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Self-discharge analysis of LiCoO2 for lithium batteries
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Abstract

In the charged condition, batteries are in a state of high energy relative to that of the system in the discharged state. Hence, there is a
‘driving force’, corresponding to the free energy of discharge, which tends to spontaneously diminish the charge if some mechanisms for
s loss
o t for
m ined
L t be
d
©

K

1

h
L
h
a
b
L
g
e
fi
w

t
t
m

uit, a
g on

pu-
ideal
hile
ries.

self-
ines
lly
the
sys-

,
ub-

self-

all
em to
bout
tion
ork,

0
d

elf-discharge exist. We determined the self-discharge of Li/LiCoO2 cells from the decline of their open-circuit voltage and the rate of
f the discharge capacity. In addition, we studied ac impedance of Li/LiCoO2 cells. Prevention of self-discharge is especially importan
unitions that have remained in a state of disuse. In the case of nanocrystalline LiCoO2, cycle performance is superior to coarse-gra
iCoO2. However, self-discharge performance is inferior to coarse-grained LiCoO2. A better cycle performance of up to 200 cycles migh
ue to a well-formed SEI layer and smaller particle size in nanocrystalline LiCoO2.
2004 Elsevier B.V. All rights reserved.
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. Introduction

LiCoO2 heat-treated above 700◦C (HT-LiCoO2) has a
igh cycle life compared to other cathode materials, such as
iNiO2 and LiMn2O4. The structure of LiCoO2 is rhombo-
edral (R3m space group) with lattice parametersa= 2.816Å
ndc= 14.051Å in a hexagonal setting. The lattice is formed
y oxygen atoms in ABC stacking with alternating layers of
i and Co ions in octahedral interstitial sites between the oxy-
en planes[1–4]. Combination of salt encapsulation with an
arlier proposed powder engineering technique[5,6] ensures
ne particle size control of LiCoO2 powders obtained using
et chemical methods[7].
Charged batteries are in a state of high free energy relative

o that of the discharged state, so there is a ‘driving-force’ for
heir ‘self-discharge’ as illustrated inFig. 1, if appropriate
echanisms are available for passage of Faradaic currents.

∗ Corresponding author. Tel.: +82 2 2049 6042; fax: +82 2 452 5558.
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When batteries are charged and then left on open-circ
certain degree of ‘self-discharge’ can set in dependin
the chemistry and electrochemistry of the system, the
rity of reagents and electrolyte, and the temperature. In
batteries, electrons move through the external circuit, w
some electrons move through the electrolyte in real batte
This phenomenon is called ‘self-discharge’. The rate of
discharge, which usually diminishes with time, determ
what is called the ‘shelf life’ of batteries which is especia
important in the case of primary cells which are sold in
charged condition and stored as inventory. Some battery
tems have an excellent shelf life, e.g. Li/SOCl2 primaries
while others such as NiOOH/Cd or NiOOH/Zn have a s
stantially poorer shelf life in the charged state due to
discharge processes[8].

In order to maintain ‘full charge’, a ‘float current’ of sm
magnitude can be applied to the charge storage syst
balance the self-discharge rate. However, this brings a
technological and hardware complexities, so minimiza
of the intrinsic self-discharge rates is desired. In this w
378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2004.06.047
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Fig. 1. Illustrates the driving force for self-discharge of a battery.

we focused our attention on the self-discharge of Li/LiCoO2
cells with different LiCoO2 particle sizes.

2. Details of experiment

An aqueous solution of Li and Co acetates (Li/Co = 1.1)
was frozen with a spray of liquid nitrogen followed by freeze
drying for two days atP= 5× 10−2 mbar (Alpha 2–4, Christ).
A part of the freeze-dried product was mixed with K2SO4
(1:10) and subjected to planetary milling (Pulverisette-5,
Fritsch) in ZrO2 media at 600 rpm for 24 h (ball to powder
mass ratio of 10:1). Thermal decomposition of a precursor
and of a precursor mixture with K2SO4 was performed in air
first at 400◦C for 10 h, then at 800◦C for 12 h. The thermally
processed mixture was washed with distilled water several
times to eliminate SO42− ions; LiCoO2 residue was sepa-
rated by centrifuging.

