
E
b
a

C
P
a

b

a

A
R
R
A
A

K
C
C
3
L
L

1

i
g
p
i
T
p
H
e
d
i
o
w
i
t
a

o

0
d

Journal of Power Sources 184 (2008) 392–401

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

lectrochemical performance of LiCoO2 cathodes
y surface modification using lanthanum
luminum garnet

heng-Zhang Lua, Jin-Ming Chenb, Yung-Da Choa, Wen-Hsiang Hsua,
. Muralidharana, George Ting-Kuo Feya,∗

Department of Chemical and Materials Engineering, National Central University, Chung-Li 320, Taiwan
Material Chemical Laboratories, Industrial Technology Research Institute, Hsinchu 310, Taiwan

r t i c l e i n f o

rticle history:
eceived 15 January 2008
eceived in revised form 15 April 2008
ccepted 24 April 2008

a b s t r a c t

LiCoO2 particles were coated with various wt.% of lanthanum aluminum garnets (3LaAlO3:Al2O3) by
an in situ sol–gel process, followed by calcination at 1123 K for 12 h in air. X-ray diffraction (XRD) pat-
terns confirmed the formation of a 3LaAlO3:Al2O3 compound and the in situ sol–gel process synthesized
3LaAlO3:Al2O3-coated LiCoO2 was a single-phase hexagonal �-NaFeO2-type structure of the core mate-
vailable online 13 May 2008

eywords:
athodes
oating
LaAlO3:Al2O3

iCoO

rial without any modification. Scanning electron microscope (SEM) images revealed a modification of the
surface of the cathode particles. Transmission electron microscope (TEM) images exposed that the surface
of the core material was coated with a uniform compact layer of 3LaAlO3:Al2O3, which had an average
thickness of 40 nm. Galvanostatic cycling studies demonstrated that the 1.0 wt.% 3LaAlO3:Al2O3-coated
LiCoO2 cathode showed excellent cycle stability of 182 cycles, which was much higher than the 38 cycles
sustained by the pristine LiCoO2 cathode material when it was charged at 4.4 V.
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ithium-ion battery

. Introduction

The most popular cathode material used in commercial lithium-
on batteries is LiCoO2 because of its high electronic conductivity,
ood rate capability, ease of preparation and excellent cycling
erformance with a stable layered structure, where Li+ and Co3+

ons occupy alternate (1 1 1) planes of a rock salt structure [1–5].
he LiCoO2 cathode material exhibits excellent electrochemical
erformance with a high theoretical capacity of 274 mAh g−1 [6].
owever, from the layered structure, only 0.5 mol of lithium ion is
xtractable within the voltage range of 3–4.2 V vs. Li+/Li, which can
eliver a reversible capacity of around 140 mAh g−1 of the theoret-

cal capacity of LiCoO2 [7]. Alternatively, a higher capacity could be
btained from this material by charging it beyond 4.2 V vs. Li+/Li,
hich generally leads to a dissolution of strongly oxidized Co4+ ions

nto the electrolyte and a fast impedance growth on the surface of

he cathode during the (de)lithiation process, thereby negatively
ffecting capacity retention (C.R.) and cycle stability [8,9].

In order to prevent major chemical side reactions on the surface
f the cathode materials, novel approaches have been developed

∗ Corresponding author. Tel.: +886 3 425 7325; fax: +886 3 425 7325.
E-mail address: gfey@cc.ncu.edu.tw (G.T.-K. Fey).
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o coat the surface of cathode materials with various oxides to
mprove electrode performance in terms of cyclability, thermal sta-
ility, and high temperature capacity. Various groups of researchers
ave followed the surface coating technique to coat both layered
nd spinel cathode oxides, which resulted in improved cycle stabil-
ty and capacity retention even at higher voltages of the lithium
xtraction process. The surface of the cathode materials coated
ith Li2O·2B2O3 [10], Li4Ti5O12 [11], La2O3 [12], ZrTiO4 [13], Al2O3

8,14–16], ZrO2 [7,8,14,17], CeO2 [18], metal phosphate [19–21]
nd MgAl2O4 [22] demonstrated enhanced cycling performance in
erms of higher capacity. The materials used for surface coating
lay a significant role by shielding the highly active core material,
hereby preventing many side reactions that would lead to faster
mpedance growth. Chung et al. [17] have reported using in situ
-ray diffraction (XRD) to study the effect of a ZrO2 coating buffer

ayer on capacity retention during high voltage cycling when the
athode was protected from the electrolyte.

