
This journal is © The Royal Society of Chemistry 2025 Energy Environ. Sci., 2025, 18, 367–377 |  367

Cite this: Energy Environ. Sci.,

2025, 18, 367

Asymmetric orbital hybridization at the
MXene–VO2�x interface stabilizes oxygen
vacancies for enhanced reversibility
in aqueous zinc-ion batteries†

Yuan Fang,‡a Chunhong Qi,‡a Weichao Bao,b Fangfang Xu, b Wei Sun,*a Bin Liu,c

Xiqian Yu, d Lianjun Wang, a Wan Jiang,a Pengpeng Qiu*a and Wei Luo *a

Modulating the storage kinetics of Zn2+ through oxygen vacancy (Ov) manipulation represents a

promising approach for developing cathode materials in aqueous rechargeable zinc-ion batteries

(ZIBs). However, recent studies have shown that these Ovs can undergo migration and refilling

during electrochemical cycling, leading to severe structural degradation and rapid capacity fading.

Therefore, developing technologies to stabilize Ovs is critical for maximizing their efficiency,

although it presents a significant challenge. Herein, we demonstrate a covalent heterostructure design

that pushes the cycling performance of a vanadium dioxide (VO2) cathode to an unprecedented level.

The rationale lies in the chemical growth of VO2 nanowall arrays on MXene nanosheets that leads

to Ti–O–V asymmetric orbital hybridization (AOH) at the interface, which remarkably enhances the

stability of Ovs on VO2. Due to this advanced cathode design, the prepared ZIBs exhibit highly reversi-

ble aqueous Zn2+ storage capacities and maintain a robust structure over 30 000 cycles at 20 A g�1,

without any significant capacity loss (1.4%). Detailed experimental and theoretical analyses indicate that

Ti–O–V AOH facilitates a charge transfer pathway at the interface, allowing electrons to migrate from

VO2 to the MXene surface, thereby stabilizing the Ovs both thermodynamically and kinetically.

Our work offers an inspiring design principle for developing sustainable cathode materials for high-

performance aqueous ZIBs and beyond, leveraging the synergistic effects of Ovs and interfacial orbital

engineering.

Broader context
Recently, oxygen vacancy (Ov) engineering has been successfully applied in zinc ion batteries (ZIBs) to modulate the Zn2+ transport kinetics by inducing local
lattice expansion. However, the Ovs on the cathode surface tend to capture oxygen from aqueous medium, leading to their refilling. Furthermore, the absence of
oxygen atoms can create a local electric field, driving the migration of Ovs. These challenges can lead to severe structural degradation and rapid capacity fading
of ZIBs. Therefore, it is urgent to develop stabilization technologies that maximize the utilization efficiency of Ovs. In this case, we designed a covalent
heterostructure with asymmetric Ti–O–V orbital hybridization at the interface that greatly enhances the stability of Ovs both kinetically and thermodynamically.
The accelerated migration of electrons from VO2 to the MXene surface is verified through detailed experimental and theoretical analyses, so the refill and
migration of Ovs during Zn2+ shuttling are alleviated. Hence, the MXene–VO2�x cathode displayed a reversible specific capacity of 487.9 mA h g�1 at 0.2 A g�1

and a high capacity retention of 98.6% over 30 000 cycles. This article draws noteworthy findings on the design, controllable synthesis, and characterization of
the cathode, providing a clear direction for exploring the structure–performance relationship.
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Introduction

Aqueous rechargeable batteries, assembled with water electro-
lytes, have recently emerged as a sustainable complement to
Li-ion batteries due to their inherent safety, low cost, and
environmentally friendly nature.1–5 Among them, Zn-ion bat-
teries (ZIBs) are gaining momentum due to the distinctive
properties of zinc anodes, including their large theoretical
capacity (820 mA h g�1), low redox potential (�0.76 V vs.
standard 2H+/H2), and excellent compatibility with water.6–9

However, a significant challenge in ZIBs lies in the develop-
ment of cathode materials capable of reversibly intercalating
high-polarity divalent Zn2+ to achieve both high capacity and
long cycle life in full-cell applications. The manipulation of
oxygen vacancies (Ovs) has been proven to be a powerful means
to regulate the transport kinetics of Zn2+ by expanding the local
lattice to the cathode without compromising the crystal
integrity.10–12 However, recent investigations have revealed a
significant challenge: Ovs on the cathode surface are prone to
capturing oxygen from the aqueous medium, leading to their
refilling and subsequent elimination during continuous elec-
trochemical redox reactions.13,14 Additionally, the absence of
oxygen atoms generates a local electric field, driving the migra-
tion of Ov, which inevitably decreases the battery performance
(Fig. S1, ESI†).15,16 Despite these issues, the stability of Ovs has
received limited attention in the design of efficient cathodes,
and the exploration of reinforcing strategies remains sparse.
Tuning the local electronic structure of Ovs by gradient refilling
of different impurity atoms, such as nitrogen and sulfur, could
substantially enhance the stability.14,17 However, this approach
may also reduce the utilization efficiency of Ovs, which would
negatively affect the cycle life of ZIBs.

