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a  b  s  t  r  a  c  t

LiFePO4,  C-coated  LiFePO4 (LiFePO4/C),  and  Co-doped  LiFePO4/C  as  cathode  materials  for  lithium  ion
batteries  are  synthesized  by a hydrothermal  method.  The  electrochemical  properties  of  the  three  samples
are investigated  and  compared  by  galvanostatic  cycling,  rate  capability  and  cyclic  voltammetry  (CV)
measurements.  LiFePO4, LiFePO4/C, and  Co-doped  LiFePO4/C  exhibit  initial  discharge  capacities  of  88,
90  and  116  mAh  g−1 at  0.1  C,  respectively.  After  annealing  at 400 ◦C,  the  initial  discharge  capacities  of

−1
eywords:
ithium iron phosphate
arbon coating
obalt doping
ydrothermal method
ithium ion batteries

the  three  corresponding  samples  increase  to 115,  125  and  132  mAh  g at 0.1  C.  In  both  cases,  Co-doped
LiFePO4/C  shows  the  best  rate  performance  among  the  three  samples.  CV  measurements  indicate  that
the  improvement  of  dynamic  behavior  could  be  attributed  to Co  doping.  All  experimental  observations
indicate  that  the  preparation  of  Co-doped  LiFePO4/C offers  a way  to combine  the  common  methods  to
improve  the  performance  of  LiFePO4: particle  size  reduction,  intimate  conducting  phase  coating  and
metal  supervalent  doping,  which  explain  the  enhanced  electrochemical  properties.
. Introduction

Electric vehicles and hybrid electric vehicles are two kinds of
uture transportation tools to substitute the traditional petrol vehi-
les, and yet power cell has become a bottleneck and blocked their
idespread applications. In recent years, great efforts have been
aid to develop lithium ion batteries with excellent thermal stabil-

ty, high energy and power density. Since the pioneering work of
oodenough and coworkers [1],  LiFePO4 has attracted increasing
reat interest all over the world for its many advantages such as
igh theoretical capacity (170 mAh  g−1), low cost, and high com-
atibility with environment. In fact, it has been recognized as one
f the most promising candidates to replace lithium cobalt oxide
s the cathode material for lithium ion batteries. However, the
rawbacks of LiFePO4 mainly lie in low electronic conductivity and
low diffusion of Li+ ions, resulting in fast capacity decay, espe-
ially under high current densities [1,2], which has greatly inhibited
ts large-scale application [3].  Recently, great improvements have
een achieved in the performance of LiFePO4, with the methods
ainly focusing on particle size reduction [4–8], intimate conduct-

ng phase coating [9,10],  and metal supervalent doping [11–15].

Hydrothermal synthesis has been proven a successful method

o prepare LiFePO4 with small particle size for its many merits,
uch as easy to produce, economical in energy and easily scal-

∗ Corresponding author. Tel.: +86 378 3880 696; fax: +86 378 3880 659.
E-mail addresses: wfzhang@henu.edu.cn, wfzhang6@163.com (W.  Zhang).
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able, etc. [16–23].  However, this method is apt to produce LiFePO4
with low order of crystallinity and iron occupational disorder [24],
which may  affect the diffusing channels of Li+ ions. Thus the specific
capacity of LiFePO4 synthesized by hydrothermal method is rather
low (about 85 mAh  g−1 at 0.1 C) compared with that of solid state
reaction (about 150 mAh  g−1 at 0.1 C) [24]. To improve the electro-
chemical properties of LiFePO4 with small particle size synthesized
by hydrothermal method, as a feature of this work, the samples
were prepared at a higher temperature to increase the order of
crystallinity.

Very recently, La-doped LiFePO4/C has attracted attention of
only a few researchers [25], though this method has been proven
to be very effective. In this paper, with the combination of gen-
eral modification methods of carbon coating and Co doping, the
hydrothermally prepared Co-doped LiFePO4/C exhibits greatly
improved electrochemical performance. The enhancement mech-
anism is preliminarily explored by CV measurements.

