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a b s t r a c t

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 LiFePO4/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|LiFePO4. 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 4 h in a N2 + 3% H2 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 165 mAh g−1 at 0.1 C, 130 mAh g−1 at 5 C, 105 mAh g−1 at 20 C and 75 mAh g−1 at 60 C with

00 cy
no capacity fading after 1

. Introduction

LiFePO4 has recently received much attention owing to its
otential use as a next-generation cathode material in lithium-

on batteries because of its relative lack of toxicity and the low
ost and abundance of its raw materials. It also has a high lithium
ntercalation voltage of 3.4 V compared with lithium metal and a
igh theoretical capacity of 170 mAh g−1 [1,2]. However, olivine
iFePO4 has a low electronic conductivity and a low lithium dif-
usivity [1,3–6] which prevent its large-scale application in electric
ehicles (EVs) and hybrid electric vehicles (HEVs). The poor rate
apability of LiFePO4 cathodes makes it difficult to make full use
f them in lithium-ion batteries unless modifications are made to
mprove their low electronic conductivity and the slow lithium

on diffusion across the LiFePO4/FePO4 interface. Thus far, much
ffort has been made to improve the electrochemical proper-
ies of LiFePO4 by reducing the particle size [6–11] and coating
iFePO4 particles with carbon [12–19] or a LiFePO4/C compos-
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E-mail address: taniguchi.i.aa@m.titech.ac.jp (I. Taniguchi).
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cles.
Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

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

ghts reserved.
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P than in conventional ceramic preparation methods. Moreover,
s-milled powders with a narrow particle size distribution can be
btained after ball-milling the as-prepared powders obtained by
P. In contrast, several long sintering and regrinding procedures
re needed to obtain the final product by a solid-state reaction
27,28], and the final powders may have a wide particle size distri-
ution. Recently, Kang and Ceder [28] have reported the ultrahigh
ate capability of LiFe0.9P0.95O4–ı prepared by a solid-state reac-
ion. However, Zaghib et al. [41] have extensively questioned their
esults.

In our previous studies [4,17], a LiFePO4/C composite and a
arbon-coated LiFePO4 particles were prepared by SP and a combi-
ation of SP with dry ball milling (DBM), respectively. It could be
learly seen in those studies that the use of the carbon composite
nd coating is an effective approach to improving the electro-
hemical properties of the LiFePO4 cathode material. However, the
lectrochemical performance of the prepared materials was not
atisfactory for large-scale application in EVs and HEVs because
he size of LiFePO4 particles was approximately 300 nm [17]. The
eduction in particle size is also a key factor for obtaining LiFePO4
ith a high rate capability. Thus, we develop a novel preparation

echnique for carbon-coated LiFePO4 nanoparticles in this work.

. Experimental

.1. Preparation of carbon-coated LiFePO4 nanoparticles

The precursor solution was prepared by dissolving the cor-
ect amounts of Li(HCOO)·H2O, FeCl2·4H2O and H3PO4 in distilled
ater in a stoichiometric ratio. The concentrations of Li+, Fe2+and

O4
3− were all 0.2 mol dm−3. The pH of the precursor solution was

djusted to 1.9 by adding HCl.
A schematic diagram of the SP setup was provided in our previ-

us paper [42]. The precursor solution was atomized at a frequency
f 1.7 MHz using an ultrasonic nebulizer. The sprayed droplets were
ransported to the reactor by N2 gas. The flow rate of N2 gas was
dm3 min−1 and the reactor temperature was fixed at 500 ◦C [4].
he as-prepared LiFePO4 powder was milled using a planetary ball
ill (P-7, FRITSCH) in Ar atmosphere. To avoid LiFePO4 particle

rowth during heat treatment [17], the as-prepared LiFePO4 pow-
er was mixed with acetylene black at a weight ratio of 90:10 in the
BM process. Ethanol was used as a medium. Zirconia balls and a

5 ml zirconia vial were also used during WBM. The ball-to-powder
eight ratio was varied from 40/1 to 40/0.3 and the rotating speed
as fixed at 800 rpm. The ball-milling time was also varied from
to 12 h. After the ball milling, the samples were heated at 600 ◦C

or 4 h in a N2 + 3% H2 atmosphere in a tubular furnace [4]. Fig. 1
hows a flowchart for the preparation of carbon-coated LiFePO4
anoparticles.

