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a b s t r a c t

We report the preparation of LiFePO4/C electrode materials by thermal treating the hydrothermal
LiFePO4/C precursors in a reductive atmosphere from windward aerobic decomposition of glucose.
XRD and ESEM characterization indicate that the procedure produces well carbon coated single-phase
ccepted 31 January 2011
vailable online 26 February 2011

eywords:
ithium iron phosphate
arbon coating
lucose
indward aerobic decomposition

orthorhombic LiFePO4 with small and evenly distributed particle-sizes. Comparing with the typical Ar/H2

reductive atmosphere, samples from this procedure host larger initial discharge capacity (147.9 vs.
129.8 mAh g−1) and excellent reversibility with a capacity reservation of 96.9% after 50 cycles at 0.1 C.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Orthorhombic LiFePO4 is one of the most promising electrode
aterials of lithium ion batteries for electric or hybrid electric vehi-

les. However, its low electrical and ionic conductivity restricted
he electrochemical performance of batteries [1,2]. Intensive stud-
es, such as doping metal ions (Ni [2], Zn [3], Al [4,5], Cu [4,6],
i [4,7]), nonmetal ions (F [8] and Cl [9]), and most importantly,
oating carbon on the particle surfaces [10–15], have been con-
ucted to solve these issues. These efforts were proved to be

mpactful on improving the electronic and ionic conductivity of
iFePO4 particles both intrinsically and exteriorly. The improve-
ent brought by either doping or coating, in principle, depends

argely on the preparation procedures and conditions. Hydrother-
al method is the widely recognized technique yielding small

nd evenly distributed particle-sizes for LiFePO4 [16–19], which
ad already been demonstrated to benefit the intrinsic ionic con-
uctivity by reducing the Li+ diffusion pathway straightforwardly.
or purpose of carbon coating, carbon sources, mostly glucose
12,20–23], were introduced either into the hydrothermal solu-

ion or into the solid precursors. Liang et al. [20] discussed the
wo mixing mode and concluded that adding glucose in the solu-
ion gives higher initial discharge capacity of 154 mAh g−1 at 0.2 C.
t is not strange that in solution glucose can be more homoge-

∗ Corresponding author. Tel.: +86 27 6788 3431; fax: +86 27 6788 3431.
E-mail address: itccms@cug.edu.cn (J. Wu).

378-7753/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.01.100
neously dispersed than physical mixing of solids. Consequently,
better coating can be realized in the successive thermal treatment,
where H2 containing gas flow was always required to reduce the
possible Fe(III) impurities from the hydrothermal stage. However,
Fe(III) species, such as Li3Fe2(PO4)3 and Fe2O3, were still observed
in the thermal treated samples [24–26], which were harmful to
the electrode performance [27]. It can be attributed to the fact
that, the H2 mixing gas is not sufficiently reductive to reduce these
impurities. Increasing H2 flow rate or sustaining reduction period
theoretically should be able to overcome the problem. Unfortu-
nately, loss of the thermal dissociated active carbon would occur
since H2 will react with carbon under such a condition. CO may
be a proper candidate due to its stronger reductive capability to
Fe(III) and inertia towards active carbon [24]. Chen and Yang [28]
reported that Li3Fe2(PO4)3 and Fe2O3 can be fully converted to
LiFePO4 for 10 h at 550 ◦C with a CO flow rate of 5 mL min−1. How-
ever, direct CO flow is inevitable to bring poisoning problems for
operation in industry. To utilize the advance of CO, it is neces-
sary to use appropriate CO atmosphere, rather than direct mixing
of CO with inert gases, to achieve better reduction and carbon
reservation.

In this paper, we prepared the LiFePO4/C precursors via
hydrothermal method. In the thermal treatment stage, we aerobi-

cally decomposed glucose at a windward position of the precursors
in a tubular furnace to generate the CO atmosphere and prepared
the LiFePO4/C samples. For comparison, we also prepared samples
by thermal treating the precursors in a typical Ar/H2 atmosphere.
The structural and morphological properties as well as the elec-

dx.doi.org/10.1016/j.jpowsour.2011.01.100
http://www.sciencedirect.com/science/journal/03787753
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ig. 1. X-ray diffraction patterns for LiFePO4/C(G) and LiFePO4/C(H), where marks
1” at LiFePO4/C(H) curve represent Fe2O3 and “2” represent Li3Fe2(PO4)3.

rochemical performances of both samples were characterized and
iscussed.

