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a b s t r a c t

A novel method to improve the cycling performance of LiCo1/3Ni1/3Mn1/3O2 in lithium-ion batteries
by TiO2-coating with an in situ dipping and hydrolyzing method was presented in this work. The
microstructure of the TiO2-coated LiCo1/3Ni1/3Mn1/3O2 was characterized by XRD, SEM and TEM, and their
electrochemical performances were evaluated by EIS and galvonostatic charge–discharge test. SEM and
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TEM images show that the TiO2 are pasted on the surface of the LiCo1/3Ni1/3Mn1/3O2 with nano-size. The
XRD patterns indicate that the crystal structure of the TiO2-coated LiCo1/3Ni1/3Mn1/3O2 shows no obvious
change compares with the bare material. The TiO2-coated LiCo1/3Ni1/3Mn1/3O2 possesses improved cycle
performance and rate capability. The capacity retention of 1.0 wt.% TiO2-coated material is more than
99.0% after 12 cycles at 3.0 C while that of the bare sample is only 86.6%. The capacity of coated material

the c
ithium-ion battery at 5.0 C remains 66.0% of

. Introduction

Lithium secondary batteries have become the main recharge-
ble power source for mobile electronics in the past decade. Many
ithium transition metal composite oxides such as LiMn2O4, LiNiO2,
nd LiNi1−xCoxO2 have been extensively investigated as alterna-
ive cathode materials to LiCoO2. Recently, LiCo1/3Ni1/3Mn1/3O2 has
ttracted many attentions as one of the most promising cathode
aterials for lithium-ion batteries due to its high capacity, good

ycling ability, and excellent thermal stability. However, its rate
apability and cycling performance at high current density are not
atisfactory [1–5]. The origin of these problems are mainly related
o its low electronic conductivity, the surface reactivity between the
ighly delithiated cathode and the electrolyte, and the dissolution
f transition metal ions into the electrolyte [6–10]. One approach to
vercome these problems is to coat the active materials with metal
xides or other materials to improve the properties of the interface
etween electrodes and electrolyte. This treatment could prevent
issolution of transition metals and unwanted reactions between
athode and electrolyte, since direct contact between electrodes

nd electrolyte is restricted by an inactive coating layer. There
re several reports about coating LiCo1/3Ni1/3Mn1/3O2 with small
mounts of metal oxides or other materials such as Al2O3, Al(OH)3,
lF3 and C [6,11–13]. TiO2-coating has been proposed to improve
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apacity at 0.2 C, while that of the bare LiCo1/3Ni1/3Mn1/3O2 is only 31.5%.
Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

the electrochemical properties of some cathode materials such as
LiCoO2 and Li1−xNi0.8Co0.2O2 [14,15]. It can suppress the phase tran-
sition of LiCoO2 during charge–discharge, leading to an enhanced
cyclic performance [14,16]. Moreover, it could also improve the ther-
mal stability and interface stability of Li1−xNi0.8Co0.2O2 [15,17].

In this study, we had synthesized TiO2-coated LiCo1/3Ni1/3
Mn1/3O2 material via an in situ dipping and hydrolyzing method.
The effects of TiO2-coating on the structural and electrochemi-
cal properties of LiCo1/3Ni1/3Mn1/3O2 were investigated in detail.
Primary results show that TiO2-coating is an effective method
to improve the rate capability and cycling performance of
LiCo1/3Ni1/3Mn1/3O2 in lithium-ion batteries.

2. Experimental

Commercial powdery LiCo1/3Ni1/3Mn1/3O2 (obtained from Bei-
jing Ge Lin Power Ltd.) was used as bare material. The TiO2-coated
LiCo1/3Ni1/3Mn1/3O2 was prepared by an in situ dipping and
hydrolyzing method. LiCo1/3Ni1/3Mn1/3O2 was firstly dispersed
in ethanol, then the calculated tetrabutyl titanate (C16H36O4Ti)
was added. After stirred for 0.5 h, 10 ml deionized water was
added. Then the mixture was stirred at 70–80 ◦C to vaporize the
ethanol/water completely. After calcined the dried mixture at
500 ◦C for 6 h, the TiO2-coated LiCo1/3Ni1/3Mn1/3O2 was obtained.

X-ray diffraction (XRD) patterns of the samples were obtained

on a D Max-RD12Kw with Cu K� radiation. The microscopic features
of the samples were observed with a scanning electron microscope
(SEM; S-3500N). A transmission electron microscopy (TEM) study
was performed using a JEOL JEM-1200EX transmission electron
microscope.

ghts reserved.
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ig. 1. XRD patterns of (a) bare and (b) 1.0 wt.% TiO2-coated LiCo1/3Ni1/3Mn1/3O2.

