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Magnesium-ion batteries (MIBs) are promising next-generation energy storage devices. Vanadium
oxides are promising cathode materials for MIBs due to their rich chemical valences and versatile struc-
tures. However, vanadium oxide cathodes face challenges such as low structural stability, slow Mg**
diffusion kinetics, and low electrical conductivity. The work reported herein used hydrothermal synthesis
to pre-intercalate H,O molecules and Mg2+ into V,0Os5 interlayers to stabilize the lamellar structure and
modulate V 3d orbital splitting, leading to a Mg, ,V,0s - 1.5H,0 cathode (MVOHL1). The V 3d orbital
splitting facilitates electron hopping between V4* and V>t cations, leading to the enhanced conductiv-
ity of MVOHI,; it also makes it easier for V atoms to acquire and lose electrons during discharging and
charging, leading to high capacity and high rate capability of MVOHI. Consequently, the MVOH] cath-
ode exhibited a high specific capacity of 300 mAhg™! at a current density of 0.05 A g~! and retained a
specific capacity of 85 mAhg~! at 10 A g~'; the capacity and rate capability surpass those of previously
reported V,05 cathode materials. The aqueous MIB based on MVOH1 demonstrated an ultralong lifes-
pan of 11000 cycles, which is significantly longer than that of previously reported aqueous MIBs. This
study highlights the synergistic effect of regulating interlayer spacing and V 3d orbital splitting on elec-
trochemical performance, which is crucial for developing more efficient and more durable energy storage

systems.

DOI: 10.1103/9wnj-xv2w

I. INTRODUCTION

Lithium-ion batteries power a wide range of devices,
from smartphones to electric vehicles [1]. However, their
development is limited by the high cost of lithium and
safety concerns [2,3]. Magnesium-ion batteries (MIBs)
offer a promising alternative, with benefits such as abun-
dant resources, low cost, and high safety due to inhibited
dendrite formation [4,5]. Despite the potential of MIBs,
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their development faces challenges. The high charge den-
sity of divalent Mg?" leads to its strong interactions
with host materials, hindering Mg?* diffusion and causing
structural collapse. These issues result in reduced cycling
life and specific capacity for MIBs [6-9].
Vanadium-based compounds have attracted substantial
attention as cathode materials due to their rich vanadium
chemical valences (+2 to +5) and facile distortion of
V—O octahedra [10—12]. The presence of multiple oxida-
tion states of vanadium enables a broader range of redox
variation and higher specific capacity when vanadium-
based materials are used for Mg?* intercalation. In addi-
tion, vanadium plays a crucial role in achieving local
electroneutrality by the changing of its oxidation states,
which helps stabilize the crystal structure and optimize
the Mg?* diffusion process [13,14]. Vanadium pentoxide
(V,0s) is the most promising vanadium oxide cathode
material used in MIBs because its weak van der Waals
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forces in V—O bonds provide tunable interlayer spacing
for Mg?" insertion, thereby exhibiting a high theoretical
specific capacity of 589 mA h g~! [15]. However, the actual
capacity and cycling stability of V,0s are still inadequate
for large-scale energy applications mainly due to the small
layer spacing of V,0s and structural damage caused by
the dissolution of vanadium species with low electrical
conductivity during Mg”" insertion and extraction [16].
Therefore, molecular and/or metal-cation pre-intercalation
has been proposed as an effective strategy to modify the
structure and electronic state of V,0s. Pre-intercalating
H,0 molecules into interlayers can remarkably expand the
interlayer spacing of V,0s and inhibit electrostatic interac-
tions between Mg+ cations and host materials, increasing
the diffusion kinetics of Mg?* cations [17]. In addition,
H,0O molecules can act as “pillars” in the interlayers to
stabilize the layered structure of V,0s. Similarly, pre-
intercalating metal ions (M2%) into the interlayers of V,0s
can increase its interlayer spacing to enhance the diffu-
sion kinetics of inserted Mg?* cations and stabilize the
lamellar structure. More importantly, metal ions in the pre-
intercalated V,0s interlayers interact with V—O chains
through M 3d-O 2p covalent bonds, reducing the band
gap. The overlap between M 3d and O 2p orbitals and the
splitting of 3d orbitals promotes electron transfer, which
promotes highly stable redox reactions of electrode mate-
rials [18,19]. Therefore, designing vanadium-based oxide
materials containing intercalated water and metal cations
is an ideal strategy to achieve stable Mg?* insertion and
extraction and high capacity of MIBs. However, differ-
ent contents of metal ions and H,O molecules intercalated
in interlayers may have differing coupling effects on host
materials [20].

Here we study two vanadium oxide cathode mate-
rials pre-intercalated with Mg?t and H,O molecules:
Mgo_2V205 . 1.5H20 (MVOHl) and Mg0_5V205 . 23H20
(MVOH2). These two compositions were selected from
a broader range of tested precursor ratios to illustrate
the effects of moderate versus excessive pre-intercalation.
MVOHI1 exhibited a well-balanced interlayer spacing and
electronic structure, while MVOH2 enabled the analy-
sis of overintercalation effects on structural reversibility
and conductivity. The mixed valence states of vanadium
(V¥ and V%) facilitate 3d electron hopping, enhanc-
ing the electronic conductivity of the cathode materials
and increasing the magnesium-storage capacity of the cor-
responding batteries. Pre-intercalation of H,O molecules
into V,0s interlayers expands their spacing, which fur-
ther increases as more H,O molecules are added. However,
once the interlayer spacing becomes sufficiently large, pre-
intercalation of Mg?* results in a contraction of the layer
spacing due to strong electrostatic interactions of Mg**
with VO, layers. First-principles calculations indicated
that the pre-intercalation of H,O molecules and Mg+ into
V,05 interlayers induced the splitting of V 3d orbitals,

reducing the band gap. This substantially enhanced the
electron-acquiring ability of vanadium atoms, resulting in
a low charge-transfer resistance Rcr of 0.68 Q and high
magnesium-ion diffusion coefficient 0of 4.0 x 10712 cm? s7!
for MVOHI1. Ex situ X-ray diffraction (XRD), trans-
mission electron microscopy (TEM), and X-ray photo-
electron spectroscopy (XPS) revealed a highly reversible
structural evolution of MVOHI1 during the discharging-
charging process. Consequently, MVOHI1 exhibited an
outstanding discharge capacity of 300 mAhg™' at a cur-
rent density of 0.05 Ag™' and excellent high-rate per-
formance (85 mAhg™! at 10 Ag™'). An aqueous MIB
with the MVOHI cathode demonstrated an exceptionally
long cycling life of 11 000 cycles with a capacity retention
of 62%.

II. METHODS

A. Materials

V,0s (purity of 99.5% or greater, Macklin), magnesium
nitrate hexahydrate [Mg(NO3), - 6H,O; purity of 99.0% or
greater, Sigma-Aldrich], magnesium trifluoromethanesul-
fonate [Mg(CF3S03),; purity of 99.0% or greater, Mack-
lin], polyethylene glycol 400 (purity of 99.0% or greater,
Aladdin), and perylene-3,4,9,10-tetracarboxylic anhydride
(PTCDA; purity of 99.9% or greater, Macklin) were used
as received without additional purification.

B. Preparation of MVOH1 and MVOH2 nanobelts

The typical procedure for synthesizing MVOHI
nanoribbons includes the following steps: V,0s5 (0.18 g)
and (Mg(NOs), - 6H,O (0.77 g) are added to 60 ml of
deionized water and stirred vigorously in a magnetic stirrer
for 1 h to make a thorough mixture. The mixed solution is
transferred into a 100 ml Teflon-lined stainless-steel auto-
clave, and then placed in a blast drying oven at 180°C
for 24 h. Then, the precipitation product undergoes three
washes with anhydrous ethanol and deionized water, fol-
lowed by drying in a vacuum drying oven at 80 °C for 12 h.
Finally, the tan powder sample of MVOHI is collected.
The synthesis steps for MVOH2 were similar to those for
MVOHI1, with the difference that the amounts of V,05
and Mg(NO3), - 6H,0O used for synthesis of MVOH2 were
4 and 15.38 g, respectively. The synthesis parameters
for MVOH1 and MVOH2 were chosen on the basis of
preliminary optimization experiments and prior studies
on hydrated vanadium oxides. Various Mg?>*:V>* molar
ratios (e.g., Mgy V205, Mg,,V,0s, Mg;;V,0s, and
Mg, 4V,0s) were initially tested. Mg,,V,0s (MVOH1)
and Mg, s V,0s (MVOH2) were selected for detailed study
as they represent compositions with distinct interlayer
structures and electrochemical behaviors: MVOH1 show-
ing optimal performance and MVOH2 highlighting the
effect of overintercalation. These representative samples
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illustrate the impact of Mg content on orbital splitting and
Mg?" storage kinetics.

