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free Zn deposition
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Zinc metal batteries suffer from dendrite formation, hydrogen evolution, and interfacial instability. While
water-in-salt electrolytes (WIiSEs) suppress side reactions and hydrogels enhance interfacial stability,
WISE systems are costly and viscous, and conventional hydrogels contain excess water, promoting
hydrogen evolution. To overcome these limitations, we developed a polyethylene glycol-based water-
in-salt hydrogel (WiSH) electrolyte, incorporating tunable concentrations of zinc triflate (Zn(OTf),) from
1 to 4 mol kg~*. The optimized 4 mol kg~! formulation enabled dendrite free and corrosion-free zinc
plating/stripping in symmetric Zn||Zn cells for over 2000 hours at 1 mA cm™2 (1 mAh cm™2 area
capacity), demonstrating exceptional long-term stability. The WiSH electrolyte exhibited improved
mechanical strength and toughness with increasing salt concentration, attributed to stronger ionic
crosslinking within the hydrogel matrix. Rheological and spectroscopic analyses confirmed the formation
of a robust, densely crosslinked polymer network critical for stable and uniform Zn electrodeposition.
Furthermore, a Zn-lignin full cell using the WiSH electrolyte achieved an energy density of 25 Wh kg*1
and 506 W kg of specific power, highlighting its potential for energy storage systems. These results

rsc.li/energy-advances

1. Introduction

The history of zinc-based batteries dates back to the late 18th
century when Alessandro Volta first observed generation of
current using zinc metal in 1796 and subsequently introduced
the Voltaic pile in 1800, considered the first true chemical
battery, based on zinc and copper electrodes. Since then, zinc has
remained a focal material in battery research. A significant mile-
stone was the commercial introduction of non-rechargeable zinc-
air batteries in the 1970s.* However, despite decades of intense
research, rechargeable zinc batteries have yet to achieve commer-
cial viability. This lack of commercialization is not due to a lack of
interest or effort; zinc continues to attract attention due to its high
theoretical capacity (820 Wh kg™ '), natural abundance, safety, and
recyclability.>* Yet, the inherent challenges associated with zinc in
aqueous electrolytes have remained persistent obstacles. Zinc metal
is thermodynamically unstable in aqueous environments, where Zn
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establish WiSH as a promising electrolyte platform for next-generation zinc batteries.

deposition and hydrogen evolution reactions (HERsS) compete at
the electrode surface. The HER not only reduces efficiency but also
alters the local pH at the Zn interface, creating an alkaline
environment.” This led to the formation of Zn(OH), (Zn +
2H,0 — Zn(OH), + H,), which passivates the Zn surface, depletes
active material, and disrupts ionic transport, ultimately degrading
battery performance.® Moreover, repeated Zn plating/stripping
during cycling can lead to the formation of zinc dendrites, which
grow over time and may penetrate the separator, causing internal
short circuits and catastrophic cell failure.” These interrelated
issues including parasitic side reactions, passivation, and dendrite
formation, collectively hinder the practical deployment of aqueous
Zn-based rechargeable energy storage systems.® Various strategies
have been explored to mitigate dendritic growth and the HER,
including surface modification of the Zn anode, incorporation of
electrolyte additives, and electrolyte reformulation.”* However,
these issues remain largely unresolved.

In 2015, the concept of water-in-salt electrolyte (WiSE) was
introduced as one strategy to expand the electrochemical
stability window of aqueous electrolytes.”® The central idea
was that by significantly increasing salt concentration, the
activity of free water molecules could be reduced, thereby
suppressing side reactions such as the HER and enabling the
use of aqueous electrolytes in high-voltage battery systems.
Since its conceptualization, the WiSE approach has been suc-
cessfully applied to a variety of battery chemistries, including
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zinc-based systems.">'>'” In zinc batteries, the WiSE not only
mitigates the HER but also plays a crucial role in suppressing
zinc dendrite formation, resulting in improved interfacial
stability and enhanced cycling life. However, despite these
advantages, WiSE systems face several practical limitations.
These include high viscosity, low ionic conductivity,'® leakage
issues, and the requirement for thick physical separators'® (e.g.,
glass fiber membranes with thicknesses around 260 pm). Such
factors contribute to sluggish ion transport and increased
interfacial resistance, ultimately limiting the rate capability
and overall electrochemical performance of the device.® To
overcome these drawbacks, soft solid-state electrolytes such
as hydrogels could be promising alternatives. Hydrogels in
general offer a unique combination of mechanical flexibility,
high ionic conductivity, and the ability to confine water and salt
within a polymeric matrix, allowing for controlled ion transport
and enhanced interface regulation.”® However, conventional
hydrogels typically contain more than 70% water, which limits
their application in zinc battery systems. The high-water content
promotes side reactions such as the HER which competes with
zinc deposition, and results in poor performance. Since these
challenges primarily stem from the presence of free water, they
can be effectively mitigated using the WIiSE approach. In this
work, we address these limitations by integrating the principles
of WiSEs with hydrogel chemistry to develop water-in-salt hydro-
gels (WiSHs), a hybrid system that leverages the mechanical and
structural stability of hydrogels while retaining the electroche-
mical advantages of highly concentrated electrolytes. This syner-
gistic design effectively overcomes mass transport barriers and
interfacial instability, enabling more stable and efficient zinc
deposition.”*

