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A B S T R A C T

Na3V2O2(PO4)2F (NVOPF) is a promising cathode material for sodium-ion batteries (SIBs) due to its high
working voltage and theoretical capacity. However, the electrochemical performance is strongly impeded by its
poor intrinsic electronic conductivity. Herein, we integrated the high flexible graphene sheets with NVOPF
through a spray-drying method to re-construct its structure. The NVOPF nanocrystalline particles are homo-
geneously embedded in the high electronic conductive graphene framework. As a cathode of SIBs, the robust
NVOPF/rGO microsphere composite exhibits excellent electrochemical performance: high specific capacity
(127.2 mA h g−1), long-term cycling stability (83.4% capacity retention at 30 C after 2000 cycles) and superior
high rate performance (70.3 mA h g−1 at 100 C). Furthermore, the Na+ insertion/extraction mechanism is also
investigated by in-situ XRD and ex-situ HRTEM monitor technologies. This work demonstrates that the con-
structed 3D graphene skeleton serves as a high-efficient electronic conduction matrix and improves the elec-
trochemical properties of electrode materials for advanced energy storage applications.

1. Introduction

Diversified and renewable energies are necessary to establish a
sustainable society due to the increasingly serious environmental pol-
lutions caused by the consumption of fossil fuels. In this regard, the
development of rechargeable energy storage devices for storing inter-
mittent sustainable energy such as solar and wind is of great importance
[1,2]. Indeed, lithium-ion batteries (LIBs) are playing an increasing
important role in high-efficient energy storage, however, the high cost
and serious safety problems impede its further development in large
scale energy storage systems [3,4]. Recently, sodium-ion batteries
(SIBs) attract considerable attention and have been considered as a
promising alternative to LIBs, because the inexpensive and widely
distributed sodium has similar physical and chemical properties with
lithium [5].

Nevertheless, compared with Li+, Na+ has a larger size and more
sluggish diffusion kinetics. It would be a key issue to exploit an ap-
propriate cathode material in which Na+ can reversibly insert/extract
to achieve high electrochemical performance. During past few decades,

many types of cathode materials for SIBs have been thoroughly in-
vestigated, including transition metal oxides and polyanion-based
compounds. The phosphate and fluorophosphates phases contain the
stable phosphate-metal bonds which will reduce the risk of oxygen
release [6], and the stable PO4

3− polyanion can alleviate the volume
change during cycles [7]. Therefore they are capable to display higher
safety and better electrochemical performance compared with transi-
tion metal oxides. Among them, Na3V2O2(PO4)2F (NVOPF) as one of the
most promising cathodes has been explored due to its high reversible
capacity (~ 130 mA h g−1) and high average discharge voltage (~ 3.8
V vs. Na+/Na) [8]. However, its practical applications are limited by
the poor electronic conductivity [9–13]. Goodenough et al. reported a
NVOPF/graphene sandwich nanostructure which delivers a specific
discharge capacity around 100.4 mA h g−1 at 1 C [14]; Kumar et al.
combined NVOPF with multi-walled carbon nanotubes and obtained a
stable capacity of 98 mA h g−1 at 0.1 C for 120 cycles [15]; Jin et al.
fabricated NVOPF@carbon/graphene (NVOPF@C/GO), which dis-
played a specific capacity of 113 mA h g−1 at 1 C [16]; Other mod-
ification treatments, such as conductive RuO2 coating [17] and Ru-
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doping [18] were also carried out to enhance the rate performance.
Though the above-mentioned works have made good progress, the
electrochemical performance is not satisfactory to meet the demand of
practical applications especially at high rate charge-discharge condi-
tions. In order to further improve its poor intrinsic electronic con-
ductivity, we proposed to re-design the NVOPF structure by taking the
advantage of high flexible graphene.

