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Olivine LiFePOy4 is synthesized by a carbothermal reduction method (CTR) using industrial raw materials
with polyethylene glycol (PEG) as a reductive agent and carbon source. A required amount of acetone is
added to the starting materials for the ball milling process and the precursor is sintered at 973K for 8 h
to form crystalline phase LiFePO4. The structure and morphology of the LiFePO4/C composite samples
have been characterized by X-ray diffraction, field-emission scanning electron microscopy, transmission
electron microscopy, energy-dispersive spectroscopy, differential scanning calorimetry and magnetic
susceptibility. Electrochemical measurements show that the LiFePO4/C composite cathode delivers an
initial discharge capacity of 150mAhg-! at a 0.2C-rate between 4.0 and 2.8V, and almost no capacity
loss is observed for up to 50 cycles. Remarkably, the cell can sustain a 30C-rate between 4.6 and 2.0V, and
this rate capability is equivalent to charge or discharge in 2 min. The simple technique, low-cost starting
materials, and excellent electrochemical performance make this process easier to commercialize than
other synthesized methods.
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1. Introduction

Olivine-structured lithium iron phosphate (LiFePO4) proposed
by Goodenough et al. is a popular cathode material because of its
low toxicity, remarkable thermal stability, low raw materials’ cost,
and a relatively high theoretical specific capacity of 170 mAhg~!
with a discharge voltage plateau of 3.5V versus Li/Li* [1-3]. How-
ever, the main obstacles that inhibit its use in large batteries for
applications, such as HEVs, are poor electronic conductivity [1],
slow lithium-ion diffusion [1], low tap density [4] and poor batch
reproducibility [5]. To overcome the above problems, various meth-
ods have been widely used, such as lattice metal doping [6-9],
particle-size optimizing [10,11], and conductivity layer coating
with carbon [12-14], silver [15], copper [15], or lithium phosphate
[16].

Unfortunately, the above methods are expensive because they
either involve complicated steps or using expensive divalent iron
compounds, such as FeC,04-H,0, as the starting material. Barker
et al. [17] first synthesized LiFePO4/C by a carbothermal reduction
(CTR) reaction using Fe,03 as the starting material. CTR is sim-
pler than a traditional solid-state reaction because it does not need
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pre-sintering treatment, preparation of intermediates, or other
complicated synthesis techniques.

In recent years, various polymers have been used as carbon
sources or additives for LiFePO4/C composites, such as polystyrene
(PS) [18], polypropylene (PP) [5], polyvinyl alcohol (PVA) [19],
polypyrrole (PPy) [20], polyaniline (PANI) [21], polyethylene gly-
col (PEG) [22], and polyacene (PAS) [23]. Among these polymers,
PEG has been widely used for many biomedical and electrochemical
applications due to its immunogenicity, hydrophilicity, antigenic-
ity, non-toxicity, and solubility in water and organic solvents [24].
Tajimi et al. reported a polyethylene glycol-assisted hydrothermal
method to synthesize uniform LiFePO,4 particles [25]. Furthermore,
Xu et al. [26] and Wang et al. [22] also used PEG-assisted sol-gel
and rheological phase methods to synthesize LiFePO4/C compos-
ites, respectively. They found that the presence of PEG during
the synthesis process can control the morphology and size of the
powders. The above mentioned syntheses of LiFePO4/C employed
a hydrothermal method, sol-gel method, and rheological phase
method. The hydrothermal method requires expensive equipment
to withstand high pressure. In the sol-gel method, starting materi-
als are expensive and some additives might be required to control
the pH value or chelate complexes into gels, which would increase
both the cost and the complexity of synthesis. The rheological phase
method needs crystalline hydrates, such as FePO4-4H-0, as start-
ing materials, which are not easy to store. In order to simplify the
process, we used a PEG-assisted carbothermal reduction method
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Table 1

