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ABSTRACT Conductive polymers showing stretchable and transparent properties T

have received extensive attention due to their enormous potential in flexible electronic
devices. Here, we demonstrate a facile and smart strategy for the preparation of struc-
turally stretchable, electrically conductive, and optically semitransparent polyaniline-
containing hybrid hydrogel networks as electrode, which show high-performances in
supercapacitor application. Remarkably, the stability can extend up to 35 000 cycles at a
high current density of 8 A/g, because of the combined structural advantages in terms of 0
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conductive materials are highly desired

for next-generation flexible and trans-
parent energy storage devices, electron-
ics or sensors, which can go beyond to be
applied in movable devices and arbitrary
curved substrates."~® To achieve this goal,
the key issue is the simultaneous incorpora-
tion of mechanical robustness, optical trans-
mittance and electronic conductivity. Con-
ducting polymer hydrogels show great
potential for the expected integration due
to their excellent solid—liquid interface,
good electric characteristics, and ease of
processability.”® So far, many aspects such
as conductivity and morphology of conduc-
tive polymer hydrogels have been exten-
sively studied.”~"" However, the combina-
tion of stretchability and transparency is
unique, and particularly long cycle stability
has not been achieved before.'*~'*

Pan et al. have recently prepared a unique
conductive hydrogel structure (polyaniline,
PAni) via a direct polymerization of aniline
(Ani) monomer in the presence of phytic
acid (as both the gelator and dopant)
and ammonium persulfate (as initiator).'
The PAni hydrogel nanostructures showed

S tretchable, transparent, and electrically
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excellent electronic conductivity and elec-
trochemical properties, but the mechanical
and optical properties were not investi-
gated. Important advances have also been
made toward flexibility and stretchability of
hydrogels through combining two types of
cross-linked polymers: ionically cross-linked
alginate, and covalently cross-linked poly-
acrylamide.”> However, the conductivity
and transparency remained to be inte-
grated. Very recently, Spinks and co-workers
have succeeded in preparing an electrically
conductive and mechanically robust hydro-
gel on the basis of poly(ethylene glycol)
methyl ether methacrylate and poly-
(acrylic acid) (as host phase) and poly-
(3,4-ethylenedioxythiophene) (as electron
conductive phase).'® As the color of the
materials was fully black (opaque), they did
not show optical transmittance, and the long
synthesis period of more than 2 weeks dis-
played an additional disadvantage.

Thus, a facile and rapid synthesis strategy
for hydrogel networks with a high conduc-
tivity, stretchability and transparency re-
mains to be addressed. One strategy to
achieve such a multifunctional goal is to
get a well designed preorganized host
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Figure 1. Synthesis principle (top) and rapid formation (bottom) of the structurally flexible and stretchable as well as
electrically conductive hybrid hydrogel networks. The synthesis is based on preorganized aCD-containing polyacrylamide
hydrogels that are amphiphilic and pH responsive. The conductive polymer networks become semitransparent for films with

thickness <1.5 mm (bottom right shows the transparency on a curved surface).

phase with expected mechanical merits, intercon-
nected pore systems as well as high affinity to the
electron conductive phase. Generally, PAni as widely
used and mature system is one of the most promising
candidates as an electron conductive phase.'”'® How-
ever, the hydrophobic properties of aniline monomers
make them difficult to be compatible with highly hydro-
philic host phase.”'® However, cyclodextrins (a family
of cyclic carbohydrate compounds, ie, a-, -, and
y-cyclodextrin (CD)) structurally show smart amphiphilic
configuration,”>?" which contains a hydrophobic cavity
and hydrophilic exterior, resembling a “micro heteroge-
neous environment”. Expectedly, hydrophobic com-
pounds (in this case the Ani monomer) can easily accu-
mulate in the hydrophobic cavity due to hydrophobic—
hydrophobic interactions. Furthermore, the introduction
of supramolecular cyclodextrin can improve their me-
chanical properties. For instance, Harada et al. reported
well preorganized o/f-CD-containing hydrogels that
showed significantly robust mechanical properties, even
with self-healing capability.?**

Combining the above considerations, we present a
facile and rapid strategy to prepare highly flexible
PAni-containing conductive hydrogel networks on
the basis of preorganized a-CD-containing polyacryl-
amide (CD-PAAm) hydrogels, showing highly homo-
geneous and interconnected macropores. Very inter-
estingly, the obtained hybrid hydrogels show a perfect
integration between the host phase (aCD-PAAm) and
the PAni phase, in which the electroactive PAni can
be well protected, ensuring a remarkable stability.
Furthermore, semitransparent properties could be
achieved even for film thickness up to 1.5 mm.
On the basis of the multifunctional hybrid hydrogels,
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a prototypical foldable and stretchable supercapacitor
is demonstrated, showing a remarkable stability up to
35000 cycles at a high current density of 8 A/g.

