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Abstract

As an innovative technique in the field of energy storage, aqueous zinc-ion batter-
ies (AZIBs) have garnered considerable research interest over recent years. How-
ever, designing and developing high-performance cathode materials for AZIBs re-
mains a primary challenge. In this study, a novel POV-based cathode material,
[KV16O38]2[Zn2(en)5][Zn(en)2H2O]4·en·12H2O·6OH− (KZVO), was first synthesized us-
ing a hydrothermal method, demonstrating a high specific capacity of 255.9 mAh g−1 at
0.5 A g−1 and excellent long-term cycling performance, retaining 206.5 mAh g−1 after
2000 cycles at 4 A g−1, with a capacity retention of 77.6%. It is noteworthy that KZVO
undergoes a gradual phase transition during electrochemical cycling. At 4 A g−1, the phase
transformation is completed after approximately 580 cycles, and the newly formed phase
remains stable during subsequent cycles. Additionally, ex situ XRD and XPS analyses were
conducted to further investigate the phase evolution and Zn2+ storage mechanism. In
summary, this work not only demonstrates the effective utilization of POV-based cathode
materials but also provides a novel perspective for the design of future AZIB cathode
materials.

Keywords: aqueous zinc-ion batteries; cathode materials; polyoxovanadates; crystal struc-
ture; electrochemical performance; phase transition product

1. Introduction
With the sustained growth in the global demand for energy and the progressive de-

pletion of fossil fuel resources, the energy crisis and environmental issues have become
major challenges facing human society [1–4]. The advancement of sustainable and energy-
efficient systems, particularly efficient energy storage technologies, is of great importance
for promoting the energy transition, reducing carbon emissions, and addressing climate
change [5–8]. Aqueous zinc-ion batteries (AZIBs), which utilize aqueous electrolytes, offer
higher safety, better environmental compatibility, and greater cost-effectiveness [9–11].
Furthermore, zinc metal employed as the anode material delivers a high theoretical ca-
pacity of 820 mAh g−1 and a low redox potential of −0.76 V relative to the standard
hydrogen electrode (SHE). However, the practical performance of AZIBs remains con-
strained by the cathode materials [12,13]. At present, AZIB cathode materials typically
experience capacity fading, structural instability, and limited cycling life, which severely
hinder their commercial application. Accordingly, the exploration and rational design of
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high-performance cathode materials are indispensable to boost the comprehensive electro-
chemical performance of AZIBs, which still constitutes an urgent challenge in contemporary
battery research [14–16].

In recent years, polyoxovanadates (POVs) have attracted considerable attention as
emerging materials owing to their distinctive structural features and electrochemical charac-
teristics [17,18]. POVs feature a tunable three-dimensional open-framework structure [19],
which enables the rapid diffusion and insertion/extraction of zinc ions [20]. The rich
multi-electron redox processes, combined with excellent thermal and redox stability, con-
fer high-capacity storage and resistance to capacity fading [21,22]. These features make
POVs highly suitable for overcoming the limitations of traditional AZIB cathode materials,
rendering them highly competitive candidates for applications in electrochemical energy
storage. To date, a range of POV-based AZIB cathode materials have been reported, such
as ZnV6O16·8H2O [23], KZnV5O14·2.5H2O [24], K2Zn2[V18O28] [25], and K10[V34O82] [26].
Due to the multivalent states of vanadium and the robust layered/tunnel structures capable
of accommodating Zn2+ insertion and extraction, these materials demonstrate excellent
capacity [21,22,27]. However, POV cathode materials still face certain challenges during the
reaction process, such as high vanadium dissolution, low intrinsic electronic conductivity,
and slow ion-transport dynamics [24]. To address these intrinsic drawbacks, diverse ap-
proaches have been developed to boost the electrochemical properties of polyoxovanadate-
based cathode materials [28].

POVs exhibit a rich ability for oxidation state and structural changes, especially under
electrochemical conditions, where they can undergo reversible redox reactions, forming
different structures and phases [29,30]. For example, in catalytic applications, it has been
demonstrated that their structure can be tuned through electrochemical redox reactions
to enhance electrocatalytic activity [31]. Similarly, in general electrochemical systems,
vanadium oxides enhance energy density and reaction rates through electrochemical phase
transitions [32]. In AZIBs, electrochemical driving facilitates electron transfer and redox
reactions, improving the ion intercalation/extraction capability of the material, as well as
its stability and cycling life at high voltages [33]. For instance, Mo et al. electrochemically
induced a phase transition in V6O13 to obtain V5O12·6H2O cathode material, which en-
hanced conductivity and reduced the diffusion barrier for Zn2+, thereby improving the
battery’s capacity and Zn-storage efficiency [34].

