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ABSTRACT

As a novel partial substitution and surface modification process, we focused on a step-by-step (double-
step) supersonic-wave treatment in a Zn-containing aqueous solution without any heat-treatments, and
performed the treatment on LiMn,04 powder. From XRD measurements, it was demonstrated that the
lattice constant of LiMn,04 decreased slightly by the treatments, indicating a partial substitution of Zn
for Mn. It was also suggested by SEM-EDX and XPS that Zn was well dispersed in/on the samples and
their surfaces were modified by Zn compounds. Such a partial substitution and surface modification was
supported by crystal structure analysis based on the Rietveld method using neutron diffraction. Cycle
performance of LiMn, 04 was significantly improved by the step-by-step supersonic-wave treatments. In
the processes, it was especially effective for the improvement to apply lower and higher frequencies at the
first and second steps, respectively, keeping the power higher. The cathode property improvement was
considered due to the partial substitution and the surface coating caused by the step-by-step supersonic-
wave treatments. From the investigation on the cathodes and electrolytes after the cycle tests, it was

suggested that the crystal structure of LiMn, 04 was stabilized by the treatments.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Recently, LiMn; 0,4 with the spinel structure has attracted much
attention as a cathode material for Li ion battery, due to its lower
cost and lower toxicity than commercialized LiCoO,-based mate-
rials. Due to dissolution of Mn into liquid electrolyte etc., however,
the capacity decreases significantly during charge-discharge cycles
[1-7]. Partial substitution of another metal for Mn is one of the
most effective methods to suppress such a capacity fade in LiMn; 04
[7-20]. For example, our previous work clarified that LiMn;_,MxO4
(M=Al, Mg, Cr, Co, Ni and Zn) exhibited higher thermodynamic
and structural stabilities compared with LiMn;04, and the sta-
bilities resulted in better cathode performances [3,14,16-20]. In
addition, some investigations demonstrated that surface coating
with oxides was also effective to improve the cycle performance
of LiMn;04 [21-28]. From such background, as partial substitu-
tion and/or surface coating methods, we have recently focused on a
supersonic-wave treatment, and found that a cathode performance
of LiMn,04 became better by heat-treating the material at 600 °C
after supersonic-wave treatment (e.g. 28 kHz of the frequency) in a
Zn-containing aqueous solution [29].
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In order to realize comparable improvement without the
heat-treatment, i.e. only with “soft processes”, we applied “a step-
by-step supersonic-wave treatment” for LiMn,04 in this work. In
the treatment, we performed a supersonic-wave treatment with
lower frequency and then with higher frequency on LiMn, 04 pow-
der in a Zn-containing aqueous solution. The obtained powder
was characterized with X-ray diffraction measurement, chemical
composition and Mn valence analyses, and the cathode properties
were investigated with CV measurements and charge-discharge
cycle tests. We also performed the Rietveld analysis using neutron
diffraction pattern for the purpose of crystal structure analy-
sis. Based on these results, we discussed how the step-by-step
supersonic-wave treatment affected on the LiMn;0,4 powder and
thus the cathode performance.

2. Experimental

LiMn,0,4 was synthesized with the solid-state reaction using
Li;CO3 (99.9%, Wako Pure Chemical Industries, Ltd.) and MnO,
(99.5%, Wako Pure Chemical Industries, Ltd.) as starting materials.
The mixture was heat-treated at 700 °C for 24 h in air. A supersonic-
wave treatment with a frequency of 28 or 40 kHz and the power of
150 or 300 W was applied to the obtained LiMn,04 powder in a
Zn-containing aqueous solution which was prepared by dissolving
zinc acetate (99.9%, Wako Pure Chemical Industries, Ltd.) into dis-
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Table 1

Lattice constants and full-width of half-maximums (1 1 1) of the samples after step-
by-step supersonic-wave treatments in an aqueous solution containing Zn. Those of
LiMn; 0,4 before the treatments are also listed as a reference.

