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Abstract
Metallic  zinc  anodes  are  promising  candidates  for  aqueous  batteries  due  to  their  high
abundance, low cost, and environmental friendliness. However, challenges such as dendrite
formation,  hydrogen  evolution  side  reactions,  and  irreversible  corrosion  hinder  their
practical application. In this study, we propose a pyrrolic nitrogen-enriched solid electrolyte
interphase (SEI) layer to overcome these limitations and achieve a stable,  dendrite-free
zinc anode. By leveraging molecular functionalization, pyrrolic nitrogen facilitates uniform
zinc deposition,  suppresses unfavorable  side reactions,  and enhances the overall  anode
stability.  Systematic  experimental  validation  reveals  that  the  engineered  SEI  achieves
remarkable electrochemical performance, maintaining over 95% Coulombic efficiency and
delivering  long-term  cycling  stability  beyond  500  cycles  in  an  aqueous  environment.
Further computational simulations elucidate the synergistic interactions between pyrrolic
nitrogen and zinc ions, offering deep insights into the underlying mechanisms of interphase
stabilization. This work not only addresses the primary bottlenecks of zinc anodes but also
establishes  a  scalable  design  framework  for  next-generation  aqueous  zinc  batteries,
enabling  both  improved  durability  and  higher  efficiency  for  real-world  applications.
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INTRODUCTION
The depletion of fossil fuel resources, along with escalating environmental concerns, has significantly

increased the demand for clean and sustainable energy solutions. Although renewable energy sources offer

substantial promise, their intermittent and variable nature underscores the need for efficient energy storage

and conversion technologies to ensure their reliable integration into large-scale power grids. Among various

energy storage systems, lithium-ion batteries have become the dominant choice in consumer electronics and

electric vehicles, leading the secondary battery market
[1-3]

. Despite their commercial success, lithium-ion

batteries are plagued by high costs, limited safety, and constrained resource availability. These limitations

have catalyzed interest in alternative energy storage technologies, with aqueous batteries emerging as strong

contenders due to their high safety, low cost, excellent ionic conductivity, straightforward assembly, and

compatibility with air-based manufacturing processes. As a result, aqueous batteries are regarded as one of

the most promising candidates for large-scale grid energy storage applications
[4-8]

.

Among various aqueous battery systems, zinc-ion batteries (ZIBs) have gained renewed attention as a viable

option in recent years
[9-12]

. Zinc, as a negative electrode material, offers numerous advantages, including a

high specific capacity of 820 mAh g
-1

, an impressive volumetric capacity of 5,854 mAh cm
-3

, a low redox

potential [-0.762 V vs. standard hydrogen electrode (SHE)], a high hydrogen evolution overpotential, and

reversible deposition/dissolution behavior
[13]

. These properties have established zinc as a cornerstone for

water-based batteries since Alessandro Volta’s invention of the voltaic cell over two centuries ago. Various

ZIB chemistries, such as Zn-MnO
2

[14]
, Zn-I

2

[15]
, and Zn-Br

2

[16]
, have been developed, with some achieving

commercial success. Today, ZIBs continue to play a critical role in powering consumer electronics,

accounting for approximately one-third of the global battery market. However, despite these advancements,

significant challenges hinder the practical application of zinc anodes. Challenges such as dendrite formation,

hydrogen evolution reactions (HER), and corrosion in acidic, neutral, and alkaline electrolytes hinder the

capacity retention, safety, and lifespan of ZIBs
[3]

. These problems are exacerbated during the zinc

plating/stripping process, where dendrite formation, interfacial parasitic reactions, and surface corrosion

decrease Coulombic efficiency (CE) and lead to short cycle lives. Addressing these limitations requires

innovative solutions to develop dendrite-free and stable zinc anodes for aqueous ZIBs.

To mitigate these challenges, a variety of strategies have been explored by researchers, including electrolyte

additives
[17,18]

, structural modifications of zinc electrodes, and protective coatings on zinc surfaces
[19]

. Various

methods have been explored for stabilizing zinc anodes, including surface coating, alloying, and optimizing

zinc structures such as artificial V
2
O

5

[20]
, ZnS

[21]
, ZnMoO

4

[22]
, ZnSe

[23]
, ZnO

[24]
, and 3D Zn foil

[25]
. However,

artificial coatings often suffer from poor compatibility with the zinc matrix, leading to their detachment

during the stripping/plating process. In certain cases, the deposited Zn underneath the coating layer can

weaken its adhesion to the zinc substrate, thereby diminishing its protective efficacy
[26]

. Given their

compatibility with existing battery production technologies, electrolyte additives have emerged as one of the

simplest and most effective strategies. To date, diverse additives have been developed, including inorganic

additives [e.g. , MnSO
4

[ 2 7 ]
, Zn

3
(PO

4
)

2

[ 2 8 ]
, trimethylethyl ammonium trifluoromethanesulfonate

(Me
3
EtNOTF)

