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A B S T R A C T

Current interfacial engineering strategies for stabilizing Zn anodes, such as regulating metal stripping, promoting 
desolvation of hydrated Zn2+ complexes, and seeding nucleation, often fail to synergistically control Zn strip
ping/plating kinetics. To overcome this limitation, we report a bioinspired voltage-gated protective layer (VGPL) 
constructed on a Zn anode (denoted as VGPL@Zn), using carboxymethyl cellulose (CMC) and cetyl
trimethylammonium bromide (CTAB) as a model system. This VGPL@Zn functions as an ion flux rectifier to 
kinetically balance Zn stripping and plating processes. During stripping under a positive interfacial electric field, 
CTAB dynamically detaches from the protective layer. The remaining CMC matrix electrostatically repels SO4

2−

anions, thereby suppressing parasitic reactions while simultaneously facilitating efficient Zn dissolution. Upon 
electric field reversal during plating, CTAB re-integrates into the protective layer. Its vertically aligned hydro
phobic alkyl chains promote desolvation, while the oxygen-rich groups in CMC molecules act as zincophilic sites 
to guide subsequent nucleation. This dynamic protection mechanism ensures stable ion flux during both half- 
cycles, endowing symmetric cells with remarkable dendrite-free cycling of operation for 5568 h at 5 mA 
cm− 2/1 mAh cm− 2. Moreover, a VGPL@Zn//Zn0.25V2O5 full cell exhibits outstanding capacity retention of 87.1 
% over 1000 cycles. This dynamic interface engineering strategy enables robust Zn anodes with significant 
potential for practical applications.

1. Introduction

The rapid expansion of portable electronics and electric vehicles has 
intensified the demand for cost-effective and reliable energy storage 
systems that surpass conventional Li-ion batteries (LIBs), which rely on 
flammable organic electrolytes [1,2]. Within the spectrum of alternative 
techniques, Zn-ion batteries (ZIBs) have emerged as a promising 
candidate due to their intrinsically nonflammable aqueous electrolytes 
and inherent safety advantages [3–7]. Nevertheless, the practical 
deployment of ZIBs faces substantial limitations arising from the elec
trochemical instability of Zn metal anodes in aqueous electrolyte envi
ronments. The highly polar water molecules, characterized by their 
small molecular size, readily coordinate with Zn2+ ions and engage in 
parasitic reactions during Zn stripping/plating cycling [8–11]. These 
undesirable electrochemical processes primarily consist of competitive 

hydrogen evolution reactions (HER) and anode corrosion [12–14]. More 
critically, uncontrolled Zn dendrite formation represents a fundamental 
limitation in ZIB systems, manifesting as depressed Coulombic effi
ciencies (CEs) and rapid capacity fade [15–17]. Therefore, the rational 
design of the anode/electrolyte interface reaction is paramount for 
developing commercially viable ZIBs with long-lasting cycle life.

Generally, there are currently three main strategies to control the 
surface morphology of Zn metal after cycling, particularly through 
interfacial engineering via protective coatings [18–20], advanced elec
trolyte formulations employing functional additives or quasi-solid-state 
hydrogels [6,21,22], and structural modifications ranging from three- 
dimensional (3D) current collector architectures to crystallographic 
orientation manipulation [23,24]. Among various stabilization ap
proaches, constructing artificial interfacial layers has emerged as a 
particularly efficient and operationally simple strategy for Zn anode 
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protection. These engineered interfaces serve as multifunctional nano
regulators that modulate ionic flux distribution and homogenize electric 
fields, enabling spatially uniform Zn deposition [25,26]. The dissolu
tion, desolvation, and nucleation energetics constitute the three pivotal 
reaction processes governing the longevity of Zn anodes in rechargeable 
battery systems [27,28]. However, current interfacial engineering 
research focuses predominantly on isolated performance enhancements, 
such as accelerating dissolution, reducing desolvation energy, or 
improving nucleation uniformity, rather than adopting a holistic 
approach. Achieving efficient Zn metal utilization by balancing the ki
netics of stripping and plating processes remains a significant challenge. 
Regarding the actual issues at Zn anode, excessive accumulation of 
counteranions (SO4

2− , CF3SO3
− , etc.) in the electric double layer during 

the Zn stripping phase can lead to the formation of “dead Zn”, which not 
only reduces active Zn content but also disrupts interfacial ion flux ho
mogeneity [29,30]. Moreover, the [Zn(H2O)6]2+ solvation shell neces
sitates substantial energy consumption for desolvation before deposition 
[31,32]. Correspondingly, progressive Zn2+ depletion establishes pro
nounced concentration gradients within the anode/electrolyte interface. 
The resulting concentration polarization drives localized Zn2+ flux 
accumulation at surface protrusions, creating an autocatalytic process 
that dramatically accelerates dendritic growth [33,34]. Developing in
tegrated strategies that simultaneously optimize Zn stripping/plating 
reaction kinetics while suppressing dendritic growth emerges as a crit
ical research imperative for advancing ZIB technologies.

