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a b s t r a c t

Porous micro-spherical aggregates of LiFePO4/C nanocomposites were prepared with a process of spray
drying at 200 ◦C and subsequent heat treatment at 700 ◦C for 12 h by a novel and simple template-free
sol–gel-SD method independent of surfactants or templates. The results indicate that the as-obtained
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LiFePO4 porous microspheres have the mean diameter of 19.8 �m, average pore size of 45 nm, and large
specific surface area (20.2 m2 g−1) with evenly distributed carbon (4.5 wt.%). The particles can be eas-
ily brought into contact with electrolyte, facilitating electric and lithium ion diffusion. They present
large reversible discharge capacity of 137.5 mAh g−1 at the current density of 0.1 C, good rate capacity of
53.8 mAh g−1 at 10 C, and excellent capacity retention rate closed to 100% after various current densities

.
orous microsphere
ol–gel-SD method

in the region of 2.0–4.3 V

. Introduction

As a promising cathode material, the polyanionic phos-
hate compound LiFePO4 has attracted extensive interest among
esearchers. LiFePO4 with olivine structure possesses excellent
tructural stability. It exhibits superior performance, including high
eversible capacity, acceptable operating voltage, long cycle life,
ow cost, superior safety and environmental friendliness [1–3]. As
as been reported in previous publications [4,5], size reduction

n nanocrystalline LiFePO4 leads to a variety of excitation phe-
omena due to enhanced surface-to-volume ratio and reduced
ransport length for mobile charges. Nano-sized LiFePO4 particles,
ynthesized by a number of methods including traditional solid
tate [6,7], hydrothermal [8,9] and sol–gel methods [10,11], have
een found to possess good electrochemical performance. How-
ver, nano-sized LiFePO4 particles have the drawback that their
igh interfacial energy allows them to readily form agglomera-
ions, which seriously impacts their prospect in electrochemical

pplications. Besides, nano-sized LiFePO4 particles are unfavor-
ble for processing of electrode film on aluminium foil, which
eeds more agglutinant such as polyvinylidene fluoride (PVDF)
han micro-sized LiFePO4 particles [12–14]. Meanwhile, more and

∗ Corresponding author at: Technical Institute of Physics and Chemistry, Chinese
cademy of Sciences, Engineering Research Center of Microsphere Materials, PO Box
711, Beijing 100190, China. Tel.: +86 10 82543691; fax: +86 10 82543691.

E-mail addresses: yufeng05@mail.ipc.ac.cn (F. Yu), jjzhang@mail.ipc.ac.cn
J. Zhang).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.01.042
© 2010 Elsevier B.V. All rights reserved.

more people view and deliberate the risks of nanotechnologies,
which may have an impact on human health and the environment
[15–19].

We have successfully designed and synthesized porous micro-
spherical aggregates of LiFePO4/C nanocomposites by a novel and
simple template-free sol–gel-SD method [20]. In the sol–gel-SD
method, spray drying technology was employed to deal with gel
and to synthesize fine homogeneous and micro-spherical aggre-
gation precursors. It is a promising route that enables quicker
evaporation of the gel compared with ordinary evaporation pro-
cesses and it exhibits superior performance in terms of energy
savings, cost effectiveness, continuous preparation, and is envi-
ronmentally benign [21,22]. At the same time, the relatively
low environmental and health risks of porous micro-spherical
aggregate of LiFePO4/C nanocomposites make it an increasingly
attractive material for nanotechnology applications, which con-
tinue to raise greater safety concerns [15,23].

Herein, using the example of LiFePO4/C, we demonstrate the
sol–gel-SD route that leads to large (up to 20 �m) primary
LiFePO4/C particles, each of which contains organized pores in
meso range (45 nm). The as-obtained sample possesses nano-sized,
porous and spherical morphology, which allows good electro-
chemical performance and practical application [20,24]. Compared
with other composites formed from nano-sized particles, porous

micro-spherical aggregates of LiFePO4/C nanocomposites have the
following advantages:

(i) It effectively improves diffusion channels of Li+ ions by reduc-
ing LiFePO4 particle size. In the electrodes consisting of active

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
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Table 1
Comparison of lattice parameters of the as-obtained samples LFPa and LFPb.

