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Abstract  

Ever since the exfoliation of graphene, two-dimensional (2D) atomic layers derived 

from bulk materials have received significant attention because of their fascinating 

properties, as well as their potential for technological applications. In this work, a 

metastable planar 2D carbon allotrope composed of 5 + 7 rings (dubbed M-graphene) 

was predicted via an unbiased crystal structure prediction algorithm based upon the 

particle swarm methodology and studied via first-principles calculations. 

Computations show that M-graphene is not only dynamically stable, but it can also 

withstand temperatures as high as 2000 K. Our simulations reveal that it is a promising 

candidate as an anode material for Li-ion batteries (LIBs), because of the relatively low 

diffusion energy barrier of Li (0.338 eV), open-circuit potential (0.029 V) and high 

lithium-storage capacity (279 mAh g-1 ). This work may be useful for designing novel 

2D carbon-based materials.  



Introduction 

It is well known that two dimensional (2D) materials are being intensely 

investigated to advance basic science, and because of their potential technological 

applications that arise from their unique structural, physical, and chemical properties. 

Graphene, a zero-gap semi-metal arranged in a honeycomb lattice, was successfully 

isolated from graphite by using a micromechanical cleavage method and has 

prompted researchers to explore other novel 2D materials with fascinating properties 

[1–3]. However, during the growth or processing of graphene, structural defects 

always appear in the perfect honeycomb lattice. One example is a Stone–Wales defect 

[4], which is a crystallographic defect that involves the change of connectivity of two 

π-bonded carbon atoms, leading to their rotation by 90◦ with respect to the midpoint 

of their bond, which can convert four hexagons into two pentagons and two 

heptagons. 

Although the presence of defects breaks the perfect symmetry of the graphene 

lattice and influences some of its properties, such as reducing the mobility of charge 

carriers [5, 6], defects can be beneficial for other properties. For example, defects can 

increase the reactivity of graphene and can be used to tune its electronic properties in 

catalytic applications. Therefore, introducing non-hexagonal defects into hexagonal 

lattices has become an effective method to reconstruct carbon atoms, and improve 

electronic properties. 

Extensive work has been dedicated to the exploration of the unique crystal 

structures of novel 2D carbon allotropes with enhanced mechanical and electrical 

performance [7–40]. The proposed structures have been constructed from polygons 

containing different numbers of sides, such as 5 rings [7], 5 + 7 rings [8–10], 4 + 8 

rings [11], 5 + 6 + 7 rings [9, 12–16],4 + 6 + 8 rings [17–21], and 4 + 5 + 6 + 8 + 10 

rings [22]. However, the synthesis of these theoretically proposed 2D carbon 

allotropes with improved properties is challenging. Therefore, designing and 

exploring novel 2D carbon allotropes that could be synthesized is interesting and 

worthwhile.  



In this work, we used first-principles calculations to study a metastable planar 

2D carbon allotrope, dubbed M-graphene, which has similar topological 

characteristics with M-carbon [41] (a superhard monoclinic polymorph of carbon that 

has been synthesized [42–44], and whose hardness and bulk modulus are comparable 

to those of diamond). The topology of M-graphene is reminiscent of the structures 

proposed earlier by the bond rotation algorithm [8], the creation of Stone–Wales-type 

defects on the graphene sheet that transforms pyrene-like rings into two pairs of 

heptagons and pentagons [9], as well as 5 + 7 graphene [10]. This planar carbon 

allotrope is 0.23 eV/atom higher in energy compared to graphene, and energetically 

favorable compared to many previously proposed carbon allotropes, suggesting that it 

could be synthesized in experiment. Moreover, our results show that M-graphene 

could be an anode material for Li-ion batteries (LIBs) from its relatively low diffusion 

energy barrier (0.338 eV), open-circuit potential (0.029 V) and high lithium-storage 

capacity (279 mAh g-1). 

 

2. Methods 

The structure searches were performed using the CALYPSO crystal structure 

prediction method [45, 46], which is an efficient algorithm that can be used to predict 

a wide variety of stable and metastable materials. Our CALYPSO runs were normally 

stopped after 50 generations, and each generated structure was optimized four times. 

