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Abstract: 

Porous graphene (PG) has a promising future in gas storage due to its unique pore 

characteristics and large specific surface area. The adsorption properties of PG and PG 

modified by Mn atoms (Mn-PG) for CH4 molecules have been studied based on first-

principles density functional theory. It was found that the optimal adsorption position 

of CH4 on PG was the carbon annulus pore, and the adsorption energy was -0.174 eV. 

The optimal position of the PG system modified by a single Mn atom is the central hole 

of the carbon ring, and the optimal position of the two Mn atoms is that Mn atoms are 

respectively located at different carbon ring holes on the opposite side of PG, with an 

average binding energy of -4.101 eV. The modification of Mn atom enhances the 

electronegativity of PG substrate and forms a negative charge center at the carbon ring, 

which is beneficial to enhance the adsorption performance of CH4 molecules with 

positive charge on the surface. The CH4 molecules are adsorbed on the PG surface 

through the electrostatic interaction with Mn atoms and PG substrates as well as the 

intermolecular force of CH4 molecules. Mn-PG system can adsorb 6 CH4 molecules on 

one side, and the average adsorption energy is -0.345 eV. When PG was modified with 

two Mn atoms, 12 CH4 molecules could be adsorbed on both sides, and the average 

adsorption energy was -0.338 eV, the adsorption capacity can reach 38.43 wt.%. 

 

Keywords: Porous graphene; Mn modified; Methane; First principles 
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1. Introduction 

With the development of science and technology, people have been exploring the 

earth deeply, but at the same time, it also brings various problems such as energy 

depletion and environmental pollution. The combustion of coal, oil and other fossil 

fuels will produce CO2 and a large number of harmful gases [1]. The main component 

of natural gas is methane (CH4) [2]. Compared with other fossil fuels, CH4 combustion 

produces less CO2, and the energy produced by a CH4 is 3.1 times that of H2. Natural 

gas is rich in resources all over the world, and it is an important transition fuel to achieve 

low-carbon energy [3]. In addition, methane is a greenhouse gas, escaping into the 

atmosphere will aggravate the greenhouse effect, accounting for about 20% of global 

warming [4]. The adsorption and storage of methane gas is a hot topic in scientific 

research, which is an effective means to solve the greenhouse effect and low-carbon 

energy substitution problem. Therefore, it is necessary to seek a kind of efficient, safe 

and large reserves of methane storage materials. Methane storage materials are mostly 

characterized by porous structure. Zeolite [5], molecular sieves [6], activated carbon 

[7], covalent organic framework materials (COFs) [8], metal organic framework 

materials (MOFs) [9, 10] are common gas storage materials. Menon et al. [11] pointed 

out that the storage capacity of CH4 has an obvious linear relationship with the surface 

area of molecular sieve and other materials. The larger the surface area, the more 

adsorption capacity, but the upper limit is lower. Jackson et al. [12] found that a high-

porosity boron-nitride polymer had a CH4 adsorption capacity of 18.1 cm3/g at 273 K, 

and also had a good adsorption effect on H2 and CO2. Rozyyev et al. [13] showed that 

methane storage of porous polymer COP-150 reached 62.5 wt.% under 5~100bar cyclic 

pressure, and it had a certain memory effect. Liang et al. [14] pointed out that a porous 

metal-organic framework ST-2 can store the same amount of methane at 130 bar and 

298 K as the CNG storage method at 250 bar, and the maximum storage capacity can 

reach 289 cm3/cm3 under high pressure. Chen et al. [15] found that the metal cluster 

super porous metal organic skeleton materials (NU-1501-M, M=Al or Fe) met the four 

standards of BET at the same time. The methane storage performance was excellent, 
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among which the storage capacity of NU-1501-Al type material for high pressure 

methane was 66.0 wt.%. Liu et al. [16] found that the adsorption capacity of CH4 in 

DUT-49 MOF materials can reach 24.0 wt.%, and pointed out that the surface area, pore 

size and pore volume of MOFs and COFs have an important influence on the gas 

storage capacity of CH4. According to the standard proposed by the Advanced Research 

Projects Agency-Energy (ARPA-E) of the U.S. Department of energy (DOE), the 

weight density of CH4 adsorption by vehicle energy should be greater than 50.0 wt.% 

[17]. Although some materials have reached this standard, they are stored under high 

pressure or high temperature, so it is difficult to apply them in practice. 

