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Abstract 

A high-voltage LiCoO2 cathode material has been increasingly studied due to its high 

capacity; however, the structural instability of this material results in poor cycling 

performance at high voltages, restricting its application. We use a controlled Mg doping 

strategy to modulate the crystal and electronic structure of the material and unravel the 

different effects of Mg occupation at Li and Co sites on the structure and 

electrochemical performance of LiCoO2. Mg substitution at Li sites provides much 

better electrochemical performance than Mg substitution at Co sites. Compared with 

bare LiCoO2, the substitution of Mg for Li and Co significantly enhances the capacity 

retention from 0.5% to 58.6% and 85.6% (500 cycles at 5C), respectively. Mg 

substitution at Li sites provides a “pillar” to stabilize the layered structure and increases 

the interlayer spacing (I(LiO2)) to reduce the energy barrier for Li+ migration. The stress 

and strain on the crystal structure caused by the substantial expansion and contraction 

during cycling are alleviated, while the stability of oxygen in the Li0.96Mg0.04CoO2 

sample is enhanced; additionally, the destruction of the CoO6 octahedron is also 

significantly inhibited, all of which confirm the increase in stabilization due to the Mg 

substitution in LiCoO2. This study offers some insights on the distinct effects of the 

same dopant at different crystal sites, which is instructive to develop a precisely 

controlled doping strategy.  

Key words: high voltage; LiCoO2; Mg doping; “pillar” effect; cycling stability  
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1.Introdution 

 Cathode materials with high energy density are a common and continuous focus 

for rechargeable batteries, especially lithium-ion batteries, due to the rapid increase in 

the requirements of portable electronic equipment, electric vehicles and large-grid 

energy storage.(1-4). Among numerous cathode materials (LiCoO2(5, 6), LiMnO2(7, 8), 

LiMn2O4(9-12), LiFePO4, Li-rich(13), Ni-rich(14-18) and so on) for lithium-ion 

batteries, LiCoO2 cathode materials with simple elemental compositions and high 

energy densities have been increasingly studied.(19-21).  

It is recognized that increasing the charging cutoff voltage of LiCoO2 cathode 

materials is an effective way to improve the specific capacity for lithium-ion 

batteries(22-24). However, with an increasing charging cutoff voltage, the structure of 

LiCoO2 will become increasingly unstable and distorted because more lithium ions are 

extracted from the host structure(25-27). The fundamental reason behind this limitation 

of a high charging cutoff voltage is that when more than half of the lithium ions are 

extracted from the original layered crystal, an irreversible phase transition will occur, 

destroying the CoO6 octahedron and generating stress and strain in the crystal structure. 

Furthermore, the destruction of the layered structure will result in a rapid decrease in 

the long-term cycling capacity retention ratio. To enhance the reversibility of structural 

evolution and improve the stability of the CoO6 octahedron at high voltage, 

considerable effort has been expended to investigate the application of surface coatings, 

doping of inactive elements in the host structure, and use of suitable electrolyte 

additives.(28-30). 
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 Many attempts have been made to stabilize the structure and suppress the phase 

transition of high-voltage LiCoO2 in the past few decades; these efforts include doping 

inactive transition metal elements (Al(31), Zr(32), Ti(33), Sr(34), La(35), etc) to 

enhance structural stability and applying metallic oxide coatings (ZrO2, TiO2(36), 

Al2O3(37), MgO(38), etc) or lithium compounds (LiAlO2, Li2ZrO3(39), Li3VO4(40), 

etc) to reduce the occurrence of side reactions between the cathode material and 

electrolyte solution. Among all the modification approaches, doping transition metal 

elements is the most common and has been proven to be effective for improving the 

electrochemical performance of LiCoO2(41-43). Li et al. reported that the cycling of 

LiCoO2 at a high cutoff voltage (versus Li/Li+) was stable by co-doping trace Ti-Mg-

Al(26). Lu et al. also reported the enhanced electrochemical performance of LiCoO2 

cells at a high cutoff voltage through a ternary Li-, Al-, and F-based hybrid 

treatment(30). A bifunctional self-stabilization strategy involving codoping Al+Ti in the 

bulk material and doping a gradient of Mg on the surface of the material has been 

proposed to enhance the performance of high-voltage LiCoO2(27). Recently, Huang et 

al. improved the cycling stability of high-voltage LiCoO2 by doping Mg at Li sites.(44). 

