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Abstract 

In this paper, pristine Li-rich layered oxide Li[Li0.2Mn0.56Ni0.16Co0.08]O2 porous microspheres 

had been successfully synthesized by an urea combustion method, and then coated with 1.0%, 2.0%, 

and 3.0 wt% LaPO4 via a facile chemical precipitation route. The structures and morphologies of 

both pristine and LaPO4 coated Li1.2Mn0.54Ni0.16Co0.08O2 were performed by X-ray diffractometer 

(XRD), field-emission scanning electron microscopy (FESEM) and high resolution transmission 

electron microscope (HR-TEM). XPS data and FESEM demonstrate that the LaPO4 was successfully 

coated on the surface of the Li[Li0.2Mn0.56Ni0.16Co0.08]O2 porous microspheres. Especially, the 2 wt% 

LaPO4 coated-Li[Li0.2Mn0.56Ni0.16Co0.08]O2 demonstrates the best electrochemical performance. As 

lithium ion battery cathodes, the 2 wt% LaPO4 coated sample, compared with the pristine one, has 

shown significantly improved electrochemical performances: the initial Coulumbic efficiency 

improves from 78.81% to 84.76% at 0.1C and the rate compatibility increased from 70 mAh g
-1

 to a 

high capacity of 112.73 mAh g
-1 

at a current density of 5C. The analysis of dQ/dV plots and 

electrochemical impedance spectroscopy (EIS) demonstrate that the enhanced electrochemical 

performance is mainly attributed to the LaPO4 coating layer can not only stabilize the cathodes 

structure by reducing the loss of oxygen, but also protect the Li-rich cathodes from decreasing the 

side reactions of Li[Li0.2Mn0.56Ni0.16Co0.08]O2 with the electrolyte and lower the charge transfer 

resistance of the sample.  
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Introduction 

Lithium-ion batteries (LIBs) have been broadly used for portal electronics and expanding 

rapidly to the field of hybrid electric vehicles (HEVs), plug-in hybrid vehicles (PHEVs), and electric 

vehicles (EVs). To meet the high energy-density requirements for LIBS, developing a cathodes 

material with high capacity, high operating voltage and good rate capacity are becoming more and 

more imminent
1-4

. To date, Li-rich layered oxides xLi2MnO3·  (1 - x) LiMO2 (M = Ni, Co, Mn, Fe, Cr, 

or other combinations) cathode materials have been considered as one of the most promising 

candidates owing to their extraordinary high theoretical discharge capacity of more than 250 mAh g
-1

, 

high operating potential over 3.7 V (vs. Li/Li
+
) and low cost in comparison with LiCoO2 and 

LiFePO4
5-8

. In the recent years, the studies on the preparation and electrochemical performance of 

Li-rich cathode materials have been widely reported. However, the commercialization of these 

cathode materials still faces many challenges. For example, Li-rich layered oxides still suffered from 

low initial Coulumbic efficiency during the first cycle, poor rate capability, severe capacity fade and 

voltage fading due to the rearrangement of surface structure caused by the activation of Li2MnO3 

component above 4.5 V, the erosion from the electrolytes, and the structural transformation during 

cycling
9-12

. 

Many efforts have been taken to improve the electrochemical performance of these Li-rich 

layered oxides xLi2MnO3·  (1 - x) LiMO2. It has been proved that element doping is an effective 

strategy to enhance the Li-ion conductivity and stabilizing the structure of lithium-rich layered 

oxides materials for lithium-ion batteries. Substitutions (such as Ru and Cr) for transition metal ions 

(TM=Mn, Ni and Co) and F for O improve the rate capability and reduce the irreversible capacity in 

the first cycle
8, 13

. In addition, surface coating or modification has been testified to be another 

effective way to improve the electrochemical performance of cathode materials for LIBs by 

suppressing the surface sensitivity of the cathodes materials. Up to now, surface modification with 

metal oxides, such as Al2O3 and TiO2, metal fluorides including CaF2, AlF3 and LaF3 as a coating 

layer were helpful to improve both the electrochemistry performance including the high initial 

Coulumbic efficiency, excellent rate capability and large discharge capacity, and thermal stabilities
2, 

14-16
. Lately, the preparation and surface modification with metal phosphate have attracted much 

attention due to they are believed to be potentially available active coating materials for cathodes 
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compounds in LIBs. The formation of Li-metal-P-O solid state electrolyte coating layer for MPO4 

coated cathodes, compared with other Li
+
 ion conductor (for instance Al2O3, TiO2, MgO2), is 

conductive to enhance the stable capability of electrodes during the charge-discharge process
17-20

. 

