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A B S T R A C T

Li3V2(PO4)3 (LVP) was evaluated as a promising cathode material for sodium-ion batteries (SIBs). The three-
dimensional graphene frameworks wrapped LVP (LVP-G-FD) exhibited high energy density of 501.3 Wh kg−1,
which is almost the highest energy density among the known polyanionic cathodes for SIBs. The enhanced
electrochemical performance of LVP-G-FD is attributed to the graphene framework which provides the fast
electronic transport network and buffering space. Besides, the sodium-ion storage mechanism of LVP was
investigated via in-situ XRD and so on. The sodium-ion storage process is composed of the electrochemical
topotactic replacement and the subsequent topotactic reaction.

1. Introduction

The establishment of low-cost and efficient energy storage systems
(ESSs) is necessary for the application of renewable energy [1–3].
Although lithium-ion batteries (LIBs) have been widely used in the
portable electronics and extended to electric vehicles and hybrid
electric vehicles due to its various advantages, the limited reserve
and rising price restrict its application in large-scale ESSs [3–6]. Thus,
the search for the substitutions of LIBs has attracted great attention
from many researchers. Sodium-ion batteries (SIBs) have been in-
vestigated as the replacement for LIBs due to the similar electroche-
mical intercalation behavior between lithium-ion and sodium-ion [3–
5,7]. Moreover, the low-cost and abundance of sodium compounds
make SIBs hold high promise for application in large ESSs. However,
the larger ionic radius (0.98 Å vs. 0.69 Å for lithium ion) requires the
larger tunnel and space in electrode materials, hence obtaining suitable
electrode materials for SIBs still remains a challenge [3,8].

Recently, many materials, including metal oxides (such as NaxMO2

(M=Co, Mn, Ni) [9–11], V2O5 [12], V2O5·nH2O [13], MoO3 [14] and
polyanionic compounds (such as Na3V2(PO4)3 (NVP) [8,15],
Na2MP2O7 (M=Fe, Co, Mn) [16–18] and NaFe(SO4)2 [19]), have been
investigated as cathode for SIBs. Compared to metal oxides, polyanio-
nic compounds usually exhibit better thermal and structural stability,
which is favorable to realize better safety and longer cycle life
[15,20,21]. Among the polyanionic compounds, NVP has been con-
sidered as one of the most promising cathode materials for SIBs due to

its NASICON (Na+ ion superionic conductor)-related crystal structure
with large ion channel and fast Na+ ion diffusion coefficient, resulting
in the stable Na+ ion insertion and extraction [15,22–24]. However, the
limited capacity (theoretical capacity of 118 mAh g−1) and the medium
potential (~3.4 V) of NVP lead to the low energy density
(~400 Wh kg−1), which is difficult to be comparable with those of most
cathode materials for LIBs [15,23,24]. Therefore, the exploitation of
high energy density cathode materials is of great significance for the
development of SIBs. Compared to NVP, monoclinic Li3V2(PO4)3
(LVP), another NASICON-related compound, exhibits higher potential
and higher capacity of lithium-ion insertion/extraction which means
higher energy density [22,25]. If the LVP can be used as cathode
materials for SIBs after being modified, it will hold high promise to
improve the energy density of SIBs and promote the development of
SIBs.

Herein, we realize the reversible sodium-ion insertion/extraction in
lithium ion sites of LVP via an electrochemical topotactic replacement
method. To the best of our knowledge, it may be the first time to use
LVP as cathode material for SIBs. Considering the poor electronic
conductivity of LVP which electrochemical performance of LVP, the
graphene has been introduced to modify LVP [20,25]. The modified
LVP (graphene framework wrapped LVP, denote as LVP-G-FD)
achieves a high energy density about 501.3 Wh kg−1 (a discharge
capacity of 147 mAh g−1 with average discharge voltage of 3.41 V).
The graphene framework provides the efficient electronic conduction
network and buffering space for the LVP nanoparticle, playing an
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important role in the improvement for capacity, rate performance and
cycling stability of LVP [26–31]. Besides, the ion insertion/extraction
mechanism of LVP as cathode for SIBs has been investigated via in-situ
X-ray diffraction (XRD) and inductively coupled plasma (ICP) technol-
ogy.