The atom occupation of the dopant at the different crystal sites also has a distinct effect 

on the structure and electrochemical performances, along with the types or valence of 

the doped atoms having an effect. However, the roles of the dopant at different sites are 

still poorly understood.  

 Herein, the different effects of Mg substitution at Li and Co sites in high-voltage 

LiCoO2 are systematically investigated, and the roles of Mg are revealed by means of 
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neutron powder diffraction (NPD), resonant inelastic X-ray scattering (RIXS), in situ 

and ex situ X-ray diffraction (XRD), and density functional theory (DFT) calculations. 

Mg substitution at Li sites has a much better effect on both the stability of the lattice 

oxygen in the host structure and the migration ability of lithium ions, which enables a 

largely enhanced cycling stability at a high charge-discharge rate. 

2. Results and Discussion 

2.1 Crystal Structure and Morphology 

 

Figure 1. (a) The XRD patterns; (b) The refinement results of XRD for LM0.04CO; (c) The 

comparison of the interlayer spacing of the three sample; (d) The refinement results of the neutron 

powder diffraction (NPD) for LM0.04CO; (e) The Refined crystal structure of LM0.04CO by 

NPD; (f) Co-L3,2 SXAS spectra of bare LCO and LM0.04CO. 

To investigate the crystal structures of bare LiCoO2 (LCO), 

Li0.96Mg0.04CoO2 (LM0.04CO) and LiCo0.96Mg0.04O2 (LCM0.04O) cathode 

materials, we collected X-ray diffraction (XRD) patterns. As shown in Figure 1 

(a), the peaks of all samples are consistent with the layered α-NaFeO2 structure 
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that has the R3m space group without any impurity peaks(23, 45). As shown in 

Figure S1(a) and (b) and Figure 1(b), Rietveld refinements were performed by 

Follprof software to reveal the structural parameters of the three samples(46). 

The fitting factor Rp is 2.28, 3.11, and 1.38%, and Rwp is 1.81, 1.72 and 2.47%, 

which means the refined data can be referenced and acceptable. The spacing of 

the interlayer (I(LiO2)) has a large effect on the migration ability of lithium ions, 

and the increase in I(LiO2) can provide a wider channel for Li+ 

intercalation/extraction during the charge/discharge process, which will lower 

the energy barrier and reduce the resistance of Li+ diffusion(47). Compared with 

LCO (2.1058 Å), the interlayer spacings of LM0.04CO (2.1934 Å) and 

LCM0.04O (2.1752 Å) all increase, especially the I(LiO2) of the LM0.04CO 

sample, which has a more obvious increase, as shown in Figure 1(c), indicating 

that the influence of Mg at the Li site on the interlayer spacing is greater than that 

of Mg at the Co site. 

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

XRD patterns. 

Samples LCO      LM0.04CO LCM0.04O 

a/Å 2.8116 (1)     2.8149(1)       2.8182 (1) 

c/Å 14.0289(6)    14.0560(7)      14.0639 (6) 

OZOX 
a/ Å 0.24172       0.24469       0.244 

S(MO2)
 b / Å 2.5705        2.4919 2.5128 

I(LiO2)
 c/ Å 2.1058       2.1934 2.1752 

V(Å3) 96.04(0)      96.45(1) 96.73(1) 

Density(g/cm3) 5.117         5.514 5.148 

Rp (%) 2.28          1.38 1.72 
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Rwp(%) 3.11          1.81 2.47 

a OZOX stands for the oxygen position. 
b S(MO2) stands for the slab thickness: =2[(1/3) - OZOX]c 
c I(LiO2) stands for the interslab space thickness: = (c/3 - S(MO2)) 

