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Abstract
An integrated asymmetric hydrogel electrolyte with tailored composition and chemical
structure on the cathode/anode-electrolyte interface is designed to boost the cost-effective, high-
energy Zn-I> battery. Such a configuration concurrently addresses the parasite reactions on the
Zn anode side and the polyiodide shuttle issue afflicting the cathode. Specifically, Zn?'-
crosslinked sodium alginate and carrageenan dual network (Carra-Zn-Alg) is adopted to guide
the Zn?* transport, achieving a dendrite-free morphology on the Zn surface and ensuring long-
term stability. For the cathode side, polyvinyl alcohol strengthened poly(3,4-
ethylenedioxythiophene)polystyrene sulfonate hydrogel (PVA-PEDOT) with high conductivity
is employed to trap the polyiodide and accelerate electron transfer for mitigating the shuttle
effect and facilitating Io/I” redox kinetics. Attributing to the asymmetrical architecture with
customized interfacial chemistry, the optimized Zn-I> cell exhibits superior Coulombic
efficiency of 99.84% with negligible capacity degradation at 0.1 A g'! and an enhanced stability
of 10000 cycles at 5 A g!. The proposed asymmetric hydrogel provides a promising route to
simultaneously resolve the distinct challenges encountered by the cathode and anode interfaces

in rechargeable batteries.
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Introduction
Extensive efforts have been made to explore the complement to Li-ion batteries for addressing
the sustainability concerns associated with Li scarcity and safety issues arising from the
flammable organic electrolytes.!”” Zn metal batteries with a mild acidic working environment
demonstrate great potential for large-scale energy storage applications, attributed to their
intrinsic safety, environmental benignity, affordability, and high theoretical capacity (820 mAh
g!) of metallic Zn anode.®!" Among the available cathodes, I» accommodates the electrons
through the I7/I, conversion reaction, exhibiting a theoretical capacity of 211 mAh g! with a
high operating voltage to achieve appealing energy density. Additionally, abundant I, resources
in seawater (55 pg L) are easily accessible to enable sustainable development.'? Nonetheless,
there are several challenges for Zn-I, batteries that must be well-settled. For the anode side, the
uncontrollable dendrite growth and severe parasitic reaction significantly affect the stability
and reversibility of Zn metal, resulting in performance degradation after long-term cycling.!*
4 Turning to the I, cathode, polyiodides generated during the discharging process can be
dissolved into the electrolyte and shuttle toward the anode over time. This triggers the loss of
active iodine and dramatically reduces the Coulombic efficiency.!> Moreover, iodine monomers
and polyiodides with inherently low electronic conductivity impede the efficient conversion
between I and 17, leading to sluggish kinetics.'®

To date, extensive research has been conducted to address the above issues for improving
the performance of Zn-I> batteries. For instance, modifying the I> host using open-structured

7 metal-organic frameworks,'® Prussian blue analogs' and

materials like porous carbon,!
starch?® have been proven effective in confining polyiodide, while constructing artificial Zn
interface like Zeolite?! and zinc silicate’? endows Zn anode with elevated lifespan and
reversibility. Nevertheless, these unilateral approaches tend to solely enhance the performance

of either the 1odide cathode or the Zn anode with minimal amelioration for the other side. To

synchronously tackle the challenges of both sides, researchers have put forward bilateral
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strategies like separator coating and electrolyte optimization.?*?* However, the poor adherence
of the coatings on the separator will result in detachment and failure after continuous long-term
cycling. Turning to the electrolyte design, approaches like developing organic additives®> and
high-concentration electrolytes?® have greatly enhanced electrochemical stability. Nevertheless,
compromise may need to be made as few such strategies could concurrently adapt to the cathode
and anode challenges. Considering the limitations of these existing approaches, the effective
enhancement strategy for Zn-I> cells requires a synergistic incorporation of various
functionalities associated with the interfaces (Figure 1a).?” 2 Specifically, the cathode
interface necessitates high conductivity and polyiodide capture capability to promote kinetics
and suppress the shuttle effect, while dendrite-free growth and corrosion resistance are premises
for the Zn interface. Furthermore, it is crucial to maintain the stability and integrity of the
electrode-electrolyte interface without severe degradation to ensure the long-term operation of
the cell.?*-3°