Graphene is a two-dimensional material, and its unique nanostructure gives it 

excellent thermal conductivity [18], mechanical [19], optical [20] and electrical [21] 

properties. It is a strong competitor in the fields of sensors, composites and energy 

storage [22], as well as a potential medium for methane storage. Yang et al. [23] pointed 

out that the adsorption energy of CH4 on graphene increased with the increase of 

graphene layers, and the maximum is -0.267 eV, indicating that the adsorption of CH4 

on intrinsic graphene is weak. The adsorption performance of gas can be improved by 

regulating the electronic structure of graphene through defects, doping or metal element 

modification [24-26]. Ghanbari et al. [27] simulated the adsorption of CH4 on Ag-

modified graphene using Quantum-Espresso software, and calculated that the 

adsorption energy of CH4 could reach -0.399 eV in aerobic environment, which was 

much higher than the adsorption energy on the intrinsic graphene. Rad et al. [28] found 

that CH4 has higher adsorption energy, more charge transfer, smaller adsorption 

distance and stronger interaction on Pt modified graphene than intrinsic graphene 

through Gaussian software, and the adsorption energy of CH4 can reach -0.485 eV. 

However, due to the small pore defects of the graphene structure itself and the limited 

adsorption space, the overall adsorption capacity is low. 

Porous graphene is a two-dimensional structure derived from graphene. There are 

nano pores with adjustable size and shape on the structure, and it has the porous 

structure common to energy storage materials. It has been found that porous graphene 

with different geometrical configurations will exhibit different properties of 



4 

semiconductor, semi-metal or metal [29]. The existence of defects makes it have larger 

specific surface area and more active sites compared with intrinsic graphene, which 

creates good conditions for gas adsorption and storage [30-32]. Bieri et al. [33] 

successfully prepared a porous graphene (PG) composed of two C6H3 rings through 

experiments, with pore spacing of 7.400 A. The mass of the porous graphene in the 

same size crystal cell is about two-thirds that of the intrinsic graphene, and it has a 

larger specific surface area, showing good gas adsorption performance. Chen et al. [34] 

used Material Studio software to calculate that the double-sided porous graphene 

modified with Sc atoms could adsorb 12 H2 molecules with a hydrogen storage capacity 

of 9.09 wt.%. Yuan et al. [35] found that 14 H2 molecules could be adsorbed on the 

porous graphene structure by using Y atoms modified double-sided, with an average 

adsorption energy of -0.230 eV and a hydrogen storage capacity of 7.87 wt.%. Previous 

studies [36] found that Mn atom modification can significantly improve the adsorption 

performance of graphene for CH4. When two Mn atoms were modified, the system 

could adsorb 10 CH4 molecules, with an average adsorption energy of -0.402 eV and 

an adsorption capacity of 32.93 wt. %, but there was still a large gap with the storage 

target of DOE in the US. In order to improve the adsorption capacity of CH4, based on 

PG structure, Mn atom was used to modify porous graphene, and its adsorption 

performance was studied. It is expected to provide theoretical support for the research 

and development of safe and efficient methane storage. 

2. Calculation Methods and Models 

The calculation used in this study employs the CASTEP module under Material 

Studio 8.0 software [37], based on the first-principles pseudopotential plane wave 

method considering density functional theory. A generalized gradient approximation 

(GGA) [38] under the Perdew–Burke–Ernzerhof (PBE) exchange correlation functional 

form is chosen, and the super soft pseudopotential is used to describe the interaction 

between electrons and ions. Because the adsorption of CH4 molecules on the PG 

surface is weak, and the GGA functional may underestimate the weak adsorption energy, 

the Van der Waals correction (i.e., DFT-D method) is used in the calculation [39]. All 
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the atoms in the calculation were completely relaxed, and the convergence criterion of 

structure optimization was that the force of each atom was less than 0.03 eV/ A, the 

energy difference was less than 1.0×10-6 eV/atom, and the self-consistent field 

convergence threshold was 1.0×10-6 eV/atom. By testing the cut-off energy and K-

point sampling of the system, considering the calculation accuracy and calculation cost, 

the cut-off energy is selected as 400 eV, and the K-point sampling in the Brillouin zone 

is 5×5×1. The calculation of the porous graphene crystal cell satisfies the periodic 

boundary conditions, and the vacuum layer is 25 Å to avoid interlayer interaction. 