.2. Sample characterization

The crystalline phase of the samples was identified by X-
ay diffraction (XRD, Ultima IV with D/teX Ultra, Rigaku) using
u K� radiation. The lattice parameters were determined by
he Rietveld refinement of the XRD patterns using the software
ackage PDXL (Rigaku, Ver. 1.3.0.0). The particle size and mor-
hology of the samples were examined by field-emission scanning
lectron microscopy (FE-SEM, S-800, Hitachi) and transmission
lectron microscopy (TEM, JEM-200CX, JEOL). The geometric mean
iameter dg,p and geometric standard deviation �g were deter-

ined by randomly sampling approximately 500 particles from

he TEM images. The specific surface area was determined by
he Brunauer–Emmet–Teller method (BET, Flow Sorb II 2300, Shi-

adzu). The carbon content of the products was analyzed using an
lement analyzer (CHN corder MT-6, YANACO).
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 4 h 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 mm2). 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 4.3 V 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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ig. 2. XRD patterns of the LiFePO4/C composite samples prepared by the combi-
ation of SP with WBM for various times in an Ar atmosphere followed by heat
reatment. Ball-to-power ratio: 40/0.5.

0/0.5 for various ball-milling times from 1 to 12 h followed by heat
reatment. The JCPDS standard LiFePO4 patterns are also shown in
he figure. The diffraction peaks of all the samples are identified
s those of the orthorhombic structure with the space group Pnma
ithout any secondary phases such as Fe2P and Fe3P. The results of

he Rietveld refinement are summarized in Table 1. Satisfactory and
cceptable statistical fit values (S = Rwp/Rp) are obtained. The lat-
ice parameters and unit cell volumes obtained for the synthesized
amples after various ball-milling times are in good agreement with
hose reported earlier for the Pnma structure [1,4,13,36].

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

Fig. 3 shows the variation of the specific surface area of the
iFePO4/C composite samples with ball-milling time. The samples
ere synthesized by SP and then ball-milled at a ball-to-powder

atio of 40/0.5 for various times from 1 to 12 h followed by heat
reatment. The specific surface area considerably increases with

all-milling time up to 3 h. However, a further increase in ball-
illing time results in a gradual decrease in the specific surface

rea. This fact suggests that both the milling and agglomeration
f LiFePO4 and acetylene black powders occurred during WBM. To
larify the effect of ball-milling time on the specific surface area, the

able 1
attice parameters and Rietveld coefficients of the samples.

Preparation conditions a [Å]

Milling time [h] Ball-to-powder ratio

1 80(40/0.5) 10.3306
2 80(40/0.5) 10.3317
3 40(40/1) 10.3256
3 80(40/0.5) 10.3268
3 133(40/0.3) 10.3242
6 80(40/0.5) 10.3302
12 80(40/0.5) 10.3311
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
4 h in a N2 + 3% H2 atmosphere is also shown in the figure. LiFePO4
powder with particle sizes of 1–3 �m 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 LiFePO4/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
800 rpm and 40 g, 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
LiFePO4/C composite with the largest specific surface area can be
prepared by a combination of SP at 500 ◦C with WBM for 3 h at a

b [Å] c [Å] V [Å3] S = Rwp/Rp

6.0064 4.6933 291.218 1.6434
6.0047 4.6945 291.241 1.6163
6.0036 4.6928 290.910 1.6388
6.0051 4.6913 290.924 1.1416
6.0017 4.6955 290.946 1.5385
6.0066 4.6911 291.080 1.1689
6.0070 4.6915 291.149 1.3933
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ig. 4. SEM images of the LiFePO4/C composite samples prepared by the combinat
0/0.5.

all-to-powder ratio of 40/0.5 followed by heat treatment at 600 ◦C
or 4 h in a N2 + 3% H2 atmosphere.