C. Material characterization

The as-prepared samples underwent powder XRD anal-
ysis using Cu K irradiation (A =0.1514178 nm) with
a Rigaku D/Max 2500 PC diffractometer. The compo-
sition of the samples was quantitatively determined by
inductively coupled plasma optical emission spectroscopy
(PerkinElmer 8300). Thermogravimetry—differential ther-
mal analysis (Netzsch STA 449C) was used to determine
the molecular formulas of these samples at a heating rate
of 15 Cmin~'. The Raman spectra were obtained with a
LabRAM HR Evolution system equipped with a 532 nm
laser and a confocal objective. A Nicolet iS50 spec-
trometer was used to acquire Fourier transform infrared
(FTIR) spectra over a wavelength range of 4004000 cm™!
with a resolution of 0.09 cm™'. XPS with an ESCALAB
250Xi instrument was used to analyze the oxidation and
reduction states of Mg, V, and O. A Quattro S scanning
electron microscope was used to examine the microstruc-
ture of the prepared samples. TEM and high-resolution
TEM (HRTEM) analyses were conducted with a Talos
F200S transmission electron microscope to obtain detailed
information about the nanostructure and crystal lattices of
MVOHI and MVOH?2.

D. Electrochemical measurements

The electrochemical characterizations of MVOH1 and
MVOH2 were conducted with a conventional standard
three-electrode electrochemical cell. Platinum foil was
used as the counter electrode, and a saturated calomel
electrode (SCE) was used as the reference electrode. The
fabrication of the working electrode involved the mixing of
the active material MVOH1 or MVOH?2), acetylene black,
and polyvinylidene fluoride in a weight ratio of 7:2:1 in
N-methyl-2-pyrrolidone solvent to create a slurry. After
thorough mixing, the slurry was spread onto carbon fiber
cloths (1 x 1.5 c¢m?) and then dried in a vacuum oven at
80 °C overnight to form the electrodes. The active mate-
rial of each electrode had a mass loading of approximately
2-3 mg cm™2. The study used an electrolyte solution
comprising a 2M aqueous solution of Mg(CF3SOs3),. To
analyze the electrochemical properties of the systems, a
Chenhua CHI660E electrochemical workstation was used.
This instrument facilitated the measurement of critical
parameters, including cyclic voltammetry (CV), galvano-
static charging and discharging (GCD), and electrochemi-
cal impedance spectroscopy (EIS) curves. The impedance
measurements were performed across a frequency range of
102 to 10° Hz. The diffusion coefficient Dy of Mg?™ ions
can be determined with Egs. (1) and (2):

Dyig = 0.5(RT/n*F?ACygd,,)?, (1)

Z' =R+ Rer + 4,072, @)

where R stands for the gas constant, 7" represents room
temperature, n denotes the number of electrons transferred
(in this case, n=1), F represents the Faraday constant,
A represents the electrode’s surface area, Cyig represents
the concentration of Mg?", and 4,, represents the slope
of Z plotted against w~"? [21]. Here, Z' denotes the real
impedance, and w represents the angular frequency.

The assembled PTCDA//MVOHI full cell had a mass
ratio of active materials of approximately 3(PTCDA):
I(MVOH1) in atmospheric air. The electrolyte was 2M
Mg(CF3S03), solution prepared by the mixing of deion-
ized water and polyethylene glycol in a volume ratio of 1:1.
Additionally, a Whatman grade GF/A glass fiber separator
was used. The electrochemical performance of the full cell
was evaluated by CV and GCD measurements. CV tests
were conducted with the Chenhua CHI660E electrochem-
ical workstation, while the galvanostatic charge-discharge
tests were performed with a multichannel battery testing
machine (CT4008A, Neware) across different current den-
sities within the potential range of 0—1.7 V. The energy
density (E; Whkg') and power density (P; Wkg™"') of
the full cell were obtained by analysis of the galvanos-
tatic charge-discharge curves with the use of the following
equations:

[5)
E = / Uldt, 3)
3l

; “)

where ¢#; and 7, represent the start and end times (seconds)
of the discharge, respectively, At is the difference between
t, and ¢ (seconds), [ is the discharge current (amperes),
and U is the voltage range (volts). In this case, the specific
capacity, energy density, and power density are calculated
by considering the mass of the cathode as the reference
parameter.

E. Computational methods

Density functional theory (DFT) calculations were con-
ducted with the Vienna Ab initio Simulation Package
[22]. To optimize the crystal structure and compute the
density of states, we used projector augmented wave
potentials with the Perdew-Burke-Ernzerhof exchange-
correlation functional [23]. In addressing the significant
electron correlation effects inherent to transition metal V,
our calculations also incorporated the DFT 4 U method
with U=3.25 eV [24]. A I'-centered Monkhorst-Pack
k-point grid with dimensions of 2 x 7 x 2 was applied for
Brillouin zone sampling, with a cutoff energy of 500 eV.
Convergence was achieved by optimization of the struc-
tures until the forces on each individual atom fell below
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0.01 eVA~'. The crystal structure was visualized and
analyzed with VESTA [25].

I11. RESULTS AND DISCUSSION

A. Characterization of the lamellar V,05 cathode

H,0 molecules and Mg?* cations were pre-intercalated
into V,Os interlayers by a hydrothermal method with
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vanadium pentoxide and magnesium nitrate hexahydrate
as raw materials, producing two materials, MVOH]1 and
MVOH2, with different raw material ratios [see Sec. Il
and Fig. 1(a)]. Figure 1(b) shows the XRD patterns of
the two materials, which exhibit distinct (001) reflec-
tions that are indicative of lamellar turbostratic ordering.
Additionally, the observed pattern closely resembles that
of previously reported pre-intercalated vanadium oxide
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Characterization results for MVOH1 and MVOH2: (a) Process for preparing MVOH. (b) XRD patterns of MVOHI and

MVOH?2. (¢),(d) SEM images of MVOH1 and MVOH?2, respectively. (¢) TEM image of MVOHI. (f) HRTEM image of MVOH1
(the inset shows the SAED pattern). (g) STEM-EDS elemental mappings of MVOHI. (h) TEM image of MVOH2. (i) HRTEM image
of MVOH?2 (the inset shows the SAED pattern). (j) STEM-EDS elemental mappings of MVOH2. (k),(I) Thermogravimetric analysis

curves for MVOH1 and MVOH?2, respectively.

033008-4



ENHANCING CAPACITY AND RATE...

PRX ENERGY 4, 033008 (2025)

materials derived from the parent compound V,0s5 - rH,O
(JCPDS no. 07-0332) [12,26,27]. On the basis of the posi-
tion shift of the (001) peak, the interlayer distances of
MVOH1 and MVOH2 were calculated to be 12.3 and
12.5 A, respectively. Compared with the interlayer spacing
of V,0s - nH,0 (12.1 A), those of MVOH1 and MVOH2
were considerably wider due to the intercalation of Mg?*
cations and structural H,O molecules, which favor Mg?*
insertion and extraction. Scanning electron microscopy
(SEM) was used to investigate the morphology of MVOH1
and MVOH?2 [Figs. 1(c) and 1(d)], which show nanobelts.
MVOHI1 has a nanobelt width of 100300 nm and a
nanobelt length of several micrometers, whereas MVOH?2
has a nanobelt width of about 200500 nm and an average
nanobelt length exceeding 10 um. The crystal structures of
MVOHI1 and MVOH?2 nanobelts were further character-
ized by TEM [Figs. 1(e)}-1(g)]. HRTEM images showed
clear lattice fringes in the MVOH1 nanobelts with a spac-
ing of 0.20 nm, corresponding to the (306) planes of
MVOHI [Fig. 1(f)].

