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Abstract A LiFePO4/C composite was obtained by a
polymer pyrolysis reduction method, using lithium poly-
acrylate (LiPAA) as carbon source and fractional lithium
source, and FePO4·2H2O as iron and phosphorus source. The
structure of the LiFePO4/C composites was investigated by
X-ray diffraction (XRD). The micromorphology of the
precursors and LiFePO4/C powders was observed using
scanning electron microscopy (SEM). Laser particle analyzer
and BET were also used to characterize the materials. It was
found that the micromorphology, particle size distribution
and specific surface area of LiFePO4/C composites were
greatly influenced by the molecular weight of LiPAA. The
electrochemical properties of the LiFePO4/C composites
were evaluated by cyclic voltammograms (CVs), electro-
chemical impedance spectra (EIS) and constant current
charge/discharge cycling tests. The results showed that the

molecular weight of LiPAA, heating rate, synthetic temper-
ature and sintering duration directly affected the electro-
chemical properties of LiFePO4/C composites. The sample
with the optimized electrochemical properties were obtained
in the following conditions, i.e., LiPAA with the molecular
weight of 20,000, heating rate of 10 °C min−1, synthetic
temperature of 700 °C and sintering duration of 15 h.
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Introduction

Olivine-type LiFePO4 has attracted a great deal of interest
as a cathode material for lithium-based secondary batteries
because of its numerous appealing features, such as high
theoretical capacity of 170 mAh g−1, high safety, non-
toxicity, a flat discharge voltage, and low cost [1–8].
However, LiFePO4 suffers from low ionic transport rate
and electronic conductivity. Recently, tremendous efforts
have been made to overcome the ionic transport and
electronic conductivity limitations, which include: (1)
doping LiFePO4 with foreign atoms [9–11]. Although this
method can increase the conductivity to some degree [10],
introducing guest atoms into the crystal lattices of LiFePO4

may also be deleterious if it occurs on the lithium sites [12].
(2) Surface coating or admixing with electronically con-
ductive materials (carbon [13–19], Ag [20] and conducting
polymers [21–24]) has also been studied. (3) Decreasing
the particle size may also improve the ionic transport issues
[25–27], because reducing the particle size can significantly
shorten the diffusion time of Li+ in LiFePO4, resulting in a
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much enhanced power performance. From these technolo-
gies, surface carbon coating has been widely used for
improving the electronic conductivity of LiFePO4.

However, previous studies [28–31] mainly focused on
the synthesis of LiFePO4/C composite materials by adding
adscititious carbon source. In this work, LiFePO4/C
composite was synthesized from LiPAA and FePO4·2H2O
by polymer pyrolysis reduction method without adscititious
carbon source. Here, LiPAA was proposed to carbon source,
reductant and fractional lithium source to prepare LiFePO4/
C composite. It is favorable to mix well and obtain
homogenous LiFePO4/C samples because no extra carbon
source is added.

In previous work, we have prepared LiFePO4/C com-
posite by a polymer pyrolysis reduction method [32]. In the
preparation process, we found that the molecular weight of
LiPAA play important roles in determining the physical and
electrochemical properties of LiFePO4 cathode materials.
Hence, in this study, the effects of molecular weight (mol.
wt.) on the physical and electrochemical properties of
LiFePO4/C composite were investigated for the first time.
Heating rates, synthetic temperatures and sintering dura-
tions were also examined.

Experimental

Synthesis of the LiFePO4/C composite

The LiFePO4/C composite was prepared using Li2C2O4,
FePO4·2H2O, H2C2O4·2H2O, and lithium polyacrylate
(LiPAA, M=2,000, 4,500, 10,000, 20,000, 100,000) as the
raw materials. FePO4·2H2O, Li2C2O4 and LiPAA (Li2C2O4:
LiPAA=1:2, according to the molar ratio) were dissolved in
de-ionized water, and then a small quantity of H2C2O4·2-
H2O was added to the solutions to adjust the system to
neutrality or slight acidity (pH=5–7). The above solution
was thoroughly mixed by ball-milling in a planetary QM-
3SP2 mill for 6 h. The homogeneous slurry was dried at
120 °C for 6 h to obtain the precursor. The precursors were
sintered at 600–800 °C for 9–21 h in a flowing nitrogen
with heating rate of 5–25 °C min−1, followed by cooling to
ambient temperature. The final powders were obtained by
grinding.