The surface coating procedure and the materials [7,8,10–21]
mployed for coating are integral to the configuration of a uni-

orm and well-adhered coating on the surface of the core material
ith low temperature syntheses. In general, ceramic materials are

uitable candidates due to their high thermo-mechanical stabil-
ty, resistance to both oxidizing and reducing atmospheres at high
emperatures, and resistance to attack by moisture and chemical

http://www.sciencedirect.com/science/journal/03787753
mailto:gfey@cc.ncu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2008.04.087


wer Sources 184 (2008) 392–401 393

r
g
g
c
l
i
a
d
3
t
a
r
p
i
c
w
c
s
a

2

2

t
c
A
a
t
i
a
t
s
w
1
3

2
c

s
c
d
s
0
3
b
a
f
l
o

p
M
(
s
m
e
s
o
m
T

F
b

p
c
i
r
i
r
0
t
E

d
w
d
w

m
a
r
(
a
i
A

7
c
n
1
a
4
c

C.-Z. Lu et al. / Journal of Po

eactions. Among the ceramic materials currently being investi-
ated, yttrium aluminum garnet (YAG) and lanthanum aluminum
arnet (LAG) ceramic powders are promising materials for opti-
al, electronic and structural applications [23–25]. In particular,
anthanum aluminum garnet mainly formed as 3LaAlO3:Al2O3
nstead of single La3Al5O12, with alumina that are possibly
morphous [23], finds many applications as superconducting
evices and dielectric materials with good thermal stability. The
LaAlO3:Al2O3 coating may play a dual role in improving elec-
rochemical properties of coated cathodes. Amorphous alumina
cts as an amphoteric oxide that scavenges PF6

− anion and its
elated contaminants (HF and PF5) produced during the cycling
rocess in the liquid electrolyte. LaAlO3 forms an adherent coat-

ng surface on the cathode material and acts as an electronic
onductor under specific circumstances [26–28]. In this paper,
e have attempted to synthesize different wt.% 3LaAlO3:Al2O3-

oated LiCoO2 cathode materials by an in situ sol–gel process and
tudy their electrochemical performance at higher charging volt-
ges.

. Experimental

.1. Synthesis of lanthanum aluminum garnet by a sol–gel process

Lanthanum aluminum garnet ceramic powders were syn-
hesized by an alkoxide sol–gel process [23]. Analytical grade
hemicals of lanthanum nitrate hexahydrate (La(NO3)3·6H2O,
ldrich), aluminum nitrate nonahydrate (Al(NO)3·9H2O, Aldrich)
nd ethylene glycol (EG) were used in the preparation process. Ini-
ially, Al(NO)3·9H2O and La(NO3)3·6H2O were dissolved separately
n deionized water with continuous stirring. Ethylene glycol was
dded as a complexing agent and mixed together to form the lan-
hanum alumina sol precursor solution. The sol was allowed to
et into a gel at 343 K, maintained in an oven and later the gel
as aged at 393 K for 48 h. The dried gel was heated at 1023 and

273 K for 10 h at a heating ramp of 2 K min−1 to yield crystalline
LaAlO3:Al2O3 ceramic powders.

.2. In situ sol–gel synthesis of lanthanum aluminum garnet
oated LiCoO2

Fig. 1 represents the in situ sol–gel coating procedure for the
ynthesis of 3LaAlO3:Al2O3-coated LiCoO2 cathode material. The
alculated amount of LiCoO2 cathode powders was dispersed in
eionized water and sonicated for 5 h and then added to the in
itu synthesized 3LaAlO3:Al2O3 sol precursor under sonication for
.5 h. The sonicated mixture was continuously stirred for 10 h at
53 K. The excess EG and water were evaporated to form a thick
lack gel. The gel was dried in an oven at 393 K for 48 h to form
dry black powder, which was calcined at 1023, 1123 and 1223 K

or 12 h in air at a heating ramp of 2 K min−1 to form a thin buffer
ayer of 3LaAlO3:Al2O3 coating on LiCoO2 within the weight ratios
f 0.5:99.5, 1.0:99.0 and 1.5:98.5, respectively.

