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Abstract

Rechargeable aqueous zinc-iodine batteries (ZIBs) are considered a promising
newly-developing energy-storage system, but the corrosion and dendritic growth occurring on
the anode seriously hinder their future application. Here, the corrosion mechanism of
polyiodide is revealed in detail, showing that it can spontaneously react with zinc and cause
rapid battery failure. To address this issue, a sulfonate-rich ion-exchange layer (SC-PSS) is
purposely constructed to modulate the transport and reaction chemistry of polyiodide and
Zn?* at the zinc/electrolyte interface. The resulting ZIBs can work properly over 6000 cycles
with high-capacity retention (90.2%) and reversibility (99.89%). Theoretical calculations and
experimental characterization reveal that the SC-PPS layer blocks polyiodide permeation
through electrostatic repulsion, while facilitating desolvation of Zn(H20)s?* and restricting

undesirable two-dimension diffusion of Zn?* by chemisorption.

1. Introduction

As one of the most promising electrical energy storage (EES) systems, lithium-ion batteries
(L1Bs) have dominated the energy-storage landscape for over 30 years.l*l In the pursuit of
safety, cost-efficient, and green battery system today, however, LIBs are not capable of
meeting these real requirements due to two fatal failures from the intrinsically inflammable
organic electrolytes and the severe scarceness of lithium supplies.[2461 Therefore, a lot of
research efforts have been devoted to developing alternative energy storage technologies,
complementary to LIBs, leading to the emergence of rechargeable aqueous zinc-iodine
batteries (ZIBs) as a green and safe EES; this can be attributed to their intrinsic fire-retardant
properties, richness in natural resources (0.0075% Zn in the earth crust and 55 pUgiodine Locean ),
and the high energy (power) density of 750 Wh kg™ (109.1 kW kg2).""1% particularly, in

consideration the redox couple of I/I” in the cathode, ZIBs are able to present a flat



charge-recharge platform at 1.38 V that shows an unparalleled advantage over the
counterparts with intercalation/de-intercalation mechanisms.'*?1 Nonetheless, ZIBs are
encountering inadequate cycle life caused by the severe dissolution/diffusion of water-soluble
polyiodide intermediates in electrolytes as well as the poor stability of the Zn anode.[*31%]

Some progress has been already made in obtaining better cathode materials in terms of
suppressing the shuttle effect of polyiodide, including two-dimensional (2D) MXenes,*?
carbon-based materials,[*®! Prussian blue analogues,*® and organic materials.*”1 Regardless of
this, the performance and lifespan of the battery also depend heavily on the stability of the
anode, especially in terms of achieving high durability.[*3° Typically, in ZIBs, polyiodide
escaping from the cathode during cycling will adversely affect the Zn anode with significant
corrosion and passivation.l’l The corroded or passivated Zn anode will generate an uneven
plating/stripping surface and exacerbate the Zn dendritic growth in aqueous electrolytes
during cycling, which can pierce the separator and cause cell short circuit.>?% Thus, viable
Z1Bs are enabled only if the zinc anode is free of corrosion and passivation caused by the side
reaction of polyiodide and water while maintaining dendrite-free deposition. Although
bespoke considerations have huge impact on the applicability of ZIBs, they are often
overlooked and urgently need to be understood and addressed.

Theoretically, ion transport (e.g., Zn?*" and ls) occurs through the solid-liquid interface
formed by the the metal anode and liquid electrolyte.[?:221 Therefore, it should be possible to
control the interface chemistry to regulate Zn deposition behavior as well as the shuttle effect
of polyiodide by constructing multifunctional protective layers on the Zn surface. For instance,
Yang et.al sought assistance from a metal-organic framework layer to sieve iodine species and
alleviate related parasitic side reactions on the Zn anode.l”! Adhering to the pursuit of low-cost,
green, and large-scale EES, we have further found a famous and well-established technology,

namely ion-exchange technology, which has been widely used in various fields, such as water



treatment,'?® energy storage,?*! and catalysis.[?®! Typically, organic ion-exchange materials
are composed of insoluble polymer skeleton and active groups, which are used to prevent the
material from dissolving in water and determine the essential sorption characteristics of the
material, respectively. Depending on the active group in the polymer skeleton, ion-exchange
materials can therefore realize the enrichment and separation of various ions in water.[®!
Inspired by this mechanism, we reasoned that by applying an ion-exchange layer, it would be
possible to regulate Zn interfacial ion/molecule transport and to achieve excellent Zn
plating/stripping behavior in ZIBs. Besides, ion-exchange fibers may be able to broaden the
application of ZIBs in fiber batteries and flexible devices, as they can be utilized in various
forms (e.g., filament, fabric, nonwoven, and felt). To be noted, the free water in the aqueous
electrolyte will also attack the Zn anode during the cycling process and result in its rapid
passivation and corrosion. Therefore, this protective barrier is also required to have inherent
water-resistant properties, shielding the Zn anode from related parasitic side reactions.

Herein, we reveal the corrosion mechanism of polyiodide on the Zn anode, confirming that
polyiodide can spontaneously react with Zn to form a thick and loose passivation layer on the
Zn surface, which dramatically promotes dendrite growth and ultimately causes rapid battery
failure. Therefore, a multifunctional sulfonated 1,4-bis(chloromethyl)-2-nitrobenzene
crosslinked polyphenylene sulfide (noted as SC-PPS) coating is first constructed by
employing the commercial polyphenylene sulfide fiber as the polymer skeleton and the
sulfonic group as the active group to address the multiple issues, including polyiodide/water
parasitic reactions and dendrites growth. As a result, the SC-PPS coating layer shows a high
blockage effect toward polyiodide due to the electrostatic barrier formed by the rich sulfonic
acid groups in SC-PPS, which effectively avoids the polyiodide corrosion towards the Zn
anode. Meanwhile, Zn?* is uniformly concentrated on the SC-PPS layer through chemical

adsorption produced by the sulfonate-rich layer, which enables rapid 3D diffusion of Zn?* at



the nucleation interface while facilitating the desolvation of Zn(H20)s*" and reducing the free
water to contact fresh Zn, thereby realizing highly reversible Zn plating/stripping. Befitting
from bespoke effects, ZIBs with the SC-PPS coating can achieve an ultralong lifespan (>6000
cycles), as well as ultrahigh capacity retention (90.2%) and Coulombic efficiency (average of

