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Abstract

This study employs density functional theory (DFT) in order to investigate the fluorine doping effects o, th ectrochemical and
electrical, properties of LiCoO, cathode materials for LIBs. The research reveals that fluorine substitutiog”wi can significantly enhance
the performance and stability of LiCoO, in multiple aspects. Investigation show that the fluorine doplng esults in n- doping and Fermi level
increases in electron density of states, which may enhance the electrical conduction. The substituti odifying the cycling life of
battery and improves the structural stability by suppressing the expansion rate of volume and i increaging the | ameter along the c-axis during
fuII dellthlatlon The flndlngs demonstrate that the fluorlne doping |mproves the structural & O, by decreasing volume shrinkage

A+U) confirm that LiCoO,.«F« exhibits
lifetime. Evaluation of electrical properties
band gap and charge carrier transfer barrier
aches, consistently reveals that LiCoO,.«Fx exhibits

eory, Density of States, Doping

have revealed notable lattice expansion along the c

1. INTRODUCTION axis during delithiation, while the contraction rate
o ] reaches up to just 10% for complete deintercalation
In the present era, lithium-io ries s) have (G. Amatucci, Tarascon, & Klein, 1996; Momeni,

emerged as the predominan er soygce for portable Mashhour, & Kalantarian, 2019; Reimers & Dahn,

electric devices (Kim, S ng, & Qi, 2019). 1992). This non-uniform variation of lattice exceeds
However, the curren ially utilized cathode the elastic strain tolerance of cobalt oxides, which is
materials suffer f i eversible capacity, approximately 0.1%, resulting in mechanical fractures
exemplified by Layered BiNiysMnuzCo1502 (150-160 that adversely affect battery capacities over prolonged
mAhg-1), Ahg™), olivine LiFePO, operation periods (Dokko et al., 2000; Thackeray,
(~160 mAfAg inel LiMn,04 (~120 mAhg™),) 1995; H. Wang, Jang, Huang, Sadoway, & Chiang,
(Barkholtzet al., 2019; Blomgren, 2016; Ellis, Lee, & 1999).

Nazar, 201Q), This constraint poses a significant To address this issue, substitutional doping sites of Co
obstag e advancement of Li-ion cathode with various transition metals has been explored to
materials. improve the structural stability of LiCoO- during the
Among the existing cathode materials, lithium cobalt deintercalation process (Fergus, 2010; Jones, Rossen,
oxide (LlCOOz) is W|d8|y employed in the current LIB & Dahn, 1994' Kobayashi et a|_’ 2000' Needham,
industry ~ (Mizushima,  Jones, ~Wiseman, & Wang, Liu, Drozd, & Liu, 2007). Notably, the
Goodenough, 1980; Nagaura, 1990). Its layered substitution of Co species with Mg and La has
structure offers advantages such as satisfactory energy demonstrated effective retention of the layered
and power densities, high rate capacity, and reasonable structure, suppression of phase transitions during Li
reversibility. Nonetheless, the structural stability of lithiation/delithiation, and significant improvements in
LiCoO: cathodes during charging and discharging performance of cycling for LIBs (Zhu et al., 2014).

poses a substantial challenge. Recent investigations Materials with doping showed minor capacity fade and
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much higher columbic efficiency compared to pristine
LiCoO; (Thirunakaran, Kim, & Yoon, 2014).
Conversely, doping with V, Cr, Mo, and Zr leads to a
deficient LiCoO- structure and irreversible capacity
loss in the initial cycle (Needham et al., 2007).

On the other hand, substitutional doping of oxygen
sites with anionic elements, such as halogens, has
received not as much of attention, while it can be
promising strategy. Studies have indicated that
fluorine substitution with oxygen also impacts the
structural properties of cobalt and nickel oxides (G. G.
Amatucci & Pereira, 2007; Naghash & Lee, 2001). F-
doped LiNiO2 was found to remove abrupt changes in
distortion of lattice and remarkably improve the
cycling life of LIBs (Kubo, Fujiwara, Yamada, Arali,
& Kanda, 1997). Also, LiNixCoyMn1.x.yO2,F, (0 <z <
0.1) compounds show improved structural stability
without phase transitions during deintercalation,
demonstrating excellent cycling performance and rate
capacity compared to fluorine-free compounds (Lee et
al., 2015).

Utilization of DFT in battery research has
revolutionized the field by providing a influential tool
for the rational characterization and design of
materials (Cohen, Mori-Sanchez, & Yang, 2011;
Guillén-Lépez, Espinosa-Torres, Cuentas-Gallegos,
Robles, & Muiiz, 2018; Perdew et al., 2017; Ullah,
Majid, & Rani, 2018). Its ability to predict material
properties, investigate electrochemical processes,
analyze interfaces have significantly accelerated the

devices. (Assat & Tarascon, 2018,
Li, Shi, & Qi, 2018; Yu &Y i

on rate capability. Through
our goal is achieving a better
the implications of fluorine

(hereinafter call LCOF)
cathode\materials.