The geometry optimizations and electronic structure calculations were performed 

using density functional theory (DFT) as implemented in the Vienna ab initio 

simulation package (VASP) [47]. We used the Perdew–Burke–Ernzerhof [48] 

generalized gradient approximation, coupled with projector augmented wave (PAW) 

potentials [49] and an 800 eV energy cutoff where the 2s22p2 electrons of C were 

treated explicitly. A Monkhorst–Pack 5 × 7 × 1 k-point mesh produced enthalpies 

well converged to below 1 meV/atom. When the forces on the atoms were less than 

0.001 eV Å-1, the structure was deemed to be relaxed. A vacuum distance of ~15 Å in 

the direction perpendicular to the monolayer was used, so that the interlayer 

interactions were egligible. To check the dynamical stability, the phonon spectra were 



computed using the finite displacement method as implemented in the Phonopy code 

[50]. First-principles molecular dynamics (MD) simulations under the canonical (NVT) 

ensemble were performed to examine the thermal stability. The climbing-image 

nudged elastic band (CI-NEB) [51] method was applied to determine the diffusion 

barriers of Li adatoms on the surface of M-graphene. The bonding of select phases 

was further analyzed by calculating the crystal orbital Hamilton populations (COHP) 

and the negative of the COHP integrated to the Fermi level (-ICOHP) using the 

LOBSTER package [52]. 

 

3. Results and discussion  

3.1. 2D crystal structure of M-graphene  

When graphite is compressed at ambient temperatures it undergoes a structural 

phase transition above 14 GPa, which has been characterized by changes in the 

electrical resistivity [53, 54], Raman modes [42, 55, 56], x-ray diffraction patterns [43, 

57, 58], and hardness [43]. Various crystal structure prediction techniques were 

employed to propose a candidate whose computed properties agreed with those 

measured for the newly synthesized material [41, 59–67]. Based upon a comparison 

of the measured and calculated x-ray diffraction patterns and equations of states, as 

well as the energy barriers obtained using molecular-dynamics transition path 

sampling simulations [44, 68], M-carbon was put forward as the most likely species 

formed from the cold-compression of graphite [41]. M-carbon is made exclusively of 

three-dimensional sp3 hybridized covalent bonds with 5 + 7 membered rings, as 

shown in figure 1(a). Its hardness and bulk modulus were calculated to be 83.1 and 

431.2 GPa, respectively, which is comparable to those of diamond [41]. 

 We performed variable-cell structure prediction search using the CALYPSO 

methodology for simulation cells up to 32 carbon atoms at ambient pressure, and 

found an energetically favored stable planar carbon sheet consisting both of pentagons 

and heptagons (denoted as M-graphene, space group Cmmm, 16 atoms/cell), which 

has the similar topology as that of single-sheet planar carbon pentaheptite [8], as well 



as M-carbon, as shown in figure 1(b). At ambient pressure its optimized lattice 

constants are a = 7.473 Å and b = 5.858 Å. By symmetry analysis, the atoms in the 

unit cell of M-graphene can be divided into three sets of inequivalent atoms, with 

carbon occupying the 8q (0.658, 0.275, 0.5), 4h (0.906, 0, 0.5), and 4j (0, 0.379, 0.5) 

Wyckoff positions.  

The planar density of M-graphene is calculated to be 0.365 atom Å-2 , which is 

slightly less than the value for graphene, 0.380 atom Å-2 , but larger than the value for 

graphdiyne (0.232 atom Å-2 ). This suggests that the total energy of M-graphene 

should be higher than that of graphene, but lower than that of graphdiyne. The bond 

angles in M-graphene range from 105◦ to 139◦ , and are distinctly different from the 

120◦ found within graphene. This also suggests that the strain in M-graphene is higher 

than that in graphene, and likely leads to an increase in the total energy.  

There are five different C–C bond lengths in M-graphene, whose distances are 

all in-line with values expected for sp2 hybridized bonding, as shown in table 1. 

Except for the C2–C3 bond, the other four bond lengths are smaller than that of 

graphene (1.424 Å). Generally speaking, the bond lengths in the heptagons are closest 

to that of graphene, whereas the C–C bond belonging to two pentagons (C5–C6) is the 

shortest (1.392 Å), and one of the C–C bonds belonging to a pentagon and a heptagon 

(C2–C3) is the longest (1.491 Å).  

