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Abstract 

The development of safe, sustainable, and high–rate grid–scale energy storage 

has intensified interest in aqueous zinc–ion batteries (AZIBs), yet cathode–electrolyte 

interfacial instability remains a bottleneck. Here, we present a controllable electro–

driven self–assembly strategy to construct adaptive, valence–regulating interphases on 

VO2 cathodes. Electrochemical activation induces VO
2+

–H2O coordination, forming 

compact interphases enriched in high–valence V
5+

. Modulating activation kinetics–

higher rates (0.5 A g
–1

) producing denser, more stable layers than lower rates (0.1 A 

g
–1

)–precisely controls growth uniformity, optimizes ion transport, and stabilizes 

interfacial redox processes. These interphases homogenize electric fields, suppress 

vanadium dissolution, and expose abundant active sites, sustaining long–term 

structural integrity. Simultaneously, VO2 undergoes in situ reconstruction into 

V2O5·nH2O, enabling reversible multielectron V
4+

/V
5+

 transitions and accelerating 

Zn
2+

 diffusion. This kinetics–governed assembly achieves high capacity and 

remarkable rate capability (20 A g
–1

), and pouch cells deliver competitive energy 

(842.8 W h kg
–1

) and power densities in AZIBs. This work establishes a unified 

interphase engineering strategy that integrates self–assembly with valence modulation, 

offering a broadly applicable platform for interfacial regulation in aqueous energy 

storage systems. 

 

Keywords: self–assembled; electro–derived; zinc ion batteries; valence–regulation; 

interphase 
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1. Introduction 

Amid the accelerating global pursuit of carbon neutrality, the demand for large–

scale, reliable, and economically viable energy storage technologies has grown 

substantially.[1-5] While solar and wind power offer significant environmental 

benefits, their inherent intermittency and variability challenge grid reliability, making 

electrochemical energy storage systems indispensable for ensuring energy security 

and stability. With high reversible capacity, natural abundance, and environmental 

safety, aqueous zinc–ion batteries (AZIBs) have emerged as promising candidates for 

cost–effective and sustainable energy storage.[6-12] Nevertheless, their practical 

deployment is hindered by persistent interfacial challenges, particularly the instability 

of the cathode–electrolyte interface. In vanadium–based cathodes (e.g., VO, V2O3, 

VO2, V2O5), multiple accessible oxidation states (+2 to +5) enable rich redox 

chemistry but also render the crystal structure susceptible to degradation. Zn
2+

 

insertion shifts V–O bonds toward lower binding energies due to competition between 

Zn–O and V–O interactions, while the high charge density of Zn
2+

 imposes strong 

electrostatic attraction to the host lattice.[13, 14] Combined with anion–cation 

interactions and cation polarization, these effects slow ion diffusion during faradaic 

processes. At the electrode–electrolyte interface, side reactions yield inert byproducts 

such as basic zinc salts (Zn4SO4(OH)6·nH2O) and vanadium–containing phases 

(Zn3(OH)2V2O7·2H2O), which block active Zn
2+

 adsorption sites and hinder ion 

transport.[15] Vanadium dissolution, further accelerated under acidic conditions via 

proton–vanadium interactions, depletes active material and destabilizes the host 
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framework. Moreover, H2O/H
+
/Zn

2+
 co–insertion–while beneficial for structural 

flexibility, interlayer expansion, and Zn
2+

 screening–also exacerbates byproduct 

accumulation, whose poor reversibility undermines long–term cycling stability.[16, 

17] 

Interphase design has emerged as a central strategy for advancing AZIBs, as 

interphases critically govern ion transport, redox kinetics, and long–term cycling 

stability.[18, 19] While cathodic interphases play a decisive role in regulating redox 

processes and structural evolution, research on interphase engineering in AZIBs has 

been overwhelmingly directed toward the zinc anode.[20] At the anode side, 

numerous strategies–primarily functional electrolyte additives and surface 

modifications–have been developed to stabilize interfaces, suppress dendrite growth, 

and mitigate parasitic reactions.[21] For example, π–conjugated quinone polymers 

(PPPA) and hydrolyzed polymaleic anhydride (HPMA) can coordinate with Zn
2+

 to 

facilitate desolvation and guide uniform deposition, while in–situ decomposition 

strategies such as ZnSiF6–derived ZnF2 improve Zn
2+

 utilization and extend cycling 

life.[22, 23]
 
More recently, functional additives have been designed to induce in–situ 

SEI–like interphases for enhanced anode stability; [24, 25] for instance, 

difluoromethyl oxalate (DFMO), a fluorinated additive that decomposes to form a 

stabilizing interphase, generates a ZnF2–rich layer via electrochemical  reactions. 

Likewise, silane–based coupling agents can form gel–like interphases through 

hydrolysis. Both strategies significantly improve corrosion resistance and Zn²⁺ 

transport.[26] These advances highlight the effectiveness of anode–side interphase 

engineering in improving reversibility and rate capability. Nevertheless, such 
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strategies remain constrained by intrinsic drawbacks, including interfacial fragility, 

poor adhesion, and insufficient ionic conductivity at high current densities, which 

often lead to interphase breakdown, dendritic proliferation, and passivation. More 

importantly, the cathodic interface–despite undergoing substantial electrochemical 

reconstruction and strongly influencing redox kinetics–has received far less attention. 

The rational design of in–situ generated cathodic interphases therefore represents a 

crucial yet underexplored pathway, requiring innovative concepts to couple interfacial 

stability with redox functionality. 

Beyond conventional interphase design, self–assembly strategies have emerged 

as powerful tools to construct ordered and functional protective architectures in 

electrochemical systems.[27, 28] By harnessing the spontaneous aggregation of 

molecules or nanosheets, self–assembled layers can conformally cover electrode 

surfaces, regulate ion flux, and suppress degradation. For example, 

aminopropylphosphonic acid molecules assemble on MnO2 to form a ~6 nm 

protective film that inhibits Mn
2+

 dissolution; protein–derived microsphere coatings 

redistribute ionic flux on Li metal to mitigate dendrites;[29] few–layer MXene 

nanosheets assemble on VS2 to build conductive 2D frameworks that enhance charge 

transfer;[30] and pyridine derivatives in Zn electrolytes form ZnI2–enriched SEIs that 

suppress corrosion and hydrogen evolution.[31] While self–assembly enhances 

structural ordering and interfacial robustness, achieving optimal electrochemical 

performance also requires fine–tuning the intrinsic electronic structure of active 

materials–an aspect addressed by valence regulation. Valence regulation has been 

widely applied to optimize electronic structures, interfacial charge transfer, and redox 

reversibility in electrodes, and is increasingly recognized as an effective interphase 

engineering strategy. Incorporating polyoxometalates into HAVO promotes electron 
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delocalization by tuning V valence states;[32] F⁻ and Zn
2+

 co–coordination stabilizes 

Mn–based cathodes by mitigating Jahn–Teller distortion;[33] valence adjustment in 

NiCoMg–LDHs improves orbital overlap and ion adsorption;[34] and heteroatom 

modification in Li–based cathodes induces Mn
3
⁺ generation and oxygen vacancies to 

enhance diffusion and durability.[35] These studies reveal that interfacial self–

assembly enables structural ordering and stability, while valence regulation directly 

governs electron density, redox efficiency, and ion transport dynamics. Integrating 

these complementary approaches into cathodic interphase design for AZIBs therefore 

offers a promising pathway to construct adaptive interphases capable of 

simultaneously regulating Zn
2+

 flux and transition–metal valence states, thereby 

unlocking high energy and power performance. 

