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Abstract: Dehydration has been a key limiting factor for the operation of conductive hydrogels in
practical application. Here, we report self-healable ionic skins that can self-regulate their internal
moisture level by capturing extenral moistures via hygroscopic ion-coordinated polymer backbones
through antipolyelectrolyte effect. Results show the ionic skin can maintain its mechanical and
electrical functions over 16 months in the ambient environment with high stretchability (fracture
stretch ~2216%) and conductivity (23.5 mS/cm). The moisture self-regulating capability is further
demonstrated by repeated exposures to harsh environments such as 200°C heating, freezing, and
vacuum drying with recovered conductivity and stretchability. Their reversible ionic and hydrogen
bonds also enable self-healing feature as a sample with the fully cut-through damage can restore
its conductivity after 24 h at 40% relative humidity. Utilizing the ionic skin as a building block,
self-healing flexible piezoelecret sensors have been constructed to monitor physiological signals.
Together with a facile transfer-printing process, a self-powered sensing system with a self-healable
supercapacitor and humidity sensor has been successfully demonstrated. These results illustrate
broad-ranging possibilities for the ionic skins in applications such as energy storage, wearable

sensors, and human-machine interfaces.
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Introduction

Self-healing materials that are stretchable and ionically conductive have great potentials in
flexible electronics such as electrolytes in batteries[1-3] and supercapacitors[4—7], as well as
electrodes in ionotronic devices[8—12]. Among various self-healing material systems[13-19],
hydrogels show good promise by combining high ion conductivity, high stretchability, and good
self-healing properties, but they generally suffer from the long-term stability issue due to the
dehydration process. For instance, polyacrylamide hydrogels can dry out within several hours
under the ambient air[9,20] and previously reported self-healable hydrogels without encapsulation
suffer from the same dehydration problem such that they can only work under high humidity
conditions[4,5,15,21,22]. To enhance the ambient stability, many additives have been incorporated
into the polymer network to form various ion-conducting gels. For example, ionogels consist of
polymer networks swollen by non-volatile ionic liquids[12,23,24] but most ionogels are toxic and
expensive with non-ideal ionic conductivity[25-28] . Alcohols, such as ethylene glycol and
glycerol, have been investigated as the anti-dehydration additives[6,7,29-32] to form organogel or
organohydrogel. However, the increased viscosity results in the reduction in their electrical
conductivity[15,29,33-35]. Alcohol also exhibits low but non-negligible vapor pressure and could
evaporate together with water molecules in water-alcohol mixtures[36,37] , which degrades their
long-term and healing stability. On the other hand, hydrogels with added hygroscopic salt have
been shown to adsorb moisture at low humidity for applications in atmospheric water harvesting
systems[38-40]. However, excessive swelling is reported in these systems, impairing the
mechanical properties and self-healing ability[20,41-43]. Moreover, phase instabilities such as salt

leakage and agglomeration are often observed as a result of the salting-out effect[44,45]. As such,



a grand challenge of self-healing conductive material for soft electronics is a stable system to
sustain long-term operations with high stretchability and good ionic conductivity in the ambient
environment for practical applications.

In this work, highly deliquescent salt is controllably loaded to zwitterionic-based polymer
backbone for highly stretchable ionic skins to simultaneously achieve: (1) self-regulation of
internal moisture for long-lasting stability; and (2) self-healing from severe mechanical damages
(such as a through cut) in the ambient. The moisture adsorption capability is greatly enhanced by
the dissociated hygroscopic salt ions that coordinates with the zwitterionic backbone via the anti-
polyelectrolyte effect[46]. Specifically, hygroscopic salt ions are adsorbed to oppositely charged
cationic and anionic functional groups thus screening self-association of zwitterionic polymer
chains (Fig. 1a). These “locked” salt ions then in turn form adsorptive centers to bond water
molecules through salt hydration. The high concentration salt can be stably and homogeneously
incorporated without inducing phase separation due to mutually cohesive interactions among water,
ions, and polymer backbone. In synergy with the ionic and hydrogen-bonds provided by the
polymer backbone, the hydrogel can effectively capture water molecules through the salt hydration
and/or bonding with the polymer backbone to achieve the self-regulation of water content via the
absorbing/desorbing process in the ambient air. To realize the self-healing property, moieties with
hydrogen-bond donors are introduced on the polymer backbone to form reversible crosslinks such
as hydrogen bonds and ionic interactions with the zwitterionic moieties. The reversible
reconstruction of these multiple sets of dynamic bonds enables their self-healing capability.
Experimental results show that water content can be replenished to maintain several key properties

such as transparency, conductivity, and stretchability with little degradation in the ambient air for



over 16 months (Fig. 1b, Fig. S1 and S2). This is the longest storage period (Fig. 1¢ and Table

S1) ever reported for stretchable ionic conductors in the literature. Furthermore, the hydrogels have
shown high stretchability (maximum fracture stretch ~2216%), ion conductivity (23.5 mS/cm), and
the ability to repeatedly recover from exposures to harsh conditions such as high temperature
(200 °C), low temperature (-20 °C), and vacuum (hundreds of mTorr) while maintaining it self-

healing property (Fig. 1d and Fig. S1). Prototype devices such as a self-healable soft piezoelecret

sensor, printed micro-supercapacitors and humidity sensors, have been fabricated and tested as key

demonstrations examples toward practical applications.
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Fig. 1. Molecular design and properties of moisture self-regulating self-healable ionic skin. (a)

Conceptual illustration of the water self-regulation and self-healing mechanism. Left: moisture



self-regulation mechanism. Hygroscopic salt ions are dissociated by zwitterionic moieties via the
anti-polyelectrolyte effect, forming adsorptive centers to capture water molecules through salt
hydration and/or bonding with polymer backbones. Right: the reversible crosslinks such as ionic
interactions and hydrogen bonds between polymer chains to enable the self-healing process. (b)
the transparent hydrogel-based ionic skin maintains high stretchability (>1000% elongation, top
figures) and good ionic conductivity after over 16 months in the ambient air (bottom figures). (c)
Comparison of ionic skins in terms of fracture stretch, ionic conductivity, and storage time (red:
self-healable; grey: non-self-healable). HG: hydrogel; OG: organohydrogel or organogel; 1G:
ionogel. (d) Normalized resistance changes of MA-LiCl hydrogels with respect to time during three
consecutive recovery cycles in the ambient air with a relative humidity (RH) of 50% after exposures
to low temperature of -20 °C for 1 day (green), high temperature of 200 °C for 30 mins (red), and
vacuum of hundreds of mTorr for 16 h (yellow), respectively. All samples are subjected to a
through-cut process by a razor blade after three cycles and subsequently reconnected. The
resistance changes before cutting, after the self-healing process for one minute, and 3 days are

recorded.