2. Experimental

2.1. Preparation of samples

LiFePO4, C-coated LiFePO4 (LiFePO4/C) and Co-doped LiFePO4/C were synthe-
sized by a hydrothermal method. For simplicity, the samples of LiFePO4, LiFePO4/C
and Co-doped LiFePO4/C hereafter are named as LFP, LFP/C and CoLFP/C, respec-
tively. The starting materials are LiOH·H2O (95.0%, Zhengzhou Paini), FeSO4·7H2O

(99.0%, Tianjin kermel), H3PO4 (85.0%, Tianjin kermel), Co(CH3CO2)2·4H2O (99.5%,
Shanghai Hengxin) and sucrose (AR, Tianjin De’en). For LFP and LFP/C, the molar
ratio of Li:Fe:P in the precursor solution is 3:1:1. The molar ratio of Li:Fe:P:Co
is  3:0.9:1:0.1 for CoLFP/C. The concentrations of Fe2+ and sucrose in the reaction
solution were controlled at 0.5 mol  L−1 and 7 g L−1, respectively. In the preparation

dx.doi.org/10.1016/j.jallcom.2011.07.021
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wfzhang@henu.edu.cn
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Table 1
Lattice constants of LFP, LFP/C and CoLFP/C.

a (Å) b (Å) c (Å)

PDF 81-1173
6.010 10.332 4.692

LFP
5.984(8) 10.321(4) 4.692(9)

LFP/C
5.985(1) 10.312(7) 4.689(8)

998 and 952 cm can be attributed to the intramolecular stretch-
ing motions of PO4

3− [27]. The bands around 1600 and 1330 cm−1

(very weak) are very well known and ascribable to the presence of
the graphitic carbon (G-band) and the disordered carbon (D-band)
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Fig. 1. XRD patterns of LFP, LFP/C and CoLFP/C.

rocess of pristine LiFePO4, LiOH·H2O and FeSO4·7H2O were separately dissolved
n  deionized water. Afterwards, H3PO4 was  added into the FeSO4·7H2O solution to
void the formation of Fe(OH)2, Fe (II) in which is easily oxidized to Fe (III). Then,
iOH solution was added to the mixture dropwise through separatory funnel. The
horoughly dissolved solutions were mixed together homogeneously with fiercely
tirring. The final mixture was swiftly transferred to a 0.1 L stainless steel autoclave
nd heated at 220 ◦C for 2 h. Finally, the light green precipitate was  filtered and
ir-dried. LFP/C was  prepared by adding sucrose to the FeSO4 solution via the same
rocess as LFP. For the preparation of CoLFP/C, FeSO4 and sucrose solutions were
ixed at first, and then Co(CH3CO2)2 aqueous solution was added to this mixture

rop  by drop. The subsequent processes were the same with those of the LFP.

.2. Structure and morphology characterization

X-ray diffraction (XRD) measurements were performed on a diffractometer
DX-2500, Fangyuan) with Cu K� radiation with � = 1.54145 Å. Raman spectra were
ollected on a laser Raman spectrometer (RM-1000, Renishaw) at �0 = 457.5 nm.  The
arbon contents of the synthesized LFP/C and CoLFP/C particles were determined by
n  elemental analyzer (PE2400-II, American). Morphologies of the as-prepared sam-
les were examined using scanning electron microscopy (SEM, JSM-6390LV, Jeol)
ith acceleration voltage of 20 kV, a beam size of 20 nm,  a beam current of 1 × 10−8

, at P0 = 10−4 Pa.

.3. Electrochemical characterization

The working electrodes were fabricated by compressing the mixtures of 70 wt.%
ctive materials (the as-prepared three samples), 20 wt.% acetylene black (Super-P,
MM  Carbon), and 10 wt.% binder (polyvinylidene fluoride, PVDF) dissolved in N-
ethyl-pyrrolidone (NMP) on a 20 �m thick aluminium foil. The casted aluminium

oil was  put into vacuum oven and heated at 120 ◦C for 12 h. Then the film was
arefully cut into uniform square pieces with side length of 8 mm  as the working
lectrode. The electrolyte was 1 M LiPF6 dissolved in a mixture of ethylene carbonate
EC) and diethyl carbonate (DEC) with a volume ratio of 1:1. Celgard 2400 was used
s  the separator, and Li foil served as the counter electrode. The assembling process
as  conducted in an argon-filled glove box with H2O and O2 content less than 1 ppm.

he galvanostatic cycling was measured on a Land cell test system (Land CT 2001A)
etween cut off voltages of 2.3 and 4.2 V (vs. Li/Li+). Cyclic voltammetry (CV) was
easured in a three electrode system using electrochemical workstation (CHI660C,

hanghai). The CV curves were recorded between 2.3 and 4.2 V at a scan rate of
.1 mV  s−1.

