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a b s t r a c t

The goal of this research was to study the effect of various polymer-containing precursors on the perfor-
mance of LiFePO4/C composite. A coprecipitation method was applied to prepare a series of LiFePO4/C
materials by calcinating amorphous LiFePO4 with various polymer compounds at 600 ◦C. The materials
were characterized by X-ray diffraction, scanning electron microscopy, transmission electron microscopy,
particle size analysis, thermal analysis, BET specific surface area, Raman spectral analysis and electro-
chemical methods. The results showed that the structure of polymer precursors played an important role
in improving the performance of LiFePO4/C composites. The residual carbon produced by the pyrolysis of
olymer additive
athode material
oprecipitation

polymers with functionalized aromatic groups exhibited a better capacity in the LiFePO4/C composites. A
polyaromatic compound, e.g. polystyrene, with more functionalized aromatic groups displayed improved
performance because its decomposition temperature was close to the temperature of the LiFePO4 phase
transformation, which resulted in fine particle size and uniform carbon distribution on the composite
surface. According to Raman spectral analysis, polystyrene with more aromatic groups has a lower ID/IG
and sp3/sp2 peak ratio indicating more highly graphite-like carbon formation during polymer pyrolysis

pacity
and exhibited a better ca

. Introduction

In recent years, olivine LiFePO4 has been extensively studied as a
athode material for Li-ion batteries because of its high theoretical
apacity (170 mAh g−1), cycling stability, low cost, and environ-
ental friendliness. Unfortunately, the poor rate performance of

iFePO4 limits its practical application. The major reason for its
oor rate capability can be attributed to its intrinsically poor elec-
ronic conductivity (on the order of 10−9 S cm−2) [1–3]. To overcome
hese problems, several strategies have been implemented such
s optimization of synthetic procedures [4], carbon nanocoating
5,6], particle size minimization [7], metal powder addition [8,9]
nd doping with supervalent ions [10] or carbothermal forma-
ion of the surface conducting phase [10–12]. To date, most of the
mprovements to the rate capacity of LiFePO4 have focused on the
ncorporation of conductive carbon into active material powders to
orm carbon-coated LiFePO4 (LiFePO4/C) composites.

The behavior of LiFePO4/C composites depend on the phase

urity of the active material, particle size, structure of the car-
on additive, the amount of carbon content, the form of carbon
ontact, and the mixing and sintering recipe. The performance of
iFePO4/C composites related to the carbon structural parameters
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derived from Raman analysis of samples has recently been investi-
gated [12–15]. The data suggests that the selected carbon precursors
directly affected the characteristics of the carbon additive, which
is proportional to the performance of the LiFePO4/C composite.
Polymer pyrolysis is a well-known method and was successfully
applied to many ceramic systems to form carbon-coated particles
(ceramic/carbon composites), e.g. Al2O3, SiO2, MgO, TiO2, Fe3O4,
Fe2O3, NiO2, Co3O4, ZnO, and CaO [16–21]. During the pyrolysis of
polymers in an inert atmosphere, some residual carbon remained in
the system. It was reported that the selection of the carbon source,
or polymer precursor, is very important for tailoring the final prop-
erties of carbon-coated composite powders.

Described here, are carbon-coated LiFePO4 powders that were
prepared via polymer pyrolysis. Various polymer-containing pre-
cursors were studied to understand their influence on the behavior
of LiFePO4/C composites. Recently, it was found that more highly
graphitized carbons are formed during pyrolysis when function-
alized aromatic or ring-forming compounds were used [12–15].
Thus, two major types of polymer compounds were studied includ-
ing vinyl polymers with ring or aromatic functional groups, such
as polyethylene oxide (PEO), polystyrene (PS) and vinylphenyl /or

unsaturated polymer or block copolymer, such as polybutadiene
(PB) and styrene–butadiene–styrene (SBS). The vinyl polymers are
known to be carbonized through a liquid phase with very low vis-
cosity, which allows for coating with uniform carbonaceous layers
[16,22]. During the pyrolysis of vinylphenyl or unsaturated poly-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jschen@nuk.edu.tw
dx.doi.org/10.1016/j.jpowsour.2009.04.013
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ers, scissions of the main chain without the evolution of volatile
roducts take place and the charring process of unsaturated bond
nd aromatic rings favor of the formation of graphite [22–24]. In
ddition, the thermal behavior of SBS block copolymer resembles
he corresponding PS and PB homoploymers. Therefore, four poly-

ers, PEO, PS, PB and SBS were investigated to assess their additive
ffects in this study.