Herein, we firstly constructed a robust NVOPF/rGO microsphere
composite via a spray-drying method and subsequent calcination pro-
cess, in which the well-crystallized NVOPF particles are uniformly
embedded in the three-dimensional (3D) graphene framework. The
novel structure features can not only facilitate efficient electron con-
duction, but also maintain the morphology integrity and avoid struc-
tural degradation during the long-term cycling process. As a result, the
obtained NVOPF/rGO delivers a high reversible capacity of
127.2 mA h g−1 at 0.2 C, shows superior cycling performance with
83.4% retention after 2000 cycles at 30 C and excellent high rate per-
formance with a small attenuation as the cathode of SIBs. Besides, the
Na+ insertion/extraction mechanism has been investigated via in-situ X-
ray diffraction (XRD) and ex-situ HRTEM technologies.

2. Experimental

2.1. Sample preparation

Firstly, ammonium metavanadate (NH4VO3), sodium fluoride (NaF)
and ammonium dihydrogen phosphate (NH4H2PO4) with the molar
ratio of 2:3:2 dissolved in deionized water to form an even and stable
solution during continuously stirring. Afterwards, appropriate graphene
oxide (GO) was slowly dripped in the above solution under vigorous
stirring. Then the well dispersed solution was used to prepare NVOPF/
GO spherical precursor via a spray-drying method. Finally, the NVOPF/
rGO microsphere composite was obtained after calcination process. The
GO dispersion (2 mg mL−1; sheet size> 500 nm) is purchased from
XFNANO company. As control experiment, the pure NVOPF (denoted as
S1) was synthesized through the same process without the addition of
GO, which was fired at 400 °C for 5 h with a heating rate of 5 °C min−1.
The samples with GO were obtained under different calcination reg-
ulations: sintered at 400 °C for 5 h with a heating rate of 5 °C min−1

(denoted as S2); sintered at 400 °C for 5 h with a heating rate of
2 °C min−1 (denoted as S3) and sintered at 500 °C for 5 h with a heating
rate of 2 °C min−1 (denoted as S4). All the burning process was carried
out in the argon atmosphere.

2.2. Structure characterization

The XRD patterns and in-situ XRD patterns were recorded by a D8
Advance X-ray diffractometer with a Cu Kα radiation. The field emis-
sion scanning electron microscopy (FESEM) images and energy dis-
persive X-ray spectra (EDS) elemental mappings were collected with a
JEOL-7100F microscope at an acceleration voltage of 20 kV.
Transmission electron microscopy (TEM) and high resolution trans-
mission electron microscopy (HRTEM) were carried out by using the
JEM-2100F STEM/EDS microscope. Raman spectra were collected with
a Renishaw INVIA micro-Raman spectroscopy system. Fourier-trans-
form-infrared (FTIR) spectra were recorded by using a Nicolet 60-SXB
IR spectrometer. The carbon content analyses were performed with
CHNS elemental analyzer.

2.3. Electrochemical measurements

The cathode slurry was prepared by mixing 60 wt% of active ma-
terial, 30 wt% acetylene black and 10 wt% polyvinylidene fluoride
(PVDF) with an appropriate amount of N-methyl-2-pyrrolidone (NMP)
as solvent. Then the blending homogeneous slurry was coated on an
aluminium (Al) foil and dried at 70 °C in a vacuum oven for 12 h. The

electrochemical performance of each sample was evaluated by assem-
bling 2016 coin cells which consisted of the cathode, sodium anode,
glass fiber separator, and 1 M solution of NaClO4 in propylene carbo-
nate (PC) with 5% fluoroethylene carbonate (FEC) as the electrolyte in
an argon-filled glove box. The galvanostatic charge-discharge tests were
carried out at a voltage window of 2.5–4.5 V versus Na+/Na with a
multi-channel battery testing system (NEWARE). Cyclic voltammetry
(CV) and electrochemical impedance spectra (EIS) were tested with an
electrochemical workstation under the alternating current ranging from
0.01 Hz to 10 kHz (CHI 760D and Auto lab PGSTAT302).

