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Abstract

Olivine structured LiFePO4/carbon composites with different amounts of carbon were prepared by a modified two-step solid-state reaction.
The iron citrate used as both iron and carbon sources in the reaction resulted in the formation of carbon coatings on the olivine particles as the
mixed precursors were heated at three different initial-step temperatures of 200, 300 and 400 1C followed by a second-step annealing at moderate
temperatures of 700 1C. The obtained final powders with varying carbon contents were systematically analyzed by characterization techniques of
thermo-gravimetric analysis, X-ray powder diffraction, field-emission scanning electron microscopy, and field-emission transmission electron
microscopy prior to electrochemical testing in order to determine the structural and calcination effects on the electrochemical properties of the
composites. The field-emission transmission electron microscopy images revealed that the morphology of the LiFePO4 composites consist of
agglomerated particles surrounded by carbon as a conductive material. Among the prepared samples, the LiFePO4/carbon composite calcined at
initial-step temperature of 300 1C showed the highest discharge capacity and the best rate capability in the voltage range of 2.5–4.2 V.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Rechargeable Li-ion batteries are considered as an attractive
power source for a variety of applications including cellular
phones, notebook computers, camcorders and even electric
vehicles. Although LiCoO2 is currently the most widely
applied cathode material in commercial lithium-ion batteries
owing to its decent electrochemical properties and convenience
of preparation, it is not free from disadvantages of low
practical capacity, high cost, toxicity and inferior safety
features [1,2]. In recent years, NASICON or olivine-type
materials built from MO6 octahedron (where M is Fe, Co,
Mn, Ni, V or Ti) and strongly covalent bonded tetrahedral
polyanions (XO4

n� , where X is P, W, S or Mo), have been
investigated as cathodes with significant structural stability
[3–6]. Among these, LiFePO4 remains a promising candidate
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due to its high theoretical capacity (170 mA h g�1) [2], low
cost [7,8], environmental benignity [9], good cycle life proper-
ties [10–15], excellent thermal stability [16,17], and an
approximately flat voltage plateau around 3.4–3.5 V versus
lithium. Despite its merits, LiFePO4 suffers from rate-limiting
characteristics of low electronic conductivity (≤10�9 S cm�1)
[18] and lithium ion diffusivity that hinders the practical
application of this olivine as Li-ion battery cathodes. Conse-
quently, tremendous efforts are aimed at minimizing the
intrinsic disadvantages and improving the electrochemical
properties of LiFePO4 using various strategies such as reducing
particle sizes [19,20], aliovalent cation substitution [18], particle
morphology tailoring [21–23] and developing composites or
performing particle coatings with conductive materials [24–29].
Carbon coating on particle surfaces as well as designing

carbon-contained composites has been recognized as one of
the most effective way to improve the rate capabilities in
LiFePO4. Hsu et al. reported that nanosized LiFePO4/carbon
composites (noted hereafter as LFP/C) were successfully
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synthesized by a sol–gel method using citric acid as a chelating
agent and a carbon source [25]. The reversible capacities
for the LFP/C cathode obtained were 148 and 125 mA h g�1

at C-rates of 0.025 and 0.1C respectively. Dominko et al.
investigated the dependency of varying carbon content on
carbon layer thickness formed on the LFP/C nanoparticles via
a sol–gel technique by controlling the amount of Hydro-
xyethylcellulose (HEC) used as a carbon source during
synthesis [26]. This study reported that LFP/C with 3.2 wt%
carbon content and 1–2 nm thick carbon coating displayed a
reversible capacity of about 116 mA h g�1 at 5C rate. Nien
et al. used a co-precipitation method utilizing a polymer
precursor (polystyrene) to develop an LFP/C cathode that
demonstrated less than 110 mA h g�1 of capacity under 0.5C
rate condition [27]. Contrary to solution synthetic routes, the
conventional solid-state reaction permits the opportunity for
multi-step heat treatments to not only eliminate organic
materials but also serves as a prospective approach to
introduce carbon sources such as sucrose, glucose or polymer
precursors that can directly contribute to surface conducting
layers on the formed crystalline particles. Since the approach
of forming surface coatings is relatively easier than that
followed in solution methods, the strategy to produce high-
power performance LFP/C composites by simple solid-state
reactions without any complicated separation procedures
remains significant.

