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ABSTRACT

Solvent-free dry processing is ideal for fabricating thick iodine electrodes, but limited by slow kinetics and poor cycling stability.

Herein, we reveal that, under continuous high-shear processing, the coupled effects of uncontrolled mechanical stress and

frictional heating destroy mass-transport channels and induce silent iodine loss. Inspired by low-frequency mild mechanical

actuation in respiratory systems, a targeted energy intermittent release strategy based on water-cooled pulse shearing is proposed

to achieve precise decoupling and regulation of mechanical force and frictional heat accumulation. It is revealed that maintaining

energy input below the thresholds of carbon host structure damage and iodine desorption, avoids micro-scale “pore-like” structure

exposed to the cracking of low-crystallinity carbon, thereby preserving strong van der Waals confinement between carbon and

iodine, fundamentally preventing abnormal iodine migration. Concurrently, regulating the energy within the window between

PTFE fiber formation and fracture, contrasts a uniform and stable thick iodine electrode at the micro-macro scale, which enables
over 50000 stable cycles at 100 C and an ultra-high area capacity of 16.27 mAh cm~2 based on 82.84 mg;,4i,. cm~2 iodine loading.
Importantly, a ~1.2 Ah pouch cell even retains 98.5% capacity after 300 cycles at 2 C, demonstrating the scalability and practical

viability of the strategy.

1 | Introduction

Aqueous zinc-iodine batteries (AZIBs) have demonstrated ultra-
long lifespans of up to one hundred thousand cycles in recent
research, but their practical energy density remains limited
(<40 Wh kg™") owing to the relatively low I, loading (<3 mg cm~2)
[1-3, 4]. Consequently, the development of AZIBs with high areal
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capacity while retaining prolonged cycling stability is essential
for long-duration energy storage applications [5-9]. Among the
available routes, constructing thick electrodes is considered one
of the most direct and effective strategies [10-14]. Nevertheless,
elemental iodine, which exhibits non-negligible solubility and
strong thermal sensitivity, makes thick electrodes fabricated
through wet-processing (WP) inevitably involve solvent exposure
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and high-temperature drying steps, causing the collapse or
blockage of the electrode channel and disrupting the initially
microscopically uniform and stable carbon-iodine confinement
state [15-20]. This not only impedes radial ion transport across
the thick electrode but also aggravates polyiodide shuttle risk,
ultimately resulting in both reduced iodine utilization rate and
deteriorated cycling stability.

Dry electrode preparation technology eliminates the use of sol-
vent, thereby preventing solvent-induced binder migration and
reducing the energy demand associated with high-temperature
drying, making it an appealing pathway for high-loading elec-
trodes [10-12]. For cathodes that do not rely on host confinement
and are thermally robust (eg. Znl, [7], LiNi,3Co,,;Mn,,0, [21],
LiMn,0, [22], LMOIISi/C [10]), dry processing (DP) primarily
requires sufficient shear energy to induce Polytetrafluoroethylene
(PTFE) fibrillation and construct a continuous 3D network. Yet
applying similar high shear conditions to carbon-iodine com-
posites can be detrimental because iodine confinement depends
on intact micro/mesoporous hosts, and iodine itself is thermally
unstable [15-17, 23]. Sustained high shear force continuously
acts on the porous carbon host, inducing C=C/C—C bonds
rupture within the low-crystallinity carbon skeleton, followed
by atomic rearrangement [24-26]. This process leads to particle
fragmentation and the collapse/opening of micro- and meso-scale
closed pores, thereby weakening the physical confinement of
the original high Van der Waals force and exposing previously
encapsulated iodine [27, 28]. Meanwhile, continuous friction
and extrusion among particles cause heat accumulation and
transient local temperature hotspots, which further accelerate
the risk of iodine desorption and loss [29]. Such processing-
induced silent iodine loss is difficult to detect during electrode
fabrication but is progressively amplified during subsequent
cycling, ultimately resulting in capacity decay in the thick
iodine electrode. Fundamentally, the transient coupling of shear-
induced mechanical forces and frictional heating is a concrete
manifestation of processing energy injection into the electrode
in multiple forms [30, 31]. Once the rate or intensity of energy
input exceeds the structural tolerance threshold of the constituent
materials, degradation of the host framework and the PTFE
fibrillar network, as well as the thermal destabilization of iodine
species, will inevitably occur (Scheme 1a). Therefore, controlling
energy input is critical for enabling thick iodine electrodes with
high areal capacity and long-term stability [32].

