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ABSTRACT

Aqueous zinc-iodine batteries (AZIBs) are promising candidates for grid-scale energy storage owing to their high safety
and low cost. However, their practical application is hindered by severe polyiodide species shuttle. Herein, we have
constructed well-defined cationic microenvironments by assembling poly(diallyldimethylammonium chloride) (PDDA) onto
multi-walled carbon nanotubes (PDDA@MWCNT) and flat graphite sheets (PDDA@GS). This design enables strong
electrostatic anchoring of polyiodide species and allows systematic differentiation of curvature-dependent immobilization
behaviors. The optimal PDDA@MWCNT cathode exhibits a high Coulombic efficiency of 98.3% at 0.1 A-g™', along with
exceptional durability of 82,000 cycles at 3.0 A-g™" and 3,569 cycles at 0.1 A-g™' (nearly one year), far surpassing its planar
PDDA@GS counterpart. Combined experimental characterizations and density functional theory (DFT) calculations reveal
that the curvature-guided PDDA configuration markedly enhances iodine adsorption and accelerates interfacial charge
transfer, thereby suppressing polyiodide shuttling and self-discharge. This work demonstrates molecular curvature
engineering as a powerful and generalizable strategy for governing iodine chemistry, offering new design principles for
high-performance AZIBs.
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To mitigate the shuttle effect, various strategies have been
developed, including cathode host optimization [12,13], ion-
selective membrane modification [14, 15], electrolyte regulation
[16, 17], and anode protection [18, 19]. Among them, the rational

1 Introduction

The rapid global transition toward renewable energy has
accelerated the demand for large-scale and sustainable energy

storage systems to maintain grid stability [1-3]. Among the
various candidates, rechargeable aqueous zinc-iodine batteries
(AZIBs) have attracted increasing attention due to their high
theoretical capacity (211 mAh-g” for iodine), intrinsic safety
derived from aqueous electrolytes, and cost-effectiveness based on
earth-abundant zinc [4, 5]. However, the practical implementation
of AZIBs is severely hindered by the notorious polyiodide shuttle
effect and sluggish redox conversion kinetics, leading to low
Coulombic efficiency, rapid capacity fading, and poor rate
performance [6-8]. These issues primarily originate from the
thermodynamically favored association between molecular iodine
and iodide ions, which generates water-soluble triiodide
intermediates (I;") that readily diffuse to the zinc anode, triggering
undesired redox reactions to damage the performance of the
battery [9-11].

design of cathode host materials has proven to be one of
the most common approaches for immobilizing soluble
polyiodide species. Notably, carbon-based materials owing to their
high surface area, excellent conductivity, and structural stability
have been considered as ideal hosts [20-22]. Nevertheless,
their intrinsically electroneutral or negatively charged surfaces
exhibit weak interactions with polyiodide ions, providing
limited immobilization capability [23, 24]. Therefore, constructing
interfacial architectures that enable strong host-guest electrostatic
interactions remains a central challenge for suppressing
polyiodide migration. Recent advances in electrochemical
systems have revealed that nanoscale geometry and local
curvature can profoundly influence ion transport, charge
redistribution, and interfacial reactions [25-28]. In particular,
curvature-engineered  carbon  nanostructures have been
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demonstrated to tailor local electronic states and optimize catalytic
activity by modulating charge density and adsorption sites,
emphasizing the pivotal role of geometric environments in
governing interfacial functionality [29-32].

Based on above-mentioned insights, integrating structural
curvature engineering with electrostatic interfacial design may
offer a promising strategy to regulate redox processes at the
electrode-electrolyte interface in energy storage systems. Within
AZIBs, the cationic polymer poly(diallyldimethyl ammonium
chloride) (PDDA) has demonstrated unique advantages in
immobilizing anionic redox intermediates via strong electrostatic
confinement [33-36]. Nevertheless, how the molecular
conformation of PDDA and the spatial arrangement of its
quaternary ammonium sites collectively govern iodine adsorption
and redox reversibility remains insufficiently understood. Such
molecular-level insights are crucial for rationally suppressing the
shuttle effect and achieving highly reversible iodine
electrochemistry in AZIBs. To probe these molecular-level
insights, we have constructed cationic microenvironments with
well-defined curvatures by noncovalently assembling PDDA onto
multi-walled carbon nanotubes (MWCNT) with different
diameters, complemented by planar graphite sheets (GS) as a flat
reference. The coaxial tubular geometry of MWCNT induces a
conformally curved PDDA layer, whereas GS provides a planar
interface for comparison. This platform with tunable curvature
enables a systematic evaluation of the influence of nanoscale

