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Abstract

Preferred c-axis oriented LiCoO, thin films were prepared on a Si substrate by pulsed laser deposition (PLD). The chemical diffusion coefficients,
Dy, of Liin these films were measured by electrochemical impedance spectroscopy (EIS) and potentiostatic intermittent titration technique (PITT).

Dy; was found to be in the range of 10~!! to 10~"3 cm?s~!

© 2006 Elsevier B.V. All rights reserved.
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depending on Li concentration and on the characterization method used.

1. Introduction

LiCoO; is the most commonly used cathode material for
rechargeable Li-ion batteries. Without the presence of a polymer
binder and carbonaceous powders, the dense and flat thin films
are ideally suited to study fundamental kinetic parameters such
as lithium diffusivity.

The layered structure of LiCoO», a nearly cubic close-packed
arrangement of oxygen ions with lithium and cobalt ions occu-
pying alternate layers of octahedral sites, is well suitable for the
rapid deintercalation and intercalation of lithium. When lithium
is deintercalated or intercalated from or into the Li,CoO» matrix,
transformations of several phases occur as the lithium content, x,
is varied between x=1 and 0.5. These include a metal-insulator
transition [ 1-3] and order—disorder reactions [4,5].

Lithium diffusion in the electrodes is a key factor that deter-
mines the rate at which a battery can be charged and discharged.
With increasing interest in high power density, the kinetics of
Li diffusion becomes more important. Many diffusion measure-
ments on LiCoO» have been preformed on composite electrodes
consisting of graphite, binders and other materials [6-9]. How-
ever, a detailed analysis of diffusion coefficients is difficult
for composite electrodes because of their non-uniform poten-
tial distributions and unknown electrode surface area. As a
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result, published values for the chemical diffusion coefficient
Dy vary over a wide range from 10~ B6 1078 cm?s~! [6-9].
Thin films with known composition and well-defined geometry
may be more appropriate for diffusion measurements. Jang et
al. [10] measured Dy in an all solid-state battery with a sput-
tered LiCoO; electrode. We have chosen a somewhat different
approach using pulsed laser deposition (PLD) to obtain high
quality dense LiCoO; film that can directly be measured in a
cell with a liquid electrolyte. When testing thin film electrodes
in liquid electrolytes, the quality and density of the electrode film
is important because permeation of the electrolyte into cracks of
the thin film can modify the surface area making it difficult to
extract proper values of D1 PLD is, therefore, particularly well
suited to making films for diffusion measurements. Striebel et
al. [11], Julien et al. [12], Iriyama et al. [13] and Perkin et al. [14]
have shown successful growth of LiCoO, with highly preferred
(003) using PLD.

In this study, crack free LiCoO» thin films have been prepared
by PLD. EIS and PITT were used to measure the chemical dif-
fusion coefficients of lithium in LiCoQO, thin films.

2. Experimental
2.1. Preparation of the LiCoO> thin film

LiCoO; thin films with buffer layers of Pt/Ti/SiO, were
deposited on Si substrates by PLD where Pt was deposited as



H. Xia et al. / Journal of Power Sources 159 (2006) 1422—1427 1423

the current collector and a Ti buffer layer was used to increase
adhesion between the Pt and SiO,. Based on Julien et al. [12] the
LiCoO, target was prepared with a 15% excess Li; O to compen-
sate for Li loss during deposition. The target and substrate were
placed inside a vacuum chamber of the PLD which had a pres-
sure of less than 1 x 107> Torr. The target—substrate distance
was kept at 40 mm. During deposition, the target was rotated at
1020 rpm to avoid depletion of material at any given spot. A
Lambda Physik KrF excimer laser with wavelength 248 nm was
used in the deposition. Laser fluence was controlled at 2 J cm ™2
and a repetition rate at 10 Hz. Film deposition was carried out
with 100 m Torr oxygen partial pressure at 600 °C for 40 min.
The deposited thin films were characterized by means of X-
ray diffraction (XRD) with Cu Ka radiation and a scanning
electron microscope (SEM). The thickness of the thin film was
determined by SEM on a fractured cross-section of the sample.

2.2. Electrochemical characterization

All electrochemical experiments were conducted in an Ar-
filled glove box using a Solartron 1287 two terminal cell test
system combined with Solatron 1260 frequency response ana-
lyzer. Li-metal foil was used as both the anode and reference
electrode. A LiCoO» thin film was used as the cathode. One mole
LiFP¢ in a 1:1 (by volume) ethylene carbonate (EC)—diethylene
carbonate (DEC) solution was used as the electrolyte. A beaker
was adapted as the electrolyte container with both cathode and
anode immersed in the beaker.