The binding energy (𝐸b) and average binding energy (�̅�b) of the Mn atom on PG 

are defined as: 𝐸b = 𝐸𝑛Mn+PG − 𝐸(𝑛−1)Mn+PG − 𝐸Mn                         （1） 

  �̅�b = (𝐸𝑛Mn+PG − 𝐸PG − 𝑛𝐸Mn)/𝑛                           （2） 

Where 𝐸𝑛Mn+PG  and 𝐸(𝑛−1)Mn+PG  respectively represent the total energy of PG 

modified by 𝑛 and（n-1）Mn atoms (Mn-PG), 𝐸PG is the total energy of PG, and 𝐸Mn is the energy of a free Mn atom. 

The adsorption energy (𝐸ad ) and average adsorption energy (�̅�ad ) of the CH4 

molecule are defined as 

 𝐸ad = 𝐸𝑖CH4+𝑛Mn+PG − 𝐸(𝑖−1)CH4+𝑛Mn+PG − 𝐸CH4      （3） 

 �̅�ad = (𝐸𝑖CH4+𝑛Mn+PG − 𝐸𝑛Mn+PG − 𝑖𝐸CH4)/𝑖   （4） 

Where 𝐸𝑖CH4+𝑛Mn+PG and 𝐸(𝑖−1)CH4+𝑛Mn+PG respectively represent the total energy 

of 𝑛Mn-PG system with 𝑖 and 𝑖 − 1 CH4 molecules, and 𝐸CH4 is the energy of a 

free CH4 molecule. 

In the Mn modified PG structure, the calculation formula of stored methane mass 

density (CH4 molecule adsorption capacity) is defined as: 𝐶𝐻4(𝑤𝑡. %) = [ 𝑚𝐶𝐻4𝑚𝐶𝐻4+𝑚𝑛Mn+PG] × 100                          （5） 

Where 𝑚𝐶𝐻4and 𝑚𝑛Mn+PG respectively represent the mass of CH4 moleculars and PG 

system modified by 𝑛 Mn atoms. 

The optimized geometry of PG protocell is shown in Fig.1(a), and the lattice 

constant is 7.480 Å, which is in good agreement with the experimental value of 7.400 
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Å [33]. The structure is composed of two C6H3 rings, or it can be regarded as the 

formation of H atom saturated dangling bond after removing part of C atom in 3×3 

graphene supercell. The direct band gap of porous graphene was calculated to be 2.398 

eV, which was basically consistent with the 2.400 eV calculated by Rao et al. [40] 

through VASP software, indicating that the calculation model used in this paper is 

correct, the calculation method and calculation accuracy are reasonable, and the 

calculation results are reliable. 

 

Fig. 1 (a) The geometric structure of PG unit cell; (b)~(c) Two stable geometric structures of PG 

system modified by Mn atom (gray, white and purple spheres represent C, H and Mn atoms 

respectively) 

3. Results and Discussion 

3.1 Adsorption performance of CH4 molecules on porous graphene 

In the porous graphene system, six symmetric adsorption sites as shown in Fig. 1 

(a) are considered: 1 is the carbon ring hole, 5 is the C top of the carbon ring, 6 is the 

C-C bridge in the carbon ring, 2 is the bridge between the two carbon rings, 3 is the 

carbon-hydrogen ring hole, and 4 is the center of the carbon-hydrogen macrocycle. 

