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Hierarchical Carbon Decorated Li3V2(PO4)3 as a
Bicontinuous Cathode with High-Rate Capability
and Broad Temperature Adaptability
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Qinyou An, Qiulong Wei, and Liqiang Mai*
and fair theoretical specific capacity
(197 mAh g−1 for complete extraction
of three lithium ions when charged to
4.8 V, 133 mAh g−1 when cycled between
the potential window of 3.0–4.3 V).[12–14]
In particular, because of its sodium
super ionic conductor (NASICON)
structure, monoclinic Li3V2(PO4)3 provides a 3D pathway for Li+ insertion/
extraction, which results in a very high
ion diffusion coefficient (from 10−9 to
10−10 cm2 s−1).[15–19] However, Li3V2(PO4)3
suffers a poor electronic conductivity
(2.4 × 10−7 S cm−1 at room temperature)
due to the nature of its separated VO6
octahedral arrangement, which significantly limits its rate performance and the
further commercialization.[20–24]
Carbon coating is an economic and
feasible technique that is widely used
to improve the electronic conductivity.[14,17,25–28] However, the common
carbon coating could only provide an
electron pathway on the nanoscale for individual particles. In
comparison, the architecture combining the nanoscale carbon
coating and the microscale carbon network could provide
hierarchical pores for the electrolyte to pass through, which
may supply a highly conductive network for both electrons
and lithium ions, promoting the fast charge/discharge processes.[6,29–32] In addition, the fast kinetics enabled by this architecture would be beneficial for the battery performance at low
temperature, which is a key issue in the application.
Here, we propose a feasible and environmentally friendly
one-pot method utilizing glucose as both the carbon source
and the reducing agent (functioned by the aldehyde group).
Via the optimization of the interface reaction, hierarchical
carbon (nanoscale amorphous carbon coating and microscale
carbon network) decorated Li3V2(PO4)3 is obtained (Schematic, Figure 1). This unique architecture can provide the
following three important features simultaneously: 1) continuous electron conduction enabled by hierarchical carbon,
2) rapid ion transport enabled by electrolyte-filled macro/
mesopore network, and 3) a buffered protective carbon shell.
The obtained cathode material achieved an enhanced rate capability (121 mAh g−1 at rate up to 30 C), superior cycling stability

Developing rechargeable lithium ion batteries with fast charge/discharge
rate, high capacity and power, long lifespan, and broad temperature adaptability is still a significant challenge. In order to realize the fast and efficient
transport of ions and electrons during the charging/discharging process,
a 3D hierarchical carbon-decorated Li3V2(PO4)3 is designed and synthesized with a nanoscale amorphous carbon coating and a microscale carbon
network. The Brunauer–Emmett–Teller (BET) surface area is 65.4 m2 g−1 and
the porosity allows for easy access of the electrolyte to the active material.
A specific capacity of 121 mAh g−1 (91% of the theoretical capacity) can be
obtained at a rate up to 30 C. When cycled at a rate of 20 C, the capacity
retention is 77% after 4000 cycles, corresponding to a capacity fading of
0.0065% per cycle. More importantly, the composite cathode shows excellent temperature adaptability. The specific discharge capacities can reach
130 mAh g−1 at 20 C and 60 °C, and 106 mAh g−1 at 5 C and –20 °C. The rate
performance and broad temperature adaptability demonstrate that this hierarchical carbon-decorated Li3V2(PO4)3 is one of the most attractive cathodes
for practical applications.

1. Introduction
To further prompt the development of electric vehicles, an
electric battery with a fast charge/discharge rate, long lifespan
and broad temperature adaptability is urgently needed.[1–11]
Since the exploration reported by Nazar's group in 2002[12],
monoclinic Li3V2(PO4)3 has attracted considerable interest as
a commercial lithium ion battery cathode candidate because
of its robust structure, high cell-voltage, thermal stability
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Figure 1. Schematic of hierarchical carbon decorated Li3V2(PO4)3 with pathways for both electrons and lithium ions.

