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bstract

Synchrotron based in situ X-ray diffraction was used to study the structural changes of a ZrO2-coated LiCoO2 cathode in comparison with
he uncoated sample during multi-cycling in a wider voltage window from 2.5 to 4.8 V. It was found that the improved cycling performance of
rO2-coated LiCoO2 is closely related to the larger lattice parameter “c” variation range, which is an indicator of how far the structural change
as proceeded towards the two end members of the phase transition stream during charge–discharge cycling. At fifth charge, the lattice parameter
ariation ranges for both uncoated and ZrO2-coated LiCoO2 were reduced compared with those for the first charge, reflecting the capacity fading

aused by the high voltage cycling. However, this variation range reduction is smaller in ZrO2-coated LiCoO2 than that in the uncoated sample,
nd so is the capacity fading. These results point out an important direction for studying the fading mechanism and coating effects: the key issues
re the surface protection, the interaction between the cathode surface and the electrolyte and the electrolyte decomposition. In order to improve
he capacity retention during cycling, the variation range of lattice parameter “c” of LiCoO2 should be preserved, not reduced.

2006 Elsevier B.V. All rights reserved.
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. Introduction

LiCoO2 is the most widely used cathode material for com-
ercial lithium secondary batteries. It has been used as a cathode

ince the first commercialization of lithium secondary batter-
es. When a lithium ion cell or a Li/Li1 − xCoO2 half cell is
ycled within limited composition range (charging voltage lim-
ted below 4.2–4.3 V), it shows good capacity retention. How-
ver, at this voltage limit, only 50% of the lithium ions can be
xtracted from the LiCoO2 cathode. When the charge limit is
aised above 4.2–4.3 V, its capacity fades rapidly. If this capac-
ty fading (together with the thermal stability problem) at higher
oltage can be solved, more potential capacity will be utilized.
here have been many efforts to improve the electrochemical

erformance of LiCoO2 at high voltage. One technique is the
odification of the cathode surface by coating with various
etal oxides, e.g. Al2O3 [1], ZrO2 [2,3], etc.

∗ Corresponding author. Tel.: +1 631 344 6145; fax: +1 631 344 5815.
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Although various types of coatings have been studied and sig-
ificant improvements in capacity retention have been demon-
trated, the mechanism of capacity fading during cycling with
igh voltage charge limit and the effects of surface coating are
ar from clear. It was reported by Cho et al. [2] that the capacity
etention of LiCoO2 type cathode material at high voltage can
e significantly improved through coating its surface by metal
xides. They claimed that the coating LiCoO2 with high frac-
ure toughness oxides makes a zero-strain cathode material and
mong various metal oxides they tested, ZrO2 is the most effec-
ive one. In Cho’s work, the effectiveness of ZrO2 surface coating
as attributed to the suppression of the variation of “c” axis of the
iCoO2 unit cell which results in the improvement of the struc-

ural stability. The effectiveness of ZrO2 coating for improving
he capacity retention during high voltage cycling was also ver-
fied by Chen and Dahn [3]. However, they did not agree with

he mechanism of capacity fading of LiCoO2 at high voltage and
he origin of the effectiveness of the surface coating proposed
y Cho. Using in situ XRD Chen and Dahn [3] provided cred-
table evidence to show that the ZrO2 coating does not affect
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It would be great if this additional capacity can be utilized in
real battery cells. Unfortunately, the capacity retention becomes
rather poor when charge cutoff voltage is raised to 4.5 V. The
capacity at 50th cycle is 134.4 mAh g−1, which is only 71% of
86 K.Y. Chung et al. / Journal of P

he variation of lattice parameters during cycling at all. By argu-
ng the similarity of structural changes for both ZrO2-coated and
ncoated LiCoO2 during charge to a voltage as high as 4.3 V, they
hallenged the “zero-strain” mechanism proposed by Cho et al.
2]. However, Chen and Dahn did not provide experimental data
o show the main differences in structural changes during cycling
etween the coated and uncoated materials, and only suspected
hat the improvement of the cycling behavior may be caused by
reduction in the contact area between LiCoO2 and electrolyte.
herefore, how does the ZrO2 coating improve the capacity

etention has still not been answered yet. Using synchrotron
ased in situ XRD, Liu et al. [4] studied the effects of Al2O3
oating on capacity retention during high voltage cycling and
roposed the structural origin of these effects. Therefore, it will
e very interesting to see if the structural changes of ZrO2-coated
iCoO2 and Al2O3-coated LiCoO2 follow the same pattern.

