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a b s t r a c t

Li-rich lithium manganese oxide (Li1.09Mn1.91O4) powders were prepared by spray pyrolysis using an
aqueous solution of manganese carbonate. The aqueous solution, in which manganese carbonate was
uniformly dispersed by a surfactant, was used as the starting solution. As observed by scanning electron
microscopy, Li1.09Mn1.91O4 had spherical morphology with a porous microstructure and consisted of
primary particles. Powder X-ray diffraction analysis revealed that the crystal phase of the Li1.09Mn1.91O4
eywords:
pray pyrolysis
ithium ion battery
owders
echargeable properties
urfactant

powders was in good agreement with the spinel phase. Inductively coupled plasma analysis showed
that the molar ratio of Li and Mn in the Li1.09Mn1.91O4 powders was 1.09:1.90. Through electrochemical
measurements, the initial discharge capacity of a Li1.09Mn1.91O4 cathode was found to be 107 mAh/g at 1 C
(99% retention after 100 cycles) and 91 mAh/g at 10 C (93% retention after 100 cycles). The retention ratio
of discharge capacity remained greater than 90%, although capacity loss was observed up to 20 cycles.
The Li1.09Mn1.91O4 cathode derived from carbonate solution had excellent cycling stability in comparison

e der
with the LiMn2O4 cathod

. Introduction

Recently, lithium ion batteries have been expected to become
he means of energy storage [1] for electric vehicles (EVs), hybrid
lectric vehicles (HEVs) and electric tools, as well as for load lev-
ling in photovoltaic power generation. The lithium ion batteries
sed in these applications require cathode materials that combine

ow cost, high safety and excellent cycling stability during high-rate
harging and discharging. Spinel type LiMn2O4 cathode materials
2] are thought to be promising for lithium ion batteries in EVs
nd HEVs, owing to advantages such as low cost, abundant source
aterials, non-toxicity and high thermal stability. To date, various

echniques for preparing LiMn2O4 cathode materials via liquid-
hase reactions [3–10] or solid-state reactions [11–13] have been
eveloped in order to improve the electrochemical properties of
he materials, including the cycling stability, rechargeable capacity
nd recharging rate. We have focused on spray pyrolysis among the
iquid-phase reactions. Spray pyrolysis allows for control of par-
icle size, particle size distribution and particle morphology [14].

n addition, the production time required for spray pyrolysis is
horter than that for other liquid-phase reactions. Spray pyrolysis
15–17] has been reported to be a versatile process for synthesizing
omogeneous LiMn2O4, LiNi0.5Mn1.5O4 and Li(Ni1/3Mn1/3Co1/3)O2

∗ Corresponding author. Tel.: +81 776 27 8624; fax: +81 776 27 8624.
E-mail address: ogihara@matse.u-fukui.ac.jp (T. Ogihara).
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ived from nitrate solution.
© 2010 Elsevier B.V. All rights reserved.

powders. However, toxic and corrosive gases such as NOX, ClX
and SOX are often discharged during particle formation because
reagents such as metal nitrates, chlorides and sulfides are contained
in the aqueous starting solution. On the other hand, metal carbon-
ates have not been used as starting materials for spray pyrolysis
because of their insolubility in water. If these materials can be used
as starting materials, the preparation of the cathode powders will
impose a lower environmental load. The preparation of LiMn2O4
cathode materials by emulsion and solid-state reactions using man-
ganese carbonate has also been reported [18,19]. In the present
work, a starting solution for spray pyrolysis was successfully pre-
pared by dispersing manganese carbonate in aqueous solution with
a surfactant.