Inspired by the physiological mechanism by which the res-
piratory frequency in the lungs regulates drug transport and
retention, we proposed a low-temperature, intermittent energy-
regulation strategy based on a water-cooled pulsed shearing
process featuring reduced shear and suppressed heat accumu-
lation. This strategy mitigates the transient coupling between
mechanical forces and frictional heating during the DP, thereby
constraining the energy input below the tolerance thresholds for
carbon particle fracture and closed-pore carbon-iodine confine-
ment failure, while maintaining it within the window between
the PTFE fibrillation and fiber breakage (Scheme 1b). By employ-
ing micro-computed tomography (micro-CT), time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS), and other in/ex-situ
spectral and structural characterizations, it demonstrates that
the controlled shear force and the low-temperature assistance
effectively suppress carbon particle damage and abnormal iodine

migration, ensuring the consistent micro- to macro- scale binding
of carbon-iodine, and guaranteeing the structural integrity and
electrochemical stability of the thick iodine electrode. As a result,
the iodine cathode delivers a reversible capacity of 214.3 mAh
g7! at 0.5 C, together with outstanding cycling stability over
50000 cycles at 100 C. Furthermore, the iodine loading can be
increased to 82.84 mg cm™2, corresponding to an exceptional
areal capacity of 16.27 mAh cm™. In pouch-cell demonstrations,
a single-cell device retains a discharge capacity of 150.43 mAh
g™! after 1000 cycles at 2.5 C with a capacity retention of 96.23%.
A 1.25 Ah pouch cell can be fabricated, exhibiting an average
capacity decay of only 0.005% per cycle at 2 C. This study provides
a new paradigm for fabricating ultrathick, high-loading iodine
electrodes by regulating energy input during dry processing.

2 | Results and Discussion

2.1 | Multiscale Analysis and Precise Regulation
of Abnormal Iodine Migration

To ensure a consistent initial state, iodine was first uniformly
encapsulated within a porous active carbon (AC) matrix. Ele-
mental mapping from transmission electron microscopy (TEM)
images (Figure S1) clearly demonstrates the uniform distribution
of iodine atoms within the porous AC matrix. The absence
of crystalline I, peaks in the X-ray diffraction (XRD) patterns
(Figure S2) indicates that iodine is present in a highly dis-
persed or amorphous state when confined within the AC pores
[33, 34]. Nitrogen sorption measurements (Figure 1d; Figure S3)
show a significant reduction in surface area from 1740.57 to
210.43 m? g7! and in pore volume from 0.85 to 0.11 cm® g7,
suggesting effective iodine encapsulation into the AC nanopores.
Then AC@L,, carbon nanotube (CNT), Super P, and PTFE were
mixed through WP, high-shear dry processing (HS-DP), and
low-temperature pulsed dry processing (LT-PDP) to fabricate
electrodes (see Supporting Information for details).