In this paper, the results of high voltage cycling and in situ
RD of uncoated LiCoO2 and ZrO2-coated LiCoO2 by wet coat-

ng process samples will be presented. The in situ XRD data were
ollected on both coated and uncoated LiCoO2 multiple cycled
n the voltage range between 2.5 and 4.8 V (some cells were
harged as high as 5.2 V). The 4.8 V high voltage limit was
hosen for accelerating the structural damage of the uncoated
ample. Clear differences in structural changes between the
oated and uncoated LiCoO2 cathode materials were observed.
t was found that the larger the range in the lattice parameter “c”
ariation, the better the capacity retention. The variation range
f the lattice parameter “c” is a good indicator of how far the
tructural change has proceeded towards the two end members
f the phase transition stream during charge–discharge cycling.
t looks like that the major role of the ZrO2 coating is in pro-
ecting the surface of the cathode, but not in altering the bulk
tructure of cathode. This is in good agreement with the results
eported by Liu et al. [4].

. Experimental

The ZrO2-coated LiCoO2 by wet coating method are pre-
ared using the following procedures. Commercially available
iCoO2 with average particle size of 5 �m was used as a starting
aterial. Coating solution was prepared by dissolving 3 wt.%
r(OH)x(CH3COO)y (x + y − 4) in distilled water and stirring for
ore than 24 h at room temperature. Proper amount of LiCoO2

owders were added into the coating solution and ultrasonically
gitated for 30 min. The amount of LiCoO2 powders to be added
nto the coating solution was determined based on the calcula-
ion that makes the final product with 2 wt.% coating layer. Then
he solution was allowed to dry at room temperature followed
y vacuum drying at 120 ◦C for 2 h to completely remove the
esidual moisture at the surface of precursor powders. The final
roduct ZrO2-coated LiCoO2 powders were obtained by heat
reatment of the precursor powders at 500 ◦C for 6 h in a fur-
ace. The cathodes used in this study were prepared by slurring

he active material powder with 3% poly-vinylidene fluoride
PVDF) and 10% (w/w) acetylene black in a n-methyl pyrroli-
one (NMP) solvent, then coating the mixture onto Al foil. After
acuum drying at 100 ◦C for 12 h, the electrode disks (2.8 cm2)
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ere punched and weighed. The cathodes were incorporated
nto cells with a Li foil negative electrode and a Celgard sep-
rator. The electrolytes used were 1.2 M LiPF6 electrolyte in
3:7 ethyl carbonate (EC)/dimethyl carbonate (DMC) solvent.
he cells were assembled in an argon-filled glove box. Electro-
hemical characterization was performed in a standard coin cell
onfiguration. For in situ XRD cell, Mylar windows were used
s has been described in detail elsewhere [5]. All of these in
itu XRD spectra were collected on beam line X18A at National
ynchrotron Light Source (NSLS) at Brookhaven National Lab-
ratory using a wide angle position sensitive detector (PSD). The
avelength used were 0.9999 Å. The PSD can collect one XRD

can in a period as short as a few minutes and cover 90◦ of 2θ

ngles simultaneously with good signal to noise ratio. It signifi-
antly reduced the data collection time for each scan, giving us
great advantage in studying the phase transition in real time.
he 2θ angles of all the XRD spectra presented in this paper
ave been recalculated and converted to corresponding angles
or λ = 1.54 Å, which is the wavelength of conventional X-ray
ube source with Cu K� radiation, for easy comparison with
ther published results in literature.

