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bstract

The effect of the particle size of LiCoO2 on the operating temperature-dependent performance of lithium batteries is investigated. The LiCoO2

article size is successfully controlled by modifying the powder preparation process and well-controlled nanocrystalline LiCoO2 powders are
btained. It is found that the discharge capacity of a cell made with the nanocrystalline powder is slightly lower than that of cells made with micron-
ized powders. On the other hand, the cycle performance of the cell using nanocrystalline LiCoO powder is consistent over the selected operating
2

ange of temperature (−15 to 60 ◦C) without deterioration. It is concluded that the smaller size of the particles contributes to the enhancement
f the reliability by increasing the specific surface-area for intercalation sites, and by enhancing the resistance to mechanical failure especially at
igher temperatures.

2005 Elsevier B.V. All rights reserved.
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. Introduction

LiCoO2 has been widely studied as a cathode material for
ithium batteries since it has a longer cycling life than that
f other candidates such as LiNiO2 and LiMn2O4. Prepara-
ion of LiCoO2 is commonly undertaken by heat-treatment
t above 700 ◦C. This method yields high temperature (HT)
iCoO2, which is reported to exhibit better properties than

hose of its low-temperature counterpart [1–4]. Conventionally,
iCoO2 cathodes are fabricated based on powder processing
sing micron-sized particles. Since the performance of batter-
es depends significantly on the microstructure of the cathode
nd this, in turn, depends on the starting powder, it is important
o control the size of the precursor particles and investigate its
ffect on cell performance.

For commercial applications, batteries are typically expected

o operate at various temperatures. Hence, it is important to
chieve the performance reliability over a wide temperature
ange. It has been reported [5] that the low-temperature perfor-
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ance of lithium batteries is limited mainly by the electrolyte
olution, which determines the ionic mobility between the elec-
rodes. Generally, the specific energy and power of Li-ion bat-
eries are substantially reduced as the temperature falls below

10 ◦C because the ionic mobility decreases in the electrolyte
olution. Hence, electrolyte solutions with a low melting point,
uch as propylene carbonate, are used for batteries operating at
ow temperature [5]. On the other hand, the employment of a fab-
ication process that can compensate the reduction in the ionic
obility (e.g., one that increases the surface-area of electrodes

y using nano-scale powders) can be of a particular interest.
Along with the low-temperature performance, reliable high-

emperature performance of batteries is also important since
ells cycled with currents greater than 2C experience an internal
emperature of more than 38 ◦C [6]. The large increases in cell
mpedance with both cycling and ageing at elevated tempera-
ure are attributed to several causes that include the formation
f a non-uniform solid electrolyte interface (SEI) layer and
lectrolyte decomposition [7]. Also, mechanical stress induced

uring phase transition of the cathode material at high tempera-
ure can be detrimental to cell performance.

This study is based on the assumption that the reliabil-
ty of cell performance at various operating temperatures can
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sized powders (Fig. 2A and B) and of nanocrystalline powder
(Fig. 2C) reveals the formation of single-phase hexagonal HT-
LiCoO2 in both cases. Heat-treatment of LiCoO2 powders at
800 ◦C in contact with K2SO4 does not show reflections from
420 S.H. Choi et al. / Journal of Po

e enhanced by using nanocrystalline LiCoO2 powders (n-
iCoO2). The intercalation sites can be increased by using
-LiCoO2 due to the increased specific surface-area. Also,
anocrystalline powders are thought to be more resistant to
echanical stress or failure because of their minute size. Thus,

n investigation has been made of the effect of particle size on
ell performance at various temperatures. The particle sizes of
iCoO2 are successfully controlled by combining salt encapsu-

ation with a conventional powder processing technique [8–10]
nd nanocrystalline and micron-sized LiCoO2 powders are
btained. By analyzing the electrochemical behaviour of cells
abricated with these powders and a commercial powder, the
article-size dependent cell performance is examined and prob-
ble underlying physical reasons are discussed.

