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Soft Li-ion batteries, based on conventional organic electrolytes, face performance degradation challenges due to
moisture penetration and safety concerns due to possible leakage of toxic fluorine compounds and flammable
solvents under mechanical damage. We design a water-scarce hydrogel electrolyte with fluorine-free lithium salt
to achieve wide electrochemical stability window (up to 3.11 volts) in ambient air without hermetic packaging
while balancing high stretchability (1348%), ion conductivity (41 millisiemens per centimeter), and self-healing
capabilities for mechanically and chemically safe stretchable Li-ion batteries. Molecular synergy between hydro-
philicity and lithiophilicity of zwitterionic polymer backbone is revealed by molecular dynamics simulations. The
battery exhibits capacity retention under harsh mechanical stresses—enduring stretching, twisting, folding, and
multiple through-punctures by a needle—while self-healing from repeated through cuts by a razor blade. Stable
ambient operation for 1 month over 500 charge-discharge cycles (average coulomb efficiency, 95%) is achieved. A
prototype self-healing electronic system with embedded soft batteries demonstrates practical application as a

durable embodied energy source.

INTRODUCTION

Safe and stretchable soft batteries are desirable for applications in
wearable electronics, soft robots, and the Internet of Things (1-4).
However, most commercial Li-ion batteries are hermetically sealed
with non-stretchable packages to prevent (i) the penetration of
moisture that degrades performances (5) and (ii) the leakage of tox-
ic and flammable electrolytes. Recently, deformable/stretchable bat-
teries using conventional organic electrolytes without rigid packages
have been reported (6-8) with good stretchability, but they often
suffer from performance degradations in the ambient environment
due to moisture penetration issues (6, 7, 9), resulting in short opera-
tional lifetime. Because the elasticity modulus and moisture perme-
ability of the packaging material are two coupled and opposite
factors (Fig. 1A) (10, 11), there is no good solutions for packaging
these batteries.

Hydrogels exhibit attractive properties as a quasi-solid-state elec-
trolyte. Water being the solvent, it is inherently less sensitive to mois-
ture and nonflammable while exhibiting good stretchability and ion
conductivity. However, although stretchable aqueous batteries with
hydrogel electrolyte have been reported with good stretchability and
cycle stability in the ambient (12-16), one key drawback is the narrow
electrochemical stability window (ESW) of 1.23 V due to the water
electrolysis process. As such, the selection of cathode and anode pairs
are limited, and most reported stretchable aqueous batteries are
predominantly based on zinc-ion chemistry and show relatively low
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operation voltage compared to commercial Li-ion batteries (1, 16-21).
The “water-in-salt” (WiS) electrolyte reported in 2015 opens up inves-
tigations into highly concentrated aqueous electrolytes containing al-
most no “free” water molecules (22-26) and gels with incorporated
WiS electrolytes (27-29). A key limitation is that highly fluorinated
lithium salts such as lithium bis(tri-fluoromethanesulfonyl)imide are
heavily loaded in those electrolyte, which is highly toxic to human,
expensive, and environmentally persistent (30).

Herein, a water-scarce hydrogel electrolyte with a wide voltage sta-
bility window is developed consisting of zwitterionic polymer back-
bone controllably loaded with fluorine-free lithium salt. A low content
of water bound to the hydrogel is maintained via equilibrium with
ambient moisture such that the electrolyte can function with a wide
ESW without a hermetic rigid package (Fig. 1B). For example, ex-
perimental results show ~19 wt % water content can be maintained in
the hydrogel under an ambient relative humidity (RH) of 50% to en-
able a high ESW of ~2.97 V, which matches that of those WiS electro-
lytes. The water-scarce zwitterionic hydrogel (WZH) retains key
mechanical properties of conventional hydrogels such as high stretch-
ability (1348% fracture strain) and self-healing capability against me-
chanical damages. A full Li-ion cell composed of rigid packaging and
WZH electrolyte pre-equilibrated in the ambient with a RH of 50%
can operate continuously over 2 months for 200 charge-discharge
cycles at a charge/discharge rate of 0.2 C to achieve an average cou-
lombic efficiency (CE) of 97%. As a proof of concept, a stretchable
Li-ion battery prototype with a non-hermetic elastomer package
shows good capacity retentions under harsh mechanical stresses, in-
cluding folding, twisting, 50% stretching strain, and penetrations by a
needle five times at different locations. By using a self-healable elasto-
mer package, the deformable battery can self-heal itself from repeated
through cuts by a razor blade and retain 90% of the original capacity.
Meanwhile, the stretchable battery without hermetic packaging oper-
ates stably for 1 month in the ambient for 500 charge-discharge cycles
with an average coulomb efficiency of 95%. To demonstrate its po-
tential applications, a self-healable electronic system is constructed
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Fig. 1. Mechanically safe and stretchable Li-ion battery with WZH electrolyte. (A) Schematic comparison of a typical coin-cell Li-ion battery with the hermetic metal
package and a stretchable battery with the non-hermetic elastomer package. Rigid metal has high Young’s modulus with low water permeability, while elastomer has low
Young's modulus and high water permeability, which can degrade the battery performance. (B) lllustration of the lithium solvation shell in the zwitterionic hydrogel under
swelled condition and water-scarce condition. The water-scarce condition is realized in the hydrogel by controllably loading the fluorine-free lithium salt LiCl to zwitter-
ionic polymer backbone such that a low content of water is adsorbed in equilibrium with the ambient moisture. This allows for the hydrogel electrolyte to stably maintain
a wide stability window in the ambient and be functional as a water-scarce electrolyte in a battery without the hermetic rigid package. (C) Chemical structure of the
water-scarce zwitterionic hydrogel (WZH) polymer backbone synthesized in this work.

consisting of the soft battery and an electronic circuit that can recover
from a through-cut damage and remain operational highlighting the
high mechanical safety under extreme mechanical damages.