CE: 99.89%) at a high density of 3.2 A g%,

2. Results and Discussion
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Figure 1. Corrosion processes of Zn foil in a) polyiodide solution and b) deionized water
observed by in-situ optical microscope. Cross-sectional images of Zn foil after soaking in c)
polyiodide solution and d) deionized water for 3 days. €) In-situ UV-vis spectroscopy for I3~
ions in polyiodide solution with fresh Zn foil. f) Electrochemical cycling behavior of
symmetric Zn cells with the mixed electrolyte and 2 M ZnSOQg electrolyte at a current density
of 1 mA cm™? (1 mAh cm™). g) Schematic diagram for the mechanism of polyiodide

corroding Zn anode.



Although Yang and co-workers have revealed that polyiodide can corrode Zn anode,!’! the
understanding of underlying mechanisms remains obscure. Therefore, we deemed it necessary
to improve and supplement the theoretical basis of polyiodide corrosion of zinc before
carrying out follow-up works. Firstly, we investigated the corrosion behavior of the Zn foil in
a polyiodide solution (composed of 1 M Kl and 0.01 M I, in deionized water) by conducting
in-situ optical microscope (OM). As shown in Figure 1a, the digital images clearly show the
corrosion and passivation process on the Zn surface in a polyiodide solution, in which a bulge,
formed on the Zn foil, is visually observed already after 5 h. By stark contrast, the Zn surface
in deionized water presents a negligible change even after 18 h (Figure 1b). This observation
confirms the accelerated corrosion effect of polyiodide on zinc foils. Furthermore, the
cross-sectional morphologies of Zn foil in both solutions were further checked by scanning
electron microscope (SEM) images (Figure 1c and 1d). The Zn foil in polyiodide solution
suffers intense corrosion where the corrosion layer increases dramatically to ~26 um. As
compared with the shallow corrosion layer (~8 um) in deionized water, it indicates that the
corrosion of polyiodide has an inward tendency to jeopardize the stability of zinc anode
seriously in an aqueous solution. Particularly, a by-no-means negligible phenomenon is that
the corrosion layer in the polyiodide solution presents a honeycomb structure, while it is fully
dense in deionized water. It is well-known that a dense protective layer (e.g., Al.Oz layer) on
the metal surface usually plays a vital role in metal anti-corrosion, as it prevents the internal
fresh metal from contacting with the external active reaction medium. For this matter, the
honeycomb-like zinc surface acts as porous networks for the penetration of electrolyte inside
and leads to accelerated corrosion behavior of the zinc foil and a deepened Zn corrosion layer.
In order to reveal the formation mechanism of the honeycomb-like Zn surface, in-situ
ultraviolet-visible (UV-vis) spectroscopy was conducted to record the changes in polyiodide

concentration by soaking the zinc foil in polyiodide solution. As the absorbances at ~288 and



354 nm in UV-vis spectrum are highlighted as typical responses of I3~, they undergo a
significant decline as function of time (Figure 1e).?1 This observation is absent in the blank
control experiment without Zn foil in polyiodide solution (Figure S1, Supporting Information),
confirming the spontaneous reaction between I3~ ions and zinc under ambient conditions.
Noteworthily, the intensity of another peak at ~225 nm that comes from the I” ions shows a
rising tendency with the decrease of the I3~ concentration (Figure S2, Supporting Information),
which demonstrates a spontaneous pathway occurring between 13~ and Zn as the following

equation (1).

Zn+l, — Zn* +1° (1)
Meanwhile, the honeycomb-like zinc foil (Figure 1c) is generated due to the gradual

dissolution of the produced water-soluble Znl, compound in the electrolyte solution. In order
to match the battery situation better, symmetric Zn||Zn cells were assembled to investigate the
effect of polyiodide corrosion on Zn dendrite growth in different electrolytes, before which
the symmetric cells were set for 3 days firstly. As shown in Figure 1f, the symmetric cell with
the mixed electrolyte (composed of 90 vol% 2 M ZnSOs and 10 vol% aforementioned
polyiodide solution) displays an extremely short life span (~5 h) at a current density of 1 mA
cm2, while the cell using 2 M ZnSO. can work over 45 h at the same current density.
Apparently, the corrosion behavior produced by polyiodide on a zinc surface greatly promotes
dendrite growth and causes the cells to fail quickly. Notably, this result is inconsistent with
previous studies,?®l which considered that polyiodide can inhibit dendrite growth. This may
be due to their neglect of the corrosion of the electrodes caused by polyiodide during the
battery's resting period. Therefore, the necessary measures should be taken to inhibit the
corrosion of polyiodide towards zinc.

Summarizing, the effect of polyiodide on the Zn anode can be assigned to three processes
as illustrated in Figure 1g with the details as follows: 1) the shuttled polyiodide will contact

with the Zn anode and react to form water-soluble Znl; firstly; 2) given that water-soluble



Znl; dissolve into the electrolyte, the Zn foil will form a honeycomb and rugged structure
gradually, which will lead to further passivation behavior occurring in the inner fresh zinc due
to polyiodide and water corrosion; 3) owing to this deep ultra-irregular structure, the dendrite
growth on the Zn surface will be extremely rampant and result in rapid battery failure
ultimately. Therefore, an effective protective layer for the Zn anode is needed that serves

multiple purposes in the Zn-1, system, i.e., providing uniform Zn plating/striping and keeping

the Zn anode away from escaped polyiodide.
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Figure 2. a) Schematic illustration for the brief synthesis process of SC-PPS, as well as its
roles in realizing high-performance ZIBs. Optical images of H-type cells with agqueous

polyiodide solution (the yellow region) wusing b) bare PP-separator, and c)



SC-PPS@PP-separator after setting for different times. d) In-situ UV-vis spectrum of aqueous
polyiodide solution with SC-PPS@Zn. e) Electrochemical cycling behavior of a symmetric
SC-PPS@2Zn cell with the mixed electrolyte at a current density of 1 mA cm™2 (1 mAh cm™).
f) Zeta potential values of PPS, C-PPS, and SC-PPS. g) Electrostatic potential distribution of
SC-PPS.