Recently, artificial heterostructures have garnered signifi-
cant interest in materials science and condensed-matter phy-
sics. The interplay of spin, orbital, charge, and lattice degrees of
freedom at the interface between two dissimilar phases or
components can alter the atomic coordination environment
compared to their bulk counterparts, leading to unique physi-
cochemical properties.18,19 This suggests that interfacial
heterostructure engineering could serve as a viable approach
to modulate the electronic structure of Ovs, thereby influencing
their behavior on the cathode materials. This study demon-
strates the stabilization of Ovs on a vanadium dioxide (VO2)
cathode through a covalent heterostructure design, which
involves the uniform growth of VO2 nanowalls on the MXene
nanosheets to induce interfacial Ti–O–V asymmetric orbital
hybridization (AOH). Such a design is realized using a general
hydrogen peroxide (H2O2)-assisted hydrothermal strategy.
During the hydrothermal treatment, the surface of the MXene
is gently oxidized by H2O2 molecules, exposing unterminated
Ti–O bonds, which in turn facilitates interfacial orbital hybri-
dization between the O 2p with V 3d. The resulting cathode
delivers a remarkable reversible specific capacity of 487.9 mA h g�1

at 0.2 A g�1 and achieves an impressive capacity retention of
98.6% over 30 000 cycles at 20 A g�1. Detailed experimental
analysis and theoretical calculations suggest that the AOH of

Ti–O–V at the interface promotes the migration of electrons
from VO2 to the MXene, which aids in the stabilization of Ovs,
leading to improved Zn2+ storage kinetics and structural integ-
rity of the cathode. These results highlight the feasibility of
combining orbital and vacancy engineering to construct high-
performance cathodes for ZIBs.

Results and discussion
Material synthesis and structural evaluation

VO2 was chemically grown on MXene nanosheets to form a well-
defined heterostructure with Ti–O–V AOH using a general
H2O2-assisted hydrothermal approach followed by an oxida-
tion–reduction phase transition process (Fig. S2, ESI†). The
MXene nanosheets were first prepared by ultrasonically exfolia-
ting accordion-like Ti3C2Tx MXenes. Then, the MXene nano-
sheets were dispersed into tetrahydrofuran (THF), followed by
the addition of vanadyl acetylacetonate (VO(acac)2) as the V
precursor and H2O2 as the nucleation agent. This mixture was
hydrothermally treated to form uniform VO2–MXene–VO2

sandwich-like nanosheets (denoted as MXene–VO2). Finally, a
high-temperature oxidation and reduction reaction was used to
drive a repeated phase transition between VO2 and V2O5 to
introduce Ovs in the MXene–VO2 heterostructure (denoted as
MXene–VO2�x).

Field-emission scanning electron microscopy (FESEM)
images of the MXene–VO2 sample are shown in Fig. S3a and b
(ESI†), revealing the uniform growth of contrasting VO2 nanowall
arrays on the originally smooth surface of the MXene nanosheets
(Fig. S4, ESI†). Additionally, the transmission electron microscopy
(TEM), dark-field scanning TEM (STEM) images, and corres-
ponding elemental mappings of MXene–VO2 further verify the
homogenous distribution of polycrystalline VO2 nanowalls on
the MXene nanosheets (Fig. S3c–e, ESI†). After phase transition,
no significant change in the morphological structure of
MXene–VO2�x is observed (Fig. S5, ESI†), implying a strong
interaction (potentially orbital hybridization) between MXene
and VO2. This interaction could protect the heterostructure
from collapse at high temperatures, which is also indicated by
the well-retained structure of MXene–V2O5 (the intermediate
product formed during the phase transition process, Fig. S6,
ESI†). The cross-sectional STEM images and corresponding
elemental mappings of MXene–VO2�x (Fig. 1a and b) clearly
demonstrate a thin MXene nanosheet enclosed by two VO2

nanowall layers. The high-resolution TEM (HRTEM) image
reveals that the VO2 nanocrystals with a d-spacing of the (110)
crystal plane (0.35 nm) grow vertically along the MXene
nanosheet surface at the nanoscale (Fig. 1c). Atomic force
microscopy (AFM) measurements on three selected areas indi-
cate a thickness of approximately 27.5 nm for the VO2 nano-
walls (Fig. S7, ESI†). To confirm the formation of Ovs in the
MXene–VO2�x heterostructure, high-angle annular dark-field
(HAADF)-STEM images were obtained. The lattice fringes of
the (003) crystal planes of VO2 (d-spacing = 2.11 Å) can be
observed with multiple lattice disorders (Fig. S8, ESI†) and
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evident atomic defects (Fig. 1d, highlighted by red circles).
In contrast, the HRTEM and HAADF-STEM images of MXene–
VO2 displayed in Fig. S9 (ESI†) show a smaller d-spacing of
2.06 Å and a completely ordered atomic arrangement. Notably,
this synthetic strategy can be easily scaled up by employing a
larger autoclave to produce more quantities of MXene–VO2�x

(around 6 g) while maintaining the original quality (Fig. S10,
ESI†), paving the way for potential practical production.