RESULTS

WZH electrolyte

The proposed WZH electrolyte (Fig. 1C) is synthesized by a one-pot
free-radical copolymerization process in a LiCl solution. In the
process, the [2-(methacryloyloxy)ethyl] dimethyl-(3-sulfopropyl)
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ammonium hydroxide (MEDSAH) is used as the zwitterionic mono-
mer and acrylic acid (AA) as the hydrogen-bond donor, with N,N'-
methylenebisacrylamide (MBAA) serving as the covalent cross-linker
(fig. S1). After the synthesis process, the hydrogel is equilibrated in a
chamber with a fixed humidity level.

Conventional hydrogel electrolytes operate under high water
contents to ensure good ion conductivity but suffer from limited
ESW as the solvation shell of lithium ion is dominated by the hydra-
tion water and free water molecules are prevalent as illustrated in
the swelled condition in Fig. 1B. On the other hand, if hydrogels are
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completely dehydrated, then ions and polymer chains are highly
confined, resulting in low ion conductivity and high rigidity. The
water-scarce hydrogel system developed in this work overcomes this
limitation by operating with low moisture content in equilibrium
with the ambient environment. Specifically, by controllably loading
hygroscopic lithium salt, the amount of moisture adsorbed from air
to the hydrogel can be modulated. On one hand, the absorbed water
molecules compete with functional groups on the polymer back-
bone for association with Li-ions, thereby releasing Li-ions from the
polymer backbone for good ion mobility. On the other hand, the
adsorbed moisture content is limited as such that adsorbed water
molecules are mostly bound to ions or polymer backbones as such
that the reactivity of water is largely suppressed to achieve wide
ESW. Dynamic vapor sorption (DVS) tests show that WZH electro-
lyte uptakes much less water content compared to pure LiCl salt un-
der different humidity levels (Fig. 2A) and typically contains only
~19 wt % of water under a RH of 50% (fig. S2), which is substan-
tially lower than those in conventional hydrogel (water content typ-
ically >80 wt %) (31).

To ensure good hydrogel stability under water-scarce conditions,
the polymer backbone is designed with a high affinity for both lithi-
um salt and water. Here, the zwitterionic backbone consisting of
quaternary ammonium cation and sulfonic anion group (fig. S1) is
used for good hydrophilicity and the dissociation with salt due to
the anti-polyelectrolyte effect (32). Previous studies (31, 33) have
shown that the negatively charged sulfonic group exhibits high af-
finity to lithium ion, while the anion part of the lithium salt can be
readily dissociated by the positively charged quaternary ammonium
group. In addition to the zwitterionic monomer, carboxylic acid

groups are introduced to the polymer backbone by copolymerizing
the AA as a hydrogen bond donor. The interaction between AA and
zwitterionic group leads to the synergistical increase of the polymer
backbone solubility in water due to strong hydrogen bonding
(34, 35) similar to those reported in deep eutectic solvent systems.
This helps the formation of a homogeneous system with a high salt
concentration in favor of battery operations without the phase sepa-
ration. In addition, the carboxylic acid group also helps to enhance
the reversible bonding between polymer chains, thereby rendering
WZH with good self-healing capability.

Horizontal attenuated total reflectance-Fourier transform infra-
red spectroscopy (HATR-FTIR) (Fig. 2B and fig. S3) and Raman spec-
troscopy (Fig. 2C and fig. S4) are used to investigate the molecular
interactions between water, LiCl, and the polymer backbone in the
as-synthesized hydrogels. For pure water, the O-H stretching of the
water molecules is characterized by a broad band at a wave number
around 3294 cm™', indicating the existence of multiple different hy-
drogen bonding environments within the water clusters (36, 37). For
WZH electrolytes, the band narrows substantially, corresponding to
an increase in polymer-bond and hydration water population at the
expense of free water molecules. The peak in the FTIR spectra also
blue shifts from 3294 cm™" of pure water to 3359 cm ™" and further to
3385 cm™ as water content decreases, which is indicative of strength-
ened covalent O—H bonds (38). These results suggest the disruption
of the hydrogen bond network between water molecules due to en-
hanced interactions between water molecules and functional groups
on zwitterionic backbones via hydration and hydrogen bonding. This
could suppress the fast proton transport through the Grotthuss diffu-
sion mechanism (39), thereby reducing the hydrogen evolution
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Fig. 2. Spectral characterization and solvation structure analysis of the hydrogel electrolyte. (A) Water uptake of WZH electrolyte and LiCl salt from RH of 0 to 80%.
(B) The O—H stretching region of the FTIR spectra. (C) The S=O0 stretching region of the Raman spectra for the zwitterionic hydrogel with different water contents (10, 30,
and 80 wt %). a.u., arbitrary units. (D) Evolution of the number of water molecules, anions, and oxygens from the gels within the first solvation shell of Li* as a function of
water content. Data with solid symbols and lines represents the number of water molecules, anions, and oxygens in the case of WZH electrolyte, while open symbols and
dashed lines represent pure LiCl/water system at the same mole of salt per kg water. The left and right inset snapshots, respectively, show typical snapshots of Li* (in yel-
low spheres) solvation shell at a water content of 50 and 10 wt %. The solvation shells are represented by large transparent spheres. CI™ ions are represented in blue
spheres. Water molecules and the zwitterionic sub-chain are shown in ball-and-stick model with bonds in gray, hydrogen in white, carbon in cyan, nitrogen in purple,
oxygen in red, and sulfur in orange. Pair correlation functions between Li* and double-bonded oxygen atoms [g,;_o(r)] of (E) C=O from AA, (F) C=0 from MEDSAH, and
(G) S=0 from MEDSAH at different water contents. The insets in (E) to (G) depict the solvation of Li* involving the three types of groups from gels.
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reactions for an extended ESW. Meanwhile, as the hydrogel transition
from the swelled state to water-scarce condition, S=O stretching vi-
bration of the —SO3™ group in WZH electrolyte also shows a notable
blueshift both in Raman (Fig. 2C; from 1045 to 1056 cm™") and FTIR
(fig. S3B; from 1043 to 1047 cm™') spectra, implying the enhanced
interaction between sulfonic group with cationic groups. The C=0O
stretching vibration band also shifts from 1721 cm™" to a higher wave
number of 1727 cm™" in the Raman spectra as the water content re-
duces (fig. S4), which further confirms the enhanced hydrogen bond-
ing interactions (40). The evolution of microscopic solvation structure
of Li* in the WZH electrolyte with water content is further revealed
via the molecular dynamics (MD) simulation of the hydrogel system
(Materials and Methods and figs. S5 to S9). The model system consists
of a three-dimensional (3D) gel network, water molecules, and LiCl
salts, as shown in fig. S6. We examine the composition of the primary
Li* solvation shell as a function of water content in Fig. 2D. For the
hydrogel with water content of ~50 wt %, the Li" solvation shell com-
prises 2.4 water molecules (the blue line with solid symbols) and 1.5
anions (the orange line with solid symbols), which approaches that of
pure water/LiCl system (dashed lines with open symbols) under the
same molality. The left and right snapshots, respectively, show typical
snapshots of Li* solvation shell at a water content of 50 and 10 wt %.
As the water content reduces, the system transitions from the swelled
state to water-scarce state, and the Li* is solvated by more anions but
fewer water molecules. The number of water molecules deviates more
substantially from the pure water/LiCl system at low water content:
Li* in WZH electrolyte is solvated by ~0.7 fewer water molecules than
in the pure water/LiCl system at the lowest water content (~10 wt %).
Such reduction in the number of Li*-coordinated water molecule is
caused by the prevalence of polymer-water interaction at low water
content (31), i.e, a relatively larger population of water molecules
form bonds with gel backbone (see Supplementary Text and figs. S8
and S9). As a result, more anionic moieties of polymer backbone can
enter the solvation shell of Li* in place of water, which is schemati-
cally revealed by the right inset in Fig. 2D. The reduction of the num-
ber of water molecules in Li* solvation shell could potentially
contribute to a wider ESW (26, 30, 41, 42).

