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The fluorophosphate NaVPO4F (NVPF) is a good candidate of cathode material for

sodium-ion batteries (SIBs) due to its high theoretical specific capacity, high working

voltage and stable structure. However, due to the low electronic conductivity of NVPF, its

electrochemical properties are difficult to demonstrate. In order to address the insufficient

and then enhance its electrochemical performance, a 3D carbon networks constructed

NaVPO4F/C/rGO (NVPF/C/rGO) nanocomposite is prepared by freeze-drying assisted

high-temperature solid-state method. When used as a cathode material for SIBs, the

prepared NVPF/C/rGO can deliver a capacity of about 108.7mA h g−1 at 0.05C.

Moreover, NVPF/C/rGO nanocomposite also exhibits the excellent electrochemical

performance, including superior rate capacities (about 65.8mA h g−1 specific capacity at

10C) and outstanding cycling performance (∼ 95.1% capacity retention after 200 cycles

at 0.05C), which can be attribute to the 3D carbon networks and the nanoparticles

in NVPF/C/rGO nanocomposite. The preliminary results illustrate that the 3D carbon

networks constructed NVPF/C/rGO could be a promising cathode material for SIBs.

Keywords: sodium-ion batteries, cathode, NaVPO4F, 3D carbon networks, nanocomposite

INTRODUCTION

Nowadays, with the massive use of fossil energy, carbon dioxide emissions are increasing, thus
aggravating the global warming (Dunn et al., 2011; Barpanda et al., 2014; Che et al., 2017). In
response to this situation, it has become urgent to develop new renewable energy sources to replace
the fossil energy (Kim et al., 2016; Lao et al., 2017; Yan et al., 2017). However, the renewable energy,
such as wind, solar and tidal energy, is inherently intermittent and inconsecutive, and has strong
regional characteristics. Therefore, advanced energy storage technology is more important for the
development and application of renewable energy. Among them, electrochemical rechargeable
batteries have the advantages of high energy density, long lifespans, simpler maintenance, etc.,
which have been paid more attention and studied by researchers (Keller et al., 2016; Kim et al.,
2016). Given the fact that the lithiumhas lower redox potential (-3.04V vs. SHE) and smaller atomic
radius (0.76 Å), the lithium-ion batteries (LIBs) tend to be more widely studied. Nevertheless, the
cost of LIBs is rise because of the limited and unevenly distributed lithium source in the Earth’s
crust, which leads to a boom in the study of sodium-ion batteries (SIBs) (Hwang et al., 2016; Nayak
et al., 2018).
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SIBs and LIBs have similar intercalation mechanism, making
it possible to use the LIBs matured materials in SIBs. In addition,
sodium is abundant in nature and easy to extract, so SIBs are
the more cost-effective energy storage technology. Despite of
numerous advantages, the development of SIBs still faces many
problems, such as sodium has higher redox potential (−2.71V vs.
SHE) and larger atomic radius (1.02 Å), leading to the low energy
density of SIBs (Guo et al., 2017; Pang et al., 2017). However, with
the development of sustainable energy alternatives, the scientists
are working to find and optimize electrode materials to create
commercially viable SIBs. So far, the various types of cathodes
are being reported, which includes layered oxides, polyanionic
compound and so on (Barpanda et al., 2012; Jian et al., 2013;
Guo S. et al., 2015). Due to the high structural stability, long-term
cycling life and high ion mobility of polyanion-based cathode
materials, they are even more impressive in SIBs (Barpanda et al.,
2012; Fang et al., 2017). At the meantime, the fluorophosphate
is even more prominent in this class, mainly because that
fluorophosphate compounds have strong P-O covalent bond,
which leads to greatly structural stability; furthermore, as cathode
material of SIBs, the fluorophosphate materials always have
higher working voltage due to strong electronegativity of F−

(Park et al., 2013; Li et al., 2018).
Among them, NaVPO4F (NVPF) is a good cathode material

