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ABSTRACT

The rechargeable magnesium batteries (RMBs) are getting more and more attention because of their high-energy density,
high-security and low-cost. Nevertheless, the high charge density of Mg®* makes the diffusion of Mg?* in the conventional cathodes
very slow, resulting in a lack of appropriate electrode materials for RMBs. In this work, we enlarge the layer spacing of V.Os by
introducing Na* in the crystal structure to promote the diffusion kinetics of Mg?*. The NaVsO1s (NVO) synthesized by a facile
method is studied as a cathode material for RMBs with the anhydrous pure Mg?®* electrolyte. As a result, the NVO not only exhibits
high discharge capacity (119.2 mAh-g‘1 after 100 cycles at the current density of 20 mA-g“) and working voltage (above 1.6 V vs.
Mg?*/Mg), but also expresses good rate capability. Besides, the ex-situ characterizations results reveal that the Mg?* storage
mechanism in NVO is based on the intercalation and de-intercalation. The density functional theory (DFT) calculation results
further indicate that Mg®* tends to occupy the semi-occupied sites of Na* in the NVO. Moreover, the galvanostatic intermittent
titration technique (GITT) demonstrates that NVO electrode has the fast diffusion kinetics of Mg®* during discharge process ranging
from 7.55 x 107"® t0 2.41 x 107" cm?s™". Our work proves that the NVO is a potential cathode material for RMBs.
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1 Introduction

The high performance and long-life energy storage systems
play an important role in energy strategy [1, 2]. In the past
two decades, the lithium ion batteries (LIBs) have been widely
studied as an excellent energy storage system, but the concerns of
safety problem and high price have always been the bottleneck of
the system [3-7]. As an alternative to the LIBs, the rechargeable
magnesium batteries (RMBs) have a great potential for the
large-scale energy storage applications because of its high-
security, low price, and high volumetric energy density [8-12].
However, the development of RMBs is still in its infancy. The
cathode is an important part of the battery. However, most
of the cathode materials suitable for the LIBs or sodium ion
batteries (SIBs) show poor capacity and cycle stability in RMBs
because the high charge density of Mg** causes a slow diffusion
rate of Mg*" in the electrode [13-16]. Therefore, in order to
improve the energy density of RMBs to meet the demands of
application, finding a suitable cathode material with good
electrochemical performance has become a challenge which
must be overcome [17-20].

Researchers have made a lot of efforts to find an applicable
cathode material to improve the electrochemical performance
and cycle life of RMBs [21-23]. For instance, the Chevrel phase
compound MosSs reported by Aurbach exhibits an excellent

reversibility in RMBs (80 mA-g™ after 2,000 cycles, working
voltage ~ 1.1 V), but its low working voltage and capacity can
only provide limited energy density [21]. Besides, many materials
such as CuS and MnO: have been reported in RMBs recently,
but their electrochemical performance, stability and energy density
are still far from satisfying the needs for the commercialization
of RMBs [22, 23].

In order to enhance the energy density of RMBs, increasing
the operating voltage and specific capacity is an effective method.
To our knowledge, the metal oxides are a class of materials
with high specific capacity and high working voltage. Among
them, V,Os is considered a promising cathode material in the
LIBs and SIBs [24-27]. Therefore, scientists have also conducted
a lot of exploration on the application of V>Os in RMBs [27-35].
In 1993, Novak et al. applied V.Os to RMBs in magnesium
perchlorate electrolyte with a capacity of 170 mAh-g™'. However,
its capacity decayed rapidly which may be due to the interaction
between Mg** and V,Os matrix material [27]. In order to accelerate
the diffusion of Mg** and improve the storage capacity of Mg**
in V,Os, several strategies were proposed: (i) water was introduced
to the electrolyte, or introduced to the crystal structure of
the V20s [30, 31]. (ii) Increasing the interlayer spacing of V.Os
by the pre-intercalation of polymer or alkali metal ion was
also effective [32-35]. However, these methods still have some
problems in practice. Water will react with Mg anode and create
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a passive film on the Mg anode, impeding the dissolution/
deposition of magnesium on anode side, which in turn leads
to a deactivation of the battery [31]. Even if water is introduced
into the crystal structure, the crystal water is also likely to be
released during the long-term cycle, and will react with the Mg
anode [28]. In 2017, Perera et al. incorporated poly(ethylene
oxide) (PEO) to expand the interlayer spacing of V,Os-nH,O
for improving the storage performance of magnesium, but
the cycling performance is limited [32]. Recently, Rashad
et al. proposed the preparation of NaV30s-1.69H.O with Na*
intercalation, and served it as the cathode in RMBs, and the
NaV;0s-1.69H0 showed a good performance in the magnesium
full cells (110 mAh-g™', 10 mA-g™, 80% capacity retention after
100 cycles) but the crystal water was still introduced [33].
Subsequently, Tang et al. studied the preparation of the V;Os
materials with different alkali metal ion pre-intercalation [34].
Their theoretical calculation and experimental results showed
that the pre-inserted Na-V;0s had excellent specific capacity
and cycle stability (after 30 cycles, the capacity was 175 mAh-g™,
and the capacity retention rate was 85.78%). The reason why
the Na-V;0s has better Mg** storage performance than the Li*
or K* pre-intercalation is that the pre-insertion of Na* reduces
the diffusion energy barrier of Mg** in the host material, and
stabilizes the structure of V3Os during the discharge and charge
process, indicating the pre-intercalation of alkali metal ion
is an effective method for improving the storage properties of
magnesium.