Structural and phase analyses were carried out using a
owder X-ray diffractometer, Siemens D-5000, Mac Science
XP18, equipped with a nickel-filtered Cu K� radiation source

� = 1.5405 Å). The diffraction patterns were recorded between
cattering angles of 15◦ and 80◦ in steps of 0.05◦. The surface
orphology of the coated materials was studied using a scanning
lectron microscope, Hitachi model S-3500V. The sol–gel synthe-
ized 3LaAlO3:Al2O3 particle size and the coating layer morphology
f the coated particles were examined by a JEOL JEM-200FXII trans-
ission electron microscope (TEM) equipped with a LaB6 gun.

he sample for transmission electron microscope study was pre-
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ig. 1. Schematic for the 3LaAlO3:Al2O3-coated LiCoO2 cathode materials prepared
y an in situ sol–gel process.

ared by dispersing the powder in ethanol, placing a drop of the
lear solution on a carbon-coated copper grid, and subsequent dry-
ng. X-ray photon spectroscopy (XPS) and the depth profiles were
ecorded by an electron spectroscopy for chemical analysis (ESCA)
nstrument (VG Scientific ESCALAB 250) with monochromatic Al K�
adiation 1486.6 eV. The survey spectra were scanned in the range
.00–1400.00 eV binding energy (BE) in 1.00 eV steps. The elemen-
al analysis was carried out by an ICP/AES instrument (PE-SCIEX
LAN 6100 DRC).

The cathodes for electrochemical studies were prepared by a
octor-blade coating method. The cell performance of the cathodes
as evaluated with coin-type cells of the 2032 configuration. The
etailed procedure and operation were described in our previous
ork [11].

Coin cells cycled at different cycles were subjected to impedance
easurements. The impedance spectra were recorded using
Schlumberger 1286 electrochemical interface and frequency

esponse analyzer (Model 1255), driven by Corrware software
Scribner Associates). The frequency range was 65 kHz to 0.001 Hz
nd the amplitude of the perturbation signal was 20 mV. The
mpedance spectra were analyzed with Z-view software (Scribner
ssociates).

Thermal stability analysis was carried out on a PerkinElmer DSC
differential scanning calorimeter (DSC) for the bare and LAG-

oated LiCoO2 samples. The measurements were performed in a
itrogen atmosphere between 313 and 673 K, at a heating rate of
0 K min−1. The samples for the DSC experiments were prepared
s follows. The coin cells were first galvanostatically charged to
.4 V at a 0.2C rate and then potentiostated at 4.4 V for 10 h. The
oin cells were then opened inside a glove box. The cathode in
he coin cell was carefully removed, and the excess electrolyte was

iped with Kimwipes. The cathode was gently scraped from the

luminum current collector, loaded on to an aluminum pan, her-
etically sealed, placed in an airtight container, and transferred to

he DSC instrument.
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a solid solution or remained on the surface of the core material.
Fig. 7a–c displays the XPS spectra of O 1s, La 3d and Al 2p at depth
levels of 0 and 20 nm, respectively, for the LAG-coated LiCoO2 mate-
rial. The O 1s spectra in Fig. 7a exhibit a median intensity peak at a
ig. 2. X-ray diffraction patterns of the synthesized 3LaAlO3:Al2O3 particles heated
or 10 h at (a) 1023 K, (b) 1273 K and (c) JCPDS data.

. Results and discussion

.1. X-ray diffraction

Fig. 2a–c exhibits the XRD patterns for sol–gel prepared pure
LaAlO3:Al2O3 ceramic powders by calcination of dried gel at
023 and 1223 K for 10 h in air, and JCPDS # 82-0478 of LaAlO3,
espectively. In Fig. 2a, the dried gel calcined at 1023 K remained
rystalline embedded on an amorphous compound and when it
as further calcined at 1223 K for 10 h in air, resulted in the com-
lete formation of crystalline 3LaAlO3:Al2O3, in which Al2O3 was
morphous [23]. The pure phase of the synthesized 3LaAlO3:Al2O3
aterial could be indexed to the JCPDS # 82-0478 pattern [23], as

hown in Fig. 2c.
Fig. 3a–d shows the XRD patterns for 1.5, 1.0 and 0.5 wt.%

LaAlO3:Al2O3-coated LiCoO2 and pristine LiCoO2, respectively.
he diffraction patterns of all the materials conform to a single-
hase hexagonal structure of �-NaFeO2 type with space group R3̄m
ymmetry of the core material. The absence of secondary phases
n the complete range of diffraction patterns may correspond to
he presence of low concentrations of 3LaAlO3:Al2O3 particles. The
RD patterns of the coated particles revealed that the a and c lattice
arameters and the 2� values of the peaks did not change, which

ndicates 3LaAlO3:Al2O3 does not form a solid solution by interact-
ng with core material during the calcination process at 1123 K for
2 h.

