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

been successfully synthesized by a urea combustion method, and then coated with 1%wt LaF3 via a 

facile chemical precipitation route. The structures and morphologies of both pristine and LaF3 

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). The results reveal the obtained particles possesses the morphologies of porous 

microspheres, and a LaF3 layer with thickness of 5-8 nm is coated on the surface of 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 particle. As lithium ion battery cathodes, the LaF3 coated sample, 

compared with the pristine one, has shown a significantly improved electrochemical performances: 

the initial Columbic efficiency improves from 75.36% to 80.01% and the rate compatibility 

increased from 57.4  mAh g
-1

 to an extremely high capacity of 153.5mAh g
-1 

at 5C. The decreased 

electrochemical impedance spectroscopy (EIS) reveals that the enhanced electrochemical 

performance of the surface coating is mainly due to lower charge transfer resistance.  

Introduction 

In order to meet the requirements of application in 

electric vehicles (EVs) and hybrid electric vehicles (HEVs), 

searching for safety, low-cost, long lifetime, high energy 

density and power density cathode materials has been one of 

the most important subjects in LIBs
1-3

. Li-rich layered oxides 

xLi2MnO3·(1-x)LiMO2 (M = Ni, Co, Mn or combinations) 

has been regarded as one of the most promising candidate due 

to its extraordinarily high theoretical discharge capacity of 

more than 250 mAh g
-1

 and possess high operating potential 

over 3.7 V (vs.Li+/Li)4-6. However, several drawbacks impede 

the commercialization of Li-rich cathodes material. The first 

problem is the enormous irreversible capacity loss of 40-

100mAh g
-1

 in the first cycle depending on the composition 

when charge up to 4.6 V. The irreversible capacity loss can be 

attributed to the extraction of Li2O followed by an elimination 

of the oxide ion vacancies from the structure during the first 

charge, leading to fewer insertion-extraction sites of lithium 

ions in the subsequent discharge process
7-10

. In addition, the 

relatively low electron conductivity of Mn-contained layered 

component and high cut off operating voltage, resulting in 

poor rate capability during the electrochemical cycling 

process11, 12. 

Previous reports demonstrate that surface coating or 

modifications is a valid method to enhance the 

electrochemical performance of cathode materials for LIBs 

when they cycled on many occasions or charged at a high cut-

off voltage (e.g., 4.7 V)13-18. Among all surface modification 

materials, the metal fluoride such as AlF3, CaF2, CeF3, LiF 

has been extensively turned out to be an effective approach to 

improve electrochemical performance of lithium rich layered 

oxides. Generally, the metal fluoride is believed to suppress 

the HF corrosion which is responsible for better cycle 

stability
19-22

. Furthermore, Zheng et al. reported the AlF3 

coated layer can reduce the activity of extract oxygen and 

suppressed the electrolyte decomposition at voltages above 

4.5V, resulting in improved Coulombic efficiency and cycling 

stability
23

. Sun et al. also indicate that AlF3 coating layer can 

induce the transformation of the layer phase to spinel phase. 

The formation of spinel phase can play a role as fast lithium 

ion conductor, and help to improve the rate capability
24

. 

LaF3 is another commonly used metal fluoride. Herein, 

the opposite ion La
3+

 has an ionic radii of ~106.3 pm, which 

is larger than Mn4+, Co3+ and Ni2+. Thus a slight doping of 

La
3+

 on the surface of Li-rich layered oxides may lead to the 

formation of some defects and/or vacancies, and these formed 

defects and/or vacancies should be helpful for the 

intercalation/deintercalation of lithium ion25. In the present 

study, a small amount of LaF3 (i.e., 1wt%) is coated on the 

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

Experimental results show that the LaF3 coated 
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Li1.2Mn0.56Ni0.16Co0.08O2, compared with the pristine 

Li1.2Mn0.56Ni0.16Co0.08O2, exhibit a huge improvement on 

initial Coulombic efficiency and rate capability. The reasons 

for the improvements of electrochemical performance via 

LaF3 coating were discussed in detail in context.  

