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LiNi0.8Co0.1Mn0.1O2 cathode material was successfully modified by using a wet-chemical route to coat 

WO3. The microstructures, morphologies, crystal structures, elemental distributions and ionic valence 

of the prepared cathode materials were carefully analyzed by SEM, EDS, TEM, HRTEM, XRD and 

XPS. The results indicated that the surface of LiNi0.8Co0.1Mn0.1O2 was uniformly covered by WO3 

particles, and a small amount of W6+ could enter to the lattice of LiNi0.8Co0.1Mn0.1O2. The WO3 coating 

could prohibit the corrosion of HF and some side reactions for the cathode material during long cycles, 

thus greatly improving the electrochemical performance and the structural stability of 

LiNi0.8Co0.1Mn0.1O2. Among the examined LiNi0.8Co0.1Mn0.1O2 cathode materials, 1.0 wt% WO3-coated 

LiNi0.8Co0.1Mn0.1O2 has the best initial discharge capacity (185.1 mAh g–1) and an excellent capacity 

retention (93.2%) after 100 cycles at 1 C. 
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1. INTRODUCTION 

With the rapid development in global electric vehicles, it is extremely important to exploit 

lithium-ion batteries with high capacity, long cycle life and relatively low cost. The cost and capacity of 

lithium-ion batteries are largely dependent on cathode materials [1]. Ni-rich cathode material is 

preferentially considered for lithium-ion batteries in electric vehicles because of its advantages of high 

capacity, relatively low cost and low toxicity [2, 3]. Now, LiNi0.8Co0.1Mn0.1O2 (NCM811) has entered 

the commercialization stage, but the poor processing performance and poor cycle stability limit its large-

scale commercial application. These shortcomings are mainly caused by the following reasons. firstly, 

the radius of Li+ and Ni2+ is very close, and during the charging and discharging process the nickel atom 
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will occupy the position of the lithium atom, resulting in cations mixing and capacity loss [4, 5]. Secondly, 

NCM811 has small amounts of Li2O and LiOH on its surface, which could react with CO2 and H2O from 

air to generate lithium carbonate and other lithium salts, followed by the reaction with Ni4+ to cause 

structural damage [6, 7]. In particular, impurities on the surface of NCM811 could react with electrolytes 

during long charge-discharge cycles, and the cathode material would be corroded by HF generated from 

the electrolyte decomposition, destroying the structural stability of the cathode materials [8]. 

To solve the above-mentioned shortcomings, some methods (such as surface coating, ionic 

doping [9-12], control of particle morphologies [13, 14] )  have been applied to modify NCM811. The 

surface coating is currently a widely used and effective method. The common coating materials mainly 

include metal oxides (such as Al2O3 [15], V2O5 [16], MgO [17], TiO2 [18], ZrO2 [19], MoO3 [20] etc.), 

conductive polymers (such as polyaniline [21], polypyrrole [22]), phosphates (such as AlPO4 [23], 

Li3PO4 [24] etc.) and fluorides (such as NH4F [25], AlF3 [26], CaF2 [27] etc.), and ultra-thin LiAlO2 film 

[28]. The surface coating can act as a stable protective layer for the cathode material to avoid direct 

contact of the material with electrolytes and reduce occurrence of side reactions, thus improving the 

structural stability of the cathode material.  

WO3 is an acidic oxide with strong resistance to corrosion of HF and a good conductivity (1.76 

S cm-1) [29].  Additionally, WO3 has a certain reaction activity with lithium, which favors to remove 

some alkali residues on the surface of Ni-rich cathode material. The advantages of WO3 as the modified 

material have aroused  interest of researchers. Recently, some researchers used WO3 to modify various 

Ni-containing cathode materials, including Li1.2Ni0.2Mn0.6O2 [30], LiNi0.6Co0.2Mn0.2O2 [31] and 

LiNi0.8Co0.1Mn0.1O2 [32]. These investigations reveal that the WO3 coating layer could effectively 

improve the electrochemical performances and structure stability of Ni-containing cathode materials. 

