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An amorphous Fe-BTC metal-organic xerogel functions as a redox-responsive interfacial binder that
couples polyiodide capture with Fe-assisted interfacial conversion in aqueous Zn—I> cathodes. This

capture-conversion coupling suppresses polyiodide accumulation, improves apparent iodine redox

kinetics, and sustains stable cycling for 20,000 cycles at 10 C.
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Abstract

The loss and incomplete conversion of soluble polyiodide intermediates limit the long-term cycling
stability of aqueous Zn—I, batteries. Conventional functional binders can restrict polyiodide
migration but generally do not promote the conversion of the retained species. Here, an amorphous
iron-benzene-1,3,5-tricarboxylate (Fe-BTC) metal-organic xerogel (MOX) is used as a
redox-responsive binder to couple polyiodide capture with interfacial redox conversion. Its
heterogeneous electrostatic environment retains iodine species near the cathode, while the
mixed-valence Fe centers electronically interact with the adsorbed intermediates and are proposed to
assist interfacial electron transfer. This capture-conversion coupling suppresses polyiodide
accumulation and migration, reduces interfacial polarization, and preserves electrochemically
accessible iodine during cycling. Consequently, the MOX-based cell retains 122.8 mAh g ' after
20,000 cycles at 10 C. Its robustness is further demonstrated at a high iodine loading of 7 mg cm2, at
temperatures of —10 and 60 °C, and in pouch cells. These results demonstrate that redox-responsive
metal coordination within the binder phase provides an effective strategy for regulating both the

location and reactivity of soluble intermediates in aqueous Zn—I batteries.

Keywords: Aqueous zinc—iodine batteries; Metal-organic xerogel; Redox-responsive binder;

Polyiodide capture-conversion; Interfacial redox conversion
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1. Introduction

Aqueous zinc—iodine (Zn—I2) batteries are attractive because of their relatively low material
costs, high safety, and favorable iodine redox chemistry.!? The conventional I/I> redox couple
involves a two-electron transfer, corresponding to a theoretical Zn—I> cell voltage of approximately
1.29 V and a theoretical capacity of 211 mAh g™! based on iodine.** During charge and discharge,
however, soluble Is~ and Is~ intermediates are formed.> Their diffusion from the cathode into the
electrolyte promotes active-iodine loss and self-discharge. Polyiodides reaching the Zn anode may
also induce parasitic reactions, resulting in lower Coulombic efficiency and poor cycling stability.5”
Suppressing their migration is therefore essential.® However, immobilization alone does not ensure
that the retained intermediates remain electrochemically accessible or are efficiently reintegrated into
the iodine redox cycle.

Early cathode designs mainly relied on physical confinement to reduce the loss of iodine
species.” Microporous carbons and starch-derived hosts retain polyiodides through pore confinement,
adsorption, and noncovalent interactions.'®!" These approaches restrict intermediate migration, but
retention alone does not intrinsically promote interfacial electron transfer or the subsequent
conversion of the adsorbed intermediates. Catalytically active motifs have therefore been introduced
to promote polyiodide conversion, including open Co/Fe sites in Prussian blue analogues,'? Fe-N-C
single-atom motifs,’* and molecular Fe centers in hemin.!* Cathode architectures combining
confinement, chemisorption, and catalysis have also been reported.'> In most cases, however, these
functions are provided by the iodine host or by additional catalytic components rather than being
integrated into the binder phase.

Binders provide another interfacial platform for regulating iodine chemistry because they are
distributed throughout the cathode and contact both the active material and the electrolyte. Their role
in Zn—I, cathodes has consequently expanded beyond mechanical adhesion. LA133 anchors iodine
species through amide and carboxyl groups,'¢ while Janus and gelatin binders regulate iodine-species
adsorption and redox behavior.!'”"!® Polysaccharide binders restrict polyiodide migration through

1920 and mixed ionic—electronic conducting binders

hydrogen bonding and chemisorptive interactions,
provide chemical affinity together with charge transport.?! Most reported binders nevertheless rely on

organic functional groups to retain polyiodides, with few incorporating metal centers that can

4



ISSN 2791-0091 (print); 2790-8119 (online)

https://doi.org/10.26599/NRE.2026.9120286
Research Article

participate in the subsequent redox conversion of adsorbed intermediates.

Metal-organic materials provide a direct way to introduce such coordination sites into the binder
phase. Metal-organic gels have been used in Zn—I> batteries, but mainly as catholyte hosts to limit
iodine diffusion rather than as electrode binders.?? Separately, ferrocene/ferrocenium chemistry has
shown that metal-centered redox couples can participate in polyiodide conversion.?? These findings
raise the possibility that a metal-organic binder could simultaneously retain soluble intermediates and
facilitate their subsequent conversion within the same interfacial phase.

In this study, we employ an amorphous iron-benzene-1,3,5-tricarboxylate (Fe-BTC)
metal-organic xerogel (MOX) as a redox-responsive binder for aqueous Zn-I» cathodes. Its
heterogeneous electrostatic environment provides favorable binding sites for iodine species, while its
mixed-valence Fe centers electronically interact with the adsorbed intermediates and are proposed to
assist interfacial electron transfer. This combination suppresses polyiodide accumulation, reduces
interfacial polarization and improves the apparent iodine redox kinetics. During long-term cycling at
10 C, the MOX-based cell retains 122.8 mAh g! after 20,000 cycles. The effectiveness of MOX is
further demonstrated in high-loading cathodes containing 7 mg cm™? of iodine, at temperature
extremes of —10 and 60 °C, and in pouch cells subjected to static bending. These results establish a
binder design in which polyiodide retention and interfacial conversion are coupled through
redox-responsive metal coordination centers.

2. Results and Discussion

The structure of MOX was examined by X-ray diffraction (XRD) and Fe K-edge X-ray
absorption spectroscopy. The XRD pattern was dominated by broad scattering features, consistent
with limited long-range structural order (Fig. 1a). Such broad scattering is commonly observed in
nonperiodic metal-carboxylate networks formed during gelation and subsequent drying.?* Despite
the limited long-range order, local coordination around the Fe centers was preserved. The
Fourier-transformed extended X-ray absorption fine structure (EXAFS) spectrum was dominated by
the first-shell Fe—O contribution, with fitted Fe—O distances of 1.98-2.13 A (Fig. 1b). A strong Fe—O
feature was also observed in the WT-EXAFS map, whereas no distinct higher-shell contribution

attributable to Fe—Fe scattering was resolved within the measured range (Fig. 1¢). Together, these
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results identify MOX as a nonperiodic Fe—carboxylate network with preserved local Fe—O
coordination and no evident extended Fe—Fe connectivity within the measured range.

