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ABSTRACT

In this study, the mechanism of enhanced performance of ZrO,-coated LiCoO, especially at high potential
range is systematically investigated. Firstly, when overcharging to 4.5V (higher than 4.2V, the normal
cutoff charging potential), phase transformation from H1 to H2 takes place with less volume expansion
for ZrO,-coated LiCoO; (1.2% and 2.2% for as-received one). EIS analysis indicates the growth of interfacial
impedance during charging/discharging can be effectively suppressed with ZrO, coating on the LiCoO,
surface. It is demonstrated as well that cation mixing of the cycled LiCoO, caused by re-intercalation
of dissolved Co?* is inhibited with the ZrO, coating on the LiCoO,. Therefore the ZrO,-coated LiCoO,
shows great enhancement in the electrochemical properties with 85% capacity retention after 30 cycles
from 3 to 4.5V at a rate of 0.5C. Nevertheless, under the same evaluation process, the as-received LiCoO,
possesses only 21% capacity retention, which is resulted from the formation of polymeric layers by the
electrolyte decomposition on its surface, the higher volumetric changes during charging/discharging and
possible cation mixing by re-intercalation of the dissolved Co?*.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since the introduction of LixCg/Li; _xC0O, rechargeable battery
into the market by Sony nearly 20 years ago, LiCoO, is the most
widely used cathode material in commercial lithium ion batteries
due to its good balance between high energy density and cycling
performance. Among the hexagonal a-NaFeO,-type oxide materi-
als such as LiNiO, and LiMnO,, LiCoO, is the most stable cathode
material [1-3]. However, the charging limit is critical for a lithium
ion battery when LiCoO, is used as the cathode material. The prac-
tical capacity of Li;_xCoO, remains 140mAhg-! for x=0.5 when
it is charged up to 4.2V, which is 50% of the theoretical capacity
of 274mAh g-1. The limitation is owing to its structural instability
for x>0.5, where collapse of the crystalline structure takes place
rapidly. Another issue is the surface instability of LiCoO, due to
reactions with the electrolyte [4,5]. To solve this problem, many
studies have been carried out on the improvement of LiCoO, cath-
ode materials [6-15].
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Cho et al. [8,9] have first reported that a thin coating of high-
fracture-toughness metal oxides on LiCoO, can suppress the lattice
constant changes and hence suppress the phase transitions and
improve capacity retention during electrochemical cycling to 4.4 V.
Based on this result, Cho et al. called ZrO,-coated LiCoO, a “zero-
strain” cathode for lithium ion batteries. The suppression of phase
transitions has been further supported by using slow-scan cyclic
voltammetry data obtained at an upper voltage limit of 4.4V [16].
However, the mechanism of capacity fading of oxide-coated LiCoO,
during high voltage cycling was questioned by Chen and Dahn
[10]. They showed that ZrO, coating on the cathode material does
not affect the lattice constant changes, in contrast to the results
reported by Cho et al. [8,9]. They believed that the coating might
inhibit side reactions involving oxygen loss by reducing the con-
tact area between LiCoO, and the electrolyte. Chen and Dahn have
also reported that the capacity retention of LiCoO, was improved
by a simple heat treatment which causes the elimination of sur-
face moisture and chemical species [17]. Recently, Appapillai et al.
have shown that improved performance of AlPO4-coated LiCoO,
to bare LiCoO, is due to a difference in the surface microstruc-
ture rather than structural instability [18]. Liu et al. studied the
effect of Al, O3 coating on the cycling performance during high volt-
age cycling and proposed the mechanism from the point of view
of structural changes [19]. According to Kim et al. the improved
capacity retention is due to the suppression of cobalt dissolution
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from the LiCoO, cathodes with various metal oxide coatings [20].
However, the mechanism underlying the improved performance
in metal oxide-coated cathode materials is still under controversy,
and requires further investigations.

In our previous works, the influence of protective coat-
ings on the electrochemical performance of LiMn,04 is studied
[21]. Observation on the cycle life improvement in ZrO,-coated
spherical LiNij;3Coq;3Mny 3 cathode material was reported [22].
The improvement is attributed to be free from HF attack
by ZrO,-coating protection, which would not effect the Li*
insertion/de-insertion reactions. Investigation on ZrO,-coated
LiMng 5Nig50, cathode indicates the improved performance is
owing to a combination of two factors, viz. inhibition of elec-
trolyte decomposition on the surface and to the stabilization of
the layered structure [23]. In this study, the aid of in situ XRD
has made further advancements in our understanding on the role
played by ZrO, protective coatings, especially in the high voltage
region.

