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a b s t r a c t

Carbon-coated lithium iron phosphate (LiFePO4/C) was hydrothermally synthesized from commercial
LiOH, FeSO4 and H3PO4 as raw materials and glucose as carbon precursor in aqueous solution at 180 ◦C
for 6 h followed by being fired at 750 ◦C for 6 h. The samples were characterized by X-ray powder diffrac-
tion (XRD), scanning electron microscopy (SEM) and constant current charge–discharge cycling test. The
vailable online 29 February 2008

eywords:
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ydrothermal reaction

results show that the synthesized powders are in situ coated with carbon precursor produced from glu-
cose. At ambient temperature (25 ± 2 ◦C), the specific discharge capacities are 154 mAh g−1 at 0.2 C and
136 mAh g−1 at 5 C rate, and the cycling capacity retention rate reaches 98% over 90 cycles. The excellent
electrochemical performance can be correlated with the in situ formation of carbon precursor/carbon,
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thus leading to the even
grains.

. Introduction

Lithium iron phosphate (LiFePO4) has been recognized as a
romising candidate to replace lithium cobalt oxide as the cathode
aterial of lithium ion batteries, due to its lower cost, improved

afety, highly reversible and repeatable property. However, the
ow ionic and electronic conductivity has constricted its com-

ercial applications [1]. Improvements in conductivity have been
chieved by carbon coating [2–4], supervalent cation doping [5–9]
r conducting nanophase forming [10,11] and particle size reducing
12–16]. In these pioneer works, the LiFePO4 composite was pre-
ared by the common approach of solid-state reaction. The lengthy
nd complicated procedures require repeated grinding and calci-
ation that produced material with varied performances between
atches. The hydrothermal synthesis is a useful method for prepar-

ng fine particles. More recently, it has been preferentially chosen
o prepare LiFePO4 for its advantages: quick, easy to form, eco-
omical in energy and easy to expand [17–24]. Dokko et al. [20,21]

ynthesized LiFePO4 through a hydrothermal process at 170 ◦C for
2 h, followed by annealing at 400 ◦C for 30 min in an argon atmo-
phere. The prepared sample (carbon free), with a particle size
f 0.5 �m, exhibited a discharge capacity of 150 mAh g−1 at 0.2 C,
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ibution of carbon and the enhancement of conductibility of individual
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0 mAh g−1 at 2 C and 40 mAh g−1 at 5 C in a potential range of
.0–4.5 V. Franger et al. [17] hydrothermally synthesized LiFePO4
owders at 220 ◦C for 1 h, then heat-treated in the presence of
ucrose at 550 ◦C for 12 h. The sample with a carbon content of
ess than 5 wt% and a particle size of 1.3 �m showed a specific
ischarge capacity of 143 mAh g−1 at 0.1 C in a potential range of
.0–4.5 V. Meligrana et al. [22] developed a hydrothermal synthesis
o prepare high surface area LiFePO4 powders in the presence of a
urfactant compound, cetyltrimethyl ammonium bromide (CTAB),
ith a high concentration at 120 ◦C for 5 h, then fired at 600 ◦C for

2 h in pure N2. The obtained samples showed a grain dimension
ange from 100 nm to around 50 nm, which was strongly affected
y CTAB content. The conductivity of the powders was improved by
he in situ coated carbon film on the surface of the particles, result-
ng from the pyrolysis of CTAB during the firing step. The sample

ith 4.8 wt% carbon showed discharge capacities of 140 mAh g−1

t 0.2 C and 115 mAh g−1 at 5 C. Chen and Whittingham [23] and
ee and Teja [24] investigated the effects of hydrothermal syn-
hesis conditions, such as temperature, reactant concentration, pH
alue and reaction time, on the particle size, purity and capacity of
iFePO4.

Up to now, there have been many reports on the effects of
article size, electronic conductivity and crystallographic struc-

ural changes on the charge–discharge performance of LiFePO4.
owever, there are few reports on the effect of the hydrothermal
reparation method (actually concerning the carbon dispersion
egree and intimate contact with LiFePO4 particles) of LiFePO4
ith high-rate capability. And the high-rate capability of the active
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aterial reported so far is not up to expectation. It is believed that
ptimization of conducting phase coating on LiFePO4 particles pre-
ared through hydrothermal route is the most important thing to

mprove its high-rate capability.
Therefore, the emphasis was focused on increasing the con-

uctivity of the hydrothermally synthesized LiFePO4 particles
n this work. Glucose was used to develop an in situ car-
on precursor/carbon coating on LiFePO4 powders synthesized
y hydrothermal method. Preliminary results indicated that the
ddition of glucose resulted in uniform carbon precursor/carbon
istribution, thus facilitating the discharge behavior at high dis-
harge rate.