Sample a/nm FWHM (111)
LiMn;04 0.8242(1) 0.1574
28 kHz (150 W)-200 kHz (300 W) 0.8229(1) 0.1181
28 kHz (150 W)-950 kHz (300 W) 0.8231(2) 0.0984
40 kHz (150 W)-200 kHz (300 W) 0.8226(1) 0.1181
28 kHz (300 W)-200 kHz (300 W) 0.8238(2) 0.1181
28 kHz (300 W)-950 kHz (300 W) 0.8238(2) 0.1181
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Fig. 1. Powder X-ray diffraction patterns of the samples after step-by-step
supersonic-wave treatments in an aqueous solution containing Zn. That of
LiMn,0,4 before the treatments is also shown as a reference. (a) LiMn,0y4, (b)
28 kHz (150 W)-200 kHz (300 W), (c) 28 kHz (150 W)-950 kHz (300 W), (d) 40 kHz
(150 W)-200kHz (300W), (e) 28 kHz (300W)-200kHz (300W) and (f) 28 kHz
(300W)-950 kHz (300 W).

tilled water. Taking our previous work into account [29], the weight
ratio of zinc acetate to distilled water was fixed as 4:96 in this
work. Subsequently, a supersonic-wave treatment with higher fre-
quency (200 or 950 kHz) and the power of 300 W were performed
in the solution. Both first- and second-step treatments were car-
ried out at room temperature for 10 min. The products were dried
at 100°C for 24 h. In this manuscript, for example, a step-by-step
supersonic-wave treatment where 28 kHz of a frequency with a
power of 150 W as a first step and 200 kHz of a frequency with a
power of 300 W as a second step were applied, was represented as
“28 kHz (150 W)-200 kHz (300 W)".

Phase identification and determination of lattice constants of
the obtained materials were performed with X-ray diffraction
measurements (Philips, X'Pert Pro), and their chemical composi-
tions and Mn valences were evaluated with inductively coupled

Table 2
Compositions, Mn valences and oxygen contents of the samples after step-by-step
before the treatments are also listed as a reference.
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Fig. 2. SEM photographs of the samples after step-by-step supersonic-wave treat-
ments in an aqueous solution containing Zn. That of LiMn;O4 before the treatments
is also shown as a reference. (a) LiMn,Oy4, (b) 28 kHz (150 W)-200 kHz (300 W) and
(c) 28 kHz (300 W)-200 kHz (300 W).

plasma, ICP (Shimadzu Co., ICPS-7500) and iodimetry [3]. Mor-
phologies of the powders were observed by scanning electron
microscope, SEM (Hitachi, S-2600N) with energy dispersive X-
ray spectroscopy, EDX, system. Their surface compositions were
studied by X-ray photoelectron spectroscopy, XPS (Shimadzu Co.,

supersonic-wave treatments in an aqueous solution containing Zn. Those of LiMn,04

Sample Li Mn Zn Mn valence Oxygen content
LiMn, 04 1.025(3) 1.974(3) 3.521(1) 3.988
28 kHz (150 W)-200 kHz (300 W) 1.107(3) 1.804(3) 0.0878(1) 3.554(2) 3.847
28 kHz (150 W)-950 kHz (300 W) 1.127(1) 1.786(2) 0.0862(1) 3.551(1) 3.820
40kHz (150 W)-200 kHz (300 W) 1.109(3) 1.802(3) 0.0875(4) 3.559(3) 3.848
28kHz (300 W)-200kHz (300 W) 1.059(2) 1.853(2) 0.0873(1) 3.588(1) 3.941
28 kHz (300 W)-950 kHz (300 W) 1.068(1) 1.844(1) 0.0880(1) 3.572(1) 3.914
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Fig. 3. XPS spectra of (a) Mn 2p and (b) Zn 2p orbitals of LiMn;O4 (a broken line) and the sample after a step-by-step supersonic-wave treatment (a solid line). The treatment

condition is represented as “28 kHz (300 W)-200 kHz (300 W)".