2. Experimental section

Commercially available LiCoO, material obtained from CERAC
was used as received. The heat-treated LiCoO, materials were pre-
pared by heating the as-received LiCoO, at 900°C with a heating
rate of 2°Cmin~'. The ZrO,-coated LiCoO, materials were prepared
by dispersing calculating amount of the commercial as-received
LiCoO, and Zr(OC3H7)4 in 1-propanol such that the final product
with 0.5wt% ZrO,-coating layer was obtained. The entire pro-
cess was carried out under continuous stirring at 80°C until fully
removal of the solvent. The resulting precursor was heated at 400 °C
for 10 h to obtain the ZrO,-coated LiCoO,.

X-ray diffraction measurements were carried out with a Rigaku
D/Max-RC X-ray diffractometer using Cu-Ko as the radiation
source. Scanning electron microscopy and transmission electron
microscopy characterizations were carried out, respectively, with
a JEOL JSM-6500F and JEOL JEM-1010 equipments. Electrochemi-
cal impedance spectroscopy measurements were performed using
an impedance analyzer (Solartron 1260 + 1286) over the frequency
range from 10% to 103 Hz with the amplitude of 10 mV. Differ-
ential scanning calorimetry experiments were carried out with
PerkinElmer Pyris 1. In situ X-ray diffraction (XRD) measure-
ments were carried out with synchrotron radiation source at beam
line 01C2 in the National Synchrotron Radiation Research Cen-
ter (NSRRC), Hsinchu, Taiwan. The beam line was operated at the
energy of 25 keV (wavelength (¢)=0.5166 A). The optical design for
the monochromatic beam is described as follows: the first mir-
ror focusing at the beam vertically and asymmetrically cut and
horizontally bendable a perfect single crystal as the diffraction
object monochromatically focused the beam. A single crystal of
Si(111) with about 10% asymmetric cutting was used to deliver
amonochromatic beam size 1 mm in diameter with a single spot at
the sample, which is about 24 and 6 m away from the source and
monochromatic, respectively. Flat imaging plane was used as a 2D
detector. The XRD pattern was read out by aMAC IPR420 off-line
imaging plate scanner.

The as-received, heat-treated or ZrO,-coated LiCoO, materials
were mixed with carbon black, KS6 graphite and polyvinylidene
fluoride binder in a ratio of 85:3.5:1.5:10 (w/w), respectively,
in N-methylpyrrolidinone to fabricate the positive electrodes.
The resulting slurry was coated on an aluminum current col-
lector. The entire assembly was dried at 120°C under vacuum
overnight. Lithium metal (FMC Corporation) was used as anode and
a polypropylene separator was used to separate the anode and the
cathode. The electrolyte solutions were 1.0 M LiPFg in ethylene car-
bonate (EC)-diethyl carbonate (DEC) (1:1 in volume). Studies on

the additives in electrolyte to Li* insertion/de-insertion were per-
formed with 1.0 M LiPFg in EC-DEC with additional 5.5 ppm Co or
0.01 M NaPFg. The fabrication of the cell was done in an argon-filled
glove box where both moisture and oxygen content were less than
1 ppm. The cells, then, were charged and discharged in different
voltage ranges at room temperature.

3. Results and discussion

The crystal structures of the as-received, heat-treated and
Zr0O,-coated LiCoO, particles were characterized by XRD and are
shown in Fig. 1. All the diffraction peaks could be attributed to
the typical hexagonal phase with space group of R-3m. The lat-
tice parameters of the ZrO,-coated LiCoO, (c=14.03A, a=2.81A)
are the same as that of heat-treated (c=14.01A, a=2.81A) and
as-received (c=14.03A, a=2.81A) LiCo0O,. On the other hand,
no peak is contributed from ZrO,-coating layer. It is suggested
that the bulk properties of LiCoO, did not change with ZrO,
coating.

