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Abstract. Aqueous zinc-iodine (Zn-I,) batteries are emerging as promising alternatives to lithium-
ion batteries, boasting high theoretical capacity along with abundant natural resources and
environmental safety. The redox chemistry of iodine in these batteries, exploiting its multiple valence
states, offers potential for intricate multi-electron conversion reactions. However, challenges such
as iodine's volatility and poor conductivity hinder direct use as a cathode material, impacting battery
efficiency and cycle life. Strategies involving physico-chemical adsorption in carbon-based hosts
show promise by enhancing iodine loading and stability. A synthesized porous carbon material,
enriched with carbonate functional groups, achieved a remarkable iodine loading efficiency of 66.69
wt.%. When applied as the cathode in a Zn-1,&ClI battery configuration, incorporating two-electron
conversion of iodine via chloride ions activation, it demonstrated a specific capacity exceeding
200mAh g-1 at 1C, with stable cycling performance over 600 cycles at 5C. This approach
underscores the critical role of tailored cathode materials in advancing Zn-I; battery technology.
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1. Introduction

Aqueous zinc-iodine (Zn-I») batteries represent a promising advancement in energy storage
technology, positioned as viable alternatives to lithium-ion batteries due to their high theoretical
capacity, substantial energy density, abundant natural resources, inherent safety, and environmental
friendliness. [1-3] The redox electrochemical reaction involving iodine in Zn-I batteries has garnered
significant interest due to its capability to generate substantial voltage potentials and achieve
theoretical capacities of up to 211 mAh g'. [4-6] Furthermore, iodine's multiple valence states
(ranging from -1 to +7) render it particularly intriguing for potentially intricate multi-electron
conversion reactions. [7] Typically, cathodic reactions in these batteries involve single-electron
transfer I%/1" reactions. [8-10] Theoretically, by facilitating iodine-positive transitions at the cathode,
two distinct voltage platforms can be realized: 17/1° and 1%1". [11-12] This innovative approach has
the potential to double the battery's capacity and significantly enhance its energy density.

However, the widespread adoption of Zn-I, batteries is hindered by several challenges.
Specifically, the volatility and poor conductivity of I> make it unsuitable for direct use as a cathode
material. Additionally, numerous critical issues associated with iodine conversion, such as slow
reaction kinetics, the multi-iodine species shuttle effect, and instability of the zinc anode, collectively
contribute to low coulombic efficiency, and poor capacity and cycle life, thereby limiting their
practical application. [13-15] A classical approach involves confining active I within the porous
structure of a host material through physical adsorption. [16-17] However, this method has limitations,
with I content typically constrained to 20 wt.% to 50 wt.%, and the interaction between the host
material and polyiodide species often proving insufficient. Therefore, the strategic design and
development of cathode materials are crucial for enhancing the electrochemical performance of Zn-
I batteries. [18]
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Carbon-based materials have been extensively utilized as host materials due to their exceptional
electrical conductivity, high specific surface area, tunable pore structure, excellent chemical inertness,
and thermal stability. [19-20] However, effectively and stably incorporating active iodine into these
hosts remains a critical factor limiting their performance. The simple adsorption strength between
host and > is often insufficient, leading to the loss of iodine during conversion reactions in Zn-I>
batteries. Physical properties such as specific surface area and pore structure significantly influence
the loading of active I» in carbon materials. Moreover, chemical modification of carbon materials can
enhance the binding of substrates to iodine species, thereby addressing these limitations and
improving overall battery performance.

Hence, we propose a strategy to enhance Zn-I, battery performance through physico-chemical
adsorption, employing a carbon host enriched with a robust pore structure and chemical constraints.
A porous carbon (PC) material with ample pore structure was synthesized using MnCOs3 as an
inorganic salt template and methyl cellulose (MC) as a carbon source. Leveraging the chemical
inheritance of carbonates, the surface of this porous carbon was endowed with abundant carbonate
functional groups, significantly boosting iodine adsorption with a high loading efficiency of 66.69
wt.%. This PC@I, material was employed as the anode, activating I" by introducing heterogeneous
halogen chlorine into the electrolyte. This innovation enabled the development of a high specific
capacity Zn-&Cl battery. Specifically, a specific capacity exceeding 200 was achieved at a current
density of 1C (1C=211 mA g!). With the improved kinetics provided by chloride ions, the battery
demonstrated stable cycling performance, enduring over 600 cycles at a high current density of 5C.