The affinity of this network for soluble polyiodides was compared with that of poly(vinylidene
fluoride) (PVDF). After MOX was added to an I3~ solution, the yellow color was largely removed,
while the solution treated with PVDF remained visibly darker. The absorption band centered at
approximately 288 nm?3 showed a consistent trend, with only a slight decrease after PVDF treatment
but a pronounced decrease after MOX treatment (Fig. 1d). The recovered binders were then
examined by Raman spectroscopy. Signals at approximately 110 and 162 cm™, assigned to Is~ and Is~,
respectively,?® were present in both samples but were considerably stronger for MOX (Fig. 1e).
Because ultraviolet-visible (UV-Vis) spectroscopy probes the depletion of polyiodides from the
liquid phase whereas Raman spectroscopy detects iodine species retained in the recovered solids, the
consistent results from these complementary measurements support substantially greater polyiodide
uptake by MOX. The decrease in solution-phase polyiodide signals may also include a contribution
from chemical conversion, as suggested by the Fe 2p X-ray photoelectron spectroscopy (XPS) results
discussed below. The calculated electrostatic potential (ESP) of MOX was unevenly distributed over
the model surface (Fig. 1f), revealing spatially heterogeneous electronic environments that can
interact differently with iodine species. Area-weighted surface analysis showed a broader ESP
distribution for MOX than for PVDF, with variances of 448.7 and 120.6 (kcal mol™')?, respectively,
and a higher fraction of negative-ESP surface area (48.6% versus 37.6%; Fig. S1). The adsorption
energies of I', I, Is~ and Is~ on MOX were —0.21, —1.63, —1.40 and —1.67 eV, respectively. The
corresponding values on PVDF were —0.07, —0.12, —0.14 and —0.37 eV (Fig. 1g). The difference was
relatively small for I" but became much larger for I, I3~ and Is". The substantially more favorable
adsorption energies for the molecular and polyiodide species are consistent with the UV—Vis and
Raman results and provide an energetic basis for their preferential retention by MOX. Independent
gradient model based on Hirshfeld partition (IGMH) maps of the optimized adsorption
configurations further visualize contacts around the Fe—O/carboxylate region and adjacent ligands of
MOX, whereas the PVDF contacts are localized near the polymer chain (Figs. S2 and S3).

Fig. 1h illustrates the proposed function of MOX within the iodine cathode. The xerogel binder

forms an interfacial network around the iodine-loaded porous carbon particles, placing its
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heterogeneous electrostatic regions close to the active material. These interfacial binding
environments favor the retention of I3~ and Is™ near the cathode, thereby limiting their migration into
the bulk electrolyte. The proposed local electron exchange between Fe centers and iodine species can
be expressed as 2Fe?* + I3~ = 2Fe’" + 31", During discharge, Fe?* is proposed to donate electrons to
Is~, forming Fe* and I". During charging, Fe*" is proposed to accept electrons released during the
oxidation of I" to I3, regenerating Fe?*. The electronic response of the Fe centers and the dynamic
evolution of polyiodides during cycling are therefore examined next to evaluate this proposed
capture-conversion coupling.

The proposed electronic role of the Fe centers was examined by comparing MOX before and
after exposure to I3. The principal Fourier-transform infrared (FTIR) bands remained at similar
wavenumbers after adsorption (Fig. 2a), indicating that the primary Fe—carboxylate coordination
environment remained largely unchanged upon polyiodide uptake. A clearer change appeared in the
Fe 2p XPS spectra. For pristine MOX, the fitted Fe** components were located at approximately
712.4 and 725.9 eV, while the Fe*" components appeared at approximately 711.1 and 724.5 eV (Fig.
2b).2" After exposure to Is~, the fitted relative Fe?* fraction decreased from 17.7% to 5.9%,
accompanied by an increase in the Fe’" fraction from 82.3% to 94.1% (Fig. 2b, c¢). This
redistribution is consistent with oxidation of Fe?* centers upon interaction with Is~ and supports the
proposed interfacial electron-transfer process. The C ls and O ls spectra showed much smaller
changes (Fig. S4), supporting a predominantly Fe-centered electronic response rather than extensive
perturbation of the organic ligand environment. Additional ex situ XPS measurements were
performed on MOX-containing cathodes collected after discharge to 0.6 V and subsequent recharge
to 1.6 V (Fig. S5). The fitted relative Fe*"/Fe’" fractions changed from 10.5%/89.5% in the
discharged state to 22.5%/77.5% after recharging. These state-dependent changes support the
proposed involvement of the Fe centers in Fe-assisted iodine conversion.

The charge-density-difference calculation provided a molecular-level view of this interaction.
Electron accumulation and depletion appeared across the interface between I3~ and the MOX model,
including the region close to the Fe coordination center (Fig. 2d). The redistribution was more
pronounced for the MOX—polyiodide configurations than for the corresponding PVDF systems (Fig.

S6). This more pronounced interfacial charge redistribution is consistent with stronger electronic
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coupling between MOX and the adsorbed iodine species. Taken together with the adsorption-induced
redistribution of the fitted Fe?"/Fe’" components, these results indicate that the Fe coordination
centers are electronically responsive to polyiodide binding and support their involvement in
interfacial electron transfer.

Operando Raman and UV-Vis spectroscopy were then used to follow polyiodide evolution

during charge and discharge. In the Raman maps, the bands near 110 and 162 cm™!

assigned to I3~
and Is~ remained pronounced for the PVDF electrode but were markedly weaker for the MOX
electrode throughout the same electrochemical cycle (Fig. 2e, f). The operando UV—Vis maps
showed a similar difference. Strong absorption responses near 288 and 354 nm developed in the
PVDF cell, whereas the corresponding responses were much weaker in the MOX cell (Fig. 2g, h).
These complementary observations are consistent with lower detectable polyiodide accumulation
near the cathode and reduced migration into the electrolyte probed by UV—Vis spectroscopy.
Whereas static exposure over 24 h allows cumulative polyiodide retention, operando cycling
involves continuous electrochemical formation and consumption of these intermediates.