As mentioned earlier, ion-exchange materials have the potential of alleviating the thorny
issues faced by zinc-iodine battery anodes in theory, as they can rapidly achieve enrichment
and separation of various ions in aqueous environments. A multifunctional polymeric coating
with commercial polyphenylene sulfide (PPS) fiber skeletons and sulfonic acid functional
groups (noted as SC-PPS), was engineered firstly by employing ion-exchange technology
(Figure 2a). The as-developed SC-PPS coating is expected to block the shuttling polyiodide
and to regulate the plating/stripping behavior of zinc ions through its favorable structural
robustness and abundant active functional groups, leading to durable, green, and low-cost
Zn-1, batteries. The building-up route of SC-PPS is summarized in Figure S3 (Supporting
Information) with the detailed synthetic procedure in the experimental section. In brief, to
avoid the self-condensation of p-xylylene dichloride, 1,4-bis(chloromethyl)-2-nitrobenzene
(BCM-NB) was synthesized via the nitration reaction of p-xylylene dichloride.?®3% |n view
of this, PPS can be directly cross-linked with BCM-NB via a Friedel-Crafts reaction (the
resulting product is denoted as C-PPS), thereby inheriting of the toughness and insolubility of
PPS fibers. Subsequently, the ion-exchange material of SC-PPS can be obtained by a simple
sulfonation reaction of C-PPS using chlorosulfonic acid as the sulfonating agent. The
photograph presented in Figure S4 (Supporting Information) shows the synthesis of SC-PPS
in tens of grams (~16 @), reflecting the great commercialization potential of the developed

SC-PPS coating.



The successful preparation of BCM-NB cross-linker was confirmed by Gas
chromatography-mass spectrometery (GC-MS) in Figure S5 and S6 (Supporting Information),
in which BCM-NB is the dominant product (89.21%) during the first-step reaction with a
small amount of 1,4-bis(chloromethyl)-2,5-dinitrobenzene (6.93%) formed. As the
1,4-bis(chloromethyl)-2,5-dinitrobenzene even has an enhanced inhibitory effect on the
self-condensation of p-xylylene dichloride (due to the introduction of the more
electron-withdrawing —NO2 groups), the subsequent complicated separation and purification
of BCM-NB can be avoided. Furthermore, Fourier transform infrared spectroscopy (FTIR)
was used to elucidate the chemical structure of the targeted polymers (Figure S7, Supporting
Information). As compared with the fresh PPS, the FTIR spectrum of the C-PPS shows new
peaks at ~1300 and ~1626 cm™, which correspond to the symmetric and antisymmetric
stretching vibrations of nitryl group, respectively, indicating the success of cross-linking
reaction. After the sulfonation of C-PSS, the peak appearing at 1169 cm™ can be attributed to
the asymmetric stretching vibration of SO,-OH in the sulfonic acid group,®™ which
demonstrates that the successful introduction of sulfonic acid groups into the SC-PPS. The
X-ray photoelectron spectroscopy (XPS) results provided in Figure S8 (Supporting
Information) further demonstrates the successful preparation of SC-PPS.

The influence of the thickness of the SC-PPS layer for the transport of polyiodide and Zn?*
ion is first investigated in Figure S9 (Supporting Information). Significantly, the battery
resistance increases rapidly when the thickness of SC-PSS layer exceeds 100 um, suggesting
that an excessive thickness of coating will greatly retard the migration of Zn?*. On the other
hand, the permeation time of an ultrahigh concentration of polyiodide in an H-type cell rises
systematically. Given comprehensive consideration, an SC-PPS layer with a thickness of 100
um was chosen for the following research due to its high Zn?* flux and sluggish polyiodide

transport. The blockage effect of SC-PPS towards polyiodide was visualized in Figure 2b and



2¢, where the polyiodide solution and blank solvent were separated by polypropylene (PP)
and SC-PPS coated polypropylene (SC-PPS@PP) separators in H-type cells, respectively.
With a pristine PP separator, the cell witnesses a distinct polyiodide diffusion process.
Already after 5 h, the color of blank chamber changes from colorless to orange rapidly. By
stark contrast, the as-prepared SC-PPS@PP separator enables the blank chamber to remain
colorless for over 7 days, reflecting its great capability for blocking polyiodide diffusion.
Furthermore, the excellent polyiodide obstruction of SC-PPS also suggests that a SC-PPS
coating can protect Zn from polyiodide corrosion effectively, which was further demonstrated
by the in-situ UV-vis spectroscopy. With the immersion of SC-PPS-coated Zn (SC-PPS@Zn)
in polyiodide solution, the concentration of polyiodide hardly changes after setting for over 30
min (Figure 2d). Significantly, the corresponding cross-sectional morphology of Zn foil in
Figure S10 (Supporting Information) presents a negligible corrosion layer. Moreover, the
symmetric cell using SC-PPS@zn foil is capable of working properly in polyiodide
electrolyte over 400 h (Figure 2e), which is much longer than that of using bare Zn foil (5 h,
Figure 1f). These results confirm that with our strategy, we have greatly prevented polyiodide
from contacting the Zn anode and avoided undesired reactions between polyiodide and Zn,
thus realizing in a highly stable Zn anode.

