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bstract

Synchrotron based in situ X-ray diffraction technique has been used to study the mechanism of capacity fading of LiCoO2 cycled to a higher
oltage above the normal 4.2 V limit and to investigate the mechanism of capacity retention improvement by ZrO2 surface coating on LiCoO2.
t was found that the capacity fading of LiCoO2 cycled at higher voltage limit is closely related to the increased polarization rather than the bulk
rystal structure damage. The capacity of uncoated LiCoO2 sample dropped to less than 70 mAh g−1 when charged to 4.8 V after high voltage
ycling. However, when the voltage limit was further increased to 8.35 V, the capacity was partially restored and the corresponding structural
hanges were recovered to the similar level as seen in fresh sample. This indicates that the integrity of the bulk crystal structure of LiCoO2 was not
eriously damaged during cycling to 4.8 V. The increased polarization seems to be responsible for the fading capacity and the uncompleted phase

ransformation of LiCoO2. The polarization-induced capacity fading can be significantly improved by ZrO2 surface coating. It was proposed that
he effect of ZrO2-coating layer on the capacity retention during high voltage cycling is through the formation of protection layer on the surface
f LiCoO2 particles, which can reduce the decomposition of the electrolyte at higher voltages.

2007 Published by Elsevier B.V.
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. Introduction

During discharge–charge cycling, the LiCoO2 cathode under-
oes a series of structural changes with a wide range interlayer
istance (the lattice parameter “c”) variation as lithium ions
ntercalate or de-intercalate into or from the layered structure.

hen it is cycled within limited composition range (charging
oltage limited below 4.2 V), the capacity retention is very good.
nfortunately, at this voltage limit, only 50% of the lithium ions

an be extracted from the LiCoO2 cathode and the specific capac-
ty is also limited to 150 mAh g−1. More capacity will be utilized
f the charge limit can be raised above 4.2 V. The problem is, the
ell capacity fades very rapidly during high voltage cycling. If

his capacity fading problem (together with the thermal stabil-
ty problem) at higher voltage can be solved, it will significantly
ncrease the capacity and cycling life of the lithium battery using
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iCoO2 cathode material. Among the efforts to improve the
lectrochemical performance of LiCoO2 at high voltage, one is
o modify the cathode surface by coating LiCoO2 with various

etal oxides (such as Al2O3, and ZrO2 [1–3], etc.).
Although, various types of coatings have been studied

nd significant improvements in capacity retention have been
emonstrated, the mechanism of capacity fading during cycling
ith high voltage charge limit and the effects of surface coat-

ng is far from clear. It was reported by Cho et al. [1] that the
apacity retention of LiCoO2 type cathode material at high volt-
ge can be significantly improved through coating its surface
y ZrO2. These results were confirmed by Chen and Dahn [2].
owever, these two authors did not agree with the mechanism
f capacity fading of LiCoO2 at high voltage and the origin of
he effectiveness of the surface coating proposed by Cho et al.
n Cho et al.’s work, the effectiveness of ZrO2 surface coating

as attributed to the suppression of the variation of “c” axis
f the LiCoO2 unit cell. Using in situ XRD Chen and Dahn [2]
rovided creditable evidence to show that the ZrO2 coating does
ot affect the variation of lattice parameters during cycling at all.

mailto:wonsuby@bnl.gov
dx.doi.org/10.1016/j.jpowsour.2007.06.242
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y arguing the similarity of structural changes for both ZrO2-
oated and uncoated LiCoO2 during cycling with a voltage limit
s high as 4.3 V, they challenged the “zero-strain” mechanism
roposed by Cho et al. [1]. However, Chen and Dahn did not
rovide experimental data to show the main differences in struc-
ural changes during cycling between the coated and uncoated

aterials.
In our previous works [3], we showed that the ZrO2-coated

iCoO2 has a similar structural change behavior as the Al2O3-
oated LiCoO2 [4]. It was found that the variation range of the
c” axis is concurrently related to the capacity retention, that
s, the larger the range of the lattice parameter variation during
ycling, the better the capacity retention. We had suggested that
he increase of polarization is very closely related to the capacity
ading of LiCoO2 cycled with high voltage limit. Chen and Dahn
lso reported that the capacity fading of LiCoO2 cycled to 4.5 V
ight be due to the impedance growth, but not the structural

hanges of the bulk [6]. However, only first charge results on the
attice constant changes of ZrO2-coated and uncoated LiCoO2
ere presented in this reference, which was not sufficient to