. Results and discussion

.1. Physical characterizations

The XRD patterns of LFP, LFP/C and CoLFP/C are displayed in
ig. 1. All samples exhibit well-defined olivine structures, belong-
ng to space group orthorhombic Pnmb. No diffraction peak from

mpurity can be recognized in the three patterns. R = I(1 1 1)/I(1 3 1)
s defined as the intensity ratio of the (1 1 1) to the (1 3 1) peaks,

hich is used to estimating the degree of cation order in olivine-
ype materials. Generally, the electrochemical properties can be
CoLFP/C
5.960(9) 10.295(4) 4.685(4)

improved with the enhancement of degree of cation order [26].
In the present work, the calculated values R are 0.7633, 0.8705
and 0.8853 for LFP, LFP/C and CoLFP/C. Among the three samples,
CoLFP/C shows the highest degree of cation order, which can be con-
firmed by the electrochemical results afterwards. The inset in Fig. 1
is the selected XRD patterns of the three as-prepared samples over a
2� range from 25◦ to 26◦, from which it can be clearly observed that
the (1 1 1) diffraction peak shifts towards higher angle for CoLFP/C.

The calculated lattice constants of the as-prepared samples are
listed in Table 1. The lattice parameters of LFP/C changed little com-
pared with those of LFP, indicating that the coated carbon layers can
only influence the surface of LiFePO4 particles and almost have no
effect on the bulk. The lattice constants of CoLFP/C decrease promi-
nently, which agrees well with the XRD curve shift (inset in Fig. 1).
These results imply that the Fe2+ ions have been partly substituted
by Co2+ ions, since the ionic radius of Co2+ (0.74 Å) is slightly smaller
than that of Fe2+ (0.76 Å) [12]. Calculation by Scherrer equation
demonstrated that the grain sizes of LFP, LFP/C and CoLFP/C are
similar (about 26 nm).

Raman spectroscopy is a powerful analytical tool for probing
the structural properties of electrode materials, which is quite suit-
able for detecting phosphate-based cathodes, as the intramolecular
vibrational modes of the PO4

3− anions produce rich and intense
bands in Raman spectra. Therefore, it can be applied to further iden-
tify the surface structure of the as-prepared samples. The Raman
spectra of the three as-prepared samples are plotted in Fig. 2, from
which no modes belonging to impurities can be identified. Common
features can be observed below 1200 cm−1, which are the char-
acteristic vibrations of LiFePO4 lattice. The sharp bands at 1068,

−1
300 600 900 1200 1500 1800

Raman Shift (cm
-1 )

Fig. 2. Raman spectra of LFP, LFP/C and CoLFP/C.
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results show that the electrochemical performances of carbon-
Fig. 3. SEM images of LFP (a), LFP/C (b) and CoLFP/C (c).

overing the triphylite particles [28]. The intensity ratio (ID/IG) indi-
ates crystallinity of the coated carbon, for example, the smaller the
atio, the higher the order degree of the coated carbon layers [29].
n this work, the ID/IG ratios of carbon in LFP/C and CoLFP/C are very
ow, indicating high degree of carbon ordering in the two  composite

aterials. As shown in Fig. 2, the coated carbon layers in this work
re highly graphitized for LFP/C and CoLFP/C, which are expected
o contribute to the enhancement of the electronic conductivity of
he samples.

The carbon contents in LFP/C and CoLFP/C determined by the
lement analyzer are 0.35 wt.% and 0.34 wt.%, respectively. Though
he coating contents of carbon are rather low in the two  samples,
aman spectra demonstrated the existence of carbon in Fig. 2.

