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bstract

Olivine structure LiFePO4/C composite powders are synthesized as cathode materials for Li-ion batteries via a conventional solid-state reaction.
mprovement in electrochemical performance has been achieved by using poly(vinyl alcohol) as the carbon sources for the as-prepared materials.
he influence of the heat treatment on the physical and the electrochemical properties of LiFePO4/C materials is investigated. To examine the
ffect of added carbon content on the properties of materials, a one-step heat treatment has been employed with control of the PVA content in the
recursor. Six samples were prepared with 0, 1, 3, 5, 10 and 30 wt.% PVA added to the raw materials. The particle size of LiFePO4 decreases as the
arbon content increases. Materials with medium carbon contents have a small charge-transfer resistance and thus exhibit superior electrochemical

erformance. Interestingly, for a LiFePO4/C composite with a low PVA content, an unusual plateau at 4.3 V is observed. It is considered that this
s due to the Fe3+/Fe4+ redox reaction of Fe3+ compounds that are present as an impurity. For samples with a high PVA amount, a thicker carbon
oating provides an obstacle to improve the electrochemical properties.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Interest in LiFePO4 as a cathode material for Li-ion batteries
as increased dramatically since it was first proposed by Padhi
t al. [1]. Phospho-olivine-type LiFePO4 has the Ptet–O–Feoct
inkage in the structure that generates a suitable Fe3+/Fe2+

edox energy of 3.4 V versus Li/Li+, which is called the ‘induc-
ive effect’. Also, this material exhibits not only an excellent
eversibility on cycling but also an acceptable safety character-
stic when the battery is fully charged. This former feature is
ue to the fact that LiFePO4 and FePO4 are isostructural (space
roup Pnma) with only a slight difference in the cell param-
ter. Further, LiFePO4 has a three-dimensional structure that

ontains pathways for lithium ions, but has a reversible capacity
oss at high current density. Its poor high rate capability has been
ttributed to low electronic conductivity and slow Li+ diffusion
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cross the two-phase interface [1–4]. As Li+ diffusion crosses
he LiFePO4/FePO4 interface, the interface area diminishes. The
oncentration of Li+ that moves through the decreased interface
s not sufficient to sustain the current and thus leads to a loss in
eversible capacity.

Two approaches have recently been attempted to over-
ome the above problems. One approach is to enhance the
lectronic conductivity by introducing conductive additives,
.e., coating carbon through the synthesis of a LiFePO4/C
omposite [5–9], or selective doping with supervalent cations
2,10]. The second approach is, to control the particle size by
ptimizing the synthesis conditions [4]. It has been reported
7,9] that addition of carbon to as-prepared materials is the most
ffective solution. Addition of carbon before the formation
f the crystalline phase suppresses particle growth during
he sintering process and enhances electronic conductivity

hrough improved contacts between particles. Various carbon
ources have been reported for the LiFePO4/C composite, e.g.,
aphthalenetetracarboxylic dianhydride [5], hydroxyethyl-
ellulose [6], resorcinol-formaldehyde gel [7], white table
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by Wang et al. [15]. In addition, it has been previously reported
[14] that pyrolysis of PVA in a nitrogen gas flow occurs at
300–425 ◦C and that only a small amount of residue survives at
temperatures up to 450 ◦C. For the PVA-containing precursor,
362 N.J. Yun et al. / Journal of Pow

ugar [8], carbon black [9], polypropylene [11], and sucrose
12].

Recently, it has been reported [5,13] that the structure of the
esidual carbon on LiFePO4 particles is an important determi-
ant of electrochemical performance [5,13]. It was confirmed
hat coated carbon with an increased sp2 character relative to
he sp3 character for particles gave rise to improved electronic
onductivity, which resulted in enhanced electrochemical per-
ormance. Poly(vinyl alcohol) (PVA) is a known aliphatic poly-
er with a measurable char yield of about 4% and for which a

yrolysis pathway was proposed by Gilman et al. [14]. Accord-
ng to their report, PVA is ultimately converted into substituted
romatics and substituted olefins at temperatures up to 400 ◦C.
n the char resulting from pyrolysis of PVA at a high temperature
f 700–800 ◦C, only these types of structures survive. In addi-
ion, the release of hydrogen makes the immediate environment
f LiFePO4 a reductive atmosphere. This micro-environment is
elpful in preventing the formation of Fe3+ compounds.