After placing CH4 molecules in the above six initial positions for geometric structure 

optimization, the optimal adsorption position of CH4 molecules on the porous graphene 

system was explored by calculating the adsorption energy. It is found that the best 

adsorption position of single CH4 molecule on the porous graphene system is the top 

position of position 1, as shown in Fig. 2, where the adsorption energy is -0.174 eV, and 
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the distance between CH4 molecule and PG substrate is 3.353 Å. This is similar to the 

optimal adsorption position of CH4 in the intrinsic graphene structure, which is the 

central hole of carbon ring. It can be seen that the adsorption energy of CH4 molecule 

in PG system is lower, but it has more adsorption sites than that in intrinsic graphene 

system. Therefore, based on the research of Mn atom modified intrinsic graphene, we 

continue to use Mn atom modified porous graphene system, hoping to further improve 

the adsorption performance of PG system for CH4 molecule and improve the adsorption 

energy of CH4 molecule. 

 

Fig. 2 Geometric structure of the optimal adsorption position of a single CH4 molecule on PG system. 

3.2 Geometric structure of PG system modified by Mn atom 

3.2.1 Geometric structure of PG modified by single Mn atom 

Firstly, the optimal modification position of a single Mn atom on the PG system 

was studied, and the six initial positions as shown in Fig.1 (a) were also selected for 

optimization test. The results show that the Mn atoms at position 5 and 6 relax to 

position 1 after optimization, and the Mn atoms at position 2 relax to position 3 after 

optimization. The Mn atoms at position 4 cannot be adsorbed on the PG system, while 

the Mn atoms at position 1 and 3 can be adsorbed stably. It can be seen that the PG 

system modified by a single Mn atom has two stable structures, as shown in Fig.1 

(b)~(c), respectively. The binding energies of Mn atom are -4.017 eV and -3.134 eV, 

respectively. In Fig. 1 (b), the binding energy of Mn atom is the largest and the substrate 

structure is more stable, which is the optimal modification position of Mn atom in PG 

system (that is, the central hole of carbon ring). The distance between Mn atom and PG 

substrate is 1.503 A. 

From Table.1, the Mulliken charge population of PG system before and after Mn 

modification (C1~C6 are the six C atoms in the carbon ring where Mn atom is located 
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on the PG substrate), it can be seen that after Mn atom is adsorbed on PG system, the 

Mn atom loses 1.11 e, the positive charge increases, the PG substrate gains electrons, 

the negative charge increases, and the carbon ring surrounded by C1~C6 gets more 

electrons, forming an obvious negative charge center. An electric field is generated 

between the two, which causes a small part of electrons on C atom in the PG system to 

transfer to the lower energy orbital of Mn atom, resulting in Dewar [41] effect. The 

interaction between Mn and PG can also be seen from the partial state of the density 

(PDOS) of Mn PG system shown in Fig. 3 (a). In the range of -2.20~-0.34 eV, the 2p 

orbital of C atom and the 3d orbital of Mn atom overlap strongly. In the range of 0~0.72 

eV, the s, p and d orbitals of Mn atom overlap with the 2p orbital of C atom, indicating 

that there is a strong orbital hybridization between Mn and PG. This action makes the 

Mn atoms adsorb stably on the PG surface. 

 

Table.1 The Mulliken charge population of CH4 molecule, PG system and Mn-PG system adsorbed 

for the 1-6 CH4 molecules. (charge/e) 

 H1 H2 H3 H4 C C1 C2 C3 C4 C5 C6 Mn 

CH4 0.27 0.27 0.28 0.27 -1.10 - - - - - - - 

PG - - - - - -0.01 -0.22 -0.01 -0.22 -0.01 -0.22 - 

Mn-PG - - - - - -0.13 -0.37 -0.13 -0.37 -0.13 -0.37 1.11 

1st CH4 0.24 0.28 0.08 0.06 -1.05 -0.13 -0.37 -0.15 -0.37 -0.13 -0.37 1.56 

2nd CH4 0.27 0.24 0.07 0.11 -1.02 -0.14 -0.37 -0.14 -0.37 -0.14 -0.37 1.92 

3rd CH4 0.24 0.25 0.22 0.25 -1.00 -0.14 -0.37 -0.14 -0.37 -0.14 -0.37 1.95 

4th CH4 0.25 0.25 0.23 0.20 -0.98 -0.14 -0.37 -0.14 -0.38 -0.14 -0.37 1.99 

5th CH4 0.25 0.27 0.27 0.22 -1.03 -0.14 -0.37 -0.15 -0.37 -0.15 -0.36 2.00 

6th CH4 0.22 0.21 0.22 0.21 -0.94 -0.15 -0.38 -0.15 -0.39 -0.15 -0.38 2.04 
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Fig. 3 PDOS of the system (a) Mn PG; (b) Mn PG adsorbs a CH4 