As research into the electrochemical behavior of POVs continues to deepen, electro-
chemically driven phase transitions have been proven to significantly enhance the cycling
durability, energy density, and power density of batteries, thus propelling the development
of aqueous zinc-ion batteries toward higher efficiency and prolonged service life. Based
on these considerations, we synthesized a novel POV material, KZVO, via a simple hy-
drothermal method. This compound features a three-dimensional structure constructed
from {KV16O38} vanadium–oxygen clusters and zinc–ethylenediamine complexes. In this
structure, K+ acts as a charge-compensating ion to stabilize the structural framework, while
the structurally available Zn2+ ions facilitate Zn2+ transport during battery cycling. We
systematically examined the crystal structural characteristics of KZVO and the electrochem-
ical performance of both KZVO and its phase transition product. The sufficient activation
during the reaction process endows the electrode material with rapid electrochemical kinet-
ics. Consequently, the material achieves an excellent specific capacity of 255.9 mAh g−1 at
0.1 A g−1 and retains 77.6% of its initial capacity after 2000 long-term cycles under a high
current density of 4 A g−1. This electrochemically induced phase transition strategy offers
new insights into the application of POVs in energy storage.
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2. Experimental Section
2.1. Materials

Sodium metavanadate (NaVO3), lanthanum nitrate hexahydrate (La(NO3)3·6H2O),
and ethylenediamine (en) were all obtained from Shanghai Macklin Biochemical Co., Ltd
(Shanghai, China). Potassium chloride (KCl) and zinc sulfate heptahydrate (ZnSO4·7H2O)
were sourced from Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai, China).
Conductive carbon black, N-methyl-2-pyrrolidone (NMP), and poly(vinylidene fluoride)
(PVDF) were acquired from Dongguan Kelude Technology Co., Ltd (Dongguan, China).
Zinc trifluoromethanesulfonate was purchased from Sigma-Aldrich (St. Louis, MO, USA).
All reagents utilized in the tests were of analytical grade and applied directly without any
further purification.

2.2. Synthesis of KZVO

KZVO was prepared via a facile hydrothermal route. In a standard synthetic process,
0.3050 g (2.50 mmol) of NaVO3, 0.1726 g (2.32 mmol) of KCl, 0.0719 g (0.25 mmol) of
ZnSO4·7H2O, and 0.0525 g (0.12 mmol) of La(NO3)3·6H2O were added to a 30 mL Teflon-
lined reactor. Subsequently, 9 mL of deionized water was added, and the mixture was
magnetically stirred at ambient temperature for 60 min. In the stirring process, 0.945 mL
of ethylenediamine was added dropwise to regulate the pH value to 8.5. The as-obtained
mixture was then transferred into an autoclave and hydrothermally heated at 160 ◦C for
72 h. After cooling down to ambient temperature naturally, the product was collected and
washed repeatedly with deionized water and ethanol. Finally, the product was dried in an
oven at 45 ◦C for 3 h to obtain the target KZVO sample (CCDC: 2547509).

2.3. Electrochemical Measurements

The as-synthesized KZVO, conductive carbon black, and poly(vinylidene fluoride)
(PVDF) binder were blended at a mass ratio of 7:2:1 to prepare a uniform slurry, with N-
methyl-2-pyrrolidone (NMP) as the dispersion solvent. The resulting slurry was uniformly
coated onto titanium foil current collectors to form an electrode film, which was initially
dried at 60 ◦C for 3 h and further heated at 120 ◦C for 12 h. The as-fabricated cathode
sheet with an active mass loading of 1.0–1.3 mg cm−2 was used to assemble CR2032 coin
cells in ambient air, with zinc metal as the anode and 3 M Zn(CF3SO3)2 as the electrolyte.
A commercial glass fiber membrane (Whatman GF/D, Cytiva, Hong Kong, China) was
employed as the separator. Galvanostatic charge–discharge (GCD) tests were implemented
on a NEWARE CT-4008 system within a voltage window of 0.2–1.6 V to characterize the
electrochemical performance. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were recorded on a CHI 660e electrochemical workstation (Shanghai,
China) at a frequency range of 10 mHz to 100 kHz with an AC amplitude of ±5 mV.
Diffusion kinetics were evaluated by galvanostatic intermittent titration technique (GITT)
at 0.5 A g−1, with a pulse duration of 10 min and a relaxation interval of 5 min.

2.4. Characterization

Single-crystal X-ray diffraction (XRD) data were acquired at 293 K using a Bruker
Smart Apex diffractometer (Hong Kong, China), and the structure was refined using Fourier
synthesis, difference Fourier synthesis, and least-squares refinement based on F2. Pow-
der X-ray diffraction (PXRD, Rigaku SmartLab SE, Osaka, Japan) patterns were obtained
over a 2θ range of 5–50◦ to confirm the phase purity of the material. X-ray photoelectron
spectroscopy (XPS, PHI-5000 VersaProbe III, Kanazawa, Japan) and Fourier transform in-
frared spectroscopy (FT-IR, Bruker Vertex 70, Ettlingen, Germany) were utilized to identify
the elemental composition and chemical valence states of the vanadium–oxygen clusters
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and corresponding oxides, where FT-IR spectra were collected in the wavenumber range
of 400–4000 cm−1. Inductively coupled plasma optical emission spectroscopy (ICP-OES,
Thermo Fisher iCAP PRO, Waltham, MA, USA) was adopted to accurately quantify the
elemental composition of the polyoxovanadate clusters and related oxides. Thermogravi-
metric analysis (TGA, Rigaku TG-DTA8122, Osaka, Japan) was carried out in a nitrogen
atmosphere at a heating rate of 20 ◦C min−1 to assess the thermal stability and water
content of the clusters.