candidate for SIBs, which possesses high theoretical capacity (143
mAh g−1), high working voltage and stable structure (Law and
Balaya, 2018; Ge et al., 2019). NVPF was originally proposed
by Barker et al. (2003), it has a symmetrical tetragonal structure
similar to that of Na3Al2(PO4)2F3, as a cathode material, NVPF
only has a discharge capacity of 82 mAh g−1 in SIBs, and it
decays to half after just 30 cycles. To improve electrochemical
performance of NVPF, many strategies have been tried, including
doping other metal ions, coating with some carbon materials and
so on (Liu et al., 2008), which can improve the electrochemical
properties of NaVPO4F to a certain extent, but their capacity
is still far below its theoretical capacity, and can’t meet the
requirements of application (Ling et al., 2018). For the same
purpose, we adopt freeze-drying assisted high-temperature solid-
state method to prepare NVPF. As far as we know, for synthesis,
freeze-drying is a low-cost and simple method, so that it could
be a promising method for the future application (Rui et al.,
2015). Meanwhile, in view of the poor electronic conductivity of
NVPF, so improving electronic conductivity is the key to design
high performance NVPF materials. Currently, combining with
various types of carbon substrates is a universal and efficient
method to enhance the conductivity of the electrode materials
(Guo et al., 2015; Liu et al., 2015; Fan et al., 2017; Yin et al., 2017;
Yang et al., 2020). However, a single carbon material has limited
effect on the electrochemical performance of electrode materials.
The conductivity of a single particle can be improved by using
the carbon layer, but the effect on electron transport between
particles is not significant. Moreover, the reduced graphene oxide
(rGO) is regarded as one of the valued materials for improving
the conductivity of materials, and has been widely used in many
fields (Share et al., 2016; Liu et al., 2017).

Hence, in this work, we prepare a 3D carbon networks
constructed NaVPO4F/C/rGO (abbr. NVPF/C/rGO, the C

means the amorphous carbon derived from the organics)
nanocomposite by freeze-drying assisted high-temperature solid-
state method. In the nanocomposite, the amorphous carbon is
coated on the surface of NVPF particles, and rGO layers cover
on the surface of the NVPF/C particles and connect these to
form a 3D conductive network. Such a modified NVPF/C/rGO
nanocomposite used as a cathode material for SIBs exhibits
remarkably improved electrochemical performance, especially
high discharge capacity (about 108.7mA h g−1 specific capacity
at 0.05 C), superior rate capacities (about 65.8mA h g−1 specific
capacity at 10C) and the long cycling performance (more than
95% of the initial capacity after 200 cycles at 0.05C).

EXPERIMENTAL SECTION

Preparation of NVPF/C/rGO
Nanocomposite
GO was firstly prepared by oxidation of graphite using the
improvedHummers method (Hummers andOffeman, 1958; Lim
et al., 2013). NVPF/C/rGO nanocomposite was prepared by a
sample freeze-drying method. In a typical preparation, with the
continuous stirring, the NaF, NH4H2PO4 and NH4VO3 with the
molar ratio of 1:1:1 were dissolved in the distilled water, then
added the polyvinyl pyrrolidone (PVP) and citric acid, which can
be used not only as the complexing agent but also as the carbon
source, furthermore, the PVP also prevents the aggregation of
colloidal particles and makes them more stable. Stirring the
mixture at 80◦C until the powder samples were completely
dissolved to form a light orange-yellow aqueous solution. The
above solution and the GO aqueous solution was added to a small
beaker, then the sample was evenly dispersed by ultrasonic bath
for 2 h. Then, the sample was rapidly frozen with liquid nitrogen,
and it was dried in a freeze dryer. Finally, the sample was calcined
at 750◦C under the Ar atmosphere for 5 h, and the final material
NVPF/C/rGO nanocomposite was formed after grinding. In this
process, the GO can be reduced to the rGO at high temperature,
thus playing the role of building the 3D conductive network.

Material Characterization
The X-ray powder diffraction (XRD) on the D8 Bruker
diffractometer with Cu Kα radiation (λ = 1.5406 Å) was used
to detect the structure of the NVPF/C/rGO in scan range (2θ) of
10–60◦. X-ray photoelectron spectroscopy (XPS) study was tested
on X-ray photoelectron spectrophotometer (ESCALABMKLL)
from VG. The morphology and microstructure of NVPF/C/rGO
sample was characterized using the scanning electronmicroscope
(SEM, HITACHI-SU8010, 10 kV) and transmission electron
microscope (TEM, JEOL-2100 F, 200 kV).

Electrochemical Measurement
The electrochemical properties were measured in the CR2032
coin cells. The working electrodes were made by casting a
slurry of active material, acetylene black, and polyvinyl difluoride
(PVDF) with a mass ratio of 8: 1: 1 in N-methylpyrrolidone
(NMP) on aluminum foil and dried in vacuum. The loading
mass of the active material was about 1.2–1.5mg cm−2. Pure
sodium foil was used as both counter and reference electrodes,
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and the separator was glass microfiber filter (Whatman).
Electrolyte was 1mol L−1 NaClO4 dissolved in ethylene
carbonate (EC) and propylene carbonate (PC) (vEC:vPC =1:1)
with 2 vol% fluoroethylene carbonate (FEC) as the additive.
The constant current charge-discharge tests were implemented
at battery testing system (LAND CT2001A) at 2.5∼4.1V. Cyclic
voltammetry (CV) curves were tested using a Princeton Applied
Research (VERSASTAT 3) at 0.1mV s−1. For galvanostatic

FIGURE 1 | The XRD pattern of NVPF/C/rGO composite.

intermittent titration (GITT) analyses, the cells were cycled in
same potential range at 0.05 C.

