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bstract

The LiCoO2 cathode material was surface treated with the Li4Ti5O12 particles by a simple mechano-thermal process, followed by calcination at
23 K for 10 h in air. The X-ray diffractometer (XRD) patterns showed a single-phase hexagonal �-NaFeO2-type structure for the surface treated
iCoO2 without any structure modification and new phase formation. The transmission electron microscope (TEM) image exposed a uniform layer
i4Ti5O12 particulate over the surface of the LiCoO2 particles that had an average thickness of ∼20 nm. The electrochemical performance studies

ndicated that a 1.0 wt.% Li4Ti5O12 coated LiCoO2 sample heated at 723 K for 10 h in air exhibited an initial discharge capacity of 171 mAh g−1
nd excellent cycle stability of about 148 cycles for a cut-off voltage of 80% when cycled between 2.75 and 4.40 V. The differential capacity plots
or LiCoO2 surface treated with Li4Ti5O12 confirmed that the enhanced performance can be attributed to slower impedance growth and increased
esistance to Co dissolution into the electrolyte during the (de)intercalation processes.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Lithium-ion batteries have attracted the most attention
ecause of their excellent properties such as high voltage and
nergy density, durable cycling characteristics, reversibility, and
ate capability. The electrochemical performance of a Li-ion bat-
ery is mainly based on the cathode material that has a major
nfluence on high specific capacity, cycle stability and safety
haracteristic [1–3]. Among the available cathode materials,
iCoO2 is used frequently in commercial Li-ion batteries, even

hough it suffers major drawbacks during the (de)lithiation pro-
ess where only 0.5 mol of Li ion can be extractable with a
aximum capacity of 137 mAh g−1 between the voltage range

.0 and 4.2 V [4]. On the other hand, the extraction of more
ithium ions (>0.5) when charged at higher voltages [5] leads to
apacity loss during cycling accompanied by a structural degra-

ation, dissolution of strongly oxidized Co4+ ion species into
he acidic electrolyte (HF) and faster impedance growth on the
urface of the cathode materials [6,7].

∗ Corresponding author. Tel.: +886 3 425 7325; fax: +886 3 425 7325.
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In order to improve the electrochemical performance, a
urface coating technique has been adapted to surmount the
hortcomings practiced by the unprotected LiCoO2 cathode
aterial. This technique protects the surface of the cathode from

aster impedance growth and dissolution (3d metal ion) into the
cidic electrolyte, to achieve high specific capacity and thermal
tability when cycled beyond 4.2 V. Major surface coating mate-
ials used are inert oxides such as ZrO2 [6–9], Al2O3 [5–11],
iO2 [8,9,11], SiO2 [7,12], and Co3O4 [13]. Many researchers
ave also attempted to use the electrochemical active oxide mate-
ials such as LiCoO2 [14] and LiMn2O4 [15,16] for coating
he cathode materials, which enhanced specific capacity, cycle
tability and thermal stability compared to their pristine mate-
ials. Thus, surface treatment with different coating materials
ould improve electrochemical properties of the pristine cath-
de materials. Another interesting electrode material is a Li-ion
ntercalated Li4Ti5O12 compound that has excellent Li-ion inser-
ion/extraction reversibility and exhibits zero-strain insertion,
ery flat discharge–charge plateau and high cycle stability during

harge–discharge cycling. Intensive studies have demonstrated
hat this so-called zero-strain material offers excellent cycle sta-
ility without capacity fade for prolonged cycling. Moreover,
i4Ti5O12 may not form a solid electrolyte interface (SEI) that
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Fig. 2 depicts the TEM images of a 1.0 wt.% Li4Ti5O12
coated LiCoO2 particle. The coating was a thin compact
layer formed of distinguished bright translucent Li4Ti5O12 par-
148 G.T.-K. Fey et al. / Journal of Po

rotects against electrolyte reactivity when fully charged. The
ower density depends on the rate capability of the intercalated
ompound which is associated with the Li-ion diffusion coef-
cient and the diffusion distance in the intercalated compound
article. These features could allow a cell based on Li4Ti5O12
pinel to operate very well at both low and high temperatures
17,18]. Therefore, Li4Ti5O12 spinel material was coated over
nstable LiCoO2 electrode material to attempt to prevent the Co
ons from dissolving into the harmful acidic liquid electrolyte,
hich led to an improvement in the electrochemical performance
f the coated LiCoO2 and cycle stability. The advantages of this
ompound focused our attention to preparing Li4Ti5O12 mate-
ial as a coating material on the commercial LiCoO2 particles
y a simple mechano-thermal process and studying its electro-
hemical cell performance when charged at a higher voltage.