(77% retention after 4000 cycles at the rate of 20 C) and excellent temperature adaptability (130 mAh g−1 at 20 C and 60 °C,
106 mAh g−1 at 5 C and –20 °C), indicating its superiority in
practical applications.

monoclinic Li3V2(PO4)3, respectively.[17] The highly crystalline particle is coated with a thin amorphous carbon shell
with the thickness of 2–3 nm. The pure carbon matrix was

2. Results and Discussion
The X-ray diffraction (XRD) patterns in Figure 2a show that
the prepared Li3V2(PO4)3/C composites (LVP/C) are indexed
to a monoclinic structure phase (JCPDS No. 01–072–7074)
with a space group of P21/n, which is consistent with previous
reports.[17,33,34] The composites are marked as LVP/C-1 to LVP/
C-5 (molar ratio of V2O5/H2C2O4 from 1:3 to 1:7). It is clear that
all of the LVP/C samples are pure phase with no evidence of
secondary phases or crystalline carbon diffraction peak.[33] The
Raman spectrum of LVP/C-4 displays two characteristic bands
of carbonaceous materials locating at 1318 cm−1 (D-band, disorder-induced phonon mode) and 1598 cm−1 (G-band, graphite
band) (Figure 2b).[35] The value of the peak intensity ratio of the
D to G band (ID/IG) is 0.98, indicating a relatively high degree
of graphitization, which may result in an improved electronic
conductivity.[15,36] However, the highly graphitized carbon exists
without a long-range-ordering status, appearing as a very small
and disordered state in the amorphous carbon. As a result,
it is not able to detect any graphite crystallites from X-ray
diffraction.[37]
The morphology of samples obtained by field emission scanning electron microscopy (FESEM) are shown in
Figure 3a–c (LVP/C-4) and Supporting Information Figure S1.
It is clear that the size of LVP particles is around 200–500 nm,
which are embedded in the carbon matrix, with diameters of
tens of micrometers. Energy-dispersive X-ray spectroscopy
(EDS) results also show that the C, O, P and V elements is
distributed uniformly in the final product (Supporting Information Figure S2). Moreover, the matrix is usually with one
face covered by a thin carbon film that may act as a microscale
current collector to facilitate the electron transport. The nanostructure of the LVP/C-4 particles is observed using transmission electron microscopy (TEM), which clearly shows the
voids between the LVP/C particles. The high-resolution transmission electron microscopy (HRTEM) images (Figure 3d–f)
show clear lattice fringes with d-spacings of 0.321 and
0.373 nm, which correspond to the (212) and (211) plane of
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Figure 2. a) XRD patterns of the samples with different molar ratio of
V2O5/H2C2O4. b) Raman scattering spectrum of LVP/C-4.
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Figure 3. a–c) SEM and d–f) TEM images of LVP/C-4. g–i) SEM images of a pure carbon matrix after the corrosion of LVP particles. i) A magnified
TEM image of the square area in (h).

also obtained via the corrosion of LVP/C-4 in the hydrofluoric
acid solution to further confirm the 3D continuous carbon
network (Figure 3g–i and Supporting Information Figure S3).
The mesopores inside the matrix are clearly shown in the
TEM images and Brunauer–Emmett–Teller (BET) isotherm
exhibits a typical type-IV isotherm, which indicates the presence of a significant number of macropores (Supporting
Information Figure S4). This carbon matrix with mesopores
filled with the electrolyte is a conducting network for both
electrons and lithium ions, which can make the Li3V2(PO4)3
particles more accessible to the electrolyte during the highrate charge/discharge.[38]
The amount of oxalic acid has a great influence on the morphology of the final product. LVP/C-2, 3 and 5 have similar
morphology with LVP/C-4. However, for LVP/C-1 sample, there
is no carbon bridge between the particles (Supporting Information Figure S1). It is interesting that the samples LVP/C-1
to LVP/C-4 have similar BET surface areas of 65.3, 65.2, 61.1
and 65.4 m2 g−1, respectively. The adsorption-desorption isotherms and the corresponding pore size distribution curves are
shown in Supporting Information Figure S5. However, when
the molar ratio of V2O5/H2C2O4 changes to 1:7 for LVP/C-5, the
SEM image clearly shows that the carbon particles between the
LVP are too dense such that parts of the pores are blocked (Supporting Information Figure S1h), resulting in a much lower
BET surface area of 49.7 m2 g−1. The pore volumes of LVP/C-1
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to LVP/C-5 are 0.186, 0.169, 0.182, 0.225 and 0.173 cm3 g−1,
respectively. According to the elemental analysis results, the
amounts of carbon in the LVP/C-1 to LVP/C-5 are about 7.10%,
7.13%, 7.21%, 7.30% and 7.98%, respectively. In the synthesis
process, glucose (aldehyde group) and oxalic acid can both as
the reducing agents to reduce the VOC2O4. The following equations are involved.
V2O5 + 3H2C2O4 → 2VOC2O4 + 3H2O + 2CO2

