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LiFePO4/C composite cathode materials were synthesized by carbothermal reduction method using inex-
pensive FePO4 as raw materials and glucose as conductive additive and reducing agent. The precursor
of LiFePO4/C was characterized by differential thermal analysis and thermogravimetry. The microstruc-
ture and morphology of the samples were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscope (TEM) and particle size analysis. Cyclic voltammetry
LiFePO, /C (CV) and charge/discharge cycling performance were used to characterize their electrochemical proper-
. ties. The results showed that the LiFePO4/C composite synthesized at 650 °C for 9 h exhibited the most
Carbothermal reduction . . - . . . . .
FePO, homogeneous particle size distribution. Residual carbon during processing was coated on LiFePOy, result-
ing in the enhancement of the material’s electronic properties. Electrochemical measurements showed
that the discharge capacity first increased and then decreased with the increase of synthesis tempera-
ture. The optimal sample synthesized at 650 °C for 9 h exhibited a highest initial discharge capacity of
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151.2mAhg ! at 0.2 C rate and 144.1 mAhg-! at 1 C rate with satisfactory capacity retention rate.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Secondary lithium batteries are attractive power sources for
portable electronic devices as well as electrical vehicle. Lithium
batteries have high energy and power density and good cycle life
compared with those of Ni/MH and Ni/Cd batteries [1]. Recently,
olivine-structured LiFePO4 proposed by Padhi et al. [2] is gaining
particular interest as a candidate cathode material for rechargeable
lithium batteries due to its high energy density, low cost, environ-
mental friendliness and safety.

However, LiFePO; has very poor electronic conduc-
tivity (~10°Scm~!) and Li-ion diffusion coefficient
(~1.8 x 10~ cm?s~1) at room temperature, leading to its poor
rate capability. Two approaches have been attempted to overcome
this problem. One is to enhance its electronic conductivity by
coating an electron-conducting layer around the particles or by
selective doping with supervalent cations [3-5]. The other is to
minimize the particle size by modifying synthesis conditions
[6-8]. Furthermore, synthesis route would significantly affect the
material’s electrochemical performances. Several alternative pro-
cessing routes have been reported to prepare LiFePO4 with fine and
homogeneous particle size, such as sintering at low-temperature,
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co-precipitation in aqueous medium [9], hydrothermal synthesis
[10] and mechanochemical activation [11]. The electrochem-
ical properties of LiFePO, powders prepared by the above
approaches have achieved high specific capacity. However, expen-
sive raw material of iron oxalate limits the practical application of
LiFePO,.

From the above reviews, in order to obtain a well-crystallized
LiFePO4 with relatively small particle size, cut down the cost, sim-
plify the synthesis technology and enhance the specific capacity
of the material, we introduced a novel carbothermal reduction
method to synthesize LiFePO4/C composite by using FePO4 as
raw materials, and glucose as conductive additive and reducing
agent. Especially, the influence of synthesis temperature on the
microstructure and electrochemical properties was systematically
investigated.

2. Experimental

Stoichiometric amounts of FePO4 (A.R.), Li,CO3 (A.R.) and
glucose (24.8g per mole FePO4) were mixed and then ground
uniformly in a mortar. The mixture was transferred to a
temperature-controlled furnace and fired under the flowing nitro-
gen for 9h at 550, 600, 650, 700 and 750°C, respectively, to
synthesize LiFePO4 powders with in situ coated carbon. The result-
ing products were defined as L550, L600, L650, L700 and L750,
respectively.
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Thermogravimetric (TG) analysis was investigated on a SDT
Q600 TG-differential thermal analysis (DTA) apparatus. The crystal
structures of the prepared samples were analyzed by X-ray diffrac-
tion (XRD) on a Rigaku-D/MAX-2550PC diffractometer with Cu Ka
radiation (A =0.15406 nm) using a 26 step of 0.02°. The morphology
and microstructure were observed using field emission-scanning
electron microscopy (FE-SEM) with a FEI SIRION microscope and
high-resolution transmission electron microscope (HR-TEM) with
Philips Tecnai F20. The particle size distribution of the sample was
determined by Laser Particle Sizer (LS800). The electronic conduc-
tivity was measured on disk samples using the two-point probe
method. A high impedance multimeter was used to measure the
resistance at room temperature. Conductivity was calculated from
the resistance and specimen dimensions.

The electrochemical characteristics were evaluated by using a
2430 coin type cell with a lithium metal anode and 1M LiPFg in
ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 in volume)
electrolyte. The separator used was a Celgard 2400 microporous
membrane. The cathode electrode was made in the following way.
We mixed the LiFePO4/C powder with acetylene black and polyte-
trafluoroethylene (PTFE) with a weight ratio of 80:10:10, then rolled
the mixture into a 0.16 mm thick sheet and cut it into pellets. The
cells were assembled in an argon-filled glove box. Cyclic voltam-
metry (CV) measurements were performed using Arbin instrument
between 2.5 and 4.5V at a scan rate of 0.1 mV s~1. The galvanostatic
charge/discharge test was performed between 2.3 and 4.2 V atroom
temperature with different current densities (0.2 and 1C), and 1C
rate was 150mA h g~!. Current density and specific capacities were
calculated based on the mass of LiFePO4/C in the electrode.

3. Results and discussion

Fig. 1 shows the TG/DTA curves of the FePO4-2H;, 0 powders with
a heating rate of 10°Cmin~' from room temperature to 900°C in
air. On the DTA curve near 200 °C, there is a very strong endother-
mic peak, associating with the sharp weight loss on the TG curve,
which is related to the quick dehydration of FePO4-2H,0. During
200-600°C, the TG curve indicates the slow elimination of resid-
ual H,0 in FePO4-2H,0, whose weight loss can reach 19.8%, exactly
corresponding to the loss of crystalline water of FePO4-2H,0. And
one exothermic peak is displayed at higher temperature of 663 °C,
which is not accompanied by appreciable weight loss in the TG
curve, indicating the transformation of the amorphous FePO4 to
hexagonal FePO4 crystal. Based on the above analysis, we pre-heat-
treated the FePO4-2H,0 powders at 700 °C for certain time in air to
obtain anhydrous hexagonal FePO,4 powders, which were used as
the precursors to synthesize LiFePO4/C composites.
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Fig. 1. TG/DTA curves of the FePO4-2H;0.
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Fig. 2. TG/DTA curves of the mixture of FePO4-2H0, Li; CO3; and glucose from room
temperature to 900 °C with a heating rate of 10°C min~"' in a nitrogen flow.

The process for the formation of carbon-coated LiFePO4 com-
posites from FePOy4, Li;CO3 and glucose is assumed to be carried
out according to the following steps:

CgH1206-H,0 — 6C + 7H,0 (1)
2FePOy + LiCO3 +0.5C — 2LiFePOy + 1.5C0, 2)
or

2FePOy + LiCO3 +2C — 2LiFePO, +3CO 3)

Fig. 2 shows the TG/DTA curves of the mixture of FePO4-2H,0,
Li; CO3 and glucose from room temperature to 900 °C with a heating
rate of 10°Cmin~! in a nitrogen flow rate of 100 mLmin~'. From
Fig. 2 we can see that the TG curve shows three obvious weight loss
steps over the temperature range from ambient to 530 °C. The peak
at around 90°C in DTA curve can be assigned to the loss of absorp-
tion water of the mixture. The weight loss from 150 to 300°C in
TG curve is related to the loss of crystalline water of the precur-
sor FePO4-2H50. And the exothermic peak at 530°C in DTA curve,
accompanied by a weight loss in the TG curve, may be ascribed
to the carbothermal reduction and the formation of LiFePQy,, indi-
cating that the synthesis temperature must be higher than 530°C.
Therefore, we choose the different synthesis temperatures as 550,
600, 650, 700 and 750°C.

Fig. 3 shows the XRD patterns of the LiFePO4/C composites syn-
thesized at 550, 600, 650, 700 and 750 °C, respectively. The main
phase of all the samples can be identified as LiFePO4 with an
ordered olivine structure indexed to orthorhombic Pnmb (JCPDS
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Fig. 3. XRD patterns of LiFePO,4/C composites synthesized at different temperatures.
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Fig. 4. SEM images of LiFePO,4/C composites synthesized at different temperatures (a) L550, (b) L600, (c) L650, (d) L700 and (e) L750.

card number: 40-1499) [12]. And Table 1 lists the lattice parame-
ters of all the samples, which are very close to the standard data
(a=0.6019nm, b=1.0347 nm, c=0.4704nm, V=0.2930nm?3), but
slightly increase with the synthesis temperature increasing. Besides
the major phase, there are little amounts of impurity phase Li3 POy,
which may be caused by the higher content of PO43~ in FePQy, thus
leading to its combination with Li*. From Fig. 3 we can also see that
the peak intensity of LiFePO4 increases slightly with increasing the
synthesis temperature from 550 to 650°C, indicating an increase
of crystallinity as may occur from growth of grain size, ordering
of local structure, and release of lattice strain [13]. However, the
further increase of synthesis temperature to 750°C does not lead
to an obvious increase of peak intensity, indicating that the full

Table 1
Structure parameters of LiFePO4/C composites synthesized at different temperatures
Standard  L550 L600 L650 L700 L750
a(nm)  0.6019 0.60085 0.60089 0.60121 0.60128 0.60129
b(nm)  1.0347 1.03320 1.03312 1.03363 1.03376 1.03376
c(nm) 0.4704 0.46942 0.46958 0.46968 0.46990 0.46996
V(nm3) 0.2930 0.29141 0.29151 0.29187 0.29208 0.29212
D(nm) - 50.8 51.5 56.2 58.2 61.9

crystallization can be obtained at temperature higher than 650°C.
On the other hand, there is no evidence of diffraction peaks for
carbon due to its amorphous structure and/or low content in the
composites, and its presence does not influence the structure of
LiFePO4. Based on Scherrer formula D = kA/f cos 6, where k is 0.9, A
is 0.15406 nm and g is the full-width-at-half-maximum (FWHM) of
the diffraction peak on a 26 scale, we can get the crystallite size (D)
of the LiFePO4/C composites synthesized at different temperatures
according to D131, D117 and D17 values, as tabulated in Table 1. From
Table 1 we can see that the D values of LiFePO4/C composites pre-
pared at 550, 600, 650, 700 and 750°C are 50.8, 51.5, 56.2, 58.2 and
61.9 nm, respectively. It is found that the crystallite size increases
with synthesis temperature due to enhanced crystal growth caused
by higher synthesis temperature, which is still smaller than that of
the corresponding LiFePO4 sample prepared by conventional solid-
state reaction due to the inhibition of crystal growth by the presence
of carbon generated from glucose.

Fig. 4 shows the SEM images of LiFePO4/C composites synthe-
sized at(a)550°C,(b)600°C,(c)650°C,(d)700°Cand (e)750°C.All
the powders synthesized at different temperatures show a spheri-
cal morphology. A fine powder with an average size of about <1 pm
was obtained by calcinations at 550, 600 and 650 °C. The particles
of samples L700 and L750 are also fine except for a few agglom-



426 L. Wang et al. / Journal of Power Sources 189 (2009) 423-428

254

204

154

104

Differential distribution / %

-2 0 2 4 6 8 10 12 14 16 18
Particle size /um

Fig. 5. The particle size distribution curves of LiFePO,4/C composites synthesized at
different temperatures.

Table 2
The Dsg values and electronic conductivity (o) of LiFePO4/C composites synthesized
at different temperatures

1550 1600 1650 L700 L750
Dso (um) 2.25 2.35 2.49 2.84 3.18
o(Sem ') 1.99x 105 351x10* 1.82x103 1.18x102 1.70 x 10-2

erated abnormal particles (Fig. 4d and e). The fine particle size is
what we expected due to the lower diffusion coefficient of Li-ion in
LiFePO4 cathode. Obviously, the higher synthesis temperature will
result in undesirable particle growth, which is believed to be disad-
vantageous to the electrochemical performance. This observation
is also supported by the particle size distribution curves shown
in Fig. 5. The narrower distribution curves of the samples synthe-
sized at lower temperatures (<650 °C) indicate the homogeneous
particle size distribution of the powders. However, the samples
synthesized at higher temperatures (>650°C) show a broadened
distribution curve due to the inhomogeneous particle size distribu-
tion caused by the agglomeration of some small particles into larger
ones. Among which, the sample synthesized at 650°C exhibits
the narrowest particle size distribution curve, indicating its most
uniform particle size distribution, which is believed to be advan-
tageous to the improvement of electrochemical properties. It is
generally accepted that the value at 50% cumulative population
(Dso) represents the average particle size, which is listed in Table 2.

g

0.2 pm

400 i
| ————

From Table 2 we can see that with the temperature increasing from
550 to 650°C, the Dsq values increase slightly from 2.25 (L550) to
2.49 pm (L650), and when temperature increases further to 750 °C,
the Dsq values increase abruptly to 3.18 wm (L750), which is in good
agreement with the SEM observations in Fig. 4.

Fig. 6 shows TEM images of LiFePO,4/C composite synthesized at
650°C (L650). From the TEM images, we can see that the primary
particles are larger than the average size of the monocrystallite
grains deduced from the application of the Scherrer formula on the
XRD pattern. Therefore, the primary particles are polycrystallites of
LiFePO4 made of a few monocrystallites of LiFePO4. The amorphous
carbon layer is well observed in Fig. 6a and b. A network formation
of carbon appears in the interstitial grain-boundary region, which
can explain the electrical continuity between LiFePO, crystallites.
In the micrographs, the LiFePO4 crystallites appear as the darker
regions while the carbon coating is surrounding the primary par-
ticle as the grayish region. And the presence of this amorphous
carbon layer is believed to inhibit grain growth of the material as
well as improve the electronic conductivity of the product phase,
thus leading to the enhancement of electrochemical properties.

Compared with the LiFePO4 compounds synthesized by con-
ventional solid-state reaction [6,14-16], the fine particle sizes
obtained here indicate that the in-situ coating of carbon from
the pyrolysis of glucose on the surface of LiFePO4 particles hin-
ders the particle growth efficiently. According to the XRD patterns
(Fig. 3) and SEM images (Fig. 4), we can also conclude that using
a synthesis temperature higher than 650°C leads only to par-
ticle growth but does not improve the crystallinity of LiFePO4
further.

Table 2 also lists the electronic conductivity (o) of all samples
obtained from the two-point probe method. It can be seen that with
the increase of synthesis temperature, the electronic conductivity
increases from 1.99 x 10> (L550) to 1.70 x 10~2Scm~! (L750). The
lower electronic conductivity of the samples synthesized at lower
temperatures (<650 °C) may be due to the thinner carbon layer on
the surfaces caused by the smaller particle size and larger surface
areas, because the amount of carbon from the pyrolysis of glu-
cose is constant. Compared with pure LiFePO,4 (~10~° Scm™1), the
in-situ carbon-coated LiFePO4 composites synthesized at different
temperatures exhibit a ~10% to 107 increase in electronic conduc-
tivity, comparable to those in the lithium storage cathodes currently
used, such as LiCoO, (~10-3 Scm~1)[17] and LiMn; 04 (2 x 10> to
5x 107> Scm~1) [18]. The improvement of electronic conductivity
is believed to be beneficial for the enhancement of electrochemical

performance.

Fig. 6. TEM images of LiFePO,/C composite synthesized at 650 °C (L650).
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Fig. 7. Initial charge/discharge curves of LiFePO4/C composites synthesized at dif-
ferent temperatures.

The initial charge/discharge curves of LiFePO4/C samples syn-
thesized at different temperatures at 0.2 C rate are illustrated in
Fig. 7. All the samples exhibit a flat and long voltage plateau at
~3.4V, which indicates the two-phase redox reaction proceeds via
a first-order transition between LiFePO,4 and FePO4 [2]. The initial
discharge capacities for LiFePO4/C composites prepared at 550, 600,
650,700and 750 °Care 135.6,140.2,151.2,120.1and 115.2mAh g1,
respectively. The small voltage difference between the charge and
discharge plateaus of about 0.15V is representative of their good
kinetics, especially on consideration of the low electrochemical
diffusion rate of lithium ions in a solid phase.

Fig. 8 presents the initial discharge capacities of LiFePO4/C com-
posites synthesized at different temperatures. It can be seen that
the discharge capacity depends highly on the synthesis tempera-
ture, which first increases and then decreases with the temperature
increasing from 550 to 750 °C. It is generally accepted that the elec-
trochemical insertion/extraction performances in/from LiFePO4 are
dependent on several factors, including the powder morphology,
particle sizes and homogeneity, crystallinity, and electronic con-
ductivity of the material [ 15,19,20]. The lower discharge capacity of
LiFePO4/C samples synthesized at temperature below 650 °C may
be attributed to their lower crystallinity and electronic conductiv-
ity, although the sample particles synthesized at lower temperature
are very fine (see Fig. 4). However, the abrupt increase of par-
ticle size leads to the lower discharge capacity of the samples
synthesized at temperatures higher than 650 °C with higher crys-
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Fig. 9. Cyclic voltammogram curves of sample L650 in the first three cycles.

tallinity and electronic conductivity, thus prolonging the diffusion
length of lithium ion from surface to center part, which is believed
to be detrimental to the electrochemical performance. Thus we
can conclude that crystallization degree and electronic conduc-
tivity determine the electrochemical capacities of the samples
synthesized at lower temperatures (<650 °C), while for the sam-
ples synthesized at higher temperatures (>650°C), particle size
becomes a dominating factor. The present investigation shows that
the composite synthesized at 650 °C is well crystallized and homo-
geneous fine sized at the same time, ensuring an electrochemical
capacity higher than those of the other samples here.

Fig. 9 shows the CV profiles of sample L650 in the first three
cycles at a scanning rate of 0.1 mVs~! from 2.5 to 4.5V. We can
see that the voltage charge/discharge profiles of all three cycles
are almost reduplicate. There is only one peak pair, consisting of
one anodic peak (charge) and one cathodic peak (discharge), which
corresponds to the two-phase charge/discharge reaction of the
FeZ*|Fe3* redox couple. During the initial three cycles, the cathodic
peak of sample L650 has a shift to the higher voltage and the anodic
peak has a shift to the lower voltage, suggesting the decrease in
the redox potential separation, which implies that the electrode
reactivity is improved in initial cycling. The reproducibility of the
peaks in the CV plots confirms the good reversibility of lithium
extraction/insertion reactions in the LiFePO4/C composites.

The cycling behaviors of LiFePO4/C composites synthesized at
different temperatures at 0.2 and 1 C rates are described in Fig. 10.
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Fig. 10. Cycling behaviors of LiFePO4/C composites synthesized at different temper-
atures.
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We can see that the capacities of all samples at 0.2 C rate gradually
increase in the initial cycles. This is due to the incomplete disper-
sion of the electrolyte into the electrode materials at the beginning.
On the other hand, all the samples show excellent cycling behaviors
at 1 Crate, which can be attributed to the enhancement of the elec-
tronic conductivity by the carbon coating, and also to the excellent
cycle ability of LiFePOy4 itself due to the high stability of the olivine
structure and the minor lattice adjustment upon cycling [6]. The
optimal sample synthesized at 650 °C exhibits a highest discharge
capacity of 156.8mAhg-1 at 0.2C rate and 1441 mAhg ! at 1C
rate. The decrease of discharge capacity with the increase of dis-
charge current is caused by the intrinsic low diffusion rate of lithium
ions in the LiFePO4 particles [2].

4. Conclusions

In order to cut down the cost and simplify the synthesis technol-
ogy, the LiFePO4/C composite cathode materials were synthesized
by carbothermal reduction method using FePO4 as raw materi-
als and glucose as conductive additive and reducing agent. The
pyrolysis of glucose during the synthesis process ensures the
reduction of Fe3* to Fe?*, and the residual carbon controls the
morphology and sizes of the powders, and enhances the surface
electronic conductivity of LiFePO4/C composites, which is believed
to be advantageous to their electrochemical performances. The
electrochemical results showed that the discharge capacity of the
LiFePO,4/C composites first increased and then decreased with
the increase of synthesis temperature. The material synthesized
at 650°C for 9h had best electrochemical performance and its
discharge capacity could reach 156.8mAhg-! at 0.2C rate and
1441 mAhg-! at 1C rate with satisfactory capacity retention rate.

On a general point, we believe the carbothermal reduction is a
promising method for mass production of LiFePO4/C composite
with improved electrochemical performances and low cost.
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