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A novel in-situ route was employed to synthesize LiFePO4/carbon-nanofibers (CNFs) composites. The route
combined high-temperature solid phase reaction with chemical vapor deposition (CVD) using Fe2O3 and
LiH2PO4 as the precursors for LiFePO4 growth and acetylene (C2H2) as the carbon source for CNFs growth.
The composites were characterized by X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) specific surface
area, field emission scanning electron microscopy (FE-SEM), and transmission electron microscopy (TEM). The
electrochemical performance of the composites was studied by galvanostatic cycling and cyclic voltammetry
(CV). The results showed that the in-situ CNFs growth could be realized by the catalytic effect of the Fe2O3

precursor. The sample after 80 min CVD reaction showed the best electrochemical performance, indicating a
promising application in high-power Li-ion batteries.
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1. Introduction

Since first reported by Padhi et al.[1,2], olivine-type
lithium iron phosphate, LiFePO4, has attracted an in-
creasing interest as a promising cathode material for
large size Li-ion batteries for electric vehicles (EVs)
and hybrid electric vehicles (HEVs). The main short-
comings of this material are its intrinsically poor elec-
trical conductivity and low Li-ion diffusion rate. To
date, the most effective method to increase the elec-
tronic conductivity of LiFePO4 is carbon coating[3].
In recent years, various forms of carbon materials
have been proposed to coat LiFePO4, such as carbon
black[4–8], graphite[6–9] and pyrolytic carbon[3,10–12].

Recently, the one-dimensional (1D) carbon ma-
terials: carbon nanotubes (CNTs)[13–21] and carbon
nanofibers (CNFs)[6,22], have also been used to en-
hance the electronic conductivity of LiFePO4. In the
above work, CNTs or CNFs were incorporated into
LiFePO4 through an ex-situ route, namely that, the
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CNTs or CNFs was prepared in advance. In this work,
CNFs was introduced into LiFePO4 through a novel
in-situ route. In other words, the growth of LiFePO4

and CNFs can occur simultaneously. The microstruc-
ture and electrochemical performance of the in-situ
prepared LiFePO4/CNFs were investigated.

2. Experimental

The LiFePO4/CNFs composites were prepared by
solid phase reaction combined with chemical vapor
deposition (CVD). The precursors were sufficiently
mixed by ball-milling stoichiometric LiH2PO4 (ana-
lytical reagent) and Fe2O3 (analytical reagent) in ace-
tone for 10 h at 300 r/min with a ball-to-precursors
weight ratio of 9:1 followed by drying at 60◦C for 8 h
in air. The procedure for the solid phase reaction was
as follows: first, the precursors mixture was heated in
flowing N2 from room temperature to 500◦C; second,
the temperature was maintained at 500◦C for a period
of time (60, 80, 100 and 120 min) in flowing N2/C2H2

(10 vol.% C2H2); third, the temperature was then
increased to 700◦C and the gas was switched to
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Fig. 1 XRD patterns of the products with different pe-
riod of CVD reaction time

N2; finally, the heating was continued for 5 h in N2

followed by cooling to room temperature naturally.
The crystalline structure of the obtained prod-

ucts was characterized by X-ray diffraction (XRD)
on a Rigaku D/Max-2550pc powder diffractometer
equipped with CuKα radiation (λ=0.1541 nm). The
morphology of the products was observed by field
emission scanning electron microscopy (FE-SEM) on
an FEI-sirion microscope and transmission electron
microscopy (TEM) on a JEM-2110. The carbon con-
tent was measured on a Flash EA 1112 tester. The
specific surface area of the samples was measured
by using the Brunauer-Emmett-Teller (BET) method
under an AUTOSORB-1-C instrument.