Herein, we have prepared the Na' pre-intercalated NVO
with larger layer spacing and free of crystal water by a simple
and rapid method, and applied the NVO to the magnesium
battery with anhydrous electrolyte. Actually, Cabello et al. first
proved the successful insertion of Mg®* in NVO [36]. However,
the electrochemical performance was poor (working voltage
~0.8 V vs. Mg**/Mg), which might be caused by the test system.
The electrolyte Mg(ClO4) in acetonitrile (AN) is incompatible
with Mg metal anode. Even if the electrolyte NaBH4s-Mg(BH.),
in diglyme was introduced, the NVO showed a declining capacity
of around 80 mAh-g™' after 30 cycles at 15 pA. Moreover,
the behavior of Mg inside NVO is not very much clear. Hence,
a suitable system is needed to reassess the magnesium storage
properties of the NVO, and further study the storage mechanism
of Mg* in the pure Mg** electrolyte. According to the literature,
the active carbon (AC) electrode could be a quasi-reference
electrode with the potential of 2.45 V vs. Mg*"/Mg [37].

In this work, as expected, the NVO material maintains
a high discharge capacity of 119.2 mAh-g™" after 100 cycles at
20 mA-g™. In addition, the insertion and extraction mechanism
and diffusion kinetics of Mg?* in NVO have been researched
more comprehensively. Furthermore, combined with theoretical
calculations, the internal inlaid magnesium position of NVO
is studied.

2 Experiment

2.1 Synthesis of NVO

The NVO were prepared by a facile and low-cost method,
which was reported by Jiang et al. before [38]. For a typical
synthesis experiment, 0.702 g NHsVOs; and 0.085 g NaNO;
were added to 10 mL water. The mixture solution was continually
stirred and heated at 80 °C to acquire a clear yellow solution.
After the addition of 2.2 g citric acid, the solution immediately
turned dark green and finally turned blue. The mixed solution
was constantly stirred until the solvent was evaporated. The
product was calcined in an air atmosphere at 450 °C for 4 h.
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The heating rate is 5 °C-min"". Finally, the dark brown NVO
powder was obtained.

2.2 Physical characterizations

The crystallographic information was measured by using X-ray
diffraction (XRD, Rigaku Corporation, Japan) with a Cu K«
radiation. The scanning electron microscopy (SEM) images
were conducted on the Hitachi S-4800. Transmission electron
microscope (TEM) images were acquired by the JEM-2100 and
FEI TECNAI G2 F30. The X-ray photoelectron spectroscopy
(XPS) was obtained from the PHI Quantum 2000.