And recent rare earth phosphate also have attracted much interest for many applications because of 

the special structure of the rare earth element (the different arrangements of 4f electron bring forth 

abundant energy levels)
17, 21-23

. Among them, LaPO4 coating has been reported to improve the rate 

capability and cycling stability of LiMn2O4 and Li[Ni0.5Mn0.3Co0.2]O2 by decrease of electrolyte 

decomposition reaction and dissolution of active materials
24, 25

. And also LaPO4 coating can improve 

the rate capability of LiFePO4/C due to the coating layer can protect the LiFePO4 electrode from 

corrosion and maintain the structural stability of the material
26

.  

     In the present study, LaPO4 is employed as a coating material to enhance the initial Coulombic 

efficiency and rate capability of Li[Li0.2Mn0.56Ni0.16Co0.08]O2 cathodes. LaPO4 coated 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 is successfully prepared via a facile chemical precipitation route. 

Experimental results show that electrode of Li[Li0.2Mn0.56Ni0.16Co0.08]O2 coated by 2 wt% LaPO4 

exhibits excellent rate capability and high initial Coulumbic efficiency compared with pristine 

material. In particularly, the effects of coating on the structure and electrochemical properties were 

investigated in detail. 
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Experiment 

2.1 Preparation of pristine and LaPO4-coated samples 

All raw materials were analytical-grade. Li[Li0.2Mn0.56Ni0.16Co0.08]O2 was synthesized via a 

facile urea combustion method. described as follows: 2.602g aqueous solution of Mn(NO3)2 (50wt%), 

2.196g CO(NH2)2 ,1.0114g LiNO3 (5% Li excess), 0.2794 Co(NO3)2·6H2O and 0.5584g 

Ni(NO3)2·6H2O were dissolved together in 10 ml distilled water to form a uniform solution. 

Afterwards, the obtained mixed solution was heated in a muffle furnace at 450
o
C for 40 minutes in 

air to remove organic contents. Then, the precursors were ground in agate mortar and subsequent 

calcination in a muffle furnace at 850
o
C for 10 h under air to gain pure Li[Li0.2Mn0.56Ni0.16Co0.08]O2, 

and then cooled down naturally to room temperature. 

To prepared LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2. Firstly, lanthanum nitrate and 

ammonium phosphate were dissolved in distill water it is completely reacted, and then the pristine 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 powder was added to the suspension and was magnetically stirred for 30 

min to form a slurry. The amount of LaPO4 in the solution was set as the mass ratios of LaPO4/ 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 =1 wt%, 2 wt% and 3 wt% respectively. The obtained solution was 

constantly stirred at 80
o
C until the solvent was evaporated. Afterwards, the wet powder was dried at 

80
o
C in vacuum drying oven until the solvent was completely removed. Finally, the dry powers were 

further annealed in an argon atmosphere at 450
o
C for 4h to gain the LaPO4-coated 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 . 

2.2 Structure and morphology characterizations 

The crystalline structure of the pristine sample and LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 

were characterized by X-ray diffractometer (DX-2007 LiaoNing DanDong) within 2 theta range 

from 10
o
 to 80

o
 at a scanning rate of 0.03

o
/s. The particle size and morphology of the pristine 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 and LaPO4 coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 were performed using a 

Quanta FEG 250 field emission scanning electron microscope (FEI, Electron optics, B.V.). The 

surface state of the obtained products was characterized by X-ray photoelectron spectroscopy (XPS, 

ESCALAB250). The surface microstructure of coated sample was observed by TEM (JEM-2100F). 