The surface morphologies of the as-received, heat-treated and
ZrO;-coated LiCoO, were investigated by SEM (Fig. 2). It is clear
that the surface of both the bare and heat-treated LiCoO, appears
to be fairly smooth with clear outlines. Some small particles seem to
adhere on the surface of ZrO,-coated LiCoO, and can be considered
as the ZrO, layer. To gain further insight into the microstruc-
ture of the cathode particles, TEM studies were performed. Fig. 3
shows TEM images of as-received (a), heat-treated (b) and ZrO,-
coated LiCoO, (c) under different magnifications. Similar to SEM
image, the appearance of heat-treated LiCoO, particles is fairly
smooth. However, the as-received LiCoO, shows non-smooth sur-
faces with small particles. The inconsistency may be due to lower
resolution of SEM image. The small particles on the outer sur-
face of the as-received LiCoO, may be owing to reaction with
moisture, as concluded in the literature [17]. The TEM images
of ZrO,-coated LiCoO, shows a uniform ZrO, layer composted
of small nanoparticles. It is suggested that reduction in the con-
tact area between LiCoO, and electrolyte by the formed ZrO,
layer prevents from the interfacial reaction, especially at high
voltage.

In situ XRD was employed to study the effects of ZrO, coating
on the structural changes of LiCoO, during charge/discharge cycling
and their relationship to the capacity retention. The XRD patterns
were collected during charging the electrochemical cell from open
circuit potential (OCP) to cutoff potential of 5.5 V. Fig. 4a shows the
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Fig. 1. XRD patterns of (a) JCPDS, (b) as-received, (b) heat-treated and (d) ZrO,-
coated LiCoO,, respectively.
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Fig. 2. SEM images of as-received (a and b), heat-treated (c and d) and ZrO,-coated (e and f) LiCoO, under low and high magnifications, respectively.

1st charge curve of the as-received LiCoO,-assembled cell up at a
rate of 0.1C. The wiggles after the capacity of 280 mAh g~! indicate
the presence of electrolyte decomposition. The charge states for the
acquired XRD patterns are denoted in Fig. 4a and the corresponding
patterns are shown in Fig. 4b.It is clear that the as-received LiCoO,
undergoes a series of phase transformations from first hexagonal
phase (H1, points 1-7) through second hexagonal one (H2, points 8
and 9) to the final monoclinic one (01, points 10 and 11), which
is consistent with the results reported in the literature [24,25].
Comparing with the ZrO,-coated LiCoO, under the same charging
conditions as the as-received LiCoO,, similar phase transformation
is observed (Fig. 5), The wiggles, observed in the high voltage region
for the as-received LiCoO, cathode, were obviously reduced for
ZrO;-coated LiCoO, one. This result is believed to be due to sup-

pression of the electrolyte decomposition at high voltage region by
the surfaced ZrO, coating. Carefully evaluating the change of the
crystalline structure of the as-received and the ZrO,-coated LiCoO,
at each state, the variation of lattice parameters can be obtained
(Fig. 6). Basically, it appears that the change of lattice parameters
for the as-received sample was similar to that of the ZrO,-coated
one and the change is only observed in c-axis direction. The volume
expansion, during phase transition from H1 to H2 when charging to
4.5V, was calculated to be 2.2% and 1.2% for as-received and ZrO,-
coated LiCoO,, respectively (Fig. 6). It is reasonable that the lower
volume expansion observed for ZrO,-coated LiCoO, should be con-
tributed from the surfaced ZrO, coating, which would possibly
improve the capacity retention and rate capability when increasing
the cutoff voltage to 4.5V. Further, the inhibition of the H1-to-H2
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(b)

Fig. 3. TEM images of (a) the as-received, (b) heat-treated and (c) ZrO,-coated
LiCoO;.

Table 1

transition to prolonged charging state is observed, which may be
resulted from the ZrO, coating as well. Therefore, the observation of
lattice expansion in c-axis direction of LiCoO, is again confirmed.
However, it takes place after 4.5V for ZrO,-coated LiCoO, in our
case, in which the cutoff voltage is 4.4V for the studies by Cho et
al. It may not reach the state of H1-to-H2 phase transition.