2. Methodology

In this work all of the calculations were performed by
employing full- potential linear augmented plane wave
(FP-LAPW) method as used in the WIEN2K code
(Blaha, Schwarz, Madsen, Kvasnicka, & Luitz, 2001)
by the frame-work of DFT.

Using PBE-GGA full relaxation was performed.

Also, we applied GGA plus an on-site Coulomb self-
interaction correction potential (US'®) (hereinafter
called GGA+U) to obtain more accurate electrical
properties, for more comprehension. The U value was
calculated to be equal to 5.87 eV for Co atom int the
LCO structure, which it was equal to the used U value
in literature, 6 eV (M. M. Kalantarian, Asgari,
Capsoni, & Mustarelli, 2013; Meng & Arroyo-de
Dompablo, 2009, 2012). The calculations wgre carried
out as ferromagnetic (FM) in GGA
methods.

For each atom, in the Wien2k co

1.84,1.76, 1.42 and 1.35
and F atoms, respective

characteristics) was taken
h, & Oosawa, 1998). For the

Monkhorst & Pack, 1976) mesh for
hexagopal structure.

RESULTS AND DISSCUSSION

.1. Structural properties and structural
stability

Figure 1. Schematics of intercalated (unite cell)
structures of the assessed LiCoO2-xFx cathode materials
with demonstrated symmetric substitution sites A, B,
and C.




In layered LCO cathode material, lithium atoms and
transition metal are positioned in octahedral positions
in the evaluated hexagonal structures. There are three
unit formulas in each cell. The three parallel planes M,
O, and Li make up the material structure, and each
atom is arranged into a hexagonal shape. Lithium
diffusion is aided by this formation. All of the planes
are parallel to the c-axis, since the c-axis is crucial for
our considerations. Accordingly, in order to substitute
the fluoride with oxygen sites there would be three
symmetric sites denoted as A, B, and C. We calculated
the substitution of each site and find the energies and
forces. The most stable with low amount of forces and
energies was found in site of C. Figure 1 illustrates the

structure of LiCoOZ.XFX(x:E) and the mentioned

atomic sites for fluorine. It is equal to 12.6 %wt of F-
doping and about 16.6 of atomic percentage.

The calculated structures in their lithiated and
delithiated states, as well as the changes in the
parameters following Li extraction, are shown in Table
1. By noticing the volume cells, it can be concluded
that doping caused about 4% volume increase which is
mostly effected by the increasing of ¢ axis. As
expected, axis ¢ can tolerate the most shrinkage. A
stable structure for this cathode material during
charge/discharge is predicted by considering the
maximum shrinkage of the cell volume after
delithiation (structure remains stable in less than
change (M. M. Kalantarian, Asgari, & Mustarel
2013)). According to Table 1, in terms of

TABLE 1. Calculated structu
(Delith.) and lithiated (Lith.) Li
Angstrom), structural chang

2.84 13.67 95.58
-0.35 -346 -4.31

281 1522 104.04
285 1415 99.83
Mx/x(%) 16 70 -40

3.2. Cell voltages

The calculated voltages obtained from two distinct
approaches, namely internal and Fermi (Haghipour,
Momeni, Yousefi Mashhour, & Kalantarian, 2022)

energy, and produced by the GGA and GG+U methods
are shown in Table 2. The main idea of Fermi energy
approach is to replace Fermi energy changes with
internal energy changes. This method considers the
change of Fermi level during the delithiation process.
According to the results all approximations and
approaches predict that LiCoO- has the higher voltage
and LiCoO,xFx has the lower voltage. However, in
such a range of cell voltages, the lower valug is more
desirable regarding electrolyte voltage tol€rance.

TABLE 2. Obtained reaction voltag
GGA/+U methods of the evaluated pat
Fermi and Internal enerdy

Vol
Material Intern%
GGA GGA+L& GA GGA+U
LiCoO, 3 3.53 343
LiCOOz.XF& . 66 3.17 3.13

7

ctrigal properties

calculated DOS diagrams, here, we
e Electrical properties, i.e. rate-capability
-gap, of the considered materials. We used
to main methods for each property to assess the
d-gap (BG) and the electrical rate-capability of
each material. We report the BG by using the density
of states (DOS) diagrams to show the intrinsic (ILBG)
and extrinsic (ELBG) bands. The electrical rate-
capability was examined using two approaches called
as Delta (M. M. Kalantarian, Mashhour, & Barjini,
2020) and CCTB (charge carrier transfer in DOS
bands) (Yousefi-Mashhour & Kalantarian, 2021).

