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Vacancy Graphite as the Cathode Materials of
Al-lon Batteries using First Principle Calculation

Faizatul Azwa Zamri, Muhamad Husaini Abu Bakar

Abstract: The defect graphite will change the electrochemical
properties of the aluminium-ion batteries. However, the
theoretical research on the defect-free graphite as cathode
material for aluminium-ion batteries remain uncertain.
Therefore, the objective of this paper is to develop the theoretical
prediction of defect graphite to be used in the aluminium-ion
batteries analysis. The structural properties of graphite and
vacancy point defect of graphite were calculated using the first
principle calculation. The generalized gradient approximation
and van der Waals correction (vdW-D3) implemented to the
calculation. The validation of the methodology on the defect-free
graphite is evaluated with the experiment and other theoretical
prediction. After that, the lattice constants of the defect graphite
were evaluated and calculate the formation energy. The results
show that the lattice constant of defect-free graphite was closer to
the experimental values compared to other theoretical prediction.
However, the atomic distances near to the vacancy point observed
slightly lower than other theoretical prediction using different
exchange correlation approximation. The formation energy
calculated for monovacancy and divacancy was 7. 92 eV and 7.34
eV, respectively. As a conclusion, the structural properties
obtained in this calculation could be references in the
development of the defect cathode analysisin the aluminium ion
batteries.

Index Terms: Structural properties, graphite, defect graphite,
first principle calculation

. INTRODUCTION

Graphite consist of morethan onelayers of carbon atoms. The
carbon atoms in a layer are covalently bond and the layers
stacked by the Van der Waals force. Since the bonding
between layer is weak, it can accommodate ions and
molecules to form graphite intercalation compound (GIC)
which display exclusive properties [7]. Thus, graphite
material was an ideal material, especially battery cathode.

The Defect-free of cathode results in the excellent
electrochemical performance mainly due to three advantages:
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(2) thefast intercalation of the large size anions occurred and

provide more active sites for energy storage when eliminating
inactive defect; (2) empowered electrical conductivity
recovering defective graphene into electrical highway; and
(3) high reproducibility of material quality and cell
performance favoring large scale manufacture [8]. However,
it isimpossible to produce defect-free graphite in large scale
manufacturing, but this can reduce by specific parameter
optimization. Therefore, it is vital to understand the
properties of defect graphite, which potentially influenced the
battery mechanism.Numbers of research has performed on the
structural properties of graphite and its defect, either
experimental or theoretical. The simplest point defect
graphite reported due to radiation damages such as vacancy
and interstitials defects [1]-[3]. The vacancy defect of
graphite including monovacancy and divacancy. These
structural  properties had been investigated by previous
research using density functional theory (DFT) within GGA
[5], and LDA [3] framework. The basis set such as DNP [5]
and Norm-conserving pseudopotential (NCPP) [3] are used to
describe the electron wavefunction. Recently, the projector
augmented wave (PAW) method used to treat the interaction
between core and valance eectrons in the first principle
calculation for theoretical prediction of graphite properties.
Besides, the Van der Waals correction, including vdw-D2
[9], vdW-D3 [10] was beneficial in the correction of potential
energy and interatomic forces. The structural properties of
graphite and monovacancies graphite had been elucidated
with vdW-D and vdW-D2 [17] implementation but vdW-D3
implementation in the defect graphite is still unclear.Hence,
the details of structural analysis of graphite structure ab-initio
DFT caculation with the implementation of van der Waals
correction and the comparison in term of | attice constant were
presenting in this paper. After that, the structural properties of
the monovacancy and the divacancy defect using the
proposed calculation method were elucidated in this paper.
Lastly, the formation energy of the vacancy graphite was
calculated as references for future aluminium-ion batteries
cathodes analysis.

[I. COMPUTATIONAL DETAILSAND METHOD

A) Computational method

The 64 carbon atoms of the graphite were developed using
Avogadro atomic modelling software to provide structural
information for the model.