Fig. 7 shows the electrochemical impedance spectroscopy (EIS)
experiments performed to investigate the resistance distribution in
the lithium cell assembled with as-received, heat-treated or ZrO,-
coated LiCoO, electrodes cycled between 3.0 and 4.5V at a rate of
0.5C. In general, each impedance spectrum consists of three parts.
The first semicircle at the high frequency region can be assigned to
resistance of the lithium ions migration in the electrolyte between
the two electrodes in the cell. The second semicircle at medium-
to-low frequency region explains charge transfer resistance at the
electrode/electrolyte interface where electrochemical reaction tak-
ing place on. The sloping line in the very low frequency region
is associated with the lithium ion diffusion in the bulk of the
active material. The Ry, Ry, Ry, and R values obtained for the
cells assembled with as-received, heat-treated and ZrO,-coated
LiCoO, electrodes are given in Table 1 along with the equivalent
circuit used to calculate the resistance values. It was reported that
the cell impedance was mainly determined by the charge trans-
fer resistance arising from the cathode material. It was found that
Rt of the as-received, heat-treated and ZrO,-coated LiCoO, was
188 2,452 and 14 2 after 1st cycle and 10333 €2, 809 €2 and 39 2
after 30th cycle, respectively. Thus, it is obvious that the R¢ of
the as-received sample increases drastically during cycling while
only slightly increase of the impedance for the heat-treated and
ZrO,-coated samples. Further considering the difference between
the heat-treated and ZrO,-coated samples, ZrO,-coating layer sig-
nificantly suppressed the growth of the R, which can be seen in
Fig. 7c. This may be explained by the fact that the surface film
formations are restrained and the decomposition of electrolyte is
suppressed at higher potentials on the surface of the ZrO,-coated
LiCoO,. These EIS results are in good agreement with the changes
in the charge and discharge profiles in different voltage ranges as
discussed below.

Higher capacity and better cycling performance were achieved
for ZrO,-coated LiCoO, material compared to that of as-received
and heat-treated LiCoO, materials. However, side reactions like dis-
solution of cobalt into the electrolyte reported by several authors
must be addressed [7,15]. It is pertinent to mention here about
a crystal shape algorithm [26] using which manganese dissolu-
tion in LixMn;04 prepared through different methods was studied

Electrolyte resistance (R.), surface film resistance (Rg), bulk resistance (Rp) and charge transfer resistance (R.) for the as-received, and heat-treated and ZrO,-coated LiCoO;

electrodes and the corresponding equivalent circuit.

Re Rsf Rb Rct w
CPEsf CPEb CPEct
— — — :

Material Cycle no. Re (2) Ry () R, (R2) Ret (2)

As-received LiCoO; 1 7.9 27.9 711.1 188.1
10 7.0 16.4 1685.0 2,726.0
20 7.2 35.2 1914.0 10,092.0
30 14.5 12.5 4632.0 10,333.0

Heat-treated LiCoO, 1 49 4.4 73.1 44.9
10 53 49 64.8 3393
20 4.2 6.9 45.5 633.2
30 43 6.7 49.4 809.0

Zr0,-coated LiCoO, 1 2.8 32.7 47.5 14.1
10 1.9 45.4 42.8 21.9
20 1.8 46.5 43.4 26.6
30 2.8 23.7 471 389
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Fig. 4. (a) The 1st charge curve of the Li cell assembled with the as-received LiCoO, electrode and (b) the in situ XRD patterns collected at the corresponding charge state
during 1st charge process.
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Fig. 5. (a) The 1st charge curve of the Li cell assembled by the ZrO,-coated LiCoO, electrode and (b) the in situ XRD patterns collected at the corresponding charge state
during 1st charge process.
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Fig. 6. Lattice parameter and phase changes of the as-received and ZrO,-coated LiCoO; as a function of capacity during first charge in the voltage range between 2.5 and

5.4V.