The inset selected-area electron diffraction (SAED)
pattern shows the single-crystal nature of MVOHI,
with labeled spots attributed to the (306) planes. Scan-
ning transmission electron microscopy—energy-dispersive
x-ray spectroscopy (STEM-EDS) mapping confirmed that
Mg, V, and O were uniformly distributed in MVOHI
[Fig. 1(g)]. Figure 1(i) shows the lattice spacing of
MVOH2 to be 0.21 nm, corresponding to the (306) planes,
as verified by the inset SAED pattern. The STEM-EDS
mapping images of MVOH2 demonstrate a uniform dis-
tribution of Mg, V, and O [Fig. 1(j)].

Inductively coupled plasma optical emission spec-
troscopy was used to determine the Mg and V contents
in MVOH1 and MVOH2, revealing Mg:V molar ratios
of 0.2:2 and 0.5:2 in MVOHI1 and MVOH?2, respectively
[21]. Thermogravimetric analysis [Figs. 1(k) and 1(1)] indi-
cated that MVOHI1 showed a weight loss of 12.55%, while
MVOH2 exhibited a weight loss of 17.72% due to crys-
tal water loss. This indicated crystal water contents of
1.5 and 2.3 molecules in MVOH1 and MVOH2, respec-
tively. Consequently, the chemical formulas of MVOHI
and MVOH2 were represented as Mg, V,0s - 1.5H,0 and
Mg, sV,0s - 2.3H,0, respectively. The average V valency
in MVOHI1 was 4.8, while that in MVOH2 was 4.5. Raman
spectroscopy demonstrated that MVOH1 and MVOH2
inherited the layered structure of V,0s [21]. The peak at
155 em™" corresponds to the bending vibrations of the
—O—V—0—V— chain, characteristic of the vanadium
oxide layered structure [28—30]. The signals at 266 and
323 ecm™' originated from the bending vibrations of the
V=0 bond, while the peaks at 513, 703, and 1018 cm~! are
attributed to the stretching vibrations of V—O—V [31,32].
The weak peak at 857 cm™! is attributed to the stretching
vibrations of the V—OH,; bond, indicating the presence
of structural water [27,33]. FTIR spectra of MVOH1 and

MVOH2 exhibited typical features of the V,0s5 - nH,O
structure [21]. The signals at 3421 and 1624 cm™' corre-
spond to the stretching vibrations of the O—H bond and
the bending vibrations of H—-O—H, respectively, confirm-
ing the presence of crystalline water [34,35]. The signal at
1006 cm~! corresponds to the stretching vibration mode
of the V=0 bond. The signal at 852 cm™' is associated
with the stretching vibration of the V—O bond, while the
signals at 525 and 728 cm™! are attributed to the symmet-
ric and asymmetric stretching vibrations of the V—O—V
bond, respectively [36-38]. XPS was conducted to fur-
ther investigate the chemical composition of MVOH1 and
MVOH2 [21]. The O ls spectra of both samples exhib-
ited three fitted signal peaks attributed to different forms of
0%~ bonding in V—O (530.1 eV), Mg—O (531.2 eV), and
H,0 (532.9 V) [39]. The peaks at 517.4 and 524.8 eV are
attributed to the V 2p3,, and V 2p;; levels of V>*, while
the peaks at 516.1 and 523.4 eV correspond to the V 2p3»
and V 2py,; levels of V4. Peak deconvolution revealed
that 80% of V in MVOHI existed as V> and 20% as
V4| resulting in an average V valency of +4.8, consistent
with the chemical formula Mg, ,V,0s - 1.5H,0. Similarly,
in MVOH2, 57% of V was in the form of V> and 43%
in the form of V**, resulting in an average V valency of
+4.5, consistent with the chemical formula Mg, sV,Os -
2.3H,0. The presence of V4* indicates that Mg?* had been
chemically pre-inserted into V,0s interlayers, leading to
a partial reduction of V [40]. In MVOHI1 and MVOH2,
the coexistence of V>* and V#* facilitated the movement
of 3d electrons from the 3d orbital of V** to the vacant
3d orbital of V°T, enhancing electronic conductivity and
boosting rate capability [41-43].

B. Regulation of V 3d orbital splitting

To investigate the effect of pre-intercalation of H,O
molecules and Mg?™* cations on the properties of MVOH1
and MVOH2, ab initio calculations based on density func-
tional theory were conducted. Different numbers of H,O
molecules (zero, two, four, and six) were pre-intercalated
into the interlayer of V,0s, together with the simulta-
neous pre-intercalation of six H,O molecules and one
Mg?* cation. The corresponding lattice structures were
relaxed, and the stable crystal structures are provided in
Supplemental Material [21]. According to this constructed
structure model, we simulate its XRD pattern, and it
matches well with the standard XRD pattern of V,0s -
nH,O (JCPDS no. 07-0332) at low diffraction angles,
which also agrees well with the experimentally deter-
mined XRD patterns of MVOH1 and MVOH2 at low
diffraction angles [21]. Without Mg?*, as the amount of
pre-intercalated H;O molecules increases, they combine
via hydrogen bonds, forming H,O chains in the interlayer
of V,0s. This increases the interlayer spacing from 6.32 A
for V,05to 12.5 A for V,05 - 6H,O [21]. When one Mg2+
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cation is pre-intercalated with six H,O molecules, the
interlayer H,O chain is disrupted [21]. Instead, the Mg**+
cation binds with two O atoms in the lower V—O layer
and coordinates with two H,O molecules. One of the coor-
dinated H, O molecules forms a hydrogen bond with the O
atom in the upper V—O layer, creating a bonding chain
of V (lower)—O—Mg—O—H—0—V (upper). Because
of the reduced interlayer spacing, the pre-intercalated H,O
can also directly coordinate with V in the lower V—O
layer and generate a bonding chain with the upper V—O
layer via H,O molecule bridges. These bonding chains
between the upper and lower V—O layers reduce the inter-
layer spacing to 11.0 A. This indicates that H,O molecules
and Mg?* cations have opposing effects on the interlayer
spacing: H,O molecules tend to expand the interlayer
spacing of V,0s, whereas pre-intercalated Mg?* can con-
tract the interlayer spacing when it becomes too large.
This explains the similar interlayer spacing observed in
synthesized MVOHI1 and MVOH2.

Furthermore, the variation in the electronic structure of
V,05 with the pre-intercalation of H,O molecules and
Mg?* cations was explored. The projected density of states
(PDOS) of the V 3d,, orbital in each pre-intercalated vana-
dium oxide cathode material is shown in Fig. 2. Further,
the PDOS of other V 3d orbitals and the total PDOS of
V are shown in Supplemental Material [21]. When two
H,0 molecules are pre-intercalated into V,0Os5 interlayers,