3. Results and discussion

A schematic diagram of the synthetic process is shown in Fig. 1. In
brief, the mixed solution is pumped into the drying chamber with a
peristaltic pump and the fluid is broken into very fine mist droplets
through a nozzle atomizer under a hot air pressure. The powder product
is collected in cyclone separator with the rapid evaporation of moisture.
Owing to the amphipathicity, GO sheets will spontaneously migrate to
the surface of the solution droplets during the evaporation process
[19–21]. At the same time, due to the larger lateral dimension of GO
sheets compared with the NVOPF nanoparticles, the GO sheets will
shrink and fold under the capillary stress [22–24]. As a result, the
NVOPF nanoparticles are uniformly embedded in the constructed 3D
graphene conductive network [25–27]. Most importantly, this unique
structure can be well maintained after calcination. Details about solu-
tion preparation are given in the experimental section. As illustrated in
Fig. 1, the constructed NVOPF/rGO microsphere can not only provide
effective electron transport and fast Na+ diffusion pathways but also
alleviate stress relaxation, resulting in superior electrochemical per-
formance.

The XRD patterns are employed to study the crystal structure of as-
synthesized NVOPF/rGO (Fig. 2a). All the diffraction peaks can be
readily indexed to the tetragonal NVOPF (PDF#97-041-1950, space
group: I4/mmm [NO. 139]) [14,28,29]. No impurity reflections have
been detected, which confirms the high purity of products. Moreover,
because of different heating rate and calcination temperature, the in-
tensity and full width at half maximum of all NVOPF/rGO samples are
slightly different, and S4 has a higher degree of crystallinity than that of
S2 and S3, which is also indicated by comparing the grain size of the
NVOPF on the surface of each microsphere in Fig. S2.

Raman spectroscopy is performed to testify the surface signals of the
four different samples (Fig. 2b). Owing to the existence of carbon ma-
terial, all samples (except the bare NVOPF) display two broadened
bands, which located at 1350 and 1580 cm−1 respectively, corre-
sponding to the D-band (disorders) and G-band (graphite) [14,30–32].
Generally, the value of peak intensity ratios of D band to G band (ID/IG)
is used to evaluate the graphitization degree of carbon materials in
structure [33,34]. Apparently, the ID/IG among the S2-S4 are similar to

Fig. 1. The synthetic process of NVOPF/rGO microsphere composite.
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each other, which has a negligible change of values. In contrast, it is
remarkable that the PO4

3− signals are not detected in Raman scattering
peak because the signals are masked by the tightly wrapped graphene
sheets. Additionally, FTIR spectroscopy is also recorded to test the re-
duction level of the GO. Fig. S3 shows the FTIR spectra of graphite
oxide and three annealing samples (S2-S4). The peak located at
3430 cm−1 can be attributed to O–H stretching vibrations of absorbed
water molecules, while the band at 1384 cm−1 could be due to the O–H
(carboxyl) bending vibration. The characteristic absorption bands of
C˭O (carbonyl and carboxyl) and C–O (epoxy or alkoxy) were also de-
tected at around 1730 cm−1 and 1093 cm−1 [35]. The full deox-
ygenation of GO is very difficult to achieve through a single thermal
annealing process, however, the great majority of oxygen-containing
functional groups can be easily removed above 200 °C with appropriate
time [36]. The bands of S2-S4 located at 1730 cm−1, 1384 cm−1 and
1093 cm−1 are totally disappeared, demonstrating that GO was re-
duced and the reduction level is almost the same. Determined by the
CHNS elemental analysis, the carbon contents of the S1–S4 are 0 wt%,
2.7 wt%, 2.4 wt% and 1.9 wt%, respectively.

As shown in Fig. S1, the precursors of NVOPF and NVOPF/rGO
obtained from spray-drying exhibit a spherical morphology and the
diameters of balls range from hundreds of nanometers to several mi-
crometers. After annealing process, S1 is broken into pieces and cannot
maintain the original architecture, while S2-S4 have no obvious struc-
ture collapse and the spherical morphology are well maintained (Fig.
S2), demonstrating that the constructed 3D graphene framework has a
positive effect on maintaining the structural stability. The FESEM
images in Fig. 3a shows that the morphology of S4 is spherical and the
higher magnified insert image presents that each microsphere is as-
sembled by irregular NVOPF nanoparticles and rGO sheets. In order to
further check the existence and distribution of every element (Na, V, P,
O, F, C) in the microsphere, EDS mapping is performed. In Fig. 3a, we
can see that every element is homogeneously distributed throughout
the entire microsphere. Furthermore, TEM observation is performed to
confirm the detailed internal microstructures of the as-prepared S4.
Fig. 3b and c show a direct look on the morphology, corresponding well
with the SEM images. Owing to the tightly binding of irregular nano-
particles which wrapped by graphene sheets, the NVOPF/rGO micro-
sphere composite is confirmed to be a solid structure. In the edge of a
single sphere, the HRTEM image (Fig. 3d) clearly displays the well-
defined graphene sheets and the lattice fringes of 0.53 nm, which cor-
responding well with the (002) crystal plane of the NVOPF. In order to
investigate the microstructure of graphene framework, the NVOPF was
etched from the NVOPF/rGO by hydrofluoric acid. After etching, a
spitball-like carbon skeleton can be obtained (Fig. 3e). Obviously, only
carbon can be detected by EDS mapping.

