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a b s t r a c t

The synthesis of rod-like LiFePO4/C cathodes using template-free reverse micelle process is reported for
high performance lithium batteries. We have demonstrated that the size of the primary particles could be
controlled based on sintering temperature and sintering time and size of the large aggregates is adjustable
based on the carbon content of the sample. Thermogravimetry and differential thermal analysis have
been used to propose a possible mechanism for the formation rod-like LiFePO4/C cathode material. X-ray
diffraction, scanning electron microscopy, impedance spectroscopy and charge–discharge measurements
have been used to characterize the material. Electrochemical performance of rod-like LiFePO4/C cathode
iFePO4

iFePO4/C
everse micelle
arbonization
athode

material offers higher initial capacity and excellent rate capability than that obtained by loose porous
LiFePO4/C material due to unique rod-like composite material formed by primary nanoparticles. Hence, it
can be suggested that that the rod-like nanostructured morphology improves structural stability, lithium
ion diffusion and electronic conductivity of the LiFePO4/C composite material. The template-free reverse
micelle process for the synthesis of the rod-like LiFePO4/C cathode material opens up a new route to
synthesize lithium transition metal oxides with controlled morphologies for applications in high power

lithium batteries.

. Introduction

There has been great interests in developing lithium ion batter-
es with high energy/power density, high safety, long cycle life as

ell as low cost for applications in implantable medical devices,
ortable electronic devices and electric vehicles [1–4]. Among the
everal materials under development for use as cathode material
or lithium ion batteries, olivine-type LiFePO4 proposed by Good-
nough and his co-workers [5,6] is particularly attractive because
f its economic advantages, environmental friendliness, good ther-
al stability, flat voltage profile and non-toxicity. Although LiFePO4

ossesses so many advantages, the major drawback of this cathode

aterial has been the low capacity achievable at even moderate dis-

harge rates due to its slow lithium ion diffusion, poor electronic
onductivity and slow interface movement of the LiFePO4–FePO4
wo phase interface [5,7]. Many research groups have focused their
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el.: +886 2 27276624.

E-mail address: bjh@mail.ntust.edu.tw (B.-J. Hwang).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.05.006
© 2009 Elsevier B.V. All rights reserved.

efforts on improving electronic conductivity of olivine-type LiFePO4
material. Great improvements have been achieved by carbon coat-
ing around the particles with different carbon sources [8–10],
cation doping into the olivine structure [11–13], and minimizing
the particle size by different synthetic processes [13–16]. Various
synthesis methods have been proposed to prepare LiFePO4 such as
hydrothermal process [13], sol–gel method [15], solid state reaction
[17], polyol process [18], mechanical alloying [19], microemul-
sion [20], spray solution technology [21], vapor deposition [22],
co-precipitation [23] and so on. However, most of the methods
reported were either high cost or not suitable for large-scale pro-
duction due to complicated synthesis procedure.

The general approach for the synthesis of nanostructured
LiFePO4 has involved the use of various traditional methods such
as hydrothermal [13], sol–gel [15] and co-precipitation [23]. More-
over, the reverse micelle process has long been established that
surfactant molecules can self-assemble to form various ordered

structures in nanometer scale [24,25]. Martin and co-workers have
reported a series of studies on the nanostructured electrodes syn-
thesized by using the template synthesis method to improve the
rate capability and energy density [26–28]. However, nanostruc-
tured electrode materials prepared from template synthesis routes

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:bjh@mail.ntust.edu.tw
dx.doi.org/10.1016/j.jpowsour.2009.05.006
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Fig. 1. (a) TG–DTA curves of reverse micelle containing LiNO , NH H PO , Fe(NO ) ,
16 B.-J. Hwang et al. / Journal of

se polycarbonate filtration membranes followed by removal of
embranes. Thus, template synthesis method suffers from disad-

antages related to high cost and complicated synthetic procedures
hat are difficult to expand to large-scale commercial applications.
herefore, it is indeed essential to develop economic and efficient
ynthesis methods for the practical application of LiFePO4 cathode
aterial in rechargeable lithium batteries. Ideally one would prefer
template-free synthesis to prepare nanostructured materials in a
ide range of sizes and shapes under controlled conditions.

Herein, we report a template-free reverse micelle process to
ynthesize a dense rod-like LiFePO4/C composite material. The syn-
hesis is performed in water–oil mixture using Tween#80 as the
urfactant. In reverse micelle system, water droplets are dispersed
eparately in a continuous oil phase and acting as nanoreactors
or the formation of nanoparticles for prevention of aggregation.
he size of the particles is determined by the size of these water
roplets. Since the synthesis is confined to the water droplet, the
hapes of the nanomaterials synthesized with reverse micelle pro-
ess were mostly spherical or quadrate or polyhedral. In this paper,
owever, we described a low cost and high yield template-free pro-
ess for the production of rod-like LiFePO4/C composite material.
his as-prepared rod-like material exhibit highly improved electro-
hemical performance when used as a cathode material in lithium
atteries.

