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a b s t r a c t

This paper reports sol–gel derived nanostructured LiFePO4/carbon nanocomposite film cathodes exhibit-
ing enhanced electrochemical properties and cyclic stabilities. LiFePO4/carbon films were obtained by
spreading sol on Pt coated Si wafer followed by ambient drying overnight and annealing/pyrolysis at ele-
vated temperature in nitrogen. Uniform and crack-free LiFePO4/carbon nanocomposite films were readily
obtained and showed olivine phase as determined by means of X-Ray Diffractometry. The electrochemical
characterization revealed that, at a current density of 200 mA/g (1.2 C), the nanocomposite film cathodes
demonstrated an initial lithium-ion intercalation capacity of 312 mAh/g, and 218 mAh/g after 20 cycles,
exceeding the theoretical storage capacity of conventional LiFePO4 electrode. Such enhanced Li-ion inter-
calation performance could be attributed to the nanocomposite structure with fine crystallite size below
20 nm as well as the poor crystallinity which provides a partially open structure allowing easy mass trans-
port and volume change associated with Li-ion intercalation. Moreover the surface defect introduced by
carbon nanocoating could also effectively facilitate the charge transfer and phase transitions.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Recent increases in demand for oil, with the associated envi-
ronmental sustainable issues are continuing to exert pressure on an
already stretched and strained world energy infrastructure. Signifi-
cant progress has been made in the development of both renewable
energy harvesting and storage technologies, such as solar cells,
bio-fuels, fuel cells and batteries [1–3]. As one of the most promis-
ing clean technology for energy storage, lithium-ion batteries are
rapidly gaining the market of batteries, and are attracting signifi-
cant attention from both research and industry communities, due
to its highest energy density and environmentally friendly nature.
Due to the fact that the energy storage performance of lithium
ion batteries is largely limited by the performance of the cathodic
materials, more research has been focused on cathodic materials,
such as LiCoO2, LiMn2O4 and transitional metal oxides [4–6]. Since
the first report by Goodenough and his co-workers in 1997 [7] on
LiFePO4 applied as cathode materials for lithium ion batteries, it has
been attracting much interests both in research and industrial fields
because of its high theoretical capacity of 170 mAh/g, flat voltage at
∼3.4 V, and good thermal and chemical stability. Moreover it offers
economic and environmental advantages being low cost and less
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toxic material [8,9]. Goodenough and his co-workers showed the
possibility of chemically removing lithium from the olivine struc-
ture of LiFePO4 thus leaving a new phase FePO4 [7,10–12], with a
subtle structural change between LiFePO4 and FePO4 leaving the
1D channels for Li+-ion motion intact.

Since the limited electronic conductivity of LiFePO4, carbon
coating [13,14], metal particles dispersion [15], or aliovalent
cations doping [16] have been explored to accelerate the Li+ dif-
fusion and intercalation. For example, Huang et al. [17] prepared
LiFePO4 and conductive carbon nanocomposites with a particle
size of 100–200 nm reaching 90% theoretical discharge capacity
at a charge rate of C/2, and they concluded that both particle
size minimization and intimate carbon contact are necessary for
the optimization of electrochemical redox reaction in batteries.
Sides et al. [18] used templates to fabricate nanocomposite fibers
of LiFePO4–C with the diameter of 350 nm, the unique structure
allows a high capacity as 100% of the theoretical value at 3 C, and
36% at a higher discharge rate of 65 C. It was argued that the unique
nanostructure improves the lithium ions diffusion in the solid state
and the carbon matrix enhances the electronic conductivity [18].
Huang et al. [19] used 7 wt.% of polypyrrole (PPy) as the conductive
additives, and electrochemically deposited Carbon coated LiFePO4
(C-LFP)/PPy composite cathodes on stainless steel substrate with
a particle size of 2–5 �m. The composite cathodes demonstrated
92% of the capacity charged at 0.1 C when rapidly discharged at 10 C
(within 6 min), which was attributed to the good electrical contact
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between carbon coated LiFePO4 and PPy, as well as between the
particles and the current collector.

