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ABSTRACT

Core-shell LiFePO4@C composites were synthesized successfully from FePO4/C precursor using the
polyvinyl alcohol (PVA) as the reducing agent, followed by a chemical vapor deposition (CVD) assisted
solid-state reaction in the presence of Li, CO3. Some physical and chemical properties of the products were
characterized by X-ray powder diffraction (XRD), Raman, SEM, TEM techniques. The effect of morphology
and electrochemical properties of the composites were thoroughly investigated. XRD patterns showed
that LiFePO4 has an order olivine structure with space group of Pnma. TEM micrographs exhibited that
the LiFePO4 particles encapsulated with 3-nm thick carbon shells. The powders were homogeneous with
grain size of about 0.8 wm. Compared with those synthesized by traditional organic carbon source mixed
method, LiFePO4@C composite synthesized by CVD method exhibited better discharge capacity at initial
155.4 and 135.8 mAhg~! at 0.1C and 1C rate, respectively. It is revealed that the carbon layer coated on
the surface of LiFePO4 and the amorphous carbon wrapping and connecting the particles enhanced the

electronic conductivity and rate performances of the cathode materials.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

There is an increasing demand for batteries with a high energy
density for use in electric vehicle (EV) and hybrid electric vehi-
cle (HEV). LiCoO, is used as the cathode material for commercial
lithium batteries [1], but it falls short in meeting energy stor-
age demands required by automotive industry in terms of high
cost, thermal instability and environmental pollution. At present,
LiFePOQy is considered to be a promising candidate due to its ability
to provide long cycle life and high rate [2]. Especially, the mate-
rial has many excellent properties such as inexpensive, non-toxic
and thermally stable in the fully charged state. More importantly,
LiFePO4 has a large theoretical capacity of 1770mAhg-! and good
cycle stability [3]. Owing to its important behaviors and promis-
ing applications, the preparation and characterization of LiFePO4
have attracted researcher’s interests [4]. However, the poor rate
capacity of LiFePO4 seriously hinder and/or delay its further com-
mercialization as a cathode material for Li-ion battery, because the
separation of the chain of FeOg edge-shared octahedral contributes
an extremely low electronic conductivity [5].

Hence, it is also a great challenge to find new synthesis meth-
ods for preparing LiFePO4 in an effective way. Many efforts have
been tried in the synthesis of LiFePO, in the attempt to improve
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its rate capability by decreasing the size of the particles or form-
ing carbon coatings around individual active particles [6,7]. Many
researches have reported that LiFePO4/C composites containing
carbon or carbon coated LiFePO4 could improve the electric con-
ductivity of LiFePO4 and exhibit excellent cathode performances
[8-10]. However, the behavior of LiFePO4/C composites depends on
the phase purity of the active material, particle size, structure of the
carbon additive and the carbon content [11]. The conventional syn-
thesis route, in which the carbon source materials are simply mixed
together with LiFePO4 precursor, yields a non-uniform distribution
of carbon in the final LiFePO4/C composite.

In this work, we report a novel chemical vapor deposition
(CVD) assisted solid-state route to synthesize carbon-coated
LiFePO4 cathode with polyvinyl alcohol (PVA) and benzene vapor
as the reducing agent and carbon source. Core-shell LiFePO,@C
nanostructured composites were prepared via the CVD procedure.
The electrochemical Li-ion intercalation performance of this mate-
rial was tested and compared with that of LiFePO4/C composite
without CVD procedure.

2. Experimental

The starting materials were iron (IlII) phosphate (FePO4-4H,0)
and lithium carbonate (Li;CO3). Firstly, the FePO4-4H,0 and a
certain amount of polyvinyl alcohol (29g PVA per mole FePOy4)
were mixed and pre-sintered at 600 °C under an inert atmosphere.
During this procedure, the PVA was decomposed into amorphous
carbon which then performed as the reducing agent of ferric
phosphate. The black precursor and stoichiometric molar Li;CO3
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were ball-milled in a stainless steel vessel for 3 h with a rotation
speed of 100 rpm. The blend was then heated at 700°C for 10h
to form LiFePO4/C composite in a protecting atmosphere. The
nitrogen and benzene vapor gas mixture were used to perform the
chemical vapor deposition process, in which the N, was flowed
into the benzene solution and measured by mass flowmeter.

