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Fast and stable Mg intercalation in a high voltage
NaV2O2(PO4)2F/rGO cathode material for
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ABSTRACT Sluggish kinetics of Mg intercalation and low
working potential seriously hinder the development of highenergy-density magnesium-ion batteries (MIBs). Hence de2+
veloping cathode materials with fast Mg diffusion and high
working voltage is a key to overcome the obstacles in MIBs.
Herein, a tetragonal NaV2O2(PO4)2F/reduced graphene oxide
2+
(rGO) is proposed as an effective Mg host for the first time.
It exhibits the highest average discharge voltage (3.3 V vs.
2+
2+
Mg /Mg), fast diffusion kinetics of Mg with the average
−10
2 −1
diffusivity of 2.99×10 cm s , and ultralong cycling stability
2+
(up to 9500 cycles). The Mg storage mechanism of
NaV2O2(PO4)2F/rGO is demonstrated as a single-phase (de)
intercalation reaction by in situ X-ray diffraction (XRD)
technology. Density functional theory (DFT) computations
2+
further reveal that Mg ions tend to migrate along the a direction. X-ray absorption near edge structure (XANES) demonstrates a decrease in the average valence of vanadium, and
the local coordination environment around vanadium site is
highly conserved after magnesiation. Moreover, the assembled
NaV2O2(PO4)2F//Mg0.79NaTi2(PO4)3 Mg-ion full cell exhibits
high power and energy densities, which indicates that
NaV2O2(PO4)2F/rGO owns potential for practical applications. This work achieves a breakthrough in the working voltage of cathode materials for MIBs and provides a new
opportunity for high-energy-density MIBs.
Keywords: high-voltage, fast kinetics, MIBs, fluorophosphate,
full cell

INTRODUCTION
Magnesium-ion batteries (MIBs) are considered as a potential candidate for large-scale energy storage system
1
2

†
*

owing to abundant sources (2% of the total mass of the
earth’s crust) [1], low redox potential (−2.37 V vs. standard hydrogen electrode (SHE)), high safety [2–4] and
−3
high volumetric capacity (3833 mA h cm ) of Mg metal
anode. In 2000, Aurbach et al. [5] displayed the first MIB
prototype based on the Chevrel phase Mo6S8 cathode
material. There is no doubt that this material has made
many excellent breakthroughs in the past decades; how2+
ever, the low working voltage (~1.1 V vs. Mg /Mg) and
−1
limited discharge capacity (~90 mA h g ) hinder its further development. Since then, some new cathode materials [6–24] have been gradually developed.
Unfortunately, most of them still show low discharge
voltages, such as V2O5 (~1.35 V) [6], VOPO4 (~1.0 V)
[12], MnO2 (~1.5 V) [7], H2V3O8 (~2.0 V) [10] and almost all layered transition metal chalcogenides (~1.0 V)
[8,9,11,25]. Therefore, the development of cathode materials with high working voltage is of great significance
for high-energy-density MIBs.
In recent years, researchers have put a lot of efforts to
develop high-voltage cathode materials for MIBs and
have made some progress. For instance, Huang’s group
[14] reported that V2(PO4)3 exhibited a high discharge
−1
voltage (~2.9 V) with 5 cycles at 9.85 mA g and 55°C.
Honma’s group and Cabana’s group reported that Mn2O4
[26] and MgCoSiO4 [27] presented the working voltage of
~2.6 V, and their cycle life is less than 30 cycles. To the
best of our knowledge, Cui’s group [28] reported that
NiHCF had the highest working voltage (~3.0 V) with the
−1
−1
discharge capacity of 52 mA h g at 10 mA g till now.
Obviously, the high-voltage cathode materials mentioned
above still have large room for improvement in some
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respects, such as poor rate performance, low specific capacity and poor cyclic stability. Generally, if MIBs are to
compete with lithium-ion batteries (LIBs), the working
voltage should be higher than 3 V and the capacity needs
−1
to exceed 100 mA h g . For these reasons, developing the
2+
high-voltage cathode materials with fast Mg diffusion
and enhanced electrochemical performances for MIBs at
ambient temperature is significant but full of challenges.
In this study, we present a tetragonal NaV2O2(PO4)2F/
reduced graphene oxide (rGO) obtained by a electrochemical desodiated method. When evaluated as cathode
material in magnesium bis(trifluoromethylsulfonyl)
imide/acetonitrile
(Mg(TFSI)2/AN)
electrolyte,
NaV2O2(PO4)2F/rGO shows the highest average working
2+
2+
voltage of 3.3 V vs. Mg /Mg and fast kinetics of Mg
intercalation with the average diffusion coefficient of
−10
2 −1
2.99×10 cm s . It also presents outstanding rate per−1
−1
formance (30.3 mA h g at 5 A g ) and ultralong cycling
−1
stability (up to 9500 cycles at 0.5 A g ). Moreover, based
on the high-rate and stable Mg0.79NaTi2(PO4)3/C anode
material, the assembled Mg-ion full cell delivers high
energy and power densities. The reversible (de)magnetization mechanism of NaV2O2(PO4)2F/rGO was studied by
in situ X-ray diffraction (XRD), X-ray absorption nearedge structure (XANES) and ex situ X-ray photoelectron
spectroscopy (XPS) technologies.