. Experimental

An aqueous solution was prepared with equimolar LiNO3,
H4H2PO4 and Fe(NO3)3. 9H2O dissolving in distilled water with
ontinuously mixing for 12 h. An oil mixture was prepared sepa-
ately by mixing Tween#80 with kerosene, and stirred vigorously
or 24 h. Tween#80 (a non-ionic surfactant and an emulsifier) was
sed as carbon source in this work. The aqueous solution was then
dded to the oil mixture at a rate of one droplet per second, and
as stirred at high speed with an impeller to produce an emul-

ion. The precursors thus obtained were calcined at 650 ◦C at a
eating rate of 3 ◦C min−1 for various holding times (0.5–20 h) in
owing N2 for synthesizing LiFePO4/C composite. The amount of
arbon was determined by Heraeus CHN-O rapid analyzer which
as calculated as 15.1 wt%. The thermal decomposition behavior
f the gel precursor was examined by thermogravimetry analysis
TGA, PerkinElmer, TAC 7/DX) ranging from 50 to 800 ◦C at a heating
ate of 5 ◦C min−1 with flowing N2. The XRD patterns of the samples
ere acquired with an X-ray diffractometer (Rigaku Rotaflux) using
u K� radiation to confirm the phase purity. The surface morphol-
gy of the powders after calcination was characterized with a field
mission-scanning electron microscope (JEOL, JSM-6700F).

Electrochemical characterization was carried out with coin-type
ell. The electrode was prepared by using 80 wt% of LiFePO4/carbon
ctive material, 10 wt% Super P carbon black, and 10 wt% (PEO), as
inder, dissolved in N-methyl-2-pyrrolidinone (NMP) solvent. The
btained slurry was then cast on the Al current collector and dried
or 2 h in an oven at 100 ◦C. The resulting electrode film was sub-
equently pressed and punched into a circular disc. The thickness
nd loading of the electrode film were ∼10 �m and ∼1.0 mg cm−2,
espectively. The coin cell was fabricated using the lithium metal
s a counter electrode. The electrolyte was 1 M solution of LiPF6
n a mixture 1:1 (v/v) of ethylene carbonate (EC) and diethyl car-
onate (DEC). The separator (Celgard 2400, Hoechst Celenese Corp)
as soaked in an electrolyte for 24 h prior to use. Coin cell assem-
ly was carried out in an argon-filled glove box (Unilab, Mbruan)

y keeping both oxygen and moisture level less than 1 ppm. The
harge–discharge measurements were performed using the pro-
rammable battery tester (Maccor 2300) at the controlled C-rate
ver a potential range between 3.0 V and 4.0 V. The impendence
pectra of the coin cell were analyzed in the frequency range
3 4 2 4 3 3

Tween 80 and kerosene recorded from ambient to 800 ◦C with a heating rate of
5 ◦C min−1 under nitrogen atmosphere and (b) Raman spectra of loose porous and
rod-like LiFePO4/C composite cathode materials.

between 1 Hz and 100 kHz. The pre-equilibrium time was regulated
to ensure that equilibrium conditions were reached.

3. Results and discussion

Typical thermogravimetric–differential thermal analysis
(TG–DTA) results of a aqueous–oil mixture containing LiNO3,
NH4H2PO4, Fe(NO3)3, Tween 80 (non-ionic surfactant and emul-
sifier) and kerosene are exhibited in Fig. 1. It exhibits several
weight loss steps in the results. The first weight loss between
50 and 180 ◦C and the corresponding endothermic DTA peak at
179 ◦C indicate the vaporization of water and kerosene together
with the decomposition of NO3

− ions. In this stage, the salts were
surrounded by the Tween 80. A continuous second weight loss
between 180 and 450 ◦C and the corresponding endothermic DTA
peak at 427 ◦C can be related to the decomposition of NH4H2PO4
and pyrolysis of Tween 80. In this weight loss stage, the Li+, Fe3+

and PO4
3− were surrounded by the pyrolysis carbon and the

Fe3+ ions began to reduce to Fe2+. Note that when the heating
temperature increases to the formation temperature of LiFePO4
(400–450 ◦C) [15], the pyrolysis carbon becomes to act as the
chelating agent to bridge amorphous LiFePO4 for formation of
the LiFePO4/C composite network. Subsequently, the weight loss
in the temperature range from 450 to 650 ◦C is not only due

to the burning out of the pyrolysis carbon but also due to the
structural change of the pyrolysis carbon. During this weight loss
region, the soft amorphous hydrocarbon may form in the range of
400–600 ◦C but it transforms to hard carbon at temperature higher
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han 600 ◦C [29]. The carbon transformation process results in a
nteresting structural change in the LiFePO4/C composite material.
s the sintering temperature increasing to hard carbon formation

