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Abstract

The aqueous Mg-ion batteries (RMBs) have attracted lots
of attention due to the high safety characteristics, low cost,
and similar electrochemical characteristics to lithium.
Magnesium orthovanadate (Mg3zV,0g, MVO) has stable
three-dimensional framework and large ion channels and
is expected to be a high-performance energy storage
electrode material. Herein, low-cost Mgz V,0g cathode for
RMBs is prepared by high-temperature calcination with
the aqueous Mg?* electrolyte. As a result, the MVO not
only exhibits excellent electrochemical rate capability (the
reversible discharge specific capacity is 143 mAh g~ at
the current density of 0.05 A g~', and it still remains
61 mAh g™! at a large current density of 4 A g'), but
also expresses good cycling performance (81% capacity
retention after 10,000 cycles at the current density of
3 A g™ "). This work proves that the MVO is an excep-
tional candidate for MIBs.

Keywords

Magnesium orthovanadate ¢ Aqueous Mg-ion battery °
Cathode materials ¢ Energy storage

Introduction

With the rapid consumption of nonrenewable fossil fuels
over the past decades, growing concerns on environmental
issues and energy crisis [l, 2]. In order to achieve
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sustainable development, clean energy utilization, such as
solar energy and wind energy and tidal energy, has become
an urgent task of human society [3]. The exploitation of
electric vehicles and smart grids is the general trend of world
development. High-performance secondary batteries as the
energy storage system play a key role in electric vehicles and
smart grids [4]. At present, lithium-ion batteries (LIBs) as
one of the most popular energy storage devices have been
widely applied to portable electronics owing to its high
energy density, long cycling stability, and mature market [5,
6]. However, the safety problems, limited lithium resource,
and increased prices still hinder the further development of
LIBs [7]. Therefore, there is an urgent need for alternative
energy with abundant resources and low cost to tackle the
above problems. Aqueous magnesium-ion batteries
(AMIBs), an ideal substitute for LIBs, have a great potential
for the large-scale energy storage applications because of its
earth-abundant storage, high security, low price, low
reduction potential of Mg metal (—2.4 V vs. SHE), and high
theoretical volumetric capacity (3833 mAh cm > for Mg vs.
2046 mAh cm > for Li) [8]. Also, compared with organic
electrolyte, aqueous electrolyte can greatly improve the ionic
conductivity of salt and has the advantages of low cost,
non-toxic, non-flammable, and low requirements for pro-
duction environment [9-11]. Nevertheless, the divalent
magnesium ions carry twice as much charge as the mono-
valent lithium ions while the ionic radius of magnesium
(0.72 A) is similar to lithium (0.76 A), which causes strong
polarization effect and sluggish diffusion kinetics of Mg?* in
host materials, resulting in unsatisfactory energy and power
densities [12, 13]. Thus, one of the most crucial tasks in
RMBs is searching for ideal cathode materials.

Vanadate is an important vanadium-based material.
Compared with vanadium oxide, vanadate has more stable
crystal structure, better cycle stability, and longer cycle life.
This is because the metal cation has a high energy barrier,
which is not easy to leave the lattice node position during
charge and discharging process. It plays a role in supporting
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and stabilizing the crystal structure and is conducive to
maintaining the cyclic stability of the electrode material [14,
15]. Simultaneously, vanadium has multiple chemical
valence states (V>*, V** and V") and can be coordinated
with oxygen to form various open V-O ligands. A variety of
metal cations, such as alkali metal ions (Li*, Na*, K" and
Rb"), alkali earth metal ions (Ca**, Mg®*, and Sr**), tran-
sition metal ions (Ag*, Cu®*, Zn**, Co**, etc.), and others
(AI**, In**, Bi**, NH*, etc.) can be inserted into V-O
polyhedron to directly composited with it, resulting vanadate
display various electrochemical properties because of dif-
ferent components introduction [16—19]. Thus, vanadate has
a broad application prospect in the field of energy storage.

In the present work, we report magnesium orthovanadate
(Mg5V,05, MVO) prepared by a high temperature calcina-
tion method. MVO has a stable three-dimensional frame-
work and large ion channels and is expected to become a
high-performance energy storage electrode material. As
expected, the corresponding results show that the MVO is an
ideal cathode material. It displays an initial discharge
capacity of 143 mAh g ' and the average discharge voltage
of ~2.34V (vs. Mg2+/Mg) using 4.5 M Mg(NO3), in
deionized water as the electrolyte. Even at a high current
density of 4 A g”', a reversible capacity of 61 mAh g~' is
obtained. In addition, the MVO cathode material exhibits an
excellent cycling stability (10,000 cycles, 81% capacity
retention) at high current density (3 A g™').

Experiment
Synthesis of Samples

All reagents were analytically pure and without further
purification. Mg3V,0g was prepared by a high-temperature
calcination method, which was reported by Li et al. before
[20]. For a typical synthesis experiment, the raw materials
V,05 and MgO were first sieved to a uniform particle size of
45-75 pm. Then, MgO and V,05 were mixed in a ceramic
crucible (O.D. 9 cm, H 3.5 cm) in a molar ratio of 3 and
calcined in a muffle furnace at 1223 K for 12 h. Finally, the
white MVO powder was obtained and was used for the
microstructural and the electrochemical characterizations.

