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1. Introduction  

Lithium ion battery (LIB) has been used as energy storage devices for portable electronics 

since 1990 years. Recently, these are well noted as the power sources for the vehicles such 

as electric vehicles and hybrid electric vehicles. Both layered type LiCoO2, LiNiO2 and 

spinel type LiMn2O4 is the most important cathode materials because of their high 

operating voltage at 4 V (Mizushima, et.al, 1980, Guyomard, et.al, 1994). So far, LiCoO2 

has been mostly used as cathode material of commercial LIB. However, LiCoO2 and 

LiNiO2 have a problem related to capacity fading due to the instability in rechargeable 

process. Cobalt is also expensive and its resource is not sufficient. Therefore, LiCoO2 

cathode material is not suitable as a LIB for EV and HEV. On the other hand, LiMn2O4 is 

regarded as a promising cathode material for large type LIB due to their advantages such 

as low cost, non-toxicity and thermally stability (Pegeng, et.al, 2006). It was also known 

that Ni-substitute type LiMn2O4 (LiNi0.5Mn1.5O4) was exhibited rechargeable behavior at 

about 5 V (Markovsky, et.al, 2004, Idemoto, et.al, 2004, Park, et.al, 2004). LiNi0.5Mn1.5O4 

has been considerably noticed as a cathode material with high power density which had 

an active potential at 5 V. The layered type LiCo1/3Ni1/3Mn1/3O2 was found to exhibit 

superior high potential cathode properties. This had rechargeable capacity with more than 

150 mAh/g at higher rate and a milder thermal stability, but shows significantly capacity 

fading during the long rechargeable process. Recently, olivine type phosphate compound 

is noted as an alternative cathode material. LiFePO4 and LiMnPO4 were expected as next 

generation materials for large LIB because of low-cost, environmentally friendly, high 

thermally stability and electrochemical performance. On the other hand, the oxide type 

anode such as spinel type Li4Ti5O12 is expected as the candidate for the replacement of 

carbon anodes because of better safety. LIB which is consisted of LiFePO4 cathode and 

Li4Ti5O12 anode offers to high safety and long life cycle. Therefore, it is expected as the 

application of HEV or power supply for load levelling in wind power generation and 

solar power generation. So far, we have been developed spray pyrolysis technique as a 

aerosol process to prepare LiFePO4 and Li4Ti5O12 powders for LIB. In this chapter, the 

powder processing and electrochemical properties of LiFePO4 cathode and Li4Ti5O12 

anode materials by spray pyrolysis were described. 
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2. Spray pyrolysis process  

Spray pyrolysis is a versatile process regarding the powder synthesis of inorganic and 

metal materials (Messing, et.al, 1993, Dubois, et.al, 1989, Pluym, et.al, 1993). An atomizer 

such as ultrasonic (Ishizawa, et.al, 1985) or two-fluid nozzle (Roy, et.al, 1977) is often used 

to generate the mist. The mist is droplet in which the inorganic salts or metal organic 

compound is dissolved in  water or organic solvent. The droplets were dried and 

pyrolyzed to form oxide or metal powders at elevated temperature. The advantages of 

spray pyrolysis are that the control of particle size, particle size distribution and 

morphology are possible. Furthermore, the fine powders with homogeneous composition 

can be easily obtained because the component of starting solution is kept in the mist 

derived from an ultrasonic atomizer or two-fluid nozzle. Each metal ion was 

homogeneously blending in each mist. Each mist play a role as the chemical reactor at the 

microscale. The production time was very short (less than 1 min). In the other solution 

process such sol-gel, hydrothermal, precipitation, hydrolysis, the oxide powders were 

often prepared for few hours. In addition, the process such as the separation, the drying 

and the firing step must be done after the chemical reaction in the solution. The oxide 

powders are continuously obtained without these steps in the spray pyrolysis. So far, it 

has been reported that this process is effective in the multicomponent oxide powders such 

as BaTiO3 (Ogihara, et.al, 1999) and alloy powders such as Ag-Pd (Iida, et.al, 2001). 

