
E

G
a

b

a

A
R
R
3
A
A

K
L
L
C
P
B

1

i
t
T
[
g
A
c
L
p
l

c
o
d
r

t
l
c
c
h
c

0
d

Journal of Power Sources 189 (2009) 169–178

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

lectrochemical properties of LiFePO4 prepared via ball-milling

eorge Ting-Kuo Feya,∗, Yun Geng Chena, Hsien-Ming Kaob

Department of Chemical and Materials Engineering, National Central University, Chung-Li 32054 Taiwan, ROC
Department of Chemistry, National Central University, Chung-Li 32054 Taiwan, ROC

r t i c l e i n f o

rticle history:
eceived 17 June 2008
eceived in revised form
0 September 2008
ccepted 1 October 2008

a b s t r a c t

LiFePO4 cathode materials with distinct particle sizes were prepared by a planetary ball-milling
method. The effects of particle size on the morphology, thermal stability and electrochemical perfor-
mance of LiFePO4 cathode materials were investigated. The ball-milling method decreased particle size,
thereby reducing the length of diffusion and improving the reversibility of the lithium ion intercala-
tion/deintercalation. It is worth noting that the small particle sample prepared using malonic acid as a
vailable online 17 October 2008

eywords:
iFePO4

ithium-ion batteries

carbon source achieved a high capacity of 161 mAh g−1 at a 0.1 C rate and had a very flat capacity curve
during the early 50 cycles. However, the big particle samples (∼400 nm) decayed more dramatically in
capacity than the small particle size samples (∼200 nm) at high current densities. The improvement in
electrode performance was mainly due to the fine particles, the small size distribution, and the increase in
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. Introduction

Olivine LiFePO4 has received widespread attention as a promis-
ng cathode material for high power applications, such as power
ools or hybrid electric vehicles, following Padhi’s publication [1].
his low cost material also has the advantages of low toxicity
2], high thermal stability [3], high capacity (170 mAh g−1) [4],
ood cycling stability, and a flat discharge plateau (at 3.4 V) [5].
lthough it has many advantages, it has problems with very low
onductivity about 10−9 S cm−1 and slow Li ion diffusion across the
iFePO4/FePO4 two-phase boundary during the charge–discharge
rocess [6,7]. The low ionic and electronic conductivity results in

ow discharge capacity, high polarization and poor rate capability.
To overcome these problems, the strategies of preparing parti-

les with a small size [8,9] coating electronically conductive carbon
n the surface of LiFePO4 [10–13] and using supervalent cation
oping in the lattice of LiFePO4 [14] have been proposed by many
esearch groups.

The carbon coating method provides pathways for electron
ransference, which improve lattice electronic conductivity and
ithium-ion diffusion within a crystal [15]. The lowest amount of

arbon in LiFePO4/C should allow enough diffusion to overcome the
onductivity limitations of LiFePO4. In addition, many researchers
ave found that substituting Li+ or Fe2+ with supervalent cations to
reate p-type semiconductors can enhance the bulk conductivity

∗ Corresponding author. Tel.: +886 3 425 7325; fax: +886 3 425 7325.
E-mail address: gfey@cc.ncu.edu.tw (G.T.-K. Fey).
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lt of carbon coating. The structure and morphology of the ground LiFePO4

th XRD, FE-SEM, TEM, EDS, and DSC techniques.
© 2008 Elsevier B.V. All rights reserved.

f LiFePO4 [15–17]. The above-mentioned methods greatly influ-
nced both electronic and ionic conductivities of materials in terms
f capacity delivery, cycle life and rate capability.

Other possible methods for improving the rate performance
f LiFePO4 materials are to enhance ionic/electronic conductiv-
ty by optimizing particles with suitable preparation procedures.

oreover, some literature indicates that lithium ion diffusion capa-
ility can become a key factor that affects the rate capacity of
iFePO4 [18]. In order to synthesize fine and homogenous nanopar-
icles of LiFePO4, several techniques have been applied to prepare
iFePO4 under different conditions, including the sol–gel method
19], co-precipitation in an aqueous medium [20], a hydrothermal
rocedure [21], and mechanochemical activation [22].

Nowadays, ball-milling synthesis is a useful method for prepar-
ng fine particles. It is also simple and energy efficient. Xia et al. [23]
ave already demonstrated the ball-milling synthesis of LiFePO4.

In our work, we used ball-milling to grind commercial (com-
ercial product of Aleees) and in-house LiFePO4 powders for

omparison and evaluation. Furthermore, we tried to investigate
he effects of particle size on the surface area, morphology, polariza-
ion, electronic conductivity, thermal stability and cell performance
f the LiFePO4 materials.