In this study, PVA is used as a carbon source and three heat
reatments are applied in preparing LiFePO4/C composite mate-
ials. Thus, an investigation is made of the influence of heat
reatment of a PVA-containing precursor on the physical and
lectrochemical properties. In addition, the effect of the amount
f PVA on the properties of the materials is evaluated.

. Experimental

LiFePO4/C composite powder was prepared by a conven-
ional solid-state reaction using Li2CO3 (Junsei, >99.0%),
eC2O4·2H2O (Kanto, 98.5%), and NH4H2PO4 (Aldrich,
98%) as starting materials. An appropriate amount of PVA
degree of polymerization 1500, Junsei) as the carbon source
as added to the raw materials. A mixture of the raw materials

nd PVA was dispersed in acetone and mixed by ball-milling for
4 h. After evaporating the acetone, a PVA-containing precur-
or was obtained for preparing the olivine structure LiFePO4/C
omposite. In this study, the precursor was heat-treated accord-
ng to three different methods as follows:

(i) the pelletized precursor was sintered at 800 ◦C for 9 h or
(ii) the precursor was heated at 300 ◦C for 6 h to expel the

gases and yield a decomposed powder that was reground
with a mortar and pestle, pressed into pellets and sintered
at 800 ◦C for 9 h;

iii) instead of pre-sintering at 300 ◦C, the precursor was heated
at 500 ◦C for 6 h and the other processes were performed
as for synthesizing the LiFePO4/C material in method (ii).

An inert atmosphere of argon gas was used during all heat
reatments to prevent the formation of undesirable Fe3+ com-
ounds. The thermal behaviour of the PVA-containing precursor
nd PVA were examined by thermogravimetric (TG) analysis
sing a Mettler Toledo TA50 instrument at a heating rate of

0 ◦C min−1 in a nitrogen atmosphere. After heat treatment,
he powders were allowed to cool to ambient temperature and
ashed with distilled water. As a final step, the products were
ried overnight at 120 ◦C.

F
n

urces 160 (2006) 1361–1368

The crystal structures of the prepared samples were inves-
igated by powder X-ray diffraction (XRD) using a Rigaku
MAX-IIIA diffractometer. Scan data were collected over the
θ range of 15–90◦ and the step size was 0.020◦ with a counting
ime of 1.0 s. The morphology of the LiFePO4/C powder was
xamined by field-emission scanning electron microscopy (FE-
EM, Hitachi S-4300, Japan). The residual carbon content of the
owders was determined by means of an automatic elemental
nalyzer (EA, Flash EA1112, CE Instruments, Italy).

The electrochemical properties of the powders were charac-
erized using a laboratory-made, two-electrode, electrochemical
ell. The cathode consisted of 10 mg of active material and
mg of conductive binder (i.e., 4 mg of teflonized acetylene
lack and 2 mg of graphite). The fabricated cathode was pressed
nd then vacuum-dried overnight at 120 ◦C. Lithium metal and
olypropylene film were used as an anode and a separator,
espectively. The electrolyte was 1 M LiPF6 in a 1:1 (wt.%)
ixture of ethylene carbonate (EC) and dimethyl carbonate

DMC) solution (TECHNO Semichem Co.). The entire cell was
ssembled in an argon-filled glove box. The electrochemical per-
ormance of the various compounds was evaluated by cycling at
he 0.1 and 1 C rates over the potential range 2.5–4.5 V versus
i/Li+ using a WBCS 3000 instrument (WonA Tech., Korea).
yclic voltammetry (CV) was performed with an IM6 electro-
hemical instrument (ZAHNER elektrik, Germany) at scan rate
f 0.1 mV s−1 between 2.5 and 4.5 V.