Recently, layered type of lithium transition metal oxides such as LiCoO2 (Ogihara, et.al 

1993), LiNiO2 (Ogihara, et.al, 1998), LiNi0.5Mn1.5O4 (Park, et.al, 2004),LiNi1/3Mn1/3Co1/3O2 

(Park, et.al, 2004) and spinel type of lithium transition metal oxides such as LiMn2O4 

(Aikiyo, et.al, 2001), which are used as the cathode materials for Li ion batteries also have 

been synthesized by spray pyrolysis. It has been clear that these cathode materials derived 

from spray pyrolysis showed excellent rechargeable performances. This revealed that the 

particle characteristics such as uniform particle morphology, narrow size distribution and 

homogeneous chemical composition led to higher rechargeable capacity, higher efficiency, 

long life cycle and higher thermal stability. 

3. LiFePO4/C cathode materials 

The electrochemical properties of olivine-type LiFePO4 cathode materials exhibit a relatively 

high theoretical capacity of 170 mAh/g and a stable cycle performance at high 

temperatures. However, in the past, the low electrical conductivity of LiFePO4 prevented its 

application as a cathode material for the lithium-ion battery. Therefore, conductive materials 

such as carbon and foreign metals were added to LiFePO4 in order to enhance its electrical 

conductivity (Padhi, et.al, 1997, Bewlay, et.al, 2004, Wang, et.al, 2005, Barker, et.al, 2003). So 

far, the composite materials of LiFePO4 and carbon have been synthesized by  various types 

of solution techniques such as sol-gel method, hydrothermal thermal, emulsion and spray 

drying and solid state reaction. On the other hand, the carbon coating on LiFePO4 powders 

have been also carried out after the preparation of pure LiFePO4 powders. The advantage of 

spray pyrolysis is that the precursor of LiFePO4/C materials is obtained at one step for very 

short time. The various types of organic compounds such as white sugar, ascorbic acid and 

citric acid were used as a carbon source to enhance the electrical conductivity of LiFePO4 in 

spray pyrolysis. 
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3.1 Preparation of LiFePO4/C cathode materials 

LiNO3, Fe(NO3)3�9H2O, and H3PO4 were used as starting materials. They were weighted 
out to attain a molar ratio of Li:Fe:P = 1:1:1 and then dissolved in double distilled water to 
prepare the aqueous solution. Various types of organic compounds such as sucrose, 
fructose, sugar or citric acid were added to aqueous solutions up to 60 wt% as carbon 
source. Figure 1 shows the schematic diagram of the spray pyrolysis apparatus. It consisted 
of an ultrasonic transducer, electric furnace, and cyclone. The mist of aqueous solution was 
generated with ultrasonic transducer (2.4 MHz) with 0.08 dm3/s of air carrier gas. The 
droplet size (DP) of mist generated using an ultrasonic transducer were very small and can 
be determined by equation (1), where ρ is the density of water as a solvent,γ is the surface 

tension of water, f is the frequency of the transducer. The mist was introduced to the electric 
furnace. The pyrolysis temperature of electric furnace was 500 °C. As-prepared LiFePO4/C 
powders were continuously collected by using the cyclone. As-prepared LiFePO4/C 
powders were heat treated at 700 °C for 10 h in the electric furnace under argon (95 
%)/hydrogen (5 %) atmosphere. 

 

Fig. 1. Schematic diagram of spray pyrolysis with ultrasonic transducer 

 



 
   

 

1/3

2

8
0.34pD

f
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3.2 Particle characterizations of LiFePO4/C cathode materials 