In vivo, numerous cell types, including neurons and various muscle 

Fig. 1. (a) Schematic illustration of the preparation of the VGPL@Zn electrode and its regulation mechanism on the stripping/plating process. (b) FTIR spectra of 
CMC, CTAB, and CMC-CTAB. (c) Contact angles of CMC@Zn, bare Zn, and VGPL@Zn. (d) Wetting Gibbs free energy of CMC@Zn, bare Zn, and VGPL@Zn.
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cells, possess an array of voltage-gated channel proteins embedded 
within their plasma membranes [35]. These sophisticated proteins can 
dynamically open their channels in response to localized changes in 
membrane potential, thereby regulating stable transmembrane ion 
fluxes. Similarly, the interfacial voltage can switch in tandem with the 
transition between the charging and discharging processes in ZIBs. 
Therefore, this biological mechanism may inspire an ingenious strategy 
to address the chaotic Zn stripping/deposition processes by designing an 
artificial voltage-gated channel as a “Zn2+ rectifier” at the anode/elec
trolyte interface [36,37].

In this work, we engineered a bioinspired voltage-gated protective 
layer on the Zn anode through electrostatic self-assembly of carbox
ymethyl cellulose nanofiber (CMC) and cetyltrimethylammonium bro
mide (CTAB) as a model system, designated as VGPL@Zn (Fig. 1a). As 
designed, this composite coating functions as an ion rectification layer, 
dynamically modulating its components in response to voltage varia
tions during charge/discharge cycles. In the Zn stripping stage, CTAB 
detaches dynamically from the Zn anode surface under the influence of 
the positive electric field. The remaining CMC component then effec
tively repels SO4

2− anions away from the Zn anode interface and induces 
rapid Zn stripping from the electrode surface, thereby minimizing the 
accumulation of by-products on the Zn electrode. During Zn deposition, 
the electric field reversal triggers the re-emergence of CTAB, where the 
vertically aligned hydrophobic alkyl chains efficiently facilitate the 
desolvation of hydrated Zn2+ ions. Meanwhile, the oxygen-rich func
tional groups in CMC promote highly efficient Zn nucleation. This 
dynamically adaptive interfacial layer facilitates rapid charge transfer 
kinetics and balances Zn stripping/plating reactions. The symmetric cell 
employing VGPL@Zn electrodes demonstrates exceptional cycling sta
bility, sustaining dendrite-free operation for 5568 h at 5 mA cm− 2/1 
mAh cm− 2. Furthermore, the modified anode maintains an outstanding 
average CE of 99.7 % throughout cycling. The full battery configuration 
pairing the VGPL@Zn anode with the Zn0.25V2O5 cathode (ZVO) ex
hibits exceptional cycling stability, retaining 87.1 % of its initial ca
pacity after 1000 cycles at 10 A g− 1.

2. Results and discussion

2.1. Synthesis and characterization of VGPL

The VGPL@Zn electrode was synthesized using a spinning-coating 
method. The optical photograph demonstrates that the VGPL@Zn 
electrode possesses a black-coated surface (Fig. S1a). Data from micro
meter measurements determine the thickness of this protective layer to 
be approximately 47 μm (Fig. S1b). The morphology characterization of 
the protective layer was performed using scanning electron microscopy 
(SEM), N2 adsorption/desorption measurements, and energy-dispersive 
X-ray spectroscopy (EDS) elemental mapping. Microscopic analysis re
veals the formation of a 3D hierarchical porous interfacial layer on the 
Zn substrate (Fig. S2). N2 physisorption analysis further demonstrates 
the coexistence of mesopores and macropores in the protective layer 
composite, as evidenced by its type IV adsorption-desorption isotherm 
and pore size distribution profile (Fig. S3). The material exhibits a 
calculated specific surface area of 8.6 m2 g− 1. These textural properties 
confirm the development of a well-defined porous architecture, which is 
expected to facilitate controlled Zn2+ transport through the protective 
layer matrix. Additionally, EDS mapping demonstrates a homogeneous 
spatial distribution of C, N, and O elements (Fig. S4), indicating the 
effective formation of a composite layer comprising both CMC and CTAB 
molecules on the Zn electrode surface. Zeta potential measurements in 
Fig. S5 verify partial charge neutralization through electrostatic self- 
assembly, as confirmed by the altered surface potential (− 23.7 mV) of 
the CMC-CTAB complex compared to its components (CMC: − 27.9 mV 
and CTAB: +21.9 mV).

The molecular structure and chemical composition of the composite 
protective layer were systematically examined using Fourier transform 

infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy 
(XPS). FTIR spectral analysis (Fig. 1b) reveals two distinct peaks at 3310 
and 1598 cm− 1, corresponding to the characteristic hydroxyl –OH 
stretching vibration and carboxyl –COOH stretching vibration of CMC, 
respectively. Another three absorption peaks at 2923, 2859, and 1460 
cm− 1 are also detected in the CMC-CTAB spectrum. These peaks are 
assigned to the symmetric stretching of –CH3, the asymmetric stretching 
of –CH2, and the bending vibration of –C–N+ groups from CTAB, 
respectively [38]. Compared to pure CMC, a blue shift in the carboxyl 
–COOH stretching vibration peak (from 1591 to 1598 cm− 1) is observed 
in the CMC-CTAB composite. This wavenumber shift provides direct 
spectroscopic evidence for the establishment of strong electrostatic in
teractions between CMC and CTAB molecules. Surface chemical mea
surements were performed through XPS, revealing the existence of C, N, 
and O elements in the CMC-CTAB composite (Fig. S6a) [39]. As shown in 
Fig. S6b, the corresponding O 1 s spectra display two well-resolved 
components at 531.6 and 532.4 eV, attributed to C––O bonds and 
C–O species, respectively. The O 1 s peak of CMC-CTAB exhibits a shift 
toward lower binding energy relative to CMC, which is also associated 
with the electrostatic assembly [40].