2 A

geometry on iodine adsorption strength and redox reaction
kinetics. Combined experimental and theoretical analyses reveal
that the carbon substrate curvature optimizes the PDDA interface,
thereby generating a cooperative effect between electrostatic
confinement and reaction kinetics. Such curvature-mediated
synergy effectively suppresses polyiodide shuttling and enhances
redox reversibility. Overall, this work establishes a framework for
“molecular curvature engineering” in AZIBs, highlighting the
decisive role of interfacial microenvironments and providing a
generalizable design principle for high-performance redox-based
energy storage systems.

2 Results and discussion

To construct curvature regulated carbon hosts for Zn-I, batteries,
PDDA was conformally coated onto carbon substrates with
distinct geometries, including planar graphite (GS) and
multiwalled carbon nanotubes (MWCNT) with different
diameters. The geometric curvature (k) of the carbon substrates is
defined as x = 1/R, where R represents the radius of the nanotube.
According to their diameters, the MWCNT samples were
categorized as MWCNT-H, MWCNT-M, and MWCNT-L,
corresponding to high, medium, and low surface curvature,
respectively. As schematically illustrated in Figs. 1(a) and 1(b), the
negatively charged oxygen-containing functional groups on
MWCNT surfaces enable spontaneous electrostatic assembly of
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Figure1 Schematic illustration of the formation process of (a) PDDA@MWCNT and (b) PDDA@GS. (c) FTIR spectra of pristine PDDA and PDDA-coated
substrates. (d) TEM image of the pristine MWCNT-M. (e) Statistical diameter distribution of the pristine MWCNT-M derived from TEM analysis. (f) TEM image of
the PDDA@MWCNT-M. (g) Statistical diameter distribution of the PDDA@MWCNT-M derived from TEM analysis. (h) High-magnification TEM image of
PDDA@MWCNT-M. (i) Corresponding elemental mapping of PDDA@MWCNT-M.
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positively charged PDDA chains at room temperature, forming a
conformal polymer layer along the outer walls. In comparison,
PDDA adsorption on planar GS form a thin, flat polymer film via
similar electrostatic interactions. The successful coating of PDDA
on these carbon substrates has been confirmed by Fourier-
transform infrared (FTIR) spectroscopy (Fig. 1(c)), where the
C-H symmetric (=2876 cm”) and asymmetric (=2915 cm™)
stretching vibrations of PDDA gradually shift toward lower
wavenumbers after interaction with MWCNT and GS, suggesting
a weakened C-H bonding strength resulting from electronic
coupling between PDDA and the carbon frameworks [37, 38].
Morphological characterizations further elucidate the surface
features of these composites. Scanning electron microscopy (SEM)
images reveal that pristine GS exhibits a smooth and layered
morphology, which remains largely intact but with slightly
roughened surfaces after PDDA modification (Fig. S1 in the
Electronic Supplementary Material (ESM)), consistent with a thin
polymer overlayer on the zero-curvature structure. For the curved
models, MWCNT with outer diameters of 16 + 4 nm (MWCNT-
H), 24 + 6 nm (MWCNT-M), and 38 + 12 nm (MWCNT-L)
exhibit uniform tubular architectures, as evidenced by
transmission electron microscopy (TEM) images and statistical
diameter distributions (Figs. 1(d) and 1(e) and Figs. S2 and S3 in
the ESM). After PDDA modification, the nanotubes retain
structural integrity while gaining a continuous polymer coating,
resulting in increased diameters of 28 + 8 nm (PDDA@MWCNT-
H), 36 + 8 nm (PDDA@MWCNT-M), and 50 + 12 nm
(PDDA@MWCNT-L) (Figs. 1(f) and 1(g), and Figs. $4 and S5 in

the ESM), which corresponds to a statistically averaged PDDA
layer thickness of approximately 5-7 nm across different
curvatures. This result demonstrates that electrostatic self-
assembly effectively yields a conformal PDDA layer that matches
the substrate geometry. High-resolution TEM and elemental
mapping (Figs. 1(h) and 1(i)) further confirmed the uniform
PDDA coating on MWCNT-M, providing a clearly defined
curvature-regulated  composite  structure for  subsequent
electrochemical evaluation.

