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Abstract: We report a supramolecular strategy to prepare
conductive hydrogels with outstanding mechanical and electro-
chemical properties, which are utilized for flexible solid-state
supercapacitors (SCs) with high performance. The supra-
molecular assembly of polyaniline and polyvinyl alcohol
through dynamic boronate bond yields the polyaniline—
polyvinyl alcohol hydrogel (PPH), which shows remarkable
tensile strength (5.3 MPa) and electrochemical capacitance
(928 Fg™'). The flexible solid-state supercapacitor based on
PPH provides a large capacitance (306 mFcm ™ and 153 Fg™')
and a high energy density of 13.6 Whkg ™', superior to other
flexible supercapacitors. The robustness of the PPH-based
supercapacitor is demonstrated by the 100 % capacitance
retention after 1000 mechanical folding cycles, and the 90 %
capacitance retention after 1000 galvanostatic charge—dis-
charge cycles. The high activity and robustness enable the
PPH-based supercapacitor as a promising power device for
flexible electronics.

M echanically flexible power devices with large capacity,
high stability and good mechanical properties are needed for
powering flexible electronics devices."! Various flexible
supercapacitors (SCs) have been designed to provide high
power density, modest energy density, fast charge—discharge
capability, and long cycle life.’) Current flexible supercapa-
citor electrodes are generally made of electroactive carbon-
based materials,””! metal oxides,” conductive polymers,”! and
the composites of these materials.’! To achieve flexible
supercapacitor electrodes that can sustain a large mechanical
strain, these electroactive materials are coated as a thin layer
onto elastic but electrochemically non-active substrates, such
as rubber fibers,” polydimethylsiloxane films,®! and cotton
sheets.”) These non-active substrates occupy a significant
amount of weight and volume in the final supercapacitor
devices, which is not favorable for flexible electronic devi-
ces.'”l In contrast, conductive polymer-based hydrogels
(CPHs) can sustain a large mechanical deformation by
themselves. A few CPHs based on PEDOT-PSS,!"! polyani-
line,!'” and polypyrrole™ have been studied for flexible
supercapacitors development. However, most of current
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CPHs are mechanically weak, with a tensile strength typically
less than 1MPa.'" The electrochemical and mechanical
stability of current CPHs also needs to be improved."
Therefore, strong and robust CPHs are highly desired for
high-performance flexible supercapacitors, but remain as
a challenge.

Inspired by the dynamic network structure of animal
dermis, in which collagen fibril (rigid and strong) and elastin
fibril (soft and elastic) crosslink through supramolecular
interactions to form a sturdy and flexible material,’® we
hypothesized that the combination of a rigid conductive
polymer with a soft hydrophilic polymer through proper
supramolecular interactions would yield a strong and robust
CPH.'"! We chose polyvinyl alcohol (PVA) as the soft
polymer, and polyaniline (PANI) as the rigid polymer. Since
boric acid can cause gelation of PVA solution to give a robust
gel,'®l and boronic acid groups can be covalently incorporated
onto PANI by copolymerization of 3-aminophenylboronic
acid (ABA) and aniline (AN),!"”) we chose boronic acid as the
functional group to crosslink PVA and PANI at molecular
level to form polyaniline-polyvinyl alcohol hydrogel (PPH).
Several CPHs based on PANI and PVA have been reported,
which were made from either physical blending of PANI
particles and PVA solution with subsequent crosslinking,* or
by impregnation of aniline into preformed PVA hydrogel with
subsequent polymerization of aniline.['”**!! These CPHs were
studied for biomedical applications, whose electrochemical
and mechanical properties are not suitable for supercapaci-
tors.”>?? Wei and co-workers used a chemically crosslinked
PVA-H,SO, hydrogel as substrate and electrolyte, which was
coated by two thin layers of PANI to form a flexible
supercapacitor.'”! In contrast, our PPH was prepared by
supramolecular assembly of PANI and PVA at molecular
level, which showed remarkable mechanical and electro-
chemical properties. A flexible solid-state supercapacitor was
fabricated based on PPH, which provided a large electro-
chemical capacitance (306 mFcm 2 and 153 Fg™') and a high
energy density of 13.6 Whkg !, superior to other flexible
supercapacitors. The robustness of the PPH-based super-
capacitor was demonstrated by the 100 % capacitance reten-
tion after 1000 mechanical folding cycles, and the 90%
capacitance retention after 1000 galvanostatic charge—dis-
charge cycles.

