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a b s t r a c t

Sol–gel synthesized yttria-stabilized zirconia (YSZ) ceramic powders were coated on LiCoO2 cathode par-
ticles by a simple mechano-thermal process, calcined at 923 K for 10 h. The XRD patterns of YSZ-coated
LiCoO2 revealed a single-phase hexagonal �-NaFeO2-type structure with R3̄m symmetry of the core mate-
rial without any modification. The surface of LiCoO2 particles was coated with a uniform layer of YSZ that
had an average thickness of ∼20 nm, as observed from TEM images. The different binding energies of O 1 s
eywords:
athodes
iCoO2

hermal stability
ttria-stabilized zirconia
SZ

XPS data exhibited the presence of oxygen ions corresponding to the surface coated YSZ and LiCoO2. The
galvanostatic cycling studies for the coated materials suggest that 2.0 wt.% YSZ-coated LiCoO2 delivered
a stable capacity of 160 mAh g−1 between 2.75 V and 4.4 V vs. Li and a good cycle stability of about 142
cycles. The impedance growth was slower for LiCoO2 surface coated with YSZ, when cells were charged
at 4.4 V and 4.5 V. DSC results illustrated that the oxygen evolution exothermic peak at about 458 K was
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ithium-ion battery significantly smaller for Y

. Introduction

Layered LiCoO2 is the most stable cathode material used in
ithium-ion cells due to its excellent reversibility, high energy den-
ity, cycle stability and ease of preparation [1,2]. A practical level
f (de)lithiation is only 0.5 mol of lithium from LiCoO2 within the
oltage range of 3.0–4.2 V vs. Li+/Li, which delivers the maximum
heoretical capacity of 137 mAh g−1 [3]. Recently, major research
as been focused on achieving higher capacity by charging beyond
.2 V, but this led to failures due to some of the limitations of lay-
red LiCoO2, such as structural degradation, dissolution of Co4+ ions
nto the acidic electrolyte and faster impedance growth [4,5].

In order to overcome these limitations of bare LiCoO2, a new
lternative technique has been developed that safeguards the sur-
ace of the cathode by coating it with electrochemically inactive
xides, and protecting the active oxides (3d metal ion) particles
rom direct contact with the acidic electrolyte, in order to deliver
table capacities when cycled beyond 4.2 V. ZrO2 [4–7], Al2O3 [5–8],
iO2 [6–7,9], SiO2 [5,10], Co3O4 [11], CeO2 [12], AlF3 [13], and La2O3

14] coated cathode materials demonstrated enhanced capacity and
ycle stability. In addition to these coating materials of single metal
xides, we have examined the behavior of the mixed metal oxide,
gAl2O4 [15], as a coating material, which is mechanically robust

∗ 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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ated cathode materials.
© 2008 Elsevier B.V. All rights reserved.

nd chemically inert with a high refractory spinel structure. The
recursor materials and the method [4–14] adopted for coating play
vital role in forming a uniform and adhesive coating on the cath-
de materials with low temperature syntheses. Since YSZ is also a
ixed metal oxide with a behavior similar to MgAl2O4, we are inter-

sted in using YSZ as a coating material for surface modification of
iCoO2 in this work. Wang et al. [16] reported that the adhesion of
mol% YSZ to the LaxSr1−xMnO3 (LSM) cathode for a solid oxide

uel cell significantly enlarges the three-phase boundaries area and
eads to a pronounced improvement in electrochemical perfor-

ance, thermal and chemical stability, and electronic conductivity,
n addition to relatively good compatibility of the YSZ/LSM com-
osite electrode. The benefits from coating with YSZ focused our
ttention towards preparing various wt.% YSZ-coated LiCoO2 cath-
de materials by a mechano-thermal process in order to gain a
eeper insight into the electrochemical cell performance and ther-
al stability when charged at higher voltages.

. Experimental

(Y2O3)0.08(ZrO2)0.92 ceramic powders were synthesized by a
ol–gel process [17]. The solutions of Zr(OC4H9)4 and Y(NO3)3.6H2O

n iso-propanol were mixed to form the YSZ gel precursor and
eated at 1073 K for 10 h at a heating ramp of 2 K min−1 to yield
SZ ceramic powders.

