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A B S T R A C T

The increasing interest for the need of large-scale energy-storage systems have led to the development of
high-performance energy-storage devices such as lithium-ion batteries (LIBs). Two dimensional (2D) materials
are promising candidates for fulfilling this requirement due to their peculiar physical properties. However, it is
important to understand the role of multiple Li adatoms on the 2D materials, more especially when defects are
involved. In this study, first-principles density functional theory (DFT) calculations were performed to study Li
on the H vacancies (V𝐻 ) following the line and zigzag pathways on a graphane sheet. The results of Li atom on
a single H vacancy (V𝐻1) reveal an immediate enhanced interaction based on the improved binding energies,
high amount of charge transfer and significantly shortened Li height, as compared to those of pristine graphane
counterpart. An increase in the number of H vacancies along the line pathway from one (V𝐻1(L)) to five
(V𝐻5(L)) further improves the binding energies ranging from 1.82 eV to 2.91 eV. Considering a simultaneous
increase of Li atoms and H vacancies following a line pathway (V𝐻1(L) to five V𝐻5(L)), the binding energies
tend to reduce in order. However, it is still higher than the minimum Li standard bulk cohesive energy of 1.63
eV. We show that there is a possibility of uniform dispersion of Li atoms with less clustering on a graphane
sheet. A transition from insulator to metallic character was observed from V𝐻1(L) to V𝐻5(L), due to an induced
new Li states at the vicinity of the Fermi level, suggesting an enhancement of electronic conductivity in the
graphane sheet. At five Li atom V𝐻5(L) configuration along the line pathway, we obtained a relatively high
storage capacity of 207.49 mAh/g with its corresponding lithiation potential of 1.48 V, comparable to those
of well known two dimensional anode materials.
1. Introduction

The global energy interest is rapidly shifting away from the well-
known fossil fuel cell to the renewable energy sources, such as solar
cells, wind energy, and geothermal energy [1–3]. However, the power
generation from these well known energy sources does not meet the
current global energy demand [4]. Consequently, the development of
large-scale energy-storage systems that can address this energy dispar-
ity is required. Significant efforts by both theoretical and experimen-
tal researchers have been made towards developing high-performance
energy-storage devices such as lithium-ion batteries (LIBs) [5,6] and
supercapacitors [7,8]. Over the past two decades, LIBs have been
widely used as a power source for electronic device operations [5,6,9].

Graphite is the most commonly used anode material for LIBs due
to its ability to reverse Li ions intercalation, abundance in nature and
less toxicity [10]. The graphite’s theoretical maximum lithium storage
capacity of 372 mAh/g at around 700 degrees Celsius [11] is too small
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to fulfil the current global energy demand. The recent miniaturization
of electronic device sizes also poses a great challenge to graphite in
terms of device fabrication. More research efforts have been redirected
towards finding the anode materials with dramatic performance re-
quirements, such as high volumetric energy density, rapid cyclability,
fast charging rate, high stability and less toxicity [12]. The aforemen-
tioned properties can collectively be achieved through consideration of
a special material. Concerted efforts have been directed towards the
two dimensional (2D) materials as a new avenue of replacing stacked
layered graphite in LIBs.

Graphene and its derivative (graphane) emerged as promising can-
didates for anode in LIBS, owing to their large contact area (a prop-
erty required for specific capacity) and stability at room tempera-
ture [13–18]. Both the experimental and theoretical studies reported
that graphene can be used as anode material in LIBS due to its high
thermal and electrical conductivities, large surface area (possibility
vailable online 8 November 2023
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of accommodating Li atoms on both sides of the sheet) and high
mechanical strength [14–17,19,20]. Previous study by Chan et al. [21]
indicated that Li binding energy depends on the adsorption site. The
hollow, bridge and top sites have the binding energies of 1.10 eV,
0.77 eV and 0.75 eV, respectively [21]. The bonding nature between
Li and graphene is ionic with a significant amount of charge transfer.
The aforementioned binding energies are smaller than the standard
bulk cohesive energy of 1.63 eV, understandably this would lead to the
formation of the undesired Li clustering above the graphene sheet [22–
26]. Although, there are several methods to improve the reactivity
graphene such as doping, some researchers shifted their focus to other
2D materials such as graphane as potential electrode materials for LIBs.