Samples a-Axis (Å) b-Axis (Å) c-Axis (Å)

LFPa 6.0145 10.3431 4.7048
LFPb 6.0320 10.3588 4.7063
874 F. Yu et al. / Journal of Powe

particles, average solid-state diffusion distance (the crucial
kinetic parameter) is determined by the average size of the
particles [25,26].

(ii) It readily induces the reaction of Fe(III) to Fe(II) by in situ
preparation of carbon during heat treatment of appropriate
precursor. The carbon can suppress the growth of the LiFePO4
particle during the sintering process, which ameliorates the
kinetics of Li+ intercalation and de-intercalation. Moreover,
the diffusion coefficient of electron is greatly improved after
incorporating of carbon [10,11,27,28].

iii) Porous LiFePO4/C particles provide good contact with elec-
trolyte and, in principle, are easier to bind than isolated
nano-sized LiFePO4 particles [12,13,24].

iv) Micro-spherical LiFePO4/C particles are well distributed and
do not agglomerate. They have higher safety associated with
lower interfacial energy, higher volumetric energy density and
better fluidity characteristics. The micro-spherical particles
can easily move, closely pack and occupy the available vacan-
cies. In addition, there are no isolated nano-particles which are
supposed to present potential health, safety and environmen-
tal hazard [25,29,30].

. Experimental

.1. Powders preparation

.1.1. Sol–gel method
Amounts of Li2CO3(AR), Fe(NO3)3·9H2O(AR), H3PO4(AR) and

artaric acid were dissolved in distilled water in the stoichiometric
atio—nLi:nFe:nP:nacid = 1:1:1:1 to form a homogeneous gel. The gel
as burned out at 120 ◦C for 48 h in an air-limited box furnace, ball-
illed for 2 h and then sintered in a tube furnace by using a graphite

rucible, heated at 10 ◦C min−1 in flowing argon atmosphere until
00 ◦C and held for 12 h, then ball-milled for 2 h again to obtain

ample LFPa.

.1.2. Sol–gel-SD method
A homogeneous gel was prepared as in Section 2.1.1, then dis-

ersed in distilled water and made into a suspension without any

Fig. 1. X-ray diffraction patterns of the as-obtained samples: (a) LFPa, sol–g
Padhi et al. [1] 6.0083 10.3344 4.6931
Barker et al. [31] 5.971 10.288 4.676
JCPDS 40-1499 6.0189 10.3470 4.7039

surfactants or templates. The obtained suspension was spray dried
in a spray dryer unit at a rate of 15 mL min−1 with inlet and outlet
temperatures maintained at 200 ◦C and 130 ◦C, respectively. The
spray-dried precursor was carbothermally reduced in a tube fur-
nace by using a graphite crucible, heated at 10 ◦C min−1 in a flowing
argon atmosphere until 700 ◦C, then held for 12 h to obtain sample
LFPb.

2.1.3. Sol-SD method
Amounts of Li2CO3(AR), Fe(NO3)3·9H2O(AR), H3PO4(AR) and

tartaric acid were dissolved in distilled water in the stoichiometric
ratio—nLi:nFe:nP:nacid = 1:1:1:1 to prepare homogeneous sol, which
was spray dried in a spray dryer unit at a rate of 15 mL min−1 with
inlet and outlet temperatures kept at 200 ◦C and 130 ◦C, respec-
tively. Carbothermal reduction of the spray-dried precursor was
performed as in Section 2.1.2 to obtain sample LFPc.

2.2. Physical characterization of the synthesized powders

X-ray diffraction (XRD) analysis was carried out on a Rigaku
D/max2200PC diffractometer with Cu K� radiation (� = 1.5406 Å).
The scanning electron microscopy (SEM) images and energy
dispersive X-ray (EDX) spectra were obtained using a Hitachi
S-4300 microscope and EMAX Horiba, respectively. A Nova 200
Nanolab Dual-beam FIB/SEM instrument was used to obtain inside

information of the as-obtained product LFPb. This instrument is
a combination of a SEM and a focused ion beam (FIB) with two
focused beams in the same location. The FIB instrument is equipped
with 30 kV Ga+ ions with a beam current form 1 pÅ to 20 nÅ. The
minimum ion beam spot size is 7 nm at 1 pÅ beam current. A scan-

el method; (b) LFPb, sol–gel-SD method; and (c) LFPc, sol-SD method.
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Table 2
Residual carbon content, calculated grain size, specific surface area and coulombic efficiency of the first cycle for the as-obtained samples as a function of the various synthesis
methods.