3.2.2 Geometric structure of PG modified by two Mn atoms 

There are three stable structures after the optimization of the PG structure modified 

by two Mn atoms, as shown in Fig. 4 (a) ~ (c). In Fig. 4 (a), two Mn atoms are located 

in the center of two carbon rings on the same side; in Fig. 4 (b), the two Mn atoms are 

located on both sides of the same carbon ring center, and are symmetrical with respect 

to PG surface; in Fig. 4 (c), two Mn atoms are located in the center of different carbon 

rings on different sides respectively, showing a centrally symmetric structure relative 

to the PG substrate. In the structure shown in Fig. 4 (b), the average binding energy of 

Mn atom is -3.119eV, and the substrate is partially deformed and the overall stability of 

the structure is poor. In Fig. 4 (a) and Fig. 4 (c), the average binding energy of Mn atom 

is -4.176 eV and -4.101 eV, respectively. The substrate has no obvious deformation, and 

the average binding energy value of Mn atom is greater than its cohesion energy -

2.920eV [42], so the possibility of Mn atom agglomeration is avoided. It can be seen 

that when two Mn atoms modify PG system, they can be adsorbed on the same or 

different sides of different carbon rings. 
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Fig. 4 Three stable geometric structures of PG system modified by two Mn atoms. 

3.3 Adsorption performance of CH4 on Mn modified PG system 

3.3.1 Adsorption of CH4 on Mn-PG system 

The most stable structure of the single Mn atom modified PG system is shown in 

Fig. 1 (b). CH4 has several adsorption positions on Mn PG system, including Mn atom 

top, C-C bridge position, hydrocarbon ring hole position and C-atom top position. 

Studies have found that the most stable adsorption site of CH4 molecules is above Mn 

atom near the C-H bond, as shown in Fig. 5 (a). At this point, the adsorption energy of 

CH4 molecule is -0.840 eV, which is much higher than that of CH4 molecule on 

unmodified porous graphene (-0.174 eV). This indicates that Mn atom modification 

greatly improves the adsorption performance of PG for CH4 molecule and enhances the 

adsorption energy of CH4 molecule on PG. In order to study the interaction mechanism, 

Fig. 3 (b) shows the partial density of states of Mn-PG system when adsorbing a CH4 

molecule. It can be seen from the figure that there is no orbital coupling phenomenon 

between the 3d orbital of Mn atom and the orbital of CH4 molecule, so there is a weak 

interaction between the two. The adsorption of CH4 molecule on PG belongs to physical 

adsorption. 
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Fig. 5 Geometric structure of Mn-PG system adsorbed 1-6 CH4 molecules. 

In order to study the adsorption capacity of CH4 in Mn-PG system, the adsorption 

conditions of multiple CH4 molecules on Mn-PG system were further calculated. It was 

found that up to 6 CH4 molecules could be adsorbed on one side, and the optimized 

structure was shown in Fig. 5 (a) ~ (f). It can be seen that CH4 molecules are mainly 

adsorbed around Mn atoms or above the carbon ring. When the fifth CH4 molecule is 

adsorbed, the adsorption space of CH4 molecules in the same plane tends to be saturated 

and stratification occurs. Table.2 lists the adsorption energy (𝐸ad) , and average 

adsorption energies (�̅�ad) of the CH4 molecule on the PG system, the distance 𝑑Mn−PG 

between the Mn atom and the PG plane, the distance 𝑑Mn−CH4 between the C atom 

and the Mn atom in each CH4 molecule of the Mn-PG system, and the distance 𝑑PG−CH4 between the CH4 molecule and PG plane when Mn-PG system adsorption 1-

6 CH4 molecules. It can be seen that the distance between Mn atom and PG plane is 

basically unchanged during the continuous adsorption of CH4 molecules, which 

indicates that the two-dimensional structure of Mn-PG system remains stable and does 

not deform or collapse with the increase of the number of CH4 molecules adsorbed. 

