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A novel preparation technique was developed for synthesizing carbon-coated LiFePO4 nanoparticles
through a combination of spray pyrolysis (SP) with wet ball milling (WBM) followed by heat treat-
ment. Using this technique, the preparation of carbon-coated LiFePO4 nanoparticles was investigated
for a wide range of process parameters such as ball-milling time and ball-to-powder ratio. The effect
of process parameters on the physical and electrochemical properties of the LiFePO,4/C composite was
then discussed through the results of X-ray diffraction (XRD) analysis, field-emission scanning elec-
tron microscopy (FE-SEM), transmission electron microscopy (TEM), the Brunauer-Emmet-Teller (BET)
method and the use of an electrochemical cell of Li|1 M LiClO4 in EC:DEC = 1:1|LiFePQO4. The carbon-coated
LiFePO4 nanoparticles were prepared at 500 °C by SP and then milled at a rotating speed of 800 rpm, a ball-
to-powder ratio of 40/0.5 and a ball-milling time of 3 h in an Ar atmosphere followed by heat treatment
at 600°C for 4h in a N, +3% H, atmosphere. SEM observation revealed that the particle size of LiFePO4
was significantly affected by the process parameters. Furthermore, TEM observation revealed that the
LiFePO4 nanoparticles with a geometric mean diameter of 146 nm were coated with a thin carbon layer
of several nanometers by the present method. Electrochemical measurement demonstrated that cells
containing carbon-coated LiFePO4 nanoparticles could deliver markedly improved battery performance
in terms of discharge capacity, cycling stability and rate capability. The cells exhibited first discharge
capacities of 165mAhg-' at 0.1C, 130mAhg-" at 5C, 105mAhg-' at 20C and 75 mAh g-! at 60 C with
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no capacity fading after 100 cycles.
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1. Introduction

LiFePO4 has recently received much attention owing to its
potential use as a next-generation cathode material in lithium-
ion batteries because of its relative lack of toxicity and the low
cost and abundance of its raw materials. It also has a high lithium
intercalation voltage of 3.4V compared with lithium metal and a
high theoretical capacity of 1770mAhg-! [1,2]. However, olivine
LiFePO4 has a low electronic conductivity and a low lithium dif-
fusivity [1,3-6] which prevent its large-scale application in electric
vehicles (EVs) and hybrid electric vehicles (HEVs). The poor rate
capability of LiFePO4 cathodes makes it difficult to make full use
of them in lithium-ion batteries unless modifications are made to
improve their low electronic conductivity and the slow lithium
ion diffusion across the LiFePO,4/FePO, interface. Thus far, much
effort has been made to improve the electrochemical proper-
ties of LiFePO,4 by reducing the particle size [6-11] and coating
LiFePO,4 particles with carbon [12-19] or a LiFePO4/C compos-
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ite [4,20-26]. Furthermore, various synthesis methods have been
developed to prepare LiFePO4 materials, involving solid-state reac-
tions [5,18,21,27-29], the polyol process [7], the sol-gel process
[29,30], hydrothermal synthesis [12,29,31,32], microwave syn-
thesis [3,12,20,33], the solvothermal method [11,34], mechanical
activation [6,13,14,16,17,24,35-37], coprecipitation [8,9] and the
template method [22,38,39]. However, as a result, the synthe-
sis procedure has become more complicated, particularly when a
reduced particle size and a carbon coating of LiFePO4 are required.
The majority of the above synthesis methods require high anneal-
ing temperatures, long annealing times or several grinding steps.
It is also difficult to precisely control the chemical composition of
the as-prepared materials in the case of hydrothermal synthesis.
Spray pyrolysis (SP) is a well-known continuous and single-step
method for the preparation of fine homogeneous and multicompo-
nent powders. Compared with particles obtained by conventional
ceramic preparation methods, those obtained by SP exhibit a
particle size distribution that is narrow and controllable from
micrometer to submicrometer order, high purity and ease of com-
position control [40]. Even if the post-annealing of as-prepared
powders by SP is required to obtain the desired materials, a shorter
annealing time of the as-prepared powders may be necessary in
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SP than in conventional ceramic preparation methods. Moreover,
as-milled powders with a narrow particle size distribution can be
obtained after ball-milling the as-prepared powders obtained by
SP. In contrast, several long sintering and regrinding procedures
are needed to obtain the final product by a solid-state reaction
[27,28], and the final powders may have a wide particle size distri-
bution. Recently, Kang and Ceder [28] have reported the ultrahigh
rate capability of LiFeggPg9504_s prepared by a solid-state reac-
tion. However, Zaghib et al. [41] have extensively questioned their
results.

