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HIGHLIGHTS
® A dual-site functional orchestration strategy is proposed using 2-imidazolidone to simultaneously reconfigure the anodic solvation
structure and suppress the cathodic polyiodide shuttle.

e The carbonyl (C=0) group modulates Zn>* solvation to induce preferred (002) deposition, while the imino (N-H) group chemically

moors polyiodides via hydrogen bonding, achieving decoupled synergistic regulation.

e This molecular engineering enables a record-breaking lifespan exceeding 5500 h at 8 mA ¢cm™ for Zn anodes and durable full-cell

cycling with 79.4% capacity retention over 2500 cycles.
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strategy by employing a single electrolyte addi- -~~~ Tt T L 7 VOl S TR cthode
tive, 2-imidazolidone (ELA), to concurrently

stabilize both the anode and cathode interfaces. On the anode side, the carbonyl (C=0) functional group of ELA initiates an effective
anodic modulation, regulating the Zn>* solvation environment and facilitating a dynamic adsorption layer. This homogenizes the ion flux
and guides preferential Zn deposition along the (002) plane, effectively suppressing dendrite formation. Concurrently, at the cathode, the
imino (N-H) group immobilizes soluble polyiodide species via hydrogen bonding, realizing an effective cathodic mooring. This targeted
confinement arrests the shuttle effect without impeding the intrinsic redox kinetics. This synergistic stabilization translates into exceptional
electrochemical performance, with symmetric cells achieving an ultra-long lifespan of over 5500 h at a high current density of 8 mA cm?
and the full ZnllI, cells demonstrating robust cycling with 79.4% capacity retention after 2500 cycles. This work introduces a dual-site

functional orchestration strategy, offering a pathway toward more durable aqueous batteries.
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1 Introduction

The global transition toward a decarbonized energy future
is contingent upon the development of large-scale energy
storage systems that overcome the resource constraints,
cost barriers, and intrinsic safety risks of incumbent lith-
ium-ion technologies [1-3]. Aqueous zinc—iodine batteries
(ZIBs) have emerged as a highly compelling alternative,
offering a rare convergence of high theoretical energy
density (~220 Wh kg™!), the rapid redox kinetics of the
L,/I” couple, intrinsic safety from non-flammable aque-
ous electrolytes, and the use of earth-abundant materials
[4, 5]. However, this immense promise is fundamentally
restricted by a nexus of intertwined interfacial instabili-
ties [6]. At the zinc anode, the notoriously high redox
potential of Zn/Zn* in aqueous media triggers a series
of parasitic reactions, including the hydrogen evolution
reaction (HER) and the formation of passivating zinc
hydroxide sulfate (ZHS) byproducts [7-9]. These issues,
compounded by inhomogeneous ion flux, lead to uncon-
trolled dendritic growth, which threatens to pierce the
separator and cause catastrophic short circuits [10, 11].
Concurrently, at the iodine cathode, the generation of
soluble polyiodide intermediates (e.g., I;~, I57) initiates a
debilitating parasitic redox loop, known as the polyiodide
shuttle effect [12]. This process not only leads to continu-
ous active material loss and low Coulombic efficiency but
also precipitates a chemical attack on the anode, creating
a cycle of synergistic degradation that has precluded the
practical realization of this technology [13—15].

To summon these formidable challenges, intensive
research has converged on mitigating the failure modes of
the individual electrodes. For the zinc anode, a spectrum
of sophisticated strategies has been pursued. Efforts have
centered on constructing artificial solid-electrolyte inter-
phases from polymers [16], metal oxides [17], or MXenes
[18] to physically block dendrite growth, while concur-
rently engineering three-dimensional current collectors
[19] to homogenize the electric field for uniform Zn depo-
sition. In parallel, significant attention has been devoted
to formulating advanced electrolytes, where additives or
“water-in-salt” [20] concepts are employed to modulate
the Zn** solvation sheath and promote planar plating
kinetics. Although these approaches have demonstrably
improved Zn stripping/plating reversibility and suppressed
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parasitic hydrogen evolution, their efficacy is often tran-
sient. Artificial interlayers frequently introduce substantial
interfacial impedance and are prone to mechanical failure
or passivation over prolonged cycling, whereas electrolyte
engineering alone is often insufficient to completely pacify
the thermodynamically favored parasitic chemistry at the
highly reactive Zn surface [21-23]. Concurrently, rigorous
optimization of the iodine cathode has targeted the noto-
rious polyiodide shuttle and sluggish kinetics. Strategies
have evolved from physical confinement within elaborate
carbon architectures [24] to chemical anchoring via polar
moieties or single-atom sites, alongside the introduc-
tion of potent electrocatalysts [25]. While these methods
enhance iodine utilization, they are not panacea. Physical
confinement remains incomplete, and the requisite high-
surface-area hosts add significant inactive mass, thereby
compromising the battery’s practical energy density and
rate capability. Fundamentally, the prevailing limitation
of these electrode-specific modifications is their “single-
ended” nature, meaning they typically address only one
side of the battery while neglecting the coupled degrada-
tion mechanisms at the counter electrode. For instance,
residual hydrogen evolution at the anode locally elevates
electrolyte pH, which in turn can trigger polyiodide dis-
proportionation at the cathode, creating a vicious cycle of
degradation that no single-electrode solution can unilat-
erally resolve. Therefore, a paradigm shift from isolated
fixes to a holistic, synergistic stabilization strategy is
imperative [26, 27]. However, simply introducing multi-
functional molecules is insufficient; existing bifunctional
additives often suffer from functional crosstalk, where
the non-specific adsorption of reactive groups can inad-
vertently poison catalytic sites or hinder ion diffusion. To
overcome these trade-offs, the rational design of a com-
ponent with chemically distinct, electronically decoupled
sites is required. Such a molecule must execute orthogonal
tasks, specifically modulating the solvation environment
at the anode and mooring active species at the cathode,
without mutual interference. This represents a paramount
yet unrealized objective for the advancement of high-per-
formance ZIBs.

