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Mass production of cathode materials for lithium ion battery by 
flame type spray pyrolysis
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Lithium transition metal oxide cathode materials such as LiAl0.05Mn1.95O4, LiNi0.5Mn1.5O4, LiCo1/3Ni1/3Mn1/3O2 were success-
fully produced at a rate of 2 kg/h by large flame type spray pyrolysis. The continuous spray pyrolysis of 250 h exhibited the 
good stability for powder production. The powder characteristics of them were determined by SEM, XRD, BET and AAS. 
Cathode materials had spherical morphology with a particle size of about 8 μm and porous microstructure with specific sur-
face area of 10 m2/g. Their geometrical standard deviation of particle size ranged from 1.2 to 1.5. The chemical composition of 
them was in good agreement with that of the starting solution. The electrochemical measurement revealed that these cathode 
materials exhibited the higher rechargeable capacity, good cycle performance and thermal stability.
©2009 The Ceramic Society of Japan. All rights reserved.
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1. Introduction
Lithium ion batteries have been extensively used as energy 

storage devices for portable electronics. Recently, these have 
been well noted as the power sources for vehicles such as the EV 
(Electric vehicle) and HEV (Hybrid electric vehicle).1) Spinel 
type LiMn2O4 is regarded as a promising cathode material for 
large lithium ion battery due to their advantages such as low cost, 
amount of deposit, non-toxicity and thermal stability.2) It was 
also known that Ni-substitute lithium manganese oxide 
(LiNi0.5Mn1.5O4) exhibited rechargeable behavior at about 5 V.3),4)

LiNi0.5Mn1.5O4 has been recognized as a useful cathode material 
with a high power density for HEV. Park et al. reported5) that Li 
Ni0.5Mn1.5O4 cathode obtained by spray pyrolysis exhibited 
excellent rechargeable capacity and a stable cycle performance. 
The layered type LiCo1/3Ni1/3Mn1/3O2 was found to exhibit supe-
rior high potential cathode properties. This shows rechargeable 
capacity with more than 150 mAh/g at a higher charge rate and 
milder thermal stability.6) Park et al. also reported7) that LiCo1/3 

Ni1/3Mn1/3O2 obtained by spray pyrolysis exhibited excellent 
rechargeable properties as well as Li Ni0.5Mn1.5O4 cathode.

For the above cathode materials, the spray pyrolysis is an 
effective process for the rapid synthesis of homogeneous cathode 
materials. We have been attempting to synthesize various types 
of lithium double oxide materials for lithium ion battery by spray 
pyrolysis.8)–10) It was reported that the rechargeable capacity and 
cycle performance of lithium ion battery were improved by using 
the cathode materials for the lithium ion battery derived from 
spray pyrolysis. However, it is difficult for spray pyrolysis to 
homogeneously pyrolyze a large quantity of aerosol at a short 
time in the electrical furnace that a scale-up was done. In the 
spray pyrolysis, the difference of pyrolysis temperature between 
inside and outside of the electrical furnace increases with 
increasing the dimension of the electrical furnace, leading to the 
fluctuation of the properties for the resulting powders. So far, we 

have been developing the internal combustion type spray pyrol-
ysis apparatus by using a gas burner to produce homogeneous 
cathode materials for a large-scale furnace. Furthermore, we 
have tried to overcome the problem of mass production by spray 
pyrolysis mentioned above. In this work, the carrier gas flow 
rate, the number of gas burners and the length of the combustion 
furnace were improved to raise its ability for production.

In this paper, the production apparatus in which the aerosols 
were efficiently pyrolyzed in flame generated by the gas burner 
was successfully developed in order to solve the problem of 
large-scale production for cathode materials. In addition, the 
electrochemical properties for the resulting powders were also 
described.

2. Experimental procedures
2.1 Mass production of cathode materials by 

flame type spray pyrolysis
Metal nitrates were used as starting materials. They were dis-

solved in an atomic molar ratio to prepare the starting solutions 
with stoichiometric compositions, respectively. Figure 1 shows 
the schematic diagram of flame types spray pyrolysis apparatus.11)

The flame types spray pyrolysis apparatus improved as follows. 
(1) The carrier gas flow rate increased from 4 to 10 dm3/min to 
increase the production rate. (2) The number of gas burners 
increased from six to twelve. (3) The length of combustion fur-
nace increased from 1.5 m to 4 m to increase residence time of 
aerosol in the combustion furnace in which a gas burner in one 
side was installed every 50 cm. The long residence time led to 
homogeneous decomposition of the large amount of aerosols. 
This apparatus (0.4 mφ  × 6 m × 8 m) consisted of two-fluid noz-
zle atomizer (a), combustion furnace with gas burners using city 
gas (b) and powder collection box using a bag filter (c). The 
starting solution prepared was atomized to generate the aerosol 
by using a two-fluid nozzle with nozzle size of 20 μm. The con-
centration of starting solution was 1 mol/dm3. The aerosol was 
continuously sprayed from the upper part of the combustion fur-
nace to the downward at carrier gas flow rate of 10 dm3/h and 
then pyrolyzed when the aerosol passed through the flame set at 
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700°C. The decomposition temperature of the aerosol was 500°C. 
This apparatus has the powder production potential of 2 kg/h. It 
is possible to produce lithium manganate cathode materials of 
1000 kg/month by this apparatus.