In this study, an electro–derived self–assembly approach is developed to 

construct the valence–regulating interphases enriched with high–valence V
5
⁺ species 

on VO2 cathodes. As illustrated in scheme 1, these interphases spontaneously form at 

the cathode surface during the initial electrochemical activation through a self–

assembly process involving electrolyte–derived VO
2+

 ions and H2O molecules. The 

formation of uniform and compact interphases can be precisely regulated by adjusting 

the activation current density. A higher current density (0.5 A g
–1

) promotes the 

growth of dense and homogeneous interphases, thereby enhancing local redox 

kinetics and accelerating nucleation and growth. In contrast, lower current densities 

induce sparse and irregular interphases, leading to less effective interfacial protection 

and sluggish ion transport. These electrochemically assembled interphases effectively 

address intrinsic limitations of vanadium–based AZIBs by performing multiple 

critical roles: (1) The layered structure facilitates continuous ion migration pathways 

and reducing Zn
2+

 transport energy barriers and improving cycling reversibility; (2) 
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the stable and uniform protective layer suppresses electric field inhomogeneities and 

vanadium dissolution; and (3) the abundant high–valence V
5
⁺ species supply 

additional electroactive sites, substantially enhancing the electrode's overall capacity. 

Simultaneously, VO2 undergoes electrochemical reconstruction into V2O5·nH2O at 

approximately 1.5 V, accompanied by a transition from V
3+

/V
4+

 to V
4+

/V
5
⁺ redox 

couples, which enables multielectron reactions and further enhances electrode 

capacity.[36]
 
Enabled by these synergistic mechanisms, the electrode achieves a 

remarkable initial discharge capacity of 1029 mA h g
–1

 at 0.5 A g
–1 

and retains 

489 mA h g
–1

 at an ultra–high current density of 20 A g
–1

. Importantly, the full pouch 

cell demonstrates both high energy density (842.8 W h kg
–1 

;
  

0.39 mA h cm
-2

) and 

power density (14,769.5 W kg
–1

), underscoring its potential for advanced aqueous 

energy storage systems. Collectively, this work introduces a controllable, 

electrochemically tunable self–assembly approach for high–performance AZIBs with 

tailored interphases capable of valence–state regulation. 

 

 

Scheme 1. Schematic illustration of the electro–driven strategy, where current–

regulated self–assembly forms a dense valence–regulating interphases on the VO2 
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surface, while the bulk undergoes in situ reconstruction into hydrated V2O5·nH2O 

with higher–valence vanadium. These coupled processes homogenize Zn
2+

 flux, 

suppress vanadium dissolution, enrich electroactive sites, and collectively enable 

exceptional energy and power densities in AZIBs. 

 

2. Experimental section 

2.1. Materials 

Ammonium metavanadate (NH4VO3, ACROS ORGANICS, 99.5%), oxalic acid 

dihydrate (C2H2O4·2H2O, Honeywell Fluka, 99.9%), vanadium (V) oxide (V2O5, Alfa 

Aesar ,99.6% min), 1–Methyl–2–pyrrolidone (NMP, anhydrous, Sigma Aldrich, 

99.5%), carbon black, polyvinylidene difluoride (PVDF), zinc sulfate monohydrate 

(ZnSO4·H2O, Sigma Aldrich, ≥ 99.9%), vanadium (IV) sulfate oxide hydrate 

(VOSO4·xH2O, Thermo Scientific, 99.9%), carbon black and CR–2032 coin–type 

cells were acquired from Shining Energy, glass fiber was obtained from Advantec, 

deionized water (Millipore Milli–Q, resistivity ≥ 18.2 MΩ cm
–1

) was used in all our 

experiments. All chemicals were of analytical grade and were used as received 

without purification unless otherwise specified. 

2.2. Material characterization 

The structural evolution and composition were identified using X–ray diffraction 

(XRD, Bruker, D8 ADVANCE) with Cu–Kα radiation (λ = 1.54 Å) and the oxidation 

states of the samples were characterized by high–resolution X–ray photoelectron 

spectrometer (XPS, ULVAC–PH, PHI QuanteraII, NTHU). All the spectra obtained 

from XPS analysis were first calibrated by referencing the standard binding energy of 

C 1 s (284.8 eV), followed by the curve fitting using the software of XPSPEAK VER. 

4.1. All materials were characterized by using scanning electron microscopy (SEM, 

HITACHI–SU8010). Transmission electron microscopy (TEM, JEOL, JEM–
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ARM200FTH), thermogravimetric analysis（TGA/DSC, Mettler–Toledo, 2–HT）

and time–of–flight secondary ion mass spectrometer (TOF–SIMS, ION–TOF, TOF–

SIMS V) were provided by NTHU services. To obtain high–resolution TEM 

(HRTEM) images of materials, an accelerating voltage of 200 kV was used to 

investigate further structure analysis including morphology, energy–dispersive 

spectroscopy (EDS), selected area electron diffraction (SAED), and HRTEM. UV–vis 

spectra were measured using an UV–vis spectroscopy (Perkin–Elmer, Lambda 35). 

Functional groups are observed by Fourier–transform infrared spectroscopy (FTIR, 

Thermo). The oxygen vacancies and unpaired electrons were characterized by 

electron paramagnetic resonance (EPR) spectrometer (Bruker, ELEXSYS E–580, 

NTHU). The confocal Raman microscope are used for pristine materials (PTT, 

MRID). Surface roughness was characterized by using scanning probe microscope 

system (AFM, Park NX–10, NCHU). Contact angle measurements were conducted 

using a First Ten Angstroms FTA–1000B contact angle meter at NCHU. 

2.3. Preparation of Ov–VO2 

The Ov–VO2 was synthesized by the reaction of NH4VO3 powder with H2C2O4 

under hydrothermal conditions. 2 mmol of NH4VO3 was added to 15 mL of deionized 

water in a water bath at 80℃ and stirred to a light–yellow color as liquid A. At the 

same time, 3 mmol H2C2O4 was added to 15 mL of deionized water and stirred for 30 

min as liquid B. The resultant mixture was poured into a 50 mL Teflon–lined 

autoclave and heated for 24 h at 180℃ after stirring to homogenous. The precipitate 

was collected by centrifugation and washed with deionized water and ethanol several 

times and dried under vacuum at 80℃ for 12 h to obtain Ov–VO2 powder. 

2.4. Electrochemical measurement 
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The electrochemical performance of the electrodes was tested in the CR2032 

coin–type cells with the zinc metal foil (thickness: 25 µm; diameter: 15 mm) as the 

counter electrode. The cathode slurry consisted of VO2, acetylene black, and PVDF in 

a weight ratio of 7:2:1, coated to a thickness of approximately 200 µm on carbon 

paper. The VO2 loading on the cathode was 1.2–1.5 mg (≈1.1–1.3 mg cm
–2

), 

corresponding to an areal current density of ≈0.49 mA cm
–2

 at 0.5 A g
–1

, and this 

mass was used as the basis for specific capacity calculations. A glass-fiber separator 

(thickness: 0.1 mm) was used, and 150 µL of electrolyte was added per cell. The 

electrolyte used in the cells was 2 M ZnSO4·H2O + 0.75 M VOSO4 in DI water, with 

measured pH values of ≈3.7. The cells were assembled in an atmosphere environment. 

