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Abstract LiMn,O, thin-film electrodes were prepared by
the sol-gel method combined with oxygen-plasma irradia-
tion. Oxygen plasma with a power of 10 or 90 W was
irradiated to the precursor thin film prepared from lithium
acetate, manganese acetate tetrahydrate and polyvinylpyr-
rolidone on a Pt plate, and then it was fired at 723 or 973 K.
X-ray diffraction and Raman measurements indicated that
oxygen-plasma irradiation was effective to increase the
crystallinity of the resulting LiMn,O4. Atomic force
microscope observation showed that the particle size of
LiMn,0Oy, in the resulting thin-film electrode was decreased
and homogeneous distribution of LiMn,0,4 particles was
achieved. Oxidation of the electrolyte at higher potentials
was suppressed and capacity retention at 328 K was
dramatically improved for the LiMn,O,4 thin-film electrode
obtained at 973 K. The improved electrochemical stability
is ascribed to the elimination of organic materials from
precursor by oxygen-plasma irradiation.
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Introduction

Spinel-type lithium manganese oxide (LiMn,0O,) is one of
the most attractive active materials as a positive electrode
for lithium ion batteries, because of its low cost, high
capacity, low toxicity, and so on. LiMn,O,4 is usually
obtained by a solid-state reaction at high temperatures
ranging from 923 to 1023 K [1]. However, low-temperature
syntheses are desired for mass production and energy
conservation. Solution-based methods (sol-gel method [2],
Pechini process [3], co-precipitation [4], etc.) have been
investigated as methods for the low-temperature synthesis
of LiMn,O,. These solution-based methods give LiMn,0,
with a fine particle size, a narrow particle size distribution,
and uniform composition, which provide high electrochem-
ical performance, that is, enhancement of effective reaction
areas or high power use. In the solution-based methods, the
precursors usually contain organic materials to maintain
the Li-Mn—O framework. These organic materials must
be eliminated from the precursors by relatively high-
temperature firing to obtain LiMn,0O4. High-temperature
firing promotes the growth of particles. Moreover, heat of
combustion generated by the firing of carbon atoms in
organic materials leads to the growth of particles. There-
fore, organic materials must be eliminated by some other
process to obtain finer LiMn,O4 particle from solution-
based methods.

In our previous letter, we have shown that oxygen-
plasma irradiation was effective to decrease the particle size
of LiMn,0O,4 [5]. Oxygen plasma contains active oxygen
species such as 0%, O-, 0", O,, and O*". Some of these
active species are strong oxidants, and can oxidize organic
components of the precursor. When the organic components
are removed from precursor before firing, the heat
generated by the combustion of organic components during
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firing should be decreased. This can avoid the growth of
LiMn,O, crystalline. In addition to this, we have also found
that the oxidative current at high potentials decreased when
the sample was treated by oxygen-plasma irradiation. It has
been reported by many researchers that LiMn,0, electrodes
suffer from the capacity fading especially at elevated
temperatures [6—10]. The above phenomena suggests that
the dissolution of manganese ions from LiMn,O, are
suppressed in spite of the increased surface area and the
suppression of capacity fading is expected even when the
LiMn,O,4 electrodes prepared with oxygen plasma treat-
ment are cycled at elevated temperatures.

In this paper, therefore, we prepared LiMn,0,4 thin-film
electrodes from the precursor gel thin films modified by the
oxygen-plasma irradiation. Effects of the oxygen-plasma
irradiation on the electrochemical properties of LiMn,Oy4
thin-film electrode were discussed. In particular, the
improvement in the stability of a LiMn,O4 thin-film
electrode at an elevated temperature was found.