The surface free energy of VGPL@Zn was further evaluated by 
determining its liquid-solid contact angle values using the Owens- 
Wendt-Kaelble method. Interfacial wettability analysis in Fig. 1c re
veals that the Zn electrode modified with pure CMC exhibits pronounced 
hydrophilicity (contact angle: 26.0◦), whereas modification with CMC- 
CTAB significantly enhances the hydrophobicity of the electrode sur
face (contact angle: 125.6◦). These results confirm that the cooperative 
assembly of the two components successfully constructs a more hydro
phobic surface by exposing the aliphatic chains of CTAB. Accordingly, 
the wetting surface free energy based on Eq. S1 in Fig. 1d undergoes a 
pronounced reduction following CMC-CTAB functionalization (− 102.8 
J mol− 1), confirming the weakened interfacial interactions. This altered 
surface energy creates a favorable condition for desolvation, as the 
reduced solvent affinity promotes easier Zn2+ detachment from solva
tion shells. Therefore, this CMC-CTAB composite protective layer, 
leveraging the complementary functionalities of both components, is 
expected to establish an optimized interface that effectively suppresses 
dendrite formation and side reactions, thereby enhancing the cycling 
stability of Zn anodes.

2.2. Measurements of Zn plating/stripping durability

Continuous cycling frequently induces detrimental dendrite forma
tion and by-product accumulation, substantially compromising the 
electrochemical reversibility of Zn anodes. To quantitatively assess 
stripping/plating reversibility, CE measurements were conducted using 
either conventional Cu//Zn or modified VGPL@Cu//Zn asymmetric 
configurations. Fig. 2a compares Zn stripping/plating CE in asymmetric 
cells employing different electrodes under standardized conditions (2 
mA cm− 2 and 1 mAh cm− 2). A higher initial CE value of 97.7 % was 
measured for the VGPL@Cu//Zn cell, versus 96.8 % for the Cu//Zn cell 
(Fig. S7). This is a result of the protective layer optimizing the electric 
field distribution across the electrode surface, thus enabling stable initial 
Zn plating/stripping behavior. The VGPL@Cu//Zn cell stably operates 
1250 cycles with exceptional reversibility (average CE = 99.7 %). 
Nevertheless, the control Cu//Zn half-cell delivers limited cycling sta
bility, failing after only 150 cycles due to dendritic penetration of the 
separator. The negligible variation observed in voltage profiles during 
cycling (Fig. S8) also verifies the VGPL@Cu electrode's ability to facil
itate a highly stable Zn stripping/plating process. Comparative analysis 
reveals the modified cell's superior kinetics, exhibiting a reduced over
potential of 66.7 mV compared to 71.2 mV for the untreated Zn//Cu 
system. This performance enhancement substantiates improved Zn2+

transport kinetics, attributable to the interfacial stabilization effect 
provided by the composite protective layer [41].

The symmetric cell test could be an efficient and practical method for 
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evaluating cycling durability. This methodology reliably validates sta
bility and efficiency by enabling continuous Zn stripping/plating cycles 
on metallic foils while monitoring reversibility through voltage profile 
analysis and cycle longevity measurements. As shown in Fig. 2b, the 
Zn//Zn symmetric cell initially displays severe polarization and un
dergoes an internal short circuit within 530 h at 5 mA cm− 2/1 mAh cm− 2 

owing to uncontrolled dendrite formation. In stark contrast, the 
VGPL@Zn//VGPL@Zn symmetric cell demonstrates exceptional cycling 
stability, maintaining an ultralong lifespan of 5568 h with a remarkably 

low voltage hysteresis of merely 94 mV. This dramatic enhancement 
underscores the synergistic modulation of Zn stripping/plating behav
iors, attributed to the interfacial regulation by CTAB and CMC on the 
anode surface. Additionally, the influence of VGPL thickness on cycling 
performance was investigated. The results indicate that an optimal 
thickness of 47 μm improves cycle life while minimizing increased Zn2+

transport resistance and reduced concentration polarization (Fig. S9). 
Fig. 2c presents a comparison of the rate performances of symmetric 
cells across different current densities at a fixed areal capacity of 1 mAh 