Figure 2 shows SEM photographs of as-prepared LiFePO4/C powders prepared by spray 
pyrolysis of an aqueous solution of sucrose and citric acid. The average particle size, 
morphology, and microstructure of the LiFePO4/C powders were determined using a 
scanning electron microscope (SEM). The as-prepared LiFePO4/C particles had a spherical 
morphology with a smooth surface and non-aggregation regardless of the type of carbon 
sources used. Figure 2 also shows that these have hollow particles. This resulted in the 
drastic decomposition of organic acid in the step of pyrolysis. The average particle sizes of 
as-prepared LiFePO4/C powders obtained from sucrose and citric acid were approximately 
1 µm. The particle size distribution of LiFePO4/C powders ranged from 0.2 µm to 3 µm. It 
was found that these powders had a broad size distribution because of the broad size 
distribution of the mist generated by the two-fluid nozzle. The specific surface area of the 
powders was measured by the BET method using nitrogen adsorption.  
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Fig. 2. SEM photograph of LiFePO4/C powders derived from spray pyrolysis 

The specific surface area of the LiFePO4/C powders was approximately 10 m2/g regardless 
of the type of carbon sources used; this suggests that the particle microstructure of 
LiFePO4/C powders was porous. The particle densities of the LiFePO4/C powders obtained 
from sucrose and citric acid were 3.5 kg/m3 and 3.2 kg/m3, respectively. It was considered 
that the hollow or porous microstructure led to a reduced particle density of the LiFePO4/C 
powders. 

3.3 Electrochemical properties of LiFePO4/C cathode materials 

Figure 3 shows the rechargeable curves of LiFePO4 and LiFePO4/C cathodes at 1C. The long 
plateau was observed at about 3.5 V in the rechargeable curves. The discharge capacity of 
carbon-free LiFePO4 cathode was about 20 mAh/g because of the poor electrical 
conductivity. It was found that the rechargeable capacity of LiFePO4 was considerably 
improved by the addition of carbon. The discharge capacity of LiFePO4/C cathode derived 
from citric acid exhibited 150 mAh/g. That of LiFePO4/C cathode derived from sucrose 
exhibited 149 mAh/g. 
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Fig. 3. Rechargeable curves of LiFePO4 and LiFePO4/C cathodes at 1 C 
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The discharge capacity of LiFePO4/C cathode derived from other organic compound such 
as fructose, white sugar also exhibited 136 mAh/g. The rechargeable capacity of LiFePO4/C 
cathode derived from citric acid was higher than that derived from sucrose. The carbon 
content was 2.6 wt% in LiFePO4/C particles derived from citric acid. The carbon content 
was 7.1 wt% in LiFePO4/C particles derived from sucrose. Because the particle size of 
C/LiFePO4 particles derived from citric acid is close to that of LiFePO4/C particles derived 
from sucrose, the excess carbon content (4.5 wt%) may be led to the loss for energy density 
of LiFePO4/C cathode derived from sucrose. Figure 4 shows the change of initial discharge 
capacity of LiFePO4/C cathode derived from citric acid.  
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Fig. 4. Relation between rechargeable rate and discharge capacity 
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Fig. 5. Cycle performance of LiFePO4/C cathode at rechargeable rate indicated 

The initial discharge capacity of LiFePO4/C cathode exhibited 165 mAh/g at 0.1 C. The initial 
discharge capacity decreased to 100 mAh/g at 10 C. At 30 C, it exhibited 60 mAh/g. Figure 5 
shows the relation between cycle number and discharge capacity of LiFePO4/C cathode 
derived from citric acid at rate indicated. The cycling was carried out up to 500 cycles. It was 
clear that LiFePO4/C cathode had the excellent cycle stability. The discharge capacity of 
LiFePO4/C cathode maintained 84 % of initial discharge capacity after 600 cycles at rate of 1 C. 
The same tendency of cycle stability was also observed in the cycle data at rate of 5 C. The 
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discharge capacity of LiFePO4/C cathode maintained 94 % of initial discharge capacity after 
600 cycles at 20 C. Figure 6 shows the relation between cycle number and discharge capacity of 