upport their conclusion on the multiple cycling. Therefore, it is
ery important to investigate the structural changes of LiCoO2
fter multiple cycling when the samples have significantly faded
apacity. In our another work, we have provided the evidence
hat the effect of ZrO2 coating is very closely related to the
rotection of the LiCoO2 cathode surface and the reduction of
lectrolyte decomposition at higher voltages [5]. In that paper,
ne of the evidences for the effect of the ZrO2-coating layer on
he capacity retention improvement was the observation of the
omplete phase transformation series from H1 to O1 phases via
2 and O1a phases during a 5.5 V high limit charging for the
rO2-coated LiCoO2, which had been cycled at 4.8 V limit and
xperienced significant capacity fading. If the capacity fading
ere originated from the bulk structural damages caused by the

tress during cycling, quite different structural changes would
ave been observed.

However, it will be more convincing if the complete phase
ransformation series from H1 to O1 phases via H2 and O1a
hases can be observed for the uncoated LiCoO2 sample, which
ad gone through multiple cycles with high voltage limit and
uffered serious capacity fading. If this structural change behav-
or can be observed under certain charging conditions, it will
ell us that the integrity of the bulk structure is not seriously
amaged by the high voltage cycling, even for the uncoated
iCoO2 sample with significant capacity fading and so called
rO2 coating induced bulk structure stabilization effects pro-
osed by Cho et al. [1] is not valid. Therefore, we designed
xperiments to cycle the cell using uncoated LiCoO2 cathode,
hich had significant capacity fading due to 4.8 V cycling, to
voltage as high as 8.35 V and studied the structural changes

uring this charge. Structural changes studies were also carried
ut during the subsequent charge to show that the integrity of the
ulk structure of degraded LiCoO2 was not damaged seriously.

he results reported in this paper will provide further evidence to
upport the mechanism we proposed for the capacity fading dur-
ng 4.8 V limit cycling, as well as for the effectiveness of surface
oating.

t
4
o
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. Experimental

The LiCoO2 material with average particle size of 5 �m
as obtained from JESECHEM Corporation and the uncoated

amples were used as received. The ZrO2-coated LiCoO2 are
repared by mechanochemical method, which is explained in
etain elsewhere [3,5]. The observation of the coated particles
sing scanning electron microscopy shows that the coating layer
ooks like loose flakes or clusters of flakes attached to the sur-
ace of LiCoO2 particles similar to those reported previously by
annan et al. [7]. The cathodes used in this study were prepared
y slurrying the active material with 3% poly-vinylidene fluo-
ide (PVDF), and 10% acetylene black (w/w) in an n-methyl
yrrolidone (NMP) solvent, then coating the mixture onto Al
oil. After vacuum drying at 100 ◦C for 12 h, the electrode disks
2.8 cm2) were punched and weighed. The cathodes were incor-
orated into cells with a Li foil negative electrode and a Celgard
eparator. 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. For in
itu XRD cell, Mylar windows were used as has been described
n detail elsewhere [8]. In order to assure that the data collected
n the in situ cell is reliable, a parallel study using the standard
032 coin cell was conducted. The in situ XRD cell showed slight
ut negligible IR increases comparing with the reference coin
ell. In situ XRD patterns were collected on beam line X18A
t National Synchrotron Light Source (NSLS) at Brookhaven
ational Laboratory using a wide-angle position sensitive detec-

or (PSD). The wavelengths used were 0.9999 Å. The PSD can
ollect one XRD scan in a period as short as a few minutes
nd cover 90◦ of 2θ angles simultaneously with good signal to
oise ratio. It significantly reduced the data collection time for
ach scan, giving us a great advantage in studying the phase
ransition in real time. The 2θ angles of all the XRD patterns
resented in this paper have been recalculated and converted to
orresponding angles for λ = 1.54 Å, which is the wavelength of
onventional X-ray tube source with Cu K� radiation, for easy
omparison with other published results in literature.

. Results and discussion

In our previous report, we have shown that the ZrO2 coat-
ng is effective in improving capacity retention of LiCoO2 when
ycled to high voltage limit of 4.8 V. This was attributed to the
rO2-coating layer’s ability to protect the surface of LiCoO2 par-

icles from the precipitation of electrolyte decomposition [3,5].
n order to see if the uncoated LiCoO2 sample with significant
apacity fading due to the 4.8 V cycling will be able to complete
he phase transitions as the fresh sample under different charge
ondition, we also designed experiments to raise the charge limit
o a voltage as high as 8.35 V and investigated the difference
etween the structural changes of this uncoated LiCoO2 and the
rO2-coated LiCoO2.
Fig. 1 shows the 12th charge curves of the ZrO2-coated and
he uncoated LiCoO2 after cycling 11 times between 2.5 and
.8 V at C/4.5 rate. The charging current was calculated based
n theoretical capacity. The 4.8 V high voltage limit was chosen
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o accelerate the capacity fading of the samples in order to com-
lete the experiment in the given beamtime. The samples had
een cycled at C/4.5 rate from the 1st to 10th cycle and at C/15
ate in the 11th cycle. Since the samples had been cycled at a
ider voltage limit, their capacity had faded more significantly