. Experimental
.1. Synthesis of in-house bare-LiFePO4

The in-house bare-LiFePO4 powders were prepared using
ithium carbonate (Merck, 99%), iron(II) oxalate dehydrate(Showa,

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:gfey@cc.ncu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2008.10.016
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8%), and ammonium dihydrogen phosphate(Sigma, 99%) in a stoi-
hiometric molar ratio (1.03:1:1) by a high temperature solid-state
ethod, details of which are given elsewhere [24].

.2. Preparation of distinct particle size samples

To lower preparation cost, we selected a planetary ball-mill
hat produced distinct particle size powders under different

illing times. The commercial and in-house bare-LiFePO4 pow-
ers denoted as Com-LFP and Lab-LFP, respectively, were ground

n a planetary ball-mill with a rotation speed of 300 rpm for 3 h in
cetone under an air atmosphere. Mass ratio of the materials to zir-
onia balls (diameter: 0.1 mm) was selected to be 1:20. The ground
owders were dried and reground with a rotation speed of 300 rpm
or 3 h again in acetone under an air atmosphere at room tempera-
ure. The above process was repeated 1, 4 and 6 times. The distinct
article size powders of Com-LFP and Lab-LFP powders after 1, 4
nd 6 times or 3 h, 12 h, and 18 h of grinding were obtained in three
ifferent particle sizes: 418, 292, 202 nm and 462, 315, 188 nm,
espectively. The standard deviation of particle size was ±10.

.3. The ground powders treated with carbon coating

The ground Com-LFP powders obtained after drying could be
onsidered as uncoated particles because the mechanical impact
ight damage the already formed carbon coating layer. These pow-

ers were further treated using malonic acid (Fluka, 98%) as the
arbon source by a rheological phase reaction using evaporation.

The carbon precursor was prepared by ball-milling the mixture
f LiFePO4 powders and 50 wt.% malonic acid for 1 h and pressing
t into a pellet, which was heated at 873 K for 12 h in an Ar/H2 (vol.
5:5) atmosphere. The ground powder sample to be coated was
laced downstream from the carbon-precursor pellet in a tube fur-
ace. The ground powders and carbon pellet were 2 cm apart and
he diameter of the carbon pellet was 1.2 cm. The carbon-coated
iFePO4 powders for the commercial and in-house bare samples
re denoted as Com-LFP/C and Lab-LFP/C, respectively.

.4. Characterization

Structural analysis was carried out using a powder X-ray diffrac-
ometer (XRD), Siemens D-5000, Mac Science MXP18, equipped
ith a nickel-filtered Cu K radiation source (� = 1.5405 Å). The
iffraction patterns were recorded between scattering angles of 15◦

nd 80◦ in steps of 0.05◦. The morphology of the LiFePO4/C com-
osite was observed with a scanning electron microscope (SEM;
itachi S-3500 V) and high-resolution transmission electron micro-

cope (HR-TEM; Jeol TEM-2000FXII). The particle size distribution
as also measured by a dynamic light-scattering particle size ana-

yzer (Malvern Zetasizer Nano). The Brunauer, Emmett, and Teller
BET) method was used to measure the surface area of the powders
ASAP 2010 Analyzer). Conductivity was measured by four-point
onductivity measurements with a Keithley Model 2400S source
eter.

.5. Electrochemical characterization

Coin cells of the 2032 configuration were assembled in an
rgon-filled VAC MO40-1 glove box in which the oxygen and water
ontents were maintained below 2 ppm. The cathode was prepared

y mixing 85 wt.% carbon-coated LiFePO4 powder with 10 wt.% con-
uctive carbon black and 5 wt.% polyvinylidene fluoride (PVDF) in
n-methyl-2-pyrrolidone (NMP) solution, which was then applied
nto an etched aluminum foil current collector and dried at 393 K
or 12 h in an oven. Lithium metal (Foote Mineral) was used as the

U
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w
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Sources 189 (2009) 169–178

node and a 1 M solution of LiPF6 in EC:DEC (1:1, v/v) (Tomiyama
hemicals) was used as the electrolyte with a Celgard membrane
s the separator.