LiFePO4/C cathode at 50 C. The rechargeable test of coin cell was examined up to 100 cycles 

at rate of 1C. The coin cell was heated on the hot plate which was kept to 50 C. The discharge 
capacity of LiFePO4/C cathode derived from citric acid exhibited 147 mAh/g and the cycle life 
of it was also stable. The discharge capacity of LiFePO4/C cathode maintained 96 % of initial 
discharge capacity after 100 cycles. It was found that LiFePO4/C cathode had high cycle 
stability at the elevated temperature. 
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Fig. 6. Cycle performance of LiFePO4/C cathode at 50 C 

4. Li4Ti5O12/C anode materials 

Various types carbons (Ohzuku, et.al, 1993, Ozawa et.al, 1994, Endo, et.al, 1996, Qiu, et.al, 
1996, Buiel, et.al, 1999, Matsumura, et.al, 1995) have been always used as an anode material 
because they has better safety characteristic and long cycle life compared with lithium 
metal. It was well known that the carbon anode leads to the formation of dendrite at high 
rate charging. The solid electrolyte interface (SEI) layer on the carbon anode, which is 
usually formed at the potential below 0.8 V and accompanied over time with active lithium 
loss, an increase in impedance, a decrease in rechargeable capacity and fade in cycle life of 
lithium ion batteries. For an application of EVs and HVs, the oxide type anode is also 
expected as the candidate for anode materials because of better safety. Spinel type Li4Ti5O12 
has been demonstrated as an alternative anode material because it has a long plateau at 1.5 
V and exhibited excellent cycle life due to the structure stability for the intercalation of Li 
ion. The disadvantage of Li4Ti5O12 for anode was low electronic conductivity because 
Li4Ti5O12 was ionic crystal with insulation. To improve the electric conductivity of it, the 
foreign metals with various valence numbers (Kubiak, et.al, 2003, Chen, et.al, 2001, 
Robertson, et.al, 1999, Mukai, et.al, 2005, Huang, et.al, 2006) or the carbon is added to 
Li4Ti5O12 powders. Especially, many researchers have been reported that the addition of 
carbon is effective for the improvement of electrochemical properties (Gao, et.al, 2007, 
Huanga, et.al, 2006, Hao, et.al, 2007). So far, it was well known that the solution techniques 
such as spray drying, sol-gel enabled to homogeneously dope the carbon to Li4Ti5O12/C 
powders (Gao, et.al, 2006, Hao, et.al, 2006, Hao, et.al, 2005). Ju et al applied the spray 
pyrolysis to the preparation of Li4Ti5O12/C anode powders. They have been reported that 
Li4Ti5O12/C powders derived from spray pyrolysis exhibits higher rechargeable capacity 
and good cycle performance (Yang, et.al, 2006, Ju, et.al, 2009). 
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4.1 Preparation of Li4Ti5O12/C anode materials 

Titanium tetraisoproxide (Ti(iso-OC3H7)4, denoted as TTIP) and LiNO3 were used as raw 
materials. They were dissolved in an atomic molar ratio of Li/Ti to prepare the starting 
aqueous solution. Organic compound as a carbon source was also added to starting 
solution. The concentration of starting solution ranged from 0.1 to 1 mol/dm3. The 
concentration of organic compound was ranged from 0.1 to 0.4 mol/dm3. Lactic acid, malic 
acid, citric acid and malonic acid were used as an organic compound. The mist of starting 
solution prepared was generated with an ultrasonic vibrator (1.6 MHz) and introduced into 
quartz tube (38 mm × 2000 mm) in the electrical furnace with air carrier (6 dm3/min). The 
mist was drying at 400 C and then decomposed at 700 C. The temperatures of electrical 
furnaces that were used to dry and pyrolysis were set to 400 C and 700 C, respectively. As-
prepared Li4Ti5O12/C particles were continuously collected using the bag filter. 

4.2 Preparation of Li4Ti5O12/C anode materials 

Figure 7 shows typical SEM photograph and particle size distribution of as-prepared 
Li4Ti5O12/C powders formed by spray pyrolysis. SEM photograph reveal that as-prepared 
particles have spherical morphology with non-aggregation and that the microstructure is 
dense. No particles with irregular morphology or hollow microstructure were observed.  