Compared with the LCO cathode material, the crystallographic parameter values 

of a and c in LM0.04CO and LCM0.04O increase, as shown in Table 1, which indicates 

that Mg2+ is doped in the host structure. The occupation information of each atom in 

the crystal structure of all samples is shown in Tables S1-S3. The size of the interlayer 

spacing (I(LiO2)) increases due to the increase in the c value and the change in Ozox, 

which benefits the migration of lithium ions(48). This result is also consistent with the 

decrease in the lithium-ion migration barrier energy obtained by the first-principles 

calculation (DFT). Therefore, the rate performance of the assembled half-batteries will 

be greatly improved. The thickness of the S(MO2) is reduced by the substitution of Mg 

for Li and Co, which is conducive to the stability of the layered structure in cathode 

materials(49). The S(MO2) of LM0.04CO (2.4919 Å) is much smaller than that of 

LCM0.04O (2.5128 Å), indicating better stability. This result also indicates the distinct 

effect of substituting Mg for Li and Co on the lattice structure of LCO. The shrinkage 

of S(MO2) is beneficial to the cycling stability of the layered cathode material. Compared 

with LCO, the calculation density of the other two cathode materials also increases, 

especially LM0.04CO, which reflects the superior lithium storage capacity in a unit 

volume of this cathode material.  

Table 2 Atoms occupancy of LCO from Rietveld refinement by the NPD 

Atom Site x y z Occ 

Li 3a 0 0 0 1 
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Co 

O 

3b 

6c 

0 

0 

0 

0 

0.5 

0.23944 

1 

1 

Table 3 Atoms occupancy of LM0.04CO from Rietveld refinement by the NPD 

Atom    Site x y z Occ 

Li 

Mg 

Co 

O 

  3a 

  3a 

  3b 

  6c 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0.5 

0.23955 

0.97114 

0.02886 

1 

1 

 To confirm the substitution of Mg for Li, neutron powder diffraction (NPD) was 

performed at a wavelength of 1.479728 Å, a range of 8°-145°, and a step width of 0.05°; 

NPD with these parameters is sensitive to light elements, as shown Figure S1(c). The 

Rietveld refinement results are shown in Figure S1(d) and Figure 1(d), and the atomic 

occupancies of the LCO and LM0.04CO samples are shown in Tables 2 and 3. In Table 

3, the occupancy of Mg at the Li site of the LM0.04CO cathode material is 0.02886, 

which proves that Mg is successfully doped at the Li site due to the similar ionic 

radius(0.76Å for Li-ion; 0.72Å for Mg-ion)(50-52); the refined crystal structures are 

shown in Figure 1(e). The substitution of Mg for Li can provide a “pillar” to stabilize 

the crystal structure of the material and provide a “channel” for fast lithium-ion 

intercalation/extraction during the charge/discharge process. The obtained crystal 

parameters and refinement results by NPD also show a similar trend to that in the XRD 

data. Figure 1(f) shows the Co-L3,2 soft XAS spectra of the bare LCO and LM0.04CO 

samples. The main peaks of both samples are located at the same energy, but the 

difference between bare LCO and LM0.04CO clearly appears as a pre-edge peak at 

778.5 eV for the latter, which is a characteristic feature of Co2+ with an octahedral local 
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coordination in the LM0.04CO cathode material; this observation indicates that the 

substitution of Mg for Li satisfies the charge balance requirement(44). 

To reveal the different effects of Mg2+ doping at Li or Co sites on the 

electrochemical performance, the rate capability and cycling performance of the bare 

LCO, LM0.04CO and LCM0.04O electrode materials were tested. As shown in Figure 

2(a), compared with the bare LCO cathode materials, the rate capability of the 

LM0.04CO and LCM0.04O cathode materials significantly improves at various current 

rates from 0.1-10C (1C=200 mA g-1) for 5 cycles at each current rate; this improvement 

is especially observed at a high current density. The discharge specific capacity 

increases from 14.5 mAh/g to 127.3 mAh/g at 10C, which also strongly verifies the 

ability of the electrode material to rapidly charge and discharge. Clearly, the discharge 

capacity of the bare LCO electrode material decreases significantly with an increasing 

circulating current due to the low diffusion ratio of lithium ions, but the capacity of the 

LM0.04CO and LCM0.04O electrodes decreases slowly. The increase in the interlayer 

spacing (I(LiO2): 2.1058 Å for bare LCO, 2.1934 Å and 2.1752 Å for LM0.04CO and 

LCM0.04O) and the decrease in the migration energy barrier of Li+ create a structural 

environment for the rapid charge/discharge process to exhibit excellent rate capacity. 