[27]. Use of this algorithm to study cobalt dissolution in LiCoO,
and LiCoO, coated with ZrO, would be interesting and is expected
to give more insights. However, this is beyond the scope of the
present paper and would be dealt with elaborately elsewhere. The
dissolved cobalt may cause re-deposition on the LiCoO, surface

and/or re-intercalation into the structure. If the cobalt ions avail-
able in the electrolyte are inserted in to LixCoO,, they could reside
at the lithium layers and encourage the cation mixing. To study the
degree of cation mixing, the conventional electrolyte was modified
with adding 5.5 ppm of Co and 0.01 M of NaPFg. The cycle charac-
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Fig. 7. EIS of the Li cells assembled with (a) as-received, (b) heat-treated, and (c) ZrO,-coated LiCoO; respectively, as the cathode after 1st, 10th, 20th and 30th cycles in the
potential range between 3.0 and 4.5V at 0.5C.
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1.0 M LiPFg + EC+DEC+0.01 M NaPFs.

teristics of the ZrO,-coated, heat-treated and as-received LiCoO,
electrodes charged and discharged between 3.0 and 4.5V are com-
pared and shown in Fig. 8. The cell was first cycled at 0.1Cfor 5 cycles
followed by increasing to 2C. The ZrO,-coated LiCoO, showed the
highest capacity retention when cycled in all the three different
electrolytes. Cation mixing was studied by calculating the R-factor
using the following equation:

R-factor = Yine = Yexp

YThe
where Yty is the ratio of peak intensity of Ipg3/l; 94 from the XRD
pattern of ideal LiCoO,, and Yy, is the ratio of peak intensity
of Ipo3/l104 from XRD pattern of LiCoO, from experiments after
cycling in different electrolytes. The R-factor is directly propor-
tional to cation mixing, i.e., the smaller the R-factor, the lower the
cation mixing. The calculated results (Table 2) indicate that the R-
factor is lower for the ZrO,-coated LiCoO, electrode compared to
that of the as-received and heat-treated electrodes in all the three
electrolytes. Hence, not only the avoidance of decomposition of
electrolyte, but also the higher capacity retention of ZrO,-coated
electrode could be attributed to the prevention of cation mixing
during cycling when compared to the as-received and heat-treated
LiCoO, electrodes.

The cutoff voltage has an influence on the electrochemical prop-
erties of the cathode material. Fig. 9 shows the charge/discharge
curves of the as-received, heat-treated and ZrO,-coated LiCoO,
and the corresponding capacity retention behaviors in the volt-
age range of 3.0-4.2V at a constant current density of 0.5C. It
is obvious that all these cathodes show similar initial charge
and discharge capacities (~140mAhg-1). As the cycle number
increases, however, the heat-treated and ZrO,-coated cathodes
exhibit excellent capacity retention, but the as-received cathode
degrades rapidly. After 30 cycles, the heat-treated and ZrO,-coated
samples maintained 94% and 97% of the initial capacities, respec-
tively, whereas the as-received sample retained only 43% to its
first-cycle capacity. The severe capacity loss of the as-received
LiCoO, during cycling to 4.2V could be the formation of surface
films on the surface of the particles which isolate their electronic
pathways particles from the current collector. Further the perfor-
mances of the heat-treated and ZrO,-coated samples are similar,
indicating no or rare formation of the surface films on their sur-
face. It may also tell that elimination of contaminations such
as moisture and organic species on the pristine LiCoO, surface
plays a key role on the inhibition of surface film formation. This
result clearly demonstrates that the structural change of LiCoO,
cycling up to 4.2V is not the reason for the poor capacity reten-
tion.
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Fig. 9. Charge/discharge plots and capacity retention behaviors of the as-received (a and b), heat-treated (c and d) and ZrO,-coated LiCoO, (e and f) electrodes cycled in the

potential window of 3.0 and 4.2V at a rate of 0.5C.

To understand the fading mechanism, all the three samples were
cycled up to 4.5 V. The charge/discharge curves of the as-received,
heat-treated and ZrO,-coated LiCoO, and the corresponding capac-
ity retention behaviors at a constant current density of 0.5C are
shown in Fig. 10. It is clear that all these cathodes have similar ini-
tial charge and discharge capacities (~190mAhg-1). As the cycle
number increases, the capacity fading rate is obviously different for
the three different samples. After 30 cycles, the heat-treated and
Zr0O;-coated samples maintain 80% and 85% of the initial capacity,
respectively, whereas the as-received sample retained only 21% of
its initial capacity. Undoubtedly, all the cathode materials show
severe degradation for cycling up to 4.5V. It appears that due to
higher upper limit of the potential window (4.5V), severe elec-
trochemical decomposition at the SEI triggers the formation of a
highly resistive surface film on the surface of LiCoO, causing capac-
ity fading. Further, the cation mixing from the re-intercalation of

the dissolved Co%* may contribute severe fading as well. Among
the heat-treated and the ZrO,-coated sample, the latter shows a
reduced cell polarization and better cycling performance. This pro-
vides further evidence that the ZrO,-coating layer provides some
protection for the surface of the LiCoO, form and reduces the elec-
trolyte decomposition at higher voltages.

