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Developing efficient electrolytes is vital for realizing the vision of aqueous

rechargeable zinc-metal batteries as a safe and sustainable energy storage
technology. Emerging electrolyte engineering approaches including con-
centrated and molecular crowding electrolytes restrict water reactivity but

usually incur limited bulk ionic conductivity and sluggish interfacial kinetics as
well. Here we show that this dilemma can be addressed by deploying hydrogel
electrolytes that incorporate typical molecular crowding electrolytes with a
zwitterionic polymer matrix. This crowded zwitterionic hydrogel electrolyte
counterintuitively entails Zn** liberation for higher ionic conductivity and
prompt interfacial desolvation kinetics while maintaining essential advantages
of molecular crowding electrolytes, thereby fundamentally overcoming the
critical issues associated with such electrolytes. Such electrolytes enable the
assembled zinc-metal batteries and zinc-ion hybrid capacitors to work effec-
tively and stably at high rates (up to 5 A g™) and frozen temperatures (down to
-60°C). The applicability of this crowding-induced ion liberation strategy was
also extended to other aqueous metal-ion (Mg*" and Na*) batteries. This work
has the potential to provide a general solution to efficient electrolytes for
safer, energy-dense, and cost-effective aqueous energy storage technologies.

The rapid technological progress of renewable electricity necessitates
commensurate energy storage systems (ESSs). Citing concerns over
safety and cost, traditional lithium-ion batteries fall short in meeting
the requirements of the grid-scale ESSs. Rechargeable zinc-metal bat-
teries (RZMBs) emerged as such a promising and sustainable alter-
native, merited by their intrinsic safety, low-cost, and easy
manufacturing’. Though the batteries’ aqueous nature is central to
these advantages, it concomitantly restricts the electrochemical vol-
tage window and interfacial stability of the electrodes in RZMBs. These
problems mainly stem from the high reactivity of essential water

species within the electrolyte, posing major hurdles for the eventual
applications of RZMBs>*™’. For example, excess free water molecules
easily decompose and dissolve electrode materials, whilst solvated
water species can corrode Zn negative electrode, aggravate dendrite
formation, and incur high desolvation barriers'®". In this context,
electrolyte engineering strategies including concentrated “water-in-
salt” (WIS), hybrid-solvent, and “molecular crowding” electrolytes have
been vibrantly scrutinized, with great strides realized in the last few
years*'%>> Nevertheless, WIS electrolytes deploy excess salts that
inevitably cause safety (particularly for fluorine-containing
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electrolytes) and cost concerns, contradicting the innate advantages
of RZMBs. Worse still, while effective in widening voltage window and
stabilizing electrodes, these electrolytes always engender low bulk
ionic conductivity and sluggish interfacial desolvation kinetics that
hurdle RZMBs' realistic rate performance and low-temperature
adaptability™.

Another strategy with growing interest is deploying polymer
matrices to fabricate hydrogel electrolytes (HEs), which feature liquid-
like ion transport diffusivity and solid-like cohesive integrity. These
HEs entrap water with tunable hydrogen-bonding and/or ion-dipole
interactions, thereby circumventing the leakage issues and offering an
alternative approach to alleviate the water-relevant side reactions” ",
Nonetheless, these advantages are still at the expense of conductivity
and kinetics compared to those of their liquid counterparts, given
that the water-binding hydrophilic nature of the gel backbone impedes
the transport of cations as well®°. This is particularly pronounced for
viscous solutes that have fewer side reactions, such as concentrated or
crowded electrolytes. To increase ionic conductivity and interfacial
kinetics, a common strategy is to introduce a large amount of water
into the gel, which in turn spawns side reactions and limits the
electrochemical window. This dilemma underscores the critical
importance of hydrogel matrix design for the delicate balance of the
water-ion-polymer nexus. Recently, zwitterionic (Zw) small molecules
or polymers with “inner salt” dissociation properties have been proven
to improve the dissociation of target salt species and form somehow
aligned ion channels, thereby enhancing the ionic conductivity of the
corresponding electrolytes®?*, Despite these advances, the overall
impact and general applicability of Zw matrices on cation liberation,
including conductivity, transference number, interfacial kinetics, and
Zn negative electrode interface regularity, remain obscure. Therefore,
addressing this knowledge gap is essential to fully leverage suitable
HEs for realizing the full potential of RZMBs.

In this work, we demonstrated that a Zw hydrogel matrix can
counterintuitively enable Zn*" liberation in a molecular-crowded
electrolyte. The Zw gel was chosen over other conventional polymer
matrices (e.g., polyvinyl alcohol, polyacrylamide) due to its inner-salt
structure, which holds potential to facilitate ion transport. Among
various molecular crowding agents, disaccharides (such as maltose,
sucrose) were chosen due to their strong covalent-like hydrogen
bonding capability, which bridges polymer networks and effectively
immobilizes water molecules, enhancing electrolyte performance and
stability”*°. With the dual-induction effect of concentrated maltose
molecules in bridging both ions and polymer chains, the ion-water-
polymer interactions in the Zw HE were finely tuned. Combined
spectroscopic studies with molecular-scale modeling reveal that the
Zn** carriers feature less solvation water and fewer contact ion pairs
(CIPs), thus are liberated to migrate more efficiently along the Zw
polymer ion channel and better desolvate for interfacial reactions. As
such, the crowded Zw HE provides an ionic conductivity comparable
to or higher than that of the liquid equivalent, a wider electrochemical
window (2.6 V), stable and reversible Zn negative electrode interfaces
at high utilizations (up to 57%), and good temperature adaptability.
This HE sustains the assembled RZMBs and hybrid capacitors working
stably at high rates and low temperatures (down to —60 °C). Further,
the universality of this crowding-induced ion liberation strategy was
validated in other aqueous metal-ion (Mg?* and Na’) batteries, pre-
senting new opportunities to innovate energy-dense, low-cost, and
safe energy storage technologies.

Results

Promotion of Zn** migration by enhanced ion-polymer inter-
actions in crowded Zw gel electrolyte

The water species within the hydrogel network can be classified into
bound water, intermediate water, and free water”. Bound water refers
to those firmly bound to the hydrophilic polymer network by

hydrogen bonding or electrostatic forces. Intermediate water is
immediately adjacent to bound water but interacts with adjacent water
or polymer networks with less than four hydrogen bonds. Free water
interacts negligibly with the gel polymer chains”. Given the high
polarity and dielectric constant of water, it can easily solvate most
typical zinc salts. However, at low concentration, the zinc salts will
dominantly dissociate in the free water moiety of HEs, with weak (or
even negligible) interactions between solvated ions and the gel poly-
mer chains (illustrated in Fig. 1a, c). In this scenario, the electro-
chemical behavior of ions in the HE more resembles their liquid
equivalents, easily causing premature failure of the batteries.

To enhance the polymer-ion interactions, we deployed a dual-
induction strategy at the molecular level by introducing maltose into
the Zw HE, as illustrated in Fig. 1b. These disaccharide molecules can
induce strong covalent-like hydrogen bonding between their -OH
groups and the polar groups on the gel chains®, thereby holding
together the cross-linked polymer chains in the hydrogel network
(illustrated in Fig. 1d). Meanwhile, the introduced maltose molecules
essentially crowd the dilute salt species (exemplified by 3 m Zn(CIO,4),
here) by stabilizing excess free water”. More significantly, as unraveled
below, these maltose molecules can substantiate gel backbone’s
charged groups to interact with dissociated anions and cations, indu-
cing ion migration through the otherwise inaccessible transport ave-
nues in the Zw polymer chains (illustrated in Fig. 1e).