AXIS-HI) using Mg Ko line. In order to investigate the crystal struc-
ture in detail, we also measured a neutron diffraction pattern with
HERMES [30] of IMR at JRR-3M in JAERI The pattern was ana-
lyzed based on the Rietveld technique using Rietan-2000 program
[31]. Electrochemical properties of the samples after the step-
by-step supersonic-wave treatments were investigated at room
temperature with the charge-discharge cycle tests (Hokuto Denko
Co., HJR-110 m SM6) and CV measurements (Hokuto Denko Co.,
HZ-3000). The cell for these measurements was a conventional
three-electrode cell. The working electrode was prepared by mix-
ing the active material, acetylene black, PTFE with a weight ratio of
5:2:2. As the reference and counter electrodes, Li foil was utilized.
The electrolyte was a 1.0 M LiClO4 solution where the solvent was
prepared by mixing PC and DMC in the same volume. The CV mea-
surements were performed with a scan speed of 0.1 mVs~! and a
scan range of 3.5-4.3V vs. Li/Li*. The charge-discharge cycle tests
were carried out with a current density of 0.2 mA cm~2 in the volt-
age from 3.5 to 4.3 V vs. Li/Li*. After the measurements, we studied
again their crystal structures with XRD and Mn dissolution amount
into the electrolyte with ICP.

3. Results and discussion
3.1. Characterization

Fig. 1 shows powder XRD patterns of samples after step-by-step
supersonic-wave treatments. That of LiMn,04 before the treat-
ments is also given as a reference. From this figure, it was confirmed
that all the diffraction peaks of the samples after the treatments
could be attributable to the spinel structure (S.G.; Fd—3m). Lattice
constants calculated from the patterns and full-width of half-
maximums (FWHMs) of the diffraction peak (111) are listed in
Table 1. The lattice constant and the full-width of half-maximums
became slightly smaller by the step-by-step supersonic-wave treat-
ments regardless of the treatment conditions. Table 2 presents
their metal compositions, Mn valences and oxygen contents deter-
mined by ICP and iodimetry. The total metal compositions were
assumed to be 3. After the supersonic-wave treatments, we could
detect Zn as a component, and the content was almost indepen-
dent of the treatment conditions. It was also demonstrated that Mn
valence was increased by the supersonic-wave treatments. Such
an increase of Mn valence suggests that a part of Zn?* substi-
tute for Mn3*/4* after the step-by-step supersonic-wave treatments.

Considering this, the decreases of the lattice constants by the treat-
ments shown in Table 1 may reflect a difference of the ionic radii
between Mn3* and Mn*#*. In order to investigate particle sizes and
Zn distributions, SEM and EDX measurements were carried out.
Part of the results was shown in Fig. 2. By comparing the results
for the samples before and after the step-by-step supersonic-wave
treatments, it was found that the particle sizes were not affected
by the treatments. It was also confirmed with EDX that Zn was
well dispersed infon the materials without compositional seg-
regation. In order to clarify a surface metal composition of the
sample after the step-by-step supersonic-wave treatment, XPS
measurements were also performed. Fig. 3 shows XPS spectra of
LiMn, 04 before and after a supersonic-wave treatment represented
as 28 kHz (300 W)-200 kHz (300 W). After the treatments, peaks
attributable to 2p orbitals of Zn were observed in the sample and
those of Mn were considerably reduced. Taking it into account that
an XPS measurement is a nano-scale surface analysis, this result
suggests that the step-by-step supersonic-wave treatment caused
surface coating of LiMn, O4 particle with Zn compounds in addition
to the partial substitution mentioned above.

3.2. Cathode performance

As for samples after the step-by-step supersonic-wave treat-
ments, we studied their cathode properties by CV measurements
and charge-discharge cycle tests. Figs. 4 and 5 show the
results for samples after the treatments represented as 28 kHz
(150W)-200kHz (300 W) and 28 kHz (300 W)-200 kHz (300 W).
In these figures, the results for LiMn,04 before the treatments
are also presented. From the CVs in Fig. 4, it was clarified that
the samples exhibited redox reactions at the 4V region even after
the supersonic-wave treatments although their current densities
decreased. In the case of LiMn, 04 before the treatments, both the
cathodic and anodic processes had two distinct peaks, i.e. two dis-
tinct redox reactions. As for the samples after the step-by-step
supersonic-wave treatments, however, such a distinction between
two redox reactions in both the processes became ambiguous. Such
a tendency was also observed in their charge and discharge curves
given in Fig. 5. In addition to this, the charge-discharge cycle tests
demonstrated that the cycle performance was improved drastically
by the step-by-step supersonic-wave treatments although the first
capacity was deteriorated. These changes in the charge-discharge
curves caused by the treatments were considerably similar to those
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Fig. 4. Cyclic voltammograms of the samples after step-by-step supersonic-wave
treatments in an aqueous solution containing Zn. That of LiMn, 04 before the treat-
mentsisalso shown as areference.(a) LiMn,Oy4, (b) 28 kHz (150 W)-200 kHz (300 W)
and (c) 28 kHz (300 W)-200 kHz (300 W) (-, 1st cycle; ——, 2nd cycle; —-—, 3rd cycle).