Asymmetric electrolyte design offers a promising approach to tackle the cathode and
anode challenges simultaneously. For example, oil/aqueous-phase, high/low-concentration, and
hydrogel/solid-state electrolyte configurations have demonstrated the synergistic effect for
performance improvement of Zn-based cells.*!*3 The potential issues associated with such a
design include inferior interfacial contact due to the presence of multi-interfaces and the
crossover risks between the two sides of the electrolytes. In this work, we endeavor to advance
this strategy by designing an integrated asymmetric electrolyte with various functional
polymers that concurrently optimizes the cathodic and anodic interfaces in Zn-I> batteries
(Figure 1b). As a critical part between electrodes, hydrogel electrolytes have been evident to
promote stable electrode/electrolytes interface by inhibiting parasitic reactions due to the
reduction of active free water molecules.** Additionally, hydrogel electrolytes provide an
opportunity to engineer various electrode/electrolyte interfaces owing to their versatile

framework structure and tailorable electrochemical properties.*>
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Figure 1. Principle and design of AHE for the Zn-I> battery. (a) Features of the strategies for
the Zn-I, battery; (b) Structure of as-designed Zn-I, battery; (c) Preparation process illustration
of AHE.

The asymmetric hydrogel electrolyte (AHE) is exploited by integrating polyvinyl alcohol-
strengthened poly(3,4-ethylenedioxythiophene) polystyrene sulfonate hydrogel (PVA-PEDOT)
with Zn?**-crosslinked sodium alginate and carrageenan dual network (Carra-Zn-Alg). On the
cathode side, the PV A-reinforced PEDOT can not only suppress the shuttle effect of polyiodide
by strongly interacting with them but also promote the reaction kinetics of I» to [”. Moreover,
PEDOT provides an electronic conductive pathway for the reduction/oxidation after capturing
the polyiodides with poor electronic conductivity. On the anode side, Carra-Zn-Alg can

homogenize Zn?* transfer for dendrite-free deposition, thus realizing improved Zn stability.
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Besides, Carra-Zn-Alg exhibits superior mechanical properties with high stiffness and
toughness, enhancing the mechanical integrity of the hydrogel electrolyte during cycling.>
More importantly, its anti-swelling behavior ensures the integrity of AHE when incorporated
with PVA-PEDOT. Benefitting from these combined merits, the Zn-I> full cell incorporating
AHE demonstrates an exceptional Coulombic efficiency of over 99.84% and a long lifespan of
10000 cycles. Furthermore, AHE-based pouch cells with capacities of 15 mAh and 30 mAh
exhibit superior stability under extreme test conditions.

Results and discussion

Design and characterization of AHE

Both functionality and integrity should be taken into account for the AHE design. On the one
hand, the polymer matrices with specific electrochemical characteristics are desired to meet the
individual requirements of the Zn anode and I> cathode. On the other hand, the heterojunction
inside the hydrogel should be stable during electrode swelling/contraction to prevent creating
additional interfaces during cycling. On this basis, the synthesis procedure is elaborated in
Figure 1c. An integrated structure with different dual-crosslinked polymer networks for the
cathode and anode side is prepared. Firstly, PVA, PEDOT:PSS colloidal particles, and
glutaraldehyde (GA) were dissolved and reacted in an aqueous solution to form a crosslinked
PVA network with PEDOT:PSS colloidal particles dispersed inside (denoted as Pre-PVA-
PEDOT hydrogel) (Figure S1).3” Considering that the mechanical strength of such hydrogel is
extremely weak ascribed to the low concentration of PVA, acetic acid was selected as a poor
solvent to replace the water in Pre-PVA-PEDOT hydrogel and promote the aggregation of PVA
networks with PEDOT:PSS colloidal particles.*® Due to the restriction effect of the PVA
network, PEDOT:PSS colloidal particles are constrained to form a continuous conductive
nanofibrils network during aggregation. Finally, the dual-network hydrogel was soaked in
deionized water to replace acetic acid to form a tough PVA-PEDOT. Noting that with the