A coprecipitation method was adopted to prepare LiFePO4 and
ts carbon composites because of its simplicity and low cost [15].

oreover, it was easy to control the amount and characteristics of
esidual carbon on the surface of LiFePO4 particle from the source
f various polymer compounds. In order to obtain uniform car-
on distribution, in situ coating of carbon from the pyrolysis of
olymer additives on the LiFePO4 particle surfaces was performed.
uring the synthesis of composites, the polymer additives were dis-

olved in a solvent first, and then homogeneously mixed with the
morphous LiFePO4 particles before the final heating step. From
he pyrolysis of various polymer compounds, a series of residual
arbons on the surface of prepared LiFePO4 materials were charac-
erized. In addition, the electrochemical properties of as-prepared
iFePO4/C composites as cathodes in lithium-ion cells were mea-
ured from cyclic voltammogram (CV) and charge–discharge tests.

. Experimental

LiFePO4 and its carbon composites were prepared by a co-
recipitation method in de-ionized water at room temperature.
he modified method of Prosini and co-workers [15,25] was
pplied to synthesize LiFePO4/C composites. Amorphous LiFePO4
as obtained by the chemical lithiation of amorphous FePO4 using

i as a reducing agent. A detailed preparation procedure can be
ound in ref. [15]. The solutions of carbon additive precursors pre-
ared by dissolving different polymer compounds in a selected
olvent are listed in Table 1. Proper amounts of polymer solutions
ere mixed homogeneously with amorphous LiFePO4 particles and
ere heat-treated in a tubular furnace at 600 ◦C for 8 h under

educing atmosphere (Ar/H2 = 95/5) to yield LiFePO4/C composite
aterials.
A Rigaku-D/MaX-2550 diffractometer with Cu K� radiation

� = 1.54 Å) was used to obtain X-ray diffraction (XRD) patterns
or the samples. The morphology of the sample was observed
y a scanning electron microscope (SEM, Hitachi S-4300) and

ransmission electron microscope (TEM, JEOL JEM-2010). Parti-
le size analysis (PSA) was carried out with a Malvern particle
ize analyzer (Zetasizer Nano ZS). An integrated Raman micro-
cope system “JOBIN-YVON T64000” was used to analyze the
tructure and composition of the individual particles in LiFePO4.

able 1
iFePO4 samples processed with polymer additives.

olymer additive Chemical formula

EO

B

S

BS (SM:BD = 34:66)
ources 193 (2009) 822–827 823

Thermogravimetry (TG) apparatus (SETARAM) was used for the
thermal analysis. The specific surface area was measured by using a
Brunauer–Emmett–Teller (BET) apparatus (ASAP2020). The resid-
ual carbon content of the powders was determined by means of an
automatic elemental analyzer (Elementar vario, EL III).

For electrochemical evaluation, the composite electrodes were
prepared by wet coating, and were made from as-prepared
LiFePO4/C with acetylene black, SFG-6 synthetic flake graphite
(Timcal Ltd.), and polyvinylidene fluoride (PVDF) binder (MKB-
212C, Elf Atochem) in a weight ratio of 80:5:5:10. The LiFePO4/C
active materials, acetylene black and SFG-6 were first added to a
solution of PVDF in n-methyl-2-pyrrolidone (NMP, Riedel-deHaen).
The mixture is stirred for 20 min at room temperature with a mag-
netic bar, and then with a turbine for 5 min at 2000 rpm to make a
slurry with an appropriate viscosity. The resulting slurry was coated
onto a piece of aluminum foil and dried at 120 ◦C for 40 min. The
coating had a thickness of ∼100 �m with an active material mass
loading of 8 ± 1 mg cm−2. The quantity of active materials on the
electrodes was kept constant. Electrodes were dried overnight at
100 ◦C under vacuum before being transferred to an argon-filled
glove box for cell assembly. Electrodes were placed in an open glass
bottle cell with a 1 cm2 square LiFePO4/C cathode electrode and
lithium foil as the counter and reference electrodes for CV experi-
ment. Coin cells of 2032 size were assembled using lithium metal
as a counter electrode. A solution of 1 M LiPF6 in a mixed solvent of
ethylene carbonate/dimethyl carbonate (EC/DMC) with 1:1 volume
ratio was used as the electrolyte in all cells. The CV experiment was
carried out with a CHI 704A potentiostat at a scan rate of 0.1 mV s−1.
Coin cells were cycled galvanostatistically with a BAT-750B (Acu
Tech System) at a constant current of 0.5C with a voltage region of
2.5–4.2 V vs. Li/Li+ at room temperature; here, 1C equals 170 mA g−1.
The current density was calculated based on the mass of LiFePO4/C
in the electrode.