To validate polymer-ion interactions from the dual-induction
strategy, we first compared Raman spectra of the serial crowded Zw
hydrogel electrolytes (CZHEs) and the liquid electrolyte (LE) counter-
parts, both are comprised of 3 m Zn(ClO,), plus n wt% maltose (n =0 to
40, wt% of maltose in solution). Figure 2a and Supplementary Fig. 1
present the Raman spectra of the serial LEs. The three peaks at 464,
631, and 934 cm™ correspond to the v2, v4, and v vibrational modes of
ClOy4", respectively?®*. As maltose concentration increased to 40 wt%,
these peaks remained almost identical full widths at half maximum
(FWHMs) and relative peak intensities. However, the reversed intensity
of the increased vcy stretch band and the decreased vo. band (Sup-
plementary Fig. 1c) suggests that the added maltose indeed breaks the
tetrahedral structure and restricts the activity of water molecules®.
These results suggest the ClO,™ ions are barely affected in LEs, though
the electrolytes have been effectively crowded. The deconvoluted
spectra of the water species further reveal the obviously reduced
oscillation of fully four-hydrogen bonded water (viz., free water, at ca.
3250 cm™) molecules (Supplementary Fig. 1d, e), resulting from the
perturbation of the water hydrogen bonding network through the
water-maltose interactions. These results are in line with the general
expectations of “molecular crowding” electrolyte®, indicating that
maltose can increase electrochemical stability of the electrolyte.

When incorporated with the Zw hydrogel matrix, however, the
ClO4 ions show distinct peak features within the crowded electrolyte
environment (Fig. 2b, c). Specifically, in contrast to the constant band
signals from the Zw backbone (- 810 and -1020 cm™), FWHMs and
relative peak intensities of ClO,” ions’ bands (v1, v2, v4) decreased
significantly with increasing maltose concentration (Fig. 2b, Supple-
mentary Fig. 2). Such an evolution trend is more clearly seen by
benchmarking the areas of the ClO, ion’s three bands with those of
the Zw backbone as a reference, which displayed gradually declining
ion-to-backbone ratios with higher maltose concentrations (Supple-
mentary Figs. 3, 4). The decline in relative peak intensities indicates
that the relative components surrounding ClO,  changed as the
maltose concentration increased®. Considering the liquid crowding
electrolyte does not show such changes (Fig. 2a), and the ClO, is a
well-known “salt-in” anion that has certain interactions with polymer
matrix®, this phenomenon is reasonably caused by the induction
effect of maltose that prompts ClO, ions to interact intensely with
the Zw backbone. Meanwhile, the reduction of FWHMs (Fig. 2d, e)
substantiates that the disordering of ClO, collectively escalates,
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Fig. 1| Schematics of the states of polymer chains with different electrolytes.
a Weak interaction between ions and gel chains with dilute electrolytes. b Strong
interaction between ions and gel chains by dual induction of maltose molecules.
Schematic diagram of (c) Sluggish ion desolvation in non-crowding hydrogel

Cation liberation mechanism
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electrolyte, and (d) confined ion transport in traditional molecular-crowded
hydrogel electrolyte, and (e) the alternative highways along the polymer chains for
ion transport in crowded zwitterionic gel electrolytes.

denoting that the bulk CIPs from the zinc salt are diminished as the
anions are crowded toward the positively charged group on the Zw
backbone™.

Such coordination interactions are also directly corroborated by
the Zn nuclear magnetic resonance (NMR) spectroscopy. As shown in
Fig. 2f, the maltose crowded Zn(ClO,4), electrolyte shows a chemical
shift of 0.58 ppm from the pristine bare Zn(ClO,4), equivalent (- 0.52
ppm). This shift is possibly from the reduced shielding effect by more
anions and/or less water molecules within the Zn** primary solvation
shell, as a result of the crowding effect®*~°. With the Zw matrix, the ¢’Zn
resonance peak further displays a chemical shift to downfield of 2.65
ppm, strongly insinuating the much more intense interaction between

Zn** and the sulfonate group (-SO5-, which has better coordination
capability and de-shielding effect than ClO,") on the polymer back-
bone. Meanwhile, the gradually broadened resonance peak also high-
lights a substantially reduced Zn** exchange rate during the acquisition
time that is caused by enhanced Zn?*"-sulfonate interaction®>*’. Hence,
as summarized in Fig. 2g, h, the maltose molecules of the original
crowding electrolyte exert dual roles within the Zw hydrogel matrix,
impacting both the gel framework and the ions. In detail, the polymer
chains are drawn together through the covalent-like hydrogen bonds
facilitated by maltose, creating a confined space®®. This rearrangement
bridges the otherwise separate charged polymeric chains (caused by
the anti-polyelectrolyte effect of Zw hydrogels), which avails the
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Fig. 2 | Study of enhanced ion-polymer interactions and promotion of Zn*.

a Raman spectra of the liquid electrolytes (LEs) containing 3 m Zn(ClO,4), with the
varied maltose concentration gradients. b, c Raman spectra of the zwitterionic (Zw)
HE containing 3 m Zn(ClO,), with varied maltose concentration gradients.

d Enlarged Raman peaks of Cl0,” solvation configurations, showing the variation in
full width at half maximum (FWHM). e Variation of the FWHM values of the Raman

peak corresponding to the ClO, solvation configuration in serial 3 m Zn(ClO,4), Zw
gel electrolytes. f “7Zn NMR spectra of different electrolytes. g, h Schematic dia-
gram of the effect of maltose on gel chains and ions. Radial distribution functions
and corresponding coordination plots of Zn?* in i liquid electrolyte (LE) and

j crowded Zw hydrogel electrolytes (CZHEs). k MSD plots of Zn*" in LE and CZHE
under electrical field at 25 °C.

polymer-ion interactions. Within this confined space, the crowded
maltose molecules also push anions and cations to the intrinsically
dissociated counterionic sites of “inner salt” chains, thereby effectively
dissociating the possible CIPs induced by the crowding effect. How-
ever, it is worth mentioning that the 40 wt% maltose crowded Zw

hydrogel electrolyte has a much lower free water content than that of
the liquid equivalent (5.4% vs. 25.2%, Supplementary Figs. 1e, 2e). Given
the advantages of reduced free water, hereinafter, CZHE and LE refer
exclusively to the 40 wt% maltose-based gel electrolyte and liquid
electrolyte, respectively.
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To further uncover Zw matrix’s impacts on ion speciation and
coordination configurations in the crowded electrolyte, we performed
molecular dynamics (MD) simulations on CZHE, LE, with bare 3 m
Zn(Cl0y); electrolyte as a reference (Fig. 2i-k, Supplementary Figs. 5-8,
Supplementary Data 1). The snapshots in Supplementary Fig. 5 show that
the ions and maltose are generally homogeneously distributed in the
polymer and/or water matrix. The radial distribution functions (RDFs)
and specific coordination numbers (CNs) show that, within LE, one Zn*"
ion is solvated with 4.34 H,0, 1.27 ClO,, and 0.39 maltose in its first
solvation sheath (Fig. 2i). In contrast to the case in bare 3 m Zn(ClO,),
electrolyte with or without Zw polymer (Supplementary Fig. 6 and 7),
the maltose crowding agent can notably decrease the number of the
cation’s solvation H,O (from 4.91 to 4.56 on average), though it has weak
solvation capability. The reduced solvation water can potentially ame-
liorate side reactions and facilitate the desolvation process. Nonetheless,
the crowding environment incurs an increased CN of ClO4~ from 1.09 to
1.27 (Fig. 2i, Supplementary Fig. 6b), along with a substantially elevated
CIP portion (18.9% to 42.5%, Supplementary Fig. 8a). More CIPs will
impair the ionic conductivity of the electrolyte and cause capacity loss,
particularly at low temperatures®.