As shown in Figure 2(b) and (c), the capacity-voltage curve of the LM0.04CO electrode 

material is smoother than that of the bare LCO electrode material, and the polarization 

phenomenon also decreases, which is consistent with the CV curves. 
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Figure 2 (a) Rate capabilities test at different current densities (Bare LCO，LM0.04CO; 1C = 200 

mA g-1), Charge and discharge curves at different rate: (b) Bare LCO;(c) LM0.04CO; (d) cycling 

performance at 5C, (e) cycling charge and discharge profiles of Bare LCO, (f) cycling charge and 

discharge profiles of LM0.04CO 

Subsequently, the galvanostatic cycling performances of LCO, LM0.04CO and 

LCM0.04O at 1C and 5C were tested, as shown in Figure S2, and Figure 2(d). At 1C, 

the capacity retention of LCO and LM0.04CO after 100 cycles is 52.4% and 83.1%, 

respectively. As shown in Figure 2(d), compared with the bare LCO cathode material, 

the capacity retention of the LM0.04CO cathode material significantly increases from 

0.5% to 85.6% after 500 cycles at 5C. However, the capacity retention of the 

LCM0.04O cathode at 5C only increases to 58.6%. The large charge/discharge capacity 

means that lithium ions can be rapidly intercalated/extracted in the layered structure 

without damaging the stability of the structure at a high current density. The 

improvement in the capacity retention is largely attributed to the increase in the 

interlayer spacing and the decrease of S(MO2) induced by the substation of Mg for Li, 
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which improves the structural stability and cycling performance at a high current 

density. 

 

Figure 3 (a) HRTEM images of the Bare LCO sample, (b) selected-area electron diffraction 

(SAED) pattern of the LCO sample and (c) HRTEM images of the LM0.04CO sample, (d) 

selected-area electron diffraction (SAED) pattern of the LM0.04CO sample; (e)-(i) HAADF image 

and the EDS mapping of the Co, Mg, O 

To detect the morphology of the bare LCO and LM0.04CO samples, scanning 

electron microscopy (SEM) was performed, as shown in Figure S3(a) and (b), 

respectively. Compared with the bare LCO sample, the particle size of the LM0.04CO 

material is greatly reduced, which is consistent with the increase in the calculation 

density by XRD. A high-resolution TEM (HRTEM) image and the selected-area 

electron diffraction (SAED) patterns of the LCO and LM0.04CO samples are shown in 

Figure 3(a), (c) and (b), (d), respectively. Compared with the bare LCO sample, there 

are no essential changes in the micromorphology and selected electron diffraction spots 

of the LM0.04CO cathode material. To directly observe the distribution of each element 

in the LM0.04CO cathode materials directly, EDS mapping spectra were obtained for 

verification, and the results are shown in Figure 3(e)-(f). The distributions of Co, Mg, 
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and O are shown separately in Figure 3 (g)-(i), respectively. Mg is uniformly distributed 

in the cathode materials, which clearly illustrates the doping of Mg2+ in the host 

structure. 