Intrinsic and extrinsic band gap

By noticing the resulted 3d bands as donor and
acceptor, we have established that there should be two
kinds of BG, i.e. intrinsic- and extrinsic-like BG
(ELBG and ILBG, respectively) (M. Kalantarian &
Yousefi Mashhour, 2019; M. M. Kalantarian,
Mashhour, et al., 2020; Momeni et al., 2019). The BG
depends on the spin of each electron, which is a natural
property of the electron. Therefore, we have to look at
the spin-up and -down of a material separately when
we evaluate the BG. The lower energy is more
desirable, so the lower BG is the dominant value (M.
M. Kalantarian, Mashhour, et al., 2020). For each pair
of structures of a material, one with intercalation and
one without, the higher BG value determines the
electron transfer (M. M. Kalantarian, Mashhour, et al.,
2020). So, we first compare the spin-down values of



the delithiated and lithiated structures, and we report
the higher one as the spin-down BG of the pair.

In Figure 2, ILBG values of the considered materials
are shown in DOS diagram calculated with GGA.
Also, resulted ILBGs are given in Table 3.
Accordingly, both approximations predicted that
LCOF has better conductivity (lower ILBG) than
LCO.

Evaluation of ELBG is usually more significant than
ILBG, at least for electrode materials (Hatef Yousefi-
Mashhour, 2023).

As far as the extrinsic BG (ELBG) was considered as
the electrical conductivity criterion, according to
Table 4, both approximations show that LCOF has the
superiority over LCO and its electrical conductivity is
much better. This indicates that the F-doping of LCO
has significant modification on electrical conductivity.

TABLE 3. Calculated ILBG for the evaluated LCO and
LCOF materials by GGA/+U approaches. The controlling
BG (Ctr.) are shown in the right column.

spin-up spin-down
method electrode Ctr.
int.  deint. int.  deint.
GGA LiCoO, 87 116 87 99 9.9
LiCoO,.Fx 8.3 5.1 8 7.9 8
GCA+U | ico0, 69 O 82 95 6.9

LiCoOpFx 41 73 42 65

TABLE 4. Calculated ELBG for the evaluate
GGA/+U approaches. The controlling BGs
in the right column.
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material’s electrical rate-capability , which are Delta
(M. M. Kalantarian, Mashhour, et al., 2020; Momeni
et al., 2019) and CCTB (Yousefi-Mashhour &
Kalantarian, 2021; Yousefi-Mashhour, Namiranian, &
Kalantarian, 2023). The Delta method compares the
difference between the intrinsic conduction/valence
bands of the structures with and without intercalation,
which are called ACB/AVB (M. M. Kalantarian,
Mashhour, et al., 2020; Momeni et al., 2019). This
difference indicates the rate-capability criterion. We

have to consider the spin-up and spin-down separately
and choose the lowest value among the Delta results
as the dominant one. The other method, called CCTB,
which is based on how the charge carriers transfer in
the density of states (DOS) bands (Yousefi-Mashhour
& Kalantarian, 2021; Yousefi-Mashhour et al., 2023).
In the both methods, we have to align the Fermi level
in the structures with and without intercalation, which
shows the behavior of the semiconductorlj?gion.
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Figure 2. DOS diagrams calculated for intercalated and
deintercalated structures via GGA, spin-up, spin-down
of a-b) LiCoOz, c-d) LiCoO2-xFx. The intrinsic bands are
colored. ILBG, and ACB/VB values are shown in the
diagrams. The pink and orange colored bands are
intrinsic conduction and valance bands, respectively.
The lower value among delta values becomes the
governing value of the electrode. The Fermi levels set to
zero and are aligned for each reacted-unreacted joint
structure. The light and dark colors are for spin —up and
—down, respectively.

Delta approach

Figure 2 illustrates DOS diagram in view of the Delta
approach for GGA method for the considered
cathodes. The resulted Delta values for both
calculation methods as well as the governing values



are shown in Table 5. According to the table and
making comparison by its resulted values between
these two electrode materials, our calculations show
that, as far as intrinsic rate-capability criterion is
considered, both materials are in the same range and
show suitable rate capability.

TABLE 5. Calculated values of the Delta criterion via GGA,
per eV. The governing (Gvr.) value is the lowest amount in
each row.