However, as for LiNi0.8Co0.1Mn0.1O2 cathode material, the surface modification by WO3 (0.25 wt%) only 

enhanced 5.88% of retention capacity from 81.19 % to 87.02% after 100 cycles in the potential range of  

2.8–4.3 V at 1 C rate [32]. Therefore, it is still highly desired to enhance efficacy of WO3 as the modified 

material through developing surface-coating methods.  In this work, WO3 was uniformly coated on the 

surface of LiNi0.8Co0.1Mn0.1O2 via a wet-chemical coating route. At the same time, a small amount of 

W6+ could penetrate to the lattice of LiNi0.8Co0.1Mn0.1O2.  

Our investigation indicates that 1wt % WO3 surface-coating could significantly enhance the 

electrochemical properties and cycling stability of LiNi0.8Co0.1Mn0.1O2 cathode material. The 1.0 wt% 

WO3-coated LiNi0.8Co0.1Mn0.1O2 has  a high initial discharge capacity (185.1 mAh g–1),  and its capacity 

retention is obviously improved from  81.6% to 93.2% after 100 cycles at 1 C, demonstring its potential 

application.  

 

2. EXPERIMENTAL  

2.1 Material Preparation 

A certain amount of commercial Ni0.8Co0.1Mn0.1(OH)2 precursor was mixed uniformly with 

LiOH-H2O (Li/TM molar ratio at 1.05, M = Ni, Co and Mn) in an agate mortar. The homogeneous 

mixture was first heated at 480 C for 5 h and then calcined at 750 C for 16 h in oxygen atmosphere. 

After triturating and sieving, LiNi0.8Co0.1Mn0.1O2 (NCM811) power was obtained. 
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The preparation process of WO3 coated NCM811 is shown in Fig. 1. A certain amount of 

tungsten acid was dissolved in 30 mL ammonia aqueous solution to form deposite, followed by adding 

the as-prepared NCM811. The obtained suspension was dispersed by sonication for 15 min, and then 

was heated at 90 C under magnetic stirring conditions until the solvent (H2O) was completely 

evaporated. The obtained solid product was transferred to a petri dish and put into an oven at 80 C to 

dry for 12 h. The dried product was calcined at 600 C for 3 h in air. Finally, WO3-coated NCM811 

sample was obtained. The coating amount of WO3 was controlled to 0.5 wt%, 1 wt% and 2 wt%, marked 

as W-0.5, W-1.0 and W-2.0, respectively. The pure WO3 was synthesized by the same method without 

the addition of NCM811 powder. 

 

 
Figure 1. Illustration process of the preparation of WO3-coated LiNi0.8Co0.1Mn0.1O2 (WO3-coated 

NCM811) cathode materials. 

 

2.2 Materials Characterization 

XRD patterns were determined by an X-ray diffraction equipment (XRD) with Cu-Kα radiation 

source in the scanning range of 10°~80°. The morphologies of the prepared samples were characterized 

by scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS) (S4800, 

Hitachi, Japan), and transmission electron microscopy (TEM, JEM-2100F, JEOL). In addition, the 

elemental composition was determined by using an X-ray photoelectron spectroscopy (XPS, 250xi, 

Thermo ESCALAB). 

 

2.3 Electrochemical Measurements 

The prepared cathode materials were used to resemble CR2032 coin cells for testing their 

electrochemical performances. The preparation of working cathode (positive electrode) underwent a 

series of procedures as follows. In a high-speed mixer (AR 100, THINKY, Japan), the active cathode 

material (80 wt%) was first mixed with acetylene black (10 wt%) and polyvinylidene fluoride (10 wt%) 

in N-methyl-2-pyrrolidone, and then the mixture was stirred for 5 min at 2000 rpm. The obtained slurry 

mixture was pasted onto an aluminum foil and dried in vacuum at 100 °C for 12 h. The working cathode 

with a diameter of 14 mm was finally obtained by cutting the coated aluminum foil. The electrolyte 

solution consists of 1 M LiPF6 and a mixing solvent (ethylene carbonate, ethyl methyl carbonate and 

dimethyl carbonate with a volume ratio of 1:1:1). The charge-discharge cycling was carried out at 1.0 C 
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(180 mA g–1), under the cut-off potential from 2.7 to 4.3 V at 27 C by using a Neware battery test 

system. Electrochemical impedance spectroscopy (EIS) was determined within a frequency range of 

0.01 Hz to 0.1 MHz. Cyclic voltammetry (CV) test was performed with 0.1 mV s–1 scan rate. 

 

3. RESULTS AND DISCUSSION 

XRD patterns of the prepared WO3 are shown in Fig. 2a. All the diffraction peaks are 

corresponded to with the WO3 phase (JCPDS Card: 72-0677), and no additional impurity diffraction 

peaks are observed, indicating that pure WO3 can be obtained via the present method. 