The cells were cycled at a 0.2 C rate between 2.8 and 4.3 V in
multi-channel battery tester (Maccor 4000). Phase transitions

uring the cycling processes were examined by slow-scan cyclic
oltammetric studies, where the cells were assembled inside a
love box with lithium metal foil serving as both counter and ref-
rence electrodes. The electrolyte used was the same as that for
he coin cell. Cyclic voltammograms were run on a Solartron 1287
lectrochemical Interface at a scan rate of 0.1 mV s−1 between 2.5
nd 4.2 V.

Thermal characterization of the ground powders of LiFePO4
as done on a PerkinElmer 7 differential scanning calorimeter

DSC). The measurements were performed in a nitrogen atmo-
phere between 323 and 673 K, at a heating rate of 10 K min−1. The
amples for the DSC investigations were prepared as follows. The
oin cells were first galvanostatically charged to 4.3 V at a 0.2 C rate
nd then potentiostated at 4.3 V for 10 h. The coin cells were dis-
antled in an argon-filled glove box and the charged cathode was

arefully removed. The cathode was then washed with DEC. The
xcess electrolyte was wiped off and dried. The cathode material
as gently scraped from the aluminum current collector, loaded
n to an aluminum pan, hermetically sealed, placed in an airtight
ontainer, and transferred to the DSC instrument.

. Results and discussion

.1. Dynamic light scattering

Before grinding, the average particle sizes of Com-LFP and Lab-
FP powders were 484 and 618 nm, respectively, with two distinct
article-size regions for fresh samples, as shown in Fig. 1(I) and
III). All DLS measurements in this work were based on 50% volume
raction in order to provide a clear comparison of samples in a small
ange of particle sizes.

After ball-milling of 3, 12, and 18, both Com-LFP and Lab-LFP
owders achieved three different particle sizes: 418, 292, 202 nm
nd 462, 315, 188 nm, respectively, as shown in Fig. 1a–c and
–f. Similarly, both Com-LFP/C and Lab-LFP/C powders also dis-
layed three different particle sizes: 456, 337, 232 nm and 476, 324,
05 nm, respectively, as shown in Fig. 2a–c and d–f. The particle
istribution of all separated samples was in one region, which grad-
ally decreased and narrowed as the degree of milling and sieving

ncreased, resulting in a small, homogeneous particle size.

.2. Morphology

The SEM images obtained for Com-LFP/C and Lab-LFP/C are
hown in Fig. 3a–c and d–f, respectively. These carbon composites
ere prepared by treating their corresponding ground powders of

iFePO4 in Fig. 1 with 50 wt.% malonic acid heating at 873 K for 12 h
n Ar/H2 (vol. 95:5) atmosphere. A similar trend in surface morphol-
gy and particle size was observed for Com-LFP/C and Lab-LFP/C
n Fig. 3, indicating a gradual decrease in particle size with longer

illing times.
Specifically, a slight increase in particle size after carbon coating

as detected by DLS measurements. (e.g. 418–456 nm for the 3 h-
all-milled Com-LFP sample to Com-LFP/C composite; 462–476 nm
or the 3 h-ball-milled Lab-LFP sample to Lab-LFP/C composite.)

nder the above carbon coating condition, no significant and big
ggregates were formed.

The particles of the sample ground with shorter milling times
ere larger and uneven as shown in Fig. 3a and d, but with longer
illing times were smaller, uniform and smooth, as shown in Fig. 3c
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Fig. 1. Particle size distribution of the commercial an
nd f. The samples that were reground about 6 times or 18 h had
omogeneous particles around 200 nm.

In order to confirm the carbon structure and morphology in
etail, we studied these composite materials of different particle
izes further by TEM/SAED/EDS techniques. A 200-mesh copper
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Fig. 2. Particle size distribution of the ground commercial an
ouse bare LiFePO4 samples before and after grinding.
rid coated with a silicon monoxide film instead of carbon was
sed to ensure that any carbon detected was from the sample. Our
election of grid prevents any controversy that carbon could have
ome from the grid, although Cu, Si and O peaks were present as
mpurities or background in the EDX spectrum. Figs. 4a and 5a,

d in-house bare LiFePO4 powders coated with carbon.
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ig. 3. SEM images of the carbon-coated powders for the commercial and in-hou
all-milled, (b) 12 h ball-milled, (c) 18 h ball-milled; Lab-LFP/C: (d) 3 h ball-milled, (

espectively, are the TEM images of the 202 nm Com-LFP/C and
88 nm Lab-LFP/C samples coated with 50 wt.% malonic acid, which
ndicate that these samples had uniform particle size distribution
nd an average particle size around 200 nm, which is consistent
ith what we expected for the ground samples that had long
illing times. Figs. 4b and 5b are the magnified images of the out-
ined areas in Figs. 4a and 5a, which clearly show a uniform coating
bout 4 nm thick on the particle surface.