Table.1 also lists the Mulliken charge population of CH4 molecule, Mn-PG system 

and Mn-PG system adsorb 1-6 CH4 molecules, in which C and H1-H4 are carbon atoms 

and four hydrogen atoms on CH4 molecule respectively. It can be seen that after the 

first CH4 molecule adsorption, Mn atoms lose 0.45 e, and a small amount of electrons 

(0.07 e) transfer to PG substrate further enhance the negative electrical properties of the 
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substrate. Most electrons (0.38 e) transfer to CH4 molecules, H3 and H4 atoms near Mn 

atom get electrons 0.20 e and 0.21 e respectively. H2 and C atoms lose a small amount 

of electrons, and the molecules show polarity. After the adsorption of the second CH4 

molecule, Mn atom further loses electrons (0.36 e), and H atom in CH4 molecule gains 

electrons. H3 and H4 close to Mn atom get 0.21 e and 0.16 e, respectively. The second 

CH4 molecule also shows strong polarity. After adsorption, CH4 molecules are 

negatively charged as a whole and interact with positively charged Mn atoms, which 

enhances the adsorption performance of CH4 molecules. As the number of CH4 

molecules increases, the adsorption energy of CH4 molecules decreases. When the 3rd 

~ 6th CH4 molecules are adsorbed, the distance between CH4 molecules and Mn atoms 

is longer, the charge transfer is less, and the electrostatic interaction is weak. However, 

the modification of Mn atom enhances the overall electronegativity of PG substrate and 

forms the negative charge center. It makes the surface of CH4 molecule with positive 

electricity on the PG surface far away from the modified atom the adsorption can also 

be produced, which is mainly caused by the interaction between the positive charge on 

the surface of CH4 and the substrate with negative charge. The adsorption energy of 

the fifth CH4 molecule is much lower than that of the other CH4 molecules, which is 

due to the stratification phenomenon when the fifth CH4 molecule is adsorbed, which 

makes the CH4 molecule far away from the PG substrate and weakens the interaction. 

The sixth CH4 molecule is closer to the PG surface than the fifth CH4 molecule, which 

is located in the first layer of CH4 molecule adsorption. The addition of the sixth CH4 

molecule makes the position of most of the original CH4 molecules relax, so the 

adsorption energy is increased compared with the fifth CH4 molecule. The Mn-PG 

system adsorbed six CH4 molecules on one side, one more CH4 molecule than the Mn 

modified intrinsic graphene system, and the atoms number of porous graphene was less 

than that of intrinsic graphene, so the adsorption capacity of CH4 molecule was 

improved. 
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Table.2 Energy parameters and geometric parameters of CH4 molecule adsorption on Mn-PG 

system. 

Number of CH4 1 2 3 4 5 6 𝑬𝐚𝐝（eV） -0.840 -0.665 -0.231 -0.133 -0.074 -0.125 �̅�𝐚𝐝（eV） -0.840 -0.753 -0.579 -0.467 -0.389 -0.345 𝒅𝐌𝐧−𝐏𝐆（Å） 1.528 1.558 1.554 1.557 1.550 1.605 𝒅𝐌𝐧−𝐂𝐇𝟒（Å） 2.169 2.327 5.357 3.881 4.354 3.678 𝒅𝐏𝐆−𝐂𝐇𝟒（Å） 3.429 3.190 3.661 3.551 5.834 3.497 

Fig. 6 shows the charge differential density diagram of Mn-PG system adsorbing 

1~3 CH4 molecules. The blue and yellow isosurface represent the electron gain and 

electron loss regions respectively. It can be seen that there are more charge transfer 

between the first and second CH4 molecules and Mn atoms, CH4 molecules show 

obvious polarity after adsorption, and CH4 molecules have strong interaction, so the 

adsorption energy is larger, and the number of CH4 molecules is promoted. The charge 

transfer of the third to sixth CH4 molecules is less, which is not obvious in the same 

precision charge difference diagram, which is the same as the result of Mulliken charge 

population analysis; The polarity and intermolecular interaction of CH4 molecules are 

weak after adsorption. They are mainly due to the electrostatic interaction between the 

positive charge on the surface of CH4 molecule and the negatively charged PG substrate. 