Fig. 2. (a) CE of asymmetric cells. (b) Cycling performances of symmetric cells at 5 mA cm− 2/1 mAh cm− 2. (c) Rate performances. Charge-discharge curves of (d) 
VGPL@Zn and (e) bare Zn symmetric cells. (f) Electrochemical behaviors of symmetric cells under alternate cycling and resting conditions at 1 mA cm− 2/1 mAh 
cm− 2. (g) Cycling performances at 2 mA cm− 2/6 mAh cm− 2. (h) Comparison of CPC with the other reported cells. In situ optical microscopy observation after 
different Zn stripping/plating cycles for (i) VGPL@Zn and (j) bare Zn electrodes.
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cm− 2. The VGPL@Zn anode consistently exhibits low polarization 
voltage and stable stripping/plating behavior, even at elevated current 
densities up to 10 mA cm− 2. The exchange current density of the 
VGPL@Zn anode, based on the Eq. S2, determined from voltage hys
teresis measurements, measures 6.6 mA cm− 2 lower than the value of 
7.7 mA cm− 2 observed for the bare Zn anode (Fig. S10). This reduced 
exchange current density effectively mitigates inactive Zn formation, 
suggesting improved interfacial kinetics and electrode uniformity. The 
cell voltage represents a critical metric for evaluating internal polari
zation phenomena in symmetric cells, arising from the combined effects 
of multiple electrochemical parameters, including interfacial ion con
centration gradients and diffusion kinetics. Fig. 2d-e presents repre
sentative charge/discharge profiles from the 3rd cycle at various current 
densities, where discharge voltages (absolute values) are compared with 
charge voltages. The VGPL@Zn symmetric cell exhibits minimal polar
ization voltage with exceptionally flat plateaus, suggesting highly 
balanced stripping/plating kinetics [42]. Quantitative measurements of 
Zn2+ transference numbers offer critical insight into interfacial ionic 
transport dynamics, where low values inevitably cause harmful con
centration gradients and dendritic propagation. As depicted in Fig. S11, 
electrochemical impedance spectroscopy (EIS) and chronoamperometry 
(CA) measurements present that the VGPL@Zn electrode exhibits a 
higher Zn2+ transference number (0.78) compared to unmodified Zn 
(0.27) based on the Eq. S3, indicating the protective layer's role in 
facilitating homogeneous Zn2+ flux. To further assess the static corro
sion resistance of the protective layer, symmetric cells were evaluated 
using an intermittent cycling protocol consisting of 20-h operational 
periods alternating with 10-h rest intervals (Fig. S12). A pronounced 
performance contrast is evident between the unmodified and engineered 
electrodes. The Zn anode exhibits rapid failure through short-circuiting 
within 63 h of operation. In marked contrast, the modified Zn electrode 
demonstrates exceptional cycling durability, sustaining stable electro
chemical performance for 700 h with minimal voltage polarization 
variation across repeated cycling-rest intervals (Fig. 2f). To compara
tively assess parasitic reaction inhibition, supplementary linear sweep 
voltammetry (LSV) and linear polarization measurements were sys
tematically performed on the two anode configurations. The interfacial 
stabilization layer enables a cathodic shift of 30 mV in HER potential at 
20 mA cm− 2 (from − 0.11 V to − 0.14 V) in Fig. S13, demonstrating 
effective suppression of competing hydrogen evolution at the protected 
Zn anode interface. Tafel plots in Fig. S14 further certify a much lower 
corrosion current density and a higher corrosion potential for the 
VGPL@Zn electrode. The VGPL@Zn electrode shows no detectable 
corrosion phases. Moreover, electrochemical cycling tests employing 20 
μm Zn foil electrodes present enhanced cycling stability even under high 
depth-of-discharge (DOD) conditions. The VGPL@Zn symmetric cell 
exhibits outstanding electrochemical durability, maintaining stable 
operation for approximately 350 h at 52.2 % DOD with an areal capacity 
of 6 mAh cm− 2 (Fig. 2g). Conversely, the Zn//Zn symmetric cell fails 
prematurely, undergoing short-circuiting within 120 h under identical 
testing conditions. While conventional assessments of Zn stripping/ 
plating stability typically rely on parameters such as current density, 
capacity density, and cycling duration, this study introduces cumulative 
plating capacity (CPC) as a more robust and comparable evaluation 
metric. As presented in Fig. 2h, the VGPL@Zn symmetric cell achieves a 
superior CPC value of 13,920 mAh cm− 2, surpassing some previously 
reported Zn-based symmetric cells in the literature (Table S1).

The above electrochemical data agree well with real-time morpho
logical evolution captured by in situ optical microscopy at 10 mA cm− 2 

operational conditions. Consistent with expectations, the engineered 
VGPL@Zn electrode preserved exceptional morphological stability, 
showing no detectable surface irregularities or dendritic protrusions 
during extended cycling (Fig. 2i). In contrast, the bare Zn foil developed 
severe surface irregularities within merely 20 cycles (Fig. 2j). These 
morphological protrusions disrupted local current distribution, trig
gering uncontrolled dendritic growth, ultimately resulting in 

catastrophic short-circuit failure. Confocal laser scanning microscopy 
(CLSM) analysis (Fig. S15) quantitatively characterized the surface 
evolution, manifesting significantly lower roughness development on 
the cycled VGPL@Zn electrode compared to the bare Zn electrode. In 
addition, comparative SEM analysis of post-cycled electrodes was con
ducted (Fig. S16), intuitively demonstrating morphological variations 
between the modified and unmodified anodes. After 20 cycles, disor
dered dendrites emerged on the bare Zn anode, while the VGPL@Zn 
surface kept its structural integrity. Subsequent cycling (100 cycles) 
produced large flake-like Zn deposits on the unmodified electrode, 
contrasting sharply with the progressively smoother VGPL@Zn surface 
that suppressed vertical Zn growth.

