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ABSTRACT: The construction of ultra-stretchable and smart super- Freezing-constrained polymerization-driven self-wrinkling strategy
capacitors with a large deformation-tolerance range and highly efficient ) OED.
self-healability is fully desired for next-generation wearable electronics. \Fj
Herein, a sandwich-structured self-wrinkling hydrogel film (SSHF) is - 1 sreenng Froangconsa el

fabricated by freezing-constrained polymerization-driven self-wrinkling. </ ‘

Polypyrrole layers are first polymerized on a frozen pre-stretching % - A . g
hydrogel surface and subsequently self-wrinkled upon releasing the pre- ' .
strain. The SSHF with two polypyrrole electrode layers sandwiched with P4 ™drose! hydrogel fim (SSHE)

a hydrogel electrolytic layer is finally achieved by cutting four edges, and Speliogpaciance _ asimumdeformaton. & L0 e
the all-in-one integrated structure creatively avoids the delamination NS o e
between the electrodes and the electrolyte. The as-obtained SSHF can No) ,% 9 ucome
be directly used as an integrated all-in-one supercapacitor demonstrat- 2 e Nves o e

- -24 Self-healing property All-in-one configuration @ NKU

ing high specific capacitance (79.5 F g™ at 0.5 A g™'), large
stretchability (>500%), and reliable room temperature self-healability. The freezing-constrained polymerization-driven self-wrinkling
strategy might provide a unique self-wrinkling procedure to fabricate self-healable conducting polymer-based hydrogels for ultra-
stretchable smart supercapacitors.

KEYWORDS: freezing-constrained polymerization, self-wrinkling surface, stretchability, hydrogels, self-healing performance,
integrated supercapacitors

1. INTRODUCTION sandwich-structured supercapacitors, the integrated all-in-one
supercapacitors not only have a simple assembly structure but
also effectively avoid the displacement and delamination of
electrochemically active materials on the surface of gel
electrolytes.'” However, due to the high stiffness and low
flexibility of electrode materials, the stretchable properties of
the existing all-in-one supercapacitors are limited, and the
tensile range of most of these supercapacitor devices could not
exceed a strain of 50%. Therefore, the development of all-in-
one supercapacitors with high ductility and high energy storage
performance is still facing great challenges.

Conductive polymer composite hydrogels (CPCHs) have
attracted enormous attention as electrode materials for flexible
supercapacitors because they could combine the high intrinsic
conductivity and electrochemical activity of conductive
polymers with mechanical ductility and ionic conductivity of
hydrogel materials."*™*" In addition, the conductive polymers
in CPCHs usually exhibit three-dimensional continuous

Stretchable supercapacitors as an alternative for flexible energy
storage have wide prospects in human—computer interactions,
artificial intelligence, soft robotics, and other emerging fields
because of their low maintenance cost, high power density, and
excellent cycling performance.' ™ Conventional flexible super-
capacitors made up of rigid-featured electrode materials are
difficult to meet the urgent needs of future developments of
stretchable electronics. Therefore, the development of ultra-
stretchable supercapacitors with high extensibility has
important research and application prospects.'’ The stretch-
able geometric deformation structure design of stretchable
supercapacitors is to build electrochemically active materials
on both sides of a stretchable gel electrolyte by coating and
other methods to realize the overall stretchability of the
device."'™"* However, the gel electrolyte usually has low
surface energy, which makes it difficult to achieve a strong
interface with the electrochemically active material on its
surface, which would undoubtedly increase the interface
resistance and structural instability between the electrolyte Received: August 2, 2022
and the electrode layers.'”'> Therefore, it is effective to build Accepted:  September 20, 2022
the necessary components of a supercapacitor into an all-in- Published: September 30, 2022
one configuration through the integration strategy to solve the

weak interfacial problems between the components of

stretchable supercapacitors."® Compared with the traditional
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Figure 1. Fabrication and schematic of SSHFs. (a) Schematic illustration of the preparation procedure of the SSHF. (b) Cross-section and (c) top-
view optical microscopy images of the SSHF. (d) 3D image and (e) height profile of the SSHF using an optical profiler.