Herein, we developed a polyethylene glycol polymer-based
WiSH electrolyte system and investigated its effect on zinc deposi-
tion and dissolution behaviour. By systematically varying the Zn
salt concentration from the salt-in-water regime 1 mol kg™ " (1 m)
to the water-in-salt regime (4 m), we explored the impact of
electrolyte composition on long-term cycling stability. Notably,
at a Zn*>" salt concentration of 4 m, we observed stable and
uniform Zn plating/stripping over 2000 hours at a current density
of 1 mA em ™ (corresponding capacity 1 mAh cm™?) in symmetric
Zn|Zn cells. This remarkable stability may be attributed to the
favourable coordination interactions between Zn>* ions and the
polyethylene glycol diacrylate (PEGDA) network, which likely
contribute to more regulated Zn>* transport at the hydrogel-Zn
interface. Additionally, the reduced water activity at higher salt
concentrations appears to help mitigate parasitic reactions such
as dendrite growth and hydrogen evolution. Furthermore, we
employed the WiSH electrolyte in a Zn-lignin full-cell configu-
ration, where we observed promising electrochemical perfor-
mance with an energy density of 25 Wh kg™" and 506 W kg ™"
of specific power. However, the long-term cycling stability of this
battery still requires further optimization. Additionally, the hydro-
gel exhibited an ionic conductivity of 7.1 x 10> mS em ™" even at
subzero temperatures (down to —40 °C), along with enhanced
mechanical stretchability at higher salt concentrations. This
improvement in stretchability may be associated with the possible
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formation of a double-network structure, wherein ionic cross-
linking complements the existing covalent framework, an effect
that is often linked to increased mechanical resilience in poly-
meric systems.>? Overall, this study provides valuable insights into
the electrochemical behaviour of Zn in hydrogel-WiSE environ-
ments and offers a potential pathway toward the design of next-
generation, dendrite-free, flexible Zn-based batteries.

2. Results and discussions
2.1. Synthesis of Zn>" ion-based WiSH electrolytes

A hydrogel electrolyte was prepared using PEGDA and zinc tri-
fluoromethanesulfonate (Zn(OTf),) (chemical structure shown
in the SI, Fig. S1). The synthesis of PEGDA followed a previously
reported method.>® Subsequently, PEGDA, Zn(OTf),, and a
photoinitiator 2-hydroxy-2-methylpropiophenone (HOMPP) were
homogeneously dissolved in water to form the precursor solution.
This solution was then poured into a polydimethylsiloxane
(PDMS) mold of the desired shape (Scheme 1a). The mixture
was exposed to UV irradiation to initiate the cross-linking reac-
tion, resulting in the formation of a three-dimensional PEG-based
polymeric network (Scheme 1b). Detailed synthetic procedures are
provided in the Experimental section. Zn(OTf), was added to the
hydrogel electrolytes (water/PEGDA = 1: 1) at systematically varied
concentrations. The resulting samples were named “x m
Zn(OTf),”, where ‘¢’ indicates the molality of Zn(OTf), within
the hydrogel electrolytes where 3 m and 4 m salt concentrations
are considered WiSH formulations.

2.2. Electrochemical evaluation: Zn plating/stripping tests

Prior to the detailed characterization of the hydrogel electro-
Iytes, the Zn plating/stripping behaviour was systematically
investigated using the prepared hydrogels, including WiSH
formulation. Hydrogels were used as both electrolyte and
separator in Zn||Zn symmetric cells to investigate how free
water content, modulated by varying Zn(OTf), concentrations
from 1 m to 4 m, affects the electrochemical reversibility of Zn
plating/stripping. It would be worth mentioning here that the
WISE regime typically begins when the salt concentration
exceeds ~ 3 m, whereas hydrogels with lower salt concentration
(e.g., 1 m and 2 m) based hydrogels behave more like conven-
tional hydrogels due to their higher water content and limited
ionic crosslinking. These low-salt hydrogel systems serve as
effective control samples in our work. To gain insight into
interfacial stability, these cells were subjected to long-term
galvanostatic cycling using a systematic rate capability protocol.
In this protocol, the cells were cycled at stepwise increasing
current densities starting from 0.1 mA cm > (corresponding to
0.2 mA current and 0.1 mAh cm™? capacity) up to 5 mA cm >
(corresponding to 10 mA current and 5 mAh ¢cm ™ capacity),
with each current step held for 1 hour and repeated for five
cycles. After this, the cells were further cycled at 1 mA cm™ > for
extended durations to assess long-term stability. The complete
dataset is provided in the SI (Fig. S2 and S3). All hydrogel
electrolytes, regardless of salt concentration, successfully

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of (a) steps involved to prepare WiSH and (b) the 3-dimensional PEG polymeric network in the hydrogel electrolytes
with different Zn(OTf), ionic salt. Salt-in-water hydrogel electrolyte (left) and WiSH electrolyte (right).

completed the rate capability test without failure, demonstrating
excellent electrochemical reversibility. Notably, cyclic stability
improved with increasing salt concentration, indicating a strong
dependence on the electrolyte composition. The 4 m Zn(OTf),-
based WiSH electrolyte exhibited the best performance, achieving
stable cycling for over 2000 hours with a consistent overpotential
of £21 mV, showing no signs of degradation or dendritic shorting
throughout the test (Fig. 1a). In comparison, the lower concen-
tration systems demonstrated more limited lifetimes, such as
thel m Zn(OTf), hydrogel which was stable for ~300 h; 2 m
Zn(OTY), hydrogel: stable for ~450 h and 3 m Zn(OTf), hydrogel:
stable for ~1100 h. This clear trend suggests that higher salt
concentration, which corresponds to lower free water content,
leads to enhanced Zn interfacial stability. This is likely due to
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the solvation of Zn>" ions, which reduces the availability of free
water with increased concentration to participate in parasitic side
reactions such as the HER. Suppressing the HER not only
improves coulombic efficiency but also minimizes pH fluctuations
at the Zn interface, which in turn reduces passivation and dendrite
formation.>* Additionally, slight increase in overpotential was
observed during Zn plating/stripping in the 4 m WiSH formulation
which can be attributed to its reduced ionic conductivity.>> At high
Zn** concentrations, ion-ion interactions and ion pairing limit the
number of free charge carriers, while the denser hydrogel matrix
increases ionic transport resistance, collectively contributing to a
slight rise in overpotential despite stable long-term cycling.

