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A B S T R A C T

Considering the desired energy density, safety and cost-effectiveness, rechargeable zinc-ion batteries (ZIBs) are 
regarded as one of the most promising energy storage units in next-generation energy systems. Nonetheless, the 
service life of the current ZIBs is significantly limited by rampant dendrite growth and severe parasitic reactions 
occurring on the anode side. To overcome these issues caused by poor interfacial ionic conduction and water 
erosion, we have developed a facile strategy to fabricate a uniform zinc borate layer at the zinc anode/electrolyte 
interface (ZnBO). Such protective layer integrates superhydrophobic-zincopholic properties, which can effec
tively eliminate the direct contact of water molecules on the anode, and homogenize the interfacial ionic 
transfer, thereby enhancing the cyclic stability of the zinc plating/stripping. As a result, the as-prepared ZnBO- 
coated anode exhibits extended lifespan of 1200 h at 1 mA cm− 2 and demonstrates remarkable durability of 570 
h at 20 mA cm− 2 in Zn||Zn symmetric cells. Additionally, when coupled to an NH4V4O10 (NVO) cathode, it also 
delivers a superior cyclability (203.5 mAh/g after 2000 cycles at 5 A/g, 89.3 % capacity retention) in coin full 
cells and a feasible capacity of 2.5 mAh at 1 A/g after 200 cycles in pouch full cells. This work offers a unique 
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perspective on integrating hydrophobicity and zincophilicity at the anode/electrolyte interface through an 
artificial layer, thereby enhancing the cycle lifespan of ZIBs.

1. Introduction

Rechargeable secondary batteries have emerged as paramount en
ergy storage units, playing a pivotal role in transitioning human society 
to a new production and living system predominantly powered by 
electricity [1–4]. Amidst considerations such as safety, resource avail
ability, and cost-effectiveness, aqueous zinc batteries (ZIBs) have earned 
substantial attention [5–7]. Boasting a substantial capacity of 5855 
mAh cm− 3, a favorable potential of − 0.76 V vs standard hydrogen 
electrode (SHE), and abundant resource reservoirs, ZIBs have emerged 
as compelling contenders poised to supplant lithium-ion batteries (LIBs) 
[8], mitigating the risks of combustion hazards associated with organic 
electrolytes [9,10]. However, the primary challenges faced by ZIBs 
predominantly revolve around the zinc metal anode, limiting the life
span of the batteries [11,12]. These challenges encompass corrosion, 
hydrogen evolution reactions (HER), and the surface passivation under 
aqueous conditions over extended cycles, which primarily induce the 
irreversible consumption and damage of the anode [13,14]. Further
more, uneven Zn deposition facilitates the proliferation of dendrites, 
ultimately leading to the separator puncture and ZIB failure [15,16]. 
Hence, there is an imperative need to develop an effective strategy to 
achieve advanced cycling durability for the zinc metal anode. The core 
of the strategy involves optimizing the zinc ion transport process at the 
anode-electrolyte interface [17], specifically by enhancing the revers
ibility of the Zn stripping/plating process and avoiding the water 
molecule erosion of the interface.

To date, a plethora of studies have been conducted to address the 
anode challenges of ZIBs, ranging from electrolyte composition opti
mization to electrolyte additive development. These efforts focus on 
introducing molecules or networks that strongly interact with zinc ions, 
thereby advancing the solvation structure of plating/striping zinc ions 
and the interfacial zinc diffusion flux [18–20]. However, as Zn2+- 
interacting molecules or networks are gradually consumed, the cycling 
stability of ZIBs decreases, eventually leading to irreversible damage to 
the anode interface [21]. Additionally, the randomness and complexity 
of molecular interactions introduce greater uncertainty in the perfor
mance and cost of ZIBs [22]. In contrast, constructing artificial interfa
cial layers offers more controllable, stable, and long-lasting protection 
for zinc anodes by offering a more direct means of controlling the 
interfacial deposition environment [23,24]. The ideal artificial interface 
for an anode could separate zinc ions from aqueous electrolyte mole
cules and provide an ionic conduction network to facilitate Zn2+

transport, optimizing transport while shielding water molecules to 
improve ZIB performance. [25–27].