This dynamic behavior is consistent with the calculated binding-energy hierarchy: MOX binds
I, I3 and Is- much more strongly than I". The stronger affinity for oxidized iodine species favors
their retention near the cathode during charging, while reduction to the more weakly bound I™ favors
product release and regeneration of the binding sites. Together, these results suggest that MOX
couples polyiodide retention with subsequent conversion while maintaining reversible iodine redox.

The electrochemical response of the two electrodes was first compared by cyclic voltammetry
(CV). Both electrodes showed one main pair of iodine redox peaks over scan rates from 0.2 to 1.0
mV s7! (Fig. 3a, b). The peak currents increased and the peak positions shifted as the scan rate
increased. The MOX electrode generally produced larger absolute peak currents than the PVDF
electrode. A direct comparison at 0.2 mV s ! also showed a smaller separation between the anodic
and cathodic peaks for MOX, indicating lower electrochemical polarization (Fig. S7). Because peak
current is also affected by the amount of electrochemically accessible iodine, the larger peak currents
alone should not be interpreted as direct evidence of faster charge-transfer kinetics. The apparent
anodic Tafel slope decreased from 62.1 mV dec™! for PVDF to 47.2 mV dec™! for MOX, whereas the

1

magnitudes of the cathode slopes remained similar at 156.4 and 155.6 mV dec™, respectively (Fig.
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S8). Thus, under the present measurement conditions, the kinetic advantage of MOX was more
evident for the anodic iodine conversion, whereas the cathodic branch showed little difference in the
apparent Tafel response.

The dependence of peak current (i,) on scan rate (v) was fitted using |ip| =aV?. Here, g and b
are adjustive parameters. Both redox peaks of the MOX electrode gave a b value of 0.82, while the
corresponding values for PVDF were 0.722 and 0.735 (Fig. 3¢, d). A b value near 0.5 is associated
with a predominantly diffusion-controlled response, whereas a value approaching 1 indicates a larger
scan-rate-proportional or surface-controlled contribution.?® The b values between these two limits
show that both processes contributed to the iodine reaction. The higher b values of MOX therefore
indicate a greater relative contribution from rapidly responding surface or near-surface
electrochemical processes. Current separation using i(V) = kv + k,v//? gave the same trend, where
i(V) is the current at potential /" and k; and k: are fitting coefficients. The scan-rate-proportional
contribution of the MOX electrode increased from 66.6% at 0.2 mV s ! to 81.9% at 1.0 mV s},
compared with an increase from 58.7% to 76.3% for PVDF (Fig. 3e-h). This contribution includes
both non-Faradaic charging and fast surface or near-surface Faradaic reactions and therefore should
not be interpreted exclusively as electric-double-layer capacitance.

The peak-current response was further examined by plotting i, against vi/2

. Linear fitting
yielded slopes of 2.12 and —2.90 for the MOX electrode and 1.51 and —2.30 for PVDF (Fig. S9). The
larger absolute slopes for MOX indicate a greater variation in peak current with v? and a stronger
overall current response over the scan-rate range investigated. This observation complements the
higher b values because the two parameters describe different aspects of the electrochemical
response: the b value reflects the relative scan-rate dependence of the total peak current, whereas the
ip—vl/ 2 slope reflects the magnitude of its variation with scan rate. Together, these results show that
MOX produces a larger peak-current response while increasing the relative contribution of rapidly
responding surface or near-surface processes.

Electrochemical impedance spectroscopy (EIS) was used to determine whether the lower CV
polarization was accompanied by reduced interfacial impedance. From the initial state to 50 cycles,

the Nyquist arcs of the MOX electrode remained smaller than those of the PVDF electrode (Fig.

3i-k). Distribution of relaxation times (DRT) analysis resolved four relaxation features, denoted
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P1-P4 (Fig. 31). The shorter-time P1-P3 responses can contain overlapping contributions from
electrode contact, interfacial charge transfer, and ion transport within the porous electrode, whereas
the long-time P4 response is primarily attributed to slow interfacial exchange and
electrolyte/polyiodide mass transport.?**° The MOX electrode showed lower amplitudes than PVDF
across all four relaxation regions, both initially and after 50 cycles, indicating that the reduction in
polarization extends across multiple electrochemical relaxation processes rather than being confined
to a single characteristic time scale.

The reaction energetics were first compared using stepwise free-energy calculations. After
formation of the first adsorbed intermediate, the free-energy profile on MOX fell below that on
PVDF and remained lower through the subsequent reduction steps (Fig. 4a). These calculations
indicate that the MOX interface provides a thermodynamically more favorable sequence of
interfacial states for the reduction of I to I". Temperature-dependent EIS measurements showed
progressively smaller impedance arcs as the temperature increased from 35 to 55 °C (Fig. 4b, c).
Over the full temperature range, the MOX electrode also displayed lower impedance than PVDF.
Arrhenius fitting yielded apparent activation energies of 33.19 and 43.91 kJ mol™! for the MOX and
PVDF electrodes, respectively (Fig. 4d). The lower apparent activation energy and consistently
lower impedance of the MOX electrode over the measured temperature range are consistent with
facilitated interfacial charge transfer under the present measurement conditions.

The influence of polyiodide retention was examined under open-circuit conditions. After full
charging, both cells showed a rapid initial voltage decrease followed by a slower decay (Fig. 4e).
After 48 h, the MOX cell remained at 1.325 V, while the PVDF cell decreased to 1.296 V. The higher
open-circuit voltage retained by the MOX cell indicates slower self-discharge, consistent with more
effective retention of soluble iodine species within the cathode region and reduced
polyiodide-mediated active-material loss.

Rate and long-term cycling tests were then conducted to assess whether this interfacial
regulation translated into sustained iodine utilization under demanding operating conditions. The rate
capability of the cells was measured from 1 to 50 C. The MOX cell delivered discharge capacities of
157.9, 141.6, 136.4, 127.7, 111.5 and 100.2 mAh g ! at 1, 3, 5, 10, 25 and 50 C, respectively. Under
the same conditions, the PVDF cell delivered 100.9, 90.9, 83.8, 70.3, 58.6 and 52.0 mAh g/,

10
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respectively (Fig. 4f). Thus, the MOX cell retained 63.5% of its 1 C capacity at 50 C. Upon returning
to 1 C, its capacity recovered to 150.3 mAh g!, corresponding to 95.2% of the initial value.
Consistent with the rate data, the voltage-capacity profiles show that the MOX cell preserves
better-defined discharge plateaus and higher capacities as the current density increases (Fig. 4h, i).
The preservation of the discharge plateau and capacity at increasing rates is consistent with the lower
electrochemical polarization and interfacial impedance observed by CV and EIS, indicating that a
larger fraction of iodine remained electrochemically accessible under rapid cycling conditions.