In Fig. 2b, all the prepared cathode materials exhibit a hexagonal α-NaFeO2 structure of R-3
—

m 

space group, which implies that a small amount of WO3 coating does not destroy the layered structure 

of LiNi0.8Co0.1Mn0.1O2. The distinct (006/102) and (108/110) cleavage peaks can be observed, further 

indicating that these materials have well-developed layered structure [33]. The WO3-coated NCM811 

has no diffraction peaks corresponding to WO3 in the XRD pattern, which may be due to the WO3 coating 

beyond the detection limit of XRD. In the magnification plot of the (003) peak, the peak shift in W-0.5 

coated NCM811 could be not observed, which may be attributed to the coating amount of WO3 being 

too low. For W-2.0 coated NCM811, the peak shift is not appeared as well, which may be ascribed to 

the fact that the excessive coating of WO3 could not be uniformly spread over the surface of NCM811, 

making tungsten ions difficultly penetrate to the lattice. It is worthy to note that the (003) peak of W-1.0 

coated NCM811 is shifted towards the left, demonstrating that part of W6+ species are resided in the 

layered lattice of NCM811, resulting in a wider lattice spacing [9]. This may favor to form a wider 

lithium ion transport channel that can transport lithium ions faster in the W-1.0 coated NCM811. In 

addition, Table 1 lists the lattice parameters obtained based on the XRD results of the samples. Although 

the a and c of the modified samples become slightly larger compared to NCM811, their c/a values are 

all above 4.9, indicating that these samples have a good crystallinity and laminar structure. When the 

value of I(003)/I(104) is more than 1.2, it is generally considered that the mixing degree of cations in the 

nickel-rich material could meet practical requirements. Notably, the value of I003/I104 appeared a 

decreasing trend with increasing WO3 coated, so the coating amount of WO3 should be well controlled 

[34]. 

 

 

 
Figure 2. XRD patterns of (a) WO3, (b) NCM811 and WO3-coated NCM811 samples. 
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Table 1. Lattice parameters, c/a and I (003)/I (104) values of the samples. 

 

Sample a(Å) c(Å) c/a I (003)/I (104) 

NCM811 2.8722 14.2027 4.9449 1.515 

W-0.5 coated 2.8750 14.2062 4.9413 1.490 

W-1.0 coated 2.8744 14.2074 4.9428 1.381 

W-2.0 coated 2.8730 14.2098 4.9460 1.341 

 

Fig. 3 shows the SEM images of NCM811 and WO3-coated NCM811 samples, and all the 

samples consist of sphere-like particles of about 12 μm in diameter, which mean that the WO3 coating 

does not change the morphologies of NCM811 particles. In Fig. 3f-h, the surface of NCM811 was 

relatively smooth, while the surface of WO3-coated NCM811 samples became rough. The excess coated-

amount of WO3 would lead to uneven dispersion on the surface of NCM811 particles, and tungsten ions 

would difficultly penetrate to the lattice of NCM811. To further confirm WO3 coated on the surface of 

NCM811, EDS tests were performed on W-1.0 coated NCM811. As shown in Fig. 4b-e, Ni, Co, Mn and 

W elements are homogeneously distributed over the surface of NCM811, proving that WO3 is 

successfully coated on the surface of NCM811. 

 

 

 

 

Figure 3. SEM images of NCM811 (a, e), W-0.5 coated (b, f), W-1.0 coated (c, g), and W-2.0 coated 

NCM811 (d, h). 

 

 

To further observe the differences in surface morphology and microstructure between NCM811 

and W-1.0 coated NCM811, TEM and HRTEM analyses were applied, as shown in Fig. 5. The TEM 

results (Fig. 5a and b) show that the NCM811 particles have very smooth edges, while the W-1.0 coated 

NCM811 particles display relatively rough edges with the modified traces. 
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Figure 4. (a) SEM images of W-1.0 coated NCM811 and (b-e) EDS mapping patterns of Ni, Co, Mn 

and W. 