Here, we report the production of Li1.09Mn1.91O4 powders by
spray pyrolysis using an aqueous dispersion of manganese car-
bonate as the starting solution. We also present the particle
characterization for these powders. The electrochemical proper-
ties of a Li1.09Mn1.91O4 cathode, namely, the rechargeable capacity
and cycling performance, were also evaluated. It was well known
that LiMn2O4 exhibits poor cycling stability [20–22] as a result of
the Jahn–Teller effect in the recharging process and the dissolu-
tion of Mn ions at elevated temperatures. These problems have

been addressed by substituting various metal ions [23] at the 16
d sites of the octahedron in the cubic spinel structure. On the other
hand, the poor cycling stability of LiMn2O4 cathodes can also be
improved by changing the molar ratio of Li ions and Mn ions. It has
been reported that non-stoichiometric Li1+XMn2−XO4 has excellent

dx.doi.org/10.1016/j.jallcom.2010.07.104
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Effect of pH on the dispersion stability of starting solution.

Solution pH
Fig. 1. Spray pyrolysis apparatus used in this work.

ycling stability compared with LiMn2O4 [24–26]. In the present
tudy, the rechargeable capacity and the cycling performance of a
i1.09Mn1.91O4 cathode prepared by spray pyrolysis were evaluated.

. Experimental

.1. Powder preparation

Lithium hydroxide (LiOH, reagent grade, Nacalai Tesque Co. Ltd., Japan) and
anganese carbonate (MnCO3, reagent grade, Nacalai Tesque Co. Ltd., Japan) were

sed as starting materials. MnCO3 consisted of colloidal particles with diameter
ess than 100 nm and irregular morphology. These were successfully dispersed in
queous solution by using a surfactant at room temperature. The molar ratio of Li
nd Mn was set to 1.09:1.91 in the 0.25 mol/dm3 starting solution, and xanthan
um (0.25 wt%; Roadpole, Rhodia Nicca Co. Ltd., Japan) was added as the surfactant.
he pH of the starting solution was adjusted from 4 to 12 using HCl and NH3OH,
hich were added in sufficiently small quantities such that corrosion of the electric

urnace was avoided and the electrochemical properties of Li1.09Mn1.91O4 were not
ffected. Xanthan gum is the polysaccharide that consists of glucuronic acid, glucose
nd mannose. This leads to excellent dispersion stability for MnCO3 in the aque-
us solution, because the polysaccharide forms a weak three-dimensional network
tructure similar to a gel structure.

A large spray pyrolysis apparatus (RH-2, Ohkawara Kakohki Co. Ltd., Japan) was
sed (Fig. 1), which consisted of a two-fluid nozzle, a cylindrical electric furnace
ith alumina tube (300 mm∅× 1000 mm) as the pyrolysis zone and a bag filter. The

tarting solution was atomized with the two-fluid nozzle (nozzle diameter: 10 �m).
he atomized mist was introduced to the electric furnace by an air carrier gas and
hen pyrolyzed at 600–800 ◦C. The flow rate of the carrier gas was 20 dm3/min, and
hus the residence time was about 60 s. Li1.09Mn1.91O4 powders were continuously
ollected with the bag filters. The powder was then calcined at 800 ◦C for 4 h in a
atch type electric furnace under an air atmosphere.

.2. Particle characterization of Li1.09Mn1.91O4 powders

The particle morphology and microstructure of the Li1.09Mn1.91O4 powders were
etermined by scanning electron microscopy (SEM, JSM-6390, JEOL Co. Ltd., Japan).
he average particle size was measured by randomly sampling 200 particles from
EM images. The thermal behavior of the as-prepared powders was observed by
hermogravimetric-differential thermal analysis (TG-DTA, DTG-60, Shimadzu Co.
td., Japan). The crystal phase of the Li1.09Mn1.91O4 powders was identified by pow-
er X-ray diffraction using Cu K� radiation (XRD, XRD-6100, Shimadzu Co. Ltd.,

apan). The specific surface area and average pore size of the Li1.09Mn1.91O4 pow-
ers were determined by the BET method (BELSORP-mini, Bel Japan Co. Ltd., Japan).
he mesopore distribution of calcined Li1.09Mn1.91O4 powders was determined by
he BJH method (BELSORP-mini, Bel Japan Co. Ltd., Japan). The chemical composition
f the powders was measured on an inductively coupled plasma analyzer (ICP, SII,
PS-3000 Co. Ltd., Japan).