structures in the composite hydrogels, thereby achieving a high
energy density and long cycling life.”””>° However, the use of
CPCHs to build all-in-one supercapacitors requires the growth
of conductive polymers on both sides of a hydrogel electrolyte
film, and the growth process requires to be carefully controlled
to ensure that the two conductive polymer electrode layers are
not connected, avoiding possible short circuits of super-
capacitor devices.”” >’ The traditional in situ growth method
of conductive polymers depends on the diffusion control of the
monomer concentration, and accurately controlling the growth
thickness and uniformity of conductive polymers on the
surface of a hydrogel electrolyte film is difficult, seriously
affecting the safety and electrochemical stability of the as-
prepared integrated supercapacitors.’’ >* In addition, stretch-
able supercapacitors usually need to face complex practical
application environments, which would inevitably cause
external mechanical damage to the devices. Self-healability of
a supercapacitor device could effectively improve its stability,
safety, and service life.>>~° However, most of the existing self-
healing supercapacitors have low self-healing efficiency and
usually require additional self-healing substrates or external
stimulation conditions (e.g., heating, radiation) to achieve self-
healing.**™* Therefore, it is highly demanding while
challenging to develop controllable preparation methods for
fabricating conductive polymer hydrogel heterostructures for
stretchable and self-healing supercapacitors.

Herein, a freezing-constrained polymerization-driven self-
wrinkling (FPS) strategy is presented for preparing a sandwich-
structured self-wrinkling hydrogel film (SSHF). The FPS
strategy can not only achieve a hydrogel-surface constrained
growth of polypyrrole (PPy) layers with precisely tailored
thicknesses and areal loadings but can also boost the formation
of a programmable self-wrinkling structure for realizing high
stretchability. The electrostatic interactions between the in situ
grown PPy layer and the hydrogel substrate are beneficial to
forming stable interfaces between the electrode and electrolyte
layers in the resultant supercapacitors, efficiently preventing
the easy sliding of the electrode layers and the electrolyte layer.
Owing to the intrinsic stretchability, unique wrinkling surface,
and self-healing properties, the resultant SSHF upon the
cutting of edges could be directly used as an integrated all-in-
one supercapacitor with a sandwich-structured electrode—
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electrolyte—electrode configuration, showing high stretchabil-
ity (>500% strain) and high device capacitance (79.5 F g at
0.5 A g'). The FPS strategy might open an avenue to fabricate
self-wrinkling CPCHs with great prospects in stretchable and
smart energy storage.

2. MATERIALS AND METHODS

2.1. Preparation of SSHFs. The PAA-Fe hydrogel was prepared
by dissolving 1 mL of acrylic acid (AA), N,N’'-methylene
bisacrylamide (MBAA, 0.2 wt % of AA), FeCl;-6H,0 (S wt % of
AA), and ammonium persulfate (APS, 0.5 wt % of AA) into 4 mL of
water. The mixed solution was degassed with nitrogen, poured into a
poly(tetrafluoroethylene) (PTFE) mold (50 X 20 X 2 mm?®), and kept
for polymerization at 70 °C for 4 h. An FPS method was used for the
preparation of SSHFs using the above PAA-Fe hydrogel as a substrate.
Typically, the as-obtained PAA-Fe hydrogel was pre-stretched to a
certain strain (i.e, 0, 50, 100, 200, 300, 400, 500%), and then
respectively immersed in liquid nitrogen while maintaining the pre-
strain with clamps until completely frozen. The frozen PAA-Fe
hydrogel was then immersed in a water/ethanol mixed solution
(volume ratio of 1:1, pH value adjusted to 1 with HCI) with pyrrole
(5 wt % of the mixed solution) and APS (equal molar amounts of
pyrrole) for customized time (ie., 1, 2, 4, 8 h) at —20 °C, for
achieving space-constrained polymerization of PPy on the surface of
the frozen PAA-Fe hydrogel. Upon polymerization, the above species
were immersed in water and then the pre-stretching strain was
released after complete thawing. Finally, the as-obtained species were
washed with ethanol and water several times to remove the unreacted
APS and pyrrole. A comparison sample of the PAA-Fe/PPy hydrogel
was prepared using the unfrozen PAA-Fe hydrogel instead of the
frozen one as the substrate while keeping other conditions similar to
that of SSHFs.

