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Abstract 

Lithium cobalt oxide is one of the most commonly used cathode materials for Li ion 

batteries. However, the electrochemical cycling performance is limited by the 

structural instability of LiCoO2 during the charging/discharging processes. Using 

density functional theory calculations, we investigate the effects of halogen doping on 

the structural stability, electronic state, electrode potential, and Li diffusion behavior 

of LiCoO2 systems. Fluorine, chlorine, and bromine substitutions of oxygen species 

suppress the lattice changes upon Li deintercalation, enhance the structural stability, 

electronic conductivity and Li mobility, as well as retain electrode potential of the 

undoped system. Thus, halogen doping opens an effective route to improve the 

structural and electrochemical properties of LiCoO2 cathodes for Li ion batteries with 

better rate capacity and longer lifetime. 

 

                                                             
* Corresponding author: Email: sizhou@dlut.edu.cn 
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1. Introduction 

Rechargeable lithium-ion battery (LIB) is one of the most widely used energy 

conversion devices in portable electronics, and shows growing popularity in electric 

vehicles and aerospace applications. In LIBs, Li ions move between the electrodes 

during charging/discharging processes. The properties of electrode materials, such as 

structural stability, electrode potential, and mobility of Li ions, play the key roles in 

the electrochemical performance of LIBs. Lithium cobalt oxide (LiCoO2) in the 

α-NaFeO2 structure is a commercial cathode material in the current LIB industry 1, 2. 

The layered structure of LiCoO2 yields high rate capacity, satisfactory energy and 

power densities, and shows relatively good reversibility. A major problem limiting the 

cycling life of LiCoO2 cathodes is the structural instability during 

charging/discharging. As shown in Fig. 1b, the lattice expansion rate along the c axis 

attains as much as 1.8% for ~50% delithiation degree, while the contraction rate is up 

to 10% for full delithiation 3-5. This non-uniform lattice variation exceeds the elastic 

strain tolerance of ~0.1% for the cobalt oxides, leading to mechanical fracture and 

detrimental to the battery capacities on extended operation time 6-8.  

Substitutional doping the Co sites with other metal ions has been exploited to 

enhance the structural stability of LiCoO2 during the delithiation process 9-18. Mg and 

La substitution of Co species has been demonstrated as an effective approach to retain 

the layered structure of LiCoO2, suppress the phase transitions during Li 

interaction/deintercalation, and prominently improve the cycling performance of LIBs 

19. Dual-doped LiCoO2 by Cu and Al species has been shown to process high degree 

of crystallinity with better phase purity. Compared to that of the pristine LiCoO2, the 

doped materials exhibit lower capacity fade and higher columbic efficiency20. On the 

other hand, doping of Cr, V, Zr and Mo results in a deficient LiCoO2 structure, and 

leads to irreversible capacity loss in the first cycle 18.  

Alternatively, it is possible to substitutionally dope oxygen sites with nonmetal 

elements such as halogen, although less attention has been paid to this direction. It 

was found that fluorine substitution of oxygen species also affects the structural 
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properties of nickel and cobalt oxides 21-24. F doping of LiNiO2 has been shown to 

eliminate the abrupt changes of lattice distortion, and significantly improve the 

cycling life of LIBs25. LiNixCoyMn1-x-yO2-zFz (0≤z≤0.1) compounds exhibit enhanced 

structural stability, in absence of phase transitions upon delithiation, and show 

excellent cycling performance and rate capacity than the fluorine-free compounds26. 

In this work, for the first time we explored the effects of halogen substitution of 

the oxygen sites in LiCoO2 systems on the lattice variance during lithium 

deintercalation, electronic state, electrode voltage, and diffusion of Li ions using 

density functional theory (DFT) calculations. Our results show that the fluorine, 

chlorine and bromine doping correspond to n-type doping and increase the electron 

density of states at the Fermi level, which may partly enhance the electrical 

conduction, and facilitate the accommodation of Li ions in the compounds. The 

halogen substitution enhances the structural stability and helps improve the cycling 

life of battery by effectively suppressing the volume expansion rate by up to 0.7% and 

reducing the lattice contraction along the c-axis upon full delithiation by up to 3.2%. 

Moreover, halogen doping facilitates the migration of Li ions in the cathode material. 

Therefore, halogen substitution might be beneficial to the rate capacity and power 

density of LIBs. 