RESULTS AND DISCUSSION

Figure 1 (top) depicts the preparation principle. The
host oCD-PAAm hydrogel was prepared through a
one-pot sol—gel process. The preorganized networks
are pH responsive, highly porous and contain molec-
ular level dispersed amphiphilic domains due to the
participation of a-CD. Both of these characteristics
greatly accelerate the loading of Ani monomers. The
pH responsive properties ensure a swelling behavior,
providing an open path for free diffusion of guest Ani
molecules; while the amphiphilic properties ensure a
hydrophobic—hydrophobic interaction, allowing an
easy gathering of Ani molecules in the nonpolar
cavities of a-CD. After Ani loading, the in situ poly-
merization can be triggered directly by immersing the
swollen hydrogel into T M hydrochloric acid, without
the need of an additional step for introducing the
initiator ammonium persulfate (APS), because the
APS is dispersed on molecular level in the preorganized
aCD-PAAm in advance. This is much different to pre-
vious works that required an additional step to intro-
duce the initiator,”'® again indicating the efficiency of
our strategy.

When contacting the host oCD-PAAm (in the open
state), the Ani monomers can freely diffuse into the
whole aCD-PAAm networks, with the color change
from transparent to light yellow, and subsequently to
dark green (Figure 1 bottom and Figure 2a), indicat-
ing the in situ formation of PAni. The as-made aCD-
PAAmM-PANi network is highly stretchable and flexible
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Figure 2. Structure characterization of «CD-PAAm-PAni: (a)
as-made sample; (b and c) reversible deformation; (d) trans-
parency illustration for film sample (thickness = 1.5 mm);
(e and f) UV—vis and FT-IR spectra of dried samples in dif-
ferent processes; (g and h) SEM image detected for the outer
surface and inside structure of the dried aCD-PAAm-PAni.

(Figure 2b), and can withstand deformation from arbi-
trary direction (Figure 2c). For example, the dark green
hydrogel (original length, 25 mm; diameter, 5 mm)
exhibited a significantly high stretchability (~4—5
times of its original length). We measured the length
of the sample before and after stretching (Figure S1a,b)
and estimated a stretching ratio of 5.1, which is a clear
improvement for conductive hydrogels. Furthermore,
the dark green rods (length, 68 mm; diameter, 5 mm)
can be reversibly folded by 90° and 180°. The bending
radius is measured to be as low as ca. 0.6 mm. There
remain no visible changes like cracks or notches after
stretching or folding it for more than 1000 cycles,
indicating the robust mechanical properties of the
aCD-PAAM-PANi hybrid network. Furthermore, the
sample showed more flexible properties with the
bending radius of ca. 0.4 mm when the sample is
under a higher swelling ratio, which can even be in a
spiral form itself around a stick with diameter of 0.8 mm
(Figure S1c,d,e). More interesting, when the sample is
cut thin or formed as film with thicknesses <1.5 mm,
they become semitransparent, with dark green color
throughout the whole structure (Figure 1 bottom right
and Figure 2d).

Optical transmittance (Figure S2) of the aCD-PAAm-
PAni hydrogel film (with thickness of 700 um) over a
wavelength range from 300 to 900 nm was measured
with a UV—vis spectrometer using a blank glass sub-
strate as the reference. The transmittance over visible
light range (400—700 nm) first decreases from 59.5%
(at 400 nm) to 20.1% (at 500 nm) and then recovers
gradually reaching 98.2% at 837 nm in infrared

HAO ET AL.

radiation (700—900 nm) range. The electron conduc-
tivity of aCD-PAAm-PAni is estimated to be 0.39 S/cm,
which outperforms most of PAni incorporated hybrid
hydrogels, for example poly(acrylic acid),* chitosan,?
etc., even comparable to the pure PAni hydrogel.'® We
also observed that the resistivity only slightly changes
during arbitrary shape deformation, which could en-
able a stable performance of flexible devices.