The electrochemical performance of the four samples as cathode
materials for SIBs are measured in half cell with a voltage window of
2.5–4.5 V vs. Na+/Na. Firstly, CV was measured at a scan rate of
0.1 mV s−1 to identify the activity of the vanadium redox couple. The

CV curves of S4 are shown in Fig. 4a. Owing to the reversible inter-
calation of Na+ into Na(1) and Na(2) sites in the structure, two pair of
redox peaks located at around 3.65/3.60 V and 4.07/4.00 V have been
observed, which is corresponding to the activity of V4+/V5+ couple.
Besides, the CV plots of other three samples are shown in Fig. S4. It can
be found that the S4 has a smaller polarization and sharper peaks, re-
flecting better electrochemical kinetics. The cycle behaviors of the bare
NVOPF and various NVOPF/rGO samples in non-aqueous electrolytes
are studied at low current density (0.5 C). As shown in Fig. 4b, the S4
displays an initial discharge capacity of 120.4 mA h g−1, which is
higher than that of S3, S2 and S1 (101.6 mA h g−1, 69.7 mA h g−1 and
25.4 mA h g−1, respectively). Moreover, S4 exhibits an optimum cy-
cling stability, which maintains a discharge capacity of 107.9 mA h g−1

after 200 cycles, corresponding to 89.7% of the initial discharge ca-
pacity, which is higher than that of S3, S2 and S1 (70.7%, 66.6% and
87.9%, respectively). The corresponding initial charge-discharge curves
of the four samples at 0.5 C are shown in Fig. 4c. Two plateaus can be
observed at ~ 4.0 V and ~ 3.6 V in the discharge curves, respectively,
coinciding with the CV test results. Besides, the charge/discharge
curves of S4 in different cycles at 0.5 C is shown in Fig. S5. The rate
performance of the four samples has been investigated at various
charge-discharge current densities (Fig. 4d). Obviously, with the in-
creasing of current density, the S4 exhibits higher capacity and smaller
capacity decay than S1–S3. At the current of 0.2 C and 20 C, the S4
delivers discharge capacities of 127.2 and 89.2 mA h g−1, respectively.
When the test current returns to 0.2 C, the discharge capacity recovers
to 123.1 mA h g−1, and the corresponding capacity retention is 96.8%.
The galvanostatic charge-discharge curves of S4 at different rates from
0.2 to 20 C are displayed in Fig. 4e, which shows a small polarization.
In sharp contrast, the rate performance of S4 is obviously improved，
the main reasons are as follows: (1) 3D graphene conductive network
greatly enhances the electronic conductivity of the material and
maintains the stability of structure in the cycling process; (2) with the
increasing of calcination time and temperature, the material has been
better crystallized, which has a positive effect on improving the ions
mobility.

The EIS measurements of the assembled half cells after three cycles
were carried out to investigate the electrochemical reaction kinetics.
The Nyquist plots (Fig. 4f) show a semicircle in the medium-frequency
region and a slanted line in the low frequency range. The diameter of
semicircle represents the value of charge transfer resistance (Rct) be-
tween the electrolyte and electrode. All graphene modified products
(S2, S3 and S4) are smaller than the bare NVOPF (S1), indicating that
the 3D graphene network not only enhances the charge transfer kinetics
but also provides more efficient electron/ion transport pathways
[13,37]. Moreover, the Rct of S4 is much smaller than S2 and S3, de-
monstrating that the improved crystallinity and increased of grain size
will enhance the contact between NVOPF nanoparticles and graphene
matrices, which could promote the rapid diffusion of ions and electrons
[38,39].