. Experiment

Lithium titanate was synthesized by following the procedure
s described by Nakahara et al. [19]. Chemicals used during
he coating process were LiCoO2 powder (commercial prod-
ct of FMC), Li4Ti5O12 (as prepared above), to form 0.5, 1.0
nd 2.0 wt.% of Li4Ti5O12 coated LiCoO2, and pure ethanol.
he calculated amount of 0.02 g of Li4Ti5O12 (1.0 wt.%) was
ispersed in 50 mL ethanol after 1 h sonication, followed by
ontinuous stirring at 300 K for 10 h. 1.98 g of LiCoO2 was dis-
ersed in 25 mL ethanol by a 1 h sonication, and stirred for 3 h.
he dispersed Li4Ti5O12 solution was added dropwise to the
iCoO2 solution after sonication for 1 h and stirred for 10 h at
00 K, followed by heating at 353 K with continuous stirring.
fter the removal of excess ethanol, a thick black slurry was

ormed. The obtained slurry was dried in an oven at 383 K for
2 h to form a dry black powder, which was heated at a ramp of
K min−1 to 623, 723, 823 and 923 K and retained for different

ime periods 5, 10 and 20 h in air to form a thin coating layer of
i4Ti5O12 on LiCoO2. The weight ratios of coated Li4Ti5O12 to
iCoO2, formed during calcination were 0.5:99.5, 1.0:99.0 and
.0:98.0.

Structural analysis was carried out using a powder X-
ay diffractometer (XRD), Siemens D-5000, Mac Science

XP18, equipped with a nickel-filtered Cu K� radiation source
λ = 1.5405 Å). The diffraction patterns were recorded between
cattering angles of 15◦ and 80◦ in steps of 0.05◦. The coated
ayer morphology of the particle was examined by a JEOL JEM-
00FXII transmission electron microscope (TEM) equipped
ith a LaB6 gun.
The cathodes for electrochemical studies were prepared by a

octor-blade coating method as described in our previous work
13]. The coin type cells of the 2032 configuration were assem-
led in an argon-filled VAC MO40-1 glove box. The prepared
ircular disk of Li4Ti5O12 coated LiCoO2 was used as the cath-
de, lithium metal (Foote Mineral) as the anode and a 1 M LiPF6
n 1:1 by volume ethylene carbonate/diethyl carbonate, EC/DEC

Tomiyama Chemicals), as the electrolyte with a Celgard mem-
rane as the separator. The cells charge–discharge cycles were
erformed at a 0.2 C rate between 2.75 and 4.40 V at 298 K, in
multi-channel battery tester (Maccor 4000).
ig. 1. X-ray diffraction patterns of (a) 1.0 wt.% of Li4Ti5O12 coated and (b)
ristine LiCoO2.

. Results and discussion

Fig. 1a and b represents the XRD patterns of 1.0 wt.%
i4Ti5O12 coated LiCoO2 heated at 723 K for 10 h in air and pris-

ine LiCoO2, respectively. It is observed that the XRD patterns
f 1.0 wt.% Li4Ti5O12 coating materials exposed the absence
f secondary phase peaks in the range of the diffraction pat-
erns corresponding to Li4Ti5O12 and this may be attributed to
ery low concentrations. The XRD patterns of the Li4Ti5O12
oated LiCoO2 particles conform to a single-phase hexagonal
-NaFeO2-type structure of the cathode material. There is no
asic change in the a and c lattice parameters, the 2θ values of
he peaks and their I(0 0 3)/I(1 0 4) ratios upon coating, which
ndicates Li4Ti5O12 does not interact with the core material to
orm a solid solution during the heat treatment at 723 K for 10 h
n air.
Fig. 2. TEM image of 1.0 wt.% Li4Ti5O12 coated LiCoO2 particle.
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ig. 3. Cycling performance of pristine and 1.0 wt.% Li4Ti5O12 coated
iCoO2 samples heated at different temperatures for 10 h; charge–discharge:
.40–2.75 V; 0.2 C rate.

iculates over the surface of LiCoO2 particles that had an
verage thickness of ∼20 nm. The TEM image revealed that the
i4Ti5O12 coating remained on the surface of the core particles
fter calcination at 723 K.