. Experimental

To fabricate n-LiCoO2 powders, an aqueous solution of Li
nd Co acetates (Li/Co = 1.1) was frozen by spraying it on liq-
id nitrogen. The solution was then freeze-dried for 2 days at
= 5 × 102 mbar. A 1:10 mixture of the freeze-dried product

nd K2SO4 was prepared, and ball-milled in a planetary mill
Pulverisette-5, Fritsch) for 24 h (ZrO2 ball to powder mass
atio = 10:1). Because LiCoO2 particles are encapsulated with

2SO4 by this process, coarsening of the LiCoO2 was prevented.
two-step thermal decomposition of the mixture was performed

onsequently in air by holding the mixture at 400 ◦C for 10 h,
hen at 800 ◦C for 12 h. After washing the thermally processed

ixture in distilled water several times to eliminate SO4
2− ions,

he LiCoO2 was separated by centrifugation.
To characterize the obtained n-LiCoO2 powders, X-ray

iffraction (XRD, Geigerflex, Rigaku, 2◦ min−1, Cu K�) and
canning electron microscopy (SEM, Philips ESEM) were used.
or comparing the performance of the nano-sized and micron-
ized powders, commercially available micron-sized LiCoO2
owders (SELION C-012, Seimi Co., Japan) and fabricated
oarse-grained powders were also investigated. The fabrication
rocedure for coarse-grained powders was the same as that of
anocrystalline powders except for mixing with K2SO4.

To investigate cell performances, CR2032 coin-type cells
ere constructed with each type of powders. Cathode materi-

ls were prepared by mixing 20 mg of each type of LiCoO2
owder and 12 mg of a conductive binder (8 mg acetylene black
nd 4 mg graphite). The mixture was pressed under a pressure
f 300 kg cm−2 on a 200 mm2 stainless-steel mesh that acted as
current-collector, then this structure was dried at 180 ◦C for

4 h in a vacuum oven. A porous polypropylene film (Celgard
401) was used for separating the cathode and a lithium metal
node, and a mixture of 1 M LiPF6-ethylene carbonate/dimethyl
arbonate (1:1, v/v, Merck) was used as the electrolyte. After
onstructing the coin cell, electrochemical properties such as
he discharge capacity and the cycle performance were char-
cterized at various operating temperatures of −15, −10, −5,

, 25, 40, 50 and 60 ◦C. Impedance spectra were also mea-
ured by means of an impedance analyzer (SI 1287 and SI
260, Solartron, USA). The frequency was varied from 5 mHz
o 100 kHz with an ac oscillation of 30 mV. While measuring

F
m

ources 158 (2006) 1419–1424

he impedance spectra, a dc bias voltage was matched to the
pen-circuit voltage (OCV) of the cell.

. Results and discussion

Scanning electron microscopic analysis of the LiCoO2 pow-
ers obtained by K2SO4 encapsulation confirmed that the
ethod efficiently prevents grain coarsening. The commercially

vailable powder (Fig. 1A) and that without K2SO4 encapsula-
ion (Fig. 1B) consist of micron-sized particles, while the particle
ize of the powder obtained by using K2SO4 (Fig. 1C) is in
he range of 30–70 nm. X-ray diffraction analysis of micron-
ig. 1. Scanning electron micrographs of LiCoO2: (A) commercial powder; (B)
anufactured coarse-grained powder; (C) encapsulated with K2SO4.
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Fig. 2. X-ray diffraction patterns of LiCoO2: (A) commercial powder

econdary phases or any significant displacement of the main
eak positions by the formation of solid solutions. The XRD
atterns in Fig. 2 show sharp and well-resolved reflections with
erfect crystallographic ordering in all cases.

The charge and discharge curves for Li/LiCoO2 cells at
current rate of C/5 over a low operating temperature range

−15 to 0 ◦C) are given in Fig. 3. The cells fabricated with each
ype of powder, i.e., commercial micron-sized, synthesized

icron-sized and synthesized nanocrystalline powders, are
enoted as Cell A, Cell B and Cell C, respectively. For Cell
, the data obtained at 25 ◦C are displayed together to show

he increased discharge capacity at this temperature by the
xistence of a SEI layer. This will be explained in more detail
ater. The discharge voltage plateaux of the curves measured in
ll three cells are almost the same viz., 3.9 V, and the discharge
apacities of the cells at 0 ◦C are of a similar value. Nevertheless
loser inspection of the performance at temperatures below
◦C reveals several differences. For Cell A (Fig. 3A), the
ischarge capacity at −5 ◦C is almost the same as the discharge
apacity at zero temperature, while the discharge capacity at

10 ◦C is 91% of that obtained at zero temperature. At −15 ◦C,

he discharge capacity decreases much further. On the other
and, for Cell B (Fig. 3B), the discharge capacity at −10 ◦C
s 98% of that at zero temperature. Also, the reduction of the

t

r
A

manufactured coarse-grained powder; (C) encapsulated with K2SO4.

ischarge capacity at −15 ◦C is less significant than that in the
ell fabricated with commercial powder.

