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Abstract

Improved cycling properties and thermal stability of LiCoO2 coated with cobalt oxides by a wet chemical process are described. XRD

studies showed that the values of the lattice parameters, a and c, were altered by the coating, indicating that substitutional compounds might

have formed on the surface upon calcination. TEM studies on 0.3-wt.% cobalt oxide-coated LiCoO2 suggested that cobalt oxides formed a

uniform coating over the cathode material. SEM images, R-factor values from XRD studies and galvanostatic cycling studies indicated that a

coating level of 0.3 wt.% produced optimal performance in terms of capacity and cyclability. Cyclic voltammetric curves suggested that the

coating suppressed the cycle-limiting phase transitions that occur at potentials above 4.1 V vs. Li+/Li. Charge–discharge studies with a 0.3-

wt.% cobalt oxide-coated LiCoO2 material showed a 12-fold improvement in cyclability. Differential scanning calorimetric data revealed the

higher thermal stability of the coated cathode materials.
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1. Introduction

The advent of lithium-ion battery technology in 1990,

when Sony Energytec unveiled the first commercial lithium-

ion cell [1], marked the beginning of a new era in portable

power sources. However, with increasing demands for

smaller, lighter batteries with higher energy densities and

longer cycle lives, tremendous effort is being expended in

the synthesis of novel battery-active materials with superior

properties, as well as effecting improvements in currently

available materials. The most popular cathode material in

use today is LiCoO2, which has a hexagonal a-NaFeO2-type

structure. In this structure, the cobalt ions reside in

octahedral interstitial sites in a cubic closely packed array

of oxygen atoms in such a way that the CoO2 layers are

formed by edge-sharing [CoO6] octahedra. The lithium ions
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are present in octahedral [LiO6] coordination between the

CoO2 layers. The repulsive forces between the adjacent

layers of oxide ions are compensated by the cations residing

between the layers [2,3]. Because complete delithiation of

LiCoO2 would lead to thermodynamically unstable CoO2,

for practical secondary battery applications, only about 0.5

Li per molecule is cycled, which translates to a charge

density of about 140 mAh/g. Moreover, delithiation of

LiCoO2 is accompanied by an expansion of the host lattice

in the c-direction, as a result of the increased electrostatic

repulsion between adjacent oxygen layers [4,5] and a

contraction in the Co–Co distance [6,7]. The anisotropic

volume change causes a structural degradation of the host

material during repeated cycling, leading to large capacity

fades [8,9].

Several transition and nontransition metal ion substitu-

ents have been examined not only for their possible role in

improving the cathodic properties and thermal stability of

LiCoO2, but also in suppressing crystallographic transitions

at high potentials. In general, it was found that small

amounts of substituents enabled high-voltage cycling by
ogy 191 (2005) 68–75
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suppressing the phase transitions. However, when substitut-

ing with nontransition metal ions, any improvement in

structural stability was achieved at the expense of the

deliverable capacity [10–13], while transition metal ion

substituents reduced the working voltage of the cell [10,14–

19]. In recent years, an alternative approach has been

adopted to enhance the cyclability of cathode materials,

wherein the cathode particles are coated with a thin layer of

oxide materials, such as Al2O3 [20–23], B2O3 [22], MgO

[24–26], SnO2 [27], TiO2 [22], and ZrO2 [22]. Some authors

suggest that the coating materials form substitutional oxides

on the cathode surface, which bestow improved structural

stability to the core material and enhance its cyclability

[24,27]. Cho et al. [22] suggest that coatings with high

fracture-tough materials suppress the cycle-limiting phase

transitions associated with the intercalation–deintercalation

processes.

It has been suggested that Co3O4, as a coating material,

enhances the cyclability of LiMn2O4 by possibly blocking

the dissolution of manganese from the spinel [28]. In this

paper, we present the results of our study on the

physicochemical and electrochemical cycling performance

of commercial LiCoO2 powders coated with cobalt oxides

by a wet chemical process. The coated cathode powders

have also been examined for their thermal stability.
2. Experimental

The procedure adopted for coating LiCoO2 with cobalt

oxides is as follows. An aqueous solution of ammonia was

added to Co(NO3)2d 6H2O, until a deep-blue hexaammo-

nium cobalt complex was formed. This ammoniacal solution

was sonicated with a commercial sample of LiCoO2

(Coremax Taiwan) for 1 h. The sample had a particle size

in the range 2–10 Am. To the mixture, an excess amount of

an ethanolic solution of dimethyl glyoxime was added

dropwise with constant stirring over a period of 5 min. The

stirring was continued for 2 h, after which the solvents were

slowly evaporated: ethanol at 60 8C and water at 80 8C. The
resulting black mass was fired at 450 8C for 10 h in air. The

amounts of LiCoO2 and Co(NO3)2d 6H2O taken were such

that in the LiCoO2: cobalt oxides weight ratios in the final

products were 99.9:0.1, 99.7:0.3, 99.0:1.0, 97.0:3.0, and

95.0:5.0. Cobalt oxide-coated LiCoO2 was also made from a

precursor of cobalt acetate in methanol in a manner similar

to the one adopted in this study.