UV—vis and FT-IR spectroscopy were employed to
analyze the chemical nature of the aCD-PAAmM-PAni
network. The broad band ranging from 310 to 480 nm
(Figure 2e) is assigned to polaron to s7* band transition,
while the long tail at wavelengths higher than 800 nm
can be attributed to 77 to polaron band transition.'®2°
The UV—vis absorption patterns fit the features of the
doped emeraldine state of PAni and are consistent
with previously reported results.?” ~2° The imine nitro-
gen protonated by the hydrochloric acid helps to
delocalize the otherwise trapped diiminoquinone-
diaminobenzene state, which allows a rapid electron
transport, and thus, a good conductivity.”'® As com-
pared to pure PAni, the free tail band of the aCD-
PAAm-PAni network is weaker due to the hybridization
of polymer chains. Moreover, the host phase (aCD-
PAAm) and the host phase with the Ani mono-
mer (aCD-PAAm-Ani) did not show free tail band
(>800 nm), indicating the success of doping PAni to its
conductive emeraldine state. FT-IR spectra (Figure 2f) of
the aCD-PAAmM-PANi showed the combined character-
istic bands of both host structure and the active PAni
phase, again confirming its hybrid nature. For example,
the peaks at ~3352, ~3180, ~1660, and ~1605 cm™"
are attributed to the asymmetric and symmetric stretch-
ing of NH, and the Amide | and Amide Il vibration (from
PAAM);*® the peaks at ~2943 and ~1075 cm™' are
attributed to the stretching of C—H and the bending
vibration of O—H (from aCD);*' the two strong peaks at
~2814 and 2589 cm ™ are attributed to stretching of
N—H from the protonated (P)Ani; the peak at
~2000 cm™' may relate to the absorption of free
charge-carriers of the protonated PAni; the sharp peaks
at ~1492 and 1451 cm™ ' and in the region 764—
665 cm ™ are attributed to the benzenoid ring stretch-
ing, the C=C stretching deformation of the quinoid ring,
and the N—H wagging observed for primary and sec-
ondary amines (from PAni), respectively.>?

The SEM images of the dried aCD-PAAM-PAnNi hy-
brid network reveal a uniform wrinkled surface texture
(Figure 2g) with a repeat distance of 200—300 nm and
interconnected pores throughout the whole inner
structure (Figure 2h). The thickness of the surface
wrinkles is less than 200 nm. When compared with
the host structure (aCD-PAAm, Figure S3), the polymer
chains of aCD-PAAm-PAni are thicker and the pores in
between are more irregular, indicating the PAni filling
into the pores of the host structure. Due to the highly
homogeneous and interconnected pore system of the
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Figure 3. (a) XPS Cl 2p spectra, tested samples were taken
from outer and inner part (5 mm below the surface) of a dried
0aCD-PAAmM-PAni. (b) Powder XRD pattern of a.CD-PAAmM-
PAni before and after swelling. (c) N, sorption isotherm, (d)
SEM image, (e and f) simultaneous TG-DTA curve (in both Ar
and air) of freeze-dried aCD-PAAmM-PAnNi. The insetin () is the
pore size distribution based on the BJH theory.

host structure, the loading of PAni was successful.
Importantly, from the backbone of the polymer net-
works, one can not observe a phase transition between
the host aCD-PAAm phase and the electronic conduc-
tive PAni phase, indicating a perfect integration of the
hybrid polymer chains. This configuration is distinct
from the most reported surface-grafting PAni over the
substrate, which degraded rapidly during long-time
cycling.®*3* In this configuration, the aCD-PAAm not
only acted as a host structure (loading the PAni) but
also as a space buffer that could greatly mitigate
the possible volume change (swelling and shrinking)
of PAni during electrochemical process. The TG-DTA
curves in Ar and air (Figure 3e/f) reflected the thermal
stability of our hybrid samples. As can be seen, the
hybrid polymers starts to decompose at a temperature
around 150 °C both in Arand in air, indicating the polymer
backbones are stable under condition below 150 °C.