Experimental

Precursor gel was prepared by a sol-gel method using
polyvinylpyrrolidone (PVP) as reported by Kanamura et al.
[11], since the sol and the gel obtained by this method is
very stable. Lithium acetate (CH;COOLi; Wako Pure
Chemical) was selected as a lithium source and manganese
acetate tetrahydrate (Mn(CH;COO),"4H,0; Wako Pure
Chemical) as a manganese source. Solvents were ethanol,
water, and acetic acid. The molecular weight of PVP
(Aldrich) as a stabilizer was 55,000. Li-Mn—O sol was
spin-coated onto a Pt sheet and dried at 393 K to obtain a
precursor gel thin film. Spin-coating was carried out once at
3,000 rpm. The precursor thin film was introduced into the
plasma irradiation chamber. The detail of procedure was
described previously [5, 12]. Oxygen-plasma irradiation
was carried out for 1 h. Plasma was generated by an rf
power supply at 13.56 MHz, and the applied rf power was
set at 10 or 90 W. The flow rate of oxygen and argon was
set at 50 and 25 dm® min~', respectively, and the total
pressure in the chamber was kept at 66 Pa. Modified
precursor thin film was fired at 723 or 973 K for 2 h in air
using an electric furnace, and LiMn,O, thin-film electrode
was obtained. Hereafter, the LiMn,O, thin-film electrode
obtained by the above process is referred to as LiMn,Oy4-
xW-yK (x is an applied rf power, and y is a firing
temperature). For example, LiMn,O,4 thin-film electrode
obtained by firing at 723 K from precursor thin film
modified by oxygen-plasma irradiation at 10 W is referred
to as LiMn,04—10 W-723 K. For comparison, unmodified
precursor thin film was also fired at the same temperatures.
Hereafter, the LiMn,O,4 thin-film electrode obtained by the
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above process is referred to as LiMn,04-zK (z is a firing
temperature).

X-ray diffraction (XRD; Rint-2100) and Raman spec-
troscopy (Jobin-Yvon; T-64000) were used to characterize
the resulting thin films. Typical working conditions for
XRD were 30 kV and 30 mA, with a scanning speed of 2°
min~'. Raman measurements were carried out at 298 K
using a spectrometer equipped with micro-optics. A 514.5-
nm line from an Ar" laser was used, and the power of the
incident laser light was maintained at 10 mW. Atomic force
microscope (AFM) observation was carried out using
Nanopics1000 to evaluate the particle size of the resulting
thin films. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) are performed as electro-
chemical measurements using a three-electrode cell. A
LiMn,0O, thin-film electrode was used as a working
electrode. Lithium metal was used as both counter and
reference electrodes. Electrolytes consisting of PC contain-
ing 1 mol dm~ LiClO, were used. CV was conducted at
room temperature and 328 K by using HSV-100F
(HOKUTO-DENKO 1Inc.). The scanning range was be-
tween the immersion potential and 4.4 V (vs. Li/Li").
Sweep rate at room temperature and 328 K was 0.1 and
1 mV/s, respectively. EIS was conducted by using Sorlatron
1260 impedance gain-phase analyzer and Sorlatron 1286
electrochemical interface in a frequency range of 100 kHz—
10 mHz at various electrode potentials by using ZPlot 2
program. Measurement was carried out with an ac
amplitude 5 mV. All experiments were conducted under
an Ar atmosphere. Unless otherwise stated, the potential is
referenced to against Li/Li".

Results and discussion
Crystallinity of LiMn,O,4 thin-film electrodes

Figure 1 shows the XRD patterns of LiMn,O,4 thin film
obtained at (a) 723 and (b) 973 K. The diffraction peak
observed at about 20=24° is due to the adhesive tape. In
Fig.1a, the diffraction peaks were observed at about 26=
19° and 36.5° corresponding to the (111) and (311) planes
for all the samples, indicating the formation of spinel-
LiMn,O4 [13]. There was no major difference among
LiMn204-723 K, LiMn204-10 W-723 K, and LiMl’l204-
90 W-723 K in their peak positions. This result shows that
the lattice parameter was almost unchanged. And the
calculated crystallite sizes from Scherrer’s equation using
the full-widths at half-maximum of the (111) line are 18 and
19 nm for LiMn,04-723 K and LiMn,04-10 W-723 K,
respectively. The FWHM of LiMn,04-90 W-723 K could
not be estimated due to the disturbance of background
peak. Hence, it was found that crystallinity of bulk was not
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Fig. 1 X-ray diffraction patterns of resulting LiMn,O, thin films. a
LiMn, Oy, thin films obtained at 723 K, b LiMn,Oy, thin films obtained
at 973 K. Numbers on peaks denote index hkl

