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Abstract−We investigated the storage capacity of methane on the pristine and doped graphene sheets using hybrid
molecular dynamics - grand canonical Monte Carlo simulation method. Methane adsorption on two parallel graphene
sheets with various distances was estimated at various pressures. According to the isotherm curves, the maximum
amount of adsorbed methane was observed for graphene sheets with a distance layer of 1.2 nm. This optimum struc-
ture was further doped separately with lithium, nitrogen and boron atoms in various atomic percentages to examine
methane storage contents. Results showed that lithium and nitrogen-doped graphene sheets could enhance the meth-
ane storage capacity of graphene sheets whereas boron did not have any significant effect on the methane uptake. The
minimum content of dopant atoms for lithium and nitrogen was estimated as 1/12 (lithium atoms/carbon atoms) and
18.5 atomic percentage, respectively, to meet new DOE’s target for methane uptake.
Keywords: Methane Storage, Graphene Sheets, Doping, Hybrid Simulation, DOE Target

INTRODUCTION

Non-petroleum sources of energy that can offer energy secu-
rity and environmental safety are the priority of the U.S. Depart-
ment of Energy (DOE) for substitutes for fossil fuels [1]. The amount
of DOE’s target for methane storage capacity has progressed in the
past decades, varying in the range of 150 (v(STP)/v) in 1993, 180
(v(STP)/v) in 2000 and 263 (v(STP)/v) in 2015. The recently pro-
posed value for DOE’s target is clearly higher than the previous
target [1-3]. The DOE’s target can be met using natural gas. It offers
a renewable and clean source of energy for vehicles instead of con-
ventional fuels such as diesel and gasoline. Natural gas is a homo-
geneous mixture of variable hydrocarbons, mainly methane, with
environmental and economic advantages [4-10]. Methane can be
a good alternative to fossil fuels due to its high energy intensity
and low harmful materials like carbon dioxide, which is produced
during the combustion process [11-14]. Providing suitable condi-
tions for the storage and transportation of methane at high pres-
sure and low temperature hampers its widespread usage [11].
Compressed natural gas (CNG) and liquid natural gas (LNG) are
two commonly used methods of transporting natural gas, with a
number of deficiencies such as safety issues and high cost [15,16].
Adsorbed natural gas (ANG), which can be conveniently stored at
room temperature and low pressure, is an alternative procedure that
can overcome these problems [15,17,18]. This technique demands
appropriate adsorbents with low expense, high gas storage and
good structural properties [19]. Porous carbon materials such as
activated carbon [20-24], graphene sheet [25-27], pillared graphene
[28,29] and carbon nanotube [27,30-32] are suitable for this purpose.

Graphene is a macromolecule with two-dimensional structures
consisting of carbon atoms, with a covalent bond that can create a
honeycomb lattice. Due to this special structure, graphene is char-
acterized by numerous interesting properties such as high chemi-
cal and mechanical stability, large surface area and high electrical
and thermal conductivity [27,33-38]. Because of these distinguish-
ing features, graphene is used in different fields such as gas sensor
[39], fuel cell [40], gas storage and adsorption [19]. In spite of large
specific surface area and pore volume of graphene sheet related
medium in comparison with some other carbon nanostructure [38],
the use of carbon nanostructure in the case of gas adsorbent requires
surface modification. Functionalization and doping can improve
binding or adsorption strength between pristine graphene and gas
molecule [2].

The doping of graphene sheet with heteroatoms like lithium,
nitrogen and boron can enhance the gas storage capacity of car-
bon adsorbents due to the modified electronic structure [41-44].
Lithium cation generates a powerful affinity between gas molecules
and adsorbents as a result of the induced dipole interaction and
London dispersion which enhances the adsorption capacity [19,
45,46]. Also, by applying this cation the essential time to achieve
the saturation pressure of adsorbents considerably decreases [47].
In some carbon nanostructure materials, such as different forms of
covalent organic frameworks (COFs) and multilayer graphene nano-
structure, the application of lithium doping for methane uptake was
investigated theoretically with grand canonical Monte Carlo (GCMC)
method [19,45,46]. The results showed that lithium doped COFs
enhanced the methane adsorption capacity [45] even up to two
times in comparison to the pristine form at lower temperature and
pressure [46]. Also, Li doping increased the strength of methane
adsorption on multilayer graphene sheets [19].