To evaluate the adsorption capacity of iodine species on PDDA-
wrapped carbon materials, equal masses of the samples have been
immersed in polyiodide solutions with the same volume and
concentration. After standing for 3 hours, the color of the
supernatant exhibited distinct differences (Fig. S6 in the ESM).
The solution interacted with PDDA@MWCNT-M became nearly
colorless, suggesting the most efficient adsorption of polyiodide
species. Ultraviolet-visible (UV-Vis) spectroscopy (Fig. 2(a))
further quantitatively confirmed this observation, revealing that
PDDA@MWCNT-M exhibits the most pronounced suppression
of the I;” absorption band, indicating its strongest affinity for
polyiodide species [35,39,40]. To isolate the contribution of the
carbon substrate, control experiments have been conducted using
GS and MWCNTs with varying curvatures. UV-vis spectra show
that all substrates exhibit only weak I, adsorption (Fig. S7 in the
ESM), indicating that carbon curvature alone does not enable
significant polyiodide immobilization. To assess the role of specific
surface area (SSA) in adsorption, nitrogen sorption measurements
have been measured (Fig. S8 in the ESM). GS exhibits the lowest
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Figure2 (a) UV-Vis spectra of iodine solutions after adsorption tests. (b) TGA curves of PDDA and PDDA-wrapped carbon materials. (c) Long-term cycling
performance at 0.1 A-g” at room temperature. (d) Long-term cycling performance at 3.0 A-g" at room temperature for batteries of Zn||PDDA@MWCNT-H,
Zn||PDDA@MWCNT-M, Zn||PDDA@MWCNT-L and Zn||PDDA@GS. (e) Radar plot summarizing cycle number, capacity retention, capacity, Coulombic
efficiency, and polyiodide adsorption ability of Zn||PDDA@MWCNT-H, Zn||PDDA@MWCNT-M, Zn|[PDDA@MWCNT-L, and Zn||PDDA@GS cells. (f)
Comparison of this work with previously reported AZIBs in terms of reversible capacity and cycle life.
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SSA (8.9 m*g™"), while MWCNT samples show slight differences
in SSA depending on their curvature: MWCNT-H (112.5 m>g™) >
MWCNT-M (101.5 m*>g") > MWCNT-L (95.5 m*g™). However,
the absence of correlation between SSA and adsorption capacity
suggests that SSA is not the primary determinant for I;~ binding.
Given PDDA’s  electrostatic  interaction  with I3,
thermogravimetric analysis (TGA) quantified PDDA content
(Fig.2(b) and Fig.S9 in the ESM): PDDA@GS (37.2%) >
PDDA@MWCNT-H (29.1%) > PDDA@MWCNT-L (26.7%) >
PDDA@MWCNT-M (22.2%). Notably, there is no direct
correlation emerged between PDDA content and ijodine
adsorption. The sample of PDDA@MWOCNT-M exhibits the
highest adsorption capacity despite the lowest PDDA loading,
These findings imply that unaccounted microstructural factors
govern adsorption behavior. To further evaluate the availability of
surface cationic quaternary ammonium sites, zeta potential
measurements have been conducted (Fig.S10 in the ESM). All
PDDA-modified samples display strongly positive zeta potentials,
confirming the successful exposure of cationic groups on the
surfaces. Notably, PDDA@MWCNT-M exhibits the highest value
(48.61 mV), followed by PDDA@MWCNT-H (44.23 mV),
PDDA@MWCNT-L (40.04 mV), and PDDA@GS (38.78 mV).
This result suggests that the surface electrostatic environment is
not simply determined by the total PDDA quantity, but rather by
the spatial configuration of PDDA chains on substrates with
different curvatures. To quantitatively evaluate the curvature-
dependent adsorption strength, adsorption isotherm experiments
have been further conducted and the equilibrium data are fitted
using the Langmuir adsorption model (Fig. S11 in the ESM). The
fitting results indicate that the adsorption behavior of polyiodide
species on PDDA-modified substrates follows a typical monolayer
adsorption mechanism. Based on the Langmuir equilibrium
constants, the corresponding Gibbs free energy changes (AG) for
polyiodide adsorption are calculated according to AG = —RTInK.
The calculated AG values follow the order: PDDA@MWCNT-M
(-24.24 K-mol") < PDDA@MWCNT-H (-23.77 kJmol") <
PDDA@MWCNT-L (2281 kJmol’) < PDDA@GS
(2242 kJmol™), indicating that the moderately curved
PDDA@MWCNT-M provides the most thermodynamically
favorable binding toward polyiodide species. These results
quantitatively confirm that moderate curvature optimizes PDDA
chain conformation and strengthens electrostatic interactions with
polyiodides, thereby enhancing adsorption affinity. Integrating
composition and performance data, MWCNT-based composites
outperformed GS, with adsorption capacities following
PDDA@MWCNT-M > PDDA@MWCNT-H >
PDDA@MWCNT-L. This trend suggests a pivotal role for
geometric curvature in polyiodide fixation. Insufficient curvature
(MWCNT-L or planar GS) limits quaternary ammonium site
exposure and electrostatic interactions, whereas excessive
curvature (MWCNT-H) induces PDDA chain distortion and
structural deformation, weakening binding. In contrast, moderate
curvature (MWCNT-M) promotes an optimal PDDA
conformation, maximizing quaternary ammonium accessibility
and electrostatic affinity for polyiodides. Thus, the curvature-
regulated PDDA molecular conformation is a key driver of
adsorption performance.