symmetric PDOS distribution curves appear for spin-up
and spin-down channels of the d,, orbital [Fig. 2(b)].
When four H,O molecules are pre-intercalated, the PDOS
of the d,, orbital exhibits a new peak, indicating orbital
splitting that generates a new localized band at lower ener-
gies [Fig. 2(c)]. As the number of pre-intercalated H,O
molecules increases to six, another new peak appears in
the PDOS of the d,, orbital, implying further orbital split-
ting [Fig. 2(d)]. However, the PDOS value at the Fermi
level remains almost zero when two to six H,O molecules
are pre-intercalated. When six H,O molecules and one
Mg?* cation are simultaneously pre-intercalated into V,Os
interlayers, the PDOS of the d,, orbital splits into four
distinct peaks in the energy range of 0—1.0 eV, indicating
more pronounced orbital splitting [Fig. 2(e)]. Meanwhile,
the PDOS is distributed in the negative energy range,
implying the development of magnetization and predom-
inant electron occupation in the spin-up channel in the
high-energy valence bands (VBs). The VBs overlap with
the conduction bands (CBs) at the Fermi level, and the
lowest distribution in the CBs has an energy as low as
0.25 eV, indicating excellent electronic conductivity and
high electron-acquiring ability. Therefore, the simultane-
ous pre-intercalation of H,O molecules and Mg+ cations
is an effective strategy to enhance the capacity and rate
capability of vanadium oxides. The PDOS of the V 3d,,
orbital in MVOH1 and MVOH2 is shown in Figs. 2(e)
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FIG. 2. PDOS of V 3d orbitals for different vanadium oxide structures: (a) V,0s; (b) V205 - 2H,;0; (¢) V.05 - 4H,0; (d) V,0s -
6H,0; (e) Mg(V,0s)4 - 6H,0 (approximating MVOH1); and (f) Mg, (V,0s)4 - 9H,O (approximating MVOH?2).
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and 2(f), indicating substantial splitting. Because of the
larger amount of pre-intercalated H,O molecules and
Mg?* cations, more severe splitting of the V 3d,, orbital
occurs in MVOH2. The VBs and CBs of MVOH1 and
MVOH2 overlap at the Fermi level, implying enhanced
electronic conductivity. However, the VBs and CBs of
MVOHI are composed mainly of the d,, orbital [21]; the
PDOS of the d,, orbital is distributed in the energy range
of —1.4 to —0.5 eV in the valence band and in the energy
range of 0.2—0.8 eV in the conduction band. Meanwhile,
the valence band of MVOH2 is composed mainly of the
d,, orbital, while its conduction band is composed primar-
ily of the d,. orbital [21]. The former is distributed in the
energy range of —1.7 to —0.9 eV and the latter is dis-
tributed in the 0.8—1.8 eV range. The energy gap between
the VBs and CBs is substantially larger in MVOH2 than
in MVOHI1, leading to lower electronic conductivity and
electron-acquiring ability of MVOH2. Quantitative analy-
sis results for V 3d orbital splitting show that the relative
conductivity oy of MVOHI1 is 2.879, which is indeed
higher than that of MVOH2 (1.736) [21]. The electronic
conductivity of MVOH] is determined to be 5.21 mS m™!
while that of MVOH2 is 4.46 mS m~!, further verifying the
enhanced electronic conductivity provided by V 3d orbital
splitting. Consequently, poorer rate capability and lower
discharge capacity are expected for MVOH2. These cal-
culation results reveal that excessive pre-intercalation of
H,0 molecules and Mg?* cations is disadvantageous for
improving the charge storage performance of vanadium
oxides. Although previous studies explored the interca-
lation of metal cations (Mg?*, Mn?*, Zn**, etc.) into
V,0s, such cations can only enlarge the interlayer spacing
or modulate the electronic structure [12,30,44]. Previous
work revealed that interlayer H;O molecules can facili-
tate the diffusion of Mg?" in the interlayer spacing and
stabilize the lamellar structure [17]. In contrast, the co-
intercalation strategy leverages the complementary roles
of H,O and Mg?*: H,0 facilitates expanded spacing and
diffusion kinetics, while Mg?>" tunes the local electronic
structure by inducing stronger orbital splitting and band
gap reduction. This dual-modulation approach offers a
more effective pathway to simultaneously optimize struc-
tural integrity, electronic conductivity, and Mg?* transport
kinetics.

C. Electrochemical performance of the lamellar V,05
cathode

Since the electronic structure substantially influences
the electrochemical performance of electrode materials,
the Mg?* storage capabilities of the MVOH1 and MVOH2
nanobelts as cathodes were investigated in three-electrode
cells assembled with 2 Mg(CF3S03), aqueous elec-
trolyte. Platinum and a SCE were used as the counter and
reference electrodes. The CV curves of the two cathodes

at a scan rate of 1 mV s7! in a voltage window of —0.6

to 1.0 V (vs SCE) are shown in Fig. 3(a). Both elec-
trodes exhibit two distinct redox peaks, indicating multiple
processes and high Mg?* insertion-extraction reversibil-
ity. The redox reactions of MVOHI1 occur at potentials
of —0.30 and —0.10 V and 0.22 and 0.33 V, while those
of MVOH2 occur at —0.31 and —0.12 V and 0.23 and
0.31 V. The peak currents are larger in MVOHI than in
MVOH?2, signifying a larger capacity for MVOHI1. The
GCD curves of MVOHI1 and MVOH2 at various cur-
rent densities exhibit multiple distinct voltage plateaus
during the charging and discharging processes, which is
consistent with the two pairs of redox peaks observed
in the CV curves [Fig. 3(b)]. At a current density of
0.05 Ag!, MVOHI1 exhibits a discharge capacity of
300 mAhg!, while MVOH2 shows a discharge capac-
ity of 260 mAhg' [Fig. 3(c)]. The high capacity of
MVOHI1 surpasses the capacity of other reported MIB
cathodes [21]. As the current density increases from 0.05 to
10 A g', the discharge capacity of MVOHI1 is determined
to be 300, 183, 155, 129, 111, 109, 101, 95, 91, 88, and
85 mAhg™!, respectively [Fig. 3(d)]. MVOH2 exhibits a
discharge specific capacity of 260 mAhg=! at 0.05 Ag™!
and 39 mAhg! at 10 Ag™! [Fig. 3(e)], indicating poor
rate capability. Figure 3(c) clearly shows the superior rate
performance of MVOHI1 compared with MVOH2. When
the current density returns to 0.05 Ag~!, the discharge
capacity of MVOHI rapidly recovers to 298 mAhg™',
retaining 99.3% of the initial capacity and demonstrating
excellent rate performance [Fig. 3(d)]. In contrast, the dis-
charge capacity of MVOH2 recovers only 54.5% of its
initial value when the current density returns to 0.05 A g~!.
The cycling performances of MVOH1 and MVOH2 at
4 Ag™' are illustrated in Fig. 3(f). The MVOHI cath-
ode shows an initial capacity of 100 mA hg~! with a high
capacity retention ratio of 75% after 100 cycles, whereas
the capacity retention ratio of the MVOH2 cathode is
only 36%. Therefore, the MVOH1 cathode demonstrates
superior Mg?* storage performance, including higher dis-
charge capacity, better rate capability, and longer cycling
lifespan. These results correlate well with the appropriate
splitting extent of the V 3d orbital in MVOHI. Although
MVOH2 has a larger interlayer spacing than MVOH], the
less favorable splitting of the V 3d orbital in MVOH?2 leads
to its poorer Mg storage performance.

The Mg** storage kinetics of MVOHI and MVOH2
were investigated through CV measurements at scan rates
of 0.2-1.0 mV s~!. The similar shapes and redox peaks
observed indicated rapid migration kinetics and highly
reversible Mg?" insertion and extraction. The peak cur-
rent i and sweep rate v relationship followed the power-
law equation i=av®, where a and b are adjustable
parameters. Regression analysis of the peak current and
sweep rate for peaks 14 in Fig. 4(a) yielded b values
of 1.00, 0.83, 0.97, and 0.95 [Fig. 4(b)], indicating
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Electrochemical characterization of MVOH1 and MVOH2: (a) CV curves. (b) Charge-discharge profiles. (c) Rate capability.