In get deeper insight in the obstruction ability of SC-PPS for polyiodide, a zeta potential
measurement, that reflects the surface charge of the material, was performed. As shown in
Figure 2f, SC-PPS shows the most negative zeta potential of —33.93 mV as compared to those
of PPS (—0.06 mV) and C-PPS (2.20 mV), which demonstrates that the introduced sulfonic
acid groups in SC-PPS should be of importance in inhibiting polyiodide shuttling by
electrostatic repulsion. On the other hand, the electrostatic potential distribution and
geometrically stable configuration of simulated SC-PPS chains are shown in Figure 2g and

Figure S11 (Supporting Information), respectively. The sulfonic group in the SC-PPS chain



exhibits the largest electron density up to —32.67 kal mol* (red color region). Taken together,

experiments and theory alike prove that the SC-PPS can block diffusion of polyiodide through

electrostatic repulsion.
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Figure 3. In-situ OM images of Zn deposits on a) bare Zn foil, and b) SC-PPS@Zn in a
symmetric Zn cell with a current density of 0.5 mA cm™2. ¢) Long-term galvanostatic cycle
performance of symmetric Zn cells using bare Zn foil and SC-PPS@Zn at a current density of
1 mA cm2 (1 mAh cm™). Insets are the detailed voltage profiles of a cell with the
SC-PPS@Zn electrode at 1% cycle (left) and 300" cycle (right). SEM images of d),e) bare Zn
foil, and f),g) SC-PPS@Zn (the SC-PPS layer was torn off) in symmetric Zn cells after 100
cycles at a current density of 1 mA cm2. h) The morphology of Zn plate with or without
SC-PPS coating before and after being immersed in deionized water for 3 days. i) CE of Zn
plating/stripping on SC-PPS@Cu/bare Cu foil at a current density of 0.5 mA cm2 (0.5 mAh

cm™2) with a cut-voltage of 1.0 V.



Apart from polyiodide corrosion, the zinc anode is also frequently plagued by dendrite
growth that mainly originates from the nonuniform contact between the electrolyte and Zn
anode surface. To observe the effect of SC-PPS coating in regulating Zn plating/striping
visually, in-situ OM was employed to monitor Zn deposition behavior at a current density of
0.5 mA cm2. Apparently, the Zn deposition on the bare Zn foil is uneven, with white Zn
spots appearing after working for only 5 min (Figure 3a). As the deposition time increases,
the size of Zn spot grows at a visible rate with a lateral width of ~56 um at a deposition time
of 30 min. On the contrary, SC-PPS@Zn shows a uniform deposition behavior during the
whole plating process without detecting any visible Zn dendrites (Figure 3b). Simultaneously,
a rapid horizontal growth of zinc foil is also observed, suggesting that SC-PSS layer allows
the transport of Zn?* ions to Zn surface instead of being deposited on the SC-PPS@Zn surface.
As a result, the unwanted side reactions occurring at the interface of the freshly deposited Zn
and electrolyte can be effectively avoided. Subsequently, the practical advantage of SC-PSS
coating layer was evaluated by long-term galvanostatic cycling using the symmetric Zn cell.
As shown in Figure 3c, the polarization voltage of the cell with bare Zn continues to decline
irreversibly after working for 27 h at a current density of 1 mA cm™2 (1 mAh cm™2). As the
accumulation of detrimental by-products, the cell shuts down after 41 h. The cell with
SC-PPS@Zn exhibits an ultra-long cycling life of over 600 h. The voltage curves after 600 h
show a slight increase of ~10 mV as compared to that of the first cycle (insets of Figure 3c),
demonstrating that an extremely reversible plating/stripping process can be well realized on
the Zn anode with the SC-PSS layer. Moreover, when the current density increased from 1
mA cm2 to 2 mA cm? (2 mAh cm?), the SC-PPS@2Zn cell can still keep stable over 200 h
(Figure S12, Supporting Information). The morphology of Zn deposition with or without
SC-PSS coating was further investigated by SEM after 100 cycles at 0.5 mA cm2 (0.5 mAh

cm?). As shown in Figure 3d and 3e, the bare Zn exhibits a rugged surface consisting of



chaotic clusters and spiculate dendrites, which lead to rapid battery failure. In contrast, the
deposition morphology obtained from the SC-PSS@2Zn foil presents a compact, smooth, and
dendrite-free surface (Figure 3f and 3g), demonstrating the formation of a reliable protective
layer on the Zn surface, which is capable of greatly prolonging the lifetime of zinc anode.
Notably, the SC-PSS coating also makes the zinc foil resistant to water corrosion. We
immersed Zn foils with or without SC-PPS coating in deionized water for 3 days. As shown
in Figure 3h, it is clear that the Zn foil with SC-PPS coating presents a smoother surface as
compared to the bare one that has distinct particles and chunks on the surface. Owning to
regulated zinc plating/stripping process and inhibited water corrosion, the Coulombic
efficiency (CE) of a Zn||Cu coin-type cell with SC-PPS coating therefore shows excellent
electrochemical performance. As demonstrated in Figure 3i, in stark contrast to the rapid
battery failure observed on a bare Cu substrate, the coated Cu electrode (SC-PPS@Cu)
manifests a high level of reversibility over 140 cycles with an average CE of 98.75%. Besides,
the voltage-capacity curves for Zn deposition on the bare Cu and SC-PPS@Cu were provided
in Figure S13 (Supporting Information). As compared with the rapid fluctuations on the bare
Cu, the curves of SC-PPS@Cu almost overlap even after 50 cycles, reflecting the improved
stability of SC-PPS coating to zinc stripping/deposition behavior. In view of this, it can be
considered that a highly stable Zn anode can be realized by the tailor-made SC-PPS coating

layer.