In comparison to organic protective layers, inorganic compounds 
such as TiO2 [28], CaCO3 [29], and ZrP [30], renowned for their 
exceptional thermodynamic stability and environmental compatibility, 
emerge as promising candidates for artificial interface designs. Never
theless, these compounds often exhibit an elevated repulsive interaction 
with zinc ions, which can hinder interfacial ion transport and conse
quently compromise overall performance. In light of this, zincophilicity 
becomes crucial, as it underpins effective transportation sites and en
hances the reversibility of zinc deposition [31]. To meet the required 
criteria, integrating zinc-containing compounds offer promising ap
proaches. Materials such as ZnTe [32], ZnSe [33], and ZnS [34] have 
garnered considerable attention for their ability to effectively reduce 
nucleation potential and provide favorable interaction sites for zinc ions. 
Artificial interfaces constructed with these compounds have been shown 
to promote uniform nucleation and promotes the reversibility of Zn 
plating/stripping, thereby enhancing the overall stability of the ZIBs. 
However, such interlayers can still facilitate the conduction of water 

molecules. This conduction may finally induce side reactions at the 
anode/electrolyte, limiting the cycling lifespan of ZIBs. Therefore, 
developing an artificial interface layer that integrates both hydrophobic 
properties and Zn2+ affinity holds potentials for addressing the critical 
challenges faced by zinc anodes in aqueous electrolytes [35,36], 
promising significant advancements in interfacial engineering for 
improved battery technologies.

Herein, a superhydrophobic and zincophilic zinc borate (ZnBO) 
artificial interface was fabricated on the zinc anode using a straight
forward spray coating method, as shown in Fig. 1. Due to the Zn2+ af
finity and water-repellent nature of the ZnBO layer, validated by Contact 
angle measurements, solvated zinc ions in the electrolyte are directed 
through the layer to the anode, while water molecules are prevented 
from penetrating the layer. This regulation of zinc ion flux and effective 
water shielding lead to dendrite-free anodes and eliminate side re
actions. Additionally, the boron-rich phase of the layer promotes uni
form electrodeposition and reduces the nucleation barriers for metallic 
Zn. Such design culminates in exceptional deposition stability (1200 h 
with ~36 mV voltage hysteresis at 1 mA cm− 2) and extends the dura
bility of the Zn anodes at high current density (570 h @ 20 mA cm− 2 

with a cumulative plating capacity of 5.7 Ah cm− 2) in the Zn||Zn sym
metric cells. Besides, when assembled with the NH4V4O10 (NVO) cath
ode, the ZnBO||NVO full cell demonstrates improved capacity retention, 
maintaining 90% of its capacity after 2000 cycles, compared to a bare Zn 
full cell. The unique features of this artificial interface design not only 
exemplify the innovative integration of superhydrophobic and zinco
philic properties but also shows the potential to advance the develop
ment of ZIBs to new levels.

2. Experimental section

2.1. Materials

Zn3B2O6 (99%), ammonium metavanadate (NH4VO3), zinc sulfate 
(ZnSO4⋅7H2O) and N–N’ methylpyrrolidone (NMP) were purchased 
from Shanghai Aladdin Co. Ltd. Zinc foil (50 μm, 99.99%), Ti foil (10 
μm) and Cu foil (11 μm) were purchased from Chengshuo Metal Mate
rials Co., Ltd. The additives, including Super P carbon black and poly
vinylidene fluoride (PVDF) were purchased from Nanjing Mojiesi 
Energy Technology Co., Ltd.

2.2. Preparation of ZnBO anode and bare Zn znode

To obtain the bare Zn anode, the zinc foil was polished with 2000 grit 
sandpaper to remove a thin layer of surface oxide, followed by ultra
sonication with anhydrous ethanol for 5 min to remove impurities.

To obtain the ZnBO anode. Firstly, 180 mg of zinc borate and 20 mg 
of PVDF were dispersed in 15 mL NMP and stirred for 6 h to form a 
homogeneous paste. Subsequently, the bare zinc anode was cut into 8*8 
cm size and pasted on a heating table and heated up to 230 ◦C The 
prepared slurry was uniformly sprayed onto the zinc foil. Finally, the 
residual solvent was removed by drying in a vacuum oven at 80 ◦C for 
12 h.

2.3. Materials characterization

The chemical composition of the as-prepared anodes was charac
terized by X-ray diffraction (XRD, Haoyuan DX-2700b, China) and X-ray 
photonic spectroscopy (XPS, Thermofisher 4800, U.S.A) The 
morphology of the anode before and after cycle was observed by scan
ning electron microscope (SEM, FEI Nova, U.S.A) and laser microscope 
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(LSM, KEYENCE VK-X150, Japan). The contact angle measurement was 
analyzed via OCA25HTV contact angle measuring instrument (China).

2.4. Electrochemical test

For the zinc plating/stripping stability evaluation, CR-2032 coin- 
type cells was employed. And the Zn||Zn and ZnBO||ZnBO symmetric 
cells was assembled, which utilized Whatman GF/D as the separator and 
the 2 M ZnSO4 as the electrolyte. For the deposition behavior analyza
tion, including Linear scanning voltametric (LSV), Tafel plots and 
chronoamperometry (CP) tests, were tested in the three-electrode sys
tem using an electrochemical workstation(Biological SP150, France).

For the Zn||Cu half cells evaluations, the Cu foil was used as working 
electrode, while zinc foil was used as counter and reference electrode. 
The sepeator and electrolyte was same as the Zn||Zn symmetric cells.

For the full coin cells evaluations, ammonium vanadate (NH4V4O10, 
NVO) was performed as the cathode, which was synthesized via con
ventional hydrothermal method according to the previous work [37], 
while the NVO cathode was coated on the Ti foils with a mass loading of 
~2 mg cm− 2. The sepeator and electrolyte was same as the above
mentioned. For the full pouch cells evaluations, the area of both elec
trodes is 2 × 2.5 cm2 and the charge/discharge profiles were monitored 
by the Neware CT-5000 batteries battery test systems (Shenzhen, 
China), which was tested from 0.2 V to 1.6 V. The cyclic voltammetry 
(CV) was tested by the biological SP150 electrochemical workstation 
with a scanning rate of 0.5 mV/s from 0.2 V to 1.6 V. And electro
chemical impedance spectroscopy (EIS) was monitored on the same 
electrochemical workstation from 0.01 to 105 Hz with an amplitude of 
10 mV, which were tested under the open circuit potential (~1.2 V vs 
Zn/Zn2+). The ionic conductivity of the different interfaces were con
ducted by placing the samples into a stainless-steel mold and performing 
an EIS test, with a calculation based on the following Eq. (1): 

σ =
l

RA
(1) 

Where l, A, and R are the thickness, area, and resistance of the 
hydrogel electrolyte, respectively.

2.5. In-situ optical microscopy observation

The in-situ electrochemical deposition process was observed by the 
Zeiss optical microscope combined with an electrochemical workstation 
(Biological VSP, France). A homemade battery with transparent quartz 
window was assembled. All the observations were tested at 10 mA cm− 2 

with an areal capacity of 10 mAh cm− 2.

2.6. Computational details

First-principles calculations were conducted using VASP-5.4.4, 
[38,39] with the Generalized Gradient Approximation (GGA) based on 
the Perdew-Burke-Ernzerhof (PBE) exchange–correlation functional and 
the Projector Augmented-Wave (PAW) method.[40,41] A hetero
structure was constructed by combining a 2 × 3 supercell of the Zn 
(101) surface with the ZBO (101) surface. The k-point sampling for 
both the surface and the supercell was performed using the Monkhorst- 
Pack scheme with a 3 × 4 × 1 grid.[42] A vacuum layer of 15 Å was 
included to avoid interactions between periodic images. To accurately 
account for van der Waals interactions, the DFT-D3 correction was 
applied.[43] The interface energy (Eint) of the heterostructure was 
calculated to quantify the stability of the interface. The interface energy 
is defined as: Eint=(Ehet-EZn-EZBO)/S, where Ehet is the total energy of the 
heterostructure, EZn and EZBO are the total energies of the isolated Zn 
(101) and ZnBO (101) surfaces, respectively, and S is the area of the 
interface. This calculation provides insight into the thermodynamic 
stability and bonding strength at the interface. The simplified 2D model 
served for the calculation of the interfacial electric field distribution in 
terms of COMSOL Multiphysics according to the previous reports [44].

3. Results & discussion

The fabrication of the protective coating is illustrated in Fig. 1, 
showing the uniform distribution of zinc borate on the zinc anode via a 
facile spray coating method (Figs. S1 and S2). The morphology of the 
ZnBO coating is illustrated in Fig. S3, showing that the homogeneous 
zinc borate particles with an average size of 1.95 ± 0.6 μm are uniformly 
distributed on the zinc anode. This coating effectively isolates the zinc 
anode from water molecules, thereby inhibiting side reactions. The 
morphology of the bare Zn anode and the corresponding elemental 
mapping after immersion in a conventional electrolyte for 7 days are 
shown in Fig. S4, demonstrating the accumulation of by-products on the 
surface, which can impair the reversibility of zinc deposition. In 
contrast, the zinc borate-coated anode shows minimal damage and 
fewer by-products, indicating its corrosion resistance properties 
(Figs. 2a and 2b). Additionally, these results are corroborated by XRD 
analysis. As depicted in Fig. 2c, the bare Zn anode exhibits a strong peak 
at 8◦, corresponding to the (001) plane of zinc hydroxide sulfate (ZHS) 
[45], which could increase interfacial polarization and cause sluggish 
charge transfer kinetics. In comparison, the ZnBO anode shows almost 

Fig. 1. Schematic illustration of the Zn deposition behavior of ZnBO anode and bare Zn anode.
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no characteristic peaks of ZHS, proving its inhibition of side reactions 
(Fig. 2c). Furthermore, the chemical composition of the coating was 
analyzed using XPS. The peaks at 530.9 and 532.8 eVs correspond to the 
B-O and O–H bonds in the O 1s spectra (Fig. 2d) [46,47]. The peaks of 
metallic Zn are observed at 1045.1 and 1023.4 eVs in the Zn 2p spectra 
(Fig. 2e) [48], with no zinc oxide production observed. In the B 1s 
spectra, the B-O bond is identified at 192.6 eVs (Fig. 2f) [49]. These 
results confirm the formation of a B-rich coating that facilitates ionic 
transfer and promotes nucleation. Furthermore, a comparison of the 
ionic conductivity with and without the coating confirmed that the 
introduction of the coating does not impair ion transport at the anode/ 
electrolyte interface (Fig. S5).

To reveal the interaction of the interface with water molecules and 
zinc ions, contact angle measurements were performed. According to the 
theoretical model of the dynamic spreading of a droplet on a flat sub
strate, the diffusion process of the droplets is driven by intermolecular 
forces between the water molecules and the substrate material. Stronger 
attractive interactions between the aqueous solution and the substrate 

surface facilitates a more efficient spreading of droplets, which is re
flected in the apparent contact angles [50–52]. To ensure the repro
ducibility of the test, three experiments were conducted for each group. 
As illustrated in Fig. 2g, when in contact with DI water, the ZnBO anode 
exhibits a notable hydrophobicity with a high contact angle of 135.2 ±
0.3◦. However, as the zinc ion concentration increases, the contact angle 
gradually decreases to 107.8 ± 0.2◦ but remains above 90◦, confirming 
that the ZnBO coating retains its hydrophobicity while exhibiting a 
strong affinity for zinc ions. The superior ionic conductivity of ZnBO 
(40.56 mS cm− 1) further demonstrates that this fabricated hydrophobic 
layer helps in enhancing the transport of hydrated zinc ions. This in
dicates that zincophilicity and hydrophobicity can synergistically pro
tect the zinc anode. In contrast, the bare Zn anode exhibits hydrophilic 
properties with a contact angle of 48.0 ± 0.4◦ for DI water. With the 
addition of ZSO, the contact angle shows a marked increase (Fig. 2h). 
This increase is attributed to the electrostatic adsorption of hydrophilic 
hydroxyl groups and anionic species (e.g., SO4

2− ) on the zinc anode 
surface, which occupy hydrogen bonding sites and reduce hydrophilicity 

Fig. 2. SEM image of ZnBO anode after immersed in 2 M ZnSO4 electrolyte for 7 days. (b) EDS mapping of the ZnBO anode immersed in 2 M ZnSO4 electrolyte for 7 
days. (c) XRD patterns of the bare Zn and ZnBO anodes in 2 M ZnSO4 electrolyte for 7 days. High-resolution XPS spectra of (d) O 1s, (e) Zn 2p, (f) B 1s of the ZnBO 
anode. (g) Contact angle measurements of ZnBO anode and bare Zn anode with DI water, 0.5 M, 1 M, 1.5 M and 2 M ZnSO4 electrolyte, respectively.
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[53–55]. Moreover, the adsorbed anionic groups attract zinc ions, 
leading to the accumulation of zinc sulfate (ZSO) on the zinc surface, 
which could promote the anode side reactions, such as dendrite growth 
and surface passivation, during electrochemical cycling. Compared with 
the reported anode protection strategy [56] which focused on fabri
cating hydrophilic coatings to accelerate Zn2+ transport and adjust 
solvation structure, we have developed a hydrophobic and zincophilic 
zinc borate layer on the zinc anode. The zincophilic nature of the coating 
layer enhances the interfacial transport of zinc ions and optimizes Zn2+

flux distributions. Simultaneously, the hydrophobic property of the 
coating promotes zinc ion desolvation and inhibit interfacial side re
actions caused by water molecules, which were overlooked in previous 
studies. Also, contact angle measurements showed that the contact angle 
of ZnBO layer continuously decreases with increasing zinc ion concen
tration but remains above 90◦, confirming that the ZnBO coating retains 
its hydrophobicity while exhibiting a strong affinity for zinc ions. This 
indicates that zincophilicity and hydrophobicity can synergistically 
protect the zinc anode. The demonstration of this synergistic effect and 
the corresponding coating fabrication have not been previously re
ported, underscoring the novelty of this work”.

To reveal the component of SEI, the XPS spectra of the ZnBO anode 
after cycling are shown in Fig. S6. The C-F bond peak at 687.2 eV in the F 
1s spectra indicates that the PVDF remains intact after cycling [3]
(Fig. S6a), whereas the peak at 530.3 eV in the O 1s spectrum corre
sponds to the formation of Zn-O bonds [17] (Fig. S6b). Additionally, the 
B-O bond is observed in the B 1s spectrum at 192.2 eV [46,47] (Fig. S6c), 
suggesting the formation of Zn-O-B ligands. This formation facilitates 
the desolvation of zinc ions and inhibits the creation of by-products. 
Furthermore, the nanoindentation curve of the ZnBO anode, shown in 
Fig. S7 (Supporting Information), reveals a hardness of 37 MPa and an 
elastic modulus of 1.79 GPa. This indicates that the ZnBO anode exhibits 
excellent durability in inhibiting zinc dendrite growth.

To evaluate the zinc deposition behavior of different samples, 
Chronoamperometry (CA) curves are presented in Fig. 3a. The ZnBO 
anode maintains a stable current density of 14.6 mA cm2, while the bare 
Zn anode shows a continuous increase, reaching 57.7 mA cm2. This in
dicates that the zinc borate coating introduces an additional energy 
barrier, which inhibits the aggregation of zinc crystal nuclei and 

promotes more uniform deposition. The nucleation overpotential (NOP) 
of different samples is shown in Fig. 3b, demonstrating that the zinc 
borate coating reduces the NOP from 53 mV to 15 mV. Furthermore, the 
linear polarization (LP) curves reveal that the ZnBO anode exhibits su
perior corrosion resistance, with a lower corrosion current density of 
0.94 mA cm2 compared to the bare Zn anode (2.48 mA cm− 2, Fig. 3c). 
The linear scanning voltammetry (LSV) curves are presented in Fig. 3d. 
The ZnBO anode has a negative shift in the HER onset potential (− 1.70 V 
vs. Ag/AgCl) compared to bare ZnSO4 (− 1.65 V vs. Ag/AgCl), indicating 
that the zinc borate coating effectively inhibits the hydrogen evolution 
reaction (HER).

To visualize the promotion of uniform zinc deposition facilitated by 
the coating, in-situ optical microscopy (OM) was employed. As illus
trated in Fig. 3e, the ZnBO anode exhibits uniform deposition with no 
observable dendrite growth. The corresponding SEM image and the 3D 
reconstruction from the laser scanning microscopy (LSM) image of the 
ZnBO anode after deposition further reveal a dense and homogeneous 
morphology (Figs. 3f and 3g). In contrast, the bare Zn anode exhibits 
significant inhomogeneous deposition (Fig. 3h), and the SEM image 
reveals highlighting pronounced dendrite growth (Fig. 3i). Additionally, 
the 3D reconstruction LSM image displays a notable uneven height 
difference (Fig. 3j). These observations indicate that the zinc borate 
coating effectively regulates zinc-ion flux and provides protection 
against water erosion.

DFT calculations were employed to investigate the mechanism by 
which the ZnBO layer promotes stable deposition at the interface. As 
shown in Fig. 4a, the interface structure, interfacial energy (γ), and 
Young’s modulus (E) of the ZnBO anode indicate that the coating pos
sesses superior mechanical properties, effectively suppressing dendrite 
growth. Additionally, the H adsorption free energy (ΔG) of the ZnBO 
and bare Zn anodes are presented in Fig. 4b. The ZnBO anode exhibits a 
higher ΔG of 1.662 eV compared to 0.425 eV for the bare Zn anode, 
suggesting that the ZnBO anode has a stronger ability to inhibit H₂ 
evolution. The electrical field distribution at the anode/electrolyte in
terfaces was further validated via finite element simulation (FEM), as 
illustrated in Figs. 4c and 4d. Compared to the bare zinc sample, the 
ZnBO anode displays a more uniform electric field distribution, indi
cating that the coating mitigates the risk of dendrite growth associated 

Fig. 3. (a) chronoamperometry curves, (b) NOP curves, (c) Tafel plots and (d) Liner scanning voltametric curves of the bare Zn anode and ZnBO anode. (e) In-situ 
Cross-sectional optical microscopy image of ZnBO anode plating and (f) corresponding SEM image and (g) 3D reconstruction of LSM image. (h) In-situ Cross-sectional 
optical microscopy image of bare Zn anode plating and (i) corresponding SEM image and (j) 3D reconstruction of LSM image.
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with localized electric field inhomogeneities.
Benefiting from the synergistic effects of hydrophobicity and zinco

philicity, the ZnBO anode exhibited enhanced reversibility in Zn||Zn 
symmetric cells. The cross-sections of ZnBO anodes with various coating 
thicknesses are shown in Fig. S8 (Supporting Information). To determine 
the impact of coating thickness, ZnBO||ZnBO symmetric cells with 
varying coating thicknesses were assembled to evaluate their cyclability. 
As shown in Fig. S9 (Supporting Information), the ZnBO anode with a 
10 μm coating exhibited the longest cyclic lifespan, establishing 10 μm 
as the optimal thickness. Additionally, it was observed that voltage 
hysteresis increased significantly with increasing coating thickness 
beyond 10 μm, resulting in rapid deterioration of the cyclic lifespan. This 
suggests that excessively thick coatings may raise the diffusion energy 
barrier for zinc ions, leading to inhomogeneous zinc deposition. How
ever, a coating thickness of less than 10 μm is insufficient to effectively 
shield water molecules and regulate zinc ion transport, resulting in 
decreased stability at the zinc anode interface and reduced cycling 
performance. As shown in Fig. 5a, the ZnBO||ZnBO cell demonstrated 
reduced voltage hysteresis (103 mV at 20 mA cm− 2). The incorporation 
of the zinc borate coating also significantly improved stability, extend
ing the cyclic lifespan to 1200 h at 1 mA cm− 2 approximately 12 times 
longer than that of the bare Zn anode (Fig. 5b). Moreover, the ZnBO 
anode displayed remarkable durability at a high current density of 20 
mA cm− 2, achieving a cyclic life of 570 h with a cumulative plating 
capacity (CPC) of 5.7 Ah cm− 2 (Fig. 5c). Corresponding post-mortem 
SEM images of the different samples are illustrated in the inset im
ages. The bare Zn anode exhibited severe dendrite growth, leading to 
battery failure. In contrast, the ZnBO anode displayed a relatively 
smooth surface, indicating that the ZnBO coating can mitigate side re
actions and regulate ion flux, thereby promoting uniform zinc deposi
tion. Compared to other coatings such as ZnPO or PMMA, our approach 
integrates both hydrophobicity and zincophilicity, demonstrating 
competitive CPC (Fig. 5d and Table S1). The coulombic efficiency (CE) 
of the zinc plating/stripping process was assessed using Zn||Cu half- 
cells, as illustrated in Fig. 5e. Due to the regulation of zinc-ion flux 
and suppression of side reactions by the zinc borate coating, the Zn||Zinc 

borate@Cu sample exhibits a higher initial coulombic efficiency (ICE) of 
94.46% and an enhanced cyclability of 750 cycles at 5 mA cm− 2, with an 
average CE (ACE) of 99.29%. In contrast, the Zn||Cu sample demon
strated a lower ICE of 89.16% and a reduced cyclic life of 400 cycles, 
indicating that, without the zinc borate coating, side reactions signifi
cantly impair the reversibility of zinc plating. The corresponding 
charge/discharge profiles, shown in Figs. 5f and S10, further illustrate 
that the zinc borate coating promotes efficient ion transfer and uniform 
zinc deposition, resulting in a lower polarization voltage of 103 mV 
compared to the Zn||Cu half-cell (151 mV).

To assess the practical applications of the zinc borate coating, the 
prepared anode was paired with conventional ammonium vanadate 
(NH4V4O10, NVO), synthesized via the hydrothermal method as 
described in the previous work (Fig. S11) [37]. The CV curves of the bare 
Zn||NVO and ZnBO||NVO full cells are presented in Fig. 6a, demon
strating that the zinc borate coating enhances the platform capacity. The 
Nyquist plots in Fig. 6b reveal that the zinc borate coating reduces the 
Rct from 104.6 Ω to 52.1 Ω, indicating improved interfacial charge 
transfer efficiency. Due to the development of the superhydrophobic- 
zincophilic coating, the ZnBO||NVO full cell demonstrates superior 
rate performance, delivering specific capacities of 478.3, 445.0, 406.8, 
357.3, 271.3, and 182.2 mAh/g at current densities of 0.2, 0.5, 1, 2, 5, 
and 10 A/g, respectively. In contrast, the bare Zn||NVO full cell shows 
significantly lower capacities of 60.1 and 33.1 mAh/g at 5 and 10 A/g 
(Figs. 6c and 6d), respectively. Furthermore, the cyclic performance of 
the full cells is shown in Fig. 5e. The ZnBO||NVO full cell maintains a 
specific capacity of 203.5 mAh/g after 2000 cycles at 5 A/g, with a 
capacity retention of 89.3%. Conversely, the bare Zn||NVO full cell 
suffers from continuous degradation, retaining only 17.3% of its initial 
capacity, highlighting the zinc borate coating’s effectiveness in miti
gating the consumption of active Zn and enhancing cyclability (Fig. 6e). 
Additionally, the cyclic performance of the ZnBO||NVO pouch cells is 
shown in Fig. 6f, which delivers a capacity of 2.5 mAh at 1 A/g after 200 
cycles with a capacity retention of 83.3%, demonstrating great practical 
feasibility. In contrast, the Zn||NVO full pouch cells only yields a ca
pacity of 1.6 mAh after 200 cycles, with a low-capacity retention of 64%. 

Fig. 4. (a) Interface structure, interfacial energy (γ), and Young’s modulus (E) of ZnBO anode. (b) Free-energy diagram on the ZnBO and bare Zn surfaces for HER 
Finite element simulation results of electric field distribution of (c) bare Zn and (d) ZnBO at anode/electrolyte interface.
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Fig. 5. (a) Rate Capability of the Zn||Zn and ZnBO||ZnBO symmetric cells. Long term cycliability of different samples (b) at 1 mA cm− 2 with an areal capacity of 1 
mAh cm− 2 and (c) 20 mA cm− 2 with an areal capacity of 10 mAh cm− 2, the inset SEM images illustrated the post-mortem SEM images of the different samples. (d) 
Comparison of the cumulative plating capacity (CPC) of the previous reports about surface coating design. (e) Long-term plating/stripping cyclic performance of the 
Zn||Cu half cells at 5 mA cm− 2. (f) Charge/discharge profiles of the Zn||ZnBO@Cu half cells at different cycles.
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Even at a high mass loading of 11.75 mg cm− 2, the ZnBO||NVO full 
pouch cell delivers a capacity of 6.4 mAh after 150 cycles at 1 A/g, 
demonstrating significant potential for practical applications (Fig. S12). 
The ability of the coating to suppress full cell self-discharge was evalu
ated, as depicted in Figs. 6g and 6h. Compared to the bare Zn||NVO 
sample, which exhibits a limited capacity retention of 80.4%, the zinc 
borate coating effectively mitigates the impact of interfacial side re
actions, resulting in a superior capacity retention of 96.02%.

4. Conclusion

To adjust the solvation structure of zinc ions and regulate the ion flux 
at the anode-electrolyte interface, zincophilic artificial interlayers are 
commonly investigated for anode protection in ZIBs. However, these 
approaches often overlook the potential side reactions and active zinc 
consumption caused by water molecules diffusing into the interlayer. To 
achieve long-lasting ZIBs, a facile spray coating method was developed 
to produce a zinc borate interlayer on the zinc anode, which exhibits 
both water repellency and a notable affinity for zinc ions. This dual 
functionality advances the interfacial zinc ion transport while 
completely blocking water molecules from eroding the anode. As a 
result, the ZnBO anode maintained stable performance for 1200 h at 1 
mA cm− 2 and demonstrated remarkable durability for 570 h at 20 mA 
cm− 2 in symmetric cells, with a high cumulative plating capacity (CPC) 
of 5.7 Ah cm− 2. Furthermore, when paired with the NVO cathode, the 
ZnBO||NVO full cell achieved an excellent cyclic lifespan, demon
strating 2000 cycles at 5 A/g with 89.3% capacity retention in coin cells, 
and a capacity of 2.5 mAh at 1 A/g after 200 cycles in pouch cells. This 

work introduces a novel approach by leveraging hydrophobicity and 
zincophilicity to simultaneously alter the kinetic behavior of water 
molecules and zinc ions via the artificial interlayer, enhancing the 
reversibility of the zinc anode and offering new perspectives for the 
development of high-performance zinc-ion batteries.
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