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Abstract:

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a prime example of conducting polymers
materials for supercapacitors electrodes that offer ease of processability and sophisticated
chemical stability during operation and storage in aqueous environments. Yet, continuous
improvement on its electrochemical capacitance and stability upon long cycles remains a major
interest in the field, such as the developing PEDOT-based composites. This work evaluates the
electrochemical performances of hydroxymethyl PEDOT (PEDOTOH) coupled with hydrogel
additives, namely poly(ethylene oxide) (PEO), poly(acrylic acid) (PAA), and
polyethyleneimine (PEI), fabricated via a single-step electrochemical polymerization method
in an aqueous solution. The PEDOTOH/PEO composite exhibits the highest capacitance (195.2
F g') compared to pristine PEDOTOH (153.9 F g'!), PEDOTOH/PAA (129.9 F g!), and
PEDOTOH/PEI (142.3 F g'!) at a scan rate of 10 mV s™'. The PEDOTOH/PEO electrodes were
then assembled into a symmetrical supercapacitor in an agarose gel. The type of supporting
electrolytes and salt concentrations were further examined to identify the optimal agarose-based
gel electrolyte. The supercapacitors comprising 2 M agarose-LiClO4 achieved a specific
capacitance of 27.6 F g'! at a current density of 2 A g’!, a capacitance retention of ~94% after
10,000 charge/discharge cycles at 10.6 A g”!, delivering a maximum energy and power densities
of 11.2 Wh kg' and 3.45 kW kg, respectively. The performance of the proposed
supercapacitor outperformed several reported PEDOT-based supercapacitors, including
PEDOT/carbon fiber, PEDOT/CNT, and PEDOT/graphene composites. This study provides
insights into the effect of incorporated hydrogel in the PEDOTOH network and the optimal
conditions of agarose-based gel electrolytes for high-performance PEDOT-based
supercapacitor devices.

Keywords: PEDOT, Hydrogels, Electropolymerization, = Conducting  Polymer,

Supercapacitors, Agarose gel.
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Introduction

Supercapacitors (SCs) are energy storage devices between electrolytic capacitors and
rechargeable batteries. They are extensively used for various applications, such as power
supply, power buffering, and energy backup systems in hybrid vehicles and consumer portable
devices. Their ubiquitous use in today's electronics is due to their characteristics, namely fast
charging-discharging rates (not kinetically limited as for batteries), long cycle life (>500,000
cycles), high power densities (>50 kW kg!), and broad operating temperature window (-45 to
80°C). SCs function on a physical storage mechanism (i.e., electric double-layer) and/or
reversible redox reactions, which alleviates issues related to irreversible chemical reactions
(that occur in batteries), and typically comprises two electrodes separated by an insulator and

connected through an electrolyte.[!]

To produce high-performance SCs for practical applications, significant efforts have been
directed to improve the properties of each of its components. The electrode material is the most
crucial element, directly affecting the supercapacitors' performances, i.e., capacitance, long-
term stability, energy, and power density. Such electrodes notably comprise (nanoporous)
carbon materials, owing to their wide allotrope forms, high surface area (>2000 m? g!), large
pore volumes (~1.2 nm), stability, intrinsic capacitance, and widely developed production at
low cost.!”) Pseudocapacitors, an emerging class of SCs, utilize conducting polymer or metal
oxide-based electrodes, often mixed with functionalized porous carbons, combining
electrostatic and pseudocapacitive charge storage mechanisms. Amongst these electrode
materials, conducting polymers, thanks to their mixed conduction and processability properties,
offer excellent electrochemical performance and robust mechanical features, opening new form