X-ray photoelectron spectroscopy (XPS) was conducted to
determine the elemental composition and chemical states of
the prepared samples. The O 1s spectra for both MXene–VO2

and MXene–VO2�x (Fig. 1e) exhibit a Ti–O–V peak at 530.0 eV,
suggesting the formation of AOH between MXene and VO2. The
presence of a V5+ peak in the V 2p spectra further indicates the
formation of Ti–O–V covalent bonds (Fig. S11b, ESI†). The O 1s
spectrum of MXene–VO2�x shows an additional Ov peak com-
pared to that of MXene–VO2, demonstrating the successful
incorporation of Ovs into the VO2 structure. The depth-resolved
synchrotron XPS profiles (Fig. 1f) reveal that the relative Ov peak
area remains relatively constant at approximately 12.5% as the
photon energy increases from 800 to 1500 eV, suggesting uniform

distribution of Ovs in MXene–VO2�x. The presence of Ovs in the
MXene–VO2�x heterostructure was also confirmed by the detec-
tion of a weak V4+ signal at a g-value of 1.96 in the electron
paramagnetic resonance (EPR) analysis (Fig. S12a, ESI†). Both
the C 1s and Ti 2p spectra show the presence of a Ti–C bond,
which suggests that the MXene structure is well-preserved in the
MXene–VO2�x heterostructure (Fig. S11c and d, ESI†). The X-ray
diffraction (XRD) patterns of both MXene–VO2 and MXene–VO2�x

(Fig. S12b, ESI†) show distinct diffraction peaks at 15.31, 25.11,
30.31, 33.61, 38.61, 45.11, and 48.71 that are well indexed to the
(200), (110), (111), (310), (401), (�601), and (020) crystal planes of
the monoclinic VO2 phase (PDF#81-2392). The MXene–VO2 com-
posite exhibits an additional peak at about 9.51 that is ascribed to
the (002) crystal plane of MXene. This peak is weaker and shifted
to a larger angle compared to that of pure MXene nanosheets
(8.31), indicating the decrease in the interlayer spacing of the
MXene caused by the close stacking of VO2. Magnified views of the
XRD patterns (Fig. S12c and d, ESI†) show that the (110), (003),
(�601), and (020) diffraction peaks of MXene–VO2�x are shifted to
lower angles than those of MXene–VO2, which verify that the
introduction of Ovs leads to the broadening of the lattice spacing.

Fig. 1 Morphology and structural characterization of MXene–VO2�x. (a) HAADF-STEM image of MXene–VO2�x (inset: Corresponding side-view model).
(b) Elemental mapping showing the distributions of titanium, vanadium, carbon, and oxygen. (c) High-resolution TEM image of the heterointerface.
(d) Atom-resolved HAADF-STEM image (inset: Crystal structure of VO2 (B)). (e) O 1s spectra of MXene–VO2 and MXene–VO2�x. (f) O 1s spectra of
MXene–VO2�x recorded at incident photon energies of 800 to 1500 eV. (g) V L-edge and O K-edge sXAS spectra of MXene–VO2�x and MXene/VO2�x.
(h) V L-edge and O K-edge sXAS spectra of MXene–VO2�x and MXene–VO2. (i) V K-edge k3-weighted w(k)-function FT EXAFS spectra.
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Soft X-ray absorption spectroscopy (sXAS, Fig. 1g) was used
to evaluate the detailed orbital information of MXene–VO2�x

and MXene/VO2�x (prepared by physically mixing the MXene
and VO2�x and further details are provided in the ESI†). The
V–L edge regions of these samples show main peaks at around
517 and 524 eV that are assigned to the electron excitations
from V 2p3/2 to V 3d (V L3) and from V 2p1/2 to V 3d (V L2),
respectively. MXene–VO2�x exhibits a higher L2/L3 ratio than
MXene/VO2�x, primarily because the existence of Ti–O–V AOH
results in an increased V oxidation state through electron
transfer.20,21 Furthermore, the weaker d|| and s* peaks in the
O K-edge spectrum of MXene–VO2�x indicate a higher electron
occupancy of the O 2p state in interfacial Ti–O–V bonds, which
results from the electrons migrating away from the VO2 frame-
work to MXenes. The sXAS spectra of MXene–VO2 and MXene–
VO2�x were also compared, as shown in Fig. 1h. The V–L edge
peak of MXene–VO2�x is shifted in the lower energy direction
compared to that of MXene–VO2, implying that V is slightly
reduced due to the generation of Ovs. Moreover, the substan-
tially increased intensity of the s* band in MXene–VO2�x is
ascribed to the distorted local coordination of O atoms surround-
ing the vanadium atom.22,23 The atomic coordination structures
of MXene–VO2�x and MXene–VO2 were examined by X-ray absorp-
tion fine structure (XAFS) measurements. As demonstrated by
the X-ray absorption near-edge structure (XANES) spectra of the
V K-edge (Fig. S13, ESI†), the main absorption edge of MXene–VO2

is close to that of the standard VO2 (B) sample. However, the
V absorption edge position of MXene–VO2�x is shifted in the
lower energy direction compared to that of MXene–VO2, implying
that the vanadium ions are reduced due to the generation of Ovs.
According to linear fitting with the standard samples, the average
oxidation state of V in MXene–VO2�x (Fig. S14, ESI†) is approxi-
mately + 3.8, further revealing the presence of Ovs. The corres-
ponding Fourier-transform extended X-ray absorption fine
structure (FT EXAFS) spectra in Fig. 1i show a clear peak at
B1.6 Å corresponding to the V–O scattering path in the first
shell. Compared with the standard VO2 (B) sample, the V–O
length of MXene–VO2 shifts to a higher value, which is possibly
due to the Ti–O–V AOH. Moreover, the V–O peak of MXene–VO2�x

is shifted to a slightly lower R value than that of MXene–VO2,
indicating a reduction in the V–O bond length as a result of Ovs.
According to the fitting results shown in Fig. S15 (ESI†), the
coordination number of the V–O bond in MXene–VO2�x is lower
than that in MXene–VO2 (4.7 vs. 6). The curve fitting parameters
are reported in Table S1 (ESI†). The presence of a maximum peak
at around 8 Å�1 in the wavelet transform (WT) of the EXAFS
contour plots (Fig. S16, ESI†) is associated with the existence of
the V–O bond. The observed shift in the k value is likely attributed
to the structural defects in the MXene–VO2�x heterostructure.24

All these characterization results confirm the successful construc-
tion of an MXene–VO2�x heterostructure with Ti–O–V AOH at the
interface and evenly distributed Ovs.