We herein introduce a dual-site functional orchestra-
tion strategy to confront this grand challenge, actualized
through a single, bifunctional additive—2-imidazolidone
(ELA). This strategy leverages functionally decoupled
moieties for targeted, simultaneous regulation across the
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Scheme 1 Schematic illustration of the mechanism for the regulation of electrolyte solvation structure and the anode/cathode interface chemis-

try by ELA

electrode—electrolyte interfaces (as illustrated in Scheme 1).
At the anode, the carbonyl (C=0) group ignites a sophis-
ticated, multi-scale stabilization cascade that compels a
highly reversible and dendrite-free zinc deposition. It initi-
ates this process by reconfiguring the Zn>* solvation sheath
to suppress parasitic water reactions, establishing a dynamic
molecular layer to homogenize interfacial ion flux, and ulti-
mately guiding the preferential growth of dense, planar
(002) crystal plane. Concurrently, at the cathode, the imino
(N-H) group establishes a molecular-level mooring that
effectively resolves the notorious polyiodide shuttle effect.
It forms robust hydrogen bonds to anchor soluble polyiodide
intermediates within the cathodic region, thereby suppress-
ing their parasitic shuttling, enhancing the intrinsic iodine
redox kinetics, and ultimately preserving the active material
inventory. This profound molecular-level synergy manifests
in exceptional electrochemical durability. ELA-enhanced
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symmetric cells achieve a landmark lifespan exceeding
5500 h at a demanding 8 mA cm™~2, while the full ZnllI, cell
maintains an impressive 79.4% capacity retention over 2500
cycles. This work not only delivers an ultra-stable Zn-I, bat-
tery but also introduces a versatile molecular engineering
strategy for concurrently addressing the multifaceted inter-
facial challenges in next-generation aqueous energy storage
systems.

2 Experimental Section

2.1 Materials

Zinc sulfate heptahydrate (ZnSO,-7H,0, analytical reagent,
AR), iodine (I,, 99.8%), and 2-imidazolidinone (C;H¢N,O)

were purchased from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd. Activated carbon was supplied by Guangdong
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Canrd New Energy Technology Co., Ltd. Zinc foil (99.7%) and
titanium foil (0.03 mm thickness) were obtained from Sinop-
harm Chemical Reagent Co., Ltd. All chemicals and materials
were used as received without further purification.

2.2 Preparation of Electrolytes

The baseline electrolyte, denoted as ELA-0 (2 M ZnSO,),
was prepared by dissolving 287.55 g of zinc sulfate heptahy-
drate (ZnSO,-7H,0) in 500 mL of deionized (DI) water. The
ELA-10% electrolyte, consisting of 2 M ZnSO, and 10 mM
2-imidazolidinone (ELA), was formulated by adding 8.7 mg
of ELA (C;H¢N,0) into 10 mL of the as-prepared 2 M ZnSO,
electrolyte (ELA-0).

2.3 Fabrication of the Iodine Cathode

To prepare the iodine—carbon composite, iodine (70 wt%)
and activated carbon (30 wt%) were intimately mixed and
ground in an agate mortar for 0.5 h. The resulting powder was
transferred to a glass bottle, heated at 80 °C for 8 h, and sub-
sequently allowed to cool to ambient temperature. The cath-
ode slurry was then prepared by dispersing the as-prepared
composite, acetylene black (conductive agent), and polyvi-
nylidene fluoride (PVDF, binder) in an 8:1:1 mass ratio into
N-methyl-2-pyrrolidone (NMP), followed by further grinding
to form a homogeneous slurry. The slurry was uniformly cast
onto a Ti foil current collector using an automatic coater and
dried under vacuum at 40 °C for 2 h. The iodine cathodes
utilized in this study featured an areal mass loading of approxi-
mately 0.8-1.0 mg cm™2.

2.4 Characterization

X-ray diffraction (XRD) analysis was conducted using a
Rigaku RINT-2000 instrument equipped with a Cu Ka radia-
tion source (A=0.15418 nm) to investigate the physical phase
and crystal structure of the samples. The surface morphol-
ogy and structure of the zinc anode were characterized using
field-emission scanning electron microscopy (JSM-7500F).
Raman spectroscopy was performed on a Thermo Fisher
DXR spectrometer. X-ray photoelectron spectroscopy (XPS)
was carried out on a Thermo Fisher ESCALAB spectrom-
eter. In situ optical microscopy images of the zinc deposition
process were recorded using a LEICA DM2700M optical
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microscope. The wettability of the Zn anode in different elec-
trolytes was evaluated using OCA25 contact angle measure-
ments. Fourier-transform infrared spectroscopy (FTIR) was
performed using a Perkin Elmer Spectrum One 2 spectrom-
eter. The 1H nuclear magnetic resonance (NMR) spectra
were obtained using a Bruker AV-400 NMR spectrometer.
Transmission electron microscopy (TEM) was performed
on a Hitachi HT7700 instrument to analyze the microstruc-
ture and crystallinity of the materials. Zn K-edge analysis
was performed with Si (111) crystal monochromators at the
BLS8B beamlines at the Synchrotron Light Research Institute
(Public Organization) (Nakhon Ratchasima Thailand). Before
the analysis at the beamline, samples were pressed into thin
sheets with 1 cm in diameter and sealed using Kapton tape
film. The XAFS spectra were recorded at room temperature
using a 4-channel Silicon Drift Detector (SDD) Bruker 5040.
V K-edge extended X-ray absorption fine structure (EXAFS)
spectra were recorded in reflection mode. Negligible changes
in the line shape and peak position of V K-edge XANES
spectra were observed between two scans taken for a spe-
cific sample. Data processing was performed using the pro-
gram ATHENA. Extended X-ray absorption fine structure
(EXAFS) spectra were fitted using the FEFF 6.0 code.

