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A novel technique has been developed to directly produce fine ceramic powders from
liquid solution using a spray pyrolysis and fluidized bed hybrid system. Using this
technique, the preparation of lithium manganese oxides LiMn2O4, which are the most
promising cathode materials for lithium-ion batteries, has been carried out for various
superficial gas velocities U0 � 0.30-0.91 m/s, static bed heights Ls � 50-150 mm, and
medium particle sizes dpm,g � 294-498 �m. The resulting powders had spherical nano-
structured particles that comprised primary particles with a few tens of nanometer in size,
and they exhibited a pure cubic spinel structure without any impurities in the XRD
patterns. Moreover, the as-prepared powders showed better crystallinity and smaller
specific surface area than those by conventional spray pyrolysis. The effects of process
parameters on powder properties, such as specific surface area and crystallinity, were
investigated for a wide range of superficial gas velocities and static bed heights. An
as-prepared sample was used as cathode active materials for lithium-ion batteries and the
cell performance has been investigated. Test experiments in the electrochemical cell
Li/1M LiClO4 in PC/LiMn2O4 demonstrated that the sample prepared by the present
technique was superior to that by the conventional spray pyrolysis and solid-state reaction
method. © 2006 American Institute of Chemical Engineers AIChE J, 52: 2413–2421, 2006
Keywords: particle technology, electronic materials, fluidized bed reactor, spray pyrol-
ysis, lithium-ion batteries

Introduction

The fluidized bed reactor has a unique capability of contin-
uous powder handling, good mixing, a larger gas-solid contact
area, and very high rates of heat and mass transfer. Thus, it has
been widely applied in the field of chemical engineering. Its
applications range from physical operations, like drying1 and
agglomeration2 of particles, to chemical reactors for chemical
coating,3-6 coal pyrolysis,7 and the removal of acid gases.8,9

Recently, Matsuda et al.10 have also applied the fluidized bed
reactor to the preparation of lithium manganese oxide

LiMn2O4, which is the most promising cathode material for
lithium-ion batteries, by drip pyrolysis and succeeded in the
continuous synthesis of powder by this technique. However,
the as-prepared powder has various morphologies and a wide
particle size distribution. Huang et al.11, Matsuda and Tanigu-
chi,12,13 and Taniguchi et al.14 have already reported that the
electrochemical properties of lithium manganese oxide are
strongly affected by the particle properties, such as morphol-
ogy, interior structure, specific surface area and crystallites, of
LiMn2O4 particles.

Thus far, many soft chemistry methods, such as sol-gel,15,16

coprecipitation,17,18 citric acid,19-21 and hydrothermal pro-
cesses,22 have been developed to synthesize LiMn2O4 powders
with improved physical and chemical characteristics. Most
solution-precipitated powders must undergo subsequent calci-
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nation and milling steps, which are processes that can negate
some of the advantages of the solution process. As a result,
agglomerated powders with irregular shapes are obtained. In
contrast, hydrothermally prepared powders can be directly pro-
duced in their required physical and chemical forms. However,
the high-pressure requirements and the general difficulty in
producing a wide range of multicomponent compositions often
deter the consideration of hydrothermal techniques for the
synthesis of ceramic powders.

Spray pyrolysis is well known as a continuous single-step
process for the preparation of fine ceramic powders. Compared
with those of particles prepared by soft chemistry methods, the
particle size distribution is narrow and controllable from mi-
crometer to submicrometer, the purity of the products is high,
and the composition of the powders is easy to control. More-
over, nonagglomerated powders are obtained. Taniguchi et al.23

have reported that spherical nanostructured LiMn2O4 and
LiM1/6Mn11/6O4 (M � Al, Ni, and Co) particles with a narrow
size distribution could be prepared by the ultrasonic spray
pyrolysis method.

In this study, we have developed a novel technique for
directly producing fine ceramic powders from a liquid solution
using a spray pyrolysis and fluidized bed hybrid system and
synthesized spinel LiMn2O4 powders by this technique. The
physical properties of powders, such as crystallite size, specific
surface area, morphology, particle size, and interior structure,
have been examined by X-ray diffraction (XRD) analysis, the
Brunauer-Emmett-Teller (BET) method, field emission scan-
ning electron microscopy (FE-SEM), and transmission electron
microscopy (TEM), respectively. The as-prepared powders
have been used as cathode active materials for lithium-ion
batteries, and electrochemical studies have been carried out on
the charge/discharge characteristics of the half cells at a current
density of 0.2 mA/cm2.