3. Results and discussion

The carbon-coated LiFePO4 (LiFePO4/C) electrode was chosen
for this study because of its enhanced conductivity over normal
LiFePO4. Many authors [15–23] have reported that the polymer
pyrolysis method is a relatively simple method for coating fine
particles via a carbon layer, and the type of polymer precursors is
an important parameter which directly affects the final quality of

carbon-coated composite powders. The polymer pyrolysis method
was used to prepare LiFePO4/C composites. Various types of poly-
mer precursors as carbon sources were investigated to understand
the influence of electrochemical performance and physical prop-
erties of the composite materials. Four types of polymer additives,

Solvent Supplier/molecular weight (Mw)

DI water Aldrich /300,000

Toluene TAIPOLTM/200,000

Toluene Aldrich/280,000

Toluene TAIPOLTM/250,000
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Table 2
Comparison of decomposition temperature at 600 ◦C, residual carbon content and
surface area for LiFePO4/C powders via various polymer pyrolysis.

Polymer
additives (wt%)

Decomposed
temperature ( ◦C)

Residual carbon
content (wt%)

BET surface
area (m2 g−1)
ig. 1. XRD patterns of LiFePO4/C composites prepared from different polymer
yrolysis (a) theoretical pattern, (b) pure LiFePO4, (c)PEO, (d)PB, (e)PS, (f)SBS.

EO, PS, PB, and SBS, were studied to assess their additive effects.
he structures of polymer compounds and their solvents are listed
n Table 1. In order to avoid different amounts of residual carbon in
he composites, a series of samples was synthesized by calcinating
morphous LiFePO4 with proper amounts of polymer at 600 ◦C. The
nal amount of residual carbon was controlled to be about 2 wt%

or all samples.
All of LiFePO4/C composite materials are deep black in color,

n contrast to the gray color of LiFePO4 powders. Fig. 1 shows the
RD patterns of the prepared samples. All peaks can be indexed
s a single phase with an ordered olivine structure indexed to the
rthorhombic Pnmb space group. The XRD curves did not show any
vidence of the formation of crystalline or amorphous carbon. It
ppears that using polymers as a carbon source most likely remains
morphous or as low crystalline carbon in the final product.

Various polymer compounds were thermally analyzed in order
o examine the effect of their thermal decomposition on the behav-
or of the composites. The TG curves of all powder mixtures
onsisting of amorphous LiFePO4 with various polymer-containing

recursors recorded at a scanning rate of 5◦C min−1 under N2 flow
re shown in Fig. 2. In the TG curves, all polymer compounds
xhibit appreciable, rapid, weight-loss over a range of tempera-
ure that corresponds to the pyrolysis and decomposition. However,

ig. 2. TGA of various polymer-containing precursors measured at a heating rate of
◦C min−1 in nitrogen at a 60 mL min−1 flow rate.
25% PEO 240–380 2.2 10.4
3% PB 410–470 2.2 27.4
5% PS 320–480 1.8 19.8
3% SBS 350–465 2.0 16.0