2.5 Electrochemical Testing

CR2032 coin cells were assembled using GF/D-Whatman
glass fiber as the separator for ZnllZn symmetric cells, ZnlITi
asymmetric cells, and ZnllL, full cells. The electrochemical
performance of all cells was evaluated using a NEWARE
battery tester (CT-4008 T-5V50 mA-164, Shenzhen, China).
Cycling tests for ZnllZn symmetric cells and Znl|Ti half cells
were conducted under various current densities and capaci-
ties. Additionally, rate performance and cycling stability were
assessed using the same NEWARE system. Hydrogen evolu-
tion tests, cyclic voltammetry (CV), and chronoamperometry
(CA) measurements were performed on an electrochemical
workstation (Shanghai Borui) in a three-electrode configu-
ration. For these tests, an AgllAgCl electrode served as the
reference electrode, and a platinum foil was used as the coun-
ter electrode. Linear sweep voltammetry (LSV) curves were
recorded in the potential range of —1.4 to —1.0 V, and Tafel
curves were obtained in the range of —1.2 to —0.8 V. Electro-
chemical impedance spectroscopy (EIS) data were collected
on a Brilliance electrochemical workstation (Shanghai) over a
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frequency range of 1 MHz to 0.01 Hz. CA data were acquired
under a constant potential of —150 mV. Ionic conductivities
were tested by two blocking electrodes (SS) and calculated
according to the following equation:

__L
TR M

where R represents the resistance according to EIS meas-
urement, / represents the thickness of the membrane, and S
is the area of the contact between SS and electrolyte. The
transfer number of Zn** (t,,**) is measured via an Evans
method. The EIS of the ZnllZn symmetrical battery is col-
lected before and after the chronoamperometry test, and cal-
culated according to the following equation:

t s =IS(AV_IOR0) )
7 (AV - IR))

where AV is the applied voltage polarization (15 mV). I, and
R, are the initial current and resistance before the polariza-
tion test. [, and R, are the steady current and resistance after
the polarization. Electric double-layer capacitance (EDLC)
measurements for CV curves of Zn//Zn symmetric cells were
taken at a scan rate of 2-10 mV s~' between —15 and 15 mV
and calculated through the equation C=i/v (C, capacitance;
i, current; the value of i was determined by taking half of the
current difference between positive and negative scan under
each scanning rate).

3 Results and Discussion
3.1 ELA-Orchestrated Solvation Reconfiguration

To elucidate the mechanism by which the ELA additive
tailors the aqueous electrolyte and remodels the Zn>* sol-
vation environment, we conducted a synergistic investiga-
tion combining macroscopic characterization, multi-modal
spectroscopy, and first-principles theoretical simulations.
Our findings reveal that ELA fundamentally reconfigures the
solvation sheath at a molecular level, leading to substantially
improved bulk and interfacial properties critical for stable
zinc anode operation. First, we established the macroscopic
benefits conferred by the ELA additive. The incorporation
of 0.01 M ELA (ELA-10%) enhances bulk ion transport,
evidenced by a notable increase in ionic conductivity from
37.4t0 40.2 mS cm™! (Fig. 1a). Concurrently, ELA dramati-
cally improves the electrolyte—electrode interface, as dem-
onstrated by a sharp decrease in the contact angle on the Zn
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anode surface from a non-wetting 105.31° to a hydrophilic
85.34° (Fig. 1b). These results indicate that ELA not only
facilitates faster ion migration but also promotes a more inti-
mate and uniform contact at the reactive interface, a prereq-
uisite for homogeneous Zn deposition.

To probe the molecular-level origins of these improve-
ments, we employed a suite of spectroscopic techniques.
As illustrated in Fig. lc, 'H nuclear magnetic resonance
(NMR) spectroscopy provides direct evidence of a per-
turbed hydrogen-bonding network within the solvent. The
significant upfield shift of the O—H proton signal upon
ELA addition signifies a change in the electronic environ-
ment of water molecules, consistent with their displace-
ment from the primary Zn>* solvation shell. This conclu-
sion is further corroborated by vibrational spectroscopy.
Both Fourier-transform infrared (FTIR) and Raman spec-
troscopy confirm this displacement. In the FTIR spectrum,
the primary ©(SO,>") vibrational mode exhibits a distinct
blueshift from 1074 to 1082 cm™! (Fig. 1d). The Raman
spectrum displays a corresponding blueshift for the same
mode (Fig. le). This systematic shift unequivocally indi-
cates a weakening of the Zn>*---SO,~ ion-pairing inter-
action. Collectively, these spectroscopic signatures point
toward a competitive coordination mechanism, where the
carbonyl group of ELA displaces both water and sulfate
ions from the inner solvation sphere of Zn>*. A quantita-
tive deconvolution of the Raman spectra provides deeper
insight into this solvation reconfiguration. Analysis of
the 1/(8042_) peak (Fig. 1g) reveals that the addition of
ELA diminishes the proportion of contact ion pairs (CIPs)
from 21.87% to just 12.71%, with a corresponding rise in
solvent-separated ion pairs (SSIPs) (Fig. 1h) [28]. This
directly quantifies the ability of ELA to dissociate Zn>*
from SO42_. Simultaneously, deconvolution of the v(H-O)
band (Fig. 1f) shows a marked increase in the population
of strongly hydrogen-bonded water. This suggests that the
water molecules displaced by ELA are reintegrated into
the bulk hydrogen-bonding network, effectively reduc-
ing the activity of free water and thereby raising the
energy barrier for parasitic side reactions like the HER.
In essence, ELA synergistically optimizes the electrolyte
by both breaking down detrimental CIPs and restructur-
ing the solvent network to suppress undesirable chemistry.

To provide a fundamental, first-principles rationale for
these experimental observations, we performed multi-
scale theoretical simulations. Density functional theory

@ Springer
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Fig. 1 Physicochemical properties and solvation structure analysis of ELA-0 and ELA-10% electrolytes. a Ionic conductivity, b contact angle on
the Zn anode surface, ¢ 'H NMR spectra, d FTIR spectra, and e Raman spectra of ELA-0 and ELA-10% electrolytes. Deconvoluted Raman spec-
tra in the f »(H-O) region and g 1(SO,>") region. h Relative populations of hydrogen-bond species and SSIP/CIP structures. i Binding energies
between Zn>* and coordinating species calculated by DFT. MD snapshots of Zn>* solvation structures in j ELA-0 and m ELA-10% electrolytes.
RDFs of the k ELA-0 and n ELA-10% electrolytes. 1 ESP maps of ELA and H,0 molecules