Experimental Section
Principle of fine ceramic powder synthesis

Figure 1 shows a scheme of the synthesis of fine ceramic
powders using the spray pyrolysis and fluidized bed hybrid
system. The precursor solution, which contains some metal
salts, is atomized to droplets with more than 10 micrometers in
size using a two-fluid atomizer or an ultrasonic atomizer. The
generated droplets are carried to the top of the fluidized bed
reactor by air and supplied into the inner tube of the reactor.
When the droplets reach the bed, the droplet-to-solid particle
conversion quickly progresses through the evaporation of sol-
vent from droplets, precipitation, drying, and thermal decom-
position of salt in the reactor, as illustrated in Step 1 of Figure
1. As a result, spherical solid particles with several microme-
ters in size are obtained in the bed, and are fluidized with
coarse particles. Fine particles adhere to the surface of the
coarse particles and are then fluidized with coarse particles in
the bed. Thus, fine particles have a very long residence time in
the bed,24 and the sintering of fine particles progresses during
this process, as illustrated in Step 2 of Figure 1. Finally, the fine
particles are detached from the coarse particles by the collision
between the fluidizing coarse particles. Then they are entrained
from the reactor due to the difference in terminal velocity
between the fine particles and the coarse particles, as illustrated

in Step 3 of Figure 1. The resulting particles can be captured by
using a cyclone and a bag filter. This is the principle of fine
ceramic powder preparation using the spray pyrolysis and
fluidized bed hybrid system.

Experimental apparatus and procedure

The experimental apparatus is shown in Figure 2. The ap-
paratus consists of several major systems: a gas-flow control
and measurement system, an atomization of precursor solution
system, a fluidized bed reactor heated by electric furnaces (10),
and a particle collection system. The droplet generation system
consists of a two-fluid atomizer (7), a peristaltic pump (8) for
supplying a precursor solution to the atomizer, and an air
compressor (1) for supplying air to the atomizer. The fluidized
bed reactor (11) is a cylindrical quartz tube of 61.5 mm in I.D.
and 930 mm in effective length. A perforated plate with 2.4
percent open area (359 holes of 0.5 mm I.D. in 3 mm pitch) was
used as a gas distributor. To supply the droplets in the fluidized
bed reactor, a cylindrical quartz tube of 19.5 mm in I.D. and
1120 mm in length is inserted in the coaxial direction of the
reactor. Structural details of the fluidized bed reactor are shown
in Figure 3. Three external electronic furnaces (10) operated
using PID controllers heated the reactor to 1073 K. To fluidize
the coarse particles in the reactor, air was supplied to the
bottom of the fluidized bed reactor by the compressor (2)
through a packed column with 3-mm-diameter glass beads (3)
and an orifice flowmeter. Spherical alumina particles were used
as coarse fluidized medium particles. Their properties are sum-
marized in Table 1. Before the preparation of LiMn2O4 pow-
ders using the spray pyrolysis and fluidized bed hybrid system,
the surfaces of the alumina particles were coated with LiMn2O4

by drip pyrolysis in a fluidized bed reactor.10

The minimum fluidizing gas velocity Ufm was calculated

Figure 1. A scheme of the synthesis of fine ceramics
powders via the spray pyrolysis and fluidized
bed hybrid system.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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using the correlation of Wen and Yu25 after considering the
effects of temperature on density and viscosity of gas.

The precursor solution was atomized using the two-fluid
atomizer. The generated droplets were transported to the inner
tube of the fluidized bed reactor by air. As described in the
previous section, the droplet-to-solid particle conversion and
sintering progress in the reactor. Finally, the fine particles are
entrained from the reactor due to the difference in terminal
velocity between the fine particles and the medium particles,

and then the fine particles elutriated are collected using a
cyclone (12) and a bag filter (13).

The precursor solution was prepared by dissolving a stoichi-
ometric ratio of LiNO3(98%) and Mn(NO3)2 6H2O(98%) in
distilled water. For all experiments, the total concentration C0

was 3.0 mol/dm3 and the atomic ratio of Li/Mn was set at 0.5.
All chemicals were purchased from Wako Pure Chemical In-
dustries Ltd., Tokyo, Japan.

The preparation of LiMn2O4 using the spray pyrolysis and
fluidized bed hybrid system has been carried out at various U0

� 0.30-0.91 m/s and static bed heights Ls � 50-150 mm.

