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Abstract

An order olivine structure LiFePO4 was synthesized with a simple rheological phase reaction (RPR) of LiOH-H,0 and FePO,4-4H,0 in the
presence of PEG as a reductive agent and carbon source. A required amount of water was added to the starting materials to form the rheological
precursor and decomposed at 700 °C to form the crystalline phase LiFePOy directly, without ball-milling, preparation of intermediates, pre-sintering
and post-deposition treatment. Fine particles with an average particle size about 216 nm are examined by scanning electron microscopy (SEM)
and optical particle size analyzer. An initial discharge capacity of 157 mAh g~! was achieved for the as-prepared LiFePO, material with a rate of
0.1C (17mA g~!), what’s more, this material shows excellent specific capacity, charge—discharge efficiency and cycle efficiency at high current
rates, almost no capacity loss can be observed up to 40 cycles with the rate of 1, 2 and 3C at room temperature. The simple, cheap process as well
as the excellent high-rate performance makes this RPR method feasible commercially.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Due to its overwhelming advantages of low toxicity, good
thermal stability and relatively high theoretical capacity, olivine
type LiFePOy4, which was first introduced as a lithium battery
cathode material by Padhi et al. appears as a potential candi-
date to be used as positive electrode in next generation of Li-ion
batteries [1-5]. As a material, however, LiFePQy is an insulator,
which seriously limits its rate capability in lithium cells. It shows
high electrochemical properties only at low charge/discharge
rates owing to its low electronic conductivity and low lithium
ion motion ability [6,7]. Therefore, research on this insulating
compound was up to now mostly devoted to enhance the com-
posite’s conductivity by metal doping [8,9] or coating with the
electronically conductive materials like carbon, metal and metal
oxide [10-12].

Other possible means of improving the rate performance of
LiFePO4 materials are those of enhancing its ionic/electronic
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conductivity by optimization of particles with suitable prepara-
tion procedures. In addition to the traditional solid-state reaction
synthesis routine, alternative synthesis processes including
sol—gel, hydrothermal, co-precipitation, microwave heating, etc.
have developed continually [11,13—15]. However, many obsta-
cles have been encountered for some synthesis methods reported
from a laboratory process to mass production because of the
complicated synthesis techniques, the hard-controlled synthesis
situation and the relatively high cost Fe(I) precursor, which was
used in most cases. What is more, additional care is required to
prevent oxidization of the resulting precursors because Fe (II)
ions are much easier to oxidize in air, which makes the above
synthesis processes less effective. In current time, it is urgent
to develop a simple, cheap and efficient method for the mass
production of LiFePO4 cathode material.

Recently, Prosini et al. [16] synthesized LiFePO4 by chem-
ical lithiation of FePOs by Lil, Wang et al. [17] synthe-
sized LiFePO4-C from amorphous FePO4-4H,O through a
solid-liquid phase reaction using (NH4)>SO3 as the reduc-
ing agent and Ying et al. [18] synthesized Lig97Croo1
FePO4-C with Fe(NO3); as iron source via a controlled
crystallization—carbothermal reduction method using sucrose
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as a reductive agent and carbon source, all of which showed
good electrochemical performance. However, the above synthe-
sis techniques are complicated and hard-controlled somewhat
for the amorphous intermediates FePO4-xH,O or NH4FePOq4
should be prepared first and the impurity ions such as I~ or
S04%~ was introduced. Barker et al. [19] and Kim et al. [20] syn-
thesized LiFePO4-C based on a carbothermal reduction (CTR)
reaction using Fe,O3 as the starting material, however, the
resources of [Fe] and [PO4] in LiFePO4 come from two com-
pounds, which are hard to mix at the atomic level.

Previously, the rheological phase reaction (RPR) has been
reported by our group as an efficient soft chemistry method
to prepare electrodes or other materials [21-24]. In this study,
LiFePOy4-C cathode material with nano-sized fine particles
was synthesized from inexpensive FePO4-4H,O raw material
by employing polyethylene glycol (PEG) as a novel reducing
agent and carbon source with this simple, cheap soft chem-
istry method—RPR. The precursor of LiFePO4-C is very easy to
make in a short time, and then the resulting precursor is heated in
inert atmosphere to get the powders of LiFePOy4-C directly via
this PRR method. No need of ball-milling, preparation of inter-
mediates, pre-sintering and post-deposition treatment compared
with traditional solid-state reaction synthesis routine and some
other complicated synthesis techniques. The microstructure and
the electrochemical properties of the as-prepared LiFePO4-C
were investigated carefully.