(DFT) calculations uncover the thermodynamic origin of
this preferential coordination. The binding energy of ELA
with Zn?* (-0.876 eV) is substantially more favorable than
that of a water molecule (—0.568 eV), providing a power-
ful thermodynamic driving force for ELA to spontaneously
enter the primary solvation shell (Fig. 1i). To visualize this
dynamic process at an atomistic level, we performed molec-
ular dynamics (MD) simulations. In the pristine electrolyte,
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* is fully hydrated, coordinated by approximately 5.0
water molecules and proximate to sulfate ions (Fig. 1j, k).
Upon introducing ELA, its molecules decisively penetrate
the first solvation sheath to form a stable C=0---Zn?* bond,
reducing the water coordination number to 3.9 while a new,
sharp Zn—O (ELA) peak emerges in the radial distribution
function (RDF) with a coordination number of nearly 1.0
(Fig. 1m, n). In Fig. 11, electrostatic potential (ESP) analysis

https://doi.org/10.1007/s40820-026-02144-5
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reveals that the carbonyl oxygen of ELA acts as a potent
Lewis base site, defined by a region of highly concentrated
negative potential. This site facilitates strong electrostatic
attraction to the Lewis acidic Zn2*. Taken together, these
multi-scale experimental and theoretical findings provide
a self-consistent and comprehensive mechanistic picture.
ELA leverages its intrinsic thermodynamic and electronic
advantages to engineer the Zn>* solvation structure, break-
ing down CIPs and immobilizing free water. This molecu-
lar-level modulation is the root cause of the enhanced ionic
conductivity and interfacial wettability, establishing a robust
foundation for achieving highly reversible and dendrite-free
zinc-metal anodes.

3.2 ELA-Orchestrated Interfacial Layering

To elucidate the multi-scale mechanism by which ELA gov-
erns the interfacial chemistry of the aqueous zinc anode,
we systematically dissected its role from fundamental elec-
tronic properties to macroscopic deposition morphology.
Our investigation reveals that ELA leverages its unique
electronic structure to simultaneously modulate the Zn>*
solvation sheath and establish a dynamic, competitive
adlayer on the anode, fundamentally redirecting the zinc
deposition pathway. The thermodynamic driving force for
ELA’s preferential surface activity was first established by
DFT calculations (Fig. 2h). ELA possesses a higher-lying
highest occupied molecular orbital (HOMO) at —5.823 eV
compared to water (-6.939 eV), identifying it as a superior
electron donor. This intrinsic electronic property gives ELA
a strong thermodynamic advantage for preferential adsorp-
tion onto the electron-deficient zinc surface. This propensity
is further amplified by its greater polarizability, a conclu-
sion supported by its significantly smaller HOMO-LUMO
energy gap (6.040 eV) compared to that of water (6.694 eV).
This theoretical prediction of preferential adsorption finds
immediate visual confirmation. After simple immersion in
the ELA-containing electrolyte, the zinc surface becomes
covered by a uniform, fine-textured layer, as observed by
scanning electron microscopy (SEM) (Fig. S1). Energy-
dispersive X-ray spectroscopy (EDS) mapping confirms
that this layer is composed of a homogeneous distribution
of carbon, nitrogen, and oxygen, the constituent elements of
ELA (Fig. S2). This directly verifies that ELA spontaneously
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forms a precursor adlayer on the zinc surface, poised to
influence the subsequent electrochemical processes.

To probe the specific chemical nature of this adlayer and
its effect on the solvation environment, we employed a suite
of spectroscopic and electrochemical techniques. Attenuated
total reflectance Fourier-transform infrared (ATR-FTIR)
spectroscopy on a Zn electrode (Fig. 2a) reveals a distinct
redshift in the C=0 stretching vibration of ELA, confirm-
ing a chemisorption interaction through its carbonyl oxygen
[29]. Concurrently, Raman spectroscopy (Fig. 2b) shows that
ELA perturbs the bulk electrolyte, weakening the character-
istic Zn**—H,0 coordination bands and signifying its partial
displacement of water from the primary Zn>** solvation shell.
X-ray photoelectron spectroscopy (XPS) further confirms the
establishment of this high-coverage adlayer and quantifies
the resulting charge redistribution (Figs. 2c—f and S3). The
coherent shifts in the C 1s, O 1s, and Zn 2p peaks provide
compelling evidence for a C=0 — Zn dative interaction that
anchors ELA molecules to the surface. The implications of
this molecular adsorption are quantified by the pronounced
reduction in electric double-layer capacitance (EDLC) from
35.75 to 17.33 pF cm™2, confirming that bulky ELA mol-
ecules dominate the interfacial region (Figs. 2g and S4) [22].
Finally, to capture the dynamic impact of this adlayer dur-
ing electrodeposition, we performed in situ X-ray absorption
spectroscopy (XAS). The interface in the pristine electro-
lyte is defined by a dominant Zn—O coordination signal that
signifies a passivated, hydrated state. The introduction of
ELA, however, instigates a fundamental transformation of
this interfacial chemistry. In this system, the Zn—O signal is
sharply attenuated and supplanted by a robust, intensifying
Zn—Zn metallic signal (Fig. 2i-1) [30, 31]. This provides
unequivocal spectroscopic evidence that the ELA adlayer
statistically displaces interfacial water, thereby suppress-
ing parasitic reactions and promoting direct, homogeneous
metallic deposition.

These multi-scale observations converge into a cohesive
mechanistic picture centered on the electric double layer,
as schematized in Fig. 2m, n. In the conventional ELA-0
electrolyte, the unregulated interface suffers from a high
desolvation energy penalty and direct corrosive attack by
water molecules, leading to chaotic and dendritic Zn depo-
sition (Fig. 2n). In stark contrast, the ELA additive imple-
ments a dual-site orchestration strategy to fundamentally
resolve these issues. First in the Outer Helmholtz Plane,

@ Springer
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ELA remodels the Zn>* solvation sheath to lower the desol- while simultaneously homogenizing the interfacial ion flux
vation energy barrier. Concurrently at the Inner Helmholtz ~ (Fig. 2m). This synergistic regulation, founded on the prin-
Plane, it forms a dynamic regulatory layer via competitive  ciples of competitive molecular adsorption and solvation-
chemisorption. This layer statistically obstructs direct con- shell engineering, fundamentally redirects the zinc deposi-
tact between the zinc surface and corrosive water molecules  tion pathway from dendritic and inefficient to planar and
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highly reversible, thereby establishing a robust paradigm for
designing next-generation, long-cycling aqueous zinc-metal
batteries.

