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LiFePO4/polyacenes (PAS) composite is synthesized by iron oxyhydroxide as a new raw material and
phenol-formaldehyde resin as both reducing agent and carbon source. The mechanism of the reaction is
outlined by the analysis of XRD, FTIR as well as TG/DSC. The results show that the formation of LiFePO4
is started at 300°C, and above 550°C, the product can be mainly ascribed to olivine LiFePO,4. The elec-
trochemical properties of the synthesized composites are investigated by charge-discharge tests. It is
found that the prepared sample at 750 °C (S750) has a better electrochemical performance than samples
prepared at other temperatures. A discharge capacity of 158 mAh g~ is delivered at 0.2 C. Under high
discharge rate of 10C, a discharge capacity of 145 mAh g~ and good capacity retention of 93% after 800
cycles are achieved. The morphology of S750 and PAS distribution in it are investigated by SEM and TEM.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since lithium iron phosphate as a promising cathode material
for lithium ion batteries was first reported in 1997 [1], it has been
well known as a promising cathode material for lithium ion bat-
teries in applications such as power tools, electric vehicles (EVs)
and hybrid electric vehicles (HEVs), due to its safety, environmen-
tal benign, and relatively low cost [2,3], and great efforts have been
devoted to improve the electrochemical performances. Although
enhanced performances have been obtained by different synthesis
routes such as sol-gel methods, coprecipitation and hydrothermal
processes [4-7], many obstacles have been encountered for these
methods from a laboratory process to mass production because
of the complicated synthesis techniques and the hard controlled
synthesis situation. Solid-state reaction is still the better choice.

Solid-state preparative approaches had relied on the use of Fe2*
precursor compounds, typically iron (II) oxalate [1,8], or iron (II)
acetate [9]. Apart from being expensive, the multistage prepara-
tive strategies are not considered commercially favorable. Since J.
Barker [10] applied a carbothermal reduction (CTR) technique as a
convenient and energy efficient method to synthesize LiFePO4 from
Fe3* precursor, iron (III) compounds such as cheap Fe,03 [10-12]
or FePO4 [7,13,14] have been considered a lot in recent reports.
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As one of the iron (III) compounds, iron oxyhydroxide (FeOOH)
has been extensively used in the production of pigment, catalysts,
raw materials of hard and soft magnets, because it is inexpensive
and abundant. Recently, FeOOH has been investigated as cathode
materials in Li-ion batteries [15-18]. However, to the best of our
knowledge, its application as an iron precursor in the preparation
of LiFePO4 has not been reported.

Herein, we have attempted to synthesize LiFePO4/PAS compos-
ite by using FeOOH as a novel Fe (III) raw material, and PF resin as
both a reducing agent and carbon source. Moreover, the reaction
mechanism has been explored and the electrochemical perfor-
mance of the as-prepared LiFePO4/PAS is investigated. In addition,
PAS as one of the conductive carbons pyrolyzed from PF resin
[19,20] to improve the performance of LiFePO,4 have been reported
by our group [21,22].

2. Experimental

The LiFePO4/PAS samples were synthesized from FeOOH,
LiH,PO4 and phenol-formaldehyde (PF) resin as starting materials.
Stoichiometric amounts of FeOOH, LiH,PO4 and suitable amounts
of PFresin(ca. 10-15 wt.%) were mixed in ethanol. After ball milling,
the mixed slurry was dried in an oven. Finally, the resulting precur-
sor was heated in a tube furnace to get the samples at 300, 350, 400,
450, 550, 600, 675, 750°C for 8 h under N, atmosphere. They are
denoted as S300, S350, S450, S550, S600, S675, S750, respectively.

