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bstract

Spinel LiMn2O4 thin-film cathodes were obtained by spin-coating the chitosan-containing precursor solution on a Pt-coated silicon substrate
ollowed by a two-stage heat-treatment procedure. The LiMn2O4 film calcined at 700 ◦C for 1 h showed the highest Li-ion diffusion coefficient,

.55 × 10−12 cm2 s−1 (PSCA measurement) among all calcined films. It is attributed to the larger interstitial space and better crystal perfection of
iMn2O4 film calcined at 700 ◦C for 1 h. Consequently, the 700 ◦C-calcined LiMn2O4 film exhibited the best rate performance in comparison with

he ones calcined at other temperatures.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Crystalline LiMn2O4 is one of the most extensively inves-
igated cathode materials for thin-film microbatteries because
f its advantages of less toxicity, lower cost, easier preparation
nd high operating voltage. Nowadays, LiMn2O4 thin films have
een fabricated by several methods, such as R.F. magnetron sput-
ering, pulse laser deposition and electrostatic spray deposition
1–6]. However, most of these methods need expensive appa-
atuses or are difficult to give the deposited films with accurate
toichiometry.

The solution-based route is an alternative procedure for the
eposition of thin-film LiMn2O4 cathodes owing to its simple
nd easy process [7–9]. Chitosan is a polysaccharide derived
rom crustacean and fungal chitin. Due to its low-toxicity and
issue-compatibility, chitosan has been used in pharmaceutics,

edicine and food industry for the last few decades. In our previ-
us work [10], the addition of chitosan to the lithium/manganese
cetates containing precursor solution was found to be helpful
o deposition of LiMn2O4 films. Thus, in order to facilitate the

eposition of LiMn2O4 films on a Pt-coated silicon substrate, the
ithium/manganese acetates-containing precursor solution with
hitosan addition was used as a coating solution.

∗ Corresponding author. Tel.: +886 6 2756402; fax: +886 6 2380208.
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However, a systematic investigation regarding the effect of
nnealing temperature on the electrochemical performance of
iMn2O4 films deposited from sol–gel method was limited.

nsight into the kinetic property of LiMn2O4 during Li-ion inter-
alation and extraction is a key issue for the electrochemical
erformance of thin-film microbatteries, which is strongly dom-
nated by the annealing condition. Thus, in the present study, the
ffect of annealing temperature on the Li ion diffusivity of the
eposited LiMn2O4 films was carefully investigated.

. Experimental

0.025 mol lithium acetate (Alfa Aesar, 99%) and 0.05 mol
anganese acetate (Fluka, 99%) were dissolved in 25 ml ethanol

Fluka, 99.8%). Then, 0.125 g chitosan (Fluka, low viscous) was
lso dissolved in 25 ml de-ionized water containing 1.5 ml acetic
cid (Fluka, 99.8%). Subsequently, the ethanol solution with
cetate salts was mixed with the aqueous solution containing chi-
osan and stirred for 2 h. The Li–Mn–O–chitosan precursor films
ere deposited on a Pt-coated substrate by spin-coating the well-
repared precursor solution at a spinning speed of 3000 rpm. The
eposited films were then calcined at 300 ◦C for 1 h at the first

tage and subsequently at higher temperatures (400–800 ◦C) for
nother 1 h at the second stage. As is evidenced in our previous
ork [10], a dense LiMn2O4 thin-film cathode could be obtained
ia such a preparation process.

mailto:kzfung@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jpowsour.2006.04.040
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Fig. 1. GXRD traces of LiMn2O4 films calcined at different temperatures for
1 h: (a) 400 ◦C (b) 500 ◦C (c) 600 ◦C (d) 700 ◦C (e) 800 and (f) 900 ◦C.
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Film thickness was measured by a contact probe surface pro-
lometer (Tencor Instruments Alpha-step 200). The phase iden-

ification of the prepared films was characterized by glancing-
ngle X-ray diffraction (GXRD) using Rigaku D/MAX 2500
iffractometer with Cu K� radiation at a glancing incident angle
f 1◦ and a scanning rate of 4◦ min−1. Moreover, the calcined
iMn2O4 films were also scraped off from the silicon substrate
nd collected for the determination of the lattice parameter. The
valuation of the lattice parameter was carried out using Rigaku
ad II diffractometer with Cu K� radiation at a scanning rate of
.25◦ min−1. Si powder was used as an internal standard. Lattice
arameter was fitted via the least square procedure.

