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Abstract 

High voltage LiCoO2 delivers a high capacity but sharp fading is a critical issue, and 

the capacity decay mechanism is also poorly understood. Herein, we clarify that the 

escape of surface oxygen and Li-insulator Co3O4 formation are the main causes for the 

capacity fading of 4.6V LiCoO2. We further propose the inhibition of the oxygen escape 

for achieving stable 4.6V LiCoO2 by tailoring the Co3d and O2p band center and 

enlarging their band gap with MgF2 doping. This enhances the ionicity of the Co-O 

bond and the redox activity of Co, and improves cation migration reversibility. 

Moreover, the inhibition of oxygen escape suppresses the formation of Li-insulator 

Co3O4 and maintains the surface structure integrity. Mg acts as a “pillar”, providing a 

stable and enlarged channel for fast Li+ intercalation/extraction. The modulated LiCoO2 

shows almost “zero strain” and achieves a record capacity retention at 4.6V: 92% after 

100 cycles at 1C and 86.4% after 1000 cycles at 5C. This work offers some insights 

into modulating the local electronic structure for high-voltage LiCoO2. 
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We report that the escape of surface oxygen and Li-insulator Co3O4 formation are the 

main causes for the capacity fading of 4.6V LiCoO2 cathode. The oxygen escape is 

significantly inhibited by tailoring the Co3d and O2p band centers and enlarging their 

band gap with MgF2 doping, which enables a stable cycling of 4.6V LiCoO2 cathode.  

  



1. Introduction 

Since its commercialization in 1991, lithium-ion batteries (LIBs) have become the 

preferred energy storage systems for portable electronic products and electric vehicles[1]. 

However, the development of LIBs has fallen far behind the increasing demand for 

high-energy density batteries [2]. As the pioneering cathode material of rechargeable 

lithium-ion batteries, LiCoO2 (LCO) is still dominant in 3C electronic devices due to 

its high tap density [3]. However, the capacity of the widely used LCO is approximately 

140mAh/g, which means that only half of the Li+ is extracted from LCO. A high cutoff 

voltage can result in a large capacity, but it is accompanied by sharp capacity fading [4]. 

In recent decades, some modification strategies have been reported to enhance the 

cycling stability of LiCoO2 at a high voltage. For example, Li et al enhanced the 

capacity retention of 4.6V LiCoO2 to 86% at 0.5C through Ti-Mg-Al co-doping[5]. Lu 

et al reported a class of ternary lithium, aluminum and fluorine-modified LiCoO2 with 

a stable and conductive layer [6]. Li et al improved the cycling stability through Se 

substitution(Se-LCO), and Se-LCO retained 80% of its capacity after 450 cycles at 100 

mA g−1 in 4.57 V pouch full cells[7]. Recently, Huang et al reported a 4.6V Mg-pillared 

LiCoO2 with a capacity retention of 84% at 1.0 C over 100 cycles [8]. However, 

improving the long-term cycling stability of LiCoO2 at a high voltage of 4.6V is still a 

great challenge.    

Additionally, the charge compensation and capacity degradation mechanism of 

high voltage LiCoO2 are still not very clear. Pan et al reported that the structural stability 

was related to the flatness of LiCoO2 layers [9]. However, there are still some issues that 



have not been well understood. It has been reported that oxygen redox (O2-↔O2
n-) 

begins to contribute to capacity at a higher voltage due to O2p orbital hybridization with 

the Co3d orbital in the Co3+/4+:t2g and O2p resonant bands at lower electronic energies[10]. 

The electrons are extracted from both Co3+ and O2-, which leads to O2- oxidation and 

oxygen loss from the cathode materials due to the decrease in the ion radius and 

electrostatic force, especially at a high potential[7, 11],[12]. Moreover, the formed oxygen, 

including O2 gas and O- radicals is highly oxidizing, which rapidly decomposes the 

carbonate electrolyte and produces a thick cathode electrolyte interface (CEI) that 

affects the cycling performance of the batteries. Some groups have reported that when 

LCO cathode material is charged to a high voltage, it undergoes a harmful phase 

transition from the O3 hexagonal phase to the hybrid O1-O3 hexagonal phase, which 

is accompanied by sliding and partial collapse of the O3 lattice plate[5, 13]. The oxygen 

redox at a high voltage affects the structural stability of LiCoO2. Subsequently, the 

increase in the internal crystal lattice stress in LiCoO2 results in the formation of cracks 

and particle crushing [14]. Regardless, it is quite important to clarify the degradation 

mechanism of high voltage LiCoO2 and find a facile strategy to fundamentally address 

capacity fading. 

 In this work, we propose the suppression of the oxygen escape and cation 

migration by lowering the Co3d and O2p band centers and enlarging their band gap 

with MgF2 doping. This enhances the ionicity of the Co-O bonds, improves the stability 

of the layered structure and inhibits the formation of the Li+-insulator Co3O4 on the 

surface of LiCoO2. The long-term cycling stability and rate capability are both 



significantly improved. Neutron powder diffraction (NPD), operando differential 

electrochemical mass spectrometry (DEMS), soft resonance inelastic X-ray scattering 

(RIXS), High-angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM) and first principles calculations (DFT) are applied to probe the 

modification mechanism. Different from the previous viewpoints, we also find that 

oxygen escape and the resulting formation of Li+-insulator Co3O4 on bare LiCoO2 at 

4.6V are the main causes of the sharp capacity decay. Our findings show that tuning the 

energy gap between the Co3d and O2p band centers offers a feasible strategy to 

fundamentally solve the issues of oxygen release and cationic migration for high 

voltage LiCoO2, which may be extended to other oxygen redox-related cathode 

materials. 