3. Results and Discussion
3.1. KZVO Structural Analysis

The unit cell parameters of KZVO are listed in Table S2. This crystalline compound
adopts a monoclinic system with the P21/c space group. Its minimum asymmetric unit
consists of a polyoxyanion cluster [KV16O38]3−, two [Zn(en)2H2O]2+ complexes, and one
[Zn(en)2.5]2+ complex (Figure 1e). The molecular structure of KZVO consists of two poly-
oxoanions [KV16O38]3−, which are formed by 16 {VO5} square pyramids sharing edges. Va-
lence bond calculations indicate that the coordination number of the vanadium atom is 4.52
(Table S1) [35]. The bond lengths of V-O single bonds fall within 1.584 to 1.712 Å, whereas
those of V=O double bonds range from 1.591 to 1.682 Å. Interestingly, the [KV16O38]3−

cluster also contains atoms with special site-specific statistical distributions (Figure S1) [36].
At the center of the cluster, the seven-coordinated K+ ion is directly connected to the
[V16O38]4− cluster through K-O-V bonds (Figure 1a) and serves as a charge compensation
ion, stabilizing the structural framework and thereby contributing to the overall stability of
the material (Figure 1b). The five-coordinated Zn2+ ions in a square pyramidal configura-
tion exist in two modes: (1) two Zn2+ ions coordinate with two en molecules, and the Zn2+

ions are further bridged by an en molecule, forming a chain-like structure that interacts with
the cluster via electrostatic forces and hydrogen bonds (Figure 1c); (2) Zn2+ ions coordinate
with four N atoms from two en molecules and an O ion from an H2O molecule, while the
free Zn2+ ions facilitate Zn2+ transport during battery cycling (Figure 1d). Overall, the
[KV16O38]3− anion cluster, cationic complexes, en molecules, and H2O molecules coalesce
to form a three-dimensional structure that creates open three-dimensional channels for Zn2+

insertion and extraction, significantly reducing the migration resistance and electrostatic
repulsion of Zn2+ within the POV’s framework.

Figure 1. KZVO: (a) {V16O38} unit ball-and-stick model diagram; (b) {K(V16O38)} unit ball-and-stick
model diagram; (c) [Zn(en)5]4+ ligand unit ball-and-stick model diagram; (d) [Zn(en)2]2+ ligand unit
with O atom connected model diagram; (e) molecular structure diagram (hydrogen atoms are omitted
for ease of viewing).
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Figure S2 shows the front view of KZVO along the a-axis direction. The [KV16O38]3−

vanadium–oxygen clusters are arranged in a regular, periodic pattern, with adjacent
vanadium–oxygen clusters interacting through electrostatic forces. These clusters, along
with the [Zn2(en)5]4+ and [Zn(en)2H2O]2+ complexes, extend stably along the b- and c-axes,
forming regular rectangular channels in the b–c plane with a channel length of approxi-
mately 22.95 Å. No apparent structural defects are present, and these channels serve as
secondary pathways for Zn2+ transport, enhancing ion conductivity. At the same time,
the K+ ions stabilize the overall framework through K-O-V bonds, suppressing struc-
tural collapse during cycling. As observed along the b-axis (Figure S3), the [KV16O38]3−

vanadium–oxygen clusters are densely packed in a columnar arrangement, closely fitting
together in the a-c plane to form a continuous two-dimensional framework. The c-axis
direction is characterized by narrow channels with a pore size of approximately 8.612 Å,
which only supports the transport of small-radius ions, with no significant ion diffusion
function. However, this direction has the highest atomic packing density and strongest
compactness, serving as the core support direction for the entire crystal framework. It
maintains the structural integrity of the entire crystal framework throughout repeated
charge–discharge cycling, preventing material volume expansion and structural phase
transitions. As shown in Figure S4, adjacent two-dimensional layers are stacked in parallel
and equidistantly along the a–b plane, forming large main channels in the crystal. The
interlayer spacing is uniform, with no structural defects. The channels in this direction form
an interconnected ion-transport network with those in the a- and b-axis directions, serving
as the main pathways for Zn2+ diffusion and insertion/extraction. Furthermore, large
continuous voids exist between the layers, and the weak interlayer interactions provide
some structural flexibility, allowing reversible modulation of interlayer spacing during
ion insertion and extraction, whereas the robust intralayer bonding suppresses structural
degradation upon repeated cycling.