2.3 Electrochemical characterization 

Electrode slurry was fabricated by mixing active material, polyvinylidene Fluoride (PVDF) 

binder and acetylene black in the ratio of 80:10:10 together with a certain amount of N-methyl-2 
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pyrrolidine (NMP) solvent, and then the prepared-slurry was pasted on aluminum foil. After drying 

at 80
o
C in a vacuum drying oven the dried aluminum foil were punched into discs with a diameter of 

14 mm for assembling the coin cells and the mean mass loading of active materials were controlled 

between 2.3 and 2.6 mg cm
-2

. The coin cell (CR2016) was assembled in an argon-filled glove box, 

using the prepared-positive electrodes as cathodes and highly pure lithium foils as reference and 

counter electrode. Celgard 2500 microporous polypropylene membrane was used as separator and 

Commercial LBC 301 LiPF6 solution (ShenZhen XinZhouBang) was used as electrolyte. The 

Galvanic charge and discharge test of assembled cells were performed using NEWARE battery test 

systems in a range voltage with 2.0-4.7V at room temperature and 55
o
C. Electrochemical impedance 

spectroscopy (EIS) study was performed using an electrochemical workstation (CHI660D, ShangHai 

ChenHua) in a frequency range of 0.01MHz to 0.1MHz. Plots of dQ/dV vs. voltage were calculated 

based on the testing data of charge/discharge. 

Result and discussion  

3.1 Structure and morphology of pristine and LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 

XRD patterns of Li[Li0.2Mn0.56Ni0.16Co0.08]O2 before and after LaPO4 modifications are shown 

in Fig. 1. All the sharp diffraction peaks can be indexed to a hexagonal α-NaFeO2 type structure with 

a space group R-3m
27, 28

. Adjacent peaks of (006)/(012) and (108)/(110) were divided clearly, 

indicating that well crystalline layered structure are obtained of all samples. Weak XRD peaks 

observed within 2 degree of 20 and 25
o
 suggest the periodic occupation of Li

+
 ions in the transition 

metal layers of crystalline LiMO2, and the resulting LiMn-typed cation arrangements indicate the 

coexistence of both crystalline Li2MnO3 (also referred to as layered Li(Li1/3Mn2/3)O2) and 

LiNi0.4Co0.2Mn0.4O2)
19, 29, 30

. Based on these results, no LaPO4 and other impurities diffraction peaks 

can be observed in the XRD pattern and the bulk structure of the Li[Li0.2Mn0.56Ni0.16Co0.08]O2 

remains unchanged after surface coating process may due to the low content of LaPO4, indicating the 

coated LaPO4 has little influence on the bulk structure of the pristine sample. 

The particle size and morphology of the pristine Li[Li0.2Mn0.56Ni0.16Co0.08]O2 and 2 wt% LaPO4 

coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 were investigated by scanning electron microscope (SEM) and 

transmission electron microscope (TEM), as demonstrated in Fig. 2 . It can be clearly seen that the 

bare Li[Li0.2Mn0.56Ni0.16Co0.08]O2 was composed of porous microspheres, and these microspheres 
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constructed by numerous nanoparticles that have a particle size distributed from 3 to 5 um in Fig. 2a 

and b. As we know, the cathode materials with porous microspheres structure would be very suitable 

for a lithium ion battery. Firstly, the porous microspheres of the pristine sample will have excellent 

cycling stability during the charge-discharge process due to stable three-dimension framework. 

Secondly, the numerous nanoparticles which aggregate to form porous microspheres help to 

transmission of Li ions by providing a short path for the intercalation/deintercaltion of lithium ions. 

Therefore, the electrochemical performance of the Li[Li0.2Mn0.56Ni0.16Co0.08]O2 would be worth 

expecting after coated with functional materials LaPO4. SEM image of 2 wt% LaPO4-coated 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 was shown in Fig. 2c, compared with the pristine sample (Fig. 2b), a 

bright coating layer could be observed on the surface of coated sample, and the space between 

nanoparticles is less differentiate due to the existence of the coating layer. The surface morphologies 

and microstructure for 2 wt% LaPO4 coated samples are further analysis by typical high resolution 

TEM (HRTEM) observations as shown in Fig. 2d. A clear lattice fringe with a spacing of 0.47 nm in 

the surface of nanoparticles can be assigned to the (003) crystal face of Li[Li0.2Mn0.56Ni0.16Co0.08]O2. 

And the 2% LaPO4 coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 particles are covered with a thin layer and 

the thickness of the coating layer was calculated about 10-12 nm. This thin LaPO4 coating layer will 

segregate the direct contact between the electrode and electrolyte and thus reduce the side reactions 

between the active material and electrolyte to same extent. 

