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Pressure-resistant polymer gel electrolytes with convenient ion
channels are a key challenge for wearable energy devices to improve
their safety and reliability. Our biomimetic aligned hierarchical design
and facile polyampholyte doping of the polymer hydrogels are utilized
to simultaneously achieve high strength and large ionic mobility,
despite the fact that these two factors of traditional polymer gels are
mutually restricted by the Flory—Rehner equation. The viscosity-
dependent hot-ice templates endow the polymer hydrogels with
large aligned pores that are adjustable from 19 to 68 um, which can
benefit their ion mobility and capacity due to the shortened ion
migration distance within the electrolytes. The further copolymeriza-
tion of the polyampholyte component within the hydrogel network
can further enhance the capacity due to the increased adhesion
between the hydrogel electrolytes and the charged carbon electrode
materials. The optimized supercapacitor capacity of the aligned gel
electrolytes was 201.5 F g~ ata 0.1 A g* current density in the vertical
direction, larger than that of a liquid electrolyte of 159.0 F g~*. Our
hybrid polymer hydrogel has demonstrated high electrochemical
performance due to the aligned structure and charging-adjusted
adhesion by the polyampholyte.

As our daily wearable electronics demands have continued to
grow, solid state energy storage devices have emerged as
a mainstream direction in modern electronics and related
multidisciplinary fields.® Ionic conducting gels are arising as
promising electrolyte materials for supercapacitors and other
energy devices due to the ignorable leakage of liquid and their
large flexibility in the semi-solid state.”™ As an example,
Watanabe's group prepared a supercapacitor with good elec-
trochemical performance using ion gel electrolytes and inverse
opal carbon electrodes.'?> Peng's group developed a fiber-shaped
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Polyampholyte-doped aligned polymer hydrogels
as anisotropic electrolytes for ultrahigh-capacity
supercapacitorsy

stretchable supercapacitor based on the use of a PVA/H;PO, gel
electrolyte and a winding structure design."® The development
of completely flexible and stretchable energy devices without
a separator has resulted in further mechanical requirements for
gel electrolytes beyond high ionic conductivity.’*® Our group
have designed self-recoverable gel electrolytes with high
mechanical strength, the electrochemical performances of
which can be adjusted by pressure deformation and altering the
water content.”” Zhi and Xie have collaborated to fabricate
a stretchable supercapacitor based on SiO, nanoparticle-
crosslinked polyacrylamide hydrogel electrolytes with a high
tensile strength and elongation.*®**

To date, compromising between the strength modulus and
ionic diffusion of polymer gel electrolytes has been challenging
for researchers due to the theoretical restriction imposed by the
Flory—Rehner equation.* Many natural materials, such as bone,
shells, wood and plant stems, exhibit an excellent combination
of contradictory strength and diffusion due to their large-scale
aligned porous structure.” Therefore, biomimetic materials
with aligned micrometer-sized hierarchical pores have been
shown to be of significant importance in the electronics and
biological fields.”*” The ice-crystal templating method is
commonly used to design aligned micrometer-sized porous
structures in soft materials via a directional freezing
process.”** Cooper's group introduced a directional freezing
approach employing various polymer chains, inorganic nano-
particles or their mixtures to form aligned porous materials.*®
Bai's group have continually developed a series of ice-
templating methods and bidirectional freezing techniques to
prepare aligned biomedical materials with the required
mechanical properties and desired hierarchical pores simulta-
neously.>'~** Utilizing directional freezing and further copoly-
merization, our group prepared aligned gel electrolytes with
anisotropic ionic mobility and optimized electrochemical
performances.*

Through the occasional observation of an interesting high-
school experiment, we noticed that transparent NaAc-3H,O
needle-like crystals with an aligned arrangement and
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Water-Deactivated Polyelectrolyte Hydrogel Electrolytes
for Flexible High-Voltage Supercapacitors

Junjie Wei,® Jie Zhou,” Shasha Su,™ Jinhua Jiang,” Jing Feng,™ and Qigang Wang*®

With the boom of flexible electronic products and wearable
devices, flexible energy storage devices, for example, superca-
pacitors with high performance, are attracting increasing inter-
est. A flexible water-deactivated polyelectrolyte hydrogel elec-
trolyte with good mechanical properties and high ionic con-
ductivity was prepared by using an anionic polymer, carboxy
methyl cellulose, and a cationic monomer, methacrylamidopro-
pyltrimethyl ammonium chloride. It was then applied in a su-
percapacitor with flexible activated carbon electrodes. This
flexible supercapacitor possesses a high operating voltage of
2.1V owing to the low electrochemical activity for water
within the hydrogel as a result of the ‘molecular cages’ effect
and hydrophilic interactions between functional groups and
surrounding water molecules. Furthermore, this supercapacitor
exhibits good flexibility and tailorability. As the first example of
water-deactivated polyelectrolyte hydrogel electrolytes in ap-
plications involving flexible high-voltage supercapacitors, this
work provides a platform for the design of energy storage de-
vices with high energy density for flexible and wearable elec-
tronic devices.

