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ABSTRACT
Aqueous batteries are gaining attention owing to their high safety and cost‐effectiveness. Among these, Zn‐based aqueous

batteries excel because of Zn's low redox potential (−0.76 V vs. SHE), its abundance, and eco‐friendliness. However, despite

their advantages, challenges, such as low energy density and limited cycle life limit their usage. This study addresses these

issues by employing low‐crystalline V2O4.86 as a cathode material, enhanced with oxygen vacancies created by controlled

annealing time. The structure of low‐crystalline V2O4.86 facilitates rapid structural transformation into the highly active phase

Zn3+x(OH)2V2O7·2(H2O). Electrochemical tests revealed a 22% capacity improvement for low‐crystalline V2O4.86 (360 mAh g−1)

over high‐crystalline V2O5 (295mAh g−1) at 0.8 A g−1, attributed to the presence of active oxygen vacancies. Comprehensive

structural analysis, spectroscopy, and diffusion path/barrier studies elucidate the underlying mechanisms for the first time,

highlighting the potential of oxygen‐engineered V2O5. These findings indicate that electrodes engineered with oxygen vacancies

offer promising insights in advancing cathode materials for high‐performance secondary battery technologies.

1 | Introduction

In recent years, rechargeable batteries have received significant
attention for their ability to meet the growing demands of
electric vehicles, portable electronic devices, and energy storage
systems. Among the various battery technologies, lithium‐ion
batteries (LIBs) have dominated the market owing to their high
operating voltage and superior energy density [1]. However,
LIBs usage is not without its challenges, including safety con-
cerns related to flammability and high costs stemming from the
uneven distribution of lithium resources. These limitations have

driven extensive research into next‐generation battery
technologies.

Multivalent ion rechargeable batteries, utilizing elements such
as Al [2], Ca [3], Mg [4–6], Zn [7–9], and Mn [10–12], have
emerged as promising alternatives. These systems offer several
advantages, including high energy density, low cost due to the
elemental abundance of raw materials, and improved safety
features. Among these candidates, Zn has garnered particular
interest owing to its exceptional properties, inclusive of a
high theoretical capacity (820 mAh g−1), widespread natural
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availability, low production costs, and environmental
friendliness [13].

Aqueous zinc‐ion batteries (ZIBs) have emerged as a particu-
larly attractive energy storage technology because of their
excellent electrochemical stability, extended operational life-
span, and economic feasibility. Additionally, the aqueous
system offers distinct advantages such as nonflammability,
cost‐effectiveness, and suitability for large‐scale energy storage
applications, making it an ideal candidate for next‐generation
energy solutions.

To enhance the performance of ZIBs, extensive research efforts
have been devoted to exploring various cathode materials,
including manganese oxides [14–16], phosphate‐based materials
[17, 18], and vanadium oxides [19, 20]. Manganese oxides,
despite showing potential, undergo protonation during
electrochemical reactions, leading to structural transformations
and subsequent manganese dissolution, which significantly
compromises cycling stability [21]. In contrast, vanadium‐based
oxides utilize intercalation mechanisms, offering enhanced
cycling stability and high capacities. However, despite these
benefits, studies on vanadium‐based materials remain relatively
scarce and have primarily focused on the conventional V2O5

structure and its various polymorphs [22].

Among the polymorphs of V2O5, the α‐V2O5 structure is the
simplest to synthesize and employ [23]. However, in zinc
aqueous solutions, α‐V2O5 undergoes a phase transformation
into Zn3(OH)2V2O7·2(H2O), facilitating reversible operation
[24–26]. This transformation is associated with a capacity
activation process that necessitates considerable time and
cycling to fully develop. To address this limitation and enhance
both activation efficiency and electrochemical performance,
structural engineering of V2O5 is critical.

In particular, we hypothesize that oxygen defects in V2O5 and
the corresponding differences in crystallinity can significantly
influence electrochemical activation [27]. As illustrated
in Figure 1a, highly crystalline V2O5 features straight
one‐dimensional cation tunnels, which limit reaction flexibility.
In contrast, low‐crystalline V2O5 exhibits structural twisting,
higher vacancy density, and more unstable states, which are
likely to promote highly active reaction sites. Moreover, the
introduction of a three‐dimensional framework, rather than a
one‐dimensional tunnel structure, is expected to further
enhance electrochemical performance by enabling better ionic
transport and improved output.