A mixture of 85.0 wt.% bare or TiO2-coated LiCo1/3Ni1/3Mn1/3O2,
0.0 wt.% acetylene black and 5.0 wt.% PVDF were pasted onto
aluminum foil current collector as cathode electrodes. Then

he electrodes were dried at 80 ◦C for 8 h. The coin cells were
ssembled using Li-metal foil as the negative electrodes and 1 M
iPF6/EC + DMC (1:1 in volume) as the electrolyte in an argon-filled
love box. The galvonostatic charge–discharge were carried out on
Land CT2001A cell tester at room temperature between 2.8 and
.5 V (versus Li/Li+). The cells were charged at 0.2 C and then dis-
harged at 0.2, 1.0, 2.0, 3.0, 4.0, and 5.0 C, respectively.

The electrochemical impedance spectroscopy (EIS) of the cells
as conducted on an electrochemical workstation CHI604c. The

mplitude voltage was 5 mV and the frequency range was from
.001 Hz to 0.1 MHz.

. Results and discussion

.1. Structure and morphology

Fig. 1 shows the XRD patterns of the bare and 1.0 wt.% TiO2-
oated LiCo1/3Ni1/3Mn1/3O2 materials. For comparison, the bare
iCo1/3Ni1/3Mn1/3O2 was also treated at the same temperature
500 ◦C). Both of the samples have a well-defined �-NaFeO2 struc-
ure, and there are no obvious changes in the 2� position and no

ther impurity phases after coating. The absence of diffraction pat-
erns corresponding to TiO2 may be due to very low concentrations
f it. The lattice parameters inserted in Fig. 1 are calculated by a least
quare method from the XRD patterns. The obtained lattice parame-
ers are a = 2.5819 and c = 14.1786 for the bare LiCo1/3Ni1/3Mn1/3O2

Fig. 2. SEM images of (a) bare, (b) 1.0 wt.% TiO2-
Fig. 3. TEM image of 1.0 wt.% TiO2-coated LiCo1/3Ni1/3Mn1/3O2.

and a = 2.5887 and c = 14.2386 for the TiO2-coated one. The XRD
patterns of the coated particles show no basic change in the lattice
parameters. It is indicated that the structure of LiCo1/3Ni1/3Mn1/3O2
is not affected by the TiO2-coating during the heat treatment pro-
cess and TiO2 only forms a thin layer on the surface. It could be
due to the coated amount of TiO2 is very small in the final product
and the coated material was calcined at relatively low temperature
for a short period. R-factor is regarded as an indicator of hexagonal
ordering: the lower the R-factor, the better the hexagonal ordering
and then the better electrochemical performance [18]. The value of
R-factor for the coated sample is 0.3954 which is lower than that of
the bare one (0.4504). Therefore, the electrochemical behaviors of
LiCo1/3Ni1/3Mn1/3O2 are improved by coating. This result is further
proved by the following tests.

The SEM images of the bare and 1.0 wt.% TiO2-coated
LiCo1/3Ni1/3Mn1/3O2 materials are presented in Fig. 2. The bare
material is composed of granules with a smooth surface. After
coated with TiO2, the granules became larger and roughly, with
many nano-sized TiO2 particles on the surface. Fig. 3 shows the TEM
photograph of the 1.0 wt.% TiO2-coated LiCo1/3Ni1/3Mn1/3O2 mate-

rials magnified to 100,000 times. The TiO2 layer is clearly display
as a compact film on the surface of the LiCo1/3Ni1/3Mn1/3O2 grains
and the thickness of it is about 40–50 nm. From above results, it
could be concluded that the TiO2 are only coat on the surface of
LiCo1/3Ni1/3Mn1/3O2, not enter the crystal structure.

coated LiCo1/3Ni1/3Mn1/3O2, respectively.
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density increases, the discharge capacity of the two samples all
decrease due to polarization [11]. However, the 1.0 wt.% TiO2-coated
sample shows better rate capability. The bare material reaches 120.6
and 49.5 mAh g−1 at 2.0 and 5.0 C, which are only 76.9 and 31.5%
ig. 4. Initial discharge curves of the (a) bare; (b) 0.5 wt.%; (c) 1.0 wt.% and (d)
.0 wt.% TiO2-coated LiCo1/3Ni1/3Mn1/3O2.