In this research, LiFePO4/C nanocomposite film cathodes were
fabricated through sol–gel processing followed with annealing and
pyrolysis in nitrogen at elevated temperatures. Poor crystallinity,
nanostructures together with uniform distribution of carbon on
electrochemical performances of these nanocomposite films were
characterized and discussed.

2. Experimental

The LiFePO4 sol was prepared from lithium hydroxide mono-
hydrate LiOH·H2O (≥99.0%, Fluka), ferric nitrate Fe(NO3)3·9H2O
(A.C.S. Reagent, Baker Analyzed) and phosphoric acid H3PO4 (A.C.S.
Reagent, min. 85%, Spectrum). In order to reduce Fe3+ to Fe2+ dur-
ing the preparation and form a complex with the iron ions [15,18],
l-ascorbic acid C6H8O6 (≥99.0%, Sigma) was added to the solution
with the molar ratios of 4:1 to the total metal (Li+ and Fe2+). Ascor-
bic acid also plays the role of providing carbon for the LiFePO4/C
nanocomposite films after pyrolysis. The overall molar ratio of
Li:Fe:P:ascorbic acid was 1:1:1:4. H3PO4 and Fe(NO3)3·9H2O were
first mixed and dissolved in deionized water to form a 1 mol/l solu-
tion. LiOH·H2O was then dissolved in the above solution, followed
by slowly adding C6H8O6 under constant stirring at room temper-
ature. The obtained mixture was stirred at 60 ◦C for 1 h until the
solution turned into dark brownish transparent sol, which was then
diluted with more deionized water from 1 mol/l to 0.01 mol/l for the
film preparation. It is very crucial to follow the above sequence for
the chemical reaction, so that the sol will not become unstable and
form precipitations during storage at room temperature.

The LiFePO4/C nanocomposite films were prepared by drop-
casting 50 �l of 0.01 mol/l sol onto Pt coated Si wafer and they have
a geometric area of approximate 0.2 cm2. The samples were then
dried in ambient conditions overnight and then annealed at various
temperatures (500 ◦C, 600 ◦C, 700 ◦C and 800 ◦C) in N2 atmosphere
for 3 h.

The un-diluted 1 mol/l sol was poured into a petri-dish and
dried under ambient conditions for 24 h, and then the residues
were collected and ground into fine powders for thermal anal-
ysis and X-Ray Diffraction (XRD) measurement. Thermochemical
properties of the LiFePO4/C composite powders were investigated
by gravimetric analyzer (TGA) and differential thermal analysis
(DTA) (PerkinElmer instruments) with the temperature range from
room temperature to 800 ◦C in N2 atmosphere at a heating rate of
2 ◦C/min. The XRD (D8 Diffractometer) method was used to detect
the phase of the LiFePO4/C composite powders derived from 800 ◦C.
The scanning electron microscopy (SEM) (JEOL JSM-5200) was used
to characterize the morphology of LiFePO4/C nanocomposite films
after annealed at various temperatures from 500 ◦C to 800 ◦C.

Electrochemical properties of the LiFePO4/C nanocomposite
films on Pt coated Si wafers were investigated using a standard
three-electrode cell setup. 1 mol/l LiClO4 solution in propylene car-
bonate was used as the electrolyte, a Pt foil as the counter electrode
and Ag/AgCl as standard reference electrode respectively. Cyclic
voltammetric (CV) and chronopotentiometric measurements (CP)
of the LiFePO4/C nanocomposite film cathodes were performed by
using an electrochemical analyzer (CH Instruments, Model 605B).

3. Results and discussion

Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) of the LiFePO4/C composite powders which were
heated from room temperature to 800 ◦C at a rate of 2 ◦C/min
in flowing nitrogen is shown in Fig. 1. About 75% weight loss is
observed during the temperature sweep to 400 ◦C, and from 400 ◦C

Fig. 1. Thermogravimetric analysis and differential thermal analysis curve of
LiFePO4/C composite powders from room temperature to 800 ◦C at a heating rate of
2 ◦C/min in nitrogen atmosphere.