As shown in Figure 1a, when the oxidant ammonium
persulfate (APS) was added into the colorless solution of
PVA, AN, and ABA, a dark green hydrogel formed quickly at
room temperature (Figure 1b left). AN and ABA were
copolymerized to form PANI bearing boronic acid groups.
The intermolecular interaction between boronic acid groups
on PANI and hydroxy groups on PVA serves as the crosslink
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features of conductive PANL" Scanning electron
microscopy image of PPH (Figure 1c) shows
a porous network structure, which is consisted by
interconnected globular nanoparticles with
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a diameter around 50 nm (Figure 1b middle).
The nitrogen adsorption—desorption isotherm
curve (Figure S4a) shows a typical type IV iso-
therm with a narrow hysteresis loop, indicating
a porous microstructure with open-pores. The
Brunauer-Emmett-Teller (BET) specific surface

b - O\B °| areaof the dehydrated PPH is 90.2 m*g ™", which is
g y g 2-fold higher than other PANI based nanomate-
P - N ci N g
;} \CLCB}I O \@Lﬁ rials.”! The pore size distribution curve (Fig-
Y nm; 4 fe F: ure S4b) shows peaks around 10, 25, and 90 nm,
v d indicating the mesoporous feature of PPH, which

Figure 1. a) Synthesis of polyaniline bearing boronic acid groups. b) PPH at three
length-scales. left: a photograph of PPH; middle: a SEM image of PPH; right:

a schematic molecular structure of PPH showing the crosslink between PANI and
PVA. c¢) SEM image of PPH showing the porous structure. d) Photographs of the
reactions with different combinations of reagents. Vial 2 has all the four reactants
and gives PPH. Vial 1 has no APS; vial 3 has no PVA; vial 4 has no ABA; vial 5 has

no AN.

between rigid PANI and flexible PVA chains, leading to
a rapid gelation. Notably, all the four reagents (APS, PVA,
AN, and ABA) were required for the gelation. As shown in
Figure 1d, if any one of the four reagents is missing, no
gelation occurs. With all the four reagents present, the PPH
can be facilely synthesized in a wide range of reaction
conditions. Among these variable conditions, the most
important one is the ABA:AN molar ratio, which determines
the density of boronic acid group on PANI chains. When the
ABA:AN molar ratio is lower than 0.03:1, no hydrogel forms,
likely due to the insufficient crosslink between PANI and
PVA. The optimized ABA:AN molar ratio was found to be
0.07:1 (Supporting Information and Table S1). After purifi-
cation through extensive washing by deionized (DI) water,
the obtained PPH sample was stored in DI water. The water
content of the fully hydrated PPH sample was determined to
be 70 wt % by thermogravimetry (Figure S1 in the Supporting
Information), and also confirmed by lyophilization method.

Based on the comparison of infrared (IR) spectrum of
PVA, PANI and PPH (Figure S2), the peaks at 1572 and
1491 cm™" in the IR spectrum of PPH were assigned to the
benzene ring vibration of PANL?™! and the peaks at 3224,
2906, and 1051 cm~! were attributed to the vibrations of O—H,
C—H, and C—O bonds of PVA,? respectively, indicating the
presence of both PANI and PVA in PPH. The UV/Vis
spectrum of PPH suspension (Figure S3) shows a band at
430 nm and a long tail up to 800 nm, assigned to the polaron/
bipolaron transition of the protonated PANI, which are the
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would facilitate mass transfer within PPH. Indeed,
the conductivity of hydrated PPH was measured
to be approximately 0.1 Scm™' at room temper-
ature (Figure S5), which is much higher than most
of other CPHs (typically in the range of 107*-
1072Scem ). The XRD pattern of dehydrated
PPH (Figure S6) shows two narrow peaks at 20°
and 41° assigned to PVA,”"! and one peak around
25° corresponding to PANL™ indicating that PPH
possesses a partially ordered structure at nano-
meter scale.