To further confirm the role of water content in influencing
zinc deposition behaviour, a control WiSH electrolyte was
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Fig. 1 (a) Comparative galvanostatic plating/stripping profiles illustrating the long-term cycling stability of Zn in hydrogel electrolytes with varying Zn®*
concentrations (1 m to 4 m) at 1 mA cm™2 current rate. Among these, the WiSH with 4 m Zn(OTf), exhibits the most stable cycling behaviour, although a
slight increase in overpotential is observed. (b) Coulombic efficiency of Zn deposition/stripping in a Ti||Zn asymmetric cell using the optimized 4 m WiSH
electrolyte, demonstrating the high reversibility of Zn plating on a non-Zn substrate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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prepared using the same 4 m Zn(OTf), concentration, but with
an increased water content during hydrogel formulation. It is
important to note that, unless otherwise stated, all hydrogels in
this study were prepared with a PEGDA : water ratio of 1:1. In
this control case, however, the ratio was altered to 1: 2, thereby
introducing a higher amount of free water into the hydrogel
network. Although the symmetric cell assembled with this
formulation also ran for nearly 2000 hours at 1 mA cm >
current, it exhibited significant overpotential fluctuations,
especially at later stages (Fig. S4). This instability could be
attributed to the excess free water, which likely promoted side
reactions and contributed to interfacial degradation. This was
further confirmed by testing Zn deposition using the Zn|Zn
symmetric cell in 4 m Zn(OTf), solution i.e. WiSE where we
observe cell failure at a high current of 5 mA cm 2 during rate
capability tests (Fig. S5) suggesting the advantage of WiSH.
These findings highlight a key insight of this study: achieving
high Zn salt concentration in hydrogel-based WiSH electrolytes
is critical for ensuring long-term dendrite-free Zn cycling and
stable interfacial behaviour. This performance not only under-
lines the role of high salt concentration in reducing the avail-
ability of free water molecules, thereby mitigating side
reactions, but also highlights the critical importance of the
polymeric network, comprising both covalent and ionic cross-
linking, in facilitating uniform and stable Zn plating/stripping
behaviour.

To further evaluate the reversibility of Zn plating/stripping
and quantify the Zn deposition efficiency, we assembled a
Ti|Zn asymmetric cell with 4 m WiSH electrolyte. The use of
a titanium (Ti) working electrode serves a specific purpose:
unlike symmetric Zn||Zn cells, where both electrodes act as Zn
sources, the Ti electrode has no initial zinc content, thus
making it an ideal substrate to assess how efficiently Zn can
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be deposited and subsequently stripped. The key metric derived
from this configuration is the coulombic efficiency (CE), which
represents the ratio of stripped Zn to plated Zn during each
cycle. In the initial cycles, we observed a relatively lower CE,
likely due to side reactions such as parasitic HERs or irrever-
sible Zn nucleation on the Ti substrate. However, with contin-
ued cycling, the CE progressively increased and approached
~100%, indicating that nearly all the electrochemically depos-
ited Zn could be stripped back from the Ti surface up to 300
cycles at 1 mAh em™? Zn deposition capacity (Fig. 1b). This
behaviour suggests that the Zn plating process gradually forms
a stable and reversible Zn layer on the Ti substrate, likely
facilitated by the favourable Zn** ion transport and interfacial
characteristics of the WiSH electrolyte. The ability to achieve
high CE over time highlights the excellent reversibility and
interfacial compatibility between the WiSH electrolyte and the
Ti current collector. These results further reinforce the suit-
ability of WiSH electrolytes for high-efficiency, long-life Zn-
based rechargeable batteries.

To investigate the morphology and growth behaviour of Zn
during plating, Zn||Zn symmetric cells with 4 m Zn(OTf),-based
WiSH were cycled, and the plated Zn was analysed after 10 and
50 cycles. The plating/stripping experiments were carried out
under identical conditions in two separate cells, and the
morphology of the deposited Zn was examined using scanning
electron microscopy (SEM). As a baseline comparison, the
surface of pristine Zn foil was also characterized (Fig. S6), while
Fig. 2a and b present the morphologies after 10 and 50 cycles,
respectively. In both cycled samples, the SEM images reveal
compact and dense Zn deposits with no signs of dendritic or
mossy structures, indicating highly uniform Zn growth.*® The
absence of dendritic features correlates with the extended
cycling stability observed in galvanostatic tests, suggesting that

——50 Cycles
—— 10 cycles
-Pristine Zn
&\ ~~~
= 88 & <©
~ : = A o
A }‘: T o
A A
L ’A A A
) IiHﬁdﬂmI&%i
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26 (°)