Obtained LiCoO2 powders have been studied by XRD
(Geigerflex, Rigaku, 2◦ min−1, Cu K�), scanning electron
microscopy (SEM, Philips ESEM), and TEM (Philips CM-
30,U = 200 kV). Commercial LiCoO2 powder, supplied by
Seimi Co., was used for comparison.

Electrochemical characterizations were performed using a
CR2032 coin-type cell with the following parameters: cut-off
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ing the OCV of the battery cell whose impedance was to be
measured.

3. Results and discussion

SEM analysis of the LiCoO2 powders, obtained by matrix
isolation of precursor particles by K2SO4, confirmed the effi-
ciency of this method in terms of grain coarsening prevention.
Commercial Seimi Co. powder (powder A) formed micron-
sized crystallites (Fig. 2A), while K2SO4-processed powder
(powder B) was characterized by a grain size distribution in
a range of 30–70 nm (Fig. 2B).

XRD analysis of coarse-grained (powder A) and nanocrys-
talline powders (powder B) revealed the formation of single
phase hexagonal HT-LiCoO2 in both cases (Fig. 3). Process-
ing of LiCoO2 powders at 800◦C in contact with K2SO4
was not accompanied by formation of secondary phases or
by significant displacement of the main reflections displayed
in the formation of solid solutions. Sharp and well-resolved

Fig. 2. SEM micrographs of (A) LiCoO2 powders, Seimi Co. and (B) plan-
etary processing with K2SO4.
oltage 3.2–4.2 V andI = 0.5 mA/cm at room temperatur
he cathode was fabricated with 20 mg of accurately wei
ctive material and 12 mg of conductive binder (8 mg of te
ized acetylene black (TAB) and 4 mg graphite). The cath
as pressed on 200 mm2 stainless steel mesh, which was u
s the current collector, under a pressure of 300 kg/cm2 and
ubsequently dried at 180◦C for 24 h in a vacuum oven. Th
est cell was made of a cathode and a lithium metal as a
de separated by a porous polypropylene film (Celgard 3
mixture of 1 M LiPF6-ethylene carbonate (EC)/dimeth

arbonate (DMC) (1:1 by vol., Merck) was used as the e
rolyte.

Impedance of the battery cells was measured with a
atron impedance system consisting of an SI 1287 Ele
hemical Interface, a SI 1260 Impedance/Gain-Phase
yzer, and a Pentium PC running a Zplot and ZView softw
y Scribner and Associates, Inc. The impedance mea
ent covered a frequency range from 5 to 100 kHz wit
c oscillation of 30 mV and with the dc bias voltage ma
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Fig. 3. XRD patterns of (A) coarse-grained Seimi Co. and (B) nanocrys-
talline LiCoO2 powders.

reflections of both patterns were observed at perfect crystal-
lographic ordering. The uncharacteristic (0 0 3)/(1 0 4) peak
ratio for the nanocrystalline powder can be related to anoma-
lies of element distribution within the Co sublattice[9].

Fig. 4 shows the cycle performance of coarse-grained
(powder A) and nanocrystalline (powder B) LiCoO2 cath-
ode. The initial discharge capacity of powder B is smaller
than that of powder A. The smaller discharge capacity is due
to the partial cubic spinel phase in powder B[10]. Since the
cubic spinel phase is less electrochemically active, its forma-
tion could be a source of the capacity loss. However, the cycle
life of powder B up to 200 cycles is better than that of pow-

F talline
L

der A. The superior cycle performance of powder B is due to
the smaller particle size. Smaller particle size ensures shorter
mean length of Li diffusion pathways from its position in
the LiCoO2 lattice to the cathode–electrolyte interface. Also,
diffusion through the grain boundary of powder B is larger
than that of powder A. Shorter diffusion distances promote
faster and more uniform Li intercalation into LiCoO2 crys-
tallites during the discharge process compared to powder A,
thus increasing the effective capacity values.