.3. Electrochemical properties of Li1.09Mn1.91O4 cathode
The cathode was prepared using 80 wt% Li1.09Mn1.91O4 powder, 10 wt% acetylene
lack and 10 wt% fluorine resin. Lithium metal (Honjo Chemical) was used as the
node, and a polypropylene sheet (Celgard 2400 Heist) was used as a separator. As
n electrolyte, 1 mol/dm3 LiPF6 (Tomiyama Chemical) in ethylene carbonate/1,2-
imethoxyethane (EC:DEC = 1:1) was used. A 2032 type coin cell was fabricated in a
love box filled with argon. The rechargeable capacity of the Li1.09Mn1.91O4 cathode
5 6–7 8–10 11

Stability Precipitation Unstable Stable Stable

was measured with a battery tester (BTS2004, Hosen) at between 3.5 V and 4.3 V.
The current density ranged from 0.3 mA/cm2 at 1 C to 6 mA/cm2 at 10 C.

3. Results and discussion

3.1. Particle characterization of Li1.09Mn1.91O4 powders

MnCO3 powders were unstable in the aqueous solution without
the surfactant, precipitating after a few seconds. MnCO3 could be
dispersed in the aqueous solution by using a surfactant and adjust-
ing pH. Table 1 shows the effects of pH on the dispersion stability
of MnCO3 powders in the aqueous solution. The dispersion sta-
bility was judged from the time required for the MnCO3 powders
dispersed in aqueous solution to settle in the test tube. Precipi-
tation occurred after a few minutes when the pH of the aqueous
solution was less than pH 4. When the pH of the aqueous solution
was greater than pH 5, the dispersion stability of MnCO3 powders
was maintained for 30 min in the aqueous solution. The disper-
sion stability of the solution was maintained for 1 h at greater
than pH 8. In particular, when the starting solution with pH 8
was used, Li1.09Mn1.91O4 powders could be successfully prepared.
Because the content of NH3OH used for pH adjustment was less
than 1 wt%, this condition was most suitable for the preparation of
Li1.09Mn1.91O4 powders with a low environmental load.

Fig. 2(a) shows SEM photographs of as-prepared Li1.09Mn1.91O4
powders obtained when 100 g/h of Li1.09Mn1.91O4 powders was
produced. The yield of Li1.09Mn1.91O4 powders was greater than
70% at a production rate of 100 g/h. The particles had a spher-
ical morphology with a porous microstructure. They also had a
broad size distribution because the mist atomized by the two-
fluid nozzle had a broad size distribution. Fig. 2(b) shows SEM
images of Li1.09Mn1.91O4 powders calcined at 800 ◦C. After calci-
nation, the particles still had a spherical morphology with porous
microstructure. Fig. 3 shows the particle microstructure of the as-
prepared Li1.09Mn1.91O4 powders and the Li1.09Mn1.91O4 powders
calcined at 800 ◦C. As shown in the SEM image, the Li1.09Mn1.91O4
powders consisted of primary particles of less than 100 nm in diam-
eter. These primary particles were sintered to form Li1.09Mn1.91O4
polycrystals. Fig. 4 shows the BJH plot of Li1.09Mn1.91O4 powders
calcined at 800 ◦C. The pore size distribution of the Li1.09Mn1.91O4
powders broadened, with an average pore size of 12 nm. The spe-
cific surface area of Li1.09Mn1.91O4 powders calcined at 800 ◦C, as
determined by the BET method, was about 3 m2/g.