2.3. Investigation of Zn stripping behavior

The reversibility of the Zn stripping process is equally as critical as 
plating for achieving a long-lasting Zn metal anode. During stripping, 
uncontrolled and non-uniform Zn dissolution can lead to the formation 
of isolated, “dead” Zn particles that become electrically disconnected 
from the current collector. This irreversibility not only causes active 
material loss and rapid capacity fade but also leaves behind a highly 
corroded and irregular electrode surface. By optimizing the stripping 
process, Zn2+ ions can be induced to dissolve uniformly from the elec
trode surface, thereby minimizing structural damage and preventing the 
accumulation of inactive Zn. This ensures that the electrode maintains a 
flat and dense morphology after multiple cycles, providing a sustainable 
foundation for subsequent highly reversible Zn deposition. Therefore, a 
well-modulated stripping mechanism is fundamental to maintaining 
electrode integrity, ensuring high CE over extended cycling [43,44]. The 
boosted cycling performance of Zn plating/stripping can be attributed to 
the effective interfacial engineering enabled by CMC and CTAB. During 
repeated stripping/plating cycles, the alternating electric field at the 
anode interface may dynamically modulate the interface chemical 
environment and the composition of the electrostatically self-assembled 
protective layer. Accordingly, this voltage-dependent composition evo
lution may influence interfacial mass transport. In situ Raman spec
troscopy was first utilized to detect the interfacial chemistry at the Zn 
dissolution step. As anticipated, the disappearance of CTAB's charac
teristic C–N+ peak at ~1480 cm− 1 (Fig. 3a) indicates positive electric 
field-induced dissociation of CTAB from the protective layer [45]. 
During the subsequent plating step, the characteristic peak reappeared. 
These observations demonstrate the dynamic structural reorganization 
behavior of the VGPL electrode (Fig. 3b). Guided by these findings, we 
conducted repeated Zn stripping/plating experiments using a three- 
electrode setup to quantify the voltage responses, focusing on eluci
dating CMC's role in modulating the Zn dissolution energy (Fig. S17). As 
illustrated in Fig. 3c, the calculated Zn dissolution energy from voltage 
profiles indicates smoother Zn stripping from the VGPL@Zn electrode 
(0.23 V) compared to bare Zn foil (0.59 V). In addition, density func
tional theory (DFT) calculations were performed by extracting a single 
Zn atom from distinct electrode surfaces (Fig. 3d-e). The Zn–Zn binding 
energy is determined to be − 0.29 eV for the bare Zn anode, whereas this 
value decreases significantly to − 0.07 eV for the CMC-modified inter
face (Fig. 3f). This striking reduction in binding energy unequivocally 
demonstrates stronger Zn dissolution tendency enabled by VGPL, which 
corresponds precisely with the observed trend of reducing overpotential 
[27].

The accumulation of by-products on electrode surfaces during 
cycling would elevate internal resistance and deteriorate battery per
formance. Excessive counter anions at the anode interface impede Zn2+

transport and solvation, thus leading to irreversible side reactions dur
ing stripping processes [46]. As evidenced by our zeta potential mea
surements, CMC functionalization establishes a negatively charged 
surface on the Zn electrode. This negative surface potential is antici
pated to electrostatically repel SO4

2− anions from the anode/electrolyte 
interface. The post-cycling X-ray diffraction (XRD) analysis (Fig. 3g) 
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reveals characteristic corrosion peaks at 8.1◦, 16.2◦, and 24.4◦ for the 
bare Zn anode, which are indexed to hydrated Zn hydroxide sulfate 
(Zn4SO4(OH)6⋅5H2O, PDF #39–0688). In striking contrast, these impu
rity phases are completely absent in the XRD pattern of the VGPL@Zn 
electrode, demonstrating the effective suppression of corrosion products 
by the protective coating. As shown in the inset of Fig. 3g, the post- 
cycling SEM images align with the XRD results. The VGPL@Zn elec
trode has a smooth surface with no detectable by-products, in contrast to 
the bare Zn electrode, which shows pronounced by-product formation. 
Using the characteristic vibrational mode of Zn4SO4(OH)6⋅5H2O at 
982.7 cm− 1, Raman mapping images manifest the spatial distribution of 
corrosion by-products [47]. As depicted in Fig. 3h, the cycled bare Zn 
electrode exhibits intense and heterogeneous signals corresponding to 
basic Zn sulfate, significantly increasing surface inhomogeneity. 
Conversely, the CMC-protected VGPL@Zn electrode presents nearly 
undetectable Raman signals (Fig. 3i), confirming the coating's excep
tional effectiveness in suppressing by-product formation. Driven by the 

electron-rich character of its oxygen-containing groups, as confirmed by 
electrostatic potential (ESP) analysis in Fig. S18, the CMC-based layer 
serves as an effective barrier. By electrostatically excluding the charge- 
matched SO4

2− anions from the Zn anode interface during the stripping 
phase, it significantly stabilizes the electrode's electrochemical envi
ronment. Furthermore, we performed molecular dynamics (MD) simu
lations tracking ion trajectories to probe the interfacial ion dynamics 
during stripping. The simulation results display a clear anion migration 
preference, with SO4

2− exhibiting spontaneous redistribution away from 
the electrode/electrolyte interface within 5 ns (Fig. 3j). We quantita
tively analyzed the interaction energetics between CMC and SO4

2− to 
elucidate their interfacial behavior. As shown in Fig. 3k, the potential 
energy between Zn2+ and CMC reaches a distinct minimum at ~2.3 Å 
interatomic distance, maintaining favorable (negative) values even at 
larger separations. In stark contrast, the CMC-SO4

2− interaction remains 
energetically unfavorable (positive potential energy) across all dis
tances. These computational results unambiguously demonstrate CMC's 