Fig. 2. X-ray diffraction patterns of sol–gel derived LiFePO4/C composite powders
at room temperature and heat treated at 500 ◦C, 600 ◦C, 700 ◦C and 800 ◦C.

to 800 ◦C, the change of weight loss is 5%. The weight loss can be
ascribed to the removal of residual solvent, dehydration, decom-
position of ascorbic acid and nitrates and possibly the reduction
of some remaining Fe3+ to Fe2+. It can be observed that the first
three endothermic peaks between 81.7 ◦C and 133.4 ◦C are due
to the removal of residual solvent and dehydration of crystalline
water; while the endothermic peak at 392 ◦C shows the pyrolysis
of ascorbic acid from the precursor [20].

Fig. 2 presents XRD patterns of LiFePO4/C composite powders
dried from sol at ambient condition, and then annealed at 500 ◦C,
600 ◦C, 700 ◦C and 800 ◦C, respectively. The powders without
annealing showed no detectable peaks, suggesting the amorphous
nature. The patterns of powders annealed at 500 ◦C, 600 ◦C, 700 ◦C

Table 1
Crystallite size of LiFePO4/C compsoite powders treated at various temperatures
calculated using Scherrer’s equation.

Temperature (◦C) Crystallite size (nm)

500 16.1
600 19.4
700 21.1
800 30.8
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Fig. 3. Scanning Electronic Microscopy (SEM) pictures of LiFePO4/C nanocomposite films annealed at 500 ◦C (a and b), 600 ◦C (c and d) and 700 ◦C(e and f) and Energy-dispersive
X-ray Spectroscopy (EDAX) analysis of samples derived from 600 ◦C (g and h).

and 800 ◦C clearly showed the evidence of olivine LiFePO4 phase.
Among all these XRD patterns, no evidence of diffraction peaks for
crystalline carbon (graphite) appeared throughout the tempera-
ture range, which indicates that the carbon generated from ascorbic
acid is amorphous and its presence does not have detectable influ-
ences on the crystal structure of LiFePO4. The comparison of XRD
patterns also revealed that, the samples annealed at different tem-

peratures are in the same phase, except that the peaks are gradually
sharpened and intensity increases. This suggests an increase in
crystallinity, ordering of olivine LiFePO4 phase, growth of grain size
as well as release of lattice strain at higher annealing temperature
[21].

The crystallite sizes of LiFePO4 in the nano-composite powders
treated at different temperatures were calculated using Scherrer’s
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Fig. 4. Traditional electrode composed of active materials, conductive additives and binders (left); sol–gel derived LiFePO4/C nanocomposite cathode films in this study, with
LiFePO4 nanocrystallites and carbon nanocoating (right).

equation [22] and the results are shown in Table 1. The crystallite
sizes are below or around 20 nm in samples annealed at 500–700 ◦C,
and grow up to 30.8 nm when annealed at 800 ◦C. The finer LiFePO4
crystallite size compared to the larger crystallite size derived from
conventional solid-state synthesis can be ascribed to the sol–gel
method applied in this work and the inhibition effect of crystal
growth by the presence of carbon nano-coating generated from
ascorbic acid intimately mixed in the LiFePO4 sol. This nanostruc-
ture with crystallite size under 20 nm could greatly enhance the
phase transition during Li-ion intercalation/deintercalation due to
the high surface energy, and favored kinetic processes including a
short transport pathway and a high and effective contact area with
electrolyte [23–25].