As shown in Figure 1a, the excessive shear energy input in HS-
DP induces severe mechanical collisions and friction, leading to
carbon-iodine particle fragmentation and a markedly increased
temperature rise rate. Raman spectra of both electrodes display
two characteristic peaks centered at approximately 1350 and 1580
cm™!, corresponding to the D and G bands of carbon, respectively,
with the I;,/I; ratio serving as an indicator of structural disorder
(Figure 1b). Fitting calculation reveals that the signal of the HS-
DP electrode at different positions fluctuates greatly, up to 1.02,
which is associated with shear-induced defect generation and/or
localized aggregation of conductive additives under excessive
mechanical energy input. Thermogravimetric analysis (TGA,
Figure 1c) of AC@I, based on different strategies reveals that
the iodine retention in the LT-PDP reaches 50.18%, higher than
HS-DP (48.71%) and WP (47.73%), highlighting its improved
confinement effect. When the temperature exceeds ~100°C, the
WP electrode exhibits a sharp weight loss, suggesting the presence
of free iodine that readily volatilizes (Figure S4). This stability
arises from the reduced abnormal migration of iodine in the
LT-PDP and minimized exposure of weakly bound free iodine.
Consistent with this observation, Brunauer-Emmett-Teller (BET)
analysis revealed that high shear treatment leads to a 55.5%
increase in the specific surface area (327.30 m? g™!), whereas the
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SCHEME 1 | Mechanical force-frictional heat decoupling engineering for thick iodine electrodes. (a) Diagram of the electrode failure mechanism

under force-thermal coupling effects and the corresponding lung respiratory regulation mechanism. (b) Schematic of energy-threshold control.

LT-PDP/AC@]I, shows a minimal increase of 2.3% compared with
pristine AC@I, (Figure 1d). These behaviors can be attributed
to the sustained action of high shear on the carbon framework,
which induces irreversible fracture of low-crystallinity carbon,
resulting in particle breakage, opening of originally closed pores
at the micro-mesoscale, and the exposure of additional active
sites.

Ultraviolet—visible (UV—vis) spectroscopy and iodine dissolu-
tion/adsorption experiments further demonstrate the superior
iodine stability achieved by mechanical force-frictional heat
decoupling engineering (Figure le,f). Compared with LT-PDP
electrodes, HS-DP and WP electrodes exhibit deeper polyiodide
color and stronger I,~ absorption peak during the dissolution
experiment. It can be attributed to the destruction of the pore
structure, which leads to the extensive exposure of iodine orig-
inally confined within the carbon pores. This iodine transforms
into “free iodine” and polyiodides. resulting in rapid disso-
lution and interface migration in the electrolyte (Figure 1g).
To further assess the adsorption capacity of the host struc-
tures, three I,-free electrodes fabricated via LT-PDP, HS-DP, and
WP were immersed in polyiodide solution (Figure 1h,i). After
24 h, the solution containing the HS-DP electrode displays a
slower color fading and intensified I;~ absorption than LT-PDP,

which can be attributed to weaker capture of iodine species
caused by the destruction of mass transfer channels (Figure 1j).
The WP solution also appeared nearly transparent, which can
be attributed to residual solvent within the electrode and its
loose structure containing considerable voids. These results
demonstrate that the mechanical force-frictional heat decoupling
regulation minimizes microstructural damage and preserves the
initial confined carbon-iodine, thereby effectively reducing its
dissolution [35].

2.2 | Multiscale Characterization of Electrode
Structure and Properties

Apart from maintaining the energy input below the toler-
ance thresholds of carbon particle fracture and closed-pore
iodine deconfinement, precisely stabilizing it within the PTFE
fibrillation-fracture window is essential for achieving electrode
robustness and component uniformity. The appropriate shear
induces controlled deformation of PTFE, which then undergoes
gradual fibrillation to form a continuous fiber network that effec-
tively encapsulates the active materials and conductive agents.
And the PTFE fibers will undergo excessive stretching or even
breakage under high and continuous shear energy. Moreover,
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positions. (c) TGA curves of the AC@I, based on HS-DP and LT-PDP strategies (d) Nitrogen isothermal absorption and desorption curves of the pristine
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LT-PDP, HS-DP, and WP electrodes, and (i) corresponding UV-vis spectra. (j) The influence of mass transfer channels disruption.

different components experience uneven migration due to differ-
ences in particle size, density, and mechanical response, leading
to component segregation and imbalanced spatial distribution.

