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Abstract

LiMn, O, thin film (1 wm thick) was prepared on a gold substrate by the PVP sol-gel method. The electrochemical properties of the thin-film
electrode were studied in an electrolyte 1 mol dm~2 LiClOg4/(ethylene carbonate + diethyl carbonate). The prepared LiMn, 0, showed a good
charge—discharge performance, and the capacity fade was ca. 20% during 200 cycles. The Li* ion diffusion in the LiMn, Oy, thin film was
investigated by means of potentiostatic intermittent titration technique and electrochemical impedance spectroscopy. The chemical diffusion

coefficients were estimated to be 1078 to 1070 cm?s~'.
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1. Introduction

Typical cathode materials for rechargeable lithium batter-
ies, such as LiCoO; and LiMn,O4, have been investigated
by many researchers [1-5]. LiMnyO4 has great advantages,
such as lower material cost and low toxicity [4,5]. However,
LiMn;04 has a problem of severe capacity fading during
charge and discharge cycles. Many researchers have sug-
gested and discussed the reason of capacity fading due to
some structural degradation with cycling [6-11]. So far,
many efforts have been done to improve the electrochemi-
cal cycleability of LiMn,O4 by suppressing severe capacity
fading [9-11].

By the way, the Li* ion transport processes have been
investigated for intercalation materials used in rechargeable
lithium batteries. In general, the chemical diffusion coeffi-
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cient, D, is used to describe the complex process of compo-
sitional relaxation of active materials. So far, several kinds of
measurement methods have been applied to estimate chemi-
cal diffusion coefficients of inserted ions in solid electrodes.
For example, galvanostatic intermittent titration technique
(GITT) [12,13], potentiostatic intermittent titration technique
(PITT) [14,15], and electrochemical impedance spectroscopy
(EIS) [16-18] have been effectively used. At first, PITT has
been frequently used for evaluating the chemical diffusion
coefficients. The advantage of this method is that undesir-
able structural effects on Li* ion diffusion coefficient can be
avoided when the voltages are controlled to keep a single
phase of active materials and to suppress a large composi-
tional change. EIS used for the same purpose with PITT has
the same advantages that the diffusion coefficients can be
obtained under more equilibrium conditions compared with
other methods.

To evaluate electrochemical properties such as a chemi-
cal diffusion coefficient, thin films of active materials have
been frequently used to simplify the electrochemical sys-
tem. By employing the thin-film electrode, one can obtain
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intrinsic response solely from the electrochemical reaction of
the material. In order to prepare thin films, various methods
have been already developed and proposed, such as chemical
vapour deposition [19], sputtering [20], pulsed laser ablation
[21], spray coating [22], and so on. When using these meth-
ods, however, there is a difficulty in controlling stoichiometry
of thin films. On the other hand, a sol-gel method [23], one
of soft solution processes, can be considered as a good can-
didate for fabrication of thin film electrodes. The sol—gel
method is well known as one of promising thin film prepara-
tion methods with some advantages, such as low fabrication
cost, relatively easy stoichiometry control, a fast deposition
rate. This method is also well known as a low temperature
synthesis for various ceramics.

We have prepared thin-film electrodes using a sol-gel
method for rechargeable lithium batteries [24-27]. Our
efforts on the preparation of LigTisOj2, LiCoO, and
LiMn;O4 thin films on Au substrates were successful by
introducing poly(vinylpyrolidone) (PVP) to the sol, which
was very effective in preparing crack-free thin films [24,25].
In this study, LiMn,O;4 thin-film electrode was prepared by
the PVP sol-gel method, and its electrochemical properties
were studied using cyclic voltammetry (CV), EIS, and PITT.