Fig. 2. (a) XRD patterns of the bare Na3V2O2(PO4)2F
(S1) and Na3V2O2(PO4)2F/rGO composites (S2–S4).
(b) The comparison of Raman spectrum of S1–S4.
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According to the above results, the S4 displays the best electro-
chemical performance among the four samples. The high rate perfor-
mance is further explored at various specific currents ranging from 10
to 100 C (Fig. 5a). When the current rate is increased to 30, 50, 60 and
80 C, the discharge capacities are 87.2, 83.6, 81.4 and 76.3 mA h g−1,
respectively. Even under an extremely high rate of 100 C, a capacity of
70.3 mA h g−1 is still obtained, the corresponding charge/discharge
process can be finished in 24 s. When the current density is turned back
to 10 C, the reversible capacity can be returned to 90.6 mA h g−1, ex-
hibiting a remarkable capacity recovery. The whole rate performance
chart shows a slight decline with the current rate gradually increasing,
which could be ascribed to the effect of graphene network (enhancing
the electronic conductivity and accelerating Na+ transport). The cor-
responding charge-discharge curves at different rates are shown in
Fig. 5b. In order to make a comparison with published references
[14–18], the specific values are shown in Table S1. As shown in Fig. 5c,
the designed NVOPF/rGO microsphere composite has a distinct ad-
vantage in the high rate cycle stability but with the lowest carbon
contents (1.9 wt%) and relatively wide working potential range
(2.5–4.5 V). These results show that the 3D graphene framework sup-
ported NVOPF microsphere has great potential application in large
scale energy storage devices. In addition, the long-term cycling per-
formance of NVOPF/rGO (S4) at 30 C and corresponding charge-dis-
charge curves are shown in Fig. 5d and e. The NVOPF/rGO cathode
delivers an initial reversible discharge capacity of 87.2 mA h g−1 and

retains the capacity of 72.7 mA h g−1 after 2000 cycles, the capacity
retention is 83.4%. The Coulombic efficiency averages 99.7%, demon-
strating that the Na+ insertion/extraction process is highly reversible.
Moreover, the SEM images before and after 2000 cycles at 30 C are
shown in Fig. S6. It can be seen that there is no obvious change in the
morphology of electrode and the initial spherical structure can be well
maintained, which indicates that the robust 3D graphene skeleton is
highly effective in shortening electronic/ion diffusion pathways and
buffering the volume change upon cycling.

To better reveal the Na+ insertion/extraction mechanism in the
electrochemical process of NVOPF/rGO as the cathode for SIBs, the
time-resolved in-situ XRD technique is performed. The in-situ XRD pat-
terns of S4 during the first two cycles and the corresponding voltage
curves are displayed in Fig. 6a. It can be directly observed that the
diffraction peaks centered at 28.0°, 32.6° and 40.2° (corresponds to the
planes of (200), (202) and (220), respectively) gradually shift towards
higher angles during the initial charging process. Subsequently, all the
diffraction patterns shift back to their original positions in the following
discharging process. In addition, the discharge plateaus are in good
agreement with charge plateaus, and the same trend also come out in
the second cycle, reflecting a reversible insertion/extraction of Na+ and
good crystal structure stability. As shown in Fig. 6b, there are two kinds
of Na+ sites in structure which are separated by the coordination en-
vironment: the Na(1) site is coordinated by six O and one F, but the Na
(2) site only with six O. The layer unit is composed of [VO5F]

Fig. 3. (a) FESEM images and EDS-mapping of S4. (b–d) TEM and HRTEM images. (e) The FESEM images and EDS-mapping of 3D graphene skeleton.
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octahedrons and [PO4] tetrahedrons by sharing one oxygen atom. With
these, Na(1) and Na(2) are placed like a circle geometry in the (ab)
plane with the disordered Na+ ions (Fig. 6c). At the same time, two
[VO5F] octahedrons are united by one fluorine atom between layers in
the crystal structure as shown in Fig. 6d. The broad channel in the open
framework structure is conducive to the rapid diffusion of sodium ions
during the charge and discharge processes. With the migration of Na+

from two different sites, only the shift of peaks can be observed and no
new peaks appeared, confirming that the (de)sodiation procedure of
NVOPF/rGO is a typical two-step single solid solution reaction as Eqs.
(1) and (2) [16,40–43].