2. Results and Discussion

2.1. Chemisorption and Kinetic Mechanism Study of the Carbon Host to Iodine Species
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Figure 1. Morphological and structural characterization of PC@]>. (a) Schematic illustration of the
synthesis of porous carbon (PC) via the MnCO3 template method and iodine loading (PC@l>). (b)
SEM image of PC. (c) Enlarged SEM image of PC. (d) SEM image of PC@]I> and corresponding

energy dispersive spectroscopy (EDS) elemental mappings of C, O, and 1.

The synthesis process for the PC and PC@]» materials is outlined in Figure 1a. Initially, methyl
cellulose (MC) was used as the carbon source, while manganese carbonate (MnCO3) served as the
inorganic salt template. This combination enabled the creation of cubic porous carbon materials with
an extensive pore structure through a series of simple steps, including mixing, carbonization, and the
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subsequent removal of the template. After forming the porous carbon structure, iodine species were
incorporated onto the porous carbon using an impregnation adsorption method, obtaining the PC@]»
electrode material. Figure 1b shows the SEM morphology of the PC, which maintains the cubic shape
of the MnCO3 template. The cubic pores measure approximately 1 um on each side, and their
interconnected nature facilitates efficient material and charge transfer within the electrode. Enlarged
SEM images (Figure 1c) reveal that the walls of the cubic porous carbon exhibit folds and wrinkles,
which enhance the specific surface area and provide additional active sites for iodine loading. EDS
elemental mappings confirm a uniform distribution of iodine throughout the porous carbon matrix.
Additionally, the inorganic salt templating method introduces numerous carbonate functional groups
onto the carbon material, which are crucial for improving the immobilization of iodine species. This
strategic design of the porous carbon and effective iodine loading significantly enhance the
performance of Zn-I> batteries via the improved structural and chemical feature.
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Figure 2. Fundamental characterization of PC@I>. (a) Photographs of PC adsorption of iodine at
different times. (b) Thermogravimetric analysis (TGA) curves of PC and PC@]». (¢) X-ray
diffraction (XRD) pattern of PC and PC@L. (d) Raman spectra of PC and PC@L>.

In order to elucidate the strong adsorption properties of PC matrix to iodine species, the enhanced
adsorption capacity of PC host to iodine species was studied by visual adsorption test (Figure 2a).
When PC was immersed in an aqueous solution of iodine, the solution gradually became clearer over
time. After 8 hours, the iodine solution was nearly transparent, demonstrating the exceptional
adsorption capability of the porous carbon host for iodine species. This observation confirms the
effective interaction and strong adsorption of iodine by the PC matrix, particularly in the aqueous
environment typical of Zn-I> batteries. Further analysis of the iodine loading capacity in the PC was
performed using TGA (Figure 2b). By comparing the weight loss data of PC and PC@]I> under
identical conditions, the specific iodine loading capacity was determined to be 66.69 wt%, this
indicates that porous carbon host exhibits more active sites to adsorb iodine species. This value
significantly exceeds the typical iodine loading limits of most carbon substrates. Such a high loading
capacity is crucial for enhancing the energy density of Zn-I> batteries, as it allows for a substantial
increase in the amount of active iodine species available for electrochemical reactions. The improved
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adsorption and high iodine loading contribute to more efficient and effective battery performance,
addressing key challenges in the development of high-energy-density Zn-I, batteries.

The XRD patterns of PC and PC@I> show that there are no obvious peaks of iodine, which
indicates that iodine is uniformly adsorbed without obvious large particle aggregation (Figure 2c).
This uniform distribution is mainly attributed to the abundant oxygen-containing functional groups
in porous carbon prepared by MnCO3 template method, which produce chemical forces on iodine.
This is further confirmed by Raman spectroscopy, which shows a vibrational stretching peak near
~160 cm™!, which indicates the presence of iodine (Figure 2d). The other two peaks located at ~1340
and 1600 cm™! are observed, which correspond to the D-band (disordered carbon) and the G-band
(graphitized carbon) of porous carbon matrix, respectively. [20] Surprisingly, the tight interaction
between iodine and carbon substrate promotes rapid electron transport and enhances the reaction
kinetics of the Zn-I, battery, thus improving the performance and efficiency of the battery.