water were added to the above solution. The precursor of
NTP/C was obtained by hydrothermal reaction at 180°C
for 12 h and then dring the solution at 120°C. Finally,
NTP/C was prepared by calcinating the precursor at
350°C for 2 h followed by 700°C for 4 h in the Ar atmosphere.
Material characterization
XRD measurement was performed using a Bruker AXS
D8 Advance powder X-ray diffractometer with an area
detector using Cu Kα X-ray source. Scanning electron
microscopy (SEM) images were acquired by using a
JEOL-7100F microscope. A Titan G2 60-300 instrument
was used for transmission electron microscopy (TEM),
high resolution TEM, high-angle annular dark-field
(HAADF) images and energy dispersive X-ray spectroscopy (EDX) mapping tests. VG Multi Lab 2000 instrument was used for XPS measurement. Renishaw INVIA
micro-Raman spectroscopy system was used for Raman
experiments. XANES experiments were performed at the
beamline 1W1B of Beijing Synchrotron Radiation Facility
(BSRF). Energy calibration was carried out by the first
derivative point of the spectrum of V foil. The XANES
and extended X-ray absorption fine structure (EXAFS)
data were processed by using the software packages
Athena. The carbon content analyses were carried out by
CHNSO elemental analyzer (Vario EL cube).

EXPERIMENTAL SECTION
Materials synthesis
Na3V2O2(PO4)2F/rGO (NVOPF/rGO) microspheres were
obtained by using a spray drying and annealing procedure in the light of our previously reported method [29].
Firstly, 8 mmol NH4VO3, 12 mmol NaF and 8 mmol
NH4H2PO4 with a molar ratio of 1꞉1.5꞉1 were added to
200 mL ultra-pure water and then 80 mL graphene oxide
−1
(GO) solution (2 mg mL ) was poured into the above
solution. Afterwards, the precursor of NVOPF/GO was
prepared by a spray-drying for the mixed solution. Finally, NVOPF/rGO microspheres were prepared after
calcination at 500°C in the Ar atmosphere with a heating
−1
rate of 2°C min for 5 h and NVOPF was obtained by
calcination at 400°C in the Ar atmosphere with a heating
−1
−1
rate of 5°C min for 5 h. The GO solution (2 mg mL ) is
purchased from XFNANO Company.
The NaTi2(PO4)3/C (NTP/C) flowers were synthesized
by hydrothermal reaction and calcination [30]. Firstly,
2 mmol tetrabutyl titanate and 20 mL ethylene glycol
were mixed for 20 min. Then 1 mmol glucose, 1 mmol
NaH2PO4·2H2O, 2 mmol H3PO4 and 20 mL ultra-pure
2

Computational details
All calculations on NaV2O2(PO4)2F/rGO were executed
by the projector augmented wave (PAW) [31] method
within density functional theory (DFT), conducted in the
Vienna ab initio Simulation Package (VASP) [32,33]. The
generalized gradient approximation (GGA) in the form of
the Perdew-Burke-Ernzerhof (PBE) [34] was used to treat
the exchange-correlation energy. Firstly, based on the
results of Rietveld refinement results (Fig. 1b) and DFT
calculations in a unit cell (2 Na, 4 V, 4 P, 2 F and 20 O)
(Fig. S1) [35], the most stable crystal structure of
NaV2O2(PO4)2F/rGO (Fig. S1a) was obtained. Then, the
2+
Mg migration pathway in NaV2O2(PO4)2F/rGO and
energy barrier were optimized with nudged elastic band
(NEB) method in a 2×2×1 supercell containing 4 formula
units (8 Na, 16 V,16 P, 8 F and 80 O). Based on previous
work [36,37], two possible diffusion pathways denoted as
Path 1 (perpendicular to the ab plane) and Path 2 (parallel to the ab plane) were considered (Fig. S2). A kinetic
energy cutoff of 500 eV was used for wave functions expanded in the plane wave basis. Besides, spin polarization
was considered. Allow all atoms to relax, if the forces
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Figure 1 Crystal structure of NaV2O2(PO4)2F/rGO and kinetics analysis. (a) Electrochemical desodiation process of the NVOPF/rGO. (b) Rietveld
refinement of NaV2O2(PO4)2F/rGO. The black continuous line, red crosses and blue line represent the observed, calculated and difference patterns,
respectively. Vertical green tick bars mark the Bragg reflections. (c) Crystal structure of NaV2O2(PO4)2F/rGO: the layers in the ab plane (left) and in
2+
the bc plane (right). (d) GITT curve of the NaV2O2(PO4)2F/rGO electrode and diffusivity versus state of discharge. (e) Diffusion paths profiles of Mg
2+
transport in NaV2O2(PO4)2F/rGO. (f) Diffusion energy barrier profiles of Mg transport in NaV2O2(PO4)2F/rGO.
−1

