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Abstract

This study examined the electrochemical and structural stability of �1.5 wt.% AlPO4-coated LiNi0.9Co0.1O2. The AlPO4-coated
LiNi0.9Co0.1O2 retained �60% of the original capacity after 50 cycles, compared with the �30% capacity retention of the bare LiNi0.9-
Co0.1O2. The discharge profiles and cyclic voltammograms from 4.5 V at 90 �C for 4 h showed enhanced structural stability. Scanning
electron microscopy and X-ray diffraction revealed that the AlPO4-coated LiNi0.9Co0.1O2 had less degradation than the bare
LiNi0.9Co0.1O2.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Layered transition-metal oxides have been studied
extensively for use as cathode materials for rechargeable
lithium-ion batteries [1]. LiCoO2 has been used as a posi-
tive electrode because of the relatively high cell potential
and the stable cycling life, even with the high cost and tox-
icity. LiNiO2 appears to be one candidate as a cathode
material, due to the high-specific capacity and low cost.
However, this material has poor cycle life and thermal
instability.

In an attempt to overcome the problems associated with
LiNiO2 and LiCoO2, the solid solution series of lithium
nickel-metal oxides, Li(Ni1�xMx)O2 (with M = Co, Mn,
Al, Ti, Mg, etc.), have comprised favorable cathode mate-
rials for high-energy and high-power lithium-ion batteries
[2–8]. However, along with the improvement in the electro-
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chemical properties in Ni-based cathode materials, the
thermal stability has been a great concern, and violent reac-
tion of the cathode with the electrolyte needs to be avoided
[5–12].

Recently, it was reported that a simple AlPO4-nanoscale
coating (�20 nm) on LiCoO2 improved both the thermal
stability and the electrochemical performance of LiCoO2

at high voltages [12–14]. This paper reports the effect of a
AlPO4-nanoparticle coating on LiNi0.9Co0.1O2 on the
enhanced capacity retention and 90 �C behavior at 4.5 V.

2. Experimental results

Bare LiNi0.9Co0.1O2 powders were prepared by mixing
the appropriate amounts of LiOH Æ (H2O) and
Ni0.9Co0.1(OH)2, followed by heating in air at 480 �C and
720 �C for 4 h and 13 h, respectively. The AlPO4 nano-
particles (�3 nm) were obtained by dissolving Al(NO3)3 Æ
9H2O and (NH4)2HPO4 in distilled water with constant
stirring for 30 min [13]. This solution was mixed with
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Fig. 1. Discharge profiles of (a) bare and (b) AlPO4-coated LiNi0.9Co0.1O2

powders between 4.9 V and 2.75 V. The cells were cycled at 0.1 C for the
first two cycles, followed by 1 C (= 300 mA/g) thereafter.
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Fig. 2. Cyclic voltammogram after 90 �C storage of (a) bare and (b)
AlPO4-coated LiNi0.9Co0.1O2 cathodes. After 90 �C for 4 h at 4.5 V, the
cells were cooled to 30 �C and discharged to 2.75 V at 0.1 C. The inset
shows the discharge profiles before CV.
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Ni0.9Co0.1(OH)2 (with an average particle size of �10 lm),
followed by drying at 100 �C for 2 h. The approximately
1.5 wt.% AlPO4-coated LiNi0.9Co0.1O2 powders were pre-
pared by mixing the appropriate amounts of LiOH Æ (H2O)
and AlPO4-coated Ni0.9Co0.1(OH)2, followed by heating in
air at 480 �C and 720 �C for 4 h and 13 h, respectively.
Electron-probe micro analysis (EPMA) confirmed the con-
tinuous encapsulation of the LiNi0.9Co0.1O2 particles by an
AlPO4 layer.

The cathodes for the test cells consisted of LiNi0.9-
Co0.1O2, super P carbon black, and a polyvinylidene
fluoride (PVDF) binder in a weight ratio of 94:3:3. The
coin-type half cells (Li/LiNi0.9Co0.1O2) were prepared in
an argon-filled glove box, and contained a cathode, a Li-
metal anode, a microporous polyethylene separator, and
an electrolyte solution of 1 M LiPF6 in ethylene carbonate/
diethyl carbonate (EC/DEC) (50:50 vol.%).

The cycling test of the half cells was carried out between
4.9 V and 2.75 V at 0.1 C rate for the first two cycles, and
1 C (= 300 mA/g) afterwards at 25 �C. For the 90 �C stor-
age test, the bare LiNi0.9Co0.1O2 samples and the AlPO4-
coated samples were charged to 4.5 V at a rate of 0.1 C
and held there until the current decreased to 10%. These
samples were heated to 90 �C for 4 h, followed by cooling
to 30 �C, and discharged to 2.75 V at 0.1 C. After discharg-
ing, cyclic voltammogram (CV) of LiNi0.9Co0.1O2 was per-
formed between 3.4 V and 4.6 V at a sweep rate of 0.1 mV/s.
The structural characterization of both the bare and
AlPO4-coated LiNi0.9Co0.1O2 cathodes was performed by
scanning electron microscopy (SEM) and X-ray diffraction
(XRD).

3. Results and discussion

To test the cycle-life performance, the bare LiNi0.9-
Co0.1O2 and AlPO4-coated LiNi0.9Co0.1O2 coin-type half
cells were cycled between 4.9 V and 2.75 V, as shown in
Fig. 1. The typical cutoff voltage in the LiNi1�xMxO2 sys-
tem is less than 4.5 V [2–4,6,8,11]. The high cutoff voltage
was used in this experiment to increase the capacity, at
the expense of the structural degradation due to the reac-
tion with the electrolyte [12–14]. The AlPO4-nanoparticle
coating clearly enhanced the capacity retention of the
LiNi0.9Co0.1O2 cathode. After 50 cycles, the discharge
capacity of the bare LiNi0.9Co0.1O2 cathode deteriorated
to �30% of its original capacity, whereas that of the
AlPO4-coated LiNi0.9Co0.1O2 cathode retained �60% of
its initial capacity.