Experimental 

2.1 Preparation of pristine and LaF3-coated samples 

All raw materials were analytical-grade and used as 

received. The Li[Li0.2Mn0.56Ni0.16Co0.08]O2 porous sphere 

were prepared via a facile urea combustion method, described 

as follows:  0.5112 g LiNO3 (5% Li excess), 0.2792 g 

Ni(NO3)2·6H2O, 1.301 g aqueous solution of Mn(NO3)2 

(50wt%), 0.1397 g Co(NO3)2·6H2O and 1.098 g CO(NH2)2 

were dissolved together in 5 ml distilled water to form a 

uniform solution. Afterwards, the obtained mixed solution 

was heated in a muffle furnace at 450oC for 40 min under air 

to remove organic contents. Then, the precursors were ground 

and further annealed in a muffle furnace at 800
o
C for 10 h 

under air, and then cooled down naturally to room 

temperature.  

To prepared LaF3-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2, 

the as-prepared black powder was immersed into 

La(NO3)3·nH2O aqueous solution under continuous stirring 

and then drip NH4F solution into the suspension solution. The 

pH value of the obtained solution was adjusted to 7.0 by 

adding ammonia solution. The molar ratio of La to F was 

regulated to 1:3 and the coating amount of LaF3 was set to 1 

wt% of the parent cathode material. 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 

a vacuum drying oven until the solvent was completely 

removed. Finally, the dry powers was further annealed in N2 

atmosphere at 450
o
C for 4 h to gain the LaF3-coated 

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

2.2 Structure and morphology characterizations 

The crystalline phases of the obtained samples were 

characterized by X-ray diffractometer (DX-2007 LiaoNing 

DanDong) at a scanning rate of 0.03o/s within 2θ degree of 

10-80
o
. SEM images were performed using a Quanta FEG 

250 field emission scanning electron microscope (FEI, 

Electron optics, B.V.). EDX spectrum was performed using 

an EDAX system. The surface microstructure and selected 

area electron diffraction (SAED) of coated sample was 

observed by transmission electron microscope (TEM, JEM-

2100F). 

2.3 Electrochemical characterization 

Electrode slurry was fabricated by mixing 80wt% of 

active material, 10wt% of carbon black and 10wt% of 

polyvinylidene difluoride (PVDF) binder with a certain 

amount of N-methyl-2 pyrrolidine (NMP) solvent. Then the 

slurry mixture was pasted on an aluminum foil and dried at 

80
o
C for 8 h in a vacuum drying oven. Finally, the dried 

aluminum foil  were cut into round disk with a diameter of 12 

mm and the mean mass loading of  active materials were 

about 2.1 mg cm
-2

. The coin cell (CR2016) was assembled in 

an argon-filled glove box using pure lithium foils as reference 

and counter electrode. Commercial LBC 301 LiPF6 solution 

(ShenZhen XinZhouBang) was used as electrolyte and thin 

polymer acted as separator. The charge-discharge test of 

assembled cells was performed using NEWARE battery test 

systems in a range voltage with 2.0-4.7 V at room 

temperature (about 30
o
C). Electrochemical impedance 

spectroscopy (EIS) measurements were performed using an 

electrochemical workstation (CHI660D, ShangHai ChenHua) 

in a frequency range of 0.01MHz to 0.1MHz and open circuit 

voltage of 3.2 V. 

Result and discussion 

3.1 Structure and morphologies of pristine and LaF3-

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

Fig. 1 shows XRD patterns of pristine and 1wt% LaF3-

coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2. All the sharp diffraction 

peaks can be indexed to a hexagonal α-NaFeO2 type structure 

with a space group R-3m. Adjacent peaks of (006)/(012) and 

(108)/(110) were divided clearly,
26

 indicating that each 

sample has good crystal structure. Weak XRD peaks observed 

within 2θ degree of 20 and 25
o
 (marked by *) suggest the 

periodic occupation of Li
+
 ions in the transition metal layers 

of crystalline LiMO2, and the resultant LiMn6-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
21-22

. No LaF3 and other impurities 

diffraction peaks can be observed in the XRD pattern, 

indicating that a little amount of LaF3 is only coated on the 

surface of the Li[Li0.2Mn0.56Ni0.16Co0.08]O2, and the bulk 

structure of  the Li[Li0.2Mn0.56Ni0.16Co0.08]O2 remains 

unchanged after surface modification process. 