Characterization of the precursor and LiFePO4/C composite

The crystallographic structural characterization was per-
formed by X-ray powder diffraction. X-ray diffraction
(XRD) of the LiFePO4/C composites was carried out on a
Philips X′ Pert diffractometer equipped with Cu Kα
radiation of 1=0.15418 nm in the range of 10°<2θ<80°.
The micromorphology of the precursors and LiFePO4/C
composites was observed using an Impect F (FEI Compa-
ny) scanning electron microscopy. The particle size (D50) of
the LiFePO4/C composites was obtained from BT-9300H
laser particle analyzer. The specific surface area of the
samples was measured by nitrogen adsorption/desorption
at −196 °C using a Builder SSA-4200 apparatus, and
carbon content was detected using a Carlo Erba 1106
elemental analyzer (Italy).

Electrochemical measurements

Electrochemical measurements of the LiFePO4/C compo-
sites were accomplished by assembling CR2032 coin cells.
The electrodes were made by dispersing the LiFePO4/C
composites, super-p carbon black and an aqueous binder

Fig. 1 XRD patterns of LiFePO4/C composites derived from LiPAA
with different molecular weight

Sample ID a (Å) b (Å) c (Å) Cell volume (Å3)

M=2,000 10.35986 6.0287 4.70901 294.11

M=4,500 10.34221 6.01332 4.69322 291.88

M=10,000 10.33671 6.00819 4.69413 291.53

M=20,000 10.34182 6.01329 4.69733 292.12

M=100,000 10.33758 6.01525 4.69907 292.2

PDF=83-2092 10.334 6.01 4.693 291.47

Table 1 The lattice parameters
of the LiFePO4/C composites
derived from LiPAAwith differ-
ent molecular weight
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Sample ID Carbon content (%) Surface area (m2 g−1) Particle size D50 (μm)

M=2,000 3.69 15.584 2.27

M=4,500 3.81 18.881 2.37

M=10,000 3.79 20.349 2.13

M=20,000 4.11 24.723 1.86

M=100,000 3.37 13.474 3.15

Table 2 Powder properties of
the LiFePO4/C composites de-
rived from LiPAA with different
molecular weight

Fig. 2 SEM images of precur-
sors containing LiPAA with dif-
ferent molecular weight: a
2,000, b 4,500, c 10,000, d
20,000, e 100,000
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LA132 (Indigo, China) homogeneously in a weight ratio of
80:10:10, casting the mixture uniformly onto an aluminum
foil and drying at 100 °C. All electrodes were punched in
the form of a disk with a diameter of 14.5 mm (area=
1.65 cm2), pressed, dried at 100 °C under vacuum for 8 h,
and then weighed to determine the active mass. A typical
electrode disk contained 4–5 mg cm−2 of LiFePO4/C active
material with a thickness of 350–400 μm when coated on
aluminum foil.

The electrochemical performances of the LiFePO4/C
composites were evaluated with a lithium metal foil as the
counterelectrode and Celguard 2400 as the separator. The cell
assembly was carried out in an argon-filled dry box. The
electrolyte used was a 1 mol L−1 LiPF6 solution in a mixture
of ethylene carbonate, dimethyl carbonate and ethylene
methyl carbonate (1:1:1 by volume). The cell was tested on
a Neware Battery Tester (China) between 2.5 and 4.3 V, using
a constant current charge/discharge mode. Cyclic voltamme-

Fig. 3 SEM images of LiFePO4/
C composites derived from
LiPAA with different molecular
weight: a 2,000, b 4,500, c
10,000, d 20,000, e 100,000
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try measurements were performed using an Arbin Instrument
(USA) at a scan rate of 0.1 mV s−1 between 2.5 and 4.3 V
(vs. Li/Li+). Electrochemical impedance spectra were mea-
sured by using a Solatron 1260 Impedance Analyzer in the
frequency range 0.1–106 Hz at the open circuit with an ac
voltage signal of 5 mV. Alltests were performed at room
temperature without specially pointing out.