To analyze the bonding further we calculated the crystal orbital Hamilton 

populations (COHP) and the negative of the COHP integrated to the Fermi level 

(-ICOHP), which are also provided in table 1. The bond strengths in M-graphene were 

computed to be similar to those within graphene, further corroborating the sp2 

bonding in this novel 2D sheet. The bond belonging to two heptagons was the 

strongest (with an -ICOHP of 11.16 eV), and the shortest and longest bonds, 

discussed above, were the weakest with -ICOHPs of 9.74 eV and 9.43 eV, 

espectively. 

 3.2. Thermal and dynamical stability  

To investigate the thermodynamic stability of M-graphene, its total energy was 

calculated and compared with other well-known 2D carbon allotropes, as presented in 



figure 2. The energy of M-graphene is 0.23 eV/atom higher than that of graphene, and 

0.54 eV/atom lower than that of graphdiyne, which was successfully synthesized in 

2010 [69]. The results show that although M-graphene is metastable compared to 

graphene, it is more energetically favorable than the synthesized graphdiyne, 

suggesting that M-graphene could also potentially be synthesized in experiment. Due 

to the strong sp3 covalent bonds in M-carbon, it is impossible to directly exfoliate 

M-graphene from M-carbon by mechanical exfoliation. However, M-graphene might 

be obtained via chemical techniques, such as epitaxial growth, colloidal suspension, 

and unconventional methods [70–72].  

In order to further confirm the metastability of M-graphene, calculations were 

performed to obtain its phonon band structure. As shown in figure 3(a), no imaginary 

phonon modes are present throughout the whole Brillouin zone, indicating that 

M-graphene is dynamically stable. The highest phonon frequency is 1632 cm-1, which 

is a little larger than the highest mode present in graphene (~1600 cm-1) [73], 

suggesting that this mode could potentially be used as a spectroscopic signature to 

help experimentally characterize the material. At the Γ-point, the highest frequency 

vibrational modes are 1573 cm-1 and 1556 cm-1 for M-graphene and graphene, 

respectively.  

We also performed first-principles molecular dynamics (MD) simulations to 

examine the thermal stability using the canonical NVT ensemble (which keeps the 

number of particles, volume, and temperature constant) within a 2 × 3 × 1 supercell. 

The MD calculations were performed at temperatures of 300, 1000 and 2000 K, as 

shown in figure 4. Each simulation consisted of 10 000 time steps with a time step of  

1 fs. None of the C–C bonds broke during the simulations. The sheets did not stay 

planar however, and the deviation from planarity increased at higher temperatures. 

These results reveal that M-graphene is metastable, and it possesses outstanding 

thermal stability at least up to 2000 K.  

3.3. Potential application as an anode material for Li-ion batteries  



It is well known that graphene is a zero band-gap semi-metal, and its conduction and 

valence bands meet at the Dirac points. The calculated electronic band structure of 

M-graphene at ambient pressure is shown in figure 3(b), indicating that M-graphene is  

metallic.  

The stability and intrinsic metallicity of M-graphene makes it a promising anode 

material for LIBs. To explore this potential application, we investigated the 

electrochemical properties of M-graphene. We first selected some inequivalent high 

symmetry adsorption sites, namely, three top sites (T1 ~ T3), five bridge sites (B1 ~ 

B5), and two hollow sites (H1 ~ H2), as shown in figure 5(a), then deposited a single 

Li atom on each adsorption site of a 2 × 2 supercell. Geometry optimizations indicate 

the most favorable Li adsorption site resides on the center of the carbon rings, and the 

calculated adsorption energies for the H1, and H2 sites are 0.548 and 0.493 eV, 

respectively. The adsorption energy is defined as [12]:  

Ea = (EM+Li - EM - nELi)/n (1) 

where Ea is the adsorption energy, EM+Li and EM are the total energies of the 

M-graphene supercell after and before Li adsorption, ELi represents the energy per Li 

atom in the bulk Li metal, and n is the number of adsorbed Li atoms. In this 

calculation, we did not consider the van der Waals (vdW) contribution, since the weak 

vdW interactions are not as important in single-layer systems as they are in layered 

crystals [74]. Because the magnitude of the adsorption energy is the largest at the H1 

site, this is the most preferential binding site. Furthermore, the Bader charge analysis 

[75] shows that the charge transfer from Li to M-graphene is ~0.89e for all cases.  