.2. Morphology

Fig. 4 shows the TEM micrographs of bare LiCoO2 and LAG-
oated LiCoO2, as well as the micro-EDX spectrum of LAG-coated

iCoO2. The TEM image in Fig. 4b displays a compact La–Al–O
oating of 20–50 nm film on the surface of LiCoO2 grains, which
omposition was confirmed by the EDX spectrum in Fig. 4c. Fig. 5
isplays a scanning electron microscope (SEM) image and four cor-
esponding EDS maps of cobalt, oxygen, alumina and lanthanum in

F
3

urces 184 (2008) 392–401

iCoO2 coated with 1.0 wt.% 3LaAlO3:Al2O3. Very small spots were
ound to be highly dispersed on the coated LiCoO2 particles. The
pot intensity is an indicator of the element content or concentra-
ion. The denser the spot accumulation, the higher the spot content.
he spots were identified as cobalt, oxygen, alumina and lanthanum
y energy dispersed X-ray analysis, as shown in Fig. 5b–e, respec-
ively. The dense accumulation of cobalt and oxygen spots in Fig. 5b
nd c, where these patterns were similar to coated LiCoO2 parti-
les in Fig. 5a, clearly indicated that cobalt and oxygen were from
he core material of LiCoO2, not from the coating material. The
ess dense spots of alumina and lanthanum maps in Fig. 5d and

showed a uniform distribution in the sample on the surface of
he coated particles. There was no remarkable segregation of metal
lements in the mapping area, which indicated that each element
as uniformly coated on the surface of LiCoO2 grains.

The ESCA depth profiles of the 1.0 wt.% 3LaAlO3:Al2O3-coated
iCoO2 are shown in Fig. 6. It shows the O, Co, La and Al, atomic
oncentrations of distribution in LAG-coated LiCoO2 with a depth
rofile of the particle. The concentration of cobalt increased down
o a depth of about 10 nm and then leveled off. The high concentra-
ion of oxygen at the surface of the oxide was reasonable due to the
resence of LAG oxygen content. Beyond that, there was a gradual
ecrease in the lanthanum and aluminum concentration with the
epth of the particle. This observation indicated that a thin layer of
i–La–Al–Co–O was formed on the surface of LiCoO2 that protected
he LiCoO2 particles from being dissolved in the electrolyte [29,30].

The surface composition of the LAG-coated LiCoO2 was char-
cterized by XPS analysis to determine whether LAG had formed
ig. 3. X-ray diffraction patterns of (a) 1.5 wt.%, (b) 1.0 wt.%, (c) 0.5 wt.% of
LaAlO3:Al2O3-coated LiCoO2 and (d) pristine LiCoO2.
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Fig. 4. TEM/EDX images of bare LiCoO2 and a 1.0 wt.% 3LaAlO3:Al2O3-coated LiCoO2 particle by an in situ sol–gel method.

Fig. 5. A SEM image and the corresponding EDS maps of cobalt, oxygen, alumina and lanthanum in LiCoO2 coated with 1.0 wt.% 3LaAlO3:Al2O3.
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ig. 6. (a) ESCA depth profiles of an LiCoO2 particle coated with 3LaAlO3:Al2O3. (b)
epth profile of aluminum (expanded scale).

E of 532.8 eV and a slightly higher intensity peak at a BE of 531.1 eV
t a surface level of 0, which is in accordance with the reported
ata [31]. An intense peak at a BE of 530.5 eV refers to the oxygen

on bonded to the core material at 20 nm depth. The La 3d spec-
ra in Fig. 7b display an intense peak centered at a BE of 834.4 eV
nd a broad weak band at a BE of 860.0 eV at a surface level of 0.
he intense peak at 834.4 eV confirmed the presence of lanthanum
riginated from LAG coating on the surface of LiCoO2 particles. As
he depth approached 20 nm or deeper, both La 3d peaks at 860.0
nd 834.4 eV shifted to 857.7 and 833.1 eV, respectively, with much
eaker intensity indicating that at the surface level of zero the La

on bonded to the Al ion to form a La–Al–O thin film layer, and at the
urface level of 20 nm La ion bonded to the pristine LiCoO2 material.
n Fig. 7c, the well-resolved peak of Al 2p at 73.62 eV was observed
t a surface level of 0, but the same Al 2p peak was absent at a depth
f 20 nm, indicating that Al in LAG was present at the surface of the
ore material as a La–Al–O thin film. Thus, it could be concluded
rom the different depth level analyses of O 1s, La 3d, and Al 2p that
AG not only remained on the surface as a La–Al–O thin film, but
he La ion will partially diffuse into the core material to form a solid
olution (LiLayCo1−yO2) during the heat treatment.