The SAED patterns in Figs. 4c,d and 5c,d are used to confirm
he LiFePO4/C composite structure in combination with TEM and
DS. Both Figs. 4c and 5c exhibit a bright spot pattern in the core

b
c
r
e

ig. 4. (a and b) TEM micrographs of 18 h ball-milled commercial LiFePO4/C powders (av.
e samples denoted as Com-LFP/C and Lab-LFP/C, respectively. Com-LFP/C: (a) 3 h
h ball-milled, (f) 18 h ball-milled.

hat is typical for crystalline LiFePO4, while Figs. 4d and 5d display a
ollow ring pattern typical for amorphous carbon in the outer layer
25]. To clarify their identity, we carried out some EDS analysis. The
esults are shown in Figs. 4e,f and 5e,f. They definitely confirm that
he particle cores are crystalline LiFePO4 and the surface shells are
morphous carbon only.
The average particle size analyzed by DLS, surface area measured
y BET, and electronic conductivity determined by the four-point
onductivity method for both Com-LFP and Lab-LFP are summa-
ized in Table 1. As particle size decreased, both surface area and
lectronic conductivity increased. These phenomena have been

particle size, 232 nm); (c and d) SAED and (e and f) EDS analyses for the particles.



G.T.-K. Fey et al. / Journal of Power Sources 189 (2009) 169–178 173

F av. pa

o
c
p
b

o
p
r
i
t
s
s
T
t
c
t
o
t
a
m
c
i
S
s
f

t
s
w
p

q
t
w
w
t
h
t

3

2
(
p
s

T
T

A

C

4
2
2

L

4
3
1

ig. 5. (a and b) TEM micrographs of 18 h ball-milled in-house LiFePO4/C powders (

bserved by Yamada et al. [5], who reported that improvements in
onductivity could be achieved by small and homogeneously sized
owders, since smaller-sized particles provide more contact points
etween particles [26].

Table 2 provides a comparison of our work with selected data
n LiFePO4-based electrolytes extracted from Ref. [26]. Our work
resents data for more specific particle sizes in the 200–500 nm
ange that were not studied in Ref. [26], but seem to follow a sim-
lar continuous trend in terms of particle size and capacity. Each
hree samples of Com-LFP/C and Lab-LFP/C had their particles sizes
ignificantly reduced by ball-milling and showed reasonable, con-
istent battery performance across various average particle sizes. In
able 3, even when there was a large difference in carbon content,
he samples that were around the same size displayed similar dis-
harge capacity and electrochemical behavior. In fact, even when
he carbon content wt.% had a ratio of Com-LFP/C to Lab-LFP/C
f 3:1, this was still the case, which supports Gaberscek’s finding
hat electrode resistance depends primarily on mean particle size
nd the effect of carbon coating is marginal. However, even though
inimization of particle size may be more important to improving
ell performance, carbon coating is still required to improve the
ntrinsic electronic conductivity of LiFePO4. From the XRD data and
cherrer’s equation, we calculated the grain size for each of our
amples, as listed in Table 3. The ratios of carbon content to sur-
ace area were in a narrow range for the samples, which indicates

b
c
s
t
B

able 1
he powder properties of all commercial and in-house synthesized LiFePO4 and LiFePO4/

verage particle size (nm) Surface area (m2 g−1)

om-LFP/Com-LFP/C Com-LFP Com-LFP

18/456 13 16
92/337 17 21
02/232 25 30

ab-LFP/Lab-LFP/C Lab-LFP Lab-L

62/476 7 10
15/324 9 13
88/205 13 17
rticle size, 205 nm); (c and d) SAED and (e and f) EDS analyses for the particles.

hat the surface coating was very similar. As expected, smaller grain
izes resulted in higher surface area and initial discharge capacity,
hich is consistent with the trend shown in Table 2 for average
article size.

Table 4 compares the initial discharge capacity when different
uantities of carbon content are used and compares the quanti-
ies used in this work with those cited from references [24,27–29],
hich ranged from 1.0 to 9.8 wt.%. Our studied carbon wt.% fell
ithin the ranges cited in previous literature and, in fact, even

hough we used lower carbon content, our capacity numbers were
igher than the other studies because the overriding factor that had
he most influence on capacity seemed to be particle size.