2. Result and Discussion 

Crystal structure and Morphology 

To analyze the layered crystal structures of the Bare-LCO, LM0.01COF0.02, 

LM0.01CO, LCOF0.02, LM0.02COF0.04, and LM0.03COF0.06 samples, X-ray 

diffraction (XRD) patterns were collected as shown in Figure 1 (a) and Figure S1 (a), 

and neutron powder diffraction (NPD) data of the Bare-LCO and LM0.01COF0.02 

samples were collected as shown in Figure S2 (a). As expected, the Bare-LCO sample 

has a pure crystal structure and can be described with all the peaks indexed to the 

layered α -NaFeO2 structures in the R 3 m space group symmetry[15]. The 

LM0.01COF0.02 sample still maintains a layered structure without any impurity peak. 

Figure 1 (b) and Figure S1 (b) show the Rietveld refinement of the XRD patterns of the 



Bare-LCO and LM0.01COF0.02 cathode materials, respectively, and the refined 

crystallographic parameters are listed in Table 1(by XRD) and Table 2(by NPD), which 

indicate that the rule and trend of refined XRD data are consistent with those of the 

NPD data. The occupancy information of the atoms in cathode materials from the 

Rietveld refinement is depicted in Tables S1~S4. The fitting factors Rwp are 2.42 and 

2.26%, respectively, which mean that the refined data are acceptable for further 

reference.  

 

Figure 1. (a) The XRD patterns; the refinement results of the materials (b) LM0.01COF0.02; and 

the refinement results of the neutron powder diffraction (NPD), (c) LM0.01COF0.02, (d) is the 

comparison of the thickness of the S(MO2) and the interlayer spacing of the refinement results; (e) the 

Refined crystal structures of the LM0.01COF0.02 by the NPD, (f) the Raman patterns of the Bare 

LCO and LM0.01COF0.02, the calculated density of states: (g) Bare LCO, (i) LM0.01COF0.02, (h) 



and (j) diagram of the energy gap between Co3d and O2p band center, (k) calculation of the 

influence on the electron distribution of oxygen elements by the MgF2 doping and the length of the 

Co-O band. 

 

Moreover, compared with Bare-LCO (2.54674 Å), the thickness of S(MO2) for 

LM0.01COF0.02 decreased to 2.50301 Å after MgF2 co-doping as shown in Figure 1 

(d), which illustrates the enhanced stability of the layered structure. There are many 

factors affecting Li+ migration, the most important of which is the interlayer spacing 

Li(LiO2). The increase in Li(LiO2) can provide a wider channel for Li+ 

intercalation/extraction during the charge/discharge processes, which lower the energy 

barrier and lower the resistance of Li+ migration. The expansion of Li(LiO2) in 

LM0.01COF0.02 is larger than that in Bare-LCO cathode materials as shown in Figure 

1 (d), which indicates that Mg ions enter the Li site successfully, and can provide a 

stable and enlarged channel for fast Li+ intercalation/extraction. Because the 

electronegativity of F- is stronger than that of O2-, thus being more attractive to electrons, 

both the reduced thickness of S(MO2) and the expansion of Li(LiO2) have a profound 

influence on the structural stability and migration of Li+ ions in cathode materials. 

The crystal structure of the modified LCO sample based on the Rietveld 

refinement of the NPD pattern is shown in Figure 1(e). The Mg at the Li site provides 

a “pillar” for lithium-ion migration, which can significantly enhance the structural 

stability. In addition, substituting F for oxygen benefits the stability of the O-ion due 

the F-ion being more electronegativity than O. The anti-3d orbital of Co is more stable 



owing to presence of more Co-F ionic bonds, which can reduce the redox energy of Co 

ions to a favorable level (compared with the Fermi level of the lithium anode), and then 

reduce the hybridization of the Co3d and O2p orbitals, which further improves the 

structural stability. There are two paths for the Li-ion migration in LiCoO2 cathode 

materials, as shown in Figure S3. Moreover, two typical vibrations are observed at 

Raman shifts of approximately 485 and 595 cm-1, which can be attributed to O-Co-O 

bending (Eg) and Co-O stretching (A1g) in LiCoO2, respectively, as shown in Figure 

1(f). Compared with the strong Raman bonds observed at approximately 484.4 and 

595.1 cm-1 for the Bare-LCO sample, the bonds in the LM0.01COF0.02 sample are at 

approximately 481.9 and 592.6 cm-1, which means that all samples have a layered 

structure with the R3m space group and is consistent with the XRD and NPD patterns. 

However, the shift of the strong Raman bonds to the left for the LM0.01COF0.02 

sample indicates the existence of lithium vacancies due to the substitution of Mg2+ for 

Li+, which also confirms that Mg2+ occupies the Li site. 

For LiCoO2 cathode materials, with continuous increase of the charging voltage, 

the electrons lost in the cathode materials will gradually increase. This process will 

gradually lead to the depletion of valence band top of Co element higher than O2p orbit 

of oxygen element. After the depletion of valence band top electrons, the charge 

compensation process in this region will no longer be provided by transition metal 

elements alone, and anionic oxygen is also involved. To further find evidence of band 

gap broadening, first principles calculations (DFT) were carried out as shown in Figure 

1(g)~(j). Compared with the Bare-LCO sample, the band gaps of LM0.01COF0.02 



cathode material decreases from 2.3eV to 1.9eV, which can improve the electrical 

conductivity and further facilitate charge transfer for rapid kinetics. To some extent, the 

size of the energy gap between the transition metal and oxygen band centers reflects 

the covalent and ionic strength of the TM-O bonds[16]. Moreover, in Figure 1 (h) and 