Compared with the DP electrode, the WP electrode exhibits obvi-
ous iodine loss and structural disadvantages, including surface
cracking, uneven particle and pore distribution, internal fissure
and agent agglomeration (Figure 2a,d; Figure S5). Although both
the HS-DP and LT-PDP electrodes exhibit relatively uniform com-
ponent distribution in the 3D reconstructions of Micro-CT images
(Figure 2b,c), localized regions of electrode collapse are observed
in the HS-DP electrode cross-section. Quantitative analysis based
on Micro-CT data reveals that the area fraction of large structural
defects (equivalent diameter > 16 um) is reduced from ~2.4% in
the HS-DP electrode to ~0.8% in the LT-PDP electrode, indicating
a substantially reduced degree of crack-related structural defects
(Figure S6). Scanning electron microscopy (SEM) images at
SEM 5000X further indicate the formation of a well-developed,
entangled PTFE binder in the LT-PDP electrode, in sharp contrast
to the disrupted fiber morphology in HS-DP (Figure 2e.f). This
phenomenon originates from the accumulation of energy during
continuous high shear mixing, resulting in PTFE fiber breakage
and disruption of the “point-to-plane” binding network, thereby

reducing mechanical strength and impairing electronic pathways.
Mechanical tests validate these observations, namely, the obvious
powder detachment after the wet electrode folding. The HS-DP
electrode shows obvious surface cracks after two folding cycles.
By contrast, the LT-PDP electrode tolerates folding without
cracking or surface failure (Figure S7). Tensile tests show that
in the initial elastic regime, LT-PDP exhibits a higher elastic
modulus (0.034) than HS-DP (0.026), suggesting higher stiffness.
Upon yielding, LT-PDP shows a discernible plastic deformation
region. With increasing strain, the maximum elongation exceeds
2.4%, and the corresponding peak stress reaches approximately
0.037 MPa, indicating enhanced ductility compared to HS-DP
(Figure 2g; Figure S8).

Particle size uniformity of the mixed composites was further
evaluated with the equivalent area diameter defined as the
diameter of a sphere having the same projected area as the particle
(Figure S9). As shown in Figure 2h, the LT-PDP sample exhibits
a highly concentrated size distribution dominated by particles in
the 0-3 um, whereas the HS-DP sample shows a broadened distri-
bution spanning multiple size regimes, indicating the coexistence
of particle fragmentation and shear-induced re-agglomeration
under excessive energy input. As shown in Figure 2i, the
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FIGURE 2 | Multiscale characterization of electrode structure and properties. Micro-CT 3D reconstructions and cross-sectional views of (a) WP,
(b) HS-DP, and (c) LT-PDP electrodes (red: particles, blue-purple: pore). (d-f) SEM of three types of electrodes. (g) Tensile tests of LT-PDP and HS-DP
electrodes (E: elasticity modulus; Rp0.2: 0.2% yield strength). (h) Particle size distribution expressed as area fraction versus equivalent diameter for the
initial sample, HS-DP, and LT-PDP, obtained using a MixViewer 5000 system (M.L.P Technology, Changzhou, China). (i) TOF-SIMS of three types of
electrodes. (j) The contact angles of the three electrodes at different positions. (k) The dry iodine electrode (20 mg cm~2) extended to 30 cm. (1) Schematic
illustration comparing the microstructure, iodine distribution, and resultant performance of electrodes fabricated via three processes.

distribution of iodine of the LT-PDP electrode remains highly
uniform across various depths. By contrast, the WP electrode
exhibits strong nitrogen (N) signal and weakened and irregular
iodine (I) signal caused by solvent and thermal effects. Similarly,
the HS-DP electrode also exhibits an uneven iodine distribution,
which can be attributed to abnormal migration of iodine caused
by local temperature rise.