↔ + + ≤ ≤+ −FPlateau І : Na V O (PO ) F Na V O (PO ) xNa xe (2 x 3)3 2 2 4 2 x 2 2 4 2

(1)

↔ + + ≤ ≤+ −FPlateau ІІ : Na V O (PO ) F Na V O (PO ) xNa xe (1 x 2)2 2 2 4 2 x 2 2 4 2

(2)

Sauvage et al. have demonstrated that there is a short distances
(1.497 Å) between Na(1) and Na(2) sites, which means that the two
sites cannot be occupied simultaneously [44]. Meanwhile, the binding
energy of Na(1) (4.70 eV) in the dilute limit is higher than that of Na(2)
(4.62 eV) due to the existence of Na–F, indicating that Na(1) is more
stable than Na(2) [45]. Thus, the most likely crystal structure of

Fig. 4. The electrochemical performance of the NVOPF-based materials. (a) The CV curves of S4 in first three cycles at a scan rate of 0.1 mV s−1. (b, c) Cycle performances and the initial
charge-discharge curves of S1–S4 at the current density of 0.5 C. (d) The comparison of rate performance. (e) The corresponding galvanostatic charge-discharge profiles of S4 cycled at
different current rates from 0.2 to 20 C. (f) The Nyquist plots of the fully discharged S1–S4 after three cycles at 0.5 C.

Fig. 5. The electrochemical properties of the NVOPF/rGO (S4) in the potential window range from 2.5 to 4.5 V. (a, b) High rate performance and corresponding charge-discharge curves.
(c) The comparison of rate performance with recent literatures (NVOPF/RGO;14 NVOPF-MWCNT;15 NVOPF@C/GO;16 RuO2-coated NVOPF;17 RuO2-coated Ru-doping NVOPF18). (d) The
long-term cycle performance of S4 at 30 C. (e) The corresponding charge-discharge curves in different cycles.
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NaV2O2(PO4)2F is displayed in Fig. 6e and f. Additionally, to grasp
further insight into the Na+ storage mechanism, the ex-situ HRTEM
images of the electrode at different charge/discharge states were col-
lected. Fig. 6g shows obvious changes of the lattice spacing of (200) and
(002) during the de/insertion of Na+. From state A to B, two sodium
ions gradually extract from the structure, resulting in the decrease/in-
crease of the interlayer spacing (d200)/(d002), indicating the decrease in
a parameter and increase in c. On the contrary, the d200 and d002 gra-
dually return to their original values when fully discharged to 2.5 V,
reflecting the reversibility of structure, which fits well with the in-situ
XRD results.

4. Conclusion

In summary, a robust 3D graphene framework supported NVOPF/
rGO microsphere composite is successfully prepared for the first time
through a spray-drying method and followed calcination procedure.
The enhanced charge transfer kinetics, bicontinuous electron/Na+ ion
transport pathways and superior mechanical stability based on gra-
phene network ensure the highly reversible (de)intercalation of Na+.
The obtained NVOPF/rGO exhibits high capacity (120.4 mA h g−1 at
0.5 C), outstanding high-rate capability (70.3 mA h g−1 at 100 C) and
excellent ultra-long cycling stability (83.4 % after 2000 cycles at 30 C).
Besides, a two-step single solid solution reaction mechanism basing on
the repeating insertion/extraction of two Na+ is also observed by in-situ
XRD and ex-situ HRTEM. Such excellent results demonstrate that the
synthesized NVOPF/rGO microsphere composite is a very promising
cathode material for the high performance SIBs. Moreover, we believe
that the facile and effective synthesis strategy will provide a new di-
rection to optimize the electrochemical performance and can also be

further extended to other materials, which will inspire the successful
development of large scale energy storage applications in future.
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