Upon introducing Zw polymer, the maltose coordination remains
almost unchanged, but the negatively charged sulfonate group from
the Zw backbone enters the primary solvation shell of Zn*". Remark-
ably, this cation-polymer interaction favors a reduced CN of H,O and
ClO4 to 3.94 and 1.1, respectively (Fig. 2j). The CIP also shows a dra-
matic decline from 42.5% to 24.4% (Supplementary Fig. 8). Note these
values are very close to the experimental results from deconvoluted
Raman spectra analysis (Supplementary Fig. 1b, 1f,1g, 2b, 2f, 2g,
Table 1). Such evolution trends can be rationalized by the crowding
effect of maltose on ions within CZHE, consistent with the above
spectroscopic results (Fig. 2d-f). In other words, the gel matrix of
CZHE can strengthen the crowding effect of expelling solvated water,
yet circumvent its drawback of the inevitably induced CIPs, thereby
ensuring prompt ion migration kinetics. As such, the dynamic behavior
of Zn* in different electrolytes were compared by computing the
mean square displacement (MSD) at 298.15K (Fig. 2k). It can be
ascertained from the MSD profiles that under an external electric field
the migration capability of Zn*" in CZHE considerably surpassed that in
LE, validating that the enhanced polymer-ion interactions can effec-
tively leverage the ion hopping channels along the Zw backbone
cohort. Taken together, the MD simulation results coincide well with
the Raman and NMR measurements, both suggesting that the maltose-
induced reciprocal effort of ions and polymer chains can essentially
confine free water, reduce solvated water and CIPs, and harness the
elaborated ion transport highways.

Electrochemical performance and enhanced interfacial kinetics
of CZHE

For an intuitive comparison of the facilitated Zn** migration in CZHE,
its ionic conductivity was compared with that of LE. The influence of
the gel backbone was additionally benchmarked with two other types
of crowded HE, i.e., the neutral polyacrylamide (PAM) and a polyanion
(poly zinc 2-acrylamido-2-methylpropanesulfonate, marked as PAMPS)
electrolytes. All three HEs share the same acrylamide basal moiety
except for the different charged groups (Supplementary Fig. 9), hence
PAM and PAMPS can be ideal references to verify the role of the ion
hopping channels in the Zw HE. Figure 3a shows the Arrhenius plot of
the ionic conductivity of different electrolytes (all HEs containing
40 wt% of maltose crowded 3 m Zn(ClO,),) as a function of tempera-
ture. The CZHE affords a much higher ionic conductivity and a lower
activation energy (£,) than the two control HEs, attesting the critical
role of the zwitterion effect”. Further, unlike commonly observed
decreased ionic conductivity when transforming LE to quasi-solid-
state gel electrolytes, here the CZHE demonstrated even slightly better
conductivity than that of LE. At 25°C, the CZHE has a high ionic

conductivity of 33.1 mS cm™, meeting the requirements of high-rate
RZMBs. Within the low-temperature region (-60 - 0 °C), the CZHE also
displays the lowest E, of conductivity among all the electrolytes,
indicating the Zn*" migration barrier is reduced more prominently at
low temperatures by the Zw gel matrix. As a result of the dramatically
diminished free water over LE, the electrochemical stability window of
CZHE is broadened from 2.1 to 2.6V (Fig. 3b), enabling potential
energy-dense Zn*" storage. Moreover, the CZHE delivers a Zn*" trans-
ference number (tz,>") up to 0.67, much higher than the LE of 0.24
(Fig. 3¢, Supplementary Fig. 10). Such a drastic improvement can be
synergistically attributed to the dehydration-enhanced anion-polymer
interactions (Fig. 2d) that hinder ClO,™ transport'®, and the elevated
kinetics for more selective and prompt Zn*" migration (Supplementary
Fig. 11). Given the dual induction effect from maltose, the CZHE also
features decent mechanical strength (Supplementary Fig. 12), enabling
additional functions as a flexible electrolyte for emerging wearable
electronics.

The influence of the electrolytes on the reversibility and stability
of Zn negative electrode was then assessed. Figure 3d shows that the
Zn | |Zn symmetric cell assembled from the CZHE can strip and plate
stably at 1mA cm™ and 1 mAh cm™ for 1200 h, while the LE-based cell
can only run for about 300 h before short-circuiting yet with a larger
voltage loop gap. A parallel control cell assembled from the non-
crowded Zw HE delivered an even shorter duration of less than 100 h
(Supplementary Fig. 13). The significantly extended lifespan of the
symmetric cells by CZHE is probably rendered by the effective con-
finement of free water, which prevents side reactions and dendrite
formation during Zn plating/stripping. Such conclusions are also
consolidated by the water-retention test, which shows the CZHE can
tightly hold the water within 200 days (94% retention) in ambient
environment (Supplementary Fig. 14). The CZHE can support the cell
to work at other customized current densities and capacity densities
(Fig. 3e), with a maximum Zn negative electrode depth of discharge
(DOD) of 57%. For example, at a practical large rate of 3 mAcm™ and
3mAhcm™, the symmetric cell still sustained for 1000 h (Supple-
mentary Fig. 15). Of particular note, in investigating the Zn plating/
stripping stability of Zn||Zn symmetric cells, the suspected “soft
short” may lead to a deceptive stability when operating cells at large
current densities (=2 mA cm™). Here, we deployed the in situ tem-
perature response test to scrutinize this issue. After the Zn plating/
stripping at different rates (Fig. 3e), the symmetric battery displays
increased voltage gaps at lower temperatures, yielding a positive E, in
the dynamic stripping/plating process (Fig. 3f, Supplementary Fig. 16).
This positive E, aligns with the characteristics of ionic conduction (the
electronic conduction mechanism in short-circuit would result in a
negative £,), thereby confirming the genuinely stable interfacial reac-
tions enabled by CZHE. The enhanced reversibility of the Zn interface
by CZHE was also assessed with Zn | |Ti asymmetric cells, which sus-
tained well for 600 cycles with a high average coulombic efficiency
(CE) of 99.6% (Fig. 3g, h), both substantially surpassing that of LE
(Supplementary Fig. 17).

It is known that interfacial charge transfer is critical for the
electrolyte-electrode stability, which even becomes the rate-
determining step in electrochemical reactions under high current
densities and/or low temperatures®. Besides, the divalent Zn*" ion has
intense interactions with its aqua and anion ligands, such that its
sluggish desolvation process impedes the kinetics at the electrode-
electrolyte interface and leads to aggravated battery polarization and
diminished rate performance*>*’. Hence, the desolvation kinetics of
the cation in different electrolytes was studied in Zn||Zn symmetric
cells by electrochemical impedance spectroscopy (EIS). Note that the
interfacial processes are usually coupled/convoluted (e.g., adsorption,
interfacial Zn*" desolvation, and possible diffusion in passivation/
interphase layers). To avoid the erroneous pre-modeling of the
equivalent circuit model method that leads to possible
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Fig. 3 | Electrochemical characterizations of electrolytes and negative elec-
trode. a Plots of conductivity versus temperature for zwitterionic (Zw), poly zinc 2-
acrylamido-2-methylpropanesulfonate (PAMPS), and polyacrylamide (PAM) soaked
in 3 m Zn(ClOy4), with 40 wt% maltose and liquid electrolyte (LE). b Electrochemical
stability window of different electrolytes. ¢ Direct current (DC) polarization curve
of CZHE at 25 °C, inset shows electrochemical impedance spectroscopy plots

Cycle number

Capacity (mAh cm™?)

before and after DC polarization. d Long Zn plating/stripping behavior and (e) Rate
capability of symmetrical Zn||Zn cells with different electrolytes. f Zn plating/
stripping behavior under different temperatures after rate test. g Long-term cycle
performance of Zn | [Ti asymmetric cells with different electrolytes at an upper cut-
off voltage of 0.5 V. h Selected voltage-capacity profiles of Zn||Ti with CZHE.