In this work, we demonstrate an effective method to control
the thickness of an in-situ surface carbon layer formed on the
LFP/C composites via a modified solid-state reaction method.
The high temperature reaction uses iron citrate, which acts as a
dual source of iron as well as carbon, as one of the starting
materials. The main focus on this work has been to study the
effect of heat treatment on the residual carbon content and the
carbon coating layer formed on the prepared particles. In
addition, the present study also investigates the influence of the
heating process on particle formation by a coherent under-
standing obtained from thermo-gravimetric, elemental, mor-
phological and electrochemical analyses.
2. Experimental

2.1. Material synthesis

LFP/C composites were prepared by the solid state reaction
method using lithium carbonate (Li2CO3, 98% Daejung), iron
(III) citrate hydrated (FeC6H5O7 � xH2O, 98% Aldrich) and
ammonium dihydrogen phosphate (NH4H2PO4, 99% Junsei)
as the starting materials. In brief, 0.01 mol Li2CO3, 0.02 mol
iron citrate, and 0.02 mol NH4H2PO4 corresponding to
0.02 mol of LiFePO4 was thoroughly milled in an acetone
medium using the conventional ball milling apparatus with a
rotation speed of about 120 rpm for 24 h. The resultant
material was divided into three parts, which were pre-heated
at three different temperatures, viz. 200, 300 and 400 1C for
3 h in air. Subsequently, all the heated samples were ground
again and then annealed at 700 1C for 6 h under argon (Ar)
atmosphere and the final products are marked as LFP/C-200,
LFP/C-300 and LFP/C-400 respectively.

2.2. Material characterization

The thermal decomposition behavior of the annealed sam-
ples was examined with a thermo-gravimetric analyzer (TGA)
(TA instruments SDT Q-600) at a scanning rate of 5 1C min�1

from room temperature to 800 1C under air flow of 100 mL
min�1. The structure and morphology of the prepared powders
were identified by X-ray diffraction (XRD) using a Shimadzu
X-ray diffractometer with Cu Kα radiation (λ¼1.5406 Å),
field-emission scanning electron microscopy (FE-SEM,
S-4700 Hitachi) and high-resolution transmission electron
microscopy (HR-TEM, Philips Tecnai F20 at 200 kV). The
obtained powders were ultrasonically dispersed in ethanol,
dropped onto TEM grids and allowed to evaporate residual
solvent in air at room temperature before obtaining TEM
images. Elemental analysis was carried out using a Flash-2000
Thermo Fisher model to determine the practical amount of
carbon in the annealed LFP/C composites.

2.3. Electrochemical measurements

The working electrode was prepared by mixing the active
material with 10 wt% of Ketjen black as a conductive reagent
and 15 wt% of polytetrafluoroethylene (PTFE) as a binder. The
mixture was pressed onto a stainless steel mesh and vacuum
dried at 120 1C for 12 h to eliminate residual moisture. A 2032
coin-type cell was fabricated using the lithium metal as a
counter electrode, separated by a polymer membrane (Celgard
2400) and subsequently stored for 12 h in a glove box before
the electrochemical measurements. The electrolyte employed
was a solution of 1 M LiPF6 in a mixture of ethylene
carbonate/dimethyl carbonate (EC/DMC) with 1:1 volume
ratio. The galvanostatic tests were carried out with a program-
mable battery tester (NAGANO, BTS-2400H) at a constant
current of 28.9 mA g�1 (¼0.17 C) and C-rate performances
were evaluated at different currents by cycling them for three
times at each rate in the potential range of 2.5–4.2 V versus
lithium.

