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A  series  of  olivine  LiFe1−xCoxPO4 composites  were  synthesised  by  a hydrothermal  route  under  reductive
atmosphere.  The  structure  of  the  prepared  samples  was  characterised  by  X-ray  diffraction.  Morphology,
particle  size,  and  elemental  concentration  were  observed  by  scanning  electron  microscopy,  high-
resolution  transmission  electron  microscopy,  and  corresponding  EDS  mapping,  respectively.  Raman
spectroscopy  was  employed  to  study  the  surface  information  of  the  carbon-coated  LiFe1−xCoxPO4.
The  electrochemical  properties  of  the  samples  were  studied  by  AC  impedance  spectroscopy  and
oating materials
lectronic properties
omposite materials
atteries
iFePO4

charge–discharge  instruments  at  room  temperature.  The  discharge  capacity  of  LiFe3/4Co1/4PO4/C  is
170  mAh/g  at  rate  of 0.1  C.  LiFe1−xCoxPO4 can  achieve  a higher  discharge  plateau  (∼3.5  V)  than  does
pure  LiFePO4 (∼3.4  V).  The  results  indicate  that  the  Co-doped  sample  exhibits  improved  electrochemical
performance  at low  discharge  rates.  However,  XPS  results  show  that  the  Li–O  band  stabilises  further  as
the doping  amount  increase,  which  is  not  beneficial  to  the lithium  diffusion  coefficient  of  the  compound.
. Introduction

Lithium iron phosphate has attracted considerable interest as
 positive electrode active material for Li-ion batteries because
f its low cost, nontoxic properties, and safety, thereby present-
ng promising potential for use in hybrid electric vehicles [1,2].
owever, its low electrical conductivity and low working voltage

estricts its application in commercial products [3].  Carbon coating
4] and particle size reduction [5] are considered effective ways of
mproving the performance of lithium iron phosphate.

Aside from the aforementioned approaches, metal ion dop-
ng in the Li or Fe site is regarded as a promising method
or increasing electrical conductivity and working voltage [6].
obalt [7,8], manganese [9],  nickel [10], and vanadium [11]
re considered favourable candidate dopants because of the
igher chemical potential of Co2+/3+, Mn2+/3+, Ni2+/3+, and V2+/3+.
o maximise the advantages of metal ion doping, multi-metal

on-doped compounds have also been prepared; these include
iFe1/4Mn1/3Co1/3PO4 [12] prepared via solid-state measurement
nd LiFe1/4Mn1/4Co1/4Ni1/4PO4 [13] prepared by solid-state synthe-
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sis. To date, however, few systematic studies on cobalt doping have
been conducted compared with those on other transition metals.
A previous study [14] reported that a low cobalt doping amount
does not increase the redox potential of Fe2+/3+. Thus, increasing
the discharge plateau necessitates high amounts of cobalt dopant.

Amongst various synthetic methods, such as solid-state reac-
tion, co-precipitation method, and sol–gel route, hydrothermal
reaction has been accorded substantial research efforts because this
method enables facile carbon coating onto samples, and a small,
homogeneous particle distribution in the end product [15,16]. It
is relatively quick, simple, and requires mild operating tempera-
tures. In addition, controlling the product properties by changing
experimental parameters, such as temperature, pressure, and con-
centration, is convenient.

In this paper, a series of LiFe1−xCoxPO4 composites were syn-
thesised via hydrothermal reaction. Reductive atmosphere was
employed in the heat treatment procedure to ensure the presence
of Fe2+ and Co2+ in the end product. The structural characteris-
tics and electrochemical performance of the composites were also
investigated.

2. Experimental
2.1. Synthesis of LiFe1−xCoxPO4/C

LiFePO4 was prepared via a hydrothermal route using LiOH·H2O (Alfa Aesar),
FeSO4·7H2O (Sigma–Aldrich), H3PO4 (Sigma–Aldrich), and (NH4)2HPO4 (J.T. Baker)

dx.doi.org/10.1016/j.jallcom.2011.10.037
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Lattice parameters and unit cell volume for the samples.

