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ABSTRACT: Electrolyte additive engineering is regarded as an
effective strategy for dual-interface optimization in four-electron
aqueous zinc−iodine batteries (AZIBs). However, realizing durable
Ah-level AZIBs with industrial-grade parameters (≥10 mg cm−2 I2
cathode mass loading, ≥5 mAh cm−2 Zn anode areal capacity)
remains a significant hurdle. Here, we compare various nitrogen-
containing cationic ligands to evaluate their synergistic regulation
on iodine immobilization and Zn nucleation. This screening
successfully establishes N-methylimidazolium chloride (MImCl) as
a premier electrolyte additive for stabilizing dual-interface
coordination. Upon discharging, the adsorption of MIm+ on the
I2 cathode enables electrostatic binding with polyiodides and ICl2−.
This interaction not only suppresses the polyiodide shuttle but also
shields the I+ species from hydrolysis, promoting a robust and reversible four-electron I−/I0/I+ redox chemistry at elevated I2 mass
loading. On the Zn anode, MIm+ preferentially adsorbs onto its surface during charging, accelerating Zn2+ deposition kinetics for
dendrite suppression while passivating parasitic reactions, realizing uniform large-capacity Zn plating/stripping. As a result, the
engineered 1.4 Ah four-electron Zn||I2 pouch cells achieve an excellent cyclability of 800 cycles and an ultrahigh cathode-mass-
specific energy density of 455 Wh kg−1, surpassing most aqueous Zn-based systems in the Ah-class regime.

■ INTRODUCTION
Aqueous zinc metal batteries have emerged as promising
candidates for stationary energy storage and micropower
systems, capitalizing on their inherent nonflammability, high
theoretical capacity (820 mAh g−1; 5855 mAh cm−3),
remarkable cost-effectiveness (ZnCO3: 1.1 USD kg−1 vs
Li2CO3: 17 USD kg−1), and excellent environmental
compatibility.1−5 While intercalation cathodes like layered
metal oxides and Prussian blue analogues have been widely
investigated, their performance is fundamentally constrained
by the strong electrostatic interactions of Zn2+ with host
frameworks, resulting in sluggish ion insertion/extraction
kinetics and limited rate capability.6,7 Moreover, repeated
Zn2+ insertion and extraction often induce irreversible
structural distortion in these crystalline frameworks, leading
to progressive capacity fading.8 In contrast, conversion-type
cathodes (S, Se, Te, I2, Br2) bypass these limitations through
multielectron redox mechanisms with accelerated reaction
kinetics.9−11 Notably, aqueous zinc−iodine batteries (AZIBs)
demonstrate particular promise, leveraging earth-abundant
iodine resources (∼55 μg L−1 in seawater) and four-electron
redox chemistry.12 Compared to prevailing Zn-MnO2 config-
urations, these four-electron AZIBs exhibit superior metrics,
including a high redox potential (∼1.8 V vs Zn2+/Zn) and
exceptional theoretical capacity (422 mAh g−1).13,14

Current implementations of four-electron AZIBs face
persistent challenges, namely, parasitic dendrite growth and
side reactions for the Zn anode, uncontrolled polyiodide
shuttle effects, and hydrolysis of I+ species for the I2 cathode,
severely compromising cycle life.15−17 Transitioning toward
practical implementation demands systematic scaling strat-
egies, including a Zn anode with industrial-grade areal capacity,
a high-loading cathode, and ampere-hour (Ah) scale pouch cell
architectures.18 To date, Zn anode stabilization strategies,
including crystallographic orientation control,19 electrolyte
formulation,20−22 protective interfacial layers,23,24 and other
interfacial engineering approaches, have demonstrated impres-
sive cycling stability by regulating Zn nucleation, promoting
uniform Zn2+ transport, and suppressing interfacial side
reactions. However, these advancements remain confined to
coin-cell configurations with limited areal capacity, leaving
their effectiveness unproven under industrial-level pouch cells.
Similarly, substantial progress has been made in suppressing
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the polyiodide shuttle and I+ hydrolysis in four-electron AZIBs
through cathode host engineering,14 catalytic mediators,25,26