misunderstandings, the distribution of relaxation time (DRT) analysis
that directly distinguishes the relaxation time (7) constants of the
principal electrochemical processes was used*. All the electrolytes
show a temperature-dependent overall interfacial resistance (Supple-
mentary Fig. 18). However, the deconvoluted charge transfer resis-
tance (R.y) of the CZHE-based cell is only about half of that of LE
and bare 3m Zn(ClO,), electrolyte based ones at all temperatures
(Fig. 4a, b, Supplementary Fig. 19), denoting a much faster interfacial
kinetics in the former. The E, of interfacial desolvation process on
CZHE-Zn interface is 21.81kJ mol™, much smaller than the other two
counterparts (Fig. 4c). This remarkably enhanced desolvation process
is bestowed by the reduced solvated water and less ClO, attraction in
the Zn*" solvation structure, as well as the selective hopping channel
afforded by the Zw hydrogel matrix. Equally importantly, compared
with LE, CZHE does not spawn the interfacial diffusion resistance (Rgif),
which is most probably engendered by the passivation layer on the Zn
negative electrode surface resulting from excess free water and more

solvated water as discussed above. This trend was also validated by 3 m
Zn(ClOy), electrolyte, where a much more significant Rgir is pro-
liferated particularly at low temperatures (Supplementary Fig. 19). The
boosted desolvation and the exemption of Ry well account for the
better rate performance and reversibility of CZHE over LE in different
cells (Fig. 3d, g).

To assess the generality of this sugar crowding agent-induced
interfacial regulation strategy, other hydroxyl-rich saccharides such as
sucrose and fructose were also evaluated in the same CZHE frame-
work. Despite structural differences from maltose, both sugar-based
CZHEs exhibited comparable (or even better) ionic conductivity,
remarkably suppressed passivation features, and reduced charge
transfer resistances with regard to their respective liquid counterparts
(Supplementary Figs. 20-22). Their interfacial desolvation activation
energies were also significantly lower than those of LEs (Supplemen-
tary Fig. 23), indicating that the sugar-induced water immobilization
and solvation modulation effects are broadly applicable, though the
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Fig. 4 | Material characterizations of the Zn electrode and the mechanism of
(002) induced formation. a DRT contour plots of Zn** desolvation with CZHE (Rct.
charge transfer resistance; Ry;: interfacial diffusion resistance). b DRT contour
plots of Zn?* desolvation with LE. ¢ Corresponding activation energies derived by
Arrhenius fitting. d 3D morphology images (size 258 x 258 um) for Zn in the Zn | |Zn
symmetric cells after cycling (50 cycles at 1 mA cm™ and 1mAh cm™ and 25 °C)
using CZHE and LE. e XRD patterns of bare Zn and post-cycled (after 50 cycles at
1mA cm™ and 1mAh cm™ and 25 °C) Zn with different electrolytes. f Relative

texture coefficients (RTCniy) of pristine Zn and Zn cycled in different electrolytes.
g Relaxed calculation models for Zn?*" and Zw monomer adsorption onto different
planes along with corresponding adsorption energy values; the binding energies of
Zw with Zn and water molecules, as well as the adsorption of H,O onto the Zn (002)
plane, are presented. (Atom color code: Zn, cyan; O, red; S, yellow; H, white; N,
violet; C, gray.) h Schematic of desolvation and interfacial behaviors with different
electrolytes.

extent of enhancement varies depending on the specific sugar-gel
interactions.

The tuned interfacial reaction by CZHE is crucial for the regularity
of Zn negative electrode surface. The 3D morphology scanning image
shows that the post-cycled Zn surface is compact and dendrite-free,
and combined XRD patterns verify that no byproducts (e.g.,
Zn,ClO4(OH),) formed during the cycles (Fig. 4d, e). Also, after 20
cycles with CZHE, the electro-crystallization orientation (ECO) analysis
of the Zn negative electrode based on the relative texture coefficient
(RTC(hiiy) shows an increased RTC(opz with declined RTCgo0) and
RTCoy (Fig. 4f, Supplementary Fig. 24), highlighting the regulated Zn
[002]-preferred deposition texture that contributes to the even
surface***®. In comparison, the cycled Zn negative electrode in LE
exhibits comparatively random ECOs with significant irregular
morphologies (Fig. 4d, Supplementary Fig. 25), which are probably
caused by the passivation layer (Fig. 4b) and the low fz,*"-resulted
polarization (Supplementary Fig. 11). The effectiveness of the Zw gel

backbone was further validated by the referenced non-crowded HE
(Supplementary Fig. 26).

The underlying impact of the Zw gel matrix on the ECO was then
evaluated by density functional theory (DFT) calculations (Fig. 4g, Sup-
plementary Fig. 27, Supplementary Data 1). On the bare Zn surface, the
interfacial Zn* will be preferably plated on (100) and (101) facets of the
hexagonal close-packed Zn substrate, given their much higher binding
energy (BE) with Zn*" than that of the (002) facet (i-iii in Fig. 4g).
Therefore, if not regulated, Zn** will continuously be plated along (100)
and (101) and gradually induce the “tip-effect” sites, which are the main
culprits of dendrite formation and/or side reactions®. However, with Zw
matrix the high energy (100) and (101) planes can be efficiently blocked,
as a result of the preferential adsorption of the polymer backbone on
them (iv-vi in Fig. 4g). In this scenario, the natural deposition propensity
of Zn atoms is guided along the (002), thereby rendering a more com-
pact and stable Zn deposition texture. Further, the intense Zn-polymer
interaction hinders the in-plane diffusion, and the hydration effect of the

Nature Communications | (2025)16:11069


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66041-y

a | [cze 25°C b o= _ C 2 -
' S s S
—01A g "o 300 g "o 15047 g
—osA g’ < 2 £ CZHE 2
—1Ag! £ 0.1 e £ ~85% =
289 - 05 sl o 7100 o
5Ag £ ssssssses o =2 95 2
e ssssssssss F9% o g —E N )
g € g ~71% S
@ 100  ecossences S S 50 S
© * CZHE 25°C 8 8
LE it: 1 o 1
0 Unit: Ag 90 0 25°C 3Ag 9
0 50 100 150 200 250 0 10 20 30 40 50 0 200 400 600 800 1000
d Capacity (mAh g™) e Cycle number f Cycle number
3.0 110 150
— [} — —_
o () —~ — °
p ® Q e o e o Y- X
g 25]  20%0000 g eoeeesessses 0000 0000 100 s g s R %0g,0 % oo°°° 0000000000-100 <
> >
< 3> < > < )
E 204 M — S <é2 S 2 100{0000000000000000000000000 S
£ J000d \ 0 g5 £ 3 € ]
@ e 2 =
2154%0.1 0.1 5 2 CZHE [ o O . , [
S %00y 0.3 2900080 2 g 1.01 o S I / / tos .2
Q- 1.04% \eooégo 0.5 0.5 9a00d - 2 % LE ‘g S 501 {aoe (oo (s | Cisoe f"&of -g
8 00000 | 99000 IS S 05— s 0 § © \ \ o N S S
- \ / o = o, o a \ \ S =
B 051 20000 —o—CZHE}70 S 25°C ""\1 5 2 . 3
© “size:3x 4 cm —o—LE 3 £ 0.01 size: 3x 4 cm ’ 8 © ©
< 0.0 mass loading: 15 mg cm? Unit: Ag™’ 0 < 05 mass loading: 15 mg cm 03Ag 85 0 1Ag" %
"0 5 10 15 20 25 30 35 0 50 100 150 200 0 50 100 150 200 250

Cvcle number

Fig. 5 | The performance of Zn | |PANI batteries at 25 °C. a GCD profiles of bat-
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Bending times

and LE. Comparison of (d) rate performance and (e) cycling performance of pouch
cells with different electrolytes. f Electrochemical performance of the flexible
RZMBs at 1 A g with different bending angles.