Graphane has lately received significant research attention owing
to its semiconducting characters and low dimensionality, the excellent
properties required by recent miniaturized electronic devices. Graphane
was first predicted by the theoretical methods [27,28] and later val-
idated through various experimental techniques [18]. The latter re-
vealed that under hydrogen plasma, graphane can be achieved at
around 24 ◦C (excellent condition for most electronic devices opera-
tion) and the dehydrogenation starts to take place at around 450 ◦C
hrough annealing in argon. Graphane have different isomers, namely
he stirrup, boat and chair configurations [29]. It was revealed theoret-
cally that the latter configuration is most stable, which was supported
hrough experimental characterizations [18]. Due to high surface area
nd low dimensionality of chair graphane [29], it can be used as anode
aterial in future LIBs. However, this will be difficult to achieve due

o its inertness while reacting with Li atoms. Yang et al. [30] reported
hat the H atoms on the graphane layer screens the external charges
ffered by Li atoms. Watcharinyanon et al. experimentally reported the
xistence of Li islands on a graphane monolayer which disappear after
nnealing, leading to the formation of LiH dimers [31].

The improvement of Li–graphane interaction could enhance its
pplication as 2D anode material. The simplest technique one can think
f is the surface modification giving rise to the reactive sites. Creation
f vacancies is a renowned possibility of graphane surface modification.
or instance, the removal of hydrogen (V𝐻 ) and carbon with hydrogen
s pair (V𝐶𝐻 ) [29,32–34]. Various computational studies revealed that
he formation of V𝐻 is endothermic [29,33]. Also, experimental study
eports that vacancies can be created by continuous exposure of high
nergy electron beam or irradiation with low-energy Ar+ [35]. The

single V𝐻 causes the localized states at the vicinity of Fermi level,
with a magnetic moment of 1𝜇𝐵 due to the dangling bond. This is
an indicative that graphane with V𝐻 can positively react with foreign
atoms. Previous theoretical studies report that Li replacing H atom has
a higher binding energy than the Li bulk’s cohesive energy reducing
the chances of cluster formations. It was further concluded that the
Li doped graphane is suitable for H2 storage based on the improved
hydrogen storage capacity and adsorption energies [36,37]. The infor-
mation of multiple Li adatoms on the V𝐻 vacancies is still missing, more
especially on the electrochemical properties for LIBs.

In this work, using DFT method we investigate the energetic stabil-
ity, electronic properties and electrochemical properties of the multiple
Li adatoms on the V𝐻 vacancies in a graphane monolayer following
the line and zigzag pathways. Our calculated lithiation voltages and
storage capacities are compared with those of graphene and other 2D
materials. Our results encourages the experimental characterization
of graphane monolayer with V𝐻 vacancies to assess their viability at
various conditions.

2. Methodology

In this study, the electronic structure calculations were performed
using DFT approach [38,39] with a projected augmented wave (PAW)
pseudopotential method [40] for the nucleus and electron interaction
description. We employed the Vienna ab initio simulation package
(VASP) [41] for all calculations. The exchange correlation energy part
2

was described using the Perdew–Burke–Ernzerhof variant of the gen-
eralized gradient approximation (GGA-PBE) [42]. The accuracy of the
DFT simulation depends on the various input parameters used to com-
pute the properties of the material system. To obtain the accurate
results, the tests of total energy convergence for the energy cut-off, the
number of k-points and supercell sizes were carried out. An energy cut-
off of 400 eV for the expansion of the plane waves is sufficient and a
Monkhorst Pack [43] k-meshes of 4 × 4 × 1 (12 × 12 × 1) is suitable for
generating k-points that can adequately sample the Brilloiun zone dur-
ing electronic structural relaxations (densities of states calculations).
The high cut-off energy of 1800 eV for the augmentation of the elec-
tronic charge was set in the incar file. A converged 5 × 5 × 1 supercell
consisting of 50 C and 50 H atoms was used for all calculations. The
total energies criteria were set at a difference of less than 1 × 10−4 eV,
and for the force convergence it was set to differences of less than
1 × 10−3 eV/Å. This study takes into account the supercell periodic
boundary conditions, and the interlayer spacing along the z-axis was
set to 10 Å in order to avoid spurious periodic image interactions.

3. Results and discussion

Understanding the binding of adatoms on the substrate is an im-
portant aspect for application of electrode material in a LiBs. In this
section, different Li adsorption sites were identified on a converged
5 × 5 × 1 supercell of a graphane sheet with or without a H vacancy
(V𝐻 ) as depicted in Figs. 1. The most stable site based on the geom-
etry optimization calculations was established. Figs. 1(a) and (b) each
presents four distinct Li adsorption sites on a pristine graphane sheet
and on graphane with a V𝐻 hydrogen vacancy. From Fig. 1(a), b𝑠𝑖𝑡𝑒,
h𝑠𝑖𝑡𝑒, H𝑠𝑖𝑡𝑒 and C𝑠𝑖𝑡𝑒 represent where the adsorption of Li occurs between
the two nearest neighbour C atoms (bridge site), on a centre of hexagon,
on top of H atom and on top of C atom sites, respectively. Furthermore,
Fig. 1(b) presents graphane sheet with a V𝐻 . In the above mentioned
case, the unique Li adsorption sites only considered at the vicinity of
V𝐻 are b′

𝑠𝑖𝑡𝑒, h′
𝑠𝑖𝑡𝑒, V𝐻𝑠𝑖𝑡𝑒 and C′

𝑠𝑖𝑡𝑒. The above scenario shows the
adsorption of Li between V𝐻 and its nearest neighbour C atom (bridge
site), on a centre of hexagon, on top of C atom with V𝐻 and on top of
C atom neighbouring V𝐻 site as shown in Fig. 1(b), respectively.