[29]
, tetrasodium-ethylenediaminetetraacetate (Na

4
EDTA)

[30]
) and organic additives (e.g.,

dimethyl sulfoxide (DMSO)
[ 3 1 ]

, poly (ethylene oxide) (PEO)
[ 3 2 ]

, dimethylformamide (DMF)
[ 3 3 ]

,

polyvinylpyrrolidone (PVP)
[34]

, bilirubin
[35]

, hexaoxacyclooctadecane
[36]

]. Electrolyte additives generally

contribute to dendrite suppression through mechanisms such as creating electrostatic shields, enhancing

nucleation sites, reshaping zinc crystal orientations, and regulating solvation structures
[17,37]

. In addition,

interface engineering has proven to be a crucial approach for enhancing the stability and performance of

energy materials. Host-guest interactions are essential in directing the growth of inorganic nanostructures,

allowing for the precise control of material morphology and electrochemical properties. Recent studies have

demonstrated that engineering these interactions at the atomic level can significantly improve the efficiency
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of energy storage materials, such as Zn anodes in aqueous batteries. For instance, certain organic additives

such as polyacrylamide can enhance the anode reversibility by modifying nucleation sites and

overpotentials
[38]

. Cao et al.
[31]

 reported DMSO, as an electrolyte additive, to form solid electrolyte interphase

(SEI), which consists of Zn
12

(SO
4
)

3
Cl

3
(OH)

15
·5H

2
O. Wang et al.

[39]
 introduced N-methyl pyrrolidone (NMP)

into the electrolyte in situ creating a contact N-rich SEI layer on Zn anodes. Huang et al.
[40]

 demonstrated

that trans-butenedioic acid (fumaric acid) improves the formation of favorable interfacial structures,

enhancing Zn deposition and improving full cell cycling stability. However, these studies have yet to fully

explore the atomic-level regulation of the SEI. While graphitic-N and pyridinic-N functionalities have been

explored for Zn ion storage and SEI modification, their use still presents challenges such as weak interaction

with Zn
2+

 and higher nucleation barriers
[12,39]

. In contrast, pyrrolic-N offers a more favorable binding energy

with Zn
2+

, functioning as a stronger Lewis base, which not only lowers the nucleation barrier but also enables

more uniform Zn deposition and prevents dendrite formation
[41]

. This aspect has not been extensively

explored in previous studies, underscoring the need for this approach in the field of Zn anode protection. By

enriching pyrrolic-N species within the SEI, our strategy delivers a unique interphase chemistry that couples

strong Zn
2+

 binding, dendrite suppression, and corrosion resistance. This essential difference highlights the

novelty of our approach and its potential to provide a scalable framework for SEI design in aqueous Zn

batteries.

In this study, a pyrrolic-N-dominated organic/inorganic SEI was successfully developed on zinc anodes

through an in situ electrochemical strategy during battery working. This multifunctional SEI acts as a

protective barrier, preventing corrosion and electrolyte breakdown while maintaining excellent interfacial

stability. By promoting uniform Zn
2+

 distribution and harmonized ion migration, the SEI facilitates

dendrite-free zinc nucleation and growth. Electrochemical characterization and in situ observations reveal

that this SEI enables the production of highly stable zinc electrodes, capable of maintaining steady cycling for

350 cycles at 10 mA cm
-2
 with a capacity of 10 mAh cm

-2
. Furthermore, Zn||NH

4
V

4
O

10
 (NHVO) full batteries

featuring this SEI-protected zinc anode achieve a high capacity of 297.3 mAh g
-1
 with 81.8% retention after

300 cycles. Overall, this in situ technique represents a significant advancement in aqueous ZIB technology,

offering a scalable and effective approach for SEI engineering. This approach lays the foundation for

overcoming the fundamental challenges of Zn metal anodes, thereby unlocking the full potential of ZIBs for

practical applications.

EXPERIMENTAL
Fabrication of NH4V4O10

NH
4
V

4
O

10
 (NHVO) powder was synthesized via a hydrothermal method. Initially, ammonium metavanadate

and oxalic acid dihydrate were dissolved in deionized water at a certain ratio
[42]

. The solution was stirred at

60 °C for 1 h to ensure the formation of a homogeneous yellow-green solution. The resulting solution was

then transferred into a polytetrafluoroethylene (PTFE)-lined autoclave, sealed, and subjected to

hydrothermal treatment at 180 °C for eight h in an electric oven. Upon completion of the hydrothermal

process, the precipitate was collected, washed thoroughly with deionized water and anhydrous ethanol to

eliminate residual impurities, and then dried overnight at 60 °C to obtain the final NHVO product.