RESULTS AND DISCUSSION

The NVPF/C/rGO nanocomposite was prepared by freeze-
drying assisted high-temperature solid-state method. As shown
in Figure 1, the structure of NVPF/C/rGO nanocomposite
was characterized according to XRD test. Consistent with
the reports in the literatures (Law and Balaya, 2018; Ge
et al., 2019), the diffraction pattern reveals that the peaks
of NVPF/C/rGO nanocomposite are well indexed to the
monoclinic crystal structure (space group C2/c) according
to the standard card (PDF33-0804) (Liu et al., 2008).
There are no obvious impurity peaks in XRD pattern,
confirming that the NVPF was successfully prepared by
solid-state method.

XPS test was implemented to study the elements composition
and bonding configurations of NVPF/C/rGO, and Figure 2

shows the XPS spectrum of NVPF/C/rGO nanocomposite. As
shown in Figure 2A, there are six elements of Na, V, P, O, F,
and C in the XPS full spectra of NVPF/C/rGO. From the high-
resolution XPS spectra of V 2p (Figure 2B), the peaks at about
516.8 and 523.7 eV represent the electrons in V 2p3/2 and V
2p1/2, respectively, which are characteristic of V3+ species and
consistent well with the previous report (Zhang et al., 2018;
Chen et al., 2019). Figures 2C,D are the high-resolution XPS

FIGURE 2 | (A) Full XPS spectra of the NVPF/C/rGO; high-resolution (B) V 2p, (C) Na 1s, (D) P 2p, (E) O 1s, and (F) C 1s spectrum of the NVPF/C/rGO.
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spectrum of Na 1s and P 2p, indicating that exists Na and P
elements in material. The high-resolution XPS spectra of O 1s,
as shown in Figure 2E, the peaks at about 533.26 and 531.86 eV

are assigned to C-O and P-O bonds (Gu et al., 2020). Moreover,
as shown in Figure 2F, the C 1s peak of NVPF/C/rGO can be
fitted into four peaks at 288.86, 286.21, 285.06, and 284.56 eV,

FIGURE 3 | (a,b) SEM images of NVPF/C/rGO under different magnifications; (c) the schematic illustration of NVPF/C/rGO; (d) the EDS mapping of NVPF/C/rGO.

FIGURE 4 | (a) Low- and (b) high-resolution TEM images of NVPF/C/rGO.

FIGURE 5 | (A) CV curves at the scan rate of 0.1mV s−1 and (B) galvanostatic charge–discharge profiles at 0.5C of the NVPF/C/rGO.
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corresponding to O-C=O, C-O, C-C, and C=C bonds (Zhang
et al., 2018).

The morphology of the NVPF/C/rGO nanocomposite was
firstly characterized by SEM. In Figures 3a,b, the NVPF/C/rGO
is mainly composed of NVPF nanoparticles and the rGO sheets,
and the particle size of NVPF material is about 200-500 nm,
which is benefit for the electrochemical performance. Figure 3a
shows the rGO layers cover on the surface of the NVPF
nanocomposite and connect these to form a 3D conductive
network, improving the electronic conductivity of the material.

And the morphology of the NVPF/C/rGO nanocomposite can be
represented by schematic illustration of Figure 3c. Moreover, the
element energy dispersive spectrometer (EDS) was implemented
to explain the elements distribution of NVPF/C/rGO material,
indicating the Na, V, P, O, F elements are uniformly distributed
in the NVPF/C/rGO (Figure 3d).

The TEM was implemented to further investigate the
morphology of NVPF/C/rGO, as shown in Figure 4a, the
prepared material is granular and the particle size is nano-
scale, which is consistent well with the results of the SEM. In

FIGURE 6 | Electrochemical performance of NVPF/C/rGO: (A) rate capability at 0.05–10C; (B) the corresponding charge–discharge profiles at different rate; and (C)

cycling performance.

FIGURE 7 | GITT test results containing Dapp and variation curve along with the GCD processes of NVPF/C/rGO and NVPF.
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addition, TEM image of NVPF/C/rGO demonstrates that all the
NVPF particles are coated evenly by the amorphous carbon, and
the rGO layers cover on the surface of particles and connect
these to form a 3D conductive network. In Figure 4b, the high-
resolution TEM (HRTEM) image shows the NVPF particle and
the carbon layer. Obviously, the NVPF has high crystallinity and
the lattice distance is 0.38 nm, corresponding to the (211) plane
of monoclinic NaVPO4F.