(1)

2C6 H12O6 + 4VOC2O4 + 3Li 2CO3 + 6H3PO4
→ 2Li 3 V2 (PO4 )3 + 21H2O + 7CO2 + 6CO + 10C

(2)

2H2C2O4 + 4VOC2O4 + 3Li 2CO3 + 6H3PO4
→ 2Li 3 V2 (PO4 )3 + 11H2O + 11CO2 + 4CO

(3)

C6 H12O6 → 6H2O + 6C

(4)

For LVP/C-1, the V2O5/H2C2O4 is 1:3, which means that
oxalic acid is completely consumed to form vanadyl oxalate according to Equation (1). Therefore glucose is the only
reducing agent to form Li3V2(PO4)3, as shown in Equation (2).
Although LVP/C-1 has a similar carbon content to other samples, the carbon is mostly attached on the surface of the LVP
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particles because of the full reaction of glucose as the reducing
agent. For LVP/C-2 to LVP/C-5, there is extra oxalic acid, which
may partly replace the glucose as the reducing agent, as shown
in Equation (3). If the glucose acts as the reducing agent,
the aldehyde group will be oxidized into carboxyl group and
decomposes. Thus, one glucose molecule can decompose to
five carbon molecules, which is one less than in Equation (4) if
the glucose decomposes directly. As a result, with the increase
of oxalic acid, the directly decomposed glucose increases,
resulting in an increase in carbon content from LVP/C-1 to
LVP/C-5. LVP/C-4 has a hierarchical carbon decorating structure, larger surface area and pore volume combined with suitable carbon content, which may contribute to better electrochemical performance.
Cyclic voltammetry (CV) results for the sample LVP/C-1,
LVP/C-2, LVP/C-3, LVP/C-4 and LVP/C-5 are shown as
Figure 4a. The voltammograms were measured at a scan rate
of 0.1 mV s−1 in the potential range from 4.3 to 3.0 V vs Li/
Li+ at room temperature. All of these samples show the three
pairs of anodic and cathodic peaks. It is obvious that the sample
LVP/C-4 has the highest redox currents and largest curve area
compared to the other samples. The sample LVP/C-4 is taken
as an instance to explain the electrochemical process. The
peaks around 3.61 and 3.70 V in the charge process present
that the first lithium ion is extracted in two steps because of the
existence of the ordered phases Li2.5V2(PO4)3 and Li2V2(PO4)3
with a mixed-valence V3+/V4+. The peak located at about 4.1 V is
related to the delithiation of the second Li to form LiV2(PO4)3,
which corresponds to the complete oxidation of V3+ to V4+.[39,40]
The peaks at 3.51 V, 3.59 V and 4.0 V in the discharge process
correspond to the reversible insertion of extracted lithium ions.
The battery performance of LVP/C samples was investigated
against a Li foil. The constant current charging is followed by
a potentiostatic hold at 4.3 V until the current drops to the one
twentieth of charge current. The charge-discharge curves in
Figure 4b all show three charge plateaus and three discharge
plateaus. The three charge plateaus located around 3.60 V,
3.68 V and 4.08 V can be identified as the extraction of lithium
ions and the corresponding phase transition processes during
the electrochemical reactions. Meanwhile, during the discharge
process, three plateaus located around 4.05 V, 3.65 V and 3.57 V
can be attributed to the insertion of the extracted Li ions, which
is accompanied by the phase transition from LiV2(PO4)3 to
Li3V2(PO4)3.
The initial discharge capacities and capacity retention of
LVP/C samples after 100 cycles at different discharge rates (0.5,
2, 5, 10 and 20 C) are shown in Figure 4c. Compared with the
theoretical discharge capacity of 133 mAh g−1 (3.0–4.3 V), the
slight capacity loss might be due to the small quantity of carbon
content in the cathode material.[41] It is obvious that LVP/C-4
shows more apparent superiority with the increasing rate. The
detailed cycling performance of the samples at different rates
is displayed in Supporting Information Figure S6. Compared
with the sample without carbon, the superiority of LVP/C-4 is
more obvious, especially at the high rate (Supporting Information Figure S7).
The detailed reaction kinetics of the LVP/C cathode material composite at the voltage of 3.60 V were investigated using
electrochemical impedance spectroscopy (EIS) in the frequency
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range from 100 kHz to 0.01 Hz. All the Nyquist plots are
composed of a small intercept in the highest frequency, two
depressed semicircles at high and middle frequencies, combined with a slanted line in the low-frequency region (Supporting Information Figure S8). The resistance in the former
semicircle can be attributed to the contact resistance between
the LVP/C material and the current collector, while the latter
indicates the charge-transfer resistance.[29] The slanted line in
the low-frequency region corresponds to the ion diffusion.[42,43]
The fitting result shows that the charge transfer resistances