Materials characterization

The crystal structure of the synthesized NHVO was analyzed by X-ray powder diffraction (XRD) using a

Bruker AXS D8 Advance diffractometer with Cu Kα radiation (Bruker, Billerica, MA, USA). The

morphology of the samples was observed using field emission scanning electron microscopy (Hitachi S-4700;

Hitachi, Tokyo, Japan). The zinc plating process was visualized in situ using an optical microscope (Nikon,

LV-LH50PC; Nikon, Tokyo, Japan)
[43]

. The wettability of bare Zn and Aniline-modified Zn was determined

using a contact angle measurement system (ramé-hart Model 250; Ramé-Hart Instrument Co., Succasunna,
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NJ, USA). In addition, 3D surface height images were obtained using a 3D scanning confocal laser

microscope (Keyence, VK-2000; Keyence, Osaka, Japan). X-ray photoelectron spectroscopy (XPS) tests were

conducted on a Thermo Scientific ESCALAB 250Xi system (Thermo Fisher Scientific, Waltham, MA, USA)

to characterize the interfacial structure of cycled Zn anodes. The Ar
+
 sputtering etch rate was ~0.24 nm s

-1
,

allowing depth-resolved analysis of the SEI composition. Complementary time-of-flight secondary ion mass

spectrometry (TOF-SIMS, nano TOF III; Ulvac-PHI, Chigasaki, Japan) was employed to resolve the depth

distribution of organic and inorganic fragments within the SEI.

Electrochemical measurements

CR2032-type coin cells (20 mm diameter, 3.2 mm thickness) were assembled under ambient conditions,

leveraging the stability of the Zn anodes. Zn||Ti half-cells were fabricated and tested, where Zn served as the

anode and Ti foils were used as the working electrode. The assembled batteries were discharged at a constant

current for 30 min and subsequently recharged to a cutoff voltage of 1.0 V. To evaluate the cycling stability of

the zinc anode, Zn||Zn symmetric cells were subjected to constant current densities and areal capacities. For

Zn||NHVO full batteries, cathodes were prepared using a mixture of NHVO (60 wt.%), carbon nanotubes

(30 wt.%), and poly(vinylidene fluoride) (10 wt.%) with the mass loading ranging from 1.0 to 2.0 mg cm
-2

.

Zinc foil (12 mm in diameter, 100 μm thick) and Ti foil (12 mm in diameter, 50 μm thick) were employed as

the counter/reference electrodes and current collectors, respectively. A 2 M ZnSO
4
 aqueous solution was

used as the electrolyte, while a glass fiber was adopted as the separator. To investigate the effect of aniline on

the electrolyte, various concentrations of aniline (0.1, 0.6, and 2.0 mg mL
-1

) were added to the ZnSO
4

solution. The assembled batteries were tested using a LANHE battery test system (CT-3001A, Wuhan,

China) within a voltage range of 0.2-1.6 V (vs. Zn
2+

/Zn) at a given constant current density. Cyclic

voltammetry (CV) was performed within a potential window of 0.2 to 1.6 V, at a scan rate of 1-10 mV s
-1

.

Electrochemical impedance spectroscopy (EIS) measurements were conducted over a frequency range of

0.001 Hz to 10
5
 Hz, with an applied alternating current (AC) voltage amplitude of 10 mV.

Theoretical calculations

Density functional theory (DFT) simulations were conducted using the Vienna Ab initio Simulation Package

(VASP) to investigate the electronic structure and interaction mechanisms of the system. The

exchange-correlation interactions were modeled using the generalized gradient approximation (GGA),

employing the Perdew-Burke-Ernzerhof (PBE) functional to accurately describe the electronic properties.

This computational approach enabled a detailed analysis of the material’s stability and reactivity at the

atomic level, providing insights into its behavior in the context of the studied applications
[44]

. A five-layer 5 ×
5 × 1 Zn (002) supercell with a 15 Å vacuum layer was constructed to model the Zn metal anodes. During the

optimization process, the top two atomic layers were fully relaxed, while the bottom three layers were kept

fixed to maintain the bulk structure. The adsorption energies (E
ads

) of aniline and H
2
O in the Zn model were

obtained as E
ads

 = E
Zn+X

 - E
Zn

 - E
X
, where E

Zn+X
, E

Zn
, and E

X
 are the energies of the total system, Zn (002) surface,

and aniline or H
2
O, respectively. The binding energy (E

binding
) between Zn

2+
, aniline, and H

2
O molecules was

determined using the formula: E
binding

 = E
total

 - E
a
 - E

b
, where E

total
 represents the energy of the complete system,

while E
a
 and E

b
 correspond to the energies of the individual components. This calculation allows for an

in-depth understanding of the interaction strength between the metal ion and the molecules in the system,

providing insights into their relative stabilities and potential roles in the formation of the SEI.

