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Abstract

Manganese oxide was prepared by an irradiation of ultrasound to an acetone solution of potassium permanganate. The chemical analys
of gas, solution and products have shown that the synthetic reaction was not peculiar to sonochemistry but similar to the reaction in the basi
aqueous solution. The product contained manganese oxide and by-products such as acetate and oxalate. Those by-products were difficul
be removed thoroughly and a part of them resided even after wash. From XRD, the obtained manganese oxide was liké\ynto,be
The product was examined as electrode material of lithium ion battery, and showed 180dfrepecific capacity under 0.5 A¢ of
current density. Moreover, it could be discharged and charged under a high level of current density (ca. 10D atARG). The capacity
deterioration caused by cycle repetition was also found to be much small.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction oxide prepared by sol-gel method reduced to 70% of initial
capacity after 100 cycld8]. The manganese oxide fabricated
Manganese oxide and lithium manganese oxide have at-by sonochemical method suffered 70% loss of initial capac-
tracted much attention as electrode materials of lithium ion ity after 20 cycleq10]. It is known that manganese oxides
battery[1]. It, however, has pointed out that many of them synthesized in aqueous system often contain structural water
tend to structurally deteriorate during repetition of discharge [11,12] If they are applied to electrodes and receive stim-
and chargd2—4]. It is known that the substitution of man- ulus by repeated discharges and charges, such water would
ganese partly by other species is effective way to improve the be released into electrolyte or solve the divalent manganese
cycle performance through the stabilization of structure or re- ion and the initial structure would erode, even if the structure
duction in volume change induced by discharge and charge.including structural water is stable first. Consequently, the
[5-7]. We have also synthesized manganese oxides by sol-gebynthetic system without water is expected to be effective for
or sonochemical method and examined them as cathode malow temperature preparation of manganese oxide as electrode
terials particularly in terms of rapid discharge and charge material. Kim and Manthiram have reported that manganese
[8-10] and demonstrated that those sonochemical preparedoxide as electrode material was synthesized by a reduction of
could be discharged and charged quickly. Under 10 Agf permanganate ion by Ljil 3] or methano]14] in acetonitrile.
current density (corresponding to ca@5185mAhg ! of They foundthatthe products synthesized showed the good cy-
capacity could be drawn. Butthese manganese oxides also exele performance but included measurable by-products. With
hibited poor cyclability. The specific capacity of manganese a view to fabricating materials in the form of microparticle
enabling rapid discharge and charge, we adopt sonochemical
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irradiation of ultrasound to aqueous solutighS]. It is also trodes were lithium and an electrolyte was 1M of EC and
known that the sonication is effective method for fabricat- DMC solution (1:1, v/v) of lithium perchlorate. The elec-
ing particle or composite on a microscdls—18] In this trode fabrication and the cell assemble were carried outin an
study, we expected that permanganate is reduced by somargon gas system. The working electrodes were discharged
sort of radicals produced by sonication. The permanganateand charged galvanostatically between 1.5 and 4.0V (versus
ion is very active oxidizer and many organic solvents can Li/Li *) under various current densities.

be readily oxidized. For emphasis of an effect of sonication,

the solvent used should possess resistance to permanganatg. Results and discussion

Preliminarily, some organic solvents that were not easily oxi-

dized by permanganate, such as acetonitrile and acetone were \ypen synthesis was executed at room temperature with
tested for potassium permanganate (KM@ irradiation sonication or when at 60C without sonication, only a small
of ultrasound to acetone solution of KMa@ithoutany re-  amount of product could be obtained. Thus, the reaction
ducing agents precipitated brown particles. Thus, sonication\yas facilitated by both the temperature and the sonication.
appeared to generate reducing materials or promote reducsgnochemical reactions are often explained from cavitation
tion of permanganate by acetone. This paper investigates th%ollapse or microjef19]. The former route is related tp-
reaction of acetone with permanganate under sonication a”dradiolysis and the latter to shock tube thermolj&@]. It is
electrode performance of the product. known that they-radiolysis decomposes acetone to methy!
radical and acetyl radical, leading to a generation of methane,
] carbon monoxide and other organic sped2t-23] The
2. Experimental shock tube thermolysis generates methane and other organic
species from aceton4,25] The analyses of gas picked
Potassium permanganate (1.185g) was dissolved in aceyp in the reaction are summarized Table 1 Almost no
tone (100ml) to be 75mmoldni. The acetone had been  amount of methane was detected. Accordingly, it is deduced
bubbled with Ar for 10 min beforehand. The solution was ir-  that the reaction route was similar to neitlyeradiolysis nor
radiated by ultrasound (600 W of total power and 28 kHz in gphgck tube thermolysis. Here, photolytic route resembjing
frequency) for 3 h using bath-type ultrasound washer (Honda ragiolysis[26] is also ruled out. Though the reaction route in
Electronics, W-118T). The bath temperature was kept at\yhich molecular oxygen oxidize acetone is also kn¢2,
60°C. A small amount of gas was taken every 30 min and it cannot be reasonably assumed, because no oxygen was de-
analyzed with gas chromatograph (GC). After the sonica- tected in the gas analysis. While a trace amount of propane
tion, a brown precipitate and a colorless and transparent so~yas found in gas analysis, no organic product other than ace-
lution were obtained. The precipitate was filtrated, washed by tone, CO, C@and such propane was detected in the reaction
methanol or aqueous solution of methanol. After wash and gas. The solution after the reaction showed no organic prod-
filtration, it was dried at 120C for 12 h in vacuum. uct other than acetone. Water contents of the solution before
The details of gas analysis are as follows. The amount of g,g after the reaction were determined to be 0-029009
CO, CQ and CH, were determined by GC equipped with a  5n4 0.035¢ 0.004 wt.%, respectively, indicating no increase
methanation unit and flame ionization detector (FID). OXy- in water content in the solution. On the other hand, in an
gen, nitrogen and acetone were by GC with thermal con- aqueous basic solution, acetone is able to be oxidized by per-
ductivity detector (TCD). Presence or absence of other or- manganate to acetic acid and even to oxalic acid with the
ganic species was checked by GC-FID. For the solvent beforeformation of HO, CO and CG [28]. The gas generation of
and after the reaction, formaldehyde, acetaldehyde and watefpis route was limited only to CO or GOAssuming that CO

were quantitatively analyzed. The former two were converted gngq cg generate together, those reactions are summarized
to pentafluorobenzilhydroxylamine derivatives and subse- g5 following:

quently analyzed with GC/MS. The latter was detected with
GC-TCD. Presence or absence of other organic species in the(CH3)2CO + (5 — a1)H20

solutions was checked by GC-FID. 3—a1—az 2
For the powder obtained, infrared attenuated total reflec- g 2 (COOR™ +a1C0+a2C0;
tion spectra and XRD profiles were taken. The chemical com- (16— a)H + (13— a1 + az)e™, 1)

position was determined from the combination of the results
of inductively coupled plasma spectrometry (ICPS), CHN I":]te"felsults ofthe aas analvsis i reaction
analysis and thermal gravimetry and differential thermal anal- g Y

ysis (TG—DTA). Acetone Sonication period (min)
. . (as purchased)

The samples were electrochemically measured using a 30 60 120
three-electrode beaker cell. For working electrode, the sam-co (vol%) <Q036 <0017 0236 0475 0.677
ple was mixed with acetylene black and teflon powders at a CO; (vol%) 0021 Q139 1.29 1.80 2.16
weight ratio of 1:1:0.06. The mixture was ground, spread and CHa (vol%) 0.007 Q009 0.006  0.007  0.009

CaHg (vol%) - - - - 0.003

pressed on a nickel mesh. The reference and counter elec
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® :acetate Assuming that the precipitate contained all the products in
0 :oxalate e 5 the reactior(3), the composition is estimated and compared
with experimental resultiable 2 They are found to be con-
sistent well. The compositions for the sample washed with
methanol and with water are also tabulated. This calculation
of composition is based on the assumption that water can
remove both acetate and oxalate and that methanol removes
acetate completely but oxalate partly. The experimental and
T S S — calculated results are in good agreement. This indicates that
2000 1800 1600 1400 1200 1000 800 600 washing with methanol removed water and that the sample
Wavenumber / cmi’ containing no water was synthesized as intended, though ox-

alate resided. In contrast, washing with water gave rise to in-
corporation of water in manganese oxide, though no organic
remnant resided.

Because of the above quantitative chemical compatibility,

Absorbance (a.u.)

4000 3000

Fig. 1. Infrared spectra (ATR-IR) for the sample before wash.

it is concluded that ultrasound encourage the reaction simi-
(CHs),CO+ (24 b2)H20 lar to that invoked in aqueous basic solution. The manganese
N 3—b1—Dbp (CHsCOO)™ + h1,CO+ h,CO;, oxide earlier precipitated may accelerate this reaction cat-
2 alytically [30]. The reaction peculiar to the sonochemistry,
114 3b1+ 7by in terms of the reaction through the cavitations, seemed not

+ —
H™ + (4 + 2b1 + 4bz)e . @) to be main route, though the detection of trace amount of

methane and propane, as described previously, may indicate

Infrared spectra of the product before washing is shown generation of some radicals due to irradiation of ultrasound.
in Fig. 1L The absorbance bands around 730, 1300 and Some effects such as a vigorous stirring may play an impor-

1600 cn1 L are attributable to oxalate. The bands at 920, 1007, tnt role[15]. The disappearance of the sonolysis-specific
1045, 1410 and 1560 cm are to acetatf29]. The bands due reaction through a collapse of cavitation is probably related
to Wa'ter can be observed at 3250 and 1620krSince no closely to the fact that acetone has a poor intensity of sono-
increase in water content in the solution was found as de-Uminescence under an irradiation of ultrasoy8].

scribed above, generated water should be captured by the F19- 2shows XRD profiles for the samples before and after
precipitation. These IR results indicate the generation of ox- Méthanol wash. They are similar and only a few broad peaks

alate, acetate and water and support the above rea¢fipns aPPeared. The peaks afMnO; (JCPDS No. 44-0141) are
and(2). drawn in the figure, particularligkO and 00l are prominently

shown. The observed profiles seemed to correspoin#Co
and 00l peaks o&-MnO,. Such a selective appearance im-
plies apresence of disorder in theirection or random stack-

2

Now, we evaluate quantitatively the reactig¢iyand(2).
As shown inTable 1 while a production of CO and CO
increases with reaction period, the amounts of them are very X
small. Let us suppose that they are negligible (correspondingnd structure. Cryptomelane, which has the same framework
toay =ap = by =bp = 0 in the above reactior{¢) and(2)) and with [2 x 2] tunnelg asx-l\/!noz, contains potassium ions in
that permanganate ion is reduced to manganese dioxide, thdN€ tunnelsg32]. Since this synthesis employed potassium
calculation of redox equivalence gives the following relation: Pérmanganate as a starting material, there might be potas-

sium ions in the tunnel. The obtained manganese oxide may

KMnOj4 + 0.6(CHz)>CO have to be described as cryptomelangyiiO, thoughx is

small.
— MnO; +0.1K>C204 + 0.8CH;COOK + 0.6H0. Fig. 3is a scanning electron micrograph of the methanol-
(3) washed sample. The particles are found to be small and a

Table 2
The experimental results and calculations of the chemical composition
Sample K Mn C H (0]
Experimental product 0.985(9) 1.00 1.76(2) 3.53(3) 4.54(13)
MnO;-0.1K2C204-0.8CH;COOK:0.6H,O (Calc.) 1.00 1.00 1.80 3.60 4.60
After washing with methanol 0.235(2) 1.00 0.27(0) 0.10(2) 2.58(8)
MnO,-0.1K,C,04 (Calc.) 0.2 1.00 0.2 0 2.4
After washing with water 0.011(2) 1.00 0.05(0) 1.79(2) 2.95(9)
MnO,-0.95H,0 (Calc.) 0 1.00 0 1.80 2.95

The molar ratios of each component to manganese are expressed.
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Fig. 2. XRD profiles for the sample before and after washing with methanol.

307

Signal A = InLens Data:13 Nov 2003
Photo No. = 1313 Time:15:49:51

EHT = 2.00 kV
WD = 1mm

200nm
Mag = 100.00 K X|—

Fig. 3. SEM photograph of the methanol washed sample.

few ten nanometers in size, implying a prompt electrochem- conductance of electrode and rapid discharge—charge perfor-
ical reaction if applied to electrode material. In this figure, mance. Furthermore, the residual by-products were responsi-
the manganese oxide and the organic by-products such adble for weightincrease and may resultin electrochemical side
oxalates cannot be distinctively observed. The organic rem-reaction. The former reduces specific capacity and the latter
nants may cover the manganese oxide. In that case, an eledeads to a poor cyclability. Then, such by-products should
trode fabricated by mixing this material and a conducting be eliminated thoroughly or minimized at least. Though the
additive (AB) would have a poor contact condition between oxalate, which is not removed completely with methanol
manganese oxide and AB. This probably degrades electricas stated above, can be extracted with water, washing the
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Fig. 4. The discharge and charge profiles for the samples washed with (a) methanol, (b) and (c) methanol-water, and (d) water.
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sample with water diminishes the advantage of synthesis in 300 ; : .
an organic system. Because oxalate is difficult to be eluted
by other solvent, methanol-water solutions as well as pure o 20 T 8
methanol were tested as washing liquid. =

The discharge and charge behaviors under 0.5Aaye E 20} T
depicted inFig. 4a—d). The contribution of the KB, which £
was included in each electrode at ca. 50 wt.%, to the specific § 190 F I
capacity was estimated to be ca. 32 mAt grom another pre 165 & |
experiment beforehand. The all profile shape&im 4 are "§
basically similar to that of the samples prepared in an aque- & so L L 170¢c
ous systenj8-10]. The initial value of specific capacity is it ks
enlarged with increase in water content in washing liquid. 0 L L ‘ L
This is explained by the removal of by-products and the in- 0.01 0.1 1 10 100 1000
crease in the content of active material. However, the spec- current density / Ag”

imen washed solely with methanol retains specific capacity B _ _

after second cycle, whereas the others suffer capacity declinéC: :J%}:ﬁtSdZizli:;/C capacity for the methanol washed sample as a function of

with cycle repetitionFig. 5shows the variation in the specific '

capacity against the cycle number. The sample washed with

methanol exhibits a good cycle performance. It was revealed17C and turned out to be a promising one for rapid discharge

that the wash with the water-added methanol deteriorated cy-and charge.

cle performance and that the water addition above 20 vol%

reduced cycle performance to the level in the water-washed

sample. This is probably because the added water not only4. Conclusions

dissolved the by-products but also reacted with manganese

oxide. Accordingly, the by-products have not yet been elim-  Manganese oxide was synthesized by an irradiation of ul-

inated properly at this stage. But, it should be noted that the trasound to the acetone solution of KMa®rom the XRD

manganese oxide prepared sonochemically with acetone exprofile, the manganese oxide thus obtained was likely to be of

hibited a good cycle performance with 180 mAhigf the a-MnO; family. Though the detail reaction route has notbeen

specific capacity. clarified yet, itis reasonable to suppose that permanganate ion
The relationship between the specific capacity for the sam- oxidized acetone to acetate and oxalate. Such reaction is not

ple washed with methanol and current density is shown in peculiar to sonochemistry but similar to the reaction in the

Fig. 6. C-rates are also denoted. T@erate is the calculation  basic agueous solution. Whereas the product thus obtained

onthe basis of 310 mAhd of the theoretical specific capac- had a similar discharge and charge profile to the specimens

ity, in which all manganese ions in MnQ@re reduced from  fabricated by sol-gel or sonochemical method in aqueous

tetravalent state to trivalent. This material attained a specific system, it exhibited a good cycle performance. The product,

capacity of ca. 100 mAh! on the operating condition of  however, included by-products such as oxalate, which could

be removed only partly at this stage. If these by-products can

be eliminated thoroughly, the specific capacity might be en-

350
' ' ' ] W hanced more than the present result of ca. 180 mAh iy
300 L I contribution of KB i is also found that the product can be discharged and charged
(ca. 32 mAh/g) under a high level of current density (ca. 100 mAH cat
250 17C).
o
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