Furthermore, we investigated the mediation of the multiple H va-
cancies (V𝐻 ) on the energetic stabilities of Li on graphane. The multiple
H vacancies were created following different arrangements; random
(R) configuration, line (L) and zigzag (Z) pathways on graphane as
shown in Figs. 2(a), (b) and (c). Typically, a random configuration is
created by randomly removing the H atoms on both sides of graphane
sheet. V𝐻1(R), V𝐻2(R), V𝐻3(R), V𝐻4(R) and V𝐻5(R) refer to one, two,
three, four and five H vacancy configurations in a random disor-
dered Fig. 2(a). A line V𝐻 configuration was systematically created by
removing the H atoms on one side of the sheet along a line in a continu-
ous manner as shown in Fig. 2(b). V𝐻1(L), V𝐻2(L), V𝐻3(L), V𝐻4(L) and
V𝐻5(L) refer to one, two, three, four and five H vacancy configurations
along the line pathway. For the zigzag V𝐻 configurations, the H atoms
were removed on both sides of the graphane sheet in an alternating
manner indicating a chain pattern shown in Figs. 2(c). For example,
the V𝐻2(Z) and V𝐻10(Z) indicates the two and ten vacancies following
the zigzag pathway.

As a norm, it would be therefore meaningful to compare the ener-
gies of three configurations and establish the most preferred configura-
tions. Once the preferred configurations are identified, then the process
of lithiation can take place. In this work, configurations with the same
number of vacancies are compared, based on the following calculated
formation energy expression (1).

𝐸𝑓 (𝑉𝐻 ) = 𝐸𝑡𝑜𝑡(𝑉𝐻 ) − 𝐸𝑡𝑜𝑡(𝐺) +
∑

𝑛𝐻𝜇𝐻 . (1)

𝐸𝑡𝑜𝑡(𝑉𝐻 ) is the total energy of V𝐻 configuration and 𝐸𝑡𝑜𝑡(𝐺) is that
of graphane. 𝜇𝐻 is considered to be chemical potential of H referenced

to the total energy of hydrogen molecule and n𝐻 is the number of H
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Fig. 1. The top views of an unrelaxed (a) pristine graphane sheet and (b) graphane with a V𝐻 vacancy, respectively. (c) The side view of a graphane sheet with Li atom. Light
blue, yellow and dark blue spheres represent H, C and Li atoms. Red crossed circles indicate the possible Li adsorption sites and the black dot represents V𝐻 . The acronyms b𝑠𝑖𝑡𝑒,
h𝑠𝑖𝑡𝑒, H𝑠𝑖𝑡𝑒 and C𝑠𝑖𝑡𝑒 represent the possible Li adsorption sites on a pristine graphane, while b′

𝑠𝑖𝑡𝑒, h′
𝑠𝑖𝑡𝑒, V𝐻 𝑠𝑖𝑡𝑒 and C′

𝑠𝑖𝑡𝑒 represent those sites near a V𝐻 vacancy. d𝐿𝑖−𝐶 denotes bond
distance between Li and C, respectively.
Fig. 2. The unrelaxed structures showing the multiple H vacancy sites. (a) H vacancies in a random (R) configuration (b) H vacancies along the Line (V𝐻 (L)) pathway and (c) H
vacancies along the zigzag (V𝐻 (Z)) pathway. The blue and red lines indicate the line and zigzag pathways, respectively.
Fig. 3. The calculated formation energies of different H vacancies configurations:
random (V𝐻 (R)), Line (V𝐻 (L)) and zigzag (V𝐻 (Z)) with respect to the number of
vacancies. The formation energies is calculated with respect to change in H chemical
potential considering up to extreme conditions (H-rich and C-rich).

vacancies created. Furthermore, we allowed the formation energies of
the V configuration to vary with respect to H chemical potential 𝜇
3

𝐻 𝐻
and C chemical potential 𝜇𝐶 (Fig. 3), representing growth conditions.
The growth conditions may vary from C-rich (𝜇𝐻 is low) to H-rich (𝜇𝐻
is high). The possible values of 𝜇𝐻 and 𝜇𝐶 have to be obtained obeying
those conditions. For a complete graphane (CH), the thermodynamic
equilibrium 𝜇𝐻 and 𝜇𝐶 should satisfy the following:

𝜇𝐶 + 𝜇𝐻 = 𝜇𝐶𝐻 (2)

Under H-rich condition, 𝜇𝐻 is the energy obtained from half hydro-
gen molecule and its corresponding 𝜇𝐶 (dependent chemical potential)
is obtained from (2). Under C-rich, 𝜇𝐶 is deduced from the total energy
of graphene monolayer, while its corresponding 𝜇𝐻 is obtained from
(2).