RESULTS AND DISCUSSION
The significant role of aniline in promoting stable zinc electrodeposition is highlighted in Supplementary

Figure 1. In the absence of aniline, during the plating process in a bare ZnSO
4
 solution, Zn

2+
 ions exhibit

random absorption on the zinc surface, followed by migration to the tips of nucleation sites, which results in

dendrite formation. This phenomenon, as observed through scanning electron microscopy (SEM)
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[Supplementary Figure 2], is intensified by the competing adsorption of H
2
O molecules on the Zn anode

surface and the inherent low reversibility of the Zn anode. These conditions lead to undesirable side

reactions, including HER and the formation of by-products
[45]

. To mitigate these issues, aniline is introduced

into the electrolyte, where it interacts with the Zn surface to form a hybrid organic-inorganic SEI. The

aniline molecules are absorbed onto the zinc surface, undergoing further reduction to form a stable and

uniform SEI layer. Upon adsorption onto the Zn surface, aniline undergoes reductive polymerization and

partial dehydrogenation. This process yields poly(aniline)-like fragments and nitrogen-containing moieties

(notably pyrrolic- and pyridinic-N), which are incorporated into the SEI. XPS analysis confirms these

species, with pyrrolic-N enriched at the outer layer and pyridinic-N stabilized in the inner layer of the

interphase. The presence of these N-functional groups plays a crucial role in stabilizing the SEI by

coordinating with Zn
2+

 ions, reducing nucleation overpotential, and ensuring uniform Zn deposition.

Overall, the addition of aniline to the electrolyte proves to be a practical and efficient strategy for stabilizing

Zn electrodeposition. By forming a protective SEI layer, it significantly enhances the uniformity and

reversibility of Zn plating, paving the way for improved performance in aqueous ZIBs.

To evaluate the effectiveness of the aniline-derived organic-inorganic SEI in enhancing the electrochemical

stability of Zn, long-term charge-discharge cycling tests were performed on Zn||Zn symmetric cells using the

proposed electrolyte. The impact of aniline addition was also investigated. Under the current density of

1 mA cm
-2
 with 1 mA h cm

-2
, the initial overpotential for Zn plating/stripping in the proposed electrolyte was

marginally higher than that in the baseline electrolyte [Figure 1A and B]. However, while the symmetric cell

in the baseline electrolyte experienced unstable voltage profiles and failed after 112 h due to “dead” Zn

accumulation and side reactions, the cell with the SEI layer in the proposed electrolyte achieved reversible

and stable cycling for over 600 h. This result underscores the critical role of the SEI layer in enhancing

cycling stability and mitigating the adverse effects of Zn deposition. Excess aniline (2.0 mg mL
-1

) was found

to slightly reduce cycle life due to increased polarization and charge transfer resistance, whereas the optimal

electrolyte containing 0.6 mg mL
-1
 of aniline extended the longevity from 112 h to over 600 h. Furthermore,

the electrolyte supported higher areal capacities, achieving stable voltage polarization at 10 mAh cm
-2

 for

350 h, whereas the baseline electrolyte suffered dendrite-induced short circuits after just 50 h [Figure 1C and

D]. As shown in Supplementary Figure 3A, the initial nucleation overpotential of the aniline-modified Zn

electrode (327.7 mV) is higher than that of bare Zn (211.7 mV). This increase arises from the electrochemical

decomposition of aniline and the concurrent formation of a compact SEI layer on the Zn surface. The

presence of this interphase temporarily elevates the nucleation barrier but effectively regulates Zn
2+

 flux,

leading to smoother deposition. Similar phenomena have been observed for NMP additives forming

nitrogen-rich SEIs on Zn anodes
[39]

. Importantly, after 100 cycles, the symmetric cell with aniline exhibits a

lower polarization (95.8 mV) than its bare counterpart (117.5 mV) [Supplementary Figure 3B], verifying that

the SEI contributes to reduced interfacial resistance and enhanced long-term stability of Zn plating/stripping.

Under extreme conditions, such as 30 mA cm
-2

 with 30 mAh cm
-2

, the aniline-protected symmetric cell

sustained over 50 h of cycl ing, as shown in Supplementary Figure 4. The performance of the

pyrrolic-N-dominated SEI was further compared with that of other state-of-the-art Zn metal anodes. As

shown in Supplementary Table 1, our pyrrolic-N-dominated SEI demonstrates superior electrochemical

stability, significantly improving the cycling performance of Zn anodes compared to other conventional

artificial interphase layers. These results confirm that the SEI facilitates uniform Zn deposition, reliable Zn

plating/stripping, and rapid Zn
2+

 diffusion pathways.

The CEs of half-cells were evaluated in both the baseline and customized electrolytes [Figure 1E]. In the

baseline electrolyte, the cell exhibited low and unstable CEs, averaging only 90.1%, primarily due to dendrite

growth and side reactions. Over 50 cycles, the CE declined further, likely caused by competing hydrogen

evolution during cycling. Conversely, the cell in the customized electrolyte showed significantly improved
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Figure 1. Electrochemical performance of symmetric cells and half-cells. (A and B) Long-term cycling of symmetric cells in the baseline and
proposed electrolytes at 1.0 mA cm-2 with 1.0 mA h cm-2; (C and D) Cycling performance at 10.0 mA cm-2 with 10.0 mA h cm-2; (E-G) CEs
of Zn||Ti half cells and the corresponding charge-discharge voltage profiles during Zn plating/stripping at 5.0 mA cm-2 with 2.5 mA h cm-2.