An X-ray diffractometer (Siemens D-5000, Mac Science

MXP18) equipped with a nickel-filtered Cu–Ka radiation

source was used for structural analysis. The diffraction

patterns were recorded between scattering angles of 58 and
808 in steps of 0.058. BET surface area measurements were

carried out on a Micromeritics ASAP 2010 surface area

analyzer. The surface morphological studies were carried

out on a scanning electron microscope (Hitachi model S-

3500V). The microstructures of the coated particles were
examined by a JEOL JEM-200FXII transmission electron

microscope equipped with an LaB6 gun. The samples for

TEM studies were prepared by dispersing the coated

powders in ethanol, placing a drop of the clear solution on

a carbon-coated copper grid, and subsequent drying.

Coin cells of the standard 2032 configuration were

assembled in an argon-filled VAC MO40-1 glove box, in

which the oxygen and water contents were maintained

below 2 ppm. Lithium metal (Foote Mineral) was used as

the anode, and a 1 M solution of LiPF6 in EC/DEC (1:1 v/v;

Tomiyama Chemicals) was used as the electrolyte. The

cathode was prepared by blade-coating a slurry of 85 wt.%

coated active material with 10 wt.% conductive carbon

black and 5 wt.% poly(vinylidene fluoride) binder in N-

methyl-2-pyrrolidone on an aluminum foil, drying overnight

at 120 8C in an oven, roller-pressing the dried coated foil,

and punching out circular discs. The cells were cycled at a

0.1-C rate (with respect to a theoretical capacity of 274

mAh/g) between 2.75 and 4.40 V in a multichannel battery

tester (Maccor 4000). Phase transitions occurring during the

cycling processes were examined by slow scan cyclic

voltammetric experiments, performed with a three-electrode

glass cell. The working electrodes were prepared with the

cathode powders as described above but coated on both

sides of the aluminum foil. Lithium metal foil was used as

both counter and reference electrodes. The electrolyte used

was the same as that for the coin cell. Cyclic voltammo-

grams were run on a Solartron 1287 Electrochemical

Interface at a scan rate of 0.1 mV/s between 3.0 and 4.4 V.

Thermal characterization of the coated and bare LiCoO2

powders was done on a Perkin-Elmer DSC 7 differential

scanning calorimeter. The measurements were made in a

nitrogen atmosphere between 150 and 320 8C, at a heating

rate of 3 8C/min. The samples for the DSC experiments

were prepared as follows. The coin cells were first

galvanostatically charged to 4.4 V at a 0.1-C rate and then

potentiostated at 4.4 V for 20 h. The coin cells were then

opened inside a glove box. The cathode of the coin cells was

carefully removed, and the excess electrolyte was wiped

with a KimwipesR cloth. The recovered materials had 10–

15 wt.% electrolyte. The cathode mix was gently scraped

from the aluminum current collector, loaded on to an

aluminum pan, hermetically sealed, placed in an airtight

container, and transferred to the DSC instrument.
3. Results and discussion

3.1. X-ray diffraction

The X-ray diffraction patterns of the bare and coated

LiCoO2 powders (Fig. 1) conform to the R3m symmetry of

the core material. The fact that no diffraction patterns

corresponding to the coating material were observed

suggests that the cobalt oxide coating was present as a thin

film and possibly as a mixed oxide formed by interaction



Table 1

Lattice constants and R-factor values of the uncoated and cobalt oxide-

coated LiCoO2 samples

Composition y a (2) c (2) c/a R-factor Unit cell

volume (2)3

(100�y)

wt.% LiCoO2+

( y) wt.%

cobalt oxides

0.0 2.827 14.001 4.95 0.51 98.3

0.1 2.815 14.074 4.93 0.47 98.1

0.3 2.816 14.089 4.94 0.41 96.1

1.0 2.815 14.015 4.98 0.52 96.4

3.0 2.819 14.133 5.01 0.44 97.1

5.0 2.820 14.178 5.03 0.48 97.7

Fig. 1. X-ray diffraction patterns of the bare and coated LiCoO2 powders.