emperature (>600 ◦C), the carbon within LiFePO4/C composite
ransfers to hard carbon and causes the volume shrinkage. Raman
pectroscopy measurements were also carried out to detect the
ifference in the carbon formed on different LiFePO4/C composite
aterials. Fig. 1b shows the Raman spectra of loose porous and rod-

ike LiFePO4/C composite materials synthesized at 650 ◦C at two
ifferent sintering conditions, 2 and 20 h. The bands observed at
1600 cm−1 and ∼1330 cm−1 are the said graphitic band (G-band)
nd the disorder-induced phonon mode (D-band), respectively.
he G- and D-bands are characteristic of carbon materials with
arger degree of ordered structure and with disordered structure,
espectively. The intensity ratio (ID/IG) provides information about
he crystallinity of the carbon materials, i.e., smaller the ratio,
igher the degree of ordering of the material. In this work, the

D/IG ratio of rod-like LiFePO4/C composite material is relatively
maller than that of the loose porous material which indicates
elatively a high degree of ordering in the carbon coated on rod-like
iFePO4/C composite material. X-ray diffraction patterns (XRD) of
he LiFePO4/C composite materials synthesized at 650 ◦C at two
ifferent sintering conditions, 2 and 20 h, are shown in Fig. 2. The
iffraction peaks of the materials are identified as the LiFePO4
livine crystalline structure indexed by orthorhombic pnmb.
mpurity phases such as Li3PO4 and others were not observed.
o diffraction peak corresponding to the carbon network was
bserved due to its low content.

Field emission-scanning electron microscopy (FE-SEM) images

f LiFePO4/C composite material are shown in Fig. 3. These images
how a very interesting structural change when the sintering period
ncreases from 2 to 20 h. The LiFePO4/C composite network syn-
hesized at 650 ◦C for 2 h shows a highly loose porous structure
Fig. 3a). On the other hand, the LiFePO4/C composite network

ig. 3. Scanning electron microscopy (SEM) images of LiFePO4/C composite cathode mat
nd high magnifications, respectively.
Fig. 2. X-ray diffraction patterns of LiFePO4/C composite cathode material sintered
at 650 ◦C at different sintering time: (a) 2 h and (b) 20 h.

transfers to a rod-like LiFePO4/C composite material when the sin-
tering time increased to 20 h (Fig. 3b and c). The low magnification
image (Fig. 3b) clearly shows that the particles are mainly rod-like
structure. The high magnification image (Fig. 3c) demonstrates the
well-formed rod-like morphology of the LiFePO4/C composite. This
transformation process is related to the carbon decomposition (sur-
face carbon) and volume shrinkage of hard carbon transformation
process (interior carbon). The carbon in the interior of LiFePO4/C

composite aggregation transfer to hard carbon and shrunk the
aggregation to form a dense rod-like LiFePO4/C composite structure.
The dense rod-like LiFePO4/C composite structure transformation
process agrees well with the TGA analysis result. Thus, it is reason-
able to suggest that the transformation of the composite material

erial sintered at 650 ◦C at different sintering time: (a) 2 h and (b and c) 20 h at low
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ig. 4. Typical charge and discharge profiles of (a) loose porous and (b) rod-like
iFePO4/C composite cathode materials at different C-rates.

rom loose porous structure to dense rod-like structure is indeed
ue to the volume shrinkage during hard carbon formation pro-
ess. From the SEM image (Fig. 3b), one can clearly see that the
od-like LiFePO4/C composite material formed by reverse micelle
rocess consists of primary nanoparticles. This geometry has sev-
ral advantages such as better accommodation of volume changes
ithout fracture during cycling, better electrical connection with

he current collector, and efficient electron transport.
The electrochemical performance of both porous and rod-like

iFePO4/C composite material was investigated with lithium inser-
ion/deinsertion process. High-rate properties of the composite

aterials were characterized for potential applicability in high-
ate lithium ion batteries. Fig. 4 shows the typical charge/discharge
rofiles of loose porous (Fig. 4a) and rod-like (Fig. 4b) structured
athode material, respectively, at different discharge C-rates within
potential window of 3.0–4.0 V Vs Li at room temperature. The rod-

ike LiFePO4/C composite material has a higher discharge capacity
f 160 mAh g−1 at 0.03 C. This value is 10% greater than that of
he porous LiFePO4/C composite material (144 mAh g−1). The high-
ate performance of the rod-like material is indeed interesting
ince electron transfer at high C-rates would be a critical issue.
uperior behaviors of rod-like LiFePO4/C composite material are
evealed, especially at higher C-rates. Specific capacities of 150 and
5 mAh g−1 are obtained at 0.5 and 5 C (Fig. 4b), respectively, for the
od-like material, whereas the specific capacities are 110 mAh g−1

t 0.5 C and 49 mAh g−1 at 1 C for the porous material (Fig. 4a).