Galvanostatic charge—discharge was carried out in the poten-
tial range between 3.0 and 4.2 V with a constant current density
of 15 wA cm™2. The incremental capacity (AQ/AV) versus volt-
age, and the differential factor (—dx/dV) were derived from
the charge—discharge curve. Electrochemical impedance spectra
(EIS) were measured at various electrode potentials in the fre-
quency range from 10kHz to 3 mHz. The impedance data were
analyzed by equivalent circuit fitting using ZView2 software of
Scribner Company. To measure the chemical diffusion coeffi-
cient by potentiostatic intermittent titration technique (PITT), a
potential step of 10 mV was applied and the current was mea-
sured as a function of time. The potential step was stepped to the
next level while the current was below 0.1 wA cm™2. This pro-
cedure was repeated between 3.89 and 4.20 V at both increasing
and decreasing potentials.

3. Results and discussion
3.1. Characterization of LiCoO; thin films

Fig. 1 shows the XRD pattern of the LiCoO,/Pt/Ti/SiO, on
Si substrate. Three XRD peaks for LiCoO; at 20 18.98°, 38.46°
and 59.25° can be seen, which are attributed to (0 0 3), (0 0 6) and
(009) diffractions of rhombohedral LiCoO,. Other diffraction
peaks of LiCoO, such as (10 1), and (104) in this scan range
could not be detected, indicating that the film had a preferred c-
axis (00 3) out-of-plane orientation. The formation of preferred
(00 1) orientation is attributed to (0 0 /) planes having the lowest
surface energy no mattering using PLD or Sputtering method
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Fig. 1. XRD 6/20 spectrum for LiCoO; thin film on a Pt/Ti/SiO,/Si substrate.

[13,15]. A very dense film without any pinholes and cracks was
observed by SEM. The film thickness and deposition rate were
estimated to be respectively about 300nm and 7.5 nmmin~!
from the cross-section SEM as shown in Fig. 2.

3.2. Galvanostatic charge discharge test

Ten charge—discharge cycles were conducted between 3.0
and 4.2 V under 15 wA cm~2 constant current before any diffu-
sion measurements were performed. A typical charge—discharge
curve is shown in Fig. 3. The incremental capacity (AQ/AV)
versus potential is shown in Fig. 4. The major peak at about
3.9V, corresponding to the large plateau in the charge—discharge
curve, is due to a first-order phase transition between two dif-
ferent hexagonal phases driven by the metal-insulator transition
[1]. Two minor peaks above 4.0V, corresponding to the two
small plateaus in the charge—discharge curve, are due to the
two-phase regions on both sides of the ordered Lip 5C0oO, phase
[16]. The difference between peak positions during deinterca-
lation and intercalation of Li is about 30 mV, which indicates
a small amount of polarization in this cell. The ordered phase

20.0kV

x30.0K

Fig. 2. Cross-sectional SEM image of a LiCoO, thin film on a Pt/Ti/SiO»/Si
substrate.
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Fig. 3. A typical charge—discharge curve of LiCoO, thin film grown by PLD.
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Fig. 4. Incremental capacities (AQ/AV) vs. potential derived from

charge—discharge curves.

composition Lip 5C00; is expected to fall close to the minimum
in AQ/AVat4.15V [16]. Setting x=1/2 at V=4.15V allows to
derive the potential V(x) in Li,CoO; (Fig. 5) and the derivative
—dx/dV (Fig. 6).
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Fig. 5. Coulombic titration curve of a Li,CoO, thin film grown by PLD.
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Fig. 6. The derivative —dx/dV as a function of cell potential.

3.3. Electrochemical impedance spectroscopy (EIS)

Fig. 7 shows the ac impedance spectra measured in the range
of potentials from 3.94 to 4.22V in 40 mV intervals at open-
circuit voltage (OCV) conditions. Before each EIS measure-
ment, the voltage of the cell was kept at a constant value until
the current decayed to a stable small value (below 0.1 wA cm™2).
Each spectrum behaved similar to the simulated impedance of
a Randle’s equivalent circuit (Fig. 8). Here, R, is meant to rep-
resent the uncompensated ohmic resistance of the electrolyte
and electrode, R the charge-transfer resistance, Cq; the dou-
ble layer capacitance of the electrode—electrolyte interface and
Z3; the complex impedance arising from the diffusion of the
electroactive species, which is often referred to the Warburg
impedance. The semicircle at high frequencies in the impedance
spectrum is due to the parallel combination of Cg; and R¢;. At
low frequencies, a transition occurs when the kinetics pass from
charge transfer control to diffusion control, which correspond to
a straight line of 45° slope in the spectrum. At very low frequen-
cies, a vertical line emerges in the spectrum due to the onset of
finite length diffusion, when R reaches its limiting value given
by the sum of (R, + R¢¢) and Ry. Ry is the limiting low frequency
resistance.
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Fig. 7. Cole—Cole plots for LiCoO, thin films obtained at various potentials.
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Fig. 8. Simulation of complex impedance using the Randles equivalent circuit.