. Results and discussion

.1. Effect of heat treatment on PVA-containing precursor

Thermogravimetric (TG) analysis was used to determine the
ppropriate temperature for heat treatment. The TG curve of
he PVA-containing precursor (Fig. 1) is typical of a powder

ixture consisting of Li2CO3, FeC2O4·2H2O, and NH4H2PO4
or preparing LiFePO4 in good accordance with that reported
ig. 1. TG curve of PVA-containing precursor at heating rate of 10 ◦C min−1 in
itrogen at a flow rate of 15 mL min−1.
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Fig. 2. XRD patterns of: (a) PVA-containing precursor before heat treatment;
(b) powder formed after pre-sintering at 300 ◦C; (c) powder formed after pre-
sintering at 500 ◦C. XRD pattern of resultant products from: (d) one-step heat
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here is an initial loss of lattice water from FeC2O4·2H2O and
he NH4H2PO4 decomposes at <250 ◦C. In the temperature
ange of 250–420 ◦C, there is a weight loss due to decom-
osition of FeC2O4 and a reaction with the decomposed
roduct of NH4H2PO4 while the PVA rapidly decomposes.
fter the formation of LiFePO4 at 470 ◦C, the product weight
ecreases slightly. A gradual weight loss is observed above
he temperature of LiFePO4 formation in PVA-containing
recursor because the pyrolysis of the remaining PVA continues
ntil 600 ◦C. The TG pattern also indicates that the formation
f LiFePO4 and the pyrolysis of PVA occur within the same
emperature range. This suggests that it is possible to coat
arbon simultaneously with the formation of LiFePO4 grains.

From the results of TG analysis, we were able to determine the
emperatures of the heat treatments. First, we attempted a sim-
le one-step heat treatment at 800 ◦C. Second, two pre-sintering
emperatures, namely, 300 and 500 ◦C, were applied to a two-
tep heat treatment which consisted of the pre-sintering steps
nd a subsequent final heating at 800 ◦C for the formation and
rystallization of LiFePO4. The condition of the one-step heat
reatment at 800 ◦C is sufficient to make a well-ordered olivine
iFePO4 crystalline compound. Nevertheless, it is expected that

he morphology of the particles and/or the electrochemical prop-
rties should be related to the nature of heat treatment. With
re-sintering at 300 ◦C, it is anticipated that the starting materials
ecompose and merely gases are released without the formation
f LiFePO4 and also the pyrolysis of PVA. After pre-sintering
t 500 ◦C; however, it is expected that a LiFePO4 crystalline

ompound will be formed with little remaining PVA.

With 5 wt.% PVA in the starting material, 2.06 wt.% of ele-
ental carbon is found in the resultant LiFePO4/C compos-

te formed by one-step heat treatment at 800 ◦C. This content

r
p
t
c

ig. 3. Scanning electron micrographs of LiFePO4/C composites prepared by: (a) on
nal heat treatment after pre-sintering at 500 ◦C.
reatment; (e) final heat treatment after pre-sintering at 300 ◦C; (f) final heat
reatment after pre-sintering at 500 ◦C.

xceeds the residual carbon of both final samples when using
he two-step treatment. The LiFePO4/C prepared by the two-
tep heat treatment, including pre-sintering at 500 ◦C, has the
east carbon content at 1.56 wt.%. This result is ascribed to the
re-sintering temperature, and suggests that a large portion of
VA disappears after heating at 500 ◦C and, furthermore, a part
f the residual carbon is lost during the second heat treatment.

To confirm selection of the heat treatments according to the
esults of TG analysis, XRD analysis was conducted on the

owders after pre-sintering at 300 and 500 ◦C, as well as on
he PVA-containing precursor, as shown in Fig. 2(a–c). When
omparing the XRD patterns of the three samples, almost all the

e-step heat treatment; (b) final heat treatment after pre-sintering at 300 ◦C; (c)
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Fig. 4. Cycling performance of LiFePO4/C composite at current density of 0.1
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added PVA. As the residual carbon content increases, the colour
of the powders changes progressively from medium to dark grey,
even to deep black for the sample with 8.31 wt.% carbon.