To investigate whether the curvature-dependent adsorption
strength  translates  into  electrochemical ~ advantages,
Zn||PDDA@carbon materials cells have been systematically
evaluated. At a current density of 0.1 A-g” (Fig. S12 in the ESM),
the Zn||PDDA@MWCNT-M exhibits the highest discharge
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capacity and nearly 100% Coulombic efficiency (CE), significantly
outperforming Zn|[PDDA@MWCNT-H, Zn||PDDA@MWCNT-
L, and Zn||PDDA@GS. For comparison, cathodes assembled with
carbon materials (without PDDA modification) are also tested
under identical conditions (Fig. S13 in the ESM). These cells show
low Coulombic efficiencies (GS: 43.9%, MWCNT-L: 47.8%,
MWCNT-M: 49.4%, and MWCNT-H: 48.4%), indicating limited
intrinsic confinement of polyiodide species. In contrast, PDDA-
coated counterparts exhibit significantly enhanced adsorption and
electrochemical performance, confirming that the dominant
suppression of the polyiodide shuttle arises from the synergistic
coupling between the cationic PDDA layer and the curvature-
optimized carbon substrate. Long-term cycling stability at 0.1 A-g™
further ~ confirms  the  exceptional  durability  of
Zn||PDDA@MWCNT-V, retaining a high reversible capacity of
199.7 mAh-g" after 3569 cycles (over one year) with 93.7%
capacity retention and nearly 100% CE (Fig. 2(c)). In comparison,
the Zn||PDDA@MWCNT-H and Zn||PDDA@MWCNT-L suffer
gradual capacity decay (with the trend in decay rate following
Zn||PDDA@MWCNT-H<Zn||PDDA@MWCNT-L<
Zn||PDDA@GS). The poor stability of Zn||PDDA@GS may
originate from its planar geometry and absence of curvature,
which leads to irreversible interlayer expansion during polyiodide
intercalation, as confirmed by the shift of the X-ray diffraction
(XRD) (002) diffraction peak from 27.19° (0.327 nm) to 26.95°
(0.331 nm) after 100 cycles at 0.1 A-g" (Fig.S14 in the ESM).
Meanwhile, the noticeable decrease in peak intensity indicates
reduced stacking order and partial loss of interlayer coherence,
suggesting that the structural expansion/shrinkage is not fully
reversible [41,42]. The rate performance further highlights the
Zn||PDDA@MWCNT-M’s kinetic advantages (Fig.S15 in the
ESM), it delivers reversible capacities of 217.6, 202.5, 191.7, 174.3,
and 157.6 mAh-g" at current densities of 0.1, 0.3, 0.5, 1.0, and
3.0 A-.g, respectively. When the current density has been returned
to 0.1 A-g", the capacity rapidly recovered to 217.2 mAh-g?,
demonstrating excellent reversibility and fast charge-transfer
kinetics. Based on the galvanostatic charge-discharge profiles, the
gravimetric energy density of the assembled Zn-I, cells is further
evaluated according to the mass of active materials. As shown in
Fig. S16 in the ESM, the Zn||PDDA@MWCNT-M device delivers
the highest energy density of 268 Whkg', outperforming
Zn||PDDA@MWCNT-H (252 Whkg "), Zn|[PDDA@MWCNT-L
(242 Whkg"), and Zn||PDDA@GS (229 Whkg™). In addition, the
excellent rate capability of Zn||PDDA@MWCNT-M indicates its
superior power output characteristics compared with other cells.
The simultaneous enhancement in both energy density and power
capability highlights the advantage of the curvature-optimized
PDDA@MWCNT-M cathode, which effectively balances strong
polyiodide confinement with fast redox kinetics. Benefiting from
this balanced energy density and power density, the
Zn||PDDA@MWCNT-M also exhibits remarkable stability at
3.0 A-g" (Fig. 2(d), Figs. S17 and S18 in the ESM), demonstrating
the robustness of the optimal structure in PDDA@MWCNT-M.
The assembled cell maintains a capacity of 120.2 mAh-g™ after
82,000 cycles (~320 days), corresponding to an ultralow decay rate
of only 0.028% per cycle, outperforming all other counterparts.
These results demonstrate that the moderate curvature not only
accelerates redox reaction kinetics but also enhances interfacial
and structural stability during long-term cycling, enabling highly
reversible and durable Zn-I, electrochemistry [29,43]. A
quantitative comparison between the electrochemical performance
summarized in Fig. 2(e) and the structural and thermodynamic
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parameters listed in Table S1 in the ESM reveal a clear curvature-