Figure 4. Electrochemical properties of LVP/C materials prepared with
different molar ratios of V2O5/H2C2O4. a) Cyclic voltammetry curves at a
scan rate of 0.1 mV s−1 in the potential range from 4.3 to 3.0 V vs Li/Li+.
b) The second charge–discharge curves of LVP/C-1 to LVP/C-5 at 0.5 C.
c) Comparison of the initial discharge capacities and capacity retention
after 100 cycles versus different discharge rates.
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Figure 5. Electrochemical properties of LVP/C-4. a) The second charge–discharge curves (inset) and cycling performance at the current densities of 1,
5, 20 and 30 C, respectively. b) Discharge capacities of LVP/C-4 cathode at various rates from 0.5 C to 30 C. c) Charge–discharge cycling test of LVP/C-4
cathode at high rate of 20 C for 4000 cycles.

(Rct) of the LVP/C samples before cycle are 71, 32, 34, 16 and
55 Ω, respectively. The values increase to 219, 94, 79, 41 and
141 Ω after the 10th cycle, respectively. The LVP/C-4 shows the
lowest Rct before cycle, and the increased Rct after the 10th cycle
is much smaller than other samples. The results demonstrate
the superior interfacial stability of LVP/C-4, which is consistent
with the cycling tests.
LVP/C-4 is found to have the best electrochemical performance, so it is chosen to investigate the high-rate and cycling
performance. Figure 5a displays the cycling performance and
the charge-discharge curves (inset) of LVP/C-4 at the rates of
1, 5, 20 and 30 C, respectively. With the increase in chargedischarge current density, the plateaus become shorter gradually. In addition, the problem of voltage rise/drop becomes
more serious. Even then, the charge/discharge plateaus under
the current density of 30 C are apparent. LVP/C-4 also shows
excellent cycling stability at both high and low charge-discharge
rate. When cycling at the rates of 1, 5, 20 and 30 C, it delivers
capacities of 126, 124, 122 and 121 mAh g−1, respectively.
Remarkably, there are only small capacity decays of 7, 7, 13
and 16 mAh g−1 after 700 cycles, respectively. It is noteworthy
that at 30 C rate, this 3D bicontinuous cathode still exhibited
a capacity of 121 mAh g−1, corresponding to 91% of the theoretical capacity, which indicates that the material displays low
polarizations and good ionic diffusion rates.[44]