(d) Charge-discharge profiles at different rates for the MVOHI1 electrode. (¢) Charge-discharge profiles at different rates for the MVOH2
electrode. (f) Cycling performance of the MVOHI and MVOH?2 electrodes at 4 A g~!.

that MVOH1’s charge storage ability resulted primarily
from surface pseudocapacitive reactions. In addition, the
equation i(V)=kv+kv'"* was used to quantitatively
evaluate the contribution of pseudocapacitance kv and dif-
fusion kpv'? to the specific capacity of MVOHI, where
i(V) represents the current at a specific voltage V. As the
scan rate increased from 0.2 to 1.0 mV s}, the calcu-
lated pseudocapacitive contribution for MVOHI increased
from 76.5% to 86.36% [Figs. 4(c) and 4(d)], indicat-
ing favorable diffusion kinetics of Mg?* during charging
and discharging. For MVOH?2, the regressed b values for
peak currents and sweep rates were 0.83, 0.77, 0.89, and
0.79 in the same scan rate range [Figs. 4(e) and 4(f)],
implying contributions from surface pseudocapacitance
and diffusion to the capacity [45]. The pseudocapacitance
contribution ratio of MVOH2 increased from 68.43% at
0.2 mVs~! to 80.57% at 1.0 mV s~' [Figs. 4(g) and 4(h)],
which are lower values than those for MVOH]1, indicat-
ing more sluggish Mg?* insertion and extraction kinetics
in MVOH2. The high pseudocapacitance contributions of
MVOHI and MVOH?2 are attributed to the increased inter-
layer spacing, the improved electronic conductivity due to
the splitting of the V 3d orbitals, and the presence of a large
number of electrochemically active sites associated with
the hydrated lamellar structure. These features facilitate
surface redox reactions and rapid charge transfer, which
jointly promote pseudocapacitive behavior. EIS was used

to further examine the Mg?* migration kinetics in MVOH 1
and MVOH2 [21]. The diffusion coefficient of Mg*™ Dy
for MVOH1 was calculated to be 4.0 x 1072 cm?s7!,
higher than that for MVOH2 (1.9 x 107" cm?s™!) and
other reported aqueous MIB cathode materials [21], indi-
cating faster migration kinetics of Mg?* in MVOH]1. The
Rct values of MVOH1 and MVOH2 were determined to
be 0.68 and 0.83 2, respectively, signifying rapid Mg>*
migration at the cathode-electrolyte interface in MVOHI,
which aligns with its higher electric conductivity and
greater electron-acquiring ability of V with more pro-
nounced 3d orbital splitting. The remarkably high capacity
and excellent rate capacity of MVOH1 were attributed to
the fast bulk migration and interface crossing of Mg>*
ions.

D. Crystal structure evolution of the lamellar V,05
cathode

Ex situ XRD measurements were performed to eluci-
date the crystallographic structure evolution of MVOH1
and MVOH2 during the first two discharge-charge cycles
[Fig. 5(a)]. No new diffraction peaks appeared, and the
peak intensities changed slightly during the insertion and
extraction of Mg?*, indicating no phase transition and
a typical intercalation reaction mechanism [Fig. 5(b)].
The (001) peak of MVOHI1 at 7.2° corresponded to a
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FIG. 4. Electrochemical kinetics of the MVOHI cathode: (a) CV curves at different scan rates; (b) b values corresponding to four
redox peaks; (c) capacity contribution ratio at different scan rates; (d) capacitance separation at 1 mV s~!. Electrochemical kinetics of
the MVOH?2 cathode: (e) CV curves at different scan rates; (f)  values corresponding to four redox peaks; (g) capacity contribution
ratio at different scan rates; (h) capacitance separation at I mV s~!. (i) EIS spectra of MVOH1 and MVOH2. CPE, refers to constant

phase element, and W, denotes Warburg diffusion impedance.

layer spacing of 12.3 A, which shifted to 7.7° at the first
discharge event (at —0.6 V) (points 4—D), indicating a
decrease in layer spacing to 11.5 A due to electrostatic
interactions between inserted Mg?t and V—O layers.
When the cathode was charged to 1.0 V (points D—H), the
(001) peak shifted to 7.3°, corresponding to a recovery of
layer spacing to 12.1 A. After that, the XRD pattern fol-
lowed the same rule in the second cycle (points H—L—P),
indicating the highly reversible nature of Mg?* insertion
and extraction in MVOH1. The MVOH2 cathode also
showed the same intercalation reaction mechanism with-
out new XRD peaks [21]. As Mg?* cations are inserted,
the (001) diffraction peak gradually shifts from 7.1° (layer
spacing 12.5 A) to 7.6° (layer spacing 11.6 A) in the
initial discharge process. However, no substantial shift of

the (001) diffraction peak is observed in the subsequent
charge process, indicating irreversible changes in the ini-
tial discharge process. This demonstrates that the excessive
pre-intercalation of Mg?* in the V,0s interlayer hinders
the reversible insertion and extraction of newly inserted
Mg?*. These results were further confirmed by ex situ
TEM characterizations [Fig. 5(c)]. In the initial state, the
interlayer spacing of MVOHLI is 0.20 nm, corresponding to
the (306) planes of MVOH1. When MVOHLI is discharged
to —0.6 V, the lattice spacing of the (306) planes decreases
to 0.17 nm and recovers to 0.20 nm when MVOH1 is fully
charged to 1.0 V, demonstrating the intercalation reaction
mechanism and excellent reversibility of Mg?* insertion
and extraction. In contrast, the MVOH2 cathode undergoes
a contraction of the lattice spacing from 0.21 nm in the
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Electrochemical reaction mechanism of the MVOH1 cathode: (a) Charge-discharge curves in selected states during the first

and second cycles at 0.05 A g~!. (b) Ex situ XRD patterns, and (c) ex situ HRTEM images in the pristine, discharged to —0.6 V, and
charged to 1.0 V states. (d)«(f) Ex situ high-resolution XPS spectra in the pristine, fully discharged, and fully charged states: (d) Mg
1s core level, (e) V 2p core level, and (f) O 1s core level.

MVOH?2 during the initial discharge process and poor
Mg?* storage performance. Furthermore, the STEM-EDS
images show the uniform distributions of Mg, V, and O

initial state to 0.19 nm after a full discharge [21]. However,
in the fully charged state, the reduced lattice spacing recov-
ers only to 0.20 nm, indicating irreversible changes in
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in MVOH1 and MVOH2 in each charged and discharged
state [21]. The Mg distribution images of MVOHI in the
pristine, fully discharged, and fully charged states demon-
strate the reversible insertion and extraction of Mg?* in
MVOHI [21]. In contrast, those of MVOH2 display the
noticeable residue of newly inserted Mg?* after a full
charge, indicating irreversible insertion and extraction of
Mgt in MVOH?2 [21].

Ex situ XPS measurements were performed to investi-
gate the valence changes of Mg, V, and O in the MVOHI1
and MVOH2 cathodes in different states. As shown in
Fig. 5(d), the signal at 1304.2 eV in pristine MVOHI
is attributed to pre-intercalated Mg?*. In contrast, a new
signal is observed at a higher energy level of 1304.2 eV
when the cathode is fully discharged to —0.6 V, which is
attributed to the newly inserted Mg?* during the discharg-
ing process. When MVOHLI is charged to 1.0 V, the signal
of the inserted Mg?* disappears, and the Mg s signal
returns to being that of pristine MVOHI1, demonstrating
the high reversibility of Mg?* insertion and extraction. For
the V 2p core level [Fig. 5(e)], pristine MVOH1 shows
a small amount of V#* produced by the pre-intercalation
of Mg?* in the interlayer. When MVOH1 is discharged
to —0.6 V, the content of V4* rapidly increases. In con-
trast, the corresponding VT content decreases, resulting
in a decrease in the V3*:V4* ratio from 4:1 to 2:1. This
indicates that the reduction of V3* occurs during Mg?*
insertion. After MVOHI has been charged to 1.0 V, the
V3+:V4F ratio returns to the initial state of 4:1, illustrat-
ing the highly reversible insertion and extraction of Mg?*
in MVOHLI. Figure 5(f) displays the O 1s core levels of
MVOHI, revealing three distinct O atoms: O atoms in the
VO,-polyhedra layers (V—O, 530.4 eV), O atoms coordi-
nated with Mg?* (Mg—O—V and Mg—OH,, 531.7 eV),
and O atoms in structural water in the interlayer (H,O,
533.1 eV). When MVOH1 is fully discharged, the signal
of Mg—O bonds is enhanced, indicating that the newly
inserted Mg?* cations coordinate with O atoms during dis-
charging. The signal of H;O molecules moves to higher
binding energy, indicating that the interlayer structural
H;0 molecules are in a free physical adsorption state
rather than a chemically bound state [46]. In the fully
charged state, the O signals in MVOHI1 are similar to
those in the pristine state, indicating a reversible interca-
lation mechanism involving the redox of V atoms. For the
MVOH2 cathode, the Mg 1s core level spectrum of pris-
tine MVOH2 has one signal at 1304.4 eV attributed to
pre-intercalated Mg?* [21]. MVOH?2 fully discharged to
—0.6 V exhibits a new signal at 1305.1 eV, correspond-
ing to the newly inserted Mg during discharging. The
signals of pre-intercalated Mg?* and newly inserted Mg+
remain the same in MVOH2 fully charged to 1.0 V, signi-
fying the irreversibility of Mg?* extraction. This is further
verified by the signals of the V 2p core level and the
O 1s core level [21]. Compared with pristine MVOH?2,