This structural uniformity is further reflected in the wetting
behavior of the electrode surface (Figure 2j; Figure S10). The
WP electrode exhibits a lower average contact angle but large
regions of fluctuations (29.9°) owing to residual polar solvents
and surface defects. The HS-DP electrode shows a larger contact
angle and region variations (27.3°), arising from the weak ability
to bond with water and localized surface defects. In contrast,
the LT-PDP electrode exhibits a highly consistent contact angle,
with a minimal variation of only 2.1°, indicating a well-defined
and homogeneous interfacial structure. Correspondingly, electro-

chemical impedance spectroscopy (EIS) reveals that the LT-PDP
electrode possesses the lowest fitted charge transfer resistance
(R = 72.7 Q) compared with the WP (93 Q) and the HS-DP (101
Q), suggesting a desirable electrode interface state (Figure S11).
Based on these features, the LT-PDP enables the construction
of thick electrodes with steadily increasing iodine loading up to
~50 mg cm™2, while maintaining dense and structurally intact
(Figures S12 and S13). Importantly, benefiting from its scalable
and controllable fabrication process, the length of the resulting
flexible electrode can be extended to 30 cm, demonstrating
potential for roll-to-roll production at a meter scale (Figure 2k).

The above experimental observations indicate that the LT-PDP
electrode exhibits enhanced structural consistency and com-
positional homogeneity. Against this background, a COMSOL
Multiphysics model parameterized by experimentally derived
inputs was employed to qualitatively compare the coupled trans-
port and reaction behavior of electrodes fabricated via different
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processing routes. The simulation results indicate that, under
identical boundary conditions, the LT-PDP electrode displays
faster and more spatially uniform zincation behavior (Figure
S14a). Correspondingly, the electrolyte transport distributions in
the idealized model (Figure S14b) reveal relatively more coherent
transport features in the LT-PDP electrode, whereas the WP
electrode is characterized by more tortuous and discontinuous
pathways, highlighting differences in transport and reaction cou-
pling associated with microstructural variations. Taken together,
the structural integrity and effective iodine confinement main-
tained by the water-cooled pulsed shear processing facilitate
a more homogeneous reaction environment, mitigate localized
accumulation of polyiodide species, and are associated with more
stable reaction kinetics and cycling performance in subsequent
electrochemical evaluations (Figure 21).

2.3 | Electrochemical Mechanism of Electrode
Configurations

I, acts as an active cathode material and undergoes a reversible
L,/I- redox reaction (I, + 2e~ = 2I7). During this process,
polyiodide species may form as transient intermediates. In situ
UV-vis absorption spectroscopy was conducted using a quartz
as the reaction vessel in an open-cell configuration (Figure 3a;
Figure S15). The images indicate that while the HS-DP and
WP electrodes exhibit a pronounced increase in I;~ absorbance
during charging, the LT-PDP electrode maintains a consistently
low intensity (Figure 3b). In situ Raman presents the signals
of I, (%105 cm™) and I, (163 cm™) intermediates during
the I"/I° conversion. The WP electrode exhibits intense and
uneven I,/I;~ transitions, indicating unavoidable polyiodide local
aggregation and shuttling. In sharp contrast to the WP, the
LT-PDP electrode exhibits only weak I,7/Is~ signals, implying
that the polyiodide dissolution and migration are effectively
suppressed (Figure 3e,f). These results demonstrate that the 3D
confined network constructed by the LT-PDP effectively stabilizes
iodine species, mitigates excessive polyiodide dissolution and
shuttling, and ensures a more uniform and controllable I,/I~
conversion process [36].