In our previous studies [4,17], a LiFePO4/C composite and a
carbon-coated LiFePOy4 particles were prepared by SP and a combi-
nation of SP with dry ball milling (DBM), respectively. It could be
clearly seen in those studies that the use of the carbon composite
and coating is an effective approach to improving the electro-
chemical properties of the LiFePO,4 cathode material. However, the
electrochemical performance of the prepared materials was not
satisfactory for large-scale application in EVs and HEVs because
the size of LiFePO4 particles was approximately 300 nm [17]. The
reduction in particle size is also a key factor for obtaining LiFePO4
with a high rate capability. Thus, we develop a novel preparation
technique for carbon-coated LiFePO4 nanoparticles in this work.

2. Experimental

2.1. Preparation of carbon-coated LiFePO4 nanoparticles

The precursor solution was prepared by dissolving the cor-
rect amounts of Lil(HCOO)-H,O0, FeCl,-4H,0 and H3PO4 in distilled
water in a stoichiometric ratio. The concentrations of Li*, Fe2*and
PO43~ were all 0.2 mol dm~3. The pH of the precursor solution was
adjusted to 1.9 by adding HCL.

A schematic diagram of the SP setup was provided in our previ-
ous paper [42]. The precursor solution was atomized at a frequency
of 1.7 MHz using an ultrasonic nebulizer. The sprayed droplets were
transported to the reactor by N, gas. The flow rate of N, gas was
1dm3 min~! and the reactor temperature was fixed at 500°C [4].
The as-prepared LiFePO4 powder was milled using a planetary ball
mill (P-7, FRITSCH) in Ar atmosphere. To avoid LiFePO4 particle
growth during heat treatment [17], the as-prepared LiFePO4 pow-
der was mixed with acetylene black at a weight ratio of 90:10 in the
WBM process. Ethanol was used as a medium. Zirconia balls and a
45 ml zirconia vial were also used during WBM. The ball-to-powder
weight ratio was varied from 40/1 to 40/0.3 and the rotating speed
was fixed at 800 rpm. The ball-milling time was also varied from
1 to 12 h. After the ball milling, the samples were heated at 600 °C
for 4h in a N, +3% H, atmosphere in a tubular furnace [4]. Fig. 1
shows a flowchart for the preparation of carbon-coated LiFePO,
nanoparticles.

2.2. Sample characterization

The crystalline phase of the samples was identified by X-
ray diffraction (XRD, Ultima IV with D/teX Ultra, Rigaku) using
Cu Ko radiation. The lattice parameters were determined by
the Rietveld refinement of the XRD patterns using the software
package PDXL (Rigaku, Ver. 1.3.0.0). The particle size and mor-
phology of the samples were examined by field-emission scanning
electron microscopy (FE-SEM, S-800, Hitachi) and transmission
electron microscopy (TEM, JEM-200CX, JEOL). The geometric mean
diameter dg and geometric standard deviation oz were deter-
mined by randomly sampling approximately 500 particles from
the TEM images. The specific surface area was determined by
the Brunauer-Emmet-Teller method (BET, Flow Sorb II 2300, Shi-
madzu). The carbon content of the products was analyzed using an
element analyzer (CHN corder MT-6, YANACO).

Li(HCOO)*H,O FeCly*4H,0 H;PO,
Precursor
Distilled water + HCI, pH=1.9

1. Spray Pyrolysis
Concentration: 0.6 mol dm
Reactor temperature: 500 °C

Carrier gas: 1 dm® min™'-N;

2. Wet ball-milling in Ar atmosphere
LiFePO4: Acetylene black =90:10
Ethanol
Rotating speed: 800 rpm
Milling time: 1,2,3,6,12h
Ball-to-powder weight ratio :40/1,40/0.5,40/0.3

3. Heat treatment
Annealing temperature: 600 °C
Annealing time: 4 h
Atmosphere: 3% Ha/N;

Fig. 1. Flowchart for the preparation of carbon-coated LiFePO4 nanoparticles by the
combination of SP with WBM followed by heat treatment.