Zw backbone also restricts the accessible free water on the otherwise
bare water-Zn interface (vii-ix in Fig. 4g and Supplementary Fig. 28), both
enabling a uniform Zn morphology with eliminated side reactions. In a
nutshell, the incorporated Zw matrix fully leverages the advantages of
molecular-crowding electrolytes while offering higher ion migration
rates, larger t;,>*, and improved interfacial kinetics (illustrated in Fig. 4h),
fundamentally overcoming the critical issues associated with such
electrolytes.

Electrochemical performance of full RZMBs and their low-
temperature adaptability

The practical utilization of CZHE was evaluated in a full battery by pairing
the polyaniline (PANI) positive electrode and Zn negative electrode
alongside the electrolyte. Benefiting from the higher ionic conductivity
and better interfacial kinetics, the CZHE based battery delivered
obviously better rate capability than the LE-based equivalent (Fig. 5a, b,
Supplementary Fig. 29). The reversibility of the Zn|CZHE | PANI battery
was also high, as indicated by its higher CEs at different rates, particularly
under low specific currents (Fig. 5b). After 1000 cycles at 3Ag”, the
quasi-solid-state battery could deliver a reversible capacity of
92.6 mAh g with a capacity retention of 85%, also surpassing that of the
LE-based battery (Fig. 5c). Even after 4000 cycles at a high current
density of 5mA cm?, the quasi-solid-state battery retained 83.4% of its
initial capacity (Supplementary Fig. 30), and the Zn surface in the CZHE
remained relatively smooth and uniform (Supplementary Fig. 31).
Meanwhile, compared with LE, the CZHE-based battery exhibits strong
self-discharge resistance, retaining the highest voltage and 91.2% of its
capacity after 24 h (Supplementary Fig. 32).

To meet realistic requirements of high areal capacity and large
electrode areas, a pouch cell was assembled. The pouch cell utilizes a
PANI loading mass of 15 mg cm™ and a polished Zn foil of 15 um thick-
ness (with a negative electrode-to-positive electrode (N/P) mass ratio of
0.71:1) over an area of 12 cm? (3 x 4 cm). The thus assembled pouch cell
featured a maximum areal capacity of 1.3 mAh cm™ at a practical low rate
of 1.15C (Fig. 5d). It also delivered an average areal capacity of about
1mAh cm™ and higher CE for 200 charge-discharge cycles at 0.3A g™
(Fig. 5e). To further validate the practical relevance of CZHE for high Zn
utilization, we assembled Zn|[NaV;0g:1.5H,0 (NaVvO) full batteries using

a thin 10 pum Zn negative electrode (Supplementary Fig. 33). The CZHE-
based pouch cell delivered a peak areal capacity of 3.2 mAh cm™, cor-
responding to a Zn depth of discharge (DOD) of 55%. CZHE enabled such
pouch cells to retain 82.6% capacity after 350 cycles, which is higher than
that of the LE-based counterpart (Supplementary Fig. 33d). Post-Zn
plating/stripping scanning electron microscopy (SEM, Supplementary
Fig. 34) checking the negative electrode further confirms the smoother
Zn surface, indicating effective dendrite suppression and stable Zn
plating/stripping enabled by CZHE.

Inherited from the flexible nature of CZHE, a flexible RZMB (with a
device thickness of 0.67 mm, Supplementary Fig. 35) can be fabricated,
which sustained stable performance despite different bending angles
across 250 times of deformation (Fig. 5f). The flexible batteries could
be connected in tandem for customized applications, as exemplified
by powering a typical light-emitting diode belt upon bending (Sup-
plementary Fig. 35d).

The more favorable ion conduction and desolvation process of
CZHE over LE was more clearly demonstrated in Zn-ion hybrid capa-
citors (ZIHCs)**%, CZHE enabled ZIHCs to deliver a high specific
energy of 186.7 Wh kg™ at a specific power of 11kW kg™ (based on the
active positive electrode material) and a maximum areal capacity of
141mAhcm™ at 1Ag™ (Supplementary Figs. 36-39), representing
decent performance among ZIHCs based on different gel
electrolytes®. The CZHE additionally endowed strong anti-self-
discharge capability (83.7% capacity retention after 120 h, Supple-
mentary Fig. 40), enabled by the crowded and coordinated config-
urations that inhibit the self-diffusion of the adsorbed ions.

A vital challenge for concentrated and crowded electrolytes is
their severely deteriorated performance at subzero temperatures,
given the high viscosity and sluggish kinetics of these electrolytes
become key barriers for battery operations®*. Differential scanning
calorimeter (DSC) tests revealed the CZHE possesses a solid-liquid
transition temperature (7;) down to —90 °C, much lower than that of
the LE and bare 3 m Zn(ClO,), electrolyte (Fig. 6a). Such a lowered T is
reasonably warranted by the combined hydration effect and ion-dipole
interactions in CZHE that deconstruct the tetrahedral hydrogen
bonding network of water and deter ice crystallization and salt pre-
cipitation. MD simulations were also performed to check the
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-60 °C. d GCD curves of Zn | [PANI batteries with different electrolytes at -60 °C.
e The temperature-dependent performances of batteries using different gel elec-
trolytes. f Cycling performance of batteries with CZHE at 3.0 Ag™ under -60 °C.

temperature-dependent solvation configuration of the electrolytes.
When the temperature varied from 25 to —60 °C, noticeable changes
include the increased CN of maltose (0.39 to 0.41) in the first solvation
sheath of Zn*" accompanied by the reduced number of solvated water
(3.94 to 3.91) in CZHE (Figs. 2j, 6b, Supplementary Data 1). Moreover,
the cation-anion interaction was strengthened at low temperature, as
evidenced by more CIPs (27.8%) over the 25°C equivalent (24.4%,
Supplementary Fig. 8). Despite so, compared with the coordination
configurations in LE, CZHE features obviously less solvated water (4.28
vs. 3.91) and CIPs (46.7% vs. 27.8%), as a result of the intense cation-
polymer (i.e., Zn*-sulfonate on Zw backbone) interactions at —-60 °C
(Fig. 6¢, Supplementary Fig. 8, 41b). The optimal ion speciation and
their migration kinetics therefore elucidate the higher ionic con-
ductivity as well as the better interfacial kinetics in CZHE at lower
temperatures measured above (Figs. 3a, 4c). As a result, the CZHE-
based Zn | |PANI battery delivered a specific capacity of 44 mAh g™ at
0.1A g under -60°C, higher than that of the LE-based batteries
(Fig. 6d). The zwitterionic effect was essential for the low-temperature
performance of CZHE, as compared with the other two crowded HEs
(Fig. 6e). The Zn|CZHE | PANI could run stably for 300 cycles with a CE
of 100% (Fig. 6f), suggesting its good low-temperature adaptability.

General applicability

To further verify the practical relevance of the sugar-induced crowding
strategy, full-cell evaluations were carried out using sucrose-based and
fructose-based CZHEs in Zn||PANI configurations. Both systems
delivered higher capacities and improved CEs across a range of specific
currents compared to their respective LE counterparts (Supplemen-
tary Fig. 42), affirming that the conductivity and interfacial kinetic
advantages imparted by sugar-induced water-ion regulation can be
translated into enhanced device-level performances. These results
reinforce the general applicability of the strategy, although the degree
of improvement depends on the specific molecular characteristics of
the sugar used.