Table 1
Carbon content in various LiFePO4/C composite powders prepared by one-step
heat treatment

Added PVA content (wt.%) Residual carbon amount (wt.%)

0 0
1 ∼0
364 N.J. Yun et al. / Journal of Pow

iffraction peaks in the precursor before heat treatment disappear
n the powders obtained after heating at 300 and 500 ◦C. Even
he powder heat-treated at 500 ◦C shows the peaks of olivine
tructured LiFePO4 due to a heating temperature above 470 ◦C
hich corresponds to the temperature of structure formation.

t is concluded that after heating at 300 ◦C, the only starting
aterials are decomposed, and the olivine structured LiFePO4

s not formed. Fig. 2(d–f) presents the XRD patterns of the resul-
ant products after final heating at 800 ◦C. All the final products
ave an ordered olivine structured LiFePO4 with orthorhombic
nma independent of the type of heat treatments. There are no
dditional diffraction peaks associated with crystal modification
y carbon. It appears that PVA as a carbon source remains as
lemental carbon in an amorphous phase.

The morphologies of the LiFePO4 powders following the
arious heat treatments are illustrated in Fig. 3. From the SEM
bservation, the individual particles are estimated to be between
00 and 300 nm, although those of the powder prepared by
nal heat treatment after pre-sintering at 500 ◦C appear to be
omewhat larger. The particles are relatively small because the
esidual carbon from the PVA-containing precursor plays an
mportant role in reducing particle size to hinder the growth of
iFePO4/C particles during heating. As shown in Fig. 3(a), the
ample using the one-step heat treatment is completely crystal-
ized and not substantially agglomerated. This sample contains
ome residual carbon as an impurity phase that is not coated on
he LiFePO4 particles, whereas the samples from two-step heat
reatments have little carbon as an impurity phase. The agglom-
ration of particles increased with the two-step heat treatments.
n particular, the powder pre-sintered at 500 ◦C exhibits a serious
oalescence of the particles that is so extensive as to prohibit a
istinction between the shapes of individual particles, as shown
n Fig. 3(c). Based on these observations, it is clear that the final
eating temperature of 800 ◦C after crystallization of the parti-
les leads only to growth and agglomeration of particles, but does
ot further improve the crystallinity of the LiFePO4/C compos-
te. In summary, carbon-coated LiFePO4/C with an appropriate
rystallinity and morphology can be prepared satisfactorily by
ne-step heat treatment of the PVA-containing precursor with-
ut the need for pre-sintering, and by two-step heat treatment
ith pre-sintering at 300 ◦C.
The discharge capacity of LiFePO4 cells at the 0.1 C rate in

he voltage range of 2.5–4.5 V is given as a function of cycle
umber in Fig. 4. The materials prepared by one-step heat treat-
ent and by two-step heat treatment with pre-sintering at 300 ◦C

eliver a high first discharge capacity of 153 and 149 mAh g−1,
espectively. Both materials show a higher reversible capacity
han material pre-sintered at 500 ◦C due to the latter’s larger size
s a result of particle coalescence. In addition, the formed two
amples demonstrate remarkably good capacity retention at a
ow current density with >90% of the initial capacity remain-
ng after 30 cycles. It has been reported [4,9,12] that controlling
article size and morphology is important for the LiFePO4/C

omposite to achieve satisfactory electrochemical performance.
t was confirmed that the presence of uncoated residual carbon
s an impurity and only slight agglomeration of particles have
n opposite effect on electrochemical properties.

1
3

rate in voltage range of 2.5–4.5 V: (a) one-step heat treatment; (b) two-step
eat treatment with pre-sintering at 300 ◦C; (c) two-step heat treatment with of
re-sintering at 500 ◦C.

The material synthesized by the two-step heat treatment with
re-sintering at 300 ◦C is equivalent to that material prepared
sing the one-step heat treatment in terms of electrochemical
roperties, viz., specific capacity and capacity retention. The
atter synthetic route is, however, considerably more compli-
ated. Therefore, it is concluded that the one-step heat treatment
s worth studying further for the effect of residual carbon content
n the properties of LiFePO4/C composites.

