Volume 10
Number 40

28 October 2022
Pages 14781-15210

Journal of

Materials Chemistry C

Materials for optical, magnetic and electronic devices

rsc.li/materials-c

ISSN 2050-7526

PAPER
ﬁ ROYAL SOC|ETY Bicheng Zhu, Jadranka Travas-Sejdic et al.

Soft, flexible and self-healable supramolecular conducting

“ OF CHEMISTRY polymer-based hydrogel electrodes for flexible

supercapacitors




Published on 20 September 2022. Downloaded on 2/20/2026 5:38:55 PM.

Journal of

Materials Chemistry C

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2022,
10, 14882

Received 2nd August 2022,
Accepted 20th September 2022

DOI: 10.1039/d2tc03239b

rsc.li/materials-c

Introduction

Soft, flexible and self-healable supramolecular
conducting polymer-based hydrogel electrodes
for flexible supercapacitorst

Bicheng Zhu,*®® Eddie Wai Chi Chan,?® Sheung Yin Li,*® Xin Sun® and
Jadranka Travas-Sejdic (2 *3°

Conducting polymer-based hydrogels have drawn great attention recently as stretchable and soft
electrode materials for flexible supercapacitors, for wearable electronics applications. In this work,
we strategically combined a supramolecular approach and the ARGET-ATRP grafting methodology to
prepare stretchable and self-healable poly(3,4-ethylenedioxythiophene) (PEDOT)-based conductive
hydrogels with excellent electrochemical and mechanical properties. The supramolecular assembly of
thiophene-3-boronic acid (ThBA) and poly(vinyl alcohol) (PVA), via dynamic boronate bonds, provides
robustness for the PEDOT-based hydrogel. The hydrogen bonds between poly(acrylic acid) (PAA)-
grafted-thiophene and PVA offer the fast self-healing properties to the hydrogel when exposed to mild
pressures. After integrating the PAA-grafted-thiophene/PVA-based hydrogel with the self-healable,
borate ester cross-linked PVA hydrogel electrolyte, the formed supercapacitor structure exhibits a
specific capacitance of 222.32 mF cm™2, with an energy density of 19.8 uW h cm~2. The PEDOT-based
hydrogel exhibits excellent electrochemical stability with 95.8% capacitance retention after 1000
charging—discharging cycles and a good capacitance recovery rate of 78.3% after the cutting—healing cycle.
The utilisation of a supramolecular approach and the ARGET-ATRP grafting methodology could guide future
developments in intrinsically stretchable and self-healable materials for wearable bioelectronics. The
developed, intrinsically flexible and self-healable energy-storage device has potential for applications in the
next generation of epidermal bioelectronics or other wearable electronics devices.

nature of conducting polymers into stretchable and flexible
formats, molecular engineering has been investigated, where

The current developments in flexible biosensors and bio-
electronics pay increasingly more attention to developing soft
materials for wearable, epidermal and implantable devices.">
The power supply sources, such as batteries and supercapacitors,
for these soft devices also need to be flexible and soft, as they are
required to work under various mechanical deformations along-
side the rest of the bioelectronics components.

Conducting polymer-based soft materials are promising
candidates to be utilised as soft and flexible electrodes
in bioelectronics applications, due to their ease of synthesis,
soft mechanical properties, good conductivity, environmental
stability and high pseudocapacitance.*® To alter the rigid
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soft side chains have been grafted onto the rigid conducting
polymer backbone.> The hydrogel format of conducting
polymer-based materials has also been investigated to over-
come the stiffness and non-flexible nature of the conducting
polymers.”® Poly(vinyl alcohol) (PVA) has been widely applied
as a soft matrix that incorporates well with the rigid conducting
polymers. It is amenable to crosslinking using both physical®
and chemical methodologies.'”" Li et al. recently incorporated
bis(trifluoromethane)sulfonamide lithium salt (LiTFSI) into
a PEDOT:PSS and poly(vinyl alcohol) (PVA) hydrogel, which
produced a supercapacitor with an areal capacitance of
44.5 mF cm™ > and a power density of 0.04 mW cm 2.2
Sun et al. demonstrated an ‘all-in-one supercapacitor’ that
was fabricated with two embedded polypyrrole (PPy) layers as
electrodes and the boron cross-linked PVA/KCI hydrogel film as
a solid-state electrolyte.' The all-in-one supercapacitor showed
superior toughness and mechanical strength when exposed to
large deformations, with an areal capacitance of 224 mF cm >
and an energy density of 20 pW h cm™? under deformation.