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

Exploring Innovation


https://www.openaccess.nl/en/open-publications
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://crossmark.crossref.org/dialog/?doi=10.35940/ijeat.F8506.088619&domain=www.ijeat.org

Vacancy Graphite asthe Cathode Materials of Al-lon Batteriesusing First Principle Calculation

The structure information, including lattice, and cartesian
coordinate required in the construction of Abinit input file.
The properties such as k-points and symmetries, the basis set
and self-consistency procedure a so described in the input file
prior begin the simulation. The successful calculation
produced output file, and then this was visualized using
Avogadro software. Besides, the output parameter was
extracted using Abipy python command.

Figure 1. Computation process flow

B) Structural optimization

In this paper, the projector augmented wave (PAW) method
based on the density functional theory (DFT) implemented to
perform the first principle calculation using open-source
Abinit software [11]-[13]. Besides, the generalized gradient
approximetion of Perdew—Burke-Ernzerhof (GGA-PBE)
[15] is used to represent the exchange-correlation. Moreover,
the DFT-D3 approach implemented for the van der Waals
correction.The geometry optimization obtained using the
Broyden-Fletcher-Goldfarb-Shanno  minimization (BFGS)
method. Total 381 eV of the energy cut-off for the plane
waveswith 6 x 6 x 1 of the Morhost-pack k-point grid applied
to the system. The atomic and lattice position is considered by
fully relaxed until the forces on al atoms are smaller than
0.012 eV A-1. The convergence criteria for total energy
calculation customized to1x10-3 €V.The calculation
performed on the defect-free graphite consists of two layers of
the graphene sheet. This AB stacking of hexagonal graphite
consists of 64 carbon atoms. The optimized lattice constant of
the structure validated with the experimental and other
theoretical prediction. After that, the calculation performed
on the monovacancy and divacancy defect of graphite. The
formation energy also calculated for the defected structure.
The formation energy

The formation energy for vacancy graphite is determined
using equation (1) based on the unrestricted spin calculation
of DFT calculation. The ED, and EG are the total energies of
defected and defect-free graphite, respectively. Meanwhile, N
givesthe number of atoms added (+N) or removed (-N) and
isthe chemical potential of carbon.

[1l. RESULTSAND DISCUSSIONS

A) Lattice constants
The equilibrium structure is shown in figure 2. The C-C bond
length and the interlayer distance between graphene layers
calculated in this paper was 1.42 A and 3.333 A, respectively
which thisvalueisin close agreement with the experimentally
reported values (1.42 A, 3.336 A) [1]. This values also close
to other theoretical prediction with the value 3.4 A [5], [14].

| &€

Figure 2. The equilibrium structure of 64 carbon atom
graphite.

The hexagonal lattice size for a and ¢ were 2.463 A and 6.66
A, respectively as summarized in table 1. The percentage
errors calculated were 0.08% and 0.72%, which compare to
the experiment values was 2.461 A, 6.708 A, respectively.
This is in agreement with the other theoretical calculation
using GGA-PBE functional and vdW-D3[16], where the
lattice size a and ¢ was 2.467 A and 6.965 A, as well asthe
percentage error was 0.16% and 3.83%, respectively.
Nevertheless, the percentage error of lattice geometry without
van der Waals correction was quite high where the a and ¢
calculated was 2.47 A and 8.68 A with 0.37% and 29.4%,
respectively.

Ef = ED'Eg'Nu (1)
Table 1: Lattice constantsfor hexagonal graphite structure
Functional\L attice a ¢
GGA-PBE, vdW-D3 2.463 (0.08%) 6.66 (0.72%)
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GGA-PBE, vdW-D3 [16] 2.465 (0.16%) 6.965 (3.83%)
GGA-PBE [17] 2.47 (0.37%) 8.68 (29.4%)
Experiment [18],[19] 2.461,2.459 6.708, 6.707

B) Vacancy defects

Firstly, the total energy calculation was performed for
configuration of monovacancy at 1, 2 and 3, as shown in
figure 2(a), (b) and (c), respectively. Thisisobserved that
removing atom 1 (figure 2(a)) has the lowest energy and
considered in the further calculation. The equilibrium
configuration of the monovacancy and divacancy
hexagonal graphite as shown in figure 2(d) and 2(e)
respectively. This structure observed was similar to
otherstheoretical study [5].
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Figure 2 (a-c) configurations of point defect, and the
equilibrium (d) monovacancy (€) divacancy of the hexagonal
graphite.