observed in LiMn,_,Znx04 prepared by a conventional solid-state
reaction [17-19].

In order to clarify an effect of the Zn-containing aqueous solution
in the treatment process, we performed step-by-step supersonic-
wave treatments with and without a Zn aqueous solution. Cycle
performances of samples after the treatments are shown in Fig. 6,
and their first and 50th discharge capacities and capacity main-
tenances are listed in Table 3. Results of LiMn,04 before the
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Fig. 5. Charge-discharge curves of the samples after step-by-step supersonic-wave
treatments in an aqueous solution containing Zn. That of LiMn, 04 before the treat-
mentsis also shown as areference. (a) LiMn; 4, (b) 28 kHz (150 W)-200 kHz (300 W)
and (c) 28 kHz (300 W)-200 kHz (300 W).
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Fig. 6. Cycle performances of the samples after various treatments at 25°C with
a current density of 0.2 mAcm~2. That of LiMn,04 before the treatments is also
shown as a reference. ®: LiMn,04; v: 28 kHz (300 W)-200 kHz (300 W); 0J: 28 kHz
(300W)-200kHz (300W) in pure water; O: 28 kHz and heat-treatment (600°C);
¢: immersion in Zn-containing aqueous solution (without supersonic-wave treat-
ment).
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Table 3

Discharge capacities of the samples after various treatments at 25 °C with a current density of 0.2 mA cm~2. That of LiMn, O4 before the treatments is also listed as a reference.

Sample First discharge capacity/mAhg~! 50th discharge capacity/mAhg-! Capacity maintenance/%
LiMn,04 125.6 72.7 57.9
28 kHz (300 W)-200 kHz (300 W) 92.2 84.7 91.7
28 kHz (300 W)-200 kHz (300 W) in H,0 110.2 48.1 43.6
28 kHz and a heating at 600°C? 84.8 74.4 87.7
Immersion in Zn aqueous solution 83.2 79.5 95.5
2 This result was reported in our previous work [29].
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Fig. 7. Cycle performances of the samples after step-by-step supersonic-wave treat-
ments in an aqueous solution containing Zn. These data were measured at 25°C
with a current density of 0.2 mAcm~2. O: 28 kHz (150 W)-200kHz (300 W); A:
28 kHz (150 W)-950 kHz (300 W); O: 40 kHz (150 W)-200 kHz (300 W); v: 28 kHz
(300W)-200kHz (300 W); ¢: 28 kHz (300 W)-950 kHz (300 W).

treatments are also given in the figure and table. It was clarified
that the cycle performance was not improved by the step-by-step
supersonic-wave treatment without the Zn-containing aqueous
solution. This suggests that Zn in/on the LiMn,04 plays an impor-
tant role on the cycle performance improvement. Fig. 6 and
Table 3 also present results of sample after an immersion in the
same Zn aqueous solution without the supersonic-wave treat-
ment. Although the cycle performance was also improved in this
case, the discharge capacity was lower compared with that of the
samples after the step-by-step supersonic-wave treatment in the
Zn aqueous solution. In our previous work, we investigated cycle
performances of LiMn, 04 after single-step supersonic-wave treat-
ments in the Zn-containing solution. In the case of the single-step
supersonic-wave treatments, a heat-treatment at 600 °C was nec-
essary for a cycle performance improvement [29]. The step-by-step
supersonic-wave treatment, however, could improve the cathode
property of LiMn,04 without any heat-treatments, and the dis-
charge capacity and the capacity maintenance were comparable to
those of the samples after the single-step supersonic-wave treat-
ments accompanied by the heat-treatment, as shown in Fig. 6 and

Table 4

Diffraction angle, 2 6/ degree Cu Ka

Fig.8. Powder X-ray diffraction patterns of the cathodes after 50 cycles. (a) LiMn;O4,
(b) 28kHz (150W)-200kHz (300W), (c) 28 kHz (150 W)-950kHz (300W), (d)
40kHz (150 W)-200kHz (300W), (e) 28 kHz (300 W)-200kHz (300W) and (f)
28 kHz (300 W)-950 kHz (300 W) (m: PTFE; v: Ni).