To analyze the composition and protonation condi-
tion, as well as the PAni dispersion in the aCD-PAAmM-
PAni, we recorded the XPS spectra (Figure 3a and XPS
survey in Figure S4a,b), energy-dispersive X-ray spec-
troscopy (EDS in Figure S5), and elemental analysis
(Table S1). Both the XPS and the EDS data confirmed
the existence of elements of C, O, N, and Cl, with the
atomic content of around 71%, 11%, 18%, and 1%,
respectively. The elemental analysis also confirmed the
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elements of C, N, and H, with a C/N ratio of 4.25:1, which
is close to that of XPS and EDS results. From Figure 3a,
the Cl 2p spectra with the peak at 199.4 and 197.7 eV
revealed the existence of Cl 2p;,, and Cl 2ps,, respec-
tively, which corresponds to the Cl in the ionic state.
The XPS results confirm the good protonation of PAni
even in the inside structure, indicating a good disper-
sion of PAni throughout the sample. Such protonation
characteristics are consistent with previous reports by
Yue and Epstein.>® By comparing the XRD pattern of
the aCD-PAAmM-PAni (Figure 3b) with that of the host
structure (CD-PAAmM) and the PAni (Figure S6), we
could further confirm the hybrid nature of aCD-PAAm-
PAni. Taking together the SEM observations, XPS spec-
tra, and the XRD patterns, we could conclude the PAni
is stably embedded in the hybrid structure.

The transport of ions and small molecules in be-
tween PAni sites could be substantially accelerated for
samples in the swollen state due to the pore channel
opening. This may lead to a high electrochemical per-
formance. The intensity of the peaks (Figure 3b) in the
range of 26 = 20.0—40.0° were significantly decreased,
implying the loss of structure ordering during swelling,
and the increase of distance of polymer chains. In
contrast, the peak at 26 = 20.1° for the dried sample
shifted to 26 = 28.0° for the swollen sample, indicating
that the distance of ;t— stacking (periodicity perpen-
dicular to the polymer chains) obviously decreased,
potentially increasing the conductivity of the aCD-
PAAM-PANI.

To elucidate the porous structures of aCD-PAAmM-
PAni in the swollen state, we conducted the fast
freeze-drying, and then tested the N, physisorption
(Figure 3c) and performed SEM observations of the
freeze-dried sample (Figure 3d). N, physisorption re-
sults showed a type lll isotherm, with a BET surface area
of 16 m? g~ . The clear hysteresis loop revealed the
existence of mesopores. The large nitrogen uptake at a
high relative pressure of P/P, of 0.9—1 indicates the
characteristic macroporosity. Furthermore, the SEM
images showed a sponge-like morphology with highly
interconnected pore channels, which is consistent with
the N, sorption results. The pore voids of the freeze-
dried sample are derived from the replica of ice
crystals. Thus, in the swollen state of oCD-PAAmM-PAni
in supercapacitor tests, one could imagine that the
macropores and mesopores are fully filled with elec-
trolytes, significantly accelerating the diffusion of elec-
trolyte ions.

As demonstrated above, our aCD-PAAM-PAnNi hy-
brid hydrogel networks exhibit highly foldable and
stretchable capability, good optical transmittance as
well as good conductivity. These merits enable a great
potential for next-generation supercapacitors. Further-
more, previous results showed that hydrogels as elec-
trode could generate an excellent interface between
the electron transport phase (electrode) and the ion
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Figure 4. Foldable and stretchable supercapacitors tests under room temperature with 1 M H,SO, as electrolyte. (a) Cyclic
voltammogram curves of the flexible conductive hydrogel electrode-based supercapcitors with different geometries at a scan
rate of 10 mV/s. (b) Cyclic voltammogram curves at different scan rates of 100—1000 mV/s. (c) Galvanostatic charge—
discharge profiles at various current densities. (d) Impedance curve of the stretched supercapacitor electrode. (e)
Galvanostatic charge—discharge cycling test at a current density of 8 A/g; inset shows the impedance curve tracked during

the long cycles.

transport phase (electrolyte), and thus, the charge and
mass diffusion resistance can be greatly reduced.'®3¢
Interestingly, the electrolyte permeation of the a.CD-
PAAmM-PAni can be well controlled according to its
pH-responsive property. Thus, before each test, the
assembled supercapacitor was soaked in electrolyte to
reach the wetted state. The highly interconnected pore
channels will reduce the diffusion path for electrolyte
ions to access the electroactive surface of PAni.