and stable performance, achieving an average CE of 99.5% over 70 cycles, with consistent voltage profiles

throughout. The slightly reduced CE observed during the initial cycles was attributed to interfacial activation

involving active Zn
2+

 species. These results demonstrate that the SEI facilitates uniform Zn plating/stripping,

suppresses side reactions, and markedly enhances Zn utilization efficiency
[23]

. Furthermore, the half-cells

without aniline display an overpotential of 84 mV [Figure 1F], whereas the cells with aniline show a

markedly lower value of 61 mV [Figure 1G]. This reduction in overpotential directly indicates facilitated Zn

nucleation, since the energy barrier for initial Zn
2+

 deposition is effectively lowered. The presence of

pyrrolic-N species in the SEI provides abundant nucleation sites and enhances Zn
2+

 adsorption, thereby

enabling uniform nucleation and subsequent dendrite-free growth.

To visualize the behavior of Zn plating, we employed an optical microscope to track the in-situ evolution of

surface morphology in Zn anodes within a sealed transparent cell at 10 mA cm
-2
. During the plating process

for 0 min to 30 min [Figure 2A], the bare Zn anode displayed disordered and dendritic Zn growth. In

contrast, the Aniline-Zn anode exhibited a dense and uniform plating surface, highlighting its ability to

suppress dendrite formation and promote controlled Zn deposition [Figure 2B]. The absence of dendritic

formations on the Aniline-Zn electrode even after 30 minutes indicates a significant improvement in Zn

nucleation uniformity and the effective inhibition of dendrite growth by the aniline-derived SEI layer. The

microstructural evolution of Zn electrodes following repeated cycling further highlights the advantages of the

SEI coating. The baseline electrolyte behaved in chaotic dendritic clusters and thick layers of “dead” Zn,
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Figure 2. In situ optical microscopy images showing deposited Zn without (A) and with aniline (B) at 10 mA cm-2; Top-view and
cross-section SEM of Zn anodes after 5 cycles without (C and E) and with (D and F) aniline at 10 mA cm-2. SEM: Scanning electron
microscopy.

consistent with the polarization variations discussed earlier, indicating uncontrolled Zn deposition and

persistent side reactions [Figure 2C]
[46]

. In contrast, Zn electrodes cycled in the aniline-containing electrolyte

exhibited a smooth and homogeneous surface characterized by a dense array of zinc flakes [Figure 2D].

These flakes were closely packed and aligned in a specific direction on the Zn electrode surface. Elemental

analysis through energy-dispersive X-ray spectrometry (EDS) mapping [Supplementary Figure 5] showed a

uniform distribution of C, N, O, S, and Zn, with calculated contents of 4.67%, 0.62%, 34.04%, 6.96%, and

53.72%, respectively (EDS spectrum in Supplementary Figure 6). Cross-sectional SEM images further

illustrated the contrast in deposition morphology. Zn plated in the absence of aniline formed a thick and

uneven layer of ~14 µm [Figure 2E], while the presence of aniline resulted in a compact and uniform Zn

deposition layer with an average thickness of ~6 µm [Figure 2F]. This consistent nucleation and

homogeneous Zn deposition morphology indicate an even flux of Zn
2+

 ions, demonstrating the effectiveness

of the aniline-derived SEI layer in promoting stable and uniform Zn plating.

Three-dimensional laser microscopy images reveal that the Zn anode with aniline exhibits a height difference

of 98.3 µm and a surface roughness of 7.2 µm [Figure 3A]. In comparison, the deposited Zn without aniline

displays a significantly greater height difference of 131.6 µm and a surface roughness of 10.8 µm [Figure 3B].

These findings indicate that the Aniline-Zn anode achieves a notably smoother surface compared to the Zn

without aniline. Furthermore, the hydrophobic nature of the Zn anode results in low wettability, as reflected

by the high contact angle of 84
0

 for the Zn anode without aniline [Figure 3C]. Conversely, the Aniline-Zn

anode exhibits a substantially lower contact angle of 35
0

, demonstrating enhanced wettability. The improved

wettability, coupled with the in situ-formed SEI layer, significantly reduces interfacial energy barriers and

ensures uniform Zn deposition. These results confirm that the Aniline-Zn anode outperforms the bare Zn

anode in terms of surface smoothness and wettability. These enhancements, attributable to the in situ aniline
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Figure 3. 3D laser microscopy images of Zn anodes cycled with (A) and without (B) aniline additive; (C) Electrolyte Contact angle tests;
(D) Tafel curves and (E) LSV curves; (F) EIS of the bare Zn and Aniline-Zn symmetric cells. EIS: Electrochemical impedance spectroscopy;
LSV: linear sweep voltammetry; CA: contact angle.

layer, have the potential to significantly improve Zn plating performance and efficiency in aqueous

systems
[47]

.