Nitrogen and boron doping increase the chemical reactivity of
inert carbon nanostructure and the enthalpy of adsorption, leading
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to the addition of extra electronic states around the Fermi level
[48-51]. According to a DFT study, boron doping can lead to the
physical adsorption of gases such as methane [50]. Having greater
chemical reactivity of nitrogen doped compared to pure graphene
sheet, comes into existence with the facile excitation of electron from
valence bands to conduction bands [48]. In a recent DFT study
via Vienna, ab initio method showed that adding nitrogen to the
graphene structure could stimulate the methane uptake capacity
[42]. According to our knowledge, methane uptake on the doped
graphene sheets with N and B has not been reported in large scale.

Above literature review shows that in several experimental stud-
ies, lithium, nitrogen and boron-doped graphene sheets with vari-
ous dopant percentages have been prepared [see Table 1], but it
has not been examined for methane storage. Furthermore, there is
no theoretical study underlying methane storage on doped graphene
sheets with various percentage of dopant of ad atoms. The main
purpose of this study was to apply doped-graphene sheets for meth-
ane storage using a theoretical method. To achieve this aim, first
the best structure of pristine graphene sheets should be selected.
To do so, hybrid molecular dynamics - grand canonical Monte
Carlo (MD-MC) simulation - is applied to investigate the effect of
distance between two parallel graphene sheets on methane storage
capacity. The optimum distance is then selected for lithium, nitrogen
and boron doping. Afterwards, the same simulation method is used
to examine the impact of various dopant atom types and their
percentages on the methane adsorption capacity. In all steps, iso-
therm curves are plotted and compared to each other. Finally, all
structures (from dopant type and percentage) are applied to exam-
ine their ability for new DOE’s targets. This is the first theoretical
study that investigates the impact of dopant on the grapghene sheets
for methane uptake in details using a hybrid MC-MD simulation
method.

SYSTEM CONFIGURATIONS AND COMPUTATIONAL 
DETAILS

1. System Configurations
To perform hybrid simulations, it is necessary to construct the

graphene sheet structures. The pristine graphene sheets are col-
lected from two parallel graphene sheets with a length and width
of 10 and 6 nm, respectively (Fig. 1). To calculate the optimum dis-
tance between graphene sheets for maximum methane adsorp-
tion capacity, three distances of 0.8 nm, 1.2 nm and 1.75 nm were
selected (Fig. 2(a)-(c)). These values were derived from the litera-
ture based on their suggested data [19,28]. Isotherm curves were
plotted for all three structures to select the optimum layer distance
for the maximum methane adsorption capacity.

In the subsequent step, the optimum structure was doped with

lithium, nitrogen and boron separately. Moreover, for each config-
uration, various atomic percentages of dopant atoms were applied.
Nitrogen and boron atoms were randomly placed in the hexago-
nal ring of carbon atoms in graphene sheets with a graphitic struc-
ture [52,53]. Boron and nitrogen atoms can be situated in graphene
network in graphitic, pyridinic, pirrolic and so on. At temperatures
higher than 800 oC, graphitic substitutions of N and B are more
stable structures compared to other substitution forms. In other
words, other substitution forms (pyridinic, pyrrolic and other) in
high temperature are converted to this stable species [44,54-56].
So, in this study, graphitic substitution was selected for both N and
B doping. According to DFT studies results in our previous work
[57], after substitution of N and B atoms in the graphene sheet, no
significant change in bond lengths and angles as well as no obvi-
ous deformation in the graphene structure were observed. Indeed,
to prepare N and B doped graphene sheets, C atom was replaced
with N or B without any changing of the bond length. Since the
distance variances among C-N and C-B with C-C bond (C-C bond
distance: 0.142 in a pristine graphene sheet) are 0.002 and 0.007
nm, so this slight diversity has insignificant effect on mass of ad-
sorbed gas and is negligible [54]. This is another assumption in
this work. Lithium atom was positioned at a distance of about 2 Å
from graphene sheets [43,58]. The values for doping percentage
were derived from previous theoretical and experimental studies.
Table 1 shows brief arrangements of dopant percentage derived
from the literature.