. Results and discussion

Fig. 1 shows cycle performances of ZrO2-coated LiCoO2
nd uncoated LiCoO2 at various conditions. When LiCoO2 is
ycled between 3.0 and 4.2 V, it shows reasonably good capac-
ty retention. The initial and 50th cycle capacities are 142.4 and
25.6 mAh g−1, respectively. It retains 88% of its initial capacity
t 50th cycle. By increasing the charge cutoff voltage to 4.5 V,
he initial capacity increased to 188.0 mAh g−1, which is 32%
reater value than when the charge cutoff voltage was 4.2 V.
ig. 1. Comparison of cycle performances of ZrO2-coated LiCoO2 and uncoated
iCoO2 at various conditions.
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and small peaks from the phases which are present for a short
period of time may bury under the feet of larger peaks. The
structural changes of LiCoO2 shown in Fig. 3 are pretty much
K.Y. Chung et al. / Journal of P

ts initial capacity. Its decreasing tendency tells that it will be
ven worse in further cycling. In order to compare the effects
f high temperature annealing with surface coating on capacity
etention, the cycling performance data for a LiCoO2 cathode
hich had been annealed at 800 ◦C right before cell assembling

s also plotted in Fig. 1. It shows improved capacity retention
t the early stage of cycling and a slight increase in the ini-
ial capacity, comparing to the untreated sample. However, its
apacity fading becomes comparable to the untreated one as it
eaches around 40th cycle. One possible solution to improve the
apacity retention of LiCoO2 cycled at a wider voltage window
s coating its surface with metal oxides [1–3]. The cycle perfor-

ance of ZrO2-coated LiCoO2 shown in Fig. 1 demonstrates
hat surface coating is a much more effective way to reduce the
apacity fading than the high temperature annealing. Since the
mount of the coating material is very small (2 wt.% of LiCoO2),
he negative effects on the initial capacity is negligible. Actually,
he initial capacity for coated LiCoO2 when charged to 4.5 V is
90.2 mAh g−1, which is slightly lower than the 194.3 mAh g−1

or annealed sample but higher than the 188.0 mAh g−1 for the
ncoated one. This suggests that the surface of uncoated LiCoO2
ay have lost part of its capacity due to the surface reaction
ith air during storage period, while the surface coating pro-

ected the surface from this reaction and the annealing may have
estored the lost capacity. At 50th cycle, 176.9 mAh g−1 capac-
ty was obtained for this ZrO2-coated LiCoO2, which is 93%
f its initial value. In the term of percentage capacity reten-
ion, the ZrO2-coated LiCoO2 cycled between 3.0 and 4.5 V is
ven better than that of uncoated LiCoO2 cycled between 3.0
nd 4.2 V.

In order to study the effects of ZrO2 coating on the structural
hanges of LiCoO2 during cycling, and their relationship to the
apacity retention, synchrotron based in situ XRD technique
as used. In situ XRD patterns were collected during cycling
ncoated LiCoO2 and ZrO2-coated LiCoO2 between 2.5 and
.8 V. The wider cutoff voltage limits were used to accelerate
he deterioration of the sample, for the purpose of completing
he experiment in limited time. Fig. 2 shows the first and fifth
harge curves of uncoated LiCoO2 up to 4.8 V at C/4.5 rate.
he specific charge capacity obtained during the first charge is
94.6 mAh g−1, which is greater than the theoretical capacity
f LiCoO2 (273.9 mAh g−1). It is clear that part of this capac-
ty is not real but reflecting the electric current consumed to
ecompose the electrolyte at high voltage. Fifty-seven scans of
RD spectra are collected during charge and five more are col-

ected during subsequent resting period. The scan numbers are
arked on the charge curve. At fifth charge, the specific capacity
as 143.4 mAh g−1, which is less than half of its initial capac-

ty. Because the sample was cycled at a wider voltage window
f 2.5–4.8 V, capacity fading is even faster than that shown in
ig. 1. Note that that the first plateau at the fifth charge is moved
p to around 4.1 V from the 4.0 V region in the first charge.
his indicates that the cell polarization had been increased dur-
ng cycling, resulted from the impedance increase due to the
lectrolyte decomposition at high voltage.