Results and discussion
Water retention and self-regulation

The proposed hydrogel is synthesized by a simple one-pot random copolymerization of 2-
(methacryloyloxy)ethyl)dimethyl-(3-sulfopropyl) ammonium hydroxide (MEDSAH) as
zwitterionic monomer and acrylic acid (AA) for the hydrogen-bond donor in the LiCl solution by
using N,N’-methylenebisacrylamide (MBAA) as the covalent crosslinker (Fig. S3). The resulting
poly(MEDSAH-co-AA)/LiCl hydrogel is denoted as MA-LiCl hydrogel for simplicity. It is well
known that the addition of non-volatile solute such as salt could lead to the reduction of the solvent
vapor pressure[47,48]. However, a substantial reduction of the water vapor pressure in the hydrogel
could be required to reach an equilibrium with the ambient air and a high salt concentration might
be needed for good ion conductivity. As such, a large amount of solute must be incorporated into
the solution, which can easily lead to the salt crystallization and/or phase separation. Therefore,
salts with a high solubility in water and strong attraction to both water and polymer backbone are
desirable. LiCl is selected due to its strong interaction with water molecules, exhibiting high
solubility (~25 moles of LiCl per kilogram of water) and deliquescence behavior at a relative low
humidity of 11.3%][48] with high water adsorption uptake (reaching ~2.6 g g™ at RH 60%)[49].
The effective dissociation of salt in the hydrogel system is realized by the incorporation of
zwitterionic monomer MEDSAH, whose anti-polyelectrolyte effect enhances salt-polymer
backbone affinity through charge-charge interactions. Plain MA hydrogels and MA hydrogels
incorporated with the same concentration (4 M in precursor solution) of NaCl, and ethylene glycol
(EQG) are also synthesized (denoted as MA, MA-NaCl, and MA-EG, respectively) and studied for

comparison.



To evaluate the water retention capability of these hydrogels, their ion conductivities and total
mass retention ratios under different humidity conditions are recorded over 7 days (Fig. S4 and S5)
and their equilibrated values are plotted in Fig. 2a and b, respectively. The resulting MA-LiCl
hydrogel shows the best water retention capability under various humidity levels. Specifically, it
exhibits a conductivity of 0.0034 mS/cm when the relative humidity drops to 17%. Meanwhile, no
appreciable change in mass of MA-LiCl hydrogels is observed after 7 days (Fig. S6) from relative
humidity (RH) of 75% down to RH 17%, suggesting that the water uptake of the hydrogel is capable
of reaching equilibrium within the tested humidity range. In contrast, plain MA hydrogels and MA-
NaCl hydrogels lose their electrical conductivities at RH 69% and RH 28% within 24 h,
respectively due to the dehydration process. This is also confirmed by the thermogravimetric
analysis (TGA) as shown in Fig. S7, where plain MA and MA-NaCl hydrogels show significant
weight losses upon heating at ~100 °C. Additionally, the salt-induced freeze-point depression
effect[50] results in the excellent anti-freezing property of the MA-LiCl hydrogel down to -80 °C
as revealed by the differential scanning calorimetry (DSC) spectra in Fig. S8.

Recently, alcohol-based (glycerol, ethylene glycol, ... efc.) organohydrogels or organogels
have been reported to show good water-retention capabilities[6,7,29-32,51]. Compared with the
MA-LICl hydrogel, the as synthesized MA-EG hydrogel exhibits similar water retention behavior
and anti-freezing properties (Fig. S7 and S8). However, the MA-EG hydrogel has lower ionic
conductivities and loses its ion conductivity at RH 28% after 3 days (Fig. S4). Interestingly, the
MA-EG hydrogel at RH 69% loses its conductivity completely when stored over an extended
period (~ 6 months) due to the non-negligible volatility of EG, while the MA-LiClI hydrogel still

has ~90% of the original conductivity after 16 months (Fig. S2) as water can be replenished from



the moisture in the air. It is worth noting that these tests are discontinued when this paper is written
and an even longer storage time is expected.

Humidity tends to fluctuate in the actual ambient environment. In order to further study the
moisture self-regulation process in changing ambient humidities, a cyclic test has been performed.
Hydrogels are subjected periodically to dry (RH 17%, 5 days) and humid (RH 69%, 5 days)
environments in an alternating fashion. Fig. S9 depicts the conductivity changes of different
hydrogels over one cycle. It is found that the plain MA hydrogel loses its conductivity even in a
relatively high humid condition of RH 69%. After the 5-day exposure in the dry condition, MA-
NaCl and MA-EG hydrogels lose their conductivity, while the MA-LiCl hydrogel has 3 orders of
magnitude reduction in its conductivity. MA-LiCl hydrogel recovers most of its original
conductivity in one day and almost fully recovers its original conductivity in 4 days after placed
back in the RH 69% environment. A total of 6 cycles have been conducted and results are plotted
in Fig. 2¢. The conductivity of MA-EG hydrogel shows a gradual decay and becomes unmeasurable
after 5 cycles due to the evaporation of ethylene glycol over time. Such phenomenon is more
evident when MA-EG hydrogels are exposed to incidental heating or vacuum conditions as the
evaporation of EG is expedited. Specifically, Fig. S10 shows that the MA-EG hydrogel can only
recover ~30% of its conductivity after the overnight vacuum drying process and loses it
conductivity after heated at 200 °C for 30 min. In comparison, the conductivity of MA-LiCl shows
excellent recovery ability after multiple cycles of drastic humidity changes during the period of
over 2 months (Fig. 2¢). As such, MA-LiCl samples are able to deliver consistent conductivity once
being placed to an environment with the original relative humidity even after being stored over 16

months in ambient air with various environmental fluctuations (Fig. S2). The stretchability of the