The evaluation of Li-ion diffusion coefficient for the
eposited LiMn2O4 films calcined at different temperatures was
arried out using both cyclic voltammetry (CV) and potential
tep chronoamperometry (PSCA) methods at room temperature.

three-electrode cell was employed for electrochemical mea-
urements using lithium foil as counter and reference electrodes
nd the deposited LiMn2O4 films as working electrodes. The
lectrolyte was a mixed solution of ethylene carbonate (EC)
nd diethyl carbonate (DEC) (1:1 in volume) containing 1 M
iPF6 (Mitsubishi Chemical). In this work, unless stated oth-
rwise, the deposited LiMn2O4 thin-film cathodes were about
.5 ± 0.05 �m in thickness and the electrode area inside the elec-
rolyte solution was 1 cm2. Both CV and PSCA measurements
ere carried out by employing an EG&G electrochemical anal-
sis system (model 273A).

. Results and discussion

.1. X-ray diffraction analysis of the deposited films

Fig. 1 shows the GXRD traces of Li–Mn–O–chitosan precur-
or films calcined at temperatures ranging from 400 to 900 ◦C
or 1 h. For the sample calcined at 400 ◦C for 1 h (Fig. 1a), the
eaks located at 2θ = 18.64, 36.26, 44.10 and 58.41◦ correspond
o the (1 1 1), (3 1 1), (4 0 0) and (5 1 1) diffraction reflections of
pinel LiMn2O4 lattice (JCPDS 89-0118). The observed peaks
ecame sharper with increasing the calcination temperature to
00 ◦C, indicating that a LiMn2O4 film with better crystallinity
as obtained at the temperature of 700 ◦C. On the other hand,

ome additional peaks at 2θ = 18.2, 28.82 and 32.31◦ appeared
hen the temperature was raised to 800 ◦C. With further cal-

ination at 900 ◦C for 1 h, the intensity of these peaks became
tronger. These extra peaks are consistent with the (1 0 1), (1 1 2)
nd (1 0 3) reflections of a body-centered tetragonal Mn3O4 lat-
ice (JCPDS 80-0382). This revealed that the heat-treatment at
00 ◦C led to the formation of a second Mn3O4 phase.

Thus, the subsequent electrochemical tests were conducted
n the deposited films calcined in the temperature range between
00 and 800 ◦C for 1 h and shown in Section 3.2.

.2. Effect of calcination temperature on Li-ion transport of

he deposited films

Fig. 2 shows the cyclic voltammograms obtained from
iMn2O4 films calcined at temperatures between 400 and

Fig. 2. Cyclic voltammograms obtained from the LiMn2O4 films calcined at
different temperatures with a sweep rate of 0.2 mV s−1.
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Fig. 3. Discharge curves of the LiMn2O4 thin-film cathodes calcined at different temperatures at a current density of (A) 20 �A cm−2 and (B) 40 �A cm−2.
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Table 1
Kinetic properties for LiMn2O4 films calcined at different temperatures

Calcination temperature (◦C) A1 A2 C1 C2 (mV)

400 42 24 41 22
500 29 17 29 17
600 22 16 22 15
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Fig. 4. (a) Cyclic voltammograms of LiMn2O4 film calcined at 700 ◦C for 1 h
u
o

e
s

700 12 10 11 13
800 8 8 9 8

00 ◦C for 1 h. All curves exhibited a couple of oxidation and
eduction peaks located at about 4.00 and 4.13 V. This is a typ-
cal characteristic attributed to the (de)intercalation process of
i ion in 8a tetrahedral sites of LiMn2O4 spinel [11]. More-
ver, these oxidation–reduction peaks became sharper when the
alcination temperature was raised from 400 to 800 ◦C. This
esult indicated that the electrochemical response of the prepared
iMn2O4 films was highly dependent on the annealing tempera-

ure. A convenient diagnostic for these electrochemical reactions
s the difference between the peak potential (Ep) and the poten-
ial at Ip/2 (Ep/2) [12]. The Ep − Ep/2 values for the calcined
iMn2O4 films, evaluated from the oxidation–reduction peaks

n Fig. 2, are listed in Table 1. Obviously, the estimated Ep − Ep/2
alues decreased with increasing calcination temperature for all
xidation–reduction peaks (A1, A2, C1 and C2). The narrower
eak in the CV curve implies that a specific electrochemical
eaction completes at a shorter period of time. In the present
ase, the narrower peak indicates that the (de)intercalation pro-
ess of Li ion can take place at a more rapid rate. Fig. 3 shows
he discharge curves as a function of current density of 20 and
0 �A cm−2 for the LiMn2O4 films calcined at different tem-
eratures. As is seen in Fig. 3, all discharge curves exhibited
wo discharge plateaus occurring at 4 V, which coincide with
he results of CV plot (Fig. 2). In addition, it was also found that
he LiMn2O4 film calcined at a high temperature has a better rate
erformance than one calcined at a low temperature. This may be
ttributed to the fact that the Li-ion diffusivity of LiMn2O4 film
alcined at a high temperature is higher than that at a low tem-
erature. Thus, both CV and PSCA measurements were carried
ut to evaluate the Li-ion diffusion coefficient of the LiMn2O4
hin-film cathodes calcined at various temperatures.

