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Abstract A solid-state reaction process with poly(vinyl alco-
hol) as the carbon source is developed to synthesize LiFePO4-
based active powders with or without modification assistance
of a small amount of Li3V2(PO4)3. The samples are analyzed
by X-ray diffraction, scanning/transmission electron micros-
copy, and Raman spectroscopy. It is found that, in addition to
the minor effect of a lattice doping in LiFePO4 by substituting
a tiny fraction of Fe2+ ions with V3+ ions, the change in the
form of carbon coating on the surface of LiFePO4 plays a
more important role to improve the electrochemical proper-
ties. The carbon changes partially from sp3 to sp2 hybridiza-
tion and thus causes the significant rise in electronic conduc-
tivity in the Li3V2(PO4)3-modified LiFePO4 samples.
Compared with the carbon-coated baseline LiFePO4, the com-
posite material 0.9LiFePO4·0.1Li3V2(PO4)3 shows totally dif-
ferent carbon morphology and much better electrochemical
properties. It delivers specific capacities of 143.6 mAh g−1 at
10 C rate and 119.2 mAh g−1 at 20 C rate, respectively. Even
at the low temperature of −20 °C, it delivers a specific capacity
of 118.4 mAh g−1 at 0.2 C.

Keywords Lithium iron phosphate . Lithium vanadium
phosphate . Hybridization . Lattice doping . Electrochemical
performance

Introduction

Recently, olivine-structure phosphates LiMPO4 (M=Fe, Mn,
Co, and Ni) are attractive cathode materials for their stable
structure, very flat charge-discharge plateaus, and relatively
high capacities [1–6]. Among these phosphates, the redox
potentials ofMn2+/Mn3+, Co2+/Co3+, and Ni2+/Ni3+ are higher
than Fe2+/Fe3+, so LiMPO4 (M=Mn, Co, and Ni) show higher
energy density than LiFePO4. Nevertheless, LiCoPO4 and
LiNiPO4 have too high operating potentials (4.8 and 5.1 V)
that may decompose the electrolyte, while LiMnPO4 suffers
from a Jahn-Teller effect in the charge-discharge process that
results in capacity fading [7]. Hence, LiFePO4 has been the
most popular olivine cathode material for practical applica-
tions. On the other hand, because LiMPO4 (M=Fe, Mn, Co,
and Ni) materials all suffer from very low intrinsic electronic
conductivities and Li-ion diffusivities [8, 9], we have to resort
to nano-sizing particles [10, 11], carbon coating [12, 13], and
partial cation substitution [14–16] to overcome the above
drawbacks.

As a desirable carbon coating material on LiFePO4 (LFP)
particles, graphene is usually mixed mechanically in elec-
trodes [17], but such a mechanical mixing needs a relatively
high graphene content. In a rare case, graphene coating can be
also formed in situ with the help of catalytic effect of elemen-
tal Fe [18], but Fe is known to be harmful to the electrode.
Hence, finding an effective approach to synthesize an in situ
graphene-decorated LiFePO4 materials is necessary.

Recently, the synergetic effect of two active components in
one electrode has attracted much attention [19, 20]. For exam-
ple, xLiFePO4·yLi3V2(PO4)3 composites have been prepared
by various approaches such as solid-state reaction [21], spray
drying [22], sol-gel process [23], and template method [24].
Wang et al. have found that LiFePO4-based cathode with a
composition 8LiFePO4·Li3V2(PO4)3 exhibits the highest
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discharge capacity due to the fact that Li3V2(PO4)3 (LVP) is
more ionically conductive than LiFePO4 for its open Nasicon-
type structure [25]. They have also attributed the improvement
to the possible mutual doping effect of V3+ in LiFePO4 and
Fe2+ in Li3V2(PO4)3 within the xLiFePO4·yLi3V2(PO4)3 com-
posites [19, 21, 26]. However, except for the lattice doping
effect, a possibly more important reason for the property im-
provement is rarely noticed, i.e., the change in the form of
carbon coating with or without incorporating a small amount
of Li3V2(PO4)3 in LiFePO4 during the synthesis. In fact, this is
the main goal and the key finding of this study. We attempt to
prove it as a primary cause for the improvement. By means of
structural analyses, we can successfully identify the change in
the form of carbon coating. Also, as a result of this investiga-
tion, we have synthesized (1-x)LiFePO4·xLi3V2(PO4)3 com-
posites with both excellent high rate and low-temperature per-
formances compared with a baseline LiFePO4.