Supercapacitors, important electrochemical energy storage de-
vices, have attracted a great deal of attention owing to their
unique advantages of fast charging/discharging ability, long
cycle life, and high power density."! They are complement to
or can even replace batteries in energy storage areas, especial-
ly in which high power delivery is needed.”” However, current
supercapacitors using liquid-state electrolytes face an enor-
mous challenge as a result of leakage and instability.””’ Similarly,
all-solid-state electrolytes (such as ceramic electrolytes) based
supercapacitors fail to meet the growing demands of emerg-
ing flexible and wearable electronics because of their rigidity.™
Therefore, more effort has been devoted to developing flexible
supercapacitors by using quasi-solid-state electrolytes, such as
gel electrolytes.”

Recently, gel electrolyte based flexible supercapacitors with
specific functions have made great progress, including stretch-
able supercapacitors, self-healable supercapacitors,”’ cold-re-
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sistant,® and heat-resistant™ supercapacitors. For example, Yu
and co-workers®® developed an all-gel-state fiber-shaped su-
percapacitor by using polyaniline (PANI)/graphene oxide (GO)
hybrid hydrogel electrodes and a polyvinyl alcohol (PVA)-based
gel electrolyte. This supercapacitor achieved about 40% strain
based on the application of the spring-like structure. Highly
stretchable supercapacitors based on SiO, nanoparticle cross-
linked hydrogel electrolytes were reported by the group of Zhi
and Xie.”>'" This supercapacitor benefited from the intrinsic
stretchability, self-healing capability of the gel electrolytes, and
can retain full capacitance during 600% stretching and
20 cycles of breaking/healing. However, this self-healing capa-
bility is limited to the gel electrolyte; the electrodes and the
electrolyte/electrodes interfaces were not taken into consider-
ation. Pan and co-workers”™ reported a full-scale healable su-
percapacitor, which can recover its electrolyte, electrodes, and
even its interfaces based on dynamic diol-borate ester bonding
both in a PVA gel based electrolyte and electrodes. Widening
the range of working temperature is also important for super-
capacitors. A cold-resistant supercapacitor employing a hydro-
gel electrolyte with high content of salts was reported by Tao
et al.,”® the capacitance of which can maintain at least 80% at
—10°C. As for heat resistance, we® prepared a high-tempera-
ture supercapacitor by using a tough ionic liquid based gel
electrolyte, which can operate well at 200 °C. Although there is
much research on multifunctioning flexible supercapacitors,
little focus has been on simultaneously improving their safety
and electrochemical performance. This may involve, for electro-
lytes, enhancing their mechanical strength, ionic conductivity,
and broadening the operating voltage for devices, especially
for hydrogel electrolyte based supercapacitors.

Here, we report a flexible supercapacitor that possesses not
only a high operating voltage and energy density, but also
good mechanical and electrochemical performance. These fea-
tures are achieved by employing a water-deactivated polyelec-
trolyte hydrogel electrolyte containing 1m Li,SO, as the elec-
trolyte salt. Polyelectrolyte is a class of charged polymers with
abundant positive and negative groups." These functional
groups can build special ion migration channels under the ap-
plication of an external electric field to accelerate ionic migra-
tion and improve ionic conductivity."? Further, neutral Li,SO, is
a common electrolyte salt used to widen the operating voltage
for aqueous electrolytes."™ As shown in Figure 1a, the water-
deactivated polyelectrolyte hydrogel electrolyte was synthe-
sized by using a simple UV photoinduced radical polymeri-
zation method using a cationic monomer and an anionic poly-
mer. First, the precursor solution, comprising 1™ Li,SO, aque-
ous solution, 0.0-6.0 wt % anionic polymer (carboxy methyl cel-
lulose, CMC), 15 wt% cationic monomer (methacrylamidopro-
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Dissolution—Crystallization Transition within a Polymer
Hydrogel for a Processable Ultratough Electrolyte