2.3 Electrochemical tests

A slurry composed of 70 wt.% NVO, 20 wt.% acetylene black
and 10 wt.% polyvinylidene fluoride (PVDF) in N-methyl-2-
pyrrolidinone (NMP) was casted on a Ti foil, followed by
drying at 80 °C about 12 h to remove the solvent. The mass
loading of working electrodes was between 1.0 and 1.5 mg-cm™
for the electrochemical tests. The active carbon, acetylene
black and PVDF at a weight ratio of 8:1:1 in NMP were used
to prepare the active carbon electrodes. The electrochemical
tests were evaluated with the CR2032 coin cells, using the
Celgard 2400 separator and the 0.5 M Mg(ClOx)/acetonitrile
electrolyte. The NVO electrode was the cathode, and the AC
electrode was the reference electrode and counter electrode.
The anhydrous electrolyte was prepared for the electrochemical
performance test. For the preparation of the anhydrous
electrolyte, firstly, Mg(ClO4),-6H.O was dried at 200 °C for 1 h
to remove the crystal water, and then dissolved in anhydrous
AN. Then molecular sieves were added to the electrolyte to
further remove water for several times. The cyclic voltammetry
(CV) tests were conducted on an electrochemical workstation
(CHI 1030C, Chenhua). The galvanostatic charge-discharge
tests and galvanostatic intermittent titration technique (GITT)
tests were measured in the potential range of —0.8-0.5 V vs.
AC. Before the electrochemical test, the NVO electrode was
activated for 5 cycles at 10 mA-g™. In the GITT test, typically,
battery was discharged and charged at 10 mA-g™ for 600 s (1)
and stood for one hour, repeating until discharged to —0.8 V vs.
AC or charged to 0.5 V vs. AC. All the electrochemical mea-
surements of the half cell and the full cell were tested at 25 °C.

2.4 Theoretical calculations

All the density functional theory (DFT) calculations were
performed with the Vienna Ab initio Simulation Package
(VASP) [39]. We used the GGA functional PBE with the PAW
pseudopotentials [40, 41]. The Hubbard U-corrections in the
rotationally invariant form was used to correct the self-interaction
energy, and the U-J value for V element was set to 3.1 eV [42].
The energy cutoff for plane wave basis was set to 500 eV. The
spin polarization with ferromagnetic (FM) spin ordering first
guess was set for all calculations. The optimization thresholds
were set as 107 eV for electronic relaxations and 0.02 eV-A™!
for ionic relaxations. The Gaussian smearing with a smearing
factor of 0.1 eV was used. All atoms positions and unit cells
were fully relaxed in the geometric optimizations. We gained
the crystal structure of NVO from the Crystallography Open
Database (COD) and Materials Project. The initial unit cell
parameter is: @ = 1573 A, b = 7.33 A, c = 1027 A, a = y =
90.00°, B = 109.68°, and there are 88 atoms in the cell. The 2 x
5 x 3 Monkhorst-Pack k-points mesh was used [43]. The voltage
and the site of Mg®* insertion are calculated by inserting Mg
atoms into the semi-occupied sites of Na atoms, 4-coordination
holes and 8-coordination holes in the primary crystal. All the
structures were visualized by the VESTA software [44]. The
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voltage of Mg** insertion for NaMg.VO1s was calculated as:

Ex2 - Exl B (Xz - XI)EMg

V=-
2(X, — X,)F

(1)

3 Result and discussions

3.1 Physical characterizations of the NVO

The XRD pattern of the as-prepared NVO is exhibited in
Fig. 1(a). All the diffraction peaks match well with a monoclinic
NVO phase [space group: A2/m, JCPDS. No. 077-0146],
indicating the successful synthesis of NVO powder without
any impurities. The Fig. 1(a) inset demonstrates the crystal
structure of the layered monoclinic phase NVO, where Na*
between layers as a support, which improves the stability of
the NVO layered structure. Moreover, there are still many
vacancies between the layers of NVO for the ion insertion [45].
The morphology and microstructure of the NVO are revealed
in Figs. 1(b) and 1(c). The NVO sample is consist of rod-like
particles with the length of 250 nm-4 um and a diameter of
100-250 nm. And the elemental mapping result (Fig. S1 in the
Electronic Supplementary Material (ESM)) demonstrates that
Na, V, and O are uniformly distributed within the NVO. The
high resolution TEM (HRTEM) image (Fig. 1(d)) exhibits the
clear lattice fringes of 0.73 and 0.22 nm, corresponding to the
(002) and (106) planes of monoclinic NVO respectively, and
confirming the good crystallinity of NVO. Moreover, the XPS
spectrum Na 1s and V 2p of the NVO powder is shown in Figs.
1(e) and 1(f). It can be seen that Na* is successfully introduced
to the NVO, and the peaks located at 517.3, 524.5, 515.6, and
523.5 eV are indexed to V** 2psp, V** 2pu, V** 2psn and V* 2pip,
respectively. The existence of V** in initial sample is caused by
the reduction of citric acid and the presence of Na* for neutrality
[38]. The above analyses prove the successful preparation of
NVO materials.