 

2. Computational methods 

DFT calculations were performed by using the Vienna Ab initio Simulation Package 

(VASP) 27, 28 with the projector-augmented wave (PAW) method27, 29. The valence 

electron states were expanded by a plane wave basis set with a kinetic energy cutoff 

of 500 eV. The generalized gradient approximation (GGA) parameterized by Perdew, 

Burke, and Ernzerhof (PBE) was adopted for the exchange-correlation functional 30. 

To account for the strong correlation of the d electrons of cobalt, a Hubbard-like 

correction term (GGA+U) was included in the total energy functional. Since different 

U values for 3d of Co have been used for cobalt oxides 31, 32 33, here we have 

performed careful test and found that the choice of U=3 eV can reproduce the 
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experimental lattice parameter of LiCoO2 (c0=14.05 Å) 34.  

The primitive unit cell of LiCoO2 crystal consists of 12 atoms (Li3Co3O6), as 

shown in Fig 1(a). The structure can be viewed as three cobalt oxide layers 

intercalated by Li atoms along the c axis. To model halogen-doped LiCoO2 systems, a 

supercell of 5×5×1 unit cells containing a total of 300 atoms (Li75Co75O150) with 

dimension of 14.15 Å × 14.15 Å × 14.05 Å was used. For the halogen doping, we 

randomly selected one oxygen atom on each layer, and replaced it with a halogen 

atom. As the halogen doping in experiment is very dilute, it is reasonable to assume 

the dopants distribute uniformly in the LiCoO2 compound. For Li deintercalation, 

certain amount of Li atoms was randomly removed from the simulation supercell, 

modeling the homogeneous discharging process in reality. Due to the large supercell 

size, the Brillouin zone was sampled by the Γ point. The cell parameters and atomic 

coordinates were fully optimized until the force on each atom is less than 0.02 eV/Å. 

The climbing-image nudged elastic band (CI-NEB) method 35 was employed to search 

the saddle point and calculate the energy barrier for Li diffusion in the pristine and 

doped LiCoO2 systems. 

For pristine LiCoO2 crystal, the computed lattice parameters of a=2.83 Å and 

c=14.05 Å coincide well with the experimental values (a=2.82Å and c=14.04~14.06 

Å3, 4, 34, 36). To further test the validity of our computational scheme, we calculated the 

change of lattice parameter c of the pristine LiCoO2 crystal during the delithiation 

process. As shown in Fig. 1b, the theoretical trend agrees excellently with the 

experimental one.  
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(a)                          (b) 

Figure 1. (a) Ball-and-stick illustration of a LiCoO2 unit cell. Li, Co and O species are 

represented in purple, blue and red, respectively. (b) The lattice parameter c vs. 

delithiation degree y of Li1-yCoO2 (0≤y≤1) from calculation (black) and the 

experimental data (blue).  

 

3. Results and discussion 

Structural properties 

Table 1 lists the key structural parameters and substitution energy for doped 

LiCoO1.96X0.04 (X= F, Cl, Br) compounds, compared with the pristine LiCoO2. Clearly, 

halogen doping of LiCoO2 systems leads to lattice expansions in both the in-plane and 

out-of-plane directions. Upon doping, the lattice parameter a reflecting the Co-Co 

bond length, increases from 2.83 Å to 2.85 Å, and the lattice parameter c related to the 

interlayer distance, increases from 14.05 Å to 14.18 Å. The lattice extension in the a 

and c axis is attributed to the larger radii of partially reduced Co ions (0.55 Å for Co3+ 

and 0.65 Å for Co2+) due to the charge compensation of halogen anion 22, 26. Moreover, 

the larger ionic radii of Cl− (1.81 Å) and Br− (1.96 Å) species than that of O2− (1.35 

Å)37
 further increases the interlayer spacing along the c axis. In addition, the doped 

systems possess slightly higher c/a ratios, which means better layer properties 38, 39 

and is beneficial for reversible charging/discharging processes 40, 41
. The larger cell 

volumes of doped structures yield higher capacity for lithium storage 42, 43, and is 
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helpful for improving the rate capacity and battery capacity of LIBs.  