Fig. 3 illustrates the SEM images of the as-prepared LFP, LFP/C
nd CoLFP/C powders. The particles of LFP and LFP/C have the simi-
ar feature of plate-type morphologies with average thicknesses of
000 and 500 nm.  The plate-type shape is regarded as the typical

orphology of phosphate related materials synthesized through

 similar hydrothermal process [30]. As can be clearly seen from
ig. 3, the LFP/C particles are more homogeneously built up with
pounds 509 (2011) 9010– 9014

more acute and regular edges compared with those of LFP, indicat-
ing that the particles grow more completely after carbon-coating.
However, the morphology of CoLFP/C is greatly different from those
of LFP and LFP/C (Fig. 3(c)), showing uniform fine particles with
an average size of 200 nm.  In general, the morphology of LiFePO4
changes little after C-coating, while, it experiences great change
after Co-doping. The markedly changed morphology of CoLFP/C
provides another strong evidence of Co doping in LiFePO4 lattice.
The doped Co2+ ions will substitute Fe2+ ions and result in the
formation of LiFe1−xCoxPO4.

When the as-prepared samples were repeatedly washed with
deionized water in the preparation process, there were plenty of
suspended particles in the water. Among the three samples, it is
most difficult for the suspended particles of CoLFP/C to deposit
completely, indicating that the CoLFP/C particles are smaller than
LFP and LFP/C, consisting with the SEM results. It is one of the impor-
tant strategies to reduce the path length over which the electron
and Li ion have to move by using nano-sized materials [31]. Con-
sidering the improved degree of cation order and the small particle
size, the CoLFP/C sample is expected to exhibit enhanced electro-
chemical performances compared with LFP and LFP/C, which will
be described in the following discussion.

3.2. Electrochemical characteristics

The initial charge–discharge profiles of the as-prepared sam-
ples of LFP, LFP/C and CoLFP/C are shown in Fig. 4(a). The stable
charge–discharge plateaus are the characteristic of LiFePO4 mate-
rials. The initial discharge capacities are 88, 90 and 116 mAh g−1 and
the first cycle efficiencies are 89.4%, 89.6% and 95.6% at 0.1 C for the
samples of LFP, LFP/C and CoLFP/C, respectively. Among the three
samples, the charge–discharge plateaus of CoLFP/C are much more
longer than those of LFP and LFP/C, implying higher initial capacities
of this material. The direct carbon coating on the particle surface of
LiFePO4 introduced in the synthesis process will enhance the elec-
tronic conductivity and improve the sluggish kinetics behavior [7],
which explains the enhanced electrochemical profile of LFP/C than
LFP. However, only slight improvement has been obtained after car-
bon coating, as demonstrated in Fig. 4(a), which can be attributed
to the rather low content of carbon coating (0.35 wt.%) in LFP/C.

Cycling behavior of the three samples is displayed in Fig. 4(b).
The batteries were cycled between 2.3 and 4.2 V at 0.1 C. After 100
cycles, the discharge capacities decrease to 64, 71 and 96 mAh  g−1,
with capacity retentions of 73%, 79% and 83%, respectively. No large
improvement of cycling performance can be achieved after carbon-
coating, showing the limitation of this conventional method.
With the same content of coated carbon, CoLFP/C exhibits greatly
increased specific capacity and improved capacity retention, imply-
ing the prominent influence of Co doping in this case.

The rate performances of the three samples are compared in
Fig. 4(c). The electrodes were cycled at 0.1 C, 1 C, and 2 C between
2.3 and 4.2 V, respectively. For the sample of LFP, its specific capac-
ity undergoes the fastest deterioration as the rate increases. Carbon
coating is beneficial for the rate performance; however, only lim-
ited improvement can be achieved. The specific capacities of LFP
and LFP/C remain only 17 and 30 mAh  g−1 at 2 C rate at the 100th
cycle. In comparison, CoLFP/C manifests the best rate performance.
Its specific capacity remains nearly 80 mAh  g−1 at 2 C and keeps
almost unchanged from 30th to 100th cycles. After 200 cycles
at 2 C, there still remains the specific capacity of 76 mAh  g−1 for
CoLFP/C (not shown in Fig. 4(c)). The discharge specific capacity
falls only 3.8%, 3 mAh  g−1, from the 32nd to 200th cycles. All these
coated LiFePO4 have been greatly enhanced by Co doping.
It is a usual method to deal with hydrothermally synthesized

LiFePO4 by post annealing treatment [32]. After annealing, its crys-
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Fig. 5. The initial profiles of LFP, LFP/C and CoLFP/C after annealing between 2.3 and
4.2  V (a) and comparison of the rate performances of the three annealed samples
ig. 4. The initial charge–discharge profiles at 0.1 C (a), cycling behaviors at 0.1 C
b)  and comparison of rate performances (c) of LFP, LFP/C and CoLFP/C.

allization as well as electrochemical properties can be improved. In
he present work, the three as-prepared samples were annealed at
00 ◦C under the protection of argon and hydrogen mixture (hydro-
en 5 wt.%) for 1 h.