2.2. Assembly of the SSHF-Based All-in-One Supercapaci-
tors. For assembly of the SSHF-based all-in-one supercapacitors, the
edges of a piece of the as-obtained SSHF were cut, and then two
pieces of stainless steel current collectors were connected to the upper
and lower surfaces of SSHF. The devices for electrochemical
measurements were previously immersed in a 1 M KCI electrolyte
solution for 12 h before testing. A conventional PPy-based
supercapacitor device in an electrode—electrolyte—electrode config-
uration was assembled by layering two PPy films on both sides of a
PAA-Fe hydrogel film (laminate-structured PPy/PAA-Fe). The PPy
film was previously fabricated as follows: 0.9 g of PPy, 0.1 g of PVDF,
and 2 mL of NMP were mixed into a slurry, cast on a PTFE sheet, and
then dried at 80 °C for 24 h.
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Figure 2. (a) Cross-section SEM image of the whole range of the freeze-dried SSHF, and (b—d) corresponding SEM images of various locations
that are marked with filled circles in (a). (e) N 1s XPS spectra of various locations from the shell to the core within the freeze-dried SSHF.

3. RESULTS AND DISCUSSION

A representative SSHF sample was fabricated by the freezing-
constrained polymerization-driven self-wrinkling (FPS) strat-
egy. The fabrication process of the SSHF is schematically
shown in Figure la. First, a PAA-Fe hydrogel was prepared by
achieving covalent and ionic crosslinking of PAA by MBAA
and Fe*' ions, respectively. Second, the as-prepared PAA-Fe
hydrogel was pre-stretched to a specific strain and
subsequently frozen in liquid nitrogen while maintaining the
pre-strain to obtain a frozen pre-stretched PAA-Fe hydrogel.
The frozen hydrogel was then immersed in a water/ethanol
mixed solution of pyrrole at a temperature of —20 °C.
Afterward, the PPy nanoparticles were gradually in situ
polymerized on the surface layer of the hydrogel through
space-constrained polymerization with localized nucleation and
confined polymerization of pyrrole within the boundaries
between the solution and the frozen hydrogel. Finally, upon
polymerization, the SSHF was obtained by thawing in water,
releasing the external stress, and cutting the edges. Strong
electrostatic interactions between the obtained PAA and PPy
boost the formation of the stable interface and high structural
stability of the resultant SSHF.

Figure 1b shows the cross-section optical microscopy image
of the SSHF, exhibiting obvious sandwich-structured layers
with a black opaque PPy outer layer and transparent PAA-Fe
hydrogel inner layer. The formation of the sandwich-structured
SSHEF is related to the existence of ice crystals that limit the
diffusion of pyrrole monomers into the inner layer of the PAA-
Fe hydrogel to form the PPy structures on the hydrogel
surface. Top-view optical microscopy image of the SSHF
shows that the outer PPy has a well-organized wrinkle structure
(Figure 1c). The self-wrinkling structure of SSHF was driven
by the differences in the modulus of the internal soft PAA-Fe
hydrogel and the stiff PPy shell. The enormous mechanical
instability among the three-layer hydrogel causes self-wrinkling.
Further observations of SSHF by an optical profiler (Figure
1d,e) also reveal that the wrinkling patterns exhibit highly
ordered amplitude (A) and wavelength (4).

Freeze-dried SSHF was observed by scanning electron
microscopy (SEM). Figure 2a—d shows that the freeze-dried
SSHF consists of diverse layers from outside to inside (cross-
section of the SSHF), representing PPy (Figure 2b), PPy-PAA
(Figure 2c), and PAA (Figure 2d), respectively. The outer
layer of the SSHF shows a broccoli-like structure, while the
inner layer of the SSHF shows a porous structure of typical
freeze-dried hydrogels. EDS mappings exhibit that nitrogen is

mainly distributed in the outer layer, indicating that there is
almost no PPy in the inner layer (Figure S1). There exists a
transition domain at the junction of the outer and inner layers,
where the PPy uniformly adheres to the skeleton of the PAA-
Fe hydrogel. The formation of the transition layer is related to
the slow diffusion of the pyrrole monomers from the solution
to the frozen hydrogel. The transition domain avoids the
displacement and delamination of the as-formed multilayered
structures and ensures the structural stability of the SSHF. The
stress differences between the shell and core can easily cause
dislocation, especially during the deformation process. In the
entire SSHF, the transition layer could act as a molecular
adhesive by connecting the outer and inner layers as a whole.