The electrochemical properties of our conductive
hybrid polymer networks-based supercapacitors were
tested in a two-electrode “sandwich” configuration. We
first studied the cyclic voltammetry (CV) of aCD-PAAm-
PAni with different geometries (original state, folded
by 180° and linearly stretched by 150%) to analyze the
capacitance behavior of PAni within a potential range
of —0.8 to 0.8 V at a scan rate of 10 mV/s in 1T M H,SO,
electrolyte (Figure 4a). In each geometry, the redox
peaks (due to the leucoemeraldine/emeraldine and
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emeraldine/pernigraniline transitions of PAni) in the
CV curves came out at almost the same position, which
indicates the stable pseudocapacitive behavior during
shape deformation. Among them, the stretched elec-
trode showed a slightly enhanced specific capacitance
of 315 F/g on the basis of total active mass (dry weight)
of PAni. This could be due to the larger contacting area
as compared to other geometries. The electrode capac-
itance calculated for the original state and folded
geometry are in the same level, i.e., 304 and 301 F/g,
respectively. Considering the mass ratio (ca. 13 wt %) of
PAni in the hybrid polymer, the specific capacitance
on the basis of the whole dry mass is 41 F/g for the
stretched electrode. Furthermore, the rate-dependent
CVs were recorded on the stretched sample at scan
rates from 100 to 1000 mV/s (Figure 4b). A linear
dependence between discharge current and scan rate
is found to be up to 1000 mV/s in the capacitive region,
indicating a high power capability for the supercapacitor
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based on aCD-PAAmM-PAni. This scan rate is 5 to 10
times higher than previously results reported with PAni
hydrogels,'® PAni-polymer (e.g., chitosan, cellulose,
etc.) composites,®>*” and even PAni-carbon (e.g., gra-
phene, CNT, nanodiamond) composites.38~%° At high
scan rate (1000 mV/s), the deviation of CV curves was
observed because the redox reactions could not pro-
ceed completely over the inner active sites in such
short time. This phenomenon was also observed
in reported results at lower scan rates of 100—
200 mV/s.2>~*° The specific capacitances at scan rates
of 100, 200, 500, and 1000 mV/s are 290, 290, 265, and
242 F/g, respectively, with the calculated capacitance
retention of 92%, 92%, 84%, and 77% accordingly,
indicating a good rate performance of the aCD-
PAAmM-PAniI electrode.

Galvanostatic charge—discharge (CD) measurements
were performed at current densities of 2, 4, and 8 A/g
(Figure 4c). The corresponding specific capacitances
derived from discharge curves are ~322, 308, and
282 F/g, respectively. This revealed the oCD-PAAM-PANiI
based electrodes could retain 96% and 88% capacitance
when current density was increased by a factor of 2
and 4, again indicating the good rate performance. The
impedance curve of the assembled supercapacitor was
tested (Figure 4d) to evaluate the electronic and ionic
transport of aCD-PAAmM-PAnNi electrode in electrolyte.
The nearly vertical shape at lower frequencies indicates
an ideal capacitive behavior of the electrodes. From
the magnified high-frequency regions in the inset of
Figure 4d, the equivalent series resistance (ESR) is
estimated to be ~0.2 Q, which indicates the small
overall resistance from active material, the contact
resistance at the electrode—electrolyte interface and
the solution resistance. The nonvisible semicircle also
indicates the very low ion transport resistance within the
pores of aCD-PAAmM-PAni polymer networks. Similar
phenomenon was also observed for the pure PAni
hydrogels.®

Interestingly, the o.CD-PAAmM-PAni-based superca-
pacitors deliver a remarkable cycling stability up to
35000 cycles, which is an important advance in con-
ductive polymer electrode. Generally, the capacitance
of the previously reported PAni-based supercapacitors
decreased by 40—50% over 1000 cycles,***' because
of the possible swelling and shrinking of the active
PAni during charging and discharging.** The perfectly
integrated hybrid structure of the aCD-PAAmM-PAni
electrode as well as the flexible nature of the polymer
networks may greatly buffer the volume changes
during the intensive cycling processes, and thus a high
capacitance retention up to 92% can be obtained after
35000 cycles, and 80% after 45000 cycles at a high
current density of 8 A/g. To understand the changes of
electronic and ionic transport during such long cycles,
we tested the impedance curve after the 5000th
cycle, 20 000th cycle, and 45 000th cycle, respectively

HAO ET AL.