G.T.-K. Fey et al. / Surface & Coatings Technology 191 (2005) 68–7570
with the core material. Table 1 shows that the lattice

constant a for the coated materials was lower, but the lattice

parameter c was larger for the coated materials than for the

bare material, which suggests that the phases on the surface

of the powder are solid solutions formed by the reaction of

the coated particles with the core material. It is possible that

during the 10-h calcination process, a hard crust of

substitutional interoxide compositions formed on the cath-

ode particles.

According to Reimers et al. [29,30], the R-factor, defined

as the ratio of the intensities of the hexagonal characteristic

doublet peaks (006) and (102) to the (101) peak, is an

indicator of hexagonal ordering of the LiCoO2 lattice.

According to the authors [29,30], the lower the R-factor, the

better the hexagonal ordering and hence the electrochemical

performance. The values of the R-factor were 0.51, 0.47,

0.41, 0.52, 044, and 0.48 for coating levels of 0.0, 0.1, 0.3,

1.0, 3.0 and 5.0 wt.%, respectively (Table 1). It can be seen

that the R-value was the lowest at the 0.3-wt.% coating

level. As we will see below, the electrochemical behavior of

the coated samples agreed with this trend in values of the R-

factor.

3.2. Morphology

SEM images of the bare and the cobalt oxide-coated

LiCoO2 particles are shown in Fig. 2. It can be seen that the

texture of the surface of the cathode particles appears

distinctly changed upon coating. It can be seen that at low
concentrations (0.3 and 1.0 wt.%), the coating is uniform.

However, at higher coating levels (e.g., 5.0 wt.%; Fig. 2d),

small, loosely-held agglomerates of the coating material

were found glued to the surface, which suggests that at 0.3

and 1.0 wt.%, coatings gave sufficiently uniform encapsu-

lations and that at higher coating levels, the extra cobalt

oxides got agglomerated into small globules on the surface.

Thus, it appears that a coating level of 1.0 wt.% or less

would be sufficient to impart a uniform coating on the

cathode powder.

Fig. 3 shows the TEM image of the cobalt oxides

prepared according to our procedure. The coating materials

can be seen to be about 200–400 nm in size, although a

close examination would show that these are agglomerates

of extremely fine individual particles of less than 50 nm.

Finely divided particles as coating materials may be

expected to form compact, pore-free, uniform films on the

cathode particles. This can be seen from Fig. 4, which is a

TEM image of a 0.3-wt.% cobalt oxide-coated particle. The

cobalt oxide particles can be seen to have formed a uniform,

compact kernel around the core cathode particle.

The BET surface areas of the bare and the 0.3-wt.%-

coated powders were 0.62 and 0.89 m2 g�1, respectively.

The higher surface area of the coated material is reflective of

the larger specific surface area of the coating material.

3.3. Galvanostatic cycling

In order to study the effectiveness of our coating process

on the cyclability of the cathode material, the galvanostatic

cycling behavior of the bare LiCoO2 sample was compared

to the behavior of the coated samples. Galvanostatic charge–

discharge cycling was carried out between 2.75 and 4.40 V

at a 0.1-C rate. The improved cycling behavior of the 0.3-

wt.% cobalt oxide-coated sample is clear from Fig. 5. The

first-cycle discharge capacity for the bare LiCoO2 sample

was 167 mAh/g, while for the 0.1, 0.3, 1.0, 3.0, and 5.0

wt.%-coated samples, it was 168, 167, 169, 162, and 157

mAh/g, respectively. Usually, coatings are known to

diminish the capacity of the active material. However, the

undiminished or the slightly increased capacities of the

materials coated with lower percentages of cobalt oxides are

worth noting. This suggests that the coated material, through

the formation of a thin film of interoxide composition,



Fig. 2. SEM images of LiCoO2 particles coated with cobalt oxides.
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enables better capacity utilization of the active material,

possibly because surface conductivity was enhanced. How-

ever, the cathode particles with 3.0 and 5.0 wt.% coatings

experienced 3 and 6 % loss in first-cycle capacities,

respectively, suggesting that at these coating levels, the

coatings are so thick that they impede the diffusion of
Fig. 3. TEM image of cobalt oxides.
lithium. The result is a sharp reduction in the capacity

utilization of the cathode material. Moreover, the presence

of excess coating material between the particles could lower

the particle-to-particle electronic conductivity, adversely

affecting the charging and discharging efficiencies.