Junjie Wei, Gumi Wei, Yinghui Shang, Jie Zhou, Chu Wu, and Qigang Wang*

Although nonliquid electrolytes have been developed rapidly under the condi-
tion of safe demand of energy storage devices, the inherent weaknesses in
ionic conductivity, mechanical properties, or interfacial compatibility severely
hinder their application under a harsh environment. Inspired by the hybridized
characteristics of composite materials and the potential advantages of hydrated
crystals, a processable crystal-type gel electrolyte with good comprehensive
performance via the dissolution—crystallization transition of NaAc within
hydrogel is creatively prepared. The use of NaAc crystal within a hydrogel leads
to nearly 26 000 times greater modulus (474.24 MPa) and higher operating
voltage (2.0 V) than the hydrogel without the crystal. The reliable superca-
pacitor using this electrolyte can work in extreme environment (—40 to 80 °C,
even in the fire or in liquid nitrogen within a short time) benefiting from its
phase-transition capacity. This investigation offers a facile and versatile way to
construct an ideal gel electrolyte for next-generation energy storage devices.

to be faced. Therefore, it's necessary to
develop a new nonliquid electrolyte with
comprehensive performance for fulfilling
various energy devices.

Hydrogel electrolyte with hydrated salt
crystal may be a new candidate to solve the
above requirements by the introduction of
new phase. The hydrated salt crystals, as
one kind of industrial liquid—solid phase
change materials, can be immobilized into
hydrogel by the facile dissolution—crys-
tallization transition. The demonstrated
polymer gel electrolyte with NaAc-3H,0
crystal as aligned porous template was
designed by the in situ supersaturated
crystallization of NaAc.'®l The intro-
duction of inorganic crystal into polymer

With the proliferation of energy storage devices and the
improvement of its electrochemical performance, more and
more researchers are beginning to shift their attention to non-
liquid electrolyte materials due to the urgent demand for the
safety issue.l'*l Through several decades, there are extensive
advances in various classes of nonliquid electrolytes, including
ceramic electrolyte, polymer electrolyte, and hydrogel electrolyte.
However, these existing nonliquid electrolytes still have some
inherent disadvantages. The hydrogel electrolytes suffer from
the narrow operating voltage and weak mechanical strength
in practical applications. Current efforts to solve the problem
can be divided into two categories: selecting appropriate solvent
and electrolyte salt to broaden its operating voltage and tem-
perature,~l and designing polymer network with noncovalent
crosslink to enhance its mechanical properties.®19 However,
the successful noncovalent design in hydrogel will suffer from
disturbance in the selected polar solvent; only few work can
achieve good electrochemical and mechanical performance by
complicated solvent exchanges.!'!l Besides, the bad interfacial
compatibility of ceramic electrolytel'>13l and the low ionic con-
ductivity of polymer electrolytel'#!] are also great challenges
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hydrogel can form the inorganic-organic

composite with enhanced mechanical

strength due to hydrogen bond or other
synergistic effects.'®1°] The bound hydrated salt can suppress
the electrochemical activity of water and broaden operating
voltage of aqueous electrolytel?” due to the strong interaction
with water molecules, similar to the solvation sheath in “water-
in-salt” electrolyte.?12*] The high-concentrated salts within
crystal-type gel can also efficiently reduce the freezing point and
increase the boiling point of aqueous solutions.?* At last, the
hydrated salt crystal can endow gel electrolytes with thermal-
resistant performance through liquid-solid phase transition
accompanied by endothermic and exothermic phenomena.l>26]
All in all, the crystal-type composite gel electrolyte can realize
the comprehensive performance, including ultrahigh tough-
ness, high operating voltage, extreme temperature tolerance,
and good interfacial compatibility by a facile dissolution—crys-
tallization transition approach.

In this work, the pioneering crystal-type composite gel with
excellent performance was prepared using a facile method that
employed the crystallization of NaAc. There are only three
main components in the precursor solution (Figure 1a,b):
distilled water, abundant soluble salt, and a certain amount
of monomer (or macromolecule). First, a high concentration
of the salt solution was prepared by dissolving excessive sol-
uble salt in the distilled water at high temperature. Then, the
hydrogel was formed by UV irradiation for monomer solution
(Figure 1c). Finally, the supersaturated salt within hydrogel
was initiated to crystallize by placing a small crystal particle as
seed on the surface of the hydrogel, and soon the crystal-type
composite gel with extensive soluble salt crystals was obtained
(Figure 1d). Typically, the crystal-type composite gel containing
15 wt% acrylamide (AAm) monomer and a certain quality of
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Hofmeister Effect-Aided Assembly of Enhanced Hydrogel
Supercapacitor with Excellent Interfacial Contact