More critically, in light of the successful demonstration of the
crowding induced ion-liberation effect in Zw gel matrix, we envisage it
is universal to various aqueous mono- or multi-valent ion chemistries
(as illustrated in Fig. 7a). Therefore, the general applicability of the
CZHE in mono- or multi-valent batteries was further demonstrated by
rechargeable Na* ion batteries (NIBs) and Mg?* ion batteries (MIBs)
with different anion-based salts. The CZHE and LE were prepared by
adjusting 40 wt% maltose in 3 m NaCl or 3 m Mg(NOs), aqueous elec-
trolyte for the two batteries accordingly. PANI and commercial acti-
vated carbon (AC) were used as the positive electrode and negative
electrode material in both batteries to exclude the possible dis-
turbance from different electrode materials. As expected, the different
CZHEs again exhibited an ionic conductivity almost identical to their
LE equivalents (Supplementary Fig. 43). When used in the two bat-
teries, the CZHE-based batteries delivered obviously better rate cap-
ability compared with those assembled with LE (Fig. 7b, d), presumably
because of the facilitated interfacial desolvation kinetics by CZHE. The
trend is more prominent in MIBs, since Mg*" has a higher charge
density and stronger solvation interactions with water, which entails
more desolvation penalty than that of Na**°*., This in turn corroborates
the fact that CZHE indeed enables fast desolvation kinetics and is
particularly beneficial for high-rate multivalent ion batteries. More-
over, both the MIB and NIB based on the CZHE afforded satisfactory
stability during cycling, also with better reversibility than their LE
counterparts (Fig. 7c, e). These results prove the ion-liberation effect of
CZHE can be harnessed in various aqueous batteries.

Discussion

In summary, we demonstrated a molecular crowded Zw HE that can
leverage the advantages of molecular crowding electrolytes while
overcoming their critical associated issues. This was realized by the
synergy of maltose’s crowding effect and the Zw hydrogel matrix that
regulated the ion-water-polymer interactions. As a result, the Zn*'
solvation structure was optimized with less solvated water and fewer
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CIPs, and the thus liberated Zn** can migrate more efficiently along the
Zw polymer ion channel and desolvate effectively for subsequent
interfacial reactions. The CZHE delivered an ionic conductivity com-
parable to or higher than that of liquid equivalents, yet with a wider
electrochemical window of 2.6 V, a larger t,,>* of 0.67, and facilitated
desolvation kinetics. It also rendered stable and more regular Zn
negative electrode interface at high utilizations (up to 55%) in high-
areal capacity (>3 mAh cm™) pouch cells. RZMBs and ZIHCs assem-
bled with this CZHE afforded high stability, good rate capability, and
adaptability to frozen temperatures (down to —60 °C). The general
applicability of this CZHE can also be extended to aqueous Mg*" and
Na* batteries, both surpassing their liquid counterparts. The results of
this work are expected to open new avenues for the development of
advanced electrolytes for sustainable energy storage.

Methods

Synthesis of the Zw Hydrogels

Zwitterionic (Zw) hydrogels were prepared by dissolving 20g
[3-(Methacryloylamino)propylldimethyl(3-sulfopropyl)ammonium
hydroxide inner salt (>97%, Sigma-Aldrich) monomer in 20 mL of
deionized (DI) water under magnetic stirring for 10 min. Then, 7 mgN,
N’-methylenebisacrylamide (BIS, 299.5%, Sigma-Aldrich) was intro-
duced as a crosslinking agent, and the solution was stirred for an
additional 30 min. 110 mg Ammonium persulfate, (APS, >98%, Sigma-
Aldrich) was then added as an initiator. The mixture was then stirred
continuously and bubbled with N, gas to remove O, at 0 °C for 0.5 h.
Afterward, the above mixture was injected into a plastic mold and kept
at 75°C for 2 h to form Zw hydrogel.

Synthesis of the PAMPS Hydrogels

Poly sodium 2-acrylamido-2-methylpropanesulfonic acid (PAMPS)
hydrogels were prepared by dissolving 20.7g 2-acrylamido-2-
methylpropanesulfonic acid (> 98.5%, Sigma-Aldrich) monomer in DI

water (15mL). A 5 mL aliquot of 20 M NaOH (prepared by NaOH pellets,
>98%) was slowly added to adjust the solution to pH 7, followed by
continuous stirring for 10 min to ensure uniform neutralization. Sub-
sequently, 7 mg BIS was introduced as a crosslinking agent, and the
mixture was stirred for another 30 min. 110 mg APS was then added as
the initiator. The resulting precursor solution was then stirred con-
tinuously and bubbled with N, gas to remove O, at 0°C for 0.5h.
Afterward, the above mixture was injected into a plastic mold and kept
at 65 °C for 2 h to form PAMPS hydrogel.

Synthesis of the PAM Hydrogels

Polyacrylamide (PAM) hydrogels were prepared by dissolving 7 g
acrylamide (=99%, Sigma-Aldrich) monomer in DI water (22mL)
under stirring for 10 min. Then, 7 mg BIS was added into the solution as
a crosslinker. After stirring for 30 min, 110 mg APS was added to the
mixture as an initiator. The mixture was then stirred continuously and
bubbled with N, gas to remove O, at 0°C for 0.5 h. Afterward, the
above mixture was injected into a plastic mold and kept at 65 °C for2 h
to form PAM hydrogel.

Preparation of PANI Electrodes

The polyaniline (PANI) was synthesized by APS oxidizing aniline
monomer in HCI solution. Typically, 0.365 mL aniline (= 99.5%, Sigma-
Aldrich) was added into 15 mL 1M HCI (Sigma-Aldrich) in an ice bath
under stirring for 1 h. 0.228 g APS was added into 5 mL 1M HCl and was
dropped into the above solution. After string for 1h, the dark green
sample was obtained. Then, sample was washed with DI water and
ethanol and dried at 60 °C for 12 h. PANI positive electrodes were
prepared by mixing PANI, carbon black (Super P, >99%, Alfa Aesar),
and poly vinylidene fluoride (PVDF) binder (average M,, - 534,000 by
GPC, Sigma-Aldrich) at a mass ratio of 7:2:1 in 1-Methyl-2-pyrrolidone
(NMP, >99%, Sigma-Aldrich) solvent. The prepared slurry was uni-
formly coated onto carbon cloth (CeTech) using a doctor-blade
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technique and subsequently dried in a vacuum oven at 60 °C over-
night. The average electrode material loading on the carbon cloth was
controlled at 1+0.05mgcm™ for unit cells. For pouch cells, the
loading mass of PANI was 15+ 0.2 mgcm™2.

Preparation of activated carbon electrodes

Activated carbon (AC) positive electrodes were prepared by mixing
commercially available AC (YP-80F, Kuraray), carbon black, and PVDF
binder at a mass ratio of 8:1:1 in NMP solvent. The mixture was then
coated on to a carbon cloth (CeTech) by a doctor-blade and dried
overnight in a vacuum oven at 60 °C. The average mass loading elec-
trode materials on carbon cloth were 1, 2, 3,5,10 £+ 0.1 mgcm™.

Preparation of NaV;0g°1.5H,0 Electrodes

The preparation method for NaV;0g1.5H,0 (NaVO) involves adding
3 g of V,05 powder (=99%, Sigma-Aldrich) to 100 mL of a 2M NaCl
(prepared by NaCl powder, >99%, Sigma-Aldrich) solution, followed by
magnetic stirring at 400 rpm for 72 h. The resulting orange-colored
powders were then centrifuged and washed five times with deionized
water and ethanol, and subsequently dried at 80 °C for 10 h. NavO
positive electrodes were prepared by mixing NaVO, carbon black, and
PVDF binder at a mass ratio of 7:2:1 in NMP solvent. The mixture was
then coated on to a carbon cloth by a doctor-blade and dried overnight
in a vacuum oven at 60°C. The average mass loading electrode
materials on carbon cloth were 16 + 0.2 mg cm™ for pouch cells.

