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Abstract

The thermal instability of the LiCoO, cathode material was greatly improved by the nanoparticle AIPO4 coating. The AIPO4
coating appears to minimize the violent exothermic reaction of the cathode with the flammable electrolytes, resulting in excellent
thermal stability even at the overcharged state. Moreover, the results of the overcharge and elevated temperature cycling tests show
that, when compared with the spinel Lij osMn; 9504, the AIPO4 nanoparticle coating results not only in enhanced thermal stability
of the cathodes but also in reduced Co dissolution in the electrolytes.
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The production of Li secondary batteries has rapidly
expanded due to their applicability to mobile electron-
ics, such as cellular phones, camcorders, personal digital
access (PDAs), and notebook-PCs. Currently, most Li
secondary batteries use LiCoO, as a cathode material
due to the higher volumetric energy density and excel-
lent cyclability [1]. In spite of this, many safety accidents
related to LiCoO, cathodes have been reported [2]. The
main cause of the disastrous failure is that LiCoO,
cathode undergoes a violent exothermic reaction with
the electrolyte during overcharging, which short-circuits
the cell [3-6]. In this regard, CoO; is a stronger oxidizing
agent than A-MnO,, and therefore is more exothermi-
cally reactive with the electrolytes, resulting in oxygen
generation [7]. In addition, the deposited lithium on the
graphite anode increases the reaction rate, resulting in a
large increase in temperature [3,4]. A combination of the
temperature increase and the internal short-circuit of the
cell can cause an explosion.

This communication reports an improvement in the
thermal stability of LiCoO, by using an AIPO4 nano-
particle coating. An AIPO4 coating led to a more
uniform coating layer than that when using either Al,O;
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or ZrO; coatings derived from the sol-gel method. The
thermal stability of the coated material was compared
with Lij gsMn 9sOy4 spinel, which is known as the most
thermally stable compound during overcharging. Along
with DSC measurements, the 12 V overcharge tests of
the cathodes were conducted in the Li-ion cells to un-
derstand the thermal stability above 5 V following the
guidelines for a safety evaluation of secondary lithium
cells [8,9]. The guidelines require that the cells should
not explode and catch fire. However, cell-case swelling is
permitted [8,9].

Appropriate amounts of aluminum nitrate AI(NO3);-
9H,0 and (NH4),HPO, were dissolved in distilled water
until a light white suspension solution (the AIPOy4
nanoparticle solution) was observed. LiCoO, powders
(with an average particle size of ~10 pm) were then ad-
ded to the coating solution slowly and mixed until the
final viscosity of the slurry reached ~10,000 P. The slurry
was then poured into a tray, dried in an oven for 6 h at
130 °C, and annealed at 700 °C for 5 h in a furnace.
Lij osMn; 9504 was prepared from a stoichiometric
mixture of MnO, and LiOH - H,O at 750 °C for 20 h.
The AIPO,4 nanoparticle-coated LiCoO,, bare LiCoO»,
or Li; osMn; 9504 was used as a cathode, and the anode
material was synthetic graphite with a dimensional ratio
of 1.2:1 for the anode to cathode. At this ratio, lithium
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deposition on the anode did not occur below 4.3 V vs.
graphite. The cell standard capacity was set at 820 mA h
[cell size: 5.5 x 48 x 30 mm? (thickness x length x width)],
and a laminated film was used for the cell case. On the
other hand, the cell capacity containing Lij gsMnj 504
cathode was set at 700 mA h due to the low electrode
density of the spinel Lij gsMnj 9sO4. The electrolyte used
was 1.03 M LiPFg¢ with ethylene carbonate/diethyl-
ene carbonate/ethyl-methyl carbonate (EC/DEC/EMC)
(3/3/4 vol%). For the differential scanning calorimetry
(DSC) experiments, a coin-type half-cell containing
lithium metal as the anode was used. The fresh cells were
charged to 4.6 V at a rate of 0.1 C (=14 mA/g). These
cells were then dissembled in a glove box to remove the
charged cathode that typically contained ~30 wt% elec-
trolyte, ~30 wt% Al foil, 5 wt% of the combined binder
and carbon black, and ~35 wt% of the cathode material.
Approximately 10 mg of the cathode was cut and her-
metically sealed into an aluminum sample pan. Only the
cathode material was used to calculate the specific heat
flow. Cycling tests of the bare, AIPO4-coated LiCoOy,
and Lij gsMn; 9504 cathodes were carried out in Li-ion
cell between 3 and 4.2 V at the rate of 1 C at 60 °C.
TEM studies confirmed that the AIPO4 nanoparti-
cles were completely coated over the LiCoO, surface
on the nanoscale (~15 nm) [10]. The nanoscale-coat-
ing layer consisted of randomly oriented AlPO4
nanoparticles with an average diameter of ~3 nm, and
the Al and P components were distributed evenly
throughout the nanoscale-coating layer, as confirmed
by EDS [10]. Fig. 1 shows the DSC scans of bare,
AlIPOy-coated LiCoO,, and Lij gsMnj 9504 after 4.6 V
charging in the temperature range 100-300 °C. Bare
LiCoO; exhibited substantial exothermic peaks be-
tween 100 and 300 °C, which is due to the oxygen
generation from cathode decomposition. On the other
hand, Lij g5sMn; 9504 showed significantly smaller heat
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Fig. 1. DSC scans of the bare, AlIPO4-coated LiCoO,, and