The cycle performance studies were carried out with two dif-
erent strategies in order to establish the conditions required for
n excellent Li4Ti5O12 coating on the LiCoO2 samples as (a)
eat treatment at 623, 723, 823 and 923 K for 10 h as shown
n Fig. 3 and (b) heat treatment at 723 K for 5, 10 and 20 h
s shown in Fig. 4. Cell performance studies were also carried
ut for pristine LiCoO2 and 0.5, 1.0 and 2.0 wt.% of Li4Ti5O12
oated LiCoO2 between 2.75 and 4.40 V, as shown in Fig. 5.
he cycle efficiency and stability effects of Li4Ti5O12 coating
n the cycle performance of Li+/Li were compared based on a
reset cut-off value of 80% capacity retention (C.R.) and cal-
ulated with respect to the first-cycle discharge capacity of the
aterial.
From Fig. 3, it is observed that the cut-off regime was

34 mAh g−1 for the pristine LiCoO2 (168 mAh g−1) mate-
ial and it could sustain just 38 cycles, whereas the coated

amples heated at 623, 723, 823 and 923 K exhibited a cycle
tability of 74, 148, 114 and 89 number of cycles, respec-
ively. From Fig. 4, it is observed that the coated samples
eated at 723 K for 5, 10 and 20 h sustained 105, 148 and

ig. 4. Cycling performance of pristine and the 1.0 wt.% Li4Ti5O12 coated
iCoO2 samples heated at 723 K for 5, 10 and 20 h; charge–discharge:
.40–2.75 V; 0.2 C rate.
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ig. 5. Cycling performance of pristine and various wt.% Li4Ti5O12 coated
iCoO2; charge–discharge: 4.40–2.75 V at a 0.2 C rate.

25 cycles, respectively. Therefore, from the charge–discharge
ycle stability data, it is concluded that the Li4Ti5O12 coated
iCoO2 cathode materials heated at 723 K for 10 h had a well-
dhered coating surface and that resisted harmful interaction
ith the liquid electrolyte. Thus, from the above studies, the
ptimal heat treatment conditions were then followed to pre-
are the various wt.% coated Li4Ti5O12 coated LiCoO2 cathode
aterials.
From Fig. 5, it is observed that the 0.5, 1.0 and 2.0 wt.%

i4Ti5O12 coated samples exhibited enhanced cycling stability.
n Fig. 5, the number of cycles sustained by 1.0 wt.% Li4Ti5O12
oated LiCoO2 (171 mAh g−1) was 148 cycles compared to
he 0.5 wt.% (175 mAh g−1) and 2.0 wt.% (169 mAh g−1) coat-
ngs that sustained 68 and 75 cycles, respectively. Therefore,
t could be concluded that the 1.0 wt.% coating level is the
ptimum for this material to form a compact adhesive uni-
orm layer, which results in enhanced cycling performance
y resisting the inclination of Li1−xCoO2 to lose Co and O
ons from the lattice by chemical interaction with the harmful
cidic electrolyte solution, resulting in excellent cycle stability
6,7,9].

Fig. 6 represents the rate capability study for pristine LiCoO2
nd the Li4Ti5O12 coated LiCoO2 cathode materials when

ycled between 2.75 and 4.40 V at different c-rates. From Fig. 6,
t is observed that for c-rates 0.1, 0.2 and 0.4 C, the discharge
apacities for pristine LiCoO2 were 179, 172 and 159 mAh g−1

nd for the Li4Ti5O12 coated LiCoO2 cathode materials were

ig. 6. Cycling performance of pristine and 1.0 wt.% Li4Ti5O12 coated LiCoO2;
harge–discharge: 4.40–2.75 V; different c-rates: 0.1, 0.2 and 0.4 C.
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ig. 7. The dQ/dV vs. voltage curves of (a) pristine LiCoO2 and (b) 1.0 wt.%
i4Ti5O12 coated LiCoO2; charge–discharge at 4.40–2.75 V at a 0.2 C rate.