were less than 0.05 eV Å . For the Brillouin-zone sampling, 5×5×5 k-points for the unit cell and 2×2×2 k-points
for the supercell were adopted to ensure convergence of
the total energy.
Electrochemical tests
The positive electrode consisting of NVOPF/rGO
(60 wt%), acetylene black (AB, 30 wt%), and polytetrafluoroethylene (PTFE, 10 wt%) was prepared by Roller
Press. The electrochemical desodiated process of
NVOPF/rGO cathode was performed in sodium-ion
batteries (SIBs). The desodiated electrodes were washed
three times with AN (Aldrich Co., anhydrous) and soaked
in AN for 12 h in a glove box. Finally, the electrochemical
performances for MIBs were tested by 2016 coin cells
assembled with NaV2O2(PO4)2F/rGO as the cathode, glass

−1

fiber (GF)/A as the separator, 0.3 mol L Mg(TFSI)2
(Alfa Aesar Co.) in AN as the electrolyte and activated
carbon (AC) cloth as both reference and counter electrode. AC cloth is usually selected as both the reference
and counter electrodes, as the potential of AC cloth
2+
electrode (2.4 V vs. Mg /Mg) is stable in AN-based
−
electrolyte [13,38,39], and it can fast (de)adsorb (TFSI)
during (dis)charge process [39].
The negative electrode consists of NTP/C (70 wt%), AB
(20 wt%), and PTFE (10 wt%). The open-circuit voltage
of NTP/C//AC cell is about 0 vs. AC and the electrochemical performances of the negative electrode were
tested within −1.4 to 0 V vs. AC in Mg(TFSI)2/AN electrolyte. The Mg0.79NaTi2(PO4)3/C anode was obtained
after magnesiation of NTP/C electrode.
The Mg-ion full cell consisting of Mg0.79NaTi2(PO4)3/C
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anode and NaV2O2(PO4)2F/rGO cathode was constructed.
The working voltage was between 0.3 and 2.2 V in
Mg(TFSI)2/AN electrolyte. A multichannel battery testing
system (LAND CT2001A) was used for galvanostatic
discharge-charge tests. Cyclic voltammetry (CV) was
performed with an Autolab PGSTAT 302N electrochemical workstation.
The preparation of Mg-hexamethyldisilazide (MgHMDS)-based electrolyte was carried out according to a
previous report in an argon filled glove box [40]. Firstly,
1.24 g (HMDS)2Mg was dissolved in 4 mL of dimethoxyethane (DME). Next, 0.96 g anhydrous AlCl3 was added
to the pale yellow solution with continuous stirring for
36 h. Finally, 0.343 g MgCl2 was added to the solution
accompanied with continuous stirring for 48 h.

RESULTS AND DISCUSSION
Firstly, NVOPF/rGO microsphere precursors were prepared via a facile spray drying-annealing process and
NVOPF was obtained by calcination without spray drying
process (Figs S3 and S4). The Rietveld refinement result
for NVOPF/rGO shows a tetragonal phase with the space
group of I4/mmm (Fig. S5, Table S1) with Na1 and Na2
located at 8h and 8j sites, respectively [41,42]. The
HAADF image and elemental maps (Fig. S6) indicate that
the microspheres are encased in graphene. Raman spectrum indicates the ID/IG is 1.37, demonstrating the existence of rGO (Fig. S7) [43]. XPS spectrum (Fig. S8)
reveals that the average valence state of V in NVOPF/rGO
is +4 [44,45]. The NaV2O2(PO4)2F/rGO was obtained by
+
electrochemical extration of 2 mol Na from 1 mol
+
NVOPF/rGO (charge to 4.5 V vs. Na /Na) (Fig. 1a).
Fig. 1b displays the Rietveld refinement result of
NaV2O2(PO4)2F/rGO. All diffraction peaks of the
NaV2O2(PO4)2F/rGO are well indexed to tetragonal
structure with the space group of I4/mmm. The corresponding structural parameters are shown in Table S2
and Fig. 1b, in which a=6.3029 Å, and c=10.7874 Å. The
Rietveld refinement result meets the low reliability factors
of goodness of fitting (GOF)=1.47, Rwp=11.21%, and
Rp=8.52%, indicating the results of the Rietveld refinement are highly credible. The crystal structure of
NaV2O2(PO4)2F/rGO is shown in Fig. 1c. In the ab plane,
[PO4] tetrahedrons and [VO5F] octahedrons are connected
by sharing one oxygen atom. Along the c direction, [VO5F]
octahedrons are connected by sharing one fluorine atom.
These connections form a stable frame and wide channels
2+
for Mg diffusion. The remained 1 Na1 at 8h site could not
be extracted when charging to 4.5 V in SIBs. The HAADF
image and corresponding elemental maps (Fig. S9) show
4