In case of semi-infinite diffusion, the Warburg impedance Z3,
can be expressed in terms of an imaginary (X) and real (R) part
[17]:

Zy = Rw — jXw ey

with Ry = |Z| cos 8, Xw = |Z]| sin B, and | Z| = |v,/i0al,
and g is the phase of the current with respect to the applied
voltage, i, the amplitude of current density, v, the amplitude of
applied voltage and « the surface area. By solving Fick’s second
law with proper initial and boundary conditions, the expression
of i, can be deduced as a function of v, and D. A limiting case
occurs at very low frequencies when the kinetic pass from semi-
infinite diffusion to finite diffusion. The current is 90° out of
phase with the voltage and R reaches its limiting value given by
the sum of (R, + R¢¢) and Ry_. Under this condition,

Rw = Ry = |Z|cos g = Vu (dV) (L )
w=aL= " |zFa \ dx 3D

where Ry, is the limiting low frequency resistance, which can be
obtained by fitting the ac impedance spectra using a equivalent
circuit, V; a molar volume of the LiCoO; (19.56 cm’ mol’l),
dV/dx can be obtained from —dx/dV in Fig. 6, z is a charge-
transfer number of lithium, F the Faraday constant, L the thin film
thickness and « the active surface area of the electrode. There-
fore, the chemical diffusion coefficient of Li can be calculated
from Eq. (2). Fig. 9 shows the chemical diffusion coefficients
of Li calculated from Eq. (2) at different potentials. EIS can
only be used to obtain the chemical diffusion coefficient in a
single-phase region and it is not meaningful to obtain the chem-
ical diffusion coefficient in the two-phase region of LiCoO;
around 3.92 V. The values of Dy range from 3.15 x 10712 to
1.47 x 107" cm? s~! in the voltage range from 3.94 to 4.18 V,
which are consistent with previous reports [18]. However, a dip
between 4.05 and 4.10 V was found in Fig. 9, which means that
Dy does not increase monotonically from 3.94 to 4.18 V.
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Fig. 9. Chemical diffusion coefficients of Li in a LiCoO» thin film at various
potentials (EIS).

3.4. Potentiostatic intermittent titration technique

In the composition range of 0.46<x<0.75 (from 3.94 to
4.20V), where Li,CoO; exists in a single-phase region, the
current during each potential step decayed exponentially with
time. In the composition range of 0.75 <x<0.93 (from 3.91 to
3.94V), where Li,CoO, exists in a two-phase region, the cur-
rent decay showed a multi-exp behavior [10]. Figs. 10 and 11
show the time dependence of the current of the cell when the
potential was decreased from 3.98 to 3.97 V and from 3.97 to
3.96 V, respectively. The semi-logarithmic plots on the inserts
in Figs. 10 and 11 show a linear relationship between logarithm
of current (In(/)) and time (¢). This allows one to treat the Li
diffusion by solving Fick’s law for a semi-infinite system with a
perturbation of the surface concentration. After the initial tran-
sients, the surface current decays exponentially in this diffusion
solution [19].
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Fig. 10. Time dependence of the current when the potential was decreased from
3.98t03.97 V.
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Fig. 11. Time dependence of the current when the potential was decreased from
397t03.96 V.

Therefore, D can be calculated from the slope of the linear
region in the plot of In I(f) versus .

d In(1)4L?
dt  n?

The chemical diffusion coefficients obtained from PITT
are plotted as a function of electrode potential during both
charge—discharge states in Fig. 12. The values of Dy ; range from
1.19 x 10713 t0 1.27 x 10~ cm? s~ in the voltage range from
3.89t04.20 V. The values of Dy ; in LiCoO» thin films in the liter-
ature vary from 1074 t01077 cm?s~! [10,18,20-23]. The large
difference is mostly attributed to two reasons. One is due to dif-
ferent assumptions of the geometrical factors, such as diffusion
length and cross-sectional surface area, used in the calculation of
D. The other one is due to different orientations of thin films with
respect to the substrate. For the highly (0 0 3)-textured LiCoO»
thin films, the Li layers lie parallel to the substrate and per-
pendicular to the direction of diffusion, which would impede
Li diffusion. For (1 10) or (10 1)-(104) textured LiCoO; thin
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Fig. 12. Chemical diffusion coefficients of Li vs. potential during charge and
discharge states (PITT).
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Fig. 13. Chemical diffusion coefficients of Li vs. x in LiyCoO; during charge
and discharge states as obtained with PITT.

films, the Li layers are aligned vertically or tilted with an angle
to the substrate, which would facilitate the Li diffusion.