  

0 0.5 1 1.5 2 2.5 3
0

5

10

15

20

Particle size / m

F
re

q
u

en
cy

 /
 %

 

Fig. 7. SEM photograph and particle size distribution of Li4Ti5O12/C powders derived from 
spray pyrolysis 

The particle size of as-prepared powders was about 1 m. SEM photograph also indicate 
that the as-prepared particles had a broad size distribution. The particle size of all samples 
ranged from 300 nm to 2000 nm. The geometrical standard deviation (g) of the as-prepared 
particles was 1.4. Table 1 summarizes the physical properties of Li4Ti5O12/C powders 
derived from various types of organic acids.  

 

990 1.41 4:5 54.0 24.0 Spinel

996 1.41 4:5 51.3 24.7 Spinel

990 1.40 4:5 50.0 24.0 Spinel

a : as-prepared

SSA

(m
2
/g)

a

b : calcination at 700C

Lactic acid

Citric acid

Malic acid

Type of acid
Crystal

phase
b

Particle size

(nm)

Atomic ratio

Li/Ti ratio
a

Size distribution

(g)

SSA

(m
2
/g)

b

0.8358

Lattice constant

(nm)

0.8358

0.8358

 

Table 1. Physical properties of Li4Ti5O12/C powders derived from various types of organic 
acids 
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The average particle size and g was independent on the organic acid used. The BET 
measurement results revealed that as-prepared powders had a high specific surface area 
that ranged from 50 to 60 m2/g. This result suggested that as-prepared powders had a 
porous microstructure that consisted of primary particles. After the calcination at 700 °C, 
their SSA decreased to about 20 m2/g and the primary particles were sintered. ICP analysis 
indicated that the Li/Ti ratio of as-prepared powders was in good agreement with that of 
the starting solution composition. This suggested that the Li+ and Ti4+ ions were 
homogeneously blending in each mist; this acted as a microreactor. Figure 8 shows the 
typical differential thermal analysis-thermal gravimetry (DTA-TG) curves of as-prepared 
powders obtained from lactic acid. TG curves indicated that the weight loss of as-prepared 
powders was due to the volatility of carbon. The weight loss was approximately 13 wt%. 
The exothermic peak corresponding to the volatility of carbon was observed at 460 C in the 
DTA curve. It was found that the Li4Ti5O12 particles had high carbon content. In spray 
pyrolysis, the residence time of the particles in the electric furnace was less than 30 s. 
Therefore, because Li4Ti5O12 particles were collected by a bag filter before the organic acid 
volatilized, it was considered that the carbon remained in the Li4Ti5O12 particles. 
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Fig. 8. DTG curve of Li4Ti5O12/C powders 

Table 2 summarizes the relationship between organic acid and carbon content. The carbon 

content of Li4Ti5O12/C powders obtained from citric acid and malic acid was 11.8 wt% and 

10.6 wt%, respectively.  

Carbon content

(wt%)

12.8

11.8

10.6

Type of acid

Citric acid

Lactic acid

Malic acid  

Table 2. Relation between organic acid and carbon content 

This suggests that the volatility of carbon from Li4Ti5O12/C particles in the pyrolysis process 
has the following order: malic acid, citric acid, and lactic acid. It is known that carboxylic 
acid leads to the formation of the Ti4+ ion complex compound in the aqueous solution. 
Kakihana et al. already reported (Kakihana, et.al, 2004) chelating of Ti4+ ion by lactic acid in 
aqueous solution as shown in Fig.9. Therefore, we consider that the Ti4+ ion complex 
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compound in our case was also formed by malic acid and citric acid, because a stable 
aqueous solution was obtained without the precipitation of titanium hydroxide. 
Volatilization of carbon is suppressed during the particle formation because of the chemical 
bonding of the Ti4+ ions with lactic acid. Similarly, the volatilization of carbon is suppressed 
by the chemical bonding of the Ti4+ ions with malic acid or citric acid, which is also 
carboxylic acid of the same type as lactic acid. Figure 10 shows the typical XRD patterns of 
Li4Ti5O12/C powders obtained from lactic acid. The diffraction patterns of all samples were 
in good agreement with the spinel structure (space group: Fd3m), and other phases were not 
observed. As-prepared powders were already crystallized to Li4Ti5O12. It was considered 
that Li2O and TiO2 were rapidly formed in the mist and their solid-state reaction occurred 

