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Abstract

Li4Ti5O12 thin films for rechargeable lithium batteries were prepared by a sol–gel method with poly(vinylpyrrolidone). Interfacial

properties of lithium insertion into Li4Ti5O12 thin film were examined by cyclic voltammetry (CV), electrochemical impedance

spectroscopy (EIS), and potentiostatic intermittent titration technique (PITT). Redox peaks in CV were very sharp even at a fast

scan rate of 50mV s�1, indicating that Li4Ti5O12 thin film had a fast electrochemical response, and that an apparent chemical

diffusion coefficient of Li+ ion was estimated to be 6.8� 10�11 cm2 s�1 from a dependence of peak current on sweep rates. From

EIS, it can be seen that Li+ ions become more mobile at 1.55V vs. Li/Li+, corresponding to a two-phase region, and the chemical

diffusion coefficients of Li+ ion ranged from 10�10 to 10�12 cm2 s�1 at various potentials. The chemical diffusion coefficients of Li+

ion in Li4Ti5O12 were also estimated from PITT. They were in a range of 10�11–10�12 cm2 s�1.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Many research groups have investigated on all solid-
state and/or micro-scaled rechargeable lithium batteries
[1–6]. The micro-scale batteries will be realized in all
solid-state type, and utilized in various application fields
related to micro-systems, such as micro-sensor, micro-
mechanics, micro-electronics, and so on. In order to
develop micro-scale lithium ion batteries with a high-
energy density, a fabrication technique for micro-scale
anodes, cathodes, and electrolytes should be needed.
Li4Ti5O12 has been investigated as a powerful anode

material for all solid-state rechargeable lithium bat-
teries, because of its very flat discharge and charge
curves and high cycleability [7–11]. In general, Li4Ti5O12
has been synthesized by heating a mixture of Ti and Li
sources at 800�C for 24 h under air atmosphere. It
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exhibits a working voltage of 1.55V vs. Li/Li+ and its
theoretical discharge capacity is 167mAh g�1.
By the way, some researchers have proposed several

methods for preparing thin film electrodes in a micro-
scale order, such as chemical vapor deposition, sputter-
ing process, pulsed laser deposition, etc. [12–15]. When
using these methods, good thin films have been
prepared. However, a difficulty in controlling stoichio-
metry of thin films sometimes happens in these
preparation processes.
The sol–gel method is well known as one of promising

thin film preparation methods [6–8,16–20]. This method
has some advantages, such as low fabrication cost,
relatively easy stoichiometry control, and high deposi-
tion rate. The method, of course, is also well known as a
low-temperature synthesis method for various ceramics.
We have investigated on preparation of thin film

electrodes and electrolytes for rechargeable lithium
batteries by using sol–gel method [6–8,18–19]. Crack-
free thin films of Li4Ti5O12, LiCoO2 and LiMn2O4 on
Au substrate were successfully obtained by adding
poly(vinylpyrrolidone) (PVP) to reacting solutions.
PVP was very effective to prepare a relatively thick
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Fig. 1. Coulombic titration curve of Li4/3+xTi5/3O4 thin film electrode

prepared by using sol–gel coating method with PVP at C/50 in 1M

LiClO4/EC+DEC.

Table 1

Values of a differential factor ðdE=dxÞ obtained from Fig. 1

Voltage (V) ðdE=dxÞ

1.20 3.78

1.30 2.76

1.35 3.26

1.41 2.20

1.44 2.93

1.47 3.08

1.50 3.03

1.51 2.66

1.60 2.53

1.65 7.38

1.70 6.52

1.75 5.86

1.85 18.91

1.95 27.61
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film. Actually, our preliminary reports showed a smooth
surface morphology and excellent electrochemical prop-
erties of Li4Ti5O12, LiCoO2 and LiMn2O4 thin film
electrodes [7,8,18,19].
For an application of active electrode materials

prepared by the sol–gel method to all solid-state
rechargeable lithium batteries, transport kinetics of
Li+ ion in active electrode materials must be evaluated.
In general, chemical diffusion coefficient, D̃; is usually
used to describe a compositional relaxation of insertion
electrode. So far, some kinds of methods have been
applied to a calculation of chemical diffusion coeffi-
cients of Li+ ion in solid electrodes [21–24]. For
example, galvanostatic intermittent titration technique
(GITT) [21], potentiostatic intermittent titration techni-
que (PITT) [13,22], electrochemical impedance spectro-
scopy (EIS) [23], and cyclic voltammogram (CV) [24]
have been used.
In this study, sol–gel method with PVP was utilized to

prepare Li4Ti5O12 thin film as anode for rechargeable
lithium batteries, and three types of methods (CV, EIS,
and PITT) were used for studying an electrochemical
response of Li4Ti5O12 and the chemical diffusion
coefficient of Li+ ion in Li4Ti5O12.