Material characterization

The crystalline phase of the samples was also examined by
X-ray diffraction analysis (XRD, Phillips, PW1700) at scan
speeds of 2.4°/min for crystal analysis ranging from 4° to 70°
and 0.6°/min for crystallite size measurements ranging from
40° to 50°. The crystallite size d was estimated from the (400)
plane peak of XRD spectrum using Scherer’s equation:

d �
0.9�

�H � h�cos �
, (1)

Table 1. Properties of Fluidized Medium Particles

Particles
dpm,g

[�m]
�g

[�]
�p

[kg/m3]
Umf at 293 K

[m/s]
Umf at 1073 K

[m/s]

Al2O3 294 1.31 3770 0.11 0.05
478 1.11 3600 0.24 0.11

Figure 2. Experimental apparatus used for the spray pyrolysis and fluidized bed hybrid system.

Figure 3. Details of fluidized bed reactor.
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where � is the average of Cu K�1 and K�2; H, the full width
at half maximum; h, the correction constant; and �, the diffrac-
tion angle. Particle morphology was examined by field-emis-
sion scanning electron microscopy (FE-SEM, Hitachi, S-800)
operated at 15 kV. The particle size distribution was deter-
mined by randomly sampling 500 particles from the SEM
photographs. The geometric mean diameter dp,g and geometric
standard deviation �g were calculated using

ln dp,g � �
i�1

N ln dpi

N
, (2)

ln �g � ��i�1

N

�ln dpi � ln dp,g�
2

�N � 1�
�

1/ 2

, (3)

respectively, in which N is the total number of samples. The
interior structure of the as-prepared particles was observed by
transmission electron microscopy (TEM, JEOL Ltd., JEM-
200CX). The specific surface area of the as-prepared powders
was measured by the Brunauer-Emment-Teller method (BET,
FlowSorb II 2300, Shiraz Co.). The chemical composition of
the as-prepared powders was determined by inductively cou-
pled plasma-atomic emission spectroscopy (ICP-AES, Seiko
Instruments Inc., SPS1500VR).

Fabrication and electrochemical characterization

A cathode electrode was prepared by mixing 75 wt%
LiMn2O4 powders, 20 wt% acetylene black, and 5 wt% poly-
tetrafluoroethylene (PTFE), and then formed into a thin film. A
disk was cut off from the thin film and used as the cathode (5.4
mm diameter). The typical weight of the cathode was 2-3 mg.
A lithium rechargeable cell consists of the cathode, an Li foil
as the anode, a cellgard microporous membrane as the separa-
tor, and 1 mol/dm3 LiClO4 dissolved in propylene carbonate
(PC) (�20 ppm H2O, Tomiyama Pure Chemical Co., Ltd.) as
the electrolyte.

Cell performance was evaluated using a potentiostat (HJR-
110mSM6, Hokuto Denko) at a current density of 0.2 mA/cm2

at room temperature. The cutoff voltage of the cycle was
between 4.4 and 3.5 V. All charge/discharge measurements
were carried out inside an argon-filled glove box. The proce-
dures for the fabrication and the electrochemical measurements
of lithium rechargeable cells Li/1M LiClO4 in PC/LiMn2O4 are
almost the same as those described previously.14

Results and Discussion
Sample characterization and powder properties

Figure 4 shows the X-ray diffraction patterns of the
LiMn2O4 powders synthesized at Ls � 100 mm for the range
U0/Umf � 2.7-8.3 using the spray pyrolysis and fluidized bed
hybrid system. For the comparison between the XRD spectra of
as-prepared powders and alumina, those of alumina (JCPDS
01–1243) are also shown in the figure. The diffraction peaks of
all the samples corresponded to a single phase of cubic spinel
structure with the space group Fd3�m in which lithium ions
occupy tetrahedral (8a) sites and manganese ions occupy oc-
tahedral (16d) sites. This suggests that there is no contamina-
tion of alumina in the resulting powders. The observed chem-
ical compositions are shown in Table 2. The results were in
good agreement with the one of the precursor solution (Mn/
Li � 2). The same results were also obtained for the range Ls

� 50-150 mm.
Figure 5 shows an example of SEM and TEM photographs

of the LiMn2O4 powders synthesized at Ls � 100 mm and
U0/Umf � 6.5 using the spray pyrolysis and fluidized bed
hybrid system. It is clearly observed from the figure that the
as-prepared LiMn2O4 powders are spherical nanostructured
particles composed of primary particles with a few tens of
nanometer in size. The particle size distribution of LiMn2O4

powders synthesized at Ls � 100 mm and U0/Umf � 6.5 is
shown in Figure 6. The geometric mean diameter dg,p and the
geometric standard deviation �g of as-prepared particles were
0.81 �m and 1.85, respectively. This suggests that the
LiMn2O4 powders can be synthesized with a narrow size dis-

Figure 4. XRD patterns of LiMn2O4 powders synthesized
at Ls � 100 mm and dpm,g � 498 �m for the
range U0/Umf � 2.7-8.3.