Furthermore, the selected area energy dispersive spectroscopic (EDS) image and corresponding 

element analysis of 2 wt% LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 is shown in Fig.3. The 

calculated element ratio of Mn: Ni: Co in Fig. 3 should be 0.568: 0.164: 0.0795, which is much close 

to the chemical formula of Li[Li0.2Mn0.56Ni0.16Co0.08]O2 (i. e., 0.560 : 0.160 :0.08). The calculated 

atomic ratio of La: Mn is 1.0: 30.1 from the EDS analysis, and the theoretical data based on 2 wt% 

LaPO4 coating should be 1.0: 28.0. These results indicate that the actual element composition of 

as-prepared pristine and 2 wt% LaPO4-coated sample is well consistent with the original 

experimental project. It should be emphasized that the content of O and P is difficult to be accurately 

detected by EDS. However, the EDS image also shows the coexistence of O and P element.  

X-ray photoelectron spectroscopy is a commonly used method to study the electronic structure 

of the materials due to the XPS binding energies can provide useful information on the oxidation 

state of different elements in materials. The XPS spectrums of bare and 2 wt% LaPO4-coated 
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Li[Li0.2Mn0.56Ni0.16Co0.08]O2 are carried out as shown in Fig. 4. The characteristic binding energies of 

P2p and La3d are 132.99 eV and 834.89 eV, respectively, which are in accordance with those of pure 

LaPO4
24

. Compared with the bare Li[Li0.2Mn0.56Ni0.16Co0.08]O2, the Ni2p and Mn2p peaks of 

LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 have no obvious chemical shift, indicating that the Ni and 

Mn ion environments in the structure have not been changed
31, 32

. However, the intensity of each 

peak decreases obviously after coating, which is attributed to the formation of the LaPO4 layer on the 

surface of Li[Li0.2Mn0.56Ni0.16Co0.08]O2. Combining the EDS pattern, XRD pattern and XPS test 

results, we can conclude that the LaPO4 have been successfully coated on the surface of the aimed 

material. 

The initial charge-discharge curves of uncoated and LaPO4 coated (1.0%, 2.0% and 3.0 wt%) 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 cathodes materials at a discharge rate of 0.1C in the voltage range of 2.0 

- 4.7V at room temperature(25
o
C) are shown in Fig.5a. In this figure, all the electrodes show smooth 

charge/ discharge slopes, indicating the bulk structure of Li[Li0.2Mn0.56Ni0.16Co0.08]O2 have no 

significant change happens after surface modification with different content of LaPO4. As we all 

know, the typical Li-rich layered oxides have two distinct charge plateaus during cycling. One at the 

about 4.0 V is corresponding to the Li-extraction from the structure of space group R-3m 

accompanying with the oxidation of mainly Ni
2+

/Ni
4+ 5, 28, 33, 34

. The other one plateau above 4.5 V 

represents the activation of the Li2MnO3-like region, which is irreversible and only appears in the 

initial cycle
35, 36

. As is well-known, one of the significant drawbacks of lithium rich layered oxides 

cathodes is the tremendous irreversible capacity loss of about 40-100 mAh g
-1

 in the initial 

charge-discharge process. And the Li
+
 in the Li2MnO3-like region will be extracted at about 4.5 V 

accompanying with the loss of O, which is the main reason of leading to the irreversible capacity loss 

and induce the diffusion of transition metal ions from surface to bulk where they occupy vacancies 

by Li removal
35, 37

. The electrochemical inactive Li2MnO3 region became active mainly due to the 

removing of Li2O from the lattice and forming of [MnO2]
21, 38

. As reported by many literature, the 

surface modification could reduce the activity of extracted oxygen, enhancing the reversible 

prosperities for lithium rich layered oxides cathodes
39, 40

. As shown in fig.5a, the initial 

charge/discharge capacity of the pristine, 1.0, 2.0 and 3 wt% LaPO4-coated Li-rich materials are 

325.3/256.4, 333.4/278.8, 328.1/278.1 and 317.3/259.8 mAh g
-1

, give a Coulombic efficiency of 

78.81, 83.64, 84.76 and 81.88%, respectively. It’s clear that the irreversible capacity loss of the 
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pristine, 1.0, 2.0 and 3 wt% LaPO4-coated Li-rich materials are 68.9, 54.6, 50 and 57.5 mAh g
-1

. It 

can be seen that a suitable content of LaPO4 (2 wt%) coated on Li-rich samples can effectively 

improve the initial Coulombic efficiency of Li-rich cathodes materials and reduce the irreversible 

capacity loss in the first cycle process, implying a huge improvement on the electrodes structure 

stability. The main reason of the relatively lower irreversible capacity loss and higher initial 

coulombic efficiency for the LaPO4-coated cathode can be attributed to the LaPO4 coating layer can 

be regarded as a buffer layer to promote the formation of inactive O2 molecules, preventing the side 

reaction of electrolyte oxidation caused by active oxygen species. And the successful surface coating 

with LaPO4 can also suppress the dissolution of the transition metals. 