  
Fig. 1 XRD patterns of (a) pristine and (b) 1wt% LaF3–coated 

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

 

The morphologies and particle size of the pristine and 

1wt% LaF3-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 were 

performed by SEM and HR-TEM, as shown in Fig. 2. It can 

be clearly seen that, the pristine Li[Li0.2Mn0.56Ni0.16Co0.08]O2 

are composed of porous microspheres, and these 

microspheres constructed by numerous nanoparticles have the 

size of 3-8 µm (Fig. 2a and b). As we known, the porous 

microsphere structure should be suitable as lithium ion battery 
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cathode. Firstly, the sphere-like structure can have a good 

stability during cycling. Secondly, the primary nanoparticles 

within microspheres can provide a short pathway for the 

intercalation/deintercalation of lithium ion.
27-29

. Thus, the 

electrochemical performances should be worth to be expected 

after surface modification with function materials such as 

LaF3. 

SEM image of LaF3-coated porous microspheres was 

shown in Fig. 2c, compared with the pristine sample (Fig. 2b), 

a bright coating layer could be observed on the surface of 

coated, and the gap between nanoparticles is less 

distinguished due to the existence of the coating layer. To 

further study the structure of surface coating layer, a high 

resolution transmission electron microscope (HR-TEM) is 

carried out, and the result is revealed in Fig. 2d. The lithium 

rich layered oxides are the nanosized mixture of Li2MnO3 and 

LiMO2 component. Herein, the Li[Li0.2Mn0.56Ni0.16Co0.08]O2 

also can be denoted as 0.5Li2MnO3-0.5LiNi0.4Co0.2Mn0.4O2. In 

Fig.2d, the Li2MnO3 domain has been successfully captured 

by HR-TEM, and the lattice fringes with a spacing of 0.43 nm 

can be assigned to the (020) crystal face of Li2MnO3 

component. Also, from SAED pattern in Fig.S1, the 

diffraction dots of (003), (101), (104) and (107) crystal plane 

can be clearly presented, which are consistent with the XRD 

pattern in Fig.1. It should be denoted that a little amount of 

LaF3 is difficult to be detected by SAED. Especially, the 

measured thickness of coated layer is about 5-7 nm. In 

comparison with previous literatures,19, 20, 30-32 the thickness of 

the coating layer was very suitable.  

 
Fig. 2  SEM images of  the pristine 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 at a (a) low magnification and (b) 

high magnification, (c) 1 wt% LaF3-coated 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 ,(d) HR-TEM and SAED 

(selected area electron diffraction) image of  LaF3-coated  

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

 

In order to further distinguish the difference of the 

surface structure after coating, The XPS spectrums of pristine 

and coated samples are carried out as shown in Fig.S2. the 

characteristic binding energies of La3d and F1s are 834.89 eV 

and 684.64 eV, respectively, which are in accordance with 

those of pure LaF3
33

. Compared with bare 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2, the Ni2p, Co2p and Mn2p peaks 

(in Fig. S2) of LaF3-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 have 

no obvious chemical shift, indicating that the Ni, Co and Mn 

ion environments in the structure have not been changed. 

However, the intensity of each peak decreases obviously after 

coating, which is attributed to the formation of the LaF3 layer 

on the surface of Li[Li0.2Mn0.56Ni0.16Co0.08]O2
14 . 

Furthermore, the selected area EDS image and 

corresponding element analysis of 1wt% LaF3-coated 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 is shown in Fig.3. The calculated 

element ratio of Ni : Co : Mn in Fig. 4 should be 0.560 : 0.159: 

0.082, which is 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 : 50.2 from the EDS 

analysis, and the theoretical data based on 1wt% LaF3 coating 

should be  1.0 : 56.0. These results indicate that the actual 

element composition of as-prepared pristine and 1wt% LaF3-

coated sample are consistent with the experimental design. It 

should be emphasized that, the content of O and F is difficult 

to be accurately detected by EDS. However, the EDS image 

also shows the coexistence of O and F element. 

 
Fig. 3 Element dispersive spectrum (EDS) of 1wt% LaF3-

coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2, the inserted are the 

selected area and detailed element analysis. 