Since ascorbic acid was introduced during the sol preparation
as a reducing agent of the iron ions [26], upon gelation and pyrol-
ysis at elevated temperatures, the carbon residues are intimately
and homogeneously dispersed in the nanocomposites and might
be coated onto the LiFePO4 particle surfaces. The thermal anneal-
ing effect on the particle size and morphology is evident from the
SEM images (Fig. 3(a)–(f)). It can be observed from Fig. 3 that with
the increase of annealing temperature from 500 ◦C to 700 ◦C, a
denser film, and better crystallinity with larger particle size are
derived. Fig. 3(a)–(b) are the images under both low and high mag-
nifications of LiFePO4/C nanocomposite films annealed at 500 ◦C.
It can be observed that small particles with loose structures are
obtained at 500 ◦C, and lower crystallinity is derived at this tem-
perature which is in consistent with XRD results. Fig. 3(c)–(d)
shows SEM pictures of 600 ◦C heat treated films, which com-
poses of two distinct phases with different particle sizes. After an
energy-dispersive X-ray spectroscopy (EDAX) check of each phase,
Fig. 3(g)–(h) show that, small particles are carbon phase while
large particles are carbon coated LiFePO4 phase. It can also be
seen from Fig. 3(d) that, the carbon particles are homogeneously

distributed in the films and some are coated on the surface of
LiFePO4 particles, which well guarantees the effective conduc-
tive network in the whole film thus improve the electrochemical
performance of LiFePO4/C nanocomposite films [26]. The surface
carbon could also exist as surface defect which serves as nucle-
ation sites to promote phase transition [6,24]. The three-phase
interface of LiFePO4–C–electrolyte could offer a lower nucleation
activation energy, therefore the phase transition during Li-ion
intercalation/deintercalation is greatly enhanced [27–30]. Further
increase the annealing temperature to 700 ◦C, the morphology of
films was examined and shown in Fig. 3(e)–(f). It can be observed
that a denser film with better crystallinity and trace of carbon was
attained at this temperature. It is also found that both LiFePO4 and
carbon particles grow larger and show distinct crystallites mor-
phology when the annealing temperature increases.

A schematic (shown as Fig. 4) demonstrating the distribution
and co-existence of carbon with LiFePO4 is proposed based on the
XRD, SEM and EDS results discussed above. The carbon residue
from ascorbic acid forms an amorphous nano-network in LiFePO4/C
nanocomposite films, connecting the individual LiFePO4 particles;
the carbon may also wrap around the LiFePO4 particles, and act as
both nano-coating to improve the electrical conductivity and sur-
face defect to enhance the lithium ion diffusions. There is also a
possibility that porous carbon webs can reside in the interior of
the particles, as reported by Chung et al. [31] The conventional
electrode process adds 15–20 wt% of conductive additives (carbon
black etc.) and binder (PVdF etc.) to the active materials with par-
ticles size of micrometer scale, which often gives an inadequate
contact between particles thus impedes the lithium ion from dif-
fusing effectively in certain areas. In addition, the additives and
binders bring in noticeable mass which further results in a low spe-
cific energy and power density counted for the whole electrode. In
contrast to the conventional configuration, the carbon network and
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Fig. 5. Cyclic voltammetric (CV) curves of LiFePO4/C nanocomposite films derived from (a) 500 ◦C, (b) 600 ◦C, (c) 700 ◦C, (d) 800 ◦C (room temperature, 10 mV/s, voltage range:
−1.4 V to 1.0 V (vs. Ag/Ag+)).

nanocoating introduced by sol–gel chemistry in this work guaran-
tees a better electrical conductivity, enhanced lithium ion diffusion
and higher electrochemical performance as discussed below.