during the pyrolysis. As-prepared powders (a) were calcined in the range of 700 C (b) to 
800 C (c); powders were well crystallized by the calcination under nitrogen. The lattice 
constant of calculated Li4Ti5O12 was a = 0.8358 nm, which is in agreement with the values in 
the literature (Ohzuku, et.al, 1995). 

 

Fig. 9. Schematic diagram of Ti complex in the aqueous solution 
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Fig. 10. XRD patterns of as-prepared Li4Ti5O12/C powders a) and Li4Ti5O12/C powders 

calcined at 700 C b) and 800 C c) 

4.3 Electrochemical properties of Li4Ti5O12/C anode materials 

Figure 11 shows the rechargeable curves of Li4Ti5O12/C anode at 1 C. The long plateaus 
were observed at 1.5 V in the rechargeable curves. When lactic acid was used as a carbon 
source, the charge and discharge capacity of the Li4Ti5O12/C anode was 170 mAh/g and 165 
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mAh/g at 1 C, respectively. The efficiency of rechargeable capacity in this case was 
approximately 97%. These values were higher than those of carbon-coated Li4Ti5O12 and 
Li4Ti5O12/C prepared by spray pyrolysis. Li4Ti5O12/C anode derived from citric acid 
exhibited a charge and discharge capacity of 157 mAh/g and 152 mAh/g at 1 C, 
respectively, and the efficiency of rechargeable capacity was approximately 97 %. 
Li4Ti5O12/C anode derived from citric acid exhibited a charge and discharge capacity of 146 
mAh/g and 140 mAh/g at 1 C, respectively, and the efficiency of rechargeable capacity was 
approximately 96 %. 
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Fig. 11. Rechargeable curves of Li4Ti5O12/C anode at 1C 

Li4Ti5O12/C anode derived from lactic acid exhibited the highest capacity and efficiency 
among all the organic acids used. It was thus confirmed that the rechargeable capacity was 
affected by the carbon content Figure 12 shows the change in the initial discharge capacity of 
the Li4Ti5O12/C anode at the rechargeable rate indicated.  

0 2 4 6 8 10
0

50

100

150

200

Rechargeable rate / C

D
is

ch
ar

g
e 

ca
p
ac

it
y
 /

 m
A

h
/g

▲：Lactic acid
●：Citricacid
■：Malic acid

 

Fig. 12. Rate performance of Li4Ti5O12/C anode 

The initial discharge capacity of the Li4Ti5O12/C anode gradually decreased with increasing 
rechargeable rate. The initial discharge capacity of the Li4Ti5O12/C anode obtained from 
lactic acid decreased to 150 mAh/g at 10 C. The retention of the initial discharge capacity for 
1 C was 91 %. It was found that the Li4Ti5O12/C anode obtained from lactic acid had a 
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relatively high discharge performance at a high rechargeable rate, which indicates superior 
rechargeable performance compared to that of Li4Ti5O12/C otained by spray pyrolysis and 
spray drying (Wen, et.al., 2005) and that of carbon-coated Li4Ti5O12/C (Wang, et.al., 2007). 
On the other hand, when citric acid and malic acid were used as the carbon source, the 
initial discharge capacity of the Li4Ti5O12/C anode decreased to 110 mAh/g and 100 mAh/g 
at 10 C, respectively. The efficiency in this case for 1 C was 68 % and 63 %, respectively. The 
rechargeable rate was influenced by the carbon content.  
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Fig. 13. Cycle performance of Li4Ti5O12/C anode at 1C 
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Fig. 14. Cycle performance of Li4Ti5O12/C anode with different carbon content 