MA-LiCl hydrogel is also maintained over the extended storage period (Fig. S1). It should be noted
the tensile strength of the material decreased due to the prolonged exposure to sunlight. The
extended uv irradiation from sunlight exposure leads to the decrease in the MBAA covalent
crosslinking[52,53] and result in a mechanical behavior similar to those observed for MA-LiCl
hydrogel without MBAA crosslinker (Fig. S11) or MBAA-crosslinked hydrogel after the 200 °C

heating process (Fig. S1).
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Fig. 2. Water retention and self-regulation. (a) lonic conductivity, and (b) total mass retention
ratio w/wy measured at equilibrium states after 7 days of storage at each relative humidity for the
plain MA hydrogels and hydrogels with different anti-dehydration additives. The total mass
retention ratio w/wy is obtained by normalizing the final mass of each sample to their initial mass.

Prior to the experiment, all samples are stored and equilibrated at RH 80%. The concentrations of



all additives in precursor solutions are kept at 4 mol/L. (c¢) Ionic conductivity of hydrogels with
different anti-dehydration additives over 6 moisture self-regeneration cycles, where samples are
placed in alternating humidity chambers of RH 69% for 5 days and RH 17% for 5 days, repeatedly.
MD simulation results showing the fractional variation of free water, hydration water, and polymer-
bound water with respect to the overall water content: (d) MA-LiCl hydrogel, and (¢) MA-NaCl
hydrogel. (f) Snapshots of MA-LiCl hydrogel (left) and MA-NaCl hydrogel system (right) when
both systems are about 55% of their initial mass (w/wo= 55%). (g) Average interaction energy of a
single water molecule: with the whole system (filled symbols) and with the salt (open symbols) in
MA-LiCl hydrogel (red circles) and MA-NaCl hydrogel system (grey squares). (h) Radial
distribution function of Li" ions around the -SO3™ and carboxylate groups of polymer backbone in
the MA-LiCl hydrogel. The inset shows the fraction of water molecules that serve simultaneously

as hydration water and polymer-bound water.

To investigate the origin of the strong water retention and self-regulation behavior of MA-LiCl
hydrogel, molecular dynamics (MD) simulations have been performed for the water-ion-
zwitterionic polymer ternary system. In pure hydrogel (water-polymer) binary systems, elucidation
of water interactions is commonly realized by inspecting the states of water molecules based on
the hydrogen bonding with polymer chains [54—57] . Here, the states of water are defined as: (1)
“polymer-bound water” that forms hydrogen bonds with polymer, (2) “hydration water” that is
within the first solvation shell of ions, and (3) the remaining “free water” that does not directly
interact with polymer chains or ions. The system is taken to be in equilibrium when the number of

water molecules in each state stabilizes (Fig. S12). Fig. 2d shows that as the total water content



reduces (w/wp <100%), the fraction of free water drops dramatically in the MA-LiCl hydrogel
whereas those of polymer-bound and hydration water increase. This implies that the water
evaporation process in the MA-LiCl hydrogel is dominated by the reduction of the free water,
reminiscent of that in pure hydrogel systems[58] . Fig. 2e shows the states of water in the MA-
NaCl hydrogel. By contrast, the fraction of free water increases initially at w/wy =85% and drops
afterwards while the fraction of hydration water drops initially at w/wy =85% and increases
afterwards. These results are attributed to the much lower solubility of NaCl in water than that of
LiCl due to weak water-ion interactions (Fig. S13)[47,59]. As further revealed by snapshots of MD
simulations (Fig. 2f), LiCl is homogenously dispersed even at a low water content (w/wy =55%),
while the majority of NaCl has precipitated into crystals. As the domains of NaCl crystals formed,
fewer Na' and CI" could participate in the interaction with water molecules, yielding an increased
fraction of free water. This facilitates the evaporation process, and in turn leads to more NaCl
aggregations. Such positive feedback mechanism ultimately leads to the macroscopic
crystallization and drying out of hydrogel as observed in experiments (Fig. S14). The disparate
states of water in the two hydrogels are manifested for more stabilized water in the MA-LiCl
hydrogel. In particular, Fig. 2g shows that the average interaction energy of a single water molecule
is stronger in the MA-LiCl hydrogel than those in the MA-NaCl hydrogel, which is mainly caused
by interactions with salt ions. Overall, the superior solubility of LiCl in water gives rise to the large
fraction of stabilized hydration water, which enables the high retention of water in MA-LiCl
hydrogel.

In addition to water molecules, the interaction between ions and polymer backbone is examined

from the pair distribution function for Li"around the negatively charged moieties of the zwitterionic



polymer, i.e., -SO3™ and carboxylate groups. As shown in Fig. 2h, the peak height increases
significantly at reducing water content, suggesting a stronger binding between ions and polymer
chains as evaporation proceeds. This result is in line with the increasing overlap of polymer-bound
and hydration water at lower water content (Fig. 2h inset), which suggests an increasing number
of water molecules are shared between the salt and polymer backbone. Such mutually cohesive
water-ion-polymer interactions will benefit the dissociation of LiCl at low humidity, which further
augments the solubility in hydrogel and thereby enhances water retention.