Results and discussion

Figure 1 shows the XRD patterns of as-prepared LiFePO4/
C composites sintered at 700 °C for 15 h under heating rate
of 10 °C min−1 and LiPAAwith different molecular weights
(unless otherwise specified, the following samples were
prepared under this condition). The XRD patterns reveal
that all the samples are single phase of LiFePO4 which can
be indexed to the orthorhombic olivine type structure
(JCPDS file no. 83-2092). It is found that no impurities
exist in the XRD patterns, suggesting that the carbon

derived from the LiPAA can effectively prevent the
appearance of impurity phase during the heat treatment.
The lattice parameters of LiFePO4/C composites are listed
in Table 1. It is shown that the lattice constants of all
samples are approximately similar, indicating that the
addition of LiPAA as carbon source has no obvious effect
on the crystal structure of LiFePO4 itself. There is no
obvious diffraction response of the carbon because of its
low content or amorphous state. The carbon content of all
samples is listed in Table 2. From Fig. 1, we can also see
that when the mol. wt. of LiPAA are 4,500, 10,000 and
20,000, the peak intensities of LiFePO4 are almost
identical, but when the LiPAA with mol. wt. of 2,000 and
100,000, the peak intensities of LiFePO4 obviously increase
compared with other samples. This indicates that too small
(e.g., 2,000) or too large (e.g., 100,000) mol. wt. of LiPAA
is propitious to increase the crystallization degree of the
LiFePO4/C composite.

Figure 2 presents the SEM images of the precursors
containing LiPAAwith different mol. wt. It can be observed

Fig. 4 First CVs of LiFePO4/C composites from different molecular weight LiPAA
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that a good uniformity in size distribution is achieved when
the mol. wt. of LiPAA are 10,000 and 20,000, whereas the

precursors are bad dispersion and even serious aggregation
when the mol. wt. of LiPAA are 2,000, 4,500 and 100,000.

Fig. 5 Initial charge/discharge curves of LiFePO4/C composites derived from LiPAA with different molecular weight at a rate of 0.2 C

Fig. 6 Cycling performances of LiFePO4/C composites derived from
LiPAA with different molecular weight at a rate of 0.2 C

Fig. 7 Cycling efficiencies of LiFePO4/C composites derived from
LiPAA with different molecular weight at a rate of 0.2 C

1060 J Solid State Electrochem (2012) 16:1055–1065



The results can be attributed to the effect of molecular
chain. When the mol. wt. of LiPAA is too small (e.g., 2,000
or 4,500), the circumvolute effect among molecular chains
is too weak to prevent sedimentation of the precursor
during drying. However, when the mol. wt. of LiPAA is too
large (e.g., 100,000), the circumvolute effect among
molecular chains is too strong to avoid aggregation of the
precursor. Therefore, only when the mol. wt. of LiPAA is
moderate (e.g., 10,000 or 20,000) can the precursors with
uniform size distribution be obtained. The dispersion
uniformity of the precursor directly affected the particle
size distribution of final sample. The SEM images of as-
prepared LiFePO4/C composites are illustrated in Fig. 3. It
can be seen that the samples show fine particle size
distribution when the mol. wt. of LiPAA was 10,000

(Fig. 3c) and 20,000 (Fig. 3d). Otherwise, as shown in
Fig. 3a, b, e, the samples has bad particle size distribution.
And the particle size has a slight increase when LiPAAwith
mol. wt. of 2,000, 4,500 and 100,000 was used. It also can
be observed that the samples derived from LiPAAwith mol.
wt of 10,000 and 20,000 have plenty of nano-sized
microstructure on the surface of the particles, and the
samples derived from LiPAA with mol. wt of 2,000, 4,500
and 100,000 show a comparatively glossy surface. The data
from the BET measurement and laser particle analyzer is
shown in Table 2. The LiFePO4/C composites derived from
LiPAA with mol. wt of 10,000 and 20,000 have larger
specific surface area and smaller particle size (D50) than the
other samples, which is in good agreement with Fig. 3.

Figure 4 shows the first cyclic voltammograms (CVs) of
the LiFePO4/C composites. As shown in Fig. 4, a single pair
of well-defined redox peaks is observed for all the samples.
It suggested that there were no impurities in the composites,
corresponding with the XRD patterns. The anodic and
cathodic peaks correspond to the two-phase charge–dis-
charge reaction of the Fe2+/Fe3+ redox couple. The voltage
separation (ΔV) between the anodic and the cathodic peaks
are 0.49, 0.41, 0.43, 0.31 and 0.45 V for the LiPAAwith mol.
wt. of 2,000, 4,500, 10,000, 20,000 and 100,000, respec-
tively, and the discharge peak currents decrease according to
the order 20,000, 4,500, 10,000, 100,000, 2,000. This
indicates that the sample derived from LiPAA with mol. wt.
of 20,000 has lowest polarization, and the sample derived
from LiPAAwith mol. wt. of 2,000 has highest polarization.