 

 

The HRTEM images of NCM811 and W-1.0 coated NCM811, and the their corresponding FFT 

(fast Fourier transformed) and IFFT(inverse fast Fourier transformed)  images of the selected regions, 

were illustrated in Fig. 5c and d, respectively. In the NCM811 case (Fig. 5c), only one layer of lattice 

structure could be observed, and the IFFT image of the selected region shows that the lattice streaks are 

well ordered with an interlunar spacing of 0.237 nm, corresponding to the (006) crystal planes of 

NCM811.  

 

 
 

Figure 5. TEM and HRTEM images of (a, c) NCM811 and (b, d) W-1.0 coated NCM811; the insets in 

(c) and (d) corresponding to FFT and IFFT images of the selected region. 



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

8996 

 
 

Figure 6. XPS spectra of NCM811 and W-1.0 coated NCM811. 

 

In the W-1.0 coated NCM811 case (Fig. 5d), two lattice structures with different lattice 

orientation and lattice spacing exist. The measured interlunar spacing is 0.437 and 0.262 nm which 

correspond to the (003) crystal plane of NCM811 and the (202) crystal plane of WO3, respectively [35]. 

From Fig. 5d, it could be seen that WO3 is tightly coated on the surface of NCM811, and the thickness 

of the coated layer is around 15-20 nm. 

The XPS spectra of NCM811 and W-1.0 coated NCM811 were further analysed. As shown in 

Fig. 6a, the full spectra of NCM811 and W-1.0 coated NCM811 have a very similar shape. It should be 

noted that the full spectra of W-1.0 coated NCM811 have a distinct peak of W 4f near 35 eV, whereas 

NCM811 does not. Fig. 6d shows the original peak of W 4f and its fitted peak. It could be seen that the 

binding energies of W 4f5/2 and W 4f7/2 are 37.5 eV and 35.3 eV, respectively, which correspond to the 

typical peaks of WO3 [36]. This result further confirmed that the WO3 coating was successful. In addition, 

the measured XPS corresponding to Ni and their fitted XPS obtained by XPSPEAK software are shown 

in Fig. 6b and e. All the fitted lines (red lines) are matched well with the measured lines (black lines), 

indicating that the fitting results are reasonable. The peaks of Ni2+ and Ni3+ in NCM811 are located at 

855.2 eV and 856.2 eV respectively, while the corresponding peaks of W-1.0 coated NCM811 appear at 

855.0 eV and 856.0 eV, which are good in agreement with the previous report [37]. This means that the 

layer structure of W-1.0 coated NCM811 is not changed significantly. By comparing the fitting curves 

of the two samples, it was found that the content of Ni2+ and Ni3+ in the samples was different and the 

number of Ni3+ on the surface of W-1.0 coated NCM811 was less than that of NCM811, indicating that 

the WO3 modification changed the distribution of valent states of nickel on the surface of NCM811. The 

peaks at 642.5 eV and 654.2 eV in Fig. 6c belong to Mn 2p3/2 and Mn 2p1/2 of NCM811, while the 

corresponding peaks in the W-1.0 coated NCM811 at 642.6 eV and 654.2 eV (Fig. 6f), respectively. 

These results indicate that the positive tetravalent state of Mn could be kept before and after the WO3 

modification. Owing to the decrease in Ni3+ content of W-1.0 coated NCM811, W6+ would penetrate 

into the crystals of the cathode material to maintain the electroneutrality, making the layer spacing of 

the cathode material become larger [38]. 
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Figure 7. Initial charge-discharge curves (a) and the cycling performance (b) of NCM811 and WO3 

coated NCM811; The discharge curves at 1st, 50th, 100th cycle of NCM811 (c) and W-1.0 coated 

NCM811 (d). 

 

 

Fig. 7a shows the first charge/discharge capacity curves for the four samples at 0.2 C. The all 

samples exhibit similar smooth charge/discharge curves, except for the differences in capacity, 

indicating that WO3 coating does not hinder the insertion/extraction of Li+ from the cathode materials. 

