalpy of adsorption, The blue, orange and green solid lines correspond to 298 K, 233 K and 77 K, respectively, while
the blue dotted line represents the 2025 DOE standard. The illustrations in (a)—(c) are snapshots of hydrogen adsorption density at corresponding densities

at 77 K and 100 bar.

Adsorption enthalpy is used to measure the strength of
the interaction between H; and adsorbent surfaces or pore
structures. Therefore, the change in adsorption enthalpy
from 1 bar to 100 bar at different temperatures and densi-
ties is shown in the second row of Fig. 3. It can be seen
from the horizontal comparison that the overall trend of ad-
sorption enthalpy at three temperatures and three densities is
slowly decreasing, which is the same as the change trend re-

ported previously. GCMCs results show that the adsorption

enthalpy values for different decoration densities, tempera-
tures and pressures are in the ideal range of adsorption en-
thalpy (15 kJ-mol~!-25 kJ-mol~").1*?} The results for adsorp-
tion enthalpy obtained by GCMCs are in agreement with re-

2143451 1t can also be concluded from

cent research results. !
the change curve of adsorption enthalpy that, at fixed temper-
ature, the adsorption enthalpy decreases gradually with an in-
crease in pressure. At fixed pressure, as the temperature in-

creases, the binding energy of hydrogen molecules will de-
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crease and the hydrogen storage gravimetric ratio will also de-
crease. Therefore, we can promote the release of adsorbed
hydrogen molecules by increasing the temperature so as to re-
alize hydrogen energy utilization. In summary, GCMCs sug-
gest that pha-graphene is a promising candidate for hydrogen
storage.

4. Conclusion

In this paper we fitted the field parameters of Li and C
atoms. The GCMCs method was used to evaluate the hydro-
gen storage capacity of pha-graphene decorated with different
Li densities at different temperatures and pressures. First, we
constructed three hydrogen adsorption structures by Li atom
decoration. Second, we discussed the effect of modification
of different Li atomic density on the hydrogen storage perfor-
mance of pha-graphene by adsorption isotherm and adsorp-
tion enthalpy curves. The GCMCs results show that the hy-
drogen storage capacity of 4Li-decorated pha-graphene was
proved to be 7.49 wt%, 9.12 wt% and 15.88 wt% at 298 K,
233 K and 77 K, respectively. The hydrogen storage capac-
ities of 6Li-decorated pha-graphene are 6.67 wt%, 8.32 wt%
and 14.65 wt% at 298 K, 233 K and 77 K, respectively. The
hydrogen storage capacities of 10Li-decorated pha-graphene
are 5.31 wt%, 6.79 wt% and 12.79 wt% at 298 K, 233 K and
77 K, respectively. All GCMCs results show that Li-decorated
pha-graphene can be used as a candidate material for hydrogen
storage materials.
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