Adv. Energy Mater. 2014, 4, 1400107

Figure 5b shows the rate performance of LVP/C-4 from 0.5 C
to 30 C. It is clear that LVP/C-4 electrode exhibits a reasonably
good cycling response at various current rates. Remarkably,
even after 60 cycles, the capacity at the rate of 30 C can still
reach 118 mAh g−1. After this high rate measurement, the battery with LVP/C-4 cathode is able to supply the high capacity
of 121 mAh g−1 at 1 C again. This performance demonstrates
the advantage of our rationally designed 3D bicontinuous
nanostructures, in addition to the excellent structural stability
and the resulting high reversibility of LVP/C-4 cathode materials. Figure 5c displays the long-life performance of LVP/C-4
cathode. The initial specific discharge capacity is 122 mAh g−1
at the rate of 20 C. After 4000 cycles, the capacity is 94 mAh g−1,
corresponding to the capacity retention of 77% and capacity
fading of 0.0065% per cycle.
In addition to high-rate and cycling performances, the
temperature adaptability of this three-dimensional biocontinuous Li3V2(PO4)3/C cathode material was also investigated
(Figure 6a,b). When measured under the temperature of 60 °C,
it exhibits an initial capacity of 132 mAh g−1 at 5 C. Even after
400 cycles, the capacity of 120 mAh g−1 still remains. When
the rate rises to 20 C, a high capacity of 130 mAh g−1 can be
delivered for the first cycle and the capacity retention is 85%
after 1000 cycles. In order to further explore the recover ability
of LVP/C cathode material in temperature fluctuation, the
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Figure 6. Electrochemical properties of LVP/C-4 at different temperatures. a) The cycling performance of LVP/C-4 on the temperature of 60 °C at rates
of 5 C and b) 20 C. c) Discharge capacities of LVP/C-4 cathode at various temperatures from –20 °C to 60 °C at rate of 1 C charge and 5 C discharge.

recover test was carried out from –20 °C to 60 °C. Figure 6c
shows the cycling performance between different temperatures at 5 C. When the half cell was operated at –20 °C, the
cells were charged at 1 C and discharged at 5 C. While the
cells were tested at 25 °C and 60 °C, the measurement was carried out at a 5 C charge/discharge rate. It can be seen that the
reversible capacity progressively decreases at low temperature,
which may be attributed to the slow diffusion of lithium ions.
However, it still exhibits a high initial capacity of 106 mAh g−1
and capacity retention of 88% after 450 cycles at –20 °C. Then,
the cell was heated back to 25 °C for the following tests. It is
obvious that the discharge capacity can immediately return to
117 mAh g−1. When the temperature increases to 60 °C, a high
discharge capacity of 125 mAh g−1 can be obtained. Even when
cycled under high and low temperatures hundreds of times, a
discharge capacity of 108 mAh g−1 can still be obtained when
the temperature decreased back to 25 °C.
Compared with the reported results, this material exhibits
excellent high-low temperature performance with high capacity
and outstanding cycling performance.[45–47] The unique hierarchical carbon-decorated structure is beneficial for both the hightemperature and low-temperature performance. First, the dissolution of the active materials at high temperature is efficiently
suppressed because of the buffered protective carbon shell of
the active material particles. Second, the slow kinetics at low
temperatures are enhanced because of the 3D carbon network.
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3. Conclusions
A 3D hierarchical carbon-decorated Li3V2(PO4)3 was designed
and synthesized with a nanoscale amorphous carbon coating
and a microscale carbon network. A specific capacity of
121 mAh g−1 can be obtained at the rate up to 30 C. When cycled
at a rate of 20 C, the capacity retention is 77% after 4000 cycles,
corresponding to a capacity fading of 0.0065% per cycle. More
importantly, the LVP/C composite shows excellent temperature adaptability (130 mAh g−1 at 20 C and 60 °C, 106 mAh g−1
at 5 C and –20 °C). This outstanding high-rate performance
and temperature adaptability may be attributed to the unique
architecture, which provides the continuous electron conduction enabled by hierarchical carbon, rapid ion transport enabled
by electrolyte-filled macro/mesopore network, and a buffered
protective carbon shell of the active material particles. Our work
indicates that this hierarchical carbon-decorated Li3V2(PO4)3 is
one of the most attractive cathodes for practical applications.

4. Experimental Section
Synthesis of Carbon Decorated Li3V2(PO4)3: The material was
synthesized by a sol–gel method combined with a conventional solidstate method. Different stoichiometric amounts of vanadium oxide
(V2O5) and oxalic acid (H2C2O4) were dissolved into distilled water
with stirring at 80 °C for 15 min (molar ratio of V2O5/H2C2O4 = 1:3, 1:4,
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