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Abstract

Spinel LiMn,O4 particles were successfully synthesized by an ultrasonic spray pyrolysis method from the precursor solutions; var-
ious combinations of nitrate, acetates or formats of lithium and manganese were stoichiometrically dissolved in distilled water. The
product characteristics, such as crystallinity, specific surface area, particle morphology and interior structure of particles, were exam:
ined with X-ray diffraction (XRD), the Brunauer—-Emmet-Teller (BET) method, field emission scanning electron microscopy (FE-SEM)
and transmission electron microscopy (TEM). All the samples exhibited a pure cubic spinel structure without any impurities in the
XRD patterns, while the surface morphology of as-prepared powders was classified into four patterns and the interior structure three
patterns.

The as-prepared samples were then used as cathode active materials for lithium-ion battery, and electrochemical studies were carried
on the charge/discharge characteristics of the Li/Lilpcells. The effect of LiMaO, particle properties such as crystallite size, specific
surface area and particle morphology on the electrochemical properties were also discussed in details.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction charge/discharge cycle in the matefikt3]. Therefore, the
urgent research target for the latter material is to decrease
The lithium-ion batteries have been widely adopted as the capacity fading.
the most promising portable energy source in electronic  So far, it has been suggested that the capacity fading is due
products such as lap top computers and cellular telephonedo the decomposition of electrolyte at high-voltage region,
because of their high working voltage, high energy density, the dissolution of MA* ions into the electrolyte, and/or the
and good cycleability. These batteries, consisting of lithium Jahn-Teller distortiofB—6]. However, Huang et aJ7] have
intercalation compounds as positive electrode, graphite orrecently reported that the cycle characteristic is affected by
carbon as negative electrode and an organic electrolyte,the particle properties such as morphology and crystallites
are under consideration for the electric vehicle and the of particles. It has also been reported by Aikiyo et[&l.
hybrid electric vehicle application. In these batteries, the thatthe cycleability of LiMnRO4 prepared by spray pyrolysis
most recent candidates as cathode materials are a family oimethod are affected by the particles morphology.
lithium transition metal oxides such as LiCpQ.iNiO,, or In our previous paperf9-11] it has been reported that
LiMn204. Among these cathode materials, LiCo{S now the spinel LiMnO4 powders could be easily prepared
commercially used, but is very expensive. Thus, LiNiO by ultrasonic spray pyrolysis method and their particle
and LiMn,O4 are now studied extensively as substitutes for properties such as particle morphology, crystallite size,
LiCoO,. Nickel is cheaper than cobalt, and the theoretical and specific surface area, were easily controlled by this
capacity of LiNi& is very high, however, it is difficult  preparation method, in comparison with other preparation
to prepare the material. LiMi©4 is cheap and easy to methodg4,12—15] In this work, we synthesized LiMi©4
prepare, but there is a problem of capacity fading during samples using an ultrasonic spray pyrolysis method from
various precursor solutions, examined their particles prop-
erties and electrochemical properties, and finally discussed
* Corresponding author. Tek:81-3-5734-2155: fax+81-3-5734-2155.  the relationship between the particles and electrochemical
E-mail address: itaniguc@chemeng.titech.ac.jp (I. Taniguchi). properties of the LiMpO,4 particles.
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2. Experimental ical measurements were conducted at room temperature in
a glove box filled with high purity argon gas (99.9995%).
Precursor solutions were prepared by dissolving a sto-
ichiometric ratio of Li-salt (LIN@Q, Li(CH3COO)2H,0
or Li(HCOO)H,0) and Mn-salt (Mn(N@)2-6H20, 3. Results and discussion
Mn(HCOOQO)-2H,O or Mn(CH;COO)-4H,0) in a dis-
tilled water. The total concentration of metal ion was Spinel LiMnpO4 particles were successfully synthesized
[Li*] + [Mn?t] = 0.54 mol/dn?, while the solution with by an ultrasonic spray pyrolysis method from the precursor
mixtures of the metal cations always had an atomic ratio of solutions; various combinations of nitrate, acetates or for-
Li/Mn =1/2. mats of lithium and manganese were stoichiometrically dis-
A schematic diagram of the experimental apparatus havesolved in distilled water. From the SEM and TEM pictures
been described elsewhdge-11]. It consists of an ultrasonic  of as-prepared LiMgO4 particles, the surface structure of
nebulizer (1.7 MHz, Omron Co. Ltd., Model NE-U12), a resulting LiMnpO4 particles were classified into four pat-
laminar flow aerosol reactor (a high quality ceramic tube of terns: (A) porous surface structure(run nos. 1-6), (B) hy-
20-mm inner diameter and 1105 mm length) and an elec- brid structure with both porous and smooth surface (run nos.
trostatic precipitator. The precursor solution was atomized 7-9), (C) smooth surface structure (run nos. 10 and 11),