To further investigate the functional groups accounting for the
interaction between lithium ion and the zwitterionic polymer back-
bone, pair correlation functions between lithium ions and double-
bonded oxygens with respect to distance r, g;;_,(r), of C=O from
AA, C=0 from MEDSAH, and $=O from MEDSAH are shown in
Fig. 2 (E to G), respectively. The intensification of the interaction
between Li* and these groups, as water content decreases, is marked
by the progressively increasing height of the first peaks of pair cor-
relation functions, which agrees well with the blue shifts in S=O
stretching and C=0 stretching vibrations observed in FITR and Ra-
man spectra. Notably, S=O exhibits a much higher peak in g;;_ (1),
indicating the stronger interaction between S=O and Li* (and wa-
ter), which corresponds to a more pronounced blue shift in Raman
spectrum of the S=O stretching band (Fig. 2C) as compared to that
of the C=0 stretching band (fig. S4B).

Electrochemical and mechanical properties of

WZH electrolyte

The ESWs of WZH are evaluated by linear scanning voltammetry
in a three-electrode setup. Screen-printed carbon electrodes (RRPE
1001C, Pine Research Instrumentation) are used as the working and
counter electrodes and Ag/AgCl as the reference electrode. All hydrogel
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samples are pre-equilibrated in a chamber with RH of ~50%, under
which the measured ESWs show good consistency across different
samples (table S1). Figure 3A shows the increase of zwitterionic
monomer MEDSAH content expanded the ESW from 2.73 V for
WZH-1 (MEDSAH/AA monomer ratio of 1:2) further to ~2.97 V for
WZH-2 (MEDSAH/AA monomer ratio of 1:1). This is substantially
higher than the ~1.8-V window of a conventional polyacrylic acid
electrolyte with LiCl addition (PAA-LiCl) and wider than that of a
saturated LiCl solution due the strong Li* affinity from the zwitter-
ionic moieties on the polymer backbone, agreeing with the spectral
analysis and MD simulations results. The incorporation of these moi-
eties into the solvation shell further reduces the water content in the
Li* solvation structure and leads to expanded ESW. While some im-
provements in ESW are found by further increasing the MEDSAH/
AA ratio to 2:1 (fig. S10), the hydrogel becomes rigid and the ionic
conductivity drops considerably (fig. S11) due to the strong self-
association between zwitterionic groups on the polymer backbone.
Therefore, WZH electrolyte with MEDSAH/AA weight ratio of 1:1 is
used for further investigation in the rest of this paper unless other-
wise noted. The impact of humidity variations on ionic conductivity
and ESW is also studied. When RH is reduced to RH of 30%, the hy-
drogel still maintains an ion conductivity of 0.6 mS cm™" (Fig. 3B),
while ESW is slightly extended from 2.97 V at RH of 50% to around
3.11 V (fig. S12). This is mainly due to the reduced equilibrium water
content of WZH at decreased humidity. As previously shown in fig.
S2, the water content of the hydrogel decreases from 19 wt % at RH of
50% to around 5.7 wt % at RH of 30%. As such, fewer water molecules
can participate in the solvation of lithium ion. Conversely, an
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Fig. 3. Hydrogel electrolyte characterizations. (A) Comparison of ESWs of WZHs
with different MEDSAH/AA monomer ratios (by weight, 1:2 for WZH-1 and 1:1 for
WZH-2), saturated LiCl solution, and PAA with incorporated LiCl, measured by linear
scanning voltammetry at 10 mV s~" with printed carbon electrodes as working and
counter electrodes and Ag/AgCl as the reference electrode. The potential values are
converted to the Li/Li* reference for convenience. (B) lonic conductivities of WZH-2 at
different RH levels. (C) Comparison between this work and other reported aqueous
hydrogel electrolytes (27, 27, 30, 31, 38, 44-50) in terms of room temperature ion con-
ductivity, ESW, fracture strain, self-healability, and fluorine content. *N/A (not appli-
cable): Fracture strain of electrolyte is not reported for these works (30, 31, 38, 45, 49).
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elevation of humidity from RH of 50 to 70% leads to four times in-
crease in conductivity and slight reduction of the ESW by 0.2 V due
to an increase in water content (33.9 wt % at RH of 70%). Overall,
because the water content of WZH electrolyte remains relatively low
(<43 wt %) within the tested humidity range (RH of 0 to 80%), the
solvation shell of lithium ion mostly consists of anions and zwitter-
ionic groups under such water-scarce condition (Fig. 2D), which
leads to a wide ESW over a wide range of humidity level. However,
when the humidity level drops below RH of ~20%, the WZH becomes
too rigid to establish good contacts with electrodes. This could be po-
tentially addressed by inducing an additional hydrogen bond donor
to the system to form deep eutectic solvent-based ionogel for better