All the random (R), line (L) and zigzag (Z) configurations have
positive formation energies (endothermic reaction), and this is typical
for vacancy defects into two dimensional materials [29]. The possibility
of endothermic reaction is constantly noted in both extreme conditions
as shown in Fig. 3. Furthermore, increasing the number of H vacancies
(two to four) raises the formation energy of each configuration. Fig. 3
also shows that the zigzag (Z) configuration has lowest energy, while
line (L) and random (R) are competing in stability. Creating a V𝐻
in graphane, the carbon atom in which the missing H was bonded
to return to the Graphene-like configuration with localized electron
(dangling bond) leading to partially filled state at the Fermi level.
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Fig. 4. The electronic charge density distribution for the (a) pristine graphane, (b) Line (L) and (b) zigzag (Z) configurations. The isosurface for all structures corresponds to
charge densities with the isovalue of 0.025 𝑒∕Å

3
.

Table 1
The parameters E𝑏 and 𝑞 represent the calculated amount of binding energy and charge
transfer between Li and graphane after atomic relaxation, respectively. d𝐿𝑖−𝐶 (Å) is the
relaxed bond distance between Li and C, and 𝛥d𝐿𝑖−𝐶 is the difference between the
relaxed and initial bond distance (2.10 Å optimum distance for Li on graphene).

Li sites E𝑏 (eV) 𝑞 (e) d𝐿𝑖−𝐶 (Å) 𝛥d𝐿𝑖−𝐶

Li on pristine graphane

Li–H −1.73 0.30 3.78 1.69
Li–C −0.22 0.28 3.68 1.58
Li–B −0.22 0.28 3.67 1.57
Li–h −0.22 0.28 3.76 1.66
Li–graphene 1.10a, 1.29b 0.90a 1.71a, 1.71b

Li on graphane with V𝐻

Li–V𝐻 1.82 0.90 2.07 −0.03
Li–C′ 1.85 0.88 2.01 −0.09
Li–b′ 1.85 0.89 2.02 −0.08
Li–h′ 1.82 0.90 2.04 −0.06

a Ref [21].
b Ref [45].

For the zigzag (Z) configuration, the localized electrons on the nearest
neighbour C atoms (V𝐻1(Z)) and V𝐻2(Z) as shown in Fig. 2(c) pair
and form the 𝜋 bonding network. This bonding re-constructions could
be responsible for less formation energy in zigzag (Z), as compared to
other configurations. For the line (L) and random (R) configurations,
there will be no possibilities of localized electron pairing as shown in
structural arrangement in Figs. 2 (a) and (b), and this could be the
reason for the relative high formation energies. Based on the stability
findings, the Li adatoms will be adsorbed on zigzag (Z) and Line (L)
configuration. These configurations (zigzag (Z) and Line (L)) will easily
allow Li adatoms to be channelled without interfering with H atoms
unlike in random vacancies were each V𝐻 is surrounded by H atoms.

To get insight on the effect of these V𝐻 configurations on the
nature of bonding of graphane, the charge densities are presented in
Fig. 4. For a pristine graphane monolayer, at the isovalue of 0.025 𝑒∕Å3

(utilizing VESTA software [44]), the charges are uniformly distributed
and concentrated around each carbon preserving sp3 hybridized bond-
ing network. Both the zigzag (Z) and Line (L) configurations alter
the charge density distribution of pristine graphane. The carbon atom
with the V𝐻 has a dangling bond (localized electron) turning into sp2

hybridized bonding network, thereby increasing the cloud of charge
at the vicinity of the vacancy. Increasing the vacancies following a
periodic pattern along the zigzag (Z) and Line (L) configurations could
lead to increase in the dangling bonds that manifest a pronounced cloud
of charge character along one dimension as shown in Figs. 4(b) and (c).