2. Experimental

Li4Ti5O12 thin film was prepared on Au substrate by
using PVP sol–gel method in our previous reports [7,8].
The film thickness was 0.4 mm and the effective electrode
area was 0.785 cm2. A three-electrode electrochemical
cell was employed for electrochemical measurements.
Lithium metal foil and wire were used for reference and
counter electrodes. An electrolyte was a mixed solvent of
ethylene carbonate (EC) and diethyl carbonate (DEC)
(1:1 in volume) containing 1mol dm�3 LiClO4 (1M
LiClO4/EC+DEC).
Galvanostatic intermittent discharge-charge experi-

ments were conducted under constant current condi-
tions (C/50) by using automatic discharge and charge
equipment (HJR-110mSM6, HOKUTO DENKO Co.).
Cut-off voltages were 1.2 and 3.0V vs. Li/Li+ for
discharge and charge processes, respectively.
EIS was carried out in the frequency range from

50 kHz to 10mHz by using 5080 frequency response
analyzer (NF electronic instruments) combined with
an automatic polarization system (HZ-3000, HOKUTO
DENKO Co.). CV and potentiostatic current transient
experiment were also performed and recorded by using
automatic polarization equipment (HZ-3000, HOKU-
TO DENKO Co.). A scan rate of CV was 10mVmin�1

in a range of 1.2–3.0V vs. Li/Li+.
All electrochemical experiments were conducted in an

argon-filled glove box at room temperature.
3. Result and discussion

Fig. 1 shows the voltage profile vs. x in Li4=3þxTi5=3O4:
The flat region in the discharge curve was observed at
1.55V vs. Li/Li+, corresponding to a coexistence of two
phases. From this figure, a differential factor ðdE=dxÞ
was obtained and tabulated in Table 1, which was
required to calculate chemical diffusion coefficients using
EIS method.
Fig. 2 shows the differential intercalation capacity,

Cint obtained by EIS, PITT, and CV. The intercalation
capacity can be obtained from each equation, Cint ¼
Qtðdx=dEÞ; (Qt is the overall intercalation charge for a
charge process) for GITT and PITT, Cint ¼ Iv�1 (v is the
scan rate) for CV, and Cint ¼ �ð1=oZ00

o-0Þ for EIS,
respectively. From this figure, sharp peaks were
observed at 1.55V vs. Li/Li+. A shift of the peak
voltage was observed, reflecting to a deviation from
equilibrium conditions during the measurements. The
EIS spectra were measured after maintaining an
electrode voltage corresponding to different intercala-
tion levels for a long time (4 h). Therefore, the results



ARTICLE IN PRESS

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.010

0 0.1 0.2 0.3

v 1/2 / V1/2 s-1/2

I p
 / 

A

cathodic
anodic

Fig. 3. Relationship of the peak current to v1=2 for fast scans of

Li4Ti5O12 thin film electrode from CV.
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Fig. 4. (a) Cole–Cole plot for the Li4Ti5O12 film electrode at 1.59V vs.

Li/Li+; and (b) the Randles equivalent circuit for the ac responses.
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Fig. 2. Differential intercalation capacities (Cint) obtained by (a) EIS,

Cint ¼ �1=oZ00
o-0; (b) PITT, Cint¼ DQ=DE; and (c) CV, Cint ¼ Iv�1:
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from EIS were obtained under more equilibrium
conditions compared with other methods (PITT
and CV).
The kinetic response was firstly examined from the

dependence of peak current in CV on the scan rate. A
linear relationship was observed up to 5mV s�1, but it
deviates at scan rates greater than 5mV s�1. This
deviation indicates that the process is limited by a
semi-infinite diffusion of Li+ ion into the Li4Ti5O12
solid matrix. Fig. 3 shows a linear relationship between
both anodic and cathodic peak currents and square root
of scan rates. Assuming that the film is regarded as a
compact uniform layer, the diffusion coefficient of Li+

ion in the Li4Ti5O12 thin film was estimated to be
6.8� 10�11 cm2 s�1 from a preliminary calculation.
At an open circuit potential, a chemical diffusion

coefficient was also estimated by using an EIS. Fig. 4
shows the Cole–Cole plot for the Li4Ti5O12 thin film
electrode. For calculating diffusion coefficients from the
impedance result, Z	

W is frequently used as a complex
impedance arising from diffusion of electroactive
species, which is known as Warburg impedance. The
following expression for Z	

W was derived by solving
Fick’s law with appropriate initial and boundary
conditions [23].