changed by the oxygen-plasma irradiation. As shown in
Fig. 1b, when the thin film sample was fired at 923 K, the
calculated crystallite sizes from Scherrer’s equation are
22 nm for LiMn,04-973 K, and 26 nm for LiMn,0,4-10 W-
973 K, and 24 nm for LiMn,0,4-90 W-973 K. This result
also indicates that the crystallinity of LiMn,O4 phase was
not affected by oxygen-plasma irradiation, as was observed
for the sample prepared at 723 K. Next, surface crystallinity
was examined by Raman spectroscopy. Micro-Raman
spectroscopy was used to characterize the resulting thin
films. Figure 2 shows the Raman spectra of LiMn,0O, thin
film obtained at (a) 723 and (b) 973 K. In Fig. 2a, broad
peaks appeared at around 640 cm '. The peak at around
640 cm ' can be divided into two peaks at around 630 and
650 cm'. The peak at around 630 cm ™' is assigned to the
symmetric A, mode of the LiMn,04 spinel phase [14].
The peak at around 650 cm ™' would be due to the existence
of some manganese oxide (Mn,O,) phase [15, 16]. Since
the XRD patterns did not show any peaks due to Mn,O,
(33° for Mn,O5; and 36° for Mn3;04), we could not
determine the chemical formula of this manganese oxide

species. Fig. 2b shows the Raman spectra of LiMn,0, thin
film obtained at 973 K. At this temperature, a peak assigned
to the A;, mode was clearly observed at around 630 cm™'
for both LiMn,04-10 W-973 K and LiMn,04-90 W-723 K
and the peak at around 650 cm ' was not observed in all
thin films. This is due to the relatively high-temperature
firing. This result shows that surface crystallinity was
enhanced by oxygen-plasma irradiation.

Surface morphology of LiMn,O, thin-film electrodes

AFM observation was conducted to clarify the influence of
oxygen-plasma irradiation on the size and distribution of
particles. Figure 3a—c show AFM images of LiMn,O, thin
film obtained at 723 K. In Fig. 3a, chain-like structures
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Fig. 2 Raman spectra of resulting LiMn,O,4 thin films. a LiMn,Oy4
thin films obtained at 723 K, and b LiMn,0, thin films obtained at
973 K
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Fig. 3 AFM images of resulting LiMn,0O, thin films. (a—¢) LiMn,O, thin films obtained at 723 K, and (d—f) LiMn,O, thin films obtained at
973 K

consisting of large particles were observed as the surface
morphology of LiMn,04-723 K. In contrast, the particle
sizes of both LiMn,04-10 W-723 K and LiMn,04-90 W-
723 K were much smaller and the distribution of particle
size was homogeneous as shown in Fig. 3b and c. However,
difference of applied rf power did not influence the
morphology. This result indicated that applied rf power of
10 W was enough to modify the surface of the precursor.
Figure 3d-f show AFM images of LiMn,O4 thin film
obtained at 973 K. Unlike with the result obtained for the
film prepared at 723 K, the particle size of both LiMn,0,-
10 W-973 K and LiMn,04-90 W-973 K was almost
identical to that of LiMn,04-973 K. However, particles
were more homogeneously distributed when oxygen-
plasma was irradiated. In general, the particle sizes of
ceramic materials are dependent on the firing temperature.
However, the particle size of LiMn,04-10 W-723 K and
LiMn,04-90 W-723 K is much smaller than that of
LiMn,0,4-723 K. This result suggests that active oxygen
species generated by oxygen-plasma irradiation eliminated
the organic materials from precursor and suppressed the
growth of LiMn,0, particles at a lower firing temperature
(723 K). On the other hand, at a higher temperature
(973 K), the thermal energy given from outside was so
large that the particle size of the resulting LiMn,O,4 was not
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apparently affected by the reduction of heat from the
combustion of organic materials by oxygen-plasma irradi-
ation. However, homogeneous distribution of particles was
achieved at a relatively high firing temperature (973 K).
This could be ascribed to the homogenous heating of the
sample during firing realized by the elimination of organic
materials by oxygen-plasma irradiation to the precursor. At
a higher temperature (1073 K), both particle size and
distribution of particles were not influenced by oxygen-
plasma irradiation due to the large thermal energy supplied
from outside. Based on these results, it was clarified that
firing temperature of 973 K gives the good surface
morphology by oxygen-plasma irradiation.