indispensable acid treatment, a significantly reduced thickness and equivalent area can be
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observed (Figure 2a), the reason lies in that the lateral movement of polymer chains is restricted
by the substrate while vertical movement is unhindered. Without acid treatment, the Pre-PVA-
PEDOT hydrogel will directly swell in the aqueous solution and lose mechanical strength
(Figure S2). A key characteristic of the as-designed PVA-PEDOT hydrogel is its excellent
electronic conductivity (1.1 S m!), which is expected to tackle the kinetics issue of iodine
reaction at the cathode interface (Figure S3).* For the anode-side hydrogel, sodium alginate
(SA) and carrageenan (Carra) aqueous solution were cast on PVA-PEDOT substrate (denoted
as PVA-PEDOT/Carra-Na-Alg). After being dried and rehydrated in 2 M ZnSO4 aqueous
solution, the PVA-PEDOT/Carra-Zn-Alg (AHE) was prepared through SA crosslinking and
electrolyte infiltration (Figure S4).*>*! During the whole process, the loosened Carra-Na-Alg
polymers will aggregate and turn into a compact and thin film (Figure 2b). Within the
asymmetric hydrogel electrolyte, a number of hydrogen bonds between hydroxyl groups and
sulfonic acid groups allow the cathode-side and anode-side hydrogels to fit tightly. As
illustrated in Figure S5, the adhesion energy between the two sides of the electrolyte is 85 J m
2, which ensures interfacial contact.*> The ionic conductivity of PVA-PEDOT, Carra-Zn-Alg,
and integrated AHE are provided in Figure S6. It can be found that the integrated design does
not have a great impact on the ionic conductivity of AHE, showing great compatibility between
the two hydrogel electrolytes.

As displayed in Figure 2¢, the integrated AHE delivers a small thickness of approximately
50 pum. In addition, cathode-side PVA-PEDOT and anode-side Carra-Zn-Alg both demonstrate
a dense and interconnected porous network, which is conducive to mechanical properties
(Figure 2d-e). As demonstrated in the digital image in Figure 2f, the cathode side of the
hydrogel shows a dark black color while a transparent state can be observed on the anode side.
Such an AHE exhibits superior flexibility which can be freely folded and curled (Figure S7).
The chemical composition of hydrogel electrolytes was characterized by Fourier transform

infrared spectroscopy (Figure 2g). Besides the characteristic peaks for Carra-Zn-Alg, C-S
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stretching associated with PVA-PEDOT is detected in AHE. In addition, the C-O-C bonding
experiences a shift to high wavenumber, resulting from the interaction between Carra-Zn-Alg
and PVA-PEDOT.* The tight adhesion and integrated features are also reflected in tensile
curves (Figure 2h). During the tensile process, there is an apparent stress variation under the
strain of 40%, attributed to the failure of Carra-Zn-Alg. The smooth stress transition and
subsequent maintenance of normal tensile properties evidence the integrity of the AHE without

interface damage between Carra-Zn-Alg and PVA-PEDOT under large stress.
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Figure 2. Characterization of AHE. (a) The state of PVA-PEDOT hydrogel before and after
acid/H>O treatment; (b) The state of Carra-Zn-Alg hydrogel before and after reconstruction; (c)
Cross-sectional image of AHE; SEM image of (d) PVA-PEDOT and (e) Carra-Zn-Alg
hydrogel; (f) Digital images of AHE; (g) FT-IR and (h) Tensile curves of Carra-Zn-Alg and

AHE.



Deposition behavior and electrochemical properties of Zn anode with Carra-Zn-Alg

The Zn plating/stripping process tailored by anode-side Carra-Zn-Alg (Figure S8) is firstly
evaluated by an in situ optical test at a current rate of 5 mA cm™. As displayed in Figure 3a,
the Zn anode experiences non-uniform surface evolution in the liquid electrolyte, ultimately
leading to the formation of rough and dendritic structures on the anode surface after 60 min.
Such uncontrolled growth increases the possibility of cell failure induced by short circuits.** In
contrast, the Zn anode with Carra-Zn-Alg hydrogel electrolyte maintains a smooth surface
during the whole deposition process, which is expected to realize a prolonged lifespan (Figure
3b). As a validation, the Zn surface states after the long-term cycling test were further examined.
Specifically, after the plating/stripping process in liquid electrolyte for 50 h, Zn dendrites and
corrosive byproducts accumulate on the Zn surface, resulting in a porous and loose layer
(Figure 3c). Additionally, the three-dimensional image taken by confocal laser microscopy
(CLSM) shows a height difference of up to 60 um for the deposited Zn layer (Figure 3d), once
again proving the rugged surface. On the contrary, the morphology of the Zn anode operated in
Carra-Zn-Alg for 100 h remains flat and compact with a much smaller height variation of 24
pm (Figure 3e-f), a reflection of the homogeneous deposition.