Z	
W ¼ Ao�1=2 � jAo�1=2; ð1Þ

where o is the radial frequency, j ¼ O� 1; and A is a
constant which contains a concentration-independent
chemical diffusion coefficient, D̃; of electroactive species
in solid matrix

A ¼ VMðdE=dxÞffiffiffi
2

p
zFD̃1=2a

; ð2Þ
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Fig. 6. Variation of pre-exponential factor, A; of Warburg impedance

as a function of electrode potential for Li4Ti5O12.
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Fig. 7. Chemical diffusion coefficients of Li+ ion in the Li4Ti5O12 film

as a function of electrode potential (EIS).
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where VM is the molar volume of Li4Ti5O12
(45.73 cm3mol�1), dE=dx is the slope of the electrode
potential curve vs. x in Fig. 1, z is the charge transfer
number for lithium intercalation reaction, which is equal
to 1, the constant a is the electroactive surface area of
the electrode (0.785 cm2), and F is the Faraday constant.
At 1.59V vs. Li/Li+, a semi-circle and a straight line

were observed in the high- and intermediate-frequency
regions (50 kHz–0.7943Hz), and a vertical line in the
low-frequency region (0.7943Hz–10mHz). The dia-
meter of semi-circle appeared at higher-frequency region
corresponding to a charge transfer resistance, which is
estimated to be 14O. As mentioned above, chemical
diffusion coefficients can be obtained by using the
region of the straight line corresponding to Warburg
impedance due to a semi-infinite diffusion.
Fig. 5 shows the relationship between impedances and

frequencies at each potential. From this figure, it is clear
that both real and imaginary parts of impedance are
proportional to o�1=2; and parallel with each other. The
pre-exponential factor, A can be obtained from the slope
of the plot, and the values changed with electrode
potential. Fig. 6 shows the relationship between the
obtained slope, A; and electrode potential. The slope, A;
is in unit of O s�1/2 and inversely proportional to the
chemical diffusion coefficient, D̃: Thus, A can be
considered as a resistance barrier for Li+ ion diffusion.
The small A value at around 1.55V vs. Li/Li+ indicates
that Li+ ions move fast in the solid matrix of the
electrode. At a coexistence of two phases, the chemical
diffusion coefficient cannot be calculated, because of
dE=dxE0:However, the obtained A value indicates that
the diffusion of Li+ ion is very fast at 1.55V vs. Li/Li+

at a coexistence region of two phases.
Fig. 7 shows the chemical diffusion coefficients

obtained from Eq. (2). D̃ is ranging from 10�10 to
10�12 cm2 s�1 at various potentials except to around
1.55V vs. Li/Li+ corresponding to the coexistence
region of two phases.
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at various potentials.
The chemical diffusion coefficients were also esti-
mated by using the PITT. This technique has an
advantage that reactions such as nucleation of new
phases can be avoided if the electrode potential is
controlled within stable ranges of single phase.
The Li+ ion diffusion for the PITT experiment can be

modeled as one-dimensional transport based on Fick’s
second law

qCLi

qx
¼ D̃

q2CLi
qx2

; ð3Þ

where x is the distance into the solid film from the
electrolyte/electrode interface and CLi is the Li concen-
tration at x and time t; and D̃ is the chemical diffusion
coefficient. The initial and boundary conditions for
diffusion into a finite sheet of thickness, L; with a
constant surface concentration, Cs; are

CLi ¼ C0 at 0pxpL and t ¼ 0; ð4Þ

CLi ¼ Cs at x ¼ 0 and t40; ð5Þ

qC

qx
¼ 0 at x ¼ L and tX0: ð6Þ
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The constant surface concentration can be achieved
by potentiostatic conditions. Here, D̃ is assumed to be
constant over the concentration difference, Cs � C0;
induced by the potential step. This assumption can be
realized by a small potential width in the PITT
experiment. It is also assumed that Li enters the
electrode only at the electrolyte/electrode interface
(x ¼ 0), and the phase boundary (x ¼ L) is imperme-
able. A solution to this diffusion problem is