.3. X-ray diffraction

Fig. 6 shows the X-ray diffraction (XRD) profiles of
02 nm/232 nm (Com-LFP and Com LFP/C) and 188 nm/205 nm
Lab-LFP and Lab-LFP/C) powders alongside the profiles of amor-
hous carbon and JCPDS standard LiFePO4. All powders fit a
tandard LiFePO4 ordered olivine structure indexed by orthorhom-

ic Pnmb. Fig. 6a shows a typical XRD pattern for amorphous
arbon that generally displays a noisy background and very poor
pectrum quality. All the peaks are broadly shaped, indicating
he presence of highly disordered carbon and only the (0 0 2)
ragg peak that results from the stacking of carbon layers appears

C samples.

Electronic conductivity (S cm−1)

/C Com-LFP Com-LFP/C

1.61 × 10−5 2.00 × 10−4

5.38 × 10−5 3.42 × 10−4

8.45 × 10−5 6.08 × 10−4

FP/C Lab-LFP Lab-LFP/C

1.13 × 10−8 6.23 × 10−5

1.22 × 10−8 7.68 × 10−5

1.52 × 10−8 1.09 × 10−4
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Table 2
A comparison of particle size, carbon content, and initial capacity from this work to selected data on LiFePO4-based electrodes extracted from reference [26].

Particle size range (nm) Ave. particle size (nm) Carbon coating/carbon added (wt.%) Discharge capacity and 1 C (mAh g−1) Referencea

20–40 30 No/30 163 [26]—[7]
∼50 50 Yes/NA 165 [26]—[8]
100–200 140 No/5 158 [26]—[9]
100–300 150 Yes/10 130 [26]—[10]

205 Yes/50 140 This work (205 nm Lab-LFP/C)
232 Yes/50 110 This work (232 nm Com-LFP/C)

200–400 300 Yes/5 120 [26]—[11]
324 Yes/50 102 This work (324 nm Lab-LFP/C)
337 Yes/50 92 This work (337 nm Com-LFP/C)
456 Yes/50 84 This work (456 nm Com-LFP/C)
476 Yes/50 90 This work (476 nm Lab-LFP/C)

∼500 500 No/15 115 [26]—[12]
450–550 500 No/10 72 [26]—[13]
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315–775 545 No/20
600–1000 800 No/5

a The numbers in brackets unlinked denote the reference numbers originally cite

ignificant [30]. In the low two theta (<20◦) region, the XRD pattern
isplays an upturned tail that is an indicator of poor crystallinity
30]. As shown in Fig. 6b and d, the same type of upturn was
bserved for both 202 nm Com-LFP and 188 Lab-LFP samples, as
result of particles being reduced and damaged from the surface

oating during the ball-milling process. After carbon coating,
he particle sizes of both composite samples increased slightly
s shown in the XRD spectra of Fig. 6c and e. Interestingly, the
pturned tail was significantly flatter in these samples, which

ndicates that the crystallinity of the powder was greatly improved.

.4. Electrochemical studies
All the ground LiFePO4 samples and their corresponding car-
on composites exhibited flat voltage plateaus around 3.32–3.62 V,
hich was the main characteristic of the two-phase reaction of the

ithium extraction and insertion between LiFePO4 and FePO4 [31].

a
s

p
i

able 3
comparison of grain size and carbon coating between commercial and in-house LiFePO

verage particle size (nm) Grain size (nm) Carbon content (wt.%) Sur

om-LFP/C
56 40.22 4.40 16

337 38.37 4.43 21
32 36.71 4.92 30

ab-LFP/C
476 42.22 1.08 10
24 37.71 1.33 13
05 35.18 1.62 17

able 4
comparison of the initial discharge capacity with the quantity of carbon content from p

arbon source Particle size (nm) Carbon c

0 wt.% malonic acid 416 1.90
wt.% PVA (poly vinyl alcohol) 400 1.00
0 wt.% white sucrose 65 6.30
0 wt.% carbon black 870 9.80

om-LFP/C
0 wt.% malonic acid 456 4.40
0 wt.% malonic acid 337 4.43
0 wt.% malonic acid 232 4.92

ab-LFP/C
0 wt.% malonic acid 476 1.08
0 wt.% malonic acid 324 1.33
0 wt.% malonic acid 205 1.62
NA [26]—[14]
80 [26]—[15]

ef. [26] that are not being included in this work.