This journal is © The Royal Society of Chemistry 2022
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To further improve the robustness and the mechanical perfor-
mance of the conducting polymer-based hydrogel for epidermal
bioelectronics, the supramolecular crosslinking strategies
between rigid conducting polymers and soft polymers have
been investigated."*™” Li et al reported a high performance,
flexible, solid-state supercapacitor based on the supramolecular
assembly of polyaniline (PANI) and polyvinyl alcohol (PVA), made
through boronate bonds."* The developed supercapacitor exhi-
bited a specific capacitance of 153 F g ', with a high energy
density of 13.6 W h kg '. Chen et al developed boronate
cross-linked PEDOT, which showed a high energy density of
15.2 W h kg~ " and a power density of 201.1 W kg™ '."*

Self-healing is one of the most important requirements
for soft epidermal and implantable bioelectronics devices,
including energy storage devices, as the performance should
be retained after damage to the device.'®* To make a super-
capacitor self-healable, either the electrolyte or the electrodes,
or both, could be designed to be self-healable. Huang et al.
reported a poly(acrylic acid) (PAA)-based electrolyte, dual cross-
linked by hydrogen bonding between carboxylic acid groups
and silica-based nanoparticles, which provided the intrinsic
self-healability and high stretchability to the supercapacitor.®
Han et al. demonstrated a poly(vinyl alcohol-borax) (PVAB)
hydrogel and carbon nanotube-cellulose nanofiber (CNT-CNF)
nanohybrids, displaying a specific capacitance of 117.1 F g~ '
and a high capacitance retention ( ~98.2%) after ten damaging/
self-healing cycles.”® Yang et al. developed a supramolecular
poly(vinyl alcohol)/poly(N-hydroxyethyl acrylamide) (PVA/PHEA)
hydrogel electrolyte, which was decorated by chemically poly-
merised polyaniline (PANI) on two sides of the PVA/PHEA hydro-
gel electrolyte, forming an all-in-one supercapacitor device. The
developed device was reported to exhibit a specific capacitance of
98 mF cm 2>

In this work, we developed a soft and flexible conducting
polymer-based supercapacitor device using a copolymer of poly-
(acrylic acid)-grafted-thiophene (Th-g-PAA), 3,4-ethylenedioxy-
thiophene (EDOT) and thiophene-3-boronic acid (ThBA). The
rigid conducting polymer and the soft poly(vinyl alcohol) (PVA)
then self-assembled through supramolecular interactions
between the boronic acid groups from thiophene-3-boronic
acid and hydroxy groups from PVA. Such a supramolecular
assembly strategy is expected to enhance the mechanical and
electrochemical properties.'**> To the best of our knowledge,
this is the first report on utilising a supramolecular assembly
strategy and the ARGET (activators regenerated by electron
transfer)-ATRP (atom transfer radical polymerization) grafting
methodology for the development of flexible, self-healable
supercapacitor devices with the desired properties of stretch-
ability, self-healing and robustness. The assembled soft electro-
des exhibited a specific capacitance of 335.40 + 4.61 mF cm > ata
scan rate of 10 mV s~ '. In addition, the carboxylic acid groups
from PAA-grafted-thiophene form hydrogen bonds with hydroxyl
groups from PVA, offering rapid self-healing properties.' The self-
healing occurs within 15 min at room temperature upon applying
mild pressure. The poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydro-
gel was integrated with a self-healable, diol-borate ester crosslinked
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PVA hydrogel to obtain a “sandwich” structured supercapacitor.
The integrated supercapacitor exhibited a specific capacitance of
222.32 + 7.59 mF cm™ 2 at 10 mV s~ with a maximum energy
density of 19.8 uW h cm 2. The whole integrated device is self-
healable, as each component of the device is self-healable. The
recovery rate of the device’s capacitance, after a cutting-healing
cycle, was found to be 78.3%.

Results and discussion

The schematic of the flexible, conducting polymer (CP)
hydrogel-based supercapacitor is given in Fig. 1A. The chemical
structure of the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydro-
gel electrodes is shown in Fig. 1B. To prepare poly(EDOT-co-
(Th-g-PAA)-co-ThBA)-PVA hydrogel electrodes, thiophene was
first grafted with poly(tert-butyl acrylate) (poly(tBA)) by means
of ARGET-ATRP, followed by poly(tBA) hydrolysis that afforded
Th-g-PAA (Fig. 1C). The three monomers, Th-g-PAA, ThBA and
EDOT, were dissolved, along with PVA, in the mixed solvent of
water and DMSO, and were polymerised by the addition of
FeCl; and APS solution in water to form a poly(EDOT-co-(Th-g-
PAA)-co-ThBA)-PVA hydrogel (Fig. 1B). Here, the binary oxidant
of FeCl; and APS was used for chemical polymerisation, as
APS has a higher polymerisation rate but a low solubility in
DMSO, while also C1™ from FeCl; could act as a dopant for the
conducting polymer to enhance the conductivity.>®

To achieve the optimum capacitance, the composition of the
poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel electrode was
optimised, where the utilisation of both EDOT and thiophene
(Th) as spacer monomers was investigated. In Fig. 2A, the CV
plots of poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA and poly(Th-co-
(Th-g-PAA)-co-ThBA)-PVA hydrogels are shown. Based on CV
plots, the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel
exhibited a higher capacitance at 100 mV s~ of 206.25 +
5.75 mF cm > compared to 181.25 + 6.89 mF cm > obtained
from the poly(Th-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel, as
shown in Fig. 2B. Therefore, EDOT was chosen for further
synthesis of hydrogel electrodes.