Characterization

The crystallographic information of the prepared sample was
measured by X-ray diffractometer (XRD, X’Pert PRO MPD)
with Cu Ko radiation (1 = 0.1514178 nm) in 20 range of
10-90° at 0.02° s™' scan rate. The X-ray photoelectron
spectroscopy (XPS) analysis was performed using a
Thermo ESCALAB 250XI  spectrometer with a
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monochromatized Al Ko X-ray. The morphology and
microstructure of product was measured by field transmis-
sion electron microscopy (FESEM, TESCAN MIRA4) and
transmission electron microscopy (TEM, Talos F200S).

Electrochemical Measurements

The electrochemical properties were measured at room
temperature using CR2432 coin cells assembled in atmo-
spheric air, which was fabricated by MVO electrode as
cathode, activated carbon (AC) electrode as anode, saturated
magnesium nitrate (4.5 M Mg(NOs),) as aqueous elec-
trolyte, and a Whatman Glass microfiber filter (Grade GF/A)
was used as the separator. For the preparation of the elec-
trodes, a slurry composed of 80 wt% MVO, 10 wt% acet-
ylene black and 10 wt% polyvinylidene fluoride (PVDF)
dispersed in 1-methyl-2-pyrrolidone (NMP). The obtained
electrodes were prepared by coating the slurry onto carbon
fiber papers (diameter 12 mm) with a mass loading of active
material about 1 mg cm ™2, then drying in vacuum at 80 °C
for 12 h. The cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) are collected using a elec-
trochemical workstation (CHI 660E, Chenhua). The impe-
dance data were recorded within the frequency range of
0.01-10,000 Hz. The galvanostatic charge—discharge tests
were measured in the potential range of —1.1-1.4 V versus
AC (1.3-3.8 V vs. Mg**/Mg) at different current densities
using a multichannel battery testing machine (CT4008A,
Neware). The assembled coin cells were aged for several
hours before the charging/discharging process to ensure that
the electrodes can be completely wetted.

Results and Discussion

The X-ray diffraction (XRD) patterns is displayed in Fig. la
to investigate the crystallographic structure of the
as-prepared sample. All the diffraction peaks are consistent
with Mgz V,0g (JCPDS No 73-0207) with lattice parameters
of a=6053A, b=11442 A, c=833A, a=B=7y=
90.0°, indicating the successful synthesis of MVO powder
without any impurities. Meanwhile, the sharp diffraction
peaks at 20 equal to 19.70, 27.11, 29.67, 31.24, 35.21,
35.92, 43.62 and 63.14, which correspond to the (111),
(112), (131), (040), (132), (023), (240), and (244) planes,
indicating good crystallinity of the obtained MVO. Fig-
ure 1b demonstrates crystal structure of the orthorhombic
MVO, where [VO,] tetrahedra and edge-shared [MgOg]
octahedra are linked to oxygen atoms at the vertices. It forms
a stable three-dimensional framework and a large ion
channel, which is very conducive to the insertion/desertion
of metal ions. The X-ray photoelectron spectrum (XPS) was
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Fig. 1 XRD pattern of the MVO (a), crystal structure of MVO (b), XPS survey spectrum of MVO (c), XPS spectra of Mg 1s (d), V 2p (e), and O

Is (f) in MVO

used to further investigate the composition of the MVO. As
is we can see in the survey spectrum (Fig. 1c), Mg, V, and O
elements were detected. The Mg 1s, V 2p, and O 1s spectra
was showed in Fig. 1d—f. The Mg 1s peak located at
1303.9 eV. In V 2p spectra, it shows two asymmetric peaks,
which are related to V 2py, (517.2eV) and V 2p;3p
(524.4 eV) orbitals, belonging to V>*. According to the O 1s
core level, two distinct components at 530.1 eV and
533.2 eV correspond to V-O layers and Mg-O, respectively
[21]. The morphology of the synthesized MVO is analyzed
through SEM characterization, as shown in Fig. 2a-b, it is
obvious that the products are irregular micron particles with
size of 2-3 um. According to energy dispersive X-ray
spectroscopy (EDS) elemental mappings in Fig. 2c—f, the
Mg, V and O atoms are homogeneously distributed in the
MVO sample.