. Experimental

In our hydrothermal process, we used LiOH·H2O (AR),
eSO4·7H2O (AR) and H3PO4 (AR) as Li, Fe and P sources, respec-
ively. A molar ratio 1:1:3 of LiOH solution (1 M), FeSO4 solution
1 M) and H3PO4 (1 M) was firstly mixed. The glucose solution, with
gross glucose weight of 20 wt% to theoretical LiFePO4 yield, was

equentially introduced into the mixture, which was reported to
mplement the best electrochemical performance of the product
29]. Each time 50 mL of the mixed solution were injected into

stainless hydrothermal reactor (inner lining of Teflon, volume
00 mL). The reaction was performed at 180 ◦C for 5 h. The fil-
rated LiFePO4/C precursors were washed using ultrapure water for
times and then dried in vacuum at 100 ◦C for 1 h. In the thermal

reatment step, we first used an Ar gas flow and the reducing agent
s CO from the aerobic decomposition of glucose (200 g), which was
ut at 10 mm in windward to the precursors, and obtained sample

abeled as LiFePO4/C(G). Secondly, we thermal treated the precur-
ors in a typical Ar/H2 (95/5 vol%) atmosphere and obtained sample
iFePO4/C(H). Both the two procedures were processed in a quartz
ubular furnace (tube diameter: 120 mm; tube length: 1000 mm)
t 650 ◦C for 6 h with a 5 mL min−1 gas flow rate.

The structure characterization of the two products was per-
ormed on an X’Pert PRO DY2198 X-ray diffractometer with Cu K�
adiation (� = 1.54056 Å) using a curved graphite crystal monochro-
ator. The surface morphology was characterized on a Quanta2000

nvironmental scanning electron microscopy with an accelerating
oltage of 30 kV and a vacuum degree of 1.33 × 10−3 Pa.

The charge/discharge performance of the two samples was
xamined using the test coin cells. LiFePO4/C powders, acetylene
lack and polytetrafluoroethylene (PTFE) with a weight ratio of
5:10:5 were evenly mixed and coated on an aluminum foil. The
unched cathodes are round shaped with a diameter and thick-
ess of 15 mm and 0.2 mm, respectively. The cathodes were dried
t 200 ◦C for 12 h in a vacuum oven before assembling to test cells.

he anode was lithium metal and a mixed solvent EC, DMC and EMC
ith a volume ratio of 1:1:1 containing 1 M LiPF6 was used as the

lectrolyte. The separator was celegrad 2300 microporous mem-
rane. Test cells were assembled in an Ar-filled glove box at room
emperature. The galvanostatic charge–discharge experiment was
urces 196 (2011) 5143–5146

performed at 0.1 C on a RF-T cell test system between 2.0 and
4.2 V (vs. Li/Li+). Electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV) were performed using a three-electrode
cell with a counter-electrode and a reference-electrode both made
of lithium. CV was carried out at a sweep rate of 0.5 mV s−1 and all
measurements were performed in the voltage range of 3.1–4.0 V on
an electrochemical workstation (CHI660C). EIS was carried out in
the frequency range of 105–10−2 Hz with ac amplitude of 5 mV at
a potential of 3.45 V.

3. Result and discussion

The typical peaks of standard orthorhombic LiFePO4 pattern
JCPDS40-1499 appeared in the XRD pattern of both LiFePO4/C(H)
and LiFePO4/C(G), suggesting that each sample has well-grown
olivine crystal structure, as shown in Fig. 1. However, for
LiFePO4/C(H), peaks of impurities such as Li3Fe2(PO4)3 and Fe2O3
were identified, implying uncompleted reduction of Fe(III) species,
as reported by Goodenough and coworkers [24]. As expected, the
CO reduced sample LiFePO4/C(G) exhibited pure orthorhombic
phase, suggesting all impurities were converted to final products.
Carbon was deemed to be amorphous since there was no crystalline
carbon peak in Fig. 1. Using gravimetric method, we noticed that
the final composition of carbon in LiFePO4/C(G) and LiFePO4/C(H)
is 4.83 wt% and 3.27 wt%, respectively. Apparently, better coating
reservation was achieved when the precursors were reduced by
CO. Another important clue is that, the feature peak intensity of
LiFePO4/C(G) is weaker than that of LiFePO4/C(H), telling the fact
that the particle growth in the formal case was restricted. It is not
strange that, for LiFePO4/C(H), the carbon loss leads to more direct
contact of small LiFePO4 particles, resulting in stronger Ostwald
ripening towards larger particles. In fact, the ESEM image shown
in Fig. 2 clearly shows that the LiFePO4/C(G) particles are almost
half-sized of LiFePO4/C(H) (500 vs. 1000 nm, in average). Compar-
ing with Fig. 2(b), Fig. 2(a) displayed smoother particle shape and
evenly distributed particle-sizes. With better coating and appro-
priate size and shape, the CO reduced sample was consequently
assumed to have better electrochemical properties.