Fig. 3. In situ Raman spectra of the Zn/electrolyte interface under (a) stripping and (b) plating processes. (c) Dissolution overpotential of different anodes (first 
dissolution). The calculation models for extracting Zn from (d) bare Zn and (e) VGPL@Zn. (f) Zn–Zn binding energies in different anodes. (g) XRD patterns after 
cycling (the inset is the corresponding SEM images after cycling). Sulfide by-products Raman mapping images of cycled (h) bare Zn and (i) VGPL@Zn. (j) The 
snapshots of dynamic interactions. (k) The potential energy of CMC interacting with various ions.
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dual functionality of selective Zn2+ attraction and effective SO4
2−

exclusion. Therefore, the CMC-derived protective layer, formed under 
positive electrode potential, constructs regulated ion channels for Zn 
stripping, which simultaneously inhibits sulfate-related parasitic re
actions and enhances Zn dissolution kinetics.

2.4. Regulation of Zn deposition process

As a pivotal stage in the charge/discharge process, the controlled Zn 
deposition is essential in preventing the formation of Zn dendrites. Zn 
affinity at the anode surface critically determines both the desolvation 
behavior and nucleation mode. As demonstrated by the aforementioned 
in situ Raman spectroscopy, CTAB reincorporates into the protective 
layer during Zn deposition and participates in the electrochemical 

Fig. 4. The charge density difference and the corresponding adsorption energies of Zn absorbed on (a) bare Zn, (b) CMC@Zn, and (c) VGPL@Zn. (d) Desolvation 
energy calculated by the Arrhenius equation. (e) Comparison of the energy barriers encountered during the step-by-step desolvation process of [Zn(H2O)6]2+. (f) CA 
curves of different electrodes. In situ Raman measurements during the Zn plating process for (g) bare Zn and (h) VGPL@Zn. The analysis of DRT of operando EIS for 
(i) bare Zn and (j) VGPL@Zn. Simulated Zn2+ concentration distributions on (k) bare Zn and (l) VGPL@Zn.
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reactions. DFT calculations were further utilized to identify the 
adsorption energy of Zn2+ ions on different anode surfaces. Compared to 
bare Zn and CMC@Zn, the Zn binding energy on VGPL@Zn is − 1.13 eV, 
confirming the effective enhancement of zincophilicity of the CMC- 
CTAB coated electrode (Fig. 4a-c). Furthermore, charge density differ
ence analysis confirms significant interfacial charge transfer between 
CMC and Zn substrate, demonstrating that the oxygen-rich functional 
groups on CMC serve as effective zincophilic sites. Benefiting from both 
the intrinsic Zn affinity of CMC and the outward-oriented hydrophobic 
character of CTAB, this unique voltage-responsive interfacial protection 
layer is anticipated to provide thermodynamic driving force for [Zn 
(H2O)6]2+ desolvation while simultaneously regulating Zn2+ flux. The 
activation energy values (Ea) for desolvation processes were quantita
tively determined through the Arrhenius formula. Temperature- 
dependent EIS results show a consistent reduction in charge transfer 
resistance (Rct) values for the VGPL@Zn//VGPL@Zn cell relative to the 
Zn//Zn and CMC@Zn//CMC@Zn cells (Fig. S19), verifying more facile 
reaction kinetics at the functionalized interface. According to Eq. S4, the 
VGPL@Zn anode delivers a smaller Ea value of 7.7 kJ mol− 1 compared 
with the bare Zn (20.7 kJ mol− 1) and CMC@Zn (17.3 kJ mol− 1) in 
Fig. 4d, evidencing enhanced desolvation kinetics and superior 
moisture-blocking capability. The sequential dehydration mechanism of 
[Zn(H2O)6]2+ complexes was also elucidated through computational 
modeling (Fig. 4e). Energy profiles demonstrate that each dehydration 
step requires less energy for the optimal pathway occurring along the 
hydrophobic carbon chain of CTAB at the VGPL@Zn/electrolyte inter
face than at the unmodified Zn/electrolyte interface. This synergistic 
effect, arising from the combination of hydrophobic CTAB and zinco
philic CMC, critically boosts the electrode's functionality by optimizing 
the desolvation of hydrated Zn2+ ions and accelerating their interfacial 
transfer. This dual enhancement effectively regulates the Zn deposition 
kinetics, leading to a more homogeneous ion distribution and ultimately 
suppressing dendritic growth. Fig. S20 clearly illustrates the superior 
nucleation characteristics of the VGPL@Zn anode, which requires a far 
lower overpotential for Zn deposition (19.2 mV) compared to the un
treated counterpart (42.5 mV). For the unmodified Zn anode, the CA 
measurements in Fig. 4f reveal a continuous current increase over the 
150-s timeframe, characteristic of a two-dimensional (2D) diffusion- 
controlled deposition process [48]. Such kinetics emerge from non- 
uniform interfacial ion transport and the development of localized 
concentration gradients, ultimately leading to spatially irregular 
nucleation events. The CMC@Zn electrode exhibits a shorter 2D diffu
sion duration than the unmodified Zn, representing a moderated kinetic 
improvement. In contrast, the VGPL@Zn electrode displays fundamen
tally distinct deposition kinetics compared to unmodified Zn and 
CMC@Zn, exhibiting a brief initial period of 2D diffusion (only 30 s) 
before transitioning to stable 3D diffusion. This diffusion pattern 
transformation favors dendrite-free Zn deposition. The electric double 
layer capacitance (EDLC) was derived from cyclic voltammetry (CV) 
curves at different scan rates in symmetric cells (Fig. S21). A higher 
EDLC value was obtained for the VGPL@Zn electrode (8.9 mF cm− 2) 
compared to bare Zn (0.4 mF cm− 2) and CMC@Zn (6.2 mF cm− 2), 
confirming its superior interfacial reaction kinetics. This enhancement 
results from facilitated Zn2+ transport and effective accumulation of 
Zn2+ on the electrode surface.