ACB AVB Gvr.
Method  Material

up dn up dn

LiCoO; 22 25 07 13 07
GGA

LiCoOxFx 52 09 2 1 0.9
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Figlse 3. Md DOS diagrams via GGA+U for the
dein nd intercalated structures spin —up and
spin- a-b) LiCo0Og2, c-d) LiCoO2xFx. Path of the
electrorhole and electron transfer is shown by black

and gray arrow, respectively. The generated bands by
3d-Co orbitals are assumed as acceptor/donor bands.
The pink and orange colored bands are intrinsic
conduction and valance bands, respectively. The lower
value among delta values becomes the governing value
of structure. The Fermi levels set to zero and are aligned
for each reacted-unreacted joint structure. CCTB values
are denoted as Eeland En for electron and electron-hole

e “ o g “ ° ° 0 s o 9 g

energy, respectively. The light and dark colors are for
spin —up and —down, respectively.

Charge carrier transfer in DOS bands (CCTB)

Details of the CCTB approach were explained in Ref.
(Yousefi-Mashhour & Kalantarian, 2021). However,
here, we explain one case study to recall the concept.
Figure 3 displays the DOS diagrams of the studied
cathodes computed by the GGA+U methad with spin
polarization up and down.

Unlike the Delta approach (M. M.
Barjini, & Momeni, 2020;

), We use

indicated in Figure 3
arrows, respectiye

TB idea with an example.
e junction between the structures
jntercalation (reacted and unreacted)

nd of the unreacted structure, COF, can
e junction and conduct only if the two
tures have overlapping electron states in DOS.
e electron needs an energy of 7.3 eV to overcome
the barrier. However, if we look at Figure 3b, we can
see that both structures have overlapped 3d bands that
can help the electron to conduct easily. Therefore, the
electron only needs 2.2 eV to overcome the gap barrier
and participate in conduction.

As for the electron-hole transfer, we can see from
Figure 3b that when an electron has an energy of 2.4
eV. It goes to the conduction band of the intercalated
structure and leaves an electron-hole in the valence
band. The electron-hole can then move to the valence
band of the unreacted structure because these two
bands have an overlap. For having a better explanation
and information please see Ref. (Yousefi Mashhour &
Kalantarian, 2021).

The method gives four values to each electrode, where
two of them show how an electron (spin-up and -
down) and the other two show how an electron-hole
(spin-up and -down) can transfer through junctions.
The lowest number is the governing one in this
method, because a lower barrier is better. The
governing numbers are used to compare the electrodes
and see how good they are for the rate-capability.
Table 6 shows all and dominant numbers of CCTB
method for the electrodes that we studied from the
DOS diagrams (Figure 3). In the table, Ej is the energy
that is required to transfer an electron-hole, and Eg is
the energy that is required to transfer an electron from



an unreacted to a reacted structure. The lowest energy
among the Ee/Ep spin-up/down is the criterion value.
According to Table 6, CCTB approach predicted that
LCOF has the superiority over LCO and it has much
higher rate-capability. Generally, as far as considering
the CCTB approach, it can be concluded that 12.6%
dopant of fluorine can remarkably improve the
electrical rate capability of LCO cathode material.

TABLE 6. The calculated required energy values for
transferring holes (En) and electrons (Eel) crossways
deintercalated-intercalated junction, gained from DOS
diagrams (Figure 3) by different methods for the considered
case studies. The values are in eV unit. The lowest value in
each row is the criterion value (C.V) (underlined). Also, the
major charge carriers (MCC) are shown in the right
column.

Spin-up Spin-down
Method  Material C.vIMCC
Ea En Ea En

GGA+U | ico0, 88 69 21 24 21/el
LiCoOmFx 73 41 02 02 02/elh

4. CONCLUSION

In this work, we studied the structural, electrical, and
electrochemical properties of LiCoO; and LiCoO2.xFx
cathode materials for LIBs using DFT. We found that
fluorine-doping can improve the performance al

stability of LiCoO; in several aspects.

shrinkage after delithiation. We al
most stable fluorine substitution si
the farthest from the lithium la

«Fx had a
more desi

ed that fluorine doping can improve
the el roperties of LiCoO, by reducing the
band gap and the charge carrier transfer barrier
(CCTB)."We assessed the band gap and the electrical
rate-capability using two main methods, namely
intrinsic and extrinsic band gap, and Delta and CCTB
approaches. We showed that LiCoO,.xFx has a lower
band gap and a lower CCTB than LiCoO;, which
indicates a better electrical conductivity and rate-
capability.

In conclusion, we demonstrated that fluorine doping
can be an effective strategy to modify and optimize the

stability and performance of LiCoO; cathode materials
for LIBs. We also provided a comprehensive analysis
of the electrochemical, electrical, and structural
properties of LiCoO; and LiCoOy«Fx, using DFT. We
hope that our study can provide useful insights and
guidance for the development and design of novel
cathode materials for LIBs.
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