(j), MgF2 doping increases the energy gap between the O2p and Co3d band centers ( 

from 0.3911eV to 0.539eV), resulting in lower oxygen redox activity and increasing 

Co-O bond ionicity. This can be quantified by the large energy band gap of the O2p and 

Co3d or the lower O2p band center position relative to the Fermi level, which can 

inhibit the activity of oxygen redox and enhance the ionic characteristic of the Co-O 

band due to the strong electronegativity of F and the immobilization function of oxygen 

by Mg. Compared with Bare-LCO (1.9451 Å), the length of the Co-O bond in the 

LM0.01COF0.02 (1.9576 Å) sample becomes longer, which is consistent with the 

increasing energy gap between the Co3d and O2p band centers. In addition, MgF2 doping 

not only affects the change in the band gap but also has a certain effect on the electron 

cloud of oxygen ions. The intuitive change is the bond length of the Co-O bond as 

shown in Figure 1 (k). The decrease in the O2p band center significantly inhibits the 

oxygen redox activity in the bulk structure during Li insertion/extraction, which 

illustrates the enhanced structural stability of the LM0.01COF0.02 sample. 

Table 1 the refined crystallographic parameters of the cathode materials by the 

XRD patterns. 

Sample a(Å) c(Å) V(Å3) Zox TM-O S(MO2)( Å

) 

I(LiO2)( Å

) 

Rwp(%

) 

Bare-LCO 2.8156(0 14.0498(5 96.46(0 0.2427(6 1.945 2.54674 2.1365 2.42 



) ) ) ) 1 

LM0.01COF0.0

2 

2.8150(1

) 

14.0566(6

) 

96.47(0

) 

0.2443(5

) 

1.957

6 

2.50301 2.1825 2.26 

 

Table 2 The refined crystallographic parameters of the cathode materials by the 

NPD patterns. 

Sample a(Å) c(Å) V(Å3) Zox TM-O S(MO2)( Å

) 

I(LiO2)( Å

) 

Rwp(%

) 

Bare-LCO 2.8166(0

) 

14.0544(2

) 

96.56(0

) 

0.2395(6

) 

1.921

6 

2.63698 2.0478 5.79 

LM0.01COF0.0

2 

2.8165(1

) 

14.0684(3

) 

96.65(0

) 

0.2408(3

) 

1.921

9 

2.60359 2.0859 6.96 

The morphology and crystal structure were further investigated by high-resolution 

transmission electron microscopy (HRTEM) as shown in Figure S4 (a) and (c). Both 

the Bare-LCO and LM0.01COF0.02 samples exhibit a similar micromorphology, and 

the selected electron diffraction spots and electron diffraction spots along the [104] and 

[003] zone axes of R3 m from the Bare-LCO and LM0.01COF0.02 particles show 

significantly structural consistency[4b, 17]. To directly observe the distribution of each 

element in the LM0.01COF0.02 sample, EDS mapping spectra were obtained for 

verification as shown in Figure S4 (e)~(i), and Mg, Co, O and F are shown in Figure 

S4 (f)~(i), respectively. Overall, Mg and F are uniformly distributed in the 

LM0.01COF0.02 sample, which illustrates that the Mg and F are successfully doped 

into the host structure. In order to prove that the F- dopes into the bulk phase, the depth 



analysis of XPS was also performed as shown in Figure S5. There is still a strong signal 

of F- when the sample is etched to about 50nm, which indicates that there is F element 

in the bulk phase. Therefore, after combining the XRD, NPD and HRTEM techniques, 

it is confirmed that two materials have a similar crystal structure and morphology. 

Electrochemical performances and mechanisms 

To evaluate the electrochemical performance of the samples, the kinetics and 

phase transition of Bare-LCO and LM0.01COF0.02 were studied by the cyclic 

voltammetry (CV) as shown in Figure 2 (a) and (b). The peaks at approximately 4.4V 

and 3.8V correspond to the phase transitions of M2/H3 and H2/H1, respectively. The 

characteristic of the order/disorder phase transition occurs near approximately 4.0 and 

4.1V. With an increase in the number of scanning cycles, the peaks of the Bare-LCO 

samples gradually weaken, and the polarization phenomenon is obviously increases, 

which indicates that the phase transitions of M2/H3 and H2/H1 are irreversible due to 

the irreversible redox reaction of more oxygen and release O2 gas during the Li 

insertion/extraction process. In contrast, the increasing sharp peaks of Co redox and the 

weak polarization of LM0.01COF0.02 mean that the redox activity of Co is further 

enhanced after activation, which confirms the enhanced of the structural reversibility 

and stability of the LM0.01COF0.02 cathode at high voltages, especially at 4.6V.  



 

Figure 2 The Cyclic Voltammetry (CV) curves of as-prepared electrode materials with the scan rate 

of 0.1mV/s from 3.0V to 4.6V: (a) Bare LCO, (b) LM0.01COF0.02; (c) Rate capabilities test at 

different current densities (Bare LCO, LM0.01COF0.02, LM0.01CO, LCOF0.02; 1C = 270 mA g-

1), (d) cycling performance and coulomb efficiency, (e) voltage decay at 1C, (f) cycling performance 

at 5C. 