The distinct deposition behavior is schematically illustrated in Figure 3g. Zn>" ions in
conventional liquid electrolytes diffuse unevenly across the electrode surface, nucleating at
preferred sites with high Zn?>* absorption energy, and eventually evolving into undesired
dendritic structures. By comparison, the polymer chains with abundant functional groups in
Carra-Zn-Alg selectively interact with Zn>" ions and restrict Zn>" ion migration. We examine
the interaction between Carra-Zn-Alg and Zn** through theoretical calculations (Figure 3h).
Compared to the lower binding energy of Zn?>*-H,O and Zn**-Zn, Zn?" exhibits relatively
stronger absorption energy with Carra-Zn-Alg, suggesting that the polymer tends to capture
Zn?" ions and guide their migration along the chains.*’ In addition, the gradient electrostatic

potential (ESP) distribution of Carra-Zn-Alg along polymer chains would facilitate the
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directional and homogeneous migration of the Zn>" ions (Figure S9). The controllable transport

of Zn** ions from the electrolyte to the Zn anode contributes to uniform morphology evolution

which is a premise of long lifespan.
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Figure 3. Deposition behavior of Zn anode with Carra-Zn-Alg. In-situ optical images of Zn
anode under 5 mA cm? in (a) liquid electrolyte and (b) hydrogel electrolyte; (c) SEM and (d)
CLSM for Zn anode in liquid electrolyte after 50 h; (¢) SEM and (f) CLSM for Zn anode in
hydrogel electrolyte after 100 h; (g) Schematic illustration of Zn deposition process in various
electrolytes; (h) The binding energy between Zn?" and different substances.

Beyond deposition behavior, we further evaluate the electrochemical characteristics of the
cell with Carra-Zn-Alg. As shown in Figure 4a, the electrochemical window was tested using

a three-electrode cell with 1 M NaSOs as the electrolyte to avoid the interference of Zn
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deposition. The Carra-Zn-Alg offers retarded hydrogen and oxygen evolution reactions to
suppress the side reactions. The reason lies in the fact the H>O activity is constrained inside the
polymer network.*¢. Additionally, the difference in corrosion states of the Zn anode with
distinct electrolytes can be validated by the X-ray diffraction (XRD) pattern (Figure 4b). After
cycling for 50 h in the liquid electrolyte, the diffraction peak located at 8.1° appears, attributing
to the zinc hydroxide sulfate hydrate (ZnsSO4(OH)s-4H,0) on the Zn anode.*”>*® The absence
of such a peak on the Zn anode with Carra-Zn-Alg suggests its superior anti-corrosion capability.
To gain a deeper understanding, Zn** diffusion and transfer features in liquid and hydrogel
electrolytes were examined by electrochemical analysis. The dI/dt curves of symmetric Zn//Zn
cells were first obtained under a constant overpotential of -150 mV (Figure 4c). It can be
observed that the current fluctuates rapidly within 200 seconds for the liquid electrolyte,
implying a random Zn?" ions diffusion. By contrast, Carra-Zn-Alg delivers controllable
diffusion reflected by a significantly steady-state current.*” As shown in Figure S10, the
calculated Zn?" ion transference number for Carra-Zn-Alg (0.59) is considerably higher than
the liquid counterpart (0.34), suggesting the improved Zn** ion transfer kinetics.*

The cycling tests of Zn//Zn symmetric cells were subsequently recorded to reveal the effect
of Carra-Zn-Alg on the lifespan of the Zn anode. At the current density of 2 mA ¢m™ and a
cycling capacity of 2 mAh cm, the cell with liquid electrolyte can be merely operated for about
100 h, followed by a sudden short circuit (Figure 4d). By contrast, a prolonged lifespan of over
1200 h with stable voltage profiles can be realized for cells with Carra-Zn-Alg. An analogous
result is also obtained under a higher current and capacity of 5 mA ¢cm*/5 mAh cm™ (Figure
4e). By replacing the liquid electrolyte with Carra-Zn-Alg, the cell lifespan was extended from
65 h to 450 h, further proving the applicability of anode-side hydrogel electrolyte. The Zn//Zn
symmetric cell with AHE maintains stable voltage for the Zn anode attached to Carra-Zn-Alg,
while the Zn toward PVA-PEDOT shows less stability (Figure S11). These results indicate the

necessity for customized interface design on the anode and cathode.
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Figure 4. Electrochemical performance. (a) Electrochemical window of Carra-Zn-Alg and
liquid electrolyte; (b) XRD pattern of Zn anode after 50 h in various electrolytes; (c) dZ/d¢ curves
under a constant voltage of -150 mV; Voltage profiles of symmetric cells under (d) 2 mA cm”
2/2 mAh cm™ and (e) 5 mA cm™/5 mAh cm™; Coulombic efficiency of Zn//Cu cell under (f) 2
mA cm?/2 mAh cm™ and (g) 5 mA cm™?/5 mAh cm™.