Fig. 2 SEM images of Zn electrodes after galvanostatic plating at 1 mA cm™2 current rate in 4 m Zn(OTf),-based WiSH: (a) after 10 cycles and (b) after 50
cycles, showing compact and uniform Zn deposition without dendritic structures (scale: 2 um). (c) XRD patterns of pristine Zn and cycled electrodes after
10 and 50 cycles, revealing a preferential Zn growth along the (002) crystal plane during repeated deposition/stripping in symmetric Zn|Zn cells.
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the 4 m WiSH effectively promotes uniform Zn deposition and
suppresses dendrite formation. To further assess the structural
and phase characteristics of the deposited Zn, ex situ X-ray
diffraction (XRD) analysis was conducted on the cycled Zn
electrodes. The diffraction patterns confirm that hexagonal Zn
(PDF#04-0831) remains the dominant phase after cycling, with
minor zinc oxide peaks appearing around 31-32°, likely due to
surface oxidation of Zn associated with the hygroscopic nature of
triflate-based salts.>”?® Importantly, a notable increase in the
intensity ratio of the (002) to (100) diffraction peaks [I(02)/(100)]
was observed: increasing from 0.143 for pristine Zn to 1.09 after
10 cycles and further to 1.24 after 50 cycles. This progressive
increase in the (002) texture suggests a preferential Zn deposi-
tion along the (002) crystal plane.>® The (002) plane, which lies
parallel to the substrate surface, is thermodynamically more
stable and promotes lateral Zn growth. This orientation offers
two key advantages: (i) it minimizes the formation of out-of-
plane dendritic protrusions, reducing the risk of short-circuiting,
and (ii) it presents a higher activation energy for Zn dissolution,
thus improving the reversibility and structural integrity of the Zn
anode during repeated cycling.’® These crystallographic insights
further validate the role of 4 m WiSH in directing favourable Zn
growth behaviour, which underpins the high interfacial stability,
suppressed dendrite formation, and prolonged cycling perfor-
mance of Zn metal electrodes in hydrogel-based water-in-salt
systems.

2.3. Physicochemical characterization of WiSH

After evaluating the electrochemical performance of various
hydrogel electrolytes, we conducted detailed physicochemical
characterizations of all samples. Special focus was placed on
the 4 m Zn(OTf),-based WiSH, as it demonstrated the most
stable and efficient Zn plating/stripping behaviour.

2.3.1. Attenuated total reflectance-Fourier transform infra-
red (ATR-FTIR) and Raman spectroscopy. The synthesized
hydrogel electrolytes were investigated by ATR-FTIR spectro-
scopy to characterize the changes in the chemical bonds after
UV-curing (Fig. S7). Notably, the characteristic spectral bands
associated with the acrylate reactants, observed at 1636, 1620,
and 1411 em ' (attributed to vibrational modes of C—=C sym-
metric stretching, C—=C asymmetric stretching, and C—CH,~
twisting, respectively) disappeared in the synthesized hydrogel
electrolytes. The results indicate that UV exposure has opened
the C—C double bonds in PEGDA. In other words, the ATR-
FTIR analysis confirmed the formation of crosslinked PEG
polymer networks within hydrogel electrolytes.

FTIR and Raman spectroscopy offer insights into material
composition and component interactions via vibrational
features and peak variations. Water molecules exhibit two
distinct vibrational modes: (i) a stretching mode where
the asymmetric (at 3440 cm ') and symmetric modes (at
3250 cm ') are superimposed, and (ii) a bending mode at
1650 cm ™. The vibrational modes of water molecules in ATR-
FTIR are significantly influenced by hydrogen bonding between
free water molecules not involved in the solvation shell. There-
fore, the changes in peaks indicate the dynamic nature of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The ATR-FTIR transmittance curves for different hydrogel

electrolytes and water. (b) Raman spectra of all hydrogel electrolytes with
increasing Zn(OTf), at room temperature. (c) The ATR-FTIR transmittance
data for hydrogel electrolytes and PEGDA.

hydrogen-bonded networks between free water molecules. As
shown in Fig. 3a, the addition of Zn(OTf), ionic salt from 1 to
4 m increases the transmittance of the vibrational mode bands,
indicating a decrease in absorption, for the corresponding
hydrogel electrolyte. It confirms that the hydrogen bond
between free water molecules in the hydrogel electrolyte is
significantly suppressed because the water molecules prefer
to interact with ions at high concentrations, as schematically
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illustrated in Scheme 1b. Specifically, a decrease in peak
intensity within the wavenumber range of 3000 to 3800 cm™*
related to the O-H stretching mode indicates a reduction in the
presence of free water (Fig. 3a).>' The Raman intensity at the
lower wavenumber, approximately 3225 cm™', significantly
decreases with Zn(OTf), concentrations. It also indicates that
the total amount of free water in the hydrogel electrolytes
diminishes as the concentration of Zn(OTf), changes from
1 m to 4 m (Fig. 3b).”* The interaction between Zn>" ions and
the PEG polymer network is also observed when incorporating
Zn(OTf), ionic salt into the hydrogel electrolyte. As shown in
Fig. 3c, the ATR-FTIR analysis revealed characteristic peaks
(~1100 ecm™") originating from the -COC- structure in
the polymer backbone. The peak shifts to lower wavenumbers
with increased Zn(OTf), ionic salt. It reveals electrostatic inter-
actions between Zn>* and the oxygen atoms in the -COC-
groups.