In order to demonstrate whether the La–Al–O thin film will pre-
ent the Co oxidation to Co4+ or not, the amount of dissolved Co4+

n the electrolyte was quantitatively determined by ICP-AES anal-
sis. As shown in Table 1, the dissolved Co content of LAG-coated
iCoO2 cathodes was lower than that of pristine LiCoO2. The data
how that the LAG coating can effectively reduce dissociation of

iCoO2 into the electrolyte and supports that LAG coating increases
yclability. Therefore, the thin film layer of La–Al–O on the surface
f LiCoO2 plays an important role in preserving the structure of the
hell from the electrolyte.

3
d

3
a

able 1
CP-AES results of cobalt dissociation from LiCoO2 into the electrolyte and its cyclability

t.% of LAG-coated LiCoO2 Cobalt ion concentration in electrolyte (ppm)

.0 0.236

.5 0.019

.0 0.046

.5 0.024
ig. 7. XPS spectra of (a) O 1s, (b) La 3d, and (c) Al 2p of 1.0 wt.% 3LaAlO3:Al2O3-
oated LiCoO2 particles.

.3. Electrochemical properties

.3.1. Cycling performance of the coated samples calcined at

ifferent temperatures

Fig. 8 shows the discharge plots of pristine LiCoO2 and 1.0 wt.%
LaAlO3:Al2O3-coated LiCoO2 samples calcined at 1023, 1123
nd 1223 K between 2.75 and 4.4 V. The calcination temperature

Initial discharge capacity (mAh g−1) Cyclability (C.R. = 80%)

168 38
169 134
166 182
154 31
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Table 2
Comparison of the cell performance of different mixed-metal oxide coated LiCoO2

electrodes

Coating materials
(formula)

First-cycle capacity
(mAh g−1)

Cyclabilitya

(C.R. = 80%)
Reference

Bare LiCoO2 168 38 This work
ZrTiO4 166 132 [13]
MgAl2O4 164 116 (0.1C) [22]
Li4Mn5O12 175 125 [32]
Y3Al5O12 154 165 [33]
Li4Ti5O12 171 148 [34]
8 mol% Y2O3–92%
ZrO2

160 142 [35]
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2.75–4.4 V. In order to demonstrate the consequences of 1.0 wt.%
ig. 8. Cell performance of pristine LiCoO2 and 1.0 wt.% 3LaAlO3:Al2O3-coated
iCoO2 heated at 1023, 1123 and 1223 K for 12 h. Charge–discharge: 4.40–2.75 V;
.2C rate.

as optimized at the level where the coated samples synthe-
ized exhibited excellent cycling performance compared to the
ristine LiCoO2 material. A preset cut-off value of 80% capacity
etention was fixed and calculated with the first-cycle discharge
apacity (value in parenthesis) for each respective material. The
ischarge plots in Fig. 8 show the improved cycle stability of
he 3LaAlO3:Al2O3-coated samples calcined at 1023 and 1123 K
ompared to the pristine LiCoO2 cathode material and coated sam-
le calcined at 1223 K. Based on the cut-off regime, the pristine
iCoO2 (168 mAh g−1) could sustain just 38 cycles. On the other
and, the 1.0 wt.% 3LaAlO3:Al2O3-coated LiCoO2 calcined at 1123 K
166 mAh g−1) could sustain 182 cycles compared to 131 cycles for
he samples calcined at 1023 K (155 mAh g−1) and 34 cycles for the
amples calcined at 1223 K (162 mAh g−1). Therefore, from the dis-
harge capacity with cycle number data, it can be concluded that
he 1.0 wt.% 3LaAlO3:Al2O3-coated LiCoO2 cathode material cal-
ined at 1123 K for 12 h could yield a well-adhered coating surface
n the cathode material and defend it against the electrolyte.

.3.2. Cycling performance of the different wt.% coated samples
Fig. 9 presents the discharge plots of pristine LiCoO2 and 0.5,

.0 and 1.5 wt.% 3LaAlO3:Al2O3-coated LiCoO2 cathode materials
alcined at 1123 K between 2.75 and 4.4 V. The 0.5 and 1.0 wt.%
LaAlO3:Al2O3-coated samples exhibited enhanced cycling sta-
ility compared to the 1.5 wt.% and pristine cathode materials.
he number of cycles sustained by 1.0 wt.% 3LaAlO :Al O -
3 2 3
oated LiCoO2 (166 mAh g−1) was 182 cycles compared to 0.5 wt.%
169 mAh g−1) and 1.5 wt.% (153 mAh g−1) coatings that sustained
34 and 28 cycles, respectively. In general, a lower concentra-
ion of 0.5 wt.% coating would be advantageous economically,

ig. 9. Cell performance of pristine LiCoO2, 0.5, 1.0 and 1.5 wt.% 3LaAlO3:Al2O3-
oated LiCoO2 heated at 1123 K for 12 h. Charge–discharge: 4.40–2.75 V; 0.2C rate.
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AG
3LaAlO3:Al2O3)