Fig. 2 shows the discharge profiles from 4.5 V at 90 �C
for 4 h. The discharge capacity of the bare and AlPO4-
coated LiNi0.9Co0.1O2 was �138 mAh/g and �182 mAh/g,
respectively (as shown in the inset). The AlPO4-nanopar-
ticle coating could reduce self discharge, by diminishing
the surface reaction between the electrolyte and the highly-
reactive surface of LixNi0.9Co0.1O2 at 4.5 V. Amine’s group
reported that the delithiated LiNi0.8Co0.2O2 cathode sur-
face contained a mixture of organic polycarbonates, LiF
or LixPFyOz-type compounds, due to the high surface reac-
tivity of the cathode materials with the electrolyte [15].
A solid-electrolyte interphase (SEI) layer on the charged



Fig. 3. SEM images of the bare and AlPO4-coated LiNi0.9Co0.1O2 particles: (a) before charge and (b) after 90 �C for 4 h at 4.5 V (and discharged to
2.75 V).
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Fig. 4. XRD patterns of the bare and AlPO4-coated LiNi0.9Co0.1O2

cathode after 90 �C for 4 h at 4.5 V (and discharged to 2.75 V).
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electrodes contained various organic and inorganic electro-
lyte-decomposition products [15–17]. Cho et al. reported
that differential scanning calorimetry (DSC) experiments
showed significant heat reduction for the AlPO4-nanoparti-
cle coating on LiCoO2 and LiNi0.8Co0.2O2, indicating that
the critical factor governing the exothermic reaction was
the interfacial reaction with the electrolyte and the cathode
material [12].

To investigate the rate of phase transitions, the CV of
both the bare and AlPO4-coated LiNi0.9Co0.1O2 was per-
formed (Fig. 2). The AlPO4-coated LiNi0.9Co0.1O2 shows
clear sets of well-defined peaks compared with the bare
cathode. LiNi1�xCoxO2 has hexagonal (and monoclinic)
structures at various lithium contents [2–8]. The widths of
both the cathodic and anodic peaks were less broadened
by the AlPO4-nanoparticle coating than the bare LiNi0.9-
Co0.1O2. This suggests that the AlPO4-nanoparticle coating
on LiNi0.9Co0.1O2 suppresses the degradation of LiNi0.9-
Co0.1O2, because the continuous AlPO4-nanoparticle coat-
ing layer on LiNi0.9Co0.1O2 can reduce the side reaction
between the cathode and electrolyte at 90 �C.

SEM images of the bare and AlPO4-coated LiNi0.9-
Co0.1O2 before electrochemical test showed relatively simi-
lar grain images (Fig. 3(a)). The bare and AlPO4-coated
LiNi0.9Co0.1O2 powders had a Brunauer, Emmett, and
Teller (BET) surface area of 0.34 m2/g and 0.38 m2/g,
respectively. After 90 �C for 4 h, the BET surface-area
measurements were not possible due to the presence of
non-active materials (carbon black, binder, and organic
salts) on the surface of cathode materials. However, the
SEM image of the bare cathode showed degraded surfaces
on the grains, while the AlPO4-coated cathode retained its
initial grain morphology (Fig. 3(b)).

After 90 �C storage, the XRD patterns of the bare
LiNi0.9Co0.1O2 cathode shows more peak broadening com-
pared with the AlPO4-coated cathode (Fig. 4). Such peak
broadening may be associated with microstructural defects
or non-uniform distribution of local strains [18,19]. To
qualitatively estimate the microstructural defects, Dk (full
width at half maximum) was fitted to each peak ((003),
(10 1), (10 4), and (015)) with the scattering vector
k = (4p/k)sinh. The peak widths of the bare and AlPO4-
coated LiNi0.9Co0.1O2 before charge were similar, Dk =
0.004 ± 0.002 nm�1 and 0.004 ± 0.002 nm�1, respectively.
In contrast, after 90 �C for 4 h, the bare and AlPO4-coated
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LiNi0.9Co0.1O2 showed Dk = 0.21 ± 0.03 nm�1 and 0.05 ±
0.01 nm�1, respectively. In addition, the AlPO4-coated
LiNi0.9Co0.1O2 exhibited a higher peak-intensity ratio of
(003)/(1 04) than the bare one (1.83 ± 0.07 vs. 1.28 ±
0.09), while the ratio was 2.08 ± 0.06 vs. 2.14 ± 0.05 prior
to cycling, confirming the enhanced structural stability
[20,21]. These results confirm the suppressed microstruc-
tural defects and structural degradation in LiNi0.9Co0.1O2

by AlPO4-nanoparticle coating.

4. Conclusions

Capacity retention and structural stability at 90 �C were
enhanced by the AlPO4-nanoparticle coating on LiNi0.9-
Co0.1O2. Microstructural analysis indicated an improved
structural integrity in the AlPO4-coated LiNi0.9Co0.1O2

cathode compared with the bare one. This may be attrib-
uted to the strong covalency of the PO4 polyanions with
Al in AlPO4, which is resistant to the chemical and thermal
aggression [22,23]. More studies aimed at identifying the
detailed mechanisms of the enhanced electrochemical and
thermal performances by the phosphate-coating nanostruc-
tures are currently underway.
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