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a b s t r a c t

Mesoporous LiFePO4/C microsphere was successfully prepared by spray drying assisted template method
(SDATM) with citric acid as a template. This material has an average pore size of 50 nm and gives large spe-
cific surface area (32.2 m2 g−1) with evenly distributed carbon (4.3 wt.%). It is also easy to bring into contact
ccepted 24 July 2008
vailable online 3 August 2008

eywords:
iFePO4/C
esoporous microsphere

with electrolyte, facilitate the electric and lithium ion diffusion. It presents large reversible capacity of
158.8 mAh g−1 at C/10, even high rate capacity of 59.7 mAh g−1 at 20C, and excellent capacity retention
rate closed to 95.5% after various current densities.

© 2008 Published by Elsevier B.V.
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. Introduction

Rechargeable lithium-ion batteries have a higher energy den-
ity than conventional lead–acid, nickel–cadmium, and even
ickel–metal hydride batteries. They are the most promising candi-
ates, which are needed urgently to be used for application such as
lectric vehicles (EV) and hybrid electric vehicles (HEV), to meet
emands of modern technology, and to revolutionize consumer
lectronics. However, the commercial layered LiCoO2 material uti-
ized as the positive electrode, suffers from high cost, toxicity, and
nferior safety concerning that necessitate careful electronic control
f the cell [1–3].

The lithium transition metal phosphates LiFePO4 has attracted
xtensive interest among researchers, because these polyanionic
ompounds show numerous appealing features such as high the-
retical capacity, acceptable operating voltage, superior safety,
nvironmental benignity, low cost and other important advantages
2,4]. However, the poor electronic conductivity and lithium ion dif-
usion pose a bottleneck for the commercial applications of olivine

ype LiFePO4 as a promising cathode material [4–6]. In a number
f papers, the improvement of purity, optimization of particles,
ontrol of morphology, doping the foreign atoms and adding con-
uctive agent have been described and studied in order to increase

∗ Corresponding author. Tel.: +86 10 82543691; fax: +86 10 82543691.
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ts conductivity and rate capability properties, but its electrochem-
cal performance enhancement is still limited [5–11]. Recently, the
orous LiFePO4 material has been attracted various researchers
ecause of a high electronic conductivity and quick Li+ permeation
12–15].

In this paper, we present a novel and facile approach to obtain
omogeneous mesoporous LiFePO4/C microsphere by spray dry-

ng assisted template method (SDATM). We have realized that the
omogeneous mesopores would be produced by using citric acid
s a template. This material is easy to contact with electrolyte and
ive good electrochemical characteristics because of its large sur-
ace area and evenly carbon coated. The cycling performance of the
repared LiFePO4/C cathode powders were examined with capac-

ty retention studies performed with various C rates in the voltage
f 2.0–4.2 V.

. Experimental

The homogeneous mesoporous LiFePO4/C microsphere had
een successfully prepared by heat-treating the precursor,
hich was synthesized by using citric acid (small molecu-

ar organic acid) as template and spray drying. Amounts of
i2CO3(AR), Fe(NO3)3·9H2O(AR), NH4H2PO4(AR) and citric acid

ere dissolved in distilled water in the stoichiometric ratio:

Li:nFe:nP:nacid = 1:1:1:x (x = 0.25, 0.50, 0.75, 1.0). The solution was
prayed in a heat reactor at 200 ◦C using air as the carrier gas. Then,
he obtained precursor was burned out at 120 ◦C for 5 h in an air-
imited box furnace. Finally, the obtained powders were calcined

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yufeng05@mail.ipc.ac.cn
mailto:jjzhang@mail.ipc.ac.cn
dx.doi.org/10.1016/j.jpowsour.2008.07.074
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s LiFePO4/C composite microsphere formation.
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Fig. 1. Schematic illustration of mesoporou

t 700 ◦C for 12 h under flowing Ar atmosphere. And the samples
ere signed LFPa, LFPb, LFPc and LFPd, respectively.