the size of ~1 μm NaV2O2(PO4)2F/rGO microsphere and
the existence of Na, O, V, P, and F elements.
2+
In order to evaluate Mg
diffusion kinetics in
NaV2O2(PO4)2F/rGO, galvanostatic intermittent titration
2+
technique (GITT) was performed to investigate Mg
diffusion coefficients during the discharge process
(Fig. 1d) [46,47]. The GITT curves and detailed calculations are shown in Fig. S10. During the discharge process,
2+
the diffusion coefficient of Mg in NaV2O2(PO4)2F/rGO
−10
−11
2 −1
decreases from 7.95×10 to 1.13×10 cm s with the
2+
increasing concentration of Mg . The average diffusion
−10
2 −1
coefficient is calculated as 2.99×10 cm s (around
−11
2 −1
+
−12
2 −1
1×10 cm s for MgCl in TiS2 [11], 2.6×10 cm s
2+
−11
2 −1
for Mg
in Mo6S8 [48] and 4×10 cm s
for
2+
[Mg(DME)x] in MoS2 [49]) over the whole discharge
2+
process. To analyze the diffusion behavior of Mg in
2+
NaV2O2(PO4)2F/rGO, the Mg migration pathway and
corresponding energy barriers were optimized with NEB
method in a 2×2×1 supercell [50]. Two possible diffusion
pathways denoted as Path 1 (perpendicular to the ab
plane) and Path 2 (parallel to the ab plane) were considered (Fig. 1e and Fig. S2) [36,37]. As shown in Fig. 1f,
the diffusion energy barriers are 2.76 eV along the c direction (Path 1) and 0.78 eV along the a direction (Path
2), respectively. It indicates that NaV2O2(PO4)2F/rGO has
2+
a one-dimensional (1D) wide channel with fast Mg
diffusion at the ab plane. Meanwhile, minimum steric
hindrance of transition metal polyanion based materials
2+
also facilitates the reduction of the Mg diffusion energy
barriers [51].
2+
The Mg storage performance of NaV2O2(PO4)2F/rGO
2+
was evaluated in Mg(TFSI)2/AN. AC (2.4 V vs. Mg /Mg)
is selected as both the counter and reference electrodes.
CV tests of stainless steel (SS) and Al foil as working
2+
electrodes within 0.4–4.4 V vs. Mg /Mg (−2–2 V vs. AC)
show that SS is a more stable current collector in
Mg(TFSI)2/AN (Fig. S11). Fig. 2a displays the CV curve of
−1
NaV2O2(PO4)2F/rGO electrode at 0.1 mV s . Two pairs
of distinct redox peaks at around 3.27/3.26 and
3.81/3.79 V are detected, corresponding to the redox of
4+
5+
V /V [36,52]. Fig. 2b shows the galvanostatic chargedischarge (GCD) curves of NVOPF/rGO electrode at
−1
0.1 A g , where two distinct potential plateaus agree with
the CV result. The GCD curves are further verified by
using a three-electrode system cell (Fig. S12).
NaV2O2(PO4)2F/rGO exhibits the discharge capacity of
−1
83.4 mA h g . It also has the average working potential of
2+
3.3 V vs. Mg /Mg which is higher than that of the reported cathode materials for MIBs (Table S3). Fig. 2c
presents the rate capability of NaV2O2(PO4)2F/rGO at
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Figure 2 Magnesium-ion-storage performance of NaV2O2(PO4)2F/rGO. (a) CV curve of the NaV2O2(PO4)2F/rGO electrode between 1.8 and 3.9 V vs.
2+
−1
Mg /Mg at a scan rate of 0.1 mV s . (b) GCD curves and (c) rate performances of the NaV2O2(PO4)2F/rGO electrode. Cycling performances at (d)
−1
−1
−1
100 mA g (the inset is the cycling performance at 20 mA g ) and (e) 500 mA g .
−1