and Reliability

Junjie Wei and Qigang Wang*

The hydrogel electrolyte has been researched extensively to meet the
multifunctional demands for energy storage devices. However, due to the
weak mechanical strength of hydrogel electrolytes, the poor interfacial
contact between electrolyte and electrode, and the conflict between
mechanical strength and interface, the reliability and interfacial needed are
needed to be further improved. Herein, an extremely tough poly(vinyl alcohol)
(PVA) hydrogel electrolyte and a novel “two-step” in situ assembly method
for supercapacitors are developed utilizing the Hofmeister effect on PVA
molecules. The supercapacitor assembled by this method exhibits excellent
performance, especially in reliability and interfacial properties, attributed

to the ultrahigh mechanical properties and the unique interface binding
phase. The investigation offers a simple and versatile way to construct next
generation multifunctional solid-state energy storage devices with superior

electrolytes prepared in situ within cells
have more advantages in interfacial resist-
ance and utilization of electrodes.>~'"] For
example, Wang et al. prepared a tetraeth-
ylene glycol dimethyl ether gel electrolyte
for Li-air battery through in situ cross-
linking reaction on the surface of Li anode.
This battery exhibited long cycle life and
robust flexibility owing to the tight adhe-
sion between in situ gel electrolyte and
electrodes.!'®l Nevertheless, there are some
defects to be solved for this method of
in situ preparation, such as tough opera-
tion conditions, potentially unwanted side
reactions and poor controllability.[!>:19-21]
What's worse, the in situ hydrogel electro-

safety, stability, and environmental adaptability.

Hydrogel electrolyte has attracted intensive research attention
due to the booming development of various flexible electro-
chemical energy storage devices and electronics.l'?l Compared
with other solid electrolytes, hydrogel electrolyte exhibits better
performances in ionic conductivity and additional functions,
such as flexibility,>* stretchability,>® self-healability,”# and
self-protection,’!Y owing to the highly abundant and tunable
chemistries of hydrogel materials. However, there is a severe
conflict between high mechanical strength and good interfacial
property for hydrogel electrolyte, just like other solid electro-
lytes. Interfacial property between electrolyte and electrodes is
a crucial problem for nonliquid electrolyte, especially for solid
electrolyte with high mechanical strength.'>* Obviously,
unlike the liquid electrolyte that has good wettability with elec-
trodes, the rigid contact between solid electrolytes and electrode
result in a large interfacial resistance. In most cases, the cells
were assembled Dby inserting the stand-alone gel electrolyte,
which has been premade ex situ in the form of film, between
two electrodes. Compared with these cases, the hydrogel
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lyte limits the reliability of devices in case
of physical damage due to the inherently
poor mechanical properties, 23l which
severely hinders its further application.
The solubility of hydrophilic polymers (including synthetic
and natural polymers) in aqueous systems is affected by salt
ions, an effect known as the Hofmeister effect.?*2% Since it
was first proposed in 1888 to describe protein precipitation,
Hofmeister effect have been studied in many fields, such as
analytical extraction, gel—coagel transitions, colloid stability, and
so on.?*?7] Recently, Hofmeister effect was also proved that it
is an efficient method to adjust the mechanical properties of
hydrophilic polymer hydrogel. Wang et al. reported a tough
and ductile gelatin hydrogel by immersing the prepared gelatin
gel into an ammonium sulfate solution, this treated hydrogel
has an extraordinary ultimate strength of 12 MPa based on
Hofmeister effect.l?®l Similarly, Kouwer et al. tuned both the
thermoresponsive behavior and mechanical properties of
polyisocyanides hydrogel by utilizing the Hofmeister series.l?’]
While these studies have nothing to do with electrochemical
energy storage devices, they provide us abundant experience
to design tough hydrogel electrolyte for reliable devices. Fur-
thermore, the above enhanced method based on premade weak
hydrogel points a new possibility to solve the presented issue of
in situ gelation. Therefore, we designed a supercapacitor with
high mechanical safety and interfacial compatibility employing
enhanced tough poly(vinyl alcohol) (PVA) gel electrolyte via the
simple two-step in situ assembled approach of soaking sand-
wiched electrode/premade PVA gel/electrode in (NH,),SO,
solution based on Hofmeister effect.
Herein, the enhanced tough PVA hydrogel electrolyte with
excellent mechanical performance was prepared through
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