CLiðx; tÞ ¼ Cs � ðCs � C0Þ
4

p

XN
n¼0

"
1

2n þ 1:

sin
ð2n þ 1Þpx

2L

� �
exp � ð2n þ 1Þ2p2D̃t

4L2

 !#
: ð7Þ

The current–time transient current, IðtÞ; is related to
the concentration gradient at the electrode/electrolyte
interface

IðtÞ ¼ �zFaD̃
qC

qx

� �
x¼0

; ð8Þ

IðtÞ ¼ 2zFaðCs � C0ÞD̃
L

XN
n¼0
exp � ð2n þ 1Þ2p2D̃t

4L2

 !
; ð9Þ

where z is charge transfer number of the electroactive
species, which is equal to 1 for Li, F is the Faraday
constant, a is the cross-sectional area common to both
the electrolyte and the electrode. The change of
stoichiometry, dx; in the course of the PITT measure-
ment is directly related to the concentration difference
(Cs � C0) according to a following expression:

dx ¼ VMðCs � C0Þ ¼ Q=zFnB; ð10Þ
with

Q ¼
Z

N

0

IðtÞ dt; ð11Þ

where VM is the molar volume of Li4Ti5O12
(45.73 cm3mol�1), Q is the total charge transferred
during the PITT experiment, and nB is the number of
moles of the static component. Since VMnB=S ¼ L; the
current–time transient can be expressed in terms of
charge, Q and the thickness of the electrodes, L by
substituting Eq. (10) into Eq. (9) as follows:

IðtÞ ¼ 2QD̃

L2

XN
n¼0
exp � ð2n þ 1Þ2p2D̃t

4L2

 !
: ð12Þ

For a long time ðtbL2D̃Þ; a reasonable approxima-
tion can be made by taking only the first term of the
series in equation [12]

IðtÞ ¼ 2QD̃

L2
exp � p2D̃t

4L2

� �
: ð13Þ

After each potential step, the charge, Q; can be
determined by an integration current passed during the
PITT experiment. The chemical diffusion coefficient, D̃;
was calculated from the intercept at t ¼ 0 and the slope
of the linear region in the plot of ln IðtÞ vs. t; where

D̃ ¼ � d lnðIÞ
dt

4L2

p2
: ð14Þ

Fig. 8 shows the current–time transient for a potential
step of 20mV (1.44–1.46V Li/Li+), and its semi-
logarithmic plot. As shown in Fig. 8(b), a straight line
was obtained for a long time region, and the I2t curve
was well fitted by a computational simulation of
Eq. (12).
Fig. 9 shows the I2t plot for a potential step of 10mV

(1.53–1.54V Li/Li+), and its semi-logarithmic plot. A
straight line was also observed for a long time region,
and the I2t curve was well fitted by a computational
simulation of Eq. (12), too.
The chemical diffusion coefficients obtained by PITT

were plotted in Fig. 10. D̃ was ranging from 10�11 to
10�12 cm2 s�1 at various electrode potentials except for
1.55V vs. Li/Li+ corresponding to the coexistence
region of two phases.
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4. Conclusion

Three types of techniques were carried out for an
evaluation on diffusion coefficients of the Li4Ti5O12 thin
film, which were CV, EIS, and PITT. From the CV, it
was found that the film had a fast electrochemical
response and the apparent diffusion coefficient of
10�11 cm2 s�1. The EIS and PITT results showed that
D̃ was changed in the range of 10�10–10�12 and 10�11–
10�12 cm2 s�1, respectively. Here, a slight difference
between diffusion coefficients obtained from EIS and
PITT was observed. In case of EIS, the results were
obtained under more equilibrium conditions compared
with other methods such as PITT and CV, but it is very
difficult to obtain the exact value of a diffusion
coefficient due to a strong dependence on the dE=dx

value. On the other hand, more exact value can be
obtained from PITT although a slight deviation from
equilibrium conditions during the measurements was
observed. Of course, it was impossible to evaluate the
diffusion coefficient in the two-phase region (B1.55V
vs. Li/Li+) from both techniques, where a transient
behavior may be attributed to a phase boundary
movement and/or a nucleation of new phase. None-
theless, the pre-exponential factor, A; was obtained from
EIS, which is considered as a resistance barrier for Li+

ion diffusion, and showed that Li+ ion was more mobile
in Li4Ti5O12 near 1.55V vs. Li/Li

+ corresponding to the
two-phase coexistence region.
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