The in situ XRD patterns collected during the first charge of
he cell using uncoated LiCoO2 cathode are plotted in Fig. 3 for

F
c

ig. 2. The first and fifth charge curves of uncoated LiCoO2 cycled between 2.5
nd 4.8 V at C/4.5 rate.

he regions with Bragg reflections (indexed based on a hexagonal
ell) from (0 0 3) to (1 0 4). The scan numbers marked beside the
atterns correspond to the numbers marked on the first charge
urve in Fig. 2. According to the previous reports, the LiCoO2
ndergoes phase transition of H1, H2a, H2, O1a, O1 during
harge to 5.2 V [4–7]. The final phase O1 is formed around 4.8 V
6]. The XRD spectra during first charge show this complete
hase transition. (0 0 3) peak of H1 phase at the beginning of
harge transformed to (0 0 1) peak of the final O1 phase at the
nd of charge through multiple phase transformations. The H2a
hase which is present for a short range of x value in Li1 − xCoO2
etween H1 and H2 phase are not as clearly observed in Fig. 3
s in the previous report [6], the reason for which is a greater
harging rate. When in situ XRD patterns are collected from the
ample cycling at high C rate, the peaks smear into one another
ig. 3. The in situ XRD patterns of uncoated LiCoO2 collected during the first
harge to 4.8 V in the (0 0 3)–(1 0 4) region.
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ig. 4. The in situ XRD patterns of uncoated LiCoO2 collected during the fifth
harge to 4.8 V in the (0 0 3)–(1 0 4) region. The sample was cycled four times
reviously between 2.5 and 4.8 V.

he same as reported in Ref. [5]. During the phase transition
rom H1 to H2a and H2, the lattice parameters “a” and “b” are
lmost unchanged, therefore, the (1 0 1), (1 0 2) and (1 0 4) peaks
or H2a and H2 phase are indistinguishable from those for H1.
t scan 43, new (1 0 0) and (1 0 1) peaks of O1a phase emerged

nd their intensity increased in expense of intensities of (1 0 1),
1 0 2) and (1 0 4) peaks of H2 phase during the subsequent scan.
inally, the peaks from H2 phase totally disappeared and O1a
hase started to transform once again to the O1 phase. The XRD
pectra collected during the first charge show that the phase
ransitions proceeded completely to the final phase O1 at the
nd of charge.

However, in the fifth charge for the uncoated sample, the XRD
pectra clearly show that this series of phase transitions did not
each the final structure O1 at the end of charge. Fig. 4 shows the
n situ XRD spectra collected during the fifth charge of uncoated
iCoO2. The phase transformation of (0 0 3)H1 proceeded only

o (0 0 1)O1a and (0 0 3)H2 is still present at the end of charge.
1 0 1) and (1 0 2) peaks from hexagonal phases are also present
t the end of charge. The (1 0 0) peak representing the O1a phase
s weak and broad, and no signature of the formation of final O1
hase can be observed. It reveals that at the end of fifth charge, the
tructure of the uncoated LiCoO2 is in a state of the two-phase
oexistence of H2 and O1a. This incomplete phase transition
ompared to those in the first charge clearly reflects the capacity
oss during multi-cycling. When lithium ions are deintercalated
rom LiCoO2, the average oxidation state of Co is increased to
ompensate the charge and the lattice parameter (mostly in “c”)
s contracted due to the smaller Co ion size at higher oxidation
tates. Therefore, the larger the variation ranges of the lattice
arameter, the larger the specific capacity. The reduced variation
ange means reduced amount of lithium can been deintercalated
rom the cathode during charge.
Now we can examine the structural changes of the ZrO2-
oated sample. Following the same trend to the cycle perfor-
ances shown in Fig. 1, ZrO2-coated LiCoO2 shows better

apacity retention comparing to the uncoated LiCoO2 during

d
r
d

ig. 5. The first and fifth charge curves of ZrO2-coated LiCoO2 cycled between
.5 and 4.8 V at C/4.5 rate.