The cyclic voltammetry (CV)  and electrochemical impedance spectroscopy (EIS) 

curves were obtained on Bio–Logic–Science Instruments, VMP3 workstation. 

Galvanostatic discharge–charge and galvanostatic Intermittent Titration Technique 

tests (GITT) were evaluated by NEWARE CT–4000 battery measurement system 

from 0.4–1.6V vs. Zn/Zn
2+

. Operando optical microscopy (OM) observation was 

conducted with a customized holder (BJSCISTAR, LIB–MS–II) at 0.5 A g
–1

. 

2.5. Density functional theory (DFT) calculation  

Electrostatic potential (ESP) calculations, used to visualize local charge 

distribution and preferred adsorption/nucleation sites, were performed using the 

Gaussian 16, Revision C.01 software package.[37] The hybrid functional PBE0 

functional was adopted for all calculations in combination with the D3 version of 

Grimme's dispersion with Becke–Johnson damping (DFT–D3BJ). For geometry 

optimization and frequency calculations, the 6–31G+(d,p) basis set
 
was used with the 

PCM solvation model for water. The single point energy calculations were performed 
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with 6–311+G(d,p)
 
basis set. The diagram of ESP was visualized with the help of 

Multiwfn and VMD software. 

 

3. Results and Discussion 

Oxygen–deficient VO2 (Ov–VO2) was synthesized as a representative cathode 

material, and the impact of hydrothermal reaction time on its structural and defect 

properties was investigated to identify an optimal candidate for subsequent studies on 

the valence–regulation interphase. The presence of oxygen vacancies not only 

introduces additional active sites for Zn
2+

 intercalation/deintercalation, but also alters 

interfacial electron density and generates local polarization fields that lower Zn
2+

 

migration barriers–collectively enhancing transport kinetics and supporting the 

selection of Ov–VO2 for further investigation.[38] XRD reveals a gradual shift of the 

Ov–VO2 diffraction peaks toward higher 2θ angles as the hydrothermal reaction time 

increases from 12 to 24 hours (Figure 1a, b). According to Bragg’s law (nλ = 

2d sin θ), this shift corresponds to a reduction in interplanar spacing (d), indicative of 

lattice contraction and improved crystallographic ordering. The prolonged 

hydrothermal treatment facilitates the generation of oxygen vacancies, which locally 

modify the V–O bonding environment and contribute to lattice contraction. These 

vacancies may enhance crystallographic ordering by relieving structural distortions. 

As a result, the Ov–VO2 prepared under 24  hours  conditions exhibit improved 

crystallinity and a more homogeneous distribution of oxygen vacancies, collectively 

contributing to a structurally stabilized and defect–engineered phase. EPR spectra 

confirms that the sample treated for 24 hours exhibits the highest oxygen vacancy 

concentration, as evidenced by an intensified signal and g–value shift, indicating 

abundant unpaired electrons that may serve as active sites for Zn
2+

 interaction 
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(Figure 1c). The evolution of surface chemistry with increasing hydrothermal duration 

was investigated by XPS and FTIR analyses, as shown in Figure 1d and e. XPS 

analysis reveals a notable increase in the proportion of V
4+

 species after prolonged 

treatment, indicative of enhanced oxygen vacancy formation. Concurrently, FTIR 

spectra confirm the presence of characteristic vibrational modes corresponding to 

terminal V=O (~998 cm
–1

) and bridging V–O–V (~927 cm
–1

) bonds, suggesting the 

retention of key structural motifs.  

Morphological analyses conducted via SEM and TEM confirmed the formation 

of the characteristic tunnel–type Ov–VO2 structure (Figure 1f, g and S1), which is 

structurally more stable than layered counterparts and capable of withstanding greater 

mechanical stress.[39, 40] Additionally, the SAED pattern displays distinct diffraction 

rings corresponding to the (0 1 1), (2̅ 1 1), (2 0 0), and (2̅ 1 3) planes of Ov–VO2, 

reflecting a uniform polycrystalline structure with minimal lattice disorder 

(Figure 1h).[41] To confirm the uniform spatial distribution of vanadium and oxygen, 

STEM–EDS elemental mapping is shown in Figure 1i, showing homogeneous 

elemental dispersion across the Ov–VO2 structure. HRTEM is shown as Figure 1i, 

revealing the presence of distinct defect regions homogeneously dispersed. 

Furthermore, the measured lattice spacing obtained from the FFT fitting corresponds 

to the (1 0 2) plane, while the observed lattice distortion and oxygen defects further 

validate the successful synthesis of Ov–VO2 (Figure 1k, S2).[42] Raman spectroscopy 

(Figure S3) further corroborates the defect–induced modulation of vibrational bonding 

modes, wherein the defect–associated V–V stretching becomes most prominent in the 

longest–treated VO2 sample, accompanied by a characteristic redshift of 

approximately 1 cm
–1

.[43] EIS further elucidates the profound influence of oxygen 

vacancy concentration on charge–transfer process (Figure 1l–n). As the hydrothermal 
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reaction time increases, the corresponding rise in oxygen vacancy concentration 

within Ov–VO2 results in a marked decrease in the imaginary component of 

impedance (Z") in the low–frequency region, reflecting effective suppression of 

interfacial polarization. Oxygen vacancies introduce localized electronic states and 

undercoordinated vanadium sites, which enhance interfacial electron density, 

homogenize the electric field, and collectively lower polarization barriers to 

accelerate Zn
2+

 transport kinetics. Additionally, dielectric loss (tan δ) measurements 

(Figure 1n) reveal that the Ov–VO2 sample treated hydrothermally for 24 hours 

exhibits the lowest dielectric loss in the high–frequency regime, indicating minimal 

energy dissipation under alternating current fields.[44] This reflects the suppression of 

non–faradaic processes, such as parasitic reactions and interfacial dipole 

reorganization. This phenomenon can be attributed to surface charge redistribution 

induced by the high concentration of oxygen vacancies, which stabilizes the 

interfacial electric double layer, suppresses parasitic reactions between water 

molecules and zinc metal, and mitigates local electric field distortions. Collectively, 

these effects indicate that oxygen vacancies contribute to enhanced electrochemical 

performance by facilitating Zn
2+

 transport and reducing interfacial polarization during 

cycling. 
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Figure 1. Structural characterization of Ov–VO2 with different reaction times. (a) 

XRD patterns. (b) Enlarged (011) diffraction peak shift.  (c) EPR test. (d) XPS spectra. 

(e) FTIR spectra. (f) SEM image. (g) TEM image. (h) SAED pattern. (i) STEM–EDS 

mapping of V and O elements. (j) HRTEM image with corresponding (k) FFT 

patterns. (l) Real part of permittivity (ε′) versus frequency. (m) Imaginary part of 

permittivity (ε″) versus frequency. (n) Dielectric loss (tan δ) profiles. 