Specimen a (Å) b (Å) c (Å) Volume (Å3)

LiFePO4 10.3203 5.9930 4.6720 288.96
LiFe0.75Co0.25PO4 10.2997 5.9889 4.6878 288.39
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LiFe0.5CO0.5PO4 10.2898 5.9686 4.6957 287.14
LiCoPO4 10.2005 5.9218 4.6984 283.81

s starting materials. LiOH·H2O (Alfa Aesar) was first dissolved in purified water
ith continuous magnetic stirring. H3PO4 and (NH4)2HPO4 were added into the

olution after LiOH was completely melted and reacted for 10 min. FeSO4·7H2O and
scorbic acid were added subsequently. Another 30 min  was needed to make the
olution form a homogeneous solution, then the PH value was adjusted to 7 with
H3·H2O (Sigma–Aldrich) and H3PO4. To inhibit the conversion of Fe2+ to Fe3+ and
o2+ to Co3+, water was degassed in a vacuum degasifier for 30 min  prior to the
reparation of the starting solution, after which the mixing process was  carried out
nder an argon atmosphere. The molar ratio of the Li:Fe:P in the precursor solution
as  3:1:1. In preparing the doping samples, Co(NO3)2·6H2O was  used as Co source.

About 110 mL  starting solution was introduced into a Teflon reactor (inner vol-
me:  200 mL), and then the reactor was  sealed in a stainless steel autoclave and
eated at 170 ◦C for 10 h. After being cooled to room temperature, the obtained pre-
ipitates were collected by centrifugation and washed several times with deionised
ater. The samples were then dried at 100 ◦C for 12 h in a vacuum oven. Finally, the

amples were heat treated at 700 ◦C for 3 h under a 3%H2/Ar reductive atmosphere.

.2. Characterisation of synthesised materials

The crystallographic structure of the synthesised materials was analysed by X-
ay powder diffraction (XRD; Shimadzu Labx XRD-6000) with Cu K� (� = 1.5406 Å)
adiation. X-ray photoelectron spectroscopy (XPS; Thermo Fisfer-K-ALPHA) was
sed  to obtain the valence state information of the samples with monochromatic
l  K� radiation (h� = 1486.6 eV). The morphology and average particle size of the
nd products were observed using a JOEL JSM-6701F field emission scanning elec-
ron  microscope. High-resolution transmission electron microscopy analysis was
erformed using a JEOL-2100 at a 200 kV acceleration voltage. Raman spectra were
ecorded on a laser Raman scattering spectrometer (Renishaw-Ramascope) to char-
cterise the carbon properties coated onto the samples.

.3. Electrochemical performance test

Electrochemical measurements were performed using a coin-type cell (model
032). The cathode electrodes were fabricated by dispersing 80 wt% active material,

 wt.% KS-4, 6 wt.% Super P, and 10 wt.% polyvinylidene fluoride in N-methyl pyrroli-
one to form a slurry. The slurry was then coated onto an Al foil and the solvent was
vaporated at 110 ◦C for 12 h under vacuum. The electrolyte was 1 M LiPF6 in 1:1
thylene carbonate and dimethyl carbonate. A lithium metal foil was used as the
node and a microporous polypropylene sheet (Celgard2320, Celgard Inc., USA) was
sed as the separator. The cell assembly was performed under an argon atmosphere

n  a glove box.
The charge–discharge and cycling properties of coin cells were evaluated

etween 2.5 and 5 V at 0.1C current density using an automatic galvanostatic
harge–discharge unit (Neware) at room temperature. To test the real redox poten-
ial of the cation couples, GITT measurements were performed using a galvanostatic
harge–discharge unit. A constant current at a rate of 0.1C was  applied to the coin
ell for 10 min, followed by a 40 min  relaxation period. The measurement was  con-
inued until the cell voltage reached a fixed value. AC impedance was employed
o  characterise the composite cathode materials under open-circuit potential on a
HI614C instrument (CH Instrument Inc., USA). The frequency ranged from 10−2 to
05 Hz and the amplitude of overpotential was 0.005 V.

. Results and discussion

.1. Sample characterisation

Considering that the exchange of lithium ions with electrolyte
ccurs at the electrode–electrolyte interface, cathode performance
ritically depends on the electrode microstructure and morphol-
gy. The XRD patterns of the sample with different Co-doping
mounts are shown in Fig. 1. All the samples are single phase
xcept for LiCoPO4 (JCPDS 85-0002), which contains Co2P and

i3PO4 impurities. All the reflections can be indexed on the basis
f the olivine structure with the space group Pnma. Table 1 shows
he corresponding structural parameters and unit cell volume of
he samples. The lattice parameters and unit cell volume slightly
Fig. 1. XRD patterns of LiFe1−xCoxPO4 samples.

decrease with increasing Co doping amount in the crystal. This
result is attributed to the smaller ionic radii of Co2+ (0.75 Å) com-
pared with that of Fe2+ (0.78 Å) [7].