Sample Synthesis methods Residual carbon content (wt.%) Calculated grain
size (nm)

Specific surface
area (m2 g−1)

Coulombic efficiency of
the first cycle (%)

4
3

n
t
s
L
e
t

F
m

LFPa Sol–gel 2.09
LFPb Sol–gel-SD 4.48
LFPc Sol-SD 0.16

ing probemicroscope in tapping mode was employed to obtain

he topographic features. The particle size distribution was mea-
ured by a laser diffraction particle size analyzer (Beckman Coulter
S 13 320). The BET specific surface area and pore structure were
valuated by a N2 adsorption–desorption method using a Quan-
achrome NOVA 4000 BET apparatus. The elemental analysis of

ig. 2. SEM images of as-obtained precursors and samples using different synthesis met
ethod. Insert in (b), (d) and (f): EDX spectrums of as-obtained samples LFPa, LFPb and L
8 11.6 91.5
2 20.2 97.2
– – –

total carbon was performed using a CHNS elemental analyzer Ele-

mentar Vario Micro Cube, by which the percentage of the elements
in the sorbent can be estimated. The dried and ground sorbent was
combusted at 1000 ◦C. The combustion products (i.e., gases of C)
were detected by a thermal conductivity detector for quantitative
analysis.

hod: (a and b) sol–gel method; (c and d) sol–gel-SD method; and (e and f) sol-SD
FPc.
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It indicates that tartaric acid is decomposed into amorphous car-
bon during the calcination, and amorphous carbon homogeneously
exists in LiFePO4.

Compared with the XRD pattern of the as-obtained sample
LFPa, a broadening was seen for the half peak breadth in the XRD
ig. 3. (a and d) FIB images of the as-obtained precursor and sample LFPb via the s
mage of area B (indicated by rectangles in panel a). (e) SEM image of area C (indica
g) Scheme showing the structure of nano-sized LiFePO4 in a porous micro-spheric

.3. Electrochemical measurement

The electrochemical performance of the as-obtained samples
as evaluated using half cell. For fabrication of the working cath-

des, the as-obtained samples were mixed with acetylene black
AB) and polyvinylidene fluoride (PVDF) in a weight ratio of
0:15:5 in N-methyl-2 pyrrolidinone (NMP). The obtained slurry
as coated onto aluminium foil and dried at 80 ◦C for 4 h. The dried

ape was then punched into round plates with diameter of 10.0 mm
nd film thickness of 50 �m as the cathode electrodes (5–8 mg load-
ng). The electrodes were dried again at 120 ◦C for 5 h in a vacuum
rior to use. Finally, the prepared cathodes and Celgard2400 sepa-
ator (diameter of 16.0 mm) were placed into an argon atmosphere
lled glove box (H2O and O2 < 1 ppm) and assembled into a coin cell
CR2032) with a lithium anode, electrolyte of 1 M LiPF6 in EC-DEC-
MC (1:1:1 vol.%) and the other components of the coin-type cell.
he cells were examined with capacity retention studies performed
t various rates between 2.0 and 4.3 V. The cells were retained at
oom temperature for 10 min at 4.3 V in charging.

. Results and discussion

.1. Crystalline structure analysis

Fig. 1 compares the X-ray diffraction (XRD) patterns of var-
ous as-obtained samples. As seen in Fig. 1a and b, the profiles

f the reflection peaks of the as-obtained samples LFPa and LFPb
ere quite narrow and symmetric. The diffraction lines were all

ttributed to orthorhombic phase LiFePO4 (JCPDS 40-1499, space
roup Pnma) without any impurity phase. The absolute lattice
arameters of the as-obtained samples LFPa and LFPb are listed
l-SD method. (b) SEM image of area A (indicated by rectangles in panel a). (c) SEM
rectangles in panel d). (f) SEM image of area D (indicated by rectangles in panel d).
egate. [20].