Origin of AOH in the MXene–VO2�x heterostructure

To understand the formation mechanism of AOH at the interface,
several control experiments were carried out by adjusting the

reaction conditions (Fig. S17, ESI†). The XRD pattern and TEM
image of the sample prepared by hydrothermally reacting
VO(acac)2 in the THF solvent (i.e., no MXene and no H2O2)
suggest that this sample is amorphous. When MXene nano-
sheets are added, the surface of the MXene is barely coated with
VO2, and only MXene peaks are detected in the XRD pattern.
This implies that the nucleation and growth of VO2 do not
occur on the surface of the MXene in a single THF solvent.
When an equivalent amount of H2O is used instead of H2O2

during synthesis, the deposition of VO2 on the MXene nano-
sheets can also be achieved, but a very different morphological
structure is formed. SEM, TEM, STEM, and corresponding
elemental mapping images (Fig. S18, ESI†) clearly show that
the deposited VO2 has a heterogeneous non-planar morphology
on the MXene nanosheets. Moreover, the VO2 deposits are as
large as 50 nm, sparsely distributed on the substrate, and
isolated from each other. It should be noted that this structure
exhibits high instability during the high-temperature phase
transition process. Morphological characterization and XRD
analysis of this sample after the high-temperature phase transi-
tion process, as shown in Fig. S19 and S20 (ESI†), indicate
that the VO2�x nanoparticles are aggregated and the MXene
nanosheets are completely oxidized to TiO2. This is possibly
caused by the lack of robust orbital interaction at the hetero-
interface, as confirmed by XPS analysis (Fig. S21, ESI†). To
further investigate the effect of H2O2 on the formation process,
we varied both the amount of H2O2 and the hydrothermal
reaction time during synthesis. With an increase in H2O2

concentration, the VO2 diffraction peak intensity is clearly
strengthened and the VO2 nanowalls grow wider, longer, and
denser (Fig. S22 and S23, ESI†). However, the synthesis per-
formed with 9.1 vol% H2O2 leads to phase separation due to
faster reaction kinetics between VO2 crystals. By varying the
reaction time from 1 to 6 h with a fixed H2O2 dose, the
thickness of the VO2 nanowalls on the MXene nanosheets can
be tuned from 7.8 to 62.4 nm (Fig. S24 and S25, ESI†). Overall,
these control experiments demonstrate that H2O2 plays an
important role in controlling the chemical growth of VO2

nanowalls on the MXene surface to a desired thickness.
On the basis of the structural analysis above, we first

hypothesize that the H2O2 molecules employed in this work
are more prone to concentrating the free V4+ near the MXene
surface, thereby promoting heterogeneous nucleation instead
of homogeneous nucleation occurring in the solution. This can
be verified using the density functional theory (DFT) calcula-
tion of the adsorption energy of V4+ on three models including
individual MXene, H2O-anchored MXene (MXene–H2O), and
H2O2-anchored MXene (MXene–H2O2). As evident from Fig. 2a,
the MXene–H2O2 surface exhibits a higher V4+ adsorption
energy than the other two surfaces. Moreover, the classical
nucleation theory suggests that strong metal–substrate bonding
may result in smaller critical nucleate sizes, ultimately leading
to the more uniform growth of the second phase.25–27 Given the
oxidizing properties of H2O2, a potential explanation in this
system is that the surface of the MXene nanosheets may
undergo oxidation by H2O2, which generates a large number
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of unterminated Ti–O bonds. These bonds drive the orbital
hybridization of the O 2p with V 3d orbitals (p–d hybridization)
to form Ti–O–V AOH (Fig. 2b).

To verify this proposed explanation, detailed theoretical and
structural analyses were carried out using molecular dynamic
(MD) simulations, TEM observations, XRD analysis, and Fourier
transform infrared (FTIR) spectroscopy analysis. MD simulations
were first performed to investigate the oxidation of MXene
structures under three reaction conditions: dry air (200 O2

molecules), wet air (100 O2 and 100 H2O molecules), and
H2O2 (200 H2O2 molecules) environments. Fig. 2c shows the
structural models of the MXene under these three conditions at
a simulation time of 25 ps, revealing that the MXene surface
is more oxidized in the presence of H2O2 than under the other
two atmospheres. Fig. S26 (ESI†) presents the evolution of the
MXene structure with simulation times of 0, 50, 75 and 100 ps
under three conditions at 1000 K. This result is in good
agreement with the TEM analysis, as displayed in Fig. S27a–c
(ESI†). The obtained TEM images clearly show that exposure to
H2O2 roughens the MXene surface and causes the formation of
some voids. The corresponding XRD patterns displayed in
Fig. S27d (ESI†) reveal that the H2O2-treated MXene has a wider
and lower (002) diffraction peak. To quantitatively evaluate the
bond changes during the MXene oxidation process, the average

bond numbers of the Ti–O, C–C, and Ti–C bonds at different
MD simulation times were calculated (Fig. 2d and Fig. S28,
ESI†). As the MD simulation time increases, there is a notable
increase in the average number of C–C bonds, signifying their
formation. Conversely, the average number of Ti–C bonds
decreases, indicating the rupture of these bonds. In addition,
the average number of Ti–O bonds rises with prolonged simu-
lation time, attributed to the formation of additional functional
Ti–O bonds resulting from the oxidation of the MXene. The
MXene oxidation rate in the presence of H2O2 is higher than
that in the dry and wet air environments, suggesting that H2O2-
driven oxidation generates more Ti–O bonds. These MD results
are in good agreement with the FTIR analysis (Fig. 2e), which
confirms that the H2O2-treated MXene surface exhibits the
largest number of Ti–O bonds. Therefore, it can be concluded
that the growth of uniform VO2 nanowalls on the MXene
nanosheets is due to the enhanced enrichment of V4+ close to
the MXene surface and the generation of more Ti–O–V nuclei in
the presence of H2O2.