Galvanostatic cycling data (Fig. 5) show that the coating

improved the cyclability of the cathode material. For a

cutoff value of 80% for the capacity retention, calculated
Fig. 4. TEM image of a 0.3-wt.% cobalt oxide-coated LiCoO2 particle.



Fig. 5. Comparison of the cycling behavior of the bare and cobalt oxide-

coated LiCoO2 samples. Charge–discharge: 0.1 C rate between 2.75 and

4.40 V.
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with the first-cycle discharge capacity of the uncoated

material as the reference, the number of cycles that the bare

LiCoO2 could sustain was 23. The number of cycles

sustained by the coated materials was higher, although the

most remarkable results were obtained only at a coating

level of 0.3 wt.%. At this coating level, the material

sustained as many as 270 charge–discharge cycles, which

is nearly a 12-fold enhancement in cyclability. Thus, a

coating level of 0.3 wt.% was optimal. It is clear that the

cyclability of the materials is commensurate with the trend

in R-factor, as well as with their surface morphological

features (Fig. 2). According to Courtright [31], thinner
Fig. 6. Cycling behavior of LiCoO2 coated with cobalt oxides derived from

(a) an acetate precursor and (b) dimethyl glyoxime precursor. Charge–

discharge: 0.1 C rate between 2.75 and 4.40 V.
coatings produce smaller cracks that are a factor in

controlling the ingress of molecular species.

3.4. Coating studies with cobalt oxides from a different

precursor

The cycling behavior of 1.0-wt.% cobalt oxide-coated

LiCoO2 made from the acetate and dimethyl glyoxime

precursors is depicted in Fig. 6. It can be seen that the

acetate precursor-derived material delivered only 20 cycles

before reaching the 80% capacity retention cutoff value,

which is even less than the number of cycles that the bare

material could sustain (23 cycles). However, the material

derived from the dimethyl glyoxime complex could sustain

67 cycles at the same coating level. Thus, it is clear that the

precursor employed for the coating process plays a vital role

in deciding the nature of the coating. While no attempt has

been made to differentiate between the nature of the two

coatings, we speculate that the nature of the precursors, the

coating process, and the temperature protocols do influence

the size and morphology of the particles that constitute the

coating, which can largely dictate the electrochemical

characteristics of the coated materials.
Fig. 7. Cyclic voltammograms of the bare and 0.3-wt.% cobalt oxide-coated

LiCoO2 cathodes.
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3.5. Cyclic voltammetry

As noted earlier, the capacity fade in LiCoO2 cathodes

upon repeated cycling is believed to be associated with

structural transitions from a hexagonal to monoclinic to

hexagonal modifications at potentials above 4.1 V vs. Li+/Li

[8]. Accompanying this phase transition is a 1.2% expansion

of the lattice in the c-direction, which is considered to be

above the limit of ~0.1 % in elastic strain that oxides can

tolerate [32]. Thus, differential capacity curves were plotted

in order to examine the effect of the coating on the phase

transitions that accompany the charge–discharge processes.

Fig. 7a shows the cyclic voltammograms of the bare

LiCoO2 material, while Fig. 7b presents the ones for the 0.3-

wt.% cobalt oxide-coated LiCoO2 material. It is seen from

Fig. 7a that the phase transitions continued to occur in all

the cycles for bare LiCoO2. However, from Fig. 7b, the

gradual suppression of the peaks due to the phase transitions

can be observed. This suggests that cobalt oxide, as a

coating material, helps in the gradual suppression of the life-

limiting phase transitions in LiCoO2. The gradual suppres-

sion of the phase transitions indicates that any defect in the

coating that might have been present initially gets repaired

upon repeated cycling. The presence of cracks, pinholes,

and other coating defects on coated surfaces is inevitable. It

is conceivable that such defects may form and close with the
Fig. 8. Differential scanning calorimetric profiles of (a) the
application of a load or upon thermal cycling. In our case,

changes in the surface texture that occurred as a result of the

contraction and expansion of the lattice during the cycling

process may have enabled the particles of the coating

material to become ingrained in the crevices and cracks on

the cathode surface. The more compact kernel that resulted

led to a suppression of the phase transitions, enhancing the

cyclability of the coated material. It can also be seen from

the curves of the coated cathode that the separation between

the oxidation and reduction peaks became narrower as

cycling proceeded, indicating the increased reversibility of

the cathode.