Zinc anodes are prone to degradation due to Zn corrosion and H
2
 evolution processes. To evaluate the

impact of the aniline-derived SEI on zinc corrosion, Tafel tests were conducted, as shown in Figure 3D.

Compared to bare Zn, the aniline-coated Zn exhibited a slightly increased corrosion potential from -1.015 V

to -1.011 V, indicating that the SEI layer effectively mitigates corrosion by acting as a protective barrier
[28]

.

Linear sweep voltammetry (LSV) was used to assess HER in a 1 M Na
2
SO

4
 solution, minimizing interference

from zinc deposition. The addition of aniline increased the HER polarization, as evidenced by a decrease in

the HER onset potential by approximately 80 mV, reflecting reduced water adsorption and suppressed HER

activity [Figure 3E]
[48]

. These findings illustrate the ability of the SEI layer to suppress HER and emphasize its

protective role on the zinc surface. To further evaluate the stability enhancements provided by the SEI layer,

EIS was conducted [Figure 3F]. The impedance of the cell without aniline was nearly double that of the

aniline cell, underscoring the improved interfacial stability achieved with the SEI layer. Notably, the cell with

aniline displayed a stable charge-transfer resistance of 260 Ω in the optimized electrolyte, with no significant

increase in resistance observed at the initial state [Supplementary Figure 7]. CV analysis of half-cells revealed

characteristic cathodic and anodic peaks. The aniline additive exhibited a shorter delay in the onset of the

cathodic current, indicating a lower plating overpotential and a reduced Zn
2 +

 deposition barrier

[Supplementary Figure 8]
[49]

. This suggests that the aniline-derived SEI layer not only minimizes unwanted

side reactions but also significantly enhances interfacial stability and promotes efficient Zn plating/stripping.

DFT calculations were performed to examine the interaction between Zn
2+

 and aniline. Electrostatic potential

(ESP) mapping of aniline [Supplementary Figure 9] revealed a higher local electronegativity compared to

H
2
O, suggesting that aniline is more likely to interact with Zn

2+
 in the solvation sheath. This observation

aligns with the elemental electron densities presented in Supplementary Figure 10. A comparison of the

binding energies for Zn-H
2
O and Zn-aniline interactions [Supplementary Figure 11] demonstrated that Zn

2+
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Figure 4. (A) Charge density difference distribution between Zn and aniline; (B) Adsorption energies on the Zn(002) crystal plane; (C)
HOMO and LUMO energy levels; (D) In-depth high-resolution XPS of C 1s and (E) N 1s. HOMO: Highest occupied molecular orbital;
LUMO: lowest unoccupied molecular orbital; XPS: X-ray photoelectron spectroscopy.

has a stronger affinity for aniline (-0.62 eV) than for H
2
O (-0.15 eV), confirming its preference for aniline.

Charge transfer at the Zn-aniline interface is clearly illustrated in Figure 4A. Additionally, the adsorption

energies of aniline on various Zn surface locations were computed, revealing that the interaction between Zn

and aniline is consistently stronger than that between Zn and H
2
O, regardless of orientation (top, down, or

parallel) [Supplementary Figure 12]
[50]

. Notably, aniline adsorption energy reaches as high as -1.71 eV at a

parallel site on the zinc surface [Figure 4B]. Detailed energy level calculations for the lowest unoccupied

molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) revealed that aniline

exhibits a narrower electrochemical stability window (ESW) than H
2
O. This is demonstrated by its lower

LUMO energy level of -0.25 eV, in contrast to the LUMO of H
2
O at 1.05 eV [Figure 4C]

[51-53]
. To assess

whether aniline decomposes on the Zn anode during cycling, comprehensive surface characterization of

cycled electrodes will be necessary.

Using Ar
+
 sputtering in conjunction with XPS, the elemental composition at the surface of the Zn anode was

analyzed after ten cycles. The C 1s spectra displayed a peak at 284.3 eV, which is attributed to sp
2
 C-C/C-H

groups [Figure 4D]. After one minute of sputtering, inorganic ZnCO
3
 was detected at 291.9 eV

[54]
. These

species remained in the spectra even after extended Ar
+
 sputtering, indicating the formation of a robust layer

on the Zn anode. This layer implies that the organic molecules detected within the electrode are not simply

surface-adsorbed, but rather arise from the electrochemical decomposition of aniline. The N 1s spectra of the

Zn anode cycled in the electrolyte with the additive of aniline showed signals for pyrrolic C-N (402.9 eV) and
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pyridinic C-N (395.1 eV) prior to sputtering [Figure 4E]. These signals are likely attributable to the

decomposition and/or adsorption of aniline. As sputtering progressed, the intensities of pyrrolic C-N and

pyridinic C-N species shifted, with pyrrolic C-N predominantly localized in the outer layer, while pyridinic