To check the validity of the proposed mechanism, the adapt-
ability of this approach for the growth of other metal oxides on the
MXene surface was examined. Taking ZnO (MXene–ZnO) and
MoO2 (Mxene–MoO2) as examples, TEM analysis demonstrates
that these samples both exhibit sandwich structures that

Fig. 2 Formation mechanism of the MXene–VO2�x covalent heterostructure. (a) DFT calculation models for the adsorption of V4+ on the individual
MXene, H2O-anchored MXene (MXene–H2O), and H2O2-anchored MXene (MXene–H2O2). (b) Schematic diagram of the predicted formation mechanism
of the heterointerface. (c) MD simulated structure of MXene after oxidation in dry air (O2), wet air (H2O + O2), and H2O2 environments after 25 ps at a
temperature of 1000 K (Ti: blue, C: gray, and O: red). (d) Change in the average bond number of Ti–O under dry air, wet air, and H2O2 environments. (e)
FTIR spectra of samples under dry air, wet air, and H2O2 environments.
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are similar to that of MXene–VO2 (Fig. S29 and S30, ESI†). The
deconvoluted O 1s spectra of both MXene–ZnO and MXene–
MoO2 (Fig. S31a and b, ESI†) show the presence of a Ti–O–M
(Zn or Mo) peak, suggesting the formation of AOH between
both metal oxides and the MXene substrate. Moreover, in
addition to deposition on the MXene surface, the VO2 nano-
walls can also be effectively grown onto the surfaces of
graphene oxide (GO) and SiO2 (Fig. S32 and S33, ESI†) because
these surfaces both have large amounts of unterminated
functional oxygen groups. Growing VO2 nanowalls on the
surfaces of carbon fibers (CFs) or carbon nanotubes (CNTs)
would be appealing because these carbon materials exhibit
high electrical conductivity and strong mechanical properties.
However, the CF and CNT surfaces lack available oxygen
functional groups, resulting in poor interaction between VO2

and these substrates. Thus, undesirable phase separation is
observed and VO2 surface deposition does not occur (Fig. S34,
ESI†). However, the strong acid treatment of these surfaces
can lead to the uniform growth of VO2 nanowalls (Fig. S35
and S36, ESI†) with strong C–O–V AOH (Fig. S31c, ESI†). These
results further corroborate the validity of the proposed
mechanism.

Electrochemical performance measurements

To investigate the Zn2+ storage performance of the prepared
cathodes, 2025 type coin cells were assembled using zinc foil
anodes, a 3 M Zn(CF3SO3)2 aqueous electrolyte, and glass
microfiber separators (see further details in the ESI†). The
thickness of the VO2 nanowalls may affect the Ov stability.
Therefore, the long-term cycling performance of MXene–VO2�x

cathodes with various nanowall thicknesses (7.8, 27.5, and
62.4 nm) was measured at a current density of 1 A g�1

(Fig. S37, ESI†). The MXene–VO2�x cathode with a moderate
thickness shows the most stable performance, which was then
used to perform subsequent electrochemical measurements.
As shown in Fig. 3a, cyclic voltammetry (CV) curves were
obtained at a scan rate of 0.2 mV s�1 within the voltage window
of 0.2 to 1.6 V (vs. Zn/Zn2+). Two pairs of redox peaks ascribed
to the multiple insertion/extraction process of Zn2+ are
observed for both the MXene–VO2�x and MXene/VO2�x cath-
odes. Through the comparison of the capacity contribution
derived from two pair of redox peaks of MXene–VO2�x and
MXene/VO2�x (Fig. S38, ESI†), the enhanced capacity of MXene–
VO2�x primarily originates from the redox peak at a slow
potential, attributed to the reversible reaction of V4+/V3+.

Fig. 3 Electrochemical performance of aqueous zinc ion batteries. (a) CV curves of MXene–VO2�x and MXene/VO2�x at 0.2 mV s�1. (b) Charge/
discharge curves of MXene–VO2�x and MXene/VO2�x at 0.2 A g�1. (c) Ragone plots of the MXene–VO2�x cathode compared with other vanadium-oxide-
based electrode materials. (d) Rate performance of MXene–VO2�x and MXene/VO2�x cathodes. (e) Cycling performance of MXene–VO2�x and MXene/
VO2�x cathodes at 0.2 A g�1. (f) Long-term cycling test of MXene–VO2�x and MXene/VO2�x cathodes at 20 A g�1.
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Notably, the potential difference (DE) of the redox peaks of
MXene–VO2�x is smaller than that of MXene/VO2�x, demon-
strating weaker electrochemical polarization and more reliable
reversibility of the MXene–VO2�x electrode reaction. The galva-
nostatic charge/discharge (GCD) curves of MXene–VO2�x and
MXene/VO2�x were obtained at 0.2 A g�1 (Fig. 3b). The first and
fourth GCD curves of MXene–VO2�x almost completely overlap,
further suggesting the highly reversible redox behavior of this
cathode. The MXene–VO2�x cathode delivers a notably
enhanced and stable capacity of 487.2 mA h g�1, which is
much higher than those of previously reported vanadium-based
cathodes (Table S2, ESI†). Moreover, the Ragone plot shown in
Fig. 3c reveals that the MXene–VO2�x cathode has specific
energies of 683.2 W h kg�1 at 280 W kg�1 and 397.4 W h kg�1

at 28 000 W kg�1, demonstrating the best performance among
vanadium-based cathodes for aqueous ZIBs.28–36

