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The electrochemical and thermal stability of LiNi0.8Co0.i6Al0.04O2 were studied before and after Co3(PO4)2 

coating. Different to conventional coating material such as ZrO2 or AIPO4, the coating layer was not detected 
clearly by TEM analysis, indicating that the Co3(PO4)2 nanoparticles effectively reacted with surface impurities 
such as Li2CO3. The coated sample showed similar capacity at a low C rate condition. However, the rate 
capability was significantly improved by the coating effect. It is associated with a decrease of impedance after 
coating because impedance can act as a major barrier for overall cell performances in high C rate cycling. In 
the DSC profile of the charged sample, exothermic peaks were shifted to high temperatures and heat generation 
was reduced after coating, indicating the thermal reaction between electrode and electrolyte was sucessfully 
suppressed by Co3(PO4)2 nanoparticle coating.
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Introduction

Ni based layered oxides are interested as cathode material 
for lithium-ion batteries due to its higher specific capacity 
than commercial cathode material such as LiCoO2.1-5 The 
specific capacity of LiCoO2 is about 160 mAhg-1, while that 
of Ni-based layered oxide is 170-190 mAhg-1. However, 
they do not meet the safety guidelines in the overcharged 
state in Li-ion cells.6 Recently, a different approach, coating 
the cathode material with metal oxides nano-particles, has 
been reported for modifying lithium secondary batteries.7-15 

A metal oxide coating, such as TiO2, Al2O3, SiO2 and 
AlPO4, improved capacity retention, rate capability and, in 
some cases, thermal stability without sacrificing the specific 
capacity of the cathode.

In this paper, nano-particle Co3(PO4)2 coating was intro
duced for modifying one of the Ni based cathode materials, 
LiNi0.8Co0.16Al0.04O2. The same coating material was applied 
to LiCoO2 in the previous report.16 Co3(PO4)2 nano-particles 
completely reacted with Li in LiCoO2 resulting in the 
formation of a LiCoPO4 phase and partially lithium deficient 
LixCoO2. The olivine LiCoPO4 phase is very electrochemi
cally and thermally stable even after full delithiation.17 

Therefore, Co3(PO4)2 coating is expected to improve both 
the electrochemical properties and thermal stability of 
LiNi0.8Co0.16Al0.04O2 cathode material.

Experiment지

LiNi0.8Co0.16Al0.04O2 was used as a starting material and 
reference samples were purchased from Sumitomo Chemi
cal. (NH4)2HPO4 (0.45 g) and Co(NO3)2・6H2。(1.5 g) were 
dissolved in the distilled water for the coating solution. The 
ammonium hydroxide was added to the solution to increase 

the pH to 8.5. LiNi0.8Co0.16Al0.04O2 powder (50 g) was then 
solowly added to the coating solution and mixed into a 
uniform slurry. The mixture was dried at 130 oC for five 
hours. The dried powder was ground and heat treated at 700 
oC for five hours.

X-ray diffraction (XRD) patterns were obtained on the 
cathode electrode using a Philips X-ray diffractometer in the 
2 B range from 15 to 70o with monochromatized Cu-K« 

radiation (A = 1.5406 A). Samples before and after coating 
were tested with scanning electron microscopy (SEM 535M, 
Philips) and transmission electron microscopy (CM 20 
TEM, Philips, 200 kV).

For the preparation of the positive electrode, 0.15 g (3 
wt.%) polyvinyl difluoride (Aldrich) was dissolved in about 
12 mL of N-methyl-2-pyrrolidone for one hour and then 
4.75 g (94 wt.%) of the sample powder and 0.15 g (3 wt.%) 
of Super P black (MMM Carbon Co.) were added. After a 
24-hour ball mill process, the viscous slurry was coated on 
an aluminum foil using a surgical blade and dried at 90 oC in 
an oven. The obtained cathode film was hot pressed at 100 
oC. The thickness of the cathode film was about 30 么m. The 
electrochemical cell was assembled in a dry room using the 
positive electrode, lithium, porous polyethylene film and 1 
M LiPF6 solution in a 1:1:1 weight ratio of ethylene carbon
ate: dimethyl carbonate: diethyl carbonate. The cells were 
subjected to galvanostatic cycling using a Toyo (TOSCAT 
3000) charge-discharge system. Impedance measurement 
was carried out using a impedance/grain phase analyzer 
(Solartron SI 1260) in conjunction with a potentiostat 
(Solartron SI 1287) equipped with Z-view software, where 
an AC voltage of 5 mV amplitude was applied over a fre
quency range from 0.1 Hz to 100 kHz.

Differential scanning calorimetry (DSC) samples for the 
cathode were prepared by charging the cells to 4.3 V at the 
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slow rate of C/15. These cells were then disassembled in a 
dry room to remove the charged positive electrode. 4.7 mg 
of the positive electrode and 3 pL of fresh electrolyte were 
sealed in a high pressure DSC pan. The heating rate and 
temperature range of the DSC tests were 5 oC/min and 25
300 oC, respectively.