 

As shown in Figure 2 (c), the rate performance of the Bare-LCO, LM0.01COF0.02, 

LM0.01CO and LCOF0.02 cathode materials were investigated in a range of 

3.0V~4.6V. The LM0.01COF0.02 cathode material shows excellent rate performance, 

delivering capacities of 222, 218, 208, 198, 174 and 140mAh/g at 0.1C, 0.2C, 0.5C, 1C, 

2C and 5C (1C=270mA/g), respectively, and recovering to 218mAh/g after the current 

density decreases back to 0.1C with a capacity retention of>97.9%. In contrast, the 



Bare-LCO samples show a worse rate capacity with corresponding discharging 

capacities of 223, 195, 164, 138, 106 and 0.8mAh/g at 0.1C, 0.2C, 0.5C, 1C, 2C and 

5C, respectively, and recovering to only 199mAh/g when going back to 0.1C and 

demonstrating a capacity retention of<89.2%. The charge/discharge curves of both 

samples are shown in Figure S6 (a) and (b). The improvement in rate capacity benefits 

from the expansion of the interlayer I(LiO2) in the host structure because the doping of 

Mg into the Li site can provide a “pillar” for the rapid migration of Li ions[8]. The 

stronger electronegativity of F than O can inhibit oxygen redox and significantly 

enhance the structural stability[18]. 

The electrochemical cycling performance of the LiCoO2 cathode material in a Li 

half -cell at 1C is shown in Figure 2(d) and (e), which show the typical capacity decay 

and voltage decay during long-term cycling, respectively. Compared with the Bare-

LCO samples, the capacity retention of the LM0.01COF0.02 samples was significantly 

improved from 48.7% to 92% after 100 cycles at 1C (1C=270mA/g), while the capacity 

retention after long-term cycling was still outstanding at 1C (1C=270mA/g) (from 0.8% 

to 80.8% after 500 cycles) as shown in Figure S6 (e) and (f). The issue of voltage decay 

in high voltage LiCoO2 is proposed for the first time, especially at 4.6V. It is widely 

believed that voltage decay is mainly due to progressive structural rearrangement, 

including irreversible transition metal migration. Regarding Co, the reduction from one 

redox couple to another involves different orbitals, and the Co2+/Co3+ redox couple 

involves the loss (oxidation) or addition (reduction) of electrons in the spin-up eg 

orbitals. However, the Co3+/Co4+ redox couple involves the loss (oxidation) or addition 



(reduction) of electrons in the spin-down t2g orbital[10b, 19]. In addition, the reduced 

polarization will lead to the midpoint voltage remaining at the original level in the 

cycling process. Therefore, the migration and reduction of Co, and the resultant 

formation of Co3O4 on the surface are the main reasons for voltage decay. In contrast, 

the voltage decay of LM0.01COF0.02 is significantly suppressed, which corresponds 

to capacity retention due to the decrease in irreversible oxygen escape after MgF2 

doping. The galvanostatic charge/discharge curves of both samples are shown in Figure 

S6 (c) and (d) and are indicative of the suppressed voltage decay in the 

LM0.01COF0.02 samples. The voltage decay in the Bare-LCO samples is caused by 

structural changes and the migration of Co through oxygen vacancies due to lattice 

oxygen release, but the voltage decay in the LM0.01COF0.02 sample is well inhibited, 

which indicates that tailoring the Co3d band center and the O2p band center can also 

inhibit the voltage decay in the high voltage LiCoO2 cathode material. In contrast, we 

also investigated the effect of the amount of doped MgF2 on the electrochemical 

performance. The cycling performances of the LM0.02COF0.04, LM0.03COF0.06, 

LM0.01CO and LCOF0.02 samples at 1C are also worse than that of the 

LM0.01COF0.02 sample as shown in Figure S6 (e) and (f). We also found that the 

LM0.01COF0.02 cathode materials exhibit a lower polarization and stronger 

reversibility than the other materials. As shown in Figure 2(f), the Bare-LCO cathode 

materials have almost no capacity after approximately 200 cycles, but the capacity 

retention of the LM0.01COF0.02 sample significantly increases to 86.4% after 1000 

cycles at 5C (a higher current density). A large charge/discharge capacity means that 



Li+ can rapidly insert/extract into the host structure while maintaining the stability of 

the layered structure. The cycling performances of the LM0.02COF0.04 and 

LM0.03COF0.06 samples at 5C are also worse than that of the LM0.01COF0.02 sample 

as shown in Figure S6 (h). The role of the Mg “pillar” can also reduce coulomb 

repulsion in the transition metal interlayer due to the excessive decrease in the amount 

of Li+, and the strain and stress on the lattice caused by Li+ extraction are also alleviated, 

not only providing an efficient Li+ migration channel for Li+ intercalation/extraction 

but also benefitting the structural stability and cycling performance. 

In addition to the cycling performance at 4.6V, the cycling stability in the voltage 

range of 3.0V~4.5V is also tested at 0.02C and 1C as shown in Figure S7 (a) and (b). 

Although the initial capacity is not as high as that of the Bare-LCO sample, the capacity 

retention of the LM0.01COF0.02 sample (0.2C: 82.13% VS 96.35% after 100 cycles; 

1C: 69.3% VS 91.6% after 500 cycles) is largely improved. Therefore, the 

LM0.01COF0.02 cathode material can maintain excellent cycling stability in the 

voltage range of 3.0~4.5V and 4.6V due to the Mg “pillar” and stability of oxygen in 

the host structure. We also compared our results with those previously reported, which 

show that the LM0.01COF0.02 sample co-doped with MgF2 has super-competitive 

electrochemical performance as shown in Table S9. Therefore, this material has 

outstanding cycling stability, and the capacity retention is the highest in the articles 

reported thus. Electrochemical impedance spectroscopy (EIS) and the potentiostatic 

intermittent titration technique (PITT) were tested to further reveal the reasons for the 

excellent electrochemical performance as shown in Figure S8 (c) ~ (f). Compared with 



the Bare LCO electrode materials, the values of Rs and Rp are much lower for the 

LM0.01COF0.02 electrode materials due to MgF2 doping, and the Li+ diffusion 

coefficient is also improved as shown in Figure S8 (e) and (f). In addition, the migration 

energy barriers of both samples were investigated by DFT calculations. Compared with 

the Bare-LCO cathode materials, the migration barrier of the LM0.01COF0.02 samples 

decreases from 0.39eV to 0.29eV as shown in Figure S8 (g), which indicates rapid Li+ 

diffusion, corresponding to the improvement in the rate capacity[20].  