The ZIB assembled with MXene–VO2�x (Zn//MXene–VO2�x)
shows superior rate performance as the current density
increases from 0.2 to 20 A g�1 (Fig. 3d) compared to the ZIBs
assembled with MXene/VO2�x and MXene–VO2 (Fig. S39, ESI†).
Even at high rates of 10, 15, and 20 A g�1, the Zn//MXene–VO2�x

battery still retains reversible capacities of 330.4, 300.7, and
270.5 mA h g�1, respectively. Upon returning to a low current
density of 0.2 A g�1, the capacity of Zn//MXene–VO2�x recovers
to 487.9 mA h g�1, indicating minimal capacity loss and high-
lighting the robust covalent heterostructure of MXene–VO2�x.
Moreover, the GCD curves at different current densities (Fig. S40,
ESI†) reveal the minimal impact on the specific capacity of the
MXene–VO2�x cathode, suggesting a highly stable structural
framework for Zn2+. The cycling performances of Zn//MXene–
VO2�x and control batteries were also examined at both low
(0.2 A g�1) and high (20 A g�1) current densities, as shown in
Fig. 3e, f and Fig. S41 (ESI†). The control batteries exhibit similar
cycling trends: the discharge capacity first increases during the
initial cycles and then sharply declines in subsequent cycles. In
contrast, the Zn//MXene–VO2�x battery demonstrates remarkable
resilience, maintaining a capacity retention rate of B95.3% after
enduring 100 cycles at 0.2 A g�1. Impressively, it still holds a capa-
city of 266.6 mA h g�1 even after enduring a staggering 30 000
cycles at 20 A g�1, which is possibly attributed to the synergistic
interplay of Ti–O–V AOH and Ov engineering. Besides, the scaled-
up preparation of the MXene–VO2�x cathode shows a negligible
effect on the cycling performance of the battery (Fig. S42, ESI†),
indicating its immense potential for commercial applications.
More impressively, the MXene–VO2�x cathode maintains its mor-
phology and components effectively, regardless of whether it is
subjected to long-term cycling at 0.2 A g�1 or 20 A g�1 (as evident in
Fig. S43 and S44, ESI†). Inversely, the XRD pattern of the MXene/
VO2�x cathode after large current cycles shows a new phase product
of electrochemically inactive Zn3(OH)2V2O7�2H2O (PDF#50-0570)
due to the instability of the electrode structure, thus leading to
the attenuation of electrochemical capacity (Fig. S45, ESI†).

Detailed analysis of the aqueous Zn2+ storage mechanism

To analyze the charge storage behavior and calculate the pseudo-
capacitance contribution of the prepared cathodes, we performed

CV tests at various scan rates. As the scan rate increases from 0.2 to
1.0 mV s�1, the MXene–VO2�x cathode maintains its CV peak
shape and position effectively (Fig. 4a). In contrast, the MXene/
VO2�x and MXene/VO2 cathodes experience significant polariza-
tion, as shown in Fig. S46 (ESI†), highlighting the MXene–VO2�x

cathode’s superior tolerance to higher scan rates and its excellent
cycle reversibility. With the scan rate on the rise, the redox peaks of
MXene–VO2�x show a sharp increase in current density, whereas
the MXene/VO2�x and MXene/VO2 cathodes demonstrate a more
subdued increase. To evaluate the relative contributions of capa-
citive and diffusion effects to the overall capacity, the relationship
between the peak current (i) and scan rate (v) was analyzed: i = a�vb.
When the value of b approaches 1.0, it indicates a significant
pseudocapacitance contribution to the charge storage mechanism.
The b values of peaks 1, 2, 3, and 4 of the MXene–VO2�x cathode
are 0.941, 0.987, 0.905, and 0.930, respectively (Fig. 4b), suggesting
that pseudocapacitance plays a primary role in determining the
capacity of this cathode. For example, the capacitive contribution
reaches up to 90.3% at a scan rate of 1.0 mV s�1 (Fig. S47, ESI†).
As shown in Fig. 4c, the MXene/VO2�x cathode displays a larger
capacitive contribution proportion than MXene/VO2, illustrating
the enhanced pseudocapacitive charge storage mechanism after
the introduction of Ov, which is consistent with the previous
finding.10,37,38 The capacitive contribution of the MXene–VO2�x

cathode is even higher than that of the MXene/VO2�x cathode at
the evaluated scan rates, suggesting improved pseudocapacitive
behavior and accelerated Zn2+ migration kinetics following the
construction of AOH. The MXene–VO2�x cathode exhibits a
higher Ds value (ion diffusion coefficient) than the MXene/VO2�x

cathode in both the upper (Region I) and lower (Region II)
plateaus of their galvanostatic intermittent titration (GITT) pro-
files (Fig. 4d), revealing the higher Zn2+ conductivity of MXene–
VO2�x. Electrochemical impedance spectroscopy (EIS) measure-
ments further indicate that the MXene–VO2�x cathode exhibits a
lower charge transfer resistance than the MXene/VO2�x cathode
(Fig. S48, ESI†).