The as-synthesized product is an unprecedented K–Zn co-doped 16-nuclear polyox-
ovanadate ({V16}), with Zn2+ coordinated by ethylenediamine. To our knowledge, this
specific structural configuration has not been documented in the literature. The previously
documented {V16} clusters are mainly limited to Si-containing {V16Si4O46} [37], P-containing
{V16P8O32} [38], and single K-doped K10[H2V16O38]·13H2O [39], while no analogous K–Zn
co-doped {V16} structure has ever been synthesized. Moreover, only two K–Zn co-doped
polyoxovanadate systems have been reported to date, both belonging to pure inorganic low-
nuclearity KZnVV

5O14·2.5H2O and K2Zn2[VV
10O28] with an exclusive single V5+ valence

state. In contrast, the present {V16} material features the combination of K–Zn co-doping,
ethylenediamine coordination, and a unique V4+/V5+ mixed valence state, which is dis-
tinctly different from existing low-nuclearity counterparts. Notably, most reported {V16}
polyoxovanadates merely focus on static structural characterization, without exploring
their electrochemical application as AZIBs cathodes. Benefiting from the high-nuclearity
framework and distinctive V4+/V5+ mixed valence feature, this material exhibits intrinsi-
cally higher specific capacity and better rate performance than conventional low-nuclearity
K–Zn co-doped polyoxovanadates. During long-term cycling, the electrode undergoes
irreversible structural evolution and gradually transforms into the Zn3V3O8 phase. The
newly generated phase primarily contributes to the improved structural integrity and
favorable long-cycle stability of the electrode, endowing this system with outstanding
comprehensive zinc-storage performance compared with reported analogs.

Figure 2a illustrates the synthesis process of KZVO. The dried KZVO crystals were
ground into powder and subjected to X-ray diffraction testing at room temperature. As
shown in Figure 2b, the experimentally obtained diffraction pattern was compared with the
simulated pattern, and the characteristic diffraction peaks of the synthesized KZVO crystals
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closely matched those of the simulated XRD pattern, confirming the successful synthesis
of a pure-phase crystalline material. To further elucidate its chemical functional groups
and structural information [40], Fourier transform infrared spectroscopy was adopted to
analyze the structural characteristics of the as-prepared crystalline material. As depicted in
Figure 2c, the intense absorption peak at 1580 cm−1 is assigned to the bending vibration
of O-H bonds in H2O molecules, which verifies the existence of adsorbed surface water
and lattice-bound structural water within the material [41]. The characteristic peak at
1458 cm−1 is ascribed to the vibrational mode associated with V(N-H), while the 971 cm−1

peak originates from the stretching vibration of the V-Ot (terminal oxygen) bond. The peaks
at 659 cm−1 and 732 cm−1 correspond to the stretching vibrations of the V-O-V bridging
oxygen bonds, and the peak at 506 cm−1 is related to the deformation vibration of hydroxyl
groups (OH−). This further verifies the successful preparation of high-purity KZVO. To
assess the thermal stability of KZVO, TGA was performed in a nitrogen atmosphere with a
heating rate of 20 ◦C min−1, with the results shown in Figure 2d. A distinct weight loss
of 3.6% was observed between 30 ◦C and 160 ◦C, ascribed to the desorption of internal
water species. A gradual weight loss of 25.06% was observed over the temperature range
from 160 ◦C to 430 ◦C, primarily due to the decomposition of ethylenediamine. During
the subsequent heating process, the material continued to lose weight due to the thermal
decomposition of the polyoxovanadate clusters. Finally, XPS was utilized to explore the
elemental composition and chemical valence states of the KZVO sample. Figure 2e shows
the full-survey spectrum of KZVO, in which the characteristic signal peaks of Zn 2p, V 2p, K
2p, O 1s, C 1s, and N 1s are clearly observed. This result directly verifies the existence of Zn,
V, K, O, C and N elements in the as-prepared KZVO sample [42]. The high-resolution V 2p
spectrum (Figure 2f) reveals that the V 2p signal consists of the V 2p1/2 and V 2p3/2 peaks
at binding energies of approximately 523.1 eV and 516 eV, respectively. Peak deconvolution
further confirms that vanadium exists in mixed valence states of +4 and +5 in the material.
In the high-resolution Zn 2p spectrum (Figure 2g), the two fitted peaks at binding energies
of approximately 1021.5 eV and 1043.8 eV correspond to Zn 2p3/2 and Zn 2p1/2, respectively,
with the accompanying satellite peaks confirming the presence of Zn in the +2 oxidation
state. The above XPS findings further validate the elemental components and chemical
valence states of the as-synthesized KZVO sample, providing a solid basis for subsequent
electrochemical performance studies.

3.2. Electrochemical Performance Analysis

Based on the preparation and testing procedures of the KZVO cathode and CR2032
coin cells in this study, the objective aspects that could be further optimized during the
experimental process, as well as their potential minor effects on the electrochemical results,
are analyzed below to further improve the research methodology and enhance data relia-
bility. These limitations are common issues that may occur in routine laboratory testing
of aqueous zinc-ion batteries and do not represent flaws in the experimental design. The
details are as follows.