Results and Discussion

The phase of LiNi0.8Co0.16Al).04O2 powder was investi
gated by XRD analysis, as shown in Figure 1. The XRD 
patterns of the coated LiNi0.8Co0.16Al0.04O2 powder are 
identical to those of the bare sample, even though possible 
formation of a nanophase on the surface because of a slight 
amount of coating material. Both XRD patterns can be 
indexed according to the R 3 m space group. Figure 2 shows 
the scanning electron microscopy (SEM) images of the bare 
and coated LiNi0.8Co0.16Al0.04O2 powder. The bare powders 
which look like big 5-8 pm sized spheres, comprise second
ary small particles that are composed of smooth-edged 0.2- 

Figure 1. X-ray diffraction (XRD) patterns of LiNi0.8Co0.16Al0.04O2 
powder before and after Co3(PO4)2 coating.

Ba「e sam이e

0.5 pm sized polyhedral primary particles. At low magni-
fication, there was not any special difference between the 
coated and uncoated sample. However, a higher magnifi-
cation (60000 x) reveled that the primary particles changed 
into a slightly roughened surface due to a reaction with 
nanoparticles.

A transmission electron microscopy (TEM) analysis was 
introduced to investigate the shape of primary particles and 
surface morphology in detail. Figure 3 displays the bright 
field of LiNi0.8Co0.16Al0.04O2 primary particles before and 
after coating. It is interesting that a homogeneous nano
scalar thin film layer covered the bare (uncoated) 
LiNi0.8Co0.16Al0.04O2 surface. In contrast, the primary parti
cles of the coated sample could not be clearly detected as a 
coating layer. This finding seemed to be inconsistent with 
what had been observed with the earlier coated cathode 
material.18-20 Most of the coated cathode material showed a 
distinct coating layer formed on the surface of the bare 
sample. According to G V Zhuang et al., the air exposed 
LiNi0.8Co0.15Al0.05O2 particles were covered by an continu
ous layer at least 10 nm thick due to reaction between 
LiNi0.8Co0.15Al0.05O2 and CO2 in the air. The formation of 
Li2CO3 is presumed to have taken place via reaction.21

LiNi0.8Co0.15Al0.05O2 + 4 x O2 + 2 x CO2

T Li1-xNi0.8Co0.15Al0.05O2 + 2 x Li2CO3

Moreover, Ni-based cathode materials have rapid moisture 
uptakes, and Li2CO3 or LiOH impurities were reported to be 
easily formed on the surface.22-24 Therefore, the thin film 
layer of bare LiNi0.8Co0.16Al0.04O2 sample observed in the 
TEM image must be a Li2CO3 and other impurity layer. The 
disappearance of the impurity layer after the coating treat
ment is likely to be due to a reaction with Co3(PO4)2 nano
particles. ZrO2 and AlPO4 coatings showed a clearly distin
guishable coating layer form on the bulk materials because 
coating materials did not react with impurity phases such as 
Li2CO3 or LiOH on heat treatment temperature (700 oC)

Figure 2. Scanning electron microscopy (SEM) images of LiNi0.8Co0.16Al0.04O2 powder. (a) Uncoated sample; (b) Co3(PO4)2 coated sample.
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Figure 3. Bright field transmission electron microscopy （TEM） images of LiNi0.8Co0.16Al0.04O2 powder before and after Co3（PO4）2 coating.
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Figure 4. Discharge capacity and cyclic performances of LiNi（）.8- 
Co0.i6Al0.04O2 electrode before and after Co3（PO4）2 coating at 
1/10C, 1/5C, 1/2C and 1C rate.

after the coating treatment.9,19 As opposed to Z1O2 or AIPO4 

coatings, Co3（PO4）2 it was reported that nanoparticles were 
completely diffused into the surface of the cathode material 
and reacted with lithium of cathode material.16 So it is likely 
that the Li?CO3 and other impurity layer on the surface of 
LiNi0.8Co0.16Al0.04O2 powders had compeletely reacted with 
Co3（PO4）2 nanoparticles causing the distinguishable film 
layer to disappear. However, the surface of LiNi0.8Co0.16- 
A1q.q4O2 powders must be covered with a new phase formed 
by Li?CO3 and Co3（PO4）2 nanoparticles. This is an expected 
LixCoPO4 phase where there is an olivine structure.24

Figure 4 presents the discharge capacity and cyclic proper
ties of the LiNi0.8Co0.16Al0.04O2 electrode before and after 
coating at each selected C rate. After coating, the first dis
charge capacity was a slight decrease in the voltage range of 
3.0-4.3 V at 1/10 C rate. But it was increased a li비e in the 
voltage range of 3.0-4.5 V in which condition the coated 
LiNi0.8Co0.16Al0.04O2 electrode delivered high discharge 

capacity of 200 mAhg-1 in the initial cycle. With the increase 
of C rate, the capacity difference between the bare and the 
coated samples was clearly observed. At both voltage ranges, 
the coated sample showed superior discharge capacity to the 
bare sample. After 15 cycles, the coated sample delivered a 
remarkably higher capacity of 155 mAhg-1 than that of the 
bare sample （125 mAhg-1） in the voltage range of 3.0-4.3 V 
at a one C rate.