Gas evolution measurements further highlight the stability
advantage of the LT-PDP electrode (Figure 3c). With increasing
time, the gas production rate of the LT-PDP electrode decreases.
After 7 h of cycling, the accumulated gas volumes of the WP
and HS-DP electrodes reached 28.73 uL and 25.23 uL, respectively,
whereas the LT-PDP electrode produced only 19.14 pL (Figure 3d;
Figure S16). This reduction is closely associated with suppressed
I, migration, which otherwise induces overcharging, decreases
the Coulombic efficiency (CE), and triggers severe self-discharge
during rest. As shown in Figure 3g, the LT-PDP cell demonstrates
significantly improved stability: At 100% state of charge (SOC),
the LT-PDP cell exhibits only 4.6% capacity decay after resting for
48 h, compared with 11.4% for the WP cell and 5.5% for the HS-DP
cell. These results underscore the effectiveness of the 3D porous
framework constructed via the LT-PDP in mitigating the shuttle
effect [37].

As the anode, zinc undergoes reversible dissolution and depo-
sition (Zn = Zn?* + 2e~). The migration of polyiodide to their
surface triggers the side reaction, disrupting the local redox

balance and consequently inducing a series of electrode interface
issues. As shown in XRD patterns (Figure 3h), a diffraction
peak at approximately 8.5° corresponding to Zn,SO,(OH),«4H,0
formation (JCPDS No. 44-0673) is clearly observed on the anodes
cycled in Zn-I, cells with the WP and HS-DP cathodes [38].
In contrast, the by-product peak is nearly absent on the Zn
anode paired with the LT-PDP cathode, indicating that the anode-
side reactions are effectively mitigated [39-41]. In XPS, S 2p
characteristic peaks were detected in the range of 167-172 eV
and 158-165 eV, corresponding to the existence of S—O and Zn—S
bonds after 50 cycles. Under HS-DP and WP conditions, sulfur-
containing species such as Zn—S, SO,>~, and SO;>~ accumulated
significantly, indicating frequent side reactions. Meanwhile, the
Zn** signal in the Zn 2p spectrum of cycled Zn metal with the
LT-PDP as cathode decreased, indicating fewer Zn/O-related by-
products on the electrode surface. Additionally, in the batteries
using WP and HS-DP cathodes, XPS analysis of the Zn metal
surface showed a stronger I 3d peak, indicating the presence
of abundant polyiodide species and further confirming iodine
shuttle behavior (Figure S17). Confocal laser scanning microscopy
(CLSM) and SEM analysis revealed obvious dendrites and by-
products on the Zn anode surface when paired with HS-DP and
WP cathodes after cycling, resulting from uneven zinc deposition
and severe side reactions (Figure 3i; Figure S18). In contrast,
the Zn surface when paired with the LT-PDP cathode remains
smooth and flat, with no detectable zinc dendrites. It is clear that
the polyiodide shuttles to the anode along a concentration gradi-
ent and triggers Zn corrosion, thereby resulting in active material
loss and battery performance decay (Figure 3j) [42, 43]. Based
on these results, the electrode structure constructed via low-
temperature pulse shearing, combined with spatial confinement
of iodine, accelerates iodine conversion rate, prevents polyiodide
accumulation and shuttling, suppresses the polyiodide-induced
corrosion and parasitic reactions on the zinc anode, and thereby
enables ultra-stable, long-life, and non-shuttling Zn-I, batteries.

2.4 | Electrochemical Characterization of the
Zn-I, Coin Cells

The LT-PDP electrode provides efficient Zn>* transport channels
with enhanced transfer kinetics. The cyclic voltammetry curves at
0.1 mV s~! show that the LT-PDP electrode exhibits a higher peak
current and a smaller peak voltage difference than the HS-DP and
WP electrodes, indicating faster transfer and better reversibility
(Figure S19) [44]. With the increase of scan rate from 0.2 to 1.0 mV
s7%, the linear relationship between the peak current and scan rate
and fitted b-values (0.80/0.74) indicate that the redox kinetics are
governed by a combination of surface capacitive behavior and ion
diffusion. Notably, the LT-PDP electrode consistently delivered an
83.9% capacitive contribution at 1.0 mV s7!, significantly higher
than that of HS-DP (76.1%) and WP (70.4%). This suggests that
fast surface reactions of the LT-PDP electrode dominate under
high-rate conditions, thereby alleviating reliance on long-range
ion diffusion (Figure S20). The apparent diffusion coefficient of
the LT-PDP electrode fitted from the Galvanostatic Intermittent
Titration Technique was between 10~ and 107°, which was
up to ~10 times higher than that of WP electrode (Figure
S21). The network structure of LT-PDP facilitates rapid Zn?*
transport, endowing improved rate performance. Compared with
the other two electrodes, the LT-PDP electrode exhibits higher
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Analysis of polyiodide shuttling behavior of thick iodine electrodes and morphology and surface characterization of zinc anodes.