The high stability and fast Zn2+ storage kinetics of the
MXene–VO2�x cathode in ZIBs were also confirmed by a series
of ex situ and in situ investigations. The ex situ sXAS spectra
were recorded at various charge/discharge states (Fig. 4e). Upon
full discharge of the battery to 0.2 V, the V L3-edge peak shifts to
a lower energy. When the battery is charged back to 1.6 V, this
peak gradually shifts back to a higher energy, reflecting the
highly reversible redox activity and the stable crystalline struc-
ture of MXene–VO2�x. Meanwhile, the d|| and s* hybridization
peaks in the O K-edge also exhibit an evident reversible change
in intensity, proving the reversible electron transfer at the
interface during the electrochemical process. The Zn 2p XPS
spectra of MXene–VO2�x were also obtained in the charged and
discharged states (Fig. S49, ESI†). When discharged to 0.2 V,
two strong Zn peaks are observed at 1021.2 and 1044.2 eV,
corresponding to the insertion of Zn2+ into the MXene–VO2�x

cathode. After the subsequent charging process, the intensity of
Zn peaks decreases, suggesting the highly reversible extraction
of Zn2+. The O 1s XPS spectra of the MXene–VO2�x cathode
show that the content of Ti–O–V AOH remains similar at
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different voltages (Fig. 4f). In addition, the V 2p XPS spectra
illustrate the reversible reduction and oxidation of V4+/V3+,
confirming the high stability of Ovs during the electrochemical
process (Fig. 4g). For comparison, the ex situ XPS measurement
of the MXene/VO2�x cathode is shown in Fig. S50 (ESI†). The
reduced Ov peak area in O 1s spectra indicates that the Ovs are
refilled partly during electrochemical redox reactions, and this
can also be demonstrated by the weaker V3+ signal in V 2p
spectra after electrochemical cycling. The presence of the V5+

peak originates from the irreversible phase transition of the
electrode structure to Zn3(OH)2V2O7�2H2O, which is consistent
with the XRD pattern in Fig. S45 (ESI†). Ex situ XRD analysis of
the MXene–VO2�x cathode was performed during the charge/
discharge cycle within the potential window of 0.2–1.6 V
(Fig. S51, ESI†). The (110) and (020) diffraction peaks of VO2

shift to a smaller degree during the discharge operation,
indicating a typical in-plane expansion process. During the
subsequent charge process, the peak positions recover gradu-
ally, illustrating good reversibility of the electrode reaction and
the stabilization of the electrode structure. The corresponding
TEM images of the MXene–VO2�x cathode at different voltages
(Fig. S52 and S53, ESI†) verify that the heterostructure is

well-retained during the electrochemical process. In the online
recorded Raman spectra (Fig. 4h), the peak at B124 cm�1

corresponds to the skeleton bending vibration of layered
VO2,39 whereas the two peaks at B448 and B490 cm�1 are
attributed to the bending and stretching vibrations of V–O,
respectively.40 The reversible change of these peaks during the
Zn2+ insertion/extraction process confirms the structural stabi-
lity of the MXene–VO2�x cathode. All these experimental results
demonstrate that the synergistic combination of AOH and Ov

can efficiently boost the electrochemical performance of VO2

cathodes.

Theoretical calculation verification

In order to elucidate the chemical origin of the remarkable
storage capacity and stability of the MXene–VO2�x cathode, we
performed DFT calculations to gain deeper insights into the
electronic interactions between AOH and Ovs. An Ov is formed
by removing an oxygen atom between two vanadium atoms,
resulting in two distinct configurations: equatorial and apical
Ovs (Fig. S54, ESI†). Through the calculation of formation
energy (Ef) of Ovs, Ovs at the apical sites were found to exhibit
a significantly lower Ef value (2.9 eV) than Ovs at the equatorial

Fig. 4 Electrochemical kinetics analyses and energy storage mechanism analyses of the MXene–VO2�x cathode. (a) CV curves at different scan rates.
(b) Corresponding log (peak current) versus log (scan rate) plots at each redox peak. (c) Capacitive contribution to the capacity of MXene/VO2, MXene/
VO2�x and MXene–VO2�x at different scan rates. (d) GITT curves and corresponding Zn2+ diffusion coefficients of MXene/VO2�x and MXene–VO2�x.
(e) Ex situ sXAS at various states of discharge/charge. (f) O 1s spectra of MXene–VO2�x after discharging and charging. (g) V 2p3/2 spectra of MXene–
VO2�x after discharging and charging. (h) In situ Raman spectra of the MXene–VO2�x electrode and corresponding charge/discharge profiles.
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sites (4.18 eV), suggesting that apical Ovs are more likely to be
formed than equatorial Ovs. Therefore, the following calcula-
tions are based on the formation of apical Ovs in the VO2 crystal
structure. Owing to the strong orbital coupling, charge transfer
would occur at the interface. Analyses of the sliced electron
localization function (ELF, Fig. 5a) and Bader charge (Fig. S55,
ESI†) reveal that the layer of VO2 adjacent to the interface
donates 0.87 |e| through the Ti–O–V AOH to the MXene surface.
Following the introduction of Ovs in VO2, the framework transfers
an increased number of electrons (1.72 |e|) to the MXene, high-
lighting a strong electronic interaction between AOH and Ovs.
The electron migration along Ti–O–V AOH is attributed to the
difference in the band centers of V-3d, O-2p and Ti-3d (Fig. 5b).41,42

Note that the electron transfer from VO2 to the MXene via AOH
creates a charge transfer pathway for O atoms in VO2, which aids
in the release of electrons from these atoms and promotes the
formation of Ovs.43,44 The DFT calculation further confirms that
the construction of Ti–O–V AOH significantly lowers the formation
energy (Ef) of Ovs, regardless of the number of slabs, suggesting
that the Ovs exhibit enhanced chemical stability within the
MXene–VO2�x framework (Fig. 5c and Fig. S56, S57, ESI†).