in Table 1, which are close to the corresponding of JCPDS 40-1499
value and similar to the previous reports [1,31]. No carbon was
detected in the XRD pattern, but the result of the energy disper-
sive X-ray (EDX) analysis confirmed the presence of carbon (see
inserts in Fig. 2b and d). It can be easily obtained that the resid-
ual carbon content of sample LFPa and sample LFPb is 2.1 wt.%
and 4.5 wt.% (Table 2), respectively using an elemental analyzer.
Fig. 4. Particle size distribution of the as-obtained sample LFPb by sol–gel-SD
method.
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ig. 5. Description of process from slurry droplet to porous micro-spherical aggre
eaction.

attern of the as-obtained sample LFPb. Thus, a perfect olivine
hase LiFePO4 could be prepared by the sol–gel-SD method, with
n estimated crystallite size of the as-obtained sample LFPb of
2 nm (Table 2), which was superior to that of the as-obtained
ample LFPa (48 nm, Table 2). The estimated crystallite size was
educed by using the Debye-Scherrer equation and five crystal lat-
ice indexes of (0 1 1), (1 1 1), (1 2 1), (0 3 1) and (1 3 1). However,
rom the XRD pattern of the as-obtained sample LFPc, prepared by

sol-SD method, the diffraction lines could be attributed to the
atterns of Li3PO4 (JCPDS 12-0230) and Li2Fe3O5 (JCPDS 41-0971),
ather than to LiFePO4. A little of residual carbon was confirmed
see insert in Fig. 2f) and its content is only 0.2 wt.% (Table 2).

.2. Microstructure of the as-obtained samples

Fig. 2 shows the scanning electron microscopy (SEM) images of
arious precursors and as-obtained samples using various synthe-
is methods. As seen in Fig. 2a and b, the as-obtained precursor
nd sample LFPa prepared by the sol–gel method aggregated eas-
ly and formed nubbly aggregates even after ball-milling (Fig. 2b,
lack elliptical area). Irregular aggregates of the as-obtained sam-
le LFPb would seriously hinder its electrochemical performance
nd practical applications. Fig. 2c is an image of the as-obtained
recursor prepared by the sol–gel-SD method without any dis-
ersion treatment, and shows the micro-spherical morphology of
he precursor and good uniformity of the morphology. It clearly
emonstrates that the micro-spherical aggregates were composed
f nano-sized precursor particles. A closer observation of the pre-
ursor showed the nano-sized particles building units had a mean
iameter of 30 nm (Fig. 2c, insert). After subsequent heat-treating at
00 ◦C for 12 h, the as-obtained sample LFPb still retains its micro-
pherical morphology with porous structure (Fig. 2d, black elliptical
rea). The as-obtained precursor prepared by the sol-SD method
onsisted of well dispersed microspheres with a slippery surface
Fig. 2e), but the as-obtained sample LFPc without LiFePO4 exhib-
ted dissilient micro-spherical morphology (Fig. 2f).

In order to further investigate the morphology and the structural
tate of the as-obtained sample LFPb and its precursor synthe-
ized by the sol–gel-SD method, a combined system focused ion
eam (FIB)/SEM was employed. From the FIB image shown in
ig. 3a, the 3D cross section of the as-obtained precursor micro-
phere was shown to have a porous structure inside and on
he surface. Fig. 3b and c shows obviously inter-connected pores
nd surface-open pores. This porous micro-spherical aggregation
s made of nano-sized precursor particles, which arise from the
el. Even after subsequent heat-treating, the as-obtained sam-

le LFPb remained a porous micro-spherical structure (Fig. 3d),
hich consisted of LiFePO4/C nanocomposites. As shown in Fig. 3e

nd f, close observation revealed that inter-connected pores and
urface-open pores both consisted of nano-sized LiFePO4/C parti-
les, as shown schematically in Fig. 3g. When filled with electrolyte,
f LiFePO4/C nanocomposites during spray drying and subsequently carbothermal

these pores highly favor the solid-state diffusion kinetics and are
responsible for immediate supply of lithium ions [12,24,32]. The
pore diameter (mean 45 nm) and the BET specific surface area
(20.2 m2 g−1, Table 2) measurements were performed with N2
adsorption–desorption method. The as-obtained sample LFPa syn-
thesized by sol–gel method had smaller surface area (11.6 m2 g−1,
Table 2). The particle size distribution of as-obtained sample LFPb,
as shown in Fig. 4, was evaluated by a laser diffraction particle
size analyzer. The porous microsphere distribution was essen-
tially a log-normal distribution. The mean size of LiFePO4 porous
microspheres was 19.8 �m, which corresponded well with the SEM
observation.