The interfacial interaction between the PPy and PAA was
further investigated. The presence of the PAA and PPy
components within the SSHF is demonstrated by Fourier
transform infrared (FT-IR) spectra (Figure S2). The FT-IR
spectrum of freeze-dried PAA exhibits a peak at 1698 cm™,
which is assigned to the stretching band of —~COOH. For the
PPy, two distinct peaks that appear at 1545 and 1179 cm™ are
ascribed to the pyrrole ring skeletal and stretching vibrations of
C—N, respectively."”*' Compared with the PPy and PAA, the
absorption peak corresponding to the —COOH and C-N
stretching vibration among the SSHF (the transition layer)
shows a red-shift, indicating the formation of hydrogen bonds
between the PPy and PAA. The electronic configuration and
interlayer interaction of SSHF was further explored by X-ray
photoelectron spectroscopy (XPS, Figure 2e). The N 1s XPS
spectra of the outer layer of SSHF show two peaks at 399.4 and
401.3 eV, corresponding to the pgfrrole-nitrogen and
deconvoluted N* polaron, respectively.”* Compared with the
outer layer, the N 1s XPS spectra of the transition layer of
SSHF show the proportion peak of deconvoluted N* polaron
increasing significantly, which is attributed to the doping of
PAA with the PPy skeleton. For the inner layer of SSHF, there
is no obvious peak in the N 1s XPS spectra, indicating that
there is no PPy in the inner layer of SSHF. The results thus
confirm that the FPS strategy could achieve space-constrained
polymerization of PPy, which is an effective method for
preparing integrated sandwich-structured heterogeneous hy-
drogels. In addition, compared with the outer layer, the C—N
peak in the C 1s XPS spectrum of the transition layer shows a
downshift of 0.5 eV, further suggesting the formation of
hydrogen bonds and electrostatic interactions between the PPy
and PAA in the transition layer (Figure S3a,b). Due to the
enhanced interfacial adhesion between PPy and PAA, SSHF
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shows a more stable microstructure than the conventional
laminate-structured PPy/PAA-Fe hydrogel that is fabricated by
the simple composition. Upon bath sonication of the SSHF in
water, the PPy sheath did not drop off the surface for at least
10 min (Figure S4a). For comparison, upon bath sonication of
laminate-structured PPy/PAA-Fe hydrogel in water, the PPy
sheath easily dropped off from the hydrogel surface within 60 s
(Figure S4b).

Unlike the existing CPCHs, the SSHF possesses a
geometrically deformable self-wrinkling structure, which is
vital to improving the stability of electromechanical properties
during stretching. Amplitude and wavelength are two key
parameters for evaluating the wrinkling structure, which can be
adjusted by the thickness of the outer layer of the SSHF and
the pre-stretching strain. SSHF-1, SSHF-2, SSHEF-3, and SSHEF-
4 represent the PAA-Fe hydrogels maintained at —20 °C
polymerizing pyrrole for 1, 2, 4, and 8 h, respectively. The
cross-section optical microscopy images of SSHF-1, SSHEF-2,
SSHE-3, and SSHF-4 show that the thicknesses of the PPy
layers in the SSHF samples are determined as 95, 158, 263, and
410 pm, respectively (Figure SSa—d). This indicates the
thickness of the PPy layer in the SSHF could be adjusted by
tailoring the polymerization time of pyrrole. According to the
elemental analysis by a combustion method, the weight
content in the SSHF samples is 3.8% (SSHF-1), 4.7%
(SSHF-2), 6.1% (SSHF-3), and 9.1% (SSHF-4), respectively
(Table S1). Compared with the SSHF fabricated by the FPS
strategy, the PPy could uncontrollably polymerize within the
PAA-Fe hydrogel when using the conventional solution-
processed polymerization method. The pyrrole monomers
rapidly diffuse from the solution to the hydrogel and fill the
whole hydrogel in only 30 min (Figure S6a,b), indicating that
the conventional solution-processed polymerization method
could not constrain the polymerization of pyrrole in the outer
layer of hydrogel.