performance correlation. The PDDA@MWCNT-M cathode
exhibits the most negative adsorption Gibbs free energy together
with the highest capacity and energy density, whereas both higher
curvature (MWCNT-H) and lower curvature (MWCNT-L or
planar GS) display relatively weaker adsorption thermodynamics
and inferior electrochemical performance. This result indicates a
non-monotonic curvature effect, the moderate curvature
optimizes PDDA chain conformation and maximizes the
accessibility of quaternary ammonium sites for polyiodide
adsorption. As summarized in Fig. 2(f) and Table S2 in the ESM,
the Zn||PDDA@MWCNT-M surpasses most previously reported
Zn-1, systems in both capacity and lifespan, which can be
attributed to the curvature-optimized PDDA conformation that
strengthens electrostatic anchoring while ensure fast ion diffusion.
To gain molecular level insights into how geometric curvature
modulates polyiodide binding and redox behavior, density
functional theory (DFT) calculations have been performed on
PDDA chains with distinct conformations. Due to the high
molecular weight and structural complexity of MWCNT, directly
modeling of the interface of full PDDA@MWCNT composite
becomes computationally intractable. Therefore, the composite
system has been simplified to PDDA chain fragments on curved
or flat substrates, validated by the following facts. Firstly, the
suppression of the polyiodide species shuttle is dominated by
electrostatic interactions between cationic PDDA and anionic
polyiodide species [33, 34], while the intrinsic negative charge of
carbon substrates have a repulsive effect on polyiodide species and
the hollow MWCNT interior shows negligible affinity toward
polyiodide species [44-46]. Secondly, long PDDA chains strongly
adhere to the surfaces of MWCNT or GS through electrostatic
and van der Waals interactions, thereby making the substrates’
surface exhibit the essential properties of PDDA [35]. Thirdly,
iodine molecules can be physically confined within MWCNT
interiors, their extremely low solubility in aqueous media makes
them have a negligible contribution to the shuttle effect of iodine
[47,48]. Based on these validated assumptions, the adsorption
energies of I;” on PDDA chains with different curvatures have
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been calculated. As illustrated in Fig. 3(a), the adsorption energy
exhibits a non-monotonic curvature dependence, where the
moderately curved PDDA configuration (PDDA@MWCNT-M)
forming the most stable PDDA-I;” complex. This trend identifies
an optimal geometric conformation for anchoring polyiodides.
Subsequently, Fig. 3(b) further evaluated the adsorption behaviors
of linear and moderately curved PDDA toward I, I;7, and L,. The
moderately curved PDDA consistently shows stronger adsorption
for all jodine species, revealing that it can effectively suppress
polyiodide dissolution and mitigate shuttle effects [4, 35,49]. To
elucidate the origin of this enhancement, the electrostatic potential
distributions of flat and curved PDDA chains are analyzed
(Figs. 3(c) and 3(d)). In detail, the electrostatic potential of red
region is positive, indicating that this region is more likely to
obtain electrons, and effectively adsorb the anionic iodine species
through the electrostatic attraction effect [9]. The moderately
curved PDDA chain shows a more concentrated and intensified
positive potential, thereby amplifying Coulombic attraction
toward polyiodides. Corresponding Gibbs free energies for the
I/I;7/1, conversion pathway were also calculated (Fig. 3(e)). The
curved PDDA consistently shows lower reaction free energies than
the linear configuration, indicating that curvature not only
strengthens adsorption thermodynamics but also accelerates
interfacial redox kinetics [50,51]. Collectively, these theoretical
calculation findings demonstrate that curvature-induced
modulation of PDDA conformation creates a more favorable
electrostatic microenvironment for stabilizing iodine intermediates
and facilitates reversible redox conversion. This conformation-
optimized interaction mechanism fundamentally explains the
superior electrochemical performance of PDDA@MWCNT-M in
Zn-1, batteries.