To determine the particle size and distribution of this sam-
le, TEM was used. Fig. 7a shows TEM images and the particle
ize distribution of the sample. The powder was composed of pri-
ary particles with size of a few hundreds of nanometers that
ere slightly agglomerated. From the TEM images, geometric mean
iameter and geometric standard deviation were determined by
andomly sampling approximately 500 particles, and their val-
es for the powder were dg,p = 146 nm and �g = 1.4, respectively.
owever, the low-magnification TEM image gave little informa-

ion on the composite structure between LiFePO4 and carbon. Thus,

high-magnification TEM image of the obtained composite struc-

ure of the sample is shown in Fig. 7b. An amorphous carbon layer
ith a thickness in the range of 5–20 nm is formed on the sur-

ace of LiFePO4 nanoparticles. It can be seen from the figure that
arbon-coated LiFePO4 nanoparticles with a uniform particle size
SP with WBM for various times followed by heat treatment. Ball-to-power ratio:

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 4 h in a
N2 + 3% H2 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 10 C 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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ig. 5. XRD patterns of the LiFePO4/C composite samples prepared by the combina-
ion of SP with WBM for various ball-to-powder ratios followed by heat treatment.
all-milling time: 3 h.

all-milling time up to 3 h and reaches a maximum at 3 h. How-
ver, it then gradually decreases with increasing ball-milling time.
his tendency becomes clear at 10 C. As shown in Fig. 3, the LiFePO4
ample ball-milled for 3 h has the largest specific surface area. The
orrelation between ball-milling time and first discharge capacity
orresponds to that between ball-milling time and specific sur-
ace area. The effects of ball-to-powder ratio on the first discharge
apacity of the LiFePO4 samples at charge–discharge rate of 0.1
nd 10 C are shown in Fig. 9. A similar result was also obtained
rom the figure. These results suggest that for a LiFePO4/C com-
osite, the larger the specific surface area, the lager the discharge
apacity. As a result, we were able to confirm that the electrochem-
cal properties of the LiFePO4/C composite prepared by the present

ethod are clearly affected by the specific surface area of the
ample.

.3. Electrochemical properties of carbon-coated LiFePO4
anoparticles

The first charge–discharge profiles of cells containing carbon-

oated LiFePO4 nanoparticles with increasing charge–discharge
ate from 0.1 to 60 C between 2.5 and 4.3 V are presented in Fig. 10.
t a charge–discharge rate of 0.1 C, the cell has a discharge capacity
f 165 mAh g−1, which corresponds to 96% of the theoretical capac-
ty of LiFePO4 (170 mAh g−1) and much smaller polarization loss

ig. 6. Variation of the specific surface area of LiFePO4/C composite samples with
all-to-powder ratio. Ball-milling time: 3 h.
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 3.4 V, corresponding to the Fe+2/Fe+3 redox reac-
tion. The first discharge capacities at charge–discharge rates of 1,
5, 10, and 20 C are 155, 130, 118, and 105 mAh g−1, respectively.
Even at a charge–discharge rate of 60 C, the electrode containing
carbon-coated LiFePO4 nanoparticles has a discharge capacity of
75 mAh g−1.

The cycle performance of the cells containing carbon-coated
LiFePO4 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

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.



3666 M. Konarova, I. Taniguchi / Journal of Pow

Fig. 9. Effect of ball-to-powder ratio on the first discharge capacity of the LiFePO4/C
composite prepared by the combination of SP with WBM followed by heat treatment.
Ball-milling time: 3 h.