To characterize how difficult to substitute halogen species into the LiCoO2 

systems, we define the substitution energy Esub as following 

���� =
[��LiCoO.��X�.�� − ��LiCoO�� + 0.02��O�� − 0.02��X���

0.04
, [1� 

where E(LiCoO1.96X0.04) and E(LiCoO2) are the energies of halogen-doped and 

undoped LiCoO2 systems, respectively; E(O2) and E(X2) are the energy of an O2 

molecule, and a F2, Cl2, or Br2 molecule in the gas phase, respectively. Positive Esub 

value means the substitution reaction is endothermic. We find that fluorine 

substitution of O in LiCoO2 is relatively easy with Esub of only 0.32 eV, while for Cl 

and Br doping, Esub attains as much as 5 eV. Cl and Br doping show large Esub values. 

Such process may be realized in experiment for low doping levels, for instance, by 

chemical or thermal treatment. Also, we might overestimated the Esub values for Cl 

and Br doping, since the energies of stable Cl2 and Br2 molecules (rather than some 

reactive compounds) were used as reference. For comparisons, we calculated Esub of 

some cation doping, i.e., Fe, Ni, and Cu substitution of Co sites, and obtained Esub=1.5 

eV, 2.35 eV, 1.73 eV, respectively, lying between F–doping and Cl–, Br–doping. 

Although Cl and Br doping are relatively more difficult, they can still be realized 

under elaborately designed experimental conditions. 

Table 1. The lattice parameters a and c, c/a ratio, unit cell volume V, and substitution 

energy (Esub) for LiCoO2 and LiCoO1.96X0.04 (X= F, Cl and Br) solids.  

Models a (Å) c (Å) c/a V (Å3) Esub (eV) 

LiCoO2 2.83 14.05 4.96 97.45 __ 

LiCoO1.96F0.04 2.84 14.11 4.97 98.56 0.32 

LiCoO1.96Cl0.04 2.85 14.14 4.96 99.18 3.88 

LiCoO1.96Br0.04 2.85 14.18 4.98 99.88 5.34 

 

To explore the effect of halogen doping on the volume change of LiCoO2 during 

the delithiation process, we calculated the lattice parameters of the systems with 

various Li contents. The lattice parameter a shows little change by varying the Li 
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concentration. On the contrary, the lattice parameter c of Li1-yCoO1.96X0.04 (0≤y≤1) 

first increases with the delithiation degree y, achieving the maximum at y ~ 0.5, and 

then decreases with further delithiation (Fig. 2). The expansion along the c axis for y 

< 0.5 is attributed to the increased electrostatic repulsions between CoO2 layers due to 

the removal of Li ions 44. For Li contents below 0.5, the screening effect cannot 

compete with interlayer binding, and hence the system contracts along the c axis.  

The volume expansion/contraction during the delithiation process can be 

characterized by the c/c0 ratio, where c0 is the lattice parameter for full lithium 

intercalation (y=0). As shown in Fig. 2a, fluorine doping effectively inhibits the 

volume change for a wide range of delithiation degree (0.3<y<0.7). In particular, the 

maximum volume expansion is suppressed to 1.4% for Li1-yCoO1.96F0.04, in 

comparison with 2.1% for Li1-yCoO2, mainly due to the smaller ionic radii of F- than 

that of O2-. At full delithiation degree, the volume contracts by 4.8% for CoO1.96F0.04, 

compared with 5.6% for CoO2, due to the larger F-Co bond length (2.00 Å) than O-Co 

(1.87 Å). For chlorine and bromine doping, the volume expansion is almost the same 

as that of the undoped system (maximum expansion at 2.5% for Li1-yCoO1.96Cl0.04 and 

2.4% for Li1-yCoO1.96Br0.04). More importantly, the contraction at full delithiation 

degree drops to 2.7% for Cl doping and 2.4% for Br doping, respectively. Overall 

speaking, suppression of volume expansion and contraction of Li1-yCoO1.96X0.04 

compounds helps retain the structural stability and capacity of the systems, allows 

deep charging for y>0.5, and hence improves the electrochemical cycling performance 

of LIBs. 
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Figure 2. The c/c0 ratio vs. the delithiation degree y for Li1-yCoO2 (black), and 

Li1-yCoO1.96X0.04 (colored), where X=F (a), Cl (b), Br (c).  