The binding energies (E𝑏), which is defined as the amount of energy
required to remove the adatoms from the graphane sheet for the
interaction to be minimal, can be used to determine how Li adatoms
bound with the graphane sheet. Importantly, the E𝑏 will guide on the
charge storage capacity, more especially when the Li concentration
increases. In this study, the binding energies between Li and the fol-
lowing sites: b , h , H , C , b′ , h′ , V and C′ , were
4

𝑠𝑖𝑡𝑒 𝑠𝑖𝑡𝑒 𝑠𝑖𝑡𝑒 𝑠𝑖𝑡𝑒 𝑠𝑖𝑡𝑒 𝑠𝑖𝑡𝑒 𝐻 𝑠𝑖𝑡𝑒 𝑠𝑖𝑡𝑒
calculated using Eq. (5) below, to find the most energetically favourable
adsorption site:

𝐸𝑏 =
𝐸(𝐶𝐻𝐿𝑖) − 𝐸(𝐶𝐻) − 𝑛𝐸(𝐿𝑖)

𝑛
(3)

where 𝐸(𝐶𝐻𝐿𝑖), 𝐸(𝐶𝐻) and 𝐸(𝐿𝑖) in Eq. (5) represent the relaxed
total energies of Li adsorbed on graphane structure, graphane structure
and isolated Li atom obtained from a converged large cubic box of
lattice constants of 10 Å. The 𝑛 represents number of Li atoms adsorbed.
The values of the calculated E𝑏 are shown in Table 1. As opposed to the
interpretation of the well known adsorption energy of the adsorbent,
the positive value of the binding energy suggests the possibility of
great interaction (energetically favourable) whereas the negative value
means minimal interaction (not energetically favourable). The Li b𝑠𝑖𝑡𝑒,
h𝑠𝑖𝑡𝑒, H𝑠𝑖𝑡𝑒 and C𝑠𝑖𝑡𝑒 configurations have negative binding energies,
indicating that they are energetically not favourable. Therefore, Li
atoms do not bind with graphane monolayer. This is supported by the
relatively large d𝐿𝑖−𝐶 of 3.78 Å (H𝑠𝑖𝑡𝑒), 3.68 Å (C𝑠𝑖𝑡𝑒), 3.67 Å (b𝑠𝑖𝑡𝑒)
and 3.76 Å (h𝑠𝑖𝑡𝑒) compared to the 2.10 Å value of Li on graphene.
Experimental study by Watcharinyanon et al. [31] reports that Li atoms
form islands above the graphane, and disappear during annealing. The
positive 𝛥d𝐿𝑖−𝐶 suggests the possibility of ionic repulsion between Li
and H atoms from the initial bond distance of 2.10 Å. These results are
in agreement with the observation of Yang et al. [30].

To further quantify an interaction between Li and pristine graphane,
Li charge transfer (𝑞) was calculated using the Bader analysis method
[46] implemented in the Vasp. The positive value of 𝑞 suggests the
possibility of an atom to give a charge whereas negative value implies
an atom accepts a cloud of charge. The charge transfer for Li on four dif-
ferent sites (b𝑠𝑖𝑡𝑒, h𝑠𝑖𝑡𝑒, H𝑠𝑖𝑡𝑒 and C𝑠𝑖𝑡𝑒) was found to averagely be 0.28𝑒.
This value is far smaller than that of Li on graphene of 0.90𝑒 [21].
The remaining electronic charge of 0.72𝑒 on Li is enough to form a
strong covalent bond with other Li atoms which could possibly lead to
unwanted Li-ion clustering. The partial charge transfer analysis reveals
that 0.28𝑒 amount of charge is mainly accepted by an H atom facing
the Li adatom. This is in agreement with Yang et al. [30] who reported
that the Li ionic charges are screened by H atoms on graphane. These
preliminary results indicate that it is unlikely for the Li adatoms to be
uniformly distributed above the graphane monolayer, hence support an
idea that it will not be suitable for hosting Li atoms for LIBs.

To investigate the possibility of improving interaction of Li with
graphane for LIBs, a V𝐻 was created. In this situation, Li atom is
adsorbed on the four distinct sites namely: b′

𝑠𝑖𝑡𝑒, h′
𝑠𝑖𝑡𝑒, V𝐻𝑠𝑖𝑡𝑒 and C′

𝑠𝑖𝑡𝑒
depicted in Fig. 1(b). The corresponding E𝑏 and d𝐿𝑖−𝐶 are presented
in Table 1. The calculated E𝑏 for b′

𝑠𝑖𝑡𝑒, h′
𝑠𝑖𝑡𝑒, V𝐻𝑠𝑖𝑡𝑒 and C′

𝑠𝑖𝑡𝑒 are
positive, suggesting an enhanced interaction between Li and graphane.
The above results are in agreement with the work of Hussain et al. [37].
The E𝑏 values for the V𝐻𝑠𝑖𝑡𝑒, C′