 

Given that VO
2+

 species–key to the formation of  valence–regulating 

interphases–are introduced via the VOSO4–containing electrolyte, the solution 
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composition significantly impacts interfacial properties such as wettability, Zn
2+

 

solvation, and redox kinetics. To clarify these effects, a comparative analysis was 

performed between 2 M ZnSO4 and 2 M ZnSO4 + 0.75 M VOSO4 (Figure 2 and S4). 

Firstly, contact angle measurements clearly demonstrate that electrolyte composition 

strongly influences interfacial wettability between the electrode and electrolyte. As 

shown in Figure 2a and b, contact angle measurements show that ZnSO4 exhibits poor 

wettability on Ov–VO2 (120.55° after 30 s), whereas the VOSO4–containing 

electrolyte rapidly spreads (99.83°), indicating enhanced hydrophilicity and faster 

wetting kinetics. Hydrophilic functional groups in the additive regulate electrolyte 

polarity and surface tension, promoting interfacial coordination and uniform 

interphase growth. Beyond wettability modulation, electrostatic potential (ESP) 

simulations (Figure 2c and S5) suggest that VOSO4 significantly reshapes the Zn
2+

 

solvation environment. In ZnSO4, Zn
2+

 exhibits a nearly symmetric electrostatic field 

arising from conventional SO4
2
⁻/H2O coordination. By contrast, the introduction of 

VOSO4 induces pronounced electrostatic anisotropy: localized high–potential regions 

reflect robust interactions between Zn
2+

 and the VOx, while adjacent low–potential 

zones generate electrostatic gradients that break solvation symmetry and promote 

directional Zn
2+

 migration. This anisotropic potential distribution is consistent with 

more uniform interphase nucleation and enhanced Zn
2+

 transport kinetics. To validate 

this, EIS was performed after 20 cycles (Figure 2d). The introduction of VOSO4 

results in a pronounced shrinkage of the high–frequency semicircle in the Nyquist plot, 

with the real part of impedance Re(Z) decreasing from ~350 Ω (ZnSO4) to ~50 Ω 

(ZnSO4 electrolyte with VOSO4). This marked reduction in internal resistance 

indicates that the in–situ formed interphase facilitates efficient Zn
2+

 and electron 

transport, thereby mitigating interfacial polarization and accelerating reaction kinetics.  
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Arrhenius analysis was conducted to evaluate the influence of electrolyte 

composition on ionic conductivity and its thermal dependence (Figure 2e). The 

activation energy (Ea) decreased from 33.26 KJ mol
–1

 in ZnSO4 to 23.45 KJ mol
–1

 

with VOSO4, validating its role in enhancing ion transport and reaction kinetics.[45]
 
 

Furthermore, the UV–Vis absorption spectra of these two electrolytes were compared. 

The emergence of a broad absorption peak at ~700 nm in the VOSO4–containing 

electrolyte (Figure 2f) indicates the presence of VO
2+

 species, absent in pure ZnSO4. 

These species are directly involved in initiating interphase formation during 

electrochemical activation. Raman spectra of the electrolyte containing VOSO4 

(Figure 2g) exhibit prominent features corresponding to the symmetric (ν1, ~1020 cm
–

1
) and asymmetric (ν3, ~1080 cm

–1
) stretching modes of SO4

2
⁻. Additionally, a distinct 

peak at ~980 cm
–1

, attributed to the symmetric stretching vibration of the V=O bond, 

confirms the incorporation of VOSO4 into the electrolyte. To further elucidate how 

electrolyte composition affects the formation of the interphase during cycling, in–situ 

optical microscopy (OM) was employed to directly visualize electrode surface 

evolution throughout the first charge–discharge cycle (Figure 2h and Videos S1–S2). 

In the pure ZnSO4 electrolyte, the electrode surface remained largely unchanged, 

suggesting the absence of the interphase formation. In contrast, the VOSO4–

containing electrolyte induced a progressive color change (dark green) across the 

electrode surface during charging, accompanied by a noticeable increase in thickness, 

indicative of the electrochemically driven nucleation and growth of an interphase. 

Notably, Figure 2i schematically illustrates the electro–driven self–assembly process, 

wherein electrolyte–derived VO
2+

 species coordinate with H2O molecules to initiate 

controlled interphase nucleation at the cathode surface. Under optimized current 

regulation, this self–assembly proceeds in an orderly manner, guiding the growth of 
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uniform and compact interphases. Such interfacial modulation facilitates Zn
2+

 

transport and substantially enhances the overall electrochemical performance. 

 

Figure 2. Comparison with and without VOSO4 in ZnSO4 electrolyte. (a–b) Contact 

angle measurements at 0 and 30 s. (c) Electrostatic potential maps. (d) EIS after 

cycling 20
th

 cycle. (e) Arrhenius plot. (f) UV–vis spectra. (g) Raman spectra. (h) In–

situ OM observation. (i) Schematic illustration of the interphase formation. 
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The self–assembly process, modulated by current–controlled kinetics, dictates 

the nucleation rate and growth uniformity of the interphase, with faster and slower 

activation dynamics yielding markedly different morphologies and uniformities. 

Figure 3 presents a comprehensive microstructural and surface characterization of 

Ov–VO2 electrodes before and after the first–cycle electrochemical activation under 

current densities of 0.5 A g
–1

 and 0.1 A g
–1

, respectively, elucidating the impact of 

activation conditions on the formation and uniformity of the electro–driven valence–

regulating interphase. TEM and SEM images (Figure 3a, b and S6) reveal that the 

sample activated at 0.5 A g
–1

 facilitates the formation of a compact, continuous, and 

well–adhered interphase with an average thickness of approximately 10 nm. In 

contrast, the protective layer generated under 0.1 A g
–1

 activation (Figure 3c, S7 and 

S8) displays a loosely packed and non–uniform morphology, primarily due to limited 

mass transport and spatially heterogeneous reaction kinetics during the activation 

process.[18] The morphological irregularity and structural inconsistency give rise to 

uneven active site distribution and localized field intensification, increasing Zn
2+

 

migration barriers and promoting side–product accumulation, thereby destabilizing 

interfacial reactions and reducing cycling efficiency.[46] AFM was employed to 

quantitatively assess surface morphology and topographical uniformity (Figure 3d–i 

and S9-10). The sample activated at 0.5 A g
–1

 exhibit a smoother and more 

homogeneous surface profile with significantly reduced surface fluctuations, 

indicating improved structural ordering and low surface roughness.[47] The 

corresponding surface roughness parameter (Ra) further exhibits a notable disparity. 

