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A B S T R A C T

Advanced interfacial engineering is essential to address key challenges such as dendrite formation, parasitic 
reactions, and sluggish electrochemical kinetics, in aqueous zinc-ion batteries. In this study, by using a facile self- 
assembly method, we developed an armor-like interfacial layer (ZSL) on the Zn surface, serving as both an ion re- 
distributor and a protective barrier. This compact interfacial layer exhibits suitable hydrophilic and zincophilic 
features, enabling consistent and uniform Zn2+ flux and reducing voltage polarization. The ZSL also enhances the 
de-solvation process, speeds up zinc deposition kinetics, and suppresses parasitic reactions induced by water 
decomposition. Furthermore, it decreases the surface energy, promoting planar deposition of Zn2+. As a result, 
the modified zinc anodes demonstrate exceptional cycling stability, maintaining a dendrite-free surface for 
>8000 h with minimal byproduct formation. The asymmetric cell utilizing ZSL@Zn anodes exhibits highly stable 
reversibility over 6000 cycles with an average Coulombic efficiency (CE) of 99.89 %. In full cells paired with 
Na2V6O16⋅3H2O (NVO) cathodes, the Zn-ion batteries exhibit excellent rate performance and long-term cycling 
durability. This work highlights the significant role of in-situ interfacial layers in achieving highly stable and 
reversible zinc anodes for large-scale zinc-ion battery applications.

1. Introduction

Lithium-ion batteries are esteemed for their light-weight nature and 
high energy density, rendering them dominant electrochemical energy 
storage devices for portable electronics, electric vehicles and renewable 
energy storage [1,2]. However, their extensive commercialization for 
large-scale energy storage is hampered by high costs and safety con
cerns, including the risk of explosions [3–6]. In contrast, aqueous 
zinc-ion batteries (AZIBs) present a safer and more cost-effective alter
native with sufficient energy density and an environmentally friendly 
operating environment [3,7,8]. These merits stem from the excellent 
theoretical capacity (820 mAh g-1 and 5855 Ah cm-3), suitable redox 
potential (− 0.762 V vs. standard hydrogen electrode), the abundance 
and strong chemical stability of metallic Zn, as well as the 

nonflammability of aqueous electrolytes [9–11]. Despite these virtues, 
commercial zinc anodes face challenges with poor reversibility during 
electrochemical cycling, hindering the practical adoption of AZIBs. Zinc 
anodes in the aqueous electrolyte are prone to side reactions, such as 
hydrogen evolution reaction (HER), electrochemical corrosion, and 
surface passivation [12]. These reactions increase internal cell pressure, 
reduce the usage of active zinc, and lower Coulombic efficiency (CE). In 
addition, the unregulated dendrite growth caused by inhomogeneous 
deposition at the electrode/electrolyte interface, particularly under 
elevated current densities, can puncture the separator and result in cell 
failure [13–15].

To address these challenges, various effective solutions have been 
proposed, including surface modification of zinc anodes[16–19], 
deployment of three-dimensional current collectors[20,21], innovation 
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in separator materials[22,23], and incorporation of electrolyte additives 
[24–26], etc. Among these strategies, the construction of artificial pro
tective layers on the zinc anode surface emerges as an easy-to-operate 
and highly feasible solution for large-scale manufacturing. As dendrite 
growth and severe side reactions are interlinked[27], these interfacial 
layers are designed to reduce parasitic reactions and promote uniform 
zinc deposition by uniformizing Zn2+ flux and stabilizing the local 
electric field.

Artificial protective layers are commonly constructed by ex-situ 
methods like doctor blading or spin coating, but these methods often 
result in poor adhesion and uneven Zn2+ distribution. The volumetric 
changes during zinc plating and stripping can cause these coatings to 
detach, diminishing their protective effectiveness. In contrast, con
structing stable zincophilic artificial protective layers directly on the 
zinc surface through in-situ methods is desirable for achieving highly 
reversible zinc anodes [28]. Although the alloy-based interfacial layers 
prepared by replacement reactions[29,30] reduce the nucleation barrier 
and maintain a uniform interfacial electric field, however, their high 
conductivity promotes the preferential deposition of Zn2+ ions on the 
interfacial layers and reduces the utilization of Zn[31]. Differently, 
non-conductive layers not only block water penetration, but also pro
vide abundant active sites[32,33] or pore structures[34,35] for uniform 
Zn2+ deposition, ultimately realizing a long-lasting and reversible Zn 
anode.

Herein, an armor-like zinc succinate coordination polymer was 
developed as a multifunctional protective coating, enriched with zin
cophilic sites, on the zinc anode surfaces through a facile self-assembly 
and electrochemical conversion process. The zinc succinate polymer 
offers several key advantages including dense structure and intrinsic 

carboxyl groups facilitate uniform ionic field distribution at the interface 
and enhance the de-solvation of hydrated Zn2+ ions, thereby acceler
ating deposition kinetics for dendrite-free Zn deposition. It also serves as 
a filter for capturing reactive water molecules, stabilizing the interfacial 
pH value and reducing parasitic reactions. Furthermore, the zinc suc
cinate polymer reduces the surface energy of Zn and promotes the 
preferential growth of Zn (002) planes, significantly minimizing the 
occurrence of Zn dendrites and enhancing corrosion resistance. The 
protective layer demonstrated outstanding long-term stability, main
taining low overpotentials for over 8000 h in symmetrical cells at 1 mA 
cm− 2 and a high Coulombic efficiency of 99.89 % over 6000 cycles. In 
the full cell with Na2V6O16⋅3H2O (NVO) cathodes, the system exhibited 
excellent rate capability and cycling stability, retaining 94.45 % ca
pacity after 130 cycles, even with a low N/P ratio of 1.10 and an E/C 
ratio of 6.8 μL mAh− 1.

2. Results and discussion

2.1. Synthesis and characterizations of ZSL

The armor-like interfacial layer is formed on the zinc metal surface 
through an in-situ self-assembly reaction involving Zn and succinic acid, 
where the latter exhibits the lowest energy level of the lowest unoccu
pied molecular orbital (LUMO) and the smallest orbital energy gap 
compared to other groups, including sulfonic and phosphonic acids 
(Figure S1). Scanning electron microscopy (SEM) images display that 
the surface of zinc foil is homogenously covered by a dense armor-like 
interfacial layer after the reaction in a succinic acid-methanol (SA- 
MeOH) solution at a concentration of 5 g L-1 for 1 h (Figs. 1a and S2). The 

Fig. 1. (a) Top-view and (b) cross-view SEM images of the ZSL@Zn anode. (c) STEM and EDS images of ZSL nanoparticles and the corresponding mapping images of 
C, O, and Zn elements. (d) High-resolution XPS spectra of Zn 2p, O 1 s and C 1 s for different anodes. (e) FTIR spectra of bare Zn, succinic acid (SA), homemade zinc 
succinate (ZS) powder, and ZSL@Zn. (f) XRD pattern of the ZSL@Zn anode. (g) Fabrication schematic of the ZSL@Zn anode.
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inset in Fig. 1a depicts that this interfacial layer is enriched with 
abundant hierarchical substructures. The side-view SEM and energy- 
dispersive X-ray spectroscopy (EDS) images show that the micron- 
scale interfacial layer is tightly bonded to the zinc foil with a uniform 
phase distribution (Figs. 1b and S3).

Benefiting from the hierarchical porous structure, the ZSL@Zn 
electrode exhibits a lower contact angle than that of bare Zn 
(Figures S4), indicating that the hydrophilic ZSL effectively improves 
the wettability. In general, enhanced wettability implies the reduction of 
the interfacial energy between the solid interfacial layer and the elec
trolyte, which facilitates the rapid ion transfer[36]. The homogeneous 
distribution of Zn, O, and C elements in ZSL is validated by scanning 
transmission electron microscopy (STEM) and EDS images (Fig. 1c). 
Appropriate preparation conditions and parameters are essential in the 
construction of the armor-like interfacial layers. The area of zinc foil 
covered by the interfacial layer increases with the reaction time, as 
illustrated in Figure S5. After dissolving succinic acid in different sol
vents and then reacting with the zinc foil for 1 h, a looser armor-like 
interfacial layer is obtained on the zinc surface in the ethanol (EtOH) 
solution, and only a small number of flower-like structures scattered 
sporadically on the zinc foil are found in isopropanol (IPA). In contrast, 
no interfacial layer is found in N, N-dimethylformamide (DMF) solu
tions, only many holes are found (Figure S6). This indicates that the 
solvent has an important effect on the formation of the interfacial layer. 
The effect of different concentrations of SA on the morphology and 
composition of the interfacial layer was subsequently investigated. The 
effect of concentration on the overall morphology of the interfacial layer 
was not significant, accompanied by increased substructure and thick
ness (Figure S7). For example, the thickness of the prepared interfacial 
layer reaches about 7.4 μm at a concentration of 40 g L-1 (Figure S8). 
When the concentration is as high as 100 g L-1, an inhomogeneous 
morphology appears in the morphology. Besides this, attempts were also 
made to soak the zinc foils under different dicarboxylic acid-MeOH so
lutions with different carbon chains, and the SEM images of the 
as-obtained samples are depicted in Figure S9.

The surface of the zinc foil immersed in oxalic acid develops a loose 
interfacial layer with a hydrangea-like structure, whereas only massive 
holes are spotted on the surface of the zinc foil immersed in propane
dioic acid. Besides, other zinc foil surfaces that have been soaked in 
dicarboxylic acid also form interfacial layers. The only difference is that 
the hierarchical substructure of interfacial layers gradually collapses as 
the carbon chain continues to increase, leaving behind a randomly 
stacked lamellar structure. Subsequently, the structure information of 
ZSL@Zn was identified by high-resolution X-ray photoelectron spec
troscopy (XPS), Fourier transform infrared spectroscopy (FT-IR), and X- 
ray diffraction (XRD) analysis. The full XPS spectra reveal that no special 
impurities appeared on the surface of the immersed zinc foil 
(Figure S10). Compared with the high-resolution Zn 2p spectra of bare 
Zn, the binding energy position of ZSL@Zn presents a shift, which stems 
from the formation of Zn-O polar bonds in the interfacial layer that alters 
the coordination environment. The high-resolution O 1 s and C 1 s 
spectra, on the other hand, similarly prove the existence of the interfa
cial layer, where the signal located at 531.9 eV in the O 1 s spectrum and 
the strong peak centered at 288.8 eV in the C 1 s spectrum indicate the 
emergence of C = O polar bonds on the surface of the Zn foil (Fig. 1d).

The FT-IR spectra of bare Zn, typical succinic acid (SA), the home
made zinc succinate powder (prepared by a coprecipitation method), 
and ZSL@Zn are presented in Fig. 1e. Apparently, a prominent peak at 
2932 cm-1 corresponding to the symmetric stretching vibration of the 
CH2 groups was detected in all the last three samples. The carbonyl (C =
O) stretching vibration appears at 1695 cm-1. Additionally, the sym
metric stretching vibration of the carboxylate (OCO-) group is observed 
at 1320 cm-1. The FT-IR spectrum of ZSL@Zn, differing from that of zinc 
succinate powder, exhibits significant peaks at 1520 cm-1 and 1385 cm- 

1, which are attributed to the asymmetric and symmetric stretching vi
brations of the carboxylate (OCO-) groups, respectively. The FT-IR 

spectra of zinc foils treated with different dicarboxylic acids showed 
similar characteristic peaks (Figure S11). These characteristic peaks 
confirm the coordination of the succinate anion with zinc ions, indi
cating the possible formation of zinc succinate complexes on the surface 
of zinc flakes following the in-situ reaction. This is verified by the XRD 
result and thermogravimetric curve (Figs. 1f and S12). The weak 
diffraction peaks of the armored interfacial layer did not coincide with 
those of the homemade zinc succinate powder and its standard reference 
card (PDF #51–2305) (Figure S13). Of note, although it is difficult to 
accurately determine the complex’s crystalline structure, it undergoes a 
crystalline phase transition after cycling. As illustrated in Figure S14, the 
XRD results reveal that the crystalline phase of the complex is 
completely transformed to zinc succinate after the initial cycle and re
mains unchanged after several subsequent cycles. This result is also 
validated by the FT-IR spectra of ZSL@Zn following various cycles, 
where the characterization peaks coincide with those of the homemade 
zinc succinate powder (Figure S15). Encouragingly, the morphology of 
the ZSL remains intact with the phase transition (Figure S16). The 
schematic diagram of the formation of the final ZSL is therefore pre
sented in Fig. 1 g, in which the succinic acid is completely deprotonated 
upon dissolution and the formed succinic acid anion has a strong 
electron-donating ability to undergo a strong coordination ability with 
Zn2+, followed by the formation of an armor-like complex with hierar
chical substructures in situ on the zinc surface by self-assembly. This 
complex is not stable and exhibits complete conversion upon cycling to 
the zinc succinate coordination polymer, whose structure comprises an 
indefinitely interconnected 3D framework of tetrahedrally coordinated 
zinc centers, with four distinct succinate ligands donating an oxygen 
atom to four individual Zn atoms in a bi-ligand configuration.

2.2. Interfacial chemistry and Zn deposition mechanism

Zinc anodes routinely encounter spontaneous chemical corrosion 
problems upon immersion in mildly acidic electrolytes. This issue dis
rupts the uniform electric field and accelerates zinc dendrite growth at 
the zinc deposition interface. The comprehensive evaluation delves into 
the protective effects of the armor-like interfacial layer on zinc anodes. 
As shown in Fig. 2a, ZSL@Zn maintains its pristine surface morphology 
without detectable by-products after 7 days of immersion in 2 M ZnSO4 
electrolyte. In contrast, numerous flaky byproducts form on the surface 
of bare Zn, resulting in a dark color of the zinc anode (Figure S17). The 
X-ray diffraction (XRD) result identifies these flaky byproducts as 
Zn4SO4(OH)6⋅5H2O (ZHS, PDF#78–0246), indicating that bare zinc is 
undergoing the electrochemical corrosion reaction and considerable 
passivation in the electrolyte (Fig. 2b). Tafel curves in Fig. 2c reveal that 
ZSL@Zn has a lower corrosion current density and a higher corrosion 
potential compared to bare Zn, indicating its superior corrosion resis
tance. Besides, the reduced current density in linear sweep voltammetry 
(LSV) curves and the larger Tafel slope demonstrate the suppressed rate 
of hydrogen evolution reaction (HER) for ZSL@Zn (Figs. 2d and S18). 
The adsorption energies of water molecules with bare Zn and ZSL@Zn 
were subsequently calculated by density functional theory (DFT). As 
illustrated in Fig. 2e, the adsorption energy of H2O on zinc succinate 
(− 0.47 eV) is appreciably higher than that of Zn (− 0.30 eV), implying 
that water molecules are more likely to adsorb with zinc succinate, 
which effectively captures H2O from initiating parasitic reactions.

The pH fluctuation at the electrolyte/electrode interface signifi
cantly influences the performance of the zinc anode [37]. Elevated pH 
values stimulate the formation of ZHS, whereas reduced pH levels 
exacerbate HER. Consequently, maintaining a stable pH at the electro
lyte/electrode interface is imperative. In-situ pH monitoring experi
ments documented the variations in interfacial pH during cycling. 
During the initial plating process, the bare Zn electrode exhibits a sus
tained increase in pH attributable to HER, followed by a minor decrease 
before rising again during the stripping process, with a steady increase 
continuing into the second plating process (Fig. S19a). The interfacial 
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pH variations after various cycles reveal that the pH value of the bare Zn 
electrode progressively escalates to 5.91 after 50 cycles (Figure S19b). In 
stark contrast, the ZSL@Zn electrode displays smaller pH variation at 
the interface under the same conditions (Figs. 2f and 2 g), demonstrating 
a strong interfacial pH stabilization capability.

The distribution of relaxation times (DRT) obtained by in situ elec
trochemical impedance spectroscopy (EIS) were utilized to probe the 
changes in interfacial kinetics at different time constants. The peaks with 
relaxation time (τ) in the range of 10–4 to 10–1 s, 100–102 s belong to the 
charge transfer and diffusion process, respectively [38]. In the ZSL@Zn 
symmetric cell, the charge transfer resistance (Rct) is consistently 
smaller during the plating and stripping processes and continues to 
decrease during the corresponding stages (Figs. 2h, S20a, S21a and 
S21b). In contrast, the Rct of bare Zn gradually increases both for plating 
and stripping processes (Figs. 2i, S20b, S21c and S21d). It indicates that 
the introduction of ZSL significantly reduces the appearance of 
by-products and ensures fast interfacial kinetics.

The deposition and nucleation behavior of Zn2+ is predominantly 
governed by the Zn2+ flux at the anode/electrolyte interface. To inves
tigate the impact of ZSL on regulating the Zn2+ concentration field, 
COMSOL Multiphysics simulations were conducted. As illustrated in 
Figs. 3a and 3b, the concentration gradient of Zn2+ from the bulk ZnSO4 
electrolyte to the ZSL@Zn anode surface is lower than that on the bare 
Zn anode, which is conducive to reducing the dendrites induced by 
concentration polarization [39,40]. Density functional theory (DFT) 

calculations were also conducted to elucidate the homogeneity of the 
zinc ion flux on ZSL@Zn. As shown in Fig. 3c, the adsorption energy of 
Zn2+ on ZSL@Zn is higher than that on bare Zn (− 0.16 vs. − 0.06 eV), 
indicating its exceptional chemical affinity with Zn2+. A stable zinc ion 
flux at the interface is of critical importance for the homogeneous 
deposition of zinc and the inhibition of zinc dendrite formation.

The in-situ Raman spectroscopy was employed to monitor fluctua
tions in zinc ion concentration at the electrode/electrolyte interface 
during the zinc deposition process. The Raman signal of the SO4

2- ion at 
980 cm-1 serves as an indicator of variations in Zn2+ ion concentration 
[41]. In the case of the bare Zn anode, a notable reduction in the Raman 
signal strength is detected during electroplating, indicative of an 
elevated concentration polarization of Zn2+ ions on the anode surface 
(Fig. 3d). In contrast, the ZSL@Zn anode exhibits a stable Raman signal 
throughout the plating process, indicating a consistent and uniform 
distribution of Zn2+ ions at the interface (Fig. 3e). Moreover, the region 
around 3500 cm-1 in the Raman spectra, typically associated with O–H 
stretching vibrations[39], offers insights into the interaction between 
water molecules and the zinc surface. During electroplating, the pres
ence of the ZSL layer effectively reduces direct contact between H2O and 
the zinc surface, thereby mitigating water consumption within the 
electrolyte. Consequently, the ZSL@Zn anode maintains a stable Raman 
signal in this region, whereas the bare Zn anode exhibits a rapid decline, 
suggesting the enhanced water-induced side reactions.

The simulation of the possible diffusion paths and energy barriers of 

Fig. 2. (a) SEM image and (b) XRD patterns of ZSL@Zn anodes soaked in ZnSO4 solution for 7 days. (c) Tafel plots and (d) LSV curves of ZSL@Zn and bare Zn anodes. 
(e) Adsorption energy of H2O on the surface of ZSL@Zn and bare Zn anodes. (f) Real-time interface pH change near ZSL@Zn cycling at 2 mA cm-2 and 1 mAh cm-2. (g) 
In situ pH evolution of ZSL@Zn symmetric cells cycling at 4 mA cm-2 and 1 mAh cm-2. DRT analysis of the EIS results during the plating process of (h) ZSL@Zn and (i) 
bare Zn anodes.
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Zn2+(Figs. 3f, 3g and S22) shows that the diffusion barrier on the ZSL 
surface (0.68 eV) is higher than that on the bare Zn surface (0.05 eV), 
but lower than that on ZHS [42]. A lower diffusion barrier tends to 
trigger uncontrolled two-dimensional diffusion, resulting in local cluster 
stacking to form inhomogeneous nuclei and dendrite formation. In 
contrast, a higher diffusion barrier is not conducive to the rapid Zn2+

diffusion, which may cause concentration polarization at high current 
densities and promote dendrite formation. The activation energy (Ea) for 
zinc ion migration, which corresponds to the de-solvation energy barrier 
for hydrated Zn2+ ions, was evaluated using temperature-dependent 
electrochemical impedance spectroscopy (EIS) plots. As depicted in 
Figure S23, the charge transfer resistance (Rct) values of the ZSL@Zn 
symmetric cell are consistently lower than those of the bare Zn sym
metric cell across the temperature range of 40 to 80 ◦C. The Ea value of 
ZSL@Zn, derived from the Arrhenius equation, is lower than that of bare 
Zn (44.51 vs. 48.84 kJ mol-1) (Figure S24). This lower activation energy 
suggests an accelerated de-solvation process and reduced concentration 
polarization at the electrode/electrolyte interface. DFT calculations il
lustrates that the de-solvation barrier for hydrated Zn ions at the 
ZSL@Zn/electrolyte interface is lower than that of bare Zn (Fig. 3h), 
suggesting faster diffusion kinetics. As a result, ZSL@Zn demonstrates a 
lower nucleation overpotential (NOP) of approximately 60 mV 
compared to 82 mV for bare Zn, as shown in the cyclic voltammetry (CV) 
curves (Figure S25). The Zn2+ transport capacity in ZSL@Zn was eval
uated by measuring the Zn2+ transfer number (tZn

2+) using the 
Bruce-Vincent method. As illustrated in Figs. 3i and S26, the ZSL@Zn 

electrode has a lower initial impedance and exhibits a smaller imped
ance change. The Zn2+ transfer number of ZSL@Zn is 0.51, significantly 
higher than that of bare Zn (0.28), indicating a highly selective ionic 
transfer process.

In addition, the deposition mechanism of Zn on bare Zn and ZSL@Zn 
electrodes was probed through the chronoamperometry (CA) method, 
which captures the surface morphology evolution by recording the 
fluctuation of the current-time curve during the nucleation process. The 
current intensity of bare Zn consistently increases over 500 s, indicating 
that the zinc deposition on bare Zn is mainly dominated by two- 
dimensional lateral diffusion, which is prone to rampant dendrite 
growth. In sharp contrast, the initial two-dimensional diffusion of zinc 
ions on ZSL@Zn is primarily detected within 30 s, and stable three- 
dimensional diffusion is verified in the subsequent process 
(Figure S27). The morphology of Zn deposition at the electrolyte/anode 
interface was subsequently monitored utilizing in-situ optical micro
scopy to highlight the beneficial role of the ZSL in regulating the Zn 
deposition behavior. Fig. 3j illustrates that after 5 min of deposition, 
bare Zn surfaces exhibit small irregular protuberances that appear on the 
bare Zn surface and gradually develop into irregular Zn dendrites during 
the ongoing plating process. In contrast, the ZSL@Zn surface consis
tently exhibits a uniform Zn plating layer throughout the deposition 
process, devoid of noticeable protuberances. This observation un
derscores ZSL’s ability to promote stable and uniform Zn deposition 
[43].

As previously reported, the relatively smooth surface and uniform 

Fig. 3. Zn2+ concentration field simulation on (a) ZSL@Zn and (b) bare Zn electrode. (c) Adsorption energy of Zn2+ on the surfaces of the bare Zn and ZSL@Zn 
anodes. In situ Raman spectra of (d) bare Zn and (e) ZSL@Zn anodes at 2 mA⋅cm-2. (f) The possible migration pathway on ZSL and (g) calculated migration energy 
barriers of Zn2+ along the c-axis. (h) Comparison of energy barriers during the step-by-step de-solvation process of [Zn(H2O)n]2+. (i) CA curve and the corresponding 
EIS plots of the ZSL@Zn symmetric cell. (j) In situ optical microscopy images of the Zn deposition process on bare Zn and ZSL@Zn.
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interfacial charge density of the Zn (002) plane make the dendrite 
growth more challenging than on other planes [44–46]. In addition, the 
Zn (002) plane has the lowest surface energy and electrochemical ac
tivity, which help alleviate corrosion and mitigate H2 emission and 
by-product generation [47]. Therefore, enhancing the deposition along 
the (002) plane is crucial to maximize these advantages. However, 
factors such as slow de-solvation of hydrated Zn2+, inhomogeneous Zn2+

flux distribution, strong concentration polarization, and poor Zn2+

transport kinetics induced by-products practically impede the prefer
ential growth of Zn (002) planes. DFT calculations were used to evaluate 
the impact of ZSL on the surface energy of the Zn (002) plane. As shown 
in Fig. 4a, the introduction of ZSL reduces the surface energy of Zn (002) 
to 0.27 J m-2, significantly lower than the 0.68 J m-2 of pure Zn. In 
addition, ZSL accelerates the de-solvation process and enhances the 
Zn2+ transport kinetics, thus ultimately promoting the deposition of 
Zn2+ along the (002) plane. This is further supported by the I(002)/I(101) 
ratio, which compares the intensity of the diffraction peaks of the (002) 
and (101) planes during the electroplating and cycling. As depicted in 
Fig. 4b, during the initial plating process, the I(002)/I(101) ratio of the 
ZSL@Zn electrode gradually increases with the plating time. At the end 
of electroplating, the ratio increases significantly to 1.75, significantly 
higher than 0.92 for bare Zn (Fig. 4c), indicating that ZSL promotes the 
preferential orientation of the Zn (002) crystal surface. After various 
subsequent cycles, the I(002)/I(101) values of ZSL@Zn are consistently 
higher than those of bare Zn (Figure S28), further demonstrating the 
long-lasting effect of ZSL in regulating crystal deposition.

To evaluate the stability of the ZSL interfacial layer during cycling, 

the ZSL@Zn electrode was analyzed after being extracted from dis
assembled symmetrical cells following 20 cycles at 1 mA cm-2 and 1 mAh 
cm-2. The FTIR spectrum of the ZSL@Zn electrode reveales characteristic 
vibrational peaks at 1540 and 1389 cm-1 (Figure S29), aligning with 
those of zinc succinate powder. SEM images show that irregular holes 
appear on the bare Zn surface, which is not conducive to uniform Zn 
deposition and easily induces dendrite growth, resulting in cell short- 
circuit (Figure S30). In contrast, ZSL@Zn electrodes remain in their 
original armor-like structure without protrusions after cycling (Fig. 4d). 
This indicates that the interfacial layer remains intact after extensive Zn 
plating/stripping cycles. XRD results further identify the presence of 
distinct peaks of the passivation by-product ZHS in the cycled bare Zn, 
which is invisible in ZSL@Zn (Figure S31). This is due to the fact that the 
tight bond between the interfacial protective layer and the zinc foil 
effectively blocks the direct contact between water molecules and the 
zinc foil, which attenuates the emergence of by-products. In addition, 
the electrical impedance plots of bare Zn and ZSL@Zn symmetric cells 
were recorded after various cycles, and it was found that the charge 
transfer resistance (Rct) of both gradually decreases in the initial 5 cy
cles, with the Rct of the bare Zn symmetric cell always being larger 
(Figure S32). However, after 20 cycles, the resistance of the bare zinc 
symmetric cell starts to increase, which mainly stems from the electro
lyte degradation and the massive formation of ZHS. Conversely, the 
resistance of the symmetric cell with ZSL@Zn is still decreasing and 
shows favorable stability. Further validation comes from the XPS depth 
results in conjunction with Ar+ sputtering, which confirms the persis
tence of the interfacial layer. As illustrated in Fig. 4e, O–C = O (288.7 

Fig. 4. (a) Surface energy of (002), (101) crystal planes for bare Zn and ZSL@Zn anodes. In situ XRD characterizations of (b) ZSL@Zn and (c) bare Zn anodes plating 
at 8.85 mA⋅cm-2. (d) SEM images of ZSL@Zn after cycling. (e) XPS depth profiles of C 1 s, O 1 s, and S 2p for the post-cycling ZSL@Zn anode at different Ar+

sputtering time. (f) Confocal laser scanning microscope images of bare Zn and ZSL@Zn anodes following 50 cycles at 1 mA cm-2. (g) Schematic illustration of zinc 
deposition behavior and interfacial interaction of bare Zn and ZSL@Zn anodes.
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eV), C–O (285.6 eV), and C–C/C = C (284.8 eV) peaks are observed in 
the C 1 s spectra before sputtering, which is similar to the chemical 
composition of ZSL. Also, the peak density of O–C = O gradually ex
pands with the increase of sputtering time, which further verifies the 
excellent mechanical durability and chemical stability of ZSL during 
repeated plating/stripping processes. In addition, the S 2p spectra 
exhibit no signals of SO4

2- (169.7 eV), SO3
2- (168.6 eV), and ZnS (162.0 

eV), which are detected on the bare Zn surface after cycling 
(Figure S33). The SO4

2- signal originates from ZHS, while the latter two 
are decomposition products of ZnSO4 salt. To elucidate the modulation 
effect of Zn deposition by ZSL, the anodes was subjected to 50 cycles at 1 
mA cm-2, followed by analysis using the confocal laser scanning mi
croscope (CLSM) (Fig. 4f). The bare Zn anode displays an uneven surface 
with noticeable holes and dendrite growth, while the ZSL@Zn anode 
maintained a smooth surface, indicating uniform Zn deposition and 
suppressed side reactions. The above results indicate that bare Zn is 
highly susceptible to severe dendrite growth and rampant parasitic re
actions due to the thermodynamic instability of Zn. The in-situ con
structed ZSL delivers abundant active sites to effectively adsorb Zn ions, 
promotes the rapid de-solvation of [Zn(H2O)6]2+, and enhances the 
diffusion/deposition kinetics, thus ensuring homogeneous ionic flux and 
reduced concentration polarization. Encouragingly, the ZSL, firmly 

anchored to the Zn anode, effectively reduces the surface energy and 
facilitates the preferential growth of the Zn (002) plane. Finally, the 
three-dimensional network in ZSL can effectively capture the active 
water and inhibit the parasitic reaction (Fig. 4 g).

2.3. Electrochemical performance of ZSL@Zn anodes

The Coulombic efficiency (CE) is an indispensable parameter to 
assess the plating/stripping reversibility of zinc metal anodes. There
fore, the asymmetric cells comprising of ZSL@Zn or bare anodes were 
used to reveal the cycling efficiency in 2 M ZnSO4 electrolytes. The CE of 
the bare Zn||Cu asymmetric cell decays rapidly to a short circuit caused 
by the dendrite growth and serious parasitic reactions after 204 cycles. 
In contrast, the asymmetric cells with ZSL@Zn anodes deliver a stable 
plating/stripping process for 6000 cycles with an impressive average CE 
of 99.89 %, which is attributed to the dendrite-free plating process with 
the assistance of the interfacial layer (Fig. 5a). Interestingly, even 
though the copper foil is bare, the nucleation overpotential of ZSL@Zn|| 
Cu is substantially lower than that of bare Zn||Cu (Figure S34), sug
gesting that ZSL contributes to the homogeneous transport of the Zn ions 
and induces smaller nucleation. This is also confirmed by the 
morphology of bare Zn and ZSL@Zn plated to bare Cu. The deposits 

Fig. 5. (a) CE profiles of Zn plating and striping in bare Zn||Cu and ZSL@Zn||Cu asymmetrical cells. (b) Rate performance of symmetric cells with different anodes at 
various current densities. Galvanostatic cycling performance of ZSL@Zn and bare Zn symmetrical cells at (c) 1 mA cm-2, 1 mAh cm-2 and (d) 5 mA cm-2, 5 mAh cm-2, 
respectively. (e) The longevity comparison of the ZSL@Zn anode with previously documented modified Zn anodes (inset: circle sizes indicate testing capacities). (f) 
Cumulative capacity and areal capacity comparison between ZSL@Zn and recently modified Zn anodes.
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plated on the Cu surface of the asymmetric cell with bare Zn present 
variable sizes and random stacking, which readily stimulates the Zn 
dendrite growth. In contrast, the surfaces plated on the Cu surface in the 
ZSL@Zn||Cu cell are flat and ordered with no visible dendrite genera
tion (Figure S35). Furthermore, the ZSL@Zn||Cu cell exhibits stable 
galvanostatic plating/stripping profiles with a lower polarization 
voltage gap than the bare Zn||Cu asymmetric cell (Figure S36), indi
cating its lower energy barriers of nucleation and dissolution. This result 
underscores that the in situ-formed ZSL ensures uniform zinc deposition 
and enhances the reversibility and stability of the zinc anode.

Besides CE, the rate performance of bare Zn and ZSL@Zn symmetric 
cells was also recorded by cycling under various current densities 
(Fig. 5b). Apparently, the hysteresis voltages of bare Zn are substantially 
larger than those of ZSL@Zn, suggesting that the hydrophilic ZSL ac
celerates Zn2+ transfer and enhances Zn plating/stripping kinetics. This 
is further corroborated by the exchange current density for the Zn 
electrodeposition process (Figure S37). To evaluate the cycling stability 
of ZSL@Zn electrodes, the galvanostatic cycling performance of sym
metric cells was recorded at various current densities and capacities. As 
illustrated in Fig. 5c, the bare Zn electrode experiences an abrupt voltage 
plunge after merely 163 h at 1 mA cm-2 with a fixed capacity of 1 mAh 
cm-2, which is probably triggered by dynamic dendrites during the 
repeated plating/stripping process. In contrast, the symmetric cell with 
ZSL@Zn features a stable and tiny hysteresis voltage (≈71 mV) and an 
exceptionally prolonged cycle life of >8000 h, which is 49 times longer 
than that of the bare Zn anode. Impressively, as the current is increased 
to 5 mA cm-2 and the capacity is extended to 5 mA h cm-2, the ZSL@Zn 
symmetric cell consistently remains excellent stability, accompanied by 
almost no obvious voltage fluctuation for 2300 h, whereas the bare Zn|| 
Zn cells suffer short-circuit failure after 32 h (Fig. 5d). Even at a high 
depth of discharge (DoD) value of up to 43.4 %, the ZSL@Zn symmetric 
cell still demonstrates a steady lifetime of over 700 h (Figure S38). 
Furthermore, the cycling performance of zinc foils treated with different 
concentrations of SA-MeOH solution and binary carboxylic acids with 
various carbon chains were also evaluated. As expected, the properties 
of zinc foils treated with different concentrations of SA-MeOH solutions 

and binary carboxylic acids are superior to those of bare zinc 
(Figures S39 and S40). Apparently, Zn symmetrical cells treated with 
binary carboxylic acids containing four to six carbon atoms demonstrate 
the substantially preferable cycling life. This may be attributed to the 
fact that binary carboxylic acids with suitable carbon chains promote 
the growth of a homogeneous and dense interfacial layer on the Zn 
surface and exhibit proper zincophilic features, which reduce the for
mation of dendrites and enhance the overall stability of the zinc anode. 
In addition, the incorporation of succinic acid as an additive to the 
electrolyte also allows the zinc anode to exhibit remarkable cycling 
stability and reversibility (Figure S41). Overall, this work exhibits pos
itive competitiveness in terms of both cycle life and cumulative capacity 
at the same current density and constant capacity compared to the 
recently reported high-performance Zn anodes, as presented in Figs. 5e, 
5f and Table S1[43,48–61].

To further validate the superiority of the ZSL@Zn electrode, the 
ZSL@Zn electrode was paired with Na2V6O16⋅3H2O (NVO) cathode 
materials and assembled into full cells. NVO cathodes were prepared by 
a hydrothermal method according to previous reports[62], which 
exhibit a nanorod-like shape in Figure S42a. All the XRD diffraction 
peaks of the cathode coincide with Na2V6O16⋅3H2O (JCPDS 16–0601), 
further evidencing the high purity of the as-prepared cathode 
(Figure S42b). Fig. 6a illustrates the comparative cyclic voltammogram 
(CV) curves of full cells employing bare Zn and ZSL@Zn anodes, both of 
which have similar redox peaks, suggesting that the protective layer has 
no noticeable impact on the electrochemical behaviors of ZIBs. The 
larger CV closure area and smaller voltage gap reveal the favorable in
fluence of ZSL on the rapid Zn2+ transport kinetics. This was verified by 
the following rate performance of the full cell (Fig. 6b). With a high 
loading mass of up to 6.5 mg cm-2, the specific capacity of the ZSL@Zn 
full cell could still be preserved at 179.7 mAh g-1 at high current density 
and then recovered to 312.6 mAh g-1 at 0.2 A g-1. In contrast, the 
comparable capacity of the full cell with bare zinc is lower than that of 
ZSL@Zn as expected. The superior performance of the ZSL@Zn full cell 
at high current densities implies its fast electron/ion transport, which 
can be verified by its low charge transfer and diffusion impedance in the 

Fig. 6. (a) CV curves at 1 mV s-1, and (b) rate performance of ZSL@Zn||NVO and bare Zn||NVO full cells. (c) Voltage gap between the redox peaks for ZSL@Zn||NVO 
and bare Zn||NVO cells after rate test. Long-term cycling performance and Coulombic efficiencies of ZSL@Zn||NVO and bare Zn||NVO full cells at (d) 5 A g-1 and (e) 
10.7 A g-1, respectively. (f) Cycling performance of ZSL@Zn||NVO full cell under harsh conditions (an activation process conducted at 0.1 A g-1 for the initial 5 
cycles). (g) Cycling performance of ZSL@Zn||NVO pouch cell at 1 A g-1. (h) Photograph of the pouch cells powering the LED lights.
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EIS and DRT analysis results (Figure S43). The galvanostatic charge/
discharge (GCD) profiles similarly reveal a smaller voltage polarization 
for ZSL@Zn than bare Zn (Figure S44), which is consistent with the 
above CV curves. As illustrated in Figure S45, the electrochemical 
behavior of the ZSL@Zn||NVO full cell was further evaluated using cy
clic voltammetry (CV) across various scan rates. All the CV curves 
demonstrate distinct redox peaks, indicative of efficient and reversible 
charge transfer processes over scan rates. Fig. 6c presents a comparative 
analysis of the voltage gap between the redox peaks for full cells with 
different anodes. Notably, the ZSL@Zn||NVO cell exhibits substantially 
reduced voltage gaps at all scan rates, with a notable improvement at 
higher sweep speeds. This reduction in voltage gap highlights the 
enhanced electrochemical kinetics and diminished polarization associ
ated with the ZSL@Zn anode compared to the bare Zn anode.

In addition, the long-term cycling performance of the ZSL@Zn full 
cell was evaluated at different current densities (5 and 10.7 A g-1), 
respectively. After 1700 cycles, the capacity of the ZSL@Zn full cell 
remains as high as 177.5 mAh g-1 at 5 A g-1 (Fig. 6d). In contrast, the bare 
Zn cell failed instantly after 588 cycles, accompanied by a continual 
reduction in capacity. The low-capacity retention and quick failure of 
the bare Zn cell are mainly ascribed to severe electrochemical corrosion 
and disordered accumulation of dendrites. The high capacity of 119.8 
mAh g-1 is still sustained for ZSL@Zn||NaVO full cells after 2200 cycles 
when the current density is raised to 10.7 A g-1 with an amazing capacity 
retention and an average CE of 99.33 % (Fig. 6e). Notably, to verify the 
feasibility of its practical application, the cycling performance of the 
ZSL@Zn||NVO full cell was subsequently investigated under rigorous 
conditions, where the thickness of zinc foil used was 10 um with the 
mass loading of NVO cathode materials at 16.7 mg cm-2, an electrolyte- 
to-capacity (E/C) ratio of 6.8 μL mAh-1 and a N/P ratio of 1.10. As 
depicted in Fig. 6f, the specific capacity of the full cell exhibits excep
tional stability following an initial five-cycle activation process at a 
current density of 1 A g-1, maintaining 174.2 mAh g-1 after 130 cycles 
with a high CE of 99.94 %.

Following the outstanding performance of the ZSL@Zn anode 
demonstrated in coin cells, it was subsequently validated in pouch cells 
(Fig. 6g). These series-connected pouch cells effectively power LEDs, as 
seen in Figs. 6h and S46. Remarkably, despite undergoing folds at 
various angles (0◦, 90◦, and 180◦) and several folds, the pouch cells 
maintain their ability to power the LEDs without any alteration in the 
open-circuit voltage, demonstrating the outstanding flexibility of the 
ZSL@Zn anode. To further ascertain its safety for practical use, the 
pouch cells underwent rigorous testing, including cutting. Notwith
standing these severe circumstances, they continually power the LEDs 
without short-circuit or explosion, demonstrating a remarkable level of 
stability and safety (Figure S47). These impressive results emphasize the 
revolutionary potential of the ZSL artificial layer in improving the 
development of practical and dependable battery designs.

3. Conclusions

In this work, we have significantly improved the plating/stripping 
reversibility and resistance to side reactions of zinc anodes by con
structing an in-situ armor-like interfacial layer (ZSL). This robust ZSL, 
enriched with zincophilic carboxyl groups of electron donors, facilitates 
the homogeneous distribution of Zn2+ flux, reduces the migration en
ergy barrier, and accelerates the de-solvation process to boost the 
deposition kinetics. Additionally, the ZSL regulates the interfacial pH, 
effectively capturing reactive water molecules and mitigating parasitic 
side reactions. Notably, the zinc succinate coordination polymer dras
tically reduces the surface energy of zinc anodes and promotes the 
preferential orientation of Zn (002) planes. When applied in symmetri
cal cells, this interfacial layer delivers exceptional long-term cycling 
stability, lasting up to 8000 h at 1 mA cm− 2 and 1 mAh cm− 2, with low 
polarization voltage and an average coulombic efficiency of 99.89 % 
over 6000 cycles. In full cells with Na2V6O16⋅3H2O cathodes, the system 

exhibits remarkable rate performance and cycling stability. These results 
emphasize the potential of in-situ interfacial layers in enhancing the 
electrochemical performance and longevity of zinc anodes for aqueous 
zinc-ion batteries through the synergistic effects of Zn2+ homogeniza
tion regulation and water molecule separation.
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