The cyclic voltammetric (CV) curves of LiFePO4/C nanocompos-
ite film cathodes annealed at different temperatures from 500 ◦C to
800 ◦C are shown in Fig. 5(a)–(d), which shows distinct redox peaks
for intercalation/de-intercalation of lithium ions corresponding to
the two-phase charge/discharge reaction of Fe2+/Fe3+ redox cou-
ple. The anodic oxidation peak for sample that annealed at 500 ◦C
as shown in Fig. 5(a) appears at −0.04 V vs. Ag/Ag+ and cathodic
reduction peak at−0.33 V, and the peaks are−0.03 V and−0.31 V for
sample that was treated at 600 ◦C. For the films treated at 700 ◦C and
800 ◦C, the CV curves show a wider gap between redox peaks. It was
argued by Kim et al. [32] that the smaller gap between redox peaks
is more efficient for redox reactions. It is likely that the LiFePO4/C
nanocomposite films annealed at 600 ◦C has more desirable crys-
tallinity as well as nano and micro structure that facilitates redox
reactions at the interface and affects the kinetics of transport pro-
cesses. This result is in consistent with the chronopotentiometric
results analyzed in the next paragraphs.

The charge-discharge performances of LiFePO4/C nanocompos-
ite film cathodes derived at different temperatures (500–800 ◦C)
at 200 mA/g are summarized and compared in Fig. 6. The film
annealed at 600 ◦C shows better capacity and cycle stability, as it
delivers higher discharge capacity as 312 mAh/g for the initial cycle,
and stays 218 mAh/g after 20 cycles. This prominent electrochem-
ical property of LiFePO4/C nanocomposite films treated at 600 ◦C
could be explained by the SEM pictures (Fig. 3(c)–(d)) and XRD
results (Fig. 2 and Table 1): the poor crystalline LiFePO4 phase is
less compact and more disordering in comparison with well crystal-
lized phase, thus it provides a more flexible structure which could
accommodate more lithium ions and facilitate the diffusion within
this structure [33]. The LiFePO4 nanocrystallites below 20 nm could
also favor the kinetics of phase transition during Li-ion interca-
lation/deintercalation [34]. Moreover the carbon residing on the
surface of LiFePO4 particles could perform as surface defect and
buffer material, thereby enhancing the electrochemical capacity
and improving cyclic stability [6,34].

For the film annealed at 500 ◦C, the initial discharge capacity
is similarly high as 600 ◦C sample, which could be ascribed to the
amorphous LiFePO4 phase with carbon surface coating that exists
in this low temperature treated sample. However a drastic drop of
the discharge capacity and poor cyclic performance are detected in
this 500 ◦C film, which shows 139 mAh/g after 13 cycles. This poor
cyclic property could be due to the loosely packed microstructure
annealed at low temperatures; with increased cycles, the structure
may experience irreversible change or loose contact with current
collector – similar observations in samples annealed at low tem-
peratures are often found in literature [35,36].

The initial discharge capacities for 700 ◦C and 800 ◦C films
are 228 mAh/g and 120 mAh/g, which decrease to 148 mAh/g and
99 mAh/g after 20 cycles. The SEM pictures (Fig. 3(e)–(f)) and
XRD patterns (Fig. 2) show that more compact and well crystal-
lized structures are obtained in higher temperature annealed films,
which gives less freedom and open space for lithium ion diffusion,

Fig. 6. Discharge capacities of sol–gel derived LiFePO4/c nanocomposite cathode
films annealed at 500–800 ◦C at a discharge rate of 200 mA/g.
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Fig. 7. Lithium ion intercalation capacities of sol–gel derived LiFePO4/C nanocom-
posite cathode films annealed at 600 ◦C as a function of cycles under different
discharge rates.

thus lower discharge capacities are measured from this research.
The poorer electrochemical performances at higher annealing tem-
peratures could also be ascribed to the enlarged particle size with
the increase of temperature. Since charge transfer resistance is
related to the difference of particle size. A decrease in particle size
will decrease the polarization associated with electronic and/or
ionic resistance, thus improve the reversible capacity. The larger
particles present as transport limitation both for lithium ions and
electron diffusion, which results in capacity loss [37].