The crystalline structure of the prepared LiFePO4/C powders
ere studied by a X-ray diffractometer (D/max 2200 PC), with
u K� radiation at 40 kV, 40 mA, step size of 0.02◦, and a count
ime of 0.6 s per step between 2� = 10◦ and 80◦. SEM (S-4300) were
sed to analyze the morphology of the prepared powders. A gas
orption technique to evaluate the specific surface area by BET
NOVA4000). The carbon content of sample was determined by a
arbon–sulfur analyzer (Min EA2000). Electrochemical tests were
erformed using CR2032 type coin cells with Lithium anode assem-
led in an Ar filled glove box. The electrolyte was 1.0 mol L−1 LiPF6 in
C + DEC + DMC (1:1:1 vol.%). The cells were examined with capac-
ty retention studies performed with various rates between 2.0 and
.2 V. Meanwhile, the cells were retained ten minutes at 4.2 V in
harging.

. Results and discussion

To understand the formation mechanism of mesoporous
iFePO4/C microsphere, a schematic illustration is proposed in
ig. 1. It mainly consists of two steps. At the first step, the precursor
icrospherical aggregation is formed by spray drying with citric

cid as a template, because citric acid can be evenly distributed in
he form of complex compound C6H5O7Fe·5H2O in precursor solu-
ion and then uniformly distributed in the precursor microspherical
ggregation. Second, homogeneous pores are formed from citrate
egradation and carbonization when the precursor is heat treated.

n the latter process, the carbon from the citrate acid also provides
he special environment favorable for the reduction of Fe(III) and
he formation of the nanocrystalline composite LiFePO4/C material.

A series of experiments were performed to explore the for-
ation mechanism of mesoporous LiFePO4/C microsphere. Fig. 2

hows the SEM images of various LiFePO4/C samples with different
itric acid addition. It can be seen that all the samples are porous
icrospherical with homogeneous pore sizes. The carbon is evenly

istributed in the particles. It is noted that citric acid as template (in
he form of complex compound C6H5O7Fe·5H2O) can be uniformly
istributed in the precursor by spay drying to avoid the component
egregation. Then the homogeneous pores are formed due to citrate
egradation when the precursor is heat treated. It is also found that
he value of pore decreases from micrometer to nanometer, while
he citric acid in the precursor increases from x = 0.25 to 1.0. Mean-
hile, the carbon content and specific surface area of the LiFePO4/C

amples also increase, which is shown in Table 1. When x = 1.0,

e get the uniformly mesoporous LiFePO4/C microsphere (LFPd),
hich average pore diameter is about 50 nm. Obviously, this struc-

ure gives relatively larger surface area (32.2 m2 g−1). It is easy to
ring into contact with electrolyte, facilitate the lithium ion diffu-
ion and lead to the reduction of the cell resistance. Moreover, the

Fig. 2. SEM images of various LiFePO4/C samples. (a and b) LFPa, x = 0.25; (c and d)
LFPb, x = 0.50; (e and f) LFPc, x = 0.75; (g and h) LFPd, x = 1.0.
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Table 1
Carbon contents, specific surface area, calculated grain size and columbic efficiency of the first cycle for various LiFePO4/C samples as a function of the nominal carbon
addition

Sample Nominal citric acid
addition/x mol

Carbon content
(wt.%)

Specific surface area
(m2 g−1)

Calculated grain
size (nm)

Columbic efficiency
of the first cycle (%)

LFPa 0.25 0.56 0.97 81–128 86.1
LFPb 0.50 0.99 7.57 68–97 88.2
LFPc 0.75 2.3 15.03 45–72 91.0
LFPd 1.0 4.3 32.25 34–52 94.7
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reversible capacity at an absolute rate when x > 0.75.

Cycle stabilities of various LiFePO4/C samples with various dis-
charge current rates are presented in Fig. 5. At higher rates, the
superior behavior of the mesoporous LiFePO4/C microsphere (LFPd)
is revealed. Special reversible capacities of 112.5 and 87.2 mAh g−1
ig. 3. X-ray diffraction patterns of various LiFePO4/C samples prepared at 700 ◦C
or 12 h.

venly distributed carbon (4.3 wt.%) in the particles will enhance
he electronic conductivity of the cathode materials and prevent
article coalescence. Otherwise, the LiFePO4/C microsphere has
xcellent manufacturing performance.

