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a b s t r a c t

Aqueous zinc-ion batteries (AZIBs) have drawn numerous attention due to their low cost and environ-

mental benefits. However, its commercialization process was hindered by issues, such as uncontrolled

dendrite growth and parasitic side reactions. Inspired by the natural interaction between Zn2+ and amino

acid chains in zinc finger proteins, we introduced l-proline (LP), a cost-effective additive, into the aque-

ous electrolyte to stabilize the Zn anode. In combination with experiments and theoretical calculation

results, it is demonstrated that the LP additive tends to reshape the hydrated Zn2+ solvation sheath and

weaken the free H2O activity, thereby restricting the water-induced parasitic reactions and drastic den-

drite growth. Therefore, the Zn symmetrical cells with LP-containing electrolytes delivered an excellent

superior electrochemical performance, including a long-term calendar lifespan of 3400h at 2mA/cm2 and

nearly 450h at 5mA/cm2. Meanwhile, the as-assembled Zn||MnO2 full cells also showed desired cycling

stability and rate performance with the assistance of LP additive, outperforming the ZnSO4 system. This

intriguing bio-inspired strategy provides a valuable insight for improving the longevity of AZIBs and ad-

vancing their development in energy storage.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, aqueous zinc-ion batteries (AZIBs) have at-

tracted considerable attention as a promising alternative for energy

storage systems [1–4]. Compared to lithium-ion batteries, AZIBs

possess various merits, including abundant resources, low cost en-

vironmental friendliness, and relatively high theoretical capacities

(820mAh/g and 5855mAh/cm3) [5–7]. However, the Zn metal an-

ode in aqueous systems still faces significant challenges due to its

complex interfacial reactions. Generally, major issues include per-

sistent hydrogen evolution reactions (HER), zinc corrosion, and the
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"tip effect" linked to dendritic growth, all of which undermine the

long-term stability and cycling performance of the batteries [8,9].

To tackle these challenges, tremendous efforts have been pro-

posed to stabilize the Zn anodes, focusing on strategies such as

surface engineering [10,11], regulating zinc electrodeposition [12],

developing advanced separators [5,13,14], and incorporating elec-

trolyte additives [15–17]. Among these methods, electrolyte addi-

tives have gained prominence due to its simplicity and effective-

ness in stabilizing Zn anodes by reconstructing the Zn2+ solva-

tion sheath [18–20]. Generally, the coordination of water molecules

with solvated Zn2+ ions is a critical factor driving parasitic side re-

actions during the electrodeposition process. Additionally, an un-

even Zn2+ flux at the anode-electrolyte interface (AEI) can lead

to dendrite formation, further deteriorating battery performance

https://doi.org/10.1016/j.cclet.2025.111174

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. The schematic illustration of LP additive and related working mecha-

nisms on Zn anode.

[21,22]. To mitigate these issues, various additives have been intro-

duced into aqueous medium to stabilize the Zn anode. For exam-

ple, N,N-dimethyl acetamide, with its high hydrogen bond donor

number, exhibits a strong affinity for coordinating with Zn2+,
thereby reducing the reactivity of the hydrogen evolution reaction

[18]. Similarly, the addition of 10mmol/L glucose has demonstrated

the ability to improve the reversibility of Zn plating/stripping by

effectively minimizing the disruptive influence of water molecules

on Zn2+ solvation shell [23]. Furthermore, amphoteric poly(acrylic

acid), an organic solvent additive, exhibits a high binding affin-

ity for Zn2+, effectively reshaping its solvation sheath and sup-

pressing undesired side reactions [24–26]. However, most additives

show limited efficacy at high current densities, a critical condition

for practical applications [27]. Additionally, the incorporation of

combustible or environmentally hazardous organic additives could

compromise the intrinsic safety and eco-friendliness of AZIBs [28–

30]. Despite these advancements mark significant progress, further

research is essential to develop scalable, safe, and sustainable solu-

tions for stabilizing Zn anodes under demanding operational con-

ditions [31–33].