Long-term cycling was examined at 2 and 10 C. At 2 C, the MOX cell started with a discharge
capacity of 190.1 mAh g! and retained 129.9 mAh g! after 5000 cycles, giving a capacity retention
of 68.3% (Fig. 4g). The initial capacity of the PVDF cell was 101.6 mAh g!, and the cell could no
longer be cycled after approximately 1350 cycles. At 10 C, the MOX cell still delivered 122.8 mAh
g ! after 20,000 cycles. The PVDF cell ceased operating after approximately 3700 cycles (Fig. 4j).
The voltage profiles of the MOX cell retained visible charge—discharge plateaus at different cycling
stages (Fig. S10), indicating that reversible iodine redox remained electrochemically accessible even
after prolonged cycling. Taken together with the self-discharge and rate results, the long-term cycling
behavior supports the ability of MOX to preserve active iodine within the cathode while maintaining
its participation in the redox process.

The performance comparison was extended to cathodes with a higher iodine loading. At an
iodine loading of 7 mg cm™? and 2 C, the MOX cell retained 166.9 mAh g™! after 500 cycles,
corresponding to an areal capacity of approximately 1.17 mAh cm 2, while the capacity of the PVDF
cell remained below 100 mAh g! (Fig. 5a). The Coulombic efficiency of the MOX cell stayed close
to 100% during the test. At the 100th cycle, its charge—discharge profile showed a longer and more
distinct voltage plateau than that of the PVDF cell (Fig. Sb). These results show that the capacity
advantage of MOX was preserved when the iodine loading was increased, indicating that its
beneficial interfacial regulation was not limited to low-loading cathodes. The cells were also cycled
at =10 and 60 °C. After 1000 cycles at 10 C, the MOX cell delivered 122.9 mAh g at —10 °C,
compared with 71.3 mAh g™! for the PVDF cell (Fig. 5¢). At low temperature, sluggish ion transport
and interfacial charge transfer limit the accessibility and conversion of iodine species. By retaining

polyiodide intermediates close to the conductive cathode interface, the distributed MOX binder helps
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maintain their participation in the iodine redox process under transport-limited conditions. At 60 °C,
the MOX and PVDF cells retained 118.3 and 87.6 mAh g, respectively, after 1000 cycles at 10 C,
while exhibiting comparable Coulombic efficiencies (Fig. 5d). Elevated temperature accelerates
iodine dissolution and migration, and the stronger affinity of MOX for molecular iodine and
polyiodides helps preserve electrochemically accessible iodine within the cathode region during
prolonged cycling.

MOX was further used as the binder in pouch cells. At 5 C, the pouch cell retained 99.2 mAh
g ! after 1000 cycles with a Coulombic efficiency close to 100% (Fig. 5e). It also maintained 93.3
mAh g! after 2000 cycles at 10 C (Fig. S11). The pouch cell powered a hygrometer in the flat,
90°-bent, and 180°-bent states, and voltage output was retained during static bending (Fig. 5f-j).
These results demonstrate the operation of the MOX-based cathode in a larger-format cell and its
ability to maintain electrical output under static mechanical deformation; repeated bending or
mechanical-fatigue durability, however, was not evaluated. Anode-side interfacial engineering has
demonstrated that regulating the local Zn reaction environment can improve Zn reversibility.>! In the
present cells, the benefit of cathode-side regulation was also reflected at the Zn anode. After 500
cycles at 10 C, the Zn surface from the MOX cell was more uniform than that from the PVDF cell
(Fig. S12). Energy-dispersive X-ray spectroscopy (EDS) showed a lower O content for MOX (2.08
versus 7.03 wt.%) and no detectable S, whereas the PVDF sample contained 0.86 wt.% S (Fig. S13).
Together, the more uniform Zn morphology and the lower abundance of O- and S-containing surface
species are consistent with less severe parasitic surface reactions in the MOX-based cell, although
the specific chemical nature of these surface products cannot be established from EDS alone.

Collectively, MOX retains soluble iodine species near the cathode while providing
electronically responsive Fe coordination centers throughout the cathode interfacial network. By
coupling polyiodide retention with an electronically responsive interfacial environment, MOX
suppresses detectable polyiodide accumulation and migration while reducing electrochemical
polarization and self-discharge. The accompanying mitigation of Zn-side surface degradation further
suggests reduced cathode-to-anode chemical crosstalk. Together, these coupled effects help preserve
electrochemically accessible iodine during prolonged cycling and underpin the improved rate

capability, cycling stability, and tolerance to varied operating conditions.
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3. Conclusion

In summary, we establish an amorphous Fe—-BTC metal-organic xerogel as a redox-responsive
binder that transforms the conventionally passive binder phase into a distributed reaction interface
for aqueous Zn-I> cathodes. Within its nonperiodic Fe—carboxylate network, heterogeneous
electrostatic regions favor polyiodide retention near the active material, while adsorption-induced
changes in the fitted Fe?*/Fe’" contributions, together with interfacial charge redistribution, provide
evidence for electronic coupling between the coordination centers and retained iodine species. The
spatial integration of polyiodide affinity and electronically responsive Fe coordination centers
couples intermediate retention with interfacial electron transfer and subsequent redox conversion,
thereby suppressing detectable polyiodide accumulation, reducing electrochemical polarization, and
preserving the electrochemical accessibility of iodine. These coupled interfacial effects enable the
MOX-based cell to retain 122.8 mAh g ! after 20,000 cycles at 10 C, with the robustness of the
binder further demonstrated through separate high-loading, extreme-temperature, and pouch-cell
tests. By recasting the binder as an active regulator of both intermediate transport and interfacial
charge transfer, this work establishes a binder-design strategy for coupling intermediate retention
with subsequent conversion in multistep conversion electrodes involving soluble intermediates.
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Figure 1. Structure of MOX and its interaction with iodine species. (a) XRD pattern of MOX. (b)
Fourier-transformed Fe K-edge EXAFS spectrum and corresponding fit in R space. (c) Fe K-edge
WT-EXAFS contour map. (d) Photographs and UV—Vis spectra of the initial I3~ solution and the
solutions after treatment with PVDF or MOX. (e) Raman spectra of PVDF and MOX recovered after
exposure to I37, with bands assigned to I3~ and Is