Figure 5(b) is dQ/dV plots of the electrochemical data shown in Figures 5(a). During the first 

charge process, the peak potential arises around 4.6V (vs Li/Li
+
), this is consistent with the 

appearance of the long potential plateau due to irreversible loss of oxygen as Li2O removal from the 

layered lattice during the initial charging. According to the result of dQ/dV plots in Figure 5(b), the 2 

wt% LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2, compared with the pristine sample, has a high 

discharge voltage, which demonstrate the LaPO4 coating layer can decrease the polarization to some 

extent.  

The cycling performance and discharge capacity of the electrode materials at a high current 

density is still important parameters for lithium battery. The first charge-discharge curves of pristine, 

1.0%, 2.0% and 3.0 wt% LaPO4 coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 at a current density of 1C in 

room temperature(25
o
C) were performed in Fig. 6a, the initial charge/discharge capacity of the 

pristine, 1.0, 2.0 and 3 wt% LaPO4-coated Li-rich materials are 243.6/170.9, 241.4/177.6, 

240.6/177.6 and 235.9/175.0 mAh g
-1

, give a Coulombic efficiency of 70.16, 73.58, 78.84 and 

74.17%, respectively. It can be seen that the LaPO4 coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 exhibits 

higher initial Coulombic efficiency than the pristine samples. Especially the 2.0 wt% LaPO4 has the 

extraordinary high initial Coulombic efficiency of 78.84% compared with the pristine samples 

(70.16%) at current density of 1C. The influence of LaPO4 coating layer on the capacity retention of 

Li-rich cells in a potential region between 2.0 and 4.7V at 1 C in room temperature(25
o
C) is shown 

in Fig. 6(b). The capacity retention of 2 wt% LaPO4 coated sample, compared with the pristine 

sample with capacity retention of 86.4%, has increased to 89.3% after 50 cycles. The improvements 

herein can be attributed to the LaPO4 coating layer, which can not only protect the electrode from the 
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erosion from the electrolyte but also stabilize the cathodes structure by decreasing the loss of oxygen. 

In order to study the thermal stability of the pristine Li1.2Mn0.56Ni0.16Co0.08O2 and 2% LaPO4 

coated Li1.2Mn0.56Ni0.16Co0.08O2. Fig.S1 show the capacity retention of the pristine 

Li1.2Mn0.56Ni0.16Co0.08O2 and 2% LaPO4 coated Li1.2Mn0.56Ni0.16Co0.08O2 cathodes at 55
o
C in a 

potential region between 2.0 and 4.7V at 1 C. After 30 cycles, the capacity of the pristine 

Li1.2Mn0.56Ni0.16Co0.08O2 rapidly fades to 140 mAhg
-1

, with the low capacity retention of 77.34%. 

However, the 2% LaPO4 coated Li1.2Mn0.56Ni0.16Co0.08O2 still keeps a quite high capacity of 184 

mAh g-1, and the capacity retention is as high as 89.71%. And the DSC curves of the 

Li1.2Mn0.56Ni0.16Co0.08O2 before and after the surface modification with 2 % LaPO4 after charging to 

4.7 V (vs Li/Li
+
) in the first cycle was shown in Fig.S2. The onset temperature of the modified 

sample with 2% LaPO4 nanoparticles is 212.76 
o
C, higher than that (203.5 

o
C) of the pristine sample, 

indicating the improved thermal stability of the cathode by the surface modification with LaPO4 

nanoparticles. Therefore, it can be concluded that the coated LaPO4 layer can protect the active 

material from dissolving into the electrolyte at elevated temperature, and improve the 

high-temperature cycling stability of Li-rich electrodes. 