after the range of decomposition temperatures, a small gradual
weight-loss is observed because the pyrolysis of the remaining
polymers continues until 600 ◦C. This also indicates that the poly-
mer compounds were decomposed rather than evaporated during
successive thermal treatments. The final quantity of residual car-
bon (about 2 wt%) for pyrolysis of all polymers were measured
by an elemental analyzer (EA). Table 2 presents the decomposi-
tion temperature range, residual carbon content and BET surface
area for various polymer compounds. Taken together, these data
strongly suggest that the differences in the structures of polymer
compounds affect the decomposition temperature range. The trans-
formation temperature from an amorphous to a crystalline phase
of a LiFePO4 compound has been studied at ∼470 ◦C [26–28]. There
is an obvious correlation between the electrochemical capacity
of LiFePO4/C composites and temperature difference between the
decomposition of organic compounds and the phase transforma-
tion of LiFePO4 [15,26]. As mentioned in our previous study [15],
while the temperature difference is small, a synchronous process
of LiFePO4 crystallization and polymer pyrolysis occurs like an in
situ synthesis of the LiFePO4/C composite, and the highly active
carbon from the pyrolysis of polymer compounds homogeneously
coated on the surface of a fresh crystallized LiFePO4 particle hinders
the particle growth efficiently causing the formation of a compos-
ite with a fine particle size and uniform carbon distribution on
the surface. The TG curves show that the decomposition temper-
atures of PB and PS are close to the temperature of the LiFePO4
phase transformation. Both polymer compounds outperformed all
other polymer compounds in this study because their decomposi-
tion temperatures are close to the temperature of LiFePO4 phase
transformation.

Fig. 3 shows the SEM images of the LiFePO4/C composites with
(a) PEO, (b) PB, (c) PS, and (d) SBS. The general appearances of
LiFePO4/C composites are mostly homogeneous with carbon sur-
rounding the LiFePO4 particles, although a few agglomerates exist.
The composites appear to be framed by an amorphous carbon
matrix with the LiFePO4 particles captured inside. The mean par-
ticle size of all samples, as determined by PSA, is in the range of
200–400 nm which is in good agreement with the SEM measure-
ment. The data from the BET measurement shown in Table 2, gives a
specific surface area of about 10.4, 27.4, 19.8 and 16.0 m2 g −1 for the
crystalline material from PEO, PB, PS and SBS, respectively. PEO has
a larger particle sizes, which results in smaller surface area of the
composite. In our previous work [15], an increase in residual car-
bon content or synchronous process of LiFePO4 crystallization and
carbon precursor pyrolysis will suppress the growth of LiFePO4/C
particles and increases homogeneity. In this work, all polymer sam-
ples were controlled with similar residual carbon content at∼2 wt%.
Thus, like the results of TG analysis (Fig. 2), PB and PS pyrolysis occur
like an in situ synthesis of the LiFePO4/C composite causing the for-
mation of a composite with a fine particle size and uniform carbon
distribution on the surface.
The TEM micrograph of LiFePO4/C composite obtained by the
pyrolysis of SBS is shown in Fig. 4. The relatively dark portion shown
in the figure represents LiFePO4 with particle size between 100 and
200 nm, and these particles were surrounded by carbon matrix that
was light gray in color. From the TEM images, it can be clearly seen
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between the charge–discharge plateaus indicates its good kinet-
ics. As shown in Fig. 6, the PS sample delivers the largest charge
capacity of 147 mAh g−1 in the second cycle and a subsequent
discharge capacity of 143 mAh g−1, about 84% of theoretical capac-
Fig. 3. SEM images of LiFePO4/C composites co

hat the entire carbon distribution surrounds the fine LiFePO4 crys-
al grains like a web made of carbon. This “carbon web” leads to
lectronic inter-grain connection, but does not block the direct con-
act between the active particles and the encapsulated electrolyte.

oreover, all samples exhibited small but various coating thickness
n the LiFePO4 particles, which were in the range of 20–70 nm. As
hown in Fig. 4, the thickness of the carbon coating on SBS was esti-
ated about 30–50 nm. Recent studies [12,13,15] have shown the

hickness of coating carbon and structure of residual carbon play
mportant roles in controlling the performance of the LiFePO4/C
omposite. According to this work, the main factor controlling the
erformance of the LiFePO4/C composite is the structure of what is
eposited on the particle.