ionic conductivity at low humidity conditions due to their low vapor
pressure (43). The typical stress-strain curve of the resulting WZH
electrolyte is shown in fig. S13. The hydrogel exhibits a tensile strength
of 407 + 57 kPa and a low modulus of around 353 + 73 kPa that
matches human epidermis (140 to 600 kPa). Due to the presence of
the multiple sets of physical cross-links such as ionic interactions and
hydrogen bonding, the resulting WZH hydrogel shows high stretch-
ability of 1348%. Cyclic tensile tests are performed to further charac-
terize the mechanical properties of the hydrogel (fig. S14). Noticeable
hysteresis is observed, and the dissipation ratio, defined as the dissi-
pation energy loss (represented by the hysteresis area) over the total
work of external forces, is calculated to be around 67%. This high-
lights the abundant physical cross-links in the WZH hydrogel network.
During deformation, they rupture to help dissipating deforma-
tion energy, while the process is reversible with good cyclic stability
over 10 cycles under a large strain of 200% in prototype tests. Figure
3C compares WZH and other aqueous hydrogel electrolytes in terms
of mechanical and electrochemical properties, self-healing capability,
and fluorine content. Notably, WZH exhibits the highest stretchabili-
ty while maintaining a wide ESW (up to 3.11 V) and good ion con-
ductivity (up to 41 mS cm™') in the ambient, surpassing most
reported works (27, 30, 31, 38, 44-50). Moreover, the self-healing ca-
pability and non-fluorinated composition enhance both mechanical
and chemical safety against potential damages. These attributes make
the hydrogel a promising candidate as electrolyte for deformable bat-
teries that can seamlessly and safely interface with human skin.
Cyclic voltammetry (CV) is used to investigate the expanded
ESW of the WZH electrolyte with LiMn,04 (LMO) as the cathode
and V,05 as the anode, respectively, in a three-electrode setup.
LMO is selected because of its relatively high lithiation/de-lithiation
potential that can maximize the stability window of WZH electrolyte
(up to ~4.6 V versus Li/Li*), while V,05 can access the lower bound
(down to ~1.56 V versus Li/Lit). Figure S15 reveals the redox mecha-
nism of the LMO-V,0;5 electrode pair. For LMO, the oxidation peaks
are located at 4.2 and 4.4 V, while the corresponding reduction
peaks in the reverse scan positively shift by 0.2 and 0.1 V; respectively,
which is attributed to polarization as reported in organic electrolyte
systems (51). For the V,05 anode, the CV plot shows a multistep
lithiation process. During the reduction scan, transitions are observed
for V,05 to a-Li,V,05 (0 < x < 0.01) at 3.7 V, followed by &-Li,V,Os
(0.35<x<0.7)at 3.4V, 8-Li, V205 (0.7 < x < 1) at 3.2V, and y-Li, V,05
(I < x < 2)at2.3V as lithiation proceeds. In the reverse scan, the
corresponding oxidation peaks suggest a reversible de-lithiation
process similar to previously reports in carbonate-based organic
electrolyte systems (52). These results suggest that the extended
ESW of WZH electrolyte maximizes the utilization of the available
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Li storage site of V,0s that is otherwise inaccessible in dilute solution or
conventional hydrogels.

The performance of the WZH electrolyte is first evaluated in rigid
full Li-ion cells comprising LMO as cathode, V,Os as anode, and
hydrogel electrolyte pre-equilibrated at RH of 50% as shown in fig.
S16. Conductive silver ink (Dupont, PE 873), carbon ink (Dupont,
PE 671) and active material slurries are printed via a stencil mask
onto the polyethylene terephthalate (PET) film in a layer-by-layer
fashion to form electrodes, while the cell stack is sealed between two
glass substrates. Typical galvanostatic cycling with the potential lim-
itation (GCPL) profiles of as fabricated full Li-ion cell is shown in fig.
S17 with a specific capacity of ~65 mAh g~ (based on both elec-
trodes) with clear discharge plateaus at ~1.5 and ~0.5 V, which down-
shifts around 0.2 V as compared to previously reported works (27)
due to the polarization of the homemade printed film collector in-
stead of metal collector. Although the fabrication, assembly, and test-
ing processes are performed in the ambient with the hydrogel
pre-equilibrated at RH of 50%, the resulting battery reaches a high
average CE of 97% at a slow rate of 0.2 C for over 200 charge-discharge
cycles and a long operation time of over 1000 hours (fig. S18). This
highlights the high reversibility of the redox reaction enabled by the
extended ESW of the WZH electrolyte. After 200 cycles, the specific
capacity is stabilized at 26 mAh g™', and the fading in capacity can be
attributed to the mechanisms that are intrinsic to the V,05 systems
as reported in recent literature (53), which could be addressed by
using other anode materials to potentially fully use the lower limit of
the ESW such as MogSg and TiS, (26, 54).