For the sample activated at 0.5 A g⁻¹, the averaged Rₐ obtained from multiple AFM 

scan regions was 36.6–43.9 nm, substantially smaller than that of the 0.1 A g⁻¹ sample 

(109.6–112.9 nm) and the inactivated Ov–VO₂ electrode (≈335 nm; Figure 3g–i). 
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These results highlight the role of higher activation current in directing self–assembly, 

reducing roughness, and ensuring uniform Zn
2+

 transport pathways. To further 

elucidate the influence of interphase uniformity on surface stress distribution and 

electric field homogenization, finite element method (FEM) simulations were 

employed to analyze von Mises stress and electric field distributions, as illustrated in 

Figure 3j. As shown in the von Mises stress mapping (Figure 3j), the sample activated 

at 0.5 A g
–1

 exhibits a relatively uniform stress distribution, with maximum stress 

localized centrally and minimal fluctuations across the surface, suggesting effective 

stress dissipation and enhanced mechanical stability.[48] In contrast, the sample 

activated at 0.1 A g
–1

 displays pronounced stress concentrations associated with 

surface irregularities and non–uniform interphases formation. Similarly, electric field 

simulations (Figure 3k–l and S11) indicate that uniform interphases formed at 0.5 A 

g
–1

 are associated with a more vertically aligned Zn
2+

 flux distribution, whereas non-

uniform interphases formed at 0.1 A g
–1

 result in pronounced field distortion and 

localized Zn
2+

 accumulation.[49] Taken together with the experimental observations, 

these results support the view that fast-kinetics activation at 0.5 A g
–1

 is associated 

with the formation of more uniform valence-regulating interphases, accompanied by 

improved Zn
2+ 

flux uniformity, reduced stress and electric-field heterogeneity, and 

enhanced cycling reversibility. 
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Figure 3. Structural and simulation analyses of interphase generated under different 

electrochemical activation conditions. (a–c) HR–TEM images. (d–f) 3D AFM images. 

(g–i) Corresponding average surface roughness (Ra). (j) COMSOL simulation of von 

Mises stress distributions. (k–l) COMSOL simulation of electric field intensity 

profiles. 

 

Figure 4 employs multiple in–situ characterization methods to resolve the 

cathodic valence–state transition pathway and concurrent VO2 reconstruction under 

electro–driven activation. In–situ and ex–situ XRD results (Figure 4b and S12) reveal 
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the emergence of V2O5·nH2O reflections at the initial discharge stage, confirming that 

interphases enriched in high–valence V
5
⁺ species are self–assembled early. 

Concurrently, progressive shifts in VO2 diffraction peaks indicate Zn
2+

 intercalation. 

Upon subsequent charging, a distinct voltage plateau appears at ~1.5 V (Figure 4a), 

accompanied by a strong diffraction peak at 23.8°, consistent with electrochemical 

reconstruction into layered V2O5·nH2O.[16, 50] Moreover, no diffraction features 

associated with Zn3(OH)2V2O7·2H2O are detected under VOSO4-assisted conditions 

(Figure S13), indicating that the electrolyte-derived interphase helps suppress the 

formation of this inactive byproduct during cycling. This dual evolution–interphase 

assembly and VO2 oxidation–establishes a stable, valence–regulating interface that 

enhances Zn
2+

 kinetics and cycling durability. Complementary ex–situ FTIR and 

TGA analyses (Figure S11–13) confirm the additive–induced hydrated interphase, as 

evidenced by characteristic V=O and H–O–H vibrations and enhanced thermal water 

loss.  TGA analysis (Figure S14-17) further confirms that the crystal water within 

V2O5·nH2O remains stable during long-term cycling. High–resolution TEM and 

STEM–EDS elemental mapping (Figure 4c–h and S18–23)  provides direct structural 

evidence for interphase evolution. In the electrolyte without VOSO4 additive, the VO2 

surface exhibits no interfacial layer formation, in sharp contrast to the lamellae 

observed in the VOSO4–containing system. This comparison demonstrates the role of 

VOSO4 in triggering interphase self–assembly and promoting the early–stage 

evolution of ordered, multilayered structures. The phase transition was further 

monitored by in–situ Raman spectroscopy (Figure S24). During cycling, the 

attenuation of VO2–associated peaks, together with the sustained prominence of the 

~500 cm
–1

 V–O–V band (characteristic of V2O5·nH2O), provides evidence not only 

for the structural reconstruction of VO2 into V2O5·nH2O but also for the concurrent 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof  

22 

 

formation of V
5
⁺–rich interphases.[43, 51] The spatial distribution of this 

transformation was further visualized by TOF–SIMS 3D mapping (Figure 4j), 

comparing electrodes at different charge–discharge states: (i) discharged to 0.4 V 

(D0.4), (ii) charged to 1.4 V (C1.4), and (iii) charged to 1.6 V (C1.6). With 

progressive activation, V2O5 signals (pink) intensify and become more uniformly 

distributed, while VO2 signals (blue) diminish, indicate progressive VO2 oxidation 

accompanied by the formation of V
5
⁺–rich interphases. These observations correlate 

with the charge plateau (Figure 4a) and Raman spectra (Figure 4i), reinforcing the 

linkage between electro–driven valence–state regulation and interphase assembly. To 

gain further insight into the valence state evolution during cycling, ex–situ XPS 

analysis (Figure 4i and S25) provides direct evidence at the electronic structure. The 

deconvolution of V 2p peaks shows a clear increase in the V
5
⁺/V

4
⁺ ratio during 

charging, rising from 0.71 at OCP to 4.9 at 1.6 V, evidencing substantial oxidation. 

This progressive V
4+

→V
5+

 transition indicates that valence regulation occurs within 

the interphase during electrochemical activation. [13] To validate the importance of 

the ~1.5 V plateau, the voltage window was restricted to 0.4–1.4 V (Figure S26–28). 

Without reaching the activation plateau, interphase growth was suppressed and cell 

performance deteriorated markedly. These analyses confirm that VOSO4 facilitates 

the electrochemically driven self–assembly of valence–regulating interphases during 

the initial activation. The combined effects of electrochemical reconstruction and 

V
4
⁺/V

5
⁺ oxidation give rise to a homogeneous V

5
⁺–enriched interphase that facilitates 

Zn
2+

 transport, enhances interfacial charge–transfer kinetics, and ensures durable 

cycling stability. 
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Figure 4. Mechanism of structural evolution during the first cycle. (a–b) In–situ XRD 

patterns. HR–TEM images of electrodes at specific charge–discharge potentials: (c) 

D0.4 (discharged to 0.4 V) without VOSO4, (d) D0.4 (discharged to 0.4 V) with 

VOSO4, (e) C1.6 (charged to 1.6 V) with VOSO4. (f–h) Corresponding magnified 

views of (c–e), respectively. (i) Ex–situ XPS spectra. (j) 3D TOF–SIMS of V2O5 and 

VO2 phases. 
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Activation under controlled fast– (0.5 A g
–1

) and slow–kinetics (0.1 A g
–1

) 

conditions yields markedly different electrochemical behaviors, reflecting the critical 

role of current–directed interphase formation (Figure 5). CV profiles obtained at a 

scan rate of 0.5 mV s
–1

 within 0.4–1.6 V exhibit two distinct pairs of redox peaks, 

reflecting the multi–step redox processes involved (Figure 5a and S29). A gradual 

increase in peak current with successive scans indicates progressive activation and 

enhanced electrochemical reactivity (Figure 5a).[10] Notably, under identical scan 

rates, the electrode activated at 0.5 A g
–1

 delivers markedly higher peak currents than 

that at 0.1 A g
–1

, confirming superior redox activity and faster kinetics (Figure 5b). 