2. Experimental

LiMn;Oy4 thin film was prepared on a gold substrate by
using a PVP sol-gel coating method according to our previ-
ous report [24]. Poly(vinylpyrrolidone) (PVP) powders with
average molecular weight of 55,000 were employed. The
addition of PVP was very helpful in forming a uniform
sol. A molar composition of the sol for the LiMn;O4 thin
film preparation was Li(CH3COO):Mn(CH3COO),-4H,0:
PVP:CH3COOH:i-C3H70OH:H,0 = 1:2:2:20:40:40. The sol
was also kept at room temperature and served as a coating
solution for LiMny Oy films. Spin-coating was conducted on
Au substrate under a rotation speed of 3000 rpm in order to
prepare Li—-Mn—O gel film. This gel film was converted to
ceramic thin film by heating at temperature of 800 °C in air
for 1 h. Both spin coating and heating processes were per-
formed repeatedly, until the film thickness became 1.0 wm.
The electrode area was 0.785 cm?. The obtained thin film
was characterized by X-ray diffraction with Cu Ka radiation
(Rigaku).

A three-electrode cell was utilized for the electrochem-
ical measurements. Lithium metal wire and foil were used
as the reference and the counter electrodes, respectively.
The electrolyte was a mixed solvent of ethylene carbon-
ate (EC) and diethyl carbonate (DEC) (1:1 in volume)
containing 1 moldm™— LiClO4. The galvanostatic charge
and discharge experiment was conducted with an automatic
discharge and charge equipment (HJR-110mSM6, Hokuto
Denko Co.). Cut-off voltages were 4.2 and 3.5 V versus Li/Li*
for charge and discharge processes, respectively. Both EIS
and PITT were applied for evaluating the Li* ion diffusion

coefficient in LiMn;Oy4. Electrochemical measurements were
performed by using an automatic polarization system (HZ-
3000, Hokuto Denko Co.) combined with 5080 frequency
response analyzer (NF electronic instruments). Electrochem-
ical impedance spectroscopy (EIS) was carried out at various
electrode potentials in the frequency range from 50 kHz to
10 mHz. In order to realize an equilibrium state of the elec-
trochemical cell, EIS was measured after a potentiostatic
polarization for 2 h. The EIS data were analyzed using the
nonlinear least-squares fitting program ZSimpWin (Echem
Software). Potentiostatic current transient experiment was
also performed. A potential step of 10 mV width was applied
and a current with time was measured. The current decayed
according to Li* ion diffusion through the electrode film.
The potential step was terminated, and then a new poten-
tial step was performed when the current became less than
10nA, which was 1% or less of the maximum current at onset
of the potential step. All electrochemical experiments were
conducted in an argon-filled glove box at room temperature.

3. Calculation
3.1. Electrochemical impedance spectroscopy

The chemical diffusion coefficients were estimated by
using electrochemical impedance spectroscopy. In order to
obtain a diffusion coefficient, a modified Randles—Ershler
equivalent circuit model was employed in this study. The
Warburg coefficient, o, can be expressed as follows [28],

m dE
o= ——_-——
V2zFaD'/? dx

where V) is the molar volume of the LiMnyO4, dE/dx a
slope of electrode potential curve versus x (x in Li,MnO4),
z the charge transfer number for lithium intercalation, which
is equal to 1, the constant a the surface area of the electrode,
and F is the Faraday constant.
The intercalation capacitance Ciy as a function with dE/dx

is expressed as follows [17],

Cint dQ dx

w, —ae - 9 aE @
where Wr is the weight of the film, dQ/dE the differential
capacity of the LiMn,O4 film at each potential, and Qy is the
specific capacity of LiMnyO4 (here we used the theoretical
value as Q1=532.8 Cg_l). In addition,

ey

WwWr = ViMw 3)

Here, V¢ is the volume of the film (=La, L: thickness of
the film), and Mw is the molecular weight of LiMn;O4
(180.82gm0]’1). Combining Egs. (1)-(3) yields Eq. (4).
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3.2. Potentiostatic intermittent titration technique

In PITT, an equation for time transient current /(¢) related
to concentration gradient at an electrode/electrolyte interface
was derived as follow [14],

2zFa(Cs — Co)D n + 1?72 Dt
—ZeXP ——s ] %)

