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A B S T R A C T

Rational design of novel electrode materials with higher capacity is a key to further improve the energy density
of Li-ion batteries (LIBs). Inspired by the high capacity of silicon anode, we here report for the first time a
theoretical first-principles investigation into the scientific feasibility of using siligraphene (g-SiC5 and g-SiC2) as
a high-capacity anode material for LIBs. The results show that siligraphene working as an LIB anode possesses
the advantages of high stability from graphene and high capacity from silicene. While the pristine graphene
offers limited Li storage capacity due to the weak Li/graphene interaction, the fundamental Li-Si chemistry
ensures a strong Li adsorption in siligraphene and thus allows more Li to be stored. The monolayer siligraphene
g-SiC5 and g-SiC2 can be lithiated into Li5SiC5 and Li5Si2C4, respectively, offering a respective theoretical ca-
pacity of 1520mAh/g and 1286mAh/g. On the other hand, the unique two dimensional honeycomb structure of
siligraphene promotes a high electron and Li-ion conductivity to achieve fast cycling rate with negligible volume
expansion. The mechanisms on how Si in siligraphene enhances Li/siligraphene interaction are particularly
discussed. Overall, the results of this study provide a solid theoretical foundation for rational design of Si/C
compounds as novel anode materials for high-performance LIBs.

1. Introduction

Rapid commercial development of electric vehicles (EVs) and large-
scale smart grids calls for high-capacity, long-cycle-life and cost-effec-
tive energy storage systems, one of which attracting a global interest is
new types of Li-batteries with high-capacity electrode materials such as
sulfur cathode and Li-metal anode [1,2]. Another active area for de-
veloping the next generation high-capacity electrode materials is two-
dimensional (2D) nanomaterials having unique structure, high elec-
trical conductivity and large specific surface areas that make it possible
to store large amount of Li ions, thus achieving high energy capacity
[3–8]. Li-ion diffusion along the surface of 2D nanomaterials is gen-
erally fast, benefiting rate performance. More importantly, 2D electrode
nanomaterials do not suffer from large volume change during lithiation
and delithiation process, and therefore retaining the structural integrity
during cycling.

Among all the explored 2D anode nanomaterials, graphene is the
most studied [9–12]. Similar to graphite, graphene has a good

structural and electrochemical stability, but low Li storage capacity.
Datta et al. [13] showed that the lithiation is not possible in pristine
graphene, due to the intrinsic weak interactions between Li-ion and
graphene. During Li-ion intercalation, the driving force or intercalation
potential is determined by the strength of the interaction between Li-
ion and intercalation host. When the Li-ion interaction energy is lower
than the cohesive energy of Li-metal, the intercalation potential is
below 0 V (vs Li/Li+) and therefore the harmful Li-dendrite formation is
thermodynamically favored. On the other hand, enhanced Li-ion ad-
sorption is observed on defective [9–11] or oxidized graphene [12], and
therefore much higher Li-ion storage capacity can be achieved. How-
ever, for the defective graphene, the original high structural stability is
compromised, while for the oxidized graphene it suffers from low first-
cycle Coulombic efficiency [12,13]. These shortcomings severely limit a
widened application of graphene-based anode nanomaterials for LIBs.
Therefore, strategies of enhancing the interaction strength between Li-
ion and 2D anode nanomaterials should be further explored.

Silicon as a promising anode material has been studied extensively
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in recent years [14,15] because of its low discharge potential (0.4 V vs
Li/Li+) [14], extremely high theoretical gravimetric capacity
(4200mAh/g, Li4.4Si) [16] and operational safety [17]. In addition, Si
is an abundant and environmentally benign element. However, a
commercial use of Si as an anode in LIBs needs to overcome two fun-
damental problems [18]: 1) the low electrical conductivity and 2) very
large volume expansion (up to 420% when fully lithiated [16]) upon
lithiation. Various mitigation methods, such as decreasing the particle
size [19,20], coating with carbon materials and forming Si/C compo-
sites [21–24], and even designing the structure of nano particles
[15,25,26] have been experimented. The rationales behind these miti-
gation methods are well justified. Firstly, fabricating Si/C composite
anodes takes the advantages of high stability, high electrical and ionic
conductivity of graphite-based carbon nanomaterials. The highly stable
sp2 electronic configuration within the graphene plane in the graphite
structure offers a good chemical and electrochemical stability, while the
metallic electronic structure of the graphite ensures a good electrical
conductivity. Also, the layered honeycomb structure of graphene fa-
cilitates Li-ion diffusion [27]. Secondly, Si has a very high specific Li-
storage capacity resulted from the Li-Si chemistry by forming a wide
range of Si-Li alloys to store Li. The intrinsic Li-Si interactions have
been previously studied from first-principles calculations [28–32], in
which Li-ion is shown to have a strong interaction with Si atom.

Recently, it has also been reported that Li-ion has a much higher
binding energy to silicene than to graphene [33], and therefore a
greater Li-storage is expected for silicene [34,35]. Silicene is a 2D al-
lotrope of silicon, with a hexagonal honeycomb structure similar to that
of graphene. Different from graphene, silicene is not flat, but has a
periodically buckled topology caused by stronger layer-layer coupling
than that in graphene [36]. However, pristine silicene is not stable in
air [37] and the experimental condition for the growth of silicene is
very strict [38–40], which makes silicene not applicable in real battery.
Alternatively, silicene and graphene heterostructure has been proposed
as anode materials for Li-ion and Na-ion batteries [6]. In this case,
graphene may offer a better mechanical support and protection to si-
licene, and desirable electrical conductivity. However, these methods
do not provide final solution to solve the fundamental problems of Si-
based anode materials.