𝑠𝑖𝑡𝑒, b′
𝑠𝑖𝑡𝑒 and h′

𝑠𝑖𝑡𝑒 configurations are
1.82 eV, 1.85 eV, 1.85 eV and 1.82 eV, respectively. The E𝑏 values for
these Li configurations are very close, however, they only differ in the
second decimal place. This could be due to the consequence of the same
nearest neighbour C atoms as well as the same coordination number for
all sites as shown in Fig. 5. These binding energy values are more than
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Fig. 5. The relaxed structures of different Li configurations on graphane(a) V𝐻 𝑠𝑖𝑡𝑒, (b) C′
𝑠𝑖𝑡𝑒, (c) b′

𝑠𝑖𝑡𝑒 and (d) h′
𝑠𝑖𝑡𝑒. The numbered atoms are those significantly affected by Li

adsorption.
the calculated bulk cohesive energy (1.48 eV) of Li in a body centred
cube (BCC) structure. The theoretical value of the bulk cohesive energy
is reported to be 1.63 eV. Our results suggest the possibility of having
a uniform dispersion of Li atoms with less clustering on the graphane
sheet.

From the Li initial position of 2.10 Å above the graphane sheet,
Li atom tends to relax towards the sheet, hence the negative values
of 𝛥d𝐿𝑖−𝐶 shown in Table 1. The above scenario suggests a possible
induced Li-ions interacting with localized dangling electronic bonds at
the V𝐻𝑠𝑖𝑡𝑒. The calculated d𝐿𝑖−𝐶 for all sites as shown in Table 1 are
in good agreement with the results in Refs. [36,37]. When Li is on top
of the V𝐻𝑠𝑖𝑡𝑒 vacancy, the d𝐿𝑖−𝐶 is 2.07 Å. However, that of the h′

𝑠𝑖𝑡𝑒,
and C′

𝑠𝑖𝑡𝑒 are 2.02 Å and 2.01 Å, respectively. Due to atomic position
relaxations, Li atom shifts from its initial position of C′

𝑠𝑖𝑡𝑒, b′
𝑠𝑖𝑡𝑒 and

h′
𝑠𝑖𝑡𝑒 towards the V𝐻𝑠𝑖𝑡𝑒, as shown in Fig. 5. For instance, in the case

of h′
𝑠𝑖𝑡𝑒 the Li shifts from the centre of hexagon and relaxes towards

the H vacancy as shown in Fig. 5(d). This is in contrast to the case of
graphene where Li atom is stable at the centre of hexagon [45]. For
V𝐻𝑠𝑖𝑡𝑒, the Li atom remains on top after atomic relaxation.

As shown in Table 1, the creation of V𝐻 vacancy on graphane has
a significant increase on the Coulomb interactions between Li atom
and graphane, as enhanced amount of charge transfer is noted. All
the four Li atom configurations uniformly transfer almost up to 90%
of the charge to the substrate. As an indication of induced ionic (Li)
and localized electronic (C connecting V𝐻 ) interactions. We further
performed partial charge transfer analysis calculations to identify the
host atoms that are likely to receive a great amount of Li charge. The
numbered atoms to likely receive the Li charge are depicted in Fig. 5.
The amount of Li charge transferred is shared by C27 (V𝐻 ) and its
surrounding H atoms (H17, H19, H25, H26, H35 and H37). In all the
Li configurations considered, the C27 receives a fraction of 0.43𝑒 while
the surrounding H atoms each receives an electron charge of 0.09𝑒 on
the average indicating the possibility of charge shielding by H atoms.

From the information above it is clear that creation of the H
vacancies mediate interaction of Li with graphane. We further ex-
amined influence of the multiple V𝐻 vacancies and Li atoms on the
enhanced energetic stability, voltage potential and storage capacity. We
systematically increased the number of H vacancies (V𝐻 ) as well as
the Li content along the extended pathways as shown in Fig. 2 (each
Li atom is adsorbed on top of a V𝐻 vacancy). Fig. 6(a) presents the
calculated binding energies with respect to the number of Li atoms
occupying the V vacancies along the line as well as along the zigzag
5

𝐻

pathways. Simultaneous increase of Li content and V𝐻 leads to a
decrease in the binding energy, suggesting the possibility of Li–Li
interactions, in agreement with the previous study for other graphene
related materials [47].

For the zigzag pathway, the increment of Li atoms reduces the
binding energy substantially as shown in Fig. 6(a). For instance, when
the second Li atom is added to form the V𝐻2(𝑍) configuration, the
binding energy reduces from 1.82 eV to 0.80 eV. This is due to the
pairing of the electrons from the nearest neighbour C atoms (V𝐻1(𝑍)
and V𝐻2(𝑍)), which seems to repel the Li atoms, giving rise to high
energy configuration V𝐻2(𝑍). The small amount of charge transfer of
0.5𝑒 supports poor Li–V𝐻2(𝑍) interaction shown in Fig. 6(b). For V𝐻3(𝑍),
the binding energy increases to 1.04 eV. This could be attributed to
the availability of the unpaired electron, consequent of the third V𝐻
accepting the Li charge of 0.72𝑒. Although, the binding energy rises, is
below that of the required Li standard bulk cohesive energy of 1.63 eV.
The poor binding occurs for V𝐻2(𝑍) even up to the V𝐻10(𝑍) configuration
with an average binding energy of 0.93 eV. This value suggests that the
Li atoms will resort to cluster formation which will probably lead to
undesired dendrite substances formation.