During this process, the benzene vapor was adsorbed around the
surface of the LiFePO,4 and carbonized at high temperature, form-
ing carbon coating layer on the surface of LiFePO4. For comparison,
LiFePO4/C composite sintered at 700 °C for 10 h in nitrogen was also
prepared without CVD procedure.

X-ray powder diffraction (XRD) patterns were obtained on the
Germany Bruker D8 Advance instrument operating at 40kV and
40 mA using Cu Ka radiation (A =0.154 nm), scanning range 26 from
15° to 70° with a step size of 0.02° and a constant counting time of
3 s per step. The powder morphology was observed by JEOL JSM-
6700F (FESEM). The structural properties and the morphology of
carbon were studied by a JSM-2010F high-resolution transmission
electron microscopy (HRTEM). The Raman spectra were recorded
onan Invia Raman Microscope System (Renishaw Co., Eng). For elec-
trochemical measurements, the mixture of carbon-coated LiFePO4
powder, carbon black, and polytetrafluoroethylene (PTFE) with a
weight ratio of 85:10:5 was used as the cathode. An electrochemi-
cal 2016 coin cell consisted of the cathode, lithium foil as the anode
and 1 M LiPFg in dimethyl carbonate (DMC), diethyl carbonate (DEC)
and ethylene carbonate (EC) (1:1:1 by weight) as an electrolyte,
and the celgard 2400 as the separator. The cells were galvanostat-
ically charged and discharged between 2.5 and 4.2V at ambient
temperature. A constant current was set to a value between 10 and
500mAg~! (corresponding roughly to C/10 and 5C, respectively).

3. Results and discussion

Recent studies [9,11-13] have shown a clear correlation between
organic additive structure and cell capacity. Doeff and co-workers
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Fig. 1. XRD patterns of FePO,4 precursor (a) crystal LiFePO4, (b) without CVD, (c) with
CVD.

[9] have proposed several criteria to choose optimized organic
compounds (i) undergoing decomposition rather than evapora-
tion during the firing process, (ii) soluble in a common solvent for
evenly distributed particle surfaces during sintering, and (iii) suit-
able functionalities for cyclic compound formation or compounds
having aromatic or polyaromatic groups. Based on the above cri-
teria, the benzene was selected as the carbon source and reducing
agent. Meanwhile, it was considered that the aromatic hydrocar-
bon derivatives (toluene, naphthalene, biphenyl, etc.) could also be
carbonized and form carbon coating on the surface of LiFePOyg4.
Fig. 1 showed the XRD patterns of FePO4 precursor and the crys-
tallized LiFePO4 synthesized at 700 °C for 10 h. We found that the
FePO4-4H,0 had been dehydrated and reduced partly during the

Fig. 2. SEM micrographs of FePO,4 precursor (A x5000; B x10,000) and crystal LiFePOy, (C) without CVD, (D) with CVD.
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first calcination procedure. Apparently, the decomposition of PVA
promoted the reduction and polycondensation of FePO4 at high
temperature. The diffraction peaks of Fe4(P,07)3, FeO and even Fe
could be found in the XRD pattern (Fig. 1(a)). Potassium dichro-
mate titration testing showed that about 50-65% ferric content was
reduced in divalent iron during this procedure. After sintering at
700°C for 10 h, the precursor mixed with Li;CO3 could be synthe-
sized to the pure LiFePO,4 phase whether with CVD procedure or
not, as shown in Fig. 1(b) and (c). There was no evidence of diffrac-
tion peaks for carbon, possibly due to its amorphous structure. The
amount of carbon in the composite without CVD procedure was
about 9.7 wt% determined by the method introduced in other liter-
ature [14], but for the composite with CVD procedure, the carbon
content had increased to 10.9 wt%. Although CVD method increased
the carbon content just as low as about 1.2 wt%, the grain size indi-
cated the growth of LiFePO,4 grains was effectively prevented by the
formed carbons during the CVD process.