(a) Schematic diagram of in situ UV-Vis test device. (b) In situ UV-Vis spectra. (c) Gas testing device. (d) The amount of gas produced by the three
electrodes increases over time. (e,f) In situ Raman of LT-PDP and WP electrodes. (g) Battery self-discharge test. (h) XRD patterns and (i) CLSM images
of Zn anodes after cycling in Zn-I, cells with the three cathodes. (j) The challenge posed by the polyiodide shuttling to the Zn anode.

specific capacity and battery CE at different current densities
(Figure 4a,b). At a high rate of 50 C, the LT-PDP electrode
battery delivers a reversible capacity of 128.62 mAh g~! with 98.3%
capacity retention after 12000 cycles, which was superior to that
of the HS-DP and WP (Figure S22).

In addition to its favorable rate capability, the cycle stability
of the LT-PDP electrode was evaluated under the mass loading
of iodine lower than 10 mg cm~2. As shown in Figure 4c, the
WP electrode exhibits low initial capacity (106.1 mAh g™') and
poor retention (78.39% after 1000 cycles). HS-DP electrode shows
improved capacity (200 mAh g') but rapid fading to 161.3 mAh
gL after 700 cycles. In striking contrast, an initial specific capacity
of 2143 mAh g! is delivered by the LT-PDP electrode with 94.37%
retention over 1000 cycles. The GCD curve further demonstrates
that the Zn-I, battery prepared by the LT-PDP electrode exhibit
less capacity attenuation during long-term cycling, indicating
that the spatial regulation of iodine by the pulse dry mixing
not only helps suppress the shuttle effect but also facilitate the
rapid conversion kinetics of iodine (Figure S23). Even with an
extremely high rate of 100 C, the LT-PDP electrode delivers an
extremely long cycle life of over 50 000 times, with a capacity

retention rate of 92.74% (Figure 4d). The battery performance
based on LT-PDP cathode surpasses most previously reported Zn-
I, batteries in terms of capacity retention and cycle life (Figure 4e
and Table S1) [3, 7, 20, 45].

The LT-PDP electrode also delivers exceptional areal performance
across a wide range of iodine loading. As the loading increased
from 20.95 to 47.15 mg cm2, the specific capacity at 0.25 C
remained stable, and the corresponding areal capacities increased
steadily to 4.78, 5.59, 6.69, and 9.13 mAh cm~ (Figure 4f).
Even under the ultra-high load of 82.84 mg cm™2, the displayed
area capacity reached 16.27 mAh cm~2, indicating remarkable
structural integrity and reaction uniformity (Figure S24). Fur-
thermore, the cell retained a high areal capacity of 8.6 mAh
cm™2 after 750 cycles at a rate of 1 C with an iodine loading of
51.25 mg cm~? (Figure 4g). These results further corroborate that
the highly uniform, confined network constructed via the LT-
PDP enables efficient ion transport and robust redox kinetics,
even under ultrahigh iodine loading conditions. The combination
of ultrahigh iodine loading and high specific capacity leads to a
superior areal capacity, exceeding that of the previously reported
Zn-1, battery (Figure 4h) [7, 46-51].
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FIGURE 4 | Electrochemical performance of Zn-I, coin cells. (a) Rate capability comparison. (b) Discharge curves of the battery at different

current densities. Cycling performance of the electrodes at (c) 0.5 C and (d) 100 C. (e) Cycle performance and capacity retention of different batteries.
(f) Areal capacity under different iodine mass loadings at 0.25 C. (g) Battery cycling performance under high mass loading at1 C. (h) Battery performance

comparison.