The first discharge capacities of 200.3, 195.6, 192.8 and 191.3 mAh g–1 are attained for NCM811, W-

0.5, W-1.0 and W-2.0 coated NCM811 with first coulombic efficiencies of 87.2%, 86.0%, 86.0% and 

85.5%, respectively. The initial discharge capacity and coulomb efficiency values gradually decrease as 

the proportion of WO3 increases, which is related with the electrochemically stable W6+ species. The 

cycling performances of the cathode materials are shown in Fig. 7b, and Table 2 gives the results before 

and after 100 cycles for different samples. After 100 cycles at 1 C rate, the discharge capacities of 

NCM811, W-0.5, W-1.0 and W-2.0 coated NCM811 are 149.4, 166.7, 172.5 and 155.5 mAh g–1, with 

capacity retention of 81.6%, 90.0%, 93.2% and 87.8% respectively. Fig. 7c and d show the discharge 

capacity of NCM811 and W-1.0 coated NCM811 is 183.2, 174.3, 149.4, 185.1 and 182.6, 172.5 mAh g–

1 respectively, after 1, 50 and 100 cycles. It could be seen that the modified cathode material has higher 

discharge capacity and capacity retention than the unmodified one after 100 cycles. Notably, W-1.0 

coated NCM811 exhibits the best cycling performance and discharge capacity compared to NCM811, 

W-0.5 coated NCM811 and W-2.0 coated NCM811. These results clearly reveal that WO3 coating could 

effectively improve the electrochemical performances of NCM811cathode material.  
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Figure 8. (a) Rate capability from 0.2 to 5.0 C rate, (b) Relative discharge capacity retention as a function 

of C-rate for the NCM811 and WO3 coated NCM811. 

 

Further study on the difference in the magnification properties of the unmodified and modified 

materials is shown in Fig. 8. The NCM811 has the highest discharge capacity at 0.2 C. However the 

discharge capacity of W-1.0 coated NCM811 exceeds that of NCM811 at 1 C rate. In particular, the 

discharge capacity of NCM811 is severely lost at current density of 5C, only having 151.3 mAh g-1 (the 

fifth circle) equivalent to 75.8% of the initial capacity. At the same conditions, compared with NCM811, 

W-1.0 coated NCM811 has a higher discharge capacity of 167.8 mAh g-1 (the fifth circle) and a higher 

capacity retention of 87.1%. Similarly, W-0.5 coated NCM811 has better rate performance than 

NCM811. Among the examined cathode materials, W-1.0 coated NCM811 displays the best rate 

performance. These experimental results further demonstrate that the WO3 coating could enhance the 

surface structural stability during a long cycle and high rate charge/discharge process, and reduce the 

occurrence of side reactions between the electrolyte and the cathode material.  

 

 
 

Figure 9. Cyclic voltammetry of NCM811 and WO3 coated NCM811. 
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Table 2. Discharge parameters of NCM811 and WO3 coated NCM811 at 1 C rate. 

 

Sample 
Discharge capacity (mAh·g-1) Capacity retention 

(%) 1st 100th 

NCM811 183.2 149.4 81.6 

W-0.5 coated 183.1 166.7 91.0 

W-1.0 coated 185.1 172.5 93.2 

W-2.0 coated 177.1 155.5 87.8 

 

The comparison between the present work and the previous investigation reported in the literature 

[32] is listed in Table 3. In comparison, the W-1.0 coated NCM811 has a higher discharge capacity 

(172.5 mAh g–1) and better retention capacity (93.2%) than the 0.25 wt% WO3 coated-NCM after 100 

cycles in the potential rage of 2.7–4.3 V. In addition, the rate performance of W-1.0 coated NCM811 is 

also superior to that of the 0.25 wt% WO3 coated-NCM at 0.2 C, 1 C and 5 C rate conditions  

 

Table 3. Comparison with previous work 

 

Ref. Sample 

Cycling performance Rate performance 

Discharge capacity 

(mAh·g–1) Capacity 

retention (%) 

Discharge capacity (mAh·g–1) 

1st 100th 0.2 C 1 C 5 C 

[32] 

NCMa 180.8 146.8 81.2 193.1 179.6 144.5 

0.25wt % WO3 

coated-NCM 
177.9 154.8 87.0 189.1 177.8 153.2 

This 

work 

NCM811 183.2 149.4 81.6 199.5 180.7 151.3 

1.0 wt% WO3 

coated-NCM811 
185.1 172.5 93.2 192.6 183.0 167.8 

a The NCM in the literature [32] is the same as NCM811 (i.e., LiNi0.8Co0.1Mn0.1O2). 