Fig. 4a shows the cyclic voltammograms of LiMn2O4 film
alcined at 700 ◦C for 1 h recorded under different sweep rates.
t was found that the anodic and cathodic peaks shifted to
igher and lower potential and the peaks current (Ip) also
ncreased when the potential sweep rate (υ) increased from 0.05
o 0.8 mV s−1. In the case of semi-infinite diffusion, the peak cur-
ent is proportional to the square root of the sweep rate and the
pparent diffusion coefficient of Li ion can be calculated from
he relationship between a peak current and potential sweep rate
12]

p = (2.69 × 105)n3/2aD
1/2
Li C∗

Liυ
1/2 (1)
here Ip is the peak current (A), n the number of electrons per
eaction species (for Li ion, it is 1), a the electrode area (1 cm2),

Li the apparent diffusion coefficient of Li ion in a solid state
lectrode (cm2 s−1), C∗

Li the bulk concentration of Li ion in the

i
c
t
t

nder various potential sweep rates, υ. (b) Dependence of Ip plotted as a function
f υ1/2.

lectrode (0.023 mol cm−3 for LiMn2O4) and υ is the potential
weep rate (V s−1). In the present case, as is shown in Fig. 4b, Ip
s linearly proportional to υ1/2. Thus, the diffusion coefficients

orresponding to A2 and C2 peaks calculated from the slope of
he linear fit are 4.46 × 10−12 and 4.73 × 10−12 cm2 s−1, respec-
ively.
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Table 2
Summary of the estimated diffusion coefficients of LiMn2O4 films calcined at
different temperatures based on both cyclic voltammetry (CV) and potential step
chronoamperometry (PSCA) methods

Calcination temperature (◦C) CV PSCA (×10−12 cm2 s−1)

A2 C2

400 0.78 0.65 1.23
500 1.55 1.52 1.36
600 3.04 3.05 1.42
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700 4.46 4.73 1.55
800 4.21 4.37 1.53

Although CV can provide the apparent DLi for LiMn2O4
hin-film cathode, a more accurate DLi in specific voltage can
e obtained via the potential step chronoamperometry method.
n a typical PSCA experiment, a potential step from 4.14 to
.15 V (corresponding to the second anodic peak, A2, Fig. 2) was
pplied to the LiMn2O4 thin-film cathode calcined at 700 ◦C for
h and the measured current was recorded as a function of time.
he dependence of resultant current (I) versus time (t) is shown

n Fig. 5a. For a long time (t � L2DLi), the following equation
ould be used to evaluate the Li ion diffusion coefficient [13,14]

n I(t) = ln
2�QDLi

L2 − π2DLit

4L2 (2)

here �Q is the amount of charge injected into the electrode,
Li the diffusion coefficient of Li ion and L the thickness of
lm. According to Eq. (2), the DLi can be calculated from the

inear slope of ln I versus t and the corresponding plot is shown in
ig. 5b. In the time domain, t > 400 s, the data were linearly fitted
nd the diffusion coefficient of Li ion for LiMn2O4 thin-film
alcined at 700 ◦C for 1 h, evaluated from the slope (π2DLi/4L2),
as 1.55 × 10−12 cm2 s−1.
Similar CV and PSCA experiments were also conducted on

ther LiMn2O4 films calcined at 400, 500, 600 and 800 ◦C for
h and subsequent analyses were also carried out. The estimated
Li, based on both CV and PSCA experiments are listed in
able 2. According to the published works [3–4,15–19], the Li-

on diffusion coefficient of the LiMn2O4 films was in the order
f magnitude of −10 to −13. In this work, the estimated val-
es were approaching to the published ones, indicating that the
stimated Li-ion diffusion coefficients can be used as an appro-
riate indicator for Li ion transport in the calcined LiMn2O4
lms obtained in this work. As is seen in Table 2, regardless of
V or PSCA experiments, the estimated DLi gradually increased

o maximum when the calcination temperature was raised from
00 to 700 ◦C and subsequently decreased with increasing the
emperature to 800 ◦C. Such a trend in the Li-ion diffusion coef-
cient can explain why the LiMn2O4 thin-film cathode calcined
t 700 ◦C for 1 h exhibits the best rate performance.