2.2 Powder characterization and electrochemical 
properties

Crystal phase of metal (Al, Ni and Co) doped lithium man-
ganate cathode materials was identified by powder X-ray diffrac-
tion (XRD, Shimadzu Co., XRD–6100). The average particle 
size and morphology of the resulting powders were determined 
by scanning electron microscope (SEM, Hitachi, Ltd., S–2300). 
The average particle size was determined from the SEM photo-
graphs by choosing 200 particles randomly and calculating the 
average size. Specific surface area (SSA) of the resulting metal 
doped lithium manganate powders was measured by BET 
method using N2 adsorption (Shimadzu Co., Tristar–3000). The 
chemical composition of resulting powders was determined by 
Atomic adsorption spectrum (AAS) analysis (Shimadzu Co., 
AAS–6800).

The heat treatment was carried out at 750°C for 2 h under the 
air condition to convert residual undecomposed nitrate to well 
crystallized cathode materials because the decomposition tem-
perature of the experimental condition was low. The cathode was 
prepared using 85 wt% of cathode material powders, 10 wt% of 
acetylene black and 5 wt% of fluorine resin. They were mixed 
to obtain slurry and then coated on aluminum sheets using a doc-
tor blade. A Li sheet was used as an anode. The polypropylene 
sheet was used as a separator. 1 mol·dm–3 LiPF6 in ethylene 
carbonate/1,2-dimethoxyethane (EC:DME = 1:1) was used as the 
electrolyte. The 2032 coin type of lithium ion cell was built up 
in globe box under an argon atmosphere. The change of voltage 
during charge/discharge was measured with a battery tester 
(Hosen, BTS2004) between 3.0 V and 4.7 V. The current density 
ranged from 0.3 (1 C) to 3 (10 C) mA/cm2. 1 C means that the 
rechargeable process was done for 1 h.

3. Results and discussion
3.1 Powder characterization of lithium transition 

metal oxide
In order to confirm the reliability of production, 250 h of 

continuous production testing was examined at a rate of 2 kg/h. 
Figure 2 shows the particle size and yield of LiAl0.05Mn1.95O4

powders as a function of a production time. Sample powders 
were taken out from the bag filter every 30 h and then the average 
particle size was measured by SEM photographs. The fluctuation 
of the particle size and yield was in the range of 3%. This sug-
gested that the apparatus exhibited good production stability for 
mass production.

Figure 3 shows typical SEM photographs of metal doped lith-
ium manganate powders for cathode materials prepared by flame 
type spray pyrolysis. The SEM photographs revealed that the 
resulting powders consisted of the primary particles with spher-
ical morphology regardless of the types of metal doped lithium 
manganate powders. The average particle size of LiAl0.05Mn1.95O4

powders was about 8 μm and had a broad size distribution 
because of the use of a larger size two-fluid nozzle, 20 μm in 
diameter. The resulting powders were considered to be porous 
from SEM photographs. The geometrical standard deviation of 
the average particle size ranged from 1.2 to 1.5. These powders 
had a relatively narrow size distribution. SSA of them ranged 
from 1 to 10 m2/g. It is considered that these particle character-
istics are optimum for particle packing in cathode compared to 

Fig. 1. Schematic diagram of flame types spray pyrolysis apparatus, 
(a) two-fluid nozzle atomizer, (b) flame type combustion furnace, (c) 
powder collection box.

Fig. 2. Change of particle size and yield of LiAl0.05Mn1.95O4 powders 
as a function of production time.

Fig. 3. SEM photographs of l cathode materials prepared by spray 
pyrolysis (bar = 20 μm).



Journal of the Ceramic Society of Japan 117 [9] 1017-1020 2009

1019

JCS-Japan

those obtained by a conventional solid state reaction.
XRD patterns of metal doped lithium manganate powders are 

shown in Fig. 4. The diffraction peaks of LiAl0.05Mn1.95O4 and 
LiNi0.5Mn1.5O4 were in good agreement with the spinel structure 
(space group Fd3

-
m). The diffraction lines of impurities (e.g. 

Al2O3, Mn2O3, Li2CO3) were not identified. Aluminum was uni-
formly doped and nickel was substituted in the Mn site. A harrow 
pattern was also observed in the LiAl0.05Mn1.95O4 pattern. The 
crystallinity of LiAl0.05Mn1.95O4 was lower than that of 
LiNi0.5Mn1.5O4. Though it is not clearly explained, since the crys-
tallization to the alumina needs to be over the heat treatment tem-
perature, it seems to affect the crystallinity of LiAl0.05Mn1.95O4. 
The diffraction peaks of LiCo1/3Ni1/3Mn1/3O2 were also identified 
to the layered structure (space group R3

-
m). Table 1 shows the 

chemical composition of metal doped lithium manganate by 
determined by AAS. The chemical composition analysis showed 
that the molar ratio of Li:Al:Mn was 0.99:0.051:1.95. The chem-
ical composition of them was in good agreement with the starting 
solution composition. This suggested that the content of each 
metal was uniformly maintained in each aerosol. It was found 
that this process was effective for the rapid preparation of 
multicomponent oxide powders such as metal doped lithium 
manganate. The demonstration of rapid preparation offers the 
improvement of the quantity of production and the decrease of 
production cost.