2. Experimental

Stoichiometric amounts of LiOH-H,O, FePO4-4H,O and
polyethylene glycol (PEG; mean molecular weight of 10,000,
250 g PEG/mol FePOy4) powders were used as the starting mate-
rials by RPR method. As shown in the flow chart (Fig. 1), they
were mixed by grinding for 10 min, and then appropriate amount
of de-ionized water was added to get a rtheological body. Finally,
the resulting precursor was heated in a tube furnace to get the
powders of LiFePO4-C at 700 °C for 12 h in Ar flow.

LiOH-H,0 PEG FePO,4H,0
y
Grinding 10 min
~—| Water

Rheological body

!

Heat treatment at 700°C in Ar for 12h

!

LiFePO,4-C powder

Fig. 1. Flow chart of the RPR synthesis process.

X-ray diffraction (XRD) profile of the sample was carried
out on a shimadzu XRD-6000 diffractometer using Cu Ka;
radiation. The morphology and microstructure was observed
using scanning electron microscopy (SEM) with Hitachi FEG
SEM and high-resolution transmission electron microscope
(HRTEM) with JEOL JEM 2010 FEF. The particles size dis-
tribution was determined by the optical particle size analyzer
(Mastersizer 2000, England). The amount of carbon was deter-
mined by element analyzer (FLASH 112SERIES, Italy). The
surface elements’ content of LiFePO4-C powders was deter-
mined by an X-ray photoelectron spectrometer (XPS, Kratos
Model XSAMS800) equipped with an Mg Ko achromatic X-ray
source (1235.6¢eV).

For the cell measurement, the cathode performance was
examined by a Shenzhen Neware battery program-controlled
test system. The LiFePO4-C material was mixed with 20 wt.%
carbon black and 5 wt.% PTFE. The mixture was pressed onto
nickel grid as the cathode, pure lithium as the anode, 1 M LiClO4
(EC:DMC=1:1) as the electrolyte, a Celguard 2400 (Ameri-
can) micro-porous membrane for the separator. The cells were
charge—discharged between 2.0 and 4.4 V at room temperature.
Note that the charge and discharge rates were equal under a given
current density and specific capacities were calculated based on
the mass of LiFePO4-C composites.

3. Results and discussion

In this work, LiFePO4 was synthesized under the assumption
that the following reaction occurred:

2nLiOH-H,0 + 2nFePO4-4H,O + HO(C,H40),H
— 2nLiFePO4 + 2nC + (13n 4+ 1)H,0O

During the heating of the PEG-contained precursor, Fe>* was
reduced to Fe”* with the help of hydrogen and carbon as the
reducing agent, which are generated from the decomposition of
PEG, producing a strong reductive atmosphere.

The X-ray diffraction pattern of the as-prepared LiFePO4-C
composite is shown in Fig. 2. All peaks can be indexed as pure
and well-crystallized LiFePO4 phase with an ordered olivine
structure and a space group of Pnma (JCPDS card no. 83-2092).
Previously, there was report that some detectable impurities such
as LizPO4 has been identified in LiFePO,4 prepared by con-
ventional solid-state reaction using the Fe(II) raw material. In
contrast, we did not detect any impurities, indicating that this
RPR routine using the Fe(Ill) raw material is a feasible method
to prepare pure LiFePO,4. No evidence of diffraction peaks for
crystalline carbon (graphite) appeared in the diffraction pattern,
which indicates that the carbon generated from PEG is amor-
phous carbon and its presence does not influence the structure
of LiFePOy4. Basing on Scherrer’s equation d=0.94/81,2 cos 9,
one can know that with the increasing of the dimension of crystal
grains (d), the full-width-at-half-maximum (FWHM) length of
the diffraction peak (81/2) is decreasing on a 26 scale. It is found
the B1/2 (Fig. 2) is a little wide, which indicate that the crystal
grains are small. The calculated crystal grain size is about 23 nm
from the Scherrer’s equation according to D111, D121 and Dq31
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Fig. 2. XRD pattern of as-prepared LiFePO4-C composite.