factors for SCs fabrication, such as flexible and stretchable energy storage devices.!!
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Poly(3,4-ethylenedioxythiophene) (PEDOT) is a prime example of conducting polymer with
excellent chemical stability in various environments.[*l PEDOT electrodes in SCs have been
widely demonstrated in different configurations, including fiber-based SCs, micro-
supercapacitors, and flexible and stretchable SCs.’! However, despite their robust
electrochemical performance, PEDOT electrodes still possess a few drawbacks. These include
a lack of structural stability under repetitive doping/dedoping processes and a relatively low
specific capacitance and ion mobility compared to other pseudocapacitive materials.”! To
address these challenges, the fabrication of PEDOT-based composites has been an active field
of research in recent years. A few examples include the work of Khasim et al. where the authors
used graphene to synthesize secondary doped PEDOT:PSS nanocomposites.'®’ Xu et al.
reported PEDOT:PSS/V20s composites for hybrid fiber-based SCs.[”! Recently, the formation
of PEDOT:PSS composite with 2D MXene materials has been extensively demonstrated to
enhance the SCs performances.®! On top of the above, combinations of PEDOT with inorganic
materials (e.g., metal nanoparticles, 2D TMD, etc.) have been proposed to exceed the current
state-of-the-art of PEDOT-based SCs.!>°! The obtained hierarchical structures and synergistic
effect of the two components in the PEDOT composites drastically improve ion mobility and
in turn, the specific capacitance by facilitating ions infiltration from the electrolyte into the
electrode bulk. However, the majority of these composites entail complex synthesis steps and
multiple reagents, adding to the cost and fabrication time of the process. Thus, a simpler
alternative design of PEDOT-based composites is desirable to boost the electrochemical and

mechanical properties of PEDOT-based SCs further.

In this direction, hydrogels are ideal candidates to pair with PEDOT composites. These gels
can improve the ionic conductivity within the composites® bulk, enhance swelling in aqueous
electrolytes, and offer mechanical robustness to incorporate the SCs into stretchable and

flexible devices, as opposed to electrodes made from pristine PEDOT.!'"! There are, however,
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limited reports on facile synthesis methods of PEDOT composites with hydrogel for SC
application. Recent examples of PEDOT/hydrogel composites for SCs include (i)
PEDOT:PSS/Polyvinyl alcohol (PVA) prepared by the freeze-thaw crosslinking and solution
immersion method,!'”) and (ii) PEDOT:PSS/poly(acrylamide) developed through a free-radical
polymerization method.['') Yet, as mentioned earlier, these fabrication protocols involve
complex and lengthy instrumental setup. Hence, it is imperative to explore straightforward

methods to prepare PEDOT/hydrogel electrodes for high-performance SCs.

To this end, we explore the use of agarose as a gel electrolyte towards symmetrical SCs
comprising electrodeposited PEDOT electrodes. Gel electrolytes, composed of a polymer
matrix with ionic compounds (e.g., salts, acids, and bases), have been explored in recent years
due to their promising physical and chemical properties such as high ionic conductivity (up to
82 mS cm™)?! smooth contact with the electrode surface, stability over long-term cycling,
ease to use, as well as being environmentally friendly and safe to handle.['*! Such electrolytes
correlate to the development of solid-state polymer-based electrolytes for electrochemical SCs
in mobile, wearable, and computing electronics.!'¥ To date, different types of gel electrolytes
have been demonstrated as solid-state electrolytes with excellent electrochemical performance;
for instance, Senthilkumar et al., reported polyvinyl alcohol (PVA) gel electrolyte comprising
H>S04, assembled in a solid state electrochemical double layer capacitor (SSEDLC).['* The
supercapacitors showed a specific capacitance as high as 412 F g'! and energy density of 9.16
W hkg!at1.56 A g'!. The remarkable electrochemical performance of this SC was attributed
to the contribution of high ionic conductivity from the gel electrolyte and good
electrode/electrolyte interface. Another example of gel electrolyte utilizing sodium salt-
polyethylene oxide was performed by Ramasamy et al.l'> They reported activated carbon SC
using this gel electrolyte with the cell operating at a stable potential window of 2.5 V. This SC

exhibited a specific capacitance of 24 F g’!, energy and power densities of 18.7 Wh kg™ and
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0.52 kW kg, respectively. However, there is no report yet focusing on evaluating
PEDOT/hydrogel composite electrodes with agarose gel electrolytes and the effect of ionic

concentration in the gel electrolyte on the SCs performances.