3.2 Electrochemical performances

It has been reported that the NVO has excellent electrochemical
properties in the SIBs [38]. Moreover, the sodiation/desodiation
mechanism of NVO is insertion-type without obvious phase
transition during cycling [17, 46]. Thus, the NVO may be a
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promising cathode material for RMBs. The Fig. 2(a) exhibits
the typical charge-discharge curves of the NVO at 10 mA-g™".
There is no obvious platform for the discharge curves, and
two platforms occur in the charge curves, indicating that the
insertion of Mg™ takes place in one step while the extraction
of Mg** experiences two steps. The initial discharge capacity
is 213.4 mAh-g™" with a Coulombic efficiency of 82.8%, which
is slightly lower than that of NVO in the LIBs and SIBs. The
Coulombic efficiency gradually increases to 96.5% after 5 cycles,
attributing to the activation process in the NVO for RMBs.
The Fig. 2(b) presents the CV curves of the first three circles,
offering a better understanding of the magnesiated/demagnesiated
and activation process. It can be seen that the magnesiated
process takes place in between —0.8 V--0.4 V vs. AC, while
the demagnesiated process shows one weak peak at —0.3 V vs.
AC and one sharp peak at 0.2 V vs. AC, which indicates that
the demagnesiated process is divided into two steps, and the
extraction of Mg** happens at around 0.2 V vs. AC mainly.
Besides, the peak area increases after 3 cycles, corroborating that
the existence of the activation process during the first several
cycles. Encouragingly, the NVO not only exhibits a high
discharge specific capacity, but also presents excellent long-term
cycling stability and good rate capability (Figs. 2(c) and 2(d)).
Almost no capacity decay is observed after 80 cycles at 20 mA-g™.
Moreover, after 100 cycles, the NVO still delivers 119.2 mAh-g™*
and maintains the higher capacity retention rate. The Coulombic
efficency is greater than 100% during the stable cycle, which
may be due to the expansion or contraction of the crystal lattice
resulting in the extraction of trace amounts of Mg** from the
NVO crystal structure and the decomposition of the electrolyte.
As shown in Fig. 2(d), the discharge specific capacities of
NVO are 210.1, 137.0, 111.7, 80.2, 52.3, and 27.2 mAh-g™ at 10,
20, 50, 100, 200, and 500 mA-g™', respectively. Deserved to be
mentioned, the NVO electrode delivers a high capacity of around
140 mAh-g™' when the current density return to 20 mA-g™. As
the specific capacity, operating voltage and capacity retention are
considered comprehensively, the electrochemical performance
of as-prepared NVO is prominent compared with some RMB
cathode materials previously reported (Table S1 in the ESM).
In addition, the electrochemical performance of NVO in 0.5 M
Mg(ClO4)2/AN (Fig. S2 in the ESM) and (PhMgCl)./AICL:/THF
(APC) electrolyte (Fig.S3 in the ESM), respectively, with
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(a) XRD pattern of the NVO powder and crystal structure of the NVO (inset). (b) and (c) SEM images of the NVO at different magnification.

(d) HRTEM image of the NVO powder. XPS spectra of (e) Na 1s and (f) V 2p of the NVO powder.
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Figure 2 (a) Charge-discharge profiles of the NVO at 10 mA-g ™. (b) CV curves of the first three cycles. (c) Cycling stability of the NVO at 20 mA-g". (d) Rate

capability of the NVO.

magnesium anode has been also measured. However, the NVO
has a high specific capacity and good cycling performance
within 20 cycles in 0.5 M Mg(ClO4):/AN with Mg anode, but
this electrolyte will lead to a thick passive film on the Mg
anode which is dense and does not allow Mg** to pass through
leading to the bad electrochemical performance after 20 cycles
[47]. As for APC electrolyte, we only get a low discharge
specific capacity and the NVO cannot exhibit its inherent
electrochemical performance due to the incompatibility
between the APC electrolyte and the NVO electrode [48].