2.3.2. Ionic conductivity of WiSH. The ionic conductivity of
the hydrogel electrolytes was measured using a two-electrode
cell configuration via electrochemical impedance spectroscopy
(EIS) (see the Experimental section for details). The results
showed that the ionic conductivity increased with Zn(OTf),
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concentration, reaching a maximum of 2.7 mS em™" for the
3 m Zn** based hydrogel (Fig. 4a and related Nyquist and Bode
plots in Fig. S8). However, a further increase in salt concen-
tration (for 4 m) led to a decline in conductivity. This behaviour
can be attributed to the formation of ion pairs or aggregates at
higher concentrations, which reduces the number of free
charge carriers, thereby limiting ionic transport. In addition,
we evaluated the temperature-dependent ionic conductivity of
the 4 m WiSH electrolyte to —40 °C. Remarkably, even at such
low temperatures, ion mobility was still observed (7.1 X
107> mS cm™ '), indicating that the hydrogel electrolyte remains
partially conductive under sub-zero conditions (related Nyquist
and Bode plots in Fig. S9). The ionic conductivity of the WiSH
electrolyte was also compared with values reported for other
hydrogel-based systems and found to be comparable, high-
lighting its competitive performance (Table 1).

An arrhenius plot was used to determine the activation
energy for ion transport in 4 m WiSH, which was found to be
57 kJ mol *, reflecting the energy barrier associated with ionic
movement through the hydrogel network below room tempera-
ture (Fig. 4b), which is comparable and even better to other
reported hydrogels in similar temperature ranges (Table S1).

(b) 1

E, =57 kJ/mol

38 40 42

1000/T(K™")

4.4
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_5 T T T
0 1 2 3

E (V)vsZn

(a) lonic conductivity of hydrogels prepared at different concentrations from 1 m to 4 m. (b) Arrhenius plot of ionic conductivity experimentally

measured to estimate the activation energy of the 4 m Zn(OTf), based WiSH. (c) Variation in storage (G’) and loss modulus (G”) with strain in all hydrogels.
A solid rectangle represents G’ modulus whereas, a hollow rectangle is associated with G” modulus. (d) LSV of the 4 m Zn(OTf), based WISE and WiSH at

0.5 mV s~ sweep rate using a Ti|Zn cell.
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Table 1 lonic conductivity values of reported Zn?* ion-based hydrogels
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Ionic conductivity

Zn plating/stripping Current density

Zn>* concentration in hydrogel (mS ecm ™) (Temp) cycling (h) (mA cm™?) Ref.
Zwitterion hydrogel electrolyte (20 wt%) 2.6 (RT) 900 1 36
4 m ZnCl, 6.26 (RT) 33
2 M Zn(OTf), 3.9 (RT) 7500 1 37
2 M ZnSO, 3.93 (RT) 6000 0.5 38
1 M Zn(TFSI), 59 (RT) 39
1 m Zn(OTF), 24.8 (25 °C) 2500 1 40
2 m ZnCl, 72 (26 °C) 500 5 41
2 M ZnSO, 47.7 (RT) 5500 1 42
3 M ZnSO, 10.4 (RT) 1000 2 43
2 M ZnSO, 30.24 (RT) 1600 5 44
1 m Zn(OTf), 1.6 (RT) 375 1 Current work
2 m Zn(OTf), 2 (RT) 530 1

3 m Zn)OTf), 2.7 (RT) 1130 1

4 m Zn(OTf), 0.5 2000 1

4 m Zn(OTf), 7.1 x 10? (40 °C)

The ability of the WiSH electrolyte to retain ionic conductivity at
low temperatures is particularly advantageous for applications in
cold environments or seasonally variable climates, where tradi-
tional aqueous electrolytes often fail due to freezing or ion
transport limitations. This characteristic enhances the potential
of WiSH systems for all-weather zinc-based energy storage and
grid-scale applications requiring thermal resilience.***

2.3.3. Rheological measurement. The viscoelastic properties
of WiSH hydrogels with varying Zn(OTf), concentrations were
investigated using a Malvern Rheometer (see the Experimental
section for details). Rheological measurements included both the
storage modulus (G’) and the loss modulus (G”), which represent
the elastic (energy-storing) and viscous (energy-dissipating) com-
ponents of the hydrogel’s response under oscillatory shear,
respectively. G’ indicates the stiffness and ability of the hydrogel
to store mechanical energy, while G” reflects the extent of energy
dissipation as heat due to internal friction, corresponding to
liquid-like behaviour. The rheological profiles, presented in
Fig. 4c, exhibit distinct mechanical responses across different salt
concentrations. At low strain, all hydrogels exhibit elastic-
dominant behaviour with constant G’ > G”, indicating intact
and stable crosslinked polymer networks.*> As the applied strain
increases, G” begins to rise, indicating the onset of energy
dissipation through chain mobility and frictional losses. At a
higher strain corresponding to the yield point, G’ starts to
decrease, suggesting breakdown of the hydrogel network. Even-
tually, G’ and G” intersect at the flow point (G’ = G”), beyond
which both moduli decline, reflecting the progressive disruption
of the network structure. Interestingly, the 1 m Zn(OTf), hydro-
gel displays the highest initial G’ but yields at a lower strain
(~150%), suggesting a more brittle structure with limited
deformation tolerance. In contrast, hydrogels prepared with
3 m and 4 m Zn(OTf), concentrations exhibit slightly lower
initial stiffness but significantly higher yield strains where the
G’ starts to decrease (~350%), indicative to enhanced mechan-
ical toughness and a more robust crosslinked network.*®*” This
trend is further supported by uniaxial tensile stress-strain data
(Fig. S10), which show increasing tensile strength with salt
concentration.