The V𝐻1(𝐿), V𝐻2(𝐿), V𝐻3(𝐿) and V𝐻5(𝐿) configurations have binding
energies of 1.82 eV, 1.68 eV, 1.78 eV and 1.48 eV, respectively, as
shown in Fig. 6(a). The relative small binding energy differences shown
in Fig. 6(a) suggests that more Li atoms are needed before Li clusters
formation. These binding energy values are comparable to the required
Li standard bulk cohesive energy of 1.63 eV. Fig. 6(b) shows a slight
decrease in the charge transfer as the number of Li atoms increases.
The lowest charge transfer (0.80𝑒) is observed in the case of V𝐻5(𝐿)
configuration. Since the V𝐻 vacancies along the line consistently give
the high binding energies and charge transfer, we adopt this pathway
for electronic and electrochemical properties calculations.

3.1. Electronic and electrochemical properties of Li on graphane with V𝐻
along the line pathway

We further investigate the effect of multiple H vacancies and Li
atoms (V𝐻1(𝐿), V𝐻2(𝐿), V𝐻3(𝐿), V𝐻4(𝐿) and V𝐻5(𝐿)) on the electronic
properties of graphane. The density of states (DOS) plot for the pristine
graphane is presented in Fig. 7(a). It is shown that pristine graphane
possesses a wide energy band gap of 3.70 eV between the valence band
maximum (VBM) and conduction band minimum (CBM), exhibiting an
insulating material, agreeing very well with the previous studies [28,
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Fig. 6. (a) The calculated binding energies for multiple Li atoms adsorbed on the V𝐻 vacancies along the line as well as along the zigzag pathways. (b) The amount of charge
transfer obtained from the Bader analysis on the multiple Li atoms adsorbed on the V𝐻 vacancies.
Fig. 7. (a) The total density of states (TDOS) and partial density of states (PDOS) of a (a) pristine graphane (CH) monolayer. DOS of variable Li atoms and number of V𝐻 along
the Line path (b) V𝐻1(𝐿), (c) V𝐻2(𝐿), (d) V𝐻3(𝐿), (e) V𝐻4(𝐿) and (f) V𝐻5(𝐿). The Fermi level is set at 0.00 eV and represented by the red line.
34]. Both the VBM and CBM are mainly contributed by the 𝑝 orbital
states. The wide band gap characteristic suggests a poor electrical
conductivity that will possibly limit the electronic transmission in the
graphane during LIBs operation. Figs. 7(b)–(f) show the DOS plots of
the V𝐻1(𝐿), V𝐻2(𝐿), V𝐻3(𝐿), V𝐻4(𝐿) and V𝐻5(𝐿), respectively.

It is observed that the adsorption of Li on V𝐻1(𝐿), V𝐻2(𝐿), V𝐻3(𝐿),
V𝐻4(𝐿) and V𝐻5(𝐿) introduces new electronic states at the vicinity of
the Fermi level, and also shifting the Fermi level to the conduction
band minimum (CBM). This is due to an excess of electrons donated
by Li (𝑠 orbital states) adatoms and the existence of electron dangling
bonds (𝑝 orbital) at the V𝐻 in the systems. The electronic peaks at
the Fermi level rises with the concentration as shown in Figs. 7(b)–(f),
suggesting that a Coulomb interactions become more stronger between
Li ions on the graphane system. Fig. 7(f) shows that the simultaneous
increase of vacancies and Li adatoms by a small concentration of 0.1,
fill the entire band gap with the induced electronic states. Hence,
the improved metallic character in this configurations is expected to
enhance electrical conductivity leading to a great electron transmission
performance in the graphane.