Figure 13 shows the relationship between the cycle number and the discharge capacity of the 
Li4Ti5O12/C anode at 1 C. The rechargeable test was conducted with up to 100 cycles at room 
temperature. It was clear that Li4Ti5O12/C anode had excellent cycle stability regardless of the 
organic acid type. The discharge capacity of Li4Ti5O12/C anode obtained from lactic acid 
maintained 98 % of the initial discharge capacity after 100 cycles at 1 C. When citric acid and 
malic acid were used, the rechargeable capacity of Li4Ti5O12/C anode reduced to 150 mAh/g 
and 138 mAh/g, respectively. The cycle performance showed high stability in the cycle data of 
both citric acid and malic acid. The retention ratio of the discharge capacity of Li4Ti5O12/C 
anode obtained from citric acid and malic acid was 94 % and 96 %, respectively. Figure 14 
shows the relationship between the cycle number and the discharge capacity of the 
Li4Ti5O12/C anode prepared with different concentration of lactic acid.  
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The rechargeable rate was 1 C at 25 C. When the concentration of lactic acid was 0.1 
mol/dm3, the carbon content in the Li4Ti5O12/C anode was 9 wt% according to TG analysis 
and the initial discharge capacity of the anode was 141 mAh/g. When the concentration of 
lactic acid was 0.2 mol/dm3, the carbon content in the Li4Ti5O12/C anode was 11 wt% and 
the initial discharge capacity of the anode was 151 mAh/g. The initial discharge capacity of 
the Li4Ti5O12/C anode increased to 162 mAh/g when the concentration of lactic acid was 0.4 
mol/dm3 (12.8 wt%). It was confirmed that the initial discharge capacity increased with 
increasing carbon content. The retention ratio of the discharge capacity after 100 cycles was 
more than 95 % for all Li4Ti5O12/C anodes.  

Figure 15 shows the relationship between the cycle number and discharge capacity of 
Li4Ti5O12/C anode at 50 C. The rechargeable test of the coin cell was examined at 1 C for up 
to 100 cycles while it was heated on the hot plate, which was kept at 50 C. The discharge 
capacity of Li4Ti5O12/C anode derived from lactic acid was 161 mAh/g and its cycle life was 
stable. The Li4Ti5O12/C anode maintained 97 % of the initial discharge capacity after 100 
cycles. It was found that Li4Ti5O12/C anode had high cycle stability at an elevated 
temperature as well as at room temperature. It has been reported (Nakahara, et.al., 2003) 
that the rechargeable capacity and cycle stability of the Li4Ti5O12/C anode at 50 C are 
superior to those at 25 C. This may result from the increase in the electric conductivity of 
Li4Ti5O12/C at 50 C. 

0 20 40 60 80 100
0

50

100

150

200

D
is

ch
ar

g
e 

ca
p
ac

it
y

 /
 m

A
h
/g

Cycle number / n

Type of acid
●：Lactic acid
■：Citric acid
▲：Malic acid

 

Fig. 15. Cycle performance of Li4Ti5O12/C anode at 50 C 

5. Conclusions 

LiFePO4 cathode and Li4Ti5O12 anode materials were successfully synthesized by spray 
pyrolysis using an aqueous solution with an organic acid. They had spherical morphology 
with a porous microstructure. The as-prepared powders had a high crystallinity with a 
homogeneous composition. The rechargeable properties of LiFePO4/C cathode and 
Li4Ti5O12/C anode were significantly improved by the addition of carbon. The rechargeable 
capacity of them was also dependent on the carbon content. The discharge capacity of 
LiFePO4/C cathode and Li4Ti5O12/C anode was 170 and 165 mAh/g at 1 C, respectively. They 
had also a high rechargeable capacity at high charging rate and a high retention ratio of 
rechargeable capacity. The high cycle stability of LiFePO4 cathode and Li4Ti5O12 anode was 
also maintained at the elevated temperature. It was concluded that the cathode and anode 
materials derived from spray pyrolysis were suitable as the electrode for lithium ion battery. 
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