LiFePO4/CNFs, acetylene black and polyvinyli-
dene fluoride (PVDF) binder in a weight ratio of
80:10:10 were mixed in N-methyl pyrrolidone (NMP)
and stirred for 2 h to make slurry. The working elec-
trodes were prepared by spreading the slurry on Al
foils and dried at 60◦C for 8 h in air. The CR2025-
type coin cells were assembled in an Ar-filled glove
box using metallic lithium as anode, 1 mol/L LiPF6

solution in ethylene carbonate (EC)/dimethyl car-
bonate (DMC) (1:1 in volume) as electrolyte, and
Celgard 2300 porous polypropylene film as separa-
tor. Galvanostatic cycling was performed between
2.5 and 4.3 V vs Li/Li+ at various C rates on a
PCBT-138-32D battery tester, where 1 C corresponds
to 170 mA·g−1. Cyclic voltammetry (CV) was per-
formed between 2.5 and 4.3 V at 0.1 mV·s−1 using a
CHI660C electrochemical workstation. All of the elec-
trochemical measurements were performed at 25◦C.

3. Results and Discussion

Figure 1 shows the XRD patterns of the products
prepared by solid phase reaction combined with CVD
treatment. For comparison, the standard diffraction
patterns of LiFePO4 are also presented. For sample
after 60 min CVD treatment, a small Fe2P2O7 peak is
detected. All the XRD patterns of the other samples

can be indexed to single-phased olivine-type LiFePO4

with a space group Pmnb. No diffraction peaks re-
lated to carbon can be found, indicating that it is not
well crystallized or at a low content. The formation
of LiFePO4 can be written as

Fe2O3+2LiH2PO4+C → 2LiFePO4+CO+2H2O (1)

where Fe2O3 and LiH2PO4 are used as the precursors
in the presence of carbon. The carbon comes from the
pyrolysis of C2H2 in this work:

C2H2 → 2C + H2 (2)

The carbon contents of the samples after 80, 100
and 120 min CVD reaction are 3.5, 5.6, and 7.1 wt%,
respectively. Note that a reasonable carbon content
of 3.5 wt% was achieved after 80 min CVD reaction,
and that increasing the CVD reaction time will de-
posit more carbon. For the calculation of the gravi-
metric capacity, the weight of carbon is included for
all the samples. The specific surface area by the BET
method is 5.2 m2·g−1 for the sample after 80 min CVD
reaction. For comparison, another LiFePO4/C sam-
ple was synthesized using Fe2O3 and LiH2PO4 as the
precursors and polypropylene as the carbon source.
This sample shows a lower specific surface area of
3.8 m2·g−1, even though the two samples have the
same carbon content of 3.5%. It is also found that
the slurry made of LiFePO4/CNFs is easier to coat
than that made of LiFePO4/C.

Figure 2 shows the SEM images of samples after
different period of the CVD time. Note that the sam-
ple after 80 min CVD reaction is composed of micro-
sized particles and fiber-like 1D material as shown in
Fig. 2(a). It seems that the particles are connected
by the 1D material with its end embedded into the
particles. The amount of the 1D material is obviously
increased when the CVD reaction time is increased
to 100 min as seen in Fig. 2(b). After 120 min CVD
reaction, some thick 1D material appears in addition
to the thin ones (Fig. 2(c)), which is responsible for
the remarkable increase in the carbon content. Ac-
cording to the XRD results and the carbon content
analyses, the microsized particles are considered to
be LiFePO4, while the fiber-like 1D material is CNFs.
As a result, a three-dimensional (3D) conductive net-
work for LiFePO4 particles has been formed by the
inter-entangled CNFs. It is expected that the CNFs
can maintain a firm contact with the LiFePO4 parti-
cles due to the in-situ route.

The microstructure of the 80 min CVD sample was
further characterized by TEM as shown in Fig. 3. It is
clear that the LiFePO4 particles are entangled by the
CNFs (Fig. 3(a)) to construct the 3D electronically
conductive network. A good electronic conductivity,
therefore, can be anticipated for the LiFePO4/CNFs
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Fig. 2 SEM images of the products after 80 (a), 100 (b),
and 120 min (c) CVD reaction

composite, which is critical for the high-power ap-
plication. Figure 3(b) shows the TEM image of a
LiFePO4 particle with attached CNFs. Obviously,
the ends of the CNFs are embedded into the LiFePO4

particle. The diameter of the CNFs is in the range of
20–30 nm. The growth of the CNFs is considered to
be catalyzed by Fe2O3. In the separate experiments,
the possibility that the LiH2PO4 or LiFePO4 can cat-
alytically grow CNFs, can be excluded.