Nature offers valuable insights into optimizing ionic transport

[33–35]. In eukaryotic cells, Zn2+ exhibits a strong affinity for

amino acids, forming zinc finger proteins (ZFP) through tetrahe-

dral coordination with specific residues, a property that under-

scores its ability to create stable complexes [16,36]. In the aque-

ous electrolytes, Zn2+ is coordinated within a solvation sheath of

six water molecules, which can hinder its diffusion, de-solvation,

and deposition processes. To address this issue, modulating the

water molecules in the solvated sheath has emerged as a promis-

ing strategy. Inspired by the unique zincophilic mechanisms of ZFP,

incorporating amino acids as electrolyte additives could replace

solvated water molecules, intelligently regulating Zn2+ transport,

modulating its deposition and stabilizing the interfacial chemistry

[29,34,37]. This approach not only mitigates issues such as HER

and dendrite formation but also enhances the stability and per-

formance of the Zn anode, offering a creative bio-inspired design

concept to enhance the efficiency and durability of AZIBs.

Herein, we proposed a facile strategy to stabilize the Zn metal

anode via tailoring electrolyte solvation sheath with a kind of

amino acid electrolyte additive (Scheme 1). More specifically, as

a zincophilic compound, l-proline (LP) has been selected and

adopted, enabling an unexpectedly stable Zn plating/stripping with

an extended operation life of 3400h at 2mA/cm2 and 450h at

5mA/cm2, respectively. In combination with theoretical calcula-

tions and experimental test results, it is confirmed that the LP ad-

ditive with zincophilic groups tends to confine proportion of free

water and be absorbed on the anode in the aqueous environment,

which is highly conducive to reducing the reaction activity. Mean-

while, the LP additive is also proven to be capable of replacing co-

ordinated water molecules and participating in the solvated Zn2+

sheath, contributing to the restraint of dendrite growth and side

reactions involved in interfacial reaction at the AEI during cycling.

Besides, the feasibility of implementing electrolytes incorporating

LP additives in AZIBs with MnO2 cathodes was assessed, result-

ing in an outstanding initial discharging capacity of 119mAh/g and

exceptional capacity retention of 91.1 % after 500 cycles at 2.0A/g.

This strategy provides new insights into addressing the challenge

of active water molecules in electrolytes and promotes the practi-

cal application of AZIBs.

In Fig. 1a, an LP molecule contains an amino and a carboxyl

groups, which is expected to coordinate with Zn2+ by virtue of its

natural zincophilicity. Firstly, the evolution of the electrolyte sol-

vation structure is analyzed by spectroscopy and theoretical cal-

culations, with 2mol/L ZnSO4 (ZSO) as the benchmark electrolyte

and LP serving as the electrolyte additive (Fig. S1 in Supporting in-

formation), denoted LP30, LP50, LP100 and LP200, respectively. To

investigate the solvation interactions, the nuclear magnetic reso-

nance (NMR) spectrum was analyzed, as shown in Fig. 1b, well-

defined signal at 4.74ppm was observed for the ZSO electrolyte.

Upon introducing the LP additive, the peak position shifted to

4.72ppm, indicating an increase in electronic density [38,39]. This

shift suggests the release of coordinated H2O molecules and the

formation of new hydrogen bonds networks between LP molecules

and H2O molecules [40]. To further clarify the solvation structures

of different electrolytes, Raman spectra of v(SO4
2-) for various elec-

trolytes were examined (Fig. 1c). In accordance with the renowned

Eigen-Tamm mechanism, the interactions between cations and an-

ions in the electrolyte are classified into two distinct categories:

solvent-separated ion pairs (SSIP) and contact ion pairs (CIP), re-

spectively. As the additive concentration increases, the contribu-

tion of CIP gradually decreases, while the SSIP state becomes pre-

dominant [41,42]. This result indicates that SO4
2- anions will rarely

participate in the solvation structure upon the incorporation of

LP molecules. Thus, the interaction between Zn2+ and SO4
2- is

significantly weakened due to the strong affinity between the LP

additive and Zn2+. According to Fourier transform infrared spec-

troscopy (FT-IR), with the addition of LP molecules, the stretching

vibration of the O–H bond in water molecules shifts significantly to

the lower wavenumber, while the bending vibration, v(O–H), shifts

markedly to the higher wavenumber (Figs. 1d and e). This observa-

tion indicates that LP molecules, which contain zincophilic groups,

can reconstruct hydrogen bonds networks and interact with H2O

molecules, thereby reducing the free-water activity in the elec-

trolyte [43]. To further confirm this mechanism, the electrochemi-

cal stability window of the LP-containing electrolyte is significantly

enhanced compared to the ZSO electrolyte, particularly when the

additive concentration reaches 100mmol/L (Fig. 1f). Furthermore,

electrochemical impedance spectra (EIS) of Ti symmetrical cells

with various electrolytes reveals that the ionic conductivities of LP-

modified electrolytes are slightly improved. This improvement may

be attributed to the amphoteric nature of LP additives, which ex-

hibit strong affinities in aqueous electrolytes. Based on these re-

sults, an optimal LP additive concentration of 100mmol/L is se-

lected to investigate its role in stabilizing the Zn anode. Density

functional theory (DFT) calculations were further conducted to an-

alyze the interaction behavior and binding energy between Zn2+,
water, and LP molecules. As depicted in Fig. 1g, the binding en-

ergy of the Zn2+-LP complex is significantly larger than that of

the Zn2+-H2O and H2O-LP complexes, proving the preference for

the participation of LP in the solvation sheath [44,45]. Moreover,
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Fig. 1. (a) Molecular structural model of a LP (N atom: blue, C atom: gray, O atom: red, H atom: white). (b) 1H NMR spectra of the ZSO and LP-containing electrolytes.

(c) Raman spectra of the ZSO and LP-containing electrolytes. (d) LSV curve of the ZSO and LP-containing electrolytes. (e, f) FT-IR spectra of the ZSO and LP-containing

electrolytes. (g) Binding energy between different species (Zn2+ , LP and H2O). (h) Radial distribution functions (RDFs) (g(r)) and coordination number (n(r)) of Zn2+-O (H2O)

in the LP100 electrolyte. (i) The WCAs between the ZSO and LP100 electrolytes on the Zn anode. (j) Average differential capacitance for Zn anode in the different electrolytes.

(k) Absorption energy comparison of H2O and LP molecules on Zn (002) crystal plane, insets show the corresponding absorbed models.

Fig. 1h illustrates the calculated n(r) values were 4.46 for Zn2+-O
(H2O) and 0.01 for Zn2+-O (LP), confirming the modulation of the

solvation sheath for [Zn(H2O)6]
2+ with LP additive compared to

the ZSO electrolyte (Figs. S2-S4 in Supporting information) [21,46].

In this scenario, the LP additive might perturb the original hy-

drogen bond network, leading to a reduction in H2O–H2O inter-

actions [47]. To evaluate the wettability of the electrolytes on the

Zn anode, water contact angles (WCAs) tests were performed. As

illustrated in Fig. 1i, the WCAs value of ZSO (88.1°) was notably

larger than that of LP100 (82.2°), suggesting a stronger interac-

tion between the LP100 electrolyte and the Zn anode. Moreover,

as depicted in Fig. 1j and Fig. S5 (Supporting information), an elec-

tric double-layer capacitance (EDLC) analysis was carried out. The

LP100 electrolyte demonstrated a capacitance of 157 μF/cm2, which

was significantly larger than the ZSO electrolyte (47 μF/cm2). This

substantial improvement highlights the efficient adsorption of LP

molecules onto the Zn anode as a dynamic layer, effectively mod-

ulating the Zn2+ electrodeposition process [29]. As shown in Fig.

1k, the calculated adsorption energy (Eads) values for Zn-LP and

Zn-H2O interactions as −1.44 and −0.34 eV, respectively. These re-

sults indicate a stronger affinity of LP for the Zn anode, effectively

blocking reactive sites for side reactions, promoting uniform Zn de-

position, and suppressing dendrite growth.

A comprehensive evaluation of the extended cycling stability of

Zn symmetrical cells was carried out using different electrolytes.