MVOH?2 discharged to —0.6 V has a V>*:V** ratio of
1.3:1.0 due to the V3* reduction accompanied by Mg>*
insertion. Still, the V3*:V#* ratio recovers only to 1.1 after
full charge at 1.0 V, implying the residue of newly inserted
Mg?*. Similarly, the signal of O atoms coordinated with
Mg?* becomes more intense in the fully discharged state
than in pristine MVOH2, while the signal of V—O bonds
becomes weaker. When MVOH?2 is fully chargedto 1.0 V,
the Mg—O and V—O signals change slightly and do not
recover to those of the pristine state, signifying the irre-
versible insertion of Mg?* in MVOH2. Thus, the excellent
electrochemical performance of MVOHI1 stems from the
high reversibility of Mg?T insertion and extraction.

Ex situ XRD, SEM, and TEM analyses after extended
cycling further confirm the structural integrity of MVOH]1
[21], validating its long-term stability under repeated
Mg?* intercalation and extraction cycles. To further ver-
ify the ionic species involved in the energy storage process
and evaluate the possibility of proton intercalation, time-
of-flight secondary ion mass spectrometry characterization
was conducted for MVOHI1 electrodes in fully discharged
and fully charged states, respectively [21]. The HT sig-
nal remained low and did not show a significant change
between the discharged and charged states, indicating that
proton intercalation was negligible during discharging and
charging [47]. In contrast, the MgOH™ and MgVO™ sig-
nals exhibited a clear increase in the discharged state and
returned to the lower intensity upon charging, confirm-
ing the reversible insertion and extraction of Mg?* as the
dominant charge carrier. These results demonstrate that the
co-intercalated lamellar structure of MVOHI1 effectively
suppresses the parasitic H* insertion, ensuring that the
electrochemical reactions are governed by Mg?* interca-
lation, which is critical for maintaining structural integrity
and electrochemical stability in aqueous electrolytes.

E. Electrochemical performance of the full MIB

To further explore the outstanding performance of
MVOHI1 nanobelts, they are used as the cathode, with
PTCDA serving as the anode, to assemble a full MIB
[Fig. 6(a)]. The electrolyte used is a 2M Mg(CF3S03);
solution prepared with a polyethylene glycol to H,O vol-
ume ratio of 1:1. The CV curves in Fig. 6(b) display the
performance of the full cell within the potential range of
0—1.7 V at scan rates from 1 to 5 mV s~!. Redox peaks
are observed at 0.43 and 0.80 V, corresponding to the
insertion and extraction of Mg?* cations in the MVOH1
cathode. These redox peaks shift slightly with increasing
scan rates, indicating high reversibility of Mg insertion
and extraction and excellent rate capability of the full cell.
The GCD curves of the PTCDA//MVOHI full cell at dif-
ferent current densities are shown in Fig. 6(c), with the
rate performance depicted in Fig. 6(d). The full cell deliv-
ers a high specific discharge capacity of 125 mAhg™!
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FIG. 6. Electrochemical performance of the PTCDA//MVOHI full cell: (a) Full cell with an MVOH cathode and a PTCDA anode.
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at 0.02 Ag™' and maintains a capacity of 47 mAhg™!
even at 4 A g~!', demonstrating excellent rate capability.
When the current density returns to 0.02 A g™, the dis-
charge capacity recovers to 124 mAhg™', highlighting
the exceptional cycling stability. The GCD curves exhibit
plateaus at approximately 0.8 V during charging and at
around 0.3 V during discharging, which maintain similar
shapes across different current densities, indicating excel-
lent rate capability. Remarkably, the full cell exhibits an
ultralong lifespan of 11 000 cycles, retaining 61.6% of its
initial capacity at 4 A g~' [Fig. 6(¢)]. In addition, a high
average Coulombic efficiency of approximately 99% is
achieved throughout the entire lifespan, indicating excep-
tionally high reversibility of Mg?* insertion and extraction
in the PTCDA//MVOHI1 full cell. This ultralong lifespan
surpasses that of previously reported aqueous MIBs [21].
The PTCDA//MVOHI full cell also demonstrates a max-
imal energy density of 58 Whkg™' and a maximal power
density of 2.3 kW kg~!. The excellent electrochemical per-
formance of the full cell assembled with MVOHI1 signifies
its promising potential for practical use in energy storage
devices and favorable prospects for future applications.

IV. CONCLUSIONS

Herein, the strategy of simultaneous pre-intercalation
of H,O molecules and Mg?* is proposed to enhance
the Mg?* storage performance of V,0s interlayers by

modulating the V 3d orbital splitting. Pre-intercalating
various amounts of H,O molecules and Mg?* cations
into V,0Os interlayers induces different degrees of V 3d
orbital splitting. The simultaneous pre-intercalation of
H,0 molecules and Mg?* causes substantial splitting of
the V 3d orbital, increasing the electronic conductivity
and electron-accepting capability of V,0s, resulting in a
substantially enhanced rate capability. Further V L-edge
x-ray absorption spectroscopy would be helpful for a
rigorous experimental analysis of the V 3d orbital split-
ting, which will be done in a future study. In addition,
the pre-intercalation of H,O molecules and Mg?* cations
enlarges the interlayer spacing to a suitable value, pro-
viding favorable migration kinetics for Mg?>* while main-
taining a stable lamellar structure. Compared with the
single intercalation of either HyO or metal cations, this
dual-intercalation strategy provides a more comprehensive
modulation of the structural and electronic properties of the
host material. The synergistic effect of expanded interlayer
spacing and reinforced V 3d orbital splitting enhances
both Mg?* diffusion kinetics and charge-transfer capabil-
ity, leading to the excellent rate capability and cycling
stability. The as-prepared MVOHI1 cathode exhibited a
discharge specific capacity of 300 mAhg™! at a current
density of 0.05 A g™"' with excellent rate performance; a
specific capacity of 85 mAhg™" was retained even when
the current density was increased to 10 A g~!. The assem-
bled PTCDA//MVOHI1 full cell demonstrated a specific
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capacity of 125 mAhg™' at 0.02 Ag™! and a capacity
retention rate of 62% after 11 000 cycles. This study offers
a promising avenue for enhancing the electrochemical
behavior of other vanadium-based layered cathodes. More-
over, this approach could be extended to the cathode
design for other multivalent ion batteries such as Zn>*
and Ca®" batteries, where sluggish ion diffusion and struc-
tural instability also pose major challenges. Therefore,
this study has provided valuable insights into the rational
design of advanced electrode materials for a wide range of
next-generation energy storage technologies.

ACKNOWLEDGMENT

This work was supported by the National Natural Sci-
ence Foundation of China (Grants No. 52222407 and No.
52172136).

DATA AVAILABILITY

The data that support the findings of this article are
openly available [48].

[1] G.-T. Park, B. Namkoong, S.-B. Kim, J. Liu, C. S. Yoon,
and Y.-K. Sun, Introducing high-valence elements into
cobalt-free layered cathodes for practical lithium-ion bat-
teries, Nat. Energy 7, 946 (2022).

[2] J.Mao, C. Ye, S. Zhang, F. Xie, R. Zeng, K. Davey, Z. Guo,
and S. Qiao, Toward practical lithium-ion battery recycling:
adding value, tackling circularity and recycling-oriented
design, Energy Environ. Sci. 15, 2732 (2022).

[3] X.Lai, Y. Huang, H. Gu, C. Deng, X. Han, X. Feng, and Y.
Zheng, Turning waste into wealth: A systematic review on
echelon utilization and material recycling of retired lithium-
ion batteries, Energy Storage Mater. 40, 96 (2021).