166 182 This work

a 4.40–2.75 V, 0.2C rate.

ut it resulted in fewer cycles which demonstrated that the
ompact coating on the core material was not enough to resist
aster impedance growth. On the other hand, when the coating
evel was increased above 1.5 wt.%, the cycle stability and initial
apacity declined drastically, which could be attributed to the
resence of excess coating material between the particles that low-
rs particle–particle electronic conductivity and adversely affects
oulombic efficiency. From the charge–discharge data, it is clear
hat 1.0 wt.% 3LaAlO3:Al2O3 was the optimum concentration to
orm a compact coating buffer layer that improved cycling per-
ormance because it protected the cathode from direct interaction
ith the electrolyte that might have caused the formation of an

rganic species layer, which increased impedance and decreased
apacity. It also resisted the dissolution, by a chemical interaction
ith the electrolyte solution, of strongly oxidized Co ions from the

i1−xCoO2 lattice [8,9], as shown in Table 1. The cell cycling per-
ormance of 1.0 wt.% 3LaAlO3:Al2O3-coated LiCoO2 was compared
o the earlier reports of mixed oxide coated LiCoO2 electrodes in
able 2 [22,32–35]. It can be concluded from Table 2 that cycling
erformance improved after 3LaAlO3:Al2O3 was coated on the sur-

ace of the LiCoO2 electrode materials.

.3.3. Cycling performance of coated samples at different voltages
Fig. 10 exhibits the cycling performance of the coated sam-

les cycled between 2.75 and 4.2 V, 2.75 and 4.4 V, and 2.75 and
.6 V at a 0.2C rate for 25 cycles and the pristine cathode cycled at
LaAlO3:Al2O3 coating on cycling performance, the Li/LiCoO2 cells
ere cycled at different charge–discharge voltages and compared

o the pristine cathode material. A relatively high discharge capac-
ty of 195 mAh g−1 was shown for the cell cycled at 2.75–4.6 V,

ig. 10. Cell performance of 1.0 wt.% 3LaAlO3:Al2O3-coated LiCoO2 by an in situ
ol–gel method. Charge–discharge: 4.20–2.75 V; 4.40–2.75 V; 4.60–2.75 V at a 0.2C
ate.
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changes in the content of the conducting species in the solution
[42,43]. The high-frequency resistance of the cell in Fig. 12a and
b, as a function of cycle number, showed the resistance of the sur-
face film on the cathode particles were 20.87 � after 10 cycles to
ig. 11. Comparison of bare and 1.0 wt.% 3LaAlO3:Al2O3-coated LiCoO2 by an in situ
ol–gel method. Charge–discharge: 4.40–2.75 V at 0.2–4.0C rates.

66 mAh g−1 for 2.75–4.4 V and 131 mAh g−1 for 2.75–4.2 V. The
ristine Li/LiCoO2 cell cycled at 4.4 V showed a discharge capac-

ty of 164 mAh g−1, but its cycle stability declined faster compared
o the coated samples even when charged or discharged at higher
oltages, as in prior reports [8,9,19]. This demonstrated that the sur-
ace coating effectively protected the cathode materials by slowing
mpedance growth that occurred via side reactions with the elec-
rolyte and prevented the loss of 3d metal ions so that they were
eadily available at higher oxidation states. The coated samples
ad improved discharge capacity (195 mAh g−1) and cycle stability
hen charged at 4.6 V and these results are similar to the reports

f Chen and Dahn [8,9].

.3.4. Cycling behavior of coated samples at different C rates
Fig. 11 shows the rate capability data for bare and 1.0 wt.%

LaAlO3:Al2O3-coated LiCoO2 cathode materials when cycled
etween 2.75 and 4.4 V at different C rates. The discharge capacities
or the coated samples at 0.2, 0.4, 1.0, 2.0 and 4.0C rates were 167,
56, 81, 39 and 8 mAh g−1, respectively. When C rates were applied
n the reverse order as 2.0, 1.0, 0.4 and 0.2, the cell displayed a
ood reversibility in discharge capacity. It indicated that the 1.0 wt.%
LaAlO3:Al2O3-coated LiCoO2 cathode material possessed signifi-
ant rate capability even at higher rates and the channels for Li ion
iffusion were probably not hindered by the surface buffer layer of

anthanum aluminum garnet.