(Figure 4e inset). After 5000 and 20000 cycles, the
vertical shape of the impedance curve at lower fre-
quencies and the low ESR (<0.2 Q) was retained,
confirming the structure robustness of the aCD-
PAAmM-PANi hydrogels, while after 45000 cycles, the
impedance curve changed greatly. A big semicircle
started to come out, indicating the increasing resis-
tance for ions transport within the aCD-PAAmM-PANi
polymer networks.

To analyze possible mechanism (the stability and
degradation), we tested and compared the FT-IR spec-
tra (Figure 5a) of the as-prepared sample with that of
after 50000 cycling (at this stage the supercapacitor
performance degraded clearly). As can be seen, after so
long cycles, the characteristic bands for active PAni
significantly changed, while several new bands (e.g.,
600 and 900 cm ™) related to sulfonic groups from the
adsorbed sulfuric acid appeared. This reveals that the
degradation of aCD-PAAmM-PAni-based supercapacitor
is mostly due to the leaching of active PAni species. For
example, the missing bands include the stretching of
N—H from protonated (P)Ani with peaks at ~2814 and
2589 cm™'; the absorption of free charge-carriers of
the protonated PAni with the peak at ~2000 cm™'; and
the N—H wagging for primary and secondary amines
(from PAni) with peaks in the region 764—665 cm™".
This, on the other hand, indicates that the cycling
stability of the aCD-PAAmM-PAni system is due to the
protecting effect of the host polymer matrix that
against the leaching of active PAni in our system.
Because of this, the hybrid PAni samples can out-
perform other surface coated PAni or PAni based
materials. 334’

We also tried to increase the overall capacitance of
the aCD-PAAm-PAni electrode by increasing the PAni
content in the hybrid hydrogel, which can be achieved
by extending the loading time of Ani from 6 to 72 h.
The formation of PAni in the first 6 h was most rapid,
then increased gradually to ca. 25 wt % of PAni after
48 h, and further to ca. 28 wt % PAni in the dry hybrid
polymer after 72 h, showing much darker green color.
The loading rate decreased probably because the first
polymerized PAni occupied a large part of open
macropores and mesopores, which consequently
reduce their loading rate. From the CV curves and
CD profiles for sample with 28 wt % PAni content
(Figure 5b,c), the capacitive properties of PAni were
almost remained as compared to sample with low PAni
content above. We calculated the specific capacitances
to be ~311, 298, and 279 F/g at 2, 4, and 8 A/g on the
basis of the active PAni (Figure 5c). Following these
analysis, the overall capacitance of electrode with 25
and 28 wt % PAni loading were calculated to be 73 and
81 F/g on the whole dry mass of the electrode. Con-
sidering the high water content, the overall capacitance
on the basis of the whole hydrogel still remains to be
increased toward actual supercapacitor application.
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Figure 5. (a) FT-IR spectra of the as-prepared samples and the sample after 50 000 cycles test. Before FT-IR test, the samples
are fully dried at 80 °C for 24 h. (b) Cyclic voltammogram curves at different scan rates of 100—1000 mV/s of samples with PAni
loading of 28 wt % in the dry hybrid polymer. (c) Galvanostatic charge—discharge profiles at various current densities of
samples with PAni loading of 28 wt % in the dry hybrid polymer. (d) The relationship among the loading time, the PAni
content in the dry hybrid polymer, and the overall electrode capacitance on the basis of the whole dry mass of the electrode.

Besides the above characteristics, the synthesis
strategy offers a high flexibility in product form control
and processing scalability. Samples in the form of
monoliths, films, rods etc. could be prepared depend-
ing on the container, exhibiting great convenience for
their application. For example, in the above super-
capacitor test, the aCD-PAAmM-PAnI film was directly
employed as formed, without the need of any binders.

