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Abstract

The time dependence of the open-circuit voltage (OCV) and the capacity loss in Li/Li1�yCoO2 half-cells during high temperature aging

were measured experimentally, and tentatively simulated with simple kinetics equations involving Li-ion diffusion and a phase transition,

respectively. The respective activation energies were determined. The capacity loss was found to have a reversible and irreversible component.

The latter is discussed in contest of recent observation of an irreversible hexagonal-to-spine phase transition.
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1. Introduction

Lithium-ion batteries dominate the market of power

sources for electronic applications due to their high energy

and power densities, reliability, long life and safety [1].

However, their behavior after storage at elevated tempera-

ture is still not well understood.

Self-discharge is a natural phenomenon in primary and

secondary batteries [2]. It originates from different pro-

cesses within the battery, among them corrosion-type reac-

tions that take place between the electrolyte and electrodes.

Lithium-ion batteries in their charged state have a high open-

circuit voltage (OCV) close to 4.2 V, which makes it even

more likely for the lithiated graphite LiyC6 negative (anode)

and delithiated positive electrode (cathode) Li1�yCoO2 to be

oxidized or reduced by the electrolyte, respectively.

In a recent study on the calendar life of complete lithium-

ion prototype cells studied in the floating mode, Broussely

et al. [3] found a kinetics law of the type:

t ¼ ax2 þ bx; (1)

where t is the aging time and x the relative capacity loss.

They claim that the origin of the capacity loss is mainly

related to the limiting role of the SEI formed on the negative

electrode kinetics.

Two-electrode complete cells do not allow us to distin-

guish clearly between contributions from anode and cathode

in capacity loss. Recently, we used lithium/graphite half-

cells to study the kinetics and mechanism of capacity loss in

the LixC6 electrode side [4]. A first-order kinetics law was

found for total capacity loss.

In the present study, we performed similar aging tests with

Li/LiClO4 in propylene carbonate (PC)/Li1�yCoO2 half-

cells. The cells were cycled between 2.9 and 4.2 V at

ambient temperature to determine their initial capacity. They

were then stored in their fully-charged state (at initial 4.2 V)

at a constant temperature T between 60 and 75 8C for several

days while recording their open-circuit voltage. Cells were

then first discharged and cycled under the same conditions as

before aging, allowing the remaining capacity and the

capacity loss to be determined. The average discharge

voltages before and after aging were also compared.

The time dependence of the open-circuit voltage and

capacity loss fit well with reaction mechanisms involving

diffusion and phase transformation.

2. Experimental

Li/PC-LiClO4/LiCoO2 coin-type half-cells (CR2016)

were used for this study. The cathode, provided by ENAX

Inc. (Tokyo, Japan) consists of a composite mixture (91%

LiCoO2, 6% graphite and 3% binder) cast on a thin alumi-

num foil. The separator is made of glass fibers (Craneglas

230/6.1 from Crane Co., New Hyde, NY, USA). The elec-

trolyte is 1 M solution of LiClO4 in propylene carbonate

(Mitsubishi Chemicals Co., Tsukuba, Japan). The cells were

mounted in dry box filled with argon. They were cycled at

ambient temperature at C/5 rate between 2.9 and 4.2 V for
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several cycles, the final step being a charge to 4.2 V. The

cells were then stored at temperatures T ¼ 60, 65, 70 and

75 8C for time t between 2 and 10 days. The cell open-circuit

voltages E0(t, T) were monitored during storage. The

retained capacity after storage was determined by dischar-

ging the cells from their initial OCV to 2.9 V, and their

new cycle capacity was determined by applying further

cycles between 2.9 and 4.2 V at C/5 rate at ambient tem-

perature. X-ray diffraction (XRD) using Co Ka radiation

was performed on electrodes before and after aging in their

discharged state.

3. Results and discussion

3.1. OCV measurements

The voltage relaxation in single-phase intercalation

electrodes is expected to follow a diffusion-controlled

Fig. 1. OCV vs. t1/2 curves during aging at 60–75 8C.

Fig. 2. Arrhenius plot of constant K in Eq. (2).
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mechanism. Therefore, a curve fit with a t1/2 law was

attempted.

Fig. 1 shows the E0(t, T) versus t1/2 transforms. A linear

dependence of the type

E0ðt; TÞ ¼ E0ð0; TÞ � Kt1=2; (2)

was found, confirming the diffusion model.

E0(t, T) relates to the lithium chemical potential at the

electrode/electrolyte interface. During thermal aging start-

ing from a delithited state, lithium will diffuse towards

empty sites at crystallite boundaries. This will increase the

local concentration at the interface, driving the voltage to

lower values. A close analysis of the E0(t, T) versus t1/2

curves shows a departure from linearity at higher tem-

peratures and longer storage times. This may suggest other

mechanism(s) is/are taking place at the electrode/electro-

lyte interface. In a recent study by transmission electron

microscopy (TEM) [5], direct evidence of the growth of

the cubic spinel phase (Li1þyCo2O4) on the surface of the

hexagonal (Li1�yCoO2) was shown. The spinel phase is

known to have lower electrochemical activity (i.e. lower

discharge voltage and lower capacity) than the hexagonal

one [6–9]. The hexagonal ! spinel phase transforma-

tion is promoted by the delithiation state and by higher

temperature [10,11]. Therefore, we do not exclude a

contribution from this phase transformation to the open-

circuit voltage/time dependence, especially at higher

temperature.