In the process of the preparation of a poly(EDOT-co-(Th-g-
PAA)-co-ThBA)-PVA hydrogel, PSS was added to enhance the
uniformity of the dispersion of the monomer and PVA mixture,
as reported by Wei et al,>’. The CV measurements of the
hydrogel electrodes at 100 mV s~ ', with and without the addition
of PSS, are shown in Fig. 2C. The capacitance of the poly(EDOT-
co-(Th-g-PAA)-co-ThBA)-PVA hydrogel prepared with PSS was
206.25 + 5.75 mF cm > calculated from CV, compared to
81.57 + 7.62 mF cm > obtained for the hydrogel prepared
without PSS, as shown in Fig. 2D. Thus, as PSS indeed increased
the capacitance of the prepared poly(EDOT-co-(Th-g-PAA)-co-ThBA)-
PVA hydrogel, PSS was used in all subsequent experiments.

Characterisation of the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA
hydrogel

The kinetics of the grafting of {BA onto ThBr was evaluated by
employing 1H NMR, via tracking the consumption of the ¢{BA

J. Mater. Chem. C, 2022,10, 14882-14891 | 14883
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Fig. 1 (A) The “sandwich” structure of the supercapacitor. (B) The chemical structure of the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel.

(C) Synthetic route to Th-g-PAA.
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Fig. 2 (A) Cyclic voltammograms (CVs) and (B) areal specific capaci-
tances of (1) poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogels and
(2) poly(Th-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel electrodes in 2 M
KCl solution at a scan rate of 100 mV s%. (C) CV and (D) areal specific
capacitance of poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogels with
and without PSS.

monomer during the reaction. The kinetic plot for the poly-
merisation is presented in Fig. 3A. After 3 h reaction, the
conversion of tBA reached 91%, giving the average number of
repeat units for ¢{BA per initiating site of about 14. The success-
ful hydrolysis of Th-g-tBA into Th-g-PAA was confirmed by
1H NMR from the appearance of the peak at ¢ = 12.2 (--COOH)
(Fig. 3B). The number of repeat units of PAA was estimated
from the ratio of the peak at § = 12.2 (-COOH) to the peak at
0 = 6.98 (thiophene), revealing 14 repeat units of PAA, in

14884 | U Mater. Chem. C, 2022, 10, 14882-14891

agreement with the results for incorporated ¢BA units obtained
from kinetic analysis.

The polymerisation of Th-g-PAA, ThBA and EDOT with FeCl;
and APS turned the reaction mixture into dark green within
1 min of polymerisation, without any visible precipitation. It is
considered that the physical and chemical crosslinks between
CP and PVA chains render the formed polymer composite in
a hydrogel state." After the preparation process, the water
content of the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel
was 86.3%.

The FT-IR spectra, as shown in Fig. 3C, of the poly(EDOT-co-
(Th-g-PAA)-co-ThBA)-PVA hydrogel showed the characteristic
absorption bands at around 652 cm ™" and 1315 cm ™,
ponding to the bending of O-B-O'' and the asymmetric
stretching of B-O-C.° A comparison of the FTIR spectra of
PVA and poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogels
reveals that the peak intensity of the —OH stretching vibration
of PVA, in the range of 3200-3400 cm ', weakens after cross-
linking with boronic acid groups. Moreover, to confirm the
existence of the hydrogen bonds, a major adsorption band from
PVA at 3429 cm™ ' corresponds to the stretching of hydroxyl
groups, which shifts to 3273 cm ™" due to the formation of
hydrogen bonds, in agreement with the shift reported elsewhere.*
XRD was applied to investigate the crystalline structure of the
poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel. The XRD pat-
tern of commercial PEDOT:PSS, shown in Fig. S2A (ESIt), shows
a broad diffraction peak at 20 of 25.5°, which was attributed to
interchain planar ring-stacking.”® By comparison, the XRD
spectra of poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA show a broad
amorphous peak in the region from 20 ca. 15 to 30° in which are
superimposed somewhat sharper peaks at 25.5° and 19.9° that

corres-

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (A) Kinetic plot of monomer conversion and In([Mgl/[My]) vs. time for the ATRP of tBA from ThBr. The dashed line represents the linear fit to the
experimental data. (B) 1H NMR data of Th-g-PAA in CDCls. (C) FTIR spectra of the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel and PVA
hydrogel. (D) Tensile stress—strain curve of the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel. (E) The optical photographs of poly(EDOT-co-(Th-
g-PAA)-co-ThBA)-PVA and poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogels under various mechanical deformations: compression, bending,
twisting and stretching. (F) CV measurements and SEM images of the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel electrode before and after

the cutting—healing cycle.

correspond to the (020) plane for PEDOT*® and (101) and
(200) planes for PVA,>” respectively. The Raman spectrum of
poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA is shown in Fig. S2B
(ESIT). The peaks at 441 and 696 cm ' correspond to the
C-0O-C and C-S-C deformations, while the peaks at 990 and
1260 cm ' were assigned to the oxyethylene ring deformation
and C,-C, inter-ring stretching. A significant symmetric C, =Cg
stretching peak of poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA
appears at 1436 cm ', indicating the high length of conjuga-
tion in the conducting polymer chains, which confirms that the
addition of PVA has a negligible effect on the polymerization
process of poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA and on its
chain structure.'® The SEM and TEM images of the freeze-dried
poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel are presented
in Fig. S1 (ESIt), showing a porous and continuous network of
the hydrogel.