The YSZ-coated LiCoO2 cathode was synthesized by a mechano-
hermal process with 0.1, 1.0, 2.0 or 2.5 wt.% of YSZ ceramic powder.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:gfey@cc.ncu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2008.07.016
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Fig. 1. X-ray diffraction patterns of (a) 2.0 wt.% of YSZ-coated and (b) pristine LiCoO2.

Fig. 2. TEM image of a 2.0 wt.% YSZ-coated LiCoO2 particle.
38 G.T.-K. Fey et al. / Journal of P

hemicals used were LiCoO2 powder (commercial product of FMC)
nd YSZ (prepared by a sol–gel method). The 0.04 g of YSZ (2 wt.%)
nd 2.0 g of LiCoO2 were each dispersed in 25 ml ethanol by a 1 h
onication, and stirred for 10 h and 3 h, respectively. The YSZ solu-
ion was added dropwise to the dispersed LiCoO2 solution after
onication for 1 h and stirred for 10 h at 298 K, followed by heat-
ng at 343 K with continuous stirring. After the removal of excess
thanol, a thick black slurry was formed. The obtained slurry was
ried in an oven at 383 K for 12 h to form a dry black powder, which
as heated at 923 K for 10 h in air at a heating ramp of 4 K min−1 to

orm a thin layer of YSZ-coated on LiCoO2.
Structural analysis was carried out using a powder X-ray diffrac-

ometer (XRD), Siemens D-5000, Mac Science MXP18, equipped
ith a nickel-filtered Cu-K� radiation source (� = 1.5405 Å). The
iffraction patterns were recorded between scattering angles of 15◦

nd 80◦ in steps of 0.05◦. The coated layer morphology of the par-
icle was examined by a JEOL JEM-200FXII transmission electron

icroscope (TEM) equipped with a LaB6 gun. X-ray photon spec-
roscopy (XPS) and the depth profiles were recorded by an electron
pectroscopy for chemical analysis (ESCA) instrument (VG Scien-
ific ESCALAB 250) with monochromatic Al-K� radiation 1486.6 eV.
he survey spectra were scanned in the range 0.00–1400.00 eV
inding energy (BE) in 1.00 eV steps.

The cathodes for electrochemical studies were prepared by a
octor-blade coating method as described in our previous work
11]. The coin type cells of the 2032 configuration were assembled
n an argon-filled VAC MO40-1 glove box. The prepared circular
isk of YSZ-coated LiCoO2 was used as the cathode, lithium metal
Foote Mineral) as the anode and a 1 M LiPF6 in 1:1 by volume ethy-
ene carbonate/diethyl carbonate (EC/DEC) (Tomiyama Chemicals)
s the electrolyte with a Celgard membrane as the separator. The
ell charge-discharge cycles were preformed at a 0.2C rate between
.75–4.4 V, 2.75–4.5 V and 2.75–4.6 V, at 293 K, in a multi-channel
attery tester (Maccor 4000).

Thermal stability analysis was carried out on a Perkin-Elmer
SC 7 differential scanning calorimetry (DSC) for pristine LiCoO2
nd YSZ-coated LiCoO2. The measurements were performed in a
itrogen atmosphere between 323 K and 623 K, at a heating rate of
K min−1. The samples for the DSC investigations were prepared
s described in our previous work [11].

. Results and discussion

Fig. 1a and b show the XRD patterns of 2.0 wt.% YSZ-coated
iCoO2 heated at 923 K for 10 h in air and pristine LiCoO2, respec-
ively. The diffraction patterns recorded for various wt.% YSZ coated

aterials conform to a single-phase hexagonal �-NaFeO2-type
tructure of the cathode material. The absence of secondary phase
eaks in the entire range of the diffraction patterns correspond-

ng to YSZ may be due to very low concentrations. Thus, the XRD
atterns of the YSZ coated particles show no basic change in the
and c lattice parameters, the 2� values of the peaks and their

(0 0 3)/I(1 0 4) ratios, which indicates that YSZ does not alter the
tructure of the core material when heated at 923 K.