The charge-discharge performance at different charging rate
of LiFePO4/C nanocomposite film cathodes annealed at 600 ◦C is
shown in Fig. 7. In this experiment, we conducted the intercalation
and deintercalation at the same rate for a specific sample and all
samples were measured between−1.6 V and 1.0 V (Vs Ag/Ag+). The
as-prepared LiFePO4/C nanocomposite film cathodes demonstrate
a high initial specific discharge capacity of 327 mAh/g at the current
density of 100 mA/g (0.6 C). When the current density is 200 mA/g
(1.2 C), the initial capacity is 312 mAh/g, and the initial capacities
show 171 mAh/g and 139 mAh/g at higher rate of 300 mA/g (1.8 C)
and 500 mA/g (3 C) respectively. This high discharge capacity at a
high rate could be ascribed to the surface defect and enhanced elec-
tronic conductivity due to the carbon nano-coating at the LiFePO4
particle surface [6,29]. This carbon coating can well provide a bet-
ter connecting network for electron diffusion [35]. Moreover the
shortened transportation path as well as the enhanced phase tran-
sition kinetics of lithium ion intercalation/de-intercalation could
be ascribed to the nanoscaled structure [36,38,39].

The sol–gel derived LiFePO4/C nanocomposite film cathodes
demonstrated a discharge capacity of over 300 mAh/g, exceeding
the theoretical value of 170 mAh/g reported in literature [40]. Fig. 8
presents the first charge and discharge curve at a rate of 200 mA/g,
and it could be observed that the charge capacity of the first cycle
is 167 mAh/g, which almost equals theoretical value of well crys-
tallized bulk LiFePO4, indicating that the initial sol–gel derived
LiFePO4/C nanocomposite films consist of stoichiometric chemi-
cal composition with an atomic ratio of Li+:Fe2+:PO4

3+ = 1:1:1 as it
was designed in the sol processing and sample preparation. This
result is in good agreement with the XRD patterns as shown in
Fig. 2, and it also validates that during the first charge step, all
the Li+ ions extracted from the LiFePO4/C nanocomposite films,
as was measured to be 168 mAh/g in capacity. However at the
subsequent discharge process, a capacity of 312 mAh/g was mea-
sured, which shows that the amount of Li ions that intercalate into

Fig. 8. The first and second charge/discharge curves of sol–gel derived LiFePO4/C
nanocomposite cathode films annealed at 600 ◦C at a discharge rate of 200 mA/g.

the film exceeds the theoretical value for a stoichiometric crys-
talline LiFePO4. Although there is a gradual degradation of the
electrochemical performances with increase cycles, the capacity
of LiFePO4/C nanocomposite films stays above the theoretical limit
within the number of cycles conducted in this study. The lack of
well-defined plateau for the discharge curve in Fig. 8 in compar-
ison with other work on LiFePO4 [16–19,23,24] could also be an
indication of the poor crystallinity at high discharge rate of 1.2 C.
This experimental result has shown its reproducibility and all the
measurements conditions are carefully verified.