.2. Electrochemical behavior

.2.1. Initial discharge capability
The first charge–discharge curves of the bare and TiO2-coated

iCo1/3Ni1/3Mn1/3O2 between 2.8 and 4.5 V under a current den-
ity of 20 mA g−1 are showed in Fig. 4. The discharge capacity
f 0.5 wt.% TiO2-coated material is 165.7 mAh g−1, charge and
ischarge voltage and capacity are similar to that of the bare
iCo1/3Ni1/3Mn1/3O2 (167.1 mAh g−1). The 1.0 wt.% TiO2-coated
ne shows highest discharge voltage and lowest charge volt-
ge and its first discharge capacity reaches to 171.2 mAh g−1.
hen the coating amount increases to 2.0 wt.%, the discharge

apacity decreases to 161.3 mAh g−1. Obviously, the 1.0 wt.%
iO2-coated material delivers a little higher capacity than that
f the bare one, the similar results could also be found in
l2O3-coated Li[Li0.05Ni0.4Co0.15Mn0.4]O2 [19] and TiO2-coated
i[Li0.2Mn0.54Ni0.13Co0.13]O2 [14]. The result is regarded due to a
uppression of the reaction between the cathode surface and the
lectrolyte and an optimization of the SEI layer, so the TiO2-coating
ould facilitate the Li+ diffusion [14]. Groner et al. [20] reported
hat electron migrations can be somewhat faster by the tunnel-
ng effect when the pore size of coating layer is less than several
anometers. The TiO2-coating layer would be an amorphous state
ecause the coating media hardly show crystallinity when it is fired
t the temperature as low as 500 ◦C. Therefore, the thin and porous
iO2-coating layer would bring the high capacity. These results are
erfectly proved by the EIS test latter. The obtained capacity is
reatly dependent on the coating concentration of TiO2. As the coat-
ng concentration becomes higher, the presence of excess coating

aterial between the particles could lower the particle-to-particle
lectronic conductivity [14].

.2.2. Cycling performance
Fig. 5 present the cycling performances of the bare and TiO2-

oated LiCo1/3Ni1/3Mn1/3O2. The cells were charged to 4.5 V at
.2 C, then discharged to 2.8 V at 0.2, 1.0, 2.0 and 3.0 C, respec-
ively. Obviously, the cycling performance of LiCo1/3Ni1/3Mn1/3O2
an be greatly improved by TiO2-coating with an optimal
mount of 1.0 wt.%. The initial discharge capacity of the bare
iCo Ni Mn O decreases gradually during charge–discharge
1/3 1/3 1/3 2
ycling and it drops to 97.9% of its initial discharge capacity after
2 cycles at 0.2 C. For the 1.0 wt.% TiO2-coated LiCo1/3Ni1/3Mn1/3O2,
he capacity retention ratio increases to 98.8% of its initial capacity
fter 12 cycles at 0.2 C. As the discharge current increases to 2.0 C
Fig. 5. Cycling performance of the (a) bare; (b) 0.5 wt.%; (c) 1.0 wt.% and (d) 2.0 wt.%
TiO2-coated LiCo1/3Ni1/3Mn1/3O2 cathode at different current rates.

and 3.0 C, the discharge capacity of the 1.0 wt.% TiO2-coated sam-
ple remains 99.9 and 99.8% of its initial discharge capacity after
12 cycles, respectively. The values are much higher than that of
the bare sample which are 94.4 and 86.6%. The presence of TiO2
layer could prevent the increase in the total resistance and sup-
press the decomposition of the electrolyte solution on the charged
particle surface, therefore improve the cyclic performance of the
LiCo1/3Ni1/3Mn1/3O2 [14,16]. This result is proved by EIS test later.
Additionally, the presence of an inert oxide coating on the cath-
ode particle could limit the direct contact of the active material
with the electrolyte, and thus prevented dissolution of cobalt and
manganese in the electrolyte [21,22].

3.2.3. Rate capability
The rate capabilities of the bare and 1.0 wt.% TiO2-coated

LiCo1/3Ni1/3Mn1/3O2 are presented in Fig. 6. The cells were charged
at 0.2 C and then discharged at 0.2, 1.0, 2.0, 3.0, 4.0 and 5.0 C, respec-
tively. Obviously, the 1.0 wt.% TiO2-coated sample delivers higher
capacity than the bare one at the same currents. As the current
Fig. 6. Rate capability of (a) bare and (b) 1.0 wt.% TiO2-coated LiCo1/3Ni1/3Mn1/3O2

material.
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ig. 7. Impedance spectra (Z′ vs. Z′′) of (a) bare and (b) 1.0 wt.% TiO2-coated
iCo1/3Ni1/3Mn1/3O2.

f the discharge capacity of 156.9 mAh g−1 at 0.2 C. The 1.0 wt.%
iO2-coated LiCo1/3Ni1/3Mn1/3O2 shows a high discharge capacity
f 134.1 and 108.3 mAh g−1 at 2.0 and 5.0 C, remaining 81.7 and
6.0% of the capacity of 164.1 mAh g−1 at the 0.2 C. The enhanced
ate capability indicates that the TiO2 layer could fasten the Li-
on diffusion. The improved rate capability of LiCo1/3Ni1/3Mn1/3O2

ay be attributed to the enhanced cathode/electrolyte interface
tability and stabilized cathode structure [11].