According to the experimental data, a graphene sheet can be
doped with nitrogen, ranging from low values [65] to high atomic
percentage [61]. Thus, nitrogen atomic percentages of 3.8 [36],
11.6 [63], 18.5 [61] and 23 were selected for simulation. As for
boron, 1 [56], 3.8 [68], 7.6 [66] and 11.6 values were used for dop-
ing due to practical series in the experimental data. The highest
doping level of nitrogen (23%) and boron (11.6%), though not ob-
served in experiments, was selected for extra evaluation. Different
atomic percentages of lithium dopant were determined from the
theoretical and experimental works [43,59,72]. For lithium dop-
ing, then, it will be possible to make lithium clustering on the
graphene structure. So, the selection amounts of the lithium atoms

Fig. 1. Schematic of two pristine parallel graphene sheets.

Fig. 2. Schematic of the primary structures of two parallel graphene sheets with different layer distances (a) 0.8 nm, (b) 1.2 nm, and (c)
1.75 nm.
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in any fix or flexible simulated structure were based on that any
lithium clustering does not happen. According to the previous
studies, lithium clustering may happen in ratios of 1/3 or 1/1 for
Li/C [43,73]. So, for prevention of Li clustering, the maximum
selected value for Li/C ratio in this study is 1/6, which is a safe
amount. Accordingly, the Li/C content ratios of 1/6, 1/12 and 1/24
were selected for doping. In addition, previous DFT studies, [19,
43,57] showed that after doping the nanostructure with lithium
atom, no considerable change in nanostructure shape was observed.

The simulation box was made of a cubic form (14 nm×10 nm×
10 nm). Fig. 3 shows system configurations for lithium, nitrogen
and boron-doped graphene sheets.
2. Simulation Method

To determine the methane uptake capacity and adsorption iso-
therms, the hybrid molecular dynamics - grand canonical Monte
Carlo (MD-MC) simulation, was employed. This method, based
on the GCMC, uses MD algorithm for simulating atom move-
ments, which was described completely in our previous study [28].
In a brief description, simulations were performed for pressures in
the range of 1-44 bar. To maintain the balance between adsorbate
and bulk phase of mentioned structure at a constant pressure, two

control volumes (CVs) were placed on the top and bottom of each
configuration (Fig. 4).

By an MC procedure, insertion-deletion process, the densities

Table 1. Different atomic contents of nitrogen, boron and lithium-doped graphene
Doped element Methods Atomic content Reference
Lithium Theoretical (DFT method) <1/6 (Li/C) [43]

Lithium intercalation <1/6 (Li/C) [59]
Nitrogen Microwave Irradiation 4-8.1 [33]

Pyrolysis 16.75 [60]
Nano-CaCO3 as template, graphitization catalyst and activating agent 18.47 [61]
Reduction of Graphene Oxide 3-5 [36]
Three-step wet-chemical method 8.6 [62]
Pyrolysis 6.91-11.81 [63]
Thermal chemical vapour deposition 0-16 [35]
Solvothermal Synthesis 4.5-16.4 [64]
CVD 2.1-5.6 [65]

Boron Simple thermal annealing 7.48 [66]
1.4 [67]

3.45 [68]
1.8 [69]

Facile thermal solid-state reaction of graphene oxide with boric acid 0.57-1.92 [56]
Catalyst-free thermal annealing approach in the presence of boron oxide 3.2 [70]

5.93 [71]
Pyrolysis synthesis 4.7 [55]

Fig. 3. Schematic of the primary structures of doped parallel graphene sheets (a) lithium, (b) nitrogen and (c) boron (color key: grey=carbon,
purple=lithium, blue=nitrogen, pink=boron).