As shown in Figure 2a, the PPH is mechan-
ically robust, which can be made into a knot and
stretched. The PPH (water content 70 wt%)
shows a typical tensile stress—strain curve for
hard elastic polymer (such as polypropylene),?
with a Young’s modulus of 27.9 MPa, a tensile strength of
5.3 MPa and an elongation at break of 250 % (Figure 2b). The
PPH behaves like rubber, which can be repeatedly stretched
or compressed, and recover immediately to its original shape
and size after being released (Movie S1,S2). Upon compres-
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Figure 2. Mechanical properties of PPH. a) Photographs of a PPH knot
upon stretching. b) The tensile stress—strain curve. c) Photographs of
a PPH sample upon repeated compression. d) The compression
stress—stain curve.
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sion, no water is squeezed out the PPH g 4500 2500 D
(Figure 2 ¢, Movie S1), indicating that PPH g = z 23:
is a stable hydrogel, rather than a sponge. }oj e _2000% % 401
The PPH can be compressed to 98 % strain =~ § § < 0]
without being broken, with a compressive g 1000+ T L1500 & E 0]
stress of 30MPa (Figure 2d). These & 3 3 -20
mechanical metric values clearly demon- % \ L1000 5 -401
strate that PPH is a very strong and robust (% o § :gg:
hydrogel, comparable to other strong : . : —t500 2 , ; . . . :
hydrogels, such as topological gels,*” 0 ! 2 3 4 WD S D, 09
ydrogels, _ ¢ po’og gels, PANI loading on electrodes (mg/em?) Potential (V vs. Ag/AgCI)

nanocomposite  gels,*” double-network ¢ _ d
gels,!l  tetra-arm  polyethylene glycol - = k]
gels, ionic gels,* and microsphere com- 4] . e
posite gels.*¥ € . S 06l

To probe the supramolecular structure S 31 - js
of PPH, a PPH film was incubated in 80°C :9/ 5 h 2 04/
water for 12 h to hydrolyze the boronate N s _\_gj
bonds between PVA and PANI. The sub- 1] H & 0.2
stance dissolved in hot water was lyophi- f g
lized and identified as PVA by IR (Fig- 0% ] > 5 9} = % s S50 000
ure S7a). The remaining film showed an z(@-cm?) Time (s)
IR spectrum similar to that of PANI, while  e4qqq f 1004
the characteristic peaks of PVA in 2900-  _ ® -\""\-._._,___'_“H
3300 cm™'  region disappeared (Fig- E 800-&\\\< g 80
ure S7b). This result suggests that most of & Z
PVA in PPH was dissolved into hot water, § R0 % 601
with PANI left insoluble, which indicates § 400- § 401
the supramolecular nature of PPH. The § .«:‘;
remaining film became much weaker (ten- “§ 200+ § 20+
sile strength 0.4 MPa, elongation at break & ©
40%, Figure S8) than the original PPH 00 20 0 0 200 400 600 800 1000

film, implying the key role of PVA for the
superior mechanical properties of PPH.
To examine the electrochemical prop-
erties of PPH, a PPH electrode was made
by in situ gelation of PPH on a piece of
hydrophilic carbon cloth that serves as
a flexible current collector. The PPH
electrode was characterized by using
cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS) and galvanostatic charge—discharge (GCD)
methods, in a three-electrode system with 1m H,SO, as the
electrolyte. To explore the scope of the PPH electrode, we
varied the areal loading of PANI from 0.5mgcm? to
4mgem 2, and examined the obtained PPH electrodes by
using GCD method at a current density of 1 Ag™". As shown
in Figure 3a, the highest specific capacitance was obtained
with 0.5 mgem 2 PANI loading, reaching 1350 Fg ! based on
the mass of PANI, which is much higher than previously
reported conductive polymer based electrodes (typically in
the range of 200-800 Fg~', Table S2). The highest areal
capacitance was obtained with 4 mgecm > PANI loading,
reaching 2320 mFcm 2, which is also several folds higher
than other PANI-based electrodes (typically in the range of
100-500 mFem™2).1%1 As a control, the bare hydrophilic
carbon cloth was tested by CV, which showed a negligible
areal capacitance (37.8 mFcm™, Figure S9) in comparison to
that of the PPH electrode. When the PANI loading increased,
the specific capacitance of PPH electrode gradually
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Charge-discharge cycles