and electrolyte optimization.27−29 However, these advance-
ments remain fundamentally constrained by low I2 mass
loadings (typically <1 mg cm−2), failing to meet industrial-
grade requirements. Practical Ah-level pouch cells demand
high-loading cathode, where amplified polyiodide shuttle and
accelerated I+ hydrolysis trigger intensified Zn anode corrosion
(Zn + I3− ↔ Zn2+ + 3I−) and aggravated self-discharge from
iodine redox imbalance.30 Concurrently, I2 dissolution in thick
cathodes induces mechanical stress concentration and
electrode cracking during cycling, further compromising
structural integrity and cyclability. Therefore, developing
high-areal-capacity pouch cells inherently demands synergistic

optimization of both the Zn anode and the I2 cathode. Crucial
to this endeavor is elucidating the underlying mechanisms by
which electrolyte additives stabilize the dual electrochemical
interfaces.
Herein, through a systematic investigation and comparison

of various nitrogen-containing cationic ligands, we elucidate
their synergistic regulation capabilities in anchoring the I2
cathode and guiding Zn anode nucleation. A novel additive, N-
methylimidazolium chloride (MImCl), is screened out for
electrolyte engineering to simultaneously stabilize the high-
areal-capacity Zn anode (≥5 mAh cm−2) and high-mass-
loading I2 cathode (≥10 mg cm−2). Specifically, during
discharge, MIm+ adsorbs on the I2 cathode, binding to
polyiodides and ICl2− through ionic interactions. This process

Figure 1. Screening principle and dual-interface coordination for potential additives. (a) Binding energies of I3− and additives, and the capacity
contribution of I+/I0 conversion for various additives. (b) CE and NOP of different additives. (c) Schematic of the dual-interface stabilization
enabled by MImCl under the electric field.
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effectively suppresses the polyiodide shuttle effect and
enhances the stability of the I+ species against hydrolysis,
thereby improving four-electron I−/I0/I+ redox reversibility.
Upon charging, MIm+ preferentially migrates to the Zn anode
surface, lowering the Zn nucleation potential, which promotes
uniform Zn deposition and effectively suppresses side
reactions. As a result, the 1.4 Ah four-electron Zn−I2 pouch
cells demonstrate excellent cyclability of 800 cycles and a
record energy density of 455 Wh kg−1 (based on the mass of
the I2 cathode). This performance outperforms most existing
Zn-based energy storage devices in the Ah-class regime. This
work establishes a universal interface engineering paradigm for
realizing high-capacity four-electron zinc−iodine electrochem-
istry, accelerating the development of intrinsically safe grid-
scale energy storage systems.

■ RESULTS AND DISCUSSION

Electrolyte Additive Screening Based on Dual-Interface
Stabilization
To validate the proposed dual-interface stabilization targeting
the I2 cathode and Zn anode, various nitrogen-containing ionic
liquid additives were employed, including quaternary ammo-
nium nitrogen (trimethylamine hydrochloride (N111Cl),
propyltrimethylammonium chloride (N3111Cl)), piperidine
nitrogen (N-ethyl-N-methylpiperidinium chloride (PP12Cl),
piperidine hydrochloride (PiCl)), pyridine nitrogen (pyridine
hydrochloride (PyCl), N-ethylpyridinium chloride (EPyCl)),
and imidazole nitrogen (N-methylimidazolium chloride
(MImCl), 1,3-dimethylimidazolium chloride (MMImCl), 1-
ethyl-2,3-dimethylimidazolium chloride (EMMImCl)). For the
I2 cathode, selecting suitable additives is crucial for suppressing
the polyiodide shuttle and I+ hydrolysis in four-electron
conversion chemistry. As shown in Figure 1a, the binding

Figure 2. Dynamic absorption of MImCl during the charge/discharge process. (a) MD simulations of ZSO/MImCl during the charge/discharge
process. Corresponding MIm+ distribution at the electrode/electrolyte interface in (b) charge and (c) discharge processes obtained by MD
simulations. In situ SERS of the Zn anode surface during the charge process in (d) ZSO and (e) ZSO/MImCl. In situ ATR-FTIR of the I2 cathode
surface during the discharge process from 1.8 to 0.6 V in (f) ZSO and (g) ZSO/MImCl.
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energy of various cations with triiodide (I3−) was investigated
via density functional theory (DFT) calculations, with MIm+

showing the strongest interaction among all cations. The
electrostatic potential (ESP) mapping of the cation−I3−
structures visually corroborates this strong affinity (Figure
S1), which is crucial for suppressing the polyiodide shuttle.
Furthermore, to address the inherent instability of the I+

intermediate, the capacity contribution of the I+/I0 step was

quantified. Notably, with MImCl, this step accounts for 49.8%
of the total capacity, the highest value among all additives
(Figure S2), demonstrating highly I+/I0 conversion devoid of
I+ hydrolysis.31 For the Zn anode, the initial nucleation
overpotential (NOP) and the Coulombic efficiency (CE) of
various additives were measured (Figure 1b). MImCl displays
a smaller NOP (9 mV) compared to the other additives,
reflecting a decreased nucleation barrier for initial Zn2+