Herein, we present a comparative study of electropolymerized PEDOTOH:ClO4 composites
under different hydrogels, including poly(ethylene oxide) (PEO), poly(acrylic acid) (PAA), and
poly(ethylene imine) (PEI), using a single-step electrochemical polymerization. In recent years,
PEO, PAA, and PEI have been extensively used as hydrogel materials in bioengineering to
build smart functional materials or mixed with several organic semiconducting materials in
optoelectronic devices.['®! However, literature on combining these hydrogels with PEDOT-
based electrodes for SCs is limited. The successful polymerization of PEDOTOH chains and
formation of the PEDOTOH/gel composites were characterized using FTIR and XPS. The
electrochemical measurements reveal that the PEDOTOH/PEO (195.2 F g'!) composite exhibits
the highest capacitance compared to pristine PEDOTOH (153.9 F g'!), PEDOTOH/PAA (129.9
F g'!'), and PEDOTOH/PEI (142.3 F g'!) at a scan rate of 10 mV s™!. Subsequently, we fabricated
symmetrical SCs by combining the PEDOTOH:CIO4/PEO electrodes with an agarose gel
electrolyte upon optimizing its parameters (i.e., the type of incorporated ions and their
concentration). The SC devices delivered a maximum energy density of 11.2 Wh kg and
maximum power density of 3.45 kW kg! with excellent cycling stability (~94% after 10,000
charge/discharge cycles at 10.6 A g!) in 2 M LiClOs/agarose gel electrolyte. This study
advances the understanding of electropolymerized PEDOT/hydrogel-based electrodes and
delineated the effect of gel electrolytes for developing high-performance of PEDOT-based

supercapacitors.



WILEY-VCH

Results and Discussion

We designed conducting polymer composites using hydroxymethyl EDOT (EDOTOH)
monomer and ClO4™ counteranions. The EDOTOH monomer was selected as the building block
of the polymer network due to better solubility in aqueous solution with higher
electropolymerization efficiency than EDOT monomer, and the resulting PEDOTOH polymer
films exhibited an improvement in the electrochemical properties compared to native
electropolymerized PEDOT.!'7) In total, three gels with different chemical functional groups
were used to fabricate PEDOTOH/gel composites, including poly(ethylene oxide) (PEO),
poly(acrylic acid) (PAA), and poly(ethylene imine) (PEI). The polymer composites were
synthesized via a single-step electrochemical polymerization method, a robust and
straightforward technique to accurately deposit polymer films on a particular electrode
geometry. Accordingly, we kept all electropolymerization parameters identical and only tuned
the type of hydrogel mixed in the monomer solutions. After 5-minute-long
electropolymerization in deionized (DI) water, the average mass loading of 180, 237, 202, and
181 ng were deposited for PEDOTOH:ClO4, PEDOTOH:CIO4/PEO, PEDOTOH:CIO4/PAA,

and PEDOTOH:CIO4/PEI films, respectively.

The formation of polymerized PEDOTOH/gel composites was characterized by FTIR and XPS
measurements (Figure 1). As shown in Figure 1a, the FTIR spectra display two major peaks
at 1270 and 1466 cm’, attributed to the stretching vibration mode of C=C and inter-ring

stretching mode of C-C in the thiophene chain. The peak at 983 c¢cm’

corresponds to the
stretching vibration of the C-S-C bond in the conjugated thiophene chain. The FTIR spectra
confirmed the successful PEDOTOH polymerization, both with and without the presence of the
hydrogels. Furthermore, to substantiate the incorporation of the hydrogels within the

PEDOTOH network, XPS measurements were conducted (Figure 1b). According to the high-

resolution of C 1s spectra, the PEDOTOH/PEO shows a slightly higher C-O component (19%)
7
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than the pristine PEDOTOH (17%), indicating the contribution of C-O bonds from the PEO in
the composite. Simultaneously, the presence of O-C=0O and C-N are attributed to the
incorporated PAA and PEI, respectively (Figure 1b). Notably, the high-resolution of N 1s
spectra affirmed the fingerprint nitrogen elements, only observed in the PEDOTOH/PEI
composite sample. Therefore, the FTIR and XPS results corroborate the PEDOTOH polymers'

formation and the gel incorporation in the composites.
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Figure 1. Physicochemical characterizations of the PEDOTOH films. (a) FTIR spectra of
PEDOTOH films in the range of 900 cm™ to 1800 cm™. The assigned peaks denote the

characteristics of PEDOT polymerization. High resolution (b) C 1s and (¢) N 1s XPS spectra

of PEDOTOH films.