I =
® L a2

n=0

where z is a charge transfer number of electroactive species,
which is equal to 1, F' the Faraday constant, and a is an elec-
trode surface area. The Cy and Cs are concentrations of Li*
ion before and after a potential step, respectively. Finally,
a reasonable approximation can be made for the long time
region (¢ > 1% D),

20D 7Dt
After each potential step, the charge, Q, can be determined
by using a coulometer in an external circuit. A chemical dif-
fusion coefficient, D, was calculated from an intercept at
t=0 or a slope of linear region in plot of In/(¢) versus ¢,
where

din(/) 4L
dt =2

D= (7

4. Results and discussion

Charge and discharge test for the LiMn;O4 film was con-
ducted at a current density of 50 wA cm~2. The discharge
capacity of the LiMnyOy thin film was 60 wAh cm ™2, which
was close to the theoretical capacity of 64 wAhcm™2 um™!
(148 mAh g~"). Fig. 1 shows the result of charge and dis-
charge cycling tests for the LiMnyOy4 thin-film electrode
prepared by the PVP sol-gel method. The capacity loss of
the LiMn, Oy thin film was not significant. This film with the
good electrochemical cycleability was used for the study on
Li* ion diffusion process.
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Fig. 1. Charge and discharge capacities of LiMn, Oy thin film (1.0 wm thick)
prepared by PVP sol-gel method. Charge—discharge measurements were
carried out at a current density of 50 wA cm =2,
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Fig. 2. Cyclic voltammograms of the LiMnyOy4 thin film (1.0 wm thick,
surface area: 0.785 cm?2). (a) 0.167mVs~!, (b) 0.5mVs~!, (¢c) ImVs~!,
(d)5mVs~!, and (e) 10mVs~! in 1 M LiCIO4/EC+DEC. Cipe=Iv".

Fig. 2 shows the intercalation capacitance, Cj,; obtained
from CV. The intercalation capacitance can be obtained
from Cij=Iv~! (v is the scan rate). At a low scan rate
of 0.167mVs~!, two well-defined reversible peaks were
observed at 4.0 and 4.1 V. These peak potentials shifted with
increasing the scan rate, reflecting the deviation from equi-
librium state at each potential.

EIS was applied for the LiMn;O4 thin-film electrode.
Fig. 3(a) shows a Cole—Cole plot for LiMn,O4 thin-film elec-
trode measured at 4.00 V. In general, three processes can be
distinguished in this diagrams: a slightly depressed semicir-
cle in the high frequency region, a Warburg-type element
in the low frequency region, and a steep sloping line at the
lowest frequencies. The Warburg region is assigned, natu-
rally, to solid-state diffusion of Li* ion into the bulk cathode
material, while the steep sloping line reflects a capacitive
behavior. This capacitive behavior is due to accumulation
of the intercalant (Li* ion) into the bulk. All these features
of the impedance spectra may be modelled by a modified
Randles—Ershler equivalent circuit (Fig. 3 (b)). The same
circuit was used previously for LiMn, Oy single particle elec-
trode [29]. In this model, the electrical components of the
surface film likely formed on the particle are disregarded,
because no time constant related to this process could be seen
in the EIS spectra. Ry is the resistance of the electrolyte, R
is the charge transfer resistance, W is the Warburg impedance
due to the Li* ion diffusion in the film, Cyy; is the intercalation
capacitance of the LiMn,O4, and CPE is a constant phase ele-
ment. The CPE was used instead of double-layer capacitance,
to take into account the roughness of the film. Parameters of
interest obtained from the simulation of the data according
to the equivalent circuit are displayed in Figs. 4-6.
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Fig. 3. (a) Cole—Cole plot for the LiMnO4 thin film electrode measured
at 4.00 V. Solid circle and solid line represent experimental data and sim-
ulated curve, respectively. (b) Equivalent circuit model used to model the
impedance data.