The overall performance of the flexible supercapacitors
demands satisfactory mechanical strength under the practical
operating conditions, including repetitive bending, folding and
stretching. The mechanical characterisation was carried out,
with the tensile test results displayed in Fig. 3D. The maximum
tensile strength of the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA
hydrogel was 51.21 + 6.7 kPa and the elastic Young modulus of
the hydrogel was 35.5 £ 4.3 kPa. These values fall within the
range of soft biological tissues, such as muscles and tendons.?®
Moreover, as demonstrated in Fig. 3E, the poly(EDOT-co-(Th-g-
PAA)-co-ThBA)-PVA hydrogel was able to resist various forms
of deformations, including compression, stretching, twisting,
bending and folding.

This journal is © The Royal Society of Chemistry 2022

The self-healing ability of the composite hydrogel was
investigated by measuring the CV before and after healing.
The self-healing was achieved by spraying 100 pL of deionised
water onto the hydrogel surface and applying about 1 kg cm >
for 15 min. There was no obvious healing in the absence of
deionised water and applying pressure, as these two parameters
would facilitate the formation of the hydrogen bonds for
self-healing.>® The cut poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA
hydrogel self-healed well (Fig. 3F inset). Strain-stress tests and
CVs (at 100 mV s~ '), before and after the cutting-healing cycle,
are displayed in Fig. 3D and F. The maximum tensile strength
of the healed poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel
was reduced to 42.07 kPa, while the elastic Young modulus
remained at a similar level of 33.7 kPa (Fig. 3D). As shown in
Fig. 3F, the specific capacitance after the cutting and healing
was 100.55 + 6.54 mF cm >, compared with the original
specific capacitance of 206.25 + 5.75 mF cm > therefore,
48.8 + 1.8% of the specific capacitance was recovered. The
recovery rate was comparable to, or better than, other reported
self-healable supercapacitor electrodes. For example, Zou et al.
reported polyaniline (PANI)-PVA hydrogel electrodes with dual
physical cross-linking of 4-carboxyphenylboronic acid (CPBA)
and calcium ions.”® The recovered specific capacitance, after
healing for 4 h, was about 35.0% of the original value.

Electrochemical performance of poly(EDOT-co-(Th-g-PAA)-co-
ThBA)-PVA hydrogels as supercapacitor electrodes

To optimise the self-healing properties of the composite hydro-
gel, the effect of the length of side chains was investigated.

J. Mater. Chem. C, 2022, 10, 14882-14891 | 14885
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The CVs, in 2 M KCl at 100 mV s ', were recorded for
poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogels with various
lengths of PAA chains. When the number of the repeating
units in PAA was increased from 10 to 14, the capacitance of
the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel decreased
slightly from 217.18 mF c¢cm > to 206.25 + 5.75 mF cm .
When the number of the repeating units in PAA increased
further to 18 and 25, the capacitance, as calculated from CV
measurements, significantly reduced to 139.06 mF cm™ > and
92.19 mF cm™ 2, respectively, as shown in Fig. 4A. This can be
expected, as the long side chains of PAA grafted from ThBr
increase the total weight of the non-electrochemically active
component in the composite, which in turn reduces the capa-
citance. Additionally, the shorter side chain from Th-g-PAA
would induce a lower extent of hydrogen cross-linking between
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polymer chains, which may enable easier access of ions from the
electrolyte, facilitating a higher capacitance.’® The self-healing
properties of poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogels
with 10 and 14 repeating units in PAA were compared. No obvious
healing was observed in the poly(EDOT-co-(Th-g-PAA}-co-ThBA)-
PVA hydrogel with 10 units, while the composite with 14 units in
PAA showed a fast healing ability within 15 min, as shown in
Fig. 3F. Hence, the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydro-
gel with 14 units is utilised for further study.