The impedance was measured to understand the improve
ment of rate capability of coated sample. Figure 5 presents 
impedance spectra for the LiNi0.8Co0.16Al0.04O2 electrode 
before and after coating. Generally, impedance spectra for 
lithium battery test cells containing cathode material exhibit 
two semicircles and a line inclined at a constant angle to the 
real axis. A semicircle located in a high frequency range is 
attributed to the resistance of the film that covers the surface 
of the cathode material; a semicircle located in a medium-to- 
low frequency range is related to charge transfer resistance; 
and an inclined line is due to Warburg impedance that is 
associated with lithium diffusion through the oxide elec- 
trode.25-28 However, the impedance spectrum for bare and 
coated samples at a pristine state does not display two 
semicircles; instead, it shows a somewhat depressed one 
semicircle. It is likely that a semicircle related to surface film 
resistance was overlapped by a large semicircle associated 
with charge transfer resistance because the high-frequency 
semicircle attributable to surface film is generally smaller 
than the medium-to-low frequency semicircle.29,30 The 
Nyquist plot of the coated sample showed a similar line 
profile but a much smaller semicircle than before coating in 
the pristine state. It was further noticed that when an 
electrode charged to 4.3 V or 4.5 V the impedance reduction 
by coating effect become more distinct. Based on these 
results, it is obvious that interface resistance is reduced by 
the Co3（PO4）2 coating and this effect becomes more pro
minent in a charged state. The impedance attributable to 
surface film at a high frequency range would increase after
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Figure 5. Nyquist plot of the cell containing LiNi0.8Co0.16Al0.04O2 
electrode before and after Co3(PO4)2 coating. (a) Pristine state; (b) 
Charged sample to 4.3 V; (c) Charged sample to 4.5 V.

coating treatment due to the growth of the coating thickness 
that hinders the permeation of electrolytes into the active 
material. However, it must be negligible when compared 
with the decrease of charge transfer resistance due to the
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Figure 6. Differential scanning calorimetry (DSC) profile of 
LiNi0.8Co0.i6Al0.04O2 electrode at charged state to 4.3 V. (a) Before 
coating; (b) After Co3(PO4)2 coating.

coating effect. These results correspond well with the cell 
performances. Impedance may act as a major barrier for 
overall cell performances in high rate cycling, so lower 
impedance results in a better rate capability of the coated 
samples, as shown in Figure 4. A new small semicircle of 
charged sample located in a very low frequency range may 
associated with a new impedance factor formed by a surface 
reaction between electrolyte and cathode material at a high 
voltage range.

Thermal stability of the LiNi0.8Co0.i6Al0.04O2 electrode 
before and after Co3(PO4)2 coating was investigated using 
DSC analysis. Thermal stability of cathode materials, 
especially in a charged state, is an important factor for the 
practical application of a lithium battery system. Figure 6 
shows the DSC scan of the LiNi0.8Co0.16Al0.04O2 electrode 
before and after coating at the charged state to 4.3 V. The 
peaks below 100 oC may be related to the decomposition of 
organic compounds residing on the particle surface.14,31,32 

The uncoated sample started a thermal reaction with the
electrolyte at around 170 oC and generated heat continuously
to over 250 oC. Two large exothermic peaks produced 1396 
Jg-1 of heat. The DSC profile of the coated sample displayed 
superior thermal stability to that of the uncoated sample. The
onset temperature was shifted to a higher temperature of 
〜195 oC, and heat generation was decreased to 803 Jg-1, 
showing that the Co3(PO4)2 coating effectively retards the
reaction between electrode and electrolyte in a charged state 
and enhances thermal stability of the electrode.

Con이usions

The electrochemical and thermal stability of the LiNiw 
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Co0.i6Al0.04O2 electrode was examined before and after 
Co3（PO4）2 coating. The air exposed LiNi0.sCo0.i6Al0.04O2 

particles were covered by a continuous Li2COs and impurity 
layer at least 10 nm thick due to a reaction between 
LiNi0.sCo0.i6Al0.04O2 and CO2 in the air. After coating, the 
impurity layer disappeared because the Co3（PO4）2 reacted 
with it during heat treatment. The LiNi0.sCo0.i6Al0.04O2 

particles may be covered with new coating film formed by 
an impurity phase and Co3（PO4）2 nanoparticles although the 
coating film was not clearly observed by a TEM image due 
to the high reactivity of Co3（PO4）2 nanoparticles. The 
formation of a new coating film on the surface of LiNi°.s- 
Co0.16Al0.04O2 particles reduced interface resistance and 
enhanced rate capability of the LiNi0.sCo0.16Al0.04O2 elec
trode. Moreover, it effectively suppressd the reaction bet
ween electrode and electrolyte in a charged state and 
improved the thermal stability of the electrode.
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