Assembly of flexible RZMBs and ZIHCs

The prepared Zw, PAMPS, and PAM hydrogels were soaked in 3 m
Zn(ClOy4), (prepared by Zn(ClO,),.6H,0, Sigma-Aldrich, where m
denotes the molality, 1 m means 1 mol solute dissolved in per kilogram
of DI water) and 3 m Zn(ClO,), with 40 wt% Maltose (>95%, Sigma-
Aldrich) solution for 72 h until they reached an equilibrated state. The
hydrogels were then wiped-dried with lab tissues until there was no
noticeable surficial liquid and carefully sliced to serve as gel electro-
lytes. Zn-metal battery unit cells (1 x1cm) were assembled by sand-
wiching hydrogel electrolytes (with a thickness of ca. 300 um) between
a Zn foil (contact area with HE of 1 cm?) and a PANI-loaded carbon cloth
(contact area 1cm?). ZIHC unit cells (1x1cm) were assembled in the
same way. In the case of liquid electrolytes, glass fiber filters were used
as separators. The electrodes were manually cut to size using a high-
precision stainless-steel guillotine cutter. The Zn foil in all the unit cells
has a thickness of 50 um (>99.9%, Sigma-Aldrich). CR2032-type coin
cells were assembled using stainless-steel cases and springs. Each cell
contained a single-side coated positive electrode and a Zn electrode
with 100 pL liquid electrolyte. For pouch cells, a sandwich structure
was formed by stacking one positive electrode, the gel electrolyte, and
one thin Zn (15 or 10 um, >99.9%, Sigma-Aldrich) negative electrode.
The assembled stack (3 x 4 cm effective area) was then enclosed in an
aluminum-laminated pouch for sealing. Then, the pouch cells were
degassed, heat-sealed, and cycled without additional external pres-
sure. Zn foil was polished with sandpaper, rinsed with deionized water
and ethanol, and dried in air before use.

Electrochemical measurements

Cyclic voltammogram (CV), galvanostatic charging/discharging (GCD),
and electrochemical impedance spectroscopy (EIS) tests were per-
formed by an electrochemical workstation (CHI 760E). EIS measure-
ments were performed using a potentiostatic mode with an AC
amplitude of 10 mV over the frequency range of 100 kHz to 0.01 Hz,
with 12 points per decade. The cells were stabilized for 30 min at open-
circuit voltage before each measurement. The electrochemical win-
dows of the electrolytes were measured using an inert current col-
lector (Ti foil, 299.99%, Sigma-Aldrich). Linear sweep voltammetry
(LSV) measurements were carried out in a three-electrode configura-
tion, where a titanium foil served as the working electrode, and two

zinc foils were used as the reference and counter electrodes, respec-
tively. The potential was scanned at a rate of 2mV s™ to evaluate the
electrochemical stability of the electrolytes. Zn | [PANI cells were tested
at voltage range of 0.5-1.6V at 0.1, 0.3, 0.5, 1, 2, 3, 5Ag™ Zn||NavO
cells were tested at voltage range of 0.2-1.6V at 0.1, 0.5, 0.6, 1, 2,
5Ag™. Zn||AC cells were tested at voltage range of 0-2.2V at 2, 5, 10,
20, 50,100,200 mVs™and 0.5,1, 2,5, 10 Ag™. Zn||[Ti cells were pre-
cycled at 1 mA cm™ with a cutoff capacity of 1 mAh cm™. All the general
electrochemical tests (CV, GCD, EIS, LSV) were performed in an open
environment within a temperature range of 25+ 2 °C. Long-term sta-
bility tests were conducted by a battery testing system (LANHE). For
Zn||Zn and Zn | [Ti cell tests, Zn foils of 15 um or 50 um were used. All
the electrochemical energy storage tests and cycling experiments were
conducted in an environmental chamber at a constant temperature of
25+0.5°C unless otherwise specified. The low-temperature perfor-
mance was tested in a temperature chamber (-60-25 + 0.5 °C).

For the calculation of specific capacity, specific current, and
specific energy, the mass of the active material in the positive elec-
trode was used as the reference. The specific capacity (C, mAh g™) was
determined from the GCD profiles according to the following equa-
tion:

It

C=36m

@

where I (A g™) denotes the current density, ¢ (s) is the discharge time,
and m (g) represents the mass of the active material in the positive
electrode.

The areal capacity (Cyrea, MAh cm™) was calculated as the product
of the specific capacity (C, mAh g™) and the active material loading
(Mioading, & cmM™) by the following equation:

Careal =Cx mluading (2)

The capacity retention was calculated based on the discharge capacity
of the first cycle as a reference.

The specific energy E and the specific power P of assembled ZIHCs
were calculated from the following equations:

E=%va 3

p= )

~| ™

Physicochemical characterizations

The morphology and microstructure of as-prepared materials (cycled
Zn) were examined by a research grade laser confocal microscope
(Optical Olympus LEXT OLS5000) and a scanning electron microscopy
(SEM, ULTRA Plus, Zeiss) were performed at an accelerating voltage of
5kV. A PANalytical X'Pert Powder X-ray diffractometer (XRD) analyzed
the crystal structure of samples with Cu K, radiation (A = 0.15418 nm)
operating at 45kV and 40 mA over a 20 range of 10-80°, with a step
size of 0.02° and a scan rate of 5° min™.. After electrochemical cycling,
the Zn electrodes were disassembled from the cells, rinsed with
deionized water to remove residual electrolyte, and dried under
vacuum at 25+1°C before ex situ characterization. Raman spectra
were recorded using a Renishaw Raman inVia Reflex system under a
532 nm excitation laser at a power of 10 mW. The attenuated total
reflection Fourier-transform infrared (ATR-FTIR) spectra were recor-
ded on a Perkin-Elmer spectrometer in the transmittance mode with
32 scans at a resolution of 4cm™ and a scan rate of 2cm™ s™. ¢Zn
nuclear magnetic resonance (NMR) spectra were collected with a
Bruker AVIIl 500 MHz NMR spectrometer, and 3 m Zn(ClO,4), liquid
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electrolyte was used as a reference for the ““Zn NMR characterizations.
The hydrogel polyelectrolytes’ mechanical tests were conducted at
25 +1°C using a universal mechanical tester (SUNS, Shenzhen, China).
Rectangular hydrogel samples (30x10x0.3mm) were clamped
between grips and stretched at a constant strain rate of 10 mm min™
until fracture. The stress-strain curves were automatically recorded to
evaluate the tensile strength and elongation at break. The freezing and
melting temperature of hydrogels was determined as the temperature
where the melting ended using a differential scanning calorimeter
(DSC) (Mettler Toledo 823e) at a scan rate of 5°C min™, with the
samples kept in a Pt pan.

Computational methods

All the spin theoretical DFT calculations were performed using the
Vienna ab initio Simulation Package (VASP, version 5.4.4)°>%,
The electronic exchange-correlation interactions were treated within
the generalized gradient approximation (GGA) using the
Perdew-Burke- Perdew-Burke-Emzerhof (PBE)**. The projector
augmented-wave (PAW) methods™*® was applied to describe the
interactions between core and electron (valence electron). A plane-
wave basis set with a kinetic energy cutoff of 600 eV was employed.
The ground-state structures were relaxed until the atomic forces on all
atoms were smaller than 0.01eV A™, and the energy convergence cri-
terion was defined as 1.0 x 107® eV per cell. The slab models of Zn (002),
(100) and (101) surfaces were used with a 25 A vacuum layer separation
in z-direction. The (4 x4) Zn (002) surface, (5x3) Zn (100) surface
(3x3) Zn (101) surface were used to study the adsorption of Zn and
Zwitterion on the surfaces using slab method. A surface-bulk like
configuration was used by allowing the top three atomic layers to
relax, while freezing the rest of atomic layers in their bulk coordinates.
The Brillouin zone was sampled using a Monkhorst-Pack meshes with
5x5x1 (Supplementary Fig. 44 and Supplementary Table 2). The van
der Waal (vdW) interactions are included by using DFT-D3 method of
Grimme®”*®, The adsorption energy was calculated using the following
equation.