In this study, we demonstrate the superior performance of ZIBs
using low‐crystalline vanadium oxide with oxygen vacancies as
the cathode material. The distinctions between low‐ and high‐
crystallinity vanadium oxides were comprehensively analyzed
through a combination of crystallographic studies, electro-
chemical characterizations, spectroscopic analyses, and diffu-
sion pathway calculations. The low‐crystalline V2O5 structure
exhibits superior electrochemical performance, including
higher capacity, improved rate capability, and enhanced cycling
stability. Notably, the introduction of oxygen vacancies within
the vanadium oxide structure not only creates additional
diffusion pathways but also accelerates the structural

transformation into the Zn3(OH)2V2O7·2(H2O) phase, signifi-
cantly boosting overall electrochemical performance. In addi-
tion, this study elucidates the detailed reaction phenomena for
the first time. These findings offer compelling evidence that
structural engineering can activate host structures, opening new
possibilities for optimizing other host materials in energy stor-
age applications.

2 | Experimental Methods

2.1 | Material Synthesis

A sol–gel synthesis method was used to prepare V2O5 [28].
Briefly, 1 M V2O5 (≥ 99%, Sigma‐Aldrich) and 6M oxalic acid
(≥ 99%, Thermo Fisher Scientific) were dissolved in a beaker
containing 350mL of deionized water. The suspension was
stirred vigorously at 90°C for 12 h, gradually forming a blue
solution. After drying, the gel powder was hand‐ground and
then heated at 400°C for 1 and 4 h to obtain low‐ and
high‐crystalline V2O5, respectively. Finally, the as‐synthesized
powders were hand‐ground again.

2.2 | Material Characterization

The size of the crystals varied depending on the synthesis time.
Detailed differences are provided in the Supporting Informa-
tion. To analyze purity and morphology, the as‐synthesized
powder was examined using X‐ray diffraction (XRD; Rigaku
Mini‐Flex 600, with Cu Kα radiation, λ= 1.5418 Å), scanning
electron microscopy (SEM; Hitachi SU‐8020), and transmission
electron microscopy (TEM; Hitachi/HF‐3300). Compared with
previous studies, these analyses confirmed that the synthesis
was successful.

2.3 | Electrochemical Characterization

All electrochemical performances were evaluated using the EC‐
Lab software with a VMP‐3e multichannel potentiostat
(Biologic Science Instruments SAS). Cyclic voltammetry (CV),
galvanostatic discharge/charge, and impedance spectroscopy
were employed to assess the electrochemical performance.

As‐prepared high‐crystalline and low‐crystalline V2O5 were
utilized as a cathode, and the 1M Zn(ClO4)2 aqueous solution
was utilized as an electrolyte. Additionally, Zn foil and rod were
utilized as the anode and reference electrodes, respectively.

The cathode electrode was prepared using V2O5 synthesized in
the study, conductive carbon (Super P, Timcal), and poly
(vinylidene fluoride) (PVDF; Kureha Co.) dissolved in N‐methyl‐
2‐pyrrolidone (NMP) solution in a weight ratio of 7:2:1. It was
homogenized using a THINKY mixer at 1500 rpm for 20min.
After repeating the process once again, the resulting mixture was
uniformly coated onto a stainless steel (SS 316L, 20 µm) foil and
dried in an oven at 70°C for 12 h. After removing the NMP sol-
vent, the coated electrode was cut into circular pieces with an
area of 1.32 cm2 using a precision cutter, equipped with a 13π
cutting tool. The active material weighed 1.6mg.
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2.4 | Diffusion Barrier Calculation

The migration barrier calculations for ion diffusion were performed
using the BV‐GUI program [29, 30], integrating structural data from
previously reported studies on V2O5 and Zn3+x(OH)2V2O7·2(H2O)
systems. The three‐dimensional diffusion pathways for the ions
were graphically visualized using the VESTA software, enabling
detailed analysis of migration pathways and energy barriers.