To assess the Zn utilization and reversibility, the asymmetric Zn//Cu cells were assembled
to evaluate the Coulombic efficiency (CE).>! As displayed in Figure 4f-g, the CE values
experience violent fluctuation after several cycles for the cell with liquid electrolyte attributing
to the unstable interfacial reaction. Notably, Carra-Zn-Alg enables an impressive average CE
of 99.8% and 99.6% under 2 mA ¢cm™ and 5 mA cm?, respectively. Such high CE values are
solid testaments of optimized Zn reversibility, well consistent with the analysis of dendrite-free

deposition and corrosion inhibition.
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The effect of AHE on inhibiting polyiodide shuttle effect

After confirming the benefits of Carra-Zn-Alg situating on the anode side of the AHE, we then
explore the effect of the integrated hydrogel on inhibiting the shuttle effect of polyiodide. To
visualize the polyiodide diffusion, an H-type cell with GF/D, Carra-Zn-Alg, and AHE
sandwiched by two chambers was assembled. The catholyte chamber consists of 1 M Lil and
0.1 M I, aqueous solution to create I3 that simulates the shuttle effect inside the cell. The
anolyte chamber is filled with 1 M ZnSO4 aqueous solution. The thickness of all the hydrogel
electrolytes is controlled to be 50 um for fair comparison. When incorporated with a
conventional GF/D separator, the colorless solution in the anolyte chamber gradually shifts to
light yellow after 20 min and eventually turns completely yellow within 60 min (Figure 5a).
The phenomenon indicates the unrestricted migration of triiodide across the GF/D film. After
replacing GF/D film with Carra-Zn-Alg, the shuttle effect can be alleviated to some extent but
cannot be completely suppressed. Impressively, AHE demonstrates exceptional capability
against polyiodide shuttle, which is evident by the unchanged states of anolyte solution even
after 6 h of aging.>> The absorbance signals of I3 in the right chamber were further measured
by ultraviolet-visible spectroscopy (UV/Vis). As shown in Figure 5b, GF/D and Carra-Zn-Alg
systems exhibit apparent absorbance peaks of penetrated I3 after 60 min, while the I3
concentration in the cell with AHE was significantly reduced, without detecting prominent
signals of I3 ions within 6 h. This crossover test illustrates that the adsorption capability of
Carra-Zn-Alg may not be sufficient to eliminate the shuttle of polyiodide ions. Instead, the
synergistic effect of the PVA-PEDOT and Carra-Zn-Alg effectively confines polyiodide ions

on the cathode side, suggesting the necessity of incorporating PVA-PEDOT into AHE.
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Figure 5. Roles of AHE in inhibiting polyiodides shuttle. (a) Optical images of shuttle effects
in a H-cell with I3 solution; (b) UV-Vis test of liquid in the right chamber of H-cell; (¢) Raman
spectrum of Zn anode after self-discharging for 48 h; In situ Raman spectrum of polyiodides
on Zn anode during charging process with (d) GF/D, (e) Carra-Zn-Alg and (f) AHE.

To further elucidate the advanced effect of AHE in a real cell system, the assembled Zn-
> cell is rested for 48 h to examine the polyiodide signals on the Zn surface (Figure Sc). The
cell with AHE delivers the minimum peak intensity compared to that of Carra-Zn-Alg and
GF/D-based cells, proving the optimal inhibition effect of AHE. We then conducted in situ
Raman characterization with a homemade cell (Figure S12), which is connected to an
electrochemical station for electrochemical tests. During the constant current charging process
in various systems, the GF/D-based cell exhibits the strongest polyiodide signal, while the peak
intensity is comparatively reduced for the one with Carra-Zn-Alg (Figure Sd-e). By contrast,
the cell with AHE exhibits negligible polyiodide peaks during the whole process (Figure 5f),
confirming the effective suppression of intermediate products shuttling from the cathode to the
anode. The anode-side hydrogel was separated from the AHE after 50 cycles (Figure S13). It
can be found that negligible polyiodide signals can be detected, indicating that the crossover