2.5 | Ah-Level Pouch Cell Evaluation and
Application Demonstration

To further explore the practical value of the LT-PDP in high-
specific-energy Zn-I, batteries, a series of high-loading pouch
cells was assembled. The Zn-I, pouch cell with the iodine loading
up to 15 mg cm~2 maintained a capacity retention rate of 96.23%
after 1000 cycles at 2.5 C, demonstrating outstanding cycling
stability (Figure 5a). The inset images further illustrate that the
pouch cell displayed a stable voltage under destructive tests,
including heating, needling, and bending. When the current
density was further increased to 10 C, the battery capacity could
still retain a capacity of 124.6 mAh g™ (Figure S25). These results
of self-discharge test show that the capacity retention rate of
the pouch cell after resting 48 h is as high as 97.7%, which
can be attributed to the effective confinement of active iodine
species and the reduction of free iodine, thereby suppressing the
polyiodide shuttle (Figure 5b).

In addition, we have successfully fabricated a pouch cell using
90 x 100 mm cathodes via electrode lamination technology

(Figure S26). Under the more demanding condition of an iodine
loading of 31 mg cm™2, the capacity can reach up to 1.25 Ah, and
an average capacity decay of only 0.005% per cycle at 2 C, further
highlighting the scalability of this strategy (Figure 5c). Notably,
the overall performance outperforms most previously reported
Zn-1, aqueous systems (Table S2). The proposed fabrication
process ensures good consistency of the pouch cells, enabling
their assembly in series with stable performance. The assembled
pouch cell pack delivers a stable output voltage of 3.4 V after
combining and can serve as a power source for a toy car (Figure 5d
and Video S1). These results indicate that the LT-PDP not only
enhances the electrochemical performance of the battery but also
provides a feasible solution for the large-scale application of zinc-
iodine aqueous batteries through the mechanical support of the
fiber network and interface optimization.

3 | Conclusion

In this work, we systematically analyze the failure mecha-
nism of the electrode structure and interface caused by the
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FIGURE 5 | Electrochemical performance of Zn-I, pouch cells. (a) Cycling performance of a single-cell pouch battery at a high rate of 2.5 C (Insets:
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high-loading iodine cathode of 31 mg cm~2. (d) GCD curve of series pouch cells (Insets: photographs of the pouch cells powering a toy car).

uncontrolled mechanical-thermal coupling effect under contin-
uous shearing. A targeted energy intermittent release strategy
based on a low-temperature environment was employed to
achieve precise decoupling and regulation of the mechanical
force and frictional heat accumulation. This strategy reduced
carbon host structure damage and carbon-iodine deconfinement,
thereby fundamentally inhibiting the transition of iodine from
a confined state within active carbon pores to free iodine that
is susceptible to migration and loss. The resulting electrode
possesses a robust 3D network that ensures uniform charge
transport pathways. As a result, the LT-PDP electrode delivers a
reversible capacity of 214.3 mAh g™! under a high areal loading
of ~10 mg cm~2 at 0.5 C, and demonstrates extraordinary cycling
stability with 92.74% capacity retention after 50000 cycles at an
ultrahigh rate of 100 C. By increasing the electrode thickness, the
iodine loading is further elevated to 82.84 mg cm™2, achieving
an exceptional areal capacity of 16.27 mAh cm~2. Furthermore, a
1.25 Ah-level pouch cell is successfully assembled with an average
capacity decay of only 0.005% per cycle at 2 C under high-loading
conditions. This study breaks through the traditional perception
that solvent-free dry processes yield no iodine loss, providing
a novel and effective fabrication strategy for achieving optimal
iodine confinement in thick electrodes.
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