2.3. Fabrication of electrochemical cells and electrochemical
characterization

Electrochemical characterization was performed by assembling
a CR2032 coin cell for galvanostatic charge-discharge testing. The
cell comprised a lithium metal electrode and a LiFePO4 electrode
separated by a microporous polypropylene separator. 1 M LiClO4
in EC:DEC=1:1 (Tomiyama Pure Chemical Co., Ltd.) was used as
the electrolyte. The cathode consisted of 70 wt.% LiFePO4, 10 wt.%
polyvinylidene fluoride (PVDF) as a binder and 20 wt.% acetylene
black. These materials were dispersed in 1-methyl-2-pyrrolidinone
(NMP), and the resultant slurry was then spread onto an alu-
minum foil using the doctor blade technique. The coated aluminum
foil was dried for 4h in an oven set at 110°C and then pressed
to achieve good adherence between the coated material and the
aluminum foil. The cathode was formed by punching a circular
disc from the foil and scraping it to standardize the area of the
cathode (100 mm?). The coin cell was assembled inside a glove
box filled with high-purity argon gas (99.9995% purity). The cell
was cycled galvanostatically between 2.5 and 4.3V using multi-
channel battery testers (HJ1010mSM8A, Hokuto Denko) at various
charge-discharge rates ranging from 0.1 to 60 C at room tempera-
ture.

3. Results and discussion

3.1. Effects of ball-milling time and ball-to-powder ratio on the
physical properties of LiFePO4/C composite

Fig. 2 shows XRD patterns of the LiFePO4/C composite sam-
ples synthesized by SP and then milled at a ball-to-powder ratio of
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Fig. 2. XRD patterns of the LiFePO4/C composite samples prepared by the combi-
nation of SP with WBM for various times in an Ar atmosphere followed by heat
treatment. Ball-to-power ratio: 40/0.5.

40/0.5 for various ball-milling times from 1 to 12 h followed by heat
treatment. The JCPDS standard LiFePO4 patterns are also shown in
the figure. The diffraction peaks of all the samples are identified
as those of the orthorhombic structure with the space group Pnma
without any secondary phases such as Fe, P and Fe3P. The results of
the Rietveld refinement are summarized in Table 1. Satisfactory and
acceptable statistical fit values (S=Rwp/Rp) are obtained. The lat-
tice parameters and unit cell volumes obtained for the synthesized
samples after various ball-milling times are in good agreement with
those reported earlier for the Pnma structure [1,4,13,36].

We have already reported that the electrochemical properties
of LiFePO4 are strongly affected by the specific surface area, and
that a LiFePO,4 sample with a larger specific surface area shows
better electrochemical performance [4]. Thus, the effect of process
parameters such as ball-milling time and ball-to-powder ratio on
the specific surface area of the LiFePO4 samples was investigated.

Fig. 3 shows the variation of the specific surface area of the
LiFePO,4/C composite samples with ball-milling time. The samples
were synthesized by SP and then ball-milled at a ball-to-powder
ratio of 40/0.5 for various times from 1 to 12 h followed by heat
treatment. The specific surface area considerably increases with
ball-milling time up to 3 h. However, a further increase in ball-
milling time results in a gradual decrease in the specific surface
area. This fact suggests that both the milling and agglomeration
of LiFePO4 and acetylene black powders occurred during WBM. To
clarify the effect of ball-milling time on the specific surface area, the
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Fig. 3. Variation of the specific surface area of LiFePO4/C composite samples with
ball-milling time. Ball-to-power ratio: 40/0.5.

powder morphology of the samples was also observed by SEM. Fig. 4
shows the result. For comparison, an SEM image of the LiFePO4/C
composite prepared at 500 °C by SP and then sintered at 600 °C for
4hin a N, +3%H, atmosphere is also shown in the figure. LiFePOg4
powder with particle sizes of 1-3 pwm was synthesized by SP fol-
lowed by heat treatment, while LiFePO4 powder with particle sizes
of 300-500 nm was prepared by WBM for 3 h. However, undesired
particle agglomeration occurred upon increasing the ball-milling
time from 3 to 12 h.

Fig. 5 shows XRD patterns of LiFePO4/C composite samples
synthesized by SP and then ball-milled for 3 h at various ball-to-
powder ratios from 40/1 to 40/0.3 followed by heat treatment. The
XRD patterns also show a single-phase olivine structure. The lat-
tice parameters and unit cell volumes of the synthesized samples
for various ball-milling times are also given in Table 1. These values
closely match data in the literature [1,4,13,36].