We find that the chemical diffusion coefficient does not
increase monotonically as the potential increases from 3.94 to
420V (0.46 <x<0.75), which is similar to Jang et al.’s results
[10] but is different from previous measurements using a lig-
uid electrolyte [18,20-23]. Note that the plot of Dy versus
potential shows two minima at 4.08 and 4.19V for the Li
deintercalation process and at 4.06 and 4.17 V for the Li inter-
calation process, respectively. These potentials correspond to
the two minor peaks b and c in the incremental capacity plot
(Fig. 4), which are associated with the order/disorder transi-
tions near the composition Lip sCoO;, as mentioned above. In
the two-phase region (0.75<x<0.93), Li transport is due to
phase boundary movement. As the phase boundary movement
involves two diffusion terms associated with each phase and
a boundary kinetic term, it is impossible to calculate Dy as
a single value hence the dip in Di; near 3.92V may not be
related. Indeed, Han et al. [24] shows by simulation of PITT
data that the fluctuation of Dy; in the two-phase regime depend
very much on the approximations used to extract Dy;. Fig. 13
shows the plot of D ; versus x of Li,CoO» (0.46 <x<0.72). The
values of Dy range from 1.50 x 10712t01.27 x 1071 cm?s~!
in the single-phase region. Two minima occur at x=0.48 and
x=0.54, respectively, and one maximum at x=0.5 is observed
in Fig. 13, which is in good agreement with the result of Jang et
al. [10].

The chemical diffusion coefficient Dy ; is a product of the self-
diffusion coefficient Dy ; and the thermodynamic factor ® [25].
© is proportional to —dV/dx, which will have minima at phase
boundaries near the composition Lip 5Co0O, and a maximum at
composition Lig sC00O,. As discussed by Van der Ven and Ceder
[26], the self-diffusion coefficient Dy ; should have a minimum at
x=0.5 due to a higher activation energy associated with Li jumps
in ordered LipsCoO,. Whether Djp; is maximal or minimal
depends on the balance between the thermodynamic factor and
the self-diffusion coefficient. A less-ordered Lip 5CoO; cathode
will exhibit a reduced minimum of Dy; compared to a well-



H. Xia et al. / Journal of Power Sources 159 (2006) 1422—-1427 1427

ordered Lip5Co0O; cathode as there would be less limitation
to Li jumping. In real experiments, it is difficult to reach the
ideal ordered LipsCoO, with a perfect Li vacancy ordering.
Therefore, in our case, Dy ; is mainly determined by the thermo-
dynamic factor @, which is why the plot of Dy ; versus x exhibits
characteristics similar to the plot of —dV/dx.

3.5. Comparison of EIS and PITT

The chemical diffusion coefficients of Li in the LiCoO; thin
film electrode at different potentials determined by EIS, agree
well with the results determined by PITT.

Both techniques are based on the relation between current,
voltage and time in a solution to Fick’s second law with appropri-
ate initial and boundary conditions. The EIS spectra were mea-
sured at a number of different intercalation levels after prolonged
potentiostatic equilibration. Therefore, the results obtained from
EIS may reflect an equilibrium situation better than the results
obtained from PITT. However, the accuracy for calculating the
chemical diffusion coefficient of EIS depends on the fitting of
the experimental impedance with an equivalent circuit model.
Usually there is no good separation between semi-infinite dif-
fusion regime and finite diffusion regime on the experimental
impedance spectra so that the fitting may induce some errors
when determining the value of Ry, which will directly affect
the accuracy for calculating the chemical diffusion coefficient.
Although the results of PITT were obtained under a slight devi-
ation from equilibrium conditions, the relationship between the
current and time more directly and exactly reflect the diffusion
property of Li. Without any fitting, the chemical diffusion coef-
ficient calculated from the relationship between the current and
time is more reliable.

4. Conclusions

LiCoO, thin films with a preferred c-axis orientation were
grown on a Si substrate by pulsed laser deposition (PLD). The
high quality and dense films without any cracks and pinholes
have shown to be excellent test samples for measuring the chem-
ical diffusion coefficient.

The chemical diffusion coefficients of Li in LiCoO; thin
films were investigated by the EIS and PITT methods. The EIS
results showed that the chemical diffusion coefficients range
from 3.15x 10712 to 1.47 x 10~ em?s~! in the potential
range from 3.94 t0 4.18 V and Dy does not increase monotoni-
cally with potential. More detailed results of chemical diffusion
coefficients were obtained with PITT, giving values of Dy; in
the range from 1. 50 x 10712 to 1.27 x 10~ cm?s~! in the
single-phase region of Li,CoO, (0.46 <x<0.72). Two minima
at x=0.48 and 0.54 corresponding to order/disorder transitions
at phase boundaries near composition Lip5CoO, were clearly
observed.
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