2. Results and discussions

The crystal structure of LVP-G-FD has been investigated by XRD
(Fig. 1a). According to the Rietveld refinement, all the diffraction peaks
of LVP-G-FD can be readily indexed to monoclinic LVP. No impurity
can be detected, confirming the high phase purity of LVP-G-FD. In
addition, the refined lattice parameters are displayed in Table S1.
Besides, the similar results were analyzed from the XRD patterns of
LVP-G-D (the sample replaced freeze-drying treatment by direct
drying) and LVP-FD (the sample without adding graphene) (Fig. S1).
The Raman spectrum of LVP-G-FD is shown in Fig. 1b. Two intense
bands located at 1260–1400 and 1540–1650 cm−1 are assigned to the
D-band (disorders or defects) and G-band (graphite), respectively,
demonstrating the existence of carbonaceous materials [32,33].
Based on the elemental analysis, the carbon contents of LVP-G-FD,
LVP-G-D and LVP-FD are 4.4%, 4.6% and 0.6%, respectively. The
carbon in LVP-FD is attributed to the carbonization of CH3COO

- and
C2O4

2- anions during annealing process [22].
The pore structure and Brurauer-Emmerr-Teller (BET) specific

surface area of the three samples were investigated with nitrogen
isothermal-adsorption technology. The isotherm of LVP-G-FD appears
to be a type II curve with H3 hysteresis loop (Fig. 1c). The BET surface
area of LVP-G-FD is estimated to be 17.9 m2 g−1 and larger than those
of LVP-G-D (8.5 m2 g−1) and LVP-FD (9.0 m2 g−1), indicating that a
larger contact area between electrode and electrolyte may be obtained.
The pore-size distribution curve (inset of Fig. 1c) displays that the pore
sizes of LVP-G-FD are mainly 2–4 nm and 20–80 nm. LVP-G-D
possesses similar pore-size distribution while LVP-FD displays a wide
distribution (Fig. S2).

The morphology of the as-synthesized samples has been character-
ized via field emission scanning electron microscopy (FESEM) and

transmission electron microscopy (TEM). The sizes of LVP-G-FD
blocks are several micrometers with rough surface (Fig. S3). The
FESEM images of the fracture surface for LVP-G-FD blocks (Fig. 1d
and Fig. S3d) show the block is composed of the graphene frameworks
and LVP nanoparticles with size about 100–200 nm. In the FESEM
images of LVP-G-D (Fig. S4a, b), graphene sheets are obvious in the
composite but the graphene framework are not observed, indicating the
freeze-drying treatment is necessary for the generation of graphene
framework. The LVP-FD is composed of particles with size about
several hundred nanometers, which are bigger than nanoparticles in
LVP-G-FD and LVP-G-D, implying that the introduction of graphene
decreases the size of particles by restraining their growth (Fig. S4c, d).
In addition, the energy dispersive spectrometry (EDS) elemental
mappings show that the V, P, and C elements are homogeneously
distributed in LVP-G-FD (Fig. 1e). The TEM images (Fig. 1f and Fig.
S5) of LVP-G-FD further demonstrate that the nanoparticles are
wrapped in the graphene framework with void space between nano-
particles. The nanoparticles and graphene nanosheets are also ob-
served in the TEM image (Fig. S6) of LVP-G-D, but the graphene
nanosheets are dispersive and partly separate from LVP nanoparticles.
The high resolution TEM (HRTEM) image (inset of Fig. 1f) of LVP-G-
FD displays the lattice distance of 3.34 Å, corresponding to the d-space
of (−113) planes in monoclinic LVP.

The coin cells with metallic sodium as anode have been assembled
to investigate the electrochemical performance of LVP. First, LVP-G-
FD cathode was measured at potential range from 2.5 to 4.5 V. A high
initial discharge capacity of 147 mAh g−1 (based on the mass of LVP)
with average discharge potential of 3.41 V was obtained at the current
density of 20 mA g−1 (Fig. 2a). The charge/discharge curves of LVP-G-
FD are similar to that of LVP as cathode for LIBs with three Li+ ions
insertion/extraction per formula [25]. In order to investigate the
influence of Li+ ions on the capacity, LVP-G-FD was first charged to
extract lithium-ions and discharged after replacing the electrolyte
containing lithium-ions by new SIBs electrolyte. A similar discharge
capacity (148 mAh g−1) was obtained at the same current density (Fig.
S7), indicating that the influence of Li+ ions is negligible. Thus, the
subsequent measurement of electrochemical performance was carried