different current densities varying from 0.02 to 5 A g .
The NaV2O2(PO4)2F/rGO shows the discharge capacities
−1
of 97.2, 95.4, 90.8, 83.9, 70.9, 61.5, 50.6, and 30.3 mA h g
−1
at 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, and 5 A g , respectively.
The corresponding GCD curves are given in Fig. S13. The
−1
−1
ultrahigh rate capability (30.3 mA h g at 5 A g , ~22 s
2+
per charge/discharge) is closely related to the wide Mg
diffusion channel and minimum steric hindrance of
NaV2O2(PO4)2F/rGO (Table S3). NaV2O2(PO4)2F/rGO
delivers a high capacity retention of 97.5% after 1000
−1
cycles at 0.1 A g (Fig. 2d) and the inset shows the ca−1
pacity retention of 98.7% after 280 cycles at 0.02 A g . To
evaluate the cycling performance under a high current
response, the cycling performance test was carried out at
−1
0.5 A g (Fig. 2e). The NaV2O2(PO4)2F/rGO exhibits ul-

tralong cycling stability with a capacity retention of 76%
for 9500 cycles. Such long cycle stability is superior to
most of the cathode materials for MIBs (Table S3). GCD
curves and cycling performances of NaV2O2(PO4)2F
−1
electrode at 100 mA g are shown in Fig. S14. Compared
with NaV2O2(PO4)2F/rGO, NaV2O2(PO4)2F shows a larger voltage hysteresis and a lower discharge capacity,
which indicates that the addtion of rGO effectively improves the electronic conductivity and electrochemical
performance of NaV2O2(PO4)2F.
To demonstrate the potential of NaV2O2(PO4)2F/rGO
in practical applications, we designed the high-performance Mg0.79NaTi2(PO4)3/C anode for assembling an Mgion full cell (Fig. 3a). The XRD pattern and SEM image of
NTP/C are shown in Figs S15 and S16, respectively. As
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Figure 3 Electrochemical performances of the magnesium-ion full cell. (a) Schematic illustration of the Mg-ion full cell. (b) GCD curves of the
−1
NaV2O2(PO4)2F/rGO electrode and NTP/C electrode at 100 mA g . (c) GCD curve of the Mg-ion full cell (the inset shows the 14 red LEDs
illuminated by the two Mg-ion coin cells in series). (d) Cycling performances and (e) rate performance of the Mg-ion full cell (the capacity is based on
the total mass of active material of the cathode and anode). (f) The Ragone plot for the Mg-ion full cell in the organic electrolyte system (Refs. [58,59]
are counted based on the capacity of cathode).

shown in Fig. 3b, Mg0.79NaTi2(PO4)3 exhibits a charge
−1
capacity of 104 mA h g and an average charge voltage of
2+
1.4 V vs. Mg /Mg and the discharge capacity of NVOPF/
−1
−1
rGO is 92.4 mA h g at 100 mA g . The mass ratio of
cathode and anode was 1꞉0.9, according to a matching of
specific capacity. Mg0.79NaTi2(PO4)3 was determined by
calculation based on the discharge capacity of NTP/C.
2+
During the discharge process of full cell, Mg ions were
removed from Mg0.79NaTi2(PO4)3/C and inserted into
NaV2O2(PO4)2F/rGO. An inverse process occurs during
the charge process. The redox reactions can be described
as follows:
Cathode : NaV2O2(PO4)2F + 0.63Mg 2+
+ 1 . 26e

6

Mg 0.63NaV2O 2(PO4)2F,

(1)

Anode : 0.8Mg 0.79NaTi 2 (PO4)3
0.8NaTi 2(PO4)3 + 0.63Mg 2+ + 1 . 26e ,
Overall : NaV2O2(PO4)2 F+ 0.8Mg 0.79NaTi 2 (PO4)3
Mg 0.63NaV2O 2(PO4)2 F+ 0.8NaTi 2(PO4)3.

(2)

(3)