~. (f) ESP map of the MOX model. (g) Calculated

adsorption energies of I, I, Is~ and Is= on MOX and PVDF. (h) Schematic illustration of the
proposed arrangement and interfacial function of MOX in the iodine cathode. MOX surrounds the
iodine-loaded porous carbon particles, provides heterogeneous electrostatic environments that favor
polyiodide retention near the cathode, and contains mixed-valence Fe?*/Fe3" coordination centers

proposed to assist interfacial electron transfer and subsequent iodine conversion.
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Figure 2. Electronic response of the Fe centers and operando evolution of polyiodide species. (a)
FTIR spectra of pristine MOX and MOX after exposure to I3~. High-resolution Fe 2p XPS spectra
with fitted Fe?*, Fe** and satellite components for (b) pristine MOX and (¢) MOX after exposure to
I5". (d) Charge-density-difference maps for I3~ and Is~ adsorbed on the MOX model, with cyan and
pink regions representing electron depletion and accumulation, respectively. Operando Raman
intensity maps collected during charge and discharge of the (¢) MOX and (f) PVDF electrodes.

Voltage profiles and corresponding operando UV—Vis intensity maps for the (g) MOX and (h) PVDF

cells, showing the evolution of soluble polyiodide species over one charge—discharge cycle. The
Raman bands at approximately 110 and 162 cm™! are assigned to I3~ and Is~, respectively, while the

UV-Vis absorption bands at approximately 288 and 354 nm are assigned to I3".
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Figure 3. Electrochemical response and apparent iodine redox kinetics of the MOX and PVDF
electrodes. CV curves of the (a) MOX and (b) PVDF electrodes recorded at scan rates from 0.2 to
1.0 mV s7!. Logarithmic plots of absolute peak current versus scan rate for the (¢) MOX and (d)
PVDF electrodes, with b values obtained from |ip| =av? . Relative v¥? -associated and
scan-rate-proportional ( k;v) current contributions of the (¢) MOX and (f) PVDF electrodes at
different scan rates. CV curves and separated scan-rate-proportional contributions at 1.0 mV s™! for
the (g) MOX and (h) PVDF electrodes, with the shaded areas representing the scan-rate-proportional

current contribution. Nyquist plots of the (i) MOX and (j) PVDF electrodes from the initial state to
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50 cycles. The Nyquist plots collected after 10, 20, 30, 40 and 50 cycles are vertically offset by 2, 4,
6, 8 and 10 Q, respectively, along the positive —Z" direction for clarity; the initial spectra are shown
without offset. (k) Direct comparison of the MOX and PVDF Nyquist responses at the initial state
and after 50 cycles. (1) DRT spectra of the MOX and PVDF electrodes at the initial state and after 50

cycles; the insets enlarge the regions marked by the dashed boxes.
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Figure 4. Reaction energetics and electrochemical performance of the MOX and PVDF cells. (a)

Calculated stepwise free-energy profiles for the reduction of I to I" on the MOX and PVDF models.

Temperature-dependent Nyquist plots of the (b) PVDF and (¢c) MOX electrodes measured from 35 to

55 °C. (d) Arrhenius plots derived from the temperature-dependent charge-transfer resistances and

the corresponding apparent activation energies. () Open-circuit voltage profiles of fully charged

MOX and PVDF cells during a 48 h rest. (f) Rate performance of the MOX and PVDF cells from 1

to 50 C. (g) Long-term cycling performance and corresponding Coulombic efficiencies of the MOX

and PVDF cells at 2 C. Charge—discharge profiles of the (h) MOX and (i) PVDF cells at different

rates. (j) Long-term cycling performance and corresponding Coulombic efficiencies of the MOX and

PVDF cells at 10 C.
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Figure 5. Electrochemical performance under increased iodine loading, temperature extremes,
and pouch-cell conditions. (a) Cycling performance and Coulombic efficiencies of the MOX and
PVDF cells at 2 C with an iodine loading of 7 mg cm™. (b) Charge—discharge profiles of the MOX
and PVDF cells at the 100th cycle under the same loading condition. Long-term cycling performance
and Coulombic efficiencies of the MOX and PVDF cells at 10 C under (¢) —10 °C and (d) 60 °C
conditions. (e) Cycling performance and Coulombic efficiency of the MOX pouch cell at 5 C. ()
Photographs of the pouch cell powering a hygrometer in flat, 90°-bent, and 180°-bent states, together

with the corresponding voltage measurements.
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1. Experimental section
1.1 Materials

Iron(II) nitrate nonahydrate (Fe(NO3)3-9H20), trimesic acid (H:BTC), N, N-dimethylformamide
(DMF), N-methyl-2-pyrrolidone (NMP), iodine (I, 99.8%), and zinc sulfate heptahydrate
(ZnS04:7H20) were purchased from Aladdin Reagent Co., Ltd. Ethanol was obtained from Shanghai
Macklin Biochemical Co., Ltd. Poly(vinylidene fluoride) (PVDF) was purchased from Dongguan
Canrd Laboratory Equipment Technology Co., Ltd. Activated carbon (AC; specific surface area
~1800 m? g'') was supplied by Jiangsu XFNANO Materials Tech Co., Ltd., and Ketjen Black (KB),
used as the conductive additive, was obtained from Suzhou Shengernuo Technology Co., Ltd. Zinc
foil, glass-fiber separators, and 400-mesh stainless-steel mesh were used for electrode preparation
and cell assembly. Deionized water was used in all aqueous procedures. Unless otherwise specified,
all chemicals and materials were used as received without further purification.
1.2 Synthesis of MOX

MOX was synthesized via a solvothermal coordination process. Fe(NO3)3-9H>0 (1 mmol) and
H;BTC (1 mmol) were dissolved in 30 mL of DMF under magnetic stirring to form a homogeneous
precursor solution. The solution was then transferred to a 100 mL Teflon-lined stainless-steel
autoclave and heated at 150 °C for 16 h. After naturally cooling to room temperature, the resulting
product was collected and washed three times each with DMF and ethanol to remove residual
precursors and soluble impurities. The remaining DMF was subsequently replaced with ethanol by
solvent exchange. Finally, the ethanol-exchanged product was vacuum-dried to yield the Fe—BTC
metal-organic xerogel, denoted as MOX.
1.3 Preparation of the AC@I, Composite and Cathodes

The activated-carbon/iodine composite (AC@]2) was prepared using a melt-infiltration method.
AC and I; were mixed at a mass ratio of 1:1 and sealed in a glass vial. The mixture was heated at
120 °C for 6 h to allow molten iodine to infiltrate the porous carbon host. After naturally cooling to
room temperature, the resulting black powder was collected and denoted as AC@]Io.