The zinc and proton migration barriers were specifically
calculated using the softBV‐GUI program, which leverages
bond valence‐based methods to evaluate ionic migration. These
computational approaches provided quantitative insights into
the zinc and proton migration mechanisms, highlighting their
respective contributions to the electrochemical performance of
the V2O5 and Zn3+x(OH)2V2O7·2(H2O) structures.

3 | Results and Discussion

3.1 | Material Synthesis and Characterizations of
High‐/Low‐Crystalline Vanadium Oxides

High‐ and low‐crystalline vanadium oxides were synthesized via
a solid‐state method [28]. Initially, V2O5 was dissolved in water
with oxalic acid, resulting in the formation of oxalic vanadates.
The resulting mixture was thoroughly dried to form a gel, which
was subsequently annealed at 400°C for different durations: 4 h
for high‐crystalline V2O5 and 1 h for low‐crystalline V2O4.86, as
depicted in Figure 1a. Prolonged annealing time reduced the
number of oxygen vacancies while enhancing crystallinity,
thereby improving structural stability. To confirm the synthe-
sized powders, XRD analysis was conducted, and the data were
refined using the Rietveld method (Figure 1b,e).

FIGURE 1 | (a) Schematic illustration of the synthesis of V2O5 sol–gel in 1 and 4 h. XRD profiles of the powder showing the diffraction patterns

of high‐crystalline V2O5 (b) and low‐crystalline V2O4.86 (e). (c) TEM image of high‐crystalline V2O5, with a high‐resolution image inset, showing the

well‐defined lattice fringes, and (d) its corresponding crystal structure. (f) TEM image of low‐crystalline V2O4.86, with a high‐resolution image inset,

highlighting structural twisting and defects. (g) EDX elemental mapping images of low‐crystalline V2O4.86, revealing a homogeneous distribution of

vanadium and oxygen atoms.
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The high‐crystalline V2O5 exhibited sharp and well‐defined XRD
peaks, indicating high crystallinity, while the low‐crystalline
V2O4.86 displayed broader peaks, reflecting its reduced crystal-
linity (Figure S1). In addition, crystallite size calculations further
support this observation, with the low‐crystalline sample show-
ing an average size of 31.5 nm, while the highly crystalline
sample exhibited a size of 41.9 nm (Table S3). Interestingly,
although both materials had similar unit cell parameters,
Rietveld analysis revealed that the low‐crystalline V2O4.86 con-
tained ~0.14M of small oxygen vacancies. Detailed refinement
parameters are listed in Tables S1 and S2.

Electron paramagnetic resonance (EPR) measurements were
carried out to confirm the presence of oxygen vacancies. The low‐
crystalline V2O4.86 sample exhibited a pronounced signal at
g ≈ 1.98, indicative of oxygen vacancies, whereas the highly
crystalline V2O5 showed weaker intensity (Figure S2).
These findings support the hypothesis that structural defects,
particularly oxygen vacancies, play a key role in enhancing
electrochemical performance.

TEM images (Figure 1c,f) revealed that high‐crystalline V2O5

consisted of particles sized between 100 and 500 nm, which
were significantly larger than those of low‐crystalline V2O4.86

(~100 nm). The high‐crystalline V2O5 showed a well‐ordered
atomic arrangement, as evidenced by the d(200) spacing of
~0.58 nm (Figure 1c, inset); the corresponding structures are
presented in Figure 1d. In contrast, low‐crystalline V2O4.86 ex-
hibited an amorphous structure with partially ordered atomic
regions, indicative of higher defect density.

SEM–EDX elemental mapping (Figure 1g) confirmed a uniform
distribution of vanadium and oxygen atoms throughout the
low‐crystalline V2O4.86. Trace zinc signals were detected due to
background scattering, while EDX spectra and mapping further
validated the absence of impurities in the material. Additional
detailed morphological and elemental analyses, including SEM
images (Figures S3 and S5), SEM–EDX spectra (Figures S4
and S6), and a wide range of TEM images (Figures S7 and S8)
are provided in the Supporting Information for both types of
powders.

FIGURE 2 | (a) Cyclic voltammetry (CV) curves measured at a scan rate of 0.5 mV s−1. (b) GCD profiles at current densities of 0.1 and 0.8 A g−1.

(c) Rate performance at current densities ranging from 0.1 to 0.8 A g−1. (d) Long‐term cycling stability evaluation at a current density of 0.8 A g−1.