3.3 ELA-Orchestrated Kinetic Enhancement
and Suppression

To elucidate the mechanisms by which the ELA additive
stabilizes the Zn anode, we systematically deconstructed
its impact on parasitic reactions, ion deposition behavior,
and long-term interfacial evolution. We first established the
additive’s efficacy in suppressing parasitic reactions. Linear
sweep voltammetry (LSV) reveals a 40 mV cathodic shift
in the potential required to drive the HER, indicating a sig-
nificantly increased kinetic hindrance in the ELA-10% elec-
trolyte (Fig. 3a). To further probe the corrosion resistance,
linear polarization curves were acquired (Fig. 3b). The ELA-
10% electrolyte exhibits a noble shift in corrosion potential
(E,.;,) and a substantial reduction in corrosion current den-
sity (I,,,) from 2.42 to 1.24 mA cm™ compared to the blank
counterpart, indicating an enhanced intrinsic resistance to
spontaneous corrosion. These results establish that the
ELA-derived interface forms a potent barrier against both
chemical and electrochemical degradation of the Zn metal.
This suppression stems from a synergistic dual mechanism.
Chemically, the ELA additive reduces the thermodynamic
activity of water molecules by sequestering them into the
hydrogen-bonding network and displacing them from the
primary Zn>" solvation shell, thereby lowering the effective
reactant concentration available for HER. Physically, the
adsorbed ELA layer acts as a shielding barrier that blocks
direct contact between residual water molecules and the
active Zn surface. This inhibition of parasitic HER is fur-
ther corroborated by the pH evolution of the electrolyte. As
shown in Figs. S5 and S6, the ELA-10% electrolyte main-
tains a highly stable pH environment (shifting only negligi-
bly from 4.05 to 4.11) after 300 h of cycling at 5 mA cm™2,
confirming that the accumulation of OH™ byproducts is
effectively arrested. The practical dividend of this sup-
pression is strikingly evident in post-cycling analysis.
Post-cycling analysis after 300 h of operation 5 mA cm™
(1 mAh cm™2) reveals a profound divergence in interfacial
chemistry (Fig. 3c). While the ELA-0 anode becomes heav-
ily encrusted with insulating Zn,SO,(OH)-5H,0 byprod-
ucts, the anode cycled in the ELA-10% electrolyte remains
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conspicuously free of such deleterious deposits. Further-
more, the successful suppression of the HER is directly
visualized at the device level. Symmetric cells assembled
with the baseline ELA-O electrode exhibit severe bloating
after cycling, a direct physical manifestation of hydrogen
gas accumulation (Fig. S7a). In stark contrast, the ELA-10%
cell maintains its original compact form factor, providing
tangible, macroscopic proof of the additive’s efficacy in
stifling gas generation (Fig. S7b). This dimensional stabil-
ity is a critical prerequisite for the practical application of
high-areal-capacity Zn anodes. The origin of this profound
difference lies in the fundamental nucleation pathway, as
revealed by chronoamperometry (CA) at an overpotential
of 150 mV (Fig. 3d). The ELA-0 electrolyte fosters uncon-
trolled two-dimensional (2D) diffusion-limited growth, a
mode conducive to dendrite formation. In stark contrast,
the ELA-10% electrolyte induces a shift to classic three-
dimensional (3D) instantaneous nucleation. This process
involves the rapid activation of all nucleation sites followed
by uniform growth, a prerequisite for dendrite-free, compact
deposition. This mechanistic transition is visualized directly
via in situ optical microscopy (Fig. 3e, f), where the mossy,
dendritic protrusions seen in the baseline ELA-0 electrolyte
are replaced by a planar, dense deposition front in the pres-
ence of ELA.

Kinetically, this uniform deposition is underpinned by a
reduced energetic barrier. The activation energy (E,) for the
Zn stripping/plating process is substantially lowered from
41.32 to 36.67 kJ mol~! in the ELA-10% system (Figs. 3g
and S8). This advantage arises from the additive’s dual func-
tion, regulating the Zn>* solvation sheath to lower the des-
olvation penalty while facilitating charge transfer across the
engineered interface. This enhanced kinetic facility is further
corroborated by the more reversible, higher-current—density
redox behavior observed in CV profiles (Fig. 3h). A key
parameter governing deposition uniformity, the Zn>* trans-
ference number (z,,°*), is significantly enhanced from 0.37
to 0.43 with ELA (Fig. 3i, j). This improvement is critical,
for a higher #,,°* mitigates the formation of concentration
gradients. Such gradients generate the space charge accu-
mulation at the interface that serves as the primary driving
force for dendritic growth. The enhancement stems from the
ELA-derived interface creating a cation-selective environ-
ment. This selectivity enriches the local concentration of
charge carriers (Zn>") while repelling competing SO,>~ ani-
ons, thereby homogenizing the interfacial electric field plus
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ion flux. Finally, the sustained stability of the engineered
interface was tracked in real-time using in situ electro-
chemical impedance spectroscopy (EIS) and distribution
of relaxation times (DRT) analysis. The time-evolutionary
data reveal a dramatic divergence in interfacial behavior.
In the ELA-O cell, the Nyquist plots continuously expand
over 300 min (Fig. 31). In Fig. 3n, the corresponding DRT
analysis quantitatively confirms this degradation, revealing

© The authors

a dramatic intensification over time of the peaks associated
with both charge-transfer resistance (R,,) and diffusion-
related processes (R;z). This signifies the formation of a
progressively passivating and tortuous interface, crippled by
byproduct accumulation and non-uniform deposition [32].
In stark contrast, the impedance landscape for the ELA-10%
cell is exceptionally stable. The Nyquist plots show mini-
mal change over the entire duration, and the DRT profile
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exhibits consistently low-intensity, invariant peaks for R,
and R, (Fig. 3k, m). This remarkable impedance stability
is the direct manifestation of the synergistic effects of ELA.
By suppressing parasitic reactions and orchestrating uniform
nucleation, the additive maintains a highly conductive and
stable interface, thereby preventing the impedance growth
that typically precipitates cell failure.