The 50-SSHF, 100-SSHF, 200-SSHF, 300-SSHF, 400-SSHF,
and 500-SSHF represent the PAA-Fe hydrogels which are pre-
stretched to a pre-stretching strain at 50, 100, 200, 300, 400,
and 500%, respectively. Figures 3a—c and S7 show a series of
top-view optical microscopy images of the designed wrinkled
structures of SSHF-1, SSHF-2, SSHE-3, and SSHF-4 with a
pre-stretching strain at 100%, respectively. SSHEF-1 exhibits
relatively dense wrinkled stripes, while wrinkled stripes of
SSHFs gradually become sparse with the additionally increased

Figure 3. Morphologies of SSHFs with programmable wrinkling
structures. Top-view optical microscopy images of the wrinkled
structures of (a) SSHF-1, (b) SSHF-2, and (c) SSHF-3 with a pre-
stretching strain at 100%. Top-view optical microscopy images of the
wrinkled structures of (d) 50-SSHF, (e) 100-SSHF, and (f) 200-
SSHEF.

polymerization time. The density of wrinkled stripes is also
related to the pre-stretching strain. With the gradually
increased pre-stretching strains from 50 to 500%, the wrinkled
stripes of SSHFs (polymerizing pyrrole for 2 h) vary from
sparse to dense (Figures 3d—f and S8a—c). The wrinkled
surface of SSHFs was further characterized using an optical
profiler. Figures S9a—f and S10a—d show that the amplitudes
of SSHEF increase with the additionally increased polymer-
ization time and the increased pre-stretching strains.

The amplitude and wavelength of the SSHF could be
tailored by tuning the polymerization time and the pre-
stretching strain of the PAA-Fe hydrogel (Figure 4a—c). The
above results show that programmable wrinkle-patterned
CPCHs could be prepared by the FPS strategy. When the
PAA-Fe hydrogel was not pre-stretched, no wrinkle structure
was formed on the surface of the hydrogel (Figure S11), due to
the absence of the stress difference between the surface and
inner layers.

As a result of the self-wrinkling design, the SSHF shows a
stable structure and remarkable mechanical properties. The
tensile stress—strain curves of the PAA-Fe hydrogel and SSHFs
were measured (Figure S12a—c). The tensile stress—strain
curves of the PAA-Fe hydrogel show an elastic modulus of 27.3
kPa, fracture strain of 1016%, a fracture strength of 164 kPa,
and a toughness of 762.7 k] m™>. Compared with the PAA-Fe
hydrogel, the SSHFs with stiff PPy exhibited a slightly
enhanced elastic modulus and toughness. Taking 300-SSHEF-
2 as an example, its elasticity and recovery were measured by
continuous loading/unloading tests. Upon conducting 1000
stretching and releasing cycles at an ultimate strain of 100%,
the hysteresis curves show a slight plastic deformation of <5%
(Figure S13), indicating its excellent anti-fatigue properties.

Through the incorporation of the dynamic ionic-bonded
network into the composite hydrogel, the SSHF exhibits
favorable self-healing ability. Figure Sa shows that SSHEF-3
(pre-stretching strain at 300%) could act as a conductor in a
circuit to lighten a red light-emitting diode (LED) at a voltage
of 3.0 V. When the SSHF sample was cut, the LED turned off.
The LED was re-lit with similar brightness when two pieces of
damaged hydrogels self-healed to form a complete whole after
3 h. Even if the healing hydrogel was stretched to 200%, the
LED was not extinguished, indicating that the SSHF has
outstanding self-healing capability. The self-healing process of
SSHF was further observed by optical micrographs (Figure
S14). The crack with a 30 ym width of damaged SSHF
gradually narrowed, and the cracks almost completely
disappeared after healing for 3 h. It was noteworthy that the
healed SSHF could withstand 200% stretching and there was
no obvious crack at the interface, confirming excellent self-
healability. The self-healing efficiency of SSHF was measured
by tensile tests after self-healing for various specified healing
times. Figure Sb shows that the strength and fracture strain of
the healing SSHF restore to 94.4 and 101.9% after healing for
12 h, respectively. The rheology measurements are shown in
Figures Sc and S15a,b to further confirm the self-healability of
the SSHF. The storage modulus (G’) of the SSHF determined
by amplitude sweep rheological measurements is higher than
that of the loss modulus (G”) at a small oscillatory strain
(<10%), suggesting a solid-like elasticity behavior of the
SSHF.* With the increase of oscillatory strain, the G’ begins
to decrease and G” is higher than G’ (>500%), indicating that
the network of the SSHF was destroyed under large
deformation (Figure S1S5a). Frequency-sweep rheological
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measurements of the SSHF show that the G’ is higher than G”
at an angular frequency (®) ranging from 1 to 100 rad s~
(Figure S15b), indicating the stable network structure of SSHF
in the entire frequency range. Cyclic step-amplitude sweep
tests with alternate small-strain (1%) and large-strain (700%)
oscillatory were performed (Figure Sc). At the oscillatory strain
of 1%, the G’ is larger than G”. However, G’ exhibits a sharp
decline that is lower than G” when the oscillatory strain
switches to 700%. Subsequently, the G’ and G” of SSHF
immediately return to the initial values when the oscillatory
strain switches to 1% again and this process could be repeated
four times without any apparent loss in G" and G”, suggesting
the rapid and repeatable self-healability of SSHF.