© 2025 The Author(s). Published by the Royal Society of Chemistry

2.3.4. Electrochemical stability window (ESW) test for
WiSH and WiSE. ESW is a critical parameter for evaluating the
operational limits and durability of an electrolyte in a device with
specific electrodes. To assess the ESW of the WiSH electrolyte, a
Zn|Ti cell was assembled and tested using linear sweep voltam-
metry (LSV) at a sweep rate of 0.5 mV s~ '. For comparison, a
similar measurement was conducted with a conventional 4 m
Zn(OT{),-based WiSE electrolyte to evaluate the impact of hydrogel
formation on electrochemical stability. Both electrolytes exhibited
oxidative stability beyond 2 V vs. Zn, indicating good resistance to
oxygen evolution under moderate anodic conditions. Notably, the
WiSH electrolyte demonstrated a distinct advantage: its current
response remained relatively stable even up to ~3 V, in contrast
to the WiSE, which showed a sharp increase in current, indicating
involvement of parasitic side reactions (Fig. 4d). This improved
performance in WiSH can be attributed to the presence of a
crosslinked polymeric network, which effectively confines water
molecules and enhances interactions between the polymer back-
bone and Zn(OTf), ions. This confinement reduces water activity,
suppresses side reactions, and stabilizes the electrode-electrolyte
interface, thereby extending the electrochemical window. Further-
more, the effect of Zn(OTf), concentration on the ESW of WiSH
was also investigated. As shown in the SI, Fig. S11, the salt
concentration did not cause a significant shift in the stability
window, suggesting that the polymer matrix plays a more domi-
nant role in determining electrochemical stability than ion
concentration alone.***®

To gain insight into the interfacial kinetics of the 4 m Zn
salt-based WiSH, the exchange current density (i,) was evalu-
ated via Tafel polarization analysis (Fig. S12a). The Zn/WiSH
interface exhibited a slightly lower exchange current density
(34.5 pA cm~?) compared to Zn/WiSE (37 pA cm ™), indicating
only a minor impact on interfacial charge-transfer kinetics
despite the dense chemical crosslinking in the WiSH hydrogel.
This suggests that redox reactions at the Zn interface remain
relatively efficient in both systems. In addition, corrosion rates
were also estimated from the Tafel parameters, revealing com-
parable corrosion behaviour in both electrolytes: 0.52 mmpy
for WiSH and 0.56 mmpy for WiSE, further supporting that
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crosslinking in WiSH does not significantly compromise elec-
trochemical stability. To further probe the Zn/electrolyte inter-
face, differential capacitance (Cgj) was measured via EIS at
moderate frequencies (11.2 Hz and 16.6 Hz) over a range of
applied potentials. Differential capacitance reflects how surface
charge density changes with potential, offering insights into
ion organization and mobility at the interface. For the Zn/WiSH
system, the Cgig vs. potential profiles at both frequencies
followed a bell shaped or U-shaped curve (a feature of electro-
lytes of moderate or high concentration),*® with capacitance
reaching a minimum near 0 V vs. Zn indicative of the potential
of zero charge (Fig. S12b). Capacitance increased symmetrically
on both cathodic and anodic sides, consistent with electric
double layer formation due to excess ionic accumulation.
Together, these findings demonstrate that WiSH provides
improved ionic transport and interfacial kinetics, as reflected
in its higher i, and Cgi, without a significant increase in
corrosion rate.

2.3.5. Discussion. Conventionally, hydrogels are formed
through hydrogen bonding interactions between polymer
chains and water molecules. These non-covalent interactions
cause the polymer network to swell and retain water within its
three-dimensional matrix, resulting in a physically crosslinked,
soft, and mechanically flexible gel structure. However, the
addition of salts such as Zn(OTf), increases system complexity
by generating multiple competing interactions. Zn>" cations and
OTf anions strongly interact with water molecules and compete
with the polymer for hydrogen bonding. In addition, Zn*" can
coordinate with electron-rich sites on the polymer chains, forming
ionic or coordination bonds. These interactions act as ionic
crosslinking points, enhancing the mechanical strength of the
hydrogel. At low salt concentrations (e.g., 1 m), hydrogen bonding
between water and the polymer dominates, resulting in soft,
elastic, and stretchable hydrogels. As the salt concentration
increases (e.g., to 3 m or 4 m), polymer-ion interactions become
more prominent, creating a denser network of rigid crosslinking
points. This reduces the degree of swelling and water retention,
making the hydrogel tougher but less stretchable. Thus, by tuning
the salt concentration, the mechanical properties of the hydrogel
can be systematically controlled. In our study, higher Zn(OTf),
concentrations resulted in a mechanically robust hydrogel struc-
ture, which played a key role in suppressing dendrite formation
and enhancing the stability of Zn plating/stripping.”®

In addition to mechanical strength, hydrogels are typically
composed of polymers bearing functional groups capable of
coordinating with Zn>" ions. These interactions can form Zn>*-
rich pathways that guide ion transport uniformly across the
electrolyte, thereby minimizing concentration gradients of Zn>*
ions and suppressing their random, localized deposition that
leads to dendrite formation.*®*' Specifically, in the PEGDA-
based WiSH system, Zn>* ions interact with ether oxygen
groups (-O-) within the polymer network, enabling controlled
ion transport and promoting smooth, dendrite-free zinc deposi-
tion. Moreover, the hydrogel matrix effectively confines water
molecules, thereby reducing the availability of free water and
mitigating side reactions such as the HER.*®
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A natural question arises with the fact that WiSE suffers
from high viscosity and cost due to its reliance on high salt
concentrations: how is WiSH, which also uses concentrated
Zn*" salt, any better? The key lies in the role of the hydrogel
matrix. In WiSE, high viscosity directly hinders ionic conduc-
tivity and slows interfacial kinetics. In contrast, when the same
salt concentration is incorporated into a hydrogel framework, it
does not significantly impact the bulk viscosity in the same
way. Instead, the polymer network in WiSH immobilizes water
and salt, forming a structured medium with localized ion
channels. These channels guide Zn>* ions along more uniform
and controlled paths, promoting smoother and more stable Zn
plating/stripping. As for cost, while the amount of salt used
remains similar, WiSH provides additional value: it serves both
as an electrolyte and as a separator. This multifunctionality can
offset some of the material costs by simplifying cell design and
improving safety and stability, making WiSH a more practical
and effective alternative for zinc-based batteries.