Figure 3. a) Specific capacitance and areal capacitance of PPH electrodes with different
PANI loading. Data in b)—f) are based on a PPH electrode with 2 mgcm ™2 PANI loading.
b) CV diagrams at scan rates of 10-100 mV's
0.01 Hz to 100 kHz. d) GCD curves at current densities of 0.5-5 Ag™'. e) Specific capaci-
tance of the PPH electrode at varied GCD current densities. f) Capacitance retention during
GCD cyclic test at a current density of 20 Ag™".

~'. ¢) Impedance plot in the frequency range of

decreased, while the areal capacitance gradually increased.
At 2mgcem PANI loading, the requests for both high
specific capacitance and high areal capacitance were bal-
anced. Therefore, the PANI loading of PPH electrode was
fixed at 2 mgem 2 for the following tests.####

As shown in Figure 3b, characteristic redox peaks of
PANI are observed on the CV traces, indicating the trans-
formation between different redox status of PANLP The
electrochemical kinetics and ionic resistance were studied by
EIS (Figure 3c). The slope of the EIS plot in the low
frequency region is close to 90°, indicating a good capacitive
behavior.'?! In the high frequency region, Ry is 0.86 Qcm™,
indicating a small series resistance. The semicircle on the EIS
plot shows a small charge-transfer resistance (1.15 Qcm ),
indicating a favorable charge-transfer kinetics for the PPH
electrode.® Figure 3 d shows symmetrical GCD curves of the
PPH electrode, indicating highly reversible charge—discharge
behavior. The iR drops (the voltage drops due to resistance)
on these GCD curves are negligible, owing to the high
conductivity of PPH and the carbon cloth. The specific
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capacitance of PPH electrode was calculated a
based on the GCD data (Figure 3d and Fig-
ure S10). The capacitance of PPH electrode
measured at 0.5 Ag ' reaches 928 Fg™' and
1856 mFcm 2, which are much higher than that
of previously reported conductive-polymer-based
electrodes (Table S2). The PPH electrode shows
a good rate performance, with 84 % capacitance
retention when current density was increased
from 1 Ag™' (806 Fg™) to 10 Ag™ (678 Fg™). ¢ 30
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The rate performance is also much better than
reported conductive-polymer-based electrodes,
which typically give 50-60% capacitance reten-
tion at a 10-fold higher current density."”! As
shown in Figure 3 f, the PPH electrode is electro-
chemically stable, with 86 % capacitance retention
after 1000 GCD cycles at a current density of
20 Ag™". In addition, the Coulombic efficiency of 0
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PPH electrode remains close to 100 % during the
long-term GCD cyclic test (Figure S11). Conduc-
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tive polymers usually suffer poor cyclic stability
caused by the swelling and shrinking during the
charge—discharge process.”! The good electro-
chemical stability of PPH electrode should be
attributed to the strong and elastic mechanical
properties of the PPH, resulting in a supportive
and protective effect on PANI during swelling and
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PPH electrode for flexible supercapacitors, a sym- g
metric solid-state supercapacitor device was fab- _
ricated by sandwiching two PPH electrodes and 33
a polyester mesh as the separator, and PVA- i
H,SO, gel as the electrolyte (Figure4a, see (%;

Supporting Information for details). This PPH-
based supercapacitor was tested by using CV, EIS,
and GCD methods in a two-electrode system. The

1004 e

Capacitance retention (%) =
)
L = )