 

Fig. 6 Charge difference density diagram of Mn-PG system adsorbed 1~3 CH4 molecules. 

3.3.2 Adsorption of CH4 on PG system modified by two Mn atoms 
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When the PG system is modified by two Mn atoms, the energies of the two stable 

structures shown in Fig. 4 (a) and Fig. 4 (c) are almost the same. After the adsorption 

test of CH4 molecule, it is found that the substrate of the structure in Fig. 4 (a) will 

undergo obvious bending deformation after the CH4 molecule is adsorbed. This is due 

to the electrostatic interaction between the two Mn atoms and CH4 molecule on the 

same side of the PG surface, and the difference between the Mn atom itself and its 

carbon ring the strong force makes the PG substrate bend to the surface of CH4 molecule, 

which destroys its two-dimensional structure. The structure in Fig. 4 (c) remains a stable 

two-dimensional structure after the adsorption of CH4. Therefore, the structure in Fig. 

4 (c) is selected to study the adsorption performance of CH4 molecules in the PG system 

modified by two Mn atoms. In the two Mn atom modified PG system, 12 CH4 

molecules can be adsorbed on both sides, and 6 CH4 molecules can be adsorbed on each 

side. The optimized geometric structures are shown in Fig. 7 (a) ~ (l). It can be seen 

that the distance between the two Mn atoms and PG remains unchanged during the 

continuous adsorption of CH4, and the two-dimensional structure of the substrate is 

stable. The adsorption position of CH4 molecule is basically the same as that of single 

Mn atom. Each side of CH4 molecule is first adsorbed near Mn atom, and Mn atom 

plays an important role in the adsorption process of CH4 molecule. The first four CH4 

molecules are adsorbed on one side in the same plane. When the fifth CH4 molecule is 

adsorbed, due to the repulsive force between CH4 molecules, a large number of CH4 

molecules can’t coexist in the same plane, so stratification occurs. At the same time, 

CH4 molecules in the first layer relax, and the adsorption space reaches saturation after 

adsorption of six CH4 molecules. When CH4 molecules adsorbed on both sides of the 

system are saturated, the overall structure is more symmetrical. Fig. 8 shows the 

continuous adsorption energy 𝐸ad , the average adsorption energy �̅�ad  of CH4 

molecules in the two Mn atom modified PG system, and the distance 𝑑PG−CH4 from 

the CH4 molecule to the PG plane. It can be seen that the distance between the CH4 

molecules in the first layer on each side and the PG surface is 0.3~0.4 A, and the 

adsorption energy decreases with the increase of the number of CH4 molecules 

adsorption, ranging from -0.853 eV to -0.114 eV. The distance between the CH4 
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molecules in the second layer and the PG surface is more than 0.5A, and the adsorption 

energy is generally lower than -0.100eV. This is because the distance between the CH4 

molecules in the second layer and the PG surface is far, and the interaction between the 

positively charged CH4 molecules on the surface and the negatively charged PG 

substrate is weak and the adsorption energy is low. When 12 CH4 molecules were 

adsorbed, the average adsorption energy was -0.338 eV, and the adsorption capacity 

was up to 38.43 wt.%. Compared with Mn modified intrinsic graphene [36], the average 

adsorption energy changed little, but the adsorption capacity increased by 5.50 wt.%, 

which further approached the energy storage target proposed by DOE of the United 

States. 

 

 

Fig. 7 Geometric structure of two Mn atoms modified PG system adsorbed 1~12 CH4 molecules.  
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Fig. 8 Energy parameters and geometric parameters of two Mn atoms modified PG system 

adsorbed 1~12 CH4 molecules.  

In order to further verify the structural stability and eliminate the influence of edge 

effect, a super large cell was established based on the above porous graphene structure, 

which contains 96 C atoms, 216 H atoms and 8 modified Mn atoms. This structure can 

adsorb 48 CH4 molecules, and the optimized geometry is shown in Fig. 9 The results 

show that the average binding energy of Mn atom is -4.045 eV, which is larger than the 

cohesive energy and avoids the agglomeration. The average adsorption energy of CH4 

molecule is - 0.292 eV, which is less different from the calculation results of protocell. 