To prepare the iodine cathodes, AC@]2, Ketjen Black, and MOX or PVDF binder were mixed at
a mass ratio of 70:20:10 and thoroughly ground to obtain a homogeneous mixture. Deionized water
and NMP were used as the slurry solvents for the MOX- and PVDF-based cathodes, respectively.
Each slurry was evenly coated onto a 400-mesh stainless-steel current collector and dried overnight
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to obtain the corresponding AC@]> cathode.
1.4 Sample Preparation for Polyiodide Adsorption Measurements

A fresh I3~ solution was prepared by dissolving I and KI in deionized water at equal
concentrations of 20 mM. For FTIR and XPS characterization, 10 mg of MOX or PVDF was
dispersed in 3 mL of the I3~ solution and allowed to stand for 24 h. The solids were then recovered
and dried prior to characterization. The resulting samples were denoted as MOX+I3~ and PVDF+I3",
respectively.

For the visual adsorption test and UV—Vis measurements, equal masses of MOX and PVDF
were separately immersed in 5 mL of the freshly prepared I3~ solution for 24 h. An I3~ solution
without adsorbent was maintained under identical conditions as the blank control. After adsorption,
the supernatants were collected and diluted 30-fold with deionized water before UV—Vis analysis.

For Raman characterization, the MOX and PVDF solids were recovered after 24 h of exposure
to the I3~ solution and dried prior to measurement. The resulting spectra were used to identify
polyiodide species retained within the binder phases after adsorption.

1.5 Materials Characterization

Powder X-ray diffraction (XRD) patterns of MOX were recorded on a Rigaku D/max 2500
diffractometer using Cu Ka radiation (A = 1.5406 A) over a 20 range of 5-40°. Fe K-edge X-ray
absorption spectroscopy (XAS) was performed using a laboratory-based X-ray absorption
spectrometer to probe the local coordination environment of the Fe centers. The extended X-ray
absorption fine structure (EXAFS) spectra were Fourier transformed and fitted over a k range of
3.0-10.0 A" and an R range of 1.0-3.0 A. The fit contained 8.7 independent points and six variables
and gave an R-factor of 0.011. The detailed fitting parameters, including the coordination numbers,
Fe—O bond lengths, Debye—Waller factors, energy shift, amplitude reduction factor, and available
fitting uncertainties, are summarized in Table S1. Wavelet-transform EXAFS (WT-EXAFS) analysis

was further conducted to differentiate the local Fe—O and Fe—Fe scattering contributions.

Table S1. Fe K-edge EXAFS fitting parameters for the Fe sites in MOX.

Parameter or path Value CN RA) a*(A?)

k fitting range 3.0-100 A" — — —
R fitting range 1.0-3.0 A — — —
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Independent points 8.7 — — _

Number of variables 6 — — —
R-factor 0.011 — — —
5(2) 1.0 — — —
AE, -1.5eV — — —
Fe-O — 1.0 1.98 £0.02 0.0107 + 0.0042
Fe-O> — 1.0 2.05+£0.02 0.0086 + 0.0026
Fe-0Os — 1.0 2.10£0.06 0.0001
Fe—O4 — 1.0 2.13 0.0001

CN, coordination number; R, fitted bond distance; and o2, Debye—Waller factor. Uncertainties
are reported as provided in the original fitting output.

UV-Vis absorption spectra were recorded using a Hitachi UH4150 spectrophotometer. Raman
spectra were collected on a HORIBA XploRA PLUS Raman microscope with a 532 nm excitation
laser. Fourier-transform infrared (FTIR) spectra were acquired using a PerkinElmer Frontier FTIR
spectrometer. X-ray photoelectron spectroscopy (XPS) measurements were performed on a Thermo
Scientific ESCALAB Xi spectrometer, and all binding energies were calibrated against the C 1s peak
at 284.8 eV. The Fe 2p spectra were fitted with Fe?*, Fe**, and satellite components. For each ionic
Fe doublet, the Fe 2p1»—Fe 2p3;» separation was constrained to 12.8-13.8 eV, and the Fe 2p» peak
height was linked to 0.489 times that of the corresponding Fe 2p3» component. The peak-width and
line-shape parameters were linked within each doublet, with the peak-width fitting parameter
bounded between 0.5 and 5.0 eV. Satellite contributions were treated separately. The relative Fe?*
and Fe’" fractions were normalized to their combined quantified contribution, excluding satellite
components. The Fe® contribution likely originates from the stainless-steel mesh current collector
and was excluded from the relative Fe?*/Fe** quantification.

The surface morphologies of the cycled Zn anodes were examined using a Thermo Scientific
Verios G4 UC scanning electron microscope (SEM), and the corresponding elemental compositions
were analyzed by energy-dispersive X-ray spectroscopy (EDS). Prior to SEM and EDS
characterization, the Zn anodes were retrieved from the disassembled cells, gently rinsed with

deionized water, and naturally dried at room temperature.
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1.6 Operando Raman and UV-Vis Measurements

Operando Raman measurements were performed using a custom-designed electrochemical cell
equipped with an optical window. The cell was assembled with an AC@]> cathode containing either
MOX or PVDF as the binder, a Zn foil anode, a glass-fiber separator, and 2 M ZnSOs aqueous
electrolyte. During galvanostatic charge and discharge between 0.6 and 1.6 V, Raman spectra were
continuously collected using a HORIBA XploRA PLUS Raman microscope with a 532 nm excitation
laser. The electrochemical profiles and Raman spectra were recorded synchronously to track the
evolution of polyiodide species under operating conditions.