Generally, the electrochemical performances of the three sam-
les are obviously improved after annealing, as can be observed
n Fig. 5(a). Fig. 5 exhibits the initial charge–discharge profiles of
he three samples after annealing. At the rate of 0.1 C, the initial
ischarge specific capacities of annealed LFP, LFP/C and CoLFP/C
(b).

are 115, 125 and 132 mAh  g−1, respectively. The specific capac-
ity of annealed CoLFP/C experiences an activation process in the
first several cycles, as shown in Fig. 5(b). At the 9th cycle, it
reaches 137 mAh  g−1. However, the specific capacities of annealed
LFP and LFP/C decrease from the beginning, and drop to 101 and
117 mAh  g−1 at the 9th cycle.

The rate capabilities of the three annealed samples are com-
pared in Fig. 5(b). The electrodes were cycled between 2.3 and 4.2 V
at 0.1 C, 1 C, and 5 C, respectively. Not surprisingly, the annealed
CoLFP/C exhibits the best rate performance. After cycling for 70
cycles at 5 C, the specific capacity of annealed CoLFP/C almost
keeps unchanged and remained at 90 mAh  g−1. Comparatively, the
capacities of annealed LFP and LFP/C decay rapidly as the rate
increases, shrinking to only 39 and 45 mAh  g−1 at 5 C. Apparently,
Co-doped samples exhibit improved electrochemical properties,
whether annealed or not.

As confirmed by other researchers, carbon coating can improve
the performance of LiFePO4, as shown in Figs. 4 and 5. The coating
layer of carbon is highly graphitized, as indicated in Fig. 2, which is
helpful to improve the electronic contact among particles as well
as between the particles and substrates. It is interesting to point
out that as Co ions were further doped in carbon-coated LiFePO4,
the electrochemical properties of LiFePO4 can be greatly improved

compared with simple carbon coating, indicating the prominent
influence of Co doping.
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Fig. 6. Cyclic voltammograms of LFP, LFP/C and CoLFP/C.

CV measurements were conducted to explain the great improve-
ent of electrochemical performance after Co doping. Fig. 6

resents the CV curves of LFP, LFP/C and CoLFP/C after 100 cycles
t 0.1 C. For LPF and LFP/C, the oxidation peaks appear at 3.68 and
.63 V, and the corresponding reduction peaks are centered at 3.18
nd 3.20 V, respectively. The potential intervals between the redox
eaks are 0.50 and 0.43 V. In comparison, the oxidation and reduc-
ion peaks are centered at 3.53 and 3.35 V for CoLFP/C with the
otential interval only 0.18 V, much smaller than those of LFP and
FP/C. This implies that the polarization is effectively decreased
fter Co-doping. Additionally, the redox peak profile of CoLFP/C is
uch sharper than with LFP and LFP/C, demonstrating that the elec-

rode reaction speed is the fastest in CoLFP/C. All these analyses
how that the improved dynamic behaviors can be attributed to
he Co doping.

. Conclusion

Hydrothermal method was applied to prepare Co-doped
iFePO4/C for the first time in this paper. Compared with hydrother-
al  prepared LiFePO4/C, Co-doped LiFePO4/C exhibits greatly

nhanced performances. As Co ions were further doped into
he carbon-coated LiFePO4, the electrochemical properties were
reatly improved, indicating the prominent influence of Co dop-
ng. CV characterization demonstrates that the dynamic behaviors
re improved by Co doping, which partly explains the improved

lectrochemical performances. Based on our investigation, the
reat enhancement of electrochemical performance of Co-doped
iFePO4/C could be attributed to the improved degree of cation
rder, the minimized particle size, the improved electronic contact

[

[
[
[
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by carbon coating and the improved electrode reaction kinetics by
Co doping. Further efforts to determine the optimal preparation
condition including the optimal carbon and Co contents, carbon
and Co sources, synthesis and annealing conditions are under way,
which will be reported in due course.
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