0.24 20 n
a - ] S ZalE0)! |
E1o *Steady 2 ® @ Desolvation 2" 39, -3H,0 _Zn
=) s 'E, : oo, % 154 R ) " ‘ + 6 ¥ )
- "-’o/ s, A -H,0
- - ¢ -—
= 0 8162432 | ®& -H,0 Zn(H,0):**
2 f=0a0dm Z' (ohm) = o 3 )’ S 3.84 eVl
5 0.201 2 5 2 }zmm)f*
&) s ) zZn@,0) ==
=0.183mA| S Zn(H,0)¢* ——————
oas b= — E Y wmen "2 .
) 250 500 750 1000 0evi «== with SC-PPS without SC-PPS
c 2 Time (S) :,'; 20 e -',E 5
== 9 |B,B,|=26 mV © _¢ |2D diffusion
£ 17 < 101 < -——
g | g = &, SC-PPS@Zn
- . “E' 0 Bll :ZAz Q
g = Z 2 -8{ \ 3D diffusion
=11 2 | z
Efhmne Ry Bare 22
i = C, — SC-PPS@Zn | =-104
-3 T T T 5 =20+— T + T . 5 T T T g
-1.2 -11 -1.0 -09 -0.8 -1.2 -11 -1.0 -0.9 -0.8 0 50 100 150 200 250
Potential (V vs. SCE) Potential (V vs. SCE) Time (s)

—_)

xupnmm

520
) : - (¥
E1s L n:-m-:\
3 515 e
-
; e g 1.0 - Uniform |deposition
g g on 2D diffusion
E 03 E 0.5 OO
© 0.0 < 0.0 Zn anode

© Polyiodide &) Zn(H,0)* © H,0 @ SC-PPS
Figure 4. Investigation on the working mechanism of SC-PPC in realizing a highly stable of
Zn anode. a) CA curve and the corresponding EIS plots of the symmetric cell. b) Desolvation
energy values for the removal of H.O molecules on Zn(H20)s** group with or without
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We further elaborate on the underlying mechanism of SC-PPS coating in protecting the Zn
anode from dendrites formation, as well as other possible side reactions. In general, the
formation of zinc dendrites is caused by the lack of regulation for Zn?* deposition. Firstly,

SC-PPS was immersed into a 1 M ZnSQs solution to observe the influence of SC-PPS on Zn?*.



As the SEM image and corresponding elemental mapping images shown in Figure S14
(Supporting Information), a uniform Zn-rich layer can be constructed on the SC-PPS surface
that is expected to influence the growth and evolution of Zn dendrites during cycling. The
content of Zn?* ions in the immersed SC-PPS is also checked by chemical titration (the
corresponding details can be obtained in the Supporting Information), which shows that each
gram of SC-PPS can load about 0.79 mmol of Zn?*. In view of this, the ionic conductivity (o)
as well as Zn?* transference number (tzn2+) of SC-PPS coating can be evaluated based on the

followed equations.[*?

=R @)

I.(AV -R
=) ©
n Io (AV - Rs)
where R is impedance, L is the thickness of coating, A is the area of SC-PPS coating, AV is

the voltage polarization applied, and lo (Is) and Ro (Rs) are the initial (steady) state current and
resistance, respectively. As provided in Figure 4a, the ¢ and tzn2+ 0f SC-PPS are 0.39 mS cm™
1 and 0.82, respectively, which are significantly higher than those of commercial anion
exchange membranes (o: 0.27 mS cm™%; tzn+: 0.19).3334 As a whole, the sulfonate-rich
interface of SC-PPS can not only modulate the Zn?* flux by constructing a rich-Zn layer but
also achieve efficient Zn** conduction.

On the other hand, it is well-known that each Zn?* can coordinate with six H,O molecules
in ZnSO4 electrolyte. However, free water molecules formed during the desolvation of Zn?*
could severely compromise the stability of Zn anode. Notably, the rich sulfonic acid groups in
SC-PPS also affect the desolvation of Zn?*. As revealed by the density functional theory (DFT)
calculations in Figure 4b, the Zn(H20)s2* group on the bare Zn foil requires high desolvation
energies to remove different amounts of water molecules (Zn(H20)6** — Zn(H20)s**: 1.24 eV,
Zn(H20)s** — Zn(H20)4%*: 1.33 eV; Zn(H20)4** — Zn(H20)3%*: 2.06 eV; Zn(H20)3** — Zn?*:

11.03 eV). However, given that each sulfonic acid group in SC-PPS is able to coordinate with



three H2O molecules maximally (Figure S15, Supporting Information), the desolvation
energies of Zn(H20)s*>" group decrease sharply with the application of SC-PPS layer
(Zn(H20)6** — Zn(H20)5%*: 0.92 eV; Zn(H20)s** — Zn(H20)4**: 1.01 eV; Zn(H20)4*" —
Zn(H20)3%*: 0.91 eV; Zn(H20)3?* — Zn?': 7.19 eV), which demonstrates that the SC-PPS
layer is beneficial to facilitating the desolvation of Zn(H20)s** group and forming Zn?* ions.
As a result, the amount of free water at the zinc/electrolyte interface will be reduced
effectively, which would greatly mitigate the corresponding parasitic reaction caused by water
on the Zn surface (e.g., Hz evolution and dissolved O»-induced passivation).[*®! Besides, the
facile desolvation process of Zn?* is also expected to be the key to ameliorate the competitive
reaction between Zn?* and H* at the electrode-electrolyte interface.l*! Therefore, the DFT
calculation provides a theoretical underpinning for the experimental observation of smooth Zn
surface with SC-PPS coating and high CE of 98.75% in Figure 3h and 3i, which is further
demonstrated by the linear polarization experiments in Figure 4c. The SC-PPS@Zn shows a
more positive potential of —0.955 V as compared to the bare Zn foil (—0.994 V). Significantly,
a more positive corrosion potential represents a reduced tendency for corrosion reaction.7-3
To this end, the anti-corrosion capability of SC-PPS is attributed to the fact that the sulfonic
acid groups can bond with free water and facilitate the desolvation of Zn(H20)e?* groups.
Besides, the introduction of PVDF into SC-PPS appears to reduce the hydrophilicity of the
SC-PPS layer (Figure S16, Supporting Information), while a hydrophobic layer could enhance
the corrosion resistance of zinc towards aqueous electrolytes.[*%-42