X-ray photoelectron spectroscopy (XPS) analysis was performed to determine the 

surface chemical states of the LCO and LM0.04CO samples. Figure S4 (a) shows the 

XPS spectra of the collected Co2p electron orbital for the two samples. The Co2p3/2 

and Co2p1/2 peaks are the main peaks located at approximately 780 eV and 795 eV, 

respectively(23, 53). Surface oxygen and lattice oxygen exist in the cathode materials, 

as shown in Figure S4(b), and their contents are summarized in Table S4. As shown in 

Table S4, compared with the bare LCO cathode material, the relative ratio of lattice 

oxygen is significantly improved from 47.7% to 59.6% in the LM0.04CO cathode 

material, which indicates that the bonding energy between the alkali metal and oxygen 

is significantly enhanced(41, 54). Mg2+ in the LM0.04CO cathode material can play an 

important role in stabilizing oxygen in the host structure, which further enhances the 

stability of the layered structure and improves the cycling stability of the electrode 

material. The main Mg 1s peak is located at approximately 1302 eV, as shown in Figure 

S5, which illustrates the existence of Mg2+ in the LM0.04CO cathode material(55). 

Although XPS reveals the state of the elements on the surface of materials, it can also 

reflect the information inside materials to some certain extent. 

2.2 Electrochemical performances and mechanisms 
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Figure 4 The CV curves of as-prepared electrode materials with the scan rate of 0.1mV/s from 

3.0V to 4.5V: (a) Bare LCO, (b) LM0.04CO; The CV curves of as-prepared electrode materials 

with the scan rate of 0.1mV/s from 3.0V to 4.6V: (d) Bare LCO, (e) LM0.04CO; (c) and (f) the 

comparison of phase transition on first cycle CV curve corresponding with first cycle 

charging/discharging curve.  

To reveal the oxidation reduction peaks of the cation and anion, typical cyclic 

voltammogram (CV) curves of the LCO and LM0.04CO cathode materials for lithium-

ion batteries were tested in the voltage range from 3.0 to 4.5 V at a scan rate of 0.1 

mVs−1; the results are shown in Figure 4(a) and (b). When the cathode materials are 

charged at 4.5 V, neither material has a significant polarization phenomenon. However, 

when the cathode materials are charged at the highest voltage of 4.6 V, the bare LCO 

and LM0.04CO cathode materials show two different polarization trends, as shown in 

Figure 4(d) and (e). Clearly, compared with the bare LCO cathode material, the 

polarization phenomenon of the LM0.04CO cathode material greatly decreases, 

especially after 10 cycles, which also illustrates that the voltage decay is weakened. 
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Compared with bare LCO, the reversibility of the LM0.04CO sample redox peak 

between approximately 4.5 V and 4.6 V improves significantly due to the substitution 

of Mg2+ for Li, which illustrates the increase in oxygen stability. The CV curves almost 

overlap with the highly reproducible redox peaks, which illustrates the good 

reversibility of the LM0.04CO electrode material for lithium-ion batteries at high 

voltage, especially when charged to the highest voltage of 4.6 This result also verifies 

that the substitution of Mg2+ for Li can stabilize the layered structure and enhance the 

oxygen stability of high-voltage LiCoO2. The energy barrier of Li+ diffusion decreases 

due to the increase in the interlayer spacing, which is also conducive to stabilizing the 

layered structure and weakening the polarization phenomenon in the charge/discharge 

process. 

 In addition, compared with bare LCO, the transformation of the structure from the 

hexagonal phase to the monoclinic phase of the LM0.04CO cathode material is strongly 

inhibited: lithium ions shift from order to disorder, as shown in Figure 4(c) and (f), 

during the first cycle of the charge/discharge process. The CV curve of the first cycle is 

consistent with the first cycle of the charge/discharge curve marked with a blue circle. 

It is well known that the structure from the hexagonal phase to monoclinic phase has a 

great influence on the stability of the layered structure due to the order-disorder 

transition. This phenomenon is weakened, but the reversibility of the LM0.04CO 

electrode material for use in lithium-ion batteries is enhanced by doping Mg2+ at the Li+ 

site, which is beneficial for improving the cycling performance of the electrode material. 

2.3 First-principles calculations 
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 First-principles calculations were performed by density functional theory (DFT) to 

understand the structural stability and migration energy barrier of the bare LCO and 

LM0.04CO electrode materials in the Li+ extraction/insertion process. Figure S6(a) and 

(b) shows the DFT-optimized structure of the bare LCO and LM0.04CO materials. 