ycling at a wider voltage window of 2.5–4.8 V. The first and
fth charge curves of ZrO2-coated LiCoO2 are shown in Fig. 5.
t was cycled at the same condition as for the uncoated LiCoO2
hown in Fig. 2, i.e. cycled between 2.5 and 4.8 V at C/4.5
ate. Specific charge capacity obtained during the first charge
as 250.6 mAh g−1. The reasons why the ZrO2-coated LiCoO2

hows smaller specific capacity during the first charge compared
o the uncoated LiCoO2 can be ascribed mainly to the reduc-
ion of the decomposition of electrolyte. The charge curve of
he first cycle in Fig. 5 shows smooth increase to 4.8 V unlike
he one in Fig. 2. The first charge curve in Fig. 2 shows some
uctuation after it passed 4.6 V, which is a strong evidence of
lectrolyte decomposition. It is very likely that ZrO2 coating
ayer isolates the LiCoO2 surface from the electrolyte and sup-
resses the decomposition of electrolyte by means of covering
he active centers which served as catalyst sites. Therefore, the
alse capacity from the electrolyte decomposition observed in
ig. 2 is not observed in Fig. 5, thus the calculated capacity
f ZrO2-coated LiCoO2 in the first charge is less than that of
ncoated LiCoO2. A total of 49 scans of XRD spectra are col-
ected during the first charging and 6 more are collected during
ubsequent resting period. At fifth charge, the specific capac-
ty obtained is 151.2 mAh g−1, which is greater than that of
ncoated LiCoO2 (143.4 mAh g−1) and about 60.3% of its initial
apacity. Therefore, it is certain that capacity retention of ZrO2-
oated LiCoO2 is better than that of LiCoO2 at a wider potential
ange of 2.5–4.8 V, following the same trend as in Fig. 1. Another
nteresting thing to note is that the coated one has less polariza-
ion than uncoated LiCoO2 during the fifth charging. The coated
ne forms the first plateau near 4.0 V while the uncoated one
orms near 4.1 V. This is consistent with our assumption that the
rO2 coating layer could protect the surface of LiCoO2 from

he precipitation of electrolyte decomposition products.

The in situ XRD patterns of ZrO2-coated LiCoO2 collected

uring the first and fifth charging are shown in Figs. 6 and 7,
espectively. Similar to the case of uncoated LiCoO2, the spectra
uring the first charge (Fig. 6) show complete phase transition to
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ig. 6. The in situ XRD patterns of ZrO2-coated LiCoO2 collected during the
rst charge to 4.8 V in the (0 0 3)–(1 0 4) region.

1. The phase transformations of ZrO2-coated LiCoO2 during
he first charging are very similar to those of uncoated LiCoO2.
owever, the phase transformations in the fifth charge of these

wo samples show significant differences. The XRD spectra dur-
ng fifth charge (Fig. 7) show phase transition to O1a, but the
eak of (0 0 1)O1a is much sharper and more intense compared
o that in fifth charge of uncoated LiCoO2 (Fig. 4). Although the
1 0 1)H2 and (1 0 4)H2 peaks of hexagonal phase do not disap-
ear completely, the intensity of (1 0 2)H2 peak does reduce to
lmost zero. The growing intensity of (1 0 0)O1a and (1 0 1)O1a
eaks and the peak sharpening at the end of charge give indi-
ation that the H2 phase completely transformed to the O1a
hase at the end of fifth charge. This clearly demonstrated that
rO2-coated LiCoO2 had reached a stage more close to the final

tructure at the end of fifth charge, comparing with the uncoated
iCoO2.

ig. 7. The in situ XRD patterns of ZrO2-coated LiCoO2 collected during the
fth charge to 4.8 V in the (0 0 3)–(1 0 4) region. The sample was cycled four

imes previously between 2.5 and 4.8 V.
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From the comparison of the in situ XRD spectra and capac-
ty retention of ZrO2-coated LiCoO2 and uncoated LiCoO2, it is
uite clear that the capacity loss is directly related to the reduced
ange of lattice parameter variation, reflecting the decreased
mount of lithium content change during lithium deintercala-
ion. The ZrO2 coating is playing a critical role in improving
he capacity retention of LiCoO2 at a wider cutoff voltage over
.5 V by forming a protecting layer at the surface of the LiCoO2
athode.