First, the CR2032 coin cells in this experiment were assembled in air rather than in
an anhydrous and oxygen-free glovebox. This is a commonly used procedure for routine
laboratory testing of aqueous zinc-ion batteries. Trace amounts of moisture and oxygen in
air may have a slight influence on the battery interface. On the one hand, a small amount of
moisture may be adsorbed on the surfaces of the electrode sheets and glass fiber separators,
which could theoretically induce weak interfacial side reactions. On the other hand, oxygen
in air may form an ultrathin passivation layer on the surface of the zinc anode, thereby
slightly affecting the interfacial impedance. However, in this study, the above effects were
minimized by completing the assembly rapidly, with each assembly process controlled
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within 10 min, and by maintaining the laboratory temperature and humidity at 25 ± 2 ◦C
and 50 ± 5% relative humidity. No obvious interfacial side reactions induced by ambient
moisture and oxygen, as well as abnormal capacity decay, were detected in the test process,
indicating that the influence of this assembly method on electrochemical performance was
within a controllable range. In future work, assembling the cells in a glovebox could further
eliminate potential interference from air components and improve data stability. Second,
the mass loading of the cathode active material in this study was controlled within the
range of 1.0–1.3 mg cm−2. This loading range is consistent with the routine laboratory
testing standards for cathode materials in aqueous zinc-ion batteries, and the fluctuation
of 0.3 mg cm−2 is a reasonable deviation associated with manual coating. Such a slight
variation may have a minor influence on the electrochemical performance. When the mass
loading is relatively high, the electrode thickness slightly increases, which may slightly
increase the solid-state diffusion resistance of Zn2+ and lead to a weak decrease in rate
performance at high current densities. When the mass loading is relatively low, the polariza-
tion effect is relatively weaker, and the specific capacity may be slightly overestimated. To
reduce the influence of this deviation, multiple parallel experiments were conducted, and
cathode sheets with an active material loading of 1.0 mg cm−2 were selected for testing.
This mitigated the interference from mass-loading fluctuations greatly, enabling the results
to reliably reflect the intrinsic electrochemical properties of the material. In future work,
the coating process could be further optimized, for example, by using an automatic coating
machine, to narrow the fluctuation range of mass loading and improve data consistency.
Third, the key processing parameters in this experiment were clearly defined, including
the material ratio of KZVO, conductive carbon black, and PVDF at 7:2:1; the drying con-
ditions of 60 ◦C for 3 h followed by 120 ◦C for 12 h; and the electrolyte system of 3 M
Zn(CF3SO3)2. These basic parameters provided a good foundation for the experimental
reproducibility. However, some detailed parameters, such as the uniformity of manually
coated electrode sheets and the vacuum storage time of the electrode sheets after drying,
were not further standardized with higher precision. In future work, the experimental
procedure could be further standardized by using an automatic coating machine to control
electrode thickness and uniformity and by storing the dried electrode sheets under vacuum.
These measures are expected to further enhance the reproducibility and comparability of
subsequent experimental data.

In summary, the preparation and testing methods used in this study are consistent
with the conventional research practices in this field. The above-mentioned potential areas
for methodological optimization are common issues that can be improved in laboratory
testing, and they do not affect the reliability of the experimental data or the scientific
validity of the research conclusions.

Figure 3a shows the configuration of the rechargeable aqueous KZVO/Zn battery, with
KZVO as the cathode and Zn metal as the anode. To investigate the electrochemical proper-
ties of KZVO as a cathode candidate for aqueous zinc-ion batteries, KZVO/Zn coin-type
cells were fabricated under ambient air, followed by a series of electrochemical measure-
ments. Figure 3b presents the cyclic voltammetry curves of the KZVO cathode for the initial
three cycles, which were tested at a scan rate of 0.1 mV s−1 within the voltage window of
0.2–1.6 V (vs. Zn2+/Zn). Two pairs of redox peaks appear at 0.49/0.68 V and 0.96/1.12 V,
suggesting that the energy storage process follows a multistep Zn2+ insertion/extraction
mechanism [43]. The additional oxidation peak in the first cycle is attributed to the in-
complete extraction of some of the inserted Zn2+, while the noticeable shift in the first CV
curve reflects the activation process of the electrode. The similar shapes of the latter two
CV curves demonstrate the excellent reversibility of Zn2+ insertion/extraction. The rate
performance was assessed by stepwise elevating the current density ranging from 0.5 to
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5.0 A g−1 (Figure 3c). The reversible discharge specific capacities of cathode material at 0.5,
1.0, 2.0, 4.0, and 5.0 A g−1 were 125.3, 208.6, 188.8, 147.3, and 123.1 mAh g−1, respectively.
Even at a high current density of 2.0 A g−1, the reversible capacity still maintains 71.8% of
the baseline value, with the specific capacity at 0.5 A g−1 taken as the reference standard.

Figure 2. Material synthesis and characterization of KZVO: (a) schematic diagram of the synthesis
process; (b) XRD pattern; (c) FT-IR spectrum; (d) thermogravimetric curve; (e) full XPS survey
spectrum; high-resolution XPS spectra of (f) V 2p and (g) Zn 2p.