Meanwhile, simulation results of the MA-EG hydrogel system show low interaction between
water and EG (Fig. S15), which is consistent with the similar water loss ratio of MA-EG hydrogel
and MA-NaCl hydrogel (Fig. 2b). Unlike salt-hydrogel systems, as water evaporates, EG can serve
as a solvent in the system to promote ion transports and chain movements even in the absence of

water. This gives rise to the finite conductivity of MA-EG hydrogel at low humidity conditions as

shown in Fig. 2a and 2c.
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By exploiting the absorption/desorption equilibrium between LiCl and ambient moisture,
water content within the hydrogel at a given relative humidity can be tuned by incorporating
different amount of LiCl into the MA-LiCl hydrogel for a wide spectrum of electrical (Fig. S16)
and mechanical properties. Fig. 3 shows the stress-stretch curve of MA-LiCl hydrogels with
different concentrations (2 M to 6 M) of LiCl in precursor solutions (crosslinker mol% fixed at
0.03%) under different relative humidity levels (26%, 40%, and 60%). At a low humidity level
such as RH 26% shown in Fig. 3a, the mechanical properties of MA-LiCl are mainly limited by
low water content that impedes the polymer chain movements. As such, increasing the LiCl
concentration can increase the moisture adsorption and thus significantly lower the modulus (from
~21 MPa for 2 M down to ~0.24 MPa for 6 M) as well as the tensile strength (from ~4.3 MPa for
2 M LiCl down to ~0.21 MPa for 6 M LiCl). On the other hand, the stretchability increases (fracture
stretch from 1013% for 2 M LiCl to 1675% for 5 M LiCl). At elevated humidity or salt
concentration, the excessive water content can lead to swelling, and cause the pre-stretching[60] of
the polymer network to result in reduced stretchability. Therefore, stretchability of MA-LiCl
hydrogel starts to peak at around 5 M at RH 26% with a fracture stretch of 1675% (Fig. 3a), 4 M
at RH 40% with a fracture stretch 1639% (Fig. 3b), and 3 M at around RH 60% with a fracture
stretch of 1541% (Fig. 3c). Despite the wide range of modulus, within tested humidity range of RH
26% - 60%, all MA-LiCl hydrogels are able to reach stretches of over 800% before fracture and a
maximum fracture stretch of ~2216% can be attained (Fig. S11). The formation of dynamic
crosslinking network could account for the overall high stretchability in the broad range of
humidity levels. During the mechanical stretching process, multiple physical crosslinks detach and

relax the polymer chains, thereby dissipating the mechanical energy of the network [61,62].



Autonomous self-healing in the ambient environment

A proposed mechanism for self-healing of the MA-LiCl hydrogel is shown in Fig. 4a, which
can be generally attributed to two steps. In the first step, the dynamic bonds reform at the wounded
surfaces when they are brought into physical contacts as exemplified in the snapshots of MD
simulations. The backbone of co-polymerized MEDSAH and A A provides multiple sets of dynamic
bonds, including ionic associations between -COO™ and quaternary ammonium groups, -SO3™ and
quaternary ammonium groups, as well as hydrogen bonds between hydrogen donors (-COOH) and
acceptors (-SO3™ and ester carbonyl groups). To illustrate the contribution of hydrogen bonds in the
self-healing process, a hydrogel sample is first incised with a razor blade and reconnected to allow
the reformation of dynamic bonds for one minute. Subsequently, urea solution is applied on the
cutting area, which is known to disrupt hydrogen bonds[4,63]. As shown in Fig. S17, the self-
healed hydrogel was able to support a mass of ~200 g initially. It fractured rapidly along the original
cutting interfaces within 5 s upon urea coating, while in control experiment, another healed
hydrogel under same condition still sustains the mass 10 minutes after the coating of DI water.
The reversible hydrogen bonds and ionic interactions are further characterized by the horizontal
attenuated total reflectance-Fourier transform infrared spectroscopy (HATR-FTIR) spectra (Fig.
S18) and Raman spectroscopy (Fig. S19). The C=0 stretching vibration band of poly(acrylic
acid)/LiCl hydrogel (PAA-LiCl) is located at a low wavenumber of ~1711 cm™! while that of the
control hydrogel sample consisting of only zwitterionic MEDSAH backbone (PMEDSAH-LiCl) is
located at 1722 cm™ which corresponds to the free ester carbonyl groups[26,64]. In MA-LiCl
hydrogel, the corresponding vibration band shifts to 1719 cm™!, which can be attributed the

formation of hydrogen bonds between hydrogen-bond donors and acceptors. S=O stretching



vibration of -SO3™ group in MA-LiCl hydrogel exhibits a significant blueshift both in FTIR (from
1039 to 1046 cm™') and Raman (from 1041 to 1045 cm™") spectra compared to that in PMEDSAH-
LiCl. This indicates electrostatic ionic interactions between the positively and negatively charged
functional groups[65,66]. Once dynamic bonds reform, a network of ion-transporting channels is
established, and the ion-conductivity of the hydrogel could recover in a short period of time. As
shown in Fig. 4b, the hydrogel is cut in halves by a razor blade and the two halves are attached
together to allow the healing process in the ambient environment. Within one minute, over 90% of
its conductivity is recovered. A total of twenty cutting-and-healing cycles are performed at the same
location on the hydrogel and over 90% of the conductivity is recovered in each test as attributed to
the reformation of reversible dynamic bonds for the repeatable self-healing capability. In the second
step, after the instant reformation of dynamic bonds, polymer chains also migrate across the
wounded interface via interdiffusion to further strengthen the healed interface. This agrees well
with observations during the tensile tests on healed hydrogel samples (Fig. 4c inset), where
wounded surfaces have merged with restored mechanical integrity. In addition, the mechanical
properties of healed hydrogels recover gradually (Fig. S20), indicative of a time-dependent
interdiffusion process.