The rate capability, especially the high rate discharge perfor-
mance is another important aspect for use of LiCoO, in many
applications. To compare the rate capability of all the three LiCoO,
samples, the charge and discharge cutoff voltages were fixed to 4.5
and 3.0V, respectively. Rates up to 2C have been investigated and
the results are shown in Fig. 11. It is noticed that about 85%, 48%,
and 0% of the first-cycle reversible capacity can be obtained at 2C
for the ZrO,-coated, heat-treated and as-received LiCoO,, respec-
tively. The superior rate capability of the ZrO,-coated LiCoO, could
be attributed to less phase transformations in this potential win-
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Fig. 10. Charge/discharge plots and capacity retention behaviors of the as-received (a and b), heat-treated (c and d) and ZrO,-coated LiCoO; (e and f) electrodes cycled in

the potential window of 3.0 and 4.5V at a rate of 0.5C.

Table 2
R-factors calculated from XRD patterns of as-received, heat-treated and ZrO,-coated
LiCoO; after cycling.

Material R-factor for LiCoO,?

As-received Heat-treated ZrO,-coated
Before cycling 0.09 0.18 0.06
Normal electrolyte® 0.72 0.39 0.22
Electrolyte +5.5 ppm Co 0.62 0.64 0.38
Electrolyte +0.01 M NaPFg 0.34 0.37 0.18

@ R-factor: (Yrne — Yexp)/Yrne, Where Yy is the intensity ratio Ipo3/I1 04 from XRD
pattern of ideal LiCoO; and Yk, is the intensity ratio Ipo3/I1 04 from XRD pattern of

LiCoO, from experiments.

b Normal electrolyte: 1.0 M LiPFs in EC-DEC (1:1 in volume).

dow (up to 4.5V), the suppression of electrolyte decomposition on
the surface and less cation mixing resulted from re-intercalation of
dissolved Co?*.

The thermal stability of cathode materials, especially at delithi-
ated state, is an important parameter to get an understanding on
the structural stability and the suitability for practical applica-
tions in lithium secondary batteries. The thermal stability of the
as-received, heat-treated and ZrO,-coated LiCoO, electrodes was
conducted at the state of 4.5V to Li using differential thermal
calorimetry (DSC) (Fig. 12). The amount of heat generated for the
as-received, heat-treated and ZrO,-coated LiCoO, was 142.9] g1,
122.9]¢g~1, and 115.2] g1, respectively. It can be seen that the
amount of the heat released is the least one for ZrO,-coated LiCoO,.
This could be attributed to the fact that the coated ZrO, on the sur-
face of the LiCoO,, electrode could introduce strong Zr-0 bonds on
the surface which in turn lowers the oxygen activity [28]. This result
clearly suggests that the ZrO, coating on LiCoO, protects the sur-
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Fig. 11. Rate capability tests of the as-received (a), heat-treated (b) and ZrO,-coated LiCoO, (c) electrodes cycled in the potential window of 3.0 and 4.2V at a rate of 0.5C.
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Fig. 12. DSC curves of as-received, heat-treated and ZrO,-coated LiCoO; electrodes
at the charge state of 4.5V.

face of the active material by suppressing the generation of oxygen
significantly, thereby improving the thermal stability at a higher
potential range.

4. Conclusion

In this study, we have carried out a systematic investigation
to understand the mechanism underlying the enhanced electro-
chemical performance of ZrO,-coated LiCoO,, especially in the high
potential range. Superior cycling stability, rate capability and ther-
mal stability of ZrO,-coated LiCoO, are attributed to difference
in the surface microstructure and structural stability, which sub-
sequently leads to the less volume expansion during charging,
inhibition of electrolyte decomposition and formation of surface

film. Less cation mixing caused by the re-intercalation of the dis-
solved Co?* ions by the surface ZrO, layer would be probably
another important reason for enhanced performance.
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