3.2 Electrochemical properties of cathode mate-
rials

The electrochemical measurement of cathodes which was pro-
duced by the resulting metal doped lithium manganate powders 
by developed spray pyrolysis was examined. Figure 5 shows the 
charge and discharge curves of cathode at a rate of 1 C. The dis-
charge capacity of LiAl0.05Mn1.95O4 and LiNi0.5Mn1.5O4 was 125 
and 145 mAh/g, respectively. Al doping led to the disappearance 
of a typical voltage jump at 4 V and then the S curve with an 

average operating voltage of 3.6 V was observed. On the other 
hand, the average operation voltage increased up to 4.7 V by sub-
stituting Ni to LiMn2O4. This suggested that the application as 
high power sources such as an electric tool was expected. The 
discharge capacity of LiCo1/3Ni1/3Mn1/r3O2 was 180 mAh/g and 
had a higher capacity than LiMn2O4. Identifying the reasons why 
these cathode materials have a high capacity, it was considered 
that the particle characteristics such as uniform spherical mor-
phology and fine size lead to the rapid diffusion of Li+ ion at the 
particles/electrolyte interface.

Figure 6 shows the relation between the cycle number and dis-
charge capacity of cathode at a rate of 1 C and 10 C, respectively. 
The rechargeable test was carried out up to 500 times. It was 
clearly shown that it had an excellent cycle stability. The dis-
charge capacity was reduced to 80% of its initial discharge 

Fig. 4. XRD patterns of cathode materials prepared by spray pyrolysis.

Table 1. Chemical Composition of Cathode Materials Prepared by 
Spray Pyrolysis

Atomic concentration (moler ratio)

Li Al Mn Co Ni

LiAl0.05Mn1.95O4 1 0.05 1.95

LiNi0. 5Mn1.5O4 1 1.5 0.5

LiCo1/3Ni1/3Mn1/3O2 1 0.34 0.33 0.33

Fig. 5. Discharge curves of cathodes at a rate of 1 C.

Fig. 6. Relation between cycle number and discharge capacity of cath-
odes at a rate of 1 C and 10 C.
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capacity after about 500 cycles at a rate of 1 C. It was considered 
that the rechargeable reaction uniformly occurred at the level of 
particles because of narrow size distribution. The discharge 
capacity of LiAl0.05Mn1.95O4 cathode decreased with increasing 
the charging rate. The discharge capacity reduced to about 
80 mAh/g at a rate of 10 C. The discharge capacity was main-
tained over 90% of initial discharge capacity at a rate of 10 C. 
This suggested that the addition of Al is effective to maintain the 
stability of the rechargeable cycle at a high rate.

LiNi0.5Mn1.5O4 maintained 92% of its initial discharge capac-
ity after about 500 cycles at a rate of 1 C. The discharge capacity 
reduced to about 70 mAh/g at a rate of 10 C, but maintained 89% 
of initial discharge capacity. LiCo1/3Ni1/3Mn1/r3O2 maintained 
80% of its initial discharge capacity after about 500 cycles at a 
rate of 1 C. The discharge capacity reduced to about 90 mAh/g 
at a rate of 10 C. The discharge capacity reduced to about 
70 mAh/g at a rate of 10 C, but maintained 94% of its initial 
discharge capacity. It was considered that the excellent cycle sta-
bility of these cathodes was due to these particle characteristics 
which were similar to LiAl0.05Mn1.95O4 particles.

Figure 7 shows the relation between the cycle number and dis-
charge capacity of cathode at 50 C. The rechargeable test carried 
out up to 600 cycles at a rate of 1 C. The cycle stability of 
LiAl0.05Mn1.95O4 and LiNi0.5Mn1.5O4 cathodes at 50°C was main-
tained similar to the room temperature. The discharge capacity 
of LiCo1/3Ni1/3Mn1/3O2 cathodes gradually decreased with the 
increasing cycle number at 50°C. The discharge capacity of 

LiCo1/3Ni1/3Mn1/3O2 cathode was 74% of its discharge capacity.

4. Conclusion
Large flame type spray pyrolysis was developed for the pro-

duction of cathode materials. It demonstrated that metal doped 
lithium manganate powders had spherical and porous particles 
which have a diameter of about 8 μm with a relatively narrow 
size distribution. As-prepared powders have high crystallinity 
and uniform chemical composition. The electrochemical mea-
surement exhibited that the cathode materials had the higher 
rechargeable capacity and stable cycle performance. The 
rechargeable capacity decreased with increasing the charging 
rate, but the stability of the cycle performance was maintained. 
The stability of the cycle performance was also maintained at 
elevated temperatures. It was found that the aerosol process was 
effective for the preparation of cathode materials.
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