Fig. S17 displays the CV curve of the NTP/C electrode.
Fig. S18 shows the cyclic performance of the NTP/C
−1
electrode at 0.1 A g . The capacity retention of 91% after
100 cycles can be obtained. The NTP/C electrode delivers
−1
at
an initial discharge capacity of 83.6 mA h g
−1
500 mA g (Fig. S19). Capacity decay may be caused by
structural deterioration or volume changes during the
charge and discharge and a similar phenomenon has been
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studied in SIBs [53]. GITT test demonstrates that NTP/C
2+
has
fast
Mg
diffusion
kinetics
(average
−9
2 −1
2+
1.40×10 cm s ) (Fig. S20). In addition, the Mg storage mechanism of NTP/C was studied by in situ XRD for
the first time. The results (Fig. S21) show that the reaction
mechanism is a two-phase reaction. The HAADF image
of the discharged NTP/C and corresponding elemental
maps (Fig. S22) show the existence of Mg, Na, Ti, O and
P elements. Some reported work [30,53] about NTP in
SIBs indicates that Na will not be extracted from NTP/C
during the charge and discharge process. Fig. 3c shows
−1
the GCD curve of Mg-ion full cell at 100 mA g . The Mg−1
ion full cell exhibits a discharge capacity of 48.5 mA h g
with an average discharge voltage of 1.5 V. 14 red-lightemitting diodes (LEDs) were illuminated by two Mg-ion
coin cells in series (inset of Fig. 3c). After 200 cycles, the
−1
capacity retention rate is 85% at 0.1 A g (Fig. 3d). Rate
performance of Mg-ion full cell is shown in Fig. 3e. At
−1
−1
1 A g , the discharge capacity can remain 26.3 mA h g .
Fig. 3f displays the comparison of our Mg-ion full cell
with previously reported Mg-ion full cells [54–60]. For
NaV2O2(PO4)2F//Mg0.79NaTi2(PO4)3 full cell, a high en−1
−1
ergy density of 76 W h kg can be obtained at 50 mA g
based on the total active material mass of cathode and
anode. NaV2O2(PO4)2F//Mg0.79NaTi2(PO4)3 full cell has
−1
the highest power density (1300 W kg ) in organic
electrolyte system and good capacity retention (85% for
200 cycles). The excellent performances of Mg-ion full
cell indicate a potential application prospect.
Finally, we chose Mg-HMDS-based electrolyte to verify
the feasibility of the MIBs with Mg metal as anode and
NaV2O2(PO4)2F/rGO as cathode. As the electrochemical
stability window of Mg-HMDS-based electrolyte is 3.5 V
2+
2+
vs. Mg /Mg, a cutoff voltage of 3.5 V vs. Mg /Mg is set.
The discharge curves of NaV2O2(PO4)2F/rGO with the
−1
discharge capacity of 65.2 mA h g and the cyclic per−1
formance of NaV2O2(PO4)2F/rGO at 20 mA g are given
in Fig. S23. The capacity in Mg-HMDS-based electrolyte
is lower than that in Mg(TFSI)2/AN electrolyte due to the
electrochemical window limitation of Mg-HMDS-based
electrolyte. The results demonstrate that NaV2O2(PO4)2F/
rGO is a potential cathode material for high-energydensity MIBs. In order to realize the applications of
NaV2O2(PO4)2F/rGO in practice, it is critical to develop a
high-voltage electrolyte with good compatibility. Recently, some researchers have developed highly stable Mg
electrolytes, such as Mg(CB11H11F)2 [61], Mg[B(HFIP)4]2
[62] and Mg[B(O2C2(CF3)4)2]2 [63]. Unfortunately, their
compatibility with the high-voltage cathode material is
very poor. In order to achieve Mg electrolyte with high

stability and good compatibility, the structures of anion
and solvent should be modified. That is also what we are
trying to achieve in the next work.
To provide guidance for designing cathode materials
for MIBs with superior electrochemical performance, the
2+
Mg storage mechanism of NaV2O2(PO4)2F/rGO was
studied by in situ XRD, ex situ XANES and XPS technologies. As shown in Fig. 4a, the (200), (202), (220) and
(301) diffraction peaks gradually shift to a high angle and
(105) diffraction peak splits into two peaks during the
charge process. After discharge, all diffraction peaks return to their original positions, indicating the full reversible phase change process. Meanwhile, the
experiment shows no appearance of new phase during the
charge/discharge processes. These results indicate that the
2+
Mg storage mechanism of NaV2O2(PO4)2F/rGO is a
single-phase (de)insertion reaction. The variations of
lattice parameters and volume in the charge/discharge
processes calculated by in situ XRD data are shown in
Fig. 4b. The lattice parameters a and b continuously increase along with the discharge process and the increase
ratios of a and b are 1.83% and 1.76%. The lattice parameter c decreases with a decrease ratio of 1.77%. These
2+
results indicate that Mg ions tend to migrate in the ab
plane, leading to the expansion of ab planes and shrinkage of c planes owing to a strong coulomb interaction
2+
between Mg and V–O bonds. It is also consistent with
the DFT calculation results [39,40]. Compared with the
charged state, the unit cell volume of NaV2O2(PO4)2F/
rGO increases by 1.79% (2.79% [37] and 2.40% [36] in
SIBs) at the end of discharged process. The small volume
2+
variation leads to a stable Mg migration and storage,
thus excellent cycle performance is obtained. The SEM
images of NaV2O2(PO4)2F/rGO after 280 cycles indicate
that NaV2O2(PO4)2F/rGO still maintains the unbroken
morphology (Fig. S24), further demonstrating the stable
framework structure of NaV2O2(PO4)2F/rGO, indicating a
very little mechanical stress produced in NaV2O2(PO4)2F/
rGO during the cycle.
Ex situ XRD patterns corresponding to (de)magnesiation process are shown in Fig. S25. The changes of each
diffraction peak are consistent with the in situ XRD results. To deeply investigate the crystal structure of
NaV2O2(PO4)2F/rGO at full discharged state (1.8 V), the
Rietveld refinement was carried out and the corresponding crystal structure is shown in Fig. S26. The results reveal that full discharged NaV2O2(PO4)2F/rGO still
maintains a tetragonal phase with the space group of I4/
2+
mmm and Mg ions are randomly distributed at 8h and
8j sites with relative occupancy of 14.4% for 8h and 17%
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Figure 4 Magnesium-ion-storage mechanism of NaV2O2(PO4)2F/rGO. (a) In situ XRD patterns and the corresponding GCD curve. (b) Cell parameters and cell volume during the charge and discharge process. (c) Vanadium K-edge XANES spectra of the raw NaV2O2(PO4)2F/rGO (black line)
and fully discharged NaV2O2(PO4)2F/rGO (red line). (d) The corresponding FT-EXAFS spectra in R space. (e) Description of the coordination
environment change of V sites. (f) Mg K-edge XANES spectrum for fully discharged NaV2O2(PO4)2F/rGO.