CONCLUSION

In summary, the synthesis based on the synergistic
combination of the hydrophobic—hydrophobic inter-
actions and the pH-triggered opening effect for hydro-
gel networks with a high conductivity, stretchability,

METHODS

Fabrication of Materials. Thermal Radical Polymerization for the
Synthesis of o.CD-PAAm Host Hydrogel. In a typical synthesis,
oCD and AAm monomer with weight ratio of aCD/AAm of 1:4
were dissolved in deionized (DI) water. Then, the cross-linking

HAO ET AL.

and transparency has been demonstrated to be facile
and rapid. On the basis of the high conductivity, me-
chanical flexibility, and stretchability, the aCD-PAAm-
PAni hybrid networks showed great potential in appli-
cation as flexible electrode, which showed an excellent
rate performance and a remarkable cycling stability. We
believe the synthesis strategy of the aCD-PAAM-PAnNi
networks, as well as their high-performance in flexible
supercapacitors, may have a major impact on the
advance of new type conductive hydrogels materials
for next-generation energy storage devices. The effort
to improve the overall capacitance using this synthesis
system is still ongoing; we hope the overall capacitance
could also be in a leading position in the future.

agent (N,N'-methylenebis(acrylamide), MBA) and thermo-initiator
(ammonium persulfate) of weight ratio 0.05% and 4.69%, re-
spectively, relative to AAm monomer, were added into the
solution. When completely dissolved at 25 °C, the solution
was transferred into glass molds with desired size, and then
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the mold was placed in an oven at 50 °C until solidification, to
form finally the o.CD-PAAm host hydrogel.

Synthesis of CD-PAAm-PAni Hybrid Hydrogel. After quickly
rinsing with Dl water, a certain amount of aCD-PAAm (e.g., 1.0 g)
was immersed in the Ani/HCl solution prepared by mixing
Ani solution (1 mL of Ani in 30 mL of DI water) and 10 mL of
HCI solution (1 M) at ambient temperature for a desired
time for the swelling and loading of Ani as well as their
in situ polymerization into PAni, ending with dark green
aCD-PAAM-PANi hybrid hydrogel. To tune the mass load-
ing of PAni, the immersion time of host hydrogel in the
Ani/HCl solution was changed from 6 to 48 h and further to
72 h.

Structural and Properties Characterization. The UV—vis absor-
bance spectra were collected using a Varian spectrophotometer
equipped with a praying mantis (Harrick Scientific Products).
The FT-IR spectra were recorded on a BRUKER Vertex
70 Spectrometer with the help of a golden gate ATR-unit
(32 scans, 4000—500 cm ™', resolution 1 cm™'). XPS spectra
were acquired with a PHI Quantera SXM spectrometer
(ULVAC-PHI, Chanhassen, MN) equipped with an Al Ko
monochromatic source. All the spectra were calibrated using
the C 1s neutral-carbon peak at 284.6 eV. Powder XRD
patterns were collected on a STOE STADI P diffractometer
operated at 40 kV and 30 mA with monochromated Cu Ko.1
(A =0.15405 nm) radiation and with a scan speed of 30 s/step
and a step size of 0.1°. The conductivity was measured with a
linear probe head (Keithley 2400) using four-point probe
technique. Scanning electron microscopy (SEM) was per-
formed on a Zeiss DSM 982 Gemini instrument. Thermogra-
vimetric analysis (TG-DTA) was carried out on a NETZSCH STA
409 PC/PG instrument at a heating rate of 10 °C min~' under
both argon and air atmosphere. Elemental analysis was
recorded on a EuroEA Elemental Analyzer.

Electrochemical Tests. Prototype supercapacitor was as-
sembled in a symmetrical two-electrode using a similar proce-
dure reported by Li et al.>® Before each test, the electrode was
soaked in electrolyte to reach the fully wetted state. To assem-
ble the supercapacitor, two pieces of hydrogels with the same
size (~8 mm x ~8 mm, thickness of ~700 um, areal mass
loading of PAni: ca. 3.4,6.4,and 7.2 mg/cmz) were first attached
on two Pt foils, which were separated by glass fiber separator
MN 85/70 with organic binder from Macherey-Nagel. After it
was wrapped with parafilm, the prototype supercapacitor was
immersed in 1 M H,SO, solution as the electrolyte. All the
electrochemical measurements were carried out using Ivium-
Sate electrochemical interface and impedance analyzer. The
cyclic voltammetry (CV) was performed in the range of —0.8 to
0.8 V, electrochemical impedance spectroscopy (EIS) in the
frequency range of 1 mHz to 100 kHz with a 10 mV AC
amplitude, and galvanostatic charge—discharge test in the
range of 0 to 0.8 V at the current density of 2, 4, and 8 A/g. All
electrochemical tests were carried out at room temperature
(22 °C). The calculation of specific gravimetric capacitance of the
supercapacitor cell based on CV and galvanostatic charge—
discharge data was referred to the reported works*** by
Yushin et al.
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