Interfacial mass transport characterizations further corroborate the 
aforementioned optimization in Zn deposition behaviors. In situ Raman 
spectroscopy measurements focused on the SO4

2− vibration band (984 
cm− 1) at the counter electrode provided a means to determine Zn2+ ion 
concentrations. Near the bare Zn electrode, the Zn2+ concentration 
experienced a pronounced attenuation within 20 min (Fig. 4g), reflect
ing significant inhomogeneity in the Zn2+ spatial distribution during 
electrodeposition. Conversely, the modified interface maintained a 
remarkably uniform Zn2+ concentration profile throughout the plating 
process (Fig. 4h). Moreover, the electrochemical relaxation character
istics of symmetric cells were systematically investigated through in situ 

EIS coupled with distribution of relaxation times (DRT) analysis 
(Fig. S22). This approach differentiates various electrochemical pro
cesses based on their characteristic relaxation time constants (τ). The 
DRT analysis reveals four distinct relaxation processes characterized by 
τ values of 101, 100, 10− 1, and 10− 2 s, which were respectively assigned 
to Zn2+ diffusion resistance (Rdiff), Rct, surface migration resistance 
(Rmig), and adsorption resistance (Rad). The Zn//Zn cell exhibits an 
obvious increase in all τ values during initial plating stages, indicative of 
kinetically limited interfacial processes (Fig. 4i). This behavior likely 
originates from both insufficient active nucleation sites and rapid 
localized ion depletion near the electrode surface. The τ values obtained 
from the VGPL@Zn//VGPL@Zn cell deliver remarkable stability 
throughout the measurement period (Fig. 4j) [49]. This consistent 
temporal response confirms efficient mass transport characteristics at 
the electrode/electrolyte interface. To further corroborate our experi
mental findings, we conducted complementary COMSOL Multiphysics 
simulations to theoretically model the Zn2+ concentration profiles 
across electrode/electrolyte interfaces. In Fig. 4k, a steep Zn2+ concen
tration gradient developed within the interfacial region of the bare Zn 
anode, demonstrating a marked disparity between the rapid consump
tion rate during electrodeposition and the comparatively slow diffusion- 
limited replenishment from the electrolyte bulk. This kinetic instability 
fundamentally governs the development of the characteristic ion 
depletion layer at the electrode/electrolyte interface. Notably, the 
surface-modified Zn electrode demonstrates substantially reduced 
interfacial concentration gradients (Fig. 4l). Our computational simu
lations reveal that the synergistic effect between hydrophobic CTAB 
alkyl chains and zincophilic CMC functional groups enables enhanced 
Zn2+ migration kinetics and more homogeneous deposition behavior 
relative to the bare Zn surface. These computational findings show 
remarkable consistency with our experimental measurements, vali
dating the effectiveness of this interface engineering approach to rectify 
ion flux.

2.5. Application of full cells and pouch cells

Through systematic investigation of protective layer composition 
and interfacial Zn2+ transport mechanisms during distinct Zn stripping/ 
plating steps, it can be observed that CTAB exhibits voltage-dependent 
reversible adsorption/desorption behavior on CMC. Notably, this pro
tective layer demonstrates ion transport regulation mechanisms func
tionally analogous to voltage-gated ion channels in some neuronal 
membranes, where transmembrane potential triggers selective ion 
permeability modulation. Inspired by this biomimetic mechanism, the 
protective layer regulates Zn2+ flux in response to distinct voltages 
during charging/discharging processes. As a consequence, this bio
inspired voltage-gated protective layer simultaneously stabilizes Zn 
stripping and plating kinetics while enabling efficient ion rectification, 
thereby significantly enhancing the cycling durability of Zn anodes.