Based on this model, the projected density of states (DOS) analyses reveal that the 

breaking of symmetry leads to a significant change in the electronic band structure, as 

shown in Figure 5(56, 57). Compared with bare LCO, edge states appear near the Fermi 

level in the LM0.04CO cathode material. As a result, the band gap decreases from 2.1 

to 1.3 eV. This decrease in the band gap can improve the electrical conductivity, which 

facilitates charge transfer for faster kinetics. Compared with the bare LCO, the upshift 

in the O p-band center of the LM0.04CO cathode material can strengthen the Co-O 

orbital hybridization, which benefits the stability of oxygen.(58).  
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Figure 5 The calculated density of states (DOS) of bare LCO (a); LM0.04CO (b) 

 

Figure 6 (a) Schematic diagrams of Li migration in bare LCO; (b) the migration barrier of Li 

migration in bare LCO; (c) Schematic diagrams of Li migration in LM0.04CO; (d) the migration 

barrier of Li migration in LM0.04CO 

The migration of lithium ions is clearly revealed by DFT, and schematic diagrams 

of lithium-ion migration are shown in Figure 6. As shown in Figure 6(a) and (c), 

compared with the regular migration path of lithium ions in the bare LCO cathode 

material, the migration path of lithium ions is substantially changed in LM0.04CO by 

the substitution of Mg2+ for Li+, which leads to the energy barrier of the migration 

decreasing from 0.55 eV to 0.51 eV, as shown in Figure 6(b) and (d). The decrease in 

the migration energy barrier means that the ratio of lithium-ion migration in the 

LM0.04CO sample becomes faster than that in the bare LCO sample, which illustrates 

the improvement in rate capacity(59). 
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Figure 7 RIXS O K-edge spectra collected on bare LCO (a) and LM0.04CO (b) in Open Circuit 

Voltage (OCV)、Charge 4.5V、Discharge 4.0V、Discharge 3.0V；(c) the O k-edge of soft XAS 

of bare LCO and LM0.04CO at pristine state、(d) at the charge 4.5V state and (e) at the discharge 

3.0V state in the TEY mode, respectively 

To further verify the increased stability of oxygen by the substitution of Mg2+ for 

Li+, RIXS O K-edge spectra measurements were performed for both electrode materials; 

these tests were recorded at an incident energy of 531 eV in the ex situ state of the OCV, 

along with a charge of 4.5 V, discharge of 4.0 V, and a discharge of 3.0 V, as shown in 

Figure 7(a) and (b). We clearly observe that there is no new peak at 523.5 eV when both 

materials are charged to 4.5 V and discharged to 2.0 V, which illustrates that oxygen 

may not or only slightly participates in the redox reaction. However, compared with the 

bare LCO material, the reduced intensity of the elastic peak implies the accumulation 

of a few oxygen holes in the LM0.04CO material during the charge/discharge process, 

which also reflects that the stability of oxygen from the side is enhanced by the 

substitution of Mg2+ for Li+(26, 60, 61). In addition, as shown in Figure 7(c), (d) and 
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(e), soft XAS spectra were used to reveal the electronic structure of the oxygen atoms 

in the electrode materials in TEY mode, and Figure S7 shows the TFY mode. Compared 

with the bare LCO material, the change in the peak in the soft XAS spectra is not 

obvious with the pristine material and the material charged to a 4.5 V state in Figure 

7(c) and (d). However, when discharged at 3.0 V, we can clearly observe that the pre-

edge peak shape of bare LCO changes significantly compared with the LM0.04CO 

cathode material. The change in the pre-edge peak shape may indicate that the CoO6 

octahedron is distorted (irreversible structural transformation)(62). Therefore, the 

stability of the structural transformation and oxygen in the LM0.04CO electrode 

material is enhanced by the substitution of Mg2+ for Li+, which benefits the extended 

cycling stability of the material. 