has been largely suppressed by PVA-PEDOT. The underlying mechanism is clarified by the
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theoretical calculation (Figure S14). Compared to anode-side Carra-Zn-Alg, the PEDOT:PSS
in cathode-side hydrogel exhibits strong binding energies with polyiodide, in agreement with
the Raman results. Gibbs free energy (AG) of I reaction pathways was evaluated in Figure
S185, indicating the spontaneous reduction of I to ™. The lower AG values in AHE for the rate-

determining step (I3 —I17) demonstrate the favorable polyiodide conversion compared with

Carra-Zn-Alg. As evidence, the -electrochemical impedance spectroscopy (EIS) and
galvanostatic intermittent titration technique (GITT) curves of full cells with various
electrolytes are tested to study the kinetics of reactions. As shown in Figure S16, the EIS plots
after cycling reveal that AHE endows the Zn-I, full cell with lower charge-transfer resistance
(Rer) of 87 Q compared with the liquid electrolyte (187 Q) and Carra-Zn-Alg (178 Q)
counterparts, resulting from the promoted 1> redox reactions and conductive PVA-PEDOT on
the cathode side. Furthermore, GITT results indicate that the AHE-based cell shows a higher
diffusion coefficient than that of contrast samples arising from improved reaction kinetics
(Figure S17).

The performance of full cells

Encouraged by the merits of AHE in optimizing Zn anode and trapping polyiodide, the full cell
was assembled by pairing the Zn anode with the synthesized I» cathode, which was prepared
through conventional active carbon (AC) absorption.>® As revealed in the XRD pattern (Figure
S18), only the diffraction peaks of AC can be observed, implying that the I» is completely
confined in the porous structure with an amorphous nature. It should be noted that the AC
component in the cathode also contributes a small portion of the capacity (Figure S19). The
current rates and specific capacities of the full cells were calculated based on the mass of I» for
easy comparison with previous reports. Thermogravimetric analysis shows an I loading of
~40% (Figure S20). The reduction and oxidation behavior of full cells were investigated by

cyclic voltammetry (CV) profiles at a scan rate of 0.5 mV s™. As depicted in Figure S21, both
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the CV curves of Zn-I, cells with liquid electrolyte and AHE show similar shapes with a pair
of cathodic/anodic peaks, suggesting the absence of side reactions triggered by the elaborate
AHE. When a low current density of 0.1 A g is applied for 100 cycles, the Zn-I> cell with
liquid electrolyte delivers an average CE of 97.25% (Figure 6a). The capacity declines to
83.78% of the initial capacity owing to the polyiodide shuttle and Zn anode degradation as
confirmed before. In comparison, AHE endows the full cell with an impressive CE of 99.84%
and a capacity retention rate of 95.94%. Additionally, the performance of the full cell based on
Carra-Zn-Alg under the same condition was also evaluated in Figure S22a. As expected, its
reversibility and stability lie between the liquid electrolyte and the AHE, illustrating the
limitation of monolayer hydrogel film. In terms of the rate performance, the capacity of AHE-
based full cell gradually decreases from 210 mAh g™ to 150 mAh g! when the current rate
increases from 0.1 Ag! to 10 Ag™! (Figure 6b). After the current recovers to 0.1 A g’!, the
capacities of the full cell return to the nearly initial values, outperforming the cell with liquid
electrolyte and Carra-Zn-Alg (Figure 6c and Figure S22b). Note that the polyiodides
transferred to the Zn anode aggravate parasitic reactions and the formation of corrosion
products, which destabilizes the overall cell system.?® As displayed in Figure S23, the Zn anode
with AHE exhibits negligible corrosion after cycling compared to that with liquid electrolyte
and Carra-Zn-Alg.