According to Chen and Dahn [33–38], the enhanced

capacity retention of coated LiCoO2 cathodes is independent

of the specific oxide used for the coating. On the contrary,

the performance improvement is attributed to surface

modification during the heat treatment, during which,

surface species detrimental to capacity retention are

removed [35]. Their observations run counter to those of

Cho et al. [22], who attribute the improved performance to a

suppression of cycle-limiting phase transitions by fracture-

tough surface oxides. In fact, Cho et al. [22] showed that the

cyclability was a function of the fracture toughness of the

oxides employed as coating materials. If the improvement is

due to a surface modification brought about by heat

treatment alone, as suggested by Chen and Dahn [33], all
bare and (b) 0.3-wt.% cobalt oxide-coated LiCoO2.



Table 2

Decomposition temperature and enthalpy of reaction for the bare and 0.3-

wt.% cobalt oxide-coated LiCoO2 samples

Sample Decomposition

temperature (8C)
Exothermic

enthalpy (J/g)

Bare LiCoO2 252 12.8

0.3-wt.% cobalt

oxide-coated LiCoO2

263 8.8
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our samples, irrespective of the coating levels, should give

similar performance, for they were subjected to the same

heat treatment. Our observations that the coating levels and

hence the extent of coverage and formation of interoxide

surface compositions do influence the behavior of the

coated LiCoO2 cathodes is proof enough that the coatings

suppressed the cycle-limiting phase transitions. Our cyclic

voltammetric results also support this conclusion.

3.6. Thermal stability studies

One key requirement for the use of battery-active

materials in commercial products is their thermal stability.

Li0.5CoO2 is known to decompose at temperatures above

200 8C [23] through loss of oxygen according to the

equation [24]:

Li0:5CoO2Y1=2LiCoO2 þ 1=6Co3O4 þ 1=6O2

The thermal behavior of the fully charged LiCoO2

samples, both bare and coated, is shown in Fig. 8 and Table

2. MacNeil et al. [36] reported that the quantity of heat

generated by the reaction of LixCoO2 with the electrolyte

was independent of the amount of the electrolyte. However,

Baba et al. [39], who investigated the thermal stability of

LixCoO2 at different x values, found that the electrolyte

content influenced the heat evolved in the reaction.

Fig. 8 shows that a gradual exothermic heat flow can be

observed from about 165 8C onwards. According to

MacNeil et al. [40], the thermal events in LiCoO2 charged

to 4.4 V should begin at 181 8C, with the peak temperature

at 256 8C. Baba et al. [39] concluded from their differential

thermogravimetry and high-temperature X-ray diffraction

studies on chemically delithiated LiCoO2 that oxygen loss

from Li0.49CoO2 occurs at temperatures above 200 8C, and
that the exothermic reaction occurring around 190 8C was

probably due to a phase transition from the layered rock salt

structure (R3m) to the spinel structure (Fd3m).

It can be seen from Fig. 8a that the maximum on the heat

profile occurs at 252 8C for the bare LiCoO2. However, the

maximum heat flow was observed at 263 8C for the cobalt

oxide-coated sample (Fig. 8b). Thus, the coating renders the

cathode material less reactive towards the electrolyte,

enhancing its thermal stability. The higher decomposition

temperature of the coated material is complemented by its

lower enthalpy of reaction (8.8 J/g) compared to bare oxide

(12.8 J/g). In a recent study, Cho et al. [41] demonstrated that

a coating of AlPO4 increases the thermal stability of LiCoO2.
4. Conclusions

Commercial LiCoO2 cathode samples were coated with

cobalt oxides by a wet chemical coating process. Although

the XRD patterns of the coated materials did not show any

extraneous peaks corresponding to the coated particles, the

slightly altered lattice parameters of the coated samples

suggest that an interoxide compound might have formed on

the surface. SEM and TEM images indicated that LiCoO2

was encapsulated in a compact, uniform kernel of cobalt

oxides. Cycling studies revealed that at a coating level of 0.3

wt.%, the improvement in cyclability reached a maximum.

The lowest R-factor value for this material supports its good

structural stability, which confers the high cyclability. The

cyclability of LiCoO2 improved 12-fold with a 0.3 wt.%

coating of cobalt oxides. Thermal studies showed that the

coated materials displayed increased resistance to decom-

position reactions with the electrolyte. Not only was the

temperature of the reaction raised by 11 8C, but coating with
cobalt oxides also reduced the exothermicity of the reaction.
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