Fig. 3. Schematic representation of the evolution of discharge cycle capacity before and after aging at 75 8C; 10 days.

Fig. 4. Time vs. the relative capacity loss at different aging temperatures.
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An Arrhenius behavior was found with ln K versus 1/T as

shown in Fig. 2. The corresponding activation energy is of

the order of 41.3 kJ/mol Li (0.4 eV).

3.2. The capacity losses

Fig. 3 describes the capacity loss after thermal aging at

75 8C for 10 days. After a few preliminary cycles, the dis-

charge capacity stabilizes at the initial value of Qi ¼
135 mAh/g. The first discharge capacity after aging falls to

40 mAh/g. The difference 135 � 40 ¼ 95 mAh/g is the total

capacity loss Qtl. Subsequent cycles show an increase in the

discharge capacity, which then stabilizes at the final value

of Qf ¼ 100 mAh/g. Therefore, the total capacity loss is the

sum of two terms, a reversible (recoverable) one Qrev ¼
100 � 40 ¼ 60 mAh/g, and an irreversible (permanent loss)

one Qirr ¼ Qi � Qf ¼ 135 � 100 ¼ 35 mAh/g.

Fig. 4 shows the time versus the percentage capacity loss x

traces at different temperatures;

x ð%Þ ¼ Qtl

Qi

� 100; (3)

A fit was found with the equation:

t ¼ ax2 þ bx þ t0; (4)

Table 1 displays the a, b and t0 values at different

temperatures. The a parameter is equivalent to a rate con-

stant, b relates to the initial state of the electrode and t0 is a

small time adjustment constant, which may be related to the

thermal specific capacity Cp of the cell.

Fig. 5 shows the Arrhenius plot of a. A linear dependence

is found, indicating the thermally activated character of the

capacity loss. The associated activation energy is 81.2 kJ/

mol Li, which is higher than 36.3 kJ/mol obtained in com-

plete cells operated in the floating charge mode [3]. This

difference in the activation energy may come from the

operating mode itself or from contribution from the anode

Fig. 5. Arrhenius plot of parameter a in equation t ¼ ax2 þ bx þ t0 (t is the time and x is the relative for capacity loss).

Table 1

Temperature evolution of the a, b and t0 parameters in equation

t ¼ ax2 þ bx þ t0 (t is the time and x is the relative for capacity loss)

T (8C) a (h) b (h) t0 (h)

60 0.144 2.305 1.226

65 0.064 2.221 3.258

70 0.0487 1.419 2.981

75 0.0376 0.840 0.523
Fig. 6. Time dependence of the irreversible capacity loss at different

temperatures.
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Fig. 7. XRD (Co Ka) charts of cathodes aged at 75 8C for different times. The cathodes were in their discharged state: (a) (0 0 3) peak area, (b) other peaks of

lower intensities (note different intensity scales between (a) and (b)).

Fig. 8. Evolution of the (0 0 3) peak FWHM with aging time at 75 8C.



side, which in our case is not limiting the capacity (being in

large excess unlike the study in [3]).

The time dependence of the irreversible capacity

loss Qirr(t, T ) is depicted in Fig. 6. Although as expected

Qirr(t, T ) increases monotonically with the aging time, a

change in their curvature occurs between 65 and 70 8C. This

may suggest a change in the mechanism controlling the

irreversible capacity loss.

In order to check the crystal structure contribution to

Qirr(t, T ), XRD was performed on electrodes aged at 75 8C.

Fig. 7 shows the XRD charts of samples aged between 0

(virgin) and 10 days. Samples for the XRD were in their

discharge state (2.9 V). For more clarity, Fig. 7a shows the

(0 0 3) strongest peak and Fig. 7b shows the rest of the

pattern. All diffraction peaks appeared at almost same

angular position with slightly different relative intensities.

Such differences in the relative intensities could not be

clearly ascribed to phase transitions since they may also

result from the electrode texture, which could vary during

cycling and/or aging.

The most significant change was found in the peaks

broadening especially for the (0 0 3) peak. The full-width

at half-maximum (FWHM) versus time curve in Fig. 8

shows an initial slow increase, followed by a steep increase

after 6 days. The broadening of the (0 0 3) peak may result

from internal strains within the crystallites and/or from a

decrease in the coherence length along the c-axis. XRD can

hardly distinguish between the delithiated hexagonal and the

spinel phase, which may form on the grains surface. This is

due to the small amounts of the spinel phase and to the fact

that the two phases have similar XRD patterns. However, the

broadening of the (0 0 3) peak is significant enough to assign

it to modifications in the crystal structure or to decreased

crystallinity of the electrode material, which may be asso-

ciated with the irreversible capacity losses.

4. Conclusion

The use of Li/Li1�xCoO2 half-cells allowed the kinetics

of the cathode contribution to the voltage decay and the

capacity loss to be determined. We found empirical time

dependence laws of the OCV and total capacity loss that

suggest a diffusion mechanism for the former and a crystal

transformation for the latter as the controlling mechanisms.

Their corresponding activation energies were 41.3 and

81.2 kJ/mol Li, respectively. The crystal structure transfor-

mation resulting from increased internal strains and/or

decrease in coherence length along the c-axis was confirmed

from the (0 0 3) peak FWHM evolution upon aging.
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