Li; 0sMn; 9504 cathodes at a 4.6 V charge cut-off as a function of
temperature. The scan rate was 3 °C/min.

generation than the bare LiCoQ,, as expected, but the
peak release was larger than the AIPO4 nanoparticle-
coated LiCoO,. This suggests that AIPO4 nanoparti-
cle-coating layer minimizes the exothermic reaction
with the electrolyte.

In order to further understand the behavior of the
cathodes at the higher charged state, 12 V overcharge
experiments were carried out using the Li-ion cells.
Fig. 2 shows the voltage and cell-surface temperature
profiles of the cell with the bare and AIPO,4 nanopar-
ticle-coated LiCoQO,, and Lij osMnj 9504. The cells used
for the 12 V overcharge safety test were charged to 4.2
V, and subsequently charged to 12 V at a rate of 2 C
and held at 12 V until the current decreased to 20 mA
(equivalent to 280 mA/g=1.68 A and 220 mA/g=14
A, respectively, for LiCoO; and Lij sMn; 9504). Fig.
2(b) shows the voltage and cell-surface temperature
profiles during the 2 C rate overcharge test to 12 V.
Overcharging over 5 V increased the electrolyte de-
composition rate, and the internal cell resistance (joule
heat) increased due to -electrolyte decomposition.
During overcharging, the separator melted down and
shrank when the temperature inside the cell reached
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Fig. 2. (a) Voltage and temperature profiles of a cell with a bare,
AlPO4-coated LiCoO», and Lij gsMn; 9504 cathodes as a function of
time. The cell with the bare cathode electrode exhibits an abrupt
voltage drop to 0 V due to a short-circuit and a rapid temperature
increase to ~500 °C. (b) Expanded plot of the temperature profiles of a
cell with AIPO4-coated LiCoO,, and Lij;gsMn; 9504 cathodes as a
function of time.
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120 °C. When the cell-surface temperature reaches
90 °C, the cell internal temperature can be over 180 °C.
Therefore, any direct contact of the anode and cathode
electrodes induces a short-circuit. This has been the
problem in the cells with a bare LiCoO; cathode, as
shown in Fig. 2(a). Immediately after the cell voltage
reached 12 V, an internal short-circuit occurred (note
the abrupt voltage drop to 0 V), and the surface tem-
perature increased to over 500 °C, resulting in a fire
and explosion of the cell. When the AIPO4 nanopar-
ticles were coated uniformly on the cathode, the cells
did not exhibit any short-circuit problems after being
held at 12 V until the temperature decreased to below
30 °C (Fig. 2(b)). The temperature decreased because
of the separator shutdown, followed by the current
drop at 12 V. Similar to the AIPO4-coated LiCoO,, the
spinel cathode exhibited good thermal stability without
showing any thermal runaway at 12 V. However, it
should be noted that the cell-surface temperature of the
spinel (110 °C) was higher than that of the coated
LiCoO,. This indicates that the AIPO4 coating led to
less exothermic reactions with the electrolyte, and in
turn less heat generation (note that the AIPO4-coated
LiCoO; showed a faster voltage increase to 12 V ahead
of 6 min than bare LiCoO, and Lij ysMnj9s04). This
result is well correlated with the DSC results, as shown
in Fig. 1. This result can be attributed to the strong
covalence of the POy polyanions with the Al in AIPO4
[11-13]. For instance, completely delithiated Li com-
pounds with (PO4)37 showed an endothermic peak
above 300 °C, in contrast to other compounds showing
exothermic peaks below 250 °C [14,15].