The exact explanation for such a high lithium ion intercala-
tion capacity is not known and a number of experiments are
underway to get insights for a fundamental understanding, how-
ever, capacities higher than theoretical limit observed in other
nanostructured electrode materials have also been reported in lit-
eratures by other authors [40–44]. For example, O’Dwayer et al. [40]
observed that the VOTPP-based VOx nanotubes exhibited remark-
able charge capacities of 437 mAh/g, which exceeds the reported
theoretical value of 240 mAh/g [45], and they believe that it is
the increased volumetric density of nanotubes for ion intercala-
tion and shorter diffusion paths which provide better freedom
for dimensional change that occurs during intercalation and de-
intercalation reactions. Wang et al. [41] fabricated TiO2-graphne
hybrid nanostructured materials and tested them as anode mate-
rials for Li-ion batteries. They observed high Li-ion intercalation
capacities of ∼200 mAh/g at C/5 for rutile TiO2–0.5 wt% graphene,
and ∼200 mAh/g at 1 C for rutile TiO2–10 wt% graphene hybrid
materials during the first 10 cycles, which exceeds the theoret-
ical capacity of 168 mAh/g for bulk rutile TiO2 materials. They
believed that the high intercalation properties and enhanced kinet-
ics in TiO2–graphene hybrid materials can be attributed to the
improved conductivity with the incorporation of highly conduct-
ing graphene, and this self-assembled hybrid materials are more
effective compared with the conventional electrodes fabricated
with conductive additives and binders. Jiang et al. [42] observed
high Li-ion storage capability, high rate performance and cyclabil-
ity in nanometer-sized rutile TiO2 electrode, with ∼378 mAh/g of
Li-ion intercalation capacity for the initial cycle, which is corre-
sponding to more than 1 Li+ being inserted into TiO2. For rutile
TiO2, Li-ion diffusion occurs mainly through c channels and the
sluggish Li diffusion in the a–b planes is the bottleneck for fur-
ther Li-ion insertion. [46] Jiang et al. believed that the limit of
Li-ion diffusion in a–b planes was weakened in nanometer-sized
rutile TiO2, which means that more thermodynamically stable
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octahedral sites in a–b planes can be reached by Li ions, pro-
viding more pronounced intercalation sites for Li-ions. Liu et al.
[43] reported that the mesoporous hydrous manganese dioxide
nanowall arrays achieved a stable high intercalation capacity of
256 mAh/g, exceeding the theoretical limit of 150 mAh/g for man-
ganese dioxide bulk film. They argued that such high capacity is
ascribed to the hierarchically structured macro- and mesoporosity
of MnO2·0.5H2O nanowall arrays, which provides a large surface
to volume ratio favoring interface Faradaic reactions, short solid-
state diffusion paths, and freedom to permit volume change during
lithium ion intercalation and de-intercalation. Based on quantum
theory, Raebiger et al. [47] proposed that there is no noticeable
net charge change of the oxidation state of a transition metal in
a crystal lattice changes associated with lithium ion intercalation,
and instead the intercalation is due to the change of hybridiza-
tion as a result of the change of its energy level relative to the
surrounding atoms (e.g. oxygen in transition metal oxides). There-
fore the irrelevant relationship between static charges of transition
metal and its oxidation status change upon removal or addition of
electrons could bring a re-examination of the theoretical capacity
value to electrode materials for lithium ion batteries. The excel-
lent performance of the sol–gel derived LiFePO4/C nanocomposite
cathode films observed in this study may be attributed to the
relatively poor crystallinity of LiFePO4 nanocrystallites offering
more available sites for Li-ion intercalations, as well as the inti-
mate contact of carbon to LiFePO4 crystallites, serving as both
surface defects and electronic conductive coatings and networks,
which effectively enhances the conductivity of composite film
electrodes. This unique nanocomposite structure could result in
an enhanced electrochemical performance with much improved
transport properties and storage capacity through facilitating
the phase transition during Li-ion intercalation/deintercalation
processes.

4. Conclusions

LiFePO4/carbon nanocomposite film cathodes are readily fab-
ricated by sol–gel processing with excessive polymer additive
followed with annealing and pyrolysis in an inert gas at ele-
vated temperatures for lithium ion batteries, with carbon serving
as both defects and conductive nanocoating on the surface of
LiFePO4 particles. Crystal, nano and microstructure of the LiFePO4/C
nanocomposite films can be tuned through controlling the subse-
quent annealing process. High electrochemical performance with
initial discharge capacity of 312 mAh/g and good cyclic stability
(218 mAh/g after 20 cycles) were observed for LiFePO4/C nanocom-
posite film cathodes annealed at 600 ◦C when tested within 1.0 V
to −1.6 V (vs. Ag+/Ag). The exceptionally high electrochemical per-
formances could be ascribed to the LiFePO4 nanocrystallites with
large surface to volume ratio and possible surface defects, and the
relatively poor crystallinity which provides a less packed structure
to accommodate more lithium ions. Furthermore, the carbon sur-
face defects and conductive nanocoating may effectively improve
the charge-transfer property and phase transition during Li-ion
intercalation/deintercalation.
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