Water content in hydrogel plays a key role in the self-healing performance of MA-LiCI. A
series of tensile tests are performed or both pristine and self-healed (for 24 h at room temperature)
MA-LiCl hydrogels with different LiCl concentrations (2 M to 6 M, crosslinker concentration is
fixed at 0.03%) under a range of relative humidity (RH 26% to 60%). Herein stretchability recovery
rate is calculated by dividing the fracture strain of a self-healed specimen by that of the pristine

specimen. As shown in Fig. S21, at low humidity such as RH 26%, the self-healing performance



is mainly restricted by low chain mobility that impedes the polymer chain movement across the
wounded interface. As such, an increase in the stretchability recovery rate is observed when LiCl
concentration rises from 2 M to 3 M as LiCl can absorb moistures. It is noted that the self-healing
performance at the elevated humidity or high salt concentration experiences a reduction, which
could result from excessive water content that causes swelling. Meanwhile, the role of crosslinker
content is also studied by tensile tests for MA-LiCl hydrogels by varying MBAA concentration as
compared to monomers (Fig. S22). Interestingly, the covalent crosslinking cannot reconstruct after
damages, but at low crosslinker concentration, the self-healing performance is found to initially
increase with high crosslinker content until a peak is reached at 0.01% (Fig. S22b) for MA-LiCl
hydrogel (4 M LiCl in precursor solution) at RH 40%. This increase could be attributed to the fact
that the increase in crosslinker concentration reduces the water uptake of the hydrogel [67].
Therefore, the swelling of hydrogel is alleviated and thus a stretchability recovery of ~100% can
be reached for self-healed MA-LiCl hydrogel (4 M LiCl, 0.01% MBAA) at RH 40% as shown in
Fig. 4c. After the healing process, the wounded area is healed almost completely as observed by
scanning electron microscopy (SEM) in Fig. 4d. However, further increasing the crosslinker
concentration introduces excessive amount of unrecoverable covalent crosslinking content to result

in a decrease in the self-healing efficiency.
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the instantaneous reformation of reversible bonds at damaged surfaces and subsequent
interdiffusions of polymer chains across the interface. (b) Conductivity recovery of MA-LiCl
hydrogel (4 M LiCl, 0.06% MBAA) after each cutting-healing cycle. The healing time for each

cycle is one minute. Inset: digital photos showing the hydrogel before cutting, after cutting and



after healing. (c) Stress-stretch curves of pristine and self-healed (under RH 40% at room
temperature for 24 h) MA-LiCl hydrogel (4 M LiCl, 0.01% MBAA). Inset: Optical image of a
healed hydrogel during a tensile test. Right inset figure: enlarged view of the optical image showing
the healed area in the tensile test process. (d) SEM images showing the hydrogel before cutting,

after cutting, and after healing in the ambient environment for 24 h.

Self-healing flexible piezoelectret sensor

Since the stretching of the hydrogel mostly induces changes on conformation of polymer
chains and water molecules, it has negligible effects on the material ion conductivity[12]. It is found
that when stretched A times of its initial length, the resistance of the hydrogel, R, scales
approximately as: R=RoA? (R is the initial resistance) up to a large 700% stretch in Fig. S23.
Compared to the stretchable electron-conducting conductors in published reports [68—70], which
are often based on conductive percolating paths, the electro-mechanical performance of hydrogel
in this work exhibits better stability and predictability under a large strain. Besides, the hydrogel
also shows excellent transparency (Fig. S24). With a thick strip of 1 mm, a transmittance of over
82.5% is observed across the visible spectrum (400-700 nm).

These attributes, combined with the excellent ambient stability and self-healing ability, make
MA-LiCl hydrogel potentially suitable as stretchable transparent electrodes in human-machine
interface systems. As a proof-of-concept, a self-healing flexible and transparent piezoelectret
sensor with MA-LiCl hydrogel electrodes has been demonstrated as shown in Fig. Sa. Herein we
used MA-LiCl hydrogels with 4 M LiCl for fabrication of device as they demonstrated good

stretchability under our lab ambient humidity (RH 40%~50%). The elastic modulus of the hydrogel



is ~200 kPa, which is comparable to that of human epidermis (140 to 600 kPa)?. The hydrogel top
electrode is packaged between the top elastomer layer of VHB (Very High Bond, 3M) and top
fluorinated ethylene propylene (FEP) layer. This prevents the direct contact of MA-LiCl to human
skin to prevent the potential skin irritation or salt loss due to the natural perspiration of human body.
FEP is used as the electret material due to its outstanding ability to capture and retain surplus
electrostatic charges[71]. Air gaps are formed between two FEP films separated by a VHB spacer
layer with hole openings. A corona charging process is performed to polarize FEP films thereby
forming megascopic electrical dipoles inside the air gaps. The compression and release of the
device lead to changes in the distance of the air gap and the electrostatic field to convert mechanical
movements into electrical signals as illustrated in Fig. S25. Fig. Sb shows that the sensor is attached
to the human arm to monitor muscle movements from various gestures. The contraction/relaxation
of muscle movements are transduced into corresponding current signals, while the magnitude of
the gesture is captured by the amplitude of the current as shown in Fig. S¢ and Video 1. The same
hydrogel has been used as electrodes as prepared and after 30 days of exposure in ambient air, with
both devices exhibiting similar performances without degradations. To further evaluate the
continuous operation stability, the output current of the prototype sensor is measured when
stimulated with a cyclic applied normal pressure of 22.5 kPa at 1 Hz for over 1000 cycles. As
shown in Fig. S26, the time waveform of the output current from the sensor remains stable,
demonstrating the good repeatability of the ionic skin-based piezoelecret sensor. By exploiting the
self-healing ability of hydrogel and VHB[72], it is demonstrated that the piezoelectret sensor can
recover from a through cut by a razor blade after self-healing process in the ambient for 24 h (Fig.

S27). Muscle contraction/relaxation signals measured on the same volunteer with the healed sensor



shows similar responses as compared to those measured by the pristine device (Fig. 5d).
Additionally, the prototype sensor can also be used to monitor pulses (Fig. S28) and collected data
are shown in Fig. Se, where delicate waveforms with clear characteristics of systolic peaks, points

of inflection and dicrotic waves can be clearly distinguished.
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Fig. 5. Self-healing and self-powered flexible piezoelectret sensor. (a) Left: the sensor structure.
Right, the cross-sectional view of the sensor illustrating the sensing mechanism. (b) A prototype

sensor to monitor muscle contraction/relaxation. (¢) The corresponding current responses before



(left) and after 30-day (right) storage in the ambient air. (d) Muscle contraction/relaxation signals
by the piezoelectric sensor captured before and after the throught cut with a razor blade and
subsequent self-healing process in the ambient for 24 h. (e) Pulse signals measured from a

prototype sensor.

