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Graphene is an anode material that is expected to be a good alternative for graphite to increase the capacity and ratecapability of lithium-ion batteries. Graphene synthesis is always accompanied by defects in the structure. The most common
defect in graphene is the divacancy (DV) defect. In this study, the effect of this defect on the lithium adsorption was studied
by density functional theory method. In addition, the doping effect of silicon and germanium atoms on the defective graphene
structure was investigated. The bandgap energy of DV-defected graphene, which has an inverse relationship with electrical
conductivity, remains constant with addition of germanium and decreases with addition of silicon. In all cases, along with
lithium adsorption, the bandgap energy is increased, so that the germanium doped compound has the highest bandgap and the
structure with no doped atom has the least bandgap. However, the difference in the minimum and maximum bandgap in
structures is very low. The results show that the addition of silicon and germanium leads to stronger adsorption of lithium
which means it is possible to raise the charge-discharge capacity of graphene through doping with elements while the
material still has a high charge/discharge capability.
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INTRODUCTION
Li-ion batteries (LIBs) are the next-generation energy
storage devices because of their high-energy content, good
cyclability, small self-discharge, no memory effect, high
average voltage and wide operating temperature window
[1]. Many research activities on lithium-ion batteries focus
on the discovery of anode material such as metals, metal
oxides, oxysalts and non-metals with high capacity, good
cycling and suitable operating voltage [2-6]. The use of
graphene and its composites as an anode active material in
lithium-ion batteries has been investigated extensively [711].
Graphene has a two-dimensional hexagonal structure of
*Corresponding author. E-mail: mohammadimanesh@yazd.
ac.ir

carbon atoms that is really the essential structure block for
all other sp2-hybridized carbon arrangements, such as
graphite, fullerenes, and carbon nanotubes. It is a
remarkable material because of its mechanical, electrical,
thermal and optical properties. The notable structure and
specific properties of graphene make vast applications in
different fields such as sensors, transistors, photovoltaic
cell, gas separation membranes and specifically in batteries
[12-14]. Theoretical studies have been carried out for better
understanding the interaction of lithium with graphene in
LIBs. Lee et al. performed a comprehensive first-principles
investigation of Li absorption and intercalation in single
layer and few layer graphene, as compared to bulk graphite.
They have predicted that there exists no lithium
arrangement that stabilizes Li absorption on the surface of
single layer graphene unless that surface contains defects
[15]. Chouhan et al. studied the lithium adsorption on epoxy
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and hydroxyl functionalized graphene sheet using DFT and
found that these types of graphene provide the highest
specific capacity of 860 mAh g-1 [16]. Denis considered the
interaction of Li with monodoped (X) and dual-doped
graphene (XY), X = Al, Si, P and S and Y = B, N and O. He
has found that Dual-doped graphene is a good choice to
modulate the interaction of Li with graphene [17].
Robertson et al. studied the defects in graphene by
aberration corrected high resolution transmission electron
microscopy (AC-TEM) and it revealed that DV defect is the
most abundant defect in the structure of graphene [18]. The
DV-defected graphene is the result of rebuilding two bonds
after leaving a pair of atoms, leading to a 5-, 8-, 5membered ring arrangement, often categorized as a (5-8-5)
vacancy, as shown in Fig. 1.
To the best of our knowledge, the effect of this defect
on the adsorption of lithium by graphene has not been
studied yet. In the present study, DV-defected graphene was
modeled in pure state and in doped states with silicon and
germanium. Lithium adsorption by these structures was
studied via density functional theory (DFT) calculations, in
order to investigate the possibility of using these materials
as an anode material in a Li-ion battery. Energy difference
between HOMO and LUMO (bandgap energy), electronic
charge distribution and adsorption energy are computed and
analyzed.

geometry optimizations. Then, the energy of the systems
was calculated in their equilibrium state.

RESULTS AND DISCUSSION
There are two non-equivalent sites for the dopant (Si or
Ge) atoms. One site, shown in Fig. 2, lies at the intersection
of pentagonal and hexagonal carbon rings, while the site
exists at the intersection of two hexagonal carbon rings. We
selected the location between the two 5- and 6-member
rings to create the maximum structural defect in the
structure, and the possibility of lithium adsorption was
investigated in these cases. In fact, we did not seek to find
the proper location of doping in this study; just wanted to
investigate the amount of energy changes in lithium
adsorption by adding germanium and silicon elements in a
definite location from a thermodynamically stable structure.
The distribution of HOMO-LUMO orbitals on atoms
constituting a structure has a great influence on the
absorption properties of a material. Figure 3 shows that the
HOMO orbitals are on all carbons of DV-defected
graphene, but with the introduction of silicon and
germanium to the structure, these two atoms have a larger
share of orbitals than carbon atoms. By examining the
LUMO orbitals, it is observed that the DV defect in the
structure has led to the major focus of the LUMO orbitals
on the 5- and 8-membered rings. Both the entry of the
doping element and the presence of the defect indicate their
active participation in conduction process.
Figure 4 illustrates electronic charge distribution on the
optimized graphene structures. It is clear that in the DVdefected graphene, the positive charge distribution is almost
symmetric around the carbon atoms, but in the Si- and Gedoped DV-defected graphene structures, positive charge
distribution is deformed in the vicinity of doped atoms.
Based on these images, it is well understood that graphene
is re-arranged to create a negative charge around the doped
atom and facilitates Li adsorption.
The adsorption energy (in eV) of Li on graphene samples is
defined as:

COMPUTATIONAL METHODS
Adsorption of Li on different graphene sheets was
investigated by DFT calculations using the SIESTA code
[19]. In this study, DV-defected graphene (C30H14), Sidoped DV-defected graphene (C29H14Si), Ge-doped DVdefected graphene (C29H14Ge) and lithium were used as the
parent samples. There are four possible sites for adsorption
of Li on target atom (T atom; C or Si or Ge) of graphene
sheet: the bridge sites at the middle of T-C bonds, the top
site straight above a T atom and the hollow site at the center
of an octagon (see Fig. 2). The generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)
[20] with double-zeta polarization (DZP) basis set were
used in simulations. Initially, each of the graphene structure
was optimized individually in the presence and absence
of lithium. No symmetry constraints were considered for

Ead = (Egr + ELi) - Egr-Li
872

(1)
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Fig. 1. Atomistic model of a (5-8-5) DV-defected graphene [18].

Fig. 2. Four different adsorption sites of Li atom relative to the C, Si, or Ge atomic location.
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Fig. 3. The HOMO, LUMO orbitals for different structures of graphene (isosurface value = 0.03 a.u.).

Fig. 4. Electronic charge distribution for: (a) C30H14, (b) C29H14Si and (c) C29H14Ge (red: negative charge,
blue: positive charge).

where, Egr-Li, Egr and ELi are the total energies of the
graphene/Li structures, isolated graphene sheets (C30H14,
C29H14Si or C29H14Ge) and isolated Li, respectively. Here, a

positive Ead represents an attractive interaction between
graphene and Li, while a negative Ead corresponds to the
adsorbed structures which are thermodynamically unstable
874
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Table 1. Lithium Adsorption Energies (in eV) on Different Graphene Sheets
Sample

Hollow site

Top site

Bridge site1

Bridge site2

DV-defected graphene

1.576

1.576

1.575

1.575

Si-doped DV-defected graphene

1.846

2.021

2.023

1.670

Ge-doped DV-defected graphene

1.983

2.195

2.198

2.196

Fig. 5. The bandgap energy of different graphene sheets with and without adsorbed lithium.

relative to the host graphene structures and separated Li
atom [21,22]. The values of lithium adsorption energy in
various graphene structures are presented in Table 1. As can
be seen, in all cases, the adsorption energy has a positive
value, indicating the tendency of graphene-based structures

for Li adsorption. The amount of energy released from the
lithium adsorption process at different sites of DV-defected
graphene is not much different. By the addition of silicon
and germanium to DV-defected graphene, adsorption is
more facilitated. The greatest amount of adsorption energy
875
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Fig. 6. Side view of the orientation of graphene atoms against lithium: (a) C30H14Li (Top site), (b) C29H 14Si (Bridge
site1) and (c) C29H14Ge (Bridge site1).

Fig. 7. Top view of the orientation of graphene atoms against lithium: (a) C30H14Li (Top site), (b) C29H14Si (Bridge
site1) and (c) C29H14Ge (Bridge site1).

belongs to the structures doped with Ge atom.
What is certain is that by increasing the size of
graphene, different configurations can be created, and there
are more non-equivalent points that can have different
adsorption energies. However, here, a structure with the
same number of atoms and atomic positions is considered

for all cases allowing us to compare the effect of doping in
them. In future work, we can examine the effect of graphene
size and other doping sites on adsorption.
Figure 5 shows the bandgap energy of graphene
structures before and after adsorption of lithium. All three
grapheme parent materials have low bandgap, indicating
876
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their conducting nature. Among them, Si-doped DVdefected graphene (C29H14Si) is found to have the lowest
bandgap (0.36 eV) with the HOMO/LUMO levels coming
closer to each other. This shows that graphene bandgap is
adjustable through doping. By adsorbing lithium, bandgap
of parent structures becomes more open. The order of
bandgap increases as follows: Ge-doped DV-defected
graphene > Si-doped DV-defected graphene > DV-defected
graphene. Comparing the results of adsorption energy and
bandgap shows that lithium adsorption is less likely to occur
on a site that produces less bandgap. C29H14Si-Li-Bridgesite2 and C29H14Ge-Li-Hollow-site are two obvious
examples of this case.
Figures 6 and 7 show how the atoms of graphene
structures are oriented toward lithium. For each structure,
the most stable mode is displayed and partial charges of T
atom and Li are presented. As can be seen, DV-defected
graphene atoms are oriented symmetrically toward lithium.
However, silicon and germanium atoms in Si- and Gedoped DV-defected graphene structures, with respect to
their partial charge, have been displaced in such a way that
lithium is adsorbed more strongly compared to DV-defected
graphene.

ion batteries with the ability of high-rate charge and
discharge.
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