This enhancement is attributed to the electro–driven self–assembly of uniform 

valence–regulating interphases, which provide abundant electroactive sites, 

homogenize interfacial electric fields, and suppress polarization.[52] Moreover, a 

strong anodic peak around 1.5 V in the first cycle corresponds to the electrochemical 

activation plateau and the VO2 →  V2O5·nH2O transition, enriching the electrode 

surface with high–valence V
5
⁺ species that further promote reversible Zn

2+
 storage.[53, 

54] Analysis of the differential capacity (dQ/dV) curves  reveals a distinct oxidation 

peak within 1.4–1.5 V for both activation currents, associated with the V
3
⁺/V

4
⁺ → 

V
4
⁺/V

5
⁺ transition and the establishment of V

5
⁺–rich interphases (Figure S30 and 

S31).[32] The peak is more intense and better resolved at 0.5 A g
–1

, reflecting faster 

activation kinetics and more uniform interphase formation. This process is consistent 

with the previously identified VO2 → V2O5·nH2O reconstruction, with TEM and 

AFM observations further revealing that interphases form in both cases but with 

markedly different uniformity depending on the activation current density. Figure 5c 

shows the dQ/dV profiles after 20 cycles, highlighting the impact of activation 
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conditions on long–term reaction behavior. Both electrodes exhibit dual peaks at 

~0.6 V and ~1.0 V, typical of vanadium–based systems.[1, 15, 52] However, the 

0.5 A g
–1

–activated electrode retains a much stronger redox response at ~0.6 V, 

reflecting the role of a uniformly self–assembled valence–regulating interphase in 

sustaining efficient Zn
2+

 transport and reversible electron transfer. By contrast, the 

0.1 A g
–1

 electrode shows attenuated signals, consistent with interfacial heterogeneity 

and sluggish kinetics. This is consistent with the stable 0.6 V plateau in the 

galvanostatic charge–discharge (GCD) curves (Figure S32). Further insights are 

obtained from the first–cycle charging behavior (Figure 5d). At 0.1 A g
–1

, an 

abnormally high first–charge capacity (~5000 mA h g
–1

) arises due to sluggish 

kinetics and insufficient driving force, which cause uneven interphase growth and 

excessive charge accumulation. The resulting defective interphase promotes over–

oxidation, side reactions, and irreversible capacity buildup. By contrast, activation at 

0.5 A g
–1

 drives self–assembly of the valence–regulation interphase, buffering volume 

changes during Zn
2+

 cycling, and ensuring stable and reversible redox processes.
 
 

When comparing activation conditions, the electrode activated at 0.5 A g
–1

 

exhibits an initial discharge capacity above 1000 mA h g
–1

 ( 0.97 mA h cm
-2 

) and 

retains ~600 mA h g
–1

 ( 0.584 mA h cm
-2 

) after 500 cycles (Figure 5e, f). In contrast, 

the 0.1 A g
–1

–activated electrode experiences rapid capacity decay to ~200 mA h g
–1

 

( 0.194 mA h cm
-2 

) within 100 cycles. GCD profiles after 50 and 100 cycles show 

that the low–current sample suffers severe plateau fading and increased overpotential, 

while the high–current sample retains stable plateaus with minimal polarization 

(Figure S33). Figure 5f demonstrates that after the activation process, the electrode 

activated at 0.5 A g
–1

 exhibits a significantly higher capacity retention compared to 

that activated at 0.1 A g
–1

, highlighting the beneficial effect of higher–current 
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activation on stabilizing long–term cycling performance. These differences stem from 

the distinct interphase structures formed during activation, with the 0.5 A g
–1

 

condition producing a more uniform and ion–conductive layer that facilitates Zn
2+

 

transport and stabilizes redox reactions. The rate capability results (Figure 5g) 

confirm stable performance across 0.5–20 A g
–1

, with specific capacities of 1025 , 910, 

797, 717, 622, 546, and 489 mA h g
–1

, respectively. When the current density returns 

to 0.5 A g
–1

, capacity recovery to near–initial values further highlights the structural 

reversibility of the self–assembled interphase. High–rate cycling tests further 

demonstrate the robustness of the optimized interphase (Figure 5h, S34). At 20 A g
–1

, 

the 0.5 A g
–1

–activated electrode delivers an initial capacity of 540 mA h g
–1

 ( 0.457 

mA h cm
-2 

) and retains 345.6 mA h g
–1

 ( 0.336 mA h cm
-2 

) after 1000 cycles, 

indicating excellent tolerance to fast ion kinetics. Remarkably, even under both low 

(0.5 A g
–1

) and ultrahigh (20 A g
–1

) current densities, the electrode achieves superior 

specific capacities, clearly surpassing previously reported vanadium–based cathodes 

(Figure i and Table S1).[1, 55-59] Additionally, the general applicability of this 

electro–driven self–assembly strategy was validated on other vanadium–based 

cathodes, including V2O5, V2O3, and NH4V4O10 (Figure 5j, S35–S38). In all cases, 

initial activation produced a distinct 1.4–1.5 V plateau associated with V
4
⁺/V

5
⁺ 

evolution, indicating the formation of V
5
⁺–rich interphases and confirming the 

strategy’s universality for enhancing Zn
2+

 storage kinetics and interfacial stability 

across diverse vanadium oxides  (Figure 5k).[54, 60, 61] Compared with conventional 

VOₓ optimization schemes such as metal doping, this method delivers superior rate 

capability (Table S2).[62-65] This superior high–rate durability highlights the 

robustness of the electro–driven self–assembly strategy in facilitating fast Zn
2+

 

storage kinetics. 
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Figure 5. Electrochemical performance under different current densities. (a, b) CV 

curves at 0.5 mV s
–1

 and 0.1 mV s
–1

. (c) dQ/dV comparison at the 20
th

 cycle for both 

current densities. (d) GCD curves of the first cycle and (e) cycle performance at 0.5 

A g
–1

 and 0.1 A g
–1

. (f) Discharge capacity with different cycle between 0.5 A g
–1

 and 

0.1 A g
–1

. (g) Rate performance. (h) Cycle performance at 20 A g
–1

. (i) Comparison of 

rate performance between this work and previously reported vanadium–based cathode 

materials. (j) Cycle performance at 0.5 A g
–1

 of different vanadium oxides cathodes. 

(k) Schematic illustration of the vanadium–based cathodes in ZnSO4 electrolyte with 

VOSO4. 
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To investigate the influence of the electro–driven self–assembled interphase on 

the reaction kinetics of Ov–VO2, a suite of electrochemical analyses–including CV, 

galvanostatic intermittent titration technique (GITT), in–situ EIS, and 

capacitive/diffusion contribution deconvolution–was employed (Figure 6). As 

illustrated in Figure 6a, the CV curves obtained within a scan rate range of 0.2–

1.0 mV s
–1

 exhibit multiple well–defined and highly reproducible redox peaks, 

indicative of the reversible redox behavior of Ov–VO2. With increasing scan rate, 

anodic and cathodic peak currents grow proportionally, reflecting accelerated charge–

transfer kinetics. The persistence of well–defined redox peaks without significant 

broadening at high scan rates suggests that the interphase maintains reversible Zn
2+

 

transport and mitigates interfacial polarization.[66, 67] To further reveal the 

underlying charge storage behavior, log(i)–log(v) analyses were performed, as shown 

in Figure 6b. The b–value analysis reveals that the storage process is predominantly 

governed by surface–controlled capacitive behavior, as indicated by b–values of 0.814, 

0.79, and 0.98 for peaks 1, 2, and 4, respectively. A moderate diffusion–controlled 

contribution is observed at peak 3 (b = 0.597). This hybrid capacitive–diffusion 

mechanism is further supported by capacitive contributions increasing from 40% to 

59% with scan rate (Figure 6c and S39), highlighting the role of the valence–

regulation interphase in boosting surface–dominated kinetics and facilitating rapid 

Zn
2+

 transport.[36, 68] To evaluate the impact of activation conditions on Zn
2+

 

diffusion kinetics, GITT tests were conducted on electrodes activated at 0.5 and 

0.1 A g
–1

 for 20 cycles (Figure 6d , e and S40). The electrode activated at 0.5 A g
–1

 

exhibited diffusion coefficients (DZn2+) ranging from 10
–6

 to 10
–9

 cm
2
 s

–1
 with low 

overpotentials, evidencing efficient ion transport and minimal polarization.[38, 69] 

Conversely, the electrode activated at 0.1 A g
–1

  showed sluggish kinetics, with 
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broader DZn2+ values (10
–7

–10
–11 

cm
2
 s

–1
) and pronounced overpotentials, attributable 

to non–uniform interphase formation that disrupts homogeneous Zn
2+

 transport [70] 

The averaged DZn2+ values further highlight these differences, with the sample 

activated at 0.5 A g
–1

 exhibiting a narrower DZn2+ distribution and consistently higher 

values during both discharge (1.19 × 10
–8

 cm
2
 s

–1
) and charge (1.06 × 10

–7
 cm

2
 s

–1
). 

These results demonstrate that applying electro-driven activation at 0.5 A g
–1

 yields a 

more uniform V2O5·nH2O interphase, which facilitates Zn
2+

 transport throughout 

cycling. Impedance analyses corroborate these findings. As shown in Figure S41, the 

electrode activated at 0.5 A g
–1

 displays markedly lower charge–transfer resistance, 

with a smaller high–frequency semicircle compared to the 0.1 A g
–1

 electrode. In–situ 

EIS was recorded at different states of charge during the second cycle to track 

interfacial impedance evolution (Figure 6f and g). Under 0.5 A g
–1

 activation, the 

electrode consistently maintains a low real impedance (Re(Z) < 100 Ω), reflecting 

efficient charge transfer and a robust, electrochemically adaptive interphase.[71-74] 

In contrast, the 0.1 A g
–1

 sample exhibits high initial impedance (~1000 Ω) and 

marked fluctuation, suggesting that non–uniform interfaces and localized transport 

bottlenecks. Corresponding of relaxation times (DRT) analysis, used to deconvolute 

EIS spectra into distinct kinetic processes, revealed rate–dependent impedance 

behavior. At 0.5 A g
–1

 (Figure 6h), a uniform and continuous V2O5·nH2O coating 

ensures low resistance with only short–to–medium τ signals, and impedance further 

decreases beyond ~1.2 V. In contrast, at 0.1 A g
–1

 (Figure 6i), the non–uniform 

distribution of V2O5·nH2O gives rise to a pronounced long τ peak (~0.8–1.2 V) and 

sustained high resistance, reflecting aggravated polarization and compromised 

interfacial stability.[75] These findings demonstrate that optimized current regulation 

enables uniform valence–regulating interphases that simultaneously stabilize ion 
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transport and govern valence–state transitions, thereby ensuring fast Zn
2+

 kinetics and 

minimizing polarization. 

 

 

Figure 6. Kinetics analysis under different activation conditions. (a) CV curves at 

different scan rates and (b) corresponding b–value. (c) Diffusion and capacitance 

contribution ratio. GITT profiles obtained at (d) 0.5 A g
–1

 and (e) 0.1 A g
–1

. In–situ 

EIS profiles of 2
nd

 cycle at (f) 0.5 A g
–1

 and (g) 0.1 A g
–1

. DRT results of Rct for 2
nd

 

cycle charge process in (h) 0.5 A g
–1

 and (i) 0.1 A g
–1

. 
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The structural reversibility of the interphase formed during electrochemical 

activation is pivotal for long–term cycling stability and capacity retention. After 20 

cycles, ex–situ TEM images (Figure 7a, b) clearly reveal that the electrodes activated 

at 0.5 A g
–1

 exhibit a conformal and continuous ion–conducting interfacial layer, 

indicative of excellent structural reversibility. The preserved morphology confirms 

that the self–assembled V
5+

–rich layer remains mechanically and chemically stable 

under repeated Zn
2+

 intercalation/deintercalation, effectively accommodating 

volumetric strain and preventing stress–induced failure.[76] In contrast, the electrode 

activated at 0.1 A g
–1

 (Figure 7c, d) exhibits a non–uniform protective layer with 

fluctuating thickness and pronounced boundary irregularities. This heterogeneity 

promotes localized electric field enhancement and obstructed ion transport, leading to 

interfacial instability and deteriorated electrochemical performance upon cycling. To 

further quantify surface uniformity, 3D AFM scans and surface roughness (Ra) 

measurements were performed, as shown in Figure 7e, f, S42 and S43. The electrode 

activated at 0.5 A g
–1

 shows a smooth surface with a low roughness (Ra = 171 nm), 

increasing only modestly from its initial value (42.2 nm), whereas the electrode 

activated at 0.1 A g
–1

 displays severe topographic distortion (Ra = 748 nm, from 

100 nm initially), highlighting the instability of non–uniform interphases and their 

inability to maintain smooth Zn
2+

 transport pathways.[77] SEM observations after 20 

cycles (Figure S44 and S45) show intact surfaces at 0.5 A g
–1

 but crack formation at 

0.1 A g
–1

, confirming the instability of non–uniform interphases. High–resolution XPS 

analysis provides deeper insights into the dynamic valence behavior during the second 

cycle (Figure 7g and h). The spectra confirm that V
5
⁺ remains the dominant 

component throughout both discharge and charge, with only slight shifts in the 

V
5
⁺/V

4
⁺ ratio. A minor reduction from V

5
⁺ to V

4
⁺ occurs during Zn

2+
 insertion and is 
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largely reversed during extraction, reflecting reversible modulation of vanadium 

valence states.[78] This behavior highlights the interphase’s dual role: not only 

structurally stable but also electrochemically adaptive, actively regulating valence 

states to stabilize Zn
2+

 storage. To assess long–term interfacial stability, in–situ EIS 

was conducted during the 20
th 

cycle (Figure S46). The Nyquist plots exhibit 

consistently low real impedance (Re(Z) ≈ 50–80 Ω), reflecting minimal 

polarization.[79] This result is attributed to the ordered structure and strong adhesion 

of the electro–driven interphase, which maintains selective Zn
2+

 transport and 

suppresses interfacial degradation. Furthermore, post–cycling 3D TOF–SIMS 

mapping of V species and COMSOL simulations of Zn
2+

 concentration profiles 

(Figure 7i, j, S47 and S48) reveal distinct differences in interphase uniformity and ion 

transport behavior. In the 0.5 A g
–1

–activated sample, a uniform V2O5 distribution and 

smooth Zn
2+

 flux are observed, validating the stability of the self–assembled 

interphase. Conversely, the sample activated at 0.1 A g
–1

 exhibited exhibits 

fragmented or strip–like V signals, accompanied by uneven Zn
2+

 accumulation and 

spatially intensified reactions, which accelerate interfacial degradation. These post–

cycling analyses confirm that only the uniformly self–assembled interphase (0.5 A g
–

1
) can withstand repeated Zn

2+
 insertion/extraction, maintaining stable ion transport 

pathways over extended operation. 
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Figure 7. Post–cycling evaluation of interphase structural stability. Ex–situ TEM 

images after 20 cycles (a–b) at 0.5 A g
–1

 and (c–d) at 0.1 A g
–1

. (e–f) 3D AFM images 

and corresponding roughness (Ra). (g–h) Ex–situ XPS spectra of V element in 2
nd

 

cycle. (i) 3D TOF–SIMS distribution. (j) COMSOL simulations of Zn
2+

 concentration 

distribution. 

 

Building on the promising coin–cell results, electrochemical tests in a pouch cell 

configuration were conducted to evaluate the applicability of the electro–driven 

valence–regulation strategy (Figure 8a). Cycle performance at 0.5 A g
–1

 (Figure 8b) 
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shows an initial discharge capacity of ~1057 mA h g
–1 

(0.555 mA h cm
-2 

), with a 

sustained capacity exceeding 667 mA h g
–1

 after 250 cycles, accompanied by nearly 

100% Coulombic efficiency. The corresponding symmetric GCD profiles 

(Figure S49) further corroborate the reversibility of Zn
2+

 storage, while the long–term 

stability can be attributed to interphase–mediated charge/ion regulation, which 

suppresses side reactions and maintains efficient transport pathways. Even at a high 

current density of 3 A g
–1

, the cell maintains 560 mA h g
–1

 ( 0.266 mA h cm
-2 

) over 

300 cycles (Figure 8c), demonstrating outstanding long–term durability. The 

successful illumination of 86 LED lights further validates the practical applicability of 

this approach for real–world energy devices. Figure 8d demonstrates that the electrode 

delivers consistently stable performance across different current densities, indicating 

robust rate capability. The CV curves at 0.5 mV s
–1

 exhibit negligible shifts in redox 

peak positions over 50 cycles, reflecting highly reversible Zn
2+

 insertion/extraction 

and  demonstrating that the V
4
⁺/V

5
⁺ redox reversibility is well preserved in the pouch–

cell configuration (Figure 8e).[80] Moreover, the observed reduction in charge–

transfer resistance (Re(Z)) after the first cycle (Figure 8f) confirms that these 

interphases effectively lower internal impedance and accelerate Zn
2+

 transport 

kinetics. The pouch cell also demonstrates remarkable rate performance (Figure 8g 

and S50), achieving 1054–482 mA h g
–1

 across current densities of 0.5–20 A g
–1

, with 

excellent reversibility upon returning to 0.5 A g
–1

 (957 mA h g
–1

). This stability at 

high rates confirms that electro–driven valence regulation effectively suppresses 

polarization. As shown in Figure 8h, the battery delivers an impressive energy density 

of 843 W h kg
–1

 at 443 W kg
–1

. Even under an ultrahigh power density of 

14,770 W kg
–1

, it retains a substantial energy density of 361 W h kg
–1

–far exceeding 

the performance degradation typically observed in conventional Zn–ion batteries 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof  

35 

 

under high–rate conditions (Figure 8i and Table S3). Strikingly, the proposed pouch 

cell exhibits energy and power metrics that exceed those of previously reported Zn–

ion systems, highlighting the effectiveness of the electro–driven valence–regulation 

strategy in sustaining high–energy, high–power AZIBs. [81-85]
 
This performance 

demonstrates the role of electro–driven self–assembled valence–regulating 

interphases in sustaining high energy output under extreme power demands, making 

the strategy promising for high–power starter modules and portable devices. 
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Figure 8. Electrochemical performance of the pouch cell. (a) Schematic illustration of 

the Zn//VO2 pouch cell. Cycle performance at (b) 0.5 A g
–1

 and (c) 3 A g
–1

. (d) 

Discharge capacity with different cycle between 0.5 A g
–1

 and 3 A g
–1

. (e) CV curves 

at 0.5 mV s
–1

. (f) EIS test. (g) Rate performance from 0.5 A g
–1

 to 20 A g
–1

 and (h) 

corresponding 3D bar chart (power density, discharge capacity, energy density). (i) 

Comparison of the overall performance (capacity, rate, energy density and current 

density) between this work and previously reported vanadium–based cathode 

materials. 

 

4. Conclusion 

In summary, oxygen–deficient VO2 cathodes develop adaptive interphases via 

electrochemically induced self–assembly, imparting the surface with selective ion 

conduction and dynamic valence modulation. The formation of these interphases 

initiates during the discharge process and becomes pronounced at the ~1.5 V charging 

plateau, where VO2 undergoes electrochemical reconstruction into higher–valence 

vanadium phases. This dual mechanism yields both an ion–conductive interphase and 

a structurally adaptive, redox–active host, synergistically facilitating Zn
2+

 transport 

and multielectron redox reactions. Activation kinetics play a decisive role: fast–

kinetics activation (0.5 A g
–1

) promotes uniform interphase growth, suppresses 

interfacial polarization, and accelerates Zn
2+

 diffusion, whereas slow–kinetics 

activation (0.1 A g
–1

) yields less compact, less conductive layers. The optimized 0.5 A 

g
–1

 condition delivers outstanding performance with high capacity (1029 mA h g
–1

) 

and excellent rate capability (489 mA h g
–1

 at 20 A g
–1

). COMSOL simulations, 

together with GITT and EIS analyses, support the interpretation that valence–

regulating interphases contribute to reaction field homogenization and reduced ion–

transport resistance. The remarkable energy and power outputs achieved in the pouch 
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cell (842.8 W h kg
–1

 and 14,769.5 W kg
–1

) validate the scalability and practical 

relevance of this approach. More broadly, this work establishes electro–driven 

valence–regulating interphases as a versatile design paradigm for vanadium oxide 

cathodes, enabling full exploitation of their intrinsic redox flexibility and ionic 

transport capability toward next–generation AZIBs with integrated high–energy and 

high–power performance. 
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An electro-driven strategy regulates interphase self-assembly and in situ 

reconstruction in VO2 cathodes. Current induces the formation of dense V
5+

-rich 

interphases while simultaneously reconstructing the bulk into hydrated V2O5·nH2O. 

These synergistic processes homogenize Zn
2+

 flux, inhibit vanadium dissolution, and 

expose abundant electroactive sites, delivering exceptional energy and power 

densities for aqueous zinc-ion batteries. 
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Hightlights 

 An electro-driven self-assembly strategy constructs adaptive and valence-

regulating interphases on VO2 cathodes. 

 Tuning activation kinetics (0.5 A g
–1

 vs 0.1 A g
–1

) enables precise control of 

interphase uniformity and stability. 

 The dense interphase promotes homogeneous electric fields, suppresses vanadium 

dissolution, and enhances Zn
2+

 transport. 

 In situ VO2 → V2O5·nH2O reconstruction enables reversible multielectron 

V
4+

/V
5+

 transitions and fast redox kinetics. 

 Pouch cells deliver 842.8 W h kg
–1

 and 14,769.5 W kg
–1

, ranking among the 

highest reported for AZIBs. 