Fig. 2 was the SEM micrographs of FePO,4/C precursor (Fig. 2A
and B) and crystallized LiFePO4/C composites (Fig. 2C and D).
The FePO4/C precursor was amorphous and the carbon dispersed
around the particles. From the high magnification micrograph
(x10,000, Fig. 2B), it was found that the compounds exhibited amor-
phous structure, which supplied a big specific surface area for the
subsequent reactions. The final samples showed a globular struc-
ture with a grain size of about 1.2 and 0.8 pum, respectively. The
product with CVD procedure exhibited a narrow grain size distri-
bution and small particles, which was agreed with the result of the
XRD patterns.

Normally using FePO, as the iron sources to synthesize
LiFePO4/C composite, a high carbon content was necessary to
reduce trivalent iron to bivalent iron and get sufficient electric con-
ductivity. It was also found that the carbon distribution and carbon
morphology greatly influenced the electrochemical performance of
the LiFePO4/C composite [9,15,16]. Seen from the Fig. 3, there was
a large amount of amorphous carbon wrapping and connecting the
LiFePOy4 particles in the sample synthesized in pure nitrogen with-
out CVD procedure, and no distinct carbon layer was observed on
the surface of LiFePO4 grains (Fig. 3B). However, besides nanometer-
sized carbon webs wrapping and connecting the LiFePO4 particles
(as the arrow indicated in Fig. 3C), there were thin graphite shells
encapsulating the LiFePO4 particle in the samples synthesized in
the mixed gas of nitrogen and benzene vapor with CVD proce-
dure, just similar to the structure of carbon-coated Li3V,(PO4)3 and
LiFePO4 reported by other literatures [17,18]. It could be seen that
the thickness of the graphite shell was about 3-5 nm (Fig. 3D). The
thickness of the carbon shell could be controlled by varying the con-
centration of benzene vapor in protecting gas or the time of CVD
process. There was no agglomeration after sintering, implying that
the grain growth was restrained by the thin layer of the carbon on
the surface of the grain.

During high temperature heating procedure, active hydrogen
and gaseous hydrocarbons were generated from the pyrolysis of
aromatic hydrocarbon, which provided a strong reductive atmo-
sphere to reduce Fe3* to Fe2*, consequently formation of LiFePO,4
crystal. The residual carbon coated on the surface of LiFePO,4 parti-
cles (Fig. 3C). From the Raman spectra of carbon films obtained by

LiFePO,

Fig. 3. TEM micrographs of LiFePO4/C composites (A and B) without CVD, (C and D) with CVD.
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Fig. 4. Initial voltage profiles of LiFePO4/C composites (a) without CVD, (b) with
CVD.

pyrolysis of benzene (not shown here), the Ip/Ig value was about
0.75-0.77, which of that without CVD was about 0.87. The former is
much lower than the value in Ref. [9,19]. The low Ip/I¢ ratios indi-
cated that the carbon film obtained by pyrolysis of benzene was
highly graphitized carbons, which could also be identified from the
0.34 nm graphite layer distance in Fig. 3D. This highly graphitized
carbon layer may help the core-shell LiFePO,@C composites exhibit
better electronic conductivity and lithium ion diffusibility.

Fig. 4 showed typical charge-discharge voltage profiles of
LiFePO4/C composites (a) without CVD and (b) with CVD. The tests
were performed galvanostatically at a charge-discharge rate of C/10
in the range 2.5-4.2V versus Li*/Li. The charge-discharge pro-
files appeared with the typical voltage plateau (at 3.45V vs Li*/Li)
attributed to the two-phase reaction of the (1 — x)FePO4 + xLiFePOy,
system. The LiFePO4@C composite with CVD procedure exhibited
a reversible capacity of 155.4mAhg-1, corresponding to a utiliza-
tion efficiency of 91.4%. But for the sample without CVD procedure,
the plateau was little lower and shorter. The reversible capacity
was about 132.6 mAh g~! with a severe polarization. This suggested
that the shielded graphite layer and homogeneous carbon webs
allowed a higher kinetic coefficient than the uneven amorphous
carbon. This result was also confirmed by the cyclic voltammogram
curves of two LiFePO4/C composites shown in Fig. 5. The LiFePO,@C
composite behaved higher current peak intensity, smaller poten-
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Fig. 6. Rate (a) and cycle performances (b) of LiFePO4/C composites.

tial differences between anodic peak and cathodic peak and larger
discharge capacity (curve area) than the one prepared without CVD.