Fig. 10. First charge–discharge curves of the cells containing carbon-coated LiFePO4

nanoparticles prepared by the combination of SP with WBM followed by heat treat-
ment. Ball-milling time: 3 h. Ball-to-powder ratio: 40/0.5.
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ig. 11. Cycle performance of the cells containing carbon-coated LiFePO4 nanopar-
icles prepared by the combination of SP with WBM followed by heat treatment.
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he carbon-coated LiFePO4 nanoparticles is very stable and that the
lectrochemical lithium-ion insertion/extraction process is quite
eversible even at high charge–discharge rates. It is worth mention-
ng that the present preparation approach using the combination

f SP with WBE followed by heat treatment enables us to achieve
high rate performance for LiFePO4 composite electrode materials

n lithium-ion batteries.

[
[
[
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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 4 h in a N2 + 3%
H2 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 mAh g−1 at 0.1 C and 105 mAh g−1

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.

Acknowledgments

This research was partially supported by the Development
of an Electric Energy Storage System for Grid-connection with
New Energy Resources in New Energy and Industrial Technology
Development Organization, the Nippon Sheet Glass Foundation for
Materials Science and Engineering and the Yazaki Memorial Foun-
dation for Science and Technology. The authors are grateful to the
staff members of the Center for Advanced Materials Analysis (Tokyo
Institute of Technology, Japan) for assistance in the TEM observa-
tion of carbon-coated LiFePO4 nanoparticles.

References

[1] A.K. Padhi, K.S. Nanjundaswamy, J.B. Goodenough, J. Electrochem. Soc. 144
(1997) 1188.

[2] A.K. Padhi, K.S. Nanjundaswamy, C. Masquelier, S. Okada, J.B. Goodenough, J.
Electrochem. Soc. 144 (1997) 1609.

[3] A.V. Murugan, T. Muraliganth, A. Manthiram, Electrochem. Commun. 10 (2008)
903.

[4] M. Konarova, I. Taniguchi, Mater. Res. Bull. 43 (2008) 3305.
[5] Y.-D. Cho, G.T.-K. Fey, H.-M. Kao, J. Power Sources 189 (2009) 256.
[6] J.-K. Kim, G. Cheruvally, J.-W. Choi, J.-U. Kim, J.-H. Ahn, G.-B. Cho, K.-W. Kim,

H.-J. Ahn, J. Power Sources 166 (2007) 211.
[7] D.-H. Kim, J. Kim, Electrochem. Solid-State Lett. 9 (2006) A439.
[8] G. Arnold, J. Garche, R. Hemmer, S. Strobele, C. Vogler, M. Wohlfahrt-Mehrens,

J. Power Sources 119-121 (2003) 247.
[9] C. Delacourt, P. Poizot, S. Levasseur, C. Masquelier, Electrochem. Solid-State

Lett. 9 (2006) A352.
10] P. Gibot, M. Casas-Cabanas, L. Laffont, S. Levasseur, P. Carlach, S. Hamelet, J.-M.

Tarason, C. Masquelier, Nat. Mater. 7 (2008) 741.
11] K. Saravanan, M.V. Reddy, P. Balaya, H. Gong, B.V.R. Chowdari, J.J. Vittal, J. Mater.

Chem. 19 (2009) 605.
12] A.V. Murugan, T. Muraliganth, A. Manthiram, J. Electrochem. Soc. 156 (2009)

A79.
13] K. Zaghib, A. Mauger, F. Gendron, C.M. Julien, Chem. Mater. 20 (2008) 462.
14] H.C. Shin, W.I. Cho, H. Jang, Electrochim. Acta 52 (2006) 1472.
15] I. Belharouak, C. Johnson, K. Amine, Electrochem. Commun. 7 (2005) 983.
16] J.-K. Kim, J.-W. Choi, G. Cheruvally, J.-U. Kim, J.-H. Ahn, G.-B. Cho, K.-W. Kim,

H.-J. Ahn, Mater. Lett. 61 (2007) 3822.
17] M. Konarova, I. Taniguchi, Powder Technol. 191 (2009) 111.
18] C.-Z. Lu, G.T.-K. Fey, H.-M. Kao, J. Power Sources 189 (2009) 155.
19] H. Joachin, T.D. Kaun, K. Zaghib, J. Prakash, J. Electrochem. Soc. 156 (2009) A401.
20] Y. Zhang, H. Feng, X. Wu, L. Wang, A. Zhang, T. Xia, H. Dong, M. Liu, Electrochim.