(e) EIS spectra for pristine samples and those after 700 cycles for low‐crystalline V2O4.86. (f) CV curves measured at scan rates from 0.2 to 1.0 mV s−1.

(g) Calculation of b‐values based on the relationship between specific cathodic peak current and scan rate. (h) Estimation of the ratios of

surface‐limited and diffusion‐controlled ion reactions of V2O4.86.
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3.2 | Electrochemical Characterizations of
High‐/Low‐Crystalline V2O5

All electrochemical characterizations were performed using
three‐electrode beaker‐type cells with zinc metal as both the
anode and reference electrodes, and vanadium oxides as the
cathode electrode.

The CV curves, recorded at a scan rate of 0.5mV s−1, revealed a
gradual activation process, characterized by distinct peaks corre-
sponding to oxidation and reduction reactions (Figure 2a). After
the activation period, two prominent oxidation peaks at 0.7 and
1.0 V, along with two reduction peaks at 0.5 and 0.9 V, were
observed, indicating stable redox behavior. The activation process
necessitates sufficient time to facilitate the complete structural
transformation of V2O5 into Zn3+x(OH)2V2O7·2(H2O). At a rela-
tively high scan rate of 0.5mV s−1, the associated redox transitions
manifest progressively over multiple CV cycles, likely due to lim-
ited reaction time. This observation implies that slower scan rates
or extended discharge durations are essential to promote full phase
evolution. Consistently, cycling at a reduced rate results in a nearly
complete structural transformation within the first cycle, as veri-
fied by ex situ XRD analysis in Figure 4a. However, the high‐
crystallinity V2O5 structure exhibits a slower activation process,
along with lower reduction and oxidation current responses
(Figure S9). This indicates that our low‐crystalline V2O4.86

facilitates and accelerates the structural transformation of V2O5.

The galvanostatic charge–discharge (GCD) profiles (Figure 2b)
indicated that low‐crystalline V2O4.86 delivered superior
capacities of 355.4 mAh g−1 at 0.1 A g−1 and 185.3 mAh g−1 at
0.8 A g−1, significantly outperforming high‐crystalline V2O5,
which exhibited capacities of 294.8 and 131.2 mAh g−1,
respectively. Rate capability tests, conducted at various current
densities (0.1, 0.2, 0.4, and 0.8 A g−1), further highlighted the
differences in performance (Figure 2c and Figure S10). To be
specific, low‐crystalline V2O4.86 maintained high capacities
across the tested current densities, demonstrating robust elec-
trochemical performance irrespective of the applied current and
showcasing its superior adaptability to both low and high cur-
rent conditions. The long‐term cycling stability of high‐
crystalline V2O5 and low‐crystalline V2O4.86 was evaluated over
700 cycles at a current density of 0.8 A g−1 (Figure 2d). While
low‐crystalline V2O4.86 exhibited lower capacity retention of
48.6%, it maintained a higher final capacity of 91.7 mAh g−1

compared with its initial capacity of 185.6 mAh g−1. In contrast,
high‐crystalline V2O5 showed a higher capacity retention of
56.7%, yet its final capacity was lower at 74.9 mAh g−1. These
results indicated that low‐crystalline V2O4.86 outperformed in
absolute capacity despite a slightly faster capacity fade. How-
ever, both vanadium‐based oxides inherently suffer from
vanadium dissolution, which remains a critical challenge.
Addressing this issue will be essential for improving long‐term
cycling stability. Both materials demonstrated high Coulombic
efficiency, averaging around 99.4% throughout the 700 cycles,

FIGURE 3 | (a) GCD curve from pristine at 1.8 V to the fully discharged state at 0.20 V (vs. Zn/Zn2+) reference. TEM–EDX elemental mapping of

(b) pristine and (c) fully discharged V2O4.86. XPS spectra of (d) V 2p, (e) Zn 2p, and (f) O 1s.
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underscoring their strong electrochemical durability. As shown
in Figure 2e, electrochemical impedance spectroscopy (EIS) was
conducted to compare the interfacial and charge transport
properties of high‐crystalline V2O5 and low‐crystalline V2O4.86

before and after cycling. Initially, the interfacial resistance (RIR)
values were 2.01Ω for high‐crystalline V2O5 and 2.55Ω for low‐
crystalline V2O4.86. After 700 cycles, these values slightly
increased to 2.74Ω (V2O4.86) and 3.35Ω (V2O5), respectively.
This suggests that the high‐crystalline V2O5 exhibits lower ini-
tial interfacial resistance but experiences a more pronounced
increase during cycling, likely due to greater structural strain
and volume changes.