3.4 ELA-Orchestrated Crystallographic Orientation
Control

Beyond suppressing parasitic reactions, the ELA additive
fundamentally reorients the crystallographic texture of the
deposited zinc, a critical factor for achieving long-term sta-
bility. This reorientation acts upon the intrinsic hexagonal
close-packed (hcp) structure of metallic zinc (Fig. S9), and
we systematically dissected this structural evolution from
the macroscopic to the atomic scale, coupling experimen-
tal observations with theoretical calculations to reveal the
underlying mechanism. Macroscopic evidence for this tex-
tural control emerges from X-ray diffraction (XRD) analysis
of cycled electrodes (Fig. 4a). For the anode cycled in the
ELA-10% electrolyte, the diffraction intensity ratio of the
(002) to (100) planes ({yy,/1;40) reach 1.42. This value is
substantially higher than that of the anode from the ELA-0
electrolyte (1.12) or the pristine Zn foil (1.02), signifying
a strong preferential orientation toward the thermodynami-
cally stable (002) basal plane. This crystallographic shift
translates directly into a superior microscopic morphology.
This crystallographic reorientation dictates the resulting
microscopic morphology. SEM reveals a profound struc-
tural evolution from the smooth, featureless surface of the
pristine zinc foil (Fig. S10). The anode cycled in the ELA-
10% electrolyte exhibits exceptional morphological integrity.
After 300 cycles at 1 mA em™2 (0.5 mAh cm™?), it devel-
ops a highly ordered, lamellar texture with a dense, non-
porous cross section (Fig. 4b—d). This structural stability is
remarkably maintained even under more aggressive cycling
at 5 mA cm™?2 (2 mAh cm_z), where the surface remains
planar and compact (Fig. S11). This stability stands in stark
contrast to the ELA-0 anode, which is not only plagued by a
chaotic accumulation of dendritic clusters at lower currents
(Fig. 4e—g) but also undergoes complete structural collapse
at higher currents, forming a porous mesh of acicular den-
drites and loose agglomerates (Fig. S12).This demonstrates
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that the ELA-induced stabilization is robust across a wide
range of operating currents, effectively suppressing dendrite
formation at its origin.

To unequivocally confirm this preferred orientation at
the atomic level, we employed high-resolution transmission
electron microscopy (HRTEM). As shown in Fig. 4h-k, the
ELA-10% deposit exhibits highly ordered and continuous
lattice fringes across multiple regions. The measured inter-
planar spacings of 0.2489, 0.2495, and 0.2464 nm are in
excellent agreement with the theoretical d-spacing of the
(002) plane for hcp Zn. The corresponding fast Fourier
transform (FFT) patterns exhibit a single set of diffraction
spots, confirming a near-single-crystalline, (002)-oriented
domain. The intrinsic properties of this plane, possessing the
lowest surface energy plus highest atomic packing density,
provide an ideal template for uniform deposition, directing
a stable, layer-by-layer epitaxial growth. Conversely, the
anode from the ELA-0 electrolyte develops into a poly-
crystalline aggregate. HRTEM analysis reveals a composite
of randomly oriented nano-crystallites, exposing multiple
lattice planes to the electrolyte (Fig. 41-0). Representative
regions confirm the coexistence of (002), (100), and (101)
domains. This structural disorder at the atomic level is the
hallmark of the competitive, uncontrolled growth that cul-
minates in the observed dendritic morphology.

To uncover the atomistic origin of this remarkable tex-
tural control, we performed DFT calculations. The calcu-
lations reveal that ELA molecules exhibit highly selective
adsorption behavior. The binding energy of ELA on the
high-energy (100) and (101) planes is —1.44 and —1.69 eV,
respectively, which is significantly stronger than its binding
to the low-energy (002) plane (—0.61 eV) (Fig. 4p). This
indicates that ELA acts as a molecular-level passivating
agent, preferentially adsorbing onto and deactivating the
high-reactivity planes that are prone to dendritic growth.
This selective passivation of competing growth sites thereby
channels the Zn?* deposition flux exclusively toward the
remaining, thermodynamically favored (002) planes. This
thermodynamic preference is complemented by a kinetic
advantage. Calculations of the Zn>** surface migration
energy barriers (Fig. 4q) show that diffusion along the ELA-
modified (002) surface is markedly more facile compared
to the (100) or (101) surfaces. This lowered barrier acceler-
ates the surface diffusion of adatoms, enabling them to find
and settle into thermodynamically favorable lattice sites,
thus promoting smooth, 2D-like epitaxial growth instead of
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Fig. 4 Structural and computational analyses of ELA-induced orientation regulation. a XRD patterns and 1,,,//;,, intensity ratios of cycled
ELA-10%, ELA-0, and pristine Zn electrodes. b—d Surface and cross-sectional SEM images of cycled ELA-10% electrodes. e-g Surface and
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3D islanding. Collectively, these findings reveal a sophisti- ~ while simultaneously promoting rapid, uniform ion diffu-
cated dual-action mechanism. ELA transforms zinc deposi-  sion along the low-energy (002) plane. This atomic-level
tion from a chaotic, polycrystalline process into a highly  structural perfection is the cornerstone of the exceptional
ordered, single-orientation epitaxial growth. It achieves this  interfacial stability plus long-term cycling durability dem-
by selectively passivating undesirable high-energy planes  onstrated by the Zn anode.
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3.5 ELA-Orchestrated Zinc Anode Stabilization