Compared with the ZSO electrolyte, the symmetrical cells with the

LP100 electrolyte demonstrated significantly enhanced cycle stabil-

ity. The voltage profiles for Zn plating and stripping at a current

density of 2mA/cm2 and a capacity of 1 mAh/cm2 are illustrated

in Fig. 2a. The ZSO electrolyte-based cell exhibits poor cycling sta-

bility, as evidenced by an abrupt voltage fluctuation around 150h,

likely caused by Zn dendrite penetration. In sharp contrast, the Zn

symmetrical cell with the LP electrolyte exhibits outstanding per-

formance, with stable voltage levels maintained for over 3400h,

demonstrating that LP additives effectively improve the cycle sta-

bility of Zn anode. Additionally, durability testing was performed at

a current density of 5mA/cm2 and a capacity of 5mAh/cm2. No-

tably, the symmetrical cell assembled with the LP100 electrolyte

showed a long-term cycle life of approximately 450h, represent-

ing a significant improvement over the ZSO electrolyte (90h) (Fig.

2b). As shown in Fig. S6 (Supporting information), Zn symmetri-

cal cells with the LP100 electrolyte demonstrate remarkable cycling

stability, enduring nearly 220h of continuous operation at a high

current density of 20mA/cm2 and a capacity of 8mAh/cm2, sig-

nificantly outperforming the ZSO electrolyte, which lasts less than

70h. Additionally, the rate performance of Zn symmetrical cells

with different electrolytes is presented in Fig. 2c. As the current

density increases from 1mA/cm2 to 8mA/cm2, the hysteresis volt-

age of the LP100 electrolyte cell is slightly higher than that of the

ZSO electrolyte, mainly due to the strong interaction between Zn2+

and solvation sheath. This demonstrates the excellent reversibility

of Zn plating/stripping process with LP incorporation, as confirmed

by the consistent voltage profile. The increased polarization volt-

age and nucleation overpotential in the LP100 electrolyte promote

3
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Fig. 2. (a) Galvanostatic charge/discharge (GCD) cycling of Zn symmetrical cells at 2.0mA/cm2, 1.0mAh/cm2 and (b) 5.0mA/cm2, 5.0mAh/cm2. (c) Rate performance and (d)

the corresponding voltage hysteresis at various densities of Zn symmetrical cells. (e) CE test of Zn||Cu asymmetrical cells. CE test of Zn||Cu asymmetrical cells. SEM images

of Zn anodes in the (f) ZSO and (g) LP100 electrolytes after 50 cycles at 2.0mA/cm2, 1.0mAh/cm2.

the formation of smaller Zn nuclei, leading to more uniform depo-

sition (Figs. S7 and S8 in Supporting information). The reversibility

of the Zn anode under different electrolyte conditions was evalu-

ated through Zn plating and stripping tests in Zn||Cu asymmetrical

cells at 2mA/cm2, 1 mAh/cm2. As shown in Fig. 2d, the Zn||Cu cell

with the LP100 electrolyte achieved an impressive average coulom-

bic efficiency (CE) of 99.60% over 2000 cycles, significantly out-

performing the ZSO electrolyte cell (Fig. S9 in Supporting infor-

mation). Additionally, the initial CE of the Zn||Cu cell with LP100

electrolyte is 96.39%, notably higher than that of the ZSO elec-

trolyte. The superior electrochemical performance of Zn||Zn sym-

metric cells using the LP100 electrolyte, excelling in comparison to

several recent studies, suggests its potential application in AZIBs

[18,47–53]. Furthermore, the corresponding scanning electron mi-

croscopy (SEM) images of Zn anode in the ZSO electrolyte reveal

a dendritic morphology and some hexagonal byproducts on the Zn

anode. In contrast, the Zn anode cycled in the LP100 electrolyte

exhibits a smooth and dense morphology due to suppressing the

generation of Zn dendrites and byproducts (Fig. 2f).