Regarding long-term stability, the Zn-1> cell equipped with AHE delivers an improved CE
and stability under 1 A g! for 1000 cycles (Figure S24) and can be operated for a period of
10000 cycles at 5 A g! with a specific capacity of over 162 mAh g™ (Figure 6d). In such an
ultralong cycle, the cell shows no more than 15% capacity attenuation, as well as an average
charging/discharging efficiency of 99.96%. Impressively, AHE maintains integrity without
broken or interfacial damage after long-term cycling (Figure S25), showing its excellent
stability.>* Furthermore, a limited Zn deposited on the Cu substrate, with a negative-to-positive

electrode capacity (N:P) ratio of 5:1, is adopted as the anode and coupled with the I cathode
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for performance evaluation (Figure 6e). Benefiting from the positive effects of AHE, the
modified Zn-I, cell can be operated for 300 cycles with a stale capacity of nearly 170 mAh g™
In contrast, the capacity for the liquid electrolyte-based cell declines dramatically to 20 mAh g

after 200 cycles with violent CE fluctuation.
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Figure 6. Performance of Zn-I, full cell. (a) Cycling performance at 0.1 A g''; (b) Rate
performance from 0.1 A g to 10 A g!; (¢) Voltage profiles under various current rates; (d)
Cycling performance at 5 A g'; (e) Cycling performance at 1 A g! with the N:P ratio of 5:1;
(e) Cycling performance of pouch cells with a capacity of (f) 15 mAh and (g) 30 mAh; (h)
Digital image of the pouch cells under extreme test conditions.

Impressively, when the mass loading is improved to 10 mg cm™, the Zn-I, coin cell can
also be operated stably (Figure S26). On this basis, pouch cells with capacities of 15 mAh and

30 mAh were assembled to probe the suitability of AHE for practical applications (Figure 6f-
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g). After operating for 500 cycles, the capacities remain stable after a slight decrease in the
initial several cycles, in line with the results of coin cells. The energy density of the 30 mAh-
pouch cell was evaluated according to the detailed parameters presented in Figure S27. The
calculated energy density is ~30 Wh kg™! under the power density of ~160 W kg™! based on the
total mass of active electrodes (including Zn and I2) and the electrolyte. Considering all the
components in the pouch cell, the energy density is ~16 Wh kg!. It is worth mentioning that
the value could be improved by simply reducing the Zn metal thickness and optimizing the
package.> For instance, an immediate improvement to ~72 Wh kg™! (based on active electrodes
and electrolytes) could be obtained by reducing the thickness of Zn foil from 100 to 20 um
(Figure S28). With a high I, loading of 13.3 mg cm™, the performance of our pouch cell is
competitive among the most recently reported works.’*>® Inspired by the distinctive safety of
the aqueous battery, the working states of pouch cells under extreme test conditions were further
evaluated. As demonstrated in Figure 6h and Video S1, two in-series pouch cells are utilized
to drive an electronic clock. Even after undergoing hammering, cutting, and penetration tests,
the Zn-I> pouch cell remains stable without failure, suggesting its capability to cope with sudden
disruption and external stimulation.

Conclusion

An AHE was exploited to tackle various concerns of cathodes and anodes in Zn-I> cells. Such
hydrogel combines a highly conductive PVA-PEDOT as a cathode-side layer which is tightly
adhered to the anode-side layer containing Zn**-crosslinked sodium alginate and carrageenan.
As demonstrated by multiple experimental characterizations and theoretical calculations, the
AHE can not only improve redox kinetics of Io/I ™ and inhibit the crossover effect of polyiodide,
but also homogenize Zn** flux and elevate the lifespan of the Zn anode. Consequently, the Zn-
I full cell with the elaborated AHE delivers exceptional Coulombic efficiency of 99.84% and
improved stability with a 10000-cycle lifespan under 5 A g™'. Moreover, the adaptability of

AHE in practical applications is also elucidated by the durability of pouch cells with capacities
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of 15 mAh and 30 mAh, which can bear destructive tests without safety hazards. This work
offers inspiration to address multiple challenges of Zn-I> cells through a holistic approach,

which is expected to extend to other complex systems with diverse requirements.