For graphane to be applied as an electrode in LIB, it must have
a high storage capacity. The Li storage capacities of V𝐻1(𝐿), V𝐻2(𝐿),
V𝐻3(𝐿) and V𝐻5(𝐿) configurations were calculated and compared with
other two dimensional anode materials. The storage capacities were
calculated using the following expression [48], and the results were
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plotted as shown in Fig. 8(a). The storage capacity as a function of
number of Li atoms is given as:

𝐶 = 𝑛𝐹
𝑀

× 1000
3600

, (4)

where 𝑛 represents the number of Li-ions adsorbed on graphane, 𝐹 is
the Faraday’s constant (F = 96 500 C/mol) and 𝑀 is the molar mass
of graphane. The Coulomb to mAh conversion factor is 1000/3600. For
V𝐻1(𝐿), V𝐻2(𝐿), V𝐻3(𝐿) and V𝐻5(𝐿), the relatively high storage capacity
of 207.49 mAh/g was obtained as shown in Fig. 8(a). This value is com-
parable to those of Li at high concentration on other anode materials
such as MoS2 (146 mAh/g) [49] and Li6.84B2C70 (212.6 mAh/g) [50].
It is anticipated that at maximum concentration of Li on graphane,
the storage capacity will be more than that of standard graphite (372
mAh/g).

Another way to gain better understanding of the performance of Li
adsorbed graphane as a suitable anode material for LIBs is by calculat-
ing the lithiation potential (𝑣). It is well known that a small theoretical
𝑣 in an electrode hinders the formation of unwanted dendrites but
keeping the energy density high [51], which suitable is for LIBs. The 𝑣
is calculated using the following equation [48] and plotted as a function
of number of Li atoms in Fig. 8(b):

𝑣 = −
𝐸(𝐿𝑖𝐶𝐻) − 𝐸(𝐶𝐻) − 𝑛𝐸(𝐿𝑖)

. (5)

𝑛𝑧𝐹
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Fig. 8. (a) The Li storage capacity with respect to the increase in Li content. (b) Lithiation potential (voltage) with respect to the increase in Li content. Configurations considered
are V𝐻1(𝐿), V𝐻2(𝐿), V𝐻3(𝐿) and V𝐻5(𝐿).
In Eq. (5), the z is the electronic charge of Li ions in the electrolyte
(in this case z = 1). It is noteworthy to know that the positive value
of 𝑣 will ensures that the adsorption of Li on graphane anode material
will be possible without clustering formation. The calculated 𝑣 for the
V𝐻1(𝐿), V𝐻2(𝐿), V𝐻3(𝐿), V𝐻4(𝐿) and V𝐻5(𝐿) ranges from 1.8 V–0.92 V.
The 𝑣 fluctuation as the number of Li atoms increases (see Fig. 8(b)) is
an indication that this property depends on the number of adatoms as
well as the structural reconstruction of the atoms during relaxation. Due
to 𝑣 taking the form of E𝑏 which depends on the compound structural
properties. The value of 𝑣 will only approach zero when the Li atoms
reaches maximum adsorption. For V𝐻1(𝐿), V𝐻2(𝐿), V𝐻3(𝐿), V𝐻4(𝐿) and
V𝐻5(𝐿), the average 𝑣 is 1.51 V. This is an indication that more Li
adatoms are still needed before the required range of 0 V–1 V [51] can
be reached. The results suggest that the formation of lithium dendrites
during the charge and discharge cycles will not be easy. The values of 𝑣
for V𝐻1(𝐿), V𝐻2(𝐿), V𝐻3(𝐿), V𝐻4(𝐿) and V𝐻5(𝐿) within the range of 1.8 V
to 0.92 V are comparable to those of Li on B doped graphene [50] and
Be doped graphene [48].

4. Conclusions

Enhancement of Li–graphane interaction for selected properties of
LIBs has been successfully investigated using DFT calculations. To
improve the Li–graphane interactions, multiple H vacancies (V𝐻 ) were
designed to induce dangling bonds for the line and zigzag pathways
configurations on a 5 × 5 × 1 graphane supercell. The results of Li on
a single H vacancy V𝐻1 revealed an improved interaction due to the
improved binding energies, charge transfer and significantly shortened
Li height as compared to the pristine graphane.

The adsorption of Li atoms along the line pathway is more energet-
ically favourable than those along the zigzag pathway. The localized
electrons around the vacancies in zigzag configuration pair, and repel
the Li ions, while in the line configuration there is no possibility
of electronic pairing, leading to Li ions strongly interacting with va-
cancies. For increment of Li content following a line V𝐻(𝐿) pathway,
the binding energies of Li on configurations V𝐻1(𝐿) to V𝐻5(𝐿) tend to
slightly reduce, due to the possibility of Li–Li interaction. These Li
configurations have metallic character and their conductivity increase
with Li content due to more states been populated in the band gap
which will enhance the electron transmission in a graphane sheet. At
five Li content adsorbed along line configurations, a relatively high
storage capacity of 207.49 mAh/g with its corresponding lithiation
potential of 1.48 V are achieved and are comparable to the other
previously studied 2D anode materials with high Li concentration. The
efficiency of our obtained results suggests that graphane sheet with far
distant H vacancies can be a promising 2D anode material for LIBs.
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