Table 2. Chemical Composition, Geometric Mean
Diameters, and Geometric Standard Deviation

of As-Prepared Powders

U0/Umf [�] Mn/Li [�] dp,g [�m] �g [�]

2.7 1.98 0.83 1.90
4.6 1.99 0.86 1.84
6.5 1.97 0.81 1.85
8.3 1.99 0.82 1.82
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tribution using the spray pyrolysis and fluidized bed hybrid
system. The geometric mean diameter and geometric standard
deviation of the LiMn2O4 prepared at Ls � 100 mm for the

range U0/Umf � 2.7-8.3 are also shown in Table 2. These
results suggest that the spherical nanostructured powders with
a narrow size distribution approximately 1 �m can be synthe-
sized using the spray pyrolysis and fluidized bed hybrid sys-
tem.

Effects of process parameters on powder properties

Figure 7 shows the effects of fluidization number U0/Umf on
crystallite size of as-prepared LiMn2O4 at Ls � 100 mm. The
crystallite size of as-prepared LiMn2O4 gradually decreases
with increasing fluidization number, and its size is larger than
the one of the LiMn2O4 synthesized by conventional spray
pyrolysis (Ls � 0 mm) in each fluidization number. However,
the crystallite size becomes similar to the one of LiMn2O4

prepared at Ls � 0 mm with increasing fluidization number.
The effect of fluidization number on the specific surface area of
as-prepared LiMn2O4 is shown in Figure 8. In contrast with the
case of crystallite size, the specific surface area of as-prepared
LiMn2O4 gradually increases with the fluidization number, and
its value is smaller than the one of the LiMn2O4 synthesized by
conventional spray pyrolysis in each fluidization number.
These results may explain why the residence time of LiMn2O4

particles in the reactor becomes longer with decreasing fluid-
ization number and the sintering of LiMn2O4 progresses with
decreasing fluidization number. As a result, the specific surface

Figure 5. SEM and TEM photographs of LiMn2O4 synthesized at Ls � 100 mm, dpm,g � 498 �m, and U0/Umf � 6.5.

Figure 6. Particle size distribution of LiMn2O4 synthe-
sized at Ls � 100 mm, dpm,g � 498 �m, and
U0/Umf � 6.5.
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area decreases with decreasing fluidization number, and the
crystallite size increases with decreasing fluidization number.

Figure 9 shows the effects of static bed height Ls on the
crystallite size and specific surface area of LiMn2O4 powders
synthesized using the spray pyrolysis and fluidized bed hybrid
system at U0/Umf � 6.5. The specific surface area decreases
with increasing static bed height, down to a fixed value of
approximately 18 m2/g, whereas the crystallite size increases
from 13 nm up to 19 nm with static bed height. This may
explain why the residence time of LiMn2O4 particles in the
reactor becomes longer with static bed height and the sintering
of LiMn2O4 progresses with increasing static bed height at a
fixed fluidization number U0/Umf.

Figure 10 shows the variations of crystallite size and specific
surface area of as-prepared LiMn2O4 powders with superficial
gas velocity U0 for the medium particle sizes of dpm,g � 294
�m and 498 �m. The specific surface area increases with
superficial gas velocity, and the crystallite size decreases with
increasing superficial gas velocity for the medium particle sizes
of dpm,g � 294 �m and 498 �m. However, the larger the
medium particles, the smaller the specific surface area and the
larger the crystallite size at the same superficial gas velocity.
This result may be due to the difference of fluidization behavior
in the reactor between the medium particle sizes of dpm,g � 294
�m and 498 �m. Indeed, when all the data for the specific
surface area and crystallite size of the as-prepared LiMn2O4

powders are plotted against the fluidization number U0/Umf

(Figure 11), the specific surface area increases with superficial
gas velocity, and the crystallite size decreases with increasing

Figure 7. Effect of fluidization number U0/Umf on crys-
tallite size of as-prepared LiMn2O4 at Ls � 100
mm and dpm,g � 498 �m.

Figure 8. Effect of fluidization number U0/Umf on the
specific surface area of as-prepared LiMn2O4

at dpm,g � 498 �m.