.2. Effect of carbon content on LiFePO4/C composite
aterials

By altering the heat treatment, it has been found that the resid-
al carbon from the precursor hinders the growth of particles.
o extend the investigation of the effect of carbon content on

he properties of materials, the one-step heat treatment has been
mployed with control of the PVA content in the precursor.

Six samples were prepared with 0, 1, 3, 5, 10 and 30 wt.%
VA added to the raw materials. The amount of remaining car-
on in the products is listed in Table 1. Carbon is not detectable
n the LiFePO4/C powder obtained using precursors with 0 and
wt.% PVA. On adding more PVA, however, residual carbon is

ound by elemental analysis to be proportional to the amount of
3 1.00
5 2.06
0 3.20
0 8.31



N.J. Yun et al. / Journal of Power So

F
1
r

a
p
o
v
s
g
p
o
p
s
i
r
v
o
s
e
d
t

m
c
c
b
L
i
s
p
o
b

L
A
f
c
a
a
g
C
q
T
o
p
T
P
i
c
b
d
b
b
a

ig. 5. XRD patterns of LiFePO4/C composite prepared with: (a) 0 wt.%; (b)
wt.%; (c) 3 wt.%; (d) 5 wt.%; (e) 10 wt.%; (f) 30 wt.% PVA. Asterisk (*) rep-

esents impurity phase of Fe2P.

The XRD patterns of LiFePO4/C composites with various
mounts of residual carbon are shown in Fig. 5, where all sam-
les are LiFePO4 with an ordered olivine structure indexed by
rthorhombic Pnma. The formation of Fe3+ compounds is pre-
ented by relying on the reducing properties of specific carbons
uch as PVA and polypropylene [11] without using a reductive
as mixture of inert gas and H2 [16,17]. As the XRD results in the
revious section indicated, there is no evidence of the formation
f crystalline or amorphous carbon in the XRD curves. The XRD
attern of LiFePO4 powder from a precursor containing exces-
ive PVA (i.e., 30 wt.%) takes on a different aspect. As shown
n Fig. 5(f), a small amount of the impurity phase remains. This
esult is due to the high carbon content combined with an ele-
ated temperature of 800 ◦C which leads to the undesirable result
f reduction of Fe in LiFePO4 and the formation of impurities

uch as Fe2P [16]. Moreover, the diffraction peaks are broad-
ned and the crystallinity of the LiFePO4 powder is decreased
ue to suppression of the formation of crystalline LiFePO4 by
he excess carbon content.

c

p
s

Fig. 6. Scanning electron micrographs of LiFePO4/C composite prepared with: (a
urces 160 (2006) 1361–1368 1365

Scanning electron micrographs of LiFePO4/C composite
aterials are presented in Fig. 6. For all samples, well-

rystallized shapes are observed, although samples with a PVA
ontent >3 wt.% in the precursor have traces of elemental car-
on as an impurity phase. It is clear that the particle size of
iFePO4 decreases as the carbon content increases. Therefore,

t is reasonable to suggest that the effect of added carbon is to
uppress the growth of LiFePO4/C particles during the sintering
rocess. The elemental carbon exists as a carbon layer coated
n the LiFePO4 particles and this layer inhibits particle growth
y restricting the diffusion of atoms.

The first three cyclic voltammograms (CVs) of selected
i/LiFePO4 cells between 2.5 and 4.5 V are presented in Fig. 7.
n anodic peak, which is indicative of lithium ion extraction

rom LiFePO4, occurs at ∼3.5 V versus Li/Li+. A cathodic peak
orresponding to the anodic peak occurs at ∼3.3 V and signifies
Fe2+/Fe3+ redox potential. The small potential difference of