It shows that the system structure is stable and the calculation results are reasonable. 

There is no CH4 molecule adsorption at the intermediate pore of the supercrystalline 

cell, which is due to the large pore size of the PG structure. The CH4 molecule located 

here is far away from the negative charge center of the substrate and Mn atom, and the 

interaction force is too weak for adsorption to occur. It can be seen that the pore size 

has a great influence on the adsorption performance of CH4 molecules. We will conduct 

subsequent studies on the adsorption performance of CH4 by adjusting the pore size of 

PG system. 
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Fig. 9 Geometric structure of Mn-PG supercell system adsorbed CH4 molecules. 

4. Conclusion 

Based on first-principles density functional theory, the adsorption properties of PG 

and Mn-PG systems for CH4 molecules were studied, and the following conclusions 

were drawn: 

(1) The optimum adsorption location of CH4 molecule on porous graphene is the 

carbon annulus pore, with the adsorption energy of -0.174 eV and the distance between 

CH4 molecule and PG substrate is 3.353 A. 

(2) The optimal position of the PG system modified by a single Mn atom is the 

central hole of the carbon ring. When two Mn atoms modified PG system, only the 

system with two Mn atoms located at different carbon annulus sites on the opposite side 

can maintain the structural stability, and the average binding energy is -4.101 eV. The 

charge transfer between Mn atom and PG substrate resulted in strong orbital 

hybridization, which made it stably modified on PG surface. The modification of Mn 

atom enhances the electronegativity of PG substrate and generates a negative charge 

center at the carbon ring, which is beneficial to enhance the adsorption performance of 

CH4 molecules with positive charge on the surface. 

(3) Mn atom modification can improve the adsorption performance of CH4 

molecules in the porous graphene system. The best adsorption position of a single CH4 

molecule in the Mn-PG system is above Mn atom near the C-H bond, and the adsorption 

energy can reach -0.840eV, which belongs to physical adsorption. The CH4 molecules 

are adsorbed on the PG surface through the electrostatic interaction with Mn atoms and 

PG substrates as well as the synergistic effect of the intermolecular forces of CH4. The 
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CH4 molecules close to Mn atoms are negatively charged on the whole, and have strong 

electrostatic interactions with positively charged Mn atoms, resulting in large 

adsorption energy. Moreover, the polarity of the molecules reduces the intermolecular 

repulsion, which is conducive to the increase of the number of CH4 molecules 

adsorption. The positively charged CH4 molecules on the surface far from Mn atoms 

have weak electrostatic interactions with the negatively charged PG substrate and 

negatively charged center, resulting in low adsorption energy. 

(4) Mn-PG system can adsorb 6 CH4 molecules on one side, and the average 

adsorption energy is -0.345 eV. When PG is modified by two Mn atoms, 12 CH4 

molecules can be adsorbed on both sides with an average adsorption energy of -0.338 

eV and an adsorption capacity of 38.43 wt.%, which is close to the energy storage target 

proposed by DOE of the United States. Therefore, PG is a kind of methane storage 

material with good development prospect. 
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Figures

Figure 1

(a) The geometric structure of PG unit cell; (b)~(c) Two stable geometric structures of PG system
modi�ed by Mn atom (gray, white and purple spheres represent C, H and Mn atoms respectively)

Figure 2



Geometric structure of the optimal adsorption position of a single CH4 molecule on PG system.

Figure 3

PDOS of the system (a) Mn PG; (b) Mn PG adsorbs a CH4



Figure 4

Three stable geometric structures of PG system modi�ed by two Mn atoms.



Figure 5

Geometric structure of Mn-PG system adsorbed 1-6 CH4 molecules.



Figure 6

Charge difference density diagram of Mn-PG system adsorbed 1~3 CH4 molecules.



Figure 7

Geometric structure of two Mn atoms modi�ed PG system adsorbed 1~12 CH4 molecules.



Figure 8

Energy parameters and geometric parameters of two Mn atoms modi�ed PG system adsorbed 1~12 CH4
molecules.



Figure 9

Geometric structure of Mn-PG supercell system adsorbed CH4 molecules.