. Conclusion

Based on in situ XRD diffraction studies using synchrotron
-ray source, the effects of ZrO2 coating on improving the

apacity retention of LiCoO2 cathode cycled in wider voltage
indow and related structural changes have been studied. It was

ound that ZrO2-coated LiCoO2 shows better capacity retention
uring multiple cycling compared to uncoated LiCoO2 when
ycled at wider voltage window, i.e. 2.5–4.8 V. The structural
hanges show that larger lattice parameter variation range was
reserved. At the end of first charge, both uncoated and ZrO2-
oated LiCoO2 samples showed complete phase transformations
rom initial H1 phase to final O1 phase through multiple phase
ransformations. At fifth charge, the lattice parameter varia-
ion ranges for both uncoated and ZrO2-coated LiCoO2 were
educed, i.e. none of them could reach the final O1 structure.
owever, ZrO2-coated LiCoO2 showed less deterioration com-
ared to uncoated LiCoO2. Uncoated LiCoO2 did not complete
he phase transition into O1a phase and ended with a two-phase
oexistence region of H2 and O1a at the end of charge. In
omparison, the ZrO2-coated LiCoO2 almost completed phase
ransformation into O1a phase at the end of charge. It confirmed
hat the structural changes are closely tracking the performance
ifference between ZrO2-coated LiCoO2 and uncoated LiCoO2.
he incomplete phase transition after multiple cycling com-
ared to those in the first charge shows the capacity loss is
irectly related to the reduced range of lattice parameter varia-
ion, reflecting the decreased amount of lithium content change
uring lithium deintercalation. Therefore, the improvement of
apacity retention by coating is not related to the suppression
f structural changes during cycling as described in Ref. [2],
ut related to preserving the lattice parameter variation range,
n other words, the larger the lattice parameter variation range,
he larger the capacity. From the comparison of the polariza-
ion increases after multi-cycling between uncoated LiCoO2
nd ZrO2-coated LiCoO2, it can be clearly seen that the polar-
zation increase for ZrO2-coated sample is much less than the
ncoated one, indicating that ZrO2 coating layer may play an
mportant role in protecting the surface of LiCoO2 from the pre-
ipitation of electrolyte decomposition products. However, more
ork is needed to study the interactions between the LiCoO2
athode and the electrolyte during high voltage charging, the
ffects of coating on reducing the electrolyte decomposition and
he precipitation of decomposed products on the cathode sur-
ace, as well as on the structural changes related to the capacity
ading.



1 ower

A

r
F
o
w
0
u
S
T
t
b
S

R

[
[

[

[

[
(2001) 1.

[6] X.Q. Yang, X. Sun, J. McBreen, Electrochem. Commun. 2 (2000)
90 K.Y. Chung et al. / Journal of P

cknowledgements

The work done at BNL was supported by the Assistant Sec-
etary for Energy Efficiency and Renewable Energy, Office of
reedomCAR and Vehicle Technologies of the U.S. Department
f Energy under Contract Number DE-AC02-98CH10886. The
ork done at KIST was supported by a grant (code #: 04K1501-
1910) from ‘Center for Nanostructured Materials Technology’
nder ‘21st Century Frontier R&D Programs’ of Ministry of
cience and Technology, Korea and by ‘Development of Basic

echnology for Next Generation Li-composite Secondary Bat-

ery’ of KIST. We also appreciate the technical support from
eam-line personnel of X18A of National Synchrotron Light
ource (NSLS), which is supported by U.S. DOE.

[

Sources 163 (2006) 185–190

eferences

1] J. Cho, Y.J. Kim, B. Park, Chem. Mater. 12 (2000) 3788.
2] J. Cho, Y.J. Kim, T.J. Kim, B. Park, Angew. Chem. Int. Ed. 40 (2001)

3367.
3] Z. Chen, J.R. Dahn, Electrochem. Solid-State Lett. 5 (2002)

A213.
4] L. Liu, L. Chen, X. Huang, X.-Q. Yang, W.-S. Yoon, H.S. Lee, J. McBreen,

J. Electrochem. Soc. 151 (2004) A1344.
5] M. Balasubramanian, X. Sun, X.Q. Yang, J. McBreen, J. Power Sources 92
100.
7] X. Sun, X.Q. Yang, J. McBreen, Y. Gao, M.V. Yakovleva, X.K. Xing, M.L.

Daroux, J. Power Sources 97–98 (2001) 274.


	In situ XRD studies of the structural changes of ZrO2-coated LiCoO2 during cycling and their effects on capacity retention in lithium batteries
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgements
	References