75, 171, and 163 mAh g−1, respectively. On the other hand,
hen the c-rates were applied in a descending order as 0.4, 0.2

nd 0.1 C, the cell showed a different effect on the discharge
apacities, which demonstrated the rate capability as shown in
ig. 6.

Thus, the Li4Ti5O12 coated LiCoO2 cathode materials
emonstrated a significantly higher rate capability compared
o pristine LiCoO2 material since the Li4Ti5O12 coating facil-
tated a channel for Li-ion diffusion that was not hindered
t the surface. Therefore, we conclude that the surface coat-
ng layer of Li4Ti5O12 organized to protect the surface from
aster impedance growth during the (de)intercalation processes
t higher current densities, resulting in smaller capacity fades.
ig. 7a and b shows the dQ/dV versus voltage plots for the pris-

ine LiCoO2 and the Li4Ti5O12 coated LiCoO2 cathode material
etween 2.75 and 4.40 V for 5, 10, 20 and 40 cycles and 1, 10,
0 and 90 cycles, respectively.

From Fig. 7a and b, it is observed that the charge and dis-
harge processes accompanied by transitions from hexagonal
o monoclinic to hexagonal phases for both the pristine and

he coated samples. During the first cycle, the charge–discharge
eaks were narrow and sharper and were centered at 3.94 and
.88 V, respectively, which corresponds to the oxidation process
ccompanied by delithiation of lithium ions from the lattices.

S
N
o

ources 174 (2007) 1147–1151

owever, after 40 cycles the transition peaks became broader
nd shifted to 4.00 and 3.82 V for pristine LiCoO2.

On the other hand, in Fig. 7b, the charge–discharge peaks
orresponding to the phase transitions were narrow and sharper
nd were centered at 3.95 and 3.84 V, respectively. After 90 con-
inuous cycles, the peaks shifted to 4.00 and 3.80 V with slight
hift redox potentials compared to the initial potential. Thus,
he pristine sample exhibited a large shift between the reduction
lithiation process) peaks (∼0.06 V) for 40 cycles, compared
o the coated samples the reduction peaks which shifted less
∼0.04 V) for 90 cycles [6,7].

Thus, it is evident that slower impedance growth on the
urface of the coated core materials was due to the presence
f Li4Ti5O12, which protects the loss of 3d metal ions and
xygen when the cells are charged at higher voltages [6,7],
hereas pristine LiCoO2 had faster impedance growth caused
y some side reactions with the liquid electrolyte involved
t the surface. The surface side reaction was supported by
PS results reported by Edstrom et al. [20], that the cath-
de material surface reacts with the electrolyte to form a
assive surface film of organic species and lithium-salt anion
polycarbonates, polymeric hydrocarbons, Li2CO3, LiF, LixPFy

nd LixPFyOz) dependent on electrode material type (LiCoO2,
iNi0.8Co0.2O2 and LiFePO4). Therefore, it is important to
ontrol the harmful reaction of the PF6 anion and other con-
aminants (CH3COO−, HF and PF5) with the electrode surface.
he results agree with the reports of Aurbach et al. [21], where
pon cycling, LiCoO2 undergoes a major capacity fade due to
he formation of surface films on the cathode that electronically
solates the components from each other and from the current
ollector.

. Conclusions

LiCoO2 was coated with Li4Ti5O12 particles by a simple
echano-thermal method. XRD results revealed that the sur-

ace of the LiCoO2 was coated with Li4Ti5O12 particles without
ny modification of crystal structure and lattice parameters of
he core material, and thereby confirmed that the coating parti-
les remained on the surface. The TEM images exposed that the
iCoO2 surface layer is formed of coated Li4Ti5O12 particles.
ycle performance studies revealed that the 1.0 wt.% Li4Ti5O12
oated LiCoO2 cathode material was about 3.9 times more stable
han pristine LiCoO2. The differential capacity plots demon-
trated that the Li4Ti5O12 surface coating protected the cathode
rom faster impedance growth and dissolution of strongly oxi-
ized Co ions during the cycling process. Therefore, capacity
etention and cycle stability were enhanced. This paper is the
rst report for clarifying the effectiveness of Li4Ti5O12 coating.
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