Table 5
Ratios of full-width of half-maximums of the diffraction peaks (11 1) of the cathode
active materials after the 50th discharge cycle to those before the cycle tests.

Sample Ratio of FWHM (111)
LiMn, 04 2.00
28 kHz (150 W)-200kHz (300 W) 1.33
28 kHz (150 W)-950 kHz (300 W) 1.60
40kHz (150 W)-200 kHz (300 W) 1.00
28 kHz (300 W)-200kHz (300 W) 1.00
28 kHz (300 W)-950 kHz (300 W) 1.00

Table 3. Based on these results, it can be considered that a step-
by-step supersonic-wave treatment in a Zn-containing aqueous
solution is a promising soft process for a cathode property improve-
ment.

Fig. 7 and Table 4 show cycle performances of samples after step-
by-step supersonic-wave treatments with various frequencies and
powers. From these results, it was found that lower and higher fre-
quencies were effective in the first and second steps, respectively,

Discharge capacities of the samples after step-by-step supersonic-wave treatments in an aqueous solution containing Zn. These data were measured at 25 °C with a current

density of 0.2 mAcm~2.

Sample First discharge capacity/mAhg—! 50th discharge capacity/mAhg-! Capacity maintenance/%
28kHz (150 W)-200 kHz (300 W) 88.4 62.3 70.4
28 kHz (150 W)-950 kHz (300 W) 82.9 70.8 85.3
40kHz (150 W)-200 kHz (300 W) 91.5 48.8 53.3
28kHz (300 W)-200kHz (300 W) 92.2 84.7 91.7
28 kHz (300 W)-950 kHz (300 W) 90.0 85.1 94.8




N. Kitamura et al. / Journal of Power Sources 189 (2009) 114-120

12000

119

10000

8000

6000

4000

Intensity / counts

2000

y vy

10 20 30 40 50 60

70

80 90 100 110 120 130 140

Diffraction angle, 20 / degree

Fig. 9. Rietveld refinement patterns of the samples after the step-by-step supersonic-wave treatment [28 kHz (150 W)-950 kHz (300 W)]. Plus marks show observed neutron
diffraction intensities, and a solid line represents calculated intensities. Vertical marks below the patterns indicate positions of allowed Bragg reflections (lower: LiMn,_4ZnyO4;
upper: Al from the apparatus). A curve at the bottom is a difference between the observed and calculated intensities in the same scale.

Table 6
Mn dissolution amount to the electrolyte after the 50th discharge cycle determined
by ICP.

Sample Mn dissolution amount
LiMn; 04 0.0593(1)
28 kHz (150 W)-200 kHz (300 W) 0.0611(1)
28 kHz (150 W)-950kHz (300 W) 0.0564(1)
40kHz (150 W)-200 kHz (300 W) 0.0691(3)
28 kHz (300 W)-200kHz (300 W) 0.0564(1)
28 kHz (300 W)-950 kHz (300 W) 0.0554(2)

for an improvement of capacity maintenance. It is also indicated
that a higher power in a supersonic-wave treatment is favorable in
order to realize better cathode performance.