The electrochemical properties of PEDOTOH composites films coated on a flexible Au/Kapton
substrate were examined with a three-electrode system in 1 M LiClO4 aqueous solution by
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS). All the electrodes share similar CV curves at a scan rate of 10
mV s (Figure 2a). The CV curves preserve a rectangular-type shape over a range of scan rates,
which we analyzed further by plotting the log(current density) versus log(scan rate) (Figure
S1). The b-value extracted from fitting the log(J) versus log(v) delineates the charge storage
mechanism, where a b-value close to 1 indicates a capacitive-controlled process, while the value

around 0.5 represents a diffusion-limited process. As shown in Figure Sle-h, the b-values of
8
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PEDOTOH electrodes with and without the incorporated gel are 0.99, indicating an ideal
capacitive-controlled process. The CV results reveal that the incorporated insulating gel does
not hinder charge storage capability in the PEDOTOH networks. While the PEDOTOH
incorporated PAA and PEI gels achieve similar current densities to the pristine one, the
PEDOTOH/PEO generates the highest current density at the same geometrical electrode (0.64
cm?). We postulate that the presence of PEO with significant higher number of C-O-C bonds
can boost the capability of PEDOTOH networks to interact with ions and improves the water
uptake from the electrolyte. This observation aligns with the established finding of the use of
PEO or PEG as the primary side-chain and/or additive in the semiconducting polymer to revamp
the mixed ion-electron conducting properties.!'®®® 18 Furthermore, PEO has been widely used
in energy storage devices as the promising component of the electrode or solid electrolyte; the
effect of molecular weight, crystallinity, and composite fabrication methods would be
interesting aspects for further investigation.!”! On the contrary, the carboxylic acid (PAA) and
amine (PEI) functional groups do not improve ionic interaction between the composite films
and the electrolyte in this fabrication condition. Figure 2b displays the Bode phase plot from
electrochemical impedance spectroscopy (EIS) measurements of PEDOTOH/gel electrodes in
1 M LiClO4. All electrodes showed a similar phase angle of approximately -80° at low
frequencies, signifying a capacitive behavior of the fabricated PEDOT/gel composites, in line
with the CV results. In addition, the fitting of the Nyquist plots confirmed that the
PEDOTOH/PEO has lower charge transfer resistance (Rc¢) and higher double-layer capacitance
(Car) as well as electrode capacitance (Cmat) than the native PEDOTOH, representing improved
ionic conductivity at the interface of electrode-electrolyte and within the bulk of

PEDOTOH/PEO electrode (Figure S2, Table S1).
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Figure 2. Electrochemical analysis of the PEDOTOH composite films. (a) CV curves at a scan
rate of 10 mV s! over a potential window of -0.2 to 0.7 V vs. Ag/AgCl. (b) Phase of the
impedance measured at 0 V vs. open circuit potential (Voc). (¢) Charge-discharge curves at 2
mA cm? (d) Specific capacitance at different charging rates. All electrochemical

measurements were performed in 1 M LiClO4 at ambient conditions.

The specific capacitance of the PEDOTOH composite electrodes was determined by the
discharge curve of galvanostatic charge-discharge cycles at different current densities (Figure
S3). All electrodes exhibit ideal triangular shapes at any given current densities, consistent with
the rectangular CV profiles that showed a dominated capacitive charge storage mechanism. ]
Figure 2¢ shows a comparative GCD plot at a current density of 2 mA cm™, and the specific
capacitance extracted from GCD curves at different charging rates is presented in Figure 2d.
The corresponding specific capacitances of each electrode as a function of normalized current

density are shown in Figure S4. The PEDOTOH/PEO electrode delivers a specific capacitance

of 132.8 F g'! at a normalized current density of 6.4 A g™ and reaches 116 F g! at a three-fold

10
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higher current rate (e.g., 16 A g'), showing good rate capability. Conversely, the pristine

PEDOTOH electrode demonstrates the lowest rate capability of all the electrodes investigated.

To elucidate the origin of the improved electrochemical properties of the gel composites, we
evaluated the surface topography of the PEDOTOH films using scanning electron microscopy
(SEM). The top view SEM images are displayed in Figure 3a-d and Figure SS5. All
PEDOTOH-based films, except the PEDOTOH/PAA, exhibit a rough surface with micrometer
size agglomerates on their surface. In contrast, the PEDOTOH/PAA has a smooth surface. The
PEDOTOH/PEI composite film presents a similar surface to the pristine PEDOTOH, whereas
the PEDOTOH/PEO composite film displays a rougher surface and a greater number of
agglomerates and grain-shape like structures. The SEM results imply that the type of
incorporated gel could significantly affect the morphology of the polymer composites, leading
to different electrochemical performances. This rougher surface of PEDOTOH/PEO film brings
additional merits, such as a larger electrochemically active surface area, leading to superior
specific capacitance. In addition, we calculate the electroactive surface area of PEDOTOH
compared to PEDOTOH/PEOQ electrodes using the peak current method and the Randles-Sevcik
equation to the CV curves measured in 3 mM [Fe(CN)q]* (Figure S6).2!! The electroactive
surface area is 8.11 cm? and 5.67 cm? for PEDOTOH/PEO and PEDOTOH electrodes,
respectively. Based on the improved capacitance and its distinct surface characteristics, the
PEDOTOH/PEO composite represents the best performing composite sample in these

fabrication conditions.