Regarding the charge transfer resistance (Rct), the low‐
crystalline V2O4.86 showed an increase from 3.2Ω to 27Ω after
cycling. In comparison, the high‐crystalline V2O5 exhibited a
more significant rise, reaching 40Ω, indicating the formation of
interfacial by‐products or passivation layers that may hinder
charge transfer by partially blocking the electrode surface. The
Warburg slope of high‐crystalline V2O5 was consistently lower
than that of low‐crystalline V2O4.86, implying more sluggish
Zn2+ diffusion in the former. Moreover, a further degradation of
the slope was observed after cycling, indicating a decline in
diffusion kinetics due to structural degradation.

To further elucidate the charge storage mechanism of the low‐
crystalline V2O4.86 cathode, CV measurements were performed
at scan rates ranging from 0.2 to 1.0 mV s−1 (Figure 2f). Power‐
law analysis was applied to distinguish between surface‐limited
capacitive behavior and diffusion‐controlled kinetics. The
power‐law coefficients (b‐values) for the two reduction pro-
cesses were calculated as 0.9527 at 0.9 V and 0.9013 at 0.5 V
(Figure 2g). These values indicated a significant contribution
from capacitive reactions, suggesting that surface‐limited
processes modulate the overall charge storage capacity.

Further analysis revealed that ~29.9% of the zinc and/or proton
ions participated in diffusion‐controlled reactions with V2O5, as
determined from the ratio of capacitive and diffusion‐controlled
contributions (Figure 2h and Figure S11). These findings high-
light the dual contribution of surface capacitive reactions with
small bulk diffusion mechanisms to the charge storage in low‐
crystalline V2O4.86, indicating that these surface redox reactions
may attribute to higher fast charge–discharge properties.

3.3 | Charge Storage Mechanism of
Low‐Crystalline V2O4.86

Figure 3 presents the elemental analysis of the low‐crystalline
V2O4.86 cathode during the discharge–charge cycle. The GCD
profile highlighted the electrode's behavior from the pristine
state at 1.8 V (vs. Zn/Zn2+) to the fully discharged state at 0.20 V
(vs. Zn/Zn2+) (Figure 3a).

Elemental mapping of the pristine electrode (Figure 3b)
revealed a uniform distribution of vanadium and oxygen atoms,
with no detectable zinc atoms present. Upon full discharge
(Figure 3c), the electrode showed a uniform distribution of V,
O, and Zn, indicating the incorporation of zinc ions into the
vanadium oxide matrix during the discharge reaction. This

observation confirms the active involvement of zinc ions in the
redox processes of the low‐crystalline V2O4.86 cathode, which
contributes to its electrochemical performance.

X‐ray photoelectron spectroscopy (XPS) analysis was conducted
to investigate the chemical states of vanadium, zinc, and oxygen
at different voltage states (Figure 3d–f). The V 2p spectrum
(Figure 3d) showed three distinct peaks corresponding to
V5+ and V4+ oxidation states: 525.0 eV (V5+ 2p1/2), 517.5 eV
(V5+ 2p3/2), and 516.0 eV (V4+ 2p3/2). These peaks are consistent
with previously reported values and indicate the involvement of
vanadium redox reaction in the electrochemical process [31].
The Zn 2p spectrum (Figure 3e) revealed an increase in the
intensity of Zn 2p1/2 and Zn 2p3/2 peaks during the discharge
process, confirming the intercalation of zinc ions into the V2O5

structure and their active participation in redox reactions. The
O 1s spectrum (Figure 3f) showed the presence of signals across
all voltage states, with an observed increase in the O–H peak
intensity during discharge. This increase is attributed to the
formation of Zn3(OH)2VO7·2(H2O), indicating structural chan-
ges associated with the incorporation of Zn ions and water/
proton molecules with cathode.