To further reveal the mechanism of oxygen redox, the O1s XPS spectra of both 

samples was obtained at the original and state of charge. As shown in Figure S9, 

compared with the Bare LCO sample, the ratio of lattice oxygen in the LM0.01COF0.02 

sample improves significantly, which indicates that the structural stability is greatly 

enhanced. Moreover, it was found for the first time that there is an irreversibility 

capacity loss in the first cycle of LiCoO2 cathode materials, especially at a high voltage 

of 4.6V, which is closely related to its electrochemical mechanism (charge 

compensation mechanism). Figure S10 (a) and (d) reveals the first charge/discharge 

curves of the Bare LCO and LM0.01COF0.02 samples. The Bare LCO cathode 

materials exhibit a charging capacity of 279mAh/g and a discharging capacity of 

242mAh/g with a coulombic efficiency of 86.7%. In contrast, the as produced 

LM0.01COF0.02 sample demonstrates electrochemistry activity, shows a charging 

capacity of 251mAh/g and discharging capacity of 228mAh/g, leading to the coulombic 

efficiency of 90.8%, and the charge profile of the LM0.01COF0.02 sample is a sloping 

curve without any plateau, which illustrates that the irreversible charge compensation 



platform of the oxygen-ion is obviously suppressed. 

In Figure S10 (b) and (e), after charging to 4.6V, compared with the etching to 

50nm in Figure S10 (c) and (f), the O2
n- ratio on the surface of the Bare LCO sample is 

significantly less than that of the LM0.01COF0.02 sample before etching, which 

indicates that the surface oxygen in Bare LCO is lost in the form of O2 gas[21], and the 

irreversibility of the oxygen redox is obvious, while the LM0.01COF0.02 sample still 

maintains a larger O2
n- ratio indicating that the stability of O2

n- is enhanced by MgF2 

doping. Therefore, the oxygen loss is much less than that of the Bare LCO sample, 

which is consistent with the DEMS data shown in Figure 3 and indicates that the oxygen 

redox activity is inhibited, and that the reversibility is enhanced due to MgF2 doping. 

Therefore, O2
n- can be well stabilized in the bulk structure, and oxygen redox proceeds 

reversibly during the charge/discharge processes due to the existence of F- and its being 

more electronegative than oxygen[22]. The electrostatic attraction to electrons is stronger, 

thus, oxygen redox can be inhibited and the purpose of reversible charge compensation 

can be achieved, which is consistent with the excellent capacity retention, especially at 

a high voltage of 4.6V. The effective modulation of the O2p orbital and the decrease in 

the irreversible oxygen redox can stabilize the framework structure of the cathode 

materials, especially the stability of oxygen on the sample surface.  



 

Figure 3 RIXS O K-edge of the Bare LCO (a) and LM0.01COF0.02 (d) samples, respectively, with 

the excitation energy of 531eV. Operando DEMS of the Bare LCO and LM0.01COF0.02 samples, 

respectively. The current density is 0.05C. The active materials of the Bare LCO and 

LM0.01COF0.02 samples is 20.48mg and 25.944mg, respectively, Bare LCO (b) the first cycle, (c) 

the second cycle; LM0.01COF0.02 (e) the first cycle, (f) the second cycle 

 

Effective detection of lattice oxygen activity requires new techniques that are more 

sensitive to the chemical state of lattice oxygen[23]. To experimentally probe the nature 

of oxidized oxygen at different charging states in the Bare-LCO and LM0.01COF0.02 

samples, O K-edge RIXS was performed as shown in Figure 3 (a) and (d). Both the 

Bare-LCO and LM0.01COF0.02 samples show similar features in thier pristine form 

and discharge state. However, in the charge state, the feature that the oxygen redox 

activity (O2-O2
n-) is more or less constant for the LM0.01COF0.02 samples after two 

cycles, while it clearly increases for the Bare-LCO. This indicates that oxygen redox in 

the particle shell of the LM0.01COF0.02 sample is less involved in the chemical 



reaction. Improved oxygen stability is reported to help enhance the safety behavior of 

the cathode material at high voltage, especially at 4.6V[5, 24]. This further supports the 

idea that the LM0.01COF0.02 cathode material has superior oxygen redox stability, 

compared with the Bare-LCO sample. Furthermore, element doping has been shown to 

change the intrinsic electronic structure of the cathode material and consequently affect 

its oxygen redox chemistry during the lithiation/delithiation process.  

Moreover, operando differential electrochemical mass spectrometry (DEMS) 

measurements of the initial and second charge/discharge processes for the Bare-LCO 

and LM0.01COF0.02 samples were obtained to reveal O2 gas loss as shown in Figure 

3 (b), (c) and (e), (f), respectively. Compared with the Bare-LCO samples, the loss of 

O2 in the bulk structure of the LM0.01COF0.02 electrode materials is well inhibited, 

which is consistent with the inhibition of the oxygen redox by tailoring the Co3d and 

O2p band center. Combined with the RIXS data, the enhanced reversibility of oxygen 

redox can be better revealed. Especially in the second cycle, the release of O2 in the 

LM0.01COF0.02 cathode materials decrease significantly, while the release of O2 in 

Bare LCO is still very high. The oxidation and release of oxygen are attributed to the 

generated energy band overlapping between the Co3d and O2p electron orbitals, which 

leads to the instability of O2-, thus, it is easy to lose electrons at high voltage (versus 

Li/Li+) charge states[25]. However, the band overlap of the LM0.01COF0.02 electrode 

materials is further reduced by MgF2 doping due to the synergy (the electron extraction 

from O2- is well inhibited and the Co redox activity is improved) of Mg and F at higher 

voltages. 