The CV plots of various LiFePO4/C electrodes in the beaker
ell cycled between 3.0 and 4.0 V with 0.1 mV s−1 and 1 M
iBF4 + EC/DMC (1:1) electrolyte are shown in Fig. 5. The CV curves
f all samples exhibited two peaks located at 3.6–3.8 V in the anodic
weep and 3.1–3.3 V in the cathodic sweep, consistent with a two-

+
hase redox reaction at about 3.5 V vs. Li/Li . No other peaks are
bserved, indicating the absence of electroactive iron impurities.
ccording to the estimation of CV curves (2nd cycle), all samples
ave a similar coulombic efficiency of 97–99%. However, the peak

ntensities or discharge capacities are variable. The composite with

Fig. 4. TEM image of LiFePO4/C composites containing SBS.
ng samples (a) PEO, (b) PB, (c) PS, and (d) SBS.

PS indicated a higher capacity than those with other polymers.
The difference in cell capacity can be attributed to the effect of
the structure of the polymer compounds on the surface carbon on
the LiFePO4/C composite. Recently, it has been reported that car-
bon additives produced by the pyrolysis of functionalized aromatic
compounds exhibited a better capacity in the LiFePO4/C composite
[12,13,15]. PS, a polyaromatic compound, exhibited the best elec-
trochemical performance.

Fig. 6 shows the charge–discharge voltage profiles of Li/LiFePO4
cells containing different polymer additives at 0.1 C rate between
2.5 and 4.2 V at the 2nd cycle. A charge–discharge curve plateau
over a wide voltage range at approximately 3.4 V (vs. Li/Li+) implies
that a two-phase Fe3+/Fe2+ redox reaction proceeds via a first-order
transition between FePO4 and LiFePO4. The small voltage difference
Fig. 5. CVs of Li/1 M LiBF4, EC-DMC/LiFePO4 cells containing different polymer addi-
tives, which were recorded in the second cycle at a scanning rate of 0.1 mV s−1.
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bon, which is often observed in highly amorphous carbonaceous
materials [13]. The ratio, sp3/sp2 was estimated to be ∼0.36–0.48 for
all species indicating that the fraction of graphite-like carbon was
ig. 6. Voltage profiles on the second cycle of Li/LiFePO4 cells containing different
olymer additives, which were recorded in the second cycle at 0.5C rate between
.5 and 4.2 V.

ty (170 mAh g−1). However, the PEO sample delivers the smallest
harge capacity of 134 mAh g−1 in the 2nd cycle and a subsequent
ischarge capacity of 131 mAh g−1. In this work, less than theo-
etical value of discharge capacities is associated with the larger
article size and Fe3+ impurities acquired during synthesis of the
iFePO4/C composites [29–31]. Despite the lower discharge capaci-
ies, in the aforementioned work, we focused on the characteristics
f the residual carbon from pyrolysis of various polymer com-
ounds on the surface of the LiFePO4 particles. Fig. 7 shows a plot
f capacity vs. cycle number for Li/LiFePO4 cells containing dif-
erent polymer additives at 0.5C rate. The coulombic efficiency of
ll samples at least 97% which is in good agreement with the CV
easurement. All the cells display good capacity retention after 30

ycles. However, the cell discharge capacity depends on the type
f the polymer additives. Fig. 8 shows plots the discharge capacity
s a function of C rate for each type of cell. All samples displayed a
ecreased in discharge capacity as the discharge rate was increased,

ndicating that there are still significant rate limitations. However,
he rate of decrease, judging from the slope of the lines in Fig. 8,

s less for PS than for other polymers. The difference in discharge
apacity and rate capability of LiFePO4/C is caused by the effect
f the structure of polymer additives on the characteristic of the
urface carbon on the LiFePO4/C composite. Similar results were

ig. 7. Discharge capacities vs. cycle number at 0.5C rate between 2.5 and 4.2 V for
i/LiFePO4 cells containing different polymer additives.
Fig. 8. Discharge capacities vs. C rate for Li/LiFePO4 cells containing different poly-
mer additives.

obtained with CV study, PS with polyaromatic structure yields the
highest capacity.