To further assess the reliability of VGPL@Zn for practical applica
tions, the full ZIB was assembled by integrating the optimized anode 
with a ZVO cathode. The characteristic XRD diffraction peaks observed 
in Fig. S23 confirm the successful preparation of the ZVO cathode ma
terial [50]. Furthermore, SEM analysis reveals that the synthesized ZVO 
possesses a rod-like morphology (Fig. S24). The CV curves acquired at 1 
mV s− 1 (Fig. 5a) display comparable redox peaks for both VGPL@Zn// 
ZVO and bare Zn//ZVO configurations, corresponding to H+/Zn2+ (de) 
intercalation processes. This observation confirms that the anode 
interface modification preserves the intrinsic energy storage mechanism 
of ZVO. Notably, the VGPL@Zn//ZVO full cell exhibits significantly 
enhanced current density relative to the Zn//ZVO counterpart, sug
gesting accelerated reaction kinetics and superior charge storage ca
pacity. The CV curves exhibit negligible shape distortion across scan 
rates ranging from 1 to 5 mV s− 1 (Fig. S25), demonstrating the excep
tional structural stability of the VGPL@Zn anode during repeated 
charge/discharge cycling. Fig. 5b displays the Nyquist plots and the 
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employed equivalent circuit. The high-frequency intercept is attributed 
to the series resistance (Rs). The prominent semicircle reflects the Rct, 
and the low-frequency linear tail characterizes the Zn2+ diffusion 
resistance. The EIS results demonstrate that the Rct value of the 
VGPL@Zn//ZVO full battery is 110 Ω, which is substantially lower than 
that of the conventional Zn//ZVO full battery (287 Ω). This notable 
reduction in Rct could be ascribed to the superior corrosion inhibition 
properties and enhanced ionic conductivity offered by the VGPL@Zn 
anode [51]. Evaluation of the ion diffusion resistance (σ) from the plot of 
Z' vs. ω–1/2 reveals a value of 7.7 Ω s–1/2 for the VGPL@Zn//ZVO full cell, 
lower than the 16.2 Ω s–1/2 for the Zn//ZVO cell. This lower σ is 
attributed to significantly accelerated Zn2+ diffusion in the VGPL- 
modified system (Fig. S26). The energy storage performances of full 
batteries incorporating different anode materials were systematically 
evaluated based on galvanostatic charge/discharge (GCD) profiles 
(Fig. S27). As illustrated in Fig. 5c, the VGPL@Zn-based battery mani
fests significantly enhanced electrochemical performance at 0.5 A g− 1, 
delivering a higher discharge capacity (383.3 mAh g− 1) compared to the 

bare Zn-based battery (331.9 mAh g− 1) based on Eq. S5, along with 
diminished voltage polarization. Furthermore, rate capability tests 
demonstrate that the battery with the VGPL@Zn anode consistently 
maintains higher capacities across varying current densities from 0.5 to 
10 A g− 1, underscoring its improved kinetic properties after ion flux 
rectification over the conventional Zn anode (Fig. 5d). The optimized 
ion transport kinetics enable both rapid charge/discharge processes and 
enhanced cycling durability. The VGPL@Zn//ZVO configuration yields 
remarkable capacity retention of 87.1 % after 1000 cycles at 10 A g− 1 

(Fig. 5e), significantly outperforming the Zn//ZVO system (63.2 %). 
This superior performance originates from the exceptional electro
chemical reversibility of the modified anode, as also confirmed by its 
outstanding average CE of 98.6 % throughout the cycling test. Besides, 
self-discharge characteristics were assessed through 24-h voltage 
monitoring at full charge. The bare Zn anode configuration shows sig
nificant capacity loss (retaining only 73.5 % when discharged to 0.2 V, 
Fig. 5f), in stark contrast to the VGPL@Zn system, which preserves 86.5 
% capacity (Fig. 5g). We conducted performance evaluations in pouch 

Fig. 5. Electrochemical performances of the VGPL@Zn//ZVO and Zn//ZVO full batteries. (a) CV curves at 1 mV s− 1. (b) Nyquist plots (inset: equivalent circuit 
diagram). (c) GCD profiles at 0.5 A g− 1. (d) Rate performances of the full batteries. (e) Cycling stability measurements at 10 A g− 1. Self-discharge behaviors of the (f) 
Zn//ZVO and (g) VGPL@Zn@ZVO full batteries. (h) Assembly schematic diagram of a pouch cell. (i) Pouch cells in series under different bending angles powering an 
LED array.
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cell configurations to further validate the practical applicability of the 
VGPL@Zn anode (Fig. 5h). As evidenced in Fig. 5i, the assembled 
VGPL@Zn//ZVO pouch cell could power light-emitting diodes (LEDs) 
under different bending angles from 0◦ to 180◦, demonstrating both 
operational reliability and inherent safety in practical applications. The 
experimental findings collectively showcase that the voltage-gated 
protective layer successfully realizes ion flux rectification, thereby 
simultaneously enhancing Zn anode utilization efficiency and electro
chemical stability. This advancement significantly promotes the prac
tical implementation of ZIB systems.

3. Conclusions

In summary, we successfully constructed a bioinspired voltage-gated 
protective layer that effectively rectified Zn2+ ion flux to balance 
stripping and plating kinetics. During the stripping process, under the 
influence of the anode's surface positive electric field, CTAB becomes 
electrostatically detached while the remaining CMA matrix repels SO4

2−

anions to minimize parasitic reactions and facilitates accelerated Zn 
dissolution kinetics. Upon electric field inversion at the plating step, 
CTAB re-adsorbs onto the CMC matrix, reforming a protective layer that 
stabilizes Zn deposition through component synergy. CTAB's hydro
phobic alkyl chains enable the desolvation of hydrated Zn2+ ions while 
CMC's oxygen-rich functional groups guide uniform nucleation. Capi
talizing on these synergistic advantages, the VGPL@Zn symmetric cell 
delivers exceptional cycling stability, maintaining stable operation for 
over 5568 h at 5 mA cm− 2/1 mAh cm− 2. When configured as the full 
battery with the ZVO cathode, the system demonstrates remarkable 
long-term cyclability, retaining 87.1 % of its initial capacity after 1000 
cycles at 10 A g− 1. This dynamic and reliable interface engineering of
fers great promise for achieving a robust Zn anode.
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