 

Figure 4 In-situ XRD patterns collected during the cyclic voltammograms at 3.0-4.6V with the scan 

rate of 0.2 mV/s：(a) Bare LCO; (b) LM0.01COF0.02; Ex-situ XRD patterns during the first 

charging/discharging progress; (c) Bare LCO; (d) LM0.01COF0.02; the comparison of the crystal 

parameters variation (e) the a-axis lattice; (f) the c-axis lattice; Ex-situ Raman patterns: (g) Bare 

LCO and (h) LM0.01COF0.02 

 

To further elucidate and understand the structural effect of MgF2-doping on the 

electrochemical performance, in-situ XRD and ex-situ XRD measurements were 

performed on Bare-LCO and LM0.01COF0.02 samples. The Bragg reflection (most of 

the diffraction peaks shift with delithiation/lithiation) shows that the structural 

evolution of the two samples is quite different during the charge/discharge processes as 

shown in Figure 4 (a), (b) and (c), (d). Compared with the LM0.01COF0.02 sample, 

regardless of the data of the first charge/discharge cycle or the second cycle shown in 

Figure S11 (a) and (b), more spinel Co3O4 generated on the surface of the Bare-LCO 



sample during the charge/discharge processes, especially at 4.6V, which is consistent 

with the XPS spectra of the O1s peaks after charging at 4.6V (more irreversible surface 

spinel Co3O4 is formed due to the initial precipitation of a large amount of surface 

oxygen). The variation in the crystal parameters fluctuates greatly in the Bare LCO 

sample, while the change of the parameters of the LM0.01COF0.02 sample are very 

slight as shown in Figure 4 (e) and (f), especially when charged to a high voltage of 

4.6V, which illustrates that the harmful phase transition from the O3 hexagonal phase 

to the hybrid O1-O3 hexagonal phase is inhibited and the structural stability is further 

enhanced. Almost no obvious spinel Co3O4 forms on LM0.01COF0.02 because the 

inhibition of oxygen escape decreases the migration of the Co ions, which is due to the 

decrease in the O2p band center and the increase in the energy gap between the Co3d 

and O2p band centers.  

To find the direct evidence of the formation of spinel Co3O4 on the surface during 

the charge/discharge processes, ex-situ Raman spectra were obtained, as shown in 

Figure 4 (g) and (h). The formation of Co3O4 is a reversible process for both the Bare-

LCO and LM0.01COF0.02 samples at the first charge/discharge cycle, which indicates 

the reversibility of the cationic migration during the Li+ intercalation/extraction process. 

However, the position of the Raman peak shifts in different directions, compared with 

the pristine state of both samples. The two Raman characteristic peaks of the Bare-LCO 

cathode materials at the D3.0V state shift to the left. This indicates the formation of 

lithium vacancies in Bare-LCO due to O2 release and spinel phase Co3O4 formation, 

which possibly results from Co migration. A small amount of Co migration to Li sites 



will form spinel phase Co3O4 to hinder the migration of lithium. In contrast, the peaks 

in the LM0.01COF0.02 sample shift to the right, which occurs because of the inhibited 

activity and enhanced reversibility of oxygen redox. These experimental results agree 

very well with the DFT calculations. 

Electronic Structure Analysis 

Due to the limitation of Raman spectroscopy, we can only obtain indirect evidence 

from the surface vibration, which cannot reflect the changes in the chemical 

environment around Co atoms. Therefore, the evolution of the electron and local 

structure of Co was studied by combining ex-situ XANES and XPS during the first 

cycle as shown in Figure S12 and S13. Compared with the Bare-LCO samples, during 

the first cycle of the charge/discharge processes, the redox activity of the Co-ion in the 

LM0.01COF0.02 sample is obviously activated, especially when the discharge voltage 

reaches the lower state. The XANES spectra are more sensitive to local chemical and 

structural changes, Figure S13 (b) clearly shows that the distance between the Co-O 

and Co-Co bonds is shortened after the first cycle, which can be attributed to the 

existence of unfilled lithium vacancies in the lithiation process,[26] this result 

corresponds to the ex-situ Raman patterns. Moreover, the variation of the Co-O bond is 

obvious and irreversible in the Bare-LCO sample as shown in Figure S13 (b), but it is 

reversible in the LM0.01COF0.02 sample as shown in Figure S13 (e), which also 

reflects that the reversibility of oxygen redox improves and that oxygen escape is 

inhibited by MgF2 doping. These results are also consistent with the cyclic voltammetry 

(CV) curves in Figure 2(a) and (b). Figure S13 (c) and (f), provide the ex-situ XPS data 

during the first and second cycles. The position of the main Co2p3/2 peaks shift to 



higher binding energies in the LM0.01COF0.02 sample after charging to 4.6V 

obviously, and the positions of the first and second cycles shows no change, in contrast, 

the Bare-LCO sample changes greatly due to the phase transition and surface cationic 

densification (the formation of spinel Co3O4 on the surface) caused by serious O2 

release and irreversible cationic migration. These results indicate that the redox activity 

and reversibility of Co ions are further improved, which is beneficial for the enhancing 

of the Co-O ionic character due to the expansion of the energy band between the Co3d 

and O2p band centers.  