]

3.3 Electrochemical reaction mechanism

To further understand the electrochemical reaction mechanism
of the NVO for the Mg** storage, the ex-situ XRD measurements
have been operated (Figs. 3(a)-3(c). The peaks at 35.06°, 38.40°
and 40.15° originate from the Ti foil substrate. As shown in
Fig. 3(b), there are no new peaks appearing or disappearing
during the magnesiated and demagnesiated processes from

-0.8 to 0.5 V vs. AC, indicating a typical insertion-type Mg**
storage mechanism, which is similar to the NVO for the LIBs
and NIBs [36, 38, 49-51]. The Fig. 3(c) is an enlarged version
of the NVO electrodes between 11.5° and 13.5°. Firstly, when
the NVO electrode is discharged from initial state to —0.5, and
—0.6 V, the main peak (002) of NVO at 12.16° shifts to a higher
angle of 12.18°, and 12.24°, respectively, caused by mutual
effect between Mg* and oxygen in the host material. But as
the NVO electrode is further discharged to —0.8 V, the peak of
(002) plane shifts from 12.24° to 12.20°, illustrating the increase
of layer distance, which is on account of the large electrostatic
repulsion caused by the insertion of more Mg**. In the charge
process, the peak (002) shifts to a higher angle of 12.24°
(charged to —0.4 V) firstly, then to 12.28° (charged to —0.2 V),
showing the decrease of electrostatic repulsion due to the
extraction of Mg**. When the NVO electrode is charged to
0.2 V, the peak (002) shifts to 12.20°. Moreover, as the NVO
electrode is fully charged, the peak (002) finally returns to
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(a) Charge-discharge curves of the NVO. (b) Ex-situ XRD of NVO electrodes at different charge and discharge states. (c) Local enlarged image
at different charge-discharge status. (d) XPS spectra of V at the different state of the NVO electrode. (e) The DFT calculation results.
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the initial angle, indicating the excellent reversibility of NVO
structure during cycling. The similar crystal structure evolution
processes were also reported in the pre-inserted Na-VsOs [34].
During the discharge and charge process, the volume changes
of NVO are shown in Table S4 in the ESM. When the NVO
electrode is discharged to —0.6 V (vs. AC) or charged to 0 V
(vs. AC), there are only minor changes of layer spacing during
the insertion/extraction of Mg*" indicating the excellent structural
stability of NVO. The XPS at different charging state was also
collected to further demonstrate the valence state change of
vanadium during magnesiated and demagnesiated process.
During the whole electrochemical cycling of the NVO electrode,
the valence of vanadium is only changed between V>* and V**
(Fig. 3(d)). When the NVO electrode is discharged to 0.8 V
vs. AC, the ratio of V*/V** is increased remarkably, indicating
the successful insertion of Mg®*. When the NVO electrode is
charged to 0.5 V vs. AC, all peaks return back to the initial
values coherent with the initial electrode, representing the
excellent reversibility of NVO electrode.

In order to further study the specific insertion site of Mg**
in the NVO, the DFT calculation has been carried out.
The results of the DFT study (Fig. 3(e)) indicate that Mg**
preferentially occupies the semi-occupied sites of Na and the
average voltage of insertion is 2.2 V during the first discharge
stage. While the semi-occupied sites of Na are filled with Mg*,
other Mg** tend to occupy the four-coordination channel and
eight-coordination channel, and the corresponding voltage of
Mg** insertion is shown in Fig. 3(e), respectively. The calculation
results are consistent with the experimental results. According
to the above analysis, it has given us a richer understanding of
the magnesiated/demagnesiated process in the NVO.

The TEM results of NVO electrodes are presented in
Figs. 4(a)-4(f) to investigate the changes of crystal structure
during the magnesiated and demagnesiated process. The Fig. 4(a)
exhibits the morphology of initial NVO electrode. The initial
NVO electrode exhibits the lattice fringe spacing of 0.20 nm,
corresponding to the 504 plane of the monoclinic phase NVO

5

(Fig. 4(d)). The morphology and crystal structure of NVO
discharged to —0.8 V vs. AC are shown in Figs. 4(b) and 4(e).
After discharging, the lattice fringe spacing of 504 plane is
slightly reduced, indicating the lattice contraction of NaVOus.
Since the influence of the insertion of Mg** on the 504 plane
is very small, only minor change in the lattice fringe can be
observed. When the NVO electrode is charged to 0.5 V vs. AC,
the TEM image and the lattice fringe of NVO are consistent
with the initial electrode, indicating the good reversibility
of NVO during magnesiated and demagnesiated process.
Furthermore, the elemental mapping results of the fully
discharged NVO electrode shows that the Na, V, O and Mg
elements are uniformly distributed, indicating the Mg** ions
are inserted in the NVO host material successfully.