To further investigate the reasons for the excellent electrochemical performance of 

the LM0.04CO material, electrochemical impedance spectroscopy (EIS) and the 

potentiostatic intermittent titration technique (PITT) were performed, as shown in 

Figure S8. EIS was tested at different frequencies ranging from 0 Hz to 100 kHz to 

obtain the Nyquist curves of both samples, as shown in Figure S8(a). The Rele value 

and the Rct value were fitted by the circuit, as clearly shown in the histogram in Figure 

S8(b). Rele represents the internal ohmic resistance and reveals the combined resistance 

of the liquid electrolyte, Li-metal anode, and Al-foil current collector. The semicircle at 

high frequencies along the Z’ axis and the linear part at low frequencies represent the 

electrochemical reaction resistance (Rct) and diffusion-controlled Warburg impedance, 

respectively. Compared with the bare LCO cathode material, Rele and Rct are greatly 
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reduced in the LM0.04CO cathode material due to the substitution of Mg2+ for Li+. 

In addition, as shown in Figure S8(c) and (d), the two semicircles in the EIS spectra 

at high frequency and low frequency represent the movement of Li+ through the solid 

electrolyte interface (SEI) and the charge-transfer resistance in the electrode/electrolyte 

interface, respectively. Compared with the bare LCO sample, the charge-transfer 

resistance in the LM0.04CO cathode material clearly has little change with the increase 

in the number of cycles, which indicates the improvement in structural stability by the 

Mg “pillar”. Moreover, the potentiostatic intermittent titration technique (PITT) was 

conducted to compare the Li+ diffusion coefficient, as shown in Figure S8(e) and (f). 

Compared with the bare LCO cathode material, we can see that the Li+ diffusion 

coefficient is also improved and Li ions have a stable diffusion coefficient at each 

voltage plateau by the substitution of Mg2+ for Li+, corresponding to the improvement 

in the rate capability. This result is also consistent with the expansion of the interlayer 

spacing (I(LiO2)) and the reduction in the lithium-ion migration energy barrier calculated 

by DFT. 
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Figure 8 (a) In situ XRD patterns collected during the cyclic voltammograms of Bare LCO with 

the scan rate of 0.2 mV/s: a1(003) and a2(104) zooming in of frame selection area; (b) In situ 

XRD patterns collected during the cyclic voltammograms of LM0.04CO with the scan rate of 0.2 

mV/s: b1(003) and b2(104) zooming in of frame selection area 

 To further reveal the stability of the layered structure, especially at high voltages, 

the electrode material is charged to 4.5 V. The layered structure evolution of the 

electrode materials was investigated by in situ XRD patterns during the Li-ion 

intercalation/extraction process with the following parameters: a step width of 0.01°, a 

voltage range of 3.0 V to 4.5 V, and a cyclic voltammogram curve scan rate of 0.2 mV/s. 

The sequences of the collected in situ XRD patterns from “1” to “40” are shown in 

Figure S9. In the XRD pattern of the hexagonal-layered structure of the LiCoO2 

material, the shifting in the (003) peak represents the change in the c value, while (101) 
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represents the change in the a and b values(27, 63, 64). Amatucci et al. reported that the 

value of the lattice parameter c clearly changed during the charge/discharge process 

(65). Hence, the main peaks were analyzed in the range from 18° to 48°, as shown in 

Figure 8(a) and (b). In contrast, the (003) peak of bare LCO shows a greater variation 

range (0.95) than that of the LM0.04CO (0.82) cathode material, as shown in the 

magnified areas a1 and b1. When charging to approximately 4.5 V, the (104) peak in 

the bare LCO material becomes discontinuous and disorganized, so the change is larger 

than that in the LM0.04CO material, as shown in the magnified areas a2 and b2. The 

different evolution of the (003) peak and (104) peak in both samples during charging to 

approximately 4.5 V indicates that the volume change of bare LCO is larger than that 

of LM0.04CO during the charge/discharge process, which leads to severe structural 

degradation (such as an irreversible phase transition), especially after long-term 

cycling(66). This result might benefit from the Mg “pillar” in the interlayer spacing 

(I(LiO2)), which not only provides a fast lithium-ion channel but also enhances the 

stability of the layered structure. The stability of oxygen in the host structure is also 

important, especially in maintaining the hexagonal-layered structure of the LiCoO2 

material at high voltage. 