The carbon content in the sample was determined by the Var-
ioEL III (Elementar, Germany). The thermal behavior of precursor
was concerned with the Thermogravimetric-differential scanning
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calorimetry (TG/DSC) apparatus (Pyris Diamond, PerkinElmer Ther-
mal Anylysis) under nitrogen flow. The sample was heated from
ambient to 800°C at the rate of 10°C min~!. In order to analyze
the crystalline structure of the prepared samples, X-ray diffraction
(XRD) was performed with a Rigaku P/max 2200VPC using a Cu
K( radiation source (A =1.5406 A) by a powder diffraction method.
FTIR analysis was performed on KBr-supported samples using a
Magna 560 spectrometer (American Nicolet). FEG XL-30 SEM and
JEOL-JEM-2010 TEM were used to observe the particle size and
morphology of the samples. After the powder samples were pressed
in the form of disks at 12 MPa, typically with a diameter of 15 mm
and a thickness of 1-3 mm, four-point probe meter (SDY-5) was
used to measure the electronic conductivity of the samples.

The performance of the LiFePO4 as cathode was evaluated using
a coin-type cell (size 2025) with a lithium metal anode. The work-
ing electrode was made by dispersing 80 wt.% active materials
(LiFePO4/PAS), 10 wt.% carbon black, and 10 wt.% polyvinylidene
fluoride (PVDF) binder in N-methylpyrrolidone (NMP) solvent to
form a homogeneous slurry. The slurry was then spread on Al foil.
The coated electrodes were dried in vacuum at 120°C for 12 h. The
cells were assembled in an argon atmosphere filled glove box. The
electrolyte was 1M LiPFg in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (1:1 volume). The cells were gal-
vanostatically charged and discharged between 2.0 and 4.2 V versus
Li/Li* at room temperature on the electrochemical test instrument
(CT2001A, Wuhan Land Electronic Co. Ltd., China),1C=170mAg-".

3. Results and discussion
3.1. Thermal analysis

The TG/DSC curves for the mixture of the precursor are pre-
sented in Fig. 1. Under the N, atmosphere, there are several stages
of weight loss in the TG plot and both endothermic and exothermic
peaks in the DSC plot. Around 210°C, an initial weight loss and an
endothermic peak appear. This corresponds to the elimination of
structural water of FeOOH [15] and should also be related to the lost
of water of LiH,PO4 to form a dimer (Li;H,P207) [8]. In the region
from 300 to 450 °C, the broad exothermic peak and the continuous
weight loss could be related to the combination of the reactants to
form lithium iron phosphate (LiFePO4) and a side reaction to form
LiFeP,0-. As the temperature increases above 450-500°C, a small
second exothermic peak is observed, this is probably corresponding
to the reduction of LiFeP, O to LiFePO4 (Eq. (7)). From 500 to 800 °C,
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Fig. 1. The TG/DSC curves for the mixture of the precursor. The vertical symbols
and the marked numbers on the TG curve indicate the sintering temperatures of the
samples.
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Fig. 2. The XRD spectra of the samples LFP sintered for 8 h at 300-750°C.

the resulting precursor kept a very slow weight loss, the behavior
is probably associated with the further pyrolysis of PF resin in the
Ny flow.

The above reaction involved may be summarized as following:

Around 210°C:
FeOOHXH,0 — FeOOH +xH,0 (1)
2LiH,PO4 — Li;H;P,07 +H,0 (2)

At 300-450°C:

LiH,PO4 + FeOOH + RE — LiFePO4 (mainreaction) 3)

LipH,P,07 + FeOOH — LiFeP,07 +LiOH + H,O (sidereaction)
4)

2LiOH + LiH,PO4— Li3PO4+H,0 (sidesreaction) (5)

FeOOH + RE — Fe304+H,0 (sidereaction) (6)
At 450 to 500°C:

2LiFeP,07 + Li3PO4 + Fe304 + RE — 5LiFePO4 (sidereaction)(7)

(RE=reducing agent)

where RE represents the reducing agents in the synthesis process,
and it is some reducing gases such as H, or gaseous hydrocarbons
evolved during the calcinations of the PF resin [14].