ig. 5a and b shows cycling performance of loose porous material
t 0.5 and 1 C, and rod-like material at 1 and 5 C, respectively. The
od-like material can deliver higher capacity under high-rate con-
itions as well as maintaining excellent capacity retention (Fig. 5b)
Fig. 5. Reversible charge and discharge specific capacities of (a) loose porous and
(b) rod-like LiFePO4/C composite cathode material during continuous cycling at
different C-rates.

when comparing to that of loose porous material (Fig. 5a). It is
clearly seen that the discharging capacity remains stable at even
5 C for the rod-like material. The excellent performance of rate
capability demonstrates the advantage of the synthesized nanos-
tructured rod-like LiFePO4/C cathode material to use in high-rate
lithium ion batteries. We believe that the better discharge capac-
ity and rate capability are greatly associated with unique rod-like
composite material formed by primary nanoparticles. Since pri-
mary particles are held by relatively weak secondary bonds in the
synthesized nanostructured rod-like LiFePO4/C cathode material,
the volume changes involved during insertion and deinsertion of
lithium can readily be accommodated by relaxation of the bind-
ing force among primary particles [30]. Thus, the material remains
intact with the current collector without breaking into smaller par-
ticles. Similar improvements in the electrochemical property of
nanoscale grains and nanoscale structures in the spherical layered
cathode material have been reported previously [31,32]. In addition,
the rod-like LiFePO4/C morphology would also increase the contact
surface between the electrolyte and electrode resulting enhanced
the cell performance. Hence, the rod-like nanostructured morphol-

ogy not only improves the structural stability of the electrode, but
also expected to improve the overall performance of the lithium ion
battery. In addition, in comparison with the results reported previ-
ously for bare and modified LiFePO4 powders [33,11,34] the rod-like
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ig. 6. Nyquist plots of loose porous and rod-like LiFePO4/C composite cathode
aterials fitted with an equivalent circuit model.

iFePO4/C composite material prepared by template-free reverse
icelle process, exhibited higher discharge capacity and rate capa-

ility due to improved structural stability, lithium ion diffusion and
lectronic conductivity.

In general, the difference in battery performances would be
elated to the interface reaction between positive electrode and
he electrolyte [35–37]. To explore the reason for the enhanced
lectrochemical performance, AC impedance measurements were
erformed for the loose porous and rod-like LiFePO4/C compos-

te materials under open circuit voltage (OCV) conditions. One can
learly notice a significant difference in the impedance spectra
etween the materials with different morphologies as shown in
ig. 6. By comparing the diameter of the semicircles, the impedance
f the porous material (187 �) is significantly larger than that of
od-like material (120 �). Warburg impedance is associated with
he diffusion impedance of the species, which appears as a straight
ine in low frequency region during EIS analysis. Theoretically,
he slope for Warburg impedance should be unity (� = 45◦), and
ot effected by other factors [38]. In the study of LiMn2O4 film
lectrodes by Jung and Pyun [39], they found that smooth thin
lm shows the unity slope (� = 45◦) in the Warburg impedance
egion. However, the slope for fractal electrodes shows obvious
eviation to unity. The reason is owing to the surface morphol-
gy of the electrode. In our EIS analysis, the slopes observed
or the two different materials are not identical, indicating the
ifference of the surface properties (shape, roughness) between
od-like and loose porous electrodes. Therefore, it is reasonable
hat the improved battery performances of rod-like LiFePO4/C
omposite material is related to lower surface film resistance
or the charge transfer process [40] and also lower surface area
41] when comparing with that of porous LiFePO4/C composite

aterial.

. Conclusion
In summary, we have developed a simple and cost-effective
emplate-free reverse micelle process for the synthesis of the
od-like LiFePO4/C composite cathode material. This process
emonstrates the ability to manipulate the shape and size of the
omposite cathode material. This approach yields secondary rod-

[
[

[
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like particles which are robust aggregates of primary nanoparticles.
The size of the primary particles could be controlled based on the
sintering time, whereas the size of the large aggregates is adjustable
based on the carbon content of the composite. A possible mecha-
nism has been proposed illustrating the role of both the confined
space presented by template-free reverse micelle process as well as
the importance of the carbon network-LiFePO4 interactions leading
to the formation of the large aggregates. The as-synthesized rod-like
LiFePO4/C composite material exhibits superior discharge capacity
and rate capability when used as cathode materials in lithium bat-
teries. Template-free reverse micelle process developed in this work
opens up a new strategy to design better cathode materials, under
controlled experimental conditions, with unique morphologies for
future applications.
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