Operando UV-Vis measurements were carried out using a custom spectroelectrochemical cell
assembled in a quartz cuvette with an AC@]I> cathode and a Zn foil anode. To ensure sufficient
optical transmittance, 40 uL of 2 M ZnSOs electrolyte was diluted with deionized water to a final
volume of 1.20 mL, corresponding to a 30-fold dilution and a final ZnSO4 concentration of
approximately 0.067 M, before being introduced into the cuvette cell. The cell was continuously
charged and discharged between 0.6 and 1.6 V, while UV-Vis spectra were collected at regular
intervals using a Hitachi UH4150 spectrophotometer. The time-resolved spectra were correlated with
the corresponding voltage profiles to monitor the dynamic accumulation and conversion of soluble
polyiodides during electrochemical cycling.

Both operando Raman and operando UV-Vis measurements were conducted at 4 C (844 mA
g ). The iodine loadings were 1.64 mg cm ™2 for the Raman measurements and 0.80 mg cm 2 for the
UV-Vis measurements. Raman and UV—Vis spectra were acquired at intervals of 1 min and 30 s,
respectively. The intensity maps were constructed directly from the recorded spectral intensities
without normalization. For each spectroscopic technique, the MOX and PVDF maps were plotted
using the same intensity scale.

1.7 Electrochemical Measurements

Zn—1» coin cells were assembled using an AC@I> cathode, a Zn foil anode, a glass-fiber
separator, and 2 M ZnSO4 aqueous electrolyte. Unless otherwise specified, the conventional coin
cells used for rate and long-term cycling measurements employed cathodes with a diameter of 12
mm and a typical iodine loading of approximately 1.5 mg cm™2. The effective cathode area was
approximately 1.13 c¢cm?, corresponding to approximately 1.70 mg of iodine per cathode. Each cell
contained approximately 150 pL of 2 M ZnSOjs electrolyte, giving an electrolyte-to-iodine ratio of
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approximately 88 uL mg™!. The Zn foil had a diameter of 12 mm and a thickness of 100 um. Five
cells were independently assembled and tested for each of the rate, 2 C long-term cycling, and 10 C
long-term cycling measurements, and representative results are reported. For the high-loading
measurements, circular cathodes with a diameter of 12 mm and an effective area of approximately
1.13 cm? were used. The iodine areal loading was 7 mg cm™2, corresponding to approximately 7.9 mg
of iodine per cathode. Each cell contained approximately 200 uL. of 2 M ZnSOj electrolyte.

Three pouch cells were independently assembled using single-layer, single-side-coated cathodes
with an effective coated area of 4.0 x 4.0 cm? The iodine areal loading of the independently
assembled pouch cells ranged from 1.2 to 1.7 mg cm™2. The representative pouch cell used for the
reported electrochemical measurements had an iodine loading of 1.6 mg cm™2, corresponding to a
total iodine mass of 25.6 mg, and contained 4.0 mL of 2 M ZnSOs electrolyte. A 4.2 x 4.2 cm? Zn
foil with a thickness of 100 um was used as the anode.

Unless otherwise specified, all cells were tested at room temperature within a voltage window
of 0.6—-1.6 V. Galvanostatic charge—discharge, rate-capability, and long-term cycling measurements
were conducted using a NEWARE battery-testing system (CT-4008Tn-5V10mA-164). Specific
capacities and current densities were calculated based on the mass of active iodine in the AC@I>
cathode. A rate of 1 C was defined as 211 mA g! based on the mass of I», corresponding to the
theoretical two-electron capacity of iodine.

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements
were performed using a Bio-Logic VMP-3 electrochemical workstation. CV curves were recorded
between 0.6 and 1.6 V at scan rates of 0.2-1.0 mV s™!. EIS spectra were collected over a frequency
range of 100 kHz to 10 mHz. For cycling-dependent impedance analysis, cells were measured in the
initial state and after selected numbers of cycles. Temperature-dependent EIS measurements were
conducted from 35 to 55 °C, and the extracted charge-transfer resistances were used for Arrhenius
analysis to determine the apparent activation energies. For self-discharge measurements, the cells
were first fully charged and then rested under open-circuit conditions for 48 h, during which the
open-circuit voltage was continuously recorded. Low- and high-temperature cycling tests were
conducted at —10 and 60 °C, respectively, using a temperature-controlled chamber. Pouch cells were
assembled using enlarged AC@]> cathodes containing MOX as the binder, Zn foil anodes, glass-fiber
separators, and 2 M ZnSOs aqueous electrolyte, followed by heat sealing in aluminum-laminated
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pouches. The pouch cells were evaluated by galvanostatic cycling and were additionally tested in flat
and mechanically bent configurations to assess their electrochemical output under deformation.
1.8 Computational Details

All DFT calculations were performed using ORCA 6.1.0.[1,2] Geometry optimizations and
subsequent single-point energy calculations of all systems were carried out at the
PBE0-D4/def2-TZVP level [3-5], together with the def2/] auxiliary basis set [6], RIJCOSX
approximation [7,8], TightSCF convergence criterion, DefGrid3 numerical integration grid, and
CPCM implicit solvation model [9,10] with water as the solvent. For Fe-containing MOX systems,
unrestricted Kohn-Sham calculations were used, with the charge and spin multiplicity set to 0 and 16,
respectively.

The single-point electronic energies were used for adsorption-energy calculations, according to:
AE = Ecomplex - (Efragment ot Efragmentz)
where Ecompiex 18 the electronic energy of the optimized complex, and Efagment 15 Efragment2 ar€

the electronic energies of the corresponding isolated fragments. The calculated binding energies are
summarized in Table S2. Electrostatic potential (ESP), independent gradient model based on
Hirshfeld partition (IGMH) analysis and differential electron-density were analyzed using
Multiwfn[11] and visualized using VMD.[12]

Table S2. Electronic energies of the adsorption complexes and isolated fragments, together with the

calculated adsorption energies of iodine species on the MOX and PVDF models.