Experimental

Synthesis of samples

An intermediate powder for LiFePO4 was synthesized
through a solid-state reaction route. Briefly, stoichiometric
amounts of CH3COOLi·2H2O (A.R.), FeC2O4·2H2O (A.R.),
and NH4H2PO4 (A.R.) with a molar ratio Li:Fe:P = 1:1:1 were
dispersed in acetone and ball-milled for 6 h. Subsequently, the
slurry was dried and calcined at 500 °C for 11 h under H2

(5%)/Ar to obtain the intermediate powder for LiFePO4.
Meanwhile, another intermediate powder for Li3V2(PO4)3

was synthesized with a similar procedure. Stoichiometric
amounts of CH3COOLi·2H2O (A.R.), NH4VO3 (A.R.), and
NH4H2PO4 (A.R.) with a molar ratio Li:V:P = 3:2:3 was dis-
persed in acetone. Citric acid (15 wt%) was also added to act
as a reductant. The slurry was ball-milled for 6 h before drying
and then calcined at 400 °C for 6 h under H2 (5%)/Ar to obtain
the intermediate powder for Li3V2(PO4)3.

The carbon-coated LiFePO4-based powders with composi-
tions (1-x)LiFePO4·xLi3V2(PO4)3 (x = 0, 0.02, 0.05, and 0.1)
were synthesized through a two-step solid-state reaction pro-
cess. Specifically, the above obtained intermediate powders
for LiFePO4 and Li3V2(PO4)3 were mixed in a mortar with
the mass ratios of 100:0, 98:2, 95:5, and 90:10, respectively.
Then polyvinyl alcohol (PVA, with a polymerization degree
of 2400) (8 wt%) was added in these mixtures and mixed in
the mortar. Finally, these powders were calcined in a tube
furnace at 750 °C for 12 h under H2 (5%)/Ar to obtain four
samples: LFP@C (sample A), 0.98LFP·0.02LVP@G (sample
B), 0.95LFP·0.05LVP@G (sample C), and 0.9LFP·
0.1LVP@G (sample D), respectively. The heating rate was
3 °C min−1.

Morphology and structure characterization

The crystallographic information of samples A–D was ana-
lyzed by X-ray diffraction (XRD, Rigaku) with Cu Kα radia-
tion over the 2θ angles from 10° to 80°. They were also ob-
served with a scanning electron microscope (SEM, JSM-6390
LA, JEOL) and a (high-resolution) transmission electron mi-
croscope (TEM, HRTEM, JEM-2010). The elemental carbon
contents in these samples were determined with an infrared
carbon-sulfur analyzer (CS-8800C, Jinbo). Raman spectros-
copy analysis was performed with a Renishaw inVia Raman
microscope (532-nm diode laser excitation). Moreover, X-ray
photoelectron spectroscopy (XPS) was measured with
ESCALAB 250 (Thermo-VG Scientific).

Electrochemical measurements

The electrochemical properties of these four samples were
evaluated using coin-type half-cells (CR2032 size) assembled
in an argon-filled glove box (MBraun Labmaster 130). The
electrolyte was 1 M LiPF6 in ethylene carbonate and dimethyl
carbonate (1:1, v/v), while a micro-porous film Celgard 2400
polypropylene membrane was the separator. The working
electrodes were prepared by dispersing active materials
(80 wt%), acetylene black (10 wt%), and poly(vinylidene
difluoride) (10 wt%) in N-methyl-2-pyrrolidone to obtain ho-
mogeneous slurries, which were uniformly coated on an alu-
minum foil. The cells were evaluated on an electrochemical
work station (Chenhua Co., CHI 660C) for cyclic voltamme-
try (CV) (voltage range of 2.2–4.3 V) and electrochemical
impedance spectroscopy (EIS) (frequency 10 mHz to
100 kHz). They were also cycled galvanostatically on a bat-
tery cycler (Neware Co., Shenzhen, China) in a voltage range
of 2.2–4.3 V at room temperature (25 ± 2 °C) and low tem-
perature (−20 °C), respectively.

Results and discussion

Structures of the (1-x)LiFePO4·xLi3V2(PO4)3 (x = 0, 0.02,
0.05, and 0.1) powders

Figure 1 illustrates the XRD patterns of the four prepared (1-
x)LiFePO4·xLi3V2(PO4)3 powders A–D. It can be observed
the main phase in each sample is LiFePO4 of a well-
crystalline olivine-type structure (PDF #40–1499), while
some small peaks corresponding to a monoclinic
Li3V2(PO4)3 with a P21/n space group (PDF #80–1515) can
be detected in sample C and sample D. The content of LVP is
too low to be detected in sample B. Furthermore, no other
impurity phase can be observed, suggesting that the carbon
coating in these samples is either amorphous or too thin to be
detected by XRD. The contents of the residual carbon are
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1.07 wt% (A), 1.34 wt% (B), 1.63 wt% (C), and 1.63 wt%
(D), respectively, according to the results taken from an infra-
red carbon-sulfur analyzer.