Fig. 1. (a) XRD pattern of LVP-G-FD with Rietveld refinement; (b) Raman spectra of LVP-G-FD, LVP-G-D and LVP-FD. (c) Nitrogen adsorption-desorption isotherms and
corresponding pore size distribution (insert) of LVP-G-FD. (d) FESEM image, (e) EDS elemental mappings, (f) TEM image and HRTEM image (inset) of LVP-G-FD.
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out without replacing the electrolyte. The calculated energy density is
about 501.3 Wh kg−1, which is almost the highest energy density
among the known polyanionic cathodes for SIBs (Fig. 2b) [16–
19,34–46]. Moreover, further optimizing to reach theoretical capacity
(197 mAh g−1) can achieve energy density of > 650 Wh kg−1. The EDS
mappings of LVP-G-FD after first cycle are shown in the Fig. 2c. The
electrolyte in the LVP-G-FD cathode was removed by repeatedly
washing with alcohol. The content of Cl elements is few and the
existence of Na element is obvious, indicating the insertion of sodium-
ion during the first cycle. However, the capacity decreases to
98 mAh g−1 after 20 cycles, corresponding to a low retention (Fig.
S8). According to the report for LVP as LIBs cathode, the insertion/
extraction of third ion in LVP would lead to larger change of crystal
structure, which restrained the cycling stability [47]. Thus, a potential
range from 2.5 to 4.2 V was selected to enhance the cycling stability.

The cyclic voltammetry (CV) curves of LVP-G-FD in 2.5–4.2 V are
shown in the Fig. 3a. In the first anodic scan, three oxidant peaks can
be observed at 3.48, 3.61 and 4.10 V, corresponding to the extraction of
two Li+ ions from LVP. For the subsequent cathodic scan, four reduced
peaks occurred at 3.05, 3.17, 3.55 and 3.63 V, respectively, which is
different from the CV curves of LVP as LIBs cathode, indicating the
insertion of Na+ ions during the discharge process. In the second and
third cycles, the oxidant peak located at 3.48 V and the reductant peaks
located at 3.17 and 3.63 V gradually weakened and disappeared, and
the peaks located at 3.61 and 4.10 V shifted to high potential,
indicating the larger polarization due to the poor kinetics of Na+ ions.
In addition, similar results can be observed from the CV curves of LVP-
G-D and LVP-FD (Fig. S9).

Galvanostatic discharge/charge measurements of the three samples

have also been carried out. At the low current density (20 mA g−1),
LVP-G-FD displays an initial discharge capacity of 101 mAh g−1, which
is similar with that of LVP-G-D (103 mAh g−1) and higher than that of
LVP-FD (86 mAh g−1) (Fig. 3b). Moreover, LVP-G-FD displays an
excellent cycling stability. After 50 cycles, LVP-G-FD maintains a
discharge capacity of 99 mAh g−1, corresponding to 98.0% of the initial
discharge capacity, which is higher than those of LVP-G-D (83.5%) and
LVP-FD (75.6%). The capacity of LVP-G-FD increases in the first
several cycles, which may be ascribed to the graphene frameworks
which lead to the slower infiltration of electrolyte and the infiltration
continually happen in the first several cycles. The corresponding
charge/discharge curves of the three samples are shown in Fig. 3c.
Three plateaus can be observed at ~3.78, ~3.19 and ~3.16 V in the
discharge curve of LVP-G-FD, respectively. The inconsistent over-
potential between CV curves and charge/discharge curves may be
attributed to the different polarization due to the different current
density. Besides, the rate performance of the three samples has also
been investigated (Fig. 3d). With the current density increasing, LVP-
G-FD displays the smallest capacity decay among three samples. As the
current density increased to 1000 mA g−1, the discharge capacity of
LVP-G-FD is as high as 66 mAh g−1, which is higher than those of LVP-
G-D (52 mAh g−1) and LVP-FD (19 mAh g−1). The enhanced cycling
stability and rate performance of LVP-G-FD is attributed to the
graphene framework, which provides void spaces to buffer the stress
of ion insertion/extraction during the cycling and constructs efficient
electronic conduction network [26–28]. The long-term cycling stability
of LVP-G-FD was further investigated (Fig. 3e). At the current density
of 500 mA g−1, LVP-G-FD exhibits an initial capacity of 80 mAh g−1.
Moreover, no evident capacity decay can be observed in the first 100