Figure 3. Electrochemical performance of KZVO: (a) illustration of charge/discharge process for
KZVO/Zn aqueous rechargeable battery; (b) CV curves of the initial three cycles at a scan rate of
0.1 mV s−1 (arrow direction is the current scanning direction); (c,d) rate performance and corre-
sponding galvanostatic charge–discharge profiles; (e,f) cycling performance at 0.5 A g−1 and charge–
discharge curves at selected cycles; (g) long-term cycling stability at 4 A g−1; (h) rate-performance
comparisons with reported materials for AZIBs.
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When the current density switched back from 5.0 to 0.5 A g−1, the specific capacity
quickly rebounded to 255.9 mAh g−1, while the coulombic efficiency remained at 100%
throughout the test. As shown in Figure 3h, we selected the maximum discharge capacities
obtained from cycling at different scan rates to compare the rate performance with that
of reported materials. The results demonstrate that the performance of this material is
superior to that of other polyoxovanadate materials [24]. This result confirms that the
cathode material possesses efficient ion-transport pathways, which can effectively alleviate
the adverse effects of polarization at high current densities. Figure 3d shows the GCD
curves corresponding to the rate-performance test. The highly consistent curve profiles at
different current densities demonstrate that the cathode material maintains a stable charge-
transfer mechanism during the charge/discharge process, reflecting its excellent structural
stability and charge-transfer kinetics. The long-term cycling measurement at 0.5 A g−1

(Figure 3e) reveals that the discharge specific capacity reaches 291.4 mAh g−1 at the 47th
cycle and retains 174.6 mAh g−1 after 200 cycles, with a coulombic efficiency of 99.9%. For
the charge/discharge curves at selected cycles under this current density (Figure 3f), the
relatively low coulombic efficiency in the initial stage may be due to SEI-layer formation,
side reactions, and incomplete extraction of some of the Zn2+ [44]. The subsequent curves
show significant overlap, consistent with the CV results, further confirming the battery’s
stability during the reaction process. To assess the long-term cycling stability of the cathode
material, a 2000-cycle test was conducted at 4.0 A g−1 following the rate-performance
measurements. As shown in Figure 3g, the electrode material accumulated lattice stress
during repeated charge/discharge cycles at stepped current densities [31]. When the
current density was directly switched from a low value to 4.0 A g−1 for prolonged high-rate
cycling, this abrupt change imposed a strong non-steady-state impact on the electrode
system, leading to rapid capacity decay [45]. The capacity then gradually increased,
which is attributed to the electrochemically induced phase transition in the structure, with
activation of the interfacial active sites enhancing the interfacial storage of Zn2+ [46]. The
optimal specific capacity of 265.56 mAh g−1 was achieved at the 584th cycle. After 2000
consecutive cycles, the reversible discharge capacity still remained at 206.45 mAh g−1,
delivering a capacity retention rate of 77.6%.

To further explore the electrochemical reaction kinetics and pseudocapacitive behavior
of the cathode material, cyclic voltammetry tests were carried out at scan rates ranging
from 0.1 to 1.6 mV s−1 [47]. As illustrated in Figure 4a, with the increase in scan rate,
the oxidation peaks gradually shift toward higher potentials, while the reduction peaks
move to lower potential positions. Additionally, both peak intensity and width increase.
This behavior reflects slight polarization of the electrode at different scan rates; however,
the overall shape of the CV curves remains similar, indicating that the cathode material
possesses good structural stability during Zn2+ storage. In the analysis of CV profiles, all
redox peaks were determined following a consistent data picking rule. For well-isolated
Peak 1, Peak 2 and Peak 4, characteristic potential and current values were collected via the
baseline tangent approach. As for Peak 3 showing obvious overlapping features across the
tested scan rates, no artificial peak fitting or deconvolution was performed. Instead, the
maximum current intensity on the overall peak envelope was directly adopted throughout
all rates. This consistent picking protocol avoids subjective deviation from manual peak
splitting and ensures the validity of peak current data as well as the robustness of the
subsequent b-value kinetic calculation. To investigate the kinetic mechanism of Zn2+

storage in the cathode material, we analyze the CV data using the power-law relationship

https://doi.org/10.3390/coatings16050607

https://doi.org/10.3390/coatings16050607


Coatings 2026, 16, 607 10 of 16

derived from classical cyclic voltammetry electrochemical kinetics, which has been widely
employed for quantitative analysis of electrode reaction dynamics [43]:

i = avb, (1)

where i represents the peak current (A), v represents the scan rate (mV s−1), and a and b
are adjustable parameters. According to the Randles–Sevcik equation [48], the theoretical
b value is determined as 0.5 for a purely diffusion-controlled electrochemical process,
while the b value equals 1 for a typical pseudocapacitive-controlled process dominated by
surface faradaic reactions. Accordingly, a b value close to 0.5 suggests that the capacity
contribution is primarily governed by Zn2+ diffusion behavior within the electrode bulk,
and a b value approaching 1 indicates that the capacity mainly originates from surface-
controlled capacitive processes [49]. In practice, the electrochemical behavior of aqueous
zinc-ion battery electrodes typically involves contributions from both mechanisms. To
further quantify the kinetic characteristics, a logarithmic transformation was performed on
both sides of Equation (1), converting the nonlinear power-law relationship into a linear
correlation:

log(i) = log(a)+blog(v), (2)

Figure 4. Electrochemical kinetic analysis of KZVO: (a) CV curves at various scan rates; (b) fitting
plot of log(i) versus log(v); (c) pseudocapacitive contribution ratio at the scan rate of 0.5 mV s−1;
(d) pseudocapacitive contribution ratios at different scan rates; (e) schematic illustration of the
GITT test procedure (bottom) and the time–voltage profile (top); (f) Zn2+ diffusion coefficients
during cycling.