Stretchable aqueous Li-ion battery

The aqueous hydrogel electrolyte has good tolerance to moisture as
water is part of the electrolyte system such that there is no need to use
rigid packaging materials for hermetic sealing. A prototype stretchable
Li-ion battery has been developed as shown in Fig. 4A, where the hy-
drogel is used as both the electrolyte and separator due to its excellent
electrochemical stability, ion conductivity, and mechanical properties.
The hydrogel with encircling stretchable elastomer VHB (very high
bond; 3M 4905) is sandwiched between two stretchable electrode lay-
ers consisting of stencil-printed current collectors and anode/cathode
on VHB (Fig. 4B). Scanning electron microscopy (SEM) clearly shows
the cross-sectional view of the electrode and the hydrogel (Fig. 4C),
highlighting robust interfaces between electrolyte and electrode, as
well as between the active materials and current collector stack to al-
low efficient transfer of ions and electrons from and to the redox reac-
tions. To improve the stretchability of the printed current collector, a
wavy configuration is introduced by a pre-stretch-and-release meth-
od (33, 55). Specifically, silver and carbon stretchable conductive ink
and active material slurries are printed on a stainless-steel substrate as
stretchable electrodes. Meanwhile, the VHB tape is stretched to 150%
of its original length, and the stencil-printed collector is transferred to
the pre-strained VHB tape by using a heat-release tape as the transfer
medium. The adhesion force of the heat-release tape allows it to trans-
fer the printed electrodes off the stainless-steel substrate. Upon heat-
ing, the adhesion between the electrode and tape diminishes, and the
printed electrodes are released to the pre-strained VHB substrate. A
compressive stress is induced to the electrode after releasing the pre-
strained VHB substrate, which leads to wrinkling electrodes. The as-
fabricated electrode with a mass loading of V,0s at 2.4 mg cm ™2 shows
a low sheet resistance of 1.0 & 0.1 ohm/[, which has less than 5%
change for a strain up to 50% and is highly reversible with respect to
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Fig. 4. Stretchable aqueous Li-ion battery. (A) An optical image of a stretchable aqueous Li-ion battery cell with WZH electrolyte and elastomer packaging. Scale bar, 1 cm.
(B) Cross-sectional schematic view of the battery showing various layers. (C) SEM image showing the cross section of the electrode. Scale bar, 20 pm. (D) Normalized resistance
of the V,0s electrode as a function of stretching strain. (E) Galvanostatic cycling with potential limitation (GCPL) profile for a stretchable cell under 0% (gray color) and 50%
(blue color) strain. (F) Evolution of specific capacity and coulomb efficiency of a cell over GCPL cycles at 1 C. Optical images showing the battery (two cells in series) powering
to a circuit consisting of an LED and a dc-dc converter while being mechanically stressed: (G) 50% stretched, (H) 180° twisted, (I) folded, and (J) punctured by a needle.

strain variations (Fig. 4D). After 50 stretching cycles, the resistance
increases by about 30% and remains stable for up to 100 stretching
cycles (fig. S19). The full cell comprising stretchable LMO and V05
electrodes and WZH electrolyte demonstrates excellent capacity re-
tention of ~99% when stretched with a 50% strain in the charge-
discharge profile in Fig. 4E. The fabricated stretchable battery also
shows good consistency across different samples in GCPL tests (tables
S2 and S$3) with an initial capacity of 69.6 + 9.6 mAh g™* at 1 C. The
CE rises from 50.8 + 7.4% for the st cycle to 90.9 + 4.0% after 50th
cycle. Meanwhile, the hydrogel-based electrolyte in combination with
the elastomer package renders the cell with good ambient stability.
GCPL tests are continuously performed for a full cell for a period of
1 month. Without the hermetic sealing, the prototype operates in the
unstretched state at 1 C for 1 month in the ambient for 500 cycles with
an average CE of 95% (Fig. 4F), which is substantially higher than
those reported other similar systems (efficiency of ~70 to 80%) (27).
After 250 cycles, the capacity stabilizes to reach around 36 mAh g™,
As a demonstration, we show that the printed prototype battery
can light up a circuit composed of a direct current-to-direct current
(dc-dc) converter, capacitors, and light-emitting diode (LED) under
various mechanical stresses, including 50% stretching, 180° twisting,
and folding (Fig. 4, G to I, and movie S1). Such deformable batteries
could be desirable for practical usage in wearable electronics for good
compliance with changes of the human body without limiting the
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mobility to allow low-friction user-machine interactions. For wear-
able applications, chemical safety is also important as devices are de-
ployed within high proximity to human skins. The nonflammable,
fluorine-free hydrogel electrolyte demonstrated in this work can sub-
stantially reduce the chemical safety risks. Figure S20 shows that a
prototype battery is completely cut through by a razor blade with ex-
posed electrodes and hydrogel electrolyte. Because the hydrogel is in
the quasi-solid state, the electrolyte layer maintains its original physi-
cal state without leaking. The non-reactivity of the aqueous electro-
lyte with respect to moisture avoids potentially hazardous conditions
in contrast to organic electrolyte in conventional batteries, where
leakage of electrolyte could cause violent hydrolytic reaction between
organic Li salt and moisture. To illustrate the high mechanical ro-
bustness of the prototype battery, the battery is punctured through by
a needle repeatedly while the prototype is powering the yellow LED
module as demonstrated in Fig. 4] and movie S2. The puncturing is
repeated for five times at different locations and the device can de-
liver power continuously for the LED module in the whole process.