The ion diffusion coefficient in host material plays an
important role in the battery system, which is essential for
electrochemical performance. In order to have a good knowledge
of the diffusion behavior of Mg in NVO, the GITT
measurements have been carried out. The Mg** diffusion
coefficients (Dug*") in NVO can be obtained from the experiment
results (Fig. 5(a)) by Eq. (2)

4 (myV, V( AE Y
s [57]

LZ
D

Mg“ -

)

T

Mg”

Where mp and Mg are the mass loading (g) and molecular
weight (g-mol™) of the NVO, respectively, Vin is the molar
volume of NVO (159.28 cm®mol™), A is the surface area of
electrode, AE; is the potential difference of the steady-state
voltage during the rest process, AE_ is the potential change
through a discharge pulse without including IR drop, L is the
thickness of the electrode (cm) [52]. The calculation result of
Dug" at different discharge and charge potential is demonstrated
in Fig. 5(b). The Mg*" diffusion coefficients range from 7.55 x
107" t0 2.41 x 107" cm*s™" in the potential range of —0.8-0 V vs.
AC during the discharge process, indicating the larger layer
spacing facilitates the diffusion of Mg®*. While the Mg*

Figure 4 (a)-(c) TEM images of the initial NVO electrode, the discharged NVO electrode and the charged NVO electrode, respectively. (d) and (f)
HRTEM images corresponding to (a)-(c). (g) High-angle annular dark field STEM (HAADF-STEM) image of the NVO electrode discharged to -0.8 V.
(h)-(k) Corresponding to the elemental mapping of Na, V, O, and Mg, respectively.
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Figure 5 (a) The GITT curve of NVO at 10 mA-g™ during discharge and charge processes. (b) Corresponding to the diffusion coefficients of Mg**and
the dQ/dV curve calculated from the actual charge curve. (c) Nyquist plots of the different cycled NVO electrode and fitted curves; and equivalent circuit

(inset). (d) Enlarged image of the high frequency region.

diffusion coefficients range from 2.32 x 10 to 3.88 x 107 cm*s™
in the potential range of —0.8-0.5 V vs. AC during the charge
process. The trend of Dug’" is similar with the dQ/dV curve
in charge process, indicating the Dwvg’* is lower at the reaction
platform, which is consistent with previous reports [52-55].
Obviously, the Mg** diffusion coefficients in discharge process
are much larger than that in charge process, indicating the
magnesiated process is much easier than demagnesiated process.
To sum up, the NVO presents fast diffusion kinetics of Mg*,
which benefits from Na* pre-intercalation, and it means that
this is a useful way to enhance the storage property of Mg*".
The fast Mg** diffusion rate in the NVO electrode is the main
cause of the prominent electrochemical performance of NVO
in RMBs.

To get deep insights into the superior long-term cycling
stability, the electrochemical impedance spectroscopy (EIS) test
has been performed. The Figs. 5(c) and 5(d) shows the Nyquist
plots of the different cycled NVO electrode, respectively.
They are all composed of two compressed semicircles in the
high-middle frequency region. All of them can be well fitted
by an equivalent circuit. The fitted data are shown in the Table S2
in the ESM. The intersection (Rs) of the curve and the X axis
in the high frequency region represents the resistance inside
the battery. The semicircle in the high frequency region
corresponds to the resistance of interface Rser and capacitance
QPEL, which are related to the solid electrolyte interphase (SEI).
The semicircle in the middle frequency region corresponds to
the resistance of charge transfer R« and capacitance QPE2 and
QPE3, which are related to the transition of Mg**. The oblique
line corresponds to Wol representing the diffusion of Mg** in
solid phase. It is easy to acquire that the Rs and Rsz are almost
unchanged. However, the first cycled electrode has a large R«
(2,394 Q), and the electrode after 5 cycles has a much smaller
R (541.6 Q). It is interesting that the NVO still delivers
a small R (205.9 Q) after 50 cycles. The R« decrease after
electrochemical behavior indicates that the existence of the