2.2. Storage Mechanism and Electrochemical Performance
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Figure 3. Mechanism diagram of ICI conversion reaction in Zn-I, batteries. (a) Charge and
discharge processes schematic of Zn-I> battery with Cl species. (b) The illustration of the possible
capacity enhancements of ICl conversion.

The introduction of heterogeneous halogens into Zn-I, batteries has proven to be effective in
activating I'" conversion. [21-23] To facilitate this process, AICl3 was incorporated into the electrolyte
to induce I" conversion. As illustrated in Figure 3a, we developed a Zn-I, battery system containing
chlorine to facilitate the effective conversion of I" into I" (as ICI), with the electrodes labeled as
PC@1,&CI". During the electrochemical operation of this system, the following reactions take place
at the zinc anode electrode:

Zn*" +2e <> Zn

And two reactions of the iodine species conversion occur at the cathode:

21 & I+ 2¢

I + 2CI" & 2ICI + 2¢

Overall, the total reactions in the battery system are as follows:

Zn* +2I > Zn+L,E=129V

Zn** + 1L, +2Cl > Zn+2ICLLE=1.83V

Additionally, the two-electron transfer mechanism is expected to double the theoretical capacity
to 422 mAh g!. In terms of energy density, a significant increase of over 200% compared to the
original value can be achieved, thanks to the higher potential of the triggered conversion plateau
(Figure 3b). These reactions underscore the enhanced performance and potential improvements in
energy density and efficiency made possible by incorporating heterogeneous halogens into the zinc-
iodine battery system.
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Figure 4. Electrochemical performance of PC@L&CI electrode. (a) CV curves of PC@I electrode
at different scan rate from 0.2 to 1.0 mV s, (b) CV curves of PC@L&CI electrode at different scan
rate from 0.2 to 1.0 mV s°!. (c) Rate capability of PC@I>» and PC@L&CI" electrodes. (d) Cycling
performance of PC@I, and PC@L&CI electrodes at 5C (1C=211mA g').

Electrochemical performances of Zn-I, batteries with PC@], and PC@I,&CI™ electrodes are
evaluated based on cyclic voltammetry (CV) tests. Figure 4a shows the CV profiles of Zn-I, battery
with PC@I, electrode at different scan rate from 0.2 to 1.0 mV s™'. The Zn-I, battery with PC@I>
electrode depicts a well-known pair of redox peaks at 1.20/1.25 V, corresponding to the single redox
stage of I'/I° couple. In sharp contrast, two well defined pairs of redox peaks can be identified in the
Zn-I battery with PC@I&CI electrode. Apart from the familiar couple, a new redox pair is detected
at 1.70/1.75 V (Figure 4b). This showcase indicates an activated new reversible chemistry.
Specifically, the PC@&CI electrode demonstrates reversible capacities of 210, 168, 154, 145, 137,
and 130 mAh g! at current densities of 1C, 2C, 5C, 10C, 15C, and 20C, respectively (Figure 4c).
These values are significantly higher compared to those of the PC@]I> electrode, which shows
capacities of 128, 109, 99, 94, 89, and 85 mAh g! at the same current densities. Figure 4d illustrates
the cycling performance of the electrodes at a current density of 5C. The PC@L&CI electrode retains
a high reversible capacity of 126 mAh g! after 500 cycles, demonstrating its excellent cycle stability
and performance. In contrast, the PC@I, electrode exhibits a lower capacity of 94 mAh g™ under the
same conditions, indicating a relatively less stable cycling performance. This comparison highlights
the superior durability and capacity retention of the PC@&CI electrode over extended cycling.
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Figure 5. (a) In situ EIS of PC@I electrode. (b) In situ EIS of PC@L&CI electrode. (c) SEM
images of Zn anode of Zn-I, battery with PC@]I electrode after 50 cycles. (d) SEM images of Zn
anode of Zn-I> battery with PC@L&CI" electrode after 50 cycles.