 

Fig. 4 comparatively reveals the initial charge-discharge 

and corresponding dQ/dV curves of pristine and 1%wt LaF3-

coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 electrodes within 2.0-4.7 

V at 0.1C (1C = 200 mA g
-1

). The initial charge/discharge 

capacity of the pristine and 1wt% LaF3-coated sample are 

330/249 and 339/272 mAh g
-1

 (Fig. 4a), give a Coulombic 

efficiency of 75.4 and 80.4%, respectively. It is clear that the 

irreversible capacity loss has been decreased from 81 to 67 

mAh g
-1

. As we know, one of primary disadvantages of LLOs 

(lithium rich layered oxides) cathodes is the enormous 

irreversible capacity loss of 40-100 mAh g-1 in the first cycle, 

and the irreversible capacity loss can be attributed to the 

extraction of Li2O followed by an elimination of the oxide ion 

vacancies from the structure. The surface modification with 

metal fluoride can reduce the activity of extract oxygen. Thus, 

the initial Coulombic efficiency of LLOs can be effectively 

improved. In other words, the improved Coulombic efficiency 

should be attributed to the fact of that “LaF3 coated sample, 

compared with the pristine one, presents higher discharge 
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capacity under close charge capacity”. 

As reported by many literatures
20, 24, 34

, the surface 

modification can effectively improve the initial Coulombic 

efficiency. Zheng et al. 
23

 reported coating layer can act as a 

“buffer” layer to enhance the formation of inactive oxygen 

and restrain the secondary reaction of electrolyte oxidation 

caused by active oxygen species. Thus, an improved 

Coulombic efficiency can be expected.  

Fig. 4b is the dQ/dV curves of pristine and coated 

sample. During the first charge process, an anodic peak 

nearby 4.00 V can be ascribed to the de-intercalation of Li
+
 

ions from LiNi0.4Co0.2Mn0.4O2 phase and the oxidation of Ni
2+

 

ions, and the sharp anodic peak within 4.50-4.52 V 

corresponds to the transformation of Li2MnO3 to layered 

MnO2 and the oxidation of Co
3+

 ions. In the initial discharge 

process, two cathodic peaks around 3.75 and 3.30 V indicate 

the intercalation of Li
+
 ions into layered LiNi0.4Co0.4Mn0.4O2 

and previously formed MnO2, respectively. Compared with 

pristine Li[Li0.2Mn0.56Ni0.16Co0.08]O2, the coated sample has a 

high discharge voltage (Fig. 4b, red curve), which 

demonstrates that the coating layer can reduce the 

polarization to a certain degree .  

 

 
Fig. 4 The initial charge/discharge voltage profiles and 

corresponding differential capacity (dQ/dV) curves of pristine 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 and 1wt% LaF3-coated 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 electrodes at a current density of  

0.1C between 2.0 and 4.7V. 

 

The discharge capacity and cycling performance of the 

electrode materials at an elevated current density are 

significant parameter for cathode. The discharge capacity and 

cycling stability of pristine and 1wt% LaF3-coated 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 are studied, as shown in Fig. 5, 

Similar with the discharge capacity at low current density 

(Fig. 4a), the LaF3-coated samples have a higher discharge 

capacity (182.1 mAh g
-1

) and initial Coulumbic efficiency of 

75.36% compared to the pristine samples (158.0 mAh g
-1

, 

70.01%) at 1C (Fig.5a).The cycling stability of these samples 

is shown in Fig. 5b. A residual discharge capacity of 161.7 

and 193.0 mAh g
-1

 can be retained after 50 cycles. In 

comparison with initial value (158.0 and 182.1 mAh g
-1

), the 

cycling stability of both two samples is excellent, especially 

LaF3-coated sample. 

 

 

 
Fig. 5   (a) The initial charge/discharge curves  and (b) 

cycling performances of the Li[Li0.2Mn0.56Ni0.16Co0.08]O2 and 

1wt% LaF3-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 electrodes 

within 2.0-4.7 V at 1C. 