To study the self-discharge of the Li/LiCoO2 battery cells,
we observed the decline of OCV of freshly prepared cells
after charging them to 4.2 V at a rate of 0.5 mA/cm2. OCV
decline of two different Li/LiCoO2 cells (coarse-grained
LiCoO2 and nanocrystalline LiCoO2) are almost the same,
4.04 and 4.07 V, respectively for the period of one month.
The rate of preservation of discharge capacity of coarse-
grained LiCoO2 is 83.1%, while that of nanocrystalline
LiCoO2 is 80.7%. To avoid the possibly negative effect of
reducing grain size below 100 nm deal with a substantially
enhanced surface area of nanopowders, accelerating catalyst
decomposition of the electrolyte at the surface of cathode
material. Li+ ions generated from the decomposition of
the electrolyte move into LiCoO2 lattice. Smaller particle
size ensures shorter mean length of Li diffusion pathways.
Therefore, the degree of self-discharge of nanocrystalline
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ig. 4. Cycle performance for coarse-grained Seimi Co. and nanocrys
iCoO2 cathodes.
iCoO2 is larger than that of coarse-grained LiCoO2. The
igher discharge capacity of coarse-grained LiCoO2 in
ig. 4 also includes the effect of high rate of preserving
ischarge capacity during 100 cycles.

The impedance spectrum is generally composed of
artially overlapping semicircles in the high, medium and

requency regions, and a straight sloping line in low freque
egions. From high to low frequencies, these three semic
an be respectively assigned to the spectra of the cell
mpedance, SEI film impedance, and charge-transfer pr
11,12]. Each spectrum inFig. 5can be fitted with an electr
ircuit consisting of a resistor and a parallel capacitor.Rs (R1
R2) is ascribed to the sum of the ionic resistance of

lectrolyte (R1) and electronic resistance of the electro
R2). Rf andCf are the resistance and capacitance of
EI film; Rct andCdl are the charge-transfer resistance

he double-layer capacitance;W is the Warburg impedanc
elated to the diffusion of lithium ions in the electrodes[13].

Fig. 5(A) compares the impedance spectra of the cell
oarse-grained LiCoO2 and nanocrystalline LiCoO2 in its
ully charged state. Another possible negative effect o
ucing grain size below 100 nm deals with poorer ele
al contacts between particles when it concerns phase
ow electronic conductivity. InFig. 5, electronic resistanc
f electrode (R2) of nanocrystalline powder is slightly larg

han that of coarse-grained powder. We found two sem
les at high and medium frequency regions in coarse-gra
iCoO2, while finding only one semicircle in the high fr
uency region in nanocrystalline LiCoO2. Although the re
istance of the SEI film is 26� in coarse-grained LiCoO2,
he resistance of the SEI film does not exist in nanocrysta
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Fig. 5. Impedance curves of Li/LiCoO2 cells for coarse-grained Seimi Co.
and nanocrystalline LiCoO2 cathodes (A) at a fully charged state and (B) at
a self-discharged state.

LiCoO2. This shows it is likely that products of parasitic re-
actions collect on the surface of cathode material at a faster
rate in coarse-grained LiCoO2. As a result, the total thick-
ness of the surface film increases quickly. In both cases, the
Rct is very high and its corresponding impedance spectrum
changes into a straight sloping line. As a result,Rct is too
large to be measured.