The corrosion protection performance of the LP additive on

the Zn electrode was evaluated using Tafel plots. The Zn anode

in the LP electrolyte showed a lower corrosion current density

compared to the ZSO electrolyte, highlighting the ability of LP

molecules to delay the onset of Zn anode corrosion (Fig. 3a). Fur-

thermore, X-ray diffraction (XRD) analysis in Fig. 3b demonstrates

that LP molecules effectively inhibit the formation of byproducts

like Zn4SO4(OH)6·xH2O on the Zn anode. In addition to suppress-

ing side reactions, the influence of LP molecules on Zn2+ depo-

sition behavior at the AEI was further examined. Chronoamper-

ometry (CA) was used to monitor the evolution of Zn nucleation

and growth under an overpotential of −150mV in Zn symmet-

rical cells (Fig. 3c). In the ZSO electrolyte, the rapid decrease in

current density with time suggests that the Zn anode surface is

controlled by 2D diffusion, where Zn2+ migrates along the anode,

and the resulting “tip effect” promotes continuous Zn accumula-

tion, leading to dendrite formation [54]. In contrast, the addition of

LP molecules slow the current growth rate by limiting the 2D dif-

fusion of Zn2+. In the LP100 electrolyte, the Zn2+ flux at the elec-

trode/electrolyte interface is effectively controlled, resulting in a

stable 3D diffusion mode with the lowest current density response

[7,55,56]. This observation confirms that LP molecules efficiently

suppress byproduct formation, enabling prolonged dendrite-free

cycling. To investigate the effect of LP molecules on stabilization,

in-situ optical microscopy was employed to monitor changes at the

electrode/electrolyte interface during Zn deposition. Finite element

analysis using COMSOL software reveals that during the plating

process, irregular micro-bumps form on the Zn electrode due to

its uneven roughness (Fig. 3d). In the ZSO electrolyte, a clear in-

tensity gradient in the electric field distribution on the Zn anode

was observed, ranging from isolated nuclei to covering the entire

surface, which increases over time (Fig. 3e). The localized electric

field accelerates dendrite growth by concentrating charges at the

tips of the bumps. However, zincophilic LP additives effectively in-

hibit dendrite formation by adsorbing onto the AEI, regulating elec-

tric field intensities, and promoting efficient deposition on concave

surfaces. Additionally, these additives help control Zn2+ flux distri-

butions, leading to varied deposition rates based on location (Fig.

3f). This results in uniform and compact Zn deposition, gradually

filling the concave surfaces.

Subsequently, the Zn plating/stripping kinetics were investi-

gated to further reveal the mechanism of Zn electrodeposition be-

havior with the effect of LP additive. First, we explored the ef-

fect of the increase of overpotential caused by the addition of LP

molecules on the diffusion for Zn2+ at the AEI. As shown in Figs.

S10-S12 (Supporting information), the activation energy (Ea) for in-

terfacial Zn2+ transference was measured based on the resistance

response over a temperature range from 303K to 343K. Generally,

the Ea can be extracted from the fitting of the as-following Arrhe-

nius equation:

1
Rct

= Ae
−Ea
RT (1)
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Fig. 3. (a) Tafel plots of the Zn anodes in the ZSO and LP100 electrolytes at 2mV/s based on Zn symmetrical cells. (b) XRD patterns after immersing in the ZSO and LP100

electrolytes. (c) CA curves of Zn anode at −150mV in the ZSO and LP100 electrolytes. (d) In situ optical observations of Zn deposition morphologies. COMSOL multiphysics

simulation of Zn anode during plating for (e) Zn2+ flux and (f) electric field.

Fig. 4. (a) CV curves. (b) Rate performance. (c) GCD curves for Zn||MnO2 full cell at different current densities in the LP100 electrolyte. (d) ZSO and (e) LP100 electrolytes

when charged to 1.8V, left idle for 24h, and discharged to 0.9V. (f) Cycling performance of Zn||MnO2 full coin cells tested at the current density of 2.0A/g. (g) Cycling

performance of Zn||MnO2 full pouch cells tested at the current density of 1.0 A/g. (h) Photograph of Zn||MnO2 pouch cell.

where Rct is the charge transfer resistance, A is the frequency fac-

tor, R is the gas constant, and T is the absolute temperature. Af-

ter fitting, the cell using the ZSO electrolyte exhibits an Ea value

of 37.74 kJ/mol. In addition, the Ea value of the cell with the LP-

100 electrolyte decreased to 32.58 kJ/mol, signifying a substantial

decrease in the barrier for hydrated Zn2+ de-solvation and an en-

hancement in Zn2+ deposition kinetics [57–59]. As depicted in Figs.