C-N persisted in the inner layer. This observation suggests a layered distribution of decomposition products,

with pyridinic C-N being more stable in the electrode's inner regions. Additionally, the O 1s and S 2p spectra

showed signals for -SO
4
/C-O (531.8 eV) and organic-S species (168.2 eV), primarily localized in the inner

layer [Supplementary Figure 13]. These signals are attributed to the electrochemical reduction of ZnSO
4
 in

the electrolyte
[39]

. Collectively, the findings demonstrate that the electrochemical reduction of both aniline

and ZnSO
4
 occurs on the complex Zn anode surface cycled in the aniline-containing electrolyte. To gain

deeper insight into the SEI composition, TOF-SIMS was employed. As shown in Supplementary Figure 14,

surface analysis revealed ionic fragments of SEI components, while depth profiling demonstrated a gradual

decrease of CH- intensity with increasing sputtering depth, accompanied by a corresponding increase in ZnS

signals. These results indicate that inorganic species such as ZnO and ZnS are preferentially enriched in the

inner layer, where they stabilize the Zn anode and regulate Zn
2+

 transport. In contrast, organic fragments

such as CH- and CN- dominate the outer layer, forming a compact organic-rich matrix that reinforces the

mechanical robustness of the SEI. These f indings emphasize that the pyrrol ic-N-dominated

organic-inorganic SEI, formed through the electrochemical decomposition of aniline, significantly facilitates

Zn plating/stripping. This SEI plays a crucial role in enhancing the stability and electrochemical performance

of the Zn anode
[ 5 5 ]

. It should be noted, however, that aniline is a toxic compound with potential

environmental concerns. In this work, only small amounts were employed as electrolyte additives,

minimizing the associated risks. Nevertheless, future efforts should explore greener molecular precursors

with similar functionalities to construct pyrrolic-N-rich SEI layers, thereby ensuring both electrochemical

performance and environmental sustainability.

By analyzing the interaction between a single Zn atom and carbon atoms through DFT calculations, as

shown in Figure 5A and Supplementary Figure 15, intriguing insights into adsorption behaviors are revealed.

The formation energy between a Zn atom and pristine carbon is relatively weak, measured at -0.7 eV [Figure

5B]. This can be attributed to the inherent stability of carbon atoms, which form six-membered rings with

saturated electron orbitals [Supplementary Figure 15A], leaving no additional electrons available for Zn

adsorption. Interestingly, the adsorption energy for graphitic-N exhibits a positive value of 0.40 eV. In this

configuration, the graphitic-N atom connects to three carbon atoms within the stable six-membered ring

[Supplementary Figure 15B]. The involvement of the N atom in π bond formation enhances local charge

density and electrical conductivity. However, this increased interfacial energy and sizable nucleation barrier

may lead to undesirable failure mechanisms. In contrast, the pyridinic-N atom, which is part of a

six-membered carbon ring in a coplanar arrangement [Supplementary Figure 15C], participates in π bond

conjugation and introduces an additional electron. With connections to two carbon atoms, pyridinic-N

exhibits a negative formation energy of -1.2 eV, suggesting a stronger interaction with Zn
[56]

. The pyrrolic-N

atom, however, displays the most favorable adsorption characteristics. Belonging to a five-membered carbon

ring and connecting to two carbon atoms [Supplementary Figure 15D], it functions as a Lewis base by

donating a lone pair of electrons
[57]

. This enables a strong interaction with the Zn ion, acting as a Lewis acid,

resulting in a significantly negative formation energy of -2.4 eV.

To explore the potential for alternative applications, we conducted a comprehensive electrochemical

characterization of Zn||NHVO full batteries. The presence of micrometer-sized NHVO powder was

confirmed via XRD [Supplementary Figure 16] and SEM [Supplementary Figure 17]
[58]

. It should also be

noted that NHVO serves as an efficient cathode owing to its layered crystal structure with open channels and

large interlayer spacing, which can accommodate reversible Zn
2+

/H
+
 insertion and extraction. This structural

feature not only contributes to the high capacity observed in the full cell but also synergizes with the
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Figure 5. (A) Graphic of Zn site in graphite and different types of N-doped graphite structure: Graphite, Graphitic-N, Pyridinic-N, and
Pyrrolic-N; (B) The formation energy of the Zn adsorption on four different structures.

SEI-protected Zn anode to deliver enhanced cycling stability and rate performance. CV curves for

Zn||NHVO full battery with aniline additive [Figure 6A] revealed redox peaks corresponding to reversible

Zn
2+

/H
+
 (de)intercalation processes at the cathode

[59]
. The rate performance of the Zn||NHVO full battery is

shown in Figure 6B. In the optimized electrolyte, the cell achieved high capacities of 493.7, 393.2, 354.8,

322.5, 394.1, and 214.3 mAh g
-1

 at current densities of 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 A g
-1

, respectively.