3. Results and discussion

3.1. Characterization of structure and morphology

Thermo-gravimetric and differential thermal analysis (TG/
DTA) were used to determine the reaction temperatures for the
synthesis of the LFP/C composites. The TG/DTA curves
observed under air atmosphere for the ball-milled mixture of
starting precursors namely, Li2CO3, FeC6H5O7 � xH2O and
NH4H2PO4 are displayed in Fig. 1(a). There are several stages
of weight loss regions in the TG plot that are reflected as
corresponding endothermic and exothermic peaks in the DTA
plot. The first domain is attributed to the release of physically
absorbed water at temperatures below 200 1C. The second
temperature domain ranging from 200 to 450 1C shows
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continuous and steep weight loss and may be ascribed to the
decomposition of carbonate and organo-phosphonates. Hence,
temperatures of 200, 300, and 400 1C were selected for pre-
heat treatments to determine control over the lasting residual
carbon content. Finally, the third region indicating significant
weight loss displays a strong exothermic peak at 490 1C,
which may be ascribed to the decomposition of the remaining
reactants and the crystallization of LiFePO4 [25,30,31]. At
temperatures above 800 1C, no obvious exothermic/endother-
mic reaction or weight-loss appears thereby indicating the
completion of the entire reaction. Therefore, final or a second-
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Fig. 1. (a) TG/DTA curves for precursor (the mixture of Li2CO3, FeC6

H5O7 � xH2O and NH4H2PO4) after ball-milling in air atmosphere, (b) TG
curves for the LFP/C-200, LFP/C-300 and LFP/C-400 composites formed by
initial pre-heating at 200, 300 and 400 1C, respectively in air atmosphere and
subsequent calcination at 700 1C in Argon atmosphere compared with that of
pure LiFePO4.

Table 1
Lattice parameters, unit cell volume values, and carbon contents from elemental an

Sample name a (Å) b (Å) c (Å

LFP/C-200 10.3333 6.0103 4.69
LFP/C-300 10.3300 6.0073 4.68
LFP/C-400 10.3280 6.0129 4.69
step heat treatment at temperatures of 700 1C was identified to
obtain LFP/C composites with high crystallinity.
The carbon contents in the LFP/C composites were esti-

mated by comparative analysis of the TG curves of the LFP/C-
200, LFP/C-300 and LFP/C-400 composites and that of pure
LiFePO4. The difference between the final points observed in
the TG plots of the LFP/C composites and pure LiFePO4 may
correspond to the carbon content in the composites assuming
that the residual carbon in the composites is burned off by
heating in air at 800 1C. It can be easily interpreted from the
TG plot of pure LiFePO4 in Fig. 1(b) that a weight gain of
approximately 4.6 wt%, which is obtained by extrapolation of
this curve, is comparable to the theoretical value of 4–5 wt%
afforded by the complete oxidation of Fe2+ to Fe3+ [31,32].
The estimated residual carbon in the case of LFP/C-200 with
respect to that of pure LiFePO4 was the highest (12.4 wt%), as
shown in the plot of Fig. 1(b). In addition, the weight
difference of LFP/C-300 is relatively lower, viz. 6.05 wt%
when compared to that for LFP/C-200. However, the weight
loss difference calculated by comparing the TG plot of LFP/C-
400 and pure LiFePO4 is only 1.07%, suggesting that the level
of carbon formation is the lowest among that for the prepared
composites. Schematic figures are also given in the TG plot
with respect to the carbon coating tendency on the particles.
The results of the elemental analysis performed to determine
the carbon contents in the samples are summarized in Table 1.
The calculated percentages of carbon in the annealed compo-
sites, viz., LFP/C-200, LFP/C-300 and LFP/C-400 composites
are 9.206, 3.176 and 0.838 wt%, respectively. As anticipated,
the highest percentage of carbon is observed in the LFP/C-200
composite, which might be due to the incomplete decomposi-
tion of the organo–metallic complex. The value of carbon
contents obtained from elemental analysis indicated a similar
tendency to that of the TG data. Hence, the anticipation of
carbon contents from TG analysis may tend to be quite
reasonable (detailed discussion in the TEM part).
Fig. 2 shows the X-Ray diffraction patterns of the LFP/C-

200, LFP/C-300 and LFP/C-400 composites. The XRD peaks
of all of the composites demonstrate the formation of highly
crystalline LiFePO4 phase with an ordered olivine structure
indexed to the orthorhombic Pnma space group devoid of any
detectable impurity phases. The lattice parameters for the LFP/
C composites are given in Table 1 and the values of results are
very close to the standard data (a¼10.334 Å, b¼6.010 Å, and
c¼4.693 Å) given by JCPDS 83-2092 [33]. The surface
morphologies of the LFP/C-200, LFP/C-300 and LFP/C-400
composites were characterized by FE-SEM and the results are
shown in Fig. 3(a)–(c). The SEM images of all the composites
alysis of LFP/C-200, LFP/C-300 and LFP/C-400 composites.