To verify the conclusion obtained by the in situ XRD patterns, ex situ XRD patterns 

of the bare LCO, LM0.04CO and LCM0.04O cathode materials were further tested, as 

shown in Figure S10(a), (c) and (e), respectively. Compared with the pristine electrode 

materials, the original O3-type phase structure of the cathode materials was maintained 

at any potential. The refinement results of the XRD patterns when the materials are 
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charged to 4.5 V are shown in Figure S10(b), (d) and (f). Although the ex situ XRD 

patterns of the first cycle cannot explain the reversibility of the electrode materials, the 

change in the interlayer spacing (I(LiO2)) of the microcrystal structure is obvious when 

charged at 4.5 V. Especially in the bare LCO cathode material, the interlayer spacing 

(I(LiO2)) is largely reduced to 0.9818 Å after charging to 4.5 V, but the interlayer spacing 

(I(LiO2)) in the LM0.04CO electrode material changes very little owing to the Mg “pillar”, 

as shown in Figure S11. The continuous intercalation/extraction of lithium ions from 

the interlayer spacing of the crystal structure will lead to structural damage (especially 

the decrease in the interlayer spacing); however, owing to the existence of the Mg2+ 

“pillar”, the interlayer spacing (I(LiO2)) can maintain the integrity of the crystal structure 

in the LM0.04CO cathode material; in particular, the structural stability is maintained 

even after long cycles. 

 

Figure 9 The comparison of XRD patterns collected before and after cycles at 5C: (a) bare LCO, 

the insert shows the change of the (003) peak; (b) LM0.04CO samples 

Compared with the bare LCO sample (impurity peak appears near the (003) peak 

after 500 cycles), the XRD pattern of LM0.04CO maintains the original peak shape 

before and after cycling, as shown in Figure 9, which is also the reason for its higher 
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capacity retention ratio. Moreover, for bare LCO in Figure 9(a), the (006) and (102) 

peaks (characteristic peaks of a hexagonal-layered structure) undergo obvious changes, 

which indicate the destruction of the layered structure after 200 cycles, while the peaks 

in the LM0.04CO electrode still evidently exist in Figure 9(b). As shown in Figure S12, 

the cracks, breakage, dissolution and fracture caused by the stress and strain of Li+ 

migration (the cyclic expansion and contraction of the interlayer spacing (I(LiO2))) all 

appear in the bare LCO sample but not in LM0.04CO through the comparison of SEM 

images after 200 and 500 cycles at 5C; these conditions are unfavorable to cycling 

performance and result in the irreversible loss of capacity, which agrees with that in 

Figure 2(d). Therefore, the Mg2+ “pillar” not only does not affect the migration of 

lithium ions but also enhances the stability of the structure and reduces the stress and 

strain of the crystal structure caused by the diffusion of lithium ions. The above 

behavior is conducive to maintaining the layered structure and improving the cycling 

performance of the cathode materials. 

3 Conclusion 

In summary, the different effects of Mg substitution at Li and Co sites in high-

voltage LiCoO2 have been systematically investigated. Mg doping can improve the 

electrochemical performance, but the substitution of Mg for Li or Co has a different 

impact on the enhancement. The substitution of Mg for Li displays superior stability 

during long-term cycling: 85.6% capacity retention after 500 cycles at 5C between 3.0 

V and 4.5 V. The substitution of Mg for Li can provide a “pillar” to stabilize the crystal 

structure and reduce the energy barrier of Li+ diffusion due to the increase in the 
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interlayer spacing. Moreover, the decrease in S(MO2) that is induced by the substitution 

of Mg for Li also enhances the stability of the layered structure. The stress and strain 

of the crystal structure caused by the diffusion of lithium ions is further decreased 

during long-term cycling, and the destruction of the CoO6 octahedron is significantly 

inhibited. This study provides new insight into improving the electrochemical 

performance by designing and optimizing the occupation of dopants. 
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