3.2. XRD analysis

The different stages of the LiFePO4 synthesis are illustrated in
Fig. 2. The patterns of the samples sintered at the temperature range
are actually dominated by the pattern characteristics of LiFePOy.
In the early stages, the Bragg peaks of LiFePO4 emerge from the
amorphous background at 300 °C, giving evidence that the LiFePO,
formation has just started at this temperature. As the temperature
increases, the intensity is strengthened. It shows that more quan-
tity of LiFePOy is crystallized. The XRD signal at around 26 =23.3
and 40° reflects detectable amounts of LiFeP,0- and Li3PO4 phases
appeared in the sample. Above 550°C, the impurity phase is dis-
appeared, and all diffraction peaks can be attributed to an ordered
olivine LiFePOg4 structure, indicating that LiFeP,07 is reduced to
LiFePOyg4. In the range of 550-750°C, the peaks gradually sharpen
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Fig. 3. The FTIR spectroscopy of the samples calcined at different temperatures in the range of 300-750°C.

with the increasing temperature, indicating that an increase of crys-
tallinity as may occur from growth of grain size, ordering of local
structure, and release of lattice strain [8].

3.3. FTIR spectroscopy

As shown in Fig. 3, plot 750 is composed of both PAS and LiFePOy4
characteristic peaks. The numbered peaks are all indexed with the
vibration of olivine lithium iron phosphate [23], and the weak
peaks in the region of 1400-1600cm~! are corresponding to the
absorbance of the residual carbon [22]. And from plot 300 to plot
550, the bands of weak intensity in the spectral range from 1300 to
1800 cm™! are corresponding to the incompletely pyrolytic product
of PF resin at the temperature range of 300-550°C [22].

As analyzed in the XRD patterns, in the early stage of the synthe-
sis, olivine LiFePOy4 starts to form at 300 °C. At this temperature, the
IR bands are very broad, confirming that LFP particles are of poor
crystallinity. As the temperature increases, the spectrum becomes
better resolved. This shows that the LiFePO4 materials synthesized
at higher temperatures have better crystalline olivine structure.
The asterisks and the black diamonds in the plots indicate the
impurities such as LizPO4 and LiFeP,07 exist in the samples pre-
pared at low temperature from 350 to 450°C. In sample S550, all
absorbance bands can be ascribed to the vibration of olivine LiFePO,4
in the region of 1400-1700 cm~!. Combined with the TG/DSC and
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Fig. 4. XRD patterns of the FeFOOH mixed with 10% PF resin sintered at 300 and
550°C under N; flow.

XRD analysis, it indicates that the iron (III) compounds such as the
observed LiFeP,07 is reduced, and LizPO4 is one reactant in the
reaction (Eq. (7)). This was in correspondence with TG/DSC and the
XRD analysis above.
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Fig. 5. (A) Charge-discharge curves of LiFePO4/PAS samples treated to different
temperatures (indicated within the labels). In all cases, the current was set to 0.5C
(ca.34mAg1). (B) Development of electric conductivity with temperature of sam-
ple treatment.
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Fig. 6. SEM image (A) and TEM image (B) of S750.

Although FTIR measurements and X-ray diffractometry are not
sensitive to detect of low concentrations of impurities (at the ppm
level) [24], we can conclude that there is no large quantity of iron
oxide formed during the early synthesis.

To investigate the reaction of FfOOH under the reductive atmo-
sphere, we evaluated the products synthesized from FeOOH mixed
with PFresin at 300 and 550 °C. As shown in Fig. 4, the XRD patterns
show that under the condition with PF resin providing the reduc-
tive atmosphere, FeOOH is likely to transform to Fe304 rather than
Fe,03. Based on the analysis above, we deduce that LiFeP,07 and
LizPO4 will react with Fe304 to form LiFePQy4, as shown in Eq. (7).
No character peaks of Fe30,4 appears in the XRD patterns of the
samples from plot 300 to plot 750, indicating its small quantity in
the preparation process.