.3.5. Impedance studies
The impedance response of LiCoO2 cathodes in non-aqueous

lectrolytes has contributions from processes such as the trans-
ort of lithium ions in the electrolyte, charge-transfer across the
lectrode–electrolyte interface, and diffusion of lithium in the solid
xide matrix [36,37]. The Nyquist plots recorded for the pristine and
AG-coated samples are presented in Fig. 12. The high-frequency
emicircle represents the impedance due to a surface film on the
xide electrode, while the low-frequency semicircle is related to
slow charge transfer process at the interface, as well as a capaci-

ance at the film/bulk oxide interface. The Warburg tail implies that
he electrode processes under this condition are controlled by dif-
usion. The impedance spectra were analyzed by Z-view software

nd the data fitted to the equivalent circuit shown in Fig. 13 [38–41].
ere, Re is the electrolyte resistance, Rp is the resistance associ-
ted with particle-to-particle contact among the oxide particles
nd CPE1 is the contact double-layer capacitance due to the accu-
ulation of charged species at the surface of oxide particles. Rab is
ig. 12. Nyquist plots of (a) pristine and (b) 1.0 wt.% 3LaAlO3:Al2O3-coated LiCoO2

s a function of cycle number.

he resistance associated with the absorption reaction of adsorbed
ithium into the oxide and CPE2 is the capacitance arising from the
dsorption of lithium in the near-surface region of the oxide. ZW
s the finite length Warburg impedance for the diffusion of lithium
hrough the oxide film.

As can be seen from Table 3, the solution resistance, Re, under-
oes very small changes upon cycling from 2.96 to 5.94 � for
ristine and 1.3 � unchanged for the coated samples. The minor
hanges in solution resistance are attributed to the complicated
hemistry of lithium in electrolyte solutions, which leads to slight
Fig. 13. Equivalent circuit used for fitting impedance data.
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Table 3
Variation in the particle-to-particle resistance as a function of cycle number

Coating precursor Cycle number Re (�) Rp (�) Rab (�) CPE1 (F) CPE2 (F) ZW (�)

T × 10−6 P T × 10−3 P R T P

Pristine
LiCoO2

1 2.96 17.09 3.12 7.70 0.86 7.89 0.77 56 114 0.63
10 3.51 20.87 5.62 5.80 0.89 9.26 0.63 203 923 0.62
20 5.39 35.67 16.28 7.60 0.90 9.63 0.64 258 1185 0.65
30 5.56 51.24 24.58 6.90 0.91 9.15 0.66 359 2401 0.67
40 5.58 62.33 40.46 6.80 1.01 9.61 0.61 420 3015 0.81
50 5.94 100.24 50.51 7.60 1.21 9.77 0.80 674 4268 0.75

1.0 wt.%
LAG-
c
L

1 1.30 13.50 22.00 13.00 0.85 9.97 0.94 88 900 0.56
10 1.30 17.50 19.00 11.30 0.83 9.97 0.94 108 1000 0.59
20 1.30 16.50 14.00 12.10 0.83 9.97 0.91 104 1000 0.55
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O
SiO2-coated LiNi0.8Co0.2O2 after charging the cells to 4.3 V. Table 4
presents a comparison of the thermal analysis data for LAG-coated
LiCoO2 with previously reported results for coated LiCoO2 and
LiNi0.8Co0.2O2 electrode materials.
oated
iCoO2

30 1.30 17.20 14.50
40 1.30 19.30 17.40
50 1.30 31.80 20.20

00.24 � after 50 cycles for the pristine and 17.5 � after 10 cycles to
1 � after 50 cycles for the coated sample (Table 3). Therefore, the
ristine sample showed an increase in resistance of 79.37 � for 40
ycles, while the coated sample showed an increase of 13.5 � for 40
ycles. Table 3 also shows the resistance associated with the absorp-
ion reaction, Rab, of the cathode materials increased as the cycling
roceeded for pristine compared to coated samples. This result cor-
esponds to a fast increase in impedance growth over the surface
y a passive film on the pristine vs. the LAG-coated LiCoO2. Thus,
he equivalent circuit model remains the best fit of the Nyquist plot

easured for both pristine LiCoO2 and coated LiCoO2. In the case
f pristine and coated LiCoO2, the angle of depression of the second
emicircle varied depending on the insulation layer on the surface
f the LiCoO2.