The interfacial environment between the SC-PPS@Zn electrode and ZnSO4 electrolyte was
further analyzed by conducting cyclic voltammetry (CV) tests in a three-electrode system. As
plotted in Figure 4d, the point located at the intersection of nucleation processes is
well-known as the crossover potential (Eco). The potential difference between the crossover

point (A1, A2) and the point (B1, B>) is regarded as the nucleation overpotential (NOP), which



is usually employed as a parameter to evaluate the degree of polarization as well as the effect
of electrode modification.®®#1 In particular, the relationship between the Zn?* nucleation

radius (rerit) and NOP can be shown by the following relation.[*4!

faic= 220 @
Fl
where y is the surface energy of the Zn/electrolyte interface, Vm is the molar volume of Zn, F
is Faraday’s constant, and # is the NOP. Obviously, reit is inversely related to the value of
NOP; the higher the NOP is, the smaller the grain size of Zn deposits becomes. Whereas
fine-grained Zn deposits usually make a positive contribution to avoiding Zn dendrite growth.
Experimentally, the SC-PPS@Zn presents a higher NOP of 82 mV than the bare Zn (56 mV),
which is mainly derived from the strong interaction between Zn?* ions (or partially hydrated
Zn?* jons) and sulfonic acid groups in SC-PSS layer. The increased NOP value can provide a
sufficient driving force for the Zn nucleation and growth processes with finer nuclei. Besides,
owing to the formation of zinc-rich adsorption layer on the Zn surface (Figure S14,
Supporting Information), the flux of interfacial Zn®* and the migration of Zn?* species can be
regulated effectively, causing uniform growth of Zn in subsequent stages.[*>%]
Chronoamperometry (CA) analysis was further performed to examine the growth mechanism
of the deposited films, as it is a typical method that can report on the changes in surface
structure and in the nucleation process.[*”-*%1 As shown in Figure 4e, for the bare Zn foil, the
current density increases continuously even after 250 s under an overpotential of 150 mV.
Normally, the absorbed metal ions first spread laterally along the surface and tend to deposit
in an area where crystals already exist to lower the surface energy.?*% Therefore, the CA
curve of bare Zn foil suggests that a rampant two-dimensional (2D) diffusion and rough
deposition occur in the process of Zn?* electrodeposition, leading to the rapid growth of Zn
dendrite in Figure 3a. In stark contrast, the initial Zn nucleation and 2D diffusion process on

the SC-PPS@Zn electrode last only for ~36 s with a flat plateau at a current density of ~7.2



mA cm 2, which is closely related to a 3D diffusion process and indicates that the Zn?" ions
absorbed on the surface appear to be reduced to Zn° directly due to the constrained 2D surface
diffusion.®® Especially, this could be attributed to the strongly adhered sulfonic acid group to
the Zn?*, which provides an additional energy barrier (high NOP value) for the absorbed ions
to move laterally. As a result, the Zn?" ions are thus restricted to deposit near the initial
adsorption sites on the Zn surface, and this leads to an even and dense Zn layer ultimately, as
our observation in Figure 3b.

By far, the effect of SC-PPS coating on the electrodeposition of Zn?* ions can be attributed
to the accelerated Zn?* transfer from the electrolyte to Zn anode and inhibited 2D diffusion of
Zn?* at the electrode/electrolyte interface by increasing NOP value. Bearing these in mind, we
employed COMSOL Multiphysics to further simulate the dendrite growth on Zn foil with or
without SC-PPS coating. As displayed in Figure S17 (Supporting Information), we firstly
endow an initial protrusion on the Zn anode to represent its uneven surface. In this case, Zn?*
ions preferentially deposit at the protrusion to minimize the exposed area and surface energy
when there is no SC-PPS coating, resulting in the rapid evolution of the protrusion into
snowflake dendrite (Figure 4f). In particular, the Zn deposit (white section) is thin in the
middle but thick on both sides, which will inevitably lead to further aggravation of dendrite
growth. However, these adverse circumstances can be greatly improved after introducing the
SC-PPS coating (the area surrounded by the red box in Figure 4g), as it accelerates Zn?*
transfer and inhibits the adverse 2D diffusion of Zn?*. Significantly, the growth of Zn
deposited layer exhibits an overall forward trend with the evolution of dendrites also being
effectively suppressed. Therefore, both the COMSOL simulations and experimental results
(Figure 3a and 3b) jointly suggest that the SC-PPS coating can regulate the deposition

behavior of Zn?* well and result in the generation of the dendrite-free Zn anode.



Overall, the mechanism by which the SC-PPS inhibits polyiodide shuttling, side reactions,
and dendrite growth can be described as an outside-in process, as shown in Figure 4h.
Depending on the electrostatic repulsion produced by the electronegative sulfonic acid groups,
the SC-PPS can effectively prevent the polyiodide shuttle from contacting the Zn anode and
avoid the corresponding parasitic reaction. Meanwhile, the hydrophilic sulfonic acid groups in
SC-PPS are able to bond with free water and facilitate the desolvation of Zn?*, which can
mitigate the water corrosion and other side reactions effectively. In addition, the strong
interaction between the sulfonic acid groups and Zn?* can form a uniform Zn-rich coating on
the Zn surface to inhibit the harmful 2D diffusion, thereby leading to the generation of an

even and dense Zn layer.
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Figure 5. a) Comparison of the EIS spectra of Zn-I> cells with SC-PPS@Zn and bare Zn. b)
CV profiles of Zn-I, cells with SC-PPS@Zn and bare Zn at a scan rate of 0.1 mV s™. c)
Long-term cycling performance of Zn-I, cells at a current density of 3.2 A g~X. d) Comparison
of XPS spectra of Zn-I, cells with SC-PPS@Zn (the SC-PPS layer was torn off) and bare Zn
after 1000 cycles. SEM images for the surface of e) bare Zn plate anode and f) SC-PPS@Zn

after 1000 cycles.