It is considered that the difference in discharge capacity in
he low-temperature regime may originate from the particle size
nd specific surface-area. The particle size of the commercial
owder ranges from 3 to 6 �m, whereas that of powder obtained
ithout K2SO4 encapsulation ranges from 1 to 3 �m. The spe-

ific surface-areas are 0.25 and 0.45 m−2 g−1, respectively. This
educed particle size can contribute to the enhanced discharge
apacity because it can reduce the mean Li diffusion pathways
nd increase the contact surface-area between the cathode and
he electrolyte. These effects can promote faster ionic transport
nd contribute to faster charge–discharge processes in secondary
ithium batteries [11]. For Cell C, however, the discharge capac-
ty at −10 ◦C is limited to 93.2% of that at zero temperature. The
act that Cell C has a smaller discharge capacity than that of Cell

or B is possibly due to the existence of the partial cubic spinel
hase in the nanocrystalline powder [12] or the lack of the SEI
ayer which will be explained in more detail later. Nevertheless,
he reduction of the discharge capacity at −15 ◦C is much less

han in other cases shown in Fig. 3A and B.

The cycle performance of the Li/LiCoO2 cells at a current
ate of C/5 and at various low temperatures is given in Fig. 4.
s shown in Fig. 4B, the cycle performance of Cell B at −10 ◦C
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ig. 3. Low-temperature discharge capacity of Li/LiCoO2 cells made with: (A)
ommercial powder (Cell A); (B) manufactured coarse-grained powder (Cell
); (C) nanocrystalline powder (Cell C).

s improved compared with that of Cell A. It is thought that the
maller particle size and larger specific surface-area contribute
lso to this enhancement. Moreover, as shown in Fig. 4C, the
ycle performance of Cell C is considerably consistent over the
ow-temperature range. It is thought that the results are due to
he further reduction in size of the nanocrystalline powder. In
ummary, the cell made with nanocrystalline powder exhibits
reliable and consistent performance at low temperature even

hough the discharge capacity is slightly lower than that of other
ells at a given temperature.
To determine the underlying physical reason for the above
ndings, impedance spectra were measured at room temperature
nd at −15 ◦C. The impedance spectrum is generally composed
f a straight sloping line in low-frequency region and three

s
a
e

ig. 4. Low-temperature cycle performance of Li/LiCoO2 cells made with: (A)
ommercial powder (Cell A); (B) manufactured coarse-grained powder (Cell
); (C) nanocrystalline powder (Cell C).

artially overlapping semicircles in high-, medium- and low-
requency region. From high to low frequency, the three semi-
ircles can be assigned to the spectra of the cell bulk impedance,
he SEI film impedance and the charge-transfer process, respec-
ively [13,14]. Each spectrum can be fitted by an equivalent
lectric circuit that consists of a resistor and a parallel capacitor.
ach component of the resistors is indicated on the impedance
pectrum of Cell A shown in Fig. 5A where R1 and R2 represent
he resistance of the electrolyte and porous electrodes, and Rf is
he resistance of the SEI film.
The impedance spectra of the cells in their fully charged
tates are presented in Fig. 5. When the cells are charged at
mbient temperature (Fig. 5A), the electronic resistance of the
lectrode (R2) of Cell C is slightly larger than that of Cell A or B.
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frequency region due to the SEI layer although the SEI film
resistance of Cell B has a much smaller value than that of Cell
A. In Cell A, the resistance of the SEI film increases from 26
to 81 �. If a SEI layer is solely responsible for the discharge
ig. 5. Impedance curves of Li/LiCoO2 cells at a fully charged state at: (A)
oom temperature; (B) −15 ◦C.

his may indicate that the electrical contact between particles
s deteriorated due to the small particle size (<100 nm). Also,
wo semicircles are found in the high- and medium-frequency
egions in Cell A, but there is only one semicircle in the high-
requency region in Cell C. This indicates that Cell A has a SEI
lm layer with a resistance of ∼26 �, but Cell C does not have
uch a layer.