3. Zn-lignin battery using WiSH

We fabricated a Zn-organic battery using lignin, a wood-derived
material containing catechol-like electrochemically active
groups.®® Since lignin is inherently insulating, we enhanced
its electrical conductivity by blending it with carbon using
established methods,"”*! resulting in an electrically conductive
lignin/carbon (L/C) composite. This composite was employed
as the cathode in the Zn-lignin battery using 4 m Zn(OTf),
based WiSH as electrolyte-cum-separator. To evaluate the redox
activity of the lignin/carbon composite, we performed cyclic
voltammetry (CV) at different scan rates ranging from 5 mv s~ *
to 50 mV s~ ". At low scan rate (5 mV s~ '), defined redox peaks
were observed, confirming the redox-active behaviour of lignin
(Fig. S13). These peaks arise from the reversible redox reactions
of catechol-like moieties in lignin, where hydroxyl groups (-OH)
are oxidized to quinone-like structures (—O). These redox
transitions are also responsible for the charge-discharge beha-
viour of the cell and are well-documented in lignin-based
electrochemical systems.'*?"**" Ag the scan rate increases,
the redox peaks become less distinct, likely due to slow electron
transfer kinetics in the L/C composite (Fig. 5a). This behaviour
suggests that electrochemical reactions are kinetically limited
at higher scan rates. However, the overall current increases with
scan rate, which can be attributed to enhanced mass transport
of ions and charge carriers at faster polarization rates. This
trend is consistent with typical quasi-reversible or diffusion-
controlled redox systems.

Galvanostatic charge-discharge (GCD) experiments were
conducted to evaluate the specific capacity of the device. The
discharge profiles exhibited non-linear behaviour across the
full voltage range, which is characteristic of pseudocapacitive or
faradaic processes rather than ideal capacitive behaviour and
characteristic of redox-active organic electrodes. The device
delivered a maximum specific capacity of 40 mAh ¢~ at a
current density of 50 mA g ', calculated based on the total

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) CV at different sweep rates ranging from 5 mV s to 50 mV s, (b) GCD profile at different current rates (50 mA g~* to 1000 mA g~?) of Zn-
lignin cells. (c) Ragone plot showing maximum specific energy and maximum power of cell. (d) Capacity retention and coulombic efficiency of the Zn||L/

C battery in the WiSH at 100 mA g~ of current rate.

mass of L/C electrode. As the current density increased to
1000 mA g~ ', the specific capacity decreased to 17 mAh g *,
reflecting the typical rate-dependent behaviour due to limited
ion diffusion at higher currents (Fig. 5b). The estimated max-
imum specific energy of the device was 25.4 Wh kg™ ", along
with a maximum specific power output of 506 W kg~ ', demon-
strating a promising balance between energy and power per-
formance (Fig. 5c). Furthermore, the device exhibited good
cycling stability, retaining over 75% of its initial capacity after
400 cycles at a current density of 100 mA g™, highlighting the
structural and electrochemical stability of the system under
prolonged operation (Fig. 5d).

4. Conclusion

In this study, we developed a WiSH electrolyte system by
integrating the concepts of WiSE and hydrogels, leveraging
the advantages of both. This design enables dendrite-free Zn
plating/stripping while effectively addressing key challenges in
conventional aqueous Zn batteries, including hydrogen evolu-
tion and corrosion. By systematically varying the Zn(OTf),
concentration, we identified the 4 m formulation as the most
effective, demonstrating stable and dendrite-free Zn plating/

stripping over 2000 hours at a current density of 1 mA cm 2.

© 2025 The Author(s). Published by the Royal Society of Chemistry

To understand the underlying reasons for this performance, we
performed comprehensive physicochemical and electrochemical
characterizations using ATR-FTIR, Raman spectroscopy, EIS,
LSV, and rheological analysis. These characterizations revealed
that the 4 m Zn(OTf),-based WiSH forms a highly crosslinked
polymeric network, resulting in enhanced mechanical integrity
and reduced water activity. The rheological measurements, in
particular, highlighted the superior toughness and elasticity
of this hydrogel, which are essential for maintaining a stable
Zn-electrolyte interface and suppressing dendritic growth dur-
ing cycling. To further demonstrate the practical utility of WiSH,
we assembled a Zn-lignin battery that delivered a promising
maximum specific energy of 25 Wh kg~ ' and maximum power of
506 W kg~ '. This proof-of-concept device highlights WiSH’s
potential as a safe, flexible, and durable electrolyte platform
for next-generation zinc-based energy storage systems.