Fig. 3 compares the 60 °C cycling life of the bare,
and AlPOg4-coated LiCoO,, and Li; gsMn; 9504 at the
rate of 1 C (=105 mA h/g). A slight excess of Li in
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Fig. 3. Plot of the discharge capacity of the bare, AIPO4-coated
LiCoQO,, and Li; gsMn; 9504 cathodes in the Li-ion cells as a function
of the cycle number at 60 °C.

spinel has been reported to reduce capacity fading at
an elevated temperature because Mn ions in the oc-
tahedral (16d) sites are replaced by lithium ions with
a concomitant increase in the Mn oxidation state to
maintain charge neutrality [15,16]. However, the ca-
pacity of the spinel decreases rapidly from 105 to 50
mA h/g after 200 cycles, while AIPO4-coated LiCoO,
retained the best capacity (135 mA h/g), after 200
cycles, followed by bare LiCoO, with 125 mA h/g.
Codissolution from the bare and coated LiCoO, was
300 and 80 ppm, respectively, while Mn dissolution
from the spinel cathode was over 4000 ppm after
cycling. These results clearly show the superior
chemical stability of the AIPOj4-coating layer in the
thermal stability during overcharging. It can be
therefore concluded that AIPO4 coating enhanced the
structural stability of the LiCoO, more than the well-
known spinel material and bare LiCoO, both at the
overcharged state and at elevated temperature cycling.

Acknowledgement

This work was supported by Kumoh National Insti-
tute of Technology.

References

[1] J.-M. Tarascon, M. Armand, Nature 414 (2001) 359.

[2] Laptop Batteries Are Linked to Fire Risk, New York Times,
March 15, 2001; U.S. Consumer Product Safety Commission
(http://'www.cpsc.gov/cpscpub).

[3] R.A. Leising, M.J. Palazzo, E.S. Takeuchi, K.J. Takeuchi, J.
Electrochem. Soc. 148 (2001) A838.

[4] H. Maleki, S.A. Hallaj, J.R. Selman, R.B. Dinwiddie, H. Wang, J.
Electrochem. Soc. 146 (1999) 947.

[5] A. Duaquier, F. Disma, T. Bowmer, A.S. Gozdz, G.G. Amatucci,
J.-M. Tarascon, J. Electrochem. Soc. 145 (1998) 472.

[6] H. Maleki, G. Deng, A. Anani, J. Howard, J. Electrochem. Soc.
146 (1999) 3224.

[7] J.R. Dahn, E.W. Fuller, M. Obrovac, U. Von Sacken, Solid State
Tonics 69 (1994) 265.

[8] Guideline for the Safety Evaluation of Secondary Lithium Cells,
Japan Battery Association, 1997.

[9] A Safety Standard for Lithium Batteries, UL1642, Underwriters
Laboratories, third ed., 1995.

[10] J. Cho, Y.-W. Kim, B. Kim, J.-G. Lee, B. Park. B, Chem. Mater.,
submitted.

[11] R.B. King, in: Encyclopedia of Inorganic Chemistry, vol. 1, Wiley,
New York, 1994, pp. 302-305.

[12] J.B. Goodenough, U.S. Patent No. 5910383, 1999.

[13] K. Amine, H. Yasuda, M. Yamachi, Electrochem. Solid State
Lett. 3 (2000) 178.

[14] S. Okada, S. Sawa, M. Egashira, J.-I. Yamaki, M. Tabuchi, H.
Kageyama, T. Konishi, A. Yoshino, J. Power Sources 97 (2001)
430.

[15] R.J. Gummow, A. de Kock, M.M. Thackery, Solid State Ionics 69
(1994) 59.

[16] M.M. Thackeray, J. Electrochem. Soc. 142 (1995) 2558.


http://www.cpsc.gov/cpscpub

	Improved thermal stability of LiCoO2 by nanoparticle AlPO4 coating with respect to spinel Li1.05Mn1.95O4
	Acknowledgements
	References