Self-healable Li-ion battery and electronic system

In addition to promoting Li-ion dissociation for enhanced ESW, zwit-
terionic groups on the polymer backbone also synergize with carboxyl
groups to form multiple sets of reversible cross-links, endowing WZH
with good self-healing capability. In prior work (33), the self-healing
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behavior of WZH has been studied under various conditions to ex-
plain possible mechanisms. Specifically, the self-healing process pro-
ceeds in two steps: (i) the instant reformation of reversible bonds and
(i) the subsequent migration of polymer chains across the wounded
interface. These reversible bonds include ionic interactions between
negatively charged sulfonic/deprotonated carboxyl groups and posi-
tively charged quaternary ammonium groups, as well as hydrogen
bonds between acceptors (sulfonic and ester carbonyl groups) and do-
nors (carboxyl groups). A schematic illustration of these interactions is
shown in Fig. 5A. These reversible bonds can be repeatedly
formed after mechanical damages to enable multiple self-healing cy-
cles and ion-transporting channels are hence reestablished, which
leads to a quick recovery of conductivity. Figure 5B shows the real-time
resistivity change of the WZH after being cut through by a razor blade
and subsequently healed 10 times at the same location. It can be seen
that the of the hydrogel could recover to its original state with <10%
change in resistance after each healing cycle. The combination of the
self-healable hydrogel as the electrolyte and self-healable elastomer as
the package renders good self-healing ability to the battery. Under se-
vere damages such as the through cut in fig. S21, the battery shows
good self-healing capability. SEM image on the healed region indicates
good recovery for both the substrate layer and the electrolyte layer (Fig.
5C). After the through-cut process by a razor blade and the self-healing
process at 70°C for 10 min, the battery regains about 90% of its original
capacity (Fig. 5D) and restores good stretchability to exhibit similar
performances as compared to that of a pristine device (fig. S22).

The battery has demonstrated good mechanical safety under
damages, good stretchability/deformability, and self-healing ability
such that it could potentially be used as the energy-embodied sub-
strate to construct a self-healing soft electronic system. As a proof of
concept, a stretchable and self-healing electronic system consisting
of printed stretchable interconnects and off-the-shelf surface
mounted devices (SMDs) including a dc-dc converter, capacitors,
and an LED is integrated on top of the self-healing stretchable bat-
tery system consisting of cells in series connections (Fig. 5E). The
stretchable interconnects are fabricated by transfer-printing stretch-
able conductive ink composed of liquid metal particles onto the self-
healable elastomer substrate using a previously reported method
(56). The system shows good conformality to non-flat surfaces such
as human wrist and soft pneumatic actuator (fig. S23), which is
highly desired as embodied power source for wearable electronics
and soft robot applications. To demonstrate the system-level self-
healing capability, a razor blade is used to cut through the whole
system, including the stretchable interconnects and Li-ion cells.
After cutting, the quasi-solid-state nature of the hydrogel pre-
vents leakage even when the battery is cut in half, while the aque-
ous electrolyte ensures nonflammability of the system. After the
system is healed at 70°C for 10 min and recharged, it remains
functional to power the LED (Fig. 5F). Notably, the healed elec-
tronic system remains fully functional while enduring deforma-
tions such as flexing or twisting during operations as shown in
Fig. 5G and movie S3.

DISCUSSION

This work presents a WZH electrolyte that can realize a high ESW of
up to 3.11 V in ambient air without a rigid hermetic package. By
exploiting the strong interactions between lithiophilic zwitterionic
groups with lithium salt through the anti-polyelectrolyte effect, the

Heetal., Sci. Adv. 11, eadu3711 (2025) 9 April 2025

number of water molecules coordinated around the lithium ion is
reduced. The free water molecules are further stabilized by func-
tional groups on the zwitterionic polymer backbone through hydra-
tion and hydrogen bonding such that the reactivity of water
molecules is minimized. The hygroscopic lithium salt is loaded in a
controlled fashion with a small amount water content in balance
with the ambient humidity. In such water-scarce condition, water
molecules compete with zwitterionic groups for lithium ions, free-
ing them from the polymer backbone for enhanced ion mobility.
The high tolerance aqueous system to the moisture as compared to
that of organic electrolyte has allowed the fabrication of printed full
cell batteries facilely in the ambient without a glovebox. Without the
hermetic package, a myriad of stretchable elastomers can be used to
enable high stretchability for the full Li-ion cell, while high mechan-
ical and chemical safety is also achieved attributed to the aqueous
hydrogel electrolyte. As a proof of concept, a stretchable and self-
healing elastomer is chosen as the packaging material to construct
soft Li-ion batteries with good capacity retentions under mechanical
stresses, including punctured holes by a needle. Furthermore, the
prototype cell can recover over 90% of its capacity from a through
cut by a razor blade via the self-healing process. One key future di-
rection is to increase the energy density for practical applications by
these following steps. First, the mass loading can be further in-
creased by incorporating the 3D microporous architecture as elec-
trodes for high specific surface areas. Second, the selection of cathode
and anode can be explored to maximize the utilization of electrolyte
ESW. Third, the operation voltage of the battery can be increased by
further extending the ambient ESW through optimization in mo-
lecular design that reduces hygroscopicity and water reactivity and
facilitates stable SEI formation. As such, other battery chemistries
with increased energy densities [e.g., LiNigsMn; 504/ LisTi501,
(23), Lithium metal (42, 56), and Li-S (57, 58)] could potentially be
accommodated. Nevertheless, this strategy enables the development
of mechanically safe and deformable Li-ion batteries and could po-
tentially be suitable for other energy storage devices such as superca-
pacitors (59, 60), Zn-ion batteries (50), and metal air batteries (61).
Furthermore, this work also offers the possibility for high-throughput
manufacturing under the ambient condition by roll-to-roll printing.