.3. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy of the fully charged
oin cells (4.5 V) is measured to investigate the interface reac-
ion and the process of lithium deintercalation/intercalation [24].
he EIS profiles of the bare and 1.0 wt.% TiO2-coated samples
re presented in Fig. 7. As shown in Fig. 7, all profiles are com-
osed of a high-frequency semicircle and a straight line in the

ow-frequency region. In general, the high-frequency semicircle
eflects the surface film forms on the surface of electrodes, i.e.
he so-called solid electrolyte interface (SEI). The low-frequency

ail is associated with the diffusion effects of Li-ion on the inter-
ace between the active material particles and electrolyte, which
s called Warburg diffusion [22,25,26]. The numerical value of
he semicircle diameter on the Z′ axis is approximately equal to
he charge transfer resistance (Rct) [26]. Obviously, the Rct of the

Fig. 8. Cyclic voltammetry of the (a) bare and (b) 1.0 wt.% TiO2-coated LiCo1/3N
rces 191 (2009) 628–632 631

1.0 wt.% TiO2-coated LiCo1/3Ni1/3Mn1/3O2 is significantly smaller
than that of the uncoated one. This suggests that TiO2-coating
could greatly increase the diffusion coefficient of lithium-ion dur-
ing charge–discharge process. By general conception, TiO2 is an
electric insulator which should block the direct interconnections
between active particles and an electrolyte solution, so this would
deteriorate the charge transfer from active particles to the current
collector, causing an increase in Rct. However, the results are dif-
ferent from this expectation. Similar results have been reported
in the literature for the case of Al2O3 coating [19]. It is regarded
that the lower impedance of the coated active material might
depend on the thickness of the coating layer. The thickness of
the coating layer and the uniformity are critical conditions to
have better battery performances [19]. Therefore, it is concluded
that the thin (nano-sized) amorphous TiO2 layer does not disturb
the Li+ intercalation reaction at the interface between electrode
and electrolytic interface. Additionally, electron migrations can be
somewhat accelerated by the tunneling effect when the pore size
of the coating layer is less than several nanometers [20]. On the
other hand, the oxide-coated layer could isolate the electrode and
the electrolyte then prevent the reaction between them. So the
oxidation of the electrolytes is suppressed by TiO2-coating and
less decomposition products is formed than that of the bare one
[23]. The lower impedance could also be ascribed to the positive
effects on the electrode/electrolyte interface and the less amount
of decomposition of active material by HF [27]. The TiO2 layer
enhances the kinetics of the lithium intercalation then result in
the enhancement of electrochemical performance at high rate.
The coating layer protects the surface of cathode material from
the harmful passive surface film formation during electrochemi-
cal cycling. Therefore, the enhanced cycling stability of TiO2-coated
LiCo1/3Ni1/3Mn1/3O2 could be attributed to the improved interface
stability [18].

3.4. Cyclic voltammetry (CV)

Cyclic voltammetry of the bare and 1.0 wt.% TiO2-coated
LiCo1/3Ni1/3Mn1/3O2 between 2.5 and 4.8 V at a scan rate of
0.1 mV s−1 for the first three cycles are shown in Fig. 8.

For the bare LiCo1/3Ni1/3Mn1/3O2, the first cycle anodic peaks
center at 3.64 and 4.60 V which correspond to the Ni2+/Ni4+ and

Co3+/Co4+ [3]. The cathodic peaks center at 4.06 and 4.73 V. In the
following two cycles, the anodic peaks are almost at the same volt-
age, but the cathodic peaks shifts to lower voltage and the cathodic
areas decrease sharply compared with the first cycle. The CV peaks
of the 1.0 wt.% TiO2-coated LiCo1/3Ni1/3Mn1/3O2 are much steady

i1/3Mn1/3O2 material between 2.5 and 4.8 V at a scan rate of 0.1 mV s−1.
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han that of the bare material, which indicate that the cycle perfor-
ance is improved after TiO2-coating.

. Conclusions

TiO2-coated LiCo1/3Ni1/3Mn1/3O2 has been synthesized with an
n situ dipping and hydrolyzing method for Li-ion batteries. The
iO2-coating layer is on the surface of the LiCo1/3Ni1/3Mn1/3O2
ith nano-size. Although the crystal structure of the TiO2-coated

iCo1/3Ni1/3Mn1/3O2 shows no obvious change compared with the
are material, its discharge capacity, cycle performance and rate
apability have been improved significantly. The coated TiO2 layer
n the surface of LiCo1/3Ni1/3Mn1/3O2 could stabilize the layered
tructure of the LiCo1/3Ni1/3Mn1/3O2 by suppressing the dissolu-
ion reaction of manganese ions and cobalt ions, and increase the
iffusion coefficient of lithium ions during charging and discharg-

ng, resulting in the improvement of the electrochemical properties
he LiCo1/3Ni1/3Mn1/3O2.
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