11



Figure 3. Top-view SEM images of (a) pristine PEDOTOH, (b) PEDOTOH/PEO, (c)

PEDOTOH/PAA, and (d) PEDOTOH/PEI fabricated in aqueous solution. Scale bar is 10 pm.

The PEDOTOH/PEO electrodes were then assembled into symmetrical SCs immersed in
agarose gel electrolytes. To identify the optimal gel composition, different supporting
electrolytes such as 1 M LiClO4, 1 M KOH, and 1 M H>SO4 were added to the agarose (6 wt%)
in deionized water (10 mL). All SCs were examined under the same potential window at room
temperature. Figure 4a shows the CV curves with different gel electrolytes at 10 mV s™!. The
CV curves of the SCs in agarose-LiClO4 and agarose-H>SOj4 are nearly rectangular, indicating
a dominant capacitive behavior.??! The specific capacitances calculated from the CV curves are
43.41 F ¢! and 43.98 F g'! for agarose-LiClO4 and agarose-H>SO4, respectively. This value is
higher than several PEDOT-based SCs, such as PEDOT:PSS coated onto cellulose cloth (8.94
F g)!%3) and printed stretchable GO-CNT-PEDOT (21.7 F g'")?* SCs. Interestingly, at a high
scan rate (200 mV s™1), the specific capacitance remains intact, achieving 43.37 F g! (agarose-
LiClO4) and 44.25 F g! (agarose-H2S04). Therefore, these gel electrolytes support ion diffusion
pathways while the electrodes maintain the active sites regardless of the increase in the scan

rate. In addition, the CV curves retained a nearly rectangular shape even at a high scan rate of
12
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200 mV s’ (Figure S7a-b), indicating excellent capacitive behavior, which is further supported
by the b-value from fitting the log(J) versus log(v) plots (Figure S7d-e). In contrast, in the case
of the agarose-KOH electrolyte, we observed typical redox peaks in the CV curve around +
0.25V at a scan rate of 10 mV s™!, corresponding to a specific capacitance of 20.57 F g™ (Figure
4a). The redox peak-to-peak separation on the CV curves becomes larger with increasing scan
rate, indicating that the redox reaction becomes less efficient at high scan rates (Figure S7¢)
but is still governed by a capacitive-controlled process (Figure S7f). According to the literature,
KOH could promote the over-oxidation reaction of PEDOT by inducing the formation of
sulfone groups (-SO2) and carbonyl groups (C=0) in the PEDOT chains with the presence of
OH ions in the base environment.[*! Hence, the PEDOTOH/PEO composite electrode becomes

less conducting in KOH electrolyte, hindering the performance of the SCs.

Further electrochemical evaluation using EIS and GCD cycling (Figure 4b-c, Figure S8)
demonstrated that PEDOTOH/PEO-based SCs achieve the highest impedance and low charge
capacity in the agarose-KOH gel electrolyte, attributed to the overoxidized PEDOTOH chain.
The impedance values at low frequency (0.1 Hz) and the phase-angle profiles are quite similar
for the SCs operated in agarose-LiClO4 and agarose-H2SO4. However, the specific capacitance
for the agarose-H2SOys is slightly larger, particularly at higher rates compared to the agarose-
LiClOs, indicating a more facile ion transport of H2SOs, in line with the impedance values at a
high frequency related to the electrolyte resistance (Figure 4b). It should be noted that the
agarose-H>SO4 gel was not entirely solid-state due to the sulfation of the agarose by H2SO4.1¢!
We observed that the agarose-H2SO4 blend is more like a pre-gel state; thus, the H2SO4 ions
come with greater freedom and mobility than LiClOg4 ions in the solid-state gel. Therefore, we
concluded that suitable supporting electrolytes for forming the agarose gel electrolyte for
PEDOT-based SCs should occur at neutral pH. Basic compounds might induce over-oxidation

of the PEDOT chain, while the acidic substances, as in this case