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ARTICLE INFO ABSTRACT

Keywords: The development of conducting polymer hydrogels with 3D ordering and hierarchical geometry is urgent yet

P"IYI_’erOle'based aerogel challenging for the design of electrochemical/electronic systems with combined features of hydrogel structures

Isﬂ?fsimi]- and pseudocapacitive organic materials. Herein, a host-guest hybrid gel electrode that is composed of a poly-
elf-healing

pyrrole (PPy) aerogel and its skeleton-surface-constrained Fe>*-coordinated poly(acrylic acid) (Fe-PAA) hydrogel
is fabricated, which can readily work as a highly elastic and self-healable electrode for an all-gel-state super-
capacitor with thickness-independent capacitive performance. An interfacial polymerization approach by
restraining oxidative nucleation and promoting secondary growth reactions is presented for preparing the
pseudocapacitive PPy aerogel as a host component with good elasticity. Upon an impregnation with the ionically
conductive and self-healable Fe-PAA hydrogel as a guest component, the resultant PPy aerogel-hosting hydrogels
(PAHH) exhibit a remarkable thickness-independent supercapacitance owing to the enhanced electron/ion
transport kinetics induced by a bicontinuous electron/ion-conducting network. A proof-of-concept all-solid-state
supercapacitor based on the host-guest hybrid electrodes demonstrates a remarkable remarkably high areal
capacitance of 2033 mF cm ™2 and extremely steady retention undergoing a 60 % compression deformation and
cutting damage with high self-healing performance. The host-guest geometry design for the development of
bicontinuous electron/ion conductive transport in conducting polymer-based electrodes might boost unprece-
dented electron and ion transport in high-mass-loading thick electrodes for smart energy storage devices.

Bicontinuous conductive structure
Thickness-independent electrode

hydrogels feature the combination of large intrinsic conductivity
derived from conducting polymers and high-deformation tolerance

1. Introduction

Exploration of energy storage devices that can undergo complex
deformations of bending, stretching and compressing is the focus of
upcoming energy systems and is urgently demanded in wearable elec-
tronics [1-6]. Flexible supercapacitors are regarded as promising
wearable energy storage devices among numerous energy storage de-
vices featured with easy fabrication, fast delivery rate and durable life
[7-11]. Flexible supercapacitors undergoing large deformations without
sacrificing their electrochemical performances are highly demanded
[12-15]. To date, substantial efforts have been devoted to fabricating
flexible supercapacitors with intrinsic and structural flexibility for
wearable electronics [16-20]. Among these, conducting polymer-based

derived from hydrogels, which are therefore considered ideal electrodes
for flexible supercapacitors [12,18,21-24]. Various approaches have
been devoted-applied to constructing electrodes made from conducting
polymer-based hydrogels with enhanced energy storage performances
that could be classified into two categories. First, conducting polymer-
based hydrogels are prepared by directly cross-linking conducting
polymers with dopant molecules by in-situ polymerization [25,26]. The
resulting conducting polymer-based hydrogels wusually process
outstanding conductivity and electrochemical performances owing to
the formation of 3D continuous phases of conducting polymers. How-
ever, this kind of conducting polymer-based hydrogels usually exhibits
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easy embrittlement and poor structural stability under deformations and
long-term cycles. Second, conducting polymer-based hydrogels are
prepared by in-situ polymerization of conducting polymers within the
network of pre-designed elastic hydrogels [1,27,28]. This approach
presents a simple fabrication method for constructing versatile con-
ducting polymer-based hydrogels with desired elasticity and structural
stability via choosing suitable elastic hydrogel substrates. However,
mass loadings of electrochemically active conducting polymers in
hydrogels are relatively low (typically less than 10 mg cm™2), ascribed
to the poor swelling and sluggish diffusion of monomers within the
existed hydrogel matrix [29-32]. Thus, the development of conducting
polymer-based hydrogels with desired elasticity and electrochemical
performance is highly demanded yet still challenging.

Fabrication of thick electrodes with high loading of active materials
is appealing in supercapacitor applications as they could efficiently
reduce the fractions of inactive device components like current collec-
tors and separators, thereby enabling the resultant devices with the
feature of lightweight and high energy density [33-37]. Unfortunately,
the simple increase in thickness of traditional electrode materials lead-
ing to largely restricted electrochemical performances due to thick
electrodes would cause structural brittleness and poor cycling stability
[34,38]. Furthermore, the increased thickness of electrodes would result
in sluggish ion/electron transport kinetics [22,38]. Therefore, it is ur-
gent to establish high-loading thick electrodes from conducting
polymer-based hydrogels with simultaneously enhanced electro-
chemical energy storage and compression-tolerant performance.

Herein, unique polypyrrole (PPy) aerogel-hosting hydrogels with
bicontinuous electron/ion transport are creatively developed by
skeleton-surface-confined polymerization of Fe>'—coordinated poly
(acrylic acid) (Fe-PAA) hydrogels within the performed 3D-intercon-
nected PPy aerogels as host. The Fe-PAA hydrogels with reversible as-
sociation/dissociation of hydrogen bonds and coordinations contribute
to efficient energy dissipation upon deformation, endowing the host—
guest PPy hydrogel electrodes with impressive superelasticity and fast
self-healing property. The PPy aerogel-hosting hydrogels feature
bicontinuous conductive structures of electrically conductive PPy aer-
ogels and ionically conductive Fe-PAA hydrogels. As a result, thick
electrodes of the elaborated PPy aerogel-hosting hydrogels simulta-
neously combine features of superelasticity, interpenetrating conducting
network and intrinsic self-healability, thereby endowing the resultant
all-solid-state supercapacitors with high-mass-loading electrochemical
active material, enhanced electrode/electrolyte interface, promising
electrochemical performance and unique damage-tolerance capability.
The host-guest geometry design for the development of bicontinuous
conductive networks in conducting polymer-based electrodes might
helps overcome the charge-transport challenges in fabrications of high-
mass-loading thick electrodes for smart energy storage devices.

2. Materials and methods
2.1. Materials

Acrylic acid (AA, AR, > 98 %), ethanol (AR, > 99.7 %), ammonium
persulfate (APS, AR, > 98 %), KNOs (AR, > 99.5 %) and Fe(NO3)3-9H,0
(AR, > 98.5 %) were purchased from Sinopharm Chemicals. Pyrrole was
obtained from Sigma-Aldrich and distilled before use. Deionized (DI)
water was used throughout the experiments.

2.2. Preparation of the PPy aerogels

3D PPy aerogels were one-pot synthesized by interfacial polymeri-
zation. Typically, 10 mmol of pyrrole was dissolved in 4.7 mL of iso-
propyl alcohol at 0 °C, and 10 mmol of Fe(NO3)3-9H,0 was dissolved in
4.7 mL of water at 0 °C. After being mixed rapidly under agitation for 10
s, the mixed solution was injected into a plastic mold for polymerization
at 0 °C for 1 h, and then placed at 25 °C without stirring for a designed
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amount of time to form PPy hydrogels. The prepared PPy hydrogels were
soaked in ethanol and water in sequence to remove unreacted monomers
and impurities, and freeze-dried to obtain PPy aerogels. The PPy1, PPy2,
PPy3 and PPy4 represent the PPy aerogel samples prepared by interfa-
cial polymerization for 1, 24, 120 and 240 h, respectively.

2.3. Preparation of the PAHH

PPy aerogel-hosting hydrogel was prepared by in-situ polymeriza-
tion of Fe*>*-crosslinked PAA (Fe-PAA) hydrogels confined on the skel-
eton surface of the prepared PPy aerogels. PPy aerogels were infiltrated
in a vacuum and swelled with an aqueous solution containing the AA (1
mL), APS (5 mg), LiNO3 (5 mmol), Fe(NO3)3-9H,0 (0.1 mmol) and
water (4 mL). After being degassed with nitrogen and heated at 70 °C for
24 h, the PAHH was then obtained. A comparison sample of neat Fe-PAA
hydrogel was prepared without using the PPy aerogels while keeping
other conditions similar to the preparation method for the PAHH.

2.4. Assembly of the ASC devices

The ASC devices using the prepared PAHH as electrodes were
assembled by sandwiching two pieces of PAHH electrodes (2 x 1 x 0.1
cm®) with one Fe-PAA hydrogel electrolyte (2.2 x 1.2 x 0.1 cm®) under
a pressure of 20 kPa for 3 min. The total contact areas of electrodes in the
device were measured as 2.0 cm?. Thicknesses of PAHH electrodes were
regulated to satisfy the devices with various mass loadings of PPy. The
as-fabricated ASC devices were sealed with polyester films to ensure
long-term testing. The control device denoted as PPy-based ASC was
assembled by using neat PPy aerogels instead of PAHH as the electrode
while keeping other fabrication conditions similar to the fabrication of
PAHH-based devices. The capacitance recovery of PAHH was measured
after 2-hour self-healing at room temperature.

3. Results and discussion

Fig. 1a demonstrates the structural design and synthetic procedure of
host-guest PPy aerogel-hosting hydrogels (PAHH). Highly 3D-intercon-
nected PPy aerogels were first prepared by interfacial polymerization of
pyrrole (monomer) in a mixed solvent of water and isopropyl alcohol
with water-soluble ferric nitrate as an oxidizing agent (initiator). Pyrrole
monomers and oxidizing agents were initially enriched in water and
isopropyl alcohol, respectively. Polymerization of pyrrole occurred at
the vigorously-stirred interface followed by a long-term reaction
without stirring, thus forming a PPy framework with unique 3D struc-
tures. Through subsequent in-situ polymerization by using the PPy
aerogels as a host, Fe-PAA hydrogels were generated and constrained to
the skeleton surface of PPy aerogels. 3D nanostructured PPy aerogels
and ion-rich Fe-PAA hydrogels are integrated into PAHH with bicon-
tinuous electron/ion conductive structures (Fig. 1b). The in-situ pre-
pared Fe-PAA hydrogels on the skeleton surface of PPy aerogels serve as
a reservoir providing sufficient free electrolytic ions ensuring the for-
mation of bicontinuous conductive paths among the PAHH (Fig. 1c).

Traditional solution-processed polymerization of pyrrole always re-
sults in production of PPy in the powder form with nanoparticle-
aggregated structures (Fig. S1). Surprisingly, PPy aerogels with 3D
interconnected frameworks were elaborately prepared by interfacial
polymerization without involving any extra agents. Ex-situ SEM obser-
vations of the intermediates at different reaction stages indicate the
formation mechanism of the 3D interconnected PPy aerogels. At the
early stage of interfacial polymerization, numerous isolated and loose
PPy nanoparticles with sizes of several ten nanometers are observed in
the corresponding sample of PPyl with a polymerization time of 1 h
(Fig. 2a, b). After 24 h of polymerization, compact microstructures
consisting of inhomogeneous PPy nanoparticles with sizes ranging from
several ten to a hundred nanometers begin to appear in the corre-
sponding sample of PPy2 (Fig. 2¢, d). With the further prolongation of
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Fig. 1. Fabrication and schematic of the host-guest PAHH. (a) Schematic illustration of the preparation procedure of the PAHH. (b) Schematic illustration of
PAHH with bicontinuous electron/ion-conducting networks, where PPy aerogel host and Fe-PAA hydrogel provide the 3D electron-conducting pathway and the ion
reservoirs of 3D ion-conducting pathway, respectively. (c) SEM image of PAHH with 3D interconnected structures.

Interfacial polymerization

>
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Fig. 2. Formation mechanism of PPy aerogels during the interfacial polymerization. Ex-situ SEM observations of (a, b) PPy1, (c, d) PPy2, (e, f) PPy3 and (g, h)
PPy4 prepared by interfacial polymerization for 1, 24, 120 and 240 h, respectively. (i) Schematic of the formation mechanism of PPy aerogels in nucleation and

Ostwald-ripening growth process during interfacial polymerization.

polymerization time, these inhomogeneous nanoparticles begin to grow
to fuse, thus forming 3D interconnected and robust skeletons, as
observed in PPy3 (Fig. 2e, f) and PPy4 (Fig. 2g, h).

Fig. 2i indicates the formation mechanism of 3D-interconnected PPy
aerogels. The PPy might experience nucleation and secondary growths
during interfacial polymerization.[39,40] The interfacial polymeriza-
tion initially occurs at the interface of organic (i.e. pyrrole) and aqueous
phases (i.e. mixed isopropyl alcohol, water and oxidants) (Fig. S2). Be-
sides, the deficient oxidants strikingly suppress nucleation reactions of
pyrrole monomers, resulting in the reduction of the polymerization rate
and the number of primary nanoparticles among the incipient network,
when compared with traditional in-situ polymerization in aqueous so-
lution. During the nucleation stage, the already generated PPy oligomers
separated from the biphasic interface of the mixed solution form small

spherical nanoparticles (PPy1). As the polymerization further proceeds,
the unreacted pyrrole monomers tend to be transferred and oxidatively
coupled onto the surface of primary spherical PPy nanoparticles for
secondary growths, thus making the original small nanoparticles grow
into large interconnected PPy nanoparticles (PPy2). Furthermore, the
relatively small PPy nanoparticles that possess low surface energy tend
to ablate and fuse into large ones or clusters during the secondary
growth stage (PPy3), according to the Ostwald ripening principle to
minimize the total free energy. Finally, the PPy clusters are connected
through the n-r interactions, forming a highly 3D-interconnected aer-
ogel framework (PPy4) upon the secondary growth.

The prepared PPy aerogels demonstrate an impressive mechanical
performance that could withstand compressions up to a 60% strain. The
PPy aerogels also exhibit an improved compression strength with the
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increment of polymerization time (Fig. S3a) because of the formation of
the uniform polymeric skeleton during the slow secondary growth. The
aerogel skeleton with interconnected PPy clusters provides high con-
tacting joints, thus achieving sufficient energy dissipations during the
loading-unloading cycles. The efficient energy dissipation is confirmed
by the significant hysteresis loop and the energy loss coefficient is
calculated during the compression (Fig. S3b). The PPy3 exhibits the
smallest plastic deformation upon the loading-unloading cycles, indi-
cating the highest elasticity among the series of PPy samples. The
fabricated PPy aerogels also possess impressive water absorption/
desorption capabilities during the loading-unloading cycles (Fig. S4),
owing to the strong capillary effects from the 3D-interconnected
structures.

The unique 3D continuous porous structure, excellent water ab-
sorption capacity and high elasticity make the PPy aerogels an ideal host
candidate for preparing the PAHH electrodes via subsequent in-situ
polymerization. The interfacial interaction between the PPy aerogel
and Fe PAA hydrogel is further investigated by Fourier transform
infrared (FTIR) spectra (Fig. 3a). The FTIR spectrum of PPy shows ab-
sorption peaks at 1620 and 1045 cm™}, corresponding to the in-ring
stretching of C—=C bonds and in-plane deformation of N—H bonds in
pyrrole rings [41,42], respectively. The characteristic stretching fre-
quencies include the O—H stretching at 3424 cm ™, carbonyl stretching
(C=0) at 1697 cm’l, CH,, scissoring at 1450 cm’l, and C—O stretching
vibration at 1230 cm ™!, which are typical absorption peaks of Fe-PAA
[43]. By comparing the FTIR spectra of PPy, Fe-PAA and PAHH, the
presence of PPy and Fe-PAA in the PAHH electrode is confirmed. This
result further illustrates the infiltration of Fe-PAA hydrogels within the
porous structure of PPy aerogels. Another peak at 1407 cm ™! comes
from the symmetric stretching of carboxylate ions (COO™) [44]. This is
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ascribed to the coordination of Fe3* ions with PAA chains by the pro-
tonation of carboxyl groups. The abundant hydrophilic -COOH groups
among the PAHH are beneficial for trapping water through hydrogen
bonds as well as the dissolved electrolyte ions (LiNOs), thereby
enhancing the ionic conductivity. Besides, it is also observed that those
peaks at 1697 em ! (C=0 stretching vibration) and 1045 em ! (N—H
stretching vibration) shift to relatively high wavenumbers in the FTIR
spectrum of PAHH, suggesting the formation of the C=O"H—N
hydrogen bonds between the Fe-PAA and PPy chains.

The weight content of PPy among the freeze-dried PAHH according
to thermogravimetry analysis (TGA) results is determined as 53 wt%
(Fig. S5), which makes it a promising electrode candidate with high
loading of active materials. The as-fabricated PAHH maintains a typical
3D porous structure with abundant interconnected pore sizes ranging
from one to several micrometers (Fig. 3b, c). Such interconnected porous
structure provides both large open channels between the adjacent
skeletons and nanoscaled porosities within the skeleton backbone,
which is quite beneficial for achieving efficient electron transport and
ion diffusion. Besides, the skeletons of PAHH are smoother than that of
PPy aerogels, which is ascribed to the uniform wrapping of a slightly
wrinkled PAA hydrogel layer around the PPy framework (Fig. S6). The
homogenous Fe-PAA hydrogel layer overcomes the relatively rigid na-
ture of PPy aerogels and endows the PAHH electrodes with improved
elasticity. The homogeneous layer of Fe-PAA hydrogels also achieves an
enlarged interface between the electrode and electrolyte with enabled
ion migrations, thus benefiting the improvement of electrochemical
performance.

Desirable mechanical properties are important for the host-guest
electrodes in their practical applications. The as-obtained PAHH exhibits
impressive elasticity (Movie S1) and compression deformation-tolerant
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Fig. 3. Structure, mechanical and electrical properties of host-guest PAHH. (a) FTIR spectra of freeze-dried PPy, Fe-PAA and PAHH. (b, c) SEM images of freeze-
dried PAHH at low and high magnifications, respectively. (d) Stress—strain curves of PAHH at compressive strains of 15 %, 30 %, 45 % and 60 %, respectively. (e) G’
and G” of PAHH under strain sweep measurements with alternating step strains of 10 % and 400 % at an angular frequency of 1 rad s™. (f) EIS spectra of PPy and
PAHH. An inset demonstrating the conductivity of PPy and PAHH. (g) Photographs showing PAHH in its original, cut and self-healed states. (h) Photographs showing
PAHH as a conducting wire in a circuit for lightening a bulb during the cutting/self-healing process. (i) Comparison between the PAHH and PPy in terms of
compression strength, elastic modulus, plastic deformation, conductivity and self-healability.
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ability (Fig. S7), which is capable of holding its 1000-fold weight and
recovering to the original shape upon unloading. Hysteresis behaviors of
PAHH are observed during the loading-unloading process (Fig. 3d). The
areas of hysteresis loops in the loading—unloading curves give the
dissipated energy [45,46]. The hysteresis loops become remarkable with
the increment of compressive strains. The dissipated energy is negligible
at a small compressive strain of 15% (0.06 kJ m~3) but steadily increases
to 12.16 kJ m~ under a compression strain of 60% (Fig. S8). The
remarkable energy dissipation capability is ascribed to the deformation
of hierarchical pore structures and the destruction of non-covalent in-
teractions (i.e. n-n interactions, hydrogen bonds, coordination) among
the PAHH. We further carried out the loading/unloading tests of PAHH
at a compression strain of 40% to evaluate its self-recovery performance
(Fig. S9). It is observed that the PAHH possesses an excellent self-
recovery ability and the dissipated energy of PAHH increases with the
rest time (Fig. S9a). We applied the ratio of the dissipated energy (Wagng
/Wis) that was performed in two successive compressing-releasing
measurements as the recovery efficiency and found that the recovery
efficiency of PAHH increased with the prolongation of rest time before
reloading (Fig. S9b). The recovery efficiency of PAHH is more than 80%
only after relaxing for 5 min, indicating the remarkable self-recovery
performance of the PAHH. The impressive self-recovery capability of
PAHH also indicates its favorable anti-fatigue performance. The anti-
fatigue properties of PAHH were evaluated by carrying out multiple
loading/unloading tests without any pauses between two cycles
(Fig. S10). Upon 100 compression/recovery cycles at a 40% strain, the
compression strength of PAHH maintains at 100% of its original value,
indicating its remarkable structure integrity.

The viscoelastic properties of Fe-PAA and PAHH electrodes were
evaluated by performing the frequency sweep measurements at a 1%
strain, and the storage modulus (G) and loss modulus (G) of Fe-PAA
and PAHH are depicted in Fig. S11. Both the two samples exhibit wide
linear viscoelastic regions during the dynamic frequency sweep experi-
ments. The value of G’ is higher than that of G in both samples, con-
firming their gel states [47]. Single ferric ion theoretically interacts with
three carboxyl groups through electrostatic interactions, which serve as
a dynamic crosslinker to construct uniform Fe-PAA networks with
elastic behaviors. In addition, the G’ values of PAHH are significantly
higher than that of Fe-PAA, verifying efficient mechanical re-
inforcements from the host-guest structure of hybrid electrodes. Cyclic
step strain measurements were employed to characterize the self-healing
performance of PAHH. The G’ and G’ values of PAHH under the
continuous strain sweep measurements with an alternating step strain of
10% and 400% are demonstrated in Fig. 3e. Upon loading of 10% strain,
the G’ and G’ values of PAHH are observed as 34.6 and 1.6 kPa,
respectively, whereas the following 400% strain destroys the hydrogel
network with a sudden decrease of G’ (to 16.5 kPa) and increase of G’
(to 4.7 kPa). With a continuous 10% strain step, the PAHH is recovered
rapidly with a 100% healing efficiency and this process could be
repeated several times without any loss in the dynamic mechanical
properties. These results prove the excellent self-healing property of
PAHH and the fast recovery of its network after damages. The reversible
dissociation/association of hydrogen bonds between the PPy and Fe-
PAA as well as the complexation inside the Fe-PAA guest are sponta-
neously accountable for the efficient energy dissipation and fast self-
healing ability [48,49].

Owing to the formation of the PAHH with bi-continuous electron/ion
networks, the conductivity of PAHH is from the two factors below: the
electrical conductivity from conjugated PPy and the ionic conductivity
from Fe-PAA hydrogel. By contrast, the conductivity of PPy aerogel host
and PAHH was evaluated by the electrochemical impedance measure-
ments and summarized in Fig. 3f. In the absence of Fe-PAA hydrogel, the
conductivity of PPy aerogel host is measured as 10.5 S m~*, which is
solely contributed by electronic transports in the conjugated PPy skel-
eton. This value is much higher than most conducting polymer-based
hydrogels in literature [18,50,51], implying the formation of efficient
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electron transports along with the 3D continuous PPy framework. The
conductivity of PAHH is notably enhanced to 14.0 S m™, suggesting the
formation of efficient ion-conducting pathways within the hybrid elec-
trodes. Even under a compressive strain of 50%, the PAHH retains high
conductivity of 12.8 S m~! (Fig. S13), demonstrating its robust struc-
tural integrity.

To further demonstrate the advantages of the micro-structuring
approach for preparing the hybrid electrodes, we demonstrate the self-
healing ability and the conductivity recovery of PAHH samples under-
going external damage of cutting (Fig. 3g, 3 h). According to the ob-
servations of optical microscopy, the PAHH undergoes rapid self-healing
processes after being cut into pieces, which is attributed to the fast
reconstruction of hydrogen bonds and the efficient complexation of Fe>*
with PAA chains (Fig. 3g). The use of PAHH samples as a conducting
wire in a circuit to light up a bulb (operating voltage: 3.0 V) confirms
that the PAHH possesses an excellent conductivity (Fig. 3h). Surpris-
ingly, the PAHH recover its original conductivity instantaneously after
the cutting-healing process (Movie S2). The PAHH shows an extraordi-
nary mechanical versatility in terms of high compression strength, high
elastic modulus, large conductivity, small plastic deformation and
autonomous healability (Fig. 3i). Compared with the PPy aerogel host,
the hybrid electrode maintains high strength, and high elastic modulus,
together with improved elasticity and conductivity. It is well known that
the mechanical strength and elastic modulus usually decrease with the
improvement of elasticity and self-healing efficiency [52]. It is difficult
to realize electronically conductive hybrid hydrogels with conjugated
polymer structures to simultaneously achieve excellent elasticity, con-
ductivity and self-healing efficiency. Therefore, the PAHH electrodes
with the combination of 3D-interconnected conducting frameworks and
dynamically crosslinked networks take a step forward in the structural
optimization of mechanical properties and self-healing efficiency of
intrinsically elastic conducting polymer-based electrodes.

Electrochemical properties of the as-assembled all-solid-state
supercapacitor (ASC) devices were first evaluated by the cyclic vol-
tammetry (CV) and galvanostatic charge-discharge (GCD) curves in a
two-electrode system. The CV curves of the ASC devices present a quasi-
rectangular shape and mirror-image symmetry at a scan rate from 5 to
50 mV s ! (Fig. 4a), revealing its high capacitive behavior. Upon
increasing the scan rate to 100 mV s, the CV curve deviates from the
rectangular shape as a result of the diffusion limitation and large transfer
resistance at a high scan rate. Meanwhile, the GCD curves of the ASC
devices display a symmetrical triangle shape, indicating their
outstanding capacitive behavior and fast charge-discharge ability
(Fig. 4b). The specific capacitances of the ASC devices at various current
densities are calculated from the GCD curves (Fig. 4c). The ASC device
with 1-mm-thick electrodes reaches high gravimetric and areal capaci-
tances of 203 F g~ and 2033 mF cm 2, respectively, at a current density
of 2 mA cm™2, which are much higher than those of flexible super-
capacitors with conducting polymer hydrogel-based electrodes in liter-
ature (Table S1) [21,53-59]. Besides, the ASC device remains as high as
147.2F g~ and 1472 mF cm 2 at a current density of 50 mA cm 2. The
capacitance retention of ASC reached 72.4% under a 25-fold current
density, which reveals good rate capabilities. Furthermore, the ASC
devices with various mass loading of PPy are fabricated by changing the
thickness of electrodes and their electrochemical performances are also
investigated. The gravimetric capacitance of the device is well main-
tained with a slight decrease, while its areal capacitance reaches 6900
mF cm ™2 with ultra-high PPy mass loadings of 40 mg cm ™2 and 4-mm-
thick electrodes (Fig. 4d). The areal capacitance of PAHH device was
found to increase linearly with the thickness. This result indicated that
the capacitance did not seriously deteriorate as the electrode thickness
increased. In other words, the areal capacitance of the PAHH device
could be enhanced by increasing the thickness of the electrode without
sacrificing the energy-storage capacity of the material. The thickness-
independent feature showed that the electronic and ionic transport
within the thick PAHH was fast. For better comparison, the capacitances
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Fig. 4. Energy storage performance of PAHH in an ASC device. (a) CV curves of ASC devices at scan rates from 5 to 100 mV s~*. (b) GCD curves of ASC devices at
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of PPy nanoparticle electrodes with different thicknesses were also
provided in Fig. S13. The PPy nanoparticle electrodes exhibited severely
deteriorated specific gravimetric capacitance as the electrode thickness
increased. Besides, the areal capacitance of supercapacitor with PPy
nanoparticle electrodes almost stayed the same when the electrode
thickness increased from 3 to 4 mm, indicating the severely deteriorated
capacitance induced by the sluggish electronic and ionic transport
within the thick PPy nanoparticle electrodes. The remarkably high
capacitance and good rate performance are ascribed to the following
factors. First, the continuous conducting path of the PPy aerogel host
acts as a 3D-interconnected framework facilitating efficient electron
transport. Second, the low tortuous PAHH with enlarged electrode/
electrolyte interfaces promotes ion diffusion, helping accommodate
strains resulting from volume changes of electrodes during the electro-
chemical reactions.

The outstanding electrochemical performance of the ASC devices
was further evaluated through the Trasatti analysis and Dunn’s methods
to quantify the charge storage kinetics. According to the Trasatti anal-
ysis method, the stored charge (q) includes the ion-accessible outer
surface (g,) and inner surface (gj) during the charging process. The
dependence of g on v/ and 1/q on v!/2 is shown in Figures S14 and
S15. As a consequence, the corresponding outer charge (g,) and total
charge (qp) are calculated as 2.67 and 14.88 C cm™2, respectively. The
practical charge storage is 13.03 C cm ™2 at a high sweep rate of 75 mV
s~1, which accounts for 87.5 % of the total charge, indicating a high
electrochemical utilization ratio of the ASC devices during the char-
ge—discharge process. We could conclude that most of the electrode
surfaces were fully accessible to electrolytic ions during the electro-
chemical reaction, which is ascribed to enhanced ion diffusion kinetics

induced by the formation of an integrated host-guest structure. To
better understand the charge storage and ion transportation mechanism
of the ASC devices, Dunn’s method and corresponding equations (Eqs.
(S9), (S10)) were used to discuss the contributions of diffusion- and
capacitive-controlled capacitances of the total storage charges. As
shown in Fig. 4e and S16, the plots of log i versus log v nearly comply
with a linear relationship, and the fitting results display that a series of b-
value is less than 0.7, which represents a high diffusion-controlled
contribution for the device. At the low potential, the calculated b-
value significantly trends toward 0.5, indicating that the corresponding
current is dominated by the pseudocapacitance capacitance contribu-
tions from the proton bulk transport process, which plays an indis-
pensable role during the charge-storage process. Based on the calculated
fast-kinetic process (k;) and slow-kinetic process (kz) values at the
different voltages (Fig. 4f), the separated capacitive-controlled (fast-ki-
netic process) and diffusion-controlled (slow-kinetic process) contribu-
tions of the total stored charges of the ASC devices are presented in
Fig. 4g. With an increase in the scan rates, the fast capacitive contri-
butions of the devices increase from 15.3% at 5 mV s~ to 62.1% at 100
mV s~L. The relatively high capacitive contribution is ascribed to the
short ion diffusion length and the rapid electron transfer provided by the
bicontinuous electron/ion-conducting networks, which are also the
reason for the achievements of rapid charge-discharge performances at
high scan rates.

The ASC devices also present excellent cycling stability with more
than 95% and 90% of retentions after 3000 and 4800 cycles, respec-
tively (Fig. 4h). The desirable high cycling stability of PAHH is attrib-
uted to the formation of the 3D interconnected PPy framework and the
integrated electrode/electrolyte structure. First, the PAHH with the 3D
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interconnected PPy framework provides an efficient charge transport
and helps accommodate strains resulting from volume changes during
the electrochemical reaction. Second, the PAHH with the integration of
electron/ion-conducting phases enlarges the interface between the
electrode and electrolyte, thereby shortening the ion diffusion pathway
and enabling enhanced ion diffusion kinetics for redox reactions. At last,
the tough Fe-PAA hydrogel reinforces the structural integrity of PAHH
throughout long-term cycling and helps maintain the electrochemical
stability of the 3D electrodes. These unique structural characteristics
simultaneously make contributions to optimizing the as-fabricated ASC
devices with largely enhanced energy storage and cycling stability. The
Ragone plots of the ASC devices are illustrated in Fig. 4i. The ASC device
exhibits a high energy density of 204.2 pyWh cm~2 at a power density of
25000 pW cm ™2, which is among the top of the state-of-the-art flexible
supercapacitors with conducting polymer hydrogels as the electrode
[53-58]. Detailed comparisons are listed in Table S1.

As demonstrated above, the dynamically reversible interactions be-
tween PPy and Fe-PAA as well as the complexations between PAA and
Fe3" ions endow the PAHH with ideal compressibility and self-healing
ability. More importantly, the PAHH is capable of maintaining its orig-
inal 3D conductive network, mechanical property, viscoelasticity and
charge transport capability after multiple compression or cutting/self-
healing processes, which is especially promising for the assembly of
compressible and self-healing supercapacitors. The PAHH exhibits high
retention of its original capacitance under various compression strains,
as demonstrated by their almost overlapped CV curves in Fig. 5a.
Remarkably, the PAHH-based ASC device maintains nearly 90% of its
original capacitance under a 60% compression, calculated from the GCD
curves (Fig. S17). The equivalent series resistance (ESR) and RC time
constants of the device, which are obtained from the Nyquist and Bode
plots, respectively (Fig. 5b, S18), almost stay the same under various
compression strains, implying the stable electron/ion transport of
PAHH. After a series of cutting/self-healing cycles, slightly decreased CV
curves area (Fig. 5¢) and discharge time of GCD curves (Fig. S19) are
respectively observed. As estimated from the GCD curves in Fig. S16, the
self-healing efficiency of the device is more than 80% after five cycles of
the cutting/self-healing processes, suggesting that the self-healing
ability and the capability to automatically restore its original capaci-
tive performance of PAHH each time from serious external damages.
Slightly increased ESR and RC time constants (obtained from Fig. 5d and
Fig. S20) are observed with more repeated cutting/self-healing cycles,
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implying the marginally deteriorated electron/ion transport and slightly
decreased capacitance performance. Besides, the ion diffusion resistance
(0) of PAHH ASC after different cutting/self-healing cycles were
compared (Fig. S21). The values of ¢ were extracted from the slopes of
the linear fitting lines of the real part of impedance (Z') versus the
reciprocal of the square root of frequency (@*>). The ion diffusion
resistance increased with the increment of cutting/self-healing cycles.
After 5 cutting/self-healing cycles, the ¢ value reached 8.96 Q s %5,
which is twice the initial value (4.12 Q s’o's). This result indicates the
sluggish ion diffusion kinetics of PAHH ASC after repeatedly cutting/
self-healing cycles. Therefore, the deteriorated electron transportation
and the sluggish ion diffusion kinetics of PAHH lead to capacitance
degradation after 5 cutting/self-healing cycles.

Generally, the total energy stored in a single ASC device is not always
high enough to meet the practical applications. Accordingly, the as-
sembly of several individual devices in series is an effective way to
obtain an integrated energy storage device with specifically tailored
output voltages. Herein, the assembly of two and three series-connected
PAHH-based ASC devices was achieved. The device in series with an
assembly of two and three independent ASC devices shows an increasing
output potential of 2.0 and 3.0 V, respectively (Fig. 5e). The remarkable
electrochemical performance of the series-connected ASC devices is also
confirmed by GCD tests in Fig. 5f. The series-connected ASC devices not
only maintain the stable output capacitance that was proved by similar
discharge time but also obtain the high voltage window. As a demon-
stration, an integrated energy storage unit consisting of three series-
connected ASC devices is assembled to power external circuitry. As a
proof-of-concept, the resultant integrated energy storage unit is
powerful to light up a red light-emitting diode (LED) bulb after being
fully charged (Fig. 5g). More importantly, the integrated energy storage
unit also works well when being sustained in large compression defor-
mation. Furthermore, when one supercapacitor of the integrated unit
was cut off, the integrated energy storage unit could restore its initial
capacitance after being simply self-healed, suggesting the excellent self-
healing characteristic of the integrated devices (Fig. 5h).

To further understand the influences of the electrode/electrolyte
integration and the bicontinuous network structure of the PAHH on the
corresponding electrochemical properties, the electrochemical perfor-
mance of ASC devices based on PAHH and PPy was fully investigated. As
illustrated in Fig. 6a, the PAHH-based ASC device exhibits largely
enhanced specific capacitances and improved rate capabilities
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compared with those of PPy-based ASC devices, especially at a large
current density. We suggest that the largely improved capacitance and
rate performance of the ASC devices are ascribed to the formation of the
unique design of bicontinuous electrode/electrolyte integration, which
gives rise to the enlarged interfaces between the electrode and electro-
lyte with enhanced ion diffusion kinetics for redox reactions. The
Nyquist plots and Bode plots are provided to investigate the ion diffusion
kinetics of both supercapacitors. The Nyquist plots of ASC devices with
the PAHH and PPy electrodes show the respective high-, mid-, and low-
frequency regions (Fig. 6b), which correspond to the electro-transfer
limited process, the diffusion-limited process and the capacitive
behavior, respectively [18]. The high-frequency region is a reflection of
the electrical conductivity of electrodes and the redox charge-transfer
reaction at the electrode-electrolyte interface. The conductivity of
supercapacitor electrodes is measured in terms of the equivalent series
resistance (ESR), which is obtained from the first intercept of the Nyquist
plots on the real impedance axis. The ESR comprises the intrinsic
resistance of an electrode, the contact resistance with the current col-
lector, and the electrolyte resistance. The PAHH-based ASC device ex-
hibits a smaller ESR than that of the PPy-based ASC device. In the mid-
frequency region, the charge-transfer reaction at the electro-
de-electrolyte interface is always expressed as a semicircle [59]. Dis-
torted semicircular arcs are observed from the PAHH and PPy-based ASC
devices, respectively, which are ascribed to the overlapping of high-
frequency redox reactions and mid-frequency reactions induced by the
formation of 3D-interconnected PPy frameworks [18]. The nearly
straight line at the low-frequency region demonstrates excellent capac-
itive behaviors of the devices without significant diffusion limitations.
The Bode plot explains that the total impedance decreases with the
increment in frequency (Fig. S22). The characteristic frequency f, at a
phase angle of —45° or its corresponding relaxation time, also called the
RC time constant, marks the point where the resistive and capacitive
impedances are equal [60]. The PAHH and PPy exhibit a f,, of 0.215 and
0.121 Hz, respectively, corresponding to the RC time constant of 4.65
and 8.26 s, respectively. The fast frequency response of PAHH indicates
enhanced ion transports within hybrid electrodes with the electrode/
electrolyte integration design. The Randles plot demonstrates the rela-
tionship between Z' and w(w 27*f) in the low-frequency region (Fig. 6¢)
and the slope of the linear fitting represents the Warburg factor [61].
The PAHH-based ASC device presents a low Warburg factor, demon-
strating enhanced ion diffusion kinetics compared with that of the PPy-
based ASC.

The PAHH-based ASC devices exhibit largely improved cycling sta-
bility compared with that of devices based on PPy aerogels (Fig. 6d). The
unique bicontinuous structure of the PAHH electrode with the integrity
of tough Fe-PAA hydrogel reinforcing 3D PPy aerogel host is critical for
its outstanding cycling stability. This hypothesis is also proved by the
SEM images of PAHH and PPy electrodes after long-term cycling. A well-
defined bicontinuous configuration of PAHH is well maintained after
long-term charge/discharge cycles (Fig. 6e), indicating its excellent
structural integrity. By contrast, the porous and interconnected frame-
work of PPy aerogels is almost destroyed owing to serious volume ex-
pansions of the electrode and the largely blocked gel electrolyte after
long-term cycling (Fig. 6f). These results imply that the PAHH with
bicontinuous electrode/electrolyte structures improves both the rate
and cycling performance by facilitating ionic transport and improving
the structural integrity, respectively. These findings are of significant
importance for fabricating novel hybrid electrodes for high-performance
energy storage devices with largely improved rate and cycling
performance.

4. Conclusion

In summary, we have established a new strategy for creating host—
guest hydrogel electrodes with bicontinuous conductive structures. The
PPy aerogel-hosting hydrogel electrodes are developed by triggering in-
situ polymerization of Fe-PAA hydrogels constrained to the skeleton
surface of 3D interconnected PPy aerogels. Taking the advantage of the
reversible nature of noncovalent cross-linking of hydrogen bonds and
metal coordinations, the resultant PAHH electrodes demonstrate
superelasticity, high conductivity, excellent capacitance performance
and intrinsic self-healability. The bicontinuous electron/ion conductive
structures within the PAHH not only provide remarkable conductivity
but also endow enhanced redox reactions and ion transport kinetics. The
PAHH-based ASC devices with an integrated electrode/electrolyte
interface simultaneously display an ultra-high capacitance of 6900 mF
cm™2 (PPy mass loading to 40 mg cm™2), excellent rate performance
(80% retention at a 25-fold current density) and high cycling stability
(95% retention after 3000 cycles). Furthermore, the promising struc-
tural design of PAHH with the unique bicontinuous structures endows
flexible supercapacitors with steady capacitance retentions under me-
chanical deformations and even physical damages. This study therefore
presents a novel and efficient strategy to construct conducting polymer
hydrogels with bicontinuous electron/ion-conducting paths for smart
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energy storage in next-generation electrochemical/electronic systems.
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