The critical test of any anode stabilization strategy lies in
its ability to deliver robust performance under practical
electrochemical conditions. To this end, we systematically
evaluated the impact of the ELA additive on the stability
and durability of the Zn anode using the optimized 10 mM
concentration (Fig. S13). Through a series of rigorous elec-
trochemical interrogations, we demonstrate that this strategy
confers unprecedented longevity and robustness to the Zn
anode, even under highly aggressive cycling protocols. Gal-
vanostatic cycling of ZnllZn symmetric cells first revealed
a dramatic extension in operational lifespan under standard
conditions 0.5 mA cm™2 (0.25 mAh cm™2). As shown in
Fig. 5a, the ELA-0 cell suffered a catastrophic short-circuit
failure after approximately 330 h, a typical fate for unpro-
tected anodes. In striking contrast, the ELA-10% cell dem-
onstrated unprecedented durability, operating stably for over
7000 h with negligible voltage polarization increase. The
voltage hysteresis remained low and constant throughout
the cycling test, indicating that the ELA additive does not
undergo parasitic decomposition that would otherwise foul
the electrode surface or deplete the electrolyte. To further
rigorously verify the chemical stability of the ELA additive,
we conducted ex situ 'H NMR and FTIR characterizations of
the electrolyte extracted from ZnllZn symmetric cells after
prolonged cycling (Figs. S14 and S15). The 'H NMR spec-
tra exhibit negligible variation in chemical shifts (4.674 vs.
4.671 ppm), indicating that the molecular structure of ELA
remains intact. Similarly, the FTIR spectra reveal that the
characteristic vibration bands of functional groups remain
unchanged in both position and intensity. These spectro-
scopic results, combined with the stable electrochemical
performance, confirm that ELA resists parasitic decompo-
sition. This greater than 20-fold improvement in longevity
is underpinned by fundamentally altered electrochemistry.
The voltage profiles show that the ELA-10% cell maintains
a lower and more stable polarization (54 mV) compared
to the ELA-O cell (68 mV). This directly correlates with
a substantially reduced nucleation overpotential (Fig. Se),
confirming that the ELA-derived interface effectively low-
ers the energetic barrier for zinc deposition, a key factor in
suppressing dendrite formation.

To probe the operational limits of this stabilization strat-
egy, we subjected the ELA-10% system to increasingly
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aggressive protocols. The system’s robustness was vali-
dated under high-current, deep-cycling conditions, where
it operated stably for over 5400 h at 5 mA cm™2 with a high
areal capacity of 2 mAh cm™2 (Fig. 5b). This remarkable
stability was sustained even with increased cycling depth,
enduring for over 3000 h at 6 mA cm~2 and 3 mAh cm™2
(Fig. S16). Most notably, under an extreme current density
of 8 mA cm™2 (1 mAh cm™), the cell achieved a landmark
lifespan exceeding 5500 h (Fig. 5¢). The system’s dynamic
performance was confirmed via rate capability tests. The
main voltage profiles in Fig. 5d show that the ELA-10%
cell maintains a stable and exceptionally low voltage hys-
teresis across a wide current density spectrum from 0.1 to
10 mA cm™2. For a more direct visualization of this kinetic
superiority, the polarization voltages are extracted and plot-
ted in Fig. S17. This bar chart clearly highlights the con-
sistently small overpotentials at all tested rates, confirming
that the ELA-engineered interface is not merely a passive
film but a dynamically robust regulatory layer that facilitates
rapid charge transfer.

The enhanced stability is quantified by an excep-
tional average Coulombic efficiency (CE) of 99.12% at
2 mA cm~2 in ZnlITi cells for the ELA-10% system, a
value retained even at 5 mA cm™2 (Figs. 5f and S18). This
starkly contrasts with the rapid decay to 89.75% in the
control cell. The superior kinetics of the ELA-10% sys-
tem are further evidenced by its consistently smaller volt-
age polarization (Fig. 5g, h) and a significantly reduced
potential hysteresis of only 59 mV in Cyclic Voltammetry
(CV) (Fig. 51), which also reveals a dramatically increased
charge capacity. These metrics collectively confirm a more
facile and reversible Zn plating/stripping process. Finally,
to objectively evaluate the performance of the ELA-10%
system, we compared it against recently published works
focused on imidazole and zinc—iodine additives (Fig. 5j
and Table S1) [33-42]. At both small and large cur-
rents, our system demonstrates a cycling lifespan and a
cumulative areal capacity that substantially surpass those
reported in these related studies. This comprehensive com-
parison underscores that ELA is a highly effective addi-
tive and may offer a promising approach for enhancing the
anode stability in high-performance aqueous zinc-based
batteries.
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0.5 mA cm~2 (0.25 mAh cm™), b 5 mA cm~2 (2 mAh cm™), and ¢ 8 mA cm™2 (1 mAh cm.™2). d Rate performance of half-cells assembled
with ELA-10% and ELA-0 electrolytes. e Nucleation overpotentials for Zn deposition in the two electrolytes. f CE measurements of the ZnllTi
half-cells and g, h corresponding capacity—voltage profiles for the cells with ELA-10% and ELA-0. i CV curves of the ZnlITi half-cell in the two
electrolytes. j Performance comparison of the cycling stability and cumulative areal capacity with other previously reported imidazole and zinc—

iodine additive strategies (details in Table S1)

3.6 ELA-Orchestrated Full-Cell Demonstration

To translate the anode stability into a high-performance
energy storage device, we assembled Zn-I, full cells using
an iodine cathode whose preparation is detailed in Fig. S19.

© The authors

We then investigated the role of ELA in the complex iodine
redox environment. We reveal that ELA not only stabi-
lizes the Zn anode but also critically tames the polyiodide
shuttle effect at the cathode, culminating in a battery with
exceptional performance. This dual-function protection
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mechanism is vividly illustrated by contrasting the rampant
polyiodide shuttle and dendrite growth in the ELA-0 cell
(Fig. S20) with the effectively suppressed shuttle effect and
stabilized interfaces in the ELA-10% cell (Fig. S21). The
practical benefits of this mechanism are immediately evi-
dent from the full cell’s electrochemical performance. The
ELA-10% cell delivers impressive rate capability, retaining
substantial specific capacity even at a high-current density
of 5.0 A g~! with full capacity recovery upon returning to
0.1 A g~!, underscoring its robust kinetics and structural
integrity (Fig. 6a). This contrasts sharply with the pro-
nounced polarization and capacity fade of the control cell
(Fig. S24). The galvanostatic charge—discharge profiles con-
firm this superiority, exhibiting stable voltage plateaus and
markedly reduced polarization, which signifies optimized
interfacial charge-transfer kinetics (Fig. 6b). Furthermore,
the ELA-10% cell demonstrates remarkable charge retention,
preserving 96.43% of its capacity after a 24-h rest period,
significantly outperforming the control (93.14%) and high-
lighting its efficacy in mitigating self-discharge (Fig. 6¢).
This enhanced stability is rooted in superior redox kinet-
ics, as confirmed by the higher peak currents and smaller
peak separation in CV scans (Fig. S25) and the consistent
peak shapes maintained during rapid sweeps (Figs. 6d and
S26). In a definitive test of durability, the ELA-10% full-
cell achieves an excellent capacity retention of 79.39% after
2500 cycles at 0.5 A g™, a performance markedly superior
to its rapidly decaying counterpart (Fig. 6e).