The prices of industrial raw materials of iron salts, lithium salts, and phosphorus compounds in Taiwan.
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Company Purity US$ kg! US$ kg~ of one atom of Fe, Li, or P
Iron salts
Fe, 03 Taiwan Polychem Co. Ltd. T.G., 99 wt.% 2.125 1.063
FeC,04-2H,0 Huacheng Industrial Co. Ltd. T.G., 99 wt.% 8.750 8.750
FeSO4-7H,0 First Chemical Works Co. Ltd. T.G., 98 wt.% 1.563 1.563
Lithium salts
Li,CO3 First Chemical Works Co. Ltd. T.G., 99 wt.% 18.266 9.133
LiOH First Chemical Works Co. Ltd. T.G., 99 wt.% 21.875 21.875
Phosphorus compounds
NH4H,PO4 First Chemical Works Co. Ltd. T.G., 99 wt.% 3.018 3.018
H3PO4 First Chemical Works Co. Ltd. T.G., 85wt.% 3.100 3.100
P,0s5 First Chemical Works Co. Ltd. T.G., 95wt.% 37.500 18.750

to synthesize LiFePO4/C, which could overcome the disadvantages
of the above methods, because PEG is inexpensive, able to form a
carbon network and easy to store. However, most importantly, it
has high reduction ability.

In this paper, we have successfully used a simple and low-cost
carbothermal reduction method to synthesize LiFePO4/C compos-
ites with a good carbon network by using PEG as a carbon source
and reducing agent and choosing industrial raw materials of ferric
oxide,ammonium dihydrogen phosphate, and lithium carbonate as
starting materials. The prices of these materials used in our studies
are less expensive compared to other similar materials, as listed in
Table 1. Through our work, we have significantly reduced the syn-
thesis cost, simplified the synthesis process, and improved the cell
performance of LiFePO4/C composites.

2. Experimental

LiFePO4/C composites were prepared by a CTR reaction involv-
ing a mixture of ferric oxide (T.G., 99 wt.%, Taiwan Polychem
Co. Ltd.), ammonium dihydrogen phosphate (T.G., 99 wt.%, First
Chemical Works Co. Ltd.), lithium carbonate (T.G., 99 wt.%, First
Chemical Works Co. Ltd.) and reduction agent polyethylene glycol
(T.G., M.W. =6000, Huacheng Industrial Co. Ltd.) in a stoichiometric
molarratio. The precursor was mixed by ball-milling in the required
amount of acetone for 2 h and the resulting gel was dried at 353 Kin
a furnace and thoroughly reground. Finally, the dried mixture was
transferred to a temperature controlled tube furnace equipped with
flowing N, gas and heated at 573 K for 2 h, then sintered at 973 K for
8 h. To coat LiFePO4 with carbon, 80 wt.% PEG was used. The wt.%
value of PEG was defined as the ratio of the weight of PEG to the
weight of LiFePOg4.

Crystal structural analysis of the solid-state synthesized mate-
rials was carried out by X-ray diffraction (Siemens D-5000, Mac
Science MXP18). The diffraction patterns were recorded between
scattering angles of 15° and 80° in steps of 0.05°. Surface compo-
sition analysis was obtained by Raman spectroscopy (ISA T64000)
and total organic carbon (TOC) instrument (OIA, Model Solids-TOC).
Raman spectroscopy measurements were carried out at room tem-
perature in ambient atmosphere. The power of the laser beam
was adjusted to 50 mW, and the average acquisition time for each
spectrum was 5 min. TOC was used to examine the carbon con-
tents of LiFePO,4/C. The morphology of LiFePO4/C composites was
observed by scanning electron microscope (SEM; Hitachi S-3500V)
and high-resolution transmission electron microscope (HR-TEM;
Jeol TEM-2000FXII). The carbon distribution was confirmed with
energy dispersive spectroscopy (EDS) (or energy dispersive X-ray
spectrometry).

Coin cells of the 2032 configuration were assembled in an argon
filled glove box (VAC M040-1) in which the oxygen and water con-
tents were maintained below 2 ppm. Lithium metal (Foote Mineral)

was used as the anode and a 1 M solution of LiPFg in EC:DEC (1:1,
v/v) (Tomiyama Chemicals) was used as the electrolyte. The cath-
ode was prepared by mixing 85 wt.% LiFePO4-based powders with
10 wt.% carbon black and 5 wt.% poly(vinylidene fluoride) (PVDF) in
N-methyl-2-pyrrolidone (NMP) solution. The mixture was pasted
on an aluminum foil and dried overnight at 393K in an oven.
The dried coated foil was roller-pressed and circular discs were
punched out.

The coin cells were cycled at a 0.2C-rate (with respect to a the-
oretical capacity of 170 mAhg~') and 298 + 0.5 K between 2.8 and
4.0V in a Maccor 4000 multi-channel battery tester. All electro-
chemical experiments were conducted at room temperature in a
glove-box filled with high purity argon. The conductivity measure-
ments were performed using a four-point d.c. probe (Keithly 2400,
SR-4 four-point probe).

Phase transitions occurring during the cycling processes were
examined by a cyclic voltammetric experiment, performed with
a three-electrode glass cell. The working electrode was prepared
with the cathode powders, as described above, but coated on both
sides of the aluminum foil. The cell for the cyclic voltammetric
studies was assembled inside a glove box with lithium metal foil
serving as both counter and reference electrodes. The electrolyte
used was the same as that for the coin cell. Cyclic voltammograms
were run on a Solartron 1287 Electrochemical Interface at a scan
rate of 0.1 mVs~! between 2.7 and 4.5V.

A Sieko SSC 5000 TG/DTA equipment was used for thermal anal-
ysis. The analysis was done in argon between room temperature
and 1173K at a heating ramp of 10Kmin~! with a 50 mg sam-
ple. Thermal stability analysis was carried out on a Perkin Elmer
DSC 7 differential scanning calorimetry (DSC) for pristine LiFePO,
and carbon-coated LiFePO4. The measurements were performed in
nitrogen atmosphere between 303 and 673K, at a heating rate of
10Kmin~!. The samples for the DSC experiments were prepared
as follows. The coin cells were first galvanostatically charged to
4.5V at a 0.2C-rate and then potentiostated at 4.5V for 10 h. The
coin cells were then opened inside a glove box. The cathode in the
coin cell was carefully removed, and the excess electrolyte was
wiped with Kimwipes. The cathode was gently scraped from the
aluminum current collector, loaded on to an aluminum pan, her-
metically sealed, placed in an airtight container, and transferred to
the DSC instrument.

The magnetic susceptibility experiments were carried with a
Quantum Design PPMS magnetometer at a field of 1 Oe.

3. Results and discussion

3.1. Thermal analysis

In order to determine the decomposition and crystallization
temperatures of the CTR-precursor, we adopted TGA and DTA
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Fig. 1. TGA/DTA curves of the CTR-precursor with 80 wt.% PEG: (a) TGA curve and
(b) DTA curve.

analyses prior to the optimization of the synthesis process. Fig. 1
shows the TGA/DTA curves of the CTR-precursor with 80 wt.% PEG
obtained after ball-milling, while Fig. 2 displays the TGA curve of
the PEG reducing agent. There was a three-stage weight loss pro-
cess in Fig. 1, with the first-stage below 473 K due to the loss of
superficial moisture from the precursor. A strong exothermic peak
appeared near 327K, which was caused by the phase change of
PEG from solid to liquid. The second stage with a strong exother-
mic peak near 473K occurred from 473 to 623 K, which could be
attributed to the decomposition of NH4H,POy4. The third stage that
occurred from 623 to 673 K was mainly related to the decomposi-
tion of PEG, as confirmed in Fig. 2. The weight loss of the precursorin
the third stage was about 38 wt.% because it decomposed to form C,
CO, CO, and H0 [27]. There was a slight weight loss at above 673 K,
related to the reaction of carbon with residue oxygen and the crys-
tallization process of olivine LiFePO4. The continuously exothermic
curve that occurred at above 683 K in the DTA analysis under flow-
ing nitrogen was due to the crystallization process of LiFePOg4 [28].
We conclude that the crystallization of CTR-LiFePO,4/C composites
can be confirmed at about 700K, but it is known from the results
reported in other papers [17,29-31] that the best temperature to
produce crystalline CTR-LiFePO4 samples is 923-1023 K. Based on
the above analyses, we preheated the CTR-precursor at 573K for
the decomposition of NH4H,PO,4 and then calcined at 973 K for the
crystallization of LiFePOy.
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Fig. 2. TGA curve of the PEG.
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Fig. 3. XRD patterns of (a) amorphous carbon; the CTR-LiFePO,4/C composites syn-
thesized at (b) 873K; (c) 973K; (d) 1073 K; (e) JCPDS card no. 40-1499 of LiFePOy.

3.2. X-ray diffraction

The crystal structure and purity of the CTR-LiFePO4/C compos-
ites, which were produced by using industrial raw materials, were
studied by XRD analysis. The XRD patterns of CTR-LiFePO4/C com-
posites synthesized with 80 wt.% PEG at 873-1073 K are shown in
Fig. 3. The sample prepared at 873 K mainly consisted of LiFePO,
with minor Fe;03 and Li3PO4 peaks. No impurities were detected
at 973 Kand 1073 K, as also confirmed by a magnetic susceptibility
study that will be discussed later. The diffraction lines are indexed
to the orthorhombic Pnma space group (JCPDS card no. 40-1499).
These results imply that single phase LiFePO4/C composites were
successfully produced at 973K and 1073 K using technical grade
raw materials, indicating that PEG is an effective reducing agent
for the reduction of Fe;05.

The peaks of XRD patterns become sharper when temperature
increases due to the highly crystalline structure [32]. The crystallite
size (D) was calculated from the Scherrer equation g cos(6)=kA/D,
where B is the full-width-at-half-maximum (FWHM) of the XRD
peak (020) and k is a constant (0.91) [33,34]. From Scherrer’s for-
mula, the grain sizes of LiFePO4/C synthesized at 873K, 973K, and
1073 Kare 41.2,48.1, and 50.8 nm, respectively. The above calcula-
tion shows that higher sintering temperature results in larger grain
size, which is consistent with Kim et al.’s report [35], and the large
grain size decreases the surface area of the materials and the Li*
diffusion coefficient [36].

Fig. 3a shows a typical XRD pattern for amorphous carbon
that generally displays a noisy background. The pattern of the
CTR-LiFePO4/C composite synthesized at 873 K (Fig. 3b) below 20°
showed an upturned tail due to the existence of amorphous car-
bon, as confirmed in Fig. 3a [37]. The upturned tail was not found
in the patterns of the LiFePO,4/C composites synthesized at 973 K
and 1073 K due to a low ratio of amorphous carbon.
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Fig. 4. SEM images of the CTR-LiFePO4/C composites synthesized at (a) and (b) 873 K; (c) and (d) 973 K; (e) and (f) 1073 K; (b), (d), and (f) are partial enlargements of (a), (c),

and (e), respectively.

3.3. Morphology

The morphological features of the CTR-LiFePO4/C composite
synthesized with 80 wt.% PEG were investigated by SEM and TEM.
Fig. 4a, c and e shows the SEM images of the CTR-LiFePO4/C com-
posites synthesized at 873K, 973K, and 1073 K, respectively, and
Fig. 4b, d, and f are partial enlargements corresponding to Fig. 4a, c,
and e. The sample synthesized at 1073 K showed serious agglomer-

ation and a particle size exceeding 3.0 pm. The samples synthesized
at 873K and 973K exhibited smaller and more uniform particle
size distribution of about 0.5-0.9 wm and 1.5-2.0 um, respectively.
The results clearly show that higher sintering temperature leads to
larger average particle sizes, which is consistent with the XRD anal-
ysis. Small particle size allows easy penetration of the electrolyte
and provides a short pathway for Li* diffusion in the active mate-
rial crystals [9]. However, these values of particle size are quite
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Fig. 5. TEM/SAED/EDS images of the CTR-LiFePO4/C composite: (a) and (b) TEM images; (c) and (d) EDS analyses; (e) and (f) SAED patterns.

a bit larger than those calculated by Scherrer’s formula, indicating
the primary particles agglomerated to secondary particles. Yamada
et al. reported an obvious growth in particle size when the sinter-
ing temperature rose above 873K [38], which is similar to what
happened in our study.

In order to analyze the morphology of CTR-LiFePO4/C par-
ticles and the carbon coating layer on the particle surface in
detail, TEM/SAED/EDS analyses were carried out. Fig. 5 shows the
TEM/SAED/EDS images of the CTR-LiFePO4/C composite synthe-
sized at 973 K using 80 wt.% PEG as a carbon source. In Fig. 5e, the
corresponding SAED pattern of region I showed a distinct lattice
image, indicating a well-crystallized structure. Confirmed by EDS
analysis (Fig. 5¢), the peaks of Fe, P, and O are very clear in region I,
which shows that the sample in region I might be well-crystallized
LiFePOy. In Fig. 5d and f, the corresponding EDS analysis and SAED
pattern of region Il showed a clear peak of carbon and only halo
rings, respectively, which confirmed the presence of amorphous
carbon. The TEM images in Fig. 5a and b show that there were
distinct particles about 50-60 nm. These particles agglomerated
to form secondary particles around 100-500 nm and were con-
nected to the well-networked carbon, which might be carbonized
from PEG, and this carbon network could substantially enhance the
electronic conductivity to 4.42 x 10~4Scm~!. Based on the above
results, from Scherrer’s formula, SEM images, and TEM images, we
conclude that CTR-LiFePO4 crystal grains were about 50-60 nm,
and aggregated to form 500 nm to ~2.0 wm secondary particles
due to the aggregation of several carbon networks and LiFePOy4
particles.

3.4. Thermal stability

Olivine-structured lithium iron phosphate has remarkable ther-
mal stability due to strong P-O bonds, which could tightly bind
oxygen [39]. However, Yoon et al. showed that P-O bonds become
less covalent during delithiation [40] and Delacourt et al. reported
that Li-poor LixFePO4 might transform into non-olivine phases at
high temperature [41]. In order to study the thermal stability of the
CTR-LiFePO4/C composite under a delithiation condition, DSC anal-
ysis was carried out. Fig. 6 shows the DSC profiles of 4.5V charged
commercial LiCoO, and in-house CTR-LiFePO4/C composites syn-
thesized at 973 K with 80 wt.% PEG. After a series of charge and
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Fig. 7. Raman spectra of the CTR-LiFePO4/C composites synthesized at (a) 873 K; (b) 973 K; (c) 1073 K.

discharge processes of LiFePO4/C composites, we continued the
DSC again when the cycle retention (C.R.) was equal to 80%, as
shown in Fig. 6¢. All exothermic heat flow was detected within
a wide temperature range of 400-640K. The total heat evolution
of the LiCoO, material was 164]g~1, while the total heat evolu-
tion of the LiFePO4/C and LiFePO4/C (C.R.=80%) materials was 92
and 129] g1, respectively. From these thermal data, it is clear that
the exothermic heat flow of the CTR-LiFePO,4/C composite is much
smaller for the commercial LiCoO,. The onset temperature of the
LiCo0,, LiFeP0O4/C, and LiFePO,4/C (C.R.=80%) samples are 421,475,
and 451 K. Therefore, it appears that commercial LiCoO, material
has greater heat evolution and lower onset temperature because of
significant oxygen loss [42]. The excellent thermal stability of the
CTR-LiFePO4/C composite could make it commercially feasible for
large battery applications, such as EVs.

3.5. Raman spectra

Raman spectroscopy is a particularly useful tool for character-
izing the structure of carbon. Fig. 7a-c is the typical Raman spectra
of the CTR-LiFePO4/C composites using 80 wt.% PEG as a carbon
source synthesized at different sintering temperatures. All Raman
spectra show two intense and broad bands located at ~1350 and
~1590cm~!, respectively. Doeff et al. [43,44] reported that the
two broad bands can actually be deconvoluted into four peaks at
around 1190, 1350, 1518, and 1590 cm~!. The peaks at ~1190 and
~1518 cm~! can be assigned to the sp3-type carbon, and the ones
at ~1350 and ~1590cm~"! can be assigned to the D (disordered)
and G (graphene) bands of sp2-type carbon. A lower intensity ratio
of the D/G band (Ip/Ig ratio) in Raman spectrum indicates more
graphene clusters in the structure of carbon, which would enhance
the electronic conductivity of the residual carbon.

In order to resolve the Raman spectra, a peak deconvolution
procedure was used. There are two characteristic parameters, Ip /I
and Ag 3 /A2 ratios, obtained from the fitting procedure. The Ip/Ig
ratio is obtained by dividing the area of D band and G band,
while the Agps /Aspz ratio is obtained by dividing the area of sp3
carbon bands (~1190 and ~1518) and sp? G band (~1350 and
~1590cm~1). The Ip/I; ratios of the CTR-LiFePO4/C composites
synthesized at 873K, 973K and 1073 K are 3.87, 2.94, and 2.65,
respectively, while the Agp3 /Aspz ratios are 0.88, 0.50, and 0.46,
respectively, and the electronic conductivities of these samples are
3.44 x 1072, 4.42 x 1074, and 9.14 x 10~> Scm™!, respectively, as
shown in Table 2. Higher sintering temperature clearly resulted in
lower Ip/lg and A3 /A ratios, indicating that more useful graphi-
tized carbon became coated on the LiFePO4 at 1073 K during the
pyrolysis step. However, the electronic conductivity of the sample
synthesized at 973 K is higher than the one synthesized at 1073 K.
Electronic conductivity is not proportional to the ratio of conduc-
tive carbon coating, probably because it is affected by more factors
than just the Ip /I ratio. Based on our previous results, morphol-
ogy of carbon coating [14], the particle size of the active material
[11], the thickness of the carbon coating layer [45], the kind of con-
ductive carbon network [46], and the surface area of the carbon
precursor [47] all play a role. We conclude that the synthesis of
LiFePO4/C composites is complex, but have introduced a low-cost
and simple CTR method to synthesize LiFePO4/C composites in this
study.

The carbon content was determined by total organic carbon
(TOC) analysis. The carbon contents of the CTR-LiFePO4/C com-
posites synthesized at 873, 973, and 1073 K were 4.21, 4.46, and
4.52 wt.%, respectively. The higher sintering temperature leads to
more residual carbon content due to the complete pyrolysis of PEG
at higher temperatures.
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Table 2

Ip/Ig ratio, carbon content, and electronic conductivity of the LiFePO4/C composites synthesized at different temperatures.

Temperature (K) Wavenumber (cm~1) Area (a.u.) Ap/Ac Agps /Aspz Carbon content (%) Electrical conductivity (Scm~1)
873 sp? 1341 (D band) 126781 3.87 0.88 4.21 3.44 x 107>
1592 (G band) 32770
sp3 1150 100543 -
1528 39913
973 sp? 1346 (D band) 228949 2.94 0.50 4.46 442 x 104
1593 (G band) 77990
sp3 1197 81484 -
1519 72001
1073 sp? 1354 (D band) 360658 2.65 0.46 4.52 9.14x 10>
1592 (G band) 135907
sp3 1253 129002 -
1520 98082

3.6. Electrochemical properties

The discharge capacity of the CTR-LiFePO4/C composites syn-
thesized at 873-1073K at a 0.2C-rate between 4.0 and 2.8V is
shown in Fig. 8. The first discharge capacities of the CTR-LiFePO,4/C
composites synthesized at 873, 923, 973, 1023, and 1073 K were
77,141, 150, 142, and 132 mAh g1, respectively. It has been sug-
gested that a too low sintering temperature might lead to poorly
crystalline LiFePO4/C, while a too high temperature might result
in larger particle sizes. Thus, finding an optimum sintering tem-
perature for LiFePO4/C is the key. The LiFePO4/C treated at 973K
exhibited the best discharge capacity because it had the highest
electronic conductivity (4.42 x 10~4Scm~!, see Table 2), in con-
trast to the discharge capacity of the sample synthesized at 873 K,
which was much lower than the ones synthesized at other tem-
peratures. Evidently, 873 K is probably not high enough to prepare
well-crystallized LiFePO4/C and graphene clusters in the carbon
coating layer, which is consistent with XRD results. However, the
conductivities listed in Table 2 are not intrinsic LiFePO4 conductivi-
ties, but conductivities of the LiFePO4/C composites. The measured
values were a function of many factors, such as carbon content,
distribution, and its structure. Indeed, based on our previous stud-
ies, a lower Ip/Ig ratio [48], thinner thickness and more uniform of
carbon coating [45], smaller particle size [11], and higher surface
area [47] of LiFePO4/C composites were the keys to excellent elec-
tronic conductivity and discharge capacity. All of the above might
be achieved by choosing carbon sources, using a suitable process,
applying a technique of ball milling, controlling calcination tem-
perature, and optimizing the particle size and surface of the carbon
precursors.
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Fig. 8. Discharge capacities of the CTR-LiFePO4/C composites synthesized at (a)
873K; (b) 923K; (c) 973K; (d) 1023 K; (e) 1073 K (0.2C, 4.0-2.8V).

Fig. 9 shows the discharge capacity of the CTR-LiFePO4/C sam-
ples synthesized at 973 K using different amounts of PEG as carbon
sources. If carbon content is sufficient for the formation of a thin
and uniform conductive layer, it has an effect on discharge capac-
ity. From these figures, it is clear that the CTR-LiFePO4/C composite
treated with 80 wt.% PEG exhibited the best discharge performance,
while at 70wt.% PEG, the discharge capacity increased several
cycles earlier because the electrolyte slowly penetrated the porous
carbon structure on the LiFePO,4/C surfaces and reacted with the
electrode materials. For example, the discharge capacity of the sam-
ple synthesized at 1073 K rose from 137 to 141 mAhg-! after 30
cycles. In addition, the volume change during lithium insertion and
extraction may lead to cracking of the carbon layer, which promotes
further penetration of the electrolyte [49,50].

The rate performance of the CTR-LiFePO,4/C composite between
4.6and 2.0 Vis shown in Fig. 10.Itis obvious that the CTR-LiFePO4/C
composite showed excellent rate performance due to the pres-
ence of PEG, which could carbonize to form well-carbon-networked
LiFePQy, as confirmed in the TEM images. The CTR-sample treated
with PEG could sustain a 30C-rate between 4.6 and 2.0V due to
substantially improved electronic conductivity, and this rate capa-
bility is equivalent to charge or discharge in 2 min. These findings
further support the viability of this CTR-LiFePO4/C composite for
large lithium ion battery application.

3.7. Cyclic voltammetry
Cyclic voltammetry (CV) was carried out to identify the

characteristics of the redox reactions in Li-ion cells. The cyclic
voltammograms of the CTR-LiFePO,4/C composite synthesized with
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Fig. 9. Discharge capacities of the CTR-LiFePO,4/C composites synthesized with (a)
80wt.%; (b) 70 wt.%; (c) 90 wt.%; (d) 40 wt.% PEG (0.2C, 4.0-2.8 V).
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Fig. 10. Rate capability of the LiFePO4/C sample synthesized by the CTR method
between 4.6 and 2.0 V.

80 wt.% PEG are shown in Fig. 11. Only a pair of anodic and cathodic
peaks was observed due to the Fe2*[Fe3* redox reaction accompa-
nying Li* insertion and extraction [47]. The anodic peak at ~3.55V
represents the oxidation of Fe2* to Fe3*, while the cathodic peak at
~3.30V is due to the reduction of Fe3* to FeZ*,

The symmetrical sharp redox peaks imply that kinetics of
the lithium diffusion is fast in the LiFePO4 structure with better
reversibility for lithium intercalation/deintercalation. After five and
ten cycles, the redox peaks are sharper than at first cycle, demon-
strating less ohmic polarization, because the electrolyte slowly
penetrated into the porous carbon structure of the LiFePO4/C com-
posite. These results are consistent with the charge/discharge test
shown in Fig. 9.

Fig. 12 shows the cyclic voltammograms of the CTR-LiFePO,4/C
sample at different scanning rates. The CV peak currents, I, during
anodic scans are used to evaluate the Li* diffusion coefficient D,
applying the following equation [51]:

Ip = 0.4463 x F3/2 x S x n3/2 x C x R°V/2 x TV/2 x DV/2 x v1/2

where F is the Faraday constant, S is the electrode area (cm?), n is
the charge transfer number (1 in our case), Cy; is the Li-ion concen-
tration in LiFePO,4 (mol cm—3), Ris the gas constant, Tis the absolute
temperature (K), v is the potential scan rate (Vs—1), I, is in units of
amperes, and D is in units of cm? s~1. The scan rates used to cal-
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Fig. 11. Cyclic voltammograms of the CTR-LiFePO4/C composite.
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Fig. 12. Cycle voltammograms of CTR-LiFePO4/C electrodes between 2.7 and 4.5V
at different scanning rates: (a) 0.05mVs~'; (b) 0.1mVs~'; (c) 0.25mVs~1; (d)
0.5mVs'; (e) 1.0mVs-'.

culate D are 0.05, 1, 0.25, 0.5, and 1mVs~!, and the peak current
(Ip) shows a linear relationship with square root of the scan rates
(v'/2),indicating a diffusion-controlled process, as shown in Fig. 13.
Using the above equation, the Li* diffusion coefficient of the CTR-
LiFePO4/C composite is 2.4 x 10~12 cm?2 s~1, which is two orders of
magnitude larger than bare LiFePO,4 (~10~14 cm?2 s~1). However, if
the liquid electrolyte penetrates into the film of LiFePO4/C compos-
ites, the D value is overestimated [52].

3.8. Magnetic susceptibility measurements

AC magnetic susceptibility measures the magnetic response of
the compound to the ac driving magnetic field. It is known to be a
very sensitive means in detecting magnetic phases that appear in
the compound. The temperature profile of the in-phase component
x' of the ac magnetic susceptibility of the compound synthesized
employing the CTR method is shown in Fig. 14. These data were
taken using a weak driving field with a root-mean-square strength
of 10e and a frequency of 1000 Hz. The most pronounced fea-
ture seen in the x/(T) curve of the CTR-sample is the peak at 52K,
reflecting the existence of antiferromagnetic correlations at low
temperatures, presumably originated from the magnetic ordering
of the Fe ions [53]. The high temperatures portion of this y'(T) curve
can be described reasonably well by a Curie-Weiss curve (solid
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Fig. 13. The plot of the peak current versus square root of scanning rate.
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Fig. 14. Temperature profile of the in-phase component of the ac magnetic suscep-
tibility of the compound synthesized employing the CTR method.

line), showing that there is primary one magnetic component in the
CTR-sample. It has been reported that the LiFePO4/C composites
prepared by the CTR method were more beneficial for long-term
application than those prepared by the sol-gel method [54].

4. Conclusions

Olivine LiFePO4/C had been synthesized successfully at differ-
ent sintering temperatures via a carbothermal reduction method
using PEG as a carbon source and reducing agent. In the heating
process, PEG led to the formation of a complete carbon net-
work, which improved the electronic conductivity of LiFePO4/C to
4.42 x 10~4Scm~!. The LiFePO,4/C synthesized at 573 K and subse-
quently at 973 K exhibited excellent electrochemical performance.
The charge/discharge tests show that its initial discharge capacity
is 150mAh g1 ata 0.2C-rate between 4.0 and 2.8 V. Most of all, the
CTR-sample could sustain a 30C-rate between 4.6 and 2.0 V. In this
study, we developed a low-cost method to synthesize LiFePO4/C
composites with the potential for commercialization.
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