Figure 3. Suppressing Zn dendrites and side reactions on the Zn anode. SEM images of the Zn anode after Zn deposition in (a) ZSO and (b)
ZSO/MImCl. Top-view SEM images of the Zn anode after cycling in (c) ZSO and (d) ZSO/MImCl. Side-view SEM images of the Zn anode after
cycling in (e) ZSO and (f) ZSO/MImCl. 3D CLSM images of the Zn anode after deposition in (g) ZSO and (h) ZSO/MImCl. (i) LP curves of
different electrolytes. (j) In situ pH testing of ZSO and ZSO/MImCl. 2D Raman mapping of the cycled Zn anode in (k) ZSO and (l) ZSO/
MImCl. In situ EIS curves of Zn||Zn cells during the charge/discharge process in (m) ZSO and (n) ZSO/MImCl. In situ SERS analysis of SO42−
intensity change during the plating/stripping process in (o) ZSO and (p) ZSO/MImCl. (q) Cycling performance and CE of Zn||Cu pouch cells
using different electrolytes at 2 mA cm−2 and 0.5 mAh cm−2. (r) Cycling performance of Zn||Zn pouch cells using different electrolytes at 5 mA
cm−2 and 5 mAh cm−2.
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deposition (Figure S3). This reduction in nucleation barrier
promotes uniform Zn nucleation.32 The MImCl-modified Zn
anode exhibits the highest CE of 99.6% among all additives,
attributable to inhibited side reactions and Zn dendrite growth
(Figure S4). Collectively, these results confirm the dual-
interface stabilization of MImCl, as illustrated in Figure 1c.
During the charging process, MIm+ preferentially migrates to
the Zn anode surface and lowers the Zn nucleation
overpotential, thereby promoting uniform Zn deposition and
effectively suppressing detrimental side reactions. Concur-
rently, MIm+ adsorbs onto the I2 cathode during discharging,
immobilizing polyiodides and ICl2- anions via strong ionic
interactions. This synergistic adsorption effectively mitigates
the polyiodide shuttle effect and bolsters the stability of I+
species against hydrolysis. Guided by this localized electric
field, durable Ah-scale four-electron Zn||I2 pouch cells are
demonstrated, delivering a high Zn anode areal capacity (≥5
mAh cm−2) and a practical I2 cathode mass loading (≥10 mg
cm−2).
Electric-Field-Guided Coordination of MImCl at
Dual-Electrode Interfaces

The dynamic adsorption of MImCl at the dual-electrode
interfaces during the charge/discharge process was investigated
by molecular dynamics (MD) simulations. As shown in Figure
2a, during the charge process, MIm+ undergoes diffusion-
driven migration toward the anode under the influence of the
built-in electric field. This directional transport induces
preferential adsorption at the anode surface (Figure S5). On
the contrary, MIm+ migrates to the cathode under the electric
field and leads to MIm+ accumulation at the cathode surface
during the discharge process (Figure S6). Notably, the
spatiotemporal evolution of ion distribution reveals distinct
migration patterns: during charge, MIm+ exhibits gradual
accumulation of concentration from 0 to 100 ns at the anode
surface (Figure 2b), whereas under discharge conditions, its
concentration reaches a peak at the cathode interface at 100 ns
(Figure 2c). This asymmetric distribution stems from the
synergistic effects of electric field-driven migration and
concentration gradient-induced back-diffusion. The concen-
tration distribution of Cl− is also shown in Figure S7. The Cl−
content on the cathode surface increases during the charge
process, facilitating the anchoring of I+ species.
Except for the MD simulations, the dynamic adsorption of