Fig. 3(a) shows that the initial discharge capacity of LiFePO4/C(G)
and LiFePO4/C(H) was 147.9 and 129.8 mAh g−1, respectively, with
the charge and discharge voltage platform of both two sam-
ples appeared at ∼3.5 V and ∼3.4 V, respectively, corresponding
to the Fe2+/Fe3+ redox couple. As in the CV experiments, the
two redox potentials were also observed with the same values
as shown in Fig. 3(b). The potential difference between oxida-
tion and reduction peaks of LiFePO4/C(G) was 0.134 V, smaller
than that of LiFePO4/C(H) (0.143 V), implying better electrode
reversibility which should be attributed to the better coating of
LiFePO4/C(G). According to the EIS curves of the two samples
shown in Fig. 4, the charge transfer resistance of LiFePO4/C(G) and
LiFePO4/C(H) was 725.3 � and 1049.6 �, respectively. Obviously,
the substantially smaller charge transfer resistance of LiFePO4/C(G)
will decrease the Li+ concentration difference between parti-
cle surface and interior-particle. As a consequence, the diffusion
and reaction kinetics during the charge/discharge cycles were
improved. With the method proposed by Liu et al. [3] and
Prosini et al. [30], the Li+ diffusion rate of LiFePO4/C(G) was
calculated to be 1.49 × 10−13 cm2 s−1, quantitatively higher than
that of LiFePO4/C(H) (1.30 × 10−13 cm2 s−1). Consequently, better
reversibility of LiFePO4/C(G) can also be assumed comparing with

LiFePO4/C(H).

Finally, we performed 50 charge/discharge cycles for the two
samples at 0.1 C and the results are shown in Fig. 5. Very little
capacity attenuation was observed in the beginning 10 cycles for
either sample. However, at the 50th cycle, LiFePO4/C(G) still host
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Fig. 3. The initial charge–discharge curves (a) and CV curves (b) of the samples.
Fig. 2. ESEM micrograph for (a) LiFePO4/C(G) and (b) LiFePO4/C(H).

discharge capacity of 143.3 mAh g−1 (3.11% decay rate), compre-
ensively higher than that of LiFePO4/C(H) (107.5 mAh g−1, 16.41%
ecay rate). The first discharge capacity difference originated from
he fact that impurity species in LiFePO4/C(H) prevent the neighbor-
ng Li+ insertion and desertion. Since LiFePO4/C(G) has smaller EIS,
he lattice distortion and destruction caused by Li+ intercalation
as minimized and the capacity loss was consequently weak-

ned. On the other hand, more importantly, smaller and evenly
istributed particle size of LiFePO4/C(G) benefits the reservation
f active sites by shortening the Li+ diffusion pathway, which is
onsiderably critical to the reversibility of electrodes.

. Conclusion

In this paper, we developed a new reducing technique to ther-
al treat the LiFePO4/C precursors from hydrothermal process.

y aerobically decomposing glucose at windward site of the pre-

ursors in tubular furnace, we obtained a CO containing reducing
tmosphere which can completely convert the Fe(III) impurities
o pure orthorhombic LiFePO4 phase. In industry, the cost to pre-
ent Fe2+ oxidation during hydrothermal stage is not as low as
cceptable. Comparing with typical Ar/H2 reduced samples, the Fig. 4. EIS spectra of the samples.
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Fig. 5. The cycle performances of the samples at 0.1 C.

ew technique rationally protected the coating layers resulting in
maller and evenly distributed particle sizes. Owning these proper-
ies, the product LiFePO4/C(G) exhibited excellent electrochemical
erformance and electrode reversibility. This technique is relatively
imple and safe and may be potentially applicable for industry.
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