Electrochemical properties of LiMn,0, thin-film electrodes
at room temperature

Lithium ion extraction/insertion behavior of the LiMn,Oy4
thin-film electrodes was examined by cyclic voltammetry at
room temperature. Figure 4 shows CVs at the first cycle of
LiMn,Oy thin-film electrodes obtained at 723 K. As shown
in Fig. 4, LiMn,0, thin-film electrodes show two pairs of
redox peaks at around 4.00 and 4.15 V as reported in the
literature [17]. For LiMn,04-723 K(a) and LiMn,04-90 W-
723 K(c), two oxidative peaks were not clearly separated.
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Fig. 4 CVs (Ist cycle) of LiMn,O, thin-film electrodes obtained at
723 K in 1 mol dm > LiCIO4/PC at room temperature. Scanning rate is
0.1 mV/s. a Without oxygen-plasma irradiation, b with oxygen-
plasma irradiation at 10 W, and ¢ with oxygen-plasma irradiation at
90 W

By contrast, two oxidative peaks were clearly separated for
LiMn,04-10 W-723 K(b). This is due to the decrease of
particle size of LiMn,O,4 by oxygen-plasma irradiation at
10 W which facilitated the insertion/extraction of lithium
ions into/from LiMn,0,, since decrease of particle size
deliver the decrease of lithium ion diffusion length within

particle and the reduction of charge-transfer resistance
which are the origin of internal resistance for insertion/
extraction of lithium ions. On the other hand, the oxidative
currents at 4.4 V of LiMn,04-10 W-723 K(b) and
LiMn,04-90 W-723 K(c) were much smaller than that of
LiMn,04-723 K(a). From Raman spectra shown in Fig.2, it
is assumed that Mn,O,, existed at the surface of LiMn,Oy4-
10 W-723 K and LiMn,04-90 W-723 K. Active oxygen
species generated in oxygen-plasma oxidized not only
organic materials but also cation such as Li in the precursor,
and therefore, lithium deficiencies were formed on the
surface of precursor and quite thin Mn,O,, layer might be
formed after firing. So far, various surface coatings of
LiMn,0O, by metal oxide and improvement of electrochem-
ical properties have been reported [18—24]. Hence, this thin
Mn,O,, layer would also act as buffer layer between LiMn, 0,
and electrolyte, and oxidative currents at 4.4 V decreased. In
addition, the reason why the lithium ion extraction/insertion
peaks were not clearly separated for LiMn,04-90 W-723 K
could be because the cations in the precursor was excessively
oxidized by the irradiation of oxygen-plasma at a high rf
power. Similar tendency was observed for LiMn,O, thin-film
electrodes obtained at 973 K. Figure 5 shows CVs at the first
cycle of LiMn,0O, thin-film electrodes obtained at 973 K. In
Fig. 5, LiMn,04-10 W-973 K showed better electrochemical
property. It is found that oxygen-plasma irradiation at 10 W
was effective to enhance the CV behavior of LiMn,0, thin-
film electrodes.

Next, the variation of charge-transfer resistance by
oxygen-plasma irradiation at 10 W was examined by EIS
measurement. Figure 6 shows Nyquist plot of LiMn,Oy4-
723 K and LiMn,04-10 W-723 K(a), and LiMn,04-973 K
and LiMn,04-10 W-973 K(b) at 4.00 V. The values of
charge-transfer resistances of LiMn,0, thin-film electrode
with oxygen-plasma irradiation were smaller than those of
LiMn,O, thin-film electrode without oxygen-plasma irra-
diation. Taking into account for the results of XRD
measurements and AFM observations, this result would
be due to the increase of the crystallinity and the reaction
area by oxygen-plasma irradiation at 10 W. Based on the
above results, it was revealed that oxygen-plasma irradia-
tion at 10 W improved the electrochemical properties of
LiMn,O, thin-film electrode. Hence, stability of LiMn,O,4
at high temperature was examined for the LiMn,O4 thin-
film electrodes with oxygen-plasma irradiation at 10 W.