for 8j (Figs S26 and S27, Table S4). It further indicates
2+
that the Mg storage mechanism of NaV2O2(PO4)2F/rGO
is a single-phase insertion-extraction reaction.
To understand the structure changes of NaV2O2(PO4)2F
/rGO after magnesiation in depth, the vanadium K-edge
XANES tests were performed to reveal the valance and
bond structure changes of pristine and magnesiated
NaV2O2(PO4)2F/rGO (Fig. 4c). The K-edge of the vanadium of magnesiated NaV2O2(PO4)2F/rGO slightly shifts
to low energy compared with that of pristine one, indicating a decrease in the average valence of V after
magnesiation. The changes of pre-edge (peak 1) and the
edge resonance (peak 2) indicate some changes of co8

ordination environment and valence state [64]. The intensity of the peak 1 is inversely correlated with the
symmetry of the octahedron of the vanadium site [65,66].
After magnesiation, there is no significant change in the
intensity of peak 1, indicating that the octahedron of the
vanadium site maintains good symmetry and the framework of NaV2O2(PO4)2F/rGO is stable. The edge resonance, caused by the energy absorption by core
electrons [67], presents major variation in shape. Some
similar changes in peak shape caused by the decrease in
vanadium valence were reported in other literatures
[35,65,67,68]. The first EXAFS oscillation [69,70] (peak 3)
of NaV2O2(PO4)2F/rGO at 1.8 V moves to lower energy
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compared with raw NaV2O2(PO4)2F/rGO, which is similar to some other reports [60,69].
As shown in Fig. 4d, Fourier transform EXAFS (FTEXAFS) spectra were employed to discuss the changes of
the coordination environment of vanadium in pristine
and magnesiated NaV2O2(PO4)2F/rGO. The schematic of
coordination environment of vanadium is shown in
Fig. 4e. The length of V–O1 bond (at around 1.5 Å)
slightly increases after magnesiation, indicating the increase of the unit cell parameters a and b. This result is
consistent with the ones obtained by in situ XRD in
Fig. 4b. Meanwhile, the distance of V–Na1/Mg1 (at
around 2.2 Å) increases compared with V–Na1 at raw
after magnesiation. The variation is caused by stronger
2+
interaction between Mg and O/F. As shown in Fig. 4d,
there is no significant change in the distance of the shell
layers around the vanadium site after magnesiation, verifying the small volume change in NaV2O2(PO4)2F/rGO
2+
during Mg insertion process. Moreover, the ex-situ XPS
spectra of Mg 1s and V 2p reveal the average valence state
2+
of vanadium decreases and the insertion behavior of Mg
occurs during the discharge process (Fig. S28). When
charged to 3.9 V, the peak of Mg 1s becomes significantly
weaker and the peak of V 2p shifts towards high binding
2+
energy, which shows the deinsertion of Mg ions and the
average valence of vanadium increases. The HAADF
image of the magnesiated NaV2O2(PO4)2F/rGO microsphere and the corresponding elemental maps (Fig. S29)
show the existence of Mg, Na, V, O, P and F elements.
EDX spectrum (Fig. S30) shows the atomic ratio of Mg to
Na is 0.68, which is consistent with the calculated 0.63
according to the discharge capacity. Moreover, Mg Kedge XANES spectrum for fully discharged
NaV2O2(PO4)2F/rGO (Fig. 4f) reveals resonance char2+
acteristic of Mg to be consistent with previous Mg Kedge studies [6], and the inductively coupled plasma
+
(ICP) results (Table S5) demonstrate that no Na ions are