Interestingly, the transfer of charges through Ti–O–V AOH
also significantly influences the kinetic behaviors of Ovs.
Fig. 5d shows the model of O migrating to the neighbor vacant
site without the intercalation of Zn2+. The calculated migration
energy barrier (Eb) of Ovs on the surface of MXene–VO2�x is
1.03 eV, slightly larger than that on MXene/VO2�x (0.95 eV,
Fig. S58, ESI†), suggesting that Ovs are less prone to migration
in the former case. This trend becomes even more evident
when Zn2+ are intercalated into the framework, as seen in the
comparison of 1.31 vs. 0.73 eV. This implies that the formation
of AOH significantly stabilizes the Ovs during electrochemical
cycling (Fig. 5e and Fig. S59, ESI†), ascribed to the improved
geometric stability of the VO2�x frameworks after the migration
away from electrons. Specifically, the electrostatic repulsion
between the adjacent V atoms and connected O atoms can be
weakened through Ti–O–V AOH, resulting in a shortened V–O
bond length surrounding Ovs (Fig. 5f). This phenomenon can
be further elucidated by examining the electronic configura-
tions of Ti–O–V AOH. Unlike the V–O–V orbital coupling
in bulk VO2, the substitution of V with Ti atoms disrupts
charge symmetry. The unoccupied orbitals of Ti4+ can engage in

Fig. 5 Theoretical verification for stabilizing Ovs on the VO2 cathode. (a) Sliced ELF of MXene/VO2, MXene–VO2, and MXene–VO2�x. The isovalues of
1 and 0 indicate complete electron localization and complete electron delocalization, respectively. (b) Projected density of states (PDOS) of Ti-3d, O-2p,
and V-3d bands, with the black bar showing the band centers. (c) Calculated Ef values of Ovs at MXene/VO2�x and MXene–VO2�x as a function of VO2

layer number. (d) Calculated models for the migration of oxygen atoms to neighboring sites on MXene–VO2�x in the absence of intercalated Zn2+.
(e) Calculated models for the migration of oxygen atoms to neighboring sites on MXene–VO2�x in the presence of intercalated Zn2+. (f) Optimized
geometric structure near the Ovs of MXene–VO2�x and MXene/VO2�x. Measured bond distances are indicated. (g) Schematic illustration showing the
mechanism of Ti–O–V AOH in the MXene–VO2�x cathode.
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p-donation with bridging O,45,46 while the electron repulsion
between V4+ and O2� on the opposite side further enhances this
interaction, leading to increased orbital coupling and strong
electron transfer from VO2 to MXene (Fig. 5g). Consequently,
the electrostatic interaction between the VO2�x framework and
intercalated Zn2+ is significantly diminished, which can be
verified through the zeta potential measurement (Fig. S60a,
ESI†). The adsorption energies of Zn2+ at different sites on the
cathode materials were also analyzed through DFT calculations,
showing the lowest Zn2+ adsorption energy on the MXene–
VO2�x cathode (Fig. S60b and S61, ESI†). The energy barriers
of Zn2+ migration were calculated to further assess the dynamic
performance of Zn2+ during the discharge/charge process (Fig. S62
and S63, ESI†). The calculated Zn2+ diffusion barrier in MXene–
VO2�x is much lower than that of individual MXene and VO2,
which may be attributed to the fast interfacial charge transfer of
MXene–VO2�x. This gives rise to the smallest migration energy
barriers for Zn2+ (B0.15 eV), thereby facilitating rapid Zn2+ storage
kinetics and enhancing the structural stability of the MXene–
VO2�x cathode during the discharge/charge process.

Conclusions

Through detailed experimental and theoretical analyses, we
demonstrated a rational covalent heterostructure design to stabi-
lize Ovs on VO2 model cathodes for use in ZIBs. The cathode was
achieved through a facile H2O2-assisted hydrothermal strategy,
where H2O2 was crucial in facilitating the uniform deposition of
VO2 nanowall arrays onto the MXene surface to form tight inter-
facial Ti–O–V AOH. DFT calculations suggested that these Ti–O–V
AOH at the interface significantly influence the stabilization of Ovs
by migrating electrons from the VO2 framework to the MXene
surface. Thus, the refilling and migration of Ovs during Zn2+

shuttling were inhibited. Benefitting from this design, the pre-
pared MXene–VO2�x cathode displayed superb Zn2+ storage per-
formance, with a reversible specific capacity of 487.9 mA h g�1 at
0.2 A g�1 and a high capacity retention of 98.6% over 30 000 cycles.
This study offers important insight into the role of covalent hetero-
structures in improving the utilization efficiency of Ovs and
provides guidance for the development of future battery cathode
materials for specific application requirements.
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