ompared to other samples in the literature. In the 12th cycle, the
apacities achieved at 4.8 V was 100.14 mAh g−1 for the ZrO2-
oated LiCoO2 and 69.46 mAh g−1 for the uncoated. For the
rO2-coated LiCoO2, 54 scans of XRD spectra were collected
uring charging to 5.5 V and two more were collected during
ubsequent resting period. The selected XRD scan numbers are
arked on the charge curves. For the uncoated LiCoO2, 87 scans

f XRD spectra were collected during charging to 8.35 V and
2 more were collected during subsequent resting period.

The in situ XRD patterns collected during the 12th charge
f the cell using ZrO2-coated LiCoO2 cathode are plotted in
ig. 2 for the regions with Bragg reflections (indexed based on a
exagonal cell) from (0 0 3) to (1 0 2). The scan numbers marked
eside the patterns correspond to the numbers marked on the
harge curve for the ZrO2-coated LiCoO2 in Fig. 1. The first
hick line at the 21st scan indicates where the sample reached
.8 V and the second thick line at the 54th scan indicates where
he charge current was cut-off. After this scan, the resting period

tarted. All in situ spectra in this paper are treated in the same
ay. The structural changes of the LiCoO2 during first charging
ave been studied in literature [9–11]. It was reported previously
hat the structure of LiCoO2 starts as an H1 phase before charge,

ig. 1. The 12th charge curve of uncoated and ZrO2-coated Li1−xCoO2. The
ample was charged at C/4.5 rate to 5.5 V for the coated one and to 8.35 V for
he uncoated.
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ndergoes a series of phase transformation through H2, O1a,
nd finally to a hexagonal phase O1 at voltage around 4.8 V
9]. However, in Fig. 2, the peaks representing the O1a phase
re barely observed at 4.8 V. (0 0 1)O1a peak is very broad and
eak. (1 0 0)O1a peak is hardly recognizable and (1 0 2)H1 peak

s still present. This incomplete phase transformation at 4.8 V
s the apparent evidences that the sample had been deteriorated
ignificantly. After passing the 4.8 V, the sample underwent a
eries of phase transitions through the O1a phase ended at the
nal O1 phase at around scan 45 (∼5.3 V), which was delayed

o a much higher voltage region than those of the fresh LiCoO2.
ven though the phase transitions took place at higher voltages,

he same series of phase transitions as seen in the fresh samples,
rom H1 to H2, then O1a, and finally to O1 were observed. This
ndicates that the integrity of the bulk structure of the ZrO2-
oated LiCoO2 cathode was not seriously damaged during the
ycling. What has been changed most is at the surface, where the
ecomposition products of the electrolyte significantly increased
he impedance [5]. This result confirms that the ZrO2-coating
ayer has the surface protection effect on LiCoO2. It will be more
onvincing if we can monitor the true bulk structural damage
nd study the structural changes during the subsequent cycling.
herefore, we raised the charge limit to 8.35 V and collected

he in situ XRD patterns during charge for an uncoated LiCoO2
ample, which had gone through the same cycling history as the
rO2-coated LiCoO2.
Fig. 3 shows the in situ XRD patterns of uncoated LiCoO2
ollected during 12th charging to a high voltage of 8.35 V at
/4.5 rate. At 4.8 V (scan 15), the major phases observed were
1 and H2 phase. The first signature of the O1a phase was

ig. 2. The in situ XRD patterns of ZrO2-coated Li1−xCoO2 collected during
he 12th charge to 5.5 V at C/4.5 rate in the (0 0 3) to (1 0 2) range.
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bserved at 5.04 V which is much higher voltage than that
n ZrO2-coated LiCoO2. A small signature of O1a phase still
emains even after the cell voltage passed 5.69 V (scan 71).
he phase transformation to O1 phase seems to be completed at
.05 V (scan 83). The cell voltage shoots up to 8.35 V rapidly
fter scan 83. Although, each phase transition takes place at a
uch higher voltage value than those in Fig. 2 for ZrO2-coated
iCoO2, it can be clearly seen that the complete phase transfor-
ation from H1 to O1 phase was observed in uncoated LiCoO2
ith significant capacity fading. It demonstrates that the capacity