Figure 2 demonstrates the XRD patterns with Rietveld re-
finement of LFP@C and 0.9LFP·0.1LVP@G, and Table 1
demonstrates the refined unit cell lattice parameters of
LFP@C and LFP in 0.9LFP·0.1LVP@G. The reasonably
small R factor 9.05 and 10.44% display the convincible re-
finement results. The lattice parameters in 0.9LFP·0.1LVP
decreases slightly in a and b orientations while they increases
slightly in c. This result may be attributed to a tiny degree of V
doping into LFP, because the ionic radius of V3+ (0.074 nm) is
smaller than Fe2+ (0.078 nm). A similar result is reported by
Liang et al. in 0.8LFP·0.1LVP [19]. Nevertheless, we notice
that the changes in the lattice parameters are very slight so that
there is virtually no change in the unit cell volume, i.e.,

0.2905(3) vs. 0.2905(2) nm3. It is hard to explain the improve-
ment in rate performance of the 0.9LFP·0.1LVP sample with
such a tiny doping effect. As can be seen below, it actually
validates another, and more probable, mechanism found in
this study, i.e., the difference in the form of carbon coating
brought by the LVP modification.

Figure. 3a–d show the SEM images of the four prepared
samples. All of them are composed of homogeneous particles
with the particle size ranging 150–200 nm. Despite the addi-
tion of LVP intermediate powders, there is no obvious in-
crease and aggregation among the particles during the high-
temperature heat treatment. Obviously, the presence of carbon
can restrain the growth of LFP and LVP particles. Figure. 3e–g
show the EDS mapping of sample D (0.9LFP·0.1LVP), which
can help to distinguish LFP from LVP particles. To further
understand the carbon form and clear morphologies of the
primary particles in these samples, the TEM images of base-
line LFP (sample A) and 0.9LFP·0.1LVP (sample D) are given
in Fig. 4. Figure 4a shows some LFP primary particles and
very few scattered free carbon pieces. On the contrary, some
transparent graphene-like thin layers are rather visible on the
primary particles of 0.9LFP·0.1LVP sample (Fig. 4b). The
HRTEM images in Fig. 4b (LFP) and d (0.9LFP·0.1LVP)
present that the particles are coated with a uniform amorphous
carbon layer, with a thicknesses of about 1.5 and 2 nm, re-
spectively. Under the carbon coatings, both samples show fine
lattice fringes with a d-spacing of 0.392 nm, corresponding to
the (012) planes of LFP. The observation of the graphene-like
thin layers (Fig. 4b) provides a direct evidence that the carbon
form changes a lot due to the addition of LVP component. In
our previous work on Na3V2(PO4)3, the graphene-decorated
Na3V2(PO4)3 material was synthesized through an in situ
graphitization process with transition metal oxide VOx as the
catalyst. Hence, we believe that the carbon formwould change

Fig. 1 XRD patterns of the four samples (A—a, B—b, C—c, D—d)

Fig. 2 XRD patterns with Rietveld refinement of LFP@C (a) and 0.9LFP·0.1LVP@G (b)
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to be more graphene-like to have higher electronic conductiv-
ity due to the catalytic function of VOx [27]. During the
750 °C calcination, there must be an in situ generation of
graphene on the surfaces of LVP as well as LFP primary

particles. Hence, the addition of a small amount content of
LVP intermediate powder has a significant impact on the mor-
phology of the particles and particularly the form of their
carbon coatings.

Table 1 The lattice parameters of
the LiFePO4 unit cell in LFP@C
and 0.9LFP·0.1LVP@G derived
with Rietveld Refinement

Sample Lattice parameters R (%)

a (nm) b (nm) c (nm) β (°) V (nm3)