pecific capacity was found to be highly dependent on particle size.
igs. 7 and 8 show the initial charge–discharge curves of Com-LFP
nd Com-LFP/C. The cells were cycled between 2.8 and 4.3 V at a
.2 C rate. The discharge capacities for 418, 292 and 202 nm Com-
FP powders were 50, 72 and 91 mAh g−1, respectively, and 137, 144
nd 155 mAh g−1 for the corresponding carbon composites. These
apacity results of commercial ground and carbon coated LiFePO4
owders were compared to the corresponding in-house LiFePO4
owders for evaluation purposes. Under the same cycling condi-
ions, Figs. 9 and 10 display the initial charge–discharge curves of
ab-LFP and Lab-LFP/C. The discharge capacities for 462, 315 and
88 nm-Lab-LFP powders were 15, 21 and 25 mAh g−1, respectively,

nd 142, 150 and 157 mAh g−1 for the corresponding Lab-LFP/C
amples.

The effects of particle size on the charge and discharge plateaus,
olarization, and initial discharge capacity of LiFePO4 are listed

n Table 5. Polarization is related to the difference between the

4/C composites.

face area (m2 g−1) Carbon content/Surface
area (wt.% g m−2)

Initial discharge capacity
at 0.2 C rate (mAh g−1)

0.27 139
0.21 147
0.16 155

0.10 145
0.10 150
0.09 157

revious literature and this work.

ontent (wt.%) Initial discharge capacity
at 0.1 C rate (mAh g−1)

Reference

155 [24]
156 [27]
155 [28]
136 [29]

141 This
work150

161

149 This
work153

161
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Fig. 8. The initial charge and discharge profiles of commercial bare LiFePO4 samples
under different milling times after carbon coating. Average particle sizes: (a) 456 nm,
(b) 337 nm, (c) 232 nm; at a 0.2 C rate in the voltage range of 4.3–2.8 V.
ig. 6. X-ray diffraction (XRD) patterns: (a) amorphous carbon, (b) 202 nm commer-
ial bare LiFePO4 sample, (c) 232 nm commercial LiFePO4/C composite, (d) 188 nm
n-house bare LiFePO4 sample, (e) 205 nm in-house LiFePO4/C composite, (f) JCPDS
#40-1499) LiFePO4.

harge and discharge voltage plateaus [32], which increases with
ncreasing particle size. The sample showing high polarization has

low initial discharge capacity. Both Com-LFP/C and Lab-LFP/C
amples with conductive carbon coating exhibited much higher
ischarge capacity compared to uncoated counterparts. The infe-
ior performance of Com-LFP and Lab-LFP in discharge capacity
as attributed to their low electronic conductivity, high polariza-
ion and inherently poor kinetics. Before grinding, the discharge
apacity of commercial LiFePO4 samples with carbon coating was
n a range between 130 and 140 mAh g−1, whereas the in-house
ure LiFePO4 sample without carbon coating was 108 mAh g−1.

ig. 7. The initial charge and discharge profiles of commercial bare LiFePO4 sam-
les under different milling times before carbon coating. Average particle sizes: (a)
18 nm, (b) 292 nm, (c) 202 nm; at a 0.2 C rate in the voltage range of 4.3–2.8 V.

Fig. 9. The initial charge and discharge profiles of in-house bare LiFePO4 sam-
ples under different milling times before carbon coating. Average particle sizes:
(a) 462 nm, (b) 315 nm, (c) 188 nm; at a 0.2 C rate in the voltage range of 4.3–2.8 V.

Fig. 10. The initial charge and discharge profiles of in-house bare LiFePO4 samples
under different milling times after carbon coating. Average particle sizes: (a) 476 nm,
(b) 324 nm, (c) 205 nm; at a 0.2 C rate in the voltage range of 4.3–2.8 V.
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Table 5
A comparison of average particle size with the charge and discharge plateaus, polarization, and initial discharge capacity of LiFePO4.

Sample Average particle size (nm) Charge voltage plateau (V) Discharge voltage plateau (V) �V (V) Initial discharge
capacity (mAh g−1)

Com-LFP 418 3.62 3.32 0.30 52
292 3.54 3.34 0.20 72
202 3.52 3.36 0.16 91

Com-LFP/C 456 3.53 3.35 0.18 139
337 3.50 3.38 0.12 147
232 3.49 3.39 0.10 155

Lab-LFP 462 3.58 3.32 0.26 15
315 3.53 3.34 0.19 21
188 3.52 3.36 0.16 25

Lab-LFP/C 476 3.53 3.35 0.18 145
3.37 0.14 150
3.39 0.09 157
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Fig. 12. The CV results of in-house carbon-coated LiFePO4 samples. Average particle
sizes: (a) 476 nm; (b) 324 nm; (c) 205 nm. Scanning rate: 0.1 mV s−1. Voltage range:
324 3.51
205 3.48

V: the difference between the charge and discharge voltage plateaus.

fter grinding, the Com-LFP samples sustained higher initial dis-
harge capacity than Lab-LFP samples, because the former had a
arbon coating treatment and some residual carbon remained in
he ground powders.