Fig. 2 shows a TEM image of a 2.0 wt.% YSZ coated LiCoO2 par-
icle. The coating was a translucent thin compact layer of YSZ over
he LiCoO2 particles that had an average thickness of ∼20 nm. The
EM image revealed that the YSZ coating remained on the surface
f the core particles upon calcination at 973 K, due to the propensity

f YSZ to form an adhesive compact layer [16].

Fig. 3 shows the XPS spectra of O 1 s, at surface and a depth
f 20 nm, for YSZ coated LiCoO2. In Fig. 3, there is an unsymmet-
ical broad peak at a surface level with BEs of O 1 s at 531.69
nd 530.69 eV, which may be assigned to the oxygen bonded to

Fig. 3. XPS spectra of O 1 s for a 2.0 wt.% YSZ-coated LiCoO2 particle. The inset is the
depth profile of a 2.0 wt.% YSZ-coated LiCoO2 particle.
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Fig. 4. Cycling performance of pristine and various wt.% YSZ-coated LiCoO2;
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harge–discharge: 2.75–4.4 V; 0.2C rate. The inset shows charge-discharge at 0.1C,
.2C and 0.4C rates.

and Zr ions, respectively [18]. The O 1 s XPS profile at 20 nm
epth showed that the unsymmetrical peak shifted to a lower BE
t 529.6 eV with a low intensity shoulder peak. The low intensity
houlder peak at a 20 nm depth corresponds to the O 1 s bonded
ith Y and Zr ions, which can be attributed to the coated material

emaining principally on the surface. The high intensity BE peak
t 529.6 eV corresponds to O 1s bonded with Co-ions in the lat-
ice of the core material [18]. The peaks positioned at 531.69 eV
nd 530.69 eV at the surface and 529.6 eV at a 20 nm depth are evi-
ence that the coated material remains on the surface. As a result,
here is no influence on the chemical state or the BEs of the dif-
erent ions in the YSZ coated LiCoO2 sample. The inset of Fig. 3
hows the O, Co, Zr and Y atomic concentrations of distribution in
SZ coated LiCoO2 with a depth profile of the particle. The concen-
ration of cobalt increased to a depth of ∼20 nm and then leveled
ff. The high concentration of oxygen at the surface of the oxide
s reasonable due to the presence of YSZ oxygen content. The con-
entrations of Y and Zr were lower than three atomic percent at
he surface level. Beyond that, there was a gradually decrease in
he yttrium and zirconium concentration with the depth of the
article.

Fig. 4 compares the cycle performance of pristine LiCoO2, 0.1,
.0, 2.0 and 2.5 wt.% of YSZ coated LiCoO2 between 2.75 V and 4.4 V.
n order to study the efficiency of the various wt.% of YSZ coating on
he cycle performance of Li+/Li, a preset cut-off value of 80% capac-
ty retention was fixed and calculated with the first-cycle discharge
apacity of the respective material. From Fig. 4, it is observed that
he 0.1, 1.0 and 2.0 wt.% YSZ coated samples exhibited enhanced
ycling stability compared with pristine LiCoO2. Based on the cut-
ff regime, pristine LiCoO2 (168 mAh g−1) could sustain just 38
ycles. In Fig. 4, the number of cycles sustained by 2.0 wt.% YSZ
oated LiCoO2 (160 mAh g−1) was 142 cycles compared to 0.1 wt.%
166 mAh g−1) 1.0 wt.% (159 mAh g−1) and 2.5 wt.% (163 mAh g−1)
oatings which sustained 101, 131 and 43 cycles, respectively. It
s evident that the 2.0 wt.% YSZ coated sample exhibited good dis-
harge capacity and cycling stability. The 2.0 wt.% coating level may
e optimal to form a compact adhesive uniform layer that results

n enhanced cycling performance by protecting the core material

rom direct contact with the acidic electrolyte. The coating also
uppresses the tendency of Li1−xCoO2 to lose Co and O ions from
he lattice via chemical interaction with the acidic electrolyte and
llows it to retain good cycle stability [4,5,7].

c
[
t
c

ig. 5. Cycling performance of 2.0 wt.% YSZ-coated LiCoO2; charge–discharge:
.75–4.4 V; 2.75–4.5 V; 2.75–4.6 V at a 0.2C rate.