5. Experimental section

5.1. Materials and chemicals

Zinc trifluoromethanesulfonate (98%) was purchased from
Merck. 2-Hydroxy-2-methylpropiophenone (HOMPP, 97%) was
purchased from Sigma-Aldrich and used as received. Softwood
kraft lignin was obtained from Backhammar.
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5.2. Electrolyte preparation

HOMPP solution was prepared by dissolving 1 wt% of HOMPP
in deionized (DI) water and mixing the solution using sonica-
tion. The resulting HOMPP/DI solution (the weight of HOMPP
was ignored due to its relatively small amount) was then mixed
with PEGDA in specific weight ratios suchas 1:1,1:2,and 1: 3,
followed by sonication until fully dissolved. An amount of x m
Zn (OTf), (x = 1, 2, 3 and 4) was then added to the solution
(calculated based on the HOMPP/DI solution, ignoring the
weight of HOMPP) and sonicated again until completely dis-
solved. The final solution was degassed to remove any bubbles.
For mold preparation, a glass slide was placed at the bottom
to support the sample, followed by a rectangular polydimethyl-
siloxane (PDMS) layer. On top of this, a PDMS piece with a
circular hole (approximately 200 um thick and 20 mm in
diameter) was placed. The solution to be cured was cast into
the hole and covered with another rectangular PDMS layer
(Scheme S1 in the SI). UV curing was performed using a photo
exposure box equipped with a UVA lamp suitable for the
HOMPP initiator. The curing process lasted for 5 minutes.

5.3. Electrode preparation and cell fabrication

The lignin/carbon (L-C) electrode was prepared via solvent-free
mechanical ball milling of conductive carbon and kraft lignin in
a planetary ball mill (TOB-XQM-4) using titanium balls. The dry
weight ratio of lignin to carbon was 1:1. The resulting milled
powder was then mixed with 10 wt% polyvinylidene fluoride
(PVDF) as a binder, using N-methyl-2-pyrrolidone (NMP) as the
solvent. The resulting slurry was coated onto graphite foil (from
SGL Carbon, Germany) and dried at 60 °C for 6 hours. The wet
film thickness was varied between 100 and 400 um. After drying,
the electrodes were punched into disk shapes with a diameter of
16 mm for coin cell assembly. The dry mass loading of the
electrodes ranged between 2 and 3 mg cm ™. Electrochemical
measurements of the full cells were performed by assembling
CR2032-type coin cells under ambient conditions. The L-C
electrodes were used as the cathode while zinc foil (50 pm thick)
served as the anode. WISH was used both as the electrolyte and
as a replacement for the separator.

For device measurements, the cells were charged at various
currents ranging from 50 to 1000 mA g~ ' within a potential window
of 0.4-1.7 V. The galvanostatic cycling with potential limitation
(GCPL) technique was employed for galvanostatic charge-discharge
(GCD) testing and for determining stored capacity. Specific energy
(E) and specific power (P) were calculated using eqn (1) and (2),
where m is the total mass of active materials, ¢ is the discharge
time, 7 is the discharge current, and V is the potential.

_ Lo
E= ;1 Iolvdl (1)

P=

(2)

E
t

A Zn|Zn symmetric cell was used to study zinc plating and
stripping behaviour. Hydrogels with varying Zn(OTf), concentra-
tions (1-4 m) served as both electrolyte and separator. Cycling was
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performed at 1 mA em™ 2, with one-hour plating and stripping per
cycle. While this configuration does not allow for direct measure-
ment of CE due to the interchangeable nature of the zinc electro-
des, it is effective for assessing the reversibility and long-term
stability of zinc deposition. A Zn | Ti cell pairs a zinc electrode with
an inert Ti substrate, which serves as a stable, non-reactive current
collector. Zinc is plated onto Ti during the reduction process and
stripped during oxidation. Since Ti does not participate in redox
reactions, this setup allows for accurate measurement of CE by
comparing the amount of zinc stripped to the amount previously
plated. A Tafel plot was obtained using a Zn | Zn symmetric cell with
a LSV potential range of —200 mV to 200 mV at a 0.5 mV s~ ' sweep
rate and fitted using EC lab software from Biologic which provides
values for corrosion current and rates. Cq;er Was estimated using EIS
at different potentials in the frequency range 1 MHz to 0.1 Hz using
eqn (3) where f'is frequency and Im(Z) is imaginary impedance.

1

Ciir = “3fim(Z) @)

5.4. Electrolyte characterization

The impedance measurements were carried out using an
impedance spectrometer (Alpha high-resolution dielectric ana-
lyzer, Novocontrol Technologies GmbH, Hundsangen, Ger-
many). An AC voltage of 10 mV was applied while sweeping
the frequency. The bulk ionic conductivity was calculated as ¢ =
d/(R x A), where d, A, and R are the distance between the
electrodes, area of cross section, and resistance, respectively.
Oscillatory rheological measurements were carried out with a
Malvern Rheometer (232194) using a stainless-steel parallel
plate geometry of 20 mm diameter and a gap of 0.2 mm.
Amplitude tests were performed from 0.01 to 1000% strain at
1 Hz and 25-degree Celsius. ESW of the WiSH and WiSH with
4 m Zn (OTF), was estimated using Zn metal as counter/
reference electrodes and Ti as the working electrode and the
tests were performed from 0 V (vs. Zn) to 3.0 V (vs. Zn) at a scan
rate of 0.5 mV s~

5.5. Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) and Raman spectroscopy analysis

ATR-FTIR spectroscopy analysis of the synthesized PEGDA, x m
Zn(OTf), WiSHs was recorded using an FT-IR spectrometer
(Vertex 70, Bruker) under ambient conditions. Raman spectra
were collected using an ND:Yag 532 nm excitation laser
(LabRam Aramis, Horriba Jovin Yvon).
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