To investigate the structural evolution of low‐crystalline V2O4.86

during discharge, ex situ XRD analysis was conducted at spe-
cific voltages of 0.2, 0.5, 0.6, 0.85, and 1.8 V (Figure 4a). During
the wetting process, the low‐crystalline V2O4.86 was completely
transformed into a new phase, which remained stable
throughout the discharge process from 1.8 to 0.2 V. This newly
formed phase has been extensively reported in previous studies
and is identified as the Zn3+x(OH)2V2O7·2(H2O) structure
[25–27]. Detailly, during the initial cycling, V2O5 undergoes a
structural transformation upon reaction with Zn2+, forming
Zn3+x(OH)2V2O7·2H2O, which subsequently acts as the active
host structure. In general, Zn4(OH)6(SO4)·nH2O side product
from electrolyte, which is often observed as a surface byproduct
due to proton insertion at lower potentials, is not observed in
this first cycle.

In addition, we performed postdischarge TEM analysis
(Figure S12) revealed that the highly crystalline V2O5 partially
transformed into Zn3+x(OH)2V2O7·2H2O, with the original
phase still observable, likely due to the slower conversion
kinetics associated with its larger particle size. On the other
hand, the low‐crystalline V2O4.86 underwent a more complete
and rapid phase transformation, which can be attributed to its
smaller particle size and the unstable amorphous structure.

To further investigate the structural reversibility upon charging,
ex situ XRD measurements were performed during the charging
process. The corresponding patterns (Figure S13) reveal no
recovery to the initial phase (V2O4.86), indicating that reversible
zinc ion intercalation occurs with the Zn3+x(OH)2V2O7·2H2O
phase.

The stability of the Zn3+x(OH)2V2O7·2(H2O) phase during cy-
cling underscores its suitability as a robust host structure for
zinc‐ion intercalation. The initial wetting process acts as an
activation step, stabilizing the material's electrochemical per-
formance, as illustrated in the reaction schematic (Figure 4b).
In this process, the α‐V2O5 phase transforms through
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interactions with zinc ions and protons, forming the stable
Zn3+x(OH)2V2O7·2(H2O) structure. To further analyze the activity
and ionic pathways of the low‐crystalline V2O4.86 structure, bond
valence sum (BVS) calculations were conducted [29, 30]. The zinc
migration pathways and energy barriers are shown in Figure 4c–f.
In high‐crystalline V2O5, zinc diffusion was largely restricted to
the a‐axis (Figure 4c,d) due to a high activation energy barrier of
1.472 eV along the c‐axis, limiting its electrochemical activity.
Only one‐dimensional diffusion along the a‐axis was possible,
with a lower activation barrier of 0.695 eV. In contrast, low‐
crystalline V2O4.86, with oxygen vacancies, exhibited significantly
improved zinc‐ion mobility (Figure 4e,f). The weakened bonding,
resulting from structural defects, reduced migration barriers to
0.722 eV in the b–c plane and 0.144/0.164 eV in the a–b plane,
enabling multidimensional diffusion pathways. These additional
pathways allow for more efficient zinc‐ion intercalation, resulting
in improved electrochemical activity. Thus, the highly active and
defect‐rich structure of low‐crystalline V2O4.86 not only facilitates
better zinc‐ion transport but also supports the phase transfor-
mation to Zn3+x(OH)2V2O7·2(H2O), as confirmed by our earlier
electrochemical data. This synergy between structural engineer-
ing and electrochemical performance highlights the advantages of
oxygen‐vacancy‐rich V2O4.86 for ZIB applications.