MATERIALS AND METHODS

WZH electrolyte synthesis

All chemicals were purchased from Sigma-Aldrich and used without
further purification unless otherwise noted. WZH was synthesized by
mixing AA (1.50 g) with different amount of MEDSAH (0.75 g for
WZH-1 and 1.5 g for WZH-2) and LiCl (the salt to total monomer
ratio is fixed at 1:2) in deionized (DI) water (LiCl concentration fixed
at 0.2 g/g H,O). The initiator, ammonium persulfate (fixed to 0.2 mol %
of total monomer amount), and cross-linker, MBAA (fixed to 0.03 mol
% of total monomer amount), were then added to form the precur-
sor solution. After complete dissolution, the solution was bubbled
with N, for 10 min to deplete O,, and the solution was poured into
a polystyrene petri dish and heated at 50°C for 24 hours. Prepara-
tion for the SEI forming interphase precursor was prepared following
procedures from the literature (42). Specifically, the 0.5 M lithium
bis(trifluoromethane)sulfonimide and 10 wt % polyethylene oxide
(average M, 100,000) were mixed in 1,1,2,2-tetrafluoroethyl-2',2",2'-
trifluoroethyl ether (Thermo Fisher Scientific)/dimethyl carbonate
(volume ratio = 95:5) and heated at 70°C for 20 min under stirring.
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Fig. 5. Self-healable Li-ion battery and electronic system. (A) Schematic illustration of the reversible bonds in the WZH. (B) Resistivity changes with respect to time of
the WZH sample for 10 through cuts and subsequently self-healing processes by a razor blade at room temperature. (C) SEM image showing the cross section of the
prototype battery after being cut by a razor blade and a subsequent healing process at 70°C for 10 min. Healed region is highlighted by the dash-dotted line. Scale bar,
1 mm. (D) GCPL profiles for the pristine battery (gray color) and after a prototype is cut and put at 70°C for 10 min for the healing process (red color). Dashed lines represent
voltage profiles during the charging process, and solid lines represent voltage profiles during the discharging process. (E) Schematic illustration of a self-healable elec-
tronic system comprising a substrate with embodied self-healing battery, printed stretchable interconnects, and SMD components including LED and capacitors. (F) The
electronic system in its pristine state (left), after being cut through in halves by the razor blade (middle), and after the healing process at 70°C for 10 min and the recharg-
ing process (right). Scale bars, 5 mm. (G) Optical image showing the operation of electronic system under mechanical stresses such as folding (left) and twisting (right)
after cutting and the subsequent self-healing process. Red dashed line highlights the healed region. Scale bars, 4 mm.
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Electrode slurry preparation

For the preparation of the cathode slurry, a mixture of 0.8 g of LMO
(MTTI), 0.1 g of carbon black (SUPER C65, MSE Supplies), 2.5 g of
a 2 wt % aqueous solution of carboxymethyl cellulose (CMC;
MSE Supplies, average molecular weight ~ 600,000), and 0.33 g
of polystyrene-butadiene rubber (PSBR; Targray Technology) solution
were homogeneously mixed in DI water with zirconia beads in a
planetary mixer (ARM 310, Thinky) at 2000 rpm for 30 min.

For the anode slurry, 0.7 g of vanadium pentoxide (V,0Os; Sigma
Aldrich), 0.2 g of carbon black, 2.5 g of 2 wt % CMC aqueous solu-
tion, 0.33 g of PSBR solution, and 1.49 ml of DI water were mixed
with zirconia zirconium beads in a planetary mixer at 2000 rpm
for 30 min.

Fabrication of rigid full Li-ion cells

A rigid full Li-ion cell comprises LMO as cathode, V,0s5 as anode,
and WZH as electrolyte. First, a stretchable silver ink (Dupont, PE
873) was printed via a stencil mask onto the PET film with a thick-
ness of ~50 pm and dried at 130°C for 10 min. Then, a layer of
stretchable carbon ink (Dupont, PE 671; thickness ~50 pm) was
printed on top of a silver layer in the similar fashion. The printed
carbon ink was then fully dried at 130°C for 15 min. The electrode
slurry with active materials (LMO or V,0s5) was printed on the
dried carbon layer. The overall active material ratio between cathode
and anode was kept at around 1.6:1, while the overall mass loading
(cathode and anode) was around 6.2 mg cm™2. The printed elec-
trodes were then cut into strips with a width of ~5 mm. Before the
rigid battery assembly, the glass slides were cut into squares with a
width of 25 mm as the substrate and the superstrate for the full cell,
and the hydrogels were cut into squares with a width of 10 mm.
Then, the VHB tape (VHB 4910, 3 M) was cut into a square ring
with an outer width of 25 mm and a square inside with a width of
10 mm to fit the hydrogel at the center. The rigid battery was then
assembled by sequentially stacking electrodes, hydrogel with outer
VHB ring, and glass superstrate on top of the bottom glass substrate
as shown in fig. S16.

Stretchable battery fabrication

Wavy electrodes were prepared by first printing the stretchable sil-
ver ink (Dupont, PE 873) using a stencil mask on a stainless-steel
substrate. This silver layer was then cured at 130°C for 5 min on a
hot plate. Subsequently, a stretchable carbon ink (Dupont, PE 671)
layer was printed using the same stencil printing method, and the
carbon ink was cured at 130°C for 15 min on the hot plate. The elec-
trode slurries were printed directly on top of the carbon layer and
dried at 50°C for 30 min. The electrodes were transferred onto a heat
release tape (Revalpha RA-95 L, Semiconductor Equipment Corp.)
from the stainless-steel substrate and then transferred to a pre-
stretched VHB substrate and heated at 105°C for 5 min to release the
electrodes off the heat release tape. The SEI forming interphase pre-
cursor was applied to the anode using a doctor blade. Upon releas-
ing the applied strain from the VHB substrate, a wavy structure
is formed. The mass loading of the active layer was estimated by
weighing the overall structure before and after printing the active
layer. The overall active material ratio between cathode and anode
was kept at around 1.6:1, while the overall mass loading (cathode
and anode) was around 2.2 mg cm™>. The battery was assembled by
sandwiching the as-synthesized hydrogel (equilibrated in a chamber
with a controlled humidity) between the prepared wavy electrodes.
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Edges of the hydrogel were sealed by a perforated VHB, which also
separated the cathode from the anode.

Characterizations

SEM images of the stretchable battery were obtained using a high-
resolution field emission scanning electron microscope (FEI Quanta
3D FEG). HATR-FTIR spectra were performed on Spectrum One
FTIR Spectrometer (PerkinElmer) with HATR sampling accessory,
and Raman spectra were measured on LabRAM Aramis Raman Mi-
croscope (Horiba) with an excitation wavelength of 532 nm and dif-
fraction grating of 1800 g mm~™'. DVS instrument (Surface
Measurement Systems Ltd.) was used to characterize the sorption
isotherms of hydrogels at different RHs (from 0 to 80%). The sam-
ples were preheated at 80°C, 0% RH for 5 hours, followed by thermal
equilibrium at 25°C for 3 hours. The percent change of sample mass
with respect to time was maintained at 0.005%gumple min~ at each
RH for a precise measurement.

MD simulations

The simulation system comprises zwitterionic polymer chains, wa-
ter molecules, and LiCl salts. The 3D gel network was constructed
by physically cross-linking linear chains. First, each linear chain was
built with a degree of polymerization of 12 (molecular weight of
5.08 kg/mol), wherein each monomer unit is made of one MEDSAH
monomer and two AA monomers. Subsequently, 27 highly stretched
chains were uniformly arranged within a cubic box in all three di-
rections, e.g., 9 chains aligning along the z direction are uniformly
distributed in the xy plane. A chemical bond was introduced be-
tween the head and tail atoms on the backbone of each chain across
the periodic boundaries of the box. At a particular intersection in
the x, y, and z directions, three chains meet. At this junction, a cross-
linker is created by physically connecting identical types of carbon
atoms on each chain (specifically, carbon atoms located in the mid-
dle of two adjacent AA monomers on the backbone). For each cross-
linker, additional three bonds with an equilibrium bond length of
0.5 nm are added into the topology. The final 3D gel network is
shown in fig. S5.

Mechanical and electrical characterizations

Hydrogel samples were prepared in a dog-bone shape (ISO 37, Type 3)
using a tensile machine (Instron model 5544). A stretch rate of 2 min ™~
was used for extension-to-failure tensile tests. Cyclic tensile tests were
performed in a similar fashion as reported by prior works (62, 63). Spe-
cifically, a strain rate of 0.2 s™* was used for loading and unloading the
sample with a 2-min interval between cycles. The electrochemical
impedances of the hydrogels were first measured using the electro-
chemical workstation (Gamry Reference 600) in a symmetric cell
setup, where gold-coated PET films were used as inert electrodes.
The ionic resistance of each sample was determined from the imped-
ance with the phase shift near 0 degree. The measured resistance
was converted to ionic conductivity

) )

c = =
R(t-w) RA

where [ referred to the length of each hydrogel sample and A was
the cross-sectional area (thickness times width) of each hydrogel.
The area and thickness of each sample were measured and record-
ed before conducting each experiment. The resistance change of
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stretchable electrodes under stretching was measured on a custom
stretching stage by a digital multimeter (115, FLUKE). During
measurements, two clamps were fixed on the two ends of the sam-
ple. The initial gauge length was defined as the separation gap be-
tween two clamps.

Electrochemical measurements

For the evaluation of the ESW of hydrogels, the linear sweep voltam-
metry on hydrogel was performed using a three-electrode setup
with commercial screen-printed carbon electrodes (RRPE1001C,
Pine Research Instrumentation) as the working and counter elec-
trodes and Ag/AgCl as the reference electrode, and all hydrogel
samples were pre-equilibrated in a chamber with RH of ~50%. A
Gamry reference 600 electrochemical workstation was used for the
linear sweep voltammogram measurements at a scan speed of 10 mV
s~!. For CV; the slurry was first obtained by mixing the active mate-
rials, conductive carbon (SUPER C65, MSE Supplies), and a binder
(polyvinylidene difluoride, molecular weight of 534,000) in a weight
ratio of 80:10:10, with N-methyl-2-pyrrolidone as the solvent in a
planetary mixer (ARM 310, Thinky) at 2000 rpm for 30 min. The
slurry was then coated onto glassy carbon electrode and dried at
60°C overnight. For the anode, an additional interphase precursor
layer was coated onto the dried electrode. The coated glassy carbon
electrode was used as the working electrode, Pt mesh as the counter
electrode, and Ag/AgCl as the reference electrode. The CV measure-
ments were done at a scan speed of 0.1 mV s~!. The LMO/V,0s full
cell galvanostatic cycling was tested using a BCS series battery cycler
(Bio-Logic SAS), while the impedance spectroscopy was measured
on a Gamry Reference 600. To investigate the electrochemical per-
formance of the cell under the mechanical strain, a custom-made
stretching stage was used.

Fabrication of the self-healable electronic system

The circuitry was patterned on VHB tape using a transfer-printing
method adopted from previous reports (33, 64, 65). First, eutectic
gallium indium (eGaln) liquid metal is prepared by melting a 3:1 mass
ratio of gallium and indium (both from United Nuclear) mixture
at a 180°C oven for 2 hours and then cool to room temperature.
Next, stretchable conductive eGaln ink was prepared by dispersing
eGaln and 1-Decanol (Sigma-Aldrich) at a 1:1 volume ratio and then
homogenized using a probe sonicator (Qsonica Q700) at 200 W for
2 min. During sonication, the vial was placed in an ice-water bath,
and the ultrasonication process operated in 5-s on/off cycles to pre-
vent overheating. The obtained ink was printed onto a PET (Gizmo
Dorks) substrate via a stencil mask (designed pattern was mirrored
for transfer process) prepared using a mechanical cutting machine
(Silhouette, CAMEO 3) and dried at 70°C for 10 min. The mask was
then peeled off, and a VHB tape was pressed onto the PET substrate
to allow close contact between the printed eGaln interconnects and
the VHB tape. The PET was then peeled off to transfer the liquid
metal pattern. SMDs including a dc-dc converter (TPS7A10, Texas
Instruments), capacitors (YAGEO), and an LED (V,, of ~1.8 'V,
SMT 1206, CHANZON) were then mounted on top of the VHB
substrate using a silver epoxy (8331D, MG Chemicals) and further
cured at 50°C for 30 min. Thereafter, the system was completed by
assembling the circuity layer on top of the battery module consisting
of three cells in series and heated at 70°C for 15 min to allow sufficient
interlayer bonding.
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