The charge transfer resistance can be obtained from a
diameter of semi-circle appeared at higher frequency region
in Cole—Cole plots. Fig. 4 shows the dependence of the charge
transfer resistance on the electrode potential. The charge
transfer resistance decreased with increasing the electrode
potential from 3.8 to 4.0 V, and then increased with increas-
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Fig. 4. Plot of the charge transfer resistance (R¢) vs. electrode potential.
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Fig. 5. Plot of the intercalation capacitance (Ciy) Vs. electrode potential.

ing the potential from 4.1 to 4.2 V. This tendency is typical for
the LiMn, Oy as reported by other researchers [29—31]. How-
ever, the charge transfer resistances were as small as under
10 2 (7.9 Q@ cm?), which were slightly smaller than reported
values [30] probably due to the roughness of the electrode.
Fig. 5 shows the intercalation capacitance Cjy evaluated from
EIS. The Cjy changed, of course, depending on the electrode
potential, which was very similar to the Cjy¢ obtained from
CV measured at very low scan rates. Fig. 6 shows the depen-
dence of the Warburg coefficient on the electrode potential.
The o is in unit of Qs~!2 and inversely proportional to the
DY/2_ Thus, o can be considered as a resistance barrier for the
Li* ion diffusion in the solid matrix of the electrode. Some-
times, this kind of information is very useful for qualitatively
understanding the diffusion behaviour of intercalated ions in
a special condition, e.g. a two-phase reaction in LisTisO1;
[26]. But, in fact, it is not possible to calculate chemical
diffusion coefficients precisely in a multi-phase coexistence
region where a transient behaviour may be attributed to a
phase boundary movement and/or a nucleation of new phase.
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Fig. 6. Plot of the Warburg coefficient (o) vs. electrode potential.
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Fig. 7. Plot of the chemical diffusion coefficient (D) vs. electrode potential.
D values were calculated from o and Cjy using Eq. (4).

In the Li;_+MnyO4 system, a two-phase reaction takes place
in the range 0.55<x<0.9 [33,34]. The two-phase reaction
took place in the potential range from 4.12 to 4.14V, and
the smallest value of the Warburg coefficient was obtained
at this potential region, meaning the lowest resistance barrier
for Li* ion diffusion in this region. The chemical diffusion
coefficients were calculated from ¢ and Cjy; using Eq. (4).
Fig. 7 shows the dependence of the diffusion coefficient on
the electrode potential. Although the D values in the potential
range of 4.12-4.14V involved the contributions of the two-
phase reaction, the apparent chemical diffusion coefficients
were estimated. The obtained D values were in the range of
1078 to 10719 cm? s~!. This result was comparable with the
range of 1078 to 1072 cm?s~! reported in the literatures
[13,16,29,31,32].

The chemical diffusion coefficients of Li* ion in LiMn,O4
were also evaluated by PITT. Li* ion diffusion in response to
apotential step can be described as one-dimensional transport
based on Fick’s second law. And the Eq. (7) used in this study
for calculating the diffusion coefficients. Fig. 8 shows the
current-time transient after a potential step 10 mV (from 4.04
to 4.03 V). Straight line for the potential step was obtained
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Fig. 8. Typical chronoamperometric curve obtained for the LiMn;Oy4 thin-
film electrode. The applied potential step used was from 4.04 to 4.03 V.
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Fig. 9. Plot of the chemical diffusion coefficient (D) vs. electrode potential.
D values were evaluated by PITT.

for a long time region. The chemical diffusion coefficients of
Li* ion evaluated by PITT are shown in Fig. 9. D was ranging
from 1078 t0 10719 cm? s~!, which was well consistent with
that obtained from EIS.

5. Conclusions

LiMn;O4 thin-film electrode was prepared by the
PVP sol-gel method. The thickness of the thin film
was 1.0 um. The electrochemical properties of the thin-
film electrode were studied using CV, EIS, and PITT.
The capacity loss of the electrode was ca. 20% during
200 charge—discharge cycles examined in an electrolyte
1 moldm™3 LiClOg4/(ethylene carbonate + diethyl carbon-
ate). The Li* ion diffusion in the LiMn,Oy4 thin film was
investigated by means of PITT and EIS. The chemical diffu-
sion coefficients of the Li* ion changed in the range 1073 to
10719 cm? s~! depending on the electrode potential.
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