 

Figure 5 The calculated projected density of states (DOS) and the change of band center with the 

amount of Li extraction (Li1-xCoO2，x≈0.6 corresponding with charged 4.5V, x≈0.74 corresponding 

with charged 4.6V), Projected density of states (pDOS) for (a) Bare L0.4CO, (b) Bare L0.26CO, 

Bare LCO at different lithium content: (c) the O2p DOS, (d) the Co3d DOS; Projected density of 

states (pDOS) for (a) L0.39M0.01COF0.02, (b) L0.25M0.01COF0.02, LM0.01COF0.02 at different 

lithium content: (g) the O2p DOS, (h) the Co3d DOS. 

 



To theoretically reveal the effects on the local electronic structure of electrode 

materials, the DFT method was used to examine the local structure and quantity of 

oxygen redox of Li+ extracted from LiCoO2 as shown in Figure 5. Similar to previous 

studies reported by others, we emphasize that a the high-level hybrid functional was 

employed, which has been found to be very important for accurately reproducing the 

electronic structure of oxygen states[27]. Compared with the Bare-LCO samples, for 

both the charged 4.5V and charged 4.6V samples, the band gap decreases because the 

edge states of the MgF2-doped sample appears near the Fermi level, which indicates an 

improvement in the electrical conductivity and further facilitates charge transfer for 

rapid kinetics at high voltage. In contrast, the variations in the O2p and Co3d band 

centers at different states are shown in Figure 5 (c), (d) and (g), (h), respectively. 

Compared with the Bare LCO sample, there are fewer unoccupied O2p orbitals with a 

lower energy in the LM0.01COF0.02 sample, which can reduce the probability of the 

internal charge transition of O2- and further enhances the stability of the oxygen 

skeleton on the surface of cathode materials, especially after Li+ extraction. The 

electronic structure analysis from DFT calculations shows that the stability of oxygen 

redox is enhanced by the MgF2 co-doping strategy, which is consistent with the 

experimental RIXS and DEMS results. Consequently, the structural stability of the 

LM0.01COF0.02 cathode material is enhanced, which improves capacity retention after 

long-term cycling. The doping of elements may change the intrinsic electronic structure 

of cathode materials, thus affecting their redox reactions during charge/discharge 

processes, especially oxygen redox. 



 

Figure 6 The Raman patterns (a) Bare LCO and (b) LM0.01COF0.02 collected before and after (200, 

500) cycles at 1C; the comparison of HAADF-STEM image: (c) Bare LCO: showing Co3O4-like 

spinel phase (the insert FFT image indicates the spinel phase); (d) LM0.01COF0.02: showing 

layered structure phase (the insert FFT image indicates the layered structure phase) after 500 cycles 

at 1C; (e) the proposed performance degradation mechanism schematic diagram of high voltage 

LiCoO2 cathode materials (different from the previous degradation mechanism of layered structure 

collapse caused by excessive Li+ migration). 

 

To clarify the reasons for the improvement in the long-term electrochemical 

performance after MgF2 doping, the structural transformation of the Bare-LCO and 

LM0.01COF0.02 cathode materials was studied before and after 200 or 500cycles as 



shown in Figure S14 (a) and (c), respectively. In Figure S14 (a), compared with the 

pristine state of the Bare-LCO sample, the (003) peak has a significantly shift to the left 

as well as the characteristic peaks of a hexagonal-layered structure: the (006) and (102) 

peaks undergo obvious changes after 200 and 500 cycles, which represent the variation 

in the lattice parameters and damaged layered structure due to O2 release and the 

formation of spinel Co3O4. However, owing to the inhibition of oxygen escape by the 

lower O2p band center and the larger energy gap between the Co3d and O2p band 

centers, the positions of the (003), (006) and (102) peaks of the LM0.01COF0.02 

cathode materials hardly change.  

The Raman data show that the Co ion in the transition metal layer will occupy the 

oxygen vacancy by Li+ extraction during the charging process, and further form spinel 

Co3O4 with an increase in the number of cycles. With increasing lattice oxygen being 

oxidized and released in the form of O2 gas, the formation of Li+-insulator spinel e 

Co3O4 on the surface of cathode materials and the gradual formation of a dense lattice 

layer (hindering the Li+ migration) are the main reasons for the rapid decay in high 

voltage capacity. When cycling to 200 cycles, the surface disorder of the Bare-LCO 

sample increases, and the typical O-Co-O bending (Eg) and Co-O stretching vibration 

gradually weaken and finally disappear while a new Co-O stretching vibration appears, 

which represents the vibration in Li1-xCoO2
[28]. When reaching 500 cycles, a new 

vibration attributed to Co3O4 appears on the surface due to continuous lithium migration, 

as shown in Figure 6 (a), which is consistent with the HAADF-STEM images in Figure 

6 (c). It is widely constructed into a Co3O4 like spinel structure (space group Fd 3m, 



4-8nm thick after 500cycles) in the form of a phase transformation after cycling 

accompanied by defects: twins and vacancies, which are caused by O2 escape and the 

dissolution of Co-ions due to excessive oxygen participating in the redox reaction. It is 

well known that Co3O4 has a normal spinel structure with tetrahedral Co2+ and 

octahedral Co3+, its compact structure and small interstitial sites impede Li+ 

intercalation/extraction[29]. Thus, the migration of Li+ becomes increasingly difficult 

due to the existence of spinel Co3O4 on the surface. However, electrons continue to be 

transferred, which leads to the constant expansion and inflation of the crystal structure 

and the random length of the Co-O bond. Therefore, the cathode material will crack or 

even break during long-term cycling due to the formation of surface Co4O3 caused by 

oxygen release. However, the MgF2 doped LM0.01COF0.02 cathode materials still 

maintain their original (complete and orderly) layered structure of hexagonal layered 

LiCoO2 after 200 and 500 cycles as shown in Figure 6 (b) and (d), respectively, which 

indicates that the reversibility of cationic migration is enhanced by MgF2-doping. 