MImCl at the dual interfaces during the charge/discharge
process was measured by in situ surface-enhanced Raman
spectra (SERS) and attenuated total reflection Fourier-
transform infrared spectra (ATR-FTIR). In ZSO/MImCl, a
peak at 1085 cm−1 assignable to the ring-breathing vibration of
MIm+ is observed, whereas it is not detected in ZSO (Figure
2d-e). The time-resolved peak-intensity evolution across
applied potentials displays a clear potential-dependent MIm+
adsorption behavior, suggesting pronounced interfacial accu-
mulation during charging. In situ ATR-FTIR tests were
determined on the surface of the I2 cathode. Compared to
ZSO, the C�N stretching vibrations (1630 cm−1) associated
with the imidazole ring exhibit distinct spectral evolution in
ZSO/MImCl (Figure 2f-g), demonstrating a blue shift and
increased intensity during the discharge process from 1.8 to 0.6
V. These changes provide evidence of an increase in MIm+
concentration near the I2 cathode surface during discharge.
Therefore, the MD simulations and experimental results

indicate the potential-directed adsorption of MImCl for dual-
interface stabilization.
The effect of MImCl addition on the solvation structure of

Zn2+ was investigated. X-ray absorption near-edge structure
(XANES) analysis of ZSO and ZSO/MImCl resolves Zn2+
coordination environments with atomic precision, revealing
identical Zn K-edge spectral profiles between both electrolytes,
which confirm equivalent ligand coordination configurations
(Figure S8). Wavelet transform analysis confirms comparable
Zn−O coordination characteristics in both electrolytes,
demonstrating that MImCl introduction preserves the original
Zn2+ solvation configuration without structural modification
(Figure S9). FTIR analysis detects congruent S−O (1090
cm−1) and O−H (3250 cm−1) vibrational profiles in both
electrolytes (Figure S10). Raman spectra reveal unaltered
SO42− band positions at 450, 620, and 980 cm−1 (Figure S11),
while 1H nuclear magnetic resonance (NMR) confirms null
chemical displacement in ZSO and ZSO/MImCl electrolytes
(Figure S12). These results collectively demonstrate that the
introduction of MImCl, unlike traditional electrolyte additives,
does not change the solvation structure of Zn2+.
Suppression of Zn Dendrites and Parasitic Reactions on
the Zn Anode

The diffusion kinetics of Zn2+ on the Zn surface were
investigated. Cyclic voltammetry (CV) curves were carried out
to investigate the Zn deposition behavior in Zn||Ti asymmetric
cells. As shown in Figure S13, the Zn||Ti cells with ZSO/
MImCl exhibit a higher onset potential for Zn plating and a
higher current density compared to those with ZSO (|PP”| =
37 mV), indicating improved reaction kinetics owing to the
enhanced wetting ability with a decreased contact angle
(Figure S14). The addition of MImCl also leads to a higher
transference number on the Zn surface than ZSO (0.798 >
0.255) (Figure S15). In addition, the diffusion energy barrier
of Zn2+ on the Zn anode in ZSO/MImCl is 0.12 eV, much
lower than that in ZSO (0.28 eV) (Figure S16), suggesting fast
diffusion kinetics, supporting the CV results. Accelerated
interfacial diffusion kinetics underpin uniform Zn deposition,
as evidenced by scanning electron microscopy (SEM). As
shown in Figure 3a, the Zn growth exhibits extreme irregularity
in ZSO, where the surface is covered by a large number of thin
flakes in random orientations after Zn deposition. In contrast,
the plating of Zn in ZSO/MImCl exhibits a directional
extension with a uniform and dendrite-free morphology
(Figure 3b). The morphology of the Zn anode after cycling
in different electrolytes was compared (Figure 3c-d), and
cross-sectional SEM images reveal that the Zn anode exhibits a
compact and homogeneous microstructure with an average
thickness of 60 μm after 50 cycles in ZSO/MImCl, much lower
than that in ZSO (93 μm) (Figure 3e-f). This analysis
demonstrates the effectiveness of ZSO/MImCl in suppressing
Zn dendritic growth while maintaining efficient space
utilization. In situ optical microscopy was employed to track
the dynamic evolution of Zn deposition. In ZSO, the
progressive accumulation of disordered Zn dendrites leads to
porous and nonuniform Zn deposition after 60 min.
Conversely, it manifests a compact and homogeneous Zn
plating process, with no noticeable Zn dendrite formation after
60 min in ZSO/MImCl (Figure S17). The Zn deposition
morphology was also analyzed by confocal laser scanning
microscopy (CLSM). Figure 3g-h exhibits that the Zn anode
surface of ZSO/MImCl is relatively flat with lower roughness
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compared to that in ZSO. The effect of MImCl on the Zn
deposition behavior can be explained by a chronoamperometry
(CA) test (Figure S18). Clearly, the Zn plating in ZSO
displays continuously increased current density with typical 2D
diffusion curves. Such 2D diffusion of Zn2+ is more likely to
cause inhomogeneous nucleation, which leads to loose and
chaotic Zn deposition. Instead, a stable and constant 3D
diffusion process occurs in ZSO/MImCl after a short
nucleation state of 30 s, indicating that the MImCl additive
promotes uniform and smooth Zn growth.