values. The result indicates the soft RPR process and the carbon
reduced from the decomposition of PEG during the heating pro-
hibited the growth of LiFePO4 grains efficiently. The amount of
carbon in the LiFePO4-C composite is about 6.13 wt.% through
the element analysis (EA), in other words, the molar ratio of
C:LiFePOQy is about 0.86. In order to examine the surface ele-
ments’ content of the LiFePO4-C powders, XPS analysis was
performed, as shown in Fig. 3, a sharp peak at about 285.3 eV
corresponding to C 1s with a high intensity is seen. The Binding
Energy of Fe 2p, O 1s and P 2p are determined to be 711.4, 532.5
and 133.9 eV respectively. However, as Lee et al. reported [25],
Li Is emission peak is not seen clearly because it is superposed
on the Fe 3p peak at about 56 eV, precluded accurate determina-
tion of its binding energy and estimation of the element content.
According to XPS analysis, on the surface of LiFePO4-C pow-
ders, the C:P molar ration thus obtained is about 19:1, which
indicates the surface composition should be mainly the carbon
and carbon is coated on the LiFePOy particles rather perfectly
[18]. Moreover, the result of XPS analysis shows that the as-
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Fig. 3. XPS spectra of as-prepared LiFePO4-C powders.
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Fig. 4. SEM images of as-prepared sample. (a) Overall morphology for
LiFePO4-C; (b) one particle in the image (a). Inset: magnification of the selected
area.

prepared material comprised of all the constituent elements of
LiFePO4.

The morphology for LiFePO4-C powders was observed on
SEM, as shown in Fig. 4. We can see that lots of independent
particles pack closely between the porous structure of carbon
and the average particle size is around 0.8 pm (Fig. 4a). The
image of one particle selected randomly from Fig. 4a is shown
in Fig. 4b, which can be seen clearly that the particle is a kind
of secondary particle composed of small size particles (around
200 nm). To further understand this investigation, we ran parti-
cles size distribution analysis on the sample, as shown in Fig. 5.
The value at 50% cumulative population (dsp9) represents the
average particle size. The average particle size was 216 nm for
the as-prepared LiFePO4-C powder. The result is consistent with
the result of SEM morphology. However, the particle distribu-
tion has two regions, the peak around smaller particle size should
be due to LiFePO4-C powders, and the other peak at lager par-
ticle size region can ascribe to agglomerated large particles that
were not dispersed perfectly. Note that the average particle size
of the synthesized LiFePOy is larger than its crystal grain size
that calculated from XRD patterns, implying that the particles
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Fig. 5. Particle size distribution of as-prepared LiFePO4-C sample.

are formed from the agglomeration of several grains [26], which
is confirmed by the TEM images, as shown in Fig. 6. From the
TEM images, it can be seen clearly that uniform fine LiFePOy4
crystal grains (<50 nm) disperse in the carbon webs, most of the
grains are wrapped and connected with carbon. The observation
of SEM and TEM images accords with the results of XRD and
XPS analysis.

Based on the above analysis, the formation of the LiFePOj4-
C powders during the heating process was proposed as follows.
First, a large number of very small nanometer LiFePOy4 crystal
grains grow in the carbon network, then the grains aggregate
together and form the nanometer LiFePO, particles, and finally,
the secondary LiFePOj, particles are formed by the agglomera-
tion of several nanometer LiFePOy particles, which was closely
connected by the carbon. The conductivity of LiFePO4-C com-
pound would be enhanced due to existence of the formed carbon
between the crystal grains, the LiFePOy4 particles and the close
connection of the secondary particles by the carbon network.