The initial charge/discharge curves of as-prepared
LiFePO4/C composites are illustrated in Fig. 5. It is found
that the discharge capacities of LiFePO4 powders derived
from LiPAA with mol. wt. of 2,000, 4,500, 10,000, 20,000
and 100,000 are 99, 128, 138, 151 and 125 mAh g−1,
respectively. The coulomb efficiencies of LiFePO4/C
composites decrease according to order 20,000, 10,000,
4,500, 100,000, 2,000. The highest discharge capacity and
coulomb efficiency for the sample derived from LiPAAwith
mol. wt. of 20,000 can be explained in terms of fine particle
size, low polarization and resistance.

The cycle performance of all samples at a rate of 0.2 C is
shown in Fig. 6. It can be seen that the discharge capacity
of the sample derived from LiPAA with mol. wt. of 20,000
gradually increase with the number of cycling, but the
discharge capacity of the sample derived from LiPAA with
mol. wt. of 2,000 quickly decrease, and the discharge
capacities of the samples derived from LiPAAwith mol. wt.
of 4,500 and 10,000 decreased slightly, and the discharge
capacity of the sample derived from LiPAAwith mol. wt. of
100,000 shows very little increase. The capacity retentions
are 76.6%, 96.7%, 92.5%, 104.1% and 101.8% for the
samples derived from LiPAAwith mol. wt. of 2,000, 4,500,
10,000, 20,000 and 100,000, respectively, after 20 cycles.

Fig. 9 The relationship plot between Zre and !−1/2 at low-frequency
region

Fig. 8 Electrochemical impedance spectra of LiFePO4/C composites
from LiPAA with different molecular weight
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The reasons for the differences can be attributed to the
particle size, polarization and internal resistance of the
cells. The cycling efficiencies of all samples at different
cycle number are showed in Fig. 7. The first cycle
irreversible capacities are 34.3, 26.4, 14.2, 9.4 and
26.3 mAh g−1 for the samples derived from LiPAA with
mol. wt. of 2,000, 4,500, 10,000, 20,000 and 100,000,
respectively.

In order to understand the influence of LiPAA with
different mol. wt. on the materials in detail, electrochemical
impedance spectra measurements were carried out in a fresh
coin cell, as shown in Fig. 8. An intercept at the Z' axis in
high frequency corresponded to the ohmic resistance (Re),
which represented the resistance of the electrolyte. The
semicircle in the middle frequency range indicated the
charge transfer resistance (Rct). The inclined line in the low
frequency represented the Warburg impedance (Zw), which
was associated with lithium-ion diffusion in the LiFePO4

particles. The lithium-ion diffusion coefficient could be
calculated using the following equation [33]:

D ¼ R2T2=2A2n4F4c2s2 ð1Þ
where R is the gas constant, T is the absolute temperature, A
is the geometric surface area of the cathode (cm2), n is the
number of electrons per molecule during oxidization, F is
the Faraday constant, C is the concentration of lithium-ion
(7.69×10−3 mol cm−3) and σ is the Warburg factor which is
associated with Zre.

Zre ¼ Re þ Rct þ sw�1=2 ð2Þ

where w is frequency. Figure 9 shows the relationship plot
between Zre and reciprocal square root of the angular
frequency (w−1/2) at low-frequency region. All the param-
eters obtained and calculated from EIS are shown in
Table 3. It can be seen that the LiFePO4/C composite
derived from LiPAAwith mol. wt. of 20,000 has the highest
exchange current density (i) and lithium-ion diffusion
coefficient (which is higher than that reported in one study
[39]), and the lowest Rct. The exchange current density
could be calculated using the following equation [34]:

i ¼ RT=nFRct ð3Þ

It has been recognized that the middle frequency
semicircle might correspond to the charge transfer imped-
ance (Rct) that resulted from the electrochemical reaction at
the electrolyte and active material interface. The lower
resistance of sample derived from LiPAA with mol. wt. of
20,000 can be attributed to the abundance of nano-sized
microstructure on the surface of the particles, as the
presence of such microstructure on the surface can aid the
active material in effectively absorbing the electrolyte and
thus accelerate the rate of electrochemical reaction on the
interface. Meanwhile, lower polarization also can be
propitious to decrease the resistance of sample. Further-
more, it is obvious that the LiFePO4/C composite derived
from LiPAAwith mol. wt. of 20,000 has highest lithium-ion
diffusion coefficient, which can be explained in terms of
particle size, low polarization and resistance. Because the
lithium-ion diffusion process is controlled by lithium
transport across the LiFePO4 | FePO4 interface [35, 36];
therefore, small particle size, low polarization, and low
resistance can improve the diffusion rate of lithium ion.
Consequently, this enhances the performance of the
LiFePO4/C composite, and this is consistent with the results
shown in Figs. 4, 5 and 6.

The results discussed above reveal that the mol. wt. of
LiPAA is an important factor for the synthesis of LiFePO4/
C composite. The physical and electrochemical perform-
ances of as-prepared LiFePO4/C are influenced greatly by
the mol. wt. of LiPAA. When the mol. wt. of LiPAA is too
small (e.g., 2,000 or 4,500), the precursor may sedimentate
during drying. However, when the mol. wt. of LiPAA is too
large (e.g., 100,000), the precursor will aggregate. The both
extreme choice would lead to failure to synthesize
LiFePO4/C composite with fine particle size and electro-
chemical properties. The results show that LiPAAwith mol.
wt. of 20,000 is chosen as the optimum value for the
synthesis of LiFePO4/C composite.

The heating rate, synthetic temperature and sintering
duration are the other three important factors that
influence the electrochemical performances of LiFePO4/
C composite. Figure 10a shows the initial discharge
capacities of as-prepared LiFePO4/C composites sintered
at 700 °C for 15 h with different heating rates and LiPAA
with mol. wt. of 20,000. It can be seen from the figure that
the maximum initial discharge capacity is reached at a

Sample ID Re (Ω) Rct (Ω) σ(Ω cm S−1/2) D (cm2 S−1) i (mA cm−2)

M=2,000 1.94 179 44.1 1.13×10−13 1.43×10−4

M=4,500 1.62 150 45.4 1.07×10−13 1.71×10−4

M=10,000 1.84 112 44.2 1.13×10−13 2.29×10−4

M=20,000 1.92 64 37.7 1.55×10−13 4.01×10−4

M=100,000 1.70 106 51.6 8.26×10−14 2.42×10−4

Table 3 The impedance param-
eters of the LiFePO4/C cells
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heating rate of 10 °C min−1. The reason may be that
vacancies left by small volatile molecules when heat
treatment can be kept in the formed product and result in
an increase of micropores. The micropores are effective
places for lithium storage [37, 38]. Moreover, the
interconnected microstructure helps the electrolyte to
equably penetrate the electroactive materials, which leads
to better electrochemical performance of LiFePO4/C. At
higher heating rates (>10 °C min−1), the in situ pyrolyzed
LiPAA form a large number of small and interconnected
pores. However, excessive pores result in an increase of
“dead lithium”. At lower heating rates (<10 °C min−1),
large but separated pores are mainly formed because of
small volatile molecules escaping from solid samples at
lower speed, which is unfavorable for the electrolyte to
equably penetrate the electroactive materials. Therefore,
the heating rate of 10 °C min−1 is an optimum value for
the synthesis of LiFePO4/C.

Figure 10b reveals the initial discharge capacities of
LiFePO4/C composites sintered at 700 °C under different
sintering durations with the heating rate of 10 °C min−1 and
molecular weight of 20,000. As shown in Fig. 10b, the
maximum initial discharge capacity is obtained at sintering
duration of 15 h. It is well known that crystal integrality
and granularity of products are considered as the main
factors affecting the electrochemical performances. When
the sintering duration is shortened, LiFePO4/C with
complete crystal structure may not be obtained, which
leads to the instability of crystal and imposes a negative
impact on the electrochemical performance of the product.
When the sintering duration is increased, it is unfavorable
for Li+ diffusing in crystal due to the increase of particle
size and the decrease of the specific surface area, which

Fig. 11 Cycling performances and discharge curves of LiFePO4/C
composite derived from optimized synthesis conditions at various
discharge rates

Fig. 10 Discharge capacities of LiFePO4/C composites sintered
under: a different heating rates, b different sintering durations, c
different synthetic temperatures
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also affect the electrochemical performances of the product.
Therefore, the sintering duration of 15 h is chosen as the
optimum value for the synthesis of LiFePO4/C.