[4] J. Zhang, Z. Chang, Z. Zhang, A. Du, S. Dong, Z. Li, G.
Li, and G. Cui, Current design strategies for rechargeable
magnesium-based batteries, ACS Nano 15, 15594 (2021).

[5] L. Wang, Z. Li, Z. Meng, Y. Xiu, B. Dasari, Z. Zhao-Karger,
and M. Fichtner, Designing gel polymer electrolyte with
synergetic properties for rechargeable magnesium batteries,
Energy Storage Mater. 48, 155 (2022).

[6] R. Mohtadi, O. Tutusaus, T. S. Arthur, Z. Zhao-Karger, and
M. Fichtner, The metamorphosis of rechargeable magne-
sium batteries, Joule 5, 581 (2021).

[7] F. Liu, T. Wang, X. Liu, and L. Z. Fan, Challenges and
recent progress on key materials for rechargeable magne-
sium batteries, Adv. Energy Mater. 11, 2000787 (2020).

[8] S. Chen, S. Fan, H. Li, Y. Shi, and H. Y. Yang, Recent
advances in kinetic optimizations of cathode materials for
rechargeable magnesium batteries, Coord. Chem. Rev. 466,
214597 (2022).

[9] Z. Guo, S. Zhao, T. Li, D. Su, S. Guo, and G. Wang,
Recent advances in rechargeable magnesium-based batter-
ies for high-efficiency energy storage, Adv. Energy Mater.
10, 1903591 (2020).

[10] X.-F. Ma, H.-Y. Li, W. Ren, D. Gao, F. Chen, J. Diao, B.
Xie, G. Huang, J. Wang, and F. Pan, A critical review of
vanadium-based electrode materials for rechargeable mag-
nesium batteries, J. Mater. Sci. Technol. 153, 56 (2023).

[11] F. Chen, B.-Q. Zhao, K. Huang, X.-F. Ma, H.-Y. Li, X.
Zhang, J. Diao, J. Yue, G. Huang, J. Wang, and F. Pan,
Dual-defect engineering strategy enables high-durability
rechargeable magnesium-metal batteries, Nano-Micro Lett.
16, 184 (2024).

[12] F. Ming, H. Liang, Y. Lei, S. Kandambeth, M. Eddaoudi,
and H. N. Alshareef, Layered Mg, V,0s - nH,O as cathode
material for high-performance aqueous zinc ion batteries,
ACS Energy Lett. 3, 2602 (2018).

[13] M. M. Huie, D. C. Bock, E. S. Takeuchi, A. C. Marschilok,
and K. J. Takeuchi, Cathode materials for magnesium and
magnesium-ion based batteries, Coord. Chem. Rev. 287, 15
(2015).

[14] H. Tang, Z. Peng, L. Wu, F. Xiong, C. Pei, Q. An, and
L. Mai, Vanadium-based cathode materials for recharge-
able multivalent batteries: Challenges and opportunities,
Electrochem. Energy Rev. 1, 169 (2018).

[15] N. Sa, H. Wang, D. L. Proffit, A. L. Lipson, B. Key, M. Liu,
Z. Feng, T. T. Fister, Y. Ren, C.-J. Sun, J. T. Vaughey, P.
A. Fenter, K. A. Persson, and A. K. Burrell, Is alpha-V,0s
a cathode material for Mg insertion batteries?, J. Power
Sources 323, 44 (2016).

[16] M. Tian, C. Liu, J. Zheng, X. Jia, E. P. Jahrman, G. T. Sei-
dler, D. Long, M. Atif, M. Alsalhi, and G. Cao, Structural
engineering of hydrated vanadium oxide cathode by K+
incorporation for high-capacity and long-cycling aqueous
zinc ion batteries, Energy Storage Mater. 29, 9 (2020).

[17] X. F. Ma, B. Q. Zhao, H. Liu, J. Tan, H. Y. Li, X. Zhang,
J. Diao, J. Yue, G. Huang, J. Wang, and F. Pan, H,O-Mg>*
waltz-like shuttle enables high-capacity and ultralong-life
magnesium-ion batteries, Adv. Sci. 11, 2401005 (2024).

[18] X. Zhao, L. Li, L. Zheng, L. Fan, Y. Yi, G. Zhang, C. Han,
and B. Li, 3d-orbital regulation of transition metal inter-
calated vanadate as optimized cathodes for calcium-ion
batteries, Adv. Funct. Mater. 34, 2309753 (2023).

[19] H. J. Kim, A. Konarov, J. H. Jo, J. U. Choi, K. Thm, H. K.
Lee, J. Kim, and S. T. Myung, Controlled oxygen redox
for excellent power capability in layered sodium-based
compounds, Adv. Energy Mater. 9, 1901181 (2019).

[20] Q. Zong, Y. Zhuang, C. Liu, Q. Kang, Y. Wu, J. Zhang, J.
Wang, D. Tao, Q. Zhang, and G. Cao, Dual effects of metal
and organic ions co-intercalation boosting the kinetics and
stability of hydrated vanadate cathodes for aqueous zinc-
ion batteries, Adv. Energy Mater. 13, 2301480 (2023).

[21] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/9wnj-xv2w for structural characterizations
(including XRD, Raman spectroscopy, FTIR spectroscopy,
XPS, HRTEM, and STEM-EDS), electrochemical data
(such as charge-discharge curves, Mg?* diffusion coeffi-
cients, and cycle performance), quantitative analysis of V
3d orbital splitting and relative conductivity, and perfor-
mance comparisons with previously reported materials.

[22] G.Kresse and J. Furthmiiller, Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis
set, Phys. Rev. B 54, 11169 (1996).

[23] P. E. Blochl, Projector augmented-wave method, Phys. Rev.
B 50, 17953 (1994).

033008-13


https://doi.org/10.1038/s41560-022-01106-6
https://doi.org/10.1039/D2EE00162D
https://doi.org/10.1016/j.ensm.2021.05.010
https://doi.org/10.1021/acsnano.1c06530
https://doi.org/10.1016/j.ensm.2022.03.006
https://doi.org/10.1016/j.joule.2020.12.021
https://doi.org/10.1002/aenm.202000787
https://doi.org/10.1016/j.ccr.2022.214597
https://doi.org/10.1002/aenm.201903591
https://doi.org/10.1016/j.jmst.2022.12.052
https://doi.org/10.1007/s40820-024-01410-8
https://doi.org/10.1021/acsenergylett.8b01423
https://doi.org/10.1016/j.ccr.2014.11.005
https://doi.org/10.1007/s41918-018-0007-y
https://doi.org/10.1016/j.jpowsour.2016.05.028
https://doi.org/10.1016/j.ensm.2020.03.024
https://doi.org/10.1002/advs.202401005
https://doi.org/10.1002/adfm.202309753
https://doi.org/10.1002/aenm.201901181
https://doi.org/10.1002/aenm.202301480
http://link.aps.org/supplemental/10.1103/9wnj-xv2w
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953

XIU FEN MA et al.

PRX ENERGY 4, 033008 (2025)

[24] V.1. Anisimov, J. Zaanen, and O. K. Andersen, Band theory
and Mott insulators: Hubbard U instead of Stoner 7, Phys.
Rev. B 44, 943 (1991).

[25] K. Momma and F. Izumi, VESTA 3 for three-dimensional
visualization of crystal, volumetric and morphology data, J.
Appl. Crystallogr. 44, 1272 (2011).

[26] H. Geng, M. Cheng, B. Wang, Y. Yang, Y. Zhang, and C.
C. Li, Electronic structure regulation of layered vanadium
oxide via interlayer doping strategy toward superior high-
rate and low-temperature zinc-ion batteries, Adv. Funct.
Mater. 30, 1907684 (2019).

[27] W. Zhou, J. Chen, M. Chen, A. Wang, A. Huang, X.
Xu, J. Xu, and C.-P. Wong, An environmentally adap-
tive quasi-solid-state zinc-ion battery based on magnesium
vanadate hydrate with commercial-level mass loading and
anti-freezing gel electrolyte, J. Mater. Chem. A 8, 8397
(2020).

