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a b s t r a c t

LiFePO4/C composite cathode material was prepared by carbothermal reduction method, which uses
NH4H2PO4, Li2CO3 and cheap Fe2O3 as starting materials, acetylene black and glucose as carbon sources.
The precursor of LiFePO4/C was characterized by differential thermal analysis and thermogravimetry.
ccepted 29 February 2008
vailable online 8 March 2008

eywords:
ithium ion battery

X-ray diffraction (XRD), scanning electron microscopy (SEM) micrographs showed that the LiFePO4/C is
olivine-type phase, and the addition of the carbon reduced the LiFePO4 grain size. The carbon is dispersed
between the grains, ensuring a good electronic contact. The products sintered at 700 ◦C for 8 h with glucose
as carbon source possessed excellent electrochemical performance. The synthesized LiFePO4 composites
showed a high electrochemical capacity of 159.3 mAh g−1 at 0.1 C rate, and the capacity fading is only 2.2%
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after 30 cycles.

. Introduction

Lithium iron phosphate is a promising cathode material can-
idate for lithium rechargeable batteries. This material has many
dvantages compared with conventional cathode materials such as
iCoO2, LiNiO2 and LiMn2O4. Among the several cathode materials,
livine-type LiFePO4 proposed by Goodenough and co-workers [1]
as a suitable theoretical capacity of 170 mAh g−1, a flat discharge
otential of 3.4 V (vs. Li+/Li), and excellent thermal stability.

However, some problems that are concerned with the inherent
ow electronic conductivity and ionic diffusion coefficient are
emaining to be solved. Recently, much effort has been devoted
o improving the electronic conductivity of LiFePO4 by means of
oating of the particles with conductive carbon [2,3,4] dispersing
etal powders of copper or silver powders [5,6], doping [7]

nd synthesizing small particles with high purity [8]. Some new
ethods have also been developed to prepare LiFePO4, such as

pray pyrolysis method [2], mechanical activation process [9,10],
icrowave synthesis [11], hydrothermal method [12], emulsion

rying approach [13,14], sol–gel method [15], co-precipitation

echnique [16,17], carbothermal reduction method [18], vacuum
ring and water quenching technique [19]. The electrochemical
roperties of LiFePO4 powder have achieved high specific capacity,
hich were prepared by the above approaches or by conventional

∗ Corresponding author. Tel.: +86 731 8836633; fax: +86 731 8836633.
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ron oxalate decomposition method. However, expensive raw
aterial of iron oxalate limits the practical application of LiFePO4.
From the above reviews, in order to obtain a well-crystallized

iFePO4 with relatively small particle size, cut down the cost, sim-
lify the synthesis technology and enhance the specific capacity
f the material, we introduced a carbothermal reduction method
o synthesize LiFePO4 by using ferric oxide as raw materials, and
lucose as conductive additive and reducing agent.

. Experimental

Carbon-containing LiFePO4 was synthesized by adding carbon
lack or glucose through the following procedure: (1) Li2CO3
99.9%), Fe2O3 (AR), NH4H2PO4 (99.5%) and reducing agent (car-
on black or glucose) were mixed in a stoichiometric ratio. (2) Then
he precursor was grinded by ball milling for 4 h. Liquid medium
f ethyl alcohol was employed. (3) It was dried in oven at 80 ◦C for
2 h in the air. (4) The mixture was transferred to a temperature-
ontrolled tube furnace equipped with flowing argon and heated at
00 ◦C for 2 h, then heated at 700 ◦C and held for 8 h. The product
as removed from the furnace after cooling.

Thermogravimetric (TG) analysis of the precursor was measured
n a SDT Q600 TG–DTA apparatus at the temperature between
5 and 900 ◦C with a heating rate of 10 ◦C min−1 under nitrogen

ow. The morphologies of powders were observed by scanning
lectronic microscope (SEM, JSM-5600LV, JOAL Company). The
tructures of the as-prepared materials were characterized by X-
ay powder diffraction (XRD, RINT-2500V, Rigaku Co.) using Cu-K�
adiation in the range of 10–90◦ with a scanning rate of 2◦ min−1.

http://www.sciencedirect.com/science/journal/03787753
mailto:zxwang@mail.csu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.02.084
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s

ig. 1. TG and DTA profiles for precursor of LiFePO4/C using acetylene black as carbon
ources in argon atmosphere.