LFP 1.0322(1) 0.6002(8) 0.4688(8) 90.0000 0.2905(3) 9.05

LFP in 0.9LFP–0.1LVP 1.0319(7) 0.6002(2) 0.4690(3) 90.0000 0.2905(2) 10.44

Fig. 3 SEM images of the four
samples (A—a, B—b, C—c, D—
d) and EDS mapping of sample D
(0.9LFP·0.1LVP) (e–g)
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To further identify the form of carbon in the composite, the
Raman spectra of the baseline LFP (sample A) and 0.9LFP·
0.1LVP (sample D) are presented in Fig. 5. As indicated, two
obvious characteristic signals are detected, i.e., the signal at
around 1336 cm−1 corresponding to the D band (disorder-
induced phonon) and the other signal at around 1597 cm−1

corresponding to the G band (graphite band). Since the rela-
tive intensity ratio of D/G cannot give the quantitative result,
the D and G bands are sequentially deconvoluted into four
peaks (labeled (1)–(4)) by Origin 8.5 software. As shown in
Fig. 6, the fitted peaks at around 1350 and 1590 cm−1

correspond to the sp2-type carbon, while the other two fitted
peaks at around 1200 and 1500 cm−1 correspond to the sp3-
type carbon. The integrated area ratio of sp3 and sp2 (Asp3/
Asp2) is related to the content of graphite carbon [28]. For
example, a high Asp3/Asp2 ratio indicates that the majority of
carbon exists as sp3-type with a low graphitization. Thus, the
Asp3/Asp2 ratios of the baseline LFP (Fig. 6a) and 0.9LFP·
0.1LVP (Fig. 6b) are calculated to be 0.67 and 0.50, respec-
tively, inferring that a larger amount of carbon exists as sp2-
type in 0.9LFP·0.1LVP@G than in LFP@C. The
deconvoluted high-resolution XPS C1s spectra for LFP@C
and 0.9LFP·0.1LVP@G are shown in Fig. 7, with the lower
binding energy corresponding to the sp2-type carbon in the
C1s spectrum [29]. The XPS results of the two samples are
sequentially deconvoluted into three peaks by using the
XPSPEAK 4.1 software, being a mixture of 80% Gaussian
and 20% Lorentzian. The deconvoluted peaks locate at about
284, 285, and 286 eV, which correspond to sp2, sp3, and C–O
bonds, respectively [30]. The integrated area ratio of sp3 and
sp2 peaks are calculated to be 0.63 for LFP and 0.50 for
0.9LFP0.1LVP, which are consistent with above Raman
results.

Figure 8a shows the cyclic voltammograms of the four
samples in the second cycle. Obviously, only one couple of
redox peaks are observed on the CV curve of LFP (sample A),
while four anodic peaks and three cathodic peaks can be clear-
ly observed on the CV curves of samples B–D. The pair peaks
of sample A at 3.61/3.26 V are ascribed to the oxidation and
reduction of Fe2+/Fe3+ from LFP. Samples B–D all show the
redox couple peaks at 3.59/3.30, 3.57/3.30, and 3.56/3.31 V,

Fig. 4 TEM images of LFP@C
(sample A) (a) and
0.9LFP·0.1LVP@G (sample D)
(b) and HRTEM images of
LFP@C (sample A) (c) and
0.9LFP·0.1LVP@G (sample D)
(d)

Fig. 5 Raman spectra of LFP@C (i.e., x = 0) and 0.9LFP·0.1LVP@G
(i.e., x = 0.1)
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respectively. The well-defined peaks and smaller values of
potential intervals (ΔE) between Fe2+/Fe3+ from LFP demon-
strates the low resistance in the electrode reactions of these
samples. The other three anodic peaks and two cathodic peaks
are associated with the V3+/V4+ redox reactions from LVP in
samples B to D. Comparing the CV curves of samples B to D
with that of sample A, their sharper peaks and smaller ΔE
indicate an easier kinetic process for the LVP-modified mate-
rials. This can be attributed to the carbon form change from
sp3 to sp2 hybridization, being in agreement with the result of
TEM and Raman measurement.

Figure 8b shows the first-cycle charge-discharge profiles
for samples A to D. The charge and discharge plateaus are in
agreement with the above CV results, and the initial discharge
capacity of four sample are 170.6, 170.1, 168.3 and
160.7 mAh g−1 at 0.1 C, respectively. The obvious discharge

capacity decrease of sample D is attributed to too much addi-
tion of LVP powders (10 wt%). Sample B (2%) and sample C
(5%) show slight capacity loss because of less addition of LVP
powders.

The cycling behaviors of samples A to D are given in
Fig. 9a. The composite electrodes deliver a first-cycle dis-
charge capacity of 161.7, 163.2, 163.6, and 157.8 mAh g−1

at 1 C, respectively. After 100 cycles, their discharge capacity
values are 153.6, 154.9, 153.9, and 151.3 mAh g−1, which
correspond to a capacity retention of 95, 95, 94.1 and
95.9%, respectively, confirming the good reversibility of the
four electrode materials.