In addition to regulating Zn deposition, the addition of
MImCl also inhibits the side reactions on the Zn anode. The
linear polarization (LP) curves reveal a positive shift in
corrosion potential from 7.87 mV (ZSO) to 15.27 mV (ZSO/
MImCl), accompanied by a significant reduction in corrosion
current density from 0.38 to 0.02 mA cm−2 (Figure 3i). The
increased corrosion potential and decreased corrosion current
density indicate that MImCl effectively lowers the Zn
corrosion reactions. In situ pH monitoring exhibits that the
pH value of ZSO increases rapidly from 4.29 to 5.7 during

Figure 4. Suppressing the polyiodide shuttle and anchoring I+ for the I2 cathode. In situ UV−vis spectra of the I2 cathode in (a) ZSO/NaCl and
(b) ZSO/MImCl during the charging process. (c) Self-discharge performance of Zn||I2 cells using ZSO and ZSO/MImCl. (d) High-resolution I 3d
XPS spectra of the I2 cathode at different potentials in ZSO/MImCl. Typical galvanostatic voltage profiles and in situ Raman spectra of Zn||I2 cells
using (e) ZSO/MImCl and (f) ZSO/NaCl during the charge/discharge process. (g) MS of the MIm-ICl2. Tafel slopes of the (h) I+/I0 and (i) I0/I−
reduction peaks. (j) Calculated cohesive energies of I2 species during the redox routes in ZSO/NaCl and ZSO/MImCl.
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cycling, originating from severe hydrogen evolution reaction
(HER) that triggers localized pH elevation and accelerates
parasitic byproduct formation (Figure 3j). In contrast, ZSO/
MImCl maintains stable pH values under identical conditions,
confirming effective HER suppression (Figure S19). Linear
sweep voltammetry (LSV) curves reveal a suppressed onset
potential of −0.037 V for ZSO/MImCl, contrasting with 0.181
V for ZSO, demonstrating effective suppression of water
reduction reactions (Figure S20). X-ray diffraction (XRD)
analysis confirms effective suppression of Zn anode side
reactions, with the pristine ZSO electrode showing pro-
nounced Zn4SO4(OH)6·4H2O (ZHS) diffraction peaks,
whereas ZSO/MImCl exhibits conspicuously attenuated para-
sitic ZHS byproduct signatures under identical cycling
conditions (Figure S21). Raman spectra corroborate these
findings, showing attenuated ZHS signatures at 955 cm−1 for
Zn anodes in ZSO/MImCl versus the counterpart in ZSO after
100 cycles (Figure S22). Comparative 2D Raman mapping
reveals a significant reduction of ZHS accumulation intensity
in ZSO/MImCl compared to that in ZSO (Figure 3k-l),
confirming effective suppression of parasitic byproduct
formation.
Furthermore, in situ electrochemical impedance spectrosco-