Fig. 2. XRD patterns of the LiFePO4/C composite (Ax: carbon black, A1:3.46%,
A2:4.74%, A3:10.80%, Bx: glucose, B1:3.10%, B2:4.80%, B3:10.10%).

Fig. 3. SEM photographs of LiFePO4/C composite (Ax: carbon black, A1: 3.46%, A2: 4.74%, A3: 10.80%, Bx: glucose, B1: 3.10%, B2: 4.80%, B3: 10.10%).
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proved by SEM. The formation of relatively small grains is what we
expected. As reported [20,21], the diffusion coefficient of lithium
ion for LiFePO4 (1.8 × 10−14 to 2.2 × 10−16 cm2 s−1) is much less than
that of commercial product, such as LiMn2O4 (4.89 × 10−9 cm2 s−1).

Table 1
The carbon contents of the samples (Ax: carbon black as carbon source, Bx: glucose
ig. 4. (a) The charge–discharge profiles of the LiFePO4/C composite (A1, A2, A3) at
.1 C (Ax: carbon black, A1: 3.46%, A2: 4.74%, A3: 10.80%), (b). The charge–discharge
rofiles of the LiFePO4/C composite (B1, B2, B3) at 0.1 C (Bx: glucose, B1: 3.10%, B2:
.80%, B3: 10.10%).

Electrochemical performance of LiFePO4 was characterized
sing CR2025 coin-type cell. The as-prepared powder was blended
ith acetylene and polyvinylidene fluoride (PVDF) with a weight

atio of 8:1:1, following the mixing with N-methylpyrolidinone
NMP) to form slurry. The slurry was then pasted onto an Al foil
nd the solvent was evaporated at 120 ◦C for 12 h under vacuum.
disk cut from Al foil pasted with LiFePO4 was used as the tested

lectrode. The electrolyte was 1 mol L−1 LiPF6 dissolved in ethyl car-
onate (EC), diethyl carbonate (DEC) and dimethyl carbonate (DMC)
volume ratio 1:1:1). The coin cell was composed of LiFePO4 as the
athode, lithium metal as the anode and a microporous polypropy-
ene sheet (Celgard2400, Celgard Inc., USA) as the separator. The
ells were charged and discharged between 4.2 and 2.3 V at room
emperature and 0.1 C rate with a charge/discharge apparatus (BTS-
1, Neware, China).

. Results and discussion

The carbon-containing LiFePO4 was synthesized by a carboth-
rmal reduction reaction with a two-step process. The process was
ssumed to be carried out according to the following steps:
6H12O6·H2O → 6C + 7H2O (1)

H4H2PO4 + Fe2O3 + Li2CO3

+ 0.5C → 2LiFePO4 + 2NH3 + 1.5CO2 + 3H2O (2)

a

S

N
A

ig. 5. Cycle performance of the samples at room temperature (Ax: carbon black,
1: 3.46%, A2: 4.74%, A3: 10.80%, Bx: glucose, B1: 3.10%, B2: 4.80%, B3: 10.10%).

r

H4H2PO4 + Fe2O3 + Li2CO3 + C → 2LiFePO

4 + 2NH3 + 2CO + 3H2O. (3)

The TG and DTA plots for stoichiometric mixtures of the pow-
ers by ball milling are shown in Fig. 1. It shows that there are
arious stages of weight loss. In the range of 60–136 ◦C, an ini-
ial weight loss of 2.55% and an endothermic peak are observed.
his corresponds to volatilization of volatile such as water or ethyl
lcohol. As the temperature increases to 192 ◦C, a second strong
ndothermic peak and the weight loss of 12.99% appear in the DTA
nd the TG plots, respectively. It seems that NH4H2PO4 is decom-
osed into ammonia (NH3) and phosphoric acid (shown as Eq. (1)).
s the temperature increases to 464–550 ◦C, the TG shows a weight

oss of 3.34% and the DTA plot exhibits several exothermic peaks.
his indicates that the Fe2O3 is reduced to bivalent iron. In the range
f 580–723 ◦C, the weight loss appears again in the TG plot, and an
pparent endothermic peak appears at 720 ◦C, which corresponds
o the decomposition of Li2CO3 (Li2CO3 → Li2O + CO2) and forma-
ion of LiFePO4. A continuous weight loss is detected up to 900 ◦C
n the TG plot.

In this work, the effect of different carbon sources and carbon
ontents on LiFePO4 was investigated. The nominal carbon contents
nd the actual carbon contents with acetylene black and glucose as
arbon source are listed in Table 1.