3.3. Characterization after a charge—discharge cycle test

After the charge-discharge cycle tests, we investigated crys-
tal structures of the cathodes with XRD and Mn dissolution
amounts into the electrolytes with ICP. Fig. 8 shows the XRD pat-
terns and Table 5 lists the ratios of the FWHM of the diffraction
peak (111) after the cycle tests to that before the cycle tests.
While the FWHM of LiMn, 04 before the treatments became twice
after the cycle tests, the changes in the FWHMs were insignif-
icant for the samples exhibiting better cycle performances, i.e.
after the step-by-step supersonic-wave treatments represented as
“28 kHz (300 W)-200 kHz (300 W)” and “28 kHz (300 W)-950 kHz
(300W)”. As shown in Table 6, Mn dissolution amounts of these
samples were also suppressed compared with LiMn,04. These
results indicate that the step-by-step supersonic-wave treatments
with the power as 300 W stabilize the crystal structure and thus
keep them the spinel-type even during charge-discharge cycles.
Similar tendencies were also reported in our previous work on
LiMn;_,ZnxO4 [17-19]. This effect of the treatments is consid-
ered to be important for a cycle performance improvement of
the spinel-type LiMn; Q4. Such a crystal structure stabilization was
presumably due to a partial substitution of Zn for Mn and/or sur-
face coating of Zn compounds resulting from the step-by-step
supersonic-wave treatments.

3.4. Crystal structure analysis

In order to discuss an effect of the step-by-step supersonic-wave
treatments on the crystal structure of LiMn;04 in detail, we per-

Table 7

Final results of Rietveld refinements for the sample after the step-by-step
supersonic-wave treatment [28 kHz (150 W)-950kHz (300 W)] at room tempera-
ture. B is an isotropic thermal parameter. Numbers in parentheses are estimated
standard deviations of the last significant digit, and those without a deviation were
fixed. R-factors were Ry, =7.46%, Ry =5.51%, Re =4.34% and S=1.72. The refined lat-
tice parameter was a=0.82333(8) nm.

Atom  Site x y z B/x10?2nm?  Site occupancy
Li 8a 0 0 0 1.6(4) 1

Mn 16d  5/8 5/8 5/8 0.1 0.992(5)

Zn 16d  =Mn(x) =Mn(y) =Mn(z) =Mn(B) =1-g(Mn)

0 32¢  03878(2) =x =X 1.16(7) 1

LiMn;_,Zn,04: 85.5%; Al (from the apparatus): 14.5%

formed the Rietveld analysis using neutron diffraction patterns.
Fig. 9 shows Rietveld refinement patterns of a sample after the
step-by-step supersonic-wave treatment [28 kHz (150 W)-200 kHz
(300W)], and Table 7 listed the refined structure parameters and
the R-values. As a preliminary analysis, we performed a refinement
assuming a Zn compound like ZnO as a surface coating species, i.e. a
secondary phase, but could not confirm its existence from the neu-
tron diffraction pattern. Therefore, the refinement shown in Fig. 9
and Table 7 did not consider the existence of the surface coating
species although site occupancies of Mn and Zn were optimized
keeping their total value as unity. The calculated diffraction pat-
terns were well fitted to the experimentally obtained ones as shown
in Fig. 9, and the R- and S-values seemed sufficiently low. The ana-
lytical result indicates that about 1 mol% of Mn is substituted by Zn
in the sample after the step-by-step supersonic-wave treatment.
The occupancy of Zn was essentially lower than that expected from
compositional analysis by ICP under the hypothesis that all of Zn
can be substituted for Mn. Considering this, the residue of Zn might
coat LiMn, 04 particles.

4. Conclusions

In order to improve cathode properties of LiMn;04, we per-
formed step-by-step supersonic-wave treatments on LiMnyOg4
powder in a Zn-containing aqueous solution.

As for the samples after the step-by-step supersonic-wave treat-
ments, we analyzed the crystal structure using X-ray and neutron
diffractions and the metal composition using ICP and XPS. These
analyses suggested that the treatment induced both a partial sub-
stitution of Zn for Mn and a surface coating by Zn compounds.
Charge-discharge cycle tests revealed that the cathode property of
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LiMn, 04 was drastically improved by the step-by-step supersonic-
wave treatments, especially applying lower and higher frequencies
as the first and second steps, respectively, with higher power. Such
an improvement was considered to be due to the partial substitu-
tion and/or the surface modification. From the characterization of
the cathodes and the electrolytes after the cycle tests, it was indi-
cated that the crystal structures of the samples exhibiting better
cycle performances were much stabilized.

Throughout this work, we demonstrated the step-by-step
supersonic-wave treatments were effective for the cathode perfor-
mance improvements even without any heat-treatments.
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