The structure of the deposited carbon was investigated by
Raman spectroscopy. Fig. 9 shows the Raman spectra of the LiFePO4
and LiFePO4/C composites with PEO, PS, PB, and SBS respectively.
All spectra consisted of a relatively small band at 940 cm−1 corre-
sponding to the symmetric PO4 stretching model of LiFePO4. Two
intense broad bands at 1350 and 1585 cm−1 can be assigned to the D
and G bands of residual carbon in the LiFePO4/C composite, respec-
tively. The spectrum of pure LiFePO4 does not display any D and G
bands, which represent the absence of any carbon content on the
surface. The D and G bands were composed of four signals located
at 1194, 1347, 1510, and 1585 cm−1 [12,13,15]. The observed spectra
were analyzed by a pseudo-Voigt profile function, and separated
numerically into four signals. The bands at 1347 and 1585 cm−1

have been assigned as the sp2 graphite-like structure, whereas all
other observed bands are attributed to the sp3 type tetrahedral car-
∼70% and the conducting path was mainly due to graphite-like car-

Fig. 9. Raman spectra of LiFePO4 and LiFePO4/C powders.
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[28] H. Liu, Y. Feng, Z. Wang, K. Wang, J. Xie, Powder Technol. 184 (2008) 313–317.
ig. 10. Relationship of Raman intensity ratios of D/G bands and sp3/sp2 coordinated
arbon with discharge capacity for various polymer additives ((�) D/G, (�) sp3/sp2).

on. In addition, the intensity ratio R = ID/IG defines the level of order
nd the in-plan crystal size for the pyrolytic carbon. Both ID/IG and
p3/sp2 parameters as a function of different polymer compounds
re shown in Fig. 10. PS with the lowest ID/IG and sp3/sp2 values
xhibit the highest discharge capacities and better rate capability.
n general, higher capacities and better capability are directly corre-
ated with low values of the ID/IG and sp3/sp2 parameters. The low
alues for the ID/IG and sp3/sp2 parameters indicate a high degree of
raphitization. The increasing degree of graphitization can improve
he electronic conductivity of residual carbon and thus provide bet-
er electronic contact between submicrometer particles with large
gglomerates resulting in better electrode performance. PS con-
ains a large number of functionalized aromatic structures causing
he formation of more highly graphite-like carbons during pyrolysis
ielding composites with better electrochemical performance.

According to our previous investigations [15], the choice of an
ppropriate carbon precursor is an important factor controlling the
erformance of the LiFePO4/C composite and the beneficial effects

nclude (i) more carbon retention, (ii) production of carbon dur-
ng a critical stage of the calcinations process to limit grain growth
nd increase in homogeneity, and (iii) improvement of the resid-
al carbon structure. In this work, we find that PS is suitable for
roducing a LiFePO4/C composite with a fine particle size, and a
niformly coated carbon conductive layer, which exhibited bet-
er electrochemical performance. The major beneficial effects for
S as a polymer additive are a synchronous process of LiFePO4
rystallization and PS pyrolysis and more production of larger
rapheme clusters in the disordered carbon structure. Polymers
ith increased functionalization of aromatics, such as PS, are suit-

ble for producing a LiFePO4/C composite with a fine particle size
nd a uniformly coated carbon conductive layer. These characteris-
ics yield composites with improved electrochemical performance.

. Conclusion

Carbon-coated LiFePO4 powders containing various polymer

recursors (PEO, PB, PS and SBS) were prepared via polymer
yrolysis method to study the influence of structures of polymer
recursors on the behavior of materials. It showed that the effect
f the structure of polymer precursors on the characteristics of
he residual carbon plays an important role in improving the per-

[

[

[

ources 193 (2009) 822–827 827

formance of LiFePO4/C composites. The residual carbon produced
by the pyrolysis of polymers with functionalized aromatic groups
exhibited a better capacity in the LiFePO4/C composite. PS is pol-
yaromatic compound with more functionalized aromatic groups
causing the formation of more highly graphite-like carbons during
polymer pyrolysis and exhibited a higher discharge capacities and
better rate capability. In order to gain a fuller understanding of the
principles that affect the cell capacities and rate capability of these
composites, future investigations will involve the synthesis and
testing of new composites. These new composites will be synthe-
sized using an increased number and variety of organic polymeric
functionality.
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