Based on the above structural and theoretical insights, the
subsequent kinetic studies are focused on validating how
curvature-optimized PDDA conformations regulate interfacial
reaction dynamics. As shown in Fig. S19 in the ESM, the Nyquist
plots reveal that Zn||PDDA@MWCNT-M cell exhibits a much
smaller semicircle radius than Zn||PDDA@GS, implying lower
charge-transfer resistance and enhanced ion diffusion kinetics at
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Figure3 (a) Adsorption energies of PDDA chains with different bending degree toward I species. (b) Adsorption energies of I, I, and I;- on PDDA-flat and PDDA-
curved chains. Electrostatic potential distributions of (c) flat and (d) curved PDDA chains. (e) Gibbs free energy profiles for the I/I;/1, redox conversion on PDDA with

flat and curved configurations.
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the cathode and electrolyte interface [52]. Cyclic voltammetry
(CV) further confirms these advantages (Figs. 4(a) and 4(b)). Both
electrodes show two characteristic redox couples, the first redox
couple (Peaks 1 and 3) correspond to the reversible conversion
between iodide and triiodide ions: 31" — 2e < I, while the second
redox couple (Peaks 2 and 4) is attributed to the subsequent
conversion between triiodide and molecular iodine: 2I;” — 2e«>
3L, [35,53]. At 0.1 mVs", Zn|[PDDA@MWCNT-M shows
narrow potential gaps (AP) of only 65 and 77 mV for the two
redox couples, reflecting highly reversible kinetics [49], whereas
Zn||PDDA@GS exhibits larger AP values of 102 and 131 mV,
suggesting more sluggish reaction kinetics. Even at 1.0 mV-s™, the
AP values for PDDA@MWCNT-M (169 and 161 mV) remain
significantly smaller than those for PDDA@GS (242 and 215 mV),
confirming that curvature-enabled PDDA conformations
effectively suppress polarization and promote rapid I/ /I,
conversion.

To further elucidate the charge storage mechanism, the peak
current (i) and scan rate (v) relationship has been analyzed
according to Eqs. (S3) and (S4) in the ESM. The b values for
Zn||PDDA@MWCNT-M  (0.848/0.837 for Peaks 1/3 and
0.846/0.845 for Peaks 2/4) are higher than Zn||PDDA@GS
(0.727/0.641 and 0.833/0.834), indicating that the curved surface
electrode favors a mixed diffusion-capacitive process with
accelerated interfacial kinetics (Figs. 4(c) and 4(d)) [54]. Moreover,

6 p

the pseudo-capacitive contribution ratio can be determined based
on the Egs. (S5 and (S6) in the ESM. In detail, the
Zn||PDDA@MWCNT-M exhibits capacitive contribution ratios
of 71%, 78%, 82%, 86%, and 89% at scan rates of 0.1, 0.3, 0.5, 0.8,
and 1.0 mV-s" respectively, consistently higher than those of
Zn||PDDA@GS (56%, 62%, 67%, 75%, and 80%) (Figs. 4(e) and
4(f)). These results collectively confirm that curvature-induced
PDDA conformations not only facilitate ion diffusion but also
accelerate interfacial charge transfer, resulting in superior
pseudocapacitive behavior and redox reversibility.

The self-discharge evaluations further highlight the suppression
of side reactions, particularly the polyiodide shuttle effect
(Figs. 4(g)-4(i)). After 100 h of rest, Zn||PDDA@MWCNT-M
retains 86.4% of its capacity and a high open-circuit voltage of
1.272 V, whereas Zn||PDDA@GS decays rapidly to 46.8%
(1.243 V), confirming the superior confinement of
polyiodides within the curved interfacial region [39,55]. In
parallel, galvanostatic intermittent titration technique (GITT)
measurements also validate this conclusion (Figs. S20 and S21 in
the ESM). The calculated diffusion coefficients of
Zn||PDDA@MWCNT-M (10*-107 cm*s™) are higher than those
of PDDA@GS (10°-107 cm*s™), confirming that curvature -
induced structural advantages facilitate faster Zn* and I
transport across the electrode/electrolyte interface [56].