The initial discharge capacities of as-prepared LiFePO4/
C composites sintered for 15 h under different synthetic
temperatures with the heating rate of 10 °C min−1 and mol.
wt. of 20,000 are illustrated in Fig. 10c. It can be seen that
the maximum initial discharge capacity is obtained at
synthetic temperature of 700 °C. The reason for the
differences also can be explained in terms of crystal
integrality and granularity of products. From the above
results, it can be obtained that the optimized conditions for
the synthesis of LiFePO4/C composite are synthetic
temperature of 700 °C, sintering duration of 15 h, heating
rate of 10 °C min−1 and LiPAA with mol. wt. of 20,000.

Figure 11 presents the cycle performances and discharge
curves (inset of Fig. 11) of as-prepared LiFePO4/C
composite at the optimum conductions at various discharge
rates ranging from 0.1 to 5 C. Although the discharge
capacities decrease from 157 to 109 mAh g−1 with the
increase of discharge rates from 0.1 to 5 C, the sample
presents excellent capacity retention at different rates. The
capacity retentions are 101.6%, 104.5%, 99.7%, 99.1% and

98% at rates of 0.1, 0.2, 1, 3 and 5, respectively, after 50
cycles. The irreversible capacities and cycling efficiencies
of optimized LiFePO4/C composite at different discharge
rates are listed in Table 4. The above results show that the
sample prepared at optimized conditions has good rate
performance and cycling stability, which can be attributed
to the pyrolytic carbon derived from the LiPAA, fine
particle size, low polarization and internal resistance of
the cell.

The initial charge/discharge curves of optimized
LiFePO4/C composites at different electrode temperatures
are illustrated in Fig. 12. It is found that the discharge
capacities of the sample increases with increasing electrode
temperature. It was reported that [39] the ohmic resistance
(Re) and the charge transfer resistance (Rct) decreases with
the elevated electrode temperature. Moreover, from Eqs. 1
and 3, we can see that the higher the temperature, the higher
the lithium-ion diffusion coefficient and exchange current
density. The above reasons can also improve the electro-
chemistry performance of LiFePO4 at elevated temper-
atures. From Fig. 12, we can also see that an increase in cell
temperature results in a smaller voltage difference between
the flat charge and discharge plateaus (ΔV'), which may be
attributable to low charge transfer resistance (Rct) and high
lithium-ion diffusion coefficient.

Conclusions

In this work, LiFePO4/C composite was obtained from LiPAA
and FePO4·2H2O by a polymer pyrolysis reduction method.
The mol. wt. of LiPAA, heating rate, synthetic temperature
and sintering duration directly affected the electrochemical
performance of LiFePO4/C. The results demonstrate that the
mol. wt. of LiPAA, heating rate, synthetic temperature and
sintering duration were optimized to be 20,000, 10 °C min−1,
700 °C and 15 h, respectively, at which the LiFePO4/C
prevents the initial discharge capacities of 157, 139 and
109 mAh g−1 at rates of 0.1, 1 and 5 C, respectively, and
shows the excellent cycling stability as there is no significant
capacity fading after 50 cycles. Furthermore, the electro-
chemical performance of optimum LiFePO4/C composite at
elevated temperature was also investigated.

Fig. 12 The initial charge/discharge curves of optimized LiFePO4/C
composites at different electrode temperatures at a rate of 0.2 C

Discharge
rates (C)

First cycle irreversible
capacity (mAh g−1)

First cycling
efficiency (%)

Second cycling
efficiency (%)

Tenth cycling
efficiency (%)

0.1 5.1 96.8 100.5 100.2

0.2 9.4 92.4 100.8 99.8

1 17.7 89.7 99.7 99.8

3 24.1 83.2 99.2 100

5 28.9 78.9 98.5 99.7

Table 4 Irreversible capacity
and cycling efficiency of opti-
mized LiFePO4/C composite at
different discharge rates
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