Moreover, as shown in Figure S14 (d), there is no formation of spinel Co3O4 on the 

surface due to inhibited oxygen redox and the reversibility of Li+ 

intercalation/extraction during the charge/discharge process, which leads to a high 

capacity retention at a high voltage 4.6V. In addition, the cracks and breakages caused 

by the stress and strain of Li+ migration all appear in Bare LCO but not in the 

LM0.01COF0.02 samples, as evidenced in Figure S15, which compares the of the SEM 

images after 200 and 500 cycles.  

As shown in Figure S16, we also analyzed the change in the lattice parameters in 



both the Bare-LCO and LM0.01COF0.02 samples before and after 500 cycles by 

Rietveld refinement. The variations in the lattice parameters: a, c, and V values are 

summarized in Tables S10 and S11. The variation rates of a, c and V for Bare-LCO are 

0.2, 1.64 and 1.23%, respectively. In contrast, the variation rates of the lattice 

parameters a, c and V for LM0.01COF0.02 significantly decrease to 0.02, 0.03 and 

0.01%, respectively, representing an almost “zero strain”. These results indicate that 

MgF2 doping not only alleviates the lattice stress and strain, but also enhances the 

stability of the layered structure. On the other hand, the improvement in the structural 

stability can attributed to F having stronger electronegativity than O, which is consistent 

with the DFT results. Because more Co-F ionic bonds will lead to a more stable anti-

3d orbital of Co after F substituted for O[30], the redox energy of Co will decrease to a 

favorable energy level compared with the Fermi level and the energy gap between the 

Co3d and O2p band centers will be further expanded. The inhibited oxygen redox 

activity and enhanced ionicity of the Co-O bond are also the main reasons for the 

significantly better electrochemical performance.  

Figure 6 (e) shows a schematic diagram for the performance degradation 

mechanism of high voltage LiCoO2 cathode materials, which is different from the 

previous degradation mechanism of layered structure collapse caused by excessive Li+ 

migration. Oxygen loss can lead to irreversible phase transformations and increasing 

number of Li+ vacancies form in the cathode materials, from LiCoO2 to Li1-xCoO2, and 

become spinel Co3O4 with an increase in the number of cycles, thus, spinel Co3O4 will 

accumulate layer by layer. With the increase in the number of cycles, the formation of 



Co3O4 on the cathode material surface is also an important factor that affects the cycling 

performance of LiCoO2 materials. It is well known that the spinel Co3O4 can inhibit the 

diffusion of Li+, especially the migration of Li+. Furthermore, Li+ migration can be 

completely stopped when the compact Co3O4 layer is thick enough to cover all the 

LiCoO2 materials, resulting in a sharp increase in impedance. 

Overall, the modulation mechanism of the MgF2 doping on the LiCoO2 cathode 

materials was revealed based on the experimental techniques and DFT calculations. 

Firstly, the electronegativity of F- is stronger than that of O2- which reduces thickness 

of S(MO2) and expands the channel of Li(LiO2). This has a profound influence on the 

structural stability and migration of Li+ ions in cathode materials. Secondly, Mg acts as 

a “pillar”, providing a stable and enlarged channel for the fast Li+ 

intercalation/extraction. Thirdly, MgF2 doping tailors the Co3d and O2p band center 

and enlarges their band gap, which reduces the activity of the oxygen redox and inhibits 

the oxygen escape of LiCoO2 at 4.6V. The inhibition of oxygen escape suppresses the 

formation of Li-insulator Co3O4 and maintains the surface structure integrity.  

Fourthly, the ionicity of the Co-O bond and the redox activity of Co is enhanced as well 

as the cationic migration reversibility is improved. For oxide cathode materials, the 

stability of the oxygen under a high voltage is one of the most prominent issues[31]. The 

participation of the oxygen in the charge compensation process will lead to a series of 

undesirable problems such as irreversible O2 release, phase transition, voltage decay, 

and the formation of CEI film on the surface of the cathode materials. The proposed 

modification strategy in this study can also be applied in some other oxides cathode 



materials. This study is in progress.  

3. Conclusion 

In summary, the degradation mechanism of high voltage LiCoO2 was revealed, 

and we proposed a new strategy to inhibit oxygen escape and improve the reversibility 

of Co redox (ionicity of Co-O bonds and the reversibility of Co-ion migration was 

enhanced) by decreasing the O2p band center and tailoring the energy gap between the 

O2p and Co3d band centers. This not only reduced O2 escape but also effectively 

inhibited the harmful phase transition at a high voltage, which further improved the 

reversibility of cationic migration. Moreover, inhibiting the formation of Co3O4 on the 

surface caused by lattice oxygen release improved the reversibility of Li+ and e- 

intercalation/extraction, which further decreased the lattice strain and stress to prevent 

cracks and breakages. The Mg “pillar” and the stronger electronegativity of F provided 

a stable and smaller energy barrier channel for Li+ migration during the 

charge/discharge processes. The cooperation of all these effects significantly improved 

the cycling stability and rate capability of high-voltage LiCoO2 cathode materials 

without voltage decay especially at 4.6V. The modified LiCoO2 cathode material shows 

great potential for use in the future commercial applications because of its excellent 

cycling stability at 4.6V. 
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