Fig. 2 shows the X-ray diffraction pattern for the as-prepared
iFePO4. Each sample with different carbon sources and carbon
ontents reveals a single-phase of LiFePO4 with olivine structure
space group: Pnma). XRD results demonstrate that this method is
uitable to produce pure LiFePO4. But the intensity of diffraction
eak for the carbon-containing LiFePO4 gradually reduces along
ith the increase of carbon contents. It indicates that carbon plays

n important role in restricting the growth of the particles, as is
s carbon source, x = 1, 2, 3)

amples A1 A2 A3 B1 B2 B3

ominal carbon content (wt.%) 2 5 10 2 5 10
ctual carbon content (wt.%) 3.46 4.74 10.80 3.10 4.80 10.10
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he small particle size is in favor of the insertion/deintercalation
f lithium ions, which is also demonstrated by charge/discharge
erformance.

LiFePO4 prepared with Fe2O3 as iron source at 700 ◦C for 8 h is
xpected to have the advantages of energy saving and cost reduc-
ion. The fact that LiFePO4 synthesis using a relatively short time
nd low temperature was possible also implies that the ball milling
ould increase the reaction kinetics of the mixture.

Scanning electron micrographs of LiFePO4 are presented in
ig. 3. It is observed that small particles less than one micrometer
re congregated to form secondary particles. We can also distin-
uish two different particles, the relatively large particles with
he size of approximately 300–1000 nm, and the fine intergranu-
ar particles with size of about 100–300 nm. Decreasing the carbon
ontents leads to large particle size of LiFePO4. The results indicate
hat the addition of carbon is beneficial to the control of the particle
ize.

The charge–discharge curves of the LiFePO4 between 2.3 and
.2 V at 0.1 C rate are shown in Fig. 4a and b. The charge volt-
ge plateau is around 3.5 V, while the discharge voltage plateau
s between 3.3 and 3.4 V for samples with different carbon sources
nd different carbon contents. It can be found that all of LiFePO4
how a single charge–discharge plateau. The electrochemical reac-
ion of other iron phosphate [22], such as Li3Fe2(PO4)3, LiFeP2O7,
e4(P2O7)3, occurs at potential of 2.8, 2.9 and 3.1 V (vs. Li/Li+),
espectively. So the as-prepared materials should be pure LiFePO4.
mong the LiFePO4/C composites, the sample B3 (Fig. 4b) exhib-

ted the highest discharge capacity of 159.3 mAh g−1, about 93.7%
f the theoretical capacity of LiFePO4. As seen in the figures the
lectrochemical capacity of the LiFePO4/C composite is apparently
ffected by the carbon content, and higher carbon content results
n a rapid increase of discharge capacity. This phenomenon may be
ttributed to that LiFePO4 cannot be fully utilized at lower carbon
ontent due to the low conductivity and larger particle size of the
aterial such as samples A1 and B1 (Fig. 3a and b).
Fig. 5 shows the cycle performance of LiFePO4/C composite

t 0.1 C rate. For samples A1 and B1, the initial discharge capac-
ty decreases rapidly from 140.2 and 149.6 mAh g−1 to 110.4 and
25.3 mAh g−1 at 30th cycle, showing the poorest cycling perfor-
ance. It may attribute to the formation of cracks and subsequent

ulverization of the material because of the volumetric change of
he LiFePO4 particles during Li+ insertion/deintercalation cycling
23]. However, samples A3 and B3 show much better cycling abil-

ty. The capacity fading of sample B3 with glucose as carbon source
s only 2.2% after 30 cycles. This improved cycling stability for the
ample with higher carbon content is possibly due to the buffer-
ng effect of the coated carbon layer, which buffers the volumetric
hange of LiFePO4 during cycling.

[
[
[

[

ources 184 (2008) 469–472

. Conclusion

In order to cut down the cost and simplify the synthesis tech-
ology, pure LiFePO4/C was synthesized by using ferric oxide as

ron source. It is demonstrated that olivine structure of the pow-
er is not affected by the introduction of carbon, and the particle
ize reduced with the increase of carbon amount. The LiFePO4/C
omposite shows higher charge/discharge capacity and more stable
ycle ability as the carbon content increases. LiFePO4/C synthesized
t optimized carbon amount with glucose as carbon source deliv-
rs a capacity of 159.3 mAh g−1, and the capacity fading is only 2.2%
fter 30 cycles.
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