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Electrochemical Performance and
Resistance Analysis of Li3V2(PO4)3/C
Composite Cathode for Li Ion Battery
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Li3V2(PO4)3/C composites were prepared at different
temperatures and assembled as cathodes for Li ion
batteries. Their structure and electrochemical properties
were properly characterized. The internal and charge
transfer resistance of the Li3V2(PO4)3/C cathodes were
obtained by simulating the ac impedance spectra with
equivalent circuits. The Li3V2(PO4)3/C composite sin-
tered at 1123 K (850 �C) exhibits excellent electro-
chemical performances because of its smaller internal
resistance and charge transfer resistance, as well as fas-
ter Li ion inserting/extracting rates.
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The lithium ion battery (LIB) is considered as a
primary sustainable source for energy storage and
transfer.[1] Currently, extensive research work is focused
on monoclinic Li3V2(PO4)3 as the cathode material for
LIB because of its high operating voltage (3.85 V), large
theoretical capacity (197 mAh g�1), and safe perfor-
mance.[2,3] However, the major challenge for Li3V2

(PO4)3 is its low electrical conductivity at room temper-
ature. Various efforts have been made to improve its
electrical conductivity and electrochemical perfor-
mance, including supporting with carbon materials,[4–11]

narrowing the particle size distribution of Li3V2

(PO4)3,
[12–14] and doping with metals.[15–26] Li3V2(PO4)3

coated with SiO2, exhibited significant improvement in
electrochemical performance because of the enhanced
structural stability and reduced charge transfer resis-
tance of the active material.[27] Xu reported a high-
performance Li3V2(PO4)3 cathode material for lithium
ion batteries synthesized by the microwave-assisted
hydrothermal method followed by a post annealing
process.[9] The Li3V2(PO4)3 electrode measured at 10 �C
after 500 cycles can deliver discharge capacities of

85.4 mAh g�1 with a capacity retention of 99.3 pct in
the voltage ranges of 3.0 to 4.3 V. The macroporous
Li3V2(PO4)3(LVP) cathode materials prepared via a
templating method shows initial discharge capacity of
189.4 mAh g�1at 0.1 C in the potential range of
3.0–4.8 V.[10] Structure change of Li3V2(PO4)3 anode
was also investigated by constructing a symmetry cell.[28]

The result showed that Li can extract/insert reversibly in
Li3V2(PO4)3 with a NASICON structure due to the
structural strength and flexibility of NASICON frame-
work with the corner-sharing matrix.[28]

The charge/discharge process of Li3V2(PO4)3 in the
potential range of 3.0 to 4.3 V can be divided into three
steps as shown below:[29–32]

Li3V2 PO4ð Þ3�0:5Li
þ � 0:5e� = Li2:5V2 PO4ð Þ3; ½1�

Li2:5V2 PO4ð Þ3�0:5Li
þ � 0:5e� = Li2V2 PO4ð Þ3; ½2�

Li2V2 PO4ð Þ3�1:0Li
þ � 1:0e� = LiV2 PO4ð Þ3: ½3�

Two lithium ions are inserted/extracted with a theo-
retical capacity of 133 mAh g�1.[33] Each step consists of
two processes, namely, diffusion and charge transfer.[29]

The capacity, as well as the capacity rate of Li3V2(PO4)3
cathode, depends on the resistance during the charge/
discharge steps. In the present work, Li3V2(PO4)3/C
composites were prepared by solid-state reaction with
their electrochemical performances as cathodes investi-
gated. The charge transfer resistance of Li3V2(PO4)3/C
cathode and the internal resistance of Li ion insertion/
extraction in the cathode were obtained via simulating
the ac impedance spectra with and without overlapping
a dc voltage, which provides a fundamental understand-
ing for the charge/discharge process of Li ion and is
beneficial for design of high-performance cathodes for
lithium ion batteries.
All regents were used as-received without further

purification. Li3V2(PO4)3/C composites were prepared
by modified solid state reaction. Li2CO3, V2O5,
(NH4)2HPO4, and sucrose were mixed in alcohol with a
mole ratio of 3.06:2.00:3.00 (Li:V:P) and 1:0.2 (Li3V2