py (EIS) quantitatively evaluates side reactions suppression.
The ZSO system exhibits progressive impedance escalation
from 99 to 168 kΩ (Figure 3m), mechanistically attributed to
the continuous accumulation of insulating byproducts. In stark
contrast, ZSO/MImCl maintains stabilized interfacial resist-
ance with <10% fluctuation during cycling (Figure 3n). The
sustained low impedance validates mitigated side reactions and
dendrite-free Zn deposition, concomitant with preserved
electrode integrity. As a critical interfacial species, SO42−
exhibits dynamic equilibrium during cation storage/release
under ideal operation. However, HER-induced OH− accumu-
lation triggers progressive SO42− consumption via ZHS
precipitation in ZSO (Figure 3o). This anion depletion
induces acute concentration oscillations near the electrode
surface, generating localized electric fields that preferentially
accelerate Zn2+ deposition at protrusions, promoting dendritic
growth and cascading parasitic reactions. Conversely, ZSO/
MImCl maintains stable SO42− concentration profiles,
demonstrating effective suppression of this degradation
pathway (Figure 3p). Benefiting from uniform Zn deposition
and effective suppression of side reactions, the pouch cells
display significantly improved cycling stability. As substantiated
in Figure 3q, Zn||Cu cells with ZSO demonstrate rapid CE
degradation, sustaining merely 158 cycles before failure due to
unmitigated parasitic reactions and Zn dendritic propagation.
Strikingly, Zn||Cu pouch cells using ZSO/MImCl exhibit
exceptional cyclability, maintaining a high average CE of
99.60% over 2000 cycles, representing a 13-fold lifespan
enhancement directly attributable to the protection of the Zn
anode by MImCl. Complementary evaluation through
symmetric Zn||Zn pouch cells (25 cm2) under 5 mAh cm−2

reveals fundamental performance divergences. The Zn||Zn cells
using ZSO/MImCl demonstrate unprecedented cycle stability
of 2000 h, contrasted by ZSO counterparts undergoing
catastrophic failure via dendrite-induced internal short circuits
within 160 h (Figure 3r). The Zn||Zn half cells under current
densities from 1 mA cm−2 to 50 mA cm−2 were also compared
(Figures S23−S25). This lifespan enhancement quantitatively
validates the efficacy of MImCl in stabilizing the Zn anode.

Polyiodide Shuttle Suppression and I+ Immobilization for
the I2 Cathode

The four-electron AZIBs are fundamentally constrained by the
polyiodide shuttle (I3−, I5−) and I+ species hydrolysis,
challenges that intensify significantly in high-loading I2
cathode, ultimately resulting in compromised cycling stability.
The suppression of the shuttle effect by MImCl was evaluated
using in situ UV−vis spectra in a customized quartz cell
configuration (Figure S26). In ZSO/NaCl, the absorbance of
I3− at 290 and 360 nm increases continuously during cycling,
indicating significant I3− dissolution (Figure 4a). Remarkably,
the absorbance diminishes markedly in ZSO/MImCl, demon-
strating effective inhibition of the polyiodide shuttle (Figure
4b).13,33 Self-discharge behavior constitutes a pivotal metric for
probing polyiodide shuttle effects (Figure 4c). Zn||I2 cells with
ZSO/NaCl demonstrate capacity retention rates of 72.6% (24
h), 59.6% (48 h), and 53.9% (168 h) during resting (Figure
S27). Notably, ZSO/MImCl-modified cells maintain 85.3%
capacity retention despite 168 h (7 days), correlating with
MImCl-induced suppression of the polyiodide shuttle (Figure
S28).
X-ray photoelectron spectroscopy (XPS) analysis of the Zn||

I2 full cell using ZSO/MImCl during cycling was performed to
reveal insights into the conversion mechanism (Figure 4d). At
the initial resting stage, characteristic peaks for I− are observed
at approximately 619 and 630.5 eV. Upon charging to 1.30 V,
peaks indicative of I0 species emerge at 620 and 632 eV,
signifying the formation of I2. When the voltage increases to
1.75 V, new peaks appear at 622 and 633.5 eV, attributable to
activated I+ species. At the full charge voltage of 1.8 V, iodine is
completely converted to I+. Meanwhile, these transformations
show the same trend with high reversibility during the
discharge process. In situ Raman spectra reveal discernible
I3− (110 cm−1) and I5− (160 cm−1) vibrational modes across
the 1.2−1.8 V operational window in ZSO (Figure S29). In
contrast, following the addition of MImCl, the peak intensity
of I3− and I5− is significantly reduced, evidencing effective
inhibition of the shuttle effect (Figure 4e). Concomitantly, an
emergent 260 cm−1 vibrational band emerges at elevated
charge/discharge potentials (1.6−1.8 V) in ZSO/MImCl,
assigned to stabilized I+ ions. Notably, these characteristic
peaks of I+ ions exhibit a distinct shift versus conventional ICl
benchmarks (Figure 4f),27,34 indicative of MImCl-mediated
coordination environment alterations. Furthermore, to verify
the presence of I+ species, the full cells were disassembled after
charging to a high voltage of 1.8 V, and the iodine cathode was
subsequently subjected to mass spectrometry (MS) analysis.
As shown in Figure 4g, the MS result reveals a characteristic
signal corresponding to an MIm-ICl2 coordination complex
(m/z = 280.927), confirming that the introduction of MImCl
effectively stabilizes I+ species via robust coordination
interactions.
As shown in Figure 4h and i, the Zn||I2 full cell using ZSO/