Acta 54 (2009) 3206.
21] G.T.-K. Fey, T.-L. Lu, J. Power Sources 178 (2008) 807.
22] C.R. Sides, F. Croce, V.Y. Young, C.R. Martin, B. Scrosati, Electrochem. Solid-State

Lett. 8 (2005) A484.
23] Y. Xu, Y. Lu, L. Yan, Z. Yang, R. Yang, J. Power Sources 160 (2006) 570.
24] K. Wang, R. Cai, T. Yuan, X. Yu, R. Ran, Z. Shao, Electrochim. Acta 54 (2009) 2861.
26] M.-R. Yang, T.-H. Teng, S.-H. Wu, J. Power Sources 159 (2006) 307.
27] A. Yamada, S.C. Chung, K. Hinokuma, J. Electrochem. Soc. 148 (2001) A224.
28] B. Kang, G. Ceder, Nature 458 (2009) 190.
29] M. Koltypin, D. Aurbach, L. Nazar, B. Ellis, J. Power Sources 174 (2007) 1241.



of Pow

[
[
[

[

[
[
[

[

[
[

M. Konarova, I. Taniguchi / Journal

30] D. Choi, P.N. Kumta, J. Power Sources 163 (2007) 1064.
31] K. Dokko, K. Shiraishi, K. Kanamura, J. Electrochem. Soc. 152 (2005) A2199.
32] G. Meligrana, C. Gerbaldi, A. Tuel, S. Bodoardo, N. Penazzi, J. Power Sources 160

(2006) 516.

33] I. Bilecka, A. Hintennach, I. Djerdj, P. Novak, M. Niederberger, J. Mater. Chem.

19 (2009) 5125.
34] H. Yang, X.-L. Wu, M.-H. Cao, Y.-G. Guo, J. Phys. Chem. C 113 (2009) 3345.
35] G.T.-K. Fey, Y.G. Chen, H.-M. Kao, J. Power Sources 189 (2009) 169.
36] J.-K. Kim, G. Cheruvally, J.-H. Ahn, G.-C. Hwang, J.-B. Choi, J. Phys. Chem. Solids

69 (2008) 2371.

[
[

[

er Sources 195 (2010) 3661–3667 3667

37] H.-C. Kang, D.-K. Jun, B. Jin, E.M. Jin, K.-H. Park, H.-B. Gu, K.-W. Kim, J. Power
Sources 179 (2008) 340.

38] S. Lim, C.S. Yoon, J. Cho, Chem. Mater. 20 (2008) 4560.
39] C.M. Doherty, R.A. Caruso, B.M. Smarsly, C.J. Drummond, Chem. Mater. 21
(2009) 2895.
40] I. Taniguchi, Mater. Chem. Phys. 92 (2005) 172.
41] K. Zaghib, J.B. Goodenough, A. Mauger, C. Julien, J. Power Sources 194 (2009)

1021.
42] I. Taniguchi, C.K. Lim, D. Song, M. Wakihara, Solid State Ionics 146 (2002)

239.


	Synthesis of carbon-coated LiFePO4 nanoparticles with high rate performance in lithium secondary batteries
	Introduction
	Experimental
	Preparation of carbon-coated LiFePO4 nanoparticles
	Sample characterization
	Fabrication of electrochemical cells and electrochemical characterization

	Results and discussion
	Effects of ball-milling time and ball-to-powder ratio on the physical properties of LiFePO4/C composite
	Effects of ball-milling time and ball-to-powder ratio on electrochemical properties of LiFePO4/C composite
	Electrochemical properties of carbon-coated LiFePO4 nanoparticles

	Conclusions
	Acknowledgments
	References