In the commercially viable systems, the rate performance
of electrode materials has significant meaning. Figure 9b in-
dicates the rate capability of samples A to D in the voltage
range of 2.2–4.3 V. Obviously, compared with the baseline

Fig. 6 Deconvoluted Raman spectra of LFP@C (a) and 0.9LFP·0.1LVP@G (b)

Fig. 7 Deconvoluted high-resolution XPS C1s spectra for LFP@C (a) and 0.9LFP0.1LVP@G (b)
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Fig. 8 The 2nd cycle CV curves of the four samples (1-x)LFP·xLVP (x = 0, 0.02, 0.05, 0.1) at a scanning rate of 0.1 mV s−1 (a) and the initial charge-
discharge curves in the voltage range of 2.2–4.3 V for the four samples at 0.1 C (b)

Fig. 9 a–d The cycling performances of the four samples (1-x)LFP·xLVP
(x = 0, 0.02, 0.05, 0.1) at 1 C (a) and their rate performances (b) at room
temperature in the voltage ranges of 2.2–4.3 V; rate performances (c), and

the discharge curve of the baseline LFP and 0.9LFP·0.1LVP at 0.2 C (d)
at − 20 °C in the voltage ranges of 2.2–4.3 V

J Solid State Electrochem (2018) 22:797–805 803



LFP, the LVP-modified samples (1-x)LFP·xLVP can release
much higher discharge capacities especially at high rates (10,
15, and 20 C). The baseline LFP (i.e., sample A) can only
deliver 95.5 mAh g−1 at 10 C and almost close to
0 mAh g−1 at 20 C, while other three samples show much
better rate performance. Specifically, sample B delivers
137.6 and 103.4 mAh g−1, sample C delivers 140.1 and
112.6 mAh g−1, and sample D delivers 143.6 and
119.2 mAh g−1 at 10 and 20 C, respectively. The most distin-
guished difference in these samples here is the amount of
graphene-like carbon coatings. Compared with other reported
LFP samples with different carbon contents prepared by dif-
ferent methods, 0.9LFP·0.1LVP shows an obvious superiority
in the rate performance (Table 2). Figure 9c, d also show the
comparison of the rate performance at a low temperature of
−20 °C for sample A and sample D. Obviously, the low-
temperature performance of the LVP-modified sample is also
better than that of the baseline LFP.

Figure 10 indicates the EIS spectra in the frequency range
of the four samples. It can be observed that they all show a
semicircle in the medium-frequency region corresponding to

the charge transfer resistance at the interface between the elec-
trodes and the electrolyte. Obviously, the LVP-modified sam-
ples, i.e. B–D, give rise to smaller resistance value than the
baseline LFP (i.e., sample A). Furthermore, we measured the
EIS spectra of LFP and 0.9LFP·0.1LVP before and after 50 cy-
cles as shown in Fig. 11. The sample 0.9LFP·0.1LVP also
displays smaller resistance value after 50 cycles. The EIS re-
sults demonstrate that the graphene-like carbon coatings in-
deed result in fast conduction of both electrons and lithium
ions in the cells than in the baseline LFP.

Conclusions

We have clarified the primary improvement mechanism of
Li3V2(PO4)3-modified LiFePO4 cathode materials. With a
small amount of Li3V2(PO4)3 in the synthesis of LiFePO4-
based active powders (i.e., LFP·LVP@G), the form of carbon
coating on the primary particles changes partially from sp3 to
sp2 hybridization in the carbon-carbon covalent bonding. As a

Table 2 The comparison of
electrochemical performance of
the LiFePO4 electrodes between
this work and existing literature

Synthesis method Carbon content (wt%) Rate capacity (mAh g−1) Ref.

Ball milling 2.7 134.5@1C [12]

Precipitation 2.75 118.8@l0C [13]

Co-precipitation 1.5 109@10C [17]

Hydrothermal 6.17 115@l0C; 102@20C [31]

Electrospinning 15 104.3@5C [32]

Solvothemal 3.7 127.1@10C; 106_9@20C [33]

Solid-state route 1.63 143.6@10C; 119.2@20C This work

Fig. 10 Electrochemical impendence spectra of the cells with the four
samples (1-x)LFP·xLVP (x = 0, 0.02, 0.05, 0.1) as the cathodes after three
cycles of activation at 0.1 C and then controlled to 50% of depth-of-
discharge

Fig. 11 Electrochemical impendence spectra of the half-cells with LFP
and 0.9LFP0.1LVP as the cathodes after three cycles of activation at 0.1 C
and then after one and 50 cycles at 1 C. The cell states were all controlled
to 50% of depth-of-discharge
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cathode material for Li-ion batteries, LFP·LVP@G samples
exhibit excellent rate and low-temperature performances.
Such a modification synthesis strategy is an effective method
that can be extended to other electrode materials with a low
electronic conductivity.
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