. Experimental

LiFePO4 was prepared by a hydrothermal process in a 10L stain-
ess steel autoclave (Weihai Co., China, Model WHF-10L) equipped

ith a mechanical stirrer. After the addition of aqueous solution
f LiOH, H3PO4 and glucose, the autoclave was purged with nitro-
en to remove residual oxygen. Then the FeSO4 aqueous solution
as added with stirring. The molar ratio of Li:Fe:P in the precur-

or solution was 3:0.98:1, the concentration of Fe2+ and glucose in
he reaction solution were controlled to be 0.5 mol L−1 and 25 g L−1,
espectively. The autoclave was sealed and heated at 180 ◦C for 6 h.
fter the hydrothermal reaction, the autoclave was cooled down to
elow 100 ◦C. Afterwards, the precipitate was filtered and washed
everal times with deionized water. The filter cake was dried at
20 ◦C for 12 h in a vacuum oven. In order to carbonize the caramel
roduced from the glucose, the dried sample was fired at 750 ◦C
or 6 h under a nitrogen atmosphere. The samples were hereafter
eported as LFG for unfired LiFePO4 and LFG/C for the fired. For
omparison, LiFePO4 was also prepared with the absence of glu-
ose under the same conditions, hereafter reported as LF, which
as carbon-coated by firing with glucose, hereafter reported as

F/C.
The structure and morphology of the samples were charac-

erized by X-ray diffractometer (Rigaku D/max 2500 V/PC) with a
u K� radiation source, scanning electron microscope (Philips XL
0) and high-resolution transmission electron microscopy (Philips,
ecnai F20). The carbon content of the samples was determined by
ravimetric method.

The electrochemical performance of the samples was tested
sing a coin-type cell (size: 2430). The composite electrode was
repared by mixing LiFePO4, carbon (super P-MMM Carbon) con-
uctive additive and polytetrafluoroethylene (PTFE) in a weight

atio of 8:1:1. The content of LiFePO4 in the composite cathode
as 12–15 mg cm−2. These film-type LiFePO4 electrodes assembled

n coin cells were separated from the counter electrode (lithium
etal) by a Celgard 2400 separator. The electrolyte was LiPF6 dis-

olved in a mixture of ethylene carbonate (EC), diethyl carbonate

s
t
L
s
a

Fig. 2. SEM images of LiFePO4 samples: (a) LFG and (b) LF, bo
ig. 1. X-ray powder diffraction patterns of LiFePO4 samples, hydrothermally syn-
hesized at 180 ◦C for 6 h and fired at 750 ◦C for 6 h in pure N2.

DEC) and dimethyl carbonate (DMC) (1:1:1, by volume), and the
oncentration of the solution is 1.0 M. The assembly was carried out
n an argon-filled glove box. The cathode performance was inves-
igated in terms of charge–discharge curves and cycling capacity
sing an automatic charge–discharge instrument (Model CT2001A
and Co., China,) in the cut-off voltages of 2.3 V and 4.2 V. All the
lectrochemical measurements were carried out at ambient tem-
erature (25 ± 2 ◦C).

. Results and discussion

Fig. 1 shows XRD patterns of the samples LFG/C and LF/C.
he XRD patterns of both samples accord very well with that
f phospho-olivine LiFePO4 and no impurity phase is detected.
oth samples have narrow diffraction peaks, indicating a high
rystallinity degree. Weight analysis results show that the carbon
ontents are 4.94 wt% and 5.04 wt% for LFG/C and LF/C, respectively.
evertheless, there is no evidence of carbonaceous or carbon phase

n the diffraction patterns, probably due to its low content and/or
ts amorphous structure.

Fig. 2 displays SEM images of the prepared LFG and LF powders.
oth samples are composed of slightly agglomerated particles. The
rimary particles show flat shape and grain dimensions of about
.5–1 �m in edge and about 0.1 �m in thickness. The presence of
lucose has no significant effect on the product morphology, as

hown in Fig. 2a and b. Laser particle size analysis results show
hat the average sizes (D50) are 1.15 �m and 1.28 �m for LFG and
F, respectively, which suggests that the presence of glucose in the
ynthesis process has minor effects on the prohibition of particle
gglomeration.

th were hydrothermally synthesized at 180 ◦C for 6 h.
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that of the powders prepared through in situ coating. However,
when the carbon content is greater than 5 wt%, the bulk conduc-
tivity of the powders prepared through in situ coating is greater
than that of the powders prepared through mixed coating, which
Fig. 3. TEM images of carbon-coated grains surf