3.4. Electrochemistry of LiFePO4/PAS composite synthesized at
different temperatures

Galvanostatic testing of the material above 550 °C (Fig. 5) shows
the electrochemical performance of the samples prepared at differ-
ent temperatures under the discharge rate of 0.2 C. The best result
is obtained at 750°C. As shown in plot d of Fig. 5A, a flat and long
charge and discharge voltage plateau is located at 3.46 and 3.39V
and a capacity of 142mAhg-! is delivered. The reasons for the
increase in capacity are associated with the increase of the elec-
tronic conductivity, as shown in Fig. 5B, and the better crystallinity
as mentioned above. The performance of the samples sintered at
higher temperatures than 750°C are not discussed in this paper,
because it is more energy consuming, and the related reports indi-
cate that the capacities will decrease due to the agglomeration of
the small particles into larger ones and the impurities appeared
[8,9,25].

3.5. Morphology of LiFePO,4/PAS synthesized at 750°C

The morphology of LiFePO4/PAS prepared under the optimized
temperature (750°C) is described in Fig. 6. Fig. 6A represents the
S750 materials consisting of nanometric lithium iron phosphate
particles with an irregular morphology partially or fully fused
together into larger agglomerates. The morphology of the existed
PAS cannot be observed obviously by SEM and in order to verify its
distribution in the powders, TEM images were illustrated in Fig. 6B.
It can be seen that PAS distributes between the particles, and it is
not likely that it coats all the particles evenly in the sample. How-

ever, as a conductive carbon, PAS between the particles contribute
to the enhanced electronic conductivity.
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Fig.7. (a)Charge-discharge profiles of S750 at different currents rates. (b) Discharge
capacity versus cycle number at room temperature from 0.1 to 2 C. The inset is
cycling performance of S750 at 10 C for 800 cycles.
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Table 1

The capacity of S750 and the corresponding capacity of LiFePO4 when neglecting the residual inert carbon of it at different discharging rate.

The discharging rate

0.2C(34mAg1)

1C(170mAg1) 5C(850mAg1) 10C(1700mAg-1)

The capacity of the LiFePO4/PAS composite (mAhg=!) 143
The capacity of the LiFePO4 (mAhg~) 158 (93% DOD)

136 122 118
151 (89% DOD) 136 (80% DOD) 131 (77% DOD)

In addition, the depth of discharge (DOD) at the end of the fully discharge is 100% DOD.

3.6. Electrochemical performance of LiFePO4/PAS synthesized at
750°C

The electrochemical rate performance and cyclability of S750
are shown in Fig. 7. The discharge capacities are 143 mAhg! at
0.2 C, and the voltage profile exhibits very flat plateaus, which indi-
cates that the two-phase redox reaction proceeds via a first-order
transition between LiFePO4, and FePO4. Under higher currents,
the capacities are certain to decrease, but a capacity of 136, 131,
118 mAhg-! can still be delivered at the rate of 1, 2 and 10C,
respectively. The capacity retention is very good at low current
rates after 40 cycles. At the high current of 10C, the capacity
retention is 93% after 800 cycles, indicating a promising cycling
performance.

The residual conductive carbon is intrinsically an inert material
for Li* storage, and the increasing amount of carbon as the active
material would certainly lead to capacity loss. Table 1 gives the
discharge capacity values observed and the value calculated when
the inert carbon (10 wt.%) is ignored for the LiFePO4/PAS composite
S$750. The capacities would be 158, 151, 146 and 137 mAhg! at
0.2, 1, 2 and 5C, respectively, as the carbon (PAS) is neglected in
the LiFePO4PAS composite, as shown in Table 1.

4. Conclusions

In this paper, lithium iron phosphate was successfully syn-
thesized from iron oxyhydroxide, which is an abundant and
inexpensive iron source. During the heating process, LiFePOy4 starts
to form at 300°C and above 550°C, all X-ray diffraction peaks of
the products can be attributed to an ordered olivine LiFePO4 struc-
ture. The peaks gradually sharpen with the increasing temperature,
which indicates the increase of crystallinity. The results are in cor-
respondence with TG/DSC and IR analysis.

The electrochemical properties of the synthesized composite are
investigated, and S750 has a better electrochemical performance
than samples prepared at other temperatures. An initial capacity
of 158 mAhg-! is obtained at 0.2C and excellent high-rate per-
formance is also achieved. The good electrochemical performance
demonstrates that the route is promising to synthesize LiFePO4 as
the cathode material in lithium ion batteries.
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