CV diagrams at different scan rates (Figure 4b)
present similar and symmetric shape, suggesting
good capacitive behavior of this supercapacitor.
The small charge-transfer resistance in the EIS
plot (Figure 4c and inset) indicates a favorable
electrochemical kinetics of this supercapacitor.
Also, the vertical tail in the EIS plot also implies
a good capacitive character of this supercapaci-
tor.l GCD curves (Figure 4d) show a typical
charge-discharge pattern for PANI-based super-
capacitors.” The specific capacitance of this
supercapacitor was calculated based on the total mass of
PANTI in this device (Figure 4¢). This supercapacitor demon-
strates both a high areal capacitance of 306 mFcm ™ (Fig-
ure S12) and a high specific capacitance of 153 Fg™' at
a discharge rate of 0.25 Ag '.This supercapacitor also shows
a very good rate performance, with 87% capacitance
retention when the current density was increased from
025Ag ' (153 Fg ') to25Ag ' (133 Fg ), superior to the
performance of other flexible supercapacitors.”! As shown in
Figure 4 f, this supercapacitor provides a good electrochem-
ical stability, with 90 % capacitance retention after 1000 GCD
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Figure 4. a) Schematic structure of the supercapacitor. b) CV plots at scan rates of
5-100 mVs™'. c) Impedance plot in the frequency range of 0.01 Hz to 100 kHz.
Inset: the high-frequency region. d) GCD curves at current densities of 0.25—

2.5 Ag™". e) Specific capacitance of the supercapacitor at varied GCD current
densities. f) Capacitance retention during GCD cyclic tests at a current density of
2.5Ag™". g) CV plots of the supercapacitor at a scan rate of 10 mVs™' under
different bending angles. Inset: the definition of bending angle. h) Capacitance
retention of the supercapacitor after mechanical folding cycles. Inset: the super-
capacitor under the mechanical folding test.

cycles at a current density of 2.5 Ag™'. The capacitance and
stability of this PPH-based supercapacitor are superior to
other flexible supercapacitors (see Table S3). The Coulombic
efficiency of this supercapacitor remains close to 100 %
during the long-term GCD cyclic test (Figure S13). In
addition, this supercapacitor exhibits a high energy density
of 13.6 Whkg ' at a power density of 105 Wkg ' for a 0.8 V
voltage window (Figure S14), which is among the best of
current flexible supercapacitors.[*”)

Owing to the outstanding mechanical properties of PPH,
this supercapacitor can be deformed repeatedly, which does
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not degrade its electrochemical performance. The CV curves
obtained at various bending angles of 0°, 90°, and 180°
coincide with each other (Figure 4 g), which demonstrates the
excellent flexibility of this supercapacitor. After 1000 cycles
of mechanical folding, the specific capacitance of this super-
capacitor retains 100 % of its initial value (Figure 4h), which
proves the great mechanical robustness of this supercapacitor.
To test the lifetime stability of the PPH-based supercapacitor,
its electrochemical performances were measured 1 week and
7 weeks after fabrication. The CV and GCD curves show that
the capacitive behavior was well retained (Figure S15). Based
on GCD data, the specific capacitance of this supercapacitor
showed a decay of 2.4 % after 1 week, and a decay of 8.5%
after 7 weeks. The specific capacitance based on CV data
showed a decay of 3.8% after 1 week, and a decay of 7.1 %
after 7 weeks, similar to the result based on GCD data. These
results demonstrate that the PPH-based supercapacitor is
fairly stable, comparable to other flexible supercapaci-
tors.41l

In summary, a supramolecular strategy of crosslinking
rigid and soft polymers through dynamic bonds has been
developed to prepare a conductive hydrogel with excellent
mechanical and electrochemical properties. With a small
percentage of boronic acid groups on PANI as crosslink sites,
PANI and PVA assemble to form a strong and robust
conductive hydrogel with mesoporous structure, which facil-
itates fast charge transfer and mass transportation within the
hydrogel. In PPH, PANI provides fast and reversible charge
storage with a high specific capacitance and good chemical
stability, while PVA enables the hydrogel with superior
mechanical properties. Therefore, PPH can retain its high
capacitance despite mechanical deformation or the repeated
swelling and shrinking during intensive charge—discharge
cyclic processes. Based on this strong, robust, and active PPH
material, a flexible solid-state supercapacitor was fabricated,
exhibiting high specific capacitance, good cyclic stability and
mechanical durability. These outstanding properties enable
the PPH-based supercapacitor as a promising power device
for flexible electronics. Beyond flexible supercapacitors, the
supramolecular strategy of making strong and robust con-
ductive hydrogels based on supramolecular assembly would
be a useful approach for other soft matter systems.
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