The amount of the Th-g-PAA in poly(EDOT-co-(Th-g-PAA)-co-
ThBA)-PVA hydrogel was then optimised, where the amounts of
EDOT and ThBA were kept constant. 2 pmol, 4 umol and 8 pmol
Th-g-PAA, corresponding to 2.4 mol%, 4.7 mol% and 9.5 mol%
in the polymer composition, were investigated. The poly(EDOT-co-
(Th-g-PAA)-co-ThBA)-PVA hydrogel with 4 pmol (4.7 mol%) Th-g-PAA
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Fig. 4 CV measurements of poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogels (A) with various lengths of PAA side chains and (B) with different
molar fractions of Th-g-PAA. (C) Poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel (n of PAA in (Th-g-PAA) was 14, 4 pmol of (Th-g-PAA)) in 2 M KCl
at different scan rates. (D) The specific capacitance of poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA (n of PAA in (Th-g-PAA) was 14, 4 umol (Th-g-PAA))
hydrogel electrodes at various scan rates in 2 M KCl solution. The error bars represent a standard deviation from 3 measurements. (E) GCD measurements
for poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA (n of PAA in (Th-g-PAA) was 14, 4 umol (Th-g-PAA)) hydrogel electrodes at various current densities.
(F) EIS spectra in the form of the Nyquist plot of poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA (n of PAA in (Th-g-PAA) was 14, 4 umol (Th-g-PAA))
hydrogels in the frequency range of 10 mHz to 100 kHz. The experimental data are shown as symbols and the fitted curves as solid lines.
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exhibited an optimal specific capacitance of 206.25 mF c¢cm >,
compared with 132.81 mF cm > and 137.50 mF cm > for 8 umol
and 2 pmol, respectively, as estimated from the CVs presented in
Fig. 4B. The increase in the amount of Th-g-PAA from 2 pmol to
4 pmol results in an increase in the specific capacitance due to
the increase in the total amount of the electrochemically active
polymer. When the amount of Th-g-PAA further increased to 8 umol,
a decrease in specific capacitance was observed, likely due to the
inhibited access of the ions from the increased hydrogen bond
cross-linking.>® Therefore, 4 pmol Th-g-PAA was utilised for the
preparation of poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel
electrodes.

To explore the potential applications of the poly(EDOT-co-
(Th-g-PAA)-co-ThBA)-PVA hydrogel for flexible supercapacitors,
the hydrogel-based electrode was fabricated by using a carbon
fibre cloth (CFC) as the current collector. In order to investigate
the capacitance of the prepared poly(EDOT-co-(Th-g-PAA)-co-
ThBA)-PVA hydrogel as an electrode on a CFC collector, CVs
at different scan rates were performed in 2 M KCl electrolyte, as
shown in Fig. 4C. From the CV measurements, the oxidation
peak at 0.52 V and the reduction peak at 0.37 V were observed.
The specific capacitance at different scan rates was calculated
and is presented in Fig. 4D. The hydrogel electrodes exhibited a
high areal specific capacitance of 335.40 + 4.61 mF cm™ > at a
low scan rate of 10 mV s~ '. The areal specific capacitance
decreased when the scan rate increased, as expected, as at low
scan rates the electrolyte ions would have time to diffuse in the
bulk of the electrode, while at higher scan rates the electrolyte
ion movement is limited to the surface layers of the electrode.®
The GCD curves of the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA
hydrogel, Fig. 4E, are nonlinear, which indicates the pseudo-
capacitive behaviour of the conducting polymer-based electro-
des, in agreement with the CV results. The electrochemical
resistance of the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydro-
gel-CFC electrode was examined by EIS, employing frequencies
between 0.01 Hz and 100 kHz and open circuit bias potential, to
obtain a detailed picture of the charge transfer and the electro-
chemical resistance. From the Nyquist plot (Fig. 4F), a negligible
semicircle can be observed in the high-frequency region, indica-
ting its low equivalent series resistance (Rs) of 4.62 Q cm ™2 and low
charge transfer resistance (R.) of 2.56 Q cm™>, confirming the
efficient charge-transfer kinetics of the poly(EDOT-co-(Th-g-PAA)-
co-ThBA)-PVA hydrogel. Additionally, the nearly vertical slope of
the plot in the low-frequency region indicates good capacitive
behaviour of the electrode. These results suggest that the poly-
(EDOT-co(Th-g-PAA)-co-ThBA)-PVA hydrogel electrode exhibits
good electrochemical kinetics, ionic conductivity and good
capacitance. The conductivity of the poly(EDOT-co-(Th-g-PAA)-co-
ThBA)-PVA hydrogel was measured as 1 S ecm ™, using the setup
shown in Fig. S3 (ESIt). This value was comparable with other
conducting polymer-based hydrogels.'***