Fig. 2 shows the morphologies of the LiFe1−xCoxPO4 samples.
The particle size of ellipsoid-shaped LiFePO4 has a wide distribution
range from 100 to 500 nm.  However, LiCoPO4 shows agglomer-
ation because of the second phase of Li3PO4, which may  have
melted during the calcination process, thereby causing the agglom-
eration of LiCoPO4 particles. However, the doped samples have
smaller particle sizes and narrow particle size distribution, as well
as a long ellipsoid shape. In particular, at a doping amount of 25%
LiFe3/4Co1/4PO4, the particle size is small and uniformly distributed,
and no agglomeration occurs.

The particle shape can be observed more clearly by field
emission scanning electron microscopy (FESEM). The results are
shown in Fig. 3. The high-magnetisation images (insets) distinctly
show that the carbon layer is coated onto the surface of the
LiFe1−xCoxPO4 particles. Furthermore, more carbon is coated onto
the LiFe1−xCoxPO4 particles with increasing cobalt doping amounts.
The same conclusion can be obtained from the Raman analysis, the
possible reason for which is discussed in the next section. Fig. 4(a)
and (b) shows the elemental concentration images of the ele-
ment mapping derived from the FESEM observations. These images
clearly demonstrate that Fe, Co, P, and O are distributed homoge-
neously in the LiFe1−xCoxPO4 particles. This result indicates that
Co in the olivine structure of LiFePO4 forms a LiFe1−xCoxPO4 solid
solution.

3.2. X-ray photoelectron spectroscopy

The oxidation states of Fe and Co were studied by XPS, and the
results are shown in Fig. 5. The Fe 2p spectrum consists of two
components because of spin-orbit coupling (Fe 2p3/2 and Fe 2p1/2)
[17]. Each component consists of a main peak and a “shake-up”
satellite. The binding energy position of the main peak is related
to the oxidation state of Fe. For the Fe2+ ion in LiFePO4, the main
peaks of Fe 2p3/2 and Fe 2p1/2 are centred at 710.5 and 724 eV,
respectively. For the Fe3+ ion in FePO4, the main peaks of Fe 2p3/2
and Fe 2p1/2 are centred at 712.5 and 726 eV, respectively. The peak
position in Fig. 5 is consistent with Fe2+, and no peak assigned to
Fe3+ appears in the samples. The Co 2p spectrum shape is similar to
that of Fe 2p, and the core level matches well with Co2+ according to

Co 2p3/2 and Co 2p1/2 observed at 780.9 and 796.7 eV, respectively.
Thus, we can conclude that the oxidation states of Fe and Co are +2
in the synthesised samples.
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Fig. 2. SEM micrographs of carbon-containing LiFe1−xCoxPO4 powders: (a) x = 0; (b) x = 1/4; (c) x = 1/2; (d) x = 1.

Fig. 3. TEM images of LiFe1−xCoxPO4 with (a) x = 0; (b) x = 1/4; (c) x = 1/2; (d) x = 1.
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Fig. 4. EDS mapping of LiFe1−xCoxPO4. (a) x = 1/4 and (b) x = 3/4.
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Fig. 5. XPS spectra o

The variations in the chemical environment of Li and O in
iFe1−xCoxPO4 were also estimated by XPS [18]. Both the binding
nergy of O 1s and Li 1s slightly shift up as doping amount is peri-
dically increased. This result is slightly different from that of a
revious study [19]. The higher binding energy of an element may
e ascribed to two factors: the enhancement of a bond and a high
xidation state of the element. The upward shift of the high bind-
ng energy indicates that more stable Li–O bands can be obtained
ecause of Co doping, which may  decrease the ionic mobility of Li+

n the doped materials.

.3. Electrochemical performance

Fig. 6 shows the discharge profiles of the LiFe1−xCoxPO4/C solid
olutions. Two obvious discharge plateaus correspond to the Co2+/3+

nd Fe2+/3+ redox couples. The discharge plateau of pure LiCoPO4/C
s lower than its theoretical voltage possibly because of the exis-
ence of a large amount of impurities such as Li3PO4 and Co2P. The
ischarge plateaus of Co2+/3+ and Fe2+/3+ clearly differ amongst the
iFe1/2Co1/2PO4/C, LiFe3/4Co1/4PO4/C, and LiFePO4/C compounds.
hese results are consistent with the conclusions drawn by gal-
anostatic intermittent titration technique (GITT), discussed in the
ext section.