 

Although the Li-rich layered xLi2MnO3·(1-x)LiMO2 has 

an extraordinarily high theoretical discharge capacity of more 

than 250 mAh g
-1

 and possess high operating potential of 4.6–

4.8 V(vs. Li
+
/Li), the poor rate capacity was one of the most 

important drawback that impede the commercialization of  

this cathode materials
35-37

. In this paper, the rate capability of 

the pristine and LaF3-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 

were performed in Fig. 6a. Apparently, the discharge capacity 

decrease of each sample with elevated current density. The 

LaF3-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 have much better 

rate compatibility than the pristine sample. The LaF3-coated 

electrode exhibits a stable discharge capacity of 273.2, 229.3, 

202.7 or 178.2
 
mAh g

-1
 at current density 0.1C, 0.5C, 1C or 

2C, respectively. Even when the current density is increased 

to a high value of 5C, the electrode still delivers a high 

discharge capacity of 153.5 mAh g
-1

. While, the pristine 

sample only shows a discharge capacity 121
 
or 58.2mAh g

-1
 

at current density of 2C or 5C. As shown in Fig. 6b and c, the 

discharge profiles at various C rates of pristine and 1wt% 

LaF3-coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2. The capacity and 
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voltage decay with elevated current density has been denoted 

by arrow, and it can be seen that the pristine sample has a 

more serious decay. According to above results, the rate 

capability of Li[Li0.2Mn0.56Ni0.16Co0.08]O2 has been greatly 

improved by surface coating with 1wt%. Maybe, the LaF3 can 

act as a fast Li ion conductor and/or induce the formation of 

spinel LI-Ni-Mn-O oxide38-40, and which facilitate the 

insertion/extraction of Li ion within the interface of electrode 

material and electrolyte. 

 
Fig. 6 (a) Rate capability of the pristine 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 and 1wt% LaF3-coated 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 electrodes , the initial discharge 

profiles of (b) Li[Li0.2Mn0.56Ni0.16Co0.08]O2 and (c) LaF3-

coated Li[Li0.2Mn0.56Ni0.16Co0.08]O2 at a series of current 

densities and the arrow (inset) denotes a voltage decrease 

with increased current densities. 

 

With the purpose of further investigate the mechanism of 

enhanced electrochemical performance of LaF3-coated 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2, Fig. 7 shows the electrochemical 

impedance spectroscopy (EIS) of the pristine and LaF3-coated 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2, collected after 3 charge-

discharge cycles at 0.1C. It should be mentioned out that the 

spectroscopy is fitted using impedance matching software 

ZSimDemo 3.30 original spectrum in Fig.S3.The high-

frequency semicircle and low-frequency slope line was given 

by the Nyquist plots, 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. Obviously, compared to the pristine 

samples, the LaF3-coated samples have a much smaller Rct 

value. The Rct value of the pristine samples was 116.2 Ω, 

while the LaF3-coated samples exhibit an Rct value of 89.66 

Ω. As mentioned above, it demonstrates that the LaF3 acted as 

a very stable conductor layer to improve the electrochemical 

conductivity of as-prepared Li[Li0.2Mn0.56Ni0.16Co0.08]O2
24, 35, 

41
. That it is the reason why the LaF3 coating layer results in 

the excellent rate compatibilities and higher columbic 

efficiency of the electrode. 

 
Fig. 7 Electrochemical impendance spectroscopy (EIS) and 

the used equivalent circuit (inset) of pristine and LaF3-coated 

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 after 3 cycles before charge.  

Conclusions 

As we all know, the initial columbic efficiency and 

the poor rate performance are the main drawbacks that 

impeding the possible commercialization of lithium rich 

layered oxides such as Li[Li0.2Mn0.56Ni0.16Co0.08]O2. In 

this paper, the pristine Li[Li0.2Mn0.56Ni0.16Co0.08]O2 

porous microspheres has been successfully synthesized 

by a urea combustion method and then uniformly coated 

with LaF3 using a simple chemical precipitation 

method. The coating layer has a reasonable thickness of 

5-7 nm. As lithium ion battery cathode, the LaF3-coated 

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

electrochemical performance compared with pristine 

sample. The initial columbic efficiency has been 

improved from 75.36% to 80.01%. Especially, the 

discharge capacity increases from 57.4 to 153.5 mAh g
-1

 

at 5C.  Maybe, the coating layer of LaF3 can act as 

“buffer” and “conductor” to enhance initial Coulombic 

efficiency and rate capability. 
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