Methods

Preparation of asymmetric hydrogel electrolyte (AHE). The integrated AHE was
synthesized through two steps: i). PVA powders (Mw 146,000-186,000) were mixed with
PEDOT:PSS colloidal solution (Clevios PH 1000, 1.1-1.3 wt%) with a mass ratio of 1:100,
followed by heating at 90 °C for 2 h and then cooling down to room temperature. After that,
glutaraldehyde was added to the obtained homogeneous solution and stirred for 1h. The
precursor was subsequently poured into a polyethylene mold for crosslinking for over 6 h. The
as-prepared weak hydrogel was treated with an acetic acid solution and deionized water with a
duration of 6 h for each step to form the tough hydrogel (PVA-PEDOT). ii). 1 wt% carrageenan
and 1 wt% sodium alginate were dissolved and stirred in deionized water at 90 °C for 1 h. The
clear solution was immediately transferred to the surface of PVA-PEDOT for preparing PVA-
PEDOT/Carra-Na-Alg, which was dried at room temperature for 24 h. Finally, the dried film
was removed from the mold and immersed into 2 M ZnSO4 aqueous solution for 1 h to obtain
the crosslinked PVA-PEDOT/Carra-Zn-Alg integrated hydrogel electrolyte (denoted as AHE).
For comparison, pure Carra-Zn-Alg was prepared on an empty mold using the same method
(without PVA-PEDOT as the substrate).

Preparation of the I cathode. Typically, 50 mg > was ultrasonically dissolved in 300 mL of
deionized water to form a transparent yellow solution. Then, 50 mg of active carbon was
dispersed with magnetic stirring until a dark suspension was formed. The mixture was sealed
and rested for at least 24 hours for iodine adsorption. The black products (AC/I>) were obtained

after filtration and drying at room temperature. For the electrode fabrication, AC/I>, Ketjen
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Black and polytetrafluoroethylene (PTFE) were added into isopropanol with a mass ratio of
7:2:1. The homogeneous suspension was coated on carbon cloth and dried at room temperature.
Material characterization. The surface/cross-sectional morphologies and structure of
hydrogel samples were characterized by a field emission scanning electron microscope (Tescan
MAIA3) and Fourier transform infrared spectrometer (FT-IR, Nicolet iS5). A universal testing
machine (Instron 5982) was taken to obtain the tensile properties. Ossila contact angle meter
was used to test the states of precursors before and after treatments. Three-dimensional images
and surface roughness of Zn anodes were collected by confocal laser microscopy (KEYENCE
VK-X150). XRD (Rigaku Smartlab with Cu Ka radiation at 45 kV) was employed to obtain the
X-ray diffraction patterns. UV-Vis-NIR spectrometer (PERKIN ELMER) was taken to record
UV-vis spectra. Raman spectra were tested by the Witec-Confocal Raman system with an
excitation wavelength of 532 nm. For the in-situ Raman test, the spectra were collected through
the quartz window of a homemade Raman cell (Figure S12), where the charging process was
performed by CHI760E. The mass loading of iodine in the cathode was examined by a
thermogravimetric analyzer (Rigaku TG/DTAS8122). The 90° peeling measurements on
hydrogels and electrodes were carried out with a constant peel rate of 10 mm min™! based on an
Instron 5967 Tensile Testers.

Electrochemical Tests. CR2032 cells were assembled using AC/I; as a cathode, Zn foil as an
anode, and as-prepared hydrogels as electrolytes/separators. Besides, cells that sandwich GF/D
(Whatman) with 2 M ZnSOjs solution (100 uL) were employed as contrast samples. The specific
mass loadings of the I» cathode in the coin cell and pouch cell are detailed in Table S1. Zn
anode lifespan, Coulombic efficiency and galvanostatic charge/discharge profiles were
measured by a battery test system (LAND CT2001A). For full-cell tests, the current rates and
capacities are determined by the mass of active iodine in the cathode. To ensure the accuracy
of the data, at least three batches of samples were tested, showing an error of <5%. EIS, CV,

and LSV were performed by the Electrochemical working station (CHI760E). In detail, CV and
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LSV were tested at 0.5 and 5 mV s’!, respectively. EIS was examined under a frequency range
from 10°-0.1 Hz.

Computational Methodology. Quantum chemistry calculations were performed using the
Gaussian 16 package to optimize molecular geometries of molecules and ion groups. Beck’s
three-parameter hybrid functional with the Lee-Yang-Parr correlation functional (B3LYP) was
used in computations. The LanL.2DZ basis set was used for Zn and I ions, and the 6-311+G(d,p)
basis set was applied to hydrogen, carbon, nitrogen, oxygen, and sulfur atoms. In addition, the
binding energies for these representative structures were calculated at the same level of theory

and with Grimme’s-D3 (gd3bj) dispersion correction.

Supporting Information. The Supporting Information is available free of charge on the ACS
Publications website.
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