Fig. 6 shows the effect of ball-to-powder ratio on the specific
surface area of the LiFePO,4/C composite samples. The samples
were synthesized by SP and then milled for 3 h at various ball-
to-powder ratios from 40/1 to 40/0.3 followed by heat treatment.
As the rotating speed and amount of zirconia balls were fixed at
800rpm and 40g, respectively, the milling energy per weight of
powder increases with decreasing amount of powder. The specific
surface area was found to gradually increases with the ball-to-
powder ratio. However, it reaches a maximum at a ball-to-powder
ratio of 40/0.5 and then deceases with increasing ball-to-powder
ratio. This may be due to the reduced collision frequency among
the zirconia balls and the LiFePO4 and acetylene black powder
particles in the case of using a too small amount of powder,
which may decrease the actual milling energy given to the pow-
der.

From the above-mentioned results, we can conclude that the
LiFePO,4/C composite with the largest specific surface area can be
prepared by a combination of SP at 500°C with WBM for 3h at a

Table 1

Lattice parameters and Rietveld coefficients of the samples.
Preparation conditions alA] b[A] c[A] V[A3] S=Ruwp/Rp
Milling time [h] Ball-to-powder ratio
1 80(40/0.5) 10.3306 6.0064 4.6933 291.218 1.6434
2 80(40/0.5) 10.3317 6.0047 4.6945 291.241 1.6163
3 40(40/1) 10.3256 6.0036 4.6928 290.910 1.6388
3 80(40/0.5) 10.3268 6.0051 4.6913 290.924 1.1416
3 133(40/0.3) 10.3242 6.0017 4.6955 290.946 1.5385
6 80(40/0.5) 10.3302 6.0066 46911 291.080 1.1689
12 80(40/0.5) 10.3311 6.0070 4.6915 291.149 1.3933
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(c) 6h

(d) 12h

Fig. 4. SEM images of the LiFePO4/C composite samples prepared by the combination of SP with WBM for various times followed by heat treatment. Ball-to-power ratio:

40/0.5.

ball-to-powder ratio of 40/0.5 followed by heat treatment at 600 °C
for 4hin a Ny +3% H, atmosphere.

To determine the particle size and distribution of this sam-
ple, TEM was used. Fig. 7a shows TEM images and the particle
size distribution of the sample. The powder was composed of pri-
mary particles with size of a few hundreds of nanometers that
were slightly agglomerated. From the TEM images, geometric mean
diameter and geometric standard deviation were determined by
randomly sampling approximately 500 particles, and their val-
ues for the powder were dg, =146 nm and og=1.4, respectively.
However, the low-magnification TEM image gave little informa-
tion on the composite structure between LiFePO,4 and carbon. Thus,
a high-magnification TEM image of the obtained composite struc-
ture of the sample is shown in Fig. 7b. An amorphous carbon layer
with a thickness in the range of 5-20nm is formed on the sur-
face of LiFePO4 nanoparticles. It can be seen from the figure that
carbon-coated LiFePO4 nanoparticles with a uniform particle size

distribution were synthesized by the present method. We conclude
that carbon-coated LiFePO4 nanoparticles can be prepared by a
combination of SP at 500 °C with WBM for 3 h at a ball-to-powder
ratio of 40/0.5 followed by heat treatment at 600°C for 4h in a
N, +3% H, atmosphere.

To confirm the carbon content of all the LiFePO4/C composite
samples, the CHN analysis was conducted, and results showed good
agreement in carbon content between the samples and the starting
material in WBM.

3.2. Effects of ball-milling time and ball-to-powder ratio on
electrochemical properties of LiFePO4/C composite

The effects of ball-milling time on the first discharge capacity of
the LiFePO4/C composite samples at charge-discharge rate of 0.1
and 10C are shown in Fig. 8. The ball-to-powder ratio is 40/0.5.
The first discharge capacity of the sample at 0.1 C increases with
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Fig. 5. XRD patterns of the LiFePO4/C composite samples prepared by the combina-
tion of SP with WBM for various ball-to-powder ratios followed by heat treatment.
Ball-milling time: 3 h.