Fig. 4. Constant pressure conserved throughout the simulated con-
figurations.
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of CVs are held steady according to Eqs. (1) and (2):

(1)

(2)

Here, ΔU± are potential energy variants caused by adding or re-
moval of one molecule, Zi is the absolute fugacity at temperature
T, V is the volume of CVs, Ni is the number of atoms of gas and
Boltzmann’s constant defined by kB. The compressibility factor of
methane gas was used to convert fugacity to pressure. Presumed
time interval (Δt) for addition and elimination of sequential pro-
cesses was 50 to 150 ps. Berendsen thermostat was applied to
maintain a constant temperature of 298 K. Graphene sheets were
maintained frozen in all directions during the simulation. LINCS
algorithm and Leapfrog integration were used to demonstrate the
physical constraints of the molecules and compute Newton’s equa-
tion of motion, respectively. To keep the pressure or chemical poten-
tials in the control volume of simulation constant, the Nosé-Hoover-
Langevin piston was used [74]. All simulations were performed
for 3 ns. MD simulations and visualizations were performed by
Gromacs software [75] and VMD package version 1.9.1 [76], respec-
tively.

In all simulations, graphene sheets were assumed fixed. The
kinetic diameter of methane molecules as diffusive species is 0.3758
nm [2], which is smaller than the assumed distance between two
graphene sheets (0.8 nm<d<1.75 nm) in this study. According to
previous studies [42], at these cases, rigid or flexible structure of
the adsorbents does not have any significant effect on the gas dif-
fusivities and adsorption amounts. Moreover, there are some lim-
itations about time of the MD simulation, which will be more
noticeable in flexible structures. So, considering rigid structure is a
common practice in molecular simulations of fluids [77]. Also, the
methane molecule was assumed as a sphere with zero net charge.
In addition, graphene sheets in the pristine and doped-configura-
tions were assumed neutral [47,54]. Therefore, only 6-12 Lennard-
Jones (LJ) potential was applied to the force field (Eq. (3)-(5)).
Lorentz-Berthelot rules were also employed for calculation of inter-
molecular forces between methane molecules and graphene sheets
as Eqs. (6), (7).

(3)

(4)

(5)

(6)

(7)

where rii is the distance between the particles, σij and εij are the
Lennard-Jones size and energy parameters, respectively. Applied
Lennard-Jones parameters are shown in Table 2. In accordance
with the literature review, there are large variances of data for Len-
nard Jones parameters of lithium atom [78-85]. In this study, the

LJ parameters for lithium atom from reference [78] were applied.

RESULTS AND DISCUSSION

1. Methane Adsorption on Pristine Graphene Sheets
At first, it is necessary to check the accuracy of the applied

method for methane uptake on graphene sheets in whole range of
the pressure. This was done in our previous work [28] where we
compared the quantities of methane adsorption on graphene sheets
with the similar theoretical and experimental studies. Our obtained
results were in good conformity with previous studies that relied
on the validity of the suggested method.

To choose the optimal structure for the layers distance and exam-
ine its effect on the adsorption capacity of methane, it is essential
to plot the isotherm curves for pristine structure in three different
distances (0.8, 1.2 and 1.75 nm).

In Fig. 5, the isotherm curves for all structures are shown and
Fig. 6 depicts the schematic of methane adsorption for all struc-
tures after simulation.

As shown in Fig. 5, the maximum adsorption of methane was
obtained in 1.2 nm layer space. At lower pressure (<3 bar), there is
not any significant difference between the adsorption amounts of
methane for various layer distances. At the pressure range of 3-
10 bar, the greatest adsorption amount of methane for layer dis-
tances of 0.8 nm was achieved. By increasing the pressure up to
44 bar, however, the maximum methane adsorption was derived
at a distance of 1.2 nm. Moreover, the adsorption amount of meth-
ane at the layer distance of 1.75 nm was found to be lower than

p+
 = min 1, 

ZiV
Ni +1
------------ − ΔU+/kBT( )exp

p−
 = min 1, 

Ni

ZiV
--------- − ΔU−/kBT( )exp

VLJ r( ) = 
cij

12

rij
12
------ − 

cij
6

rij
6
----

cij
12

 = 4εij σij( )
12

cij
6

 = 4εij σij( )
6

σij = 
1
2
-- σii + σjj( )

εij = εiiεjj( )
1/2

Table 2. Lennard Jones parameters for different interactions of inter-
molecular pairs