Electrochemical properties of the SSHF as a stretchable
integrated supercapacitor were measured in detail by cyclic
voltammetry (CV) curves, galvanostatic charge/discharge
(GCD) tests, and electrochemical impedance spectroscopy
(EIS). The CV curves of the SSHF (at a scan rate of 10 mV
s™') with various polymerization times of pyrrole show that
SSHE-2 has the largest area surrounded by CV curves,
followed by SSHF-3, SSHF-1, and SSHF-4 (Figure 6a),
indicating the highest special capacitance of SSHF-2. No redox
peaks were found in the CV curves of all SSHF samples. The
SSHF supercapacitor is assembled in a symmetrical two-
electrode system, and the voltage applied to the SSHF is the
potential difference between two electrodes with an equal
voltage value at each electrode. During the CV measurements,
the redox reaction takes place at both electrodes, one being
reduced and the other oxidized. The currents that are collected
are the sum of the two electrodes.** Therefore, it is difficult to
record the redox peaks in the CV test of the SSHF. The results
of GCD (at a current density of 1 A g”') are consistent with
CV (Figure 6b), that is, SSHF-2 shows the longest discharge
time.

The electrochemical performance of the SSHF was further
investigated by EIS (Figure 6¢), and test results were fitted
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using an equivalent circuit (Figure S16). The low-, mid-, and
high-frequency regions of the Nyquist plots correspond to the
capacitive behavior, the diffusion-limited electrode process,
and the electron-transfer limited process, respectively. In the
high-frequency range, the electrode—electrolyte interface
charge transfer behavior is represented by semicircles in the
Nyquist plots.45_47 Notably, the distorted semicircular arc is
attributed to the overlapping of the mid-frequency diffusing
effect and high-frequency redox reaction due to the 3D porous
structure of the SSHF. The intersection of curves and real axis
in the Nyquist plots reflect the equivalent series resistance (R;)
for the whole electrochemical system, which comprises the
electrode resistance, solvent resistance, and the interface
resistance between the current collector and electrode.
Compared with SSHF-1, SSHEF-3, and SSHF-4, SSHEF-2
exhibits the smallest R, (Table S2). In the low-frequency
range, the Nyquist plots show that SSHF-1 and SSHF-2 have
steeper slopes than that of SSHF-3 and SSHF-4, suggesting fast
ion diffusion rates of SSHF-1 and SSHE-2. Moreover, the Bode
plots of the SSHF supercapacitors show that SSHF-4 has the
largest RC time constant (5.8 s, Figure 6d) among the
supercapacitors, which further confirms the sluggish ion
diffusion kinetics of SSHF-4. The sluggish ion diffusion
kinetics of SSHF-4 are attributed to the thick PPy layer
blocking the ion diffusion. Consequently, the smallest R and
excellent ion diffusion of the SSHEF-2 supercapacitor endows it
with an optimized energy storage performance among SSHFs.

The electrochemical performance of SSHF-2 was further
evaluated by CV curves at different scan rates. Figure 7a shows
that the CV curves of SSHF-2 exhibit a similar quasi-
rectangular shape with the increase of the scan rate (from $
to 100 mV s '), implying that SSHF-2 owns excellent
capacitive behavior. The symmetric shape GCD curves
(current density from 0.5 to 10 A g™') further confirm that
SSHEF-2 possesses reversible charge—discharge behavior
(Figure 7b). The areal and gravimetric capacitances of the
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Figure 8. Deformation-tolerant properties of the SSHF supercapacitors. (a) Schematic of the SSHF during stretching. (b) CV and (c) GCD curves

of the SSHF-2 supercapacitor in its initial and stretching states.