Fig. 5 shows the crystal phase of the as-prepared Li1.09Mn1.91O4
powders and the Li1.09Mn1.91O4 powders calcined at 800 ◦C. The
crystal phase of the as-prepared Li1.09Mn1.91O4 powders was a
spinel structure (Fd3m) with low crystallinity. Other phases such as
Li2CO3 and Mn2O3 were not observed in the as-prepared powders.
On the other hand, Li1.09Mn1.91O4 powders with high crystallinity
were obtained by the calcination. The a0 lattice parameter of the
calcined Li1.09Mn1.91O4 was 0.8224 nm. It was found that a0 was
smaller than that of LiMn2O4 (0.8247 nm). This suggests that the
addition of excess Li ions led to an increase of Mn4+ ions and in
turn increased cycling stability. ICP analysis showed that the molar

ratio of Li and Mn was 1.09:1.90. The measured chemical compo-
sition of the Li1.09Mn1.91O4 powders was in good agreement with
the composition of the starting solution. Thus, LiOH and MnCO3 are
considered to be uniformly blended in the mist. This suggests that
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Fig. 2. SEM photographs of Li1.09Mn1.91O4 powders obtained from spray pyrolysis:
(a) as-prepared, (b) calcined at 800 ◦C for 4 h.
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This suggests that the two phase structure is transformed to a
one phase structure in the recharging process [15,27]. The initial
discharge capacity of the Li1.09Mn1.91O4 cathode estimated from
discharge curve was 107 mAh/g at 1 C. The rechargeable efficiency
he mist play the role of a microreactor and that the solid-state
eaction between LiOH and MnCO3 then occurs in the pyrolysis
tep.

Fig. 6 shows DTA-TG curves of as-prepared Li1.09Mn1.91O4 pow-
ers. Weight loss of 2 wt% due to the decomposition of H2O and CO2
as observed up to 800 ◦C in the TG curve. This suggests that H2O

nd CO2 were discharged from the starting solution during pyrol-
sis and then adsorbed onto the Li Mn O particles in the bag
1.09 2 4
lter after pyrolysis.

Fig. 3. Particle microstructure of Li1.09Mn1.91O4 powders obtained from
Fig. 4. BJH plot of Li1.09Mn1.91O4 powders calcined at 800 ◦C for 4 h.

3.2. Electrochemical properties of Li1.09Mn1.91O4 cathode

The rechargeable capacity and cycling stability of a
Li1.09Mn1.91O4 cathode were examined by conducting recharging
tests. Fig. 7 shows the discharge curves of the Li1.09Mn1.91O4
cathode from 1 C to 10 C. It was found that the voltage jump
disappeared in each discharge curve of the Li1.09Mn1.91O4 cathode
at 4.1 V, where the discharge curve became a sharp S shape.
Fig. 5. XRD patterns of Li1.09Mn1.91O4 powders obtained from spray pyrolysis: (a)
as-prepared, (b) calcined at 800 ◦C for 4 h.

spray pyrolysis: (a) as-prepared, (b) calcined at 800 ◦C for 4 h.
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Fig. 6. DTA-TG curves of as-prepared Li1.09Mn1.91O4 powders.
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Table 2
Powder characteristics and electrochemical properties of Li-rich LiMn2O4 and
LiMn2O4 powders obtained from carbonate solution and nitrate solution.

Carbonate solution Nitrate solution

Composition (Li/Mn) 1.09/1.91 1.08/1.2 1/2
Crystal phase Spinel Spinel Spinel
Particle size 1.05 0.84 0.9
Particle size distribution 1.4 1.37 1.3
SSA 3 m2/g 10 m2/g 8 m2/g
Discharge capacitya 107 mAh/g 110 mAh/g 115 mAh/g
Fig. 7. Discharge curves of Li1.09Mn1.91O4 cathode at rate indicated.

f Li1.09Mn1.91O4 cathode was 97%. The discharge capacity of
i1.09Mn1.91O4 cathode decreased as the discharge rate increased.
pecifically, the discharge capacity of the Li1.09Mn1.91O4 cathode
ecreased to 91 mAh/g at 10 C. The efficiency of discharge capacity
as 84% at 10 C. It was found that relatively high discharge capac-

ty was retained at a high discharge rate. From SEM observation,
i1.09Mn1.91O4 powders consisted of primary particles of less than
00 nm in diameter. Smaller primary particles are considered to
ave shorter diffusion distances for the intercalation of lithium
ons, which possibly contributes to the improved discharge rate
erformance.