The charge and discharge tests at various current rates ranging
from 0.1 to 5C (1C=170mAg~1) were performed and the results
were shown in Fig. 6. For sample without CVD procedure, the dis-
charge capacity was 132.6 mAh g~ (78.0% of theoretical capacity) at
0.1C. It decreased steeply to 66.5 mAh g1 (50.2% of its initial value)
at the high current rate of 5C. To some extent, this was attributed
to low diffusion rate of lithium ions for limiting the supply of elec-
trons into the cathode materials [8,20]. But for sample with CVD
procedure, the discharge capacity was 155.4mAh g-! at 0.1C (91.4%
of theoretical capacity) and 114.6 mAh g1 (73.7% of its initial value)
at 5C, respectively. For Impedance spectroscopy, the electrical con-
ductivity values of the materials with CVD and without CVD were
2.4 %1072 and 6.7 x 104 Scm™!, respectively.

Long-term cyclic charge/discharge performances of the sam-
ples were shown in Fig. 6b. The discharge capacity of LiFePO,@C
is 136.8mAhg-! after 30 cycles at 0.1C rate, much higher than
LiFePO,4 without CVD procedure (108.6 mAhg-! after 30 cycles).
The retention rate in discharge capacities was 91.8% for LiFePO,@C
composites but only 85.7% for LiFePO4 without CVD procedure after
30 cycles. The constituents of the surface passive film (polycar-
bonates, polymeric hydrocarbons, Li;COs3, LiF, LixPFy and LixPFy0;)
formed on the cathode particles during the electrochemical reac-
tion changes with the oxide and electrolyte that increases the
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Fig. 7. Discharge curves of core-shell LiFePO4@C composite prepared with CVD pro-
cedure at different discharge rates.
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resistance of the surface film and dynamically hinders the move-
ment of the lithium ion during the (de)lithiation process [21]. Thus,
during cycling, the formation of a passive surface film, resulting
in impedance growth of the LiFePO4/C resulted in faster capacity
fade and lower cycle stability during repeated cycling compared to
LiFePO4@C samples.

The discharge profiles of LiFePO4@C composites at different
rates were shown in Fig. 7. All samples were charged at the same
specific current of 34 mAg-! (0.2C rate) to insure identical initial
conditions for each discharge. The electrode was able to deliver a
specific capacity of 135.8 mAh g1 at 1 C rate, with a voltage plateau
at about 3.35V versus Li*/Li. The capacities reached 127.7 mAh g~!
at 2C rate and 114.6 mAh g~! at 5C rate, respectively. The high-rate
discharge performance indicated that the synthesized LiFePO,@C
composite would be well suited for cathode materials of high-
power lithium batteries.

4. Conclusions

Core-shell LiFePO4@C composites were synthesized success-
fully via a chemical vapor deposition assisted solid-state reaction.
TEM micrographs showed the LiFePO, particles encapsulated with
thin graphite shell of 3 nm in thickness. The discharge capacity of
LiFePO4@C was 155.4 and 135.8 mAh g1 at 0.1C and 1C rate, respec-
tively. Furthermore, the capacity retention was 91.8% even after 30
cyclesataconstant current density of 177 mA g—1(ca.0.1Crate), much
higher than that of the LiFePO4 composite without graphite shell.
With at higher discharge rate of 5C rate, the core-shell LiFePO,@C
composites could keep a high specific capacity of 114.6 mAhg!.
The above results indicated that the carbon layer coated on the sur-
face of LiFePO4 composite and the amorphous carbon wrapping
and connecting the particles prevented the agglomeration of the
LiFePO4 and improved the conductivity of this material. The surface
coverage of active materials would reduce the degradation of liquid
electrolytes by suppressing the direct contact between them, which
would contribute to the improvement of the cycle performance
of the LiFePO4@C composites. In conclusion, the LiFePO,4 synthe-
sized by our method showed high potential for cathode material
for high-power lithium ion batteries.
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