The role of the SEI layer on the cathode has been studied
15–17]. On the basis of XAS results, the presence of LiF com-
ounds in the cathode was inferred when using LiPF6-based
lectrolytes [17]. The most probable source of the LiF is the
ecomposition of LiPF6 according to the following reaction
15]:

iPF6 → PF5 + LiF. (1)

he precipitated LiF is most likely the major contributor to the
ormation of an insulating layer [18]. The precipitation of LiF
an affect ionic motion by pore plugging, or it can contribute
o the resistive electrical paths in some portions of the cath-
de structure. Cathodes are generally unstable during organic
ecomposition of the electrolyte, especially when charged. This
nstability permits the formation of a dense coating of LiF [17].

A well-defined SEI layer can suppress the decomposition of

lectrolyte solvents with the help of various additives. The SEI
ayer can prohibit the leakage of electrolyte solution into the
athode, and thus, improve the cycling performance of lithium-
on batteries [19,20]. Therefore, in the case of the commercial
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owder, the well-defined SEI layer could be responsible for the
igher discharge capacity and the better cycle performance of up
o 100 cycles at room temperature, as shown in Figs. 3A and 4A,
espectively.

The impedance spectra of cells at −15 ◦C in their fully
harged states are given in Fig. 5B. There are two semicircles
t the high- and medium-frequency regions in Cell A but only
ne semicircle at the high frequency region in Cell C. In the
ase of Cell B, an additional semicircle appears at the medium-
ig. 6. High-temperature cycle performance of Li/LiCoO2 cells made with: (A)
ommercial powder (Cell A); (B) manufactured coarse-grained powder (Cell
); (C) nanocrystalline powder (Cell C).
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apacity, Cell A should have exhibited a higher discharge capac-
ty at low temperature. In fact, the electronic resistance of the
lectrode (R2) increases from 6 to 39 � in Cell A so that the dis-
harge capacity of commercial powder is decreased significantly
t low temperature. On the other hand, the electrode resistance
s remarkably lower in Cell C. This indicates that the increase
n electrode resistance is not as significant as in Cell A and thus
he low temperature performance is more reliable in Cell C.

The high-temperature cycle performance of the cells at a cur-
ent rate of C/5 is shown in Fig. 6. All cells show the discharge
apacity increase up to 50 ◦C and fairly reliable cycle perfor-
ances. Except for Cell C, however, the cycle performance

eteriorates significantly at 60 ◦C. During cycling, fatigue of
he crystal structure of the active material and decomposition
f the electrolyte are accelerated at higher temperatures. The
apacity of LiCoO2 might be diminished at an elevated tem-
erature due to microcracks in the LiCoO2 particles induced by
hase transformation between the hexagonal and the monoclinic
hases. It is considered that the phenomena can be more serious
n micron-sized particles. The good cycle performance of Cell

at 60 ◦C is likely to be due to the small particle size that can
e more resistant to mechanical failure.

. Conclusions

A study has been made of the effect of LiCoO2 particle size
n the temperature-dependent performance of Li/LiCoO2 cells.
he particle size of the LiCoO2 has been controlled by modi-

ying the powder processing. The discharge capacity of a cell
ade with nanocrystalline powder is slightly lower than that of

ells fabricated with micron-sized powders. This may be due to
he lack of a well-formed SEI layer in the cell, which is different
ehaviour from that of a cell made with commercial micron-
ized particles. The cycle performance of a cell made with
anocrystalline LiCoO2 powders is consistent at all operating
emperatures and does not deteriorate at the extreme tempera-
ure conditions (−15 and 60 ◦C). It is concluded that the smaller

article size contributes to the enhancement of reliability by
ncreasing the specific surface-area for interclation sites, and by
nhancing the resistance to mechanical failure especially at high
emperatures.
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