Fig. 2. (a) Charge/discharge curve of LVP-G-FD at the first cycle in the potential window of 2.5–4.5 V (the specific capacity based on the mass of LVP). (b) Comparison of the main
polyanionic cathode materials for SIBs (*synthesis from LiFePO4 via ion exchange, # based on the theoretical capacity) [16–19,34–46]. (c) The EDS elemental mappings of LVP-G-FD
after first cycle in the potential window of 2.5–4.5 V.
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cycles. Besides, LVP-G-FD displays a capacity retention of 65.0% after
500 cycles. Also the Coulombic efficiency is approximately to 100%
during the cycling except 84.1% in the first cycle. LVP-G-FD displays
an excellent cycling stability after optimizing the potential range.

The ion insertion/extraction mechanism of LVP as cathode of SIBs
has been investigated via in-situ XRD and ICP technology. Based on
the ICP test, the molar ratio of Li, Na and V in the LVP-G-FD after
soaking in the electrolyte for 12 h is 3.34: 0.30: 2.00. The existence of

Na element may be attributed to the adsorption of electrolyte on
surface the of LVP-G-FD, indicating that the ion exchange is not
obvious which is different from NVP as cathode for LIBs [22]. Fig. 4a
shows the in-situ XRD patterns of the LVP-G-FD during the first cycle
and second charge process in the potential range from 2.5 to 4.2 V, and
the corresponding voltage curve is displayed in Fig. 4b. In the first
charge process, the in-situ XRD patterns are corresponding well with
that of LVP as cathode for LIBs, which has been considered as two-
phase reaction [48]. In the subsequent discharge process, the change of
in-situ XRD patterns can be considered as the inverse process of that in
first charge process. Besides, the discharge plateaus correspond well
with charge plateaus, indicating the reversible crystal structural
change. Thus, sodium-ion storage of LVP in the first discharge process
may also be two-phase reaction. Based on ICP result, the ratio of Li, Na
and V in the LVP-G-FD after first cycle is 1.38: 1.53: 2.00, which
corresponds well as lithium-ions extract at first charge process (initial
charge capacity of 114 mAh g−1 corresponds to the extraction of about
1.73 lithium-ions per formula) and sodium-ions insert at the first
discharge process (initial discharge capacity of 101 mAh g−1 corre-
sponds to the insertion of about 1.53 sodium-ions per formula).
Besides, the lattice parameters of LVP-G-FD after first charge/dis-
charge process are larger than those of fresh LVP-G-FD (Table S1),
which can be attributed to the larger ionic radius of sodium-ion (vs.
lithium-ion). The first charge/discharge process in the potential range
from 2.5 to 4.2 V is an electrochemical topotactic replacement process
in which sodium-ions replace part lithium ions of LVP. Moreover, the
in-situ XRD patterns of the subsequent charge process demonstrate the
reversible change of crystal structure of LVP during the sodium-ion
storage. Based on the above analysis, the theoretical ion insertion/
extraction mechanism of LVP as SIBs cathode can be described as
Fig. 4c and Eqs. (1) and (2). Firstly, electrochemical topotactic
replacement process (sodium-ions replace part lithium ions of LVP)
occurs in the first cycle. Then, the topotactic reaction (reversible
insertion/extraction of Na+ ions) occurs during the subsequent cycles.

Fig. 3. The electrochemical performances of LVP in the potential range from 2.5 to 4.2 V: (a) The CV curves of LVP-G-FD in first three cycles at a scan rate of 0.1 mV s−1. (b) The cycling
stability and (c) charge/discharge curves of LVP-G-FD, LVP-G-D and LVP-FD at 20 mA g−1. (d) The rate performance of LVP-G-FD, LVP-G-D and LVP-FD and (e) the cycling
performance of LVP-G-FD at 500 mA g−1. All the specific capacities are based on the mass of LVP. The potential window was expanded to 2.5–4.4 V at the current density of 500 and
1000 mA g−1.