SSHE-2 supercapacitor under various current densities are
calculated according to the GCD curves (Figure 7c). The
specific gravimetric and areal capacitance of the SSHEF-2
supercapacitor was calculated to be 79.5 F g™ (at a current
density of 0.5 A g!) and 222.6 mF cm™ (at a current density
of 1.4 mA cm™?), respectively. The specific gravimetric and
areal capacitance of the SSHF-2 supercapacitor are maintained
at 59.5 F ¢! and 166.6 mF cm™ respectively, when the
current density increases from 0.5 to S A ¢! (1.4—14 mA
cm™?), indicating its excellent rate capability.

Figure 7d shows the Ragone plots of SSHF-2 in comparison
with previously reported results of PPy-based flexible super-
capacitors. SSHF-2 demonstrates a superior energy density of
11.04 Wh kg™ (power density of 0.25 kW kg™') to that of the
previously reported PPy-based flexible supercapacitors. More-
over, the stretchable integrated SSHF-2 supercapacitor also
shows excellent cycling stability. After 5000 charge—discharge
cycles, the special capacitance of the SSHF-2 supercapacitor is
retained at more than 83.1% at a current density of S A g™'
(Figure 7e,f), and the slight decreases in special capacitance are
due to the expansion and contraction of the PPy electrode
material during cycling. The remarkable capacitance and stable
cyclic performance of SSHF-2 are attributed to its unique
structural design. The integrated structure of SSHEF-2
optimizes the transportation of electrons and charges, and
greatly reduces the interface contact resistance between the
electrodes and electrolytes. To prove this, the influence of the
preparation methods of composite hydrogels on the electro-
chemical performance was explored by comparing SSHF-2 (by
the FPS process) and the laminate-structured PPy/PAA-Fe (by
the lamination process). Figure S17a shows that the area
surrounded by the CV curve (at a scan rate of 10 mV s™') of
SSHE-2 is significantly larger than that of laminate-structured
PPy/PAA-Fe. The GCD curves also show that SSHF-2 has a
longer discharge time than the laminate-structured PPy/PAA-
Fe (Figure S17b). The corresponding EIS curves indicate that
SSHE exhibits optimized ion diffusion and charge transfer
behaviors (Figure S17c), which was proved by the smaller RC

time and R; (Table S2), respectively. The above results are
attributed to the integrated structure of SSHF-2, which greatly
reduces the impedance between the interfaces and optimizes
the ion diffusion paths.

Benefiting from the SSHF with high ionic conductivity,
stretchability, and self-healable properties, the SSHF-based
supercapacitor could be used as a potential energy storage
device for complex application scenarios. As previously
mentioned, a stretchable supercapacitor was fabricated by the
FPS strategy (Figure 8a), and the pre-stretching strain is the
main factor affecting the deformable range of the super-
capacitor. Figure 8b shows that the CV curves of SSHE-2 (pre-
stretching strain at 500%) remain similar in quasi-rectangular
shape even under high tensile strain. Notably, the almost
overlapping CV curves as the tensile strain are less than 300%
indicating that the supercapacitor device has stable electro-
chemical performance under stretching. As the SSHF-2
supercapacitor was further stretched to 500%, the reduced
area of CV curves was attributed to significantly increased
series resistance. The results are also demonstrated by the
GCD curves (Figure 8c).

In situ optical microscopy was used to study the evolution of
the surface pattern of SSHF during tensile deformation. Taking
SSHEF-2 (pre-stretching strain at 300%) as an example, it
showed a uniform wrinkled structure (Figure 9a—f). The
wrinkle pattern of SSHF-2 in the field of view was sparse as the
tensile strain increased (stretch along the corrugation
direction), indicating that the wrinkling intervals of SSHF-2
increased during stretching. During the whole stretching
process, the structure of the PPy layer was not damaged.
Notably, when SSHEF-2 was stretched to 300% (tensile strain is
equal to pre-stretching strain), the wrinkle pattern almost
completely disappeared and the orientation stripes appeared in
the stretch direction, indicating that the PPy of the surface
layer began to be stretched. The results fully demonstrate that
rigid PPy can achieve large tensile deformation (the maximum
deformable range is around pre-stretching strain) by the
geometric deformation of the wrinkle structure. The unique
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Figure 9. Top-view optical images of SSHF-2 (300% pre-stretching
strain) during (a) 0%, (b) 50%, (c) 100%, (d) 150%, (e) 200%, and
(f) 300% stretching.

morphological evolution of SSHF enabled the supercapacitor
to keep good energy storage performance in stretching. In
addition, even after 1000 stretching cycles (100% tensile
strain), the CV curves of SSHF-2 also retained a quasi-
rectangular shape similar to its original state (Figure S18),
further indicating the excellent stretchability of the SSHF-2
supercapacitor.

In addition to stretchability, the supercapacitor allows the
self-healability of the SSHF to be retained, which is conducive
to improving the safety and durability of the device. The CV
curve of SSHF-2 almost overlapped with the initial state after 7
cutting-healing cycles, indicating excellent self-healing perform-
ance (Figure 10a). The GCD curves showed the discharge
time of the device after healing was similar to that of the initial
state, which further confirmed that the electrochemical
performance of the supercapacitor had been repaired (Figure
10b). The corresponding EIS curves also exhibited similar ion
diffusion and charge transfer behaviors, indicating that the
electrical properties of SSHF had been recovered (Figure S19).
Com}z)ared with the current flexible supercapaci-
tors,”' 9273149730 the SSHF shows extraordinary electro-
mechanical versatility in terms of autonomous self-healing,
high stretchability, high specific capacitance, and all-in-one
structure (Figure 10c, Table S3). In addition, the SSHF also

shows high healing efficiency and a fast self-healing rate
compared with previously reported self-healable elastomers
(Table S3). Assembly of supercapacitors in parallel and/or
series is an effective way to meet various working-voltage and
discharging capacity requirements for practical applications. As
a proof of concept, the four units of SSHF-2 supercapacitors
that were connected in parallel increased the discharge
capacity, while four units connected in series enlarged the
total output voltage. CV and GCD measurements demon-
strated that the output voltage of four supercapacitor units in
series was 4-fold that of a single unit, and the discharging
capacity of the four supercapacitor units in parallel was 4-fold
that of a single unit (Figure 10d,e). As a demonstration, four
devices were connected in series to light up a red light-emitting
diode (LED) during 200% stretching (Figure 10f), indicating
stable energy storage performance under deformation.

4. CONCLUSIONS

In summary, a sandwich-structured self-wrinkling hydrogel film
(SSHF) with highly ordered and controllable wrinkling surface
patterns was fabricated by the freezing-constrained polymer-
ization-driven self-wrinkling (FPS) strategy. The developed
FPS strategy using ice crystals could limit the diffusion of
pyrrole monomers into the inner layer of the PAA-Fe hydrogel
and realize space-constrained growth of PPy on the hydrogel
surface. The integrated core—shell heterogeneous design of the
resultant SSHF with strong electrostatic interactions between
the PPy layer and the PAA core greatly improves the structural
stability between the PPy electrode layers and the PAA
electrolyte layer, avoiding the easy shedding and sliding of PPy
layers from the all-in-one supercapacitor device. The unfolding
of the self-wrinkled structures of SSHF is beneficial for
achieving high structural stability of PPy electrode layers under
large tensile strain. The SSHF also exhibits a favorable self-
healability at room temperature, allowing the sandwich-
structured hydrogel to spontaneously heal mechanical/
electrical properties when damaged. As a stretchable super-
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Figure 10. (a) CV curves at 10 mV s™" and (b) GCD curves at 1 A g~' of SSHF-2 (500% pre-stretching strain) for various cutting/healing cycles.
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stretching strain) connected in series and parallel. (f) Digital photographs of an integrated device with four series-connected SSHFs lighting up an

LED and then one device being stretched to 200% strain.
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capacitor, the all-in-one design of electrodes and electrolytes
simplifies the assembling process and effectively reduces the
contact resistance of the device. As a result, the SSHF-based
all-in-one supercapacitor shows high energy storage (up to
79.5 F ¢! at a current density of 0.5 A g™*), large stretchability
(>500%), and reliable self-healing performance. This study not
only provides a novel synthetic method for fabricating a highly
stretchable, self-healable, and self-wrinkling CPCH with an
integrated all-in-one sandwich-structured configuration but
also inspires a new avenue for the development of ultra-
stretchable and self-healable supercapacitors for wearable
electronics.
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