inserted in NaV2O2(PO4)2F/rGO during discharge and
the molar ratio of Mg to Na is 0.57, thus offering one
2+
more proof that Mg
ions are inserted into
NaV2O2(PO4)2F/rGO.
With the above results, a schematic illustration summarizes the topotactic insertion reaction mechanism
(Fig. 5). From state 1 to state 2, 1 mol Na1 (8h site) and
1 mol Na2 (8j site) are extracted from 1 mol NVOPF/rGO
by an electrochemical method and the remaining 1 mol
Na1 cannot be extracted when charging to 4.5 V in SIBs.
2+
In state 2, the Mg host of a tetragonal NaV2O2(PO4)2F/
rGO with 8h and 8j vacant sites is obtained. After mag2+
nesiation, Mg ions are randomly distributed at 8h and 8j
sites with relative occupancy of 14.4% for 8h and 17% for
2+
storage mechanism of
8j (state 3). The Mg
NaV2O2(PO4)2F/rGO is a single-phase insertion-extraction reaction. Topotactic insertion reaction can maintain
the crystal structure of NaV2O2(PO4)2F/rGO during (dis)
charge, guaranteeing excellent long-term cycling perfor2+
mance. 1D continuous diffusion channels, low Mg diffusion energy barriers and minimum steric hindrance of
NaV2O2(PO4)2F/rGO result in ultrahigh rate performance. In addition, due to the inductive effect of polyanions, increasing the electronegativity of polyanions is
an effective way to raise the redox potentials [68,71]. The
−
introduction of F anion can effectively increase the
3−
electronegativity of (PO4) , which is the origin of high
working voltage for NaV2O2(PO4)2F/rGO.

CONCLUSIONS
In summary, NaV2O2(PO4)2F/rGO, proposed as a cathode
material for MIBs for the first time, shows fast kinetics of
2+
Mg intercalation, the highest working voltage and ultralong cyclic stability. The excellent electrochemical
performance makes NaV2O2(PO4)2F/rGO a promising
cathode material for MIBs. In addition, the assembled
−1
Mg-ion full cell exhibits an energy density of 76 W h kg

Figure 5 A schematic of distribution of Na and Mg in different states. State 1: Na3V2O2(PO4)2F/rGO, state 2: NaV2O2(PO4)2F/rGO, state 3:
magnesiated NaV2O2(PO4)2F/rGO.
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and the highest power density (1300 W kg ) in the
organic electrolyte system, and the performance of the
Mg-ion full cell has room for further improvement by
selecting a lower redox potential and higher capacity
anode. 1D continuous diffusion channels and minimum
steric hindrance of fluorophosphate can effectively reduce
2+
the diffusion energy barriers of Mg . And the existence
−
3−
of F can increase the electronegativity of (PO4) , which
can raise the working voltage. These conclusions can
provide reference for the design and preparation of new
high-voltage cathode materials for MIBs. Furthermore,
the fluorophosphate system is pointed out to overcome
the challenge of sluggish kinetics and low working voltage
2+
2+
3+
in multivalent ions (Zn , Ca , Al , etc.) batteries.
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1

摘要 缓慢的Mg 扩散动力学和低的工作电势严重阻碍高能量密
2+
度镁离子电池(MIBs)的发展. 因此, 开发具有快速Mg 扩散和高工
作电势的正极材料是克服MIBs发展阻碍的关键. 在本文中, 首次提
2+
出四方相的NaV 2O2(PO 4) 2F/rGO作为一个有效的Mg 宿主. 它展现
2+
−10
2 −1
出3.3 V vs. Mg /Mg的最高平均放电电压, 2.99×10 cm s 的平
2+
均Mg 扩散系数和9500个循环的超长循环寿命. 原位X射线衍射
(XRD)表明NaV 2 O 2 (PO 4) 2 F/rGO的储镁机制为单相的嵌入/脱出反
2+
应. 密度泛函理论(DFT)计算表明Mg 倾向于沿a方向迁移. X射线
吸收近边结构(XANES)表明镁化后钒的平均价态降低且钒位点周
围的配位环境得到高度保持. 此外, 组装的NaV2O2(PO4)2F//
Mg0.79NaTi2(PO4) 3镁离子全电池表现出高的功率和能量密度, 表明
NaV 2O 2(PO 4) 2 F/rGO具有实际应用的潜力. 本工作在MIBs正极材
料的工作电压方面实现了突破并为发展高能量密度的MIBs提供了
新的机会.
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