.3. Dependence of Li-ion diffusion coefficient versus

rystallographic property of LiMn2O4 film

In Section 3.2, it was recognized that the Li-ion diffusion
oefficient of the calcined LiMn2O4 films was dependent on the

t
t
fi
c

ig. 5. (a) Current transient of LiMn2O4 thin-film cathode calcined at 700 C for
h from the PSCA measurement in the potential range 4.14–4.15 V vs. Li/Li+.

b) Plot of ln I vs. t from the PSCA measurement.

alcination temperature. The results of GXRD traces in Fig. 1
lso showed that the calcination temperature indeed influenced
he crystallography of LiMn O films. Thus, it is inferred that
2 4
he variation of the Li-ion diffusion coefficient for the LiMn2O4
lms calcined at different temperatures may be related to the
rystal characteristics of the LiMn2O4 films. Fig. 6a shows the
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ig. 6. (a) Effect of the calcination temperature on the lattice parameter of
iMn2O4 films. (b) Dependence of the Li-ion diffusion coefficient plotted as a

unction of lattice parameter of LiMn2O4 films.

ariation of the lattice parameter of the LiMn2O4 films with the
alcination temperature. The lattice parameter of the calcined
iMn2O4 films increased from 0.812 to 0.823 nm when the cal-

◦
ination temperature was raised from 400 to 800 C.
Cubic LiMn2O4 spinel (space group Fd3m) is composed of

hree-dimensional framework of edge-sharing MnO6 octahedral
ith lithium ions at tetrahedral sites, which share common faces

t
i
i
l

ig. 7. (a) Effect of the calcination temperature on the crystallinity of LiMn2O4

lms (b) Dependence of the Li-ion diffusion coefficient plotted as a function of
he crystallinity of LiMn2O4 films.

ith four neighboring empty octahedral sites at the 16c position.
uch an atomic arrangement structure can provide the interstitial
pace for Li ion migration via a 16c–8a–16c transport paths
uring (de)intercalation process. Thus, it is suggested that Li ion

ransport is dependent on the size of interstitial space. The larger
nterstitial space would facilitate the migration of Li ions. Fig. 6b
llustrates the variation of the Li-ion diffusion coefficient versus
attice parameter. Among the calcined LiMn2O4 films at the
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emperatures of 400–700 ◦C, the DLi increased with the lattice
arameter and the LiMn2O4 film calcined at 700 ◦C showed the
ighest Li-ion diffusion coefficient of 1.55 × 10−12 cm2 s−1.

In addition to the interstitial space, the other factor that may
ffect the Li ion transport is the crystallinity of LiMn2O4 films.
sumura et al. have pointed out that the displacement of Li

on from 8a sites to 16d sites and the formation of vacancies of
anganese sites (16d) took place for the LiMn2O4 host with low

rystallinity [20,21]. The crystal imperfection may block the Li
on migration. It is known that the crystallinity is proportional
o the sharpness of the diffraction peak of XRD pattern. In a
ublished work [22], Ahn and Song introduced a crystalline
ndex (Imax/B) to numerate the XRD peak sharpness, where Imax
s the maximum intensity of a diffraction peak and B is the
idth at the intensity equal to half Imax. In the present case of
iMn2O4 films calcined at different temperatures, the crystalline

ndex was employed to estimate the crystallinity of the calcined
lms, and the results are shown in Fig. 7a. It showed that the
rystallinity increased with increasing calcination temperature.
oreover, the variation of the Li-ion diffusion coefficient with

he crystallinity of the calcined films is shown in Fig. 7b. It
an be seen that the estimated DLi shows a positive relationship
ith the crystallinity of the calcined LiMn2O4 films when the

alcination temperature was lower than 700 ◦C.
Although the 800 ◦C-calcined film has the largest lattice

arameter and the highest crystallinity, the formation of elec-
rochemically non-active Mn3O4 phase (Fig. 1e) may suppress
he Li ion migration. Thus, the 700 ◦C-calcined LiMn2O4 film
xhibits the highest Li-ion diffusion coefficient and best rate
erformance.

. Conclusions

Based on the results of this work, the following conclusions
ay be drawn:

. The Li-ion diffusion coefficient, DLi, of the prepared
LiMn2O4 films is strongly dependent on the calcination
temperature. The measured value of DLi increases from
1.23 × 10−12 cm2 s−1 for the film calcined at 400 ◦C for 1 h

to 1.55 × 10−12 cm2 s−1 for the one calcined at 700 ◦C for
1 h.

. The LiMn2O4 film calcined at 700 ◦C for 1 h exhibits the best
rate performance, which is due to the fact that the 700 ◦C-

[

[
[
[
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calcined one possesses the highest Li-ion diffusivity among
all calcined films.

. The highest Li-ion diffusion coefficient of the 700 ◦C-
calcined LiMn2O4 film is attributed to the larger interstitial
space and better crystal perfection in the LiMn2O4 lattice.
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