To further track the behavior of polyiodide species during
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cycling, in-situ UV-Vis spectrophotometry has been performed
(Figs. 5(a), 5(b), and Figs. S22-S25 in the ESM). The PDDA@GS
cathode exhibits pronounced absorption peaks at 290 and 350 nm,
corresponding to the continuous dissolution of I;~ into the
electrolyte [33,57]. However, the PDDA@MWCNT-M cathode
maintains weak and low I, signals throughout the cycling process,
demonstrating the effectively confinement of polyiodides within
the curved interfacial region. The conversion processes of iodine
species in cathodes of Zn|PDDA@MWCNT-M and
Zn||PDDA@GS are further analyzed by ex-situ X -ray
photoelectron spectroscopy (XPS) when the cell has been
charged or discharged to different states (Figs. 5(c) and 5(d)).
In the initial resting process, both cathodes exhibit the
characteristic doublet peaks attributable to I" species. Upon
charging to 1.3 V, both cathodes exhibit the oxidation reaction of I
to I;7 and subsequently to I,, which is consistent with the CV
observations [35,54,58]. However, upon further charging to
1.6 V, the I; signal completely vanished in PDDA@MWCNT-M
electrode, leaving only the doublet peaks for I, confirming that all
I, had been fully oxidized and without residual intermediates. In
contrast, detectable I;~ even at the end of charge is still found in

Absorbance (a.u.)

the PDDA@GS cathode, implying incomplete oxidation
conversion and potential shuttle migration in the planar electrode.
During discharge to 04 V, only I' specie is detected in
PDDA@MWCNT-M, whereas both I;” and I peaks are still
remain for PDDA@GS electrode. To provide more direct real-
time evidence for the iodine conversion process and polyiodide
confinement, in-situ Raman spectroscopy has been further
conducted during the charge-discharge process (Fig. S26 in the
ESM). For the Zn||PDDA@MWCNT-M cell, characteristic
Raman bands corresponding to I;” (~110 cm™) and I (~160 cm™)
species emerge during the charging process and gradually
disappear upon further charging, indicating the progressive
oxidation of polyiodides to I, [59,60]. During the subsequent
discharge process, these polyiodide signals reappear and finally
vanish again at the end of discharge, demonstrating a highly
reversible iodine redox process. This reversible evolution suggests
that the PDDA@MWOCNT-M cathode effectively confines
polyiodide intermediates and promotes their rapid redox
conversion. In contrast, Zn||PDDA@GS exhibits persistent Raman
signals of polyiodide species after a period of charging, indicating
that the adsorption capacity of the PDDA@GS is insufficient,
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leading to significant polyiodide shuttling. Notably, the iodine
conversion pathways observed via in-situ Raman spectroscopy are
in excellent agreement with ex-situ XPS analysis, further
confirming that the curvature-optimized PDDA@MWCNT-M
cathode effectively suppressed the migration of polyiodide species
and enabled highly reversible iodine redox chemistry. The
morphology and crystallographic evolution of Zn anodes after
prolonged cycling further validate this suppression effect (Figs.
S27-S29 in the ESM). The Zn anode paired with
Zn||PDDA@MWCNT-M cell remains smooth and dense,
whereas the counterpart in Zn||PDDA@GS suffers severe
dendritic corrosion and by -product accumulation, verifying
that the curved cathode effectively restrains polyiodide
shuttling and mitigates Zn corrosion during repeated
stripping/plating.

Finally, to provide a visual summary of above findings, a
schematic of the charge/discharge processes in Zn-I, cells with
different cathode configurations is presented (Figs. 5(e) and 5(f)).
For the planar PDDA@GS configuration, the limited electrostatic
binding and flat interfacial geometry fail to effectively stabilize
polyiodide species, leading to pronounced shuttle migration and
sluggish I'/1;7/1, redox conversion. In contrast, PDDA@MWCNT-
M integrates the intrinsic tubular curvature of MWCNT with a
conformal PDDA coating, forming a confined nanoscale
electrostatic environment that amplifies local electric fields,
strengthens polyiodide anchoring, and accelerates reversible
I/I;7/1, redox reactions. Specifically, the moderate curvature of
MWCNT-M promotes an extended PDDA geometry that (1)
concentrates positive electrostatic potential around quaternary

(b)

8 A

ammonium  sites, thereby amplifies Coulombic anchoring of
I/I;7/1, intermediates; (2) increases the exposure and accessibility
of active binding sites while preserving ion transport channels,
which lowers charge-transfer resistance and enhances
pseudocapacitive contribution; and (3) stabilizes the interfacial
microstructure under prolonged cycling and high loading,
effectively suppressing polyiodide shuttling and mitigating Zn
anode corrosion. Collectively, the curvature-electrostatics coupling
provides a unified explanation for the superior iodine adsorption,
accelerated and reversible I7/1;/1, conversion, and ultrastable
electrochemical performance observed for the PDDA@MWCNT-
M electrode.