The practical application of our strategy was further checked by assembling full Zn-I;
coin-cells, where the cathode was prepared via the method reported in our previous work.!
Electrochemical impedance spectroscopy (EIS) was conducted to evaluate the kinetics in
Zn-1, cells. The corresponding equivalent circuit and fitting results for the Zn-1> cells are
depicted in Figure 5a, where Rs stands for the purely ohmic resistance, the CPE is the
constant phase element, the Rt represents the charge transfer resistance, and the Zw is related
to the Warburg impedance.®™ The cell with the SC-PSS layer shows a slightly larger
charge-transfer resistance of ~120 Q than that of the cell with bare Zn (~100 Q), which is
apparently associated with the SC-PSS layer-induced overpotential. An identical conclusion
can also be deduced from the cyclic voltammetry (CV) profiles (Figure 5b), where the
polarization potential of the cell with SC-PPS@Zn (~93 mV) is slightly increased as
compared to that of bare Zn (~79 mV). As for the long-term cycling performance of the cells
evaluated in Figure 5c, the cell with SC-PPS coating can operate stably over 6000 cycles
corresponding to a capacity retention of 90.2% and an average CE up to 99.89% with a
reversible capacity of 84.6 mAh g (current density: 3.2 A g1). Comparatively, Zn-I,
batteries with the bare Zn anode exhibit a short-life span (~1700 cycles) due to the dendrite
growth and polyiodide corrosion. To further corroborate this, the Zn-l, cells were
disassembled after 1000 cycles and the as-obtained Zn anodes were checked by XPS
technique. As shown in Figure 5d, the signal corresponding to iodine species is clearly visible
on the bare Zn due to the shuttle effect of polyiodide. This means that Zn anode will
encounter the direct attack of polyiodide. Nevertheless, iodine species on the coated Zn (the
SC-PPS layer was torn off) show an ignorable signal, indicating that SC-PPS coating can
protect zinc anode from polyiodide corrosion. Hence, it comes as no surprise that the SEM
image of Zn anode with the SC-PPS coating remains dense and dendrite-free surface, while

the bare Zn shows a rough and chaotic surface (Figure 5e). The rate performance of Zn-I, cell



with the SC-PPS@Zn anode was also evaluated. As depicted in Figure S18 (Supporting
Information), the specific capacity of battery is capable of reaching up to 93.8 mAh g* under
a high current density of 20 C, corresponding to ~72% (130.4 mAh g %) at 1 C. In particular,
after reversing the applied currents back to 1, 2, 5, 10, and 20 C successively, the reversible
capacities of battery can be almost recovered. Figure S19 (Supporting Information) also
shows the corresponding charge-discharge voltage profiles of the cell, in which the discharge
platform is mainly above ~1.1 V, fully reflecting the advantage of Zn-1, battery against the
counterparts with intercalation/de-intercalation mechanisms. Moreover, we also employed the
active carbon/I, cathode to evaluate the performance of the SC-PPS layer. As shown in Figure
S20 (Supporting Information), the Zn-I> cell with the SC-PPS@Zn anode can maintain an
ultra-high capacity with ~100% retention after 1500 cycles compared to cell with bare zinc
anode (~94.2% after 1500 cycles). When applying the carbon paper as the cathode (by adding
0.1 M KI as the iodine source), the battery with the SC-PSS@Zn anode is able to maintain a
specific capacity of ~40 mAh gt after 1000 cycles (Figure S21a, Supporting Information).
While the battery without SC-PSS coating cannot be recharged (Figure S21b, Supporting
Information). These results fully confirm the intriguing potential of the as-developed SC-PSS

coating layer in the pursuit of low-cost, practically viable, and durable Zn-I batteries.

3. Conclusion

In summary, we have identified that the corrosion of polyiodide on Zn anode is an
important contributing factor to the short-life span of zinc-iodine batteries. The construction
of a sulfonated 1,4-bis(chloromethyl)-2-nitrobenzene crosslinked polyphenylene sulfide
(SC-PPS) ion-exchange layer on the Zn surface can effectively protect the Zn anode from
polyiodide due to the strong electrostatic repulsion generated by the abundant sulfonic acid
groups in SC-PPS. Simultaneously, such a sulfonate-rich polymer coating can form a uniform

rich-Zn layer on the Zn surface, which accelerates the transfer of Zn?* and restrict the rough



two-dimension diffusion, thus realizing a homogeneous and dense Zn deposition. Besides,
this coating also shows resistance to water corrosion, as the sulfonic acid groups can bond
with free water and facilitate the desolvation of Zn?*, significantly reducing the damage of
free water to the anode. Consequently, zinc-iodine batteries with a SC-PPS coating can
operate stably over 6000 cycles while maintaining a high capacity retention of 90.2% and an
average Coulombic efficiency up to 99.89%. This work not only systematically analyzed the
adverse effect of polyiodide on Zn anode, but also provided a high operability solution to

develop long-life, low-cost, and intrinsic safety aqueous zinc-iodine batteries.

4. Experimental Section

Materials and chemicals: Dichloroethane (99%), ZnSQO4 (99%), p-xylylene dichloride (98%),
aluminium trichloride anhydrous (99%), and N-methyl-2-pyrrolidinone (NMP, 99.5%) were
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Nitrobenzene (99%,
Shanghai Yien Chemical Technology Co., Ltd), chlorosulfonic acid (99%, Saen Chemical
Technology Co., Ltd), and polyphenylene sulfide fiber (PPS, Sichuan Deyang Technology
Co., Ltd) were purchased from different technology firms. The PPS was washed with
deionized water and ethanol before being used, while all other reagents were used as received

without further purification.