MImCl exhibits consistently smaller Tafel slopes for both the
I+/I0 and I0/I− redox couples compared to that with ZSO/
NaCl. This reduction in slope indicates accelerated charge-
transfer kinetics with diminished activation barriers. This result
affirms that MImCl addition significantly boosts the conversion
efficiency of the I−/I0/I+ redox reactions. Electronic structure
analyses through density of states calculations reveal critical
coordination differences (Figures S30). The I−Cl system
exhibits a molecular orbital energy gap of 2.13 eV, while MIm-
ICl2 coordination demonstrates a 60.6% widening to 3.42 eV.
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This quantitative analysis reveals an enhanced dissociation
energy for MIm-ICl2, suggesting that the addition of MImCl
strengthens I+ stabilization through ligand-field reinforcement,
thereby establishing a molecular basis for high-valent iodine
redox activity. The DFT results demonstrate that the Gibbs
free energy change for the oxidation of I3− to I2 in ZSO/
MImCl is significantly reduced to 1.38 eV compared to that in
ZSO/NaCl (Figure 4j). This thermodynamic finding clearly
indicates that ZSO/MImCl effectively promotes the rapid
conversion of polyiodides. Furthermore, within the ZSO/
MImCl, the transformation of I0 to I+ requires overcoming an
energy barrier of only 2.86 eV, underscoring a substantial
reduction in the reaction energy barrier compared to that in
ZSO/NaCl (5.96 eV). Therefore, it is concluded that MImCl
not only suppresses the shuttle effect induced by polyiodide
during cycling but also anchors I+ and enhances the reaction
kinetics of the I−/I0/I+ redox process, enabling robust four-
electron redox chemistry for high-performance Zn||I2 batteries.
Electrochemical Performance of Zn||I2 Full Cells
ZSO/MImCl was subjected to comprehensive electrochemical
evaluation in Zn||I2 full cells under a high mass loading of the I2
cathode (Figure S31). The optimal concentration of MImCl
was determined by comparing the capacity and CE of Zn||I2
full cells (Figure S32). CV analysis across electrolyte variants

unveils fundamental redox divergences (Figure 5a). ZSO-based
cells manifest confined I−/I0 redox activity with a complete
absence of high-valent iodine species, even at extended
polarization (1.9 V). While ZSO/NaCl systems retain residual
I0/I+ redox capacity, their current response intensity at 1.6−1.8
V remains suboptimal. In stark contrast, ZSO/MImCl-based
cells exhibit synchronized dual-redox signatures of robust I−/I0
interconversion (1.2/1.4 V) coupled with intensified I0/I+
transitions (1.6/1.8 V). This electrochemical contrast directly
corroborates the capability of MImCl to stabilize I+, thereby
enabling a distinct four-electron redox signature in full-cell
operation. Then, CV profiles of Zn||I2 full cells using ZSO/
MImCl at different scan rates (1−5 mV s−1) and the
corresponding capacitive contribution are shown in Figure
S33. The preserved peak symmetry and surface-mediated
kinetics are observed, confirming stable redox kinetics of the I2
cathode in ZSO/MImCl. The Zn||I2 full cells using ZSO/
MImCl demonstrate exceptional rate resilience, delivering 420
mAh g−1 at 1C and retaining 270 mAh g−1 (64.2% capacity
retention) at 60C, outperforming those with ZSO/NaCl and
ZSO. Remarkably, nearly 100% of the initial capacity (429.6
mAh g−1) is recovered upon reverting to 1C, confirming
exceptional electrochemical reversibility (Figure 5b-c). Simul-
taneously, these cells maintain a higher CE across current
densities from 1C to 60C, surpassing control electrolytes