The kinetic characteristic index b can then be determined as the slope of the linear
fitting plot of log(i) versus log(v), allowing identification of the dominant kinetic mechanism.
In this work, the original CV curves and baselines remain unchanged. Peak 1, Peak 2
and Peak 4 were determined via the conventional baseline tangent method without any
modification. For Peak 3, which exhibits overlapping convoluted hump features without
well-resolved sharp vertices, we uniformly adopted the maximum current along the peak
envelope across all scan rates to ensure a consistent and physically reasonable criterion.
Following this consistent peak-selection principle, the fitted b-values corresponding to the
four redox peaks are 1.03, 1.01, 0.70, and 0.63, respectively, all falling within the physically
meaningful range of 0.5–1.0, which reasonably reflects the mixed kinetic behavior of
surface capacitive and diffusion-controlled processes. These results suggest that the charge-
storage process of the cathode material is governed by both pseudocapacitive and diffusion-
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controlled behaviors, with the surface capacitive effect being dominant. The theoretical
capacity contributions from capacitive-controlled and diffusion-controlled processes were
further quantified using the equation [50]:

i = k1v + k2v1/2, (3)

where k1 and k2 are the contribution coefficients of the two respective mechanisms. As
shown in Figure 4c, at a scan rate of 0.5 mV s−1, the pseudocapacitive contribution ac-
counts for up to 93.7% of the total capacity, corresponding to the pink region in the figure.
In addition, the pseudocapacitive contribution ratios at different scan rates from 0.1 to
1.2 mV s−1 were calculated. When the scan rates were 0.1, 0.2, 0.3, 0.5, 0.8, and 1.2 mV s−1,
the corresponding pseudocapacitive contributions were 80.5%, 92.1%, 92.9%, 93.7%, 94.1%,
and 94.8%, respectively (Figure 4d). It can be seen that the pseudocapacitive contribution
gradually increases with increasing scan rate. These results indicate that the capacitive
charge-storage mechanism promotes substantial accumulation and rapid storage of Zn2+

at the surface of the electrode, thus ensuring efficient Zn2+ insertion/extraction during
charge and discharge. Meanwhile, the cathode material follows an insertion-type pseu-
docapacitive mechanism, with the high pseudocapacitive contribution providing robust
kinetic fundamentals for its outstanding rate performance and superior long-cycle stability.
To further investigate the diffusion kinetics of Zn2+, GITT measurements were system-
atically conducted. The test was performed during the stable stage of the third cycle of
the battery at a constant current density of 0.05 mAh g−1. Specifically, the battery was
first discharged (charged) at a constant current density of this value for 10 min and then
kept static for 5 min to allow the voltage to stabilize and reach the equilibrium state [26].
This charge/discharge–rest sequence was repeated until the cell voltage reached the preset
limit, thereby completing the full GITT test. Figure 4e presents both the enlarged view of a
single charge/discharge pulse with its subsequent rest stage and the full-cycle GITT curve,
which exhibits the characteristic sawtooth-like profile associated with the relaxation process.
Here, ∆Et represents the voltage change during the charge/discharge pulse, iRdrop refers
to the voltage drop when switching between the charge/discharge and rest stages, and
∆Es denotes the difference in steady-state voltage for a single GITT step. These parameters
form the experimental basis for calculating the Zn2+ diffusion coefficient. Based on the
data, the Zn2+ diffusion coefficient was calculated using the following equation:

DZn2+ =
4

πτ

(
mBVM
MBS

)2(∆Es

∆Et

)2
, (4)

In this equation, τ denotes the constant-current pulse duration, MB stands for the
mass of cathode active material, VM represents the molar volume of the sample, mB refers
to its molar mass, and S corresponds to the contact area between the cathode electrode
and electrolyte [47]. The calculated results reveal that the Zn2+ diffusion coefficient of the
cathode material is in the order of 10−10–10−12 cm2 s−1 (Figure 4f), confirming that the
cathode material exhibits excellent Zn2+ diffusion kinetics. This is due to the electrochemi-
cally induced formation of unique phase transition products, which provide unobstructed
structural pathways for efficient Zn2+ insertion and extraction, significantly optimizing ion
diffusion kinetics, and thus serving as a key intrinsic factor for its excellent electrochemical
performance.