(PO4)3:sucrose) in which the ratio of Li and V is over
their stoichiometric in Li3V2(PO4)3 for compensating
possible loss of lithium source during high temperature
processing.[17] The powder mixture was ball-milled at
350 rpm for 5 hours and then dried at 353 K (80 �C) for
3 hours before pelleting. The pellets (25 mm in diameter,
2 mm in thickness) were heated up to 573 K (300 �C) in
N2 atmosphere at a heating rate of 10 �C/minute and
then sintered for 5 hours. The samples were cooled down
to room temperature and further hand-milled for
3 hours. Finally, these as-prepared pellet powders were
pressed and sintered in N2 atmosphere at 1073 K and
1123 K (800 �C and 850 �C), respectively, for 12 hours.
X-ray diffraction (XRD) patterns were collected using

a Philips PW3040/60 diffractometer at a scanning rate of
0.3 deg min�1 for 2h in the range of 10 to 65 deg. SSX-
500 scanning electron microscope (SEM) operated at an
accelerating voltage of 30 kV was used to analyze
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surface morphology of the composites. The carbon
content in Li3V2(PO4)3/C was measured by a LECO
carbon-sulfur analyzer (CS600). The Li3V2(PO4)3/C elec-
trode was prepared by spreading a paste of Li3V2(PO4)3/
C, PVDF, and acetylene black (80:10:10 in wt pct) in N-
methyl pyrrolidinone on an aluminum foil (20 mm in
thickness) by an automatic film coating instrument. The
working electrode in the Li ion coil cell (CR2025 type)
was dried in vacuum at 393 K (120 �C) for 12 hours and
then cut into circles (6 mm in diameter) with subsequent
pressing at 15 MPa. A lithium foil is used as both the
counter and the reference electrode. 1 mol L�1 LiPF6 in
EC: DMC (LB-301, China) is selected as the electrolyte
and Celgard 2400 as the separator. The galvanostatic
charge/discharge performance of the cell was evaluated at
a constant rate of 0.1 C by a cell testing instrument
(LAND CT2001A) in the potential range of 3.0 to 4.3 V
(vs Li/Li+). The cyclic voltammetry curve and electro-
chemical impedance spectrum were measured by a
potentiostat/galvanostat (EG&G PAR273A) and 5210
Lock-in Amplifier. The cyclic voltammetry curve was
measured at a scanning rate of 0.1 mV s�1. The imped-
ance spectrum was measured by applying a small ac
signal with and without overlapping a dc voltage. The
frequency range used in the impedance measurement was
between 10 mHz and 100 kHz. The ac amplitude was
5 mV and the dc voltage was 4.2 V. The ac impedance
spectra were simulated with equivalent circuits using
Zview software.

The XRD patterns of Li3V2(PO4)3/C sintered at
1073 K and 1123 K (800 �C and 850 �C) are shown in
Figures 1(b) and (c), respectively. All patterns can be
indexed as monoclinic Li3V2(PO4)3 with a space group
of P21/n.

[30] No peaks relating to other secondary phases
were observed. Li3V2(PO4)3 has two different phases,
i.e., the thermodynamically stable monoclinic phase and
the rhombohedral phase which exists only under special
conditions.[34,35] The monoclinic lithium vanadium
phosphate is considered to have better electrochemical
performances than the rhombohedral phase.[35] Com-
pared with powders sintered at 1073 K (800 �C),
Li3V2(PO4)3/C sintered at 1123 K (850 �C) had nar-
rower peaks. The grain size values of both samples were
analyzed using Scherrer’s equation and were measured
to be 32 nm for 1073 K (800 �C) and 45 nm for 1123 K
(850 �C), respectively. The increase in sintering temper-
ature leads to coarsening of crystalline grains. No
peak related to carbon was observed due to the low
carbon content in the composites, which is measured
to be 3.89 pct for the sample sintered at 1073 K
(800 �C) and 3.86 pct for the sample sintered at
1123 K (850 �C) by carbon-sulfur analyzer. SEM
images of Li3V2(PO4)3/C sintered at 1073 K and
1123 K (800 �C and 850 �C) are presented in Figure 2.
Li3V2(PO4)3/C sintered at both 1073 K and 1123 K
(800 �C and 850 �C) consists of irregularly aggregated
microsize solid particles. The powders sintered at
1123 K (850 �C) are more heavily aggregated than
those sintered at 1073 K (800 �C).