Figure 5a illustrates the overall reaction mechanism of V2O5

during its structural transformation and redox reactions. Ini-
tially, the α‐V2O5 structure underwent a phase transformation
into the Zn3+x(OH)2V2O7·2(H2O) phase during the wetting
process or reduction–oxidation cycling. This newly formed
Zn3+x(OH)2V2O7·2(H2O) structure then acted as a stabilized
host for Zn2+ and proton intercalation and extraction,

enabling reversible operation in ZIBs. The stabilized
Zn3+x(OH)2V2O7·2(H2O) structure demonstrated excellent
adaptability and durability as a host. Despite extensive
research on the electrochemical properties of V2O5 and
Zn3+x(OH)2V2O7·2(H2O), the underlying storage mechanism for
zinc and proton ions remains unclear to date. To address this,
we calculated the zinc migration pathways and energy barriers
within the Zn3+x(OH)2V2O7·2(H2O) structure, as shown in
Figure 5b. The results revealed a high migration barrier for
zinc ions (1.197 eV), suggesting that the transformation of V2O5

to Zn3+x(OH)2V2O7·2(H2O) is accompanied by zinc ion
intercalation. However, once the structure was stabilized as
Zn3+x(OH)2V2O7·2(H2O), zinc ions faced significant difficulty
in diffusing further, limiting their role in subsequent charge
storage. To investigate the alternative contribution of protons,
we performed proton diffusion calculations within the
Zn3+x(OH)2V2O7·2(H2O) structure (Figure 5c). The results
demonstrated highly active proton diffusion, characterized by a
significantly lower migration barrier of 0.439 eV. This indicates
that, after the structural transformation, protons predominantly
contribute to the charge storage mechanism within
Zn3+x(OH)2V2O7·2(H2O).

These findings highlight a dual mechanism during the cycling
process: an initial zinc‐ion‐driven structural transformation of
V2O5 into Zn3+x(OH)2V2O7·2(H2O), followed by proton‐driven
charge storage in the transformed structure. Additionally, the
low‐crystalline oxygen vacancy in V2O4.86 leads to fast structural
transformation. These results provide deeper insights into the
roles of complex zinc ions and protons in the electrochemical
performance of ZIBs.

FIGURE 4 | (a) XRD peak analysis of V2O4.86 at various discharge voltages and in its pristine state, correlated with the GCD profile. (b) Schematic

representation of the structural transformation mechanism resulting from the reaction between V2O5 and 1M Zn(ClO4)2. (c and d) Migration pathways and

bond strength comparison in high‐crystalline V2O5. (e and f) Migration pathways and bond strength in low‐crystalline V2O4.86.
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4 | Conclusion

This study underscores the transformative potential of low‐
crystalline vanadium oxide (V2O4.86) cathodes with engineered
oxygen vacancies in enhancing the performance of aqueous
ZIBs. Electrochemical analyses demonstrated that low‐
crystalline V2O4.86 achieves a remarkable 22% improvement in
capacity (360 vs. 295 mAh g−1) at a current density of 0.1 A g−1,
accompanied by excellent rate capability and cycling durabil-
ity. To elucidate the reaction mechanisms and the role of
oxygen vacancies, comprehensive structural analyses, migra-
tion pathway mapping, and energy barrier calculations were
conducted.

The presence of oxygen vacancies activated a shift from the
original one‐dimensional zinc‐ion diffusion pathway to a two‐
dimensional pathway, significantly reducing the migration
barrier. This modification enabled a rapid transformation of
low‐crystalline V2O4.86 into the Zn3+x(OH)2V2O7·2(H2O) phase,
leading to improved electrochemical activity. Furthermore, in
the transformed Zn3+x(OH)2V2O7·2(H2O) structure, proton
reactions were higher than zinc‐ion reactions, further boosting
charge storage capabilities.

While the low‐crystalline V2O4.86 cathode offers rapid structural
activation and higher initial capacity, its cycling stability is
limited due to severe vanadium dissolution. Since vanadium
dissolution is a common issue in V‐based cathodes, future
research should focus on mitigating this challenge to enable
stable long‐term performance.

These findings provide crucial insights into the interplay between
structural engineering and oxygen vacancy modulation in opti-
mizing vanadium oxide cathodes for ZIBs. This study paves the
way for the development of advanced cathode materials, offering
a scalable approach to enhance the efficiency, performance, and
sustainability of next‐generation aqueous secondary batteries.
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FIGURE 5 | (a) Schematic representation of the Zn2+ insertion and extraction processes during the charge/discharge reactions of V2O5. (b) One‐
dimensional Zn ion diffusion pathways and migration barriers in the Zn3+x(OH)2V2O7·2(H2O) structure. (c) Two‐dimensional proton diffusion

pathways and migration barriers in the Zn3+x(OH)2V2O7·2(H2O) structure.
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