Figure 5. Electrochemical performance of Zn||I2 full cells. (a) CV curves of Zn||I2 full cells using different electrolytes at a scan rate of 1 mV s−1. (b)
Rate performance of Zn||I2 full cells using different electrolytes with a high I2 mass loading of 10 mg cm−2 and (c) the corresponding galvanostatic
charge/discharge voltage curves. Cycling performance of Zn||I2 full cells using different electrolytes at (d) 2C and (e) 20C with a high I2 mass
loading. (f) Cycling performance of Ah-level Zn||I2 pouch cells at 2C. (g) Comparison of the specific energy and cycle life of Ah-level Zn metal
pouch cells (≥1 Ah) in published literature and this work (based on the mass of cathode). (h) Self-discharge of Zn||I2 pouch cells after resting for
24 h at fully charged states.
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(Figure S34), which directly correlates with MImCl-mediated
iodine speciation stabilization and Zn anode passivation
synergies. Electrochemical endurance evaluation of Zn||I2 full
cells under high areal loading (10 mg cm−2) exposes
electrolyte-dependent degradation pathways. Zn||I2 full cells
employing ZSO/NaCl and ZSO demonstrate accelerated
capacity fade with premature failure at ≤200 cycles (Figure
S35). The cells using ZSO/MImCl achieve excellent cyclability
of 3000 cycles at 2C, delivering a high specific capacity of 400
mAh g−1 through stabilized four-electron redox chemistry
(Figure 5d). Crucially, these cells maintain CE > 99.5% across
3000 cycles, directly evidencing the inhibitory efficacy of
MImCl against polyiodide shuttle and I+ hydrolysis.
Furthermore, at a high rate of 20C, the Zn||I2 full cell using
ZSO/MImCl still exhibits 76% capacity retention after 40000
cycles, highlighting exceptional long-term stability under high-
rate operation (Figure 5e).
To substantiate industrial viability, the four-electron Zn||I2

pouch cells, through monolithic integration of dual-sided I2
cathode (16.7 mg cm−2 active loading per side) with paired Zn
foils with thickness of 50 μm, were assembled by precisely
controlling the external pressure and interface contact force
(Figure S36).35,36 Capitalizing on the simultaneous electro-
chemical optimization of four-electron I−/I0/I+ redox media-
tion and Zn anode stabilization by the MImCl additive, the
four-electron Zn||I2 pouch cells utilizing ZSO/MImCl manifest
a capacity of 1.4 Ah at 2C and a prolonged cycling life of 800
cycles (Figure 5f). Then, Figure 5g presents a summary of the
performance of aqueous Zn metal pouch cells with a capacity
exceeding 1 Ah.37−46 Our study stands out for achieving a high
energy density of 455 Wh kg−1 (based on the mass of the
cathode) and a long cycle life of 800 cycles under Ah-level
pouch cell configurations compared to reported data (Table
S1). For practical and reliable energy storage, the battery also
requires low self-discharge. The Ah-level Zn||I2 pouch cells
using ZSO/MImCl demonstrate a low self-discharge rate of
11.2% after 24 h of resting (Figure 5h). It is worth noting that,
compared with conventional two-electron pouch cells,44,47 this
Ah-level four-electron Zn||I2 pouch cell faces additional
challenges associated with I+ hydrolysis and complex parasitic
reactions, making the achieved stable self-discharge perform-
ance particularly significant. These analyses highlight a critical
breakthrough for implementing four-electron Zn||I2 chemistry
in grid-scale energy storage systems.

■ CONCLUSIONS
In summary, this work selects a multifunctional electrolyte
additive, MImCl, which enables long-life and highly reversible
Ah-level four-electron Zn||I2 pouch cells. During discharge,
MIm+ adsorbs on the I2 cathode, effectively suppressing the
polyiodide shuttle effect and enhancing the stability of the I+
species against hydrolysis, enhancing four-electron I−/I0/I+
redox reversibility under high mass loading. Similarly, the
preferential adsorption of MIm+ on the Zn surface during
charging enables uniform Zn deposition, while this mod-
ification significantly reduces severe side reactions for large-
capacity Zn anodes. Therefore, the Zn||Zn symmetric pouch
cells achieve >2000 h of stable cycling under stringent
conditions (5 mA cm−2, 5 mAh cm−2). Remarkably, the Ah-
level four-electron Zn||I2 pouch cells deliver a high cathode-
mass-based energy density of 455 Wh kg−1 and excellent
cyclability of 800 cycles, demonstrating a pronounced
advantage in existing Zn-based systems in equivalent capacity

regimes. This work provides a robust solution for achieving
long-life practical Ah-level four-electron Zn||I2 pouch cells,
addressing critical challenges in high-energy aqueous battery
design.
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