PAIR C6 (kJmol−1nm6) C12 (kJmol−1nm12) Reference
CH4-CH4 0.015 4.6E-05 [86]
C-C 0.23402E-02 0.33740E-05 [75]
N-N 0.24362E-02 0.16924E-05 [75]
Li-Li 0.33231E-04 0.10554E-10 [78]
B-B 0.269239E-02 0.456371E-05 [80]

Fig. 5. Adsorption isotherm curves of pristine graphene sheets for
various layer spacing.
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other distances in all pressure ranges. Further, Fig. 6 shows that for
graphene sheets with a layer space of 0.8 nm, only one adsorbed
methane layer is formed between graphene sheets, whereas it
increased to two layers at higher distances. Thus, at lower distance
of the graphene sheets (d≤0.8 nm), the restricted space between
two graphene layers of methane adsorption leads to the forma-
tion of one adsorbed methane layer. At lower pressure (P<10 bar),
methane molecules can be adsorbed with higher forces from both
graphene sheets, thereby enhancing the adsorbed methane com-
pared to other structures. With an increase in the pressure (P>10
bar), the space for extra adsorption of methane is limited, leading
to a decline in the slope of isotherm curve. At a distance of 1.2 nm,
two clear adsorbed layers of methane can be developed between
graphene sheets. It increases the adsorption of methane in com-

parison to a layer space of 0.8 nm at higher pressure (P>10 bar).
At distances greater than 1.2 nm, the density of adsorbed meth-

ane layers decreases due to the weak strength of van der Waals
forces between graphene sheets and methane molecules due to
physical adsorption [87]. In this case, methane molecules can move
freely by increasing the interlayer distance [19], thereby reducing
the total amounts of adsorbed methane. Finally, 1.2 nm layer dis-
tance of graphene sheet was assumed as the optimum to obtain
the maximum methane adsorption, especially at higher pressures.
2. Methane Adsorption on Doped Graphene Sheets

After determining the optimum structure of two graphene sheets,
the effect of doping-related factors such as the type of dopant and
doping percentage on the methane adsorption was investigated.
Lithium, nitrogen and boron were selected as adatoms, and vari-

Fig. 6. Snapshots of methane adsorption at a pressure of 44 bars and a temperature of 298 K for two parallel pristine graphene sheets with
various layer spacing (a) 0.8 nm, (b) 1.2 nm, and (c) 1.75 nm.

Fig. 7. Isotherm curves of methane adsorption in (a) lithium, (b) nitrogen and (c) boron-doped graphene sheets.
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ous dopant percentages of Li, N and B were added to the graphene
structures. The isotherm curves for all doped structures were plot-
ted following the simulations (Fig. 7). In Fig. 8, a schematic of the
doped graphene structures is shown after the methane adsorption
at a pressure of 44 bar.

According to the isotherm curves, the doping of graphene sheets
with lithium atom at various doping percentages and pressures
lower than 5 bar did not have any significant effect on the adsorp-
tion capacity. In the same way, this behavior was observed for nitro-
gen atom at a pressure of 20 bar and lower values. An increase in
the pressure and dopant percentage can enhance methane adsorp-
tion uptake. Overall, the results suggest that lithium, as an adatom,
has the greatest impact on the methane adsorption capacity. Fur-
thermore, the effect of dopant percentage variation of lithium-doped
structure on the adsorbent capacity is greater than boron and nitro-
gen-doped graphene sheets. However, boron-doping did not have
any specific effect on the methane adsorption.

A scanning of the snapshots of doped structures (Fig. 8(a)-(c))
after methane adsorption revealed the formation of four dense
graphene layers inside and outside graphene sheets in all systems.
Methane molecules are located at various distances from graphene
sheets due to various interactions between dopant atoms and ad-
sorbed gas molecules. The distance of methane molecules from
the graphene sheet is smallest in the lithium-doped configuration
and largest in the boron-doped pattern. This observation can be
confirmed by radial distribution function (RDF) curves (Fig. 9(a)).
In a system of particles, RDF describes the density variable as a
function of the distance from a reference particle. According to the
RDF curves, the first peak of methane molecules and graphene
sheets is observed at the closer distance of lithium-doped struc-
tures with the highest height. It is then followed by the first peak
of RDF curve of nitrogen and boron-doped structures. This is due
to the strength of interactions between methane molecules and
dopant atoms of the graphene sheets.