The impedance results revealed that the passive surface film
42,43], which formed on the pristine cathode particles increased
esistance faster with cycle number (Fig. 12a). In contrast, forma-
ion of the passive surface film was controlled and the reaction
etween the electrolyte and the oxide particles was suppressed
n the LAG-coated LiCoO2 surface (Fig. 12b). The constituents of
he surface passive film (polycarbonates, polymeric hydrocarbons,
i2CO3, LiF, LixPFy and LixPFyOz) formed on the cathode particles
uring the electrochemical reaction changes with the oxide and
he electrolyte that increases the resistance of the surface film and
ynamically hinders the movement of the lithium ion during the
de)lithiation process [38,39]. Thus, during cycling, the formation
f a passive surface film, resulting in impedance growth of the
ristine LiCoO2 resulted in faster capacity fade and lower cycle
tability during repeated cycling compared to LAG-coated LiCoO2
amples.

.4. Thermal stability studies

One key requirement for the use of battery-active materials in
ommercial products is their thermal stability because of safety
oncerns. Li0.5CoO2 is known to decompose at temperatures above
73 K [44] through loss of oxygen according to the equation [45]:

i0.5CoO2 → (1/2)LiCoO2 + (1/6)Co3O4 + (1/6)O2

Fig. 14 shows the DSC curves for overcharged pristine LiCoO2 and
AG-coated LiCoO2. It can be seen from Fig. 14a that the maximum
n the heat profile occurs at 453 K for the pristine LiCoO2. However,

aximum heat flow was observed at 458 K for the LAG-coated sam-

le (Fig. 14b). Thus, the coating renders the cathode material less
eactive towards the electrolyte, enhancing its thermal stability.
he higher decomposition temperature of the coated material was
omplemented by its lower enthalpy of reaction (163 J g−1) com-

F
fi

2.60 0.81 9.97 0.91 103 1000 0.57
1.40 0.81 8.07 0.91 92 1000 0.48
5.00 0.79 7.95 0.90 97 1000 0.53

ared to the bare oxide (187 J g−1), as in shown Table 4. It is known
hat an exothermic reaction depends on the concentration of reac-
ants such as delithiated LixCoO2 and the amount of electrolyte
ompounds [46–48].

Fey et al. [49] reported that the poor structure stability of
ixCoO2, when cycled to high voltages above 4.2 V, could be
mproved by coating cobalt oxide on the surface of LiCoO2. In
ddition, they [12] also reported that the exothermic peak cor-
esponding to the release of oxygen at ∼464 K was significantly
maller for the La2O3-coated cathode material, reflecting its high
hermal stability. Cho et al. suggested that the AlPO4 [50–52],
l2O3 [51] and P2O5 [52] coatings might inhibit side reactions,
hich result in oxygen loss from LixCoO2 to the electrolyte, and

hereby improve the cycling stability. The total heat evolution
ecreased from 320 W g−1 for bare LiCoO2 to 0.1 W g−1 for AlPO4-
oated LiCoO2 samples [50]. However, the onset temperatures of
he AlPO4-coated LiCoO2 increased to 490 K, from 460 K for the
are samples. Cho et al. [52] also pointed out that the results
f both the P2O5-coated and AlPO4-coated samples showed that
he initial exothermic-reaction temperatures with flammable elec-
rolytes increased to 503 K (453 K for bare LiCoO2), and the coatings
reatly reduced the amount of exothermic heat generated by
pproximately one order of magnitude compared to bare LiCoO2.
manda et al. [53] reduced the exothermic reaction ∼50% with
ig. 14. DSC scans of (a) pristine and (b) 1.0 wt.% 3LaAlO3:Al2O3-coated LiCoO2 after
ve cycles with full charge at 4.4 V vs. Li for 10 h.
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. Conclusions

Different wt.% 3LaAlO3:Al2O3-coated LiCoO2 cathode materi-
ls were successfully prepared by an in situ sol–gel process. The
RD patterns confirmed that the core material retained its orig-

nal structure without any alteration upon coating with different
t.% of 3LaAlO3:Al2O3 particles. The TEM image displayed that

LaAlO3:Al2O3 was formed as a compact layer over the LiCoO2
athode particle. Coating improved cycle stability by primarily pro-
ecting the cathode surface from thick impedance film formation
hat is normally attributed to the surface chemistry of LiCoO2 and
he reactivity of the electrolyte at higher voltage charge–discharge
rocesses. The 1.0 wt.% 3LaAlO3:Al2O3-coated LiCoO2 cathode dis-
layed excellent cycle stability of 182 cycles, which was superior to
8 cycles sustained by the pristine LiCoO2 cathode material when
ycled between 2.75 and 4.4 V.
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