The magnesium storage electrochemical properties of
MVO as cathode material were examined in the coin-type
cells with 4.5 M Mg(NOs), as aqueous electrolyte, using the
AC electrode as anode. Firstly, the typical cyclic voltam-
metry (CV) curves were measured at the scan rate of
0.1 mV sfl, 0.2 mV sfl, 03mVs! and 0.4 mV sfl,
respectively, within the potential range from 1.1 to 3.8 V
(vs. Mg**/Mg) (Fig. 3a). Three anodic peaks are observed
around 1.8, 2.5 and 3.6 V, and three cathodic peaks are
situated at 3.0, 2.3 and 1.5 V, which ascribed to the
extraction and insertion potential of Mg?*, respectively. The
galvanostatic charge/discharge testing was used to further

evaluated the electrochemical performance. As is shown in
Fig. 3b, it exhibits the rate performance of the MVO at
different current densities ranging from 0.05 to 4 A g~',
delivering the reversible and stable capacities of 143, 108,
87, 82, 78, 76, 70, 65, and 61 mAh gfl, respectively. When
the current density returns to 0.05 A g~!, the specific
capacity retains 136 mAh g~!, indicating outstanding
structural stability of MVO electrode to withstand
large-current tests, robust reaction kinetics and excellent rate
capability. Figure 3c presents the corresponding galvanos-
tatic charge—discharge curves of MVO at different current
densities. As the current density increase, all these curves
display similar voltage plateau behavior during charging and
discharging process, a high average discharge voltage of
~234V (vs. Mg*/Mg), relating to redox reactions
responsible for insertion/extraction of Mg*. Meanwhile, the
discharge specific capacity of cell decreased from 144 to
63 mAh g™, owing to the charge and discharge time is short
at high current density, and the ion or electron transfer,
oxidation—reduction reaction, etc., do not get enough time.
In addition, high current density will lead to supersaturation
or over consumption of protons in the electrolyte, and the
internal resistance and ion resistance coefficient will
increase. All these reasons will lead to the reduction of
specific capacity at high current density. To further
demonstrate the cycling stability of MVO for Mg?* storage,
long-term cycling performance was conduced at 3 A g™, as
shown in Fig. 3d. After 10,000 cycles, an impressive 81%
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Fig. 2 SEM images of MVO (a—
b), elemental mapping images of
Mg (¢), V (d), and O (e), energy
dispersive X-ray (EDX) spectrum
of the MVO (f)

retention of the initial capacity (68 mAh g~') indicates
excellent structural stability, which may be attributed to the
large three-dimensional ion channels in MVO. Concurrently,
the high average Coulombic efficiency about 100% repre-
sents high reversibility of electrochemical Mg?* storage and
quantitative utilization of electrical charge. To study the
ionic transportation kinetics, electrochemical impedance
spectroscopy (EIS) experiments were employed. The inter-
cept was corresponding to ohmic resistance (R;) and the
compressed semicircle in the high to medium frequency
region was corresponding to charge transfer resistance (R).
An inclined line in the low-frequency range stands for the
Warburg impedance (Z,), which was related to the Mg**
diffusion resistance in the active material. Among them, R
is the key factor that determines the charge and discharge
rate performance. Zview software is used to establish the
equivalent circuit model. As shown in Fig. 4a, the MVO
electrode showed an ohmic resistance R, of 4.38 Q and
charge transfer resistance R of 3.72 Q. The Mg2+ diffusion
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coefficient (Dy,) could be calculated by Egs. (1) and (2) to
analyze the diffusion performance of Mg?* in the electrode
materials.

Dyg = 0.5(RT /n*F?ACyy0)’ (1)

7' = R+ Ry + oo '/? (2)

where R is the gas constant, T is the absolute temperature,
n is the number of the electrons per molecule attending the
electronic transfer reaction, F is the Faraday constant, A is
the surface area of the electrode, Cyg is the concentration of
magnesium ions, ¢ is the slope of the Z' versus ", which
can be obtained from the line of Z' ~ w'? (shown in
Fig. 4b). The diffusion coefficients of Mg** was calculated
by EIS method is about 9.15 x 107"* cm s™. The small
charge transfer impedance and the fast magnesium ion dif-
fusion devoted to the preferable electrochemical rate
performance.
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Fig. 3 CV curves of MVO at different sweep rates (a), rate performance (b), charge—discharge curves of MVO at different rates (c), cyclic

performance of MVO at a current density of 3 A g~' (d)
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Conclusions

IN summary, the excellent electrochemical performance of
MVO for magnesium-based battery are reported. The MVO
as a cathode material exhibits initial specific capacity of
143 mAh g~ ' at 0.05 A g~' with a high average discharge
voltage about 2.34 V (vs. Mg?*/Mg) and shows remarkable
long-term cyclic stability (81% capacity retention after
10,000 cycles at the current density of 3 A g™ 1). It is worth
noted that the MVO electrode delivers an impressive rate
capacity, and the discharge capacities of MVO are 143, 108,

87, 82,78, 76, 70, 65, and 61 mAh g~ " at 0.05, 0.1, 0.3, 0.5,
08, 1,2, 3, and 4 A g_l, respectively. When the current
density returns to 0.05 A g~, the specific capacity is around
136 mAh g, indicating outstanding structural stability of
MVO electrode. This study demonstrates that MVO is a
promising cathode material for magnesium ions storage, the
excellent electrochemical performance can be attributed to
its structure of stable three-dimensional framework and large
ion channels.
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