Rate capability is also a very important parameter in judging their use in practical lithium ion 

batteries. It have been widely reported that one of the most important drawback of Li-rich layered 

oxides is poor rate capability, which impeding the commercialization of this material. The LaPO4 

coating layer may improve the C-rates of the coated samples because the phosphate coating layer can 

not only facilitate the charge transfer between the electrode and electrolyte, but also prevent direct 

contact of the active material with the electrolyte resulting in the decrease of electrolyte 

decomposition reactions and dissolution of active materials. Fig. 7 shows the rate discharging 

capacities of all the samples at the applied current densities. The cells were charged galvanostatically 

with a current density of 0.1 C (20 mA g
−1

) before each discharge and were then discharged at a C 

rate from 0.5 C to 5C. As observed in Fig. 7, the discharge capacities gradually decrease with 

increasing the charge-discharge current. Meanwhile, it is clearly observed that all the LaPO4 coated 

samples have better rate capability than the pristine sample, especially at high rates. Obviously, the 

rate capability of Li[Li0.2Mn0.56Ni0.16Co0.08]O2 are greatly improved with the appropriate LaPO4 

coating amount of 2%. Furthermore, the discharge capacity can be completely recovered when the 

current density is reset to 0.5C, indicating that the LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 
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electrodes has a desirable electrochemical reversibility and structure stability. 

EIS test was carried out to further understand the LaPO4 coating effect on charge–discharge 

process. Fig. 8 shows the electrochemical impedance spectroscopy (EIS) of the pristine and 2 wt% 

LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2, collected after 3 charge-discharge cycles at 0.1C. Each 

of the plots consist of a semicircle in the high-frequency region and a slope in the low frequency 

region, in which the high-frequency semicircle is related to the charge transfer resistance (Rct) in the 

electrode/electrolyte and the low-frequency slope line on behalf of the impedance of the lithium ion 

diffusion in bulk electrode materials
41, 42

. It can be clearly seen that the results show obviously 

decreased Rct values after LaPO4 coating. The Rct value of the pristine cathode is 210.8 Ω while the 

LaPO4-coated cathodes show much smaller Rct value about 161.5 Ω. Therefore, it can be concluded 

that the improvement of the LaPO4 on the electrochemical performance of the 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 is mainly attributed to the LaPO4 coating layer not only reduce the side 

reaction of Li[Li0.2Mn0.56Ni0.16Co0.08]O2 with the electrolyte, but also increase the Li
+
 migration rate 

at the interface. 

Conclusion 

In this paper, LaPO4 was uniformly coated on the surface of the Li-rich layered oxides 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 porous microspheres via a facile chemical precipitation route. The 

LaPO4 coating layer can not only protect the materials against the erosion from the electrolytes, but 

also increase the Li
+
 migration rate at the interface. As a result, the 2 wt% LaPO4 coated 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 exhibits enhanced initial Coulombic efficiency and rate capability 

compared to the pristine one. Therefore, we conclude that an appropriate LaPO4 coating is an 

effective method to overcome the main existing problems of Li-rich layered oxides 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 cathode material for high power applications. 
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Fig.1. XRD pattern of as-prepared pristine and LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2. 
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Fig. 2 SEM images of the pristine Li[Li0.2Mn0.56Ni0.16Co0.08]O2 at (a) low magnification and (b)high 

magnification, (c) 2 wt% LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 and (d) HR-TEM and SAED 

(selected area electron diffraction) image of the LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2. 
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Fig. 3 Element dispersive spectrum (EDS) of 2 wt% LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2. The 

insets are the selected area image and detailed elemental analysis. 
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Fig. 4 XPS spectra of bare and 2wt% LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 (a) P2p, (b) La3d, 

(c) Ni2p and (d) Mn2p. 
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Fig. 5 The initial charge–discharge voltage profiles and corresponding differential capacity (dQ/dV) 

curves for the pristine Li[Li0.2Mn0.56Ni0.16Co0.08]O2 and  LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 

electrodes at a current density of 0.1 C between 2.0 and 4.7 V. 

  

Page 18 of 21RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

Fig. 6 (a) The initial charge–discharge curves and (b) cycling performance of the 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 and LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 electrodes within 

2.0–4.7 V at 1 C. 
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Fig.7 Rate capability of the pristine Li[Li0.2Mn0.56Ni0.16Co0.08]O2 and LaPO4-coated 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 electrodes. 
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Fig. 8 Electrochemical impedance spectroscopy (EIS) and the equivalent circuit used (inset) for the 

pristine and LaPO4-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 after 3 cycles before charging. 
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