To uncover the origin of this cathode-side stability, we
employed DRT analysis. The DRT spectra of the ELA-0 cell
reveal large, broad peaks for both R, and Rdiﬁf, indicative of
sluggish kinetics and an interface increasingly passivated
by parasitic processes (Fig. 6f). Specifically, the broadening
of the R, peak points to a sluggish interfacial charge trans-
fer due to polyiodide accumulation. In the ELA-10% cell,
however, R, remains consistently low throughout the entire
discharge—charge cycle, demonstrating highly reversible
interfacial reactions and the effective suppression of imped-
ance growth (Fig. 6g) [43]. We hypothesized that the kinetic
superiority stems from the mitigation of the notorious pol-
yiodide shuttle effect. Direct visual evidence was obtained
via in situ optical imaging (Fig. 6h), where the electrolyte
in the ELA-10% cell remains virtually clear, whereas the
control electrolyte progressively darkens due to rampant
polyiodide migration. This observation was quantified using
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in situ UV—visible spectroscopy [44]. In the ELA-O cell, the
characteristic absorption peaks for I;~ and I~ anions rap-
idly intensify, confirming their continuous accumulation in
the electrolyte (Figs. 6i and S27a). Conversely, in the ELA-
10% cell, these peaks remain remarkably stable, providing
unequivocal proof that ELA effectively confines the polyi-
odide species, preventing their dissolution and migration
(Figs. 6j and S27b). To provide direct chemical evidence of
this interaction, ex situ XPS analyses were conducted on the
cathode before and after cycling. As shown in Fig. S22, the
N 1s spectrum of the pristine electrode displays a solitary
peak at 399.8 eV, assigned to the free -NH- groups. Upon
cycling, a dramatic transformation occurs: the N 1s signal
splits, with a new, dominant peak appearing at 400.3 eV.
This positive shift of 0.5 eV to a higher binding energy sig-
nifies a decrease in electron cloud density around the nitro-
gen atom, confirming its participation as a hydrogen donor
in the formation of strong N—H:--I bonds. Corroborating this,
the I 3d spectrum (Fig. S23) exhibits a corresponding shift to
lower binding energies (618.8 and 630.3 eV), characteristic
of trapped polyiodide species stabilized by the additive.

To elucidate the atomistic basis for this molecular con-
finement, we performed DFT calculations. The results
reveal a strong and selective adsorption of ELA toward
the I,~ anion, with a binding energy of -0.31 eV that is sig-
nificantly higher than for I, (—=0.10 eV) or I (=0.16 eV)
(Fig. 6k). This selectivity is driven by the formation of
robust N-H---I hydrogen bonds between ELA and the
terminal iodine atoms of the I;~ anion (Fig. 61). This
interaction results in the molecular tethering of highly
soluble polyiodide species, which establishes an effec-
tive confinement network at the cathode interface. This
hydrogen-bond-driven anchoring immobilizes the shut-
tle-prone anions, thereby stabilizing the iodine specia-
tion and optimizing the interfacial redox kinetics. As a
compelling proof of concept, a full-cell incorporating the
ELA-10% electrolyte successfully and stably powered an
LED panel, demonstrating its potential for reliable energy
output (Fig. 6m). Ultimately, ELA leverages a targeted
hydrogen-bonding mechanism to achieve molecular-level
confinement of polyiodide species. This potent suppres-
sion of the polyiodide shuttle effect establishes a powerful
and generalizable framework for engineering the cathode
interface in high-performance aqueous Zn-I, batteries.

@ Springer
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Fig. 6 Electrochemical performance and mechanistic characterization of ELA-10% and ELA-0 ZnllI, full cells. a Rate performance of ZnllI, full
cells using ELA-10% and ELA-0 electrolytes from 0.1 to 5.0 A g~!. b Galvanostatic charge-discharge profiles of the ELA-10% cell at various
current densities. ¢ Self-discharge behavior of the full cells after a 24-h rest. d Contour plot of CV curves for the ELA-10% cell at varied scan
rates. e Long-term cycling performance of the full cells at 0.5 A g~! over 2500 cycles. Contour plots of the DRT analysis for the f ELA-0 and
g ELA-10% cells during a full cycle. h In situ optical imaging and i, j in situ UV-vis spectra for the cathode dissolution test in ELA-10% and
ELA-0 electrolytes. k Adsorption energy between ELA and polyiodides. 1 Molecular simulation of ELA-I;~ hydrogen-bonding configuration. m

LED display powered by ELA-10% full cell

4 Conclusion

In summary, we establish dual-site functional orchestration,
a molecular-level strategy that simultaneously resolves the
persistent and coupled instabilities at both the anode and
cathode in aqueous Zn-I, batteries. This is achieved through
a single electrolyte additive, 2-imidazolidone (ELA), whose
chemically distinct functional moieties are decoupled to

© The authors

perform orthogonal tasks. The carbonyl group orchestrates
a multi-scale stabilization cascade at the zinc anode, initiat-
ing from the Zn>* solvation sheath and culminating in highly
reversible, dendrite-free planar deposition. Concurrently, the
imino group effectively anchors polyiodide species at the
cathode via hydrogen bonding, thereby arresting the polyi-
odide shuttle effect without compromising redox kinetics.
The concerted action of these functional sites culminates
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in unprecedented electrochemical stability. Symmetric cells
demonstrate a lifespan exceeding 5500 h at a demanding
current density of 8 mA cm™2, and full ZnlII, cells maintain
79.4% capacity over 2500 cycles. This work therefore dem-
onstrates that dual-site functional orchestration is not merely
an effective solution for Zn-I, systems, but also highlights a
strategy rooted in molecular-level engineering. The principle
of employing a single molecule with orthogonal functionali-
ties to achieve synergistic stability at both electrodes could
offer a valuable approach for the rational development of
advanced aqueous energy storage systems.
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