The first cycle charge/discharge curves and the discharge
cyclic performance of Li3V2(PO4)3/C cathodes sintered
at 1073 K and 1123 K (800 �C and 850 �C) for Li

ion batteries at the rate of 0.1 C are presented in
Figures 3(a) and (b), respectively. It can be seen that the
sintering temperature significantly affects the electrochem-
ical performance of Li3V2(PO4)3/C cathodes for Li ion
batteries. In the potential range of 3.0 to 4.3 V, the first
cycle charge/discharge capacity of the Li3V2(PO4)3/C
cathode sintered at 1073 K (800 �C) is 113.4/
111.5 mAh g�1 and then increased to 126.7/
121.3 mAh g�1 when sintered at 1123 K (850 �C) which
approaches its theoretical capacity of 133 mAh g�1.[33] It is
comparable with the capacity of Li3V2(PO4)3/C cathode
synthesized by the microwave-assisted hydrothermal
method followed by a post annealing process.[9] The
Li3V2(PO4)3/C delivered the first discharge capacity of
128.5 mAh g�1 at 0.1 C rate in the voltage range of 3.0 to
4.3 V and low capacity in ion liquid electrolytes.
Both Li3V2(PO4)3/C cathodes show three charge/

discharge potential plateaus (Figure 3(a)), which are
related to three reversible Li ion intercalation/extraction
steps (1) to (3), and a high capacity retention rate after
100 cycles (Figure 3(b)). The capacity retention of the
Li3V2(PO4)3/C cathode sintered at 1123 K (850 �C) is as
high as 97.3 pct.
With increase in the sintering temperature, the plateau

potential decreased during the charge process and

Fig. 1—XRD results of Li3V2(PO4)3/C: (a) standard patterns, and
sintered at (b) 1073 K (800 �C), and (c) 1123 K (850 �C), respec-
tively.
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increased during the discharge process, indicating a
smaller resistance to the charge/discharge process for the
cathode sintered at 1123 K (850 �C), as consistent with
the previous report.[36] It is known that increase in the
sintering temperature will coarsen the particles and
increase their aggregations, which is not favorable for
lithium insertion/extraction.[37] This smaller resistance
to the charge/discharge process may be attributed to a
stronger interaction at the interface between carbon and
Li3V2(PO4)3 at a higher sintering temperature. The
stronger interaction makes electron transfer between
different phases easier, thus increasing the conductivity
of active materials. The charge/discharge plateau poten-
tials of both samples are listed in Table I.
Figure 4 shows the cyclic voltammetry curves of

Li3V2(PO4)3/C cathodes sintered at 1073 K and
1123 K (800 �C and 850 �C), respectively. Both samples
have three anodic peaks, denoted as A1, A2, A3, and
cathodic peaks, denoted as C1, C2, and C3, which are
related to the three insertion/extraction steps (1 to 3) in
Li3V2(PO4)3/C cathodes. The anodic peaks of the
sample sintered at 1123 K (850 �C) shifted in the
direction of low potential, while the cathodic peaks in
the direction of high potential compared with that
sintered at 1073 K (800 �C), resulting in larger peak
potential differences between charge and discharge at
each step. In addition, Li3V2(PO4)3/C sintered at 1123 K
(850 �C) shows a larger current value, which is consis-
tent with its smaller resistance shown before. The large

Fig. 2—SEM images of Li3V2(PO4)3/C sintered at (a) 1073 K (800 �C) and (b) 1123 K (850 �C).

Fig. 3—(a) The first cycle charge/discharge and (b) the discharge
cyclic performance of Li3V2(PO4)3/C cathode for Li ion batteries.

Table I. The Charge/Discharge Plateau Potential (V) of
Li3V2(PO4)3/C Cathodes for Li Ion Batteries

T [K (�C)]
[1073 K (800 �C)] [1123 K (850 �C)]

Potential (V) Charge Discharge Charge Discharge

Step (1) 3.66 3.52 3.63 3.56
Step (2) 3.73 3.60 3.70 3.64
Step (3) 4.12 4.02 4.09 4.04
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current can lead to a higher degree of polarization (the
degree of deviation from its equilibrium value of the
electrode potential) of the cathode.[38] This explains why
the sample sintered at 1123 K (850 �C) shows a larger
potential difference.

Ac impedance spectrum is used to analyze the
interfacial and internal electrical properties of the
electrode. Simulation of ac impedance spectrum with
equivalent circuit can show many kinetic parameters,
such as charge transfer resistance (Rct) in the interface of
electrode and electrolyte, and Warburg impedance (Zw)
that is related to Li ion diffusion in the electrode.
According to the cycle voltammetry curve of Li3V2

(PO4)3/C cathodes shown in Figure 4, Li ion insertion/
extraction in the cathodes occurs at the potential range
of 3.4 to 4.2 V. To investigate the resistance of Li ion
insertion/extraction in the cathode, which is referred as
the internal resistance (Rin), the dc voltage (4.2 V)
between the lithium anode and Li3V2(PO4)3/C cathode
was overlapped with a small ac signal of 5 mV during
the ac impedance spectra measurement of the cathode. It
is reported that Wang et al investigated the ac imped-
ance spectrum of TiO2 cathode in CaCl2 molten salt by
overlapping a dc voltage greater than its decomposition
potential.[39] The electro-deoxidation steps and resis-
tance of TiO2 in molten CaCl2 were analyzed.[39] The
charge transfer between the ferri/ferrocyanide redox
couple and poly(3,4-ethylenedioxythiophene) electrodes
was also investigated by electrochemical impedance
spectroscopy at different dc potentials with different
ratios of Fe(CN)3