To further analyze the electrochemical properties of the cathode material, the cyclic voltammetry 

tests (the initial three cycles) were performed on the all samples, as shown in Fig. 9. It is obvious that 

the all samples have a pair of distinct redox peaks in the potential range 3.6–3.9V, corresponding to 

Ni2+/Ni3+ and Ni4+. From Fig. 9, it could be seen that the oxidation and reduction peaks of NCM811, W-

0.5, W-1.0 and W-2.0 coated NCM811 are 3.895 and 3.704 V, 3.851 and 3.696 V, 3.814 and 3.698 V, 

3.833 and 3.698 V, respectively, and the corresponding potential differences (△Ep) between oxidation 

and reduction peaks are 0.191, 0.155, 0.116 and 0.135 V, respectively. As well known, the magnitude 

of the potential difference indicates the degree of polarization during the electrode reaction [39]. The 

results reveal that the WO3 modification can reduce the polarization of NCM811 and improve the 
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reversibility of the electrode reaction. It is worth noting that W-1.0 coated NCM811 has the smallest 

potential difference, demonstrating that it has the best circulatory performance. 

 

 

 
 

Figure 10. Nyquist plots of NCM811 and W-1.0 coated NCM811 at a discharge state: before discharge 

(a) and after 100 cycles (b). 

 

 

Table 4. Fitted impedance parameters of NCM811 and W-1.0 coated NCM811 at different cycles. 

 

Sample Cycles Rs (Ω) Rf (Ω) Rct (Ω) 

NCM811 

0th 6.5 66.8 151.2 

100th 6.9 111.6 243.2 

W-1.0 coated 

0th 4.6 40.0 133.0 

100th 6.1 82.6 165.5 

 

EIS experiments were performed on NCM811 and W-1.0 coated NCM811 in the discharge state 

to further examine the effect of WO3 coating on the kinetic behaviour of NCM811. As shown in Fig. 10, 

the impedance spectra of these samples are similar in shape. Rs, Rf, and Rct represent the resistance of 

the electrolyte solution, the resistance of the SEI membrane, and the charge transfer resistance of the 

electrode interface with the electrolyte, respectively [40, 41]. The results obtained by fitting the 

impedance spectra were listed in Table 4. After 100 cycles, the Rs of NCM811 and W-1.0 coated 

NCM811 was very close. However, the Rf value of W-1.0 coated NCM811 increased from 40.0 to 82.6 

Ω, while the Rf value of NCM 811 increased from 66.8 to 111.6 Ω. This may be due to the modification 

of WO3 reducing the thickness of the SEI film. Notably, the Rct increasing value of W-1.0 coated 

NCM811 is much smaller than that of NCM811 after 100 cycles, indicating that the WO3 coating could 
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effectively inhibit the cathode material to be destroyed by HF and side reactions, and maintain the 

structural stability of the cathode material. 

 

 

4. CONCLUSIONS 

In summary, WO3-coated LiNi0.8Co0.1Mn0.1O2 cathode material was smoothly prepared via a 

wet-chemical coating route. Various tests have indicated that WO3 forms a dense protective layer on the 

surface of LiNi0.8Co0.1Mn0.1O2, and a small amount of W6+ could enter to the lattice of 

LiNi0.8Co0.1Mn0.1O2. The WO3 coating can greatly enhance the cycling performance and rate 

performance of LiNi0.8Co0.1Mn0.1O2. The 1.0 wt% WO3 coated LiNi0.8Co0.1Mn0.1O2 displays the best 

electrochemical performances compared to other samples with different coating amounts of WO3 and 

the unmodified LiNi0.8Co0.1Mn0.1O2. With the WO3 modification, the capacity retention of 

LiNi0.8Co0.1Mn0.1O2 was significantly increased from 81.6% to 93.2% after 100 cycles at 1 C. It could 

be concluded that the WO3 coating can reduce the degree of polarization during the electrochemical 

reaction of LiNi0.8Co0.1Mn0.1O2, and inhibit the corrosion of HF and side reactions for the cathode 

material, thus keeping structural stability of LiNi0.8Co0.1Mn0.1O2. 
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