LiFePO4/C delivers a discharge capacity of ∼150 mAh/g with dis-
harge rate of C/10, whereas that of LiCoPO4/C is only 93 mAh/g.
he doped samples exhibit good discharge capacity especially for

iFe3/4Co1/4PO4/C, which delivers a capacity of ∼170 mAh/g, a value
hat approximates the theoretical capacity of LiFePO4. This result
s attributed to the large contribution of Fe2+/3+ to this compound
nd the smaller and fined particles.
1−xCoxPO4 samples.

Cell power is a crucial component of battery development. The
power of the cells with the aforementioned materials was esti-
mated using the integral areas of the discharge curves. Table 2
shows that the power of the cells in the cathode material of
Capacity / mAh/g

Fig. 6. First discharge curves of Li/C–LiFe1−xCoxPO4 cells at a constant current of
0.1C.
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Table 2
Integral areas of the discharge curves.

Material Integral area (mW/g)

LiFePO4 483
LiFe3/4Co1/4PO4 596

p
m

m
t
F
i
4
t
p
t
p
F
3
i
a
I
o

i
o

3

s
u
l

a
t
1
b
d
a

F
m

2000150010005000
0

1000

2000

3000

4000

5000

6000

7000
G-band

In
te

ns
ity

 / 
a.

u.

-1

LiCoPO4

LiFe1/2Co1/2PO4

LiFe3/4Co1/4PO4

LiFePO4

D-band

94
5 

cm
-1
LiFe1/2Co1/2PO4 559
LiCoPO4 400

ower of the cells based on pure LiFePO4 and LiCoPO4 as cathode
aterials.
The GITT was first developed by Weppner and Huggins to deter-

ine the chemical diffusion coefficient of lithium in Li3Sb [20]. In
his paper, GITT was used to determine the true redox voltage of
e2+/3+ and Co2+/3+. GITT measurements were carried out by apply-
ng a galvanic current at a rate of C/10 for 10 min, followed by a
0 min  relaxation step. The current, relaxation, and so on were con-
inued until the voltage reached a fixed potential. Fig. 7 shows the
otential as a function of time based on the GITT measurement in
he cell charging process. The redox potential of the Fe2+/3+ cou-
le increases in the Co-doped samples. The redox potential of the
e2+/3+ couple is 3.406 V for LiFePO4, which increases to 3.448 and
.469 V at Co doping amounts of 25% and 50%, respectively. Accord-

ng to Manthiram and Manthiram [7],  the Fe2+/3+ couple can be
ffected by the inductive effect introduced by the counter cations.
n the present study, the Fe2+/3+ redox potential increases because
f the introduced Co2+/3+.

These results indicate that the voltage of LiFePO4 material can be
mproved and battery power can be enhanced by the introduction
f Co.

.4. Raman spectroscopy

Raman spectroscopy is a highly sensitive tool for studying the
tructure of lithium intercalation compounds; it has been widely
sed in Li-battery technology and the dynamics of lithium interca-

ation in different host materials [21].
The Raman spectra are shown in Fig. 8. Two  intense bonds at

round 1350 and 1590 cm−1 can be assigned to the characteris-
ic Raman spectra of residual carbon in the samples. The bands at
590 cm−1 mainly correspond to the graphitised structured car-

on of the G bond, whilst the 1350 cm−1 band corresponds to the
isordered structured carbon of the D bond. The signal observed
t 945 cm−1 is related to the PO4

3− anion symmetric stretching of
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Fig. 8. Raman spectral curves of olivine LiFe1−xCoxPO4.

LiFePO4. This signal is the strongest peak of this anion in the olivine
spectrum.