bout 0.2 V between the anodic and cathodic peaks demonstrates
ood reversibility on charge–discharge cycling. In addition, the
V curves of the samples have well-defined peaks and subse-
uent curves after the first cycle show excellent reproducibility.
hese features denote the high reactivity and good reversibility
f Li/LiFePO4 cells. However, it is interesting to see an anodic
eak at 4.3 V on the first cycle of samples, as shown in Fig. 7.
he LiFePO4 composite prepared by a precursor with a low
VA content has a relatively large peak at 4.3 V, whereas the

ntensity of this peak is negligible in samples with higher PVA
ontents. The origin of the 4.3 V peak is not fully understood,
ut is thought to represent oxidation of Fe3+ to Fe4+. This peak
isappears after the first cycle, which means that the phase is sta-
ilized in subsequent cycles. Even if an impurity phase is not to
e found in the XRD curve, small quantities of impurities exist
s Fe3+ compounds in LiFePO4/C materials with low residual

arbon contents.

The initial charge–discharge voltage curves of prepared sam-
les at the 0.1 C rate in the voltage range of 2.5–4.5 V are
hown in Fig. 8. A flat profile over a wide range at ∼3.4 V indi-

) 0 wt.%; (b) 1 wt.%; (c) 3 wt.%; (d) 5 wt.%; (e) 10 wt.%; (f) 30 wt.% PVA.
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impedes the extraction and insertion of lithium ions. As pro-
posed by Wang et al. [17], the formation of cracks after cycling
will lead to poor electrical contact between the active materials
and the conductive materials and this explains the capacity
ig. 7. Cyclic voltammograms curves of LiFePO4/C composite prepared with:
a) 1 wt.% and (b) 5 wt.% PVA.

ates that the extraction and the insertion reactions of lithium
ons proceed by the motion of a two-phase interface between
ePO4 and LiFePO4. For samples with a low PVA content,

.e., about 0, 1 and 3 wt.%, an unusual plateau is observed at
.3 V in addition to the typical plateau of the Fe2+/Fe3+ redox
eaction in LiFePO4 at 3.4 V. This is consistent with prior CV
esults.

Fig. 9 presents the discharge capacities of LiFePO4/C
omposites at the 0.1 C rate with a charge cut-off voltage of
.5 V. Although there is little difference in the XRD patterns of
he LiFePO4/C composites, the cell performance of the cathode
aterials depends on the added PVA amount in the precursor.
amples with 3, 5, and 10 wt.% PVA deliver high initial
ischarge capacities of similar value. The LiFePO4/C material
ith 3 wt.% PVA gives the highest capacity, viz., 156 mAh g−1,
hich corresponds to over 90% of the theoretical capacity of
livine LiFePO4. On the other hand, the reversible capacity
f this material fades as cycling proceeds. This indicates
oor capacity retention. LiFePO4/C materials with 5 wt.%
VA deliver a small discharge capacity of 153 mAh g−1 with

easonable capacity retention. The excellent reversibility of
i/LiFePO4 cells during cycling is caused by the structural sim-

larity of LiFePO4 and FePO4. Samples prepared from a precur-
or with a low PVA amount have diminished capacity retention,

F
4
s
3

ig. 8. Voltage profiles on first cycle of LiFePO4/C composite prepared with:
a) 0 wt.%; (b) 1 wt.%; (c) 3 wt.%; (d) 5 wt.%; (e) 10 wt.%; (f) 30 wt.% PVA.

specially when using a precursor without PVA. In the absence
f PVA, an initial discharge capacity of 120 mAh g−1 decreases
4 mAh g−1 after 30 cycles with severe capacity fading. This
ecline is attributed to a stabilized structure after first cycle that
ig. 9. Discharge capacities vs. cycle number at 0.1 C rate between 2.5 and
.5 V for Li/LiFePO4 cells. LiFePO4/C composites as cathode materials are
ynthesized with: (a) 0 wt.%; (b) 1 wt.%; (c) 3 wt.%; (d) 5 wt.%; (e) 10 wt.%; (f)
0 wt.% PVA.
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Fig. 10. Cycling performance at 1 C rate over voltage range 2.5–4.5 V for
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i/LiFePO4 cells. LiFePO4/C composites as cathode materials are synthesized
ith: (a) 0 wt.%; (b) 1 wt.%; (c) 3 wt.%; (d) 5 wt.%; (e) 10 wt.%; (f) 30 wt.%
VA.