Patterning on ionic skins

Due to the abundant hydrogen bonds in the ionic skin, the material is self-adhesive and can
adhere to a variety of substrate materials such as glass and plastic (Fig. S29). Here, a transfer-
printing process is developed to allow the patterning of different materials onto the hydrogel film
with good resolutions. First, thin-film materials are first patterned on a different substrate using
processes such as photolithography, screen printing and others. Second, the patterned material layer
is peeled off and transferred onto the hydrogel film. As a demonstration example, specific patterns
made of carbon nanotubes are constructed and transferred on the hydrogel substrate as a sensing
system with a self-healable supercapacitor and humidity sensor (Fig. 6a). In this process, a 50
pum-thick polyethylene terephthalate (PET) film is applied on top of a filter paper to form a bilayer
structure. A vinyl cutter is utilized to cut the upper PET film and unwanted parts are peeled off to
define designed electrode patterns[73]. Carbon nanotubes (CNTs) dispersed in an aqueous solution
are filtered with the masked filter paper and the remaining PET structures are removed. Next, the
filter paper with CNT patterns on top is flipped and pressed on top of an MA-LiCl hydrogel
substrate. The strong adhesion from the hydrogen film is utilized to transfer the CNT patterns and
the filter paper is peeled to complete the transfer printing process. Fig. 6b shows the interdigitated

CNT electrodes are transferred onto the hydrogel film. Note that the transferred electrode surfaces



remain clean and uniform while the feature size characterized by the gap between the comb fingers
has a good resolution of ~100 um. A wavy structure can be introduced to the carbon nanotube layer
to improve the self-healing ability and flexibility via a pre-stretch-and-release method [59,74]. First,
the hydrogel film is uniaxially pre-stretched for 130% to 150% of its original length before the
CNT-electrode transfer process. Since the deformation of the hydrogel is in the elastic regime, the
hydrogel can restore to its original length after the CNT transfer and subsequent release process
(Fig. 6¢). This introduced a compressive stress that leads to the wrinkling of CNT film (Fig. S30)

and the formation of the wavy electrode (Fig. 6d).
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Fig. 6. (a) Schematic illustration of the transfer printing and pre-stretch-and-release process. (b)
SEM image of the CNT electrode transferred onto a hydrogel film before the applied pre-strain is
released. (¢) Optical photo showing a pair of hexagon-shaped interdigitated CNT electrodes

patterned on a hydrogel film before (top) and after (bottom) the strain release process. (d) SEM



image showing the wrinkled CNT electrode after the strain release process.
Self-healable micro-supercapacitor and humidity sensor

The excellent mechanical and electrical properties of the ionic skin in combination with the
transfer-printing process can yield many different device structures. Fig. 7a shows a flexible
supercapacitor with interdigitated electrodes, where the MA-LiCl hydrogel simultaneously serves
as the substrate, electrolyte, and separator which can improve the energy density of the system and
reduce the complexity of the fabrication process. Interdigitated electrodes are designed to be on the
neutral plane of the device to alleviate the stress due to possible mechanical deformations and to
maximize the contact area between the electrode and electrolyte by exposing the electrodes to both
the top and bottom electrolyte. The wavy electrode structure also endows enhanced flexibility. As
shown in Fig. 7b, cyclic voltammetry (CV) reveals that when folded 180-degree with a bending
radius of ~1 mm, the device shows little performance changes (capacitance change <2%). The self-
healing hydrogel in combination with the wavy electrode design (Fig. S31) yields the self-healable
device. As demonstrated in Fig. 7¢, a supercapacitor is completely cut through using a razor blade
into two halves and subsequently reconnected together manually to allow for self-healing at room
temperature. The dynamic nature of the reversible bonds helps the repeatable recovery at the same
damaged areas (Video 2). As a result, the supercapacitor retains over 93% of initial capacitance
over 10 cycles of repeated cutting and healing tests. The rate capability of the device is assessed
with galvanostatic charge-discharge (GCD) and CV techniques. The supercapacitor exhibits near
triangle-shaped GCD curves (Fig. S32) with a current density up to 2 mA/cm? and typical
rectangular CV curves with a scan rate up to 500 mV/s (Fig. 7d), showing comparable performance

to that of a similar device based on the conventional PVA/H3PO4 electrolyte (Fig. S33). The



dynamic stability of the hydrogel provides the device with robust and stable ion transport channels
when exposed to air. As shown in Fig. 7d, 10,000 cycles are tested for the supercapacitor in the
ambient environment and ~97.8% capacitance has been retained. Moreover, device performance
over an extended hydrogel storage period has also been investigated. As shown in Fig. 7e, a
prototype device fabricated with the hydrogel film stored under the ambient environment for 16
months exhibits nearly identical performance as compared to those made by a fresh hydrogel film,
attributed to the moisture self-regulation of the hydrogel. Such capability also helps the device to
survive in extreme conditions. As a demonstration, a prototype device has been placed to the
subzero (-20 °C) freezing condition for 24 h, under the 200 °C heating condition for 30 min, and
under the vacuum drying condition overnight (~16 h). In each condition, the supercapacitor can
recover more than 90% of its original capacitance once being placed back in the original ambient

environment (Fig. 7f).
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Fig. 7. (a) Schematic view of the transfer-printed supercapacitor with wavy CNT electrodes. (b)
Optical images (inset) and CV curves of a supercapacitor before and after the folding process. All
devices fabricated herein are based on MA-LiCl hydrogel (4 M LiCl, 0.06%). The scan rate of the
CV curves is 100 mV/s. (¢) Photos illustrating the self-healing process of the supercapacitors and
its capacitance recovery results during the 10 cutting and healing cycles. (d) The capacitance
retention performance of the device in the ambient environment (RH 69%) during 10,000 cycles at
a scan rate of 100 mV/s. Inset: CV curves at different scan rate ranging from 10 mV/s to 500 mV/s.
(e) Comparison of CV curves for supercapacitors fabricated from the fresh hydrogel film and the
hydrogel film that has been stored in open air for 16 months. The scan rate is kept at 100 mV/s. (f)
Capacitance recovery tests of supercapacitors after the exposures to low temperature (-20 °C, 1

day), high temperature (200 °C, 30 min), and vacuum (hundreds of mTorr, 16 hours) and



subsequently being transferred to the ambient environment (RH 69%). Time for the full recovery
under the ambient environment is 48 h. (g) Photo illustrating the transfer-printed humidity sensor
with spiral electrodes. (h) lon conductivities of the LiCl hydrogel under a wide range of relative
humidity levels (from 17% to 90%). (i) As-fabricated humidity sensor connected to the
supercapacitor (pre-charged to 0.8 V) in series and the current changes are recorded as the room-
temperature high humidity air (RH 90%) is intermittently applied to the sensor.