) Cell volume (Å3) Carbon content (wt%)

12 291.3546 9.206
95 291.0087 3.176
19 291.3770 0.838
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are similar and the particles appear to have sub-micrometer or
micrometer sizes with irregular shapes and severe agglomera-
tion. The LiFePO4 particle-sizes are observed to range between
1 and 2 μm. Prosini et al. [34] reported that particle size
decreases as the amount of carbon increases by impeding the
diffusion during heat-treatment. It is well known that tailoring
Fig. 3. FE-SEM images of (a) LFP/C-200, (b) LFP/C-300 and (c) LFP/C-400 co
showing the carbon covered particles in the (d) LFP/C-200, (e) LFP/C-300 and (f)

Fig. 2. XRD patterns of (a) LFP/C-200, (b) LFP/C-300 and (c) LFP/C-400
composites prepared by a two-step solid state reaction.
the particle morphology in solid state synthesis is quite
complicated because of the high heating temperatures, which
results in irregular particle morphology and unexpected
aggregation.
In order to observe carbon formations in the prepared

composites, HR-TEM investigations were performed and the
results are shown in Fig. 3(d)–(f). Carbon distribution on the
LiFePO4 particle surface was observed to be specific for each
of these samples. As anticipated, the TEM picture of LFP/C-
200, in Fig. 3(d), distinctly shows large amount of carbon
formation around the particles. The dark gray region shows the
LiFePO4 particles while the light gray region shows the carbon
on the surface. The observation of large carbon formation may
be attributed to the apparently lesser decomposition of organic
matters that originated from the low pre-calcination tempera-
ture of 200 1C. The HR-TEM image of the LFP/C-300 sample
shown in Fig. 3(e) clearly reveals that the carbon layer on the
surface of the LiFePO4 particles has a thickness of about 7 nm
and thereby indicates that this appropriate carbon formation
can make positive contribution to its electrochemical proper-
ties. This claim is coincident with the finding by Dominko
et al. that the presence of surface conductive coating layers of
thickness less than 10 nm significantly influenced the electrode
performance of LFP [26]. Further, Cho et al. also identified
mposites with different carbon contents and corresponding HR-TEM images
LFP/C-400 composites and indicating the formation of the carbon layer.
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that uniform carbon coating layer with thickness as low as
4–8 nm facilitated a proper passivation layer for redox reaction
and ultimately contributed to improved electrochemical char-
acteristics in LFP [35]. On the other hand, it appears that the
carbon coating is not distinguishable in LFP/C-400, as
observed in Fig. 3(f). It is also possible that the low carbon
content may be insufficient to facilitate a surface coating that is
spread over the entire particle surface. According to Wang's
results, such a disconnected carbon network can lead to
electronic inter-particle connections, but does not block the
direct contact between the active particles and the penetrated
electrolyte [36].
3.2. Electrochemical performance

The electrochemical performances for the samples as
cathodes in lithium test cells were examined by conducting
charge–discharge tests. Fig. 4 shows the initial charge and
discharge profiles of the LFP/C-200, LFP/C-300 and LFP/C-
400 composites in the voltage range of 2.5–4.2 V at a current
density of 28.9 mA g�1 corresponding to 0.17 C. The resultant
specific capacities were calculated based on solely for the mass
of pure LiFePO4. The first discharge capacities of LFP/C-200,
LFP/C-300 and LFP/C-400 are 154, 160 and 131 mA h g�1,
respectively, corresponding to 91%, 94% and 77% of theore-
tical capacity values (170 mA h g�1). A flat discharge profile
was observed over a wide potential range at 3.4 V, indicating
the two-phase nature of the lithium extraction and insertion
reactions between LiFePO4 and FePO4 [2]. It is interesting to
notice that the optimized pre-heating temperature to form a
carbon layer of sufficient thickness on the LiFePO4 particle is
300 1C based on the aforementioned results of various
analyses. The uniformed coating layer may facilitate an
enhancement in the contact between the conducting additive
and active materials. Further, the nanoscale thickness of the
coating may also not hinder the diffusion of Li-ions through
the particle surface. The aforesaid reasons may thus contribute
to the better electrochemical performance of the LFP/C-300
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voltage range of 2.5–4.2 V.
sample. On the other hand, the lower value of the discharge
capacity of the LFP/C-200 and LFP/C-400 composites could
be related to their relatively thick carbon coatings and larger
particle size with less carbon coating, respectively.
Fig. 5 shows the rate performances of the LFP/C-200, LFP/