Electrochemical properties of LiMn,0, thin-film electrodes
at 328 K

Figure 7 shows high-temperature (328 K) CVs (first and
50th cycle) of LiMn,0, thin-film electrodes obtained at
723 K and 973 K. It was found that the decrease of peak-
current after cycling was more gradual for the LiMn,O4
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Fig. 5 CVs (Ist cycle) of LiMn,O4 thin-film electrodes obtained at
973 K in 1 mol dm > LiCIO4/PC at room temperature. Scanning rate is
0.1 mV/s. a Without oxygen-plasma irradiation, b with oxygen-
plasma irradiation at 10 W, and ¢ with oxygen-plasma irradiation at
90 W

thin-film electrodes with oxygen-plasma irradiation at both
firing temperatures. To make this result understandable, the
variation of capacity retention rate obtained from CV is
shown in Fig. 8. Each capacity was normalized by the
capacity at the 1st cycle. Capacity retention rates of
LiMn,0,4-723 K and LiMn,0,4-10 W-723 K after the 50th
cycle were almost identical. By contrast, the capacity
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retention rate of LiMn,0,4-10 W-973 K after the 50th cycle
was higher than that of LiMn,04-973 K. Oxygen-plasma
irradiation leads to the enhancement of the crystallinity and
increase of the active surface area as discussed in the
previous section. Although the enhancement of the crystal-
linity brings to the improvement of stability at high
temperatures [25], capacity retention rate of LiMn,Oy4-
723 K was almost identical to that of LiMn,04-973 K.
Based on this result, the crystallinity enhancement by
oxygen-plasma irradiation is not the main reason for the
improved stability of LiMn,O, electrodes in this study.
Increase of the active surface area is not also suitable for the
reason of deteriorated capacity retention rate, since the
enhancement of LiMn,Oy/electrolyte interface should lead
to the increase of the dissolution of manganese ion. Chen et
al. reported that «-MnO,-modification of LiMn,0O, lead the
improvement in thermal stability due to the protection of
the framework of LiMn,04 by «-MnO, sheathes [19]. In
the previous section, Mn,O, was observed in Raman
spectra for LiMn,04-10 W-723 K. Although there is no
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Fig. 6 Nyquist plots of LiMn,O,4 thin-film electrodes obtained at
723 K (a) and 973 K (b) in 1 mol dm-3 LiClO4/PC at room
temperature. Nyquist plots were measured at 4.00 V
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clear evidence of the formation of manganese oxides for
LiMn,04-10 W-973 K, thin layer of manganese oxide, such
as x-MnQO,, should be formed by the lithium deficit due to
the oxidation by oxygen plasma. Hence, we should take
into account the manganese oxide as the buffer layer
between LiMn,O, and electrolyte. This is probably the
reason of both suppression of oxidative decomposition of
electrolyte and improvement in the stability at high-
temperature cycling. As a conclusion, oxygen-plasma
irradiation that can bring various advantages to LiMn,Oy,
would be useful method to prepare LiMn,Oy.

Conclusion

LiMn,0O, thin-film electrodes were prepared by the sol-gel
method combined with oxygen-plasma irradiation. XRD
measurement revealed that the lattice parameter and the size
of crystallite were almost unchanged by the oxygen-plasma
irradiation. Raman spectroscopy revealed that surface
crystallinity was enhanced by the oxygen-plasma irradia-
tion and manganese oxide layer existed of at surface. The
particle size of the resulting LiMn,O,4 thin-film electrode
obtained at 723 K became small and homogeneous
distribution of particles was achieved by oxygen-plasma

E/V vs. LiLi

irradiation. For the LiMn,O, thin-film electrode obtained at
973 K, particle size was not changed dramatically, but
particles were more homogeneously distributed. This might
be due to the influence of the elimination of organic
materials from precursor. The electrochemical properties of
the resulting LiMn,O, thin-film electrode were summarized
as follows: (1) quick response of lithium ion extraction/
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Fig. 8 Capacity retention obtained from CVs in Fig. 7. Each capacity
was normalized by the capacity of the first cycle
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insertion, (2) suppression of oxidative decomposition of
electrolyte solution, and (3) improved high-temperature
cycling stability. As a conclusion, it is considered that
oxygen-plasma irradiation is quite attractive method to give
LiMn,0O, thin-film electrodes various advantages at once.
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