The charge (Li-extraction) and discharge (Li-
reinsertion) curves at various rates are presented
in Fig. 4. In these tests, the gravimetric ca-
pacity is based on the total weight of LiFePO4

and CNFs. All of the samples exhibit flat charge
(3.46 V) and discharge (3.41 V) plateaus, indica-
tive of a good crystallization of LiFePO4 at 0.1 C.

Fig. 3 TEM images of the products after 80 min CVD
reaction

The sample after 80 min CVD reaction yields the
highest discharge capacity of 153 mAh·g−1. The dis-
charge capacity of the 80 min CVD sample is still the
highest based on the weight of bare LiFePO4. This
suggests that only a trace amount of Fe2O3 takes place
in the catalytic growth of CNFs, and that the growth
rate of LiFePO4 is rather higher than that of CNFs, in
agreement with the XRD results. In contrast, the rel-
atively low capacity for other samples suggests that
a higher proportion of Fe2O3 was consumed during
the catalytic growth of CNFs, in consistent with the
carbon content analyses. At relatively high rates (1 C
and 2 C), the 120 min CVD sample exhibits similar
discharge capacities as the 80 min CVD sample. At
a 5 C rate, however, the 80 min CVD sample shows
a higher discharge capacity and a higher Coulombic
efficiency than the 120 min CVD sample.

Figure 5 shows the comparison of the rate capa-
bility among the three samples. It is obvious that the
80 min CVD sample displays the best rate capability.
Although all of the samples exhibit a good cycling
stability at each current rate, the 80 min CVD sam-
ple shows the highest capacity. The good rate capa-
bility of this sample can be ascribed to the most effi-
cient 3D conductive network constructed by the inter-
entangled CNFs bridging and connecting the LiFePO4

particles even though at a lower CNFs content. Fig-
ure 6 shows the CV plots of the 80 min CVD sample
after cycling for 1 and 50 times. Note that sharp and
highly symmetric redox peaks can be maintained after
cycling for 50 times, indicating good electrochemical
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Fig. 4 Charge and discharge curves at various rates of the samples after (a) 80, (b) 100 and (c) 120 min CVD
reaction

Fig. 5 Comparison of rate capability among the three
samples

Fig. 6 CV plots of the 80 min CVD sample after cycling
for 1 and 50 times

Fig. 7 Cycling stability of the 80 min CVD sample after
cycling for 50 times at 1 C rate

reversibility and stability. Figure 7 shows the cycling
stability of the 80 min CVD sample after cycling for
50 times at 1 C rate. After 50 cycles, the sample keeps
a retention rate of 97%. The excellent cycling stability
can be attributed to the good crystallization of this
sample and the improvement of the electrical conduc-
tivity via CNFs coating. The good electrochemical
performance suggests that this material will show a
promising application as cathode for high-power Li-
ion batteries.

4. Conclusion

In this work, LiFePO4/CNFs composites were suc-
cessfully synthesized by an in-situ route combin-
ing solid phase reaction with CVD treatment using



J.H. Zhang et al.: J. Mater. Sci. Technol., 2011, 27(11), 1001–1005 1005

Fe2O3, LiH2PO4 and C2H2 as the precursors. The re-
sults show that the formation of LiFePO4 and CNFs
occurs simultaneously with a good crystallization of
LiFePO4 and a reasonable carbon content. The CNFs
are inter-entangled forming an efficient 3D conduc-
tive network. Among the three products, the sample
after 80 min CVD reaction exhibits the highest ca-
pacity and the best rate capability, which can be at-
tributed to the efficient 3D conductive network com-
posed of inter-entangled CNFs bridging and connect-
ing the LiFePO4 particles. The good electrochemical
performance of this sample makes it a promising cath-
ode for high-power Li-ion batteries.
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