System Ecomplex (€V) Efragment1 (€V) Efragment 2 (€V) AE (eV)
MOX-I™ -221726.49858 -213619.78096 -8106.50401 -0.21361
MOX-I, -229824.81874 -213619.78096 -16203.40681 -1.63097
MOX-I5~ -237931.8101 -213619.78096 -24310.63163 -1.39751
MOX-Is~ -254135.78708 -213619.78096 -40514.33474 -1.67138
PVDEF-I™ -17813.50677 -9706.9369 -8106.50401 -0.06587
PVDF-I, -25910.46393 -9706.9369 -16203.40681 -0.12022
PVDF-I;~ -34017.7082 -9706.9369 -24310.63163 -0.13967
PVDF-Is~ -50221.645 -9706.9369 -40514.33474 -0.37336

The Gibbs free energy of each molecular species was obtained from ORCA thermochemistry
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analysis, with the frequency calculations performed at the same level to verify the optimized
structures and obtain thermodynamic corrections at 298.15 K:
G = Eqtec * Georr
Georr = Ezpe + DHihermal = TS

where E... 1s electronic energy, Ezpp 1s the zero-point energy, AHipermar 1S the thermal
enthalpy correction, and S is the entropy from vibrational analysis.

The relative Gibbs free energy of each state was referenced to the initial state. The Gibbs
free-energy change of each reaction step was calculated from the Gibbs free energies of the

corresponding products and reactants according to the stoichiometric relation:

AG = E ViGprOduct,i_ E VjGreactant,j
i J

For electrochemical steps, the electron chemical potential was included through the
corresponding electron term in the state free energy. Equivalently, the potential-dependent
free-energy change can be expressed as:

AG(U) = AG(0) - neU[13]

where n is the number of transferred electrons, e is the elementary charge, and U is the applied
electrode potential.

1.9 Kinetic and Electrochemical Analyses

The relationship between the absolute redox peak current ( |ip|) and scan rate (v) was analyzed

using the following power-law equations:
|ip| = av®
log|i,| = log(a) + b log(v)
where a and b are adjustable parameters. The b value was obtained from the slope of the linear
fit of log|ip| versus log(v). A value approaching 0.5 indicates a predominantly diffusion-controlled

response, whereas a value approaching 1.0 indicates predominantly capacitive or surface-controlled
behavior.
The current response at a given potential was separated into capacitive-controlled and

diffusion-controlled contributions according to:
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i(V) = kyv + kv/?
where k,v and k,v¥? represent the capacitive-controlled and diffusion-controlled current
contributions, respectively. The values of k; and k, were obtained from the linear relationship:
i(V)

—— = kv? + k
Vl/z 1 2

In this analysis, the capacitive-controlled contribution refers to the current component that
varies linearly with scan rate. This component may include electric-double-layer charging and fast
surface or near-surface Faradaic reactions and should therefore not be interpreted exclusively as

electric-double-layer capacitance. The k,v%/?

term represents the current response associated with
diffusion-coupled electrochemical processes.

The capacitive-controlled fraction at each scan rate was determined by integrating the absolute
k;(V)v current over the investigated potential window and normalizing it to the integrated absolute
total current. The remaining fraction was assigned to the diffusion-controlled contribution. The

dependence of the redox peak current on the square root of the scan rate was further examined using

the following empirical linear relationship:
i, = kvi/? +¢
where i, is the redox peak current, k is the fitted slope, and c is the intercept.
Apparent Tafel slopes were derived from the CV curves collected at 0.2 mV s™! by fitting the
linear regions of the electrode potential (£) against the logarithm of the absolute current density (j):
E=a+bloglj|
where b is the apparent Tafel slope. The apparent activation energies were determined from the

temperature-dependent charge-transfer resistances according to the Arrhenius relationship:

1 Eq
—=Ae RT
Rct

where R, is the charge-transfer resistance, A is the pre-exponential factor, E, is the apparent

activation energy, R is the universal gas constant, and T is the absolute temperature. The E, values
were calculated from the slopes of the linear fits of In(R;tl) versus 1000/T. Accordingly, for a fitted

slope m, the apparent activation energy was calculated according to £, =—1000 mR.
Distribution of relaxation times (DRT) analysis was performed by transforming the EIS spectra

into relaxation-time-dependent impedance distributions. The impedance response was represented as:
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Z(w) =R + ]“’ (i) d(Int)

1t jwrt
where R.. is the high-frequency resistance, y(Int) is the DRT function, t is the relaxation time,

and w is the angular frequency.
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Figure S1. ESP maps and surface-area-weighted ESP distributions of (a) PVDF and (b) MOX.
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Figure S2. Calculated interaction energies and IGMH maps for PVDF with I", I, Is” and Is".
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Figure S3. Calculated interaction energies and IGMH maps for MOX with I, I, Is" and Is".
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Figure S4. High-resolution C 1s XPS spectra of (a) pristine MOX and (b) MOX after exposure to I3,
and high-resolution O 1s XPS spectra of (c) pristine MOX and (d) MOX after exposure to I3™.
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Figure S5. Ex situ high-resolution (a,d) C 1s, (b,e) O 1s, and (c,f) Fe 2p XPS spectra of
MOX-containing cathodes collected after (a—c) discharge to 0.6 V and (d—f) subsequent recharge to

1.6 V. The Fe?" and Fe** percentages represent their relative fractions normalized to the fitted ionic

Fe contributions, excluding the Fe and satellite components.
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Figure S6. Charge-density differences of I3~ adsorbed on the (a) MOX and (b) PVDF models. The

pink and cyan regions represent electron accumulation and depletion, respectively.
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Figure S8. Apparent Tafel plots derived from the CV profiles of the MOX and PVDF electrodes at

0.2 mV s™! for the (a) anodic and (b) cathodic reaction branches.
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Figure S11. Long-term cycling performance and Coulombic efficiency of the Zn—I> pouch cell

assembled using MOX as the binder at 10 C.

Figure S12. SEM images of Zn anodes recovered from the Zn-I, cells after 500 cycles at 10 C: (a)
PVDF-based cell and (b) MOX-based cell. Scale bars: 10 pm.
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Figure S13. High-magnification SEM images and corresponding EDS spectra of Zn anodes
recovered from the Zn-I> cells after 500 cycles at 10 C. (a,b) SEM image and corresponding EDS
spectrum of the Zn anode from the MOX-based cell. (c,d) SEM image and corresponding EDS

spectrum of the Zn anode from the PVDF-based cell. Scale bars: (a) 2.5 um and (c) 5 pm.
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