The comparison of the atomic distances labelled as m, n, and
o for monovacancy defect aswell asx for divacancy defect of
the hexagonal graphite using GGA-PBE and GGA-PW91
approximation, respectively was summarized in the table 2.
Generally, the atomic distancesfor this cal cul ation was lowest
than others theoretical prediction.

The monovacancy in alayer graphite experiences Jahn-Teller
distortion [5], where adjacent atom of monovacancy moved
closer and then forming pentagon like structure. The distance
between atom 1 and 2 shortened from 2.46 A to 2.37 A. This
result isin agreement with other theoretical prediction [5] but
the there is single bond connecting between atom 1 and 2. In
contrast, there was no bonding between atom 1 and 2 in this
calculation. Nevertheless, the distance from atom 1 to 3 and 2
to 3 was expanded from 2.46 A to 2.53 A which was lower
than other theoretical prediction, 2.60 A [1] and 2.63 A [5].
The divacancy is indicated by removing adjacent carbon
atoms from the graphite lattice. The carbon atom near the
vacancy forming pentagon-hexagonal-pentagon shapes,
which isreferred to the 5-8-5 topology defect [5]. The atomic
distances labelled x was 1.74 A, which is increased from the
origina bond length (1.42 A). This finding is slightly lower
than other theoretical prediction, which was 1.82 A.

Table 2: Theatomic distancesfor point defects of
hexagonal graphite.

GGA- GGA- GGA-
PBE PWO1
vdw-D3 PWO9L [1]

Defect [5]
m@A) 253 2.63 26
Mono- N(A) 253 263 26
vacancy o (A) 2.37 2.37 2.64
Divacancy x (A) 1.74 1.82 N/A

C) Formation energy

The formation energies indicate that energy required for
defect to be formed. The formation energy calculated for
monovacancy using GGA-PBE approximation and vdw-DW
was 7.92 eV. This value is dlightly higher than other GGA
approximation, 7.84 €V, and 7.38 eV for Perdew and Wang,
91 [5] and Perdew and Wang, 96 [6], respectively.
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However, this calculation was lower than LDA with the
parameterisation of Perdew and Wang [6], 7.99 eV as
tabulated in table 2.The formation energy of divacancy was
lower than monovacancy defect with the value 7.34 V. This
issuggesting that divacancy was more favourability compared
to the monovacancy defect. Thisissimilar finding with others
work [5].

Table 2. the formation energy of the monovacancy and
divacancy defect of hexagonal graphite.

Monovacanc Divacanc

Structure y (eV) y (eV)
GGA-PBE
vdW-D3 7.92 7.34
GGA-PW91
[5] 7.84 7.53
GGA-PBE96
[6] 7.38 N/A
LDA-PW92
[6] 7.99 N/A

I. CONCLUSION

In summary, the first principle calculation of the interacting
defect-free, monovacancy and divacancy of hexagonal
graphite was evaluated with GGA and vdW-D3 of the
exchange correlation approximation and van der Waals
correction, respectively. The optimized lattice of hexagonal
graphite was 2.463 A (a) and 6.66 A (c) with the values has
0.08% and 0.72%, respectively which close to the
experimental results. The C-C bond length calculated 1.42 A
and the interlayer distance was 3.33 A. This value was in
agreement with experiment and theoretical results. The
atomic distances of monovacancy and divacancy calculated in
this paper was slightly lower than other theoretical prediction.
The formation energy was 7.92 eV and 7.34 eV for
monovacancy and divacancy of defect graphite, respectively.
Lastly, further studies about this defect required in the
application of cathode materials in the auminium-ion
batteries.
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