at a frequency of 1.7 MHz by the ultrasonic nebulizer. The and (D) shrinkage surface structure (run nos. 12 and 13),
sprayed droplets were carried to the reactor, heated by anwhile the interior structure of resulting particles were clas-
electric furnace at 1073 K, by air and converted into solid sified into three patterns: (E) dense structure (run nos. 1-6),
oxide particles through the process of evaporation of a sol- (F) hollow structure with thicker shell (run nos. 7-9, 12 and
vent, precipitation of solute, drying, pyrolysis and sintering 13), and (G) hollow structure with thinner shell (run nos. 10
within the laminar flow aerosol reactor. The resulting par- and 11). However, all the samples were a secondary parti-
ticles were collected at the reactor exit by the electrostatic cle that was formed by the cohesion of the primary particles
precipitator[16] at 423 K, while the gasses were dried and with around a few ten nanometer sizes. The XRD patterns
cleaned up by passing them through a cold trap. The air flow of all the samples were identified a single-phase spinel with
rate was varied from 0.5 to 4 dimin. a space groufd3m in which the lithium ions occupy the
The crystalline phase of as-prepared powders was exam-etrahedral (8a) sites and manganese metal ions reside at
ined by X-ray diffraction (XRD, Phillips, PW1700) with a  the octahedral (16d) siteBig. 1 shows some examples of
scan speed of 224min for crystal analysis ranging front4  the XRD patterns, SEM and TEM photographs of Lidn
to 70° and 0.6/min for the lattice parameter measurements particles prepared from various precursor solutions.
ranging from 40 to 90°, respectively. The average size of The particle properties of as-prepared particles are also
crystallites was estimated using Scherrer’s formula. The par-summarized irTable 1 The determined lattice parameters
ticle morphology was examined by field-emission scanning and chemical composition of all the samples show in good
electron microscopy (FE-SEM, Hitachi, S-800) operated at agreement with the theoretical ones, respectively. Except for
15 kV. The geometric mean diameter and geometric standardthe specific surface area and crystallite size, the particles
deviation were determined by randomly sampling around properties of samples were quite similar.
500 particles from the SEM pictures. The interior structure  Fig. 2 shows the first charge-discharge curves of the
of as-prepared particles was observed by using transmissiorLi|LiMn 204 cell. The dense LiMpO, particles with porous
electron microscopy (TEM, JEOL Ltd., JEM-200CX), and microstructure, as shown in the figure, were used as the
the specific surface area was determined by BET methodcathode active materials in the cell. The cell was initially
(Shimazu Co., FlowSorb Il 2300). The chemical compo- charged at a rate of 0.2 mA/émto upper limit of 4.4V.
sition of as-prepared powders was checked by inductively Upon discharge, the lower potential limit was 3.5V. It can
coupled plasma spectroscopy (ICP-AES, Seiko Instrumentsbe seen clearly that the charge/discharge curves of the sam-
Inc., SPS1500VR). The average oxidation state of Mn was ples with various crystallite sizes of LiM®, particles had
determined by a redox titration method with potassium per- two voltage plateaus, which is a remarkable characteristic
manganate KMn@ of a well-defined LiMRO,4 spinel. The initial discharge
The electrochemical characterization of as-prepared pow-capacity of run nos. 2, 4 and 5 is 120, 117 and 110 mAh/g,
ders was examined at room temperature in a half-cell config- respectively. The initial discharge capacity of the cells in-
uration, Li metal/electrolyte 1 mol/dtnLiClO4-propylene creases with the crystallite size of Lil@, particles at the
carbonate (PC)/cathode material. The cathode materials consame morphology and specific surface area of the particles.
sist of LiMn,O4 powders, acetylene black (AB) as conduc- The variation of discharge capacity of the Li|LiDy cells
tor and polytetrafluoroethylene (PTFE) as binder in the ratio with number of cycles is presented Fig. 3. The dense
of 75:20:5 by weight. These were dried at 373K for24hina LiMn,04 particles with porous microstructure, as shown in
vacuum oven. The charge and discharge characteristics of thehe figure, were also used as the cathode active materials.
cathode were evaluated at current densities of 0.2 mA/cm The ordinate of the figure represents the discharge capacity
or 0.5in the range 3.5-4.4 V versus LifLiAll electrochem- normalized by the theoretical one (148 mAh/g). The nor-
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Crystallit Specific surface Crystallit Specific surface
Key Remarks ee 5 Key Remarks e s
size[nm] arealm /g] sizefnon] area(m’/g]
® Run No.2 24.97 1311 @ Fun No.3 18.54 13.25
| Run No.4 22.35 13.32 A Run No.11 17.75 13.40
0.9 A Run No.5 19.00 13.89 0.9 < Run MNo.13 17.82 12.44
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Fig. 3. Effect of crystallite size of LiMpO,4 particles on cycle per- Fig. 5. Effect of interior structure of LiMgD4 particles on cycle per-
formance. Voltage range 3.5-4.4V with a constant current density of formance. Voltage range 3.5-4.4V with a constant current density of
0.2mAlcn?. 0.2mAlcn?.