As shown in Fig. 9(b), since lithium has the highest RDF peak,
the maximum methane adsorption occurs in the lithium-doped
graphene sheet structures.

Moreover, in accordance with the simulation results, at approxi-
mately the same doping percentage of Li, N and B at both lower
(Li/C=1/24≅4.16% and 3.8% N and B doped (Fig. 10(a))) and
higher (Li/C=1/12≅8.3% and 11.6% N and B doped (Fig. 10(b)))
values, no considerable differences were observed between adsorp-
tion amounts of methane in all doped structures, specially at a
pressure lower than 20 bar. By enhancing the pressure upper than
20 bar, although the adsorption amounts of methane differs for
various doped structures, this difference is not noticeable at lower
doping percentage. As doping percentage increases, the adsorption
amounts of methane on the Li doped structure become higher. In

summary, it could be concluded that Li doped structure has the
greatest effect on the methane adsorption. In other words, it is
possible to obtain the determined values of adsorbed methane at
lower Li doping ratio in comparison to N and B doped structures.
3. DOE Target

Recently, the U.S. Department of Energy set a new value of
263 V (STP)/V (at standard temperature of 298 K, a pressure of
1.01 bar, and an equivalent volume of methane per volume of the
adsorbent material) for methane storage in ambient temperature
at a pressure of 35 bar [2]. All calculated isotherm curves were
plotted in accordance with this definition and compared to DOE’s
target (Fig. 11). The results showed that lithium and nitrogen-

Fig. 8. Snapshots of graphene sheets after methane adsorption at a pressure of 44 bars and a temperature of 298 K for (a) lithium-doped, (b)
nitrogen-doped and (c) boron-doped structures.

Fig. 9. RDF curves for pristine, lithium-doped, nitrogen-doped and
boron-doped graphene sheets between (a) methane molecules
and doped atoms and (b) methane molecules and graphene
sheets (Color key: black=carbon, purple=lithium, blue=nitro-
gen, pink=boron).
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doped graphene sheets with higher dopant content (1/6 and 1/12
of Li/C for lithium-doped and 18.5 and 23% for nitrogen-doped)
could meet DOE’s new target. All other configurations, nonethe-
less, were helpful structures for passing the old DOE target (180 V
(STP)/V) [3].

Note that the calculated values for DOE’s target in Li-doped
graphene sheets is in agreement with previous study performed
with GCMC method [19]. Since, there are wide ranges for Li-C LJ
parameters; this could confirm the accuracy of applied LJ parame-
ters in this study.

CONCLUSIONS

We examined the ability of graphene sheets in pristine and doped
forms for methane storage. Hybrid molecular dynamics-Monte
Carlo simulation method was used. In the first step, the optimal
layer distances between two graphene sheets were determined to

achieve the maximum methane adsorption capacity. According to
the simulation results and isotherm parameters, a layer distance of
1.2 nm was selected as an optimum structure of graphene sheets.
Then, the impact of lithium, nitrogen and boron doping on the
optimum configuration of methane appealing capacity was stud-
ied. The results showed that lithium and nitrogen-doped graphene
sheets could enhance methane adsorption capacity in comparison
to pristine pattern, whereas boron-doped structure did not have
any significant effect on methane adsorption. Finally, doped-graphene
sheets with a dopant value of 1/6 and 1/12 for lithium and 18.5
and 23% for nitrogen were selected as adsorbent that could meet
new DOE’s target. One of the main points in applying doped
graphene sheets in vehicles is the desorption process. Li doped
graphene sheets could enhance methane adsorption capacity sig-
nificantly, but practically, desorption of methane from this struc-
ture may be harder than the others. Similar phenomenon has been
reported before [42]. Refer to our previous study about methane
adsorption energy on the pristine and doped graphene sheets; it
was observed that Li-doping enhances the methane adsorption
energy up to about seven -fold in comparison to pristine structure
due to stronger physisorption attachment [57]. So, it is necessary
to perform additional studies about the desorption process from
these materials.
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