The X-ray diffraction patterns of various LiFePO4/C samples are
hown in Fig. 3. The profiles of the reflection peaks are quite narrow
nd symmetric. The diffraction lines can be attributed to the mon-
clinic phase LiFePO4 without any impurity phase. They are all in
ood agreement with pattern of the monoclinic LiFePO4 (PDF#47-
499). Otherwise, the carbon is not detected because the residual
arbon is amorphous. The absolute lattice parameters of the sam-
les were listed in Table 2, which are close to the corresponding
f PDF value and similar to the previous reports. Otherwise, it is
an be seen that the half peak breadth is getting wider as the citric
cid increases. This result indicates that the perfect olivine phase
iFePO4 could be prepared when x = 1.0, and its calculated grain
ize is 34–52 nm much better than other samples (Table 1). The
rain size results were calculated with Debye–Scherrer equation
nd had summarized five crystal lattice indexes of (0 1 1), (1 1 1),
1 2 1), (0 3 1) and (1 3 1).
Fig. 4 shows Initial charge and discharge profiles of various
iFePO4/C samples at room temperature cycled in the voltage of
.0–4.2 V at C/10 rate (0.05 mA cm−2). It can be seen that the
oltage profile rises rapidly from about 3.35 to 3.4 V and the
pecific discharge capacity increases from 37.3 mAh g−1 (LFPa) to

able 2
omparison of lattice parameters of various LiFePO4/C samples

amples a axis (Å) b axis (Å) c axis (Å)

FPa 6.0045 10.3249 4.6864
FPb 6.0042 10.3273 4.6879
FPc 6.0041 10.3263 4.6883
FPd 6.0024 10.3259 4.6853
adhi et al. [2] 6.0083 10.3344 4.6931
arker et al. [11] 5.971 10.288 4.676
DF#47-1499 6.0189 10.3470 4.7039 F

r

ig. 4. Initial charge and discharge profiles of various LiFePO4/C samples at room
emperature cycled in the voltage of 2.0–4.2 V at C/10 rate (0.05 mA cm−2).

58.8 mAh g−1 (LFPd) at C/10 rate with increasing citric acid. Mean-
hile, the sample LFPd electrodes deliver the charge capacity of

67.6 mAh g−1, and calculation shows that the columbic efficiency
uring the first cycle of LFPd is about 94.7%, which is higher than
hat of 86.1% for LFPa (Table 1). It is also found that there is a distinct
apacity skip phenomenon between x = 0.50 (LFPb) and x = 0.75
LFPc), which may be due to the qualitative change of LiFePO4/C
rystallite size, carbon content and specific surface area. So we con-
luded that there would be lower electrode polarization and higher
ig. 5. Cycle stability of various LiFePO4/C samples with various discharge current
ates.
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ere obtained at rates of 5C and 10C, respectively. Even at a rate as
igh as 20C, a reversible capacity of 59.7 mAh g−1 can be achieved,
hich confirm rate capabilities with 37.6% of the maximum capac-

ty (158.8 mAh g−1 at C/10), whereas the value drops to 9.4 mAh g−1

or the sample LFPc. On the other hand, when the lower current
ensity was applied, the electrode was able to retrieve its capacity,
hich confirms nearly 95.5% of the starting discharge capability.

his retention of LiFePO4/C on extended cycling shows that the
iFePO4/C possesses an excellent rate capability and good cycle life.
t could be attributed to the morphology of mesoporous micro-
phere and highly uniform distribution of carbon in the LiFePO4
articles. The LiFePO4/C sample with this special morphology has
erfect olivine phase, smaller particle size, and more specific sur-

ace area, which can easily bring into contact with electrolyte
nd facilitate the lithium ion diffusion. Meanwhile, the uniform
istribution of carbon can easily enhance the electronic conduc-
ivity. The small observed voltage polarization also suggests that
he LiFePO4/C electrode have high electrochemical reversibility. It
xhibits good reversible capacity and a capacity retention rate. It is
oted that mesoporous LiFePO4/C composite microsphere material
as the adequate electronic conductivity, good cyclic capacity and
lectrochemical stability.

. Conclusions
The homogeneous mesoporous LiFePO4/C composite micro-
phere have been successfully prepared by spray drying assisted
emplate method (SDATM). The value of pore and crystallite size
oth decreases from micrometer to nanometer with increasing car-
on content and specific surface area of LiFePO4/C, when the citric

[

[

[

rces 189 (2009) 794–797 797

cid in the precursor increases from x = 0.25 to 1.0. When x = 1.0,
he sample is easiest to contact with electrolyte and give best elec-
rochemical characteristics, such as largest reversible capacity of
58.8 mAh g−1 at C/10, best rate capability of 59.7 mAh g−1 at 20C,
nd excellent cyclic stability which retrieve nearly 95.5% of the
tarting capability in 40th cycles after discharging at various rates.
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