ading of the uncoated LiCoO2 is also related more closely to the
olarization increase rather than to the integrity damage of the
ulk structure. Thus the effect of ZrO2-coating layer is confirmed
o be more closely related to the protection of LiCoO2 surface
ather than structure stabilization. A very interesting structural
hange behavior should be noted in Fig. 3 is the structural rever-
al during resting period after cutting off the charging current:
he O1 phase reversed to the O1a phase during the resting period.
his is due to the non-uniformly distributed precipitation of the
lectrolyte decomposition products. This structural reversal dur-
ng resting had been observed for very high rate charging. Under
he condition of very high rate charging, the bulk structure is at
on-equilibrium state, after the charge current is cut-off, the sys-
em will be relaxed to its equilibrium state, reflecting a structural
eversal in its XRD patterns. For this uncoated sample after 4.8 V
ycling, large parts of the LiCoO2 particle surface were blocked

y the electrolyte decomposition products. This resulted in the
on-uniformity of lithium concentration at the surface and in the
ulk, as well as the non-equilibrium state of the phase transition,
hich is quite similar as the high rate charging, even when the

ig. 3. The in situ XRD patterns of uncoated Li1−xCoO2 collected during the
2th charging to 8.35 V at C/4.5 rate in the (0 0 3) to (1 0 2) range.
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ig. 4. The 13th charge curves of uncoated Li1−xCoO2 to 5.5 V at C/15 rate.
he sample was charged to 8.35 V at C/4.5 rate in the 12th charging.

eal charging rate was quite low. This is an additional supporting
vidence for the capacity fading mechanism we have proposed.

After this very high voltage charge at 8.35 V, we cycled the
ample used in Fig. 3 and collected the in situ XRD patterns dur-
ng the 13th charging to 5.5 V. Figs. 4 and 5 shows the charging
urve and the in situ XRD patterns collected. Since the sample
ad been charged to a very high voltage of 8.35 V and approxi-
ately 1.5 times the theoretical capacities of charges had been

erived from the sample, the problem caused by the electrolyte

ecomposition is much more severe. In the subsequent charg-
ng, i.e. in the 13th charging (Fig. 4), only 34% of the theoretical
apacities were achieved when charged to 5.5 V. In the practi-

ig. 5. The in situ XRD patterns of uncoated Li1−xCoO2 collected during the
3th charging to 5.5 V at C/15 rate in the (0 0 3) to (1 0 2) range.
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al upper cut-off voltage of 4.2 V, negligible capacities were
chieved. The in situ XRD patterns in Fig. 5 clearly show that
he cathode material is far from the equilibrium state indicated
y the charge curve. At the beginning of 13th charge, the starting
tructure is not the H1 structure it should be, but is a mixture
f O1a and O1 phase with the O1a phase being the dominant
hase. During charge, no changes were observed. The positions
f the peaks indexed to O1a phase and O1 phase did not move
t all and the intensities of those peaks did not change either. It
learly shows that the surface of the cathode particle had been
everely blocked. Further studies will be needed to see if the
ulk structure had been damaged too. The in situ XRD patterns
n Fig. 5 clearly show that the reduction in the variation range of
attice constants is a good gauge to monitor the capacity fading
f the cathode materials. This also further confirms that when
iCoO2 is cycled under 4.8 V, the major factor contributing to

he capacity fading is the polarization increase at the surface of
iCoO2.

. Conclusion

In this study, synchrotron based in situ X-ray diffraction has
een used to confirm the effect of ZrO2 coating on LiCoO2.
oth ZrO2-coated and uncoated LiCoO2 showed the completion
f the phase transformation from H1 to O1 via H2 and O1a at
.3 and 6.05 V. However, all the phase transitions started and
nished at much higher voltages than those for uncycled fresh
iCoO2. This demonstrates that the integrity of the bulk structure
f the ZrO2-coated LiCoO2 cathode was not seriously damaged
uring the cycling, what has been changed most is at the surface,
here the decomposition products of the electrolyte significantly
ncreased the impedance. In the subsequent cycling of uncoated
iCoO2 after charging to 8.35 V, the in situ XRD patterns show
o phase transformation, peak shift, or intensity variation of the
eaks. Thus, it could be concluded that the effect of ZrO2-coating

[

[
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ayer on the capacity retention improvement is on the protection
f the surface of LiCoO2 particles and reducing the electrolyte
ecomposition at higher voltages, not the stabilization of the
tructure. When cycled with a voltage limit at 4.8 V, the bulk
tructural damage is minimal.
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