ball-milling time up to 3 h and reaches a maximum at 3 h. How-
ever, it then gradually decreases with increasing ball-milling time.
This tendency becomes clear at 10 C. As shown in Fig. 3, the LiFePOy4
sample ball-milled for 3 h has the largest specific surface area. The
correlation between ball-milling time and first discharge capacity
corresponds to that between ball-milling time and specific sur-
face area. The effects of ball-to-powder ratio on the first discharge
capacity of the LiFePO4 samples at charge-discharge rate of 0.1
and 10C are shown in Fig. 9. A similar result was also obtained
from the figure. These results suggest that for a LiFePO4/C com-
posite, the larger the specific surface area, the lager the discharge
capacity. As a result, we were able to confirm that the electrochem-
ical properties of the LiFePO,4/C composite prepared by the present
method are clearly affected by the specific surface area of the
sample.

3.3. Electrochemical properties of carbon-coated LiFePO,
nanoparticles

The first charge-discharge profiles of cells containing carbon-
coated LiFePO4 nanoparticles with increasing charge-discharge
rate from 0.1 to 60 C between 2.5 and 4.3V are presented in Fig. 10.
At a charge-discharge rate of 0.1 C, the cell has a discharge capacity
of 165 mAh g~1, which corresponds to 96% of the theoretical capac-
ity of LiFePO4 (170mAhg~') and much smaller polarization loss
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Fig. 6. Variation of the specific surface area of LiFePO4/C composite samples with
ball-to-powder ratio. Ball-milling time: 3 h.
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Fig. 7. TEM images and particle size distribution of the sample prepared by the
combination of SP with WBM for 3 h at a ball-to-powder ratio of 40/0.5 followed by
heat treatment.

and irreversible capacity. Furthermore, a wide flat voltage plateau
is observed at 3.4V, corresponding to the Fe*2/Fe*3 redox reac-
tion. The first discharge capacities at charge-discharge rates of 1,
5, 10, and 20C are 155, 130, 118, and 105mAhg~!, respectively.
Even at a charge-discharge rate of 60C, the electrode containing
carbon-coated LiFePO,4 nanoparticles has a discharge capacity of
75mAhg1.

The cycle performance of the cells containing carbon-coated
LiFePO,4 nanoparticles was investigated for up to 100 cycles at dif-
ferent charge-discharge rates, and the results are given in Fig. 11.
The cells exhibit an excellent long-term cycling property. There is
no capacity fading in the cells after 100 cycles at charge-discharge
rates of 1 and 60 C. These results demonstrate that the structure of

T o 1 T T T 1

First dischare capacity [mAh/g]
>

0 2 4 6 8 10 12 14
Ball-milling time [h]
Fig. 8. Effect of ball-milling time on the first discharge capacity of the LiFePO4/C

composite prepared by the combination of SP with WBM followed by heat treatment.
Ball-to-powder ratio: 40/0.5.
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the carbon-coated LiFePO,4 nanoparticles is very stable and that the
electrochemical lithium-ion insertion/extraction process is quite
reversible even at high charge-discharge rates. It is worth mention-
ing that the present preparation approach using the combination
of SP with WBE followed by heat treatment enables us to achieve
a high rate performance for LiFePO4 composite electrode materials
in lithium-ion batteries.

4. Conclusions

Carbon-coated LiFePO4 nanoparticles were successfully pre-
pared by a combination of SP with WBM at a rotating speed of
800 rpm and a ball-to-powder ratio of 40/0.5 for 3 h in an Ar atmo-
sphere followed by heat treatment at 600°C for 4h in a N, +3%
H, atmosphere. The XRD patterns of the sample were assigned to
an ordered olivine structure indexed by orthorhombic Pnma. TEM
observation demonstrated that carbon-coated LiFePO4 nanoparti-
cles with a geometric mean diameter of 146 nm and a geometric
standard deviation of 1.4 were obtained by the present method.
The cells containing carbon-coated LiFePO4 nanoparticles exhibited
first discharge capacities of 165 mAhg~! at 0.1 C and 105 mAhg-!
at 20 C. They also exhibited no capacity fading after 100 cycles at
various charge-discharge rates from 1 to 60 C. These results clearly
demonstrate that carbon-coated LiFePO4 nanopaticles prepared by
a combination of SP with WBM followed by heat treatment can be
used as a cathode material of lithium-ion batteries for large-scale
application in Plug-in HEVs and HEVs.
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