Encouraged by these mechanistic and kinetic advantages, we
have further evaluated the practical applicability of the
PDDA@MWCNT-M cathode under realistic conditions. At a
high areal iodine loading of 7.1 mgcm? the Zn-I, coin cell
delivering a high CE of 98.24% at 0.1 A-g", underscoring the
strong immobilization of polyiodide species (Fig.6(a)). Even
under a high current density of 2.0 A-g”, the cell retains 87.8% of
its initial capacity after over 10,000 cycles, confirming its
exceptional long-term durability (Fig. 6(b)). Moreover, pouch-type
Zn-1, batteries (3.0 cm x 3.0 cm) have been assembled using the
PDDA@MWCNT-M  cathode to evaluate large-format
adaptability (Fig. 6(c)). As presented in Fig. 6(d), the pouch cell
delivers a high discharge capacity of 190.2 mAh-g™ after 300 cycles
at 0.1 A-g”, corresponding to 93.9% capacity retention. Based on
the mass of active materials, the device achieves a gravimetric
energy density of 251 Wh-kg™, highlighting the strong potential of
this cathode design for practical aqueous Zn-I, batteries (Fig. S30
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Figure 6 (a) Galvanostatic charge-discharge profiles of Zn||PDDA@MWCNT-M coin cell under high iodine loading at 0.1 A-g™. (b) Long-term cycling performance
of the Zn||PDDA@MWCNT-M at 2.0 A-g". (c) Schematic diagram of Zn-I, pouch batteries. (d) Cycling stability of the pouch cell at 0.1 A-g” (3.0 cm x 3.0 cm). (e)
Demonstration of pouch-cell flexibility and mechanical robustness: powering an LED panel spelling “Zn-1,” under flat and bent (90°) states.
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in the ESM). Encouragingly, a single pouch cell provides a stable
working voltage of ~1.48 V, which can directly power an LED
panel spelling out “Zn-1,”. Even under 90° bending or repeated
mechanical deformation, the LED panel remains steadily
illuminated, demonstrating outstanding mechanical robustness
and operational safety (Fig. 6(e)). From a practical perspective, the
PDDA@MWCNT-M cathode is fabricated through a simple
solution-based assembly by wusing commercially available
MWCNT and PDDA, avoiding complex synthesis routes and
high-temperature treatments. This mild and scalable process is
compatible with conventional slurry coating and roll-to-roll
electrode manufacturing, providing a feasible pathway for large-
scale production. In addition, the key components used in this
work including Zn foil, iodine, carbon hosts, and PDDA are
inexpensive and commercially available, enabling a relatively low
material cost compared with many previously reported carbon-
based cathodes (Table S3 in the ESM). Collectively, the
combination of high energy density, long cycling durability,
mechanical robustness, and scalable low-cost fabrication highlights
the practical potential of the PDDA@MWCNT-M cathode.
Therefore, the established molecular curvature engineering can be
developed as a promising strategy for developing high-
performance aqueous Zn-I, energy-storage systems.

3 Conclusions

In summary, this work elucidates how nanoscale curvature
modulates cationic polymer configurations and thereby enhances
polyiodide immobilization in aqueous Zn-I, batteries. By
assembling PDDA on carbon hosts with distinct geometric
curvatures, we reveal that a moderately curved MWCNT
facilitates a more ordered and electrostatically active cationic
microenvironment ~ compared to  planar GS  or
excessively/insufficiently curved MWOCNT. This curvature-
optimized interfacial structure effectively suppresses polyiodide
shuttling, accelerates I/I;/I, redox kinetics, and achieves
exceptional long-term cycling stability (82,000 cycles at 3.0 A-g"
and 3,569 cycles at 0.1 A-g' over nearly one year). DFT
calculations further confirm that curvature-regulated PDDA
chains strengthen polyiodide adsorption and reduce the Gibbs free
energy barriers for I'/I;7/I, conversion. These insights establish a
clear curvature-function relationship for cationic interfacial layers,
addressing a long-standing challenge in Zn-I, batteries and paving
the way for advanced energy storage designs.
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