To investigate the interfacial charge transfer processes at different discharge states, in situ
electrochemical impedance spectroscopy (EIS) was employed to monitor resistance variations
throughout the redox reactions of the PC@h:&Cl™ and PC@]I> electrodes. The analysis revealed that
the PC@L&CI electrode exhibited consistently lower charge transfer resistance compared to the
PC@]I: electrode, both in its initial state and during the charging process (ranging from 1.0 V to 1.7
V). This reduction in resistance confirms that the PC@I,&Cl" electrode facilitates more rapid kinetics
for the redox reactions and more efficient interfacial charge transfer. These findings, illustrated in
Figure 5a and 5b, highlight the superior performance of the PC@&CI electrode in supporting faster
and more effective charge exchange processes compared to the PC@I> electrode.

The corrosion of Zn anode surface was further studied to verify the inhibition of PC@L&CI
electrode to the shuttle effect of polyiodide species. Figure 5c and 5d display the surface deposition
morphology of the Zn anode in Zn-I; batteries with PC@L&Cl™ and PC@]; electrodes after 50 cycles
at a current density of 5C. The images reveal that the PC@I&CI" electrode effectively prevents the
interaction between polyiodides and the Zn anode, thereby promoting stable Zn ion deposition.
Furthermore, the enhanced reaction kinetics and reversible conversion facilitated by the PC@L&CI
electrode improve the utilization efficiency of the active iodide species. This leads to reduced
corrosion of the Zn anode surface and contributes to the overall superior electrochemical performance
of the Zn-1, batteries.

3. Conclusion

In summary, we synthesized porous carbon substrates with a rich pore structure and abundant
oxygen-containing functional groups using an inorganic salt templating method. lodine was adsorbed
onto the PC substrates as the initial active material. The PC substrate with extensive pore structure
adsorbed up to 66.69 wt% of I, effectively minimizing iodine species loss and inhibiting polyiodide
shuttling through the strong chemical interactions of the oxygenated functional groups. Additionally,
the introduction of heterogeneous Cl” into the battery system facilitated the efficient conversion of I*.
The PC@L:&CI electrode system demonstrated higher specific capacity and energy density, along
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with excellent cycling stability, compared to the PC@I. electrode. It is believed that the
physicochemical dual-constraint synergistic activation strategy for heterogeneous halogens in this
work offers a valuable approach for advancing high-performance Zn-I batteries.

4. Material and Methods

(1) Material Synthesis

Synthesis of PC material: Methyl cellulose (MC) and manganese carbonate (MnCO3) were
combined in a mass ratio of 1:5, then placed in a tube furnace. The mixture was heated to 800°C at a
rate of 5°C/min, maintained at this temperature for 2 hours and processed under an argon atmosphere
for inert protection. After cooling, the black precursor was washed with 1 M HCI for 1 hour, then
filtered and vacuum-dried at 100°C overnight to yield the final porous carbon (PC) material.

Synthesis of PC@I> material: A specific quantity of PC material was immersed in a supersaturated
aqueous iodine solution and allowed to adsorb for 12 hours. The mixture was then filtered, and dried
overnight in a vacuum oven at 60°C to produce the PC@]> material.

(2) Material Characterization

Morphology of the PC PC@I> and Zn anode materials were investigated by using scanning
electron microscope (SEM, SU8010). Structure characterizations of the PC and PC@], materials were
recorded by using powder X-ray diffractometer (XRD, X Pert PRO MPD) and Raman test (HORIBA
HR Evolution with 532 nm wavelength). The mass loading of I in PC was calculated based on
thermogravimetric analyses (TGA, WRT-12) in nitrogen atmosphere.

(3) Electrochemical Evaluation

Assembling of Zn-I> batteries with PC@I> and PC@I>&CI electrodes: The electrochemical
properties of the electrode materials were evaluated at room temperature. Cathodes were prepared by
mixing the PC@]> material, Super P, and polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone
(NMP) solvent at a mass ratio of 8:1:1, with an active material loading of approximately 1.5 mg cm”
2, Fresh zinc metal foil was used as the anodes, and a 2 M ZnSO4 solution was employed as the
electrolyte, with 60 pL of electrolyte used per battery. For the PC@l&Cl electrodes, 1 M AICI3 was
added to the electrolyte. A Whatman glass microfibre filter served as the separator. The CR2032
button cells were assembled in-house.

Electrochemical tests of Zn-I> battery: Rate and cycling performance were performed using a
battery measurement system (Land CT3002A). Cyclic voltammetry (CV) and Electrochemical
impedance spectroscopy (EIS) were performed using an GAMRY electrochemical workstation at
different frequencies from 1000000 Hz to 0.01 Hz.
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