Fig. 8 shows the relation between cycle number and dis-
harge capacity of the Li1.09Mn1.91O4 cathode at room temperature.
he rechargeable test was carried out up to 100 times from 1 C

ig. 8. Relation between cycle number and discharge capacity of Li1.09Mn1.91O4

athode at rate indicated.
Cycle stabilityb 99% 95% 90%

a 1 C of discharge rate.
b Retention ratio of discharge capacity after 100 cycle at 1 C.

to 10 C. The initial discharge capacity of Li1.09Mn1.91O4 cathode
was 107 mAh/g at 1 C after 100 cycles. Capacity loss was hardly
observed, and the retention ratio of discharge capacity was 99%.
The Li1.09Mn1.91O4 cathode exhibited high cycling stability that
was the same as that of a metal ion-doped LiMn2O4 cathode.
Moreover, the cycling stability of the Li1.09Mn1.91O4 cathode was
superior to that of another Li-rich LiMn2O4 (Li1.08Mn1.92O4) cath-
ode obtained by spray pyrolysis [28]. The initial discharge capacity
of the Li1.09Mn1.91O4 cathode was 85 mAh/g at 10 C after 100 cycles.
The retention ratio of the discharge capacity remained greater
than 90%, although capacity loss was observed up to 20 cycles.
It was found that the porous Li-rich LiMn2O4 cathode had excel-
lent cycling stability. From these results, we speculate that the
porous microstructure may lead to the high cycling stability of the
Li1.09Mn2O4 cathode because the cathode can accommodate the
volume change caused by rapid intercalation of lithium ions.

Table 2 shows a comparison of powders characteristics and
electrochemical properties of Li-rich LiMn2O4 cathode materials
obtained from carbonate and nitrate solutions. It was clear that
the chemical composition of all samples was in agreement with
the composition of the starting solution. Li-rich LiMn2O4 pow-
ders derived from carbonate solution had a larger particle size
and broader size distribution in comparison with Li-rich LiMn2O4
powders derived from nitrate solution. The specific surface area
of Li-rich LiMn2O4 powders was significantly smaller than that of
Li-rich LiMn2O4 powders derived from nitrate solution. This pos-
sibly resulted in rapid sintering of MnCO3 sols in the mist during
pyrolysis. The LiMn2O4 cathode made from powders derived from
nitrate solution had the highest discharge capacity (115 mAh/g),
but lower cycling stability than the Li-rich LiMn2O4 cathode. The
Li-rich LiMn2O4 cathode had excellent cycling stability compared
with the LiMn2O4 cathode. Li1.09Mn1.91O4 cathode derived from
carbonate solution had the highest cycling stability (99%) among
all samples. It was clear that Li-rich LiMn2O4 was effective for the
improvement of cycling stability.

4. Conclusions

Manganese carbonate could be uniformly dispersed by using
a surfactant and adjusting pH. Li1.09Mn1.91O4 powders were suc-
cessfully prepared by spray pyrolysis using an aqueous solution of
manganese carbonate. The particles had spherical morphology with
a porous microstructure and consisted of primary particles. The
Li1.09Mn1.91O4 powders were well crystallized to a spinel phase by
calcination at 800 ◦C. The chemical composition of Li1.09Mn1.91O4
powders was good agreement with the composition of the starting
solution. The discharge capacity of the Li1.09Mn1.91O4 cathode was

107 mAh/g at 1 C, and the rechargeable efficiency was 97%. At 1 C,
99% of the initial discharge capacity was retained after 100 cycles.
Moreover, the Li1.09Mn1.91O4 cathode retained 90% of the initial
discharge capacity at 10 C. In the future, this process is expected
to be an effective means of preparing other metal oxide powders
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