To understand the formation mechanism of porous micro-
spherical aggregates of LiFePO4/C nanocomposites, a schematic
illustration is proposed in Fig. 5. It mainly consists of two steps.
At the first step, an aqueous solution of homogeneous gel was then
dissolved in distilled water and formed a suspension liquid. The sus-
pension liquid includes uniformly fine “gel” particulates, which can
avoid surface precipitation of droplet during spray drying. When
the obtained suspension liquid was spray dried in a spray dryer
unit, the volume precipitation carried through in slurry droplet
and the uniform nano-sized precursor particles was formed in the
slurry droplet [33–35]. At the second step, the carbon from the
tartaric acid provided the special environment favorable for the
reduction of Fe(III) and the formation of the nanocrystalline com-
posite LiFePO4/C material. Then porous micro-spherical aggregates
of LiFePO4/C nanocomposites were formed after heat treating.

3.3. Electrochemical performance

Fig. 6a shows initial charge-discharge profiles of various as-
obtained samples at room temperature cycled in the voltage of
2.0–4.3 V at a current rate of 0.1 C. As shown in Fig. 6a, the initial
charge-discharge profiles of the as-obtained samples LFPa and LFPb
both had a voltage plateau indicative of a typical LiFePO4 [1], while
the as-obtained sample LFPc exhibited no voltage plateau. Polar-
ization between the charge and discharge plateaux of as-obtained
samples LFPa and LFPb is 84 mV and 57 mV, respectively (insert
of Fig. 6a), indicating that the kinetics of the LiFePO4 is indeed
improved with more residual carbon coating [32,36]. The initial
specific discharge capacities of as-obtained samples LFPa and LFPb
are 106.7 mAh g−1 and 137.5 mAh g−1, respectively, correspond-
ing to the charge capacities of 116.6 mAh g−1 and 141.5 mAh g−1.
The calculation shows that the coulombic efficiency during the
first cycle of the as-obtained sample LFPa is about 91.5%, which
is lower than the value of 97.2% for as-obtained sample LFPb. The

as-obtained sample LFPc has no voltage plateau typical LiFePO4 due
to the inexistence of LiFePO4.

Cycle stabilities of as-obtained sample LFPb with various dis-
charge current rates are presented in Fig. 6b. The specific discharge
capacity decreases with increasing charge/discharge rate and
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ig. 6. (a) Initial charge-discharge profiles of various as-obtained samples cycled at
FPb with various discharge current rates.

educes to 53.8 mAh g−1 at 10 C rate, because lithium diffusion and
lectronic conduction are limited. When the lower current density
as applied, the electrode was able to retrieve its capacity, which

onfirmed nearly 100% of the starting discharge capability. This
etention of sample LFPb on extended cycling shows that it pos-
esses good rate capability and cycle life. It could be attributed to the
orphology of porous microsphere and highly uniform distribution

f carbon in the LiFePO4 particles.

. Conclusions

A novel and simple template-free sol–gel-SD method, which is
n improved sol–gel method combined with spray drying technol-
gy, revealed a way to prepare porous micro-spherical aggregates
f LiFePO4/C nanocomposites without employing surfactants or
emplates. The as-obtained LiFePO4 porous microspheres have
verage pore size of 45 nm and give large specific surface area
20.2 m2 g−1) with evenly distributed carbon (4.5 wt.%). It can be
asy to bring into contact with electrolyte, facilitate the electric
nd lithium ion diffusion. They present large reversible discharge
apacity of 137.5 mAh g−1 at the current density of 0.1 C, good rate
apacity of 53.8 mAh g−1 at 10 C, and excellent capacity retention
ate closed to 100% after various current densities in the region of
.0–4.3 V. This method provides a simple strategy for quick evap-
ration of the gel and holds potential for extension to numerous
pplication in porous micro-spherical composites.
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