We next performed climbing-image nudged elastic band (CI-NEB) [51] 

calculations to evaluate the mobility of Li atoms on M-graphene. The three possible 

migration pathways of Li considered are from one H1 site to another H1 site along the 

paths shown in figure 5(b). The energetics of the reaction pathways are presented in 

figure 5(c). The migration barrier along a path parallel to the a axis is 0.366 eV, and 

the migration barriers of the paths parallel to the b axis are 0.366 and 0.338 eV. The 

data shows the migration barrier in M-graphene is comparable to the value calculated 

for graphene (0.31 eV) [76]. The low-energy-migration barrier of in-plane Li 



diffusion indicates good charge-discharge rates of M-graphene if it was to be used as 

an anode material.  

We also explored the Li storage capacity of M-graphene by evaluating the 

binding energy of a number of configurations with a LixC64 stoichiometry (x = 1, 2, 4, 

8, 12, 16). The Li adsorption energy reaches 0.029 eV/atom when the Li 

concentration reaches LiC8 (x = 8) and the two Li atoms are adsorbed to the center of 

the heptagons. The maximum theoretical specific capacity can reach 279 mAh g-1, 

much larger than that of 112 mAh g-1 [77] in graphene anode materials. We then 

computed the average open-circuit voltage (OCV) by using the following equation:  

OCV = (EM + xELi EM+Li)/xe (2) 

the computed average OCV is 0.548 V for a stoichiometry of LiC64. As the 

concentration increases to LiC8, the OCV decreases to 0.029 V. The low average 

open-circuit voltage is beneficial to the over all voltage of the cell, which provides a 

favorable operating voltage for high-capacity lithium batteries. According to the low 

Li migration barrier, as well as the high lithium-storage capacity and low OCV values, 

we may expect M-graphene to be a promising material for applications in LIB anodes.  

 

4. Conclusion  

In conclusion, we predicted a planar 2D carbon material composed of 5 + 7 rings with 

the Cmmm space group via structure prediction simulations. We dubbed this 2D 

material M-graphene because it possesses the same topological characteristics as that 

of bulk M-carbon, which has been synthesized previously under high pressure. The 

energy of M-graphene is 0.23 eV/atom higher than that of graphene, and 0.54 

eV/atom lower than that of synthesized graphdiyne, making it a metastable phase. 

Phonon calculations confirm that it is dynamically stable, and MD simulations show 

that it can withstand temperatures up to 2000 K. Moreover, first principles 

calculations show that the diffusion of lithium on M-graphene has a low migration 

barrier (0.338 eV), and the material has a low open-circuit voltage (0.029 V). The  



maximum lithium-storage structure of M-graphene is LiC8, when adsorption to only 

one side of a single layer is considered, which corresponds to a theoretical capacity of 

279 mAh g-1 . M-graphene provides a promising new high-performance metallic 

carbon allotrope anode material. Our study may open a new route to creating 2D 

carbon materials, which can be used in electronic devices, and motivate experimental  

efforts to synthesize new 2D carbon allotropes.  
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Table 1. Calculated bond lengths (Å) and -ICOHP/bond (eV/bond) within M-graphene and 

graphene.  

 

 Bond 

Bond 

length 

(Å) 

-ICOHP/ 

bond 

(eV/bond) 

Average 

-ICOHP/ 

bond 

(eV/bond) 

M-graphene C1–C2 1.416 11.16 10.20 

 C2–C3 1.491 9.43  

 C3–C4 1.399 10.69  

 C4–C5 1.404 10.01  

 C5–C6 1.392 9.74  

Graphene C–C 1.424 10.07 10.07 



Figure Caption 

 

Figure1. (a) Top and side view of the crystal structure of M-carbon. (b) Top and side 

view of the atomic configuration of M-graphene. Blue, red, and green balls represent 

inequivalent carbon atoms.  

Figure 2. Area dependence of the total energy per atom for graphene, penta-graphene, 

ψ-graphene, graphdiyne, net-Y and M-graphene. A0 is the equilibrium area we 

calculate for the given carbon allotrope at ambient pressure. 

Figure 3. Calculated phonon dispersion curve (a) and band structure of M-graphene 

(b). The dashed line marks the Fermi energy, EF. Bands are plotted along the 

high-symmetry lines of the Brillouin zone.  

Figure 4. Snapshots taken from the molecular dynamics simulations of M-graphene 

at different temperatures.  

Figure 5. (a) Li adsorption sites on M-graphene. Red, green and blue dots represent 

the top, bridge and hollow sites, respectively. (b) The three possible migration paths, 

and (c) the migration barrier of Li atom diffusion on M-graphene.  
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