Used metallic Na plates as both counter and reference
electrodes in the half-cells, the CV and galvanostatic charge-
discharge (GCD) tests were implemented to investigate the
electrochemical performance of the 3D carbon networks
constructed NVPF/C/rGO. Figure 5A shows the CV curves,
a couple of well-defined anodic/cathodic peaks at about
3.59/3.20V vs. Na+/Na, which corresponds to reversible two-
phase transformation between NaVPO4F and VPO4F, that is, the
redox reaction of V4+/V3+ couple. However, at the sodiation
process, this single peak splits as two chiseled peaks, which may
be attributed to the FEC additive (Guo et al., 2015). The GCD
profiles at 0.05 C in Figure 5B exhibit a pair of charge/discharge
plateaus at about 3.42/3.34V vs. Na+/Na, which is agree with
CV test results. The charge and discharge capacities at first cycle
of NVPF/C/rGO are 122.1 and 108.7mA h g−1, respectively,
and the corresponding Coulombic efficiency is only 89%, which
may be caused by the side effects at first cycle due to the
large specific surface area of NVPF/C/rGO nanocomposite.
Moreover, the capacity of NVPF/C/rGO remains unchanged as
the cycle progress, indicating the charge/discharge processes are
highly reversible.

To further evaluate the electrochemical properties of the 3D
carbon networks constructed NVPF/C/rGO, the rate and cycle
performance of the cells were studied (Figure 6). Figure 6A
exhibits the rate capabilities of NVPF/C/rGO at 0.05-10C. At
low rate of 0.05C, the NVPF/C/rGO nanocomposite delivers a
capacity of 106.3mA h g−1, and at a very high rate of 10C,
it still has specific capacity of about 65.8mA h g−1, indicating
the superior rate capabilities of NVPF/C/rGO nanocomposite.
Moreover, when the rate returns to 0.05C, the specific capacity
of NVPF/C/rGO nanocomposite can still restore to 105.8mA h
g−1 after the rate tests of 55 cycles. The corresponding GCD
curves are further shown in Figure 6B, and the charge and
discharge plateaus are still obvious at 10C. Furthermore, the
NVPF/C/rGO nanocomposite also demonstrates the excellent
cycling performance, and shown in Figure 6C. After 200
cycles at 0.05 C, the NVPF/C/rGO nanocomposite still has a
capacity of 104.8mA h g−1 with the capacity retention of
above 95 %.

Combining the results of the above research to further study
about the NVPF/C/rGO nanocomposite’s kinetics characteristics,
in Figure 7, GITT test was performed at a current density of
0.05 C within the potential range of 2.5–4.1V. By applying a
short enough current during the electrode is in a stable state, the
voltage response curve of the system could be measured by GITT
method to study the kinetics properties of the electrode material.
Assuming the electrode system at steady state, Es is potential
and τ is duration at the moment. The total change of the cell
voltage is Er. MB is the electrode materials’ relative molecular

mass, and mB is the electrode materials’ actual mass. Combining
the above specific values and according to the formula (1), the
apparent Na diffusion coefficient (Dapp) can be calculated (Guo
et al., 2014):

Dapp =
4

πτ

(

mBVM

MBS

)2 (

Es

Eτ

)2
(

τ ≪ L2/D
)

(1)

Calculated from the GITT curves, the Dapp values of the cell
are in the 10−12

∼10−8 cm2 s−1 order of magnitude, which
is higher than those of NVPF (10−14

∼10−10 cm2 s−1) and
other polyanion-type phosphate cathodes for SIBs (Liu Q. et al.,
2015; Wang et al., 2015). 3D carbon networks can effectively
improve the kinetics properties of NVPF material. Furthermore,
the values at the plateau region are evidently low in both
the charge and discharge processes, indicating that the Na
intercalation/extraction process of NVPF/C/rGO nanocomposite
requires more energy. The results indicate that the NVPF/C/rGO
has excellent kinetics properties.

CONCLUSION

In summary, a 3D carbon networks constructed NVPF/C/rGO
nanocomposite is prepared by freeze-drying assisted high-
temperature solid-state method. In NVPF/C/rGO, the
amorphous carbon is coated on the surface of NVPF
particles, and the rGO layers cover on the surface of the
NVPF/C particles and connect these to form a 3D conductive
network, effectively improving the electronic conductivity of
NVPF. The NVPF/C/rGO cathode material for SIBs exhibits
remarkably improved electrochemical performance, in the
aspect of significantly enhanced specific capacity, great rate
capability and outstanding cycling stability. Moreover, the
GITT test was implemented to analyse the kinetic properties
of NVPF/C/rGO electrode. Therefore, this work provides a
facile synthesis method for constructing 3D conductive network
modified electrode materials, promoting the development of
high-performance SIBs.
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