Figure 9. Effect of static bed height Ls on the crystallite
size and specific surface area of LiMn2O4 pow-
ders synthesized by the spray pyrolysis and
fluidized bed hybrid system at U0/Umf � 6.5
and dpm,g � 498 �m.
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superficial gas velocity on trend lines that are independent of
medium particle size. These results show a good correlation
between powder properties and the fluidization behavior.

In our previous works,12,13 it was clearly observed that the
smaller the specific surface area and the larger the crystallite
size, the better the cycle performance, and the spherical dense
particles were also suitable as cathode active materials for
lithium-ion batteries. Thus, the LiMn2O4 materials prepared
using the spray pyrolysis and fluidized bed hybrid system may
be superior to those prepared by the conventional spray pyrol-
ysis in battery performance. To confirm this prediction, we
investigated the electrochemical properties of the studied sam-
ples using spring cells.

Electrochemical properties

The LiMn2O4 powders prepared at U0/Umf � 6.45, Ls � 150
mm, and C0 � 3.00 mol/dm3 were used as cathode active
materials for lithium-ion batteries, and then the Li/1M LiClO4

in PC/LiMn2O4 half cells was fabricated. The charge and
discharge curves of the cell in the first cycle are shown in
Figure 12. The cell was initially charged at a rate of 0.2
mA/cm2 to the upper limit of 4.4 V. Upon discharge, the lower
potential limit was 3.5 V. The charge and discharge curves
showed two distinct plateaus, which indicates the well-defined
spinel LiMn2O4 structure and is a characteristic of the manga-
nese oxide spinel structure. The current charge and discharge

capacities were 135 and 121 mAh/g in the first cycle, respec-
tively, and its irreversible capacity was 12% in the first cycle.

Figure 13 shows the variations in discharge capacities with

Figure 10. Variation of crystallite size and specific sur-
face area of as-prepared LiMn2O4 powders
with superficial gas velocity U0 for medium
particle size dpm,g � 294 �m and 498 �m.

Figure 11. Variation of crystallite size and specific sur-
face area of as-prepared LiMn2O4 powders
with fluidization number U0/Umf.

Figure 12. First charge and discharge curves of the elec-
trochemical cell Li/1M LiClO4 in PC/LiMn2O4 at
current density of 0.2 mA/cm2, where the cath-
ode active materials were synthesized at U0/
Umf � 6.45, Ls � 150 mm, dpm,g � 498 �m, and
C0 � 3.00 mol/dm3 by the present method.
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the number of cycles for the Li/1M LiClO4 in PC/LiMn2O4

cells, where the cathode active materials were synthesized at
U0/Umf � 6.45, Ls � 150 mm, and C0 � 3.00 mol/dm3 by the
present method. For comparison, the discharge capacity data
for the samples synthesized by the solid-state reaction26 and the
conventional spray pyrolysis method (Ls � 0 mm) were also
plotted in the figure. The present sample exhibited a larger
discharge capacity and better cycling behavior than those pre-
pared by the solid-state reaction and conventional spray pyrol-
ysis method.

Conclusions

A spray pyrolysis and fluidized bed hybrid system has been
developed for directly producing fine ceramic powders from a
liquid solution. Using this system, the spinel LiMn2O4 powders
were successfully prepared under various superficial gas ve-
locities U0 � 0.30-0.91 m/s, static bed heights Ls � 50-150
mm, and medium particle sizes dpm,g � 294-498 �m. The
as-prepared samples exhibited a pure cubic spinel structure
without any impurities in the XRD patterns, and the chemical
composition of as-prepared powders showed good agreement
with that of the precursor solution. The as-prepared LiMn2O4

powders have spherical nanostructured particles that consist of
primary particles with a few tens of nanometer in size. The
as-prepared powders showed larger crystallite size and smaller
specific surface area than those prepared by conventional spray
pyrolysis. Particle properties, such as crystallite size and spe-
cific surface area, were strongly affected by the residence (that
is, sintering) time. Results show that both excess fluidization

number and static bed height of the fluid bed medium are
effective process control parameters.

To investigate the electrochemical characteristics of the as-
prepared powders, Li/1M LiClO4 in PC/LiMn2O4 cells were
fabricated and their cycle performance was evaluated galvano-
statically at room temperature. The as-prepared powders had
larger discharge capacities and exhibited better cycling behav-
ior than those prepared by the solid-state reaction and the
conventional spray pyrolysis method.
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