These polarization results for Com-LFP/C and Lab-LFP/C were in
ccordance with the CV profiles. As illustrated in Figs. 11 and 12, the
V profiles of Com-LFP/C and Lab-LFP/C in the first cycle, respec-
ively, show that the anodic and cathodic peak intensities of the big
56 and 476 nm diameter particles were much lower than those of
he small 232 and 205 nm diameter particles. The shape of the peaks
re less sharp and more broadened, indicating the kinetic restric-
ion of the lithium diffusion in the larger particle-size samples. The
harp peaks of the small 232 and 205 nm diameter particles show
heir excellent kinetics [30,33]. An improvement in the kinetics of
ithium ion intercalation and deintercalaction could be attributed
o the smaller particles that reduced the diffusion length of lithium
ons in LiFePO4 [34]. In addition, the voltage difference between the
nodic and cathodic peaks is indication of polarization. The more
roadened the peak difference, the higher the electrode polariza-
ion.

Figs. 13 and 14 show the rate performance of 232 and 456 nm

iameter Com-LFP/C particles and 205 and 476 nm diameter Lab-
FP/C particles, respectively. In the case of small Com-LFP/C
omposites in Fig. 13, the 232 nm diameter particles reached a
eversible capacity of 161 mAh g−1 at 0.1 C rate and 10 mAh g−1 at

ig. 11. The CV results of commercial carbon-coated LiFePO4 samples. Average par-
icle sizes: (a) 456 nm; (b) 337 nm; (c) 232 nm. Scanning rate: 0.1 mV s−1. Voltage
ange: 2.5–4.2 V.

2.5–4.2 V.

Fig. 13. The rate performance of commercial carbon-coated LiFePO4 samples with
small and large particle sizes: (a) 232 nm, (b) 456 nm. The sample was cycled 5 times
at each rate and forwarded to the next step.
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ig. 14. The rate performance of in-house carbon-coated LiFePO4 samples with
mall and large particle sizes: (a) 205 nm, (b) 476 nm. The sample was cycled 5
imes at each rate and forwarded to the next step.

C rate. However, in the case of small Lab-LFP/C composites in
ig. 14, the 205 nm diameter particles achieved a reversible capac-
ty of 162 mAh g−1 at 0.1 C rate and 63 mAh g−1 at 4 C rate, and could
xtend as high as 5 C.

In contrast, the discharge capacity of the big particle size sample
eteriorated more dramatically at high current densities com-
ared to the small particle size sample. Similar phenomena were
lso reported previously [35] and may be due to the intrinsic
ithium-ion diffusion limitations of the material. As particle size
ncreased, lithium diffusion became increasingly difficult, which
esulted in capacity loss during utilization, especially at higher
urrents. Furthermore, the smaller the particle size, the easier it
s for the electrolyte to penetrate across the whole active mate-
ial during the charge and discharge process. In this way, lithium
ons and electrons are distributed around the entire particle sur-
ace, and thus can greatly improve the electrochemical reaction

1,36].

The cycling behavior of different particle sizes of both Com-LFP
nd Com-LFP/C samples at a 0.2 C rate is plotted in Fig. 15. A similar
lot for Lab-LFP and Lab-LFP/C samples is presented in Fig. 16. After
all-milling, both Com-LFP and Lab-LFP powders showed a dis-

ig. 15. Cycling performance of commercial carbon-coated and bare LiFePO4 sam-
les denoted as Com-LFP/C and Com-LFP, respectively, with three particle sizes.
om-LFP/C: (a) 232 nm, (b) 337 nm, (c) 456 nm; Com-LFP: (d) 202 nm, (e) 292 nm,
f) 418 nm; at a 0.2 C rate in the voltage range of 4.3–2.8 V.
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ig. 16. Cycling performance of in-house ground LiFePO4 samples with three parti-
le sizes after carbon coating: (a) 205 nm, (b) 324 nm, (c) 476 nm; and in-house bare
iFePO4 samples before and after grinding: (d) no grinding, (e) 188 nm, (f) 315 nm,
g) 462 nm; at a 0.2 C rate in the voltage range of 4.3–2.8 V.