Remarkably, following high-rate cycling, the capacities rebounded to 372.6 mAh g
-1

, reflecting minimized

side reactions and enhanced durability of the protected Zn anode. In comparison, the Zn||NHVO full battery

without aniline additive exhibited low capacity and severe performance deterioration, primarily due to the

limited reversibility and instability of the unprotected Zn anodes [Figure 6C]. The Aniline-Zn||NHVO

battery displayed two distinct discharge plateaus with smaller polarization and specific capacities of 509.5

and 497.5 mAh g
-1
, consistent with the CV profiles. EIS measurements [Figure 6D] further demonstrated that

the Aniline-Zn electrode had a significantly reduced charge transfer resistance (R
ct
) in comparison to the

unmodified Zn anode, indicating enhanced reaction kinetics. The cycle sustainability of full batteries was

evaluated using a galvanostatic charge-discharge test at a current density of 1.0 A g
-1

 [Figure 6E]. The Zn

anode with protective treatment significantly improved the cycling stability, extending its lifespan to 300

cycles while maintaining 81.8% of its initial capacity. Specifically, the initial capacity was 363.6 mAh g
-1

, and

after 300 cycles, the capacity remained at 297.3 mAh g
-1

, demonstrating enhanced durability and reduced

capacity degradation over prolonged use. In contrast, the bare Zn anode retained only 37.2% of its capacity

(initial: 368.1 mAh g
-1
; final: 136.9 mAh g

-1
), primarily due to dendrite formation and increased irreversibility

in the planar Zn electrode
[60]

.

To elucidate the energy storage mechanism, CV curves at various scan rates were analyzed [Figure 6F].

Anodic and cathodic peak shifts, typical of pseudocapacitive behavior
[61]

, were observed. The current

response was fitted to the power law i = av
b
, where i is the peak current, v is the scan rate, a is a constant, and

b = 0.5 indicates diffusion control (battery-like behavior) and b = 1.0 corresponds to surface capacitance

(capacitor-like behavior). The b-values for peaks 1 and 2 in the protected Zn full cell were determined to be

0.88, suggesting a combination of ion diffusion and surface capacitance effects [Figure 6G]. The capacitive

and diffusion contributions were quantified using i(V) = k
1
v + k

2
v

1/2
, where i(V) is the current response at a

given potential V, v is the scan rate, and k
1
 and k

2
 reflect the respective capacitive and diffusion

contributions. For instance, the capacitive contributions at 0.4 mV s
-1

 in the aniline-containing electrolyte

[Supplementary Figure 18] represented 81% of the overall capacity, notably surpassing the 43% observed in

the baseline electrolyte [Supplementary Figure 19]. Across other scan rates [Figure 6H], the capacitive
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Figure 6. Electrochemical performance of Zn||NHVO full batteries. (A) CV measurement of full battery with aniline at 0.1 mV s-1; (B) Rate
property; (C) Charge/discharge curves of full battery with aniline; (D) EIS; (E) Long-term cycling performance at a current density of 1 A g-1;
(F) CV curves at various scanning rates (0.1-1.0 mV s-1); (G) Correlation between peak current and scan rates; (H) Contribution ratios of
diffusion and capacitance mechanisms in full batteries. NHVO: NH4V4O10; CV: cyclic voltammetry; EIS: electrochemical impedance
spectroscopy.

contribution increased from 69% to 91% as the scan rate rose from 0.1 to 1.0 mV s
-1

, outperforming the

baseline system. This improvement is attributed to reversible pseudocapacitive interactions between zinc

ions and the negatively charged pyrrolic-N in the SEI layer, enabling rapid reaction kinetics and enhanced

electrochemical performance
[41]

.

CONCLUSIONS
In  summary,  this  s tudy  presents  a  novel  in  s i tu  e lectrochemical  technique  to  construct  a

pyrrolic-N-dominated organic/inorganic SEI on zinc anodes, addressing critical challenges in aqueous ZIBs.

The developed SEI exhibits exceptional multifunctionality, including enhanced hydrophilicity, superior

Zn-ion conductivity, and robust adhesion properties. These features collectively suppress dendrite

formation, reduce interfacial side reactions, and improve the overall stability of the zinc anode.

Electrochemical evaluations reveal that the SEI-protected zinc anodes deliver outstanding performance.

Depth-resolved XPS and TOF-SIMS analyses confirm a stratified SEI structure, where inorganic species

(ZnO, ZnS) enrich the inner layer to stabilize Zn stripping/plating, while organic fragments (CH-, CN-)

dominate the outer layer to form a compact and robust barrier. Complementary DFT calculations reveal that

pyrrolic-N provides the most favorable adsorption energy among N-dopants, elucidating its crucial role in

regulating Zn
2+

 flux and suppressing dendrite growth and parasitic hydrogen evolution. Beyond addressing

immediate interfacial instability, this work highlights a mechanistic framework wherein molecularly
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engineered SEI chemistry, surface wettability, and interfacial adhesion are used to achieve durable Zn

anodes. These insights provide guiding principles for rational SEI design and are expected to inspire future

innovations toward stable interfaces in aqueous Zn-based batteries and related energy storage systems.
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