 

To characterize the structural stability of Li1-yCoO1.96X0.04 systems from the 

thermodynamic point of view, we defined the formation energy Eform as45: 

��� ! = �"Li#$CoO.��X�.��% − �1 − &���LiCoO.��X�.��� − &��CoO.��X�.���			[2� 

where E(Li1-yCoO1.96X0.04), E(LiCoO1.96X0.04), and E(CoO1.96X0.04) are the energies of 

the system with delithiation degree y, full lithium interaction, and full delithiation, 

respectively. Positive Eform means the Li1-yCoO1.96X0.04 compound during Li 

deintercalation is unstable; the system favors phase separation into the fully Li 

intercalated compound LiCoO1.96X0.04 and doped cobalt oxide CoO1.96X0.04. The 

structural instability and phase transition during charging/discharging is a general 
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problem for LiCoO2 compounds used for the cathodes of Li-ion batteries. As shown in 

Fig. 3, for all degrees of delithiation, both the doped and undoped systems have 

negative formation energies, and the formation energy achieves the minimum at y=0.5, 

indicating the preference of the system in the form of Li1-yCoO1.96X0.04 compound, 

rather than phase separation into LiCoO1.96X0.04 and CoO1.96X0.04 forms. Most 

impressively, the doped systems have lower formation energies than that of undoped 

ones by about 100 meV for 0.2≤y≤0.6, showing the enhanced structural stability after 

halogen doping.  

 

Figure 3. The formation energies vs. the delithiation degree y for Li1-yCoO1.96X0.04 and 

Li1-yCoO2 systems, where X=F, Cl, Br. 

 

Electronic structure and electrode potential 

In contrast to the significant impacts on the structural properties, halogen doping does 

not affect much the electronic state of LiCoO2 systems. As seen from the total density 

of states (TDOS) in Fig. 4, both doped and undoped LiCoO2 compounds exhibit a 

semiconductor character with a band gap of about 1.1 eV. The calculated band gap of 

LiCoO2 agrees well with previous theoretical results of 1.2 eV 46, but is smaller than 

the experimental value of 2.7 eV 47, as a well-known deficiency of conventional GGA 

functional.  

For pristine LiCoO2, three main bands of can be identified46. The valence band in 

Page 9 of 18 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



10 

 

the range from −7.3 to −2.6 eV is originated from the O-2p orbital hybridized with the 

Co-3d orbital, corresponding to strong Co-O covalent bonding. The energy states 

ranging from −2.3 to −0.7eV and 0.7 to 1.5 eV are attributed to the t2g states and the 

eg states of the Co-3d orbital, respectively. These bands for the doped compounds are 

similar to that of pure LiCoO2. The Fermi energy has shifted to the bottom of 

conduction band upon halogen doping, and some additional states emerge around the 

Fermi energy, indicating n-type doping. Definitely, these states around Fermi energy 

are beneficial for accommodating electrons during lithium extraction/insertion to 

decrease the polarization potential48. 

     

Figure 4. The total density of states (TDOS) of undoped and halogen-doped LiCoO2 

compounds. The zero energy level indicated by the dotted line is referred to the Fermi 

energy (EF).  

 

In the computional simulation of electrode materials, the average electrode 

potential U as the delithiation degree varies from y1 to y2 (y1<y2) can be estimated by 

the following equation49: 

( =
�"Li#)*CoO.��X�.��% + �&� − &��+, − �"Li#)-CoO.��X�.��%

�&� − &�.
								[3� 

where E(Li1-y1CoO1.96X0.04) and E(Li1-y2CoO1.96X0.04) are the energies of the system 

with delithiation degrees of y1 and y2, respectively; ELi is the energy per Li atom in the 
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BCC solid phase; e is the electron charge. The electrode potential curves for 

Li1-yCoO1.96X0.04 with the delithiation degree y are displayed in Fig. 5, and the average 

electrode potential (0 (0 ≤y≤ 1) are shown in Table 2. The computed value of (0 = 

4.1 V for the pristine LiCoO2 is in good agreement with the experimental values of 

3.9~4.21 V 4, 36, 50. From Fig. 5, we can see the electrode potential for the doped 

materials are relative lower by about 0.6 V, compared to that of the pristine system in 

the initial delithiation degree y (0 ≤y≤ 0.2). But in the whole y range, the differences 

of (0 between doped and pristine systems are within 0.2 V (3.9~4.0 V for halogen 

doping materials, shown in Table 2). Therefore, halogen doping basically does not 

deteriorate the electrode potential of LiCoO2 cathodes. 

 

Figure 5. The electrode potential curves (vs. Li/Li+) for Li1-yCoO1.96X0.04 vs. the 

delithiation degree y.  

 

Table 2. The average electrode potential (0 with the delithiation degree y ranging 

from 0 to 1 for the halogen-doped and undoped LiCoO2 systems. 