Siligraphene (also known as silagraphene) first predicted from
density functional calculations [41,42] is an emerging 2D graphene-like
nanomaterial with Si partially replacing C atoms in the graphene. The
structural and phase stability of siligraphene materials with various C/
Si ratio have been favorably predicted through first-principles calcula-
tions [43–46]. On the other hand, experimental methods to synthesize
ultrathin 2D siligraphene materials have been developed rapidly in
recent years [47]. For example, Lin et al. reported the synthesis of 2D
SiC sheets through solution exfoliation techniques [48]. Later, the same
group [49] successfully synthesized quasi-2D SiC2 sheets that are air-
stable for several months.

In this work, for the first time we investigate Li-ion storage beha-
viors in two types of siligraphenes, i.e. g-SiC5 and g-SiC2, with first-
principles calculations; both siligraphenes are confirmed to be ther-
modynamically stable over 3000 K [50,51]. We start our calculations
from energetics and theoretical limit of Li-ion adsorption on graphene
and siligraphene, followed by a performance evaluation of siligraphene
as an anode material for LIBs. Finally, the intrinsic interactions between
Li-ion and siligraphene are evaluated to elucidate why siligraphene can
be a promising class of anode materials for LIBs.

2. Computational method

First-principles calculations are performed using the Vienna ab in-
itio Simulation Package (VASP) [52,53], in which density functional
theory (DFT) and pseudopotential method are used. The core-ion and
valence electron interaction is described by the projector augmented
wave (PAW) method [54,55], while the local density approximation

(LDA) with Ceperly-Alder functional [56] parameterized by Perdew and
Zunger [57] is used to treat the electron exchange correlation interac-
tions. The wave function is expanded with plane waves and the cutoff
energy was set to be 450 eV for all calculations. The lattice parameters
and the ionic positions are fully relaxed, and the final forces on all
atoms are less than 0.01 eV/Å. The calculation of the density of states
(DOS) is smeared by the Gaussian smearing method with a smearing
width of 0.05 eV. As the hybrid functional is deemed more accurate in
electronic structure calculations, Heyd-Scuseria-Erznerhof (HSE06)
[58] hybrid functional is used to calculate the electronic band struc-
tures of the siligraphene at different lithiated states. The Monkhorst-
Pack scheme [59] k-points sampling with increased weight of the
gamma point is used for the integration in the irreducible Brillouin
zone, and the separation of the k-point mesh is smaller than 0.03 Å−1.
The atomic charge distribution is analyzed with the Bader charge
analysis [60], which gives a reasonable prediction of the atomic charge
in many systems. The Li-ion migration pathway is optimized with the
climbing image nudged elastic band (CINEB) method [61,62], which is
shown to be an efficient approach to search for the saddle point on the
potential energy surface along the Li-ion diffusion pathway for many
electrode materials for LIBs [30–32,34,35,63].

To evaluate the Li-ion adsorption strength on a 2D host material, the
average adsorption energy Ead is often defined by:

= − −+E E E nE n( )/ad host nLi host Li (1)

where Ehost, ELi, and +Ehost nLi are the calculated ground state energies of
the 2D host, the Li-atom and the n Li-adsorbed 2D host, respectively; n
denotes the number of Li ions adsorbed on the 2D host. However, the
repulsive interactions among positively charged Li-ions become
stronger as the Li-ion concentration increases, resulting in weaker Li
adsorption interaction and higher adsorption energies for the last a few
Li atoms. A more accurate calculation of the Li-ion storage capacity
needs to consider sequential adsorption energy defined by:

= − −+ + +E E E Ead host n Li host nLi Li( 1) (2)

where ELi, + +Ehost n Li( 1) , and +Ehost nLi are the calculated ground state
energies the Li-atom and the 2D host with (n+1) and n Li-ions ad-
sorbed, respectively.

Zero point energy (ZPE) and vibration entropy contributions can
also be important in weak interaction systems. Therefore, rather than
using the ground state energy (E) in the above definition, the adsorption
energy is defined by the free energy (F) for the cases of siligraphene.
The free energy used in this study includes the ground state energy,
ZPE, and entropy contribution, as shown in the following expression:

∑ ∑= + → + − − →

→ →
F E ω q s k T ω q s k T1

2
ℏ ( , ) ln[1 exp( ℏ ( , )/ )]

q s
B

q s
B

, , (3)

where E denotes the ground state energy and the other two terms are
ZPE and vibrational contributions to the free energy, respectively. With
this definition, the adsorption energy at environmental temperatures
can also be calculated. The phonon DOS and the vibrational free en-
ergies are calculated with the PHONOPY code [64], while the dynamic
matrices of the lattice vibration are calculated by the density-functional
perturbation theory (DFPT) [65] implemented in the VASP.

In order to better describe the interactions between the adsorbed Li-
ions and host 2D materials, van der Waals (vdW) interactions are nor-
mally included [27,66]. However, from our previous experiences [67]
and further supported by analysis of the charge density distribution of
Li-adsorbed systems, we assume here that Li is fully ionized into Li-ions
in electrode materials. From a physics perspective, it is known that vdW
interaction originates from the instantaneously induced dipole-dipole
interactions in most cases or more specifically from dynamic correla-
tions between fluctuating charge distributions. As Li-ion is fully ionized,
the vdW interaction occurred to Li-ion should be extremely weak. Al-
though there are many choices to describe the vdW interactions within
VASP code, our testing results show that all of them might overestimate
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