ading of pure LiFePO4 when there is no carbon coating. Among
he samples, the LiFePO4/C composite with 30 wt.% PVA
isplay excellent capacity retention, although a small reversible
ischarge capacity is observed. A slightly reduced discharge
apacity originates with the thicker carbon coating, and is based
n the following: (i) a decrease in theoretical capacity due to the
resence of excess carbon as an inactive mass at about 8 wt.%;
ii) difficulty in lithium ion diffusion through the thick carbon
oating layer; (iii) a lessening of the surface for Li+ extraction
nd insertion with hindrance of electrolyte penetration into
lectrode.

To investigate electrochemical performance such as capac-
ty and cycle life at high current density, a charge–discharge
est was performed for up to 70 cycles at the 1 C rate over
he same voltage range with the cell test at the 0.1 C rate. The
esults at 1 C rate are similar to those of the cell tested at the
.1 C rate (see Fig. 10). Although applying a high current den-
ity, the half-cell using a LiFePO4/C composite with 5 wt.%
VA maintained a reversible capacity of about 115 mAh g−1

uring cycling. Clearly a 2.06 wt.% carbon-coated LiFePO4/C
ith 5 wt.% PVA in raw materials provided the best electro-

hemical properties. The reversible capacity loss at high cur-
ent density in samples with a low carbon content is due to a
arge particle size besides the same reason mentioned above.
n case of LiFePO4 with 30 wt.% PVA, the thicker carbon
oating impedes charge-transfer through the cathode, which
s responsible for low reversible capacity. It is because the
esidual carbon exists mostly as an amorphous phase and an
lectronic insulator. Detailed investigation of this phenomenon
s required and further study should examine charge-transfer
esistance by means of electrochemical impedance spectroscopy
EIS).

In summary, carbon coating of particles by co-synthesizing
he compounds with carbon can control particle growth, provide

mproved electrical contact between particles, and enhance the
urface electronic conductivity—all of which contribute to an
mprovement in electrochemical performance, especially in rate
apability.
urces 160 (2006) 1361–1368 1367

. Conclusion

In this study, a solid-state reaction using PVA as a carbon
ource with one-step heat treatment at 800 ◦C is sufficient to pre-
are an olivine structured LiFePO4/C composite. This process
s adequate for preparing carbon-coated LiFePO4/C materials
ithout a pre-sintering treatment step.
The effect of the amount of carbon on both the structural

nd electrochemical properties of LiFePO4/C powders has been
valuated. All samples with various contents of PVA were
iFePO4 with an ordered olivine structure. For materials with
low PVA content, although an impurity phase is not found

n the XRD pattern, an unusual plateau is observed at 4.3 V
n addition to the typical plateau of the Fe2+/Fe3+ redox reac-
ion in LiFePO4 at 3.4 V. It is proposed that the 4.3 V plateau is
elated to a Fe3+/Fe4+ redox couple of undetectable Fe3+ com-
ounds that are present as an impurity. For materials with high
VA contents, the Li/LiFePO4 cells deliver a small discharge
apacity due to a thicker carbon coating by a large amount of
esidual carbon. In addition, an impurity phase of Fe2P exists in
he sample prepared from a precursor with 30 wt.% PVA con-
ent due to the highly reductive atmosphere from the pyrolysis
f PVA during the sintering process. It is found that a 2.06 wt.%
arbon-coated LiFePO4/C composite material prepared from a
y 5 wt.% PVA-containing precursor displays the best electro-
hemical properties, e.g., discharge capacity, capacity retention,
nd rate capability.

The addition of PVA into as-prepared materials plays an
mportant role in reducing particle size to hinder the growth of
iFePO4/C particles during heating. This provides better electri-
al contact between particles, and thereby enhances the surface
lectronic conductivity. A further advantage of PVA is to pro-
uce a reductive atmosphere during pyrolysis to aid the synthesis
f LiFePO4/C powders.
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