activation process and the importance of Na* between layers
for the stability of NVO electrode. Similar activation processes
of metal oxide were also reported in the batteries [35, 56].
Moreover, the SEM images of the NVO electrode before and
after cycling have been also performed to check the stability of
the NVO electrode during cycling. As shown in Figs. 6(c) and
6(d), after 50 cycles, the morphology and microstructure of the
NVO are a rod-like structure similar to that of pristine NVO
electrode (Figs. 6(a) and 6(b)). The results of SEM images indicate
the excellent structural stability of the NVO for RMBs.

3.4 Stability of sodium ion in NVO

The Na* is considered to be an important component for
stabilizing the crystal structure of NVO. Therefore, confirming
whether Na* is extracted during cycling in RMB:s is critical. As
shown in Fig. 7(a), no capacity is presented in as-prepared SIB
until the decomposition voltage of the electrolyte is reached,

[, ST :x) “\ Y # s
Figure 6 (a) and (b) SEM images of the NVO electrode at the initial
state. (c) and (d) SEM images of the NVO electrode after 50 cycles.
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Figure 7 (a) The charge curve of NVO in Na ion battery. (b) The charge curve of NVO in Mg battery. (c) The discharge and charge curves of NVO after
cycling in Mg battery.

indicating the Na* in NVO is electrochemically stable. Moreover,
we also study the stability of Na* in NVO in RMBs. Similarly,
the extraction of Na* is not observed during the directly
charging process (Fig. 7(b)). In addition, in order to prove
there is no extraction of Na* after insertion of Mg**, the NVO
electrode cycled after 5 cycles has been washed, dried then
reassembled into a new magnesium battery to perform the
insertion and extraction of Mg®*, as shown in Fig. 7(c). The
discharge and charge curves are not changed, and the cycled
NVO can work normally as before, indicating there is no
extraction of Na*. Furthermore, we also confirm the presence
of Na in the NVO electrode after 50 cycles. As described in
Fig. S5 in the ESM, all of the Na, V and O elements are observed,
indicating Na* is present in NVO during the discharge and
charge processes. Moreover, as shown in Table S3 in the ESM,
the results of ICP also confirm the stability of Na in NVO.

4 Conclusion

In summary, the NVO has been synthesized successfully and
studied as the cathode of RMBs. The NVO exhibits a high specific
capacity of 213.4 mAh-g™* at 10 mA-g™" with a high working
voltage (above 1.6 V vs. Mg**/Mg), and shows remarkable
long-term cyclic stability of 119.2 mAh-g™ after 100 cycles at
20 mA-g. It is worth noted that the NVO presents an impressive
rate capacity, and the discharge capacities of NVO are 210.1,
137.0, 111.7, 80.2, 52.3, and 27.2 mAh-g™" at 10, 20, 50, 100,
200, and 500 mA-g™, respectively. When the current density
return to 20 mA-g™', the NVO electrode delivers a high specific
capacity of around 140 mAh-g™, indicating the high reversibility
and high diffusion of Mg*. These have been confirmed by
subsequent GITT and EIS tests. The intercalation/extraction
mechanism has been proved by ex-situ characterizations.
Furthermore, the DFT calculation results show that Mg®* tends
to occupy the semi-occupied sites of Na in the NVO. After
cycling, the NVO still presents an excellent crystal stability.
Moreover, the main role of Na in NVO, as mentioned in the
text, is as follows: (i) the introduction of Na between the V>Os
layers can increase the interlayer spacing and increase the
diffusion kinetics of Mg**. (ii) Na* between layers as a support,
which improves the stability of the NVO layered structure.
Besides, we have also confirmed the stability of Na* in NVO
during the electrochemical behavior. In conclusion, the application
of NVO in RMBs successfully increases the energy density of
the system, making the RMBs strive to develop toward high
energy density. At the same time, we have also proved that this
kind of material has a non-negligible position in the cathode
materials of RMBs, which provides valuable experience for
later research and development of more cathode materials for
RMB:s.
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