�6:Fe(CN)4
�6 in solutions.[40]

Figure 5 shows the electrochemical impedance spectra
of Li3V2(PO4)3/C cathodes without overlapping dc
voltage (Figure 5(a)) and with the dc voltage of 4.20 V
(Figure 5(b)) and the equivalent circuits. The electro-
chemical impedance spectra without overlapping dc
voltage are composed of small intercepts with the x-axis
at the highest frequency of 100 kHz, semicircles at the
high frequency range, and straight lines at the low
frequency range, which corresponds to the electrolyte
resistance (Rs), charge transfer resistance (Rct), and a
constant phase angle element (CPE), as well as Warburg

impedance (Zw). Warburg impedance is related to
electrode intrinsic resistance. Note that both the semi-
circle and the length of the straight line in the impedance
spectrum of Li3V2(PO4)3/C cathodes sintered at 1123 K
(850 �C) are smaller than those sintered at 1073 K
(800 �C). This observation proves that the sample
sintered at 1123 K (850 �C) has small charge transfer
resistance and electrode intrinsic resistance. The almost
linear response of the impedance spectra in the low
frequency region indicates that diffusion of Li ions in the
cathodes is slow and is the rate controlling step of the
charge/discharge process.
Table II lists the fitted equivalent circuit parameters

of the impedance spectra shown in Figure 5(a). The
values of Rct, CPE, and Zw of Li3V2(PO4)3/C cathode
sintered at 1123 K (850 �C) are 0.63, 0.26, and 0.74
times of the Li3V2(PO4)3/C cathode sintered at 1073 K
(800 �C), respectively, further confirming that Li3V2

(PO4)3/C cathode sintered at 1123 K (850 �C) is of
excellent electrical and electrochemical properties for Li
ion battery.
The ac impedance spectra of Li3V2(PO4)3/C cathodes

with dc voltage overlapped (Figure 5(b)) have the
different shapes from those without dc voltage

Fig. 4—Cyclic voltammetry curves of Li3V2(PO4)3/C cathode for Li
ion batteries.

Fig. 5—Electrochemical impedance spectra of Li3V2(PO4)3/C cath-
ode for Li ion batteries (a) without overlapping dc voltage and
(b) with the dc voltage of 4.2 V.
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(Figure 5(a)), because of the Li ion insertion/extraction
in the cathodes at the dc voltage of 4.2 V. The first
semicircles of the ac impedance spectra in the high
frequency range are related to the charge transfer
resistance (Rct) and the interfacial double layer capac-
itive property (CPE1). These two parameters are close in
magnitude to their counterparts in the ac impedance
spectra with potential overlapped. The second semicir-
cles in the low frequency range, as shown in Figure 5(b),
are related to the internal resistances (Rin) and capac-
itive property (CPE2) of Li ion insertion/extraction
process in the cathode. The value of Rin is much greater
than Rct for both cathodes sintered at different temper-
atures, while the cathode sintered at 1123 K (850 �C)
shows smaller charger transfer resistance and internal
resistance. By simulating the ac impedance spectra with
the equivalent circuit shown in Figure 5(b), the internal
resistances for the cathodes sintered at 1073 K and
1123 K (800 �C and 850 �C) are 506.4 and 572.1 X cm2,
respectively.

To conclude, the charge transfer resistance of Li3V2

(PO4)3/C cathode and the internal resistance of Li ion
insertion/extraction in the cathode during the charge/
discharge process are investigated by ac impedance
spectrum. The internal resistance of 506.4 to
572.1 X cm2 is much greater than the charge transfer
resistance. The Li3V2(PO4)3/C cathode sintered at 1123 K
(850 �C) exhibited excellent physicochemical perfor-
mances with small electrode intrinsic resistance, charge
transfer resistance, and internal resistance. It showed a
first charge/discharge capacity of 126.7/121.3 mAh g�1

and a high capacity retention rate of 97.3 pct after 100
charge/discharge cycles in the potential range of 3.4 to
4.2 V. This work reveals the Li ion insertion/extraction
resistance via a novel approach and improves the
fundamental understanding of the charge/discharge pro-
cess of Li3V2(PO4)3/C cathodes in Li ion batteries.
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