To further elucidate the kinetic evolution and structural stability of the KZVO/Zn
cell, a set of targeted characterization tests was implemented in this work. Electrochemical
impedance spectroscopy (EIS) was first carried out on the KZVO cathode before and after
cycling at 4 A g−1 (Figure 5a), with the data fitted using an equivalent circuit containing
a constant phase element (CPE), solution resistance (Rs), SEI film resistance (Rf), charge-

https://doi.org/10.3390/coatings16050607

https://doi.org/10.3390/coatings16050607


Coatings 2026, 16, 607 12 of 16

transfer resistance (Rct), and Warburg impedance (Ws) related to Zn2+ diffusion [51]. It
is found that after 2000 cycles, the charge-transfer resistance (Rct) decreases remarkably
from an initial value of 225 Ω to 52 Ω, and the overall impedance of the battery was
greatly reduced. This change confirms the early-stage activation effect of the battery [52],
indicating that the electrochemical activation process effectively improves the utilization
efficiency of active materials and accelerates the interfacial migration and transport of Zn2+.
To further clarify the crystal structure evolution of KZVO and its Zn2+ storage mechanism
during cycling, this study conducted ex situ XRD characterization on the cathode samples
at 4 A g−1, both during the activation process and after the reaction was completed [53].
As shown in Figure 5b, when the battery reached its maximum capacity during cycling,
the XRD pattern of the electrode material changed compared with the initial pattern,
indicating the formation of an electrochemically induced phase transition product. Upon
further cycling until the end of the reaction, the diffraction peak positions remained highly
consistent, directly confirming the excellent structural stability of the phase transition
product. Phase identification further revealed that the new diffraction peaks correspond to
Zn(Zn0.5V1.5)O4 (PDF#30-1494).

Figure 5. Structural and electrochemical characterization of KZVO at 4 A g−1: (a) Nyquist plots of
the electrode before and after cycling, the enlarged view, and the corresponding equivalent circuit;
(b) ex situ XRD patterns at different cycles; (c,d) ex situ high-resolution V 2p XPS spectra; and (e,f) ex
situ high-resolution Zn 2p XPS spectra at different cycle numbers.

Ex situ XPS characterization was further performed to investigate the valence state
variation and chemical state evolution of elemental components under two different cycling
conditions. As shown in Figure 5c,d, the characteristic peaks at binding energies of ap-
proximately 515.8 eV and 523.1 eV correspond to the V 2p3/2 and V 2p1/2 peaks of V3+/V4+

and V5+/V4+, respectively. After cycling, the V 2p1/2 peak narrows, which is attributed
to the partial oxidation of V4+ to V5+ induced by Zn2+ insertion, while the width of the
V 2p3/2 peak remains almost unchanged, indicating a reversible redox reaction between
V3+ and V4+ [54]. For the high-resolution Zn 2p spectra (Figure 5e,f), strong characteristic
peaks are observed at 1022.3 eV (Zn 2p3/2) and 1045.1 eV (Zn 2p1/2), both before and after
cycling, with no significant attenuation in signal intensity [55]. This result confirms the
highly reversible Zn2+ storage behavior after the structural transformation. Combined with
EIS and structural characterization results, it can be confirmed that KZVO undergoes in situ
structural reconstruction upon continuous charge–discharge processes. The stable Zn3V3O8

phase fully formed after 580 cycles is responsible for the highly reversible migration of zinc
ions in subsequent long cycles. Meanwhile, the reversible redox reactions of vanadium
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provide essential kinetic support for efficient energy storage, which serves as a crucial
structural and chemical basis for the battery’s excellent electrochemical performance. Based
on the above discussion, it can be concluded that, in the initial stage of the electrochemical
reaction, the Zn2+ insertion/extraction process is primarily governed by KZVO. As acti-
vation proceeds, the electrochemically induced phase transition product Zn3V3O8 forms
and participates alongside KZVO in electrochemical zinc storage, with Zn3V3O8 playing a
dominant role [56]. Therefore, we propose the reaction mechanism of KZVO as shown in
Figure 6.

 
Figure 6. Schematic illustrations of the Zn2+-ion storage mechanism.

4. Conclusions
In summary, this study synthesized a novel polyoxovanadate, KZVO, with a unique

structure via a hydrothermal method and employed it as a high-performance Zn-storage
cathode material for aqueous zinc-ion batteries. Because POVs can form different struc-
tures and phases under electrochemical conditions, they can effectively improve ion in-
sertion/extraction capability and enhance the stability and cycling life of batteries at high
current densities. As a result, the obtained KZVO material not only exhibits excellent
rate performance but also achieves impressive long-term cycling stability through elec-
trochemically induced phase transformation. Specifically, the KZVO electrode delivers a
high specific capacity of 255.9 mAh g−1 at 0.1 A g−1 and retains 77.6% of its capacity after
2000 cycles at 4 A g−1. This work not only provides a new high-performance POV-based
cathode material but also demonstrates that the electrochemically induced phase transi-
tion can serve as a promising interfacial modification strategy. This in situ modification
concept offers new insights into the development of advanced coating technologies for
next-generation battery electrodes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings16050607/s1, Figure S1: The [KV16O38]3− cluster with
V atoms showing special site-distribution disorder; Figure S2: 3D stacking diagram of KZVO unit
cells along the a-axis; Figure S3: 3D stacking diagram of KZVO unit cells along the b-axis; Figure S4:
3D stacking diagram of KZVO unit cells along the c-axis; Table S1: The BVS of vanadium for KZVO;
Table S2: Crystal structure and refinement parameters of KZVO; Table S3: The atomic coordinates
(×104) and equivalent isotropic displacement parameters (Å × 103) of KZVO; Table S4: Selected bond
lengths (Å) data of KZVO; Table S5: Data of selected bond angles (◦) for KZVO.
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