Synthesis of 1,4-bis(chloromethyl)-2-nitrobenzene (BCM-NB): 4.20 g of p-xylylene
dichloride was dissolved into 39 mL of dichloroethane and stirred in an ice bath, followed by
dropwise addition of mixed acid (composed of 65% nitric acid (2.51 mL) and 98% sulfuric
acid (13.70 mL)) through the constant pressure dripping funnel. Reaction mixture was heated
to 60 °C for 5 h and subsequently cooled down to 0 °C. The BCM-NB was obtained by

washing with deionized water until became neutral.

Synthesis of 1,4-bis(chloromethyl)-2-nitrobenzene crosslinked polyphenylene sulfide
(C-PPS): 6.41 g of aluminium trichloride anhydrous was dissolved in 666 mL of
dichloroethane and 40 mL of nitrobenzene. Subsequently, the as-obtained BCM-NB and
12.96 g of polyphenylene sulfide fiber was added into the mixed solution, and heated to 80 °C
for 24 h under N2 atmosphere. The C-PPS was obtained by washing with ethanol, and
vacuum-drying at 60 °C for 24 h.



Synthesis of sulfonated 1,4-bis(chloromethyl)-2-nitrobenzene crosslinked polyphenylene
sulfide (SC-PPS): 15.24 mL of chlorosulfonic acid was firstly added into 687 mL of
dichloroethane. Then, 14.00 g of C-PPS fiber was added into the mixed solution, and heated
to 80 °C for 3 h. The SC-PPS can be obtained by washing with deionized water, and
vacuum-drying at 60 °C for 24 h.

Synthesis of N,N’-dimethyl-1,3-propanediamine-grafted, and
triethylenetetramine-crosslinked acrylic fiber/iodide (GC-PAN/I): GC-PAN/I was
synthesized by the method that we reported previously.!! In short, 1.0 g of acrylic fiber was
grafted with 35.7 g of N,N'-dimethyl-1,3-propanediamine, and crosslinked with 1.7 g of
triethylenetetramine at 135 °C under reflux for 12 h. Whereafter, the product was washed with
deionized water and ethanol, and then vacuum-dried at 60 °C for 12 h. Next, 1.0 g of product
was immersed in 22.2 g of N,N'-dimethylformamide, and then 1.4 g of methyl iodide was
added into the solution. The reaction mixture was heated to 40 °C under reflux and kept for 8

h. The resultant SC-PPS can be obtained by washing with deionized water and ethanol.

Materials and structural characterizations: The scanning electron microscopy (SEM) was
performed to characterize the morphology of the samples based on COXEM EM-30 PLUS.
The Fourier transform infrared spectroscopy (FTIR, Bruker Tewsor) and X-ray photoelectron
spectroscopy (XPS, AXIS Supra) were conducted to check the chemical structures of samples.
Ultraviolet-visible spectroscopy (UV-vis) analyses were used to determine the change in
iodine concentration by Shimadzu UV-2450 spectrometer. Zeta potential analyses of materials

were performed on Litesizer 500.

Electrochemical characterizations: The SC-PPS (85%) was mixed with polyvinylidene
difluoride (10%) and Super P (5%), in which the Super P acts as a grinding aid. The
as-prepared slurries were coated onto Zn foil (thickness: 0.3 mm) using
N-methyl-2-pyrrolidone as the solvent. After vacuum-drying at 45 °C for 24 h, the coated
anode can be obtained. The cathode was prepared through the same procedure, while the
GC-PAN/I, polyvinylidene difluoride, and Super P were mixed in a mass ratio of 8:1:1. The
CR2032-type coin cells were assembled in an open atmosphere using 2 M ZnSO4 as the
electrolyte with a sandwich structure (Zn anode, glass fiber membrane, and GC-PAN/I
cathode). Three-electrode system was prepared with saturated calomel electrode (SCE) as the
reference electrode, Zn/coated Zn (0.03 mm) as the working electrode, and graphite rod as the
counter-electrode. Active mass loadings of anode and cathode are 3—4 mg cm 2 and 1-2 mg

cm 2, respectively. Both the specific capacity of the battery and the applied current density are



calculated based on the mass of iodine. Long-term cycling performance of the cell was
conducted on a LAND-CT2001A system. Cyclic voltammetry (CV), electrochemical
impedance spectrum (EIS), and chronoamperometry (CA) were carried out on CHI660E

electrochemical test station.

Chemical titration experiments: 0.5440 g of fiber was firstly immersed in 100 mL of 0.25
M ZnSOj4 solution for 12 h at 30 °C in a constant temperature incubator shaker. After filtering
the fiber, three solutions (each of 20 mL) were obtained. Then, the concentration of Zn>" in
the solution was determined by chemical titration with ethylene diamine tetraacetic acid
standard solution (0.1 mol L") as the titrant and xylenol orange as the indicator. Therefore,
the content of zinc ions adsorbed by SC-PPS (0.79 mmol g ) can be calculated through the

concentration difference before and after adsorption.

Density functional theory (DFT) calculations: All quantum chemical calculations, including
geometry optimizations and single-point energy calculations, were performed at the
PBEIPBEP®/def2svplP*5 level with the D3 version of Grimme’s dispersion with
Becke-Johnson dampingl®® in the quantum chemical package Gaussian 09P7). The
electrostatic potential distribution mapping of SC-PPS was obtained by Visual Molecular

Dynamics and Multiwfn treatment. 58601

COMSOL Multiphysics simulations: As shown in Figure S17, a two-dimensional Zn
symmetric cell model was established based on COMSOL Multiphysics software. Then, the
“Tertiary current distribution” interface was selected to describe the current and potential
distributions in the cell and analyze the transport of Zn ions species in the electrolyte, while
Butler-Volmer expression was further used to reveal the electrode kinetics of the charge
transfer reaction at room temperature in the bulk electrolyte. Besides, we further used

deformation geometry to track the changes of Zn anode boundary during electroplating.
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