The relative intensity ratio, R = ID/IG, defines the level of order
and in-plane crystal size for pyrolytic carbon [22]. A low ID/IG
ratio indicates the presence of a larger amount of graphene or sp2-
coordinated carbon compared with the disordered carbon structure
(sp3-coordinated carbon), which can improve the electrical con-
ductivity of LiFePO4 powders. The electrochemical properties of
cathode materials strongly depend on the ID/IG ratio because more
carbon of the G bond increases electrode conductivity [23,24].  The
ID/IG values of the samples are shown in Table 3. The amount of
G bond carbon in Co-doped LiFePO4 powders is higher than that
in LiFePO4 and LiCoPO4. LiFe1/4Co3/4PO4 and LiFe1/2CO1/2PO4 are
expected to have higher conductivity.

Although Raman intensity is usually insignificant in material
analysis, the intensity rises with increased Co doping amount
(Fig. 8). This result is related to two  factors: carbon content and
LiFe1−xCoxPO4/C composite bonds. Including a carbon source in the
experiment serves two  purposes: one is to increase the electrical
conductivity of the material, and the other is to prevent the oxida-
tion of Fe2+ and Co2+. Because Co2+ is not as prone to oxidation as
Fe2+, more residual carbon is found in the bulk material, thereby
resulting in higher carbon intensity in the Raman measurement.
This result is in accordance with the TEM results. The increased
Raman intensity is also related to the bonds in the LiFe1−xCoxPO4/C
composite, an issue that requires further research to confirm.

3.5. Electrochemical impedance spectroscopy experiment

Fig. 9 shows the Nyquist plots of the impendence spectra of the
LiFe1−xCoxPO4 compounds at open circuit conditions. The spectra
typically consist of a semi-circle in the high frequency region and

an inclined line at low frequency. The semi-circle is related to the
electrode/electrolyte interface resistance, and the inclined line is
attributed to the Warburg impedance associated with lithium ion

Table 3
Calculated ID/IG values of the samples.

Sample ID/IG

LiFePO4 0.975
LiFe3/4Co1/4PO4 0.845
LiFe1/2Co1/2PO4 0.868
LiCoPO4 0.902
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Fig. 9. Nyquist plots of LiFe1−xCoxPO4 obtained at open circuit potential.

Fig. 10. Equivalent circuits used to fit the impedance spectra.

Table 4
Impedance parameters of LiFe1−xCoxPO4 based on the equivalent circuit of Fig. 10.

Sample Rs (ohm) Rct Cdl Wc

LiFePO4 4.2 127.6 0.79 125.9
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LiFe3/4Co1/4PO4 1.6 74.5 0.72 75.4
LiFe1/2Co1/2PO4 2.2 25.2 0.74 5.4
LiCoPO4 2.7 20.3 0.79 16.74

iffusion in the electrode. An equivalent circuit (Fig. 10)  is used
o fit the impedance spectra. The fitted impedance parameters are
hown in Table 4. Rs and Rct represent the solution resistance and
harge transfer resistance, respectively, and w is a coefficient per-
aining to mass transfer.

The size of the semi-circle and the corresponding fitted Rct

alue rapidly decrease, indicating a significant decrease in interface
esistance and increase in electrical conductivity. The increased
onductivity is due primarily to the enhanced electrical conductiv-
ty because of the presence of pyrolytic carbon webs, which stem
rom the higher residual carbon that resulted from the increased
o doping amount. These observations were confirmed by TEM and
aman analysis.

. Conclusion
LiFe1−xCoxPO4/C cathode materials were synthesised by
ydrothermal method under a reductive atmosphere. The sam-
les exhibit an olivine structure. The morphologies of the Co-doped

[
[

[

ompounds 513 (2012) 282– 288

samples are smaller and more uniformly distributed long ellipsoid
particles compared with that of inhomogeneous pristine LiFePO4.
All the Co-doped samples exhibit two discharge plateaus in the dis-
charge profile. LiFe3/4Co1/4PO4 samples show a superior discharge
capacity of 170 mAh/g at 0.1C, which is nearly equal to the theoret-
ical capacity of LiFePO4.

Co doping with large amount can increase the voltage of the
Fe2+/3+ oxide couple, and reduce the redox potential of Co2+/3+.
Moreover, the power of the Co-doped samples is higher than that
of LiFePO4 and LiCoPO4. This result is highly significant in the
development of lithium-ion cathode materials for high-voltage
applications.

The amount of carbon coated onto the compound increases as
Co doping amount rises. This result is due to more residual carbon
in the compound, which is beneficial to the improvement of the
electrical conductivity of the composite materials. However, the
XPS results show that lithium diffusion coefficient cannot be effec-
tively improved by Co2+-doping because the Li–O band stabilises
further.
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