The inset of Fig. 4 shows the effect of YSZ coating on the rate
apability for the cell cycled between 2.75 V and 4.4 V at differ-
nt c-rates. The inset of Fig. 4 shows that for c-rates 0.1C, 0.2C
nd 0.4C, the discharge capacities were 168 mAh g−1, 163 mAh g−1

nd 156 mAh g−1, respectively, with smaller capacity fades. In a
escending order of c-rates, 0.4C, 0.2C and 0.1 C, the cell was able
o retrieve its capacities (inset of Fig. 4). Thus, the cell possessed a
ignificant rate capability and it is evident that the channel for Li
on diffusion was probably not hindered by the surface coated layer
f YSZ.

Fig. 5 shows the effect of YSZ coating on the cycling perfor-
ance when charged at higher cutoff voltages for 35 cycles between

.75–4.4 V, 2.75–4.5 V and 2.75–4.6 V at a 0.2C rate. The discharge
apacity was relatively high at 208 mAh g−1 for 2.75–4.6 V, but
70 mAh g−1 for 2.75–4.5 V and 160 mAh g−1 for 2.75–4.4 V. The
ristine LiCoO2 cathode cycled at 4.4 V showed a capacity of
64 mAh g−1 and when the cell was charged at 4.5 V, exhibited a
apid capacity fade [4,5]. Better cycle stability was observed for the
SZ coated LiCoO2 cell charged at 4.4 V and 4.5 V, rather than 4.6 V,
nd these results are comparable to the reports of Chen and Dahn
4,5]. They can be attributed to slower impedance growth on the
urface of the core materials due to the presence of YSZ, which
revents the loss of 3d metal ions and oxygen when the cells are
harged at higher voltages [4,5], whereas faster impedance growth
s caused by some side reactions at the surface of pristine LiCoO2.
urbach et al. [19] reported that upon cycling, LiCoO2 undergoes
major capacity fade due to the formation of surface films on the

athode. Edstrom et al. [20] conducted XPS studies, where the cath-
de surface was formed of organic species and their reactions with
he lithium-salt anion were more dependent on electrode material
ype. It is particularly important to reduce the impact of the PF6
nion and its related contaminants (HF and PF5) on electrode sur-
ace chemistry by the implementing more stable inactive coating
ayer.

Fig. 6 shows the DSC curves for overcharged pristine LiCoO2 and
.0 wt.% YSZ coated LiCoO2. The cathode material displays charac-
eristic exothermic peaks due to their thermal decomposition of
ristine materials at 447 K (44.6 J g−1) and YSZ coated materials
58 K (25.3 J g−1) which release oxygen. The coated sample showed
shift towards higher thermal decomposition by 11 K and the rel-
tive area under the peak was lower by a factor of three times over
ristine LiCoO2. Similar thermal stability was observed for the over-
harged AlPO4-coated LiCoO2 cathode material in the electrolyte

21]. Hence, it could be concluded that YSZ coated LiCoO2 has bet-
er thermal safety characteristics compared to the pristine LiCoO2
athode material.
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ig. 6. DSC scans of pristine and 2.0 wt.% YSZ-coated LiCoO2 after full charge at 4.4 V
s. Li for 20 h.

. Conclusions

YSZ coated LiCoO2 cathode materials were successfully synthe-
ized by a mechano-thermal method. XRD patterns of the coated
aterials did not show any change in the lattice parameters,
hich confirmed that the coating oxide remained on the surface, a
henomenon also evident from the XPS spectra. The TEM image

dentified that YSZ formed a compact coating over the cathode

articles. Cycling studies revealed an improvement in the cycle
tability of 2.0 wt.% YSZ coated LiCoO2, which is 3.7 times more
table than pristine LiCoO2. The coated cathode material charged at
he higher voltages of 4.4 V, 4.5 V and 4.6 V showed high discharge
apacities and good cycle stability compared to pristine LiCoO2. The

[
[

[
[

ources 189 (2009) 837–840

SZ-coated samples showed slower impedance growth on the sur-
ace of LiCoO2 and prevented the loss of 3d metal ions and oxygen.
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