Two recent publications give indications of the presence
of an SEI layer on the cathode[14,15]. Balasubramanian et al.
[16] reported on soft X-ray absorption spectroscopy (XAS)
studies on cathodes. Based on the XAS, the presence of LiF
compounds in the cathode SEI was inferred in LiPF6-based
electrolytes. The most likely source for LiF comes from the
decomposition of LiPF6 according to the reaction

LiPF6 → PF5 + LiF

The precipitated LiF is the most likely major contributor
to the insulating layer[17]. Precipitation of LiF could affect
ionic motion by pore plugging, or could contribute to resis-
tive electrical paths to parts of the cathode structure. At the
cathode organic decomposition products are unstable, partic-
ularly on charged cathodes. This permits the formation of a
dense LiF coating[16]. The well-formed SEI layer, by adding
various additives, could suppress the decomposition of elec-
trolyte solvents, which prohibited the leakage of electrolyte

and improved the cycling performance of lithium ion bat-
teries[18,19]. Therefore, in case of coarse-grained LiCoO2,
higher discharge capacity and better cycle performance until
100 cycles might also be due to a well-formed SEI layer.

Fig. 5(B) compares the impedance spectra of the cell with
coarse-grained LiCoO2 and nanocrystalline LiCoO2 in its
self-discharged state. We also found two semicircles at high
and medium frequency regions in coarse-grained LiCoO2,
but found only one semicircle at high frequency region in
nanocrystalline LiCoO2. The resistance of the ionic resis-
tance of the electrolyte and electronic resistance of the elec-
trodes decreased in coarse-grained LiCoO2. The resistance of
the electrodes decreased in nanocrystalline LiCoO2. The re-
sistanceRs decreased because some electrons move through
the electrolyte during self-discharge. The resistance of the
SEI film is 14� in coarse-grained LiCoO2, while the re-
sistance of the SEI film does not exist in nanocrystalline
LiCoO2. In case of coarse-grained LiCoO2, the resistance of
the SEI film reduced from 26 to 14� during self-discharge.
In both cases, theRct is also very high and its corresponding
impedance spectrum changes into a straight sloping line.

Fig. 6(A) compares the impedance spectra of the cell
with coarse-grained LiCoO2 and nanocrystalline LiCoO2
in the fully discharged state. We found one semicircle at
medium frequency regions in coarse-grained and nanocrys-
t
i is
9 ed

Fig. 6. Impedance curves of Li/LiCoO2 cells for coarse-grained Seimi Co.
and nanocrystalline LiCoO2 cathodes (A) at a fully discharged state and (B)
at a charged state after 46 cycles.
alline LiCoO2. While the resistance of the SEI film is 28�

n coarse-grained LiCoO2, the resistance of the SEI film
� in nanocrystalline LiCoO2. Compared to self-discharg
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state, the resistance of the SEI film increased again. In both
cases, theRct is very high and its corresponding impedance
spectrum changes into a straight sloping line. As a result,Rct
is too large to be measured. There is driving force for self-
charge in a fully discharged state as well as a driving force
for self-discharge in fully charged state.Fig. 6(B) compares
the impedance spectra of the cell with coarse-grained LiCoO2
and nanocrystalline LiCoO2 in fully charged state after 46 cy-
cles. There is also SEI impedance in nanocrystalline LiCoO2.
Therefore, better cycle performance up to 200 cycles might
be due to a well-formed SEI layer and smaller particle size
in nanocrystalline LiCoO2.

4. Conclusion

We determined the self-discharge of Li/LiCoO2 cells from
the decline of their open-circuit voltage and the preservation
of discharge capacity. In addition, we studied ac impedance
of Li/LiCoO2 cells. In case of nanocrystalline LiCoO2, cy-
cle performance was superior to coarse-grained LiCoO2.
However, self-discharge performance was inferior to coarse-
grained LiCoO2. The resistance of the SEI film existed in
coarse-grained LiCoO2, while the resistance of the SEI film
did not exist in nanocrystalline LiCoO2. In case of coarse-
grained LiCoO, the resistance of the SEI film decreased dur-
i rged
s is-
c arge
i e in
n r-
m ed
S O

A
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search Laboratory Program (Development of monolithic high
power hybrid battery).
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