inct low discharge capacity, as shown in Fig. 15d–f and Fig. 16d–f,
ecause Lab-LFP did not have a carbon coating and Com-LFP suf-
ered partial oxidation from coating damage that occurred during
he ball-milling process. In contrast, the discharge capacities of
om-LFP/C (Fig. 15a–c) and Lab-LFP/C (Fig. 16a–c) were signifi-
antly restored after carbon coating treatment. The slight difference
n discharge capacity could be attributed to a difference in particle
ize. It is worth noting that all Com-LFP/C and Lab-LFP/C samples
repared using malonic acid as a carbon source achieved a high
apacity near 160 mAh g−1 and a very flat capacity curve in the first
0 cycles, as shown in the insets of Figs. 15 and 16, most likely
ecause of uniform particle size distribution and effective carbon
oating. The capacity curve remained quite stable after prolonged
ycling, possibly due to intimate carbon contact between active
aterial particles. This result is comparable to the one obtained
ith TEM images. Furthermore, cycle stability decreases as particle

ize increases, as reflected in the cycle-life results of 420 and 274
ycles achieved by the small 232 and 205 nm diameter Com-LFP/C
amples, respectively.

.5. DSC

The DSC traces of the overcharged Com-LFP/C and Lab-LFP/C
amples with electrolytes are shown in Figs. 17 and 18, when
ajor exothermic heat flow occurred in a wide temperature range

f 475–575 K and had a sharp exothermic peak at about 530 K,
ith total heat evolution of about 94 J g−1. Compared to bare-

iCoO2, all commercial and in-house LiFePO4/C samples appear to
ave an increase in onset temperature (421–528 K) and a decrease

n exothermic enthalpy (164–94 J g−1). The average of exothermic
nthalpy for all six samples was 92.5 J g−1.

Interestingly, the DSC profiles of all six particle sizes of LiFePO4/C
amples in Figs. 17 and 18, including onset temperature, decompo-
ition temperature and exothermic enthalpy, are almost the same,
ndependent of particle size. This observation in thermal stability
as quite similar to that from Jiang and Dahn’s work [37], who

eported that with the addition of LiPF6 to EC/DEC, self-heating
◦
xotherms began at approximately 190 C for all three LiFePO4 sam-

les, independent of particle size. However, the particle sizes used
n Jiang and Dahn’s work were 3, 7 or 15 �m, while the particle
izes used in this work were approximately 200, 300, and 400 nm.
t is apparent that particle size has negligible effects on the reac-
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Fig. 17. Differential scanning calorimetry (DSC) traces of (a) bare-LiCoO2 powders
and commercial carbon-coated LiFePO4 samples: (b) 232 nm, (c) 337 nm, (d) 456 nm.
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ig. 18. Differential scanning calorimetry (DSC) traces of (a) bare-LiCoO2 powders
nd in-house carbon-coated LiFePO4 samples: (b) 205 nm, (c) 324 nm, (d) 476 nm.

ivity between LiFePO4 and the electrolyte. Nevertheless, electrode
esigners have flexibility to choose particle size for LiFePO4 elec-
rodes, at least from a safety point of view.

. Conclusions

A simple and low-cost ball-milling method was successfully
sed to prepare various distinct particle sizes of LiFePO4 cath-
de materials ranging from 188 to 462 nm under different milling

imes. The average particle sizes of these ground or carbon-coated
athode materials were measured by DLS technique with a stan-
ard deviation of ±10 nm. Three particle sizes of each commercial
nd in-house prepared LiFePO4 powders, around 200, 300, and
00 nm, were selected and compared for an evaluation and repro-

[
[
[

[
[

Sources 189 (2009) 169–178

ucibility study. As particle size decreased, both related surface area
nd electronic conductivity increased due to more contact points
etween particles. Furthermore, the smaller particle size LiFePO4
r LiFePO4/C samples showing weak polarization not only provided
igher initial discharge capacity, but also more cycles. Both Com-
FP/C and Lab-LFP/C samples treated with malonic acid exhibited
uch higher discharge capacity compared to uncoated counter-

arts. It is also worth noting that all small Com-LFP/C and Lab-LFP/C
articles achieved 5 C high rate capability and high initial capac-

ty near 160 mAh g−1 with a very flat capacity curve in the first 50
ycles due to uniform particle size distribution. Interestingly, we
bserved that particle size has negligible effect on the reactivity
etween LiFePO4 and the electrolyte, which will allow us to have a
ree hand in choosing particle size for LiFePO4 electrode application
hen considering safety concerns.
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