[28] P. He, G. Zhang, X. Liao, M. Yan, X. Xu, Q. An, J.
Liu, and L. Mai, Sodium ion stabilized vanadium oxide
nanowire cathode for high-performance zinc-ion batteries,
Adv. Energy Mater. 8, 1702463 (2018).

[29] P.He, Y. Quan, X. Xu, M. Yan, W. Yang, Q. An, L. He, and
L. Mai, High-performance aqueous zinc-ion battery based
on layered H, V30g nanowire cathode, Small 13, 1702551
(2017).

[30] J. Li, K. McColl, X. Lu, S. Sathasivam, H. Dong, L. Kang,
Z. Li, S. Zhao, A. G. Kafizas, R. Wang, D. J. L. Brett, P.
R. Shearing, F. Cora, G. He, C. J. Carmalt, and I. P. Parkin,
Multi-scale investigations of §-Nig,5V,0s - nH,O cathode
materials in aqueous zinc-ion batteries, Adv. Energy Mater.
10, 2000058 (2020).

[31] Y. Zhang, G. Liu, C. Zhang, Q. Chi, T. Zhang, Y. Feng,
K. Zhu, Y. Zhang, Q. Chen, and D. Cao, Low-cost
MgFe Mn,_,0, cathode materials for high-performance
aqueous rechargeable magnesium-ion batteries, Chem.
Eng. J. 392, 123652 (2020).

[32] R. Baddour-Hadjean, A. Marzouk, and J. P. Pereira-Ramos,
Structural modifications of Li, V,0s in a composite cath-
ode (0 <x <2) investigated by Raman microspectrometry,
J. Raman Spectrosc. 43, 153 (2012).

[33] X. Li, L. Ma, Y. Zhao, Q. Yang, D. Wang, Z. Huang, G.
Liang, F. Mo, Z. Liu, and C. Zhi, Hydrated hybrid vana-
dium oxide nanowires as the superior cathode for aqueous
Zn battery, Mater. Today Energy 14, 100361 (2019).

[34] Q. Wei, J. Liu, W. Feng, J. Sheng, X. Tian, L. He, Q. An,
and L. Mai, Hydrated vanadium pentoxide with superior
sodium storage capacity, J. Mater. Chem. A 3, 8070 (2015).

[35] E. C. Zampronio, T. A. F. Lassali, and H. P. Oliveira,
Synthesis, characterization and electrochemical properties
of the V,0s - nH,O/AlO(OH) - nH,O xerogel composite,
Electrochim. Acta 51, 257 (2005).

[36] W. Chen, Synthesis of vanadium oxide nanotubes from
V,0s sols, Mater. Lett. 58, 2275 (2004).

[37] S. Kundu, B. Satpati, T. Kar, and S. K. Pradhan,
Microstructure characterization of hydrothermally synthe-
sized PANI/V,05 - nH;0 heterojunction photocatalyst for
visible light induced photodegradation of organic pollutants
and non-absorbing colorless molecules, J. Hazard. Mater.
339, 161 (2017).

[38] C. V. Subba Reddy, S.-i. Mho, R. R. Kalluru, and Q. L.
Williams, Hydrothermal synthesis of hydrated vanadium
oxide nanobelts using poly (ethylene oxide) as a template,
J. Power Sources 179, 854 (2008).

[39] X. Sun, V. Duffort, B. L. Mehdi, N. D. Browning, and L. F.
Nazar, Investigation of the mechanism of Mg insertion in
birnessite in nonaqueous and aqueous rechargeable Mg-ion
batteries, Chem. Mater. 28, 534 (2016).

[40] C. Xia,J. Guo, P. Li, X. Zhang, and H. N. Alshareef, Highly
Stable aqueous zinc-ion storage using a layered calcium
vanadium oxide bronze cathode, Angew. Chem., Int. Ed.
57,3943 (2018).

[41] Y. Chen, Q. Li, P. Wang, X. Liao, J. Chen, X. Zhang, Q.
Zheng, D. Lin, and K. H. Lam, high-energy-density cath-
ode achieved via the activation of a three-electron reaction
in sodium manganese vanadium phosphate for sodium-ion
batteries, Small 19, 2304002 (2023).

[42] Y. Zhou, G. Xu, J. Lin, Y. Zhang, G. Fang, J. Zhou, X. Cao,
and S. Liang, Reversible multielectron redox chemistry
in a NASICON-type cathode toward high-energy-density
and long-life sodium-ion full batteries, Adv. Mater. 35,
€2304428 (2023).

[43] S.Liu, X. Liu, S. Zhao, Y. Liu, L. Li, Q. Ding, Y. Li, Z. Lin,
J. Luo, and M. Hong, An exceptional peroxide birefringent
material resulting from d—z interactions, Angew. Chem.,
Int. Ed. 59, 9414 (2020).

[44] X.Deng, Y. Xu, Q. An, F. Xiong, S. Tan, L. Wu, and L. Mai,
Manganese ion pre-intercalated hydrated vanadium oxide
as a high-performance cathode for magnesium ion batteries,
J. Mater. Chem. A 7, 10644 (2019).

[45] P. Simon, Y. Gogotsi, and B. Dunn, Where do batteries end
and supercapacitors begin?, Science 343, 1210 (2014).

[46] S. W. Knipe, J. R. Mycroft, A. R. Pratt, H. W. Nesbitt, and
G. M. Bancroft, X-ray photoelectron spectroscopic study
of water adsorption on iron sulphide minerals, Geochim.
Cosmochim. Acta 59, 1079 (1995).

[47] M. Huang, X. Wang, J. Wang, J. Meng, X. Liu, Q. He,
L. Geng, Q. An, J. Yang, and L. Mai, Proton/Mg2+ co-
insertion chemistry in aqueous Mg-ion batteries: From
the interface to the inner, Angew. Chem., Int. Ed. 62,
€202308961 (2023).

[48] X.-F. Ma, B. Zhao, Q. Zhong, H. Liu, H.-Y. Li,
X. Zhang, J. Diao, J. Yue, G. Huang, J. Wang,
and F. Pan, Enhancing capacity and rate performance
of lamellar V,0s cathode materials by modulating
vanadium 3d orbital splitting, Zenodo, dataset (2025).
https://doi.org/10.5281/zenodo.16332643.

033008-14


https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1002/adfm.201907684
https://doi.org/10.1039/D0TA01033B
https://doi.org/10.1002/aenm.201702463
https://doi.org/10.1002/smll.201702551
https://doi.org/10.1002/aenm.202000058
https://doi.org/10.1016/j.cej.2019.123652
https://doi.org/10.1002/jrs.2984
https://doi.org/10.1016/j.mtener.2019.100361
https://doi.org/10.1039/C5TA00502G
https://doi.org/10.1016/j.electacta.2005.03.054
https://doi.org/10.1016/j.matlet.2004.01.032
https://doi.org/10.1016/j.jhazmat.2017.06.034
https://doi.org/10.1016/j.jpowsour.2008.01.014
https://doi.org/10.1021/acs.chemmater.5b03983
https://doi.org/10.1002/anie.201713291
https://doi.org/10.1002/smll.202304002
https://doi.org/10.1002/adma.202304428
https://doi.org/10.1002/anie.202002828
https://doi.org/10.1039/C8TA11236C
https://doi.org/10.1126/science.1249625
https://doi.org/10.1016/0016-7037(95)00025-U
https://doi.org/10.1002/anie.202308961
https://doi.org/10.5281/zenodo.16332643

	I.. INTRODUCTION
	II.. METHODS
	A.. Materials
	B.. Preparation of MVOH1 and MVOH2 nanobelts
	C.. Material characterization
	D.. Electrochemical measurements
	E.. Computational methods

	III.. RESULTS AND DISCUSSION
	A.. Characterization of the lamellar V2O5 cathode
	B.. Regulation of V 3d orbital splitting
	C.. Electrochemical performance of the lamellar V2O5 cathode
	D.. Crystal structure evolution of the lamellar V2O5 cathode
	E.. Electrochemical performance of the full MIB

	IV.. CONCLUSIONS
	. ACKNOWLEDGMENT
	. DATA AVAILABILITY
	. REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