 Li1-yCoO2 Li1-yCoO1.96F0.04 Li1-yCoO1.96Cl0.04 Li1-yCoO1.96Br0.04 

(0 (V) 4.1 4.0 3.9 3.9 

 

Lithium diffusion 

Fast migration of Li ions in the host materials is of great importance to achieve high 
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battery power. Previous theoretical studies have shown that the tetrahedral site hop 

(TSH) mechanism involving a lithium divacancy is dominant for most Li 

concentrations 51, 52. In this scenario, a Li ion moves from one octahedral site to an 

adjacent Li vacancy site by passing through the center of the tetrahedron formed by 

the O species of two neighboring CoO2 layers, while keeping away from the dopant 

sites, as illustrated in Fig. 6. According to the present method, the maximum energy 

along the minimum energy path between two neighboring Li sites is defined as 

activation energy.  

The calculated activation energies of Li ion in pristine and doped LiCoO2 solids 

are summarized in Table 3. The activation energy for Li migration in pristine LiCoO2 

is 0.21 eV, in good agreement with the previous computational results of 0.22 eV 

obtained from LDA and the Monte Carlo simulations 51, 52. For some other lithium 

transition metal oxides LiMO2 (M=Ni, Cu, Co, Mn), the calculated activation energies 

range from 0.21 eV to 0.49 eV 53, 54, which are slight higher than that of pristine 

LiCoO2. For the cation doping of LiCoO2, such as LiMnxNiyCo1-x-yO2 compounds, the 

activation energies range from 0.34 eV to 1.23 eV from the previous DFT calculations 

40, suggesting that the migration of Li species is unflavored because the combined 

effects of O–TM distance along c direction as well as the electrostatic interaction 

between Li+ ion in the activated state and the transition metal cation directly below it. 

In contrast, for the anion doped systems in this study, the activation energies are 

significantly reduced, from 0.20 eV for F doping, to 0.12 eV for Cl doping and down 

to 0.09 eV for Br doping, shown in Table 3. The small activation energy for Li 

diffusion upon halogen doping may be mainly attributed to the lattice expansion along 

the c–axis, which facilitates the transport of Li species in–between the cobalt oxide 

layer 55. Therefore, halogen doping facilitates the migration of Li species in the 

LiCoO2 compounds, and helps improve the battery power of LIBs. 
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(a)                                  (b) 

Figure 6. The diffusion pathway for a Li ion to migrate from one equilibrium site to a 

neighboring Li vacancy site: top view (a), and side view (b). The two Li vacancies are 

represented by the gray balls. The intermediate states and the transition state are 

indicated by the small purple and green balls, respectively. Li, Co, O, and halogen 

species are represented by purple, blue, red and light blue balls, respectively. The 

yellow balls show the O species on the upper CoO2 layer forming tetrahedrons 

(indicated by the black lines in the side view) with the O species on the bottom CoO2 

layer.  

 

Table 3. The calculated activation energies for lithium diffusion in the halogen-doped 

and undoped LiCoO2 systems. 

 LiCoO2 LiCoO1.96F0.04 LiCoO1.96Cl0.04 LiCoO1.96Br0.04 

Ea (eV) 0.21 0.20 0.12 0.09 

 

4. Conclusions 

The effects of halogen doping on the structural stability, electronic state, electrode 

potential, and lithium diffusion of LiCoO2 cathode materials have been investigated 

by DFT calculations. Fluorine, chlorine, and bromine substitution of oxygen species 

with a doping concentration of O:X = 1.96:0.04 (X=F, Cl and Br) are considered. Our 

studies show that halogen doping has positive effect on the electronic conductivity, 

and does not deteriorate the electrode potential of LiCoO2 systems. The halogen 

Page 13 of 18 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



14 

 

species induces enlarged Li slabs, helps improve the capacity for lithium storage, and 

facilitates the migration of lithium ions inside the LiCoO2 compounds. Most 

importantly, halogen doping inhibits the lattice change along the c axis during the 

delithiation process, i.e., the maximum lattice extension rate c/c0 is reduced by up to 

0.7%, and the lattice contraction rate at full delithiation is lowered by up to 3.2% 

compared to the undoped system. The suppression of volume variance helps retaining 

the structural stability and capacity of the LiCoO2 cathodes during the 

charging/discharging processes. All these results indicate that halogen doping of 

LiCoO2 cathodes is an effective approach to enhance the rate capacity and battery 

power, as well as to improve the electrochemical cycling performance of LIBs. 
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