Fig. 4. (a) In-situ XRD patterns of LVP-G-FD during the first cycle and second charge
process in potential window 2.5–4.2 V and (b) corresponding charge/discharge curves.
(c) The schematic illustration of ions insertion/extraction mechanism for LVP as cathode
for SIBs.
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(First cycle) Li V (PO ) + 2Na → Na LiV (PO ) + 2Li3 2 4 3
+

2 2 4 3
+ (1)

(Subsequent cycles) Na LiV (PO ) ↔ LiV (PO ) + 2Na + 2e2 2 4 3 2 4 3
+ − (2)

3. Conclusions

The reversible sodium-ion storage of LVP has been realized with
electrochemical topotactic replacement and topotactic reaction, and the
modified LVP has been evaluated as a promising cathode material for
SIBs. The graphene framework wrapped LVP achieved a high energy
density of 501.3 Wh kg−1, which is higher than those of most poly-
anionic compound cathodes for SIBs. Moreover, LVP-G-FD also
displayed an excellent cycling stability that the capacity retention of
65.0% after 500 cycles was obtained. Our work demonstrates that LVP
is a promising cathode material for high-energy density SIBs and our
investigation on LVP as cathode for SIBs will inspire the future success
in exploiting superior electrode materials for next-generation high-
energy density SIBs.

4. Experimental section

4.1. Sample synthesis

CH3COOLi·2H2O, V2O5, H2C2O4·2H2O, and NH4H2PO4, of analy-
tical grade, were all purchased from the Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). In a typical synthesis, V2O5 (2 mmol) and
H2C2O4·2H2O (6 mmol) were dissolved into deionized water (20 mL)
and vigorously stirred at 70 °C for 1 h to obtain a blue VOC2O4

solution. Then NH4H2PO4 (6 mmol) and CH3COOLi·2H2O (6 mmol)
were added into the solution, which was further stirred for 5 min. After
that, graphene oxide suspension (20 mL, 2 mg mL−1, synthesized
through a modified Hummer's method) was added into the solution
and stirring was continued for more than 30 min. Then, the solution
was frozen and then underwent a freeze-drying process to obtain the
precursor and the precursor was manually grinded to powder. Finally,
the graphene framework wrapped LVP (LVP-G-FD) were obtained
from the precursor powder by preheating it at 400 °C for 4 h followed
by annealing at 700 °C for 8 h in N2 atmosphere with a heating rate of
5 °C min−1. LVP-FD was obtained by changing the graphene oxide
suspension to deionized water, and LVP-G-D was obtained by changing
freeze-drying treatment to direct drying.

4.2. Structure characterization

XRD and in-situ XRD measurements were performed to investigate
the crystallographic structure using a D8 Advance X-ray diffractometer
with a nonmonochromated Cu Kα X-ray source. The FESEM images
and EDS elemental mappings were collected with a JEOL-7100F
microscope at an acceleration voltage of 20 kV. TEM and HRTEM
images were recorded by using a JEM-2100F STEM/EDS microscope.
BET surface areas were measured using a Tristar II 3020 instrument by
adsorption of nitrogen at 77 K. Raman spectra were obtained using a
Renishaw INVIA micro-Raman spectroscopy system. The carbon
content analyses were performed by Elementar Vario EL cube ele-
mental analyzer. ICP test were performed by PerkinElmer Optima
4300DV spectrometer.

4.3. Electrochemical measurements

The electrochemical properties were characterized by assembling
2016 coin cells in a glove box (O2≤1 ppm and H2O≤1 ppm), which used
sodium pellet as anode and glass fiber as separator. The electrolyte is
composed of 1 M NaClO4 dissolved in EC (ethylene carbonate)/DMC
(dimethyl carbonate) (volume ratio of 1:1) with 5 wt% FEC (fluor-

oethylene carbonate). Cathodes were obtained with 60% as-synthesized
active materials, 30% acetylene black and 10% poly(tetrafluoroethy-
lene) (PTFE). The loading of the active material was about 6–
8 mg cm−2. Galvanostatic charge/discharge cycling behavior was in-
vestigated in a potential range of 2.5–4.5/2.5–4.2 V vs. Na+/Na with a
multichannel battery testing system (LAND CT2001A). CV curves were
acquired with an electrochemical workstation (Autolab PGSTAT 302
and CHI 760D).
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