Typical charge/discharge curves of the Li/LiFePO4-C cell
in the first two cycles with low current density (0.1C) are
plotted in Fig. 7. The first discharge capacity is 157 mAhg~!
and then increase to 162mAhg~! in the second cycle, which
maybe caused by the “activation” of the first cycle reaction
[17]. A flat and long voltage curve around 3.4V indicates that

45 Charge curve§

4.0 — 1st cycle
----- 2nd cycle E
3.5 e

3.04:

Voltage (V)

254

2.0 1
Discharge curves

X — T T L
0 20 40 60 80 100 120 140 160 180
Specific Capacity (mAh g™

Fig. 7. Typical charge/discharge curves of the Li/LiFePOy4-C cell at low current
density (0.1C).
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Fig. 8. Typical charge/discharge curves of the Li/LiFePO4-C cell in the first 40
cycles at high current density (1C).

the two-phase redox reaction proceeds via a first-order tran-
sition between LiFePO4 and FePOy4. Fig. 8 shows the typical
charge/discharge curves of the Li/LiFePO4-C cell in the first
40 cycles at high current density (1C), the first cycle discharge
capacity is 144 mAh g~!. One can see that the polarization of the

Fig. 6. TEM images of as-prepared LiFePOy4-C sample.
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Fig. 9. The cycle performance of LiFePO4-C composite electrode. Inset means
the charge/discharge curves of LiFePO4-C in the second cycle.

following cycles decreased and the charge/discharge efficiency
increased compared with the first cycle. The charge/discharge
efficiency is above 96% (except the initial cycle) and the cycle
efficiency is near to 100% up to 40 cycles. It is still remained
good stability and reversibility (no obvious polarization and
very flat 3.4V plateau can be seen) even after 40 cycles. How-
ever, the initial capacity loss increased and the capacity of the
following cycle is not increased obviously compared with the
cells cycled with low rate (Fig. 7), which maybe caused by the
difficulty in utilizing large particles because of the diffusion
limit of the lithium through the LiFePO4/FePOy interface at
high current density. Fig. 9 shows the specific capacity of the
LiFePOy4-C composite in function of the cycle number with dif-
ferent charge/discharge rates at room temperature. The initial
discharge capacities were 144, 134 and 126 mAhg~! at the 1, 2
and 3C rate, respectively. The capacities were stably retained up
to 40 cycles. Note that at a given C-rate, the charge and discharge
current density are equal to ensure fast charging/discharging,
which is different from some reports that to charge the cell with
very low current density to get high capacity and then to dis-
charge with high current density when examine the high-rate
performance of LiFePO4 materials, thus a comparative long time
would be consumed and it is not convenient for the use of elec-
tric vehicles and other mobile devices. Moreover, the capacity
is based on the LiFePO4-C composite instead of considering the
LiFePQ4 active material merely. Inset was the charge-discharge
curves of the Li/LiFePO4-C cells in the second cycle, a flat volt-
age plateau can be observed even at the rate as high as 3C.
And the electrochemical reactions in Li-ion cells were also can
be confirmed by cyclic voltammograms (CV) of LiFePO4-C
electrodes. The reduction and oxidation peaks, corresponding
to the two-phase charge/discharge reaction of Fe>*/Fe** redox
couple, is still obvious even at a scan rate of 2mV s~!, which
corresponds to about 7C cycling rate. The electrochemical per-
formance of the LiFePO4-C composite made from this RPR
route is similar or improved compared with the published data
about the LiFePO4 materials made from Fe(III) raw materials in
the recent studies [16-20,27]. The high-rate performance indi-

cates that the synthesized LiFePO4-C composite would be well
suited for cathode materials of high-power lithium batteries and
the RPR using iron(III) as raw material is a very charming poten-
tial method for mass production, because it improves the cell
performance of the LiFePOy, at the same time decreases the cost
of the preparation through very simple process.

4. Conclusions

LiFePO4-C composite is successfully synthesized by a sim-
ple RPR method using Fe(III) as the raw material with PEG as
the carbon source and reductive agent. The cell performance was
improved because the conductivity was well improved by the
closely packed particles through the connection of carbon webs.
An initial capacity of 157 mAhg~! was obtained at 0.1C and
excellent high-rate performance was also achieved, no obvious
capacity loss and polarization can be observed at high current
density up to 40 cycles. The process is also very cheap, efficient
and reproducible, moreover, since no noxious gas was released
during the heating treatment, the process is more environmental
friendly and feasible commercially than other methods.
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