C-300 and LFP/C-400 composite cathodes at 0.17–11 C rates
cycled three times at each rate. Among these, the LFP/C-300
composite displayed a longer plateau and the best rate
performances of 101 mA h g�1 even at current densities as
high as 11 C, possibly due to the uniform carbon coating layer
of 7 nm thickness, which appears to be sufficient for the supply
of electrons to the electrochemically active sites at the particle
surface. However, the LFP/C-200 composite showed a fairly
low discharge capacity of 88 mA h g�1 at the same current
rate of 11 C. It is assumed that as the carbon coating becomes
thicker, the pores become less permeable to the electrolyte
solution [26]. Of course, if the penetration of the electrolyte
into the pore system is partially hindered, the surface area
available for the lithium ion intercalation/de-intercalation
process is consequently lower, which corresponds to a lower
specific capacity under a given high rate condition. Further, a
thick carbon surface coating may hinder lithium penetration
through the particle and lead to lower capacities. Hence the
LFP/C-200 cathode may have shown apparently lower electro-
chemical performance than that displayed by the LFP/C-300
cathode. In comparison to carbon-coated LiFePO4 reported in
literature, the values of 160 m Ah g�1 displayed by the LFP/
C-300 cathode at C/10 and 0.35C rates are still competitive
[26,37–41]. Furthermore, the capacity retention of LFP/C-300
cathode under high current densities is quite outstanding,
probably due to the moderate carbon content that may tend
to improve the electronic conductivity and lithium ion diffu-
sivity. On the other hand, the LFP/C-400 composite showed
poorer rate capability than the LFP/C-200 and LFP/C-300
composites at rates of up to 11 C probably due to the absence
of carbon coating or due to insufficient carbon for uniform
surface coating on LFP particles.
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4. Conclusions

LiFePO4/C composites with different amount of carbon contents
were successfully synthesized by a modified two step solid-state
reaction without adding any extra carbon source during synthesis.
During the preparation of the composites, the initial-step tempera-
tures were chosen between 200 and 400 1C whereas the second
step annealing was performed at a common moderated temperature
of 700 1C. The present study investigated the effects of pre-heating
temperature on the electrochemical behavior of the LFP/C
composites. The results showed that controlling the pre-heating
temperature influences the generation of in-situ carbon layer
thickness and hence improving the performance of the LiFePO4/
C cathodes. It is also observed that the thickness and content of the
carbon coating can be controlled by choosing the appropriate pre-
heat calcination temperature. Increasing the pre-heating temperature
leads to a decrease in the carbon content. The amounts of carbon
were investigated by elemental analysis and found to be 9.206 wt
%, 3.176 wt% and 0.838 wt% for the LiFePO4/carbon composites
calcined at 700 1C after pre-heating at 200 1C, 300 1C and 400 1C
respectively. The carbon in the LiFePO4/C composites is obtained
from the citrate anion which is used as a precursor and a carbon
source during the solid-state reaction process. The carbon can
suppress the growth of the LiFePO4 particles during the annealing
process and enhance the electronic conductivity of the composites.
The XRD results showed that the materials had an olivine structure
(space group: Pnma) and complete crystallization without any
impurities. The TEM images also confirmed the carbon coating on
the surface of the LiFePO4 particles. Among the prepared
composites, the sample pre-heated at 300 1C showed better
electrochemical performance. When employed as a cathode in a
lithium test cell, LFP/C-300 cathode delivered an initial discharge
capacity of 160 mA h g�1 at a current density of 28.9 mA
g�1(0.17 C). Even at a high current density of 11 C, this
composite still presents a discharge capacity of 101 mA h g�1 in
the voltage range of 2.5–4.2 V versus Li/Li+ at room temperature.
These improved electrochemical performances can be attributed to
the uniform carbon coating of 7 nm thickness which may facilitate
an enhancement in electronic conduction and also promote lithium
ion diffusion. This comparative study reveals the necessity of
forming a conductive coating along with particle size reduction
for improving the electrochemical properties of LiFePO4 at high
C-rates.
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