Eads=EZn+mol _EZn _Emol (5)

where E;,, , morr E7, and E ,,; are total electronic energies of Zn surface
with adsorbed molecules, clean Zn surface and adsorbed molecule
(including zwitterionic molecule, Zn atom and water molecule).

All molecular dynamics (MD) simulations were performed using
an open-access GROMACS software package with the GAFF2 force
field®. In this study, there are three models studied considering the
presence of zwitterionic (Zw) hydrogel (poly[(3-(methacryloylamino)
propyl)dimethyl(3-sulfopropyl)Jammonium hydroxide] with 4 repe-
ated units) and maltose as the additives. The simulation box size of
5x5x5nm?was used as the initial box in all simulation models. First, a
model of 3m Zn(ClO,), consists of 150 Zn(ClO4), and 2778 H,0
molecules. Second, 3 m Zn(Cl0,), 40 wt% maltose with Zw hydrogel
electrolyte consists of 90 Zn(ClO,),, 1667 H,0, 59 maltose and 26 Zw
polymer molecules. Third, 3 m Zn(ClO,), 40% maltose consists of 90
Zn(Cl0y4),, 1667 H,0 and 59 maltose molecules. Fourth, 3 m Zn(ClO,),
with Zw hydrogel electrolyte consists of 90 Zn(Cl0O,),, 1667 H,0 and 26
Zw polymer molecules.

At the beginning of the simulation, structure and energy mini-
mization of the systems were conducted. The ACPYPE was employed
to obtain the GAFF2 force field topology®. The system was initially
relaxed in the NVT ensemble at 298.15K for 10 ns after the steepest
descent minimization. Then it was annealed between 298.15 and 500 K
for 5ns, between 500 and 400K for 5ns, and between 400 and
298.15K for 5 ns using the NPT ensemble (illustrated in Supplementary
Fig. 45), with temperature and pressure coupling achieved through the
Nose-Hoover and Parrinello-Rahman methods® ‘. Additional
annealing using NPT ensemble was also conducted for 10 ns at 213.15K.

The pressure was maintained at 1bar. The electrostatic interactions
were computed using PME methods. The final production simulations
were performed under the NVT ensemble at 298.15 or 213.15K for
100 ns. Electrostatic interactions in reciprocal space were calculated
using a fast Fourier transform (FFT) grid spacing of 0.1 nm with cubic
interpolation for charge assignment. Both electrostatic and van der
Waals interactions were truncated at a cut-off distance of 1.2 nm. The
Velocity Verlet integrator was employed with a time step of 1fs. The
cut-off distance of 1.2 nm was adopted for electrostatics and Van der
Waals interactions. The Velocity Verlet integrator was adopted with a
time step of 1fs. The solvation structures analysis, including the dis-
tribution of contact ion pairs (CIP) and solvent-separated ion pairs
(SSIP), and the radial distribution function and coordination number
analysis, were performed using the trajectory from the last 80 ns out of
100 ns simulation time. The definition of the Zn*-anion coordination
structures is illustrated in Supplementary Fig. 46. The salt-solvent
clusters (SSIP, CIP, and AGG) are categorized based on the Zn?*-anion
CN obtained from MD simulations. In our CN analysis, Zn?* and ClO,
are considered coordinated when the Zn?* ion lies within 2.3 A of any
oxygen atom of ClO4". This cutoff distance was derived from the
Zn-0(Cl0,") RDF, where 2.3 A corresponds to the first minimum fol-
lowing the primary peak, representing the boundary of the first
coordination shell (as shown in Figs. 2i, 2j, 6b, and Supplementary
Figs. 6, 7, and 41). Trajectories were analyzed by MDAnalysis code
whenever the respective tool was unavailable in GROMACS®>°°,

To further investigate the influence of electric field on the drift of
Zn?* ions at 298.15 K, another multi-step run using NVT ensemble with
static electric fields in z-direction of 0.1, 0.5,1and 2 V/nm for each 10 ns
was conducted, which was then followed by final production run in
NVT ensemble for 100 ns (Supplementary Figs. 47-49, Supplementary
Table 3).

Transference number: The transference number (£,%") is defined
as the ratio of the current carried by target ions to the total ionic
current carried by all the charge species. To measure tz,>, the Bruce-
Vincent method was used. Typically, Zn|CZHE|Zn and Zn|LE|Zn sym-
metric cells were assembled. In order to improve the quality of
experimental data and minimize the impact of interface instability on
test results, the cell was first stabilized in the oven for at least 12 h, then
cycled at a low current density of 0.1 mA cm™ for several cycles, till a
consistent overpotential value of each cycle is obtained. Next, a con-
stant voltage of 5mV was applied to the cell. Then, the resultant cur-
rent decay profile as a function of time was recorded till a steady-state
reached. Before and after the polarization, EIS was performed to
determine the interfacial resistance, and tz,>* was calculated via the
following equation:

2+ _ Iss(AV — IORO)

th - IO(AV - IssRss) (6)

where Iy and /s are the initial and steady-state currents, respectively, Ry
and R are the interfacial resistances before and after direct current
(DC) polarization (obtained from EIS), AV is the applied DC bias
(typically 5 mV in our case).

Dielectric Loss: EIS measurements were performed using a sym-
metric two-electrode configuration. The electrolyte sample-either the
CZHE or the LE-was sandwiched between two titanium (Ti) foils, which
acted as blocking electrodes to prevent faradaic reactions and ensure
that the impedance response is dominated by ionic processes. The
measurements were conducted at 25 °C over a frequency range from
1Hz to 1x10°Hz, using an AC voltage amplitude of 5mV.

The dielectric loss €', which reflects the energy dissipation asso-
ciated with ion movement and interfacial polarization, was computed
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using the following equation: ¢

Z/
R %)

/"

€

Where Z' is the real impedance component,

w=2nf is the angular frequency,

Co =¢ - 4is geometrical capacitance determined by the electrode
area and electrolyte thickness. The vacuum permittivity &,
is 8.854 x 10 Fm1.

From the EIS measurements, the real (Z') and imaginary (Z")
components of impedance were extracted at each frequency. The total
impedance magnitude was calculated as:

|Z| — /ZrZ +Z//2

Mean square displacements (MSD): as a function of simulation
time were calculated according to the equation (1). %"

®

©

3 N 3

MSD(t)= <Z (o) - r,-<0>|2> -3 o o
i=1 j=1i=1
In which Nis the total atom number, (. ..) denotes the average value
over all atoms, r;(0) and r;(¢) are i-axis positions at simulation time 0 and
t. The diffusion coefficient was calculated by least squares fitting a
straight line (Dt + ¢) through the MSD(t) within the diffusive region time.

MSD Calculation under External Electric Field
Zn* drift distance along the z-direction electric field was calcu-

lated using the following equation:

N
Drift distance(t) = %Z [2i(t) - 2,(0)]

i=1

10)

Where z(t) is z-coordinate of ion i at time ¢, z;(0) is initial z-coordinate
ofioniatt=0.
N is number of Zn** considered.

Data availability

Data supporting the findings of this work are available within the
article and its Supplementary Information file. The calculation data
generated in this study are provided in the Supplementary data files.
Source data file for the figures has been deposited in Figshare under
accession code DOI link. [https:/doi.org/10.6084/m9.figshare.
30336571].
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