The transfer-printing process allows high versatility in the device design. Fig. 7g shows a
flexible humidity sensor with the spiral-shape CNT electrodes and the hydrogel is utilized both as
the active resistive sensing material and the substrate. The sensor exhibits a wide range of
operational humidity levels (Fig. 7h) due to the excellent water retention capability of hydrogel.
Using the MA-hydrogel ionic skin as the building block, a printed supercapacitor has been
integrated with a printed hydrogel-based humidity sensor as a self-powered sensing system for
potential application in human respiration monitoring. Fig. 7i shows the as-fabricated humidity
sensor connected to the supercapacitor (pre-charged to 0.8 V) in series and the current changes are
recorded at room temperature. As high humidity air (RH 90%) is intermittently applied to the sensor,
the current response exhibits obvious rises due to transient humidity increases and the
supercapacitor discharge continuously such that the base line of the output current consciously
reduces as expected. In applications where a stability against humidity is desired, additional
packing materials could be applied to prevent exchange of moistures due to daily humidity
fluctuations[12,75]. Additionally, circuity design such as Wheatstone bridge or background
subtraction algorithms could be implemented to compensate environmental effects in practical

operations[76-78].



Conclusion

In summary, ultra-long ambient stability has been realized in self-healable ionic skins with self-
regulated moisture levels. By introducing deliquescent salt for water uptake and zwitterionic
moieties to dissociate the salt ions via anti-polyelectrolyte effects, mutually cohesive interactions
between water, ions, and polymer backbone can be achieved as predicted by the MD simulations.
As such, water vapor pressure in the system is significantly reduced to reach an equilibrium with
the ambient humidity to achieve the self-regulation of moisture. A stretchable ionic conductor has
been demonstrated to be fully functional in the ambient air for 16 months. After repeated exposures
to various harsh conditions such as low and high temperature of -20 °C and 200 °C, and vacuum,
the hydrogel can replenish its water content by absorbing moistures from the ambient air and regain
most of its original conductivity, stretchability and self-healing capability. In addition to promoting
the dissociation of salt for augmented water retention capability, zwitterionic moieties
synergistically couple with hydrogen-bond donor groups on the polymer backbone to provide
dynamic bonds for autonomous self-healing. Other structures and materials can be facilely transfer-
printed and/or integrated with the hydrogel to create various devices, such as self-healing flexible
piezoelectret sensors, supercapacitors and humidity sensors as demonstrated in this work. The
material design and fabrication strategies presented here could help the constructions of hybrid
circuits of ions and electrons for applications in stretchable and wearable systems, including

batteries, sensors, soft robotics, and other devices for human-machine interfaces.

Experimental Section

Ionic skin synthesis process. All chemicals were purchased from Sigma-Aldrich and used without

further purification. MA-LiCl hydrogel was synthesized by dissolving 2-(methacryloyloxy)ethyl)



dimethyl-(3-sulfopropyl) ammonium hydroxide (MEDSAH, 0.75 g), acrylic acid (AA, 1.50 g), and
LiCI (0.23 g for2 M, 0.35 g for 3 M, 0.47 g for 4 M, 0.58 g for 5 M, 0.70 g for 6 M) into 2.75 mL
of DI water to keep the mass ratio of MEDSAH to AA at 1:2. The initiator, ammonium persulphate
(APS, 0.012 g) and specific amount of crosslinker (0.06 mol%, 0.03 mol%, 0.01 mol% 0.006 mol%
to AA or no crosslinker), N,N-methylenebisacrylamide (MBAA) were then added accordingly to
form the precursor solution. After complete dissolution, the solution was bubbled with N> for 10
minutes to deplete O» and the solution is poured into a polystyrene petri dish and heated at 50 °C
for 24 h. MA, MA-EG and MA-NaCl hydrogels were synthesized in the identical procedure, except
that no LiCl was added for the MA hydrogel and ethylene glycol (EG) and NaCl were used in MA-
EG and MA-NaCl, respectively. The concentrations of EG and NaCl in water were both kept at 4
mol/L for consistency. For the ATR-FTIR characterizations, poly acrylic acid/LiCl (PAA-LiCl),
poly(2-(methacryloyloxy)ethyl)dimethyl-(3-sulfopropyl) ammonium hydroxide) (PMEDSAH-
LiCl) were synthesized in the same procedure without MEDSAH and AA, respectively.
Characterizations. SEM images of hydrogels and self-healing micro-supercapacitors were
obtained using a tabletop SEM (Phenom Pro) at acceleration voltages of 5 kV and 10 kV,
respectively. HATR-FTIR spectra were performed on Spectrum One FTIR Spectrometer (Perkin
Elmer) with HATR sampling accessory, Raman spectra were measured on LabRAM Aramis Raman
Microscope (Horiba) with an excitation wavelength of 532 nm and diffraction grating of 1800 g
mm’! grating, and UV-Vis spectra were collected on QualitySpec Pro UV-Vis Spectrometer (ASD
Inc.). TGA was carried out on TGA 5500 (TA Instruments) in argon atmosphere from 25 °C to 600 °C

with a ramp speed of 10 °C/s. Differential scanning calorimetry (DSC Q1000, TA Instruments) was



used to study the low-temperature stability of hydrogels at a heating and cooling rate of 2 °C min~
! using Tzero Aluminum pans.