Flexible supercapacitor performance

After optimisation of the composition of the poly(EDOT-co-(Th-
g-PAA)-co-ThBA)-PVA hydrogel electrode, the hydrogel electrodes
were integrated with a self-healable, PVA-based hydrogel electrolyte
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into a “sandwich” structured flexible supercapacitor. The PVA
hydrogel was prepared based on other reports,®** where the
diol-borate ester bonding formed after mixing PVA and borax
under alkaline conditions. The CV and GCD curves of the fabri-
cated flexible supercapacitor were recorded to evaluate the electro-
chemical performance. There are redox peaks observed in the
cyclic voltammogram of the device (Fig. 5A), which are in
agreement with the voltammogram shape of the poly(EDOT-co-
(Th-g-PAA)-co-ThBA)-PVA hydrogel electrode, presenting the pseu-
docapacitive characteristics of the supercapacitor device. As a
control, the CV of a device using bare CFC as electrodes was
recorded, where a negligible capacitance could be observed
(Fig. 5A). The CVs at different scan rates were measured, and the
capacitances were calculated, as shown in Fig. 5B, while the typical
GCD behaviour of the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA
hydrogel-based device is shown in Fig. 5C. The specific capacitance
of the device obtained by CV is 222.32 4+ 7.59 mF cm ™~ at a scan
rate of 10 mV s~ " and that obtained by GCD is (218.75 & 5.36) mF
cm 2 at a current density of 0.2 mA cm ™%, with a maximum energy
density of 19.8 uW h ecm™ 2. The obtained specific capacitance is
remarkable when compared with reported conducting polymer-
based flexible supercapacitors. A textile supercapacitor based on
poly(3,4-ethylene dioxythiophene) polystyrene sulfonate (PED-
OT:PSS) coated onto the cellulose/polyester cloth was reported,
which provided a specific capacitance of 10 mF cm > at 1 mv s~ %
A composite of PEDOT and graphene oxide (GO) was electrode-
posited onto flexible electrode substrates in an ionic liquid
(BMIMBF4) solution. The developed flexible supercapacitor exhib-
ited an areal specific capacitance of 25 mF em™2.¢ A transparent,
flexible supercapacitor was prepared from electrospun PEDOT:PSS
nanofibers onto flexible polyethylene terephthalate (PET) substrates
as electrodes for all solid-state supercapacitors, exhibiting a specific
capacitance of 1.8 mF cm > at a discharging current of 5 pA
em™ 2% To satisfy the specific energy and power needs in applica-
tions, several supercapacitors were assembled either in series or in
parallel to evaluate their performance for practical requirements, as
shown in Fig. 5D. When the two supercapacitors were assembled in
parallel, the discharge time was two times that of a single super-
capacitor, at the same current density. When the two supercapaci-
tors were connected in series, the supercapacitors demonstrated a
1.6 V charge/discharge voltage window with an equal discharge
time, compared with the single supercapacitor.

The cycling stability is one of the most crucial characteristics
of a supercapacitor device. The cycling stability of the
poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel-based super-
capacitor was evaluated by GCD testing at 10 mA cm™ > over
the potential window between 0 and 0.8 V. The 95.8% of the
capacitance was retained after 1000 charge-discharge cycles, as
shown in Fig. 5E, while 89.6% of the areal specific capacitance
was retained after 10000 charge-discharge cycles (Fig. S4,
ESIT). The first 5 cycles and the last 5 cycles are shown in the
inset of Fig. 5E, demonstrating the stability and the retention of
the long-term performance of the supercapacitor device. The
capacitance retention (%) and EIS spectra of the poly(EDOT-co-
(Th-g-PAA)-co-ThBA)-PVA hydrogel supercapacitor under flexing
was investigated by GCD, where the device was bent at different
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Fig. 5

(A) CV measurements of the flexible bare CFC and poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel-based supercapacitors at a scanning rate

of 10 mV s, (B) Specific capacitance plot of poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel-based supercapacitors at different scan rates. The error bars
represent a standard deviation from 3 measurements. (C) GCD measurements of the supercapacitor device at various current densities. (D) GCD curves of a
single supercapacitor, two supercapacitors connected in parallel, and two supercapacitors connected in series. (E) Specific capacitance obtained from GCD
measurements with a current density of 10 mA cm~2 over 1000 charge—discharge cycles. Inset: the first five and the last five cycles of the GCD plots of the
device. (F) Specific capacitance retention (%) of the device at different bending angles. Inset: the photographs showing the device after bending.

angles. As presented in Fig. 5F and Fig. S5 (ESIf), the areal
capacitance and resistance remained practically the same under
all bending conditions. The self-discharge test, in Fig. S6 (ESIT),
reveals a fast self-discharge in the first 1 h, followed by a stable
potential at 54% of the original potential in the following 6 h.
The self-healing properties (Fig. 6A inset) of the device were
examined by CV measurements before and after healing, as
shown in Fig. 6A. 78.3% of the specific capacitance remained
after healing, calculated from CV measurements, which is
comparable with the reported self-healing supercapacitor
devices. Jin et al. reported a solid-state supercapacitor based
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Fig. 6 (A) CV measurements of the device before cutting and after self-
healing. Inset: The photographs showing the device before cutting and
after healing. (B) The green LEDs were lighted up after a cutting—healing
cycle.
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on polyacrylic acid cross-linked by methacrylated graphene
oxide (MGO-PAA) which showed a 60% recovery rate after
cutting-healing cycles.®® Ma et al. reported a self-healable
PANI-PVA based hydrogel supercapacitor that retained 69%
of the initial capacitance after the self-healing cycle,*® where
the healing property was from O-H-O hydrogen bonds between
PVA polymer chains. In this work, the recovery of the specific
capacitance for the device was improved by the presence of the
self-healable hydrogel electrolyte, in comparison to the recovery
rate of the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel
electrode. To demonstrate its self-healing ability, as shown in
Fig. 6B, the two supercapacitors connected in series were able
to light up a green LED after a cutting-healing cycle.

Experimental
Materials

3,4-Ethylenedioxythiophene (EDOT), ammonium persulfate
(APS), ferric trichloride (FeCl;), thiophene-3-boronic acid
(ThBA), potassium chloride (KCI), poly(4-styrenesulfonic acid)
solution (PSS) (18 wt%) and poly(vinyl alcohol) (PVA, 99%
hydration degree, M, 146 000-186 000, were purchased from
Sigma-Aldrich and used without further purification. Carbon
fibre cloth (CFC) was purchased from Fuel Cell Store (USA).

Synthesis of the monomer 2-(thiophen-3-yl)ethyl 2-bromo-2-
methylpropanoate (ThBr).

ThBr was prepared according to our previous report.*®
A solution of a-bromoisobutyryl bromide (BIB, 9.2 g, 40.0 mmol)
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in DCM (12 mL) was added dropwise to a stirred solution of
3-thiopheneethanol (4.0 g, 31.2 mmol) and triethylamine (Et3N)
(5.6 mL, 40.0 mmol) in pre-degassed DCM (28 mL) at 0 °C. The
mixture solution was stirred for 30 min at room temperature for
24 h. The resultant mixture was diluted with DCM (40 mL) and
filtered. The filtrate was then concentrated and washed with
saturated sodium carbonate, brine solution and deionised
water sequentially. The isolated organic layer was dried using
MgSO,, filtered, and concentrated. The product was purified by
column chromatography on silica gel, with DCM as the eluent,
to obtain ThBr as pale yellowish oil.

Grafting of poly(acrylic acid) to ThBr

Poly(acrylic acid) (PAA) side chains on ThBr were prepared by
grafting tert-butyl acrylate (tBA) from ThBr by an activator
regenerated by electron transfer-atom transfer radical poly-
merisation (ARGET-ATRP).*" tBA (4.4 mL, 34.3 mmol), acetone
(2.5 mL), CuCl, (1.2 mg, 82.3 nmol), PMDETA (65 pL, 0.3 mmol)
and ThBr (780 mg, 2.3 mmol) were added to a 10 ml
round bottom flask and degassed with nitrogen for 30 min.
Tin(n)ethylhexanoate (0.3 mL, 0.9 mmol) as the reductant was
then added and the mixture was quickly sealed, immersed in a
preheated oil bath (60 °C) and stirred for 3 h. The reaction was
stopped by exposing the mixture to air and cooled down to
room temperature. After the reaction, the mixture solution was
first passed through a column packed with activated neutral
aluminium oxide, followed by precipitating in a cold MeOH/
H,O (70/30) (v/v) mixture, washing with MeOH twice, and
drying under vacuum at room temperature.*> The length of
side chain was controlled by the mole ratio of ¢{BA to ThBr,
where the mole amount of ThBr was kept constant.

0.5 g of the obtained poly(tBA) grafted on ThBr (Th-g-
poly(tBA)) was dissolved in 30 mL of the trifluoroacetic acid/
chloroform mixture (30/70 v/v) and left overnight under stirring
at room temperature.*® After hydrolysis, the Th-g-PAA solution
was concentrated using a rotary evaporator to afford a solid
residue, which subsequently was washed several times with
diethyl ether and dried under vacuum overnight at room
temperature. The 1H NMR spectrum of the product in d6-DMSO
indicated full hydrolysis of the tert-butyl ester groups (6 = 1.41 ppm,
singlet, 9H) to acid groups as the new peaks appeared at ¢ = 12.2
(s, -COOH), 2.1-2.4 (CH-CH,), and 1.5-1.9 (CH,—-CH). The length
of the side PAA chain on (Th-g-PAA) was obtained from the ratio of
integration of one of these peaks to the integrated peak at 6 = 6.98
(s, thiophene).

Synthesis of the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA
hydrogel

In a typical experiment, 270 pL of 10%wt PVA (in DMSO)
solution was first mixed with 20 pL of poly(4-styrenesulfonic
acid) solution (PSS) (18 wt%), named ‘Solution A’. 4 pmol
(Th-g-PAA) and 0.04 mmol thiophene-3-boronic acid (ThBA)
were dissolved in 200 pL of DMSO and 0.8 mmol EDOT or
thiophene monomer was added to the mixture, named ‘Solution
B’. After three monomers were fully dissolved, Solution B was
added to Solution A under stirring, forming ‘Solution C’.
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For polymerisation, 0.16 mmol ammonium persulfate (APS)
in 250 pL of deionised water was first added to Solution C
under stirring at 60 °C, followed by the addition of 1.6 mmol
FeCl; in 200 pL of water. The molar ratio of total monomers
to Fe** to APS was 5:10:1. The mixture was kept at 60 °C
for 12 h to complete the polymerisation. After polymerisation,
the resultant poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogels
were washed thoroughly by immersing in distilled water for
24 h to remove the unreacted monomer and excess of ions.

Preparation of poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA
hydrogel electrodes

The carbon fibre cloth was immersed in 6 M HNO; (aq.)
overnight, followed by washing with deionised water, ethanol
and acetone and then dried in the oven at 60 °C. It was
UV-ozone treated for 30 min before the use.> After the surface
treatment, a hydrophilic carbon cloth with a water contact
angle of 62.3° was obtained that was cut into rectangular
shapes. The reaction mixture for the prepared poly(EDOT-co-
(Th-g-PAA)-co-ThBA)-PVA hydrogel was cast onto the carbon
cloth with a coating area of 1 cm x 1 cm and kept at 60 °C for
12 h. The poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel elec-
trodes were washed thrice thoroughly by immersing in distilled
water for 24 h.

Preparation of poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA
hydrogel-based flexible solid-state supercapacitors

The free-standing boron cross-linked PVA/KCI hydrogel electro-
lyte was prepared using a reported methodology.”® 0.15 g PVA
was dissolved in 0.75 mL of distilled water with stirring at 90 °C
to form a transparent solution. The pH of the PVA solution was
adjusted to pH 3 by 1 M HCI solution. 0.25 mL of KCI solution
(3.0 mol L™") and 50 pL of borax solution (0.1 mol L") were
added slowly under stirring. Subsequently, the pH of the PVA/
KCl mixture was adjusted to pH 9 by ammonia (25 wt%) to
obtain a transparent PVA/KCI hydrogel electrolyte. The PVA/KCI
hydrogel was assembled in between the two poly(EDOT-co-(Th-
g-PAA)-co-ThBA)-PVA hydrogel electrodes, forming a sand-
wiched, flexible, hydrogel-based supercapacitor.

Electrochemical characterisation

Cyclic voltammogram (CV), galvanostatic charge/discharge
(GCD) test and electrochemical impedance spectroscopy (EIS)
measurement were carried out to test the electrochemical
performance of the poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA
hydrogel. In a three-electrode cell, the electrolyte was 2 M KCl
aqueous electrolyte, with platinum (Pt) and Ag/AgCl electrodes
used as the counter electrode (CE) and reference electrode (RE),
respectively. In CV measurements, the potential was scanned
from 0 to 0.8 V (vs. Ag/AgCl RE), with a range of scan rates from
5 to 100 mV s '. EIS was performed in the frequency range
of 0.01 Hz to 100 kHz at open circuit potential with an
amplitude of 10 mV. GCD tests were carried out by scanning
in the potential range of 0-0.8 V at different discharge current
densities.
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For the device, electrochemical measurements were performed
on a two-electrode system, where the CV was recorded in the
potential range of 0 to 0.8 V and GCD measurements by potential
scanning from 0 to 0.8 V at different current densities.

Other characterisation

The scanning electron microscopy (SEM) of the dehydrated
poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel was performed
using a Philips XL30 SEM. FTIR spectra were recorded using an
FTIR Bruker Vertex 70 spectrometer, with wavelength scanning
from 4000 to 400 cm™'. Raman measurements were performed
using a LabRam HR Evolution confocal spectroscope (Horiba
Japan) equipped with a 600 1 mm ™" diffraction grating and an
air-cooled CCD detector. Samples were excited using a 532 nm
Nd:Yag laser passed through a 99% neutral density filter and
focused through a 50x objective lens (Olympus, NA 0.5) for 90 s
and 10 accumulations. X-Ray diffraction (XRD) analysis was
performed using a PANalytical Empyrean X-ray diffractometer
(45 kv, 40 mA) with Ni-filtered Cu Ko radiation.

Conclusions

A stretchable, soft, self-healable supramolecular conducting
polymer-based hydrogel electrode is developed for use in
flexible supercapacitor devices. A flexible supramolecular con-
ducting polymer of poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA was
prepared by oxidative chemical polymerisation from three
monomers: EDOT, PAA-grafted-thiophene and thiophene-3-
boronic acid (ThBA). The boronic acid groups from ThBA provide
self-assembly features through supramolecular interactions with
hydroxyl groups from the soft PVA polymer. This supramolecular
assembly enhances the mechanical and electrochemical proper-
ties of the hydrogel electrode. The self-healing properties were
provided by the hydrogen bonds between carboxylic acid groups
from the PAA-grafted thiophene and PVA. The composition of the
poly(EDOT-co-(Th-g-PAA)-co-ThBA)-PVA hydrogel electrode was
optimised in terms of the electrode capacitance, and the opti-
mised electrode offered a combination of notable stretchability,
fast self-healing and excellent electrochemical properties. These
self-healable, stretchable hydrogel electrodes were integrated with
the self-healable, soft PVA-based hydrogel electrolyte to obtain a
supercapacitor device. The soft and flexible supercapacitor device
exhibited a significant capacitance of (222.32 £ 7.59) mF cm™ > at
a scan rate of 10 mV s~ ', an energy density of 19.8 YW h cm ™2, an
excellent capacitance retention of about 95.8% after 1000 cycles,
and a recovery rate of 78.3% after the cutting-healing cycle. The
developed supramolecular conducting polymer hydrogel-based
flexible and healable supercapacitor has great potential to be
utilised as the flexible energy storage device for the next genera-
tion of epidermal bioelectronics devices.
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