S13-S16 (Supporting information), the Zn2+ transference number is

calculated to be 0.69 in the ZSO electrolyte, higher than that for

the ZSO electrolyte (0.48). This phenomenon is mainly ascribed to

weakened Zn2+ solvation effect which improves the ion transfer-

ence number in the LP100 electrolyte [30,60].

We evaluated the electrochemical performance of Zn||MnO2 full

cells with different electrolytes. The cyclic voltammetry (CV) curves

of the Zn||MnO2 cell at a scan rate of 0.2mV/s with various elec-

trolytes are shown in Fig. 4a. The Zn||MnO2 full cell with the LP100
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electrolyte exhibits less voltage polarization compared to the ZSO

electrolyte, indicating improved reversibility after electrolyte mod-

ification [37]. The rate performance of the Zn||MnO2 full cell was

assessed at different current densities. As displayed in Fig. 4b, the

LP100 electrolyte significantly enhances the rate capacity, deliver-

ing a high discharge capacity of 281.6mAh/g at 0.2A/g. It main-

tains specific capacities of 226.4, 169.4, 112.2, and 81.0mAh/g at

0.5, 1.0, 2.0, and 4.0A/g, respectively. The corresponding charge-

discharge curves in Fig. 4c and Fig. S17 (Supporting information)

further demonstrate the improved capacity of the full cell with

the LP100 electrolyte. The incorporation of LP molecules effectively

suppressed parasitic reactions, reducing self-discharge. As shown

in Figs. 4d and e, the LP100 electrolyte-based full cell retained

98.1% of its initial capacity after 24h rest, exhibiting a significant

improvement compared to the ZSO electrolyte cells, which retained

only 61.9%. Additionally, as shown in Fig. 4f, the long-term cy-

cling performance of the full cells with different electrolytes was

evaluated at a current density of 2.0A/g. The Zn||MnO2 full cell

with LP100 electrolyte demonstrates superior cycle life and stabil-

ity compared to the ZSO electrolyte. As shown in Fig. 4g, even with

an ultrathin Zn anode (20μm) and low N/P ration (4.8), the pouch

cell (3 cm×4 cm) exhibits excellent long-term cycling performance,

maintaining a capacity of 156.7mAh/g after 400 cycles at 1.0 A/g.

As show in Fig. 4h, the pouch cell efficient power supply when

used to drive a digital timer, illustrating the ability of LP molecules

to reduce parasitic reactions and minimize energy loss.

In summary, inspired by the natural affinity between Zn2+ and

amino acid chains in ZFPs, a cost-effective and environmentally

friendly LP additive was introduced into the aqueous electrolyte to

stabilize the Zn anode. Through a combination of theoretical cal-

culations and electrochemical tests, LP plays a key role in modu-

lating the interactions between Zn2+, H2O molecules, and SO4
2-.

Concretely, the LP molecules not only modify the solvation sheath

by replacing coordinated H2O molecules, but preferentially adsorb

onto the Zn metal anode, preventing the “tip effect”. This promotes

uniform Zn nucleation and dendrite-free deposition on the cycled

Zn anode. Zn anodes can be cycled for 3400h at 2.0mA/cm2 in the

Zn symmetrical cell. By adopting the LP additive, the Zn||Cu asym-

metrical cell achieves a high average CE of 99.60% for over 2100

cycles at 2.0mA/cm2. Notably, the Zn||MnO2 full cell exhibited ex-

cellent cycling stability and capacity retention after 400 cycles in

a pouch cell, demonstrating the LP molecules show great poten-

tial in improving the applicability of AZIBs. Our findings present a

simple and effective electrolyte design strategy, which can signif-

icantly contribute to the development of low-cost AZIBs commer-

cialization.
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