Mechanical and electrical characterization of hydrogel. Mechanical tensile tests were
performed on strips of hydrogel samples using a tensile machine (Instron model 5544) at a stretch
rate of 0.17 min™! unless otherwise noted. The electrochemical impedances of the hydrogels were
first measured using the electrochemical 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 impedance with the phase shift near 0 degree. The measured

resistance was converted to ionic conductivity:

l l

“TRt-w) RA

Where [ referred to the length of each hydrogel sample and A was the cross-section area
(thickness times width) of each hydrogel. The area and thickness of each sample were measured
and recorded before conducting each experiment. The resistance change of ionic skin with respect
to mechanical stretch was measured by concurrently stretching the hydrogel using the tensile
machine and measuring the ionic resistance of the hydrogel with the electrochemical workstation.
Water retention and cyclic moisture self-regulation tests. Water retention tests were conducted
by placing the hydrogels into the ambient environments with humidity of RH 17%, 28%, 69%, and
75% at 25 °C for 7 consecutive days. The weight at each humidity level was measured each day
to find the stable weight values at each humidity level. The total mass retention ratio of each
hydrogel was calculated by utilizing the following equation:

weight retention (%) = w/wy * 100%



Where w, and w refer to retained weight of each hydrogel on day O (before conducting
experiments) and the corresponding testing day, respectively. The ionic conductivities of each
hydrogel at the humidity of RH 17%, 28%, 69%, and 75% were also measured for 7 consecutive
days to find the stable conductivity values at each humidity level. Prior to the experiment, as-
prepared hydrogel samples were stored and equilibrated at RH 80%, and their initial ion
conductivities and masses were recorded before being transferred to chambers at different humidity
levels. The cyclic moisture self-regulation test was conducted by alternatively putting hydrogels
into two distinct humidity environments at RH 17% and 69% for 6 cycles and the stabilized ion

conductivity values were recorded during each cycle.

Fabrication and signal acquisition of self-powered transparent piezoelectret sensor. The
proposed sensor was fabricated with the following steps. First, a dielectric elastomer (VHB 4905,
3M) film was perforated using a hole puncher (hole diameter of 6 mm, Kucaa, China) and
sandwiched between two layers of 12.7 pm-thick fluorinated ethylene propylene (FEP) films.
Second, a MA-LiCl hydrogel film (thickness of 1 mm) and a layer of unperforated dielectric
elastomer (VHB 4905, 3M) were applied on top of the FEP-VHB-FEP sandwich structure to form
the sensor, where the MA-LiCl ionic skin serves as the transparent soft electrode. No bonding
reagent was used for the assembly of the device due to the self-adhesion properties of both MA-
LiClI hydrogel and VHB elastomer. Third, the device was corona-charged following a previously
reported procedure’ (-18 kV, 30 mins), such that the air in between FEP films was ionized for
piezoelectricity-like performances. During signal acquisitions, the sensor was conformally attached

using a band-aid belt (for muscle movement measurement) or an air-pumped wristband (for pulse



measurement) on the volunteer’s arm, which was grounded via a gel electrode (Red Dot 2560, 3M).
The generated analog signal was collected by a low-noise current preamplifier (Model SR570) at
a low pass frequency of 30 Hz. The analog signals were then transformed to digital signals at a
sampling rate of 100 points per second via a digital /O (NI-USB-6341) and saved to a local
computer.

Fabrication and characterization of ionic skin-based supercapacitor and humidity sensor.
The fabrication of wavy CNT electrodes on hydrogel was done by first patterning CNT on a nylon
membrane filter with a diameter of 47 mm and pore size of 0.2 pm (364-2612-OEM EZFlow, Foxx
Life Sciences) via a reported method[73]. Specifically, a layer of 50 um-thick adhesive
polyethylene terephthalate (PET, Gizmo Dorks) was adhered to the membrane filter to form a
bilayer. Patterns were then cut out by a mechanical cutting machine (Silhouette, CAMEO 3) on the
upper PET layer, which then served as the shadow mask for the filtration of 5 mL aqueous
dispersion of carbon nanotubes (AP-SWNT, Carbon Solutions Inc.) with a CNT loading of 0.33
mg mL!. Herein, the CNT aqueous dispersion was typically prepared by adding 50 mg of CNT
and 200 mg of sodium dodecylbenzene sulfonate (SDBS) into 150 mL of DI water and dispersed
using a tip horn sonicator (Q500, Qsonica). Meanwhile, a strip of MA-LiCl hydrogel was cut into
a desired size and pre-stretched uniaxially. The pre-stretched hydrogel was then pressed onto the
filter membrane to allow for close contact with the pattern CNT. Thereafter, the filter membrane
was peeled off to transfer the CNT patterns onto the hydrogel. Finally, the pre-strain was released
from the hydrogel to induce wavy structures on CNT electrodes. Another layer of MA-hydrogel
was pressed on top of the interdigitated electrodes to form the supercapacitor, while the CNT

electrodes for the humidity sensor were left exposed to air. The performance of the assembled



supercapacitor was measured on the electrochemical workstation (Gamry Reference 600) via CV,
GCD, and EIS tests. CV and GCD measurements were carried out within the voltage from 0 to 0.8
V. The real and imaginary parts of impedance (Z and Z’) were recorded during EIS tests, over a
frequency range between 0.1 Hz and 10° Hz. The self-powered system for humidity detection was
constructed by connecting an as-fabricated humidity sensor in series with a supercapacitor (pre-
charged to 0.8V) and the current change through the circuit were recorded using the
electrochemical workstation. Temperature changes induced by breathing are monitored by a
commercial thermistor-based temperature sensor (Sensirion AG SHT4X). MA-LiCl hydrogel is
either exposed to ambient air or completely encapsulated by VHB tape (VHB 4905, 3M) during
the measurement of ionic resistance change at varying temperatures. lonic resistance is measured

with electrochemical workstation using the method described above in this section.
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