The carbon content of the fired LFG, namely LFG/C, is 4.94 wt%,
hereas that of the fired LF is 0 wt%, which indicates that the LFG/C
owders are in situ coated with carbon precursor produced from
aramelization of glucose. And the carbon precursor turns into
arbon after calcination. The in situ carbon coating can also be
onfirmed by TEM images in Fig. 3. It can be seen that there is a
hin film on the surface of the grains of LFG and LFG/C, which is
onsidered as the carbon precursor/carbon. In contrast to sample
FG and LFG/C, the surface of LF grains fired at 750 ◦C is smooth
nd there is no carbon layer, which indicates that the grains are
n situ coated with carbon precursor/carbon in the hydrothermal
rocess in the presence of glucose. Since this in situ coating is car-
ied out in liquid phase, carbon precursor can be evenly distributed
n the surface of all particles. However, in the case of LF/C, the
arbon is unevenly distributed on the particle surface due to the
ixing of LF powders with glucose in solid phase, as shown in

ig. 3d.
To investigate the effect of different carbon coating methods

n conductivity, the powders with varying carbon contents were

repared by in situ coating (for LFG/C) and mixed coating (for
F/C). The effect of carbon contents and carbon coating methods
in situ coating and mixed coating) on conductivity is shown in
ig. 4. When carbon content is less than 5 wt%, the bulk conductiv-
ty of the powders prepared through mixed coating is greater than
) LFG; (b) LFG/C; (c) LF fired at 750 ◦C; (d) LF/C.
Fig. 4. Variation of bulk conductivity with carbon content.
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Fig. 5. Charge and discharge curves of the LiFePO4 samples: (a) LFG/C and (b) LF/C.
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he charge and discharge measurements were carried out at 0.2 C rate. Current
ensity = 15 mA g−1.

an be interpreted as follows: in relation to the insulating particles
oated with conducting phase, the parameter of bulk conductivity
annot represent the actual electronic conductibility of individual
rains. Under the test conditions, the conducting phase among the
neven coating grains is more likely to form a circuit. As shown

n Fig. 3, the carbon distribution of sample LF/C is not as uniform
s that of LFG/C, thus leading to the increase of bulk conductivity
hen carbon content is less than 5 wt%. As for the sample LFG/C, the

reakage of the thinner carbon film at the interface of the particles
nder the test pressure may lead to the decrease of bulk conduc-
ivity. Therefore, the enhancement of individual insulating grain’s
onductibility depends more on the distribution uniformity of con-
ucting phase than on its total amount in the sample. The above
onclusions can be verified by the electrochemical results of the
amples.

The electrochemical performance of the samples LFG/C and LF/C
re shown in Figs. 5 and 6. Both the bulk conductivity of LFG/C

nd that of LF/C are 10−1 S cm−1. The carbon contents of LFG/C and
F/C are 4.94 wt% and 5.04 wt%, respectively. The cycling curves in
ig. 6 indicate the superior performance of LFG/C in specific dis-
harge capacity, especially the high-rate capability compared with

ig. 6. Cycling performance of LFG/C and LF/C at various C rates (from 0.2 C to 5 C).
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F/C. The discharge capacity of LFG/C is 154 mAh g−1 at 0.2 C rate,
hich is 90% of the theoretical value and slightly greater than that

f LF/C. From Fig. 5, it can be seen that sample LFG/C shows a
teep potential decay at the end of the discharge step. With simi-
ar particle size, morphology, and comparable carbon content, the
etter rate capability of LFG/C, compared with that of LF/C, can
e attributed to the increase of conductibility of the well carbon-
oated grains.

Fig. 6 shows the cycling behaviors of the samples LFG/C and LF/C
t room temperature at the rates of 0.2 C, 1 C and 5 C. The electrode
as charged up to 4.2 V at 0.2 C, 1 C, 1 C rate and discharged at 0.2 C,
C, 5 C rate, respectively. The sample LFG/C shows a high-rate capa-
ility. From 0.2 C to 5 C, the capacity loss of LFG/C is about 14%, while
hat of LF/C is 36%. The sample LFG/C shows a capacity retention rate
lose to 100% (vs. the first-cycle corresponding C-rate capacity) over
0 cycles at 5 C.

The experimental results show that the addition of glucose in the
ydrothermal process significantly improves the electrochemical
erformance of LiFePO4 mainly due to the increase of conductibility
f individual grains, rather than the bulk conductivity of the pow-
ers. During the synthesis process, glucose is changed to caramel,
hich is composed of more than one hundred organic compounds

ontaining a lot of cyclocompounds with high viscosity. It can be
n situ adhered to the surface of particles. The calcination stage
esults in the pyrolysis of the organic species and the formation
f nanoscale carbon film on the surface of particles, leading to the
nhancement of conductibility of the individual grains, which is
elieved to be favorable to the permeation of the electrolyte and
ransfer of Li ions. All of these are helpful to overcome the problem
f poor ionic conductivity.

. Conclusion

Well-crystalline LiFePO4 particles were successfully synthe-
ized through hydrothermal reaction in glucose solution. At
mbient temperature (25 ± 2 ◦C), LiFePO4/C exhibits the discharge
apacities of 154 mAh g−1 at 0.2 C and 136 mAh g−1 at 5 C rate, and
he cycling capacity retention rate could reach 98% over 90 cycles.
he excellent electrochemical performance can be correlated with
he in situ formation of carbon precursor/carbon, which leads to the
ven distribution of carbon and the enhancement of conductibility
f individual grains.
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