is significantly affected by the crystallite size of LilyQ,

; ) . . of LiMn Qg4 particles promotes the Mn dissolution into the
particles. The larger crystallite size, the smaller capacity

fading.

electrolyte.
Fig. 5 shows the variation of discharge capacity of the

Fig. 4 shows the variation of discharge capacity of the Li|LiMn 204 cells with number of cycles; various LiM®,

Li|LiMn 204 cells with number of cycles; the LiMi©O4 par-

ticles with various specific surface area were used as cathod
active materials in the cell. It can be clearly seen that the
smaller specific surface area, the better cycle performance
This fact may indicate that the large specific surface area

Normalized discharge capacity [-]
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articles: (E) dense structure, (F) hollow structure with
hicker shell and (G) hollow structure with thinner shell
were used as cathode active materials in the cells. All the

'samples are similar on the specific surface area and crys-

tallite size of LiMnpO4 particles. The cycle performance
for dense LiMRO4 particles were similar to that for the
hollow LiMn2Og4 particles with thicker shell, while the ca-
pacity fading for the hollow LiMaO;4 particles with thinner

Crystallite Spectfic surface
Rey | Remarks | @ fom] arealmlg] shell become considerable with number of cycles. In our
® Run Mol 1334 10,92 previous work[11], from the SEM observation of cath-
] F—— 1551 o ode after 100 cycles, the dense Lip@y particles and the
A ——— =g T hollow LiMn2O4 particles with thicker shell kept mostly
0.9 their original structure after the cycle. However, the hollow
Cutoff voltage:3.5~4.4[V] LiMn 204 particles with thinner shell were broken after the
0.8t Current density:0. 2[mA/cm’] cycle. This may cause to the capacity fading for the hollow
HIMLER, S PO, LiMn 04 particles with thinner shell.

Fig. 6 shows the cycle performance of the Li|LiMDy
cells; the LiMnpOg4 particles synthesized from various pre-
cursor solutions were used as cathode active materials in the
cells, however the specific surface area and crystallite size
of the as-prepared particles were quite similar in each parti-
cle structure ((A) dense LiMyD4 particles and (C) hollow
LiMn 204 particles with thinner shell). In each particle struc-
ture, the cycle behavior is quite similar. It may be clearly
seen that the electrochemical properties of Li@np pre-
pared by ultrasonic spray pyrolysis are only affected by the

Fig. 4. Effect of specific surface area of LiMD, particles on cycle
performance. \oltage range 3.5-4.4V with a constant current density of
0.2 mA/cnft.

interior structure, specific surface area and crystallite size of
LiMn 204 particles.
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Crystalle | Speciic surface To investigate the electrochemical characteristics of as-
Key Remarks sizpii] arsafordle] prepared LiMrO4 particles, the fabrication of Li|LiMgO4
® —— PEY o cells was made and the cycle performance were evaluated
B = ND'S lg'uu 13‘89 galvanostatically at room temperature. As the results, the
* RmNo'w e 14‘24 smaller specific surface area and the larger crystallite size,
i e 1] TR S the better cycle performance. The dense LiKdn particles
150 were also suitable for the cathode active material of lithium
ion battery. It could be seen clearly that the interior struc-
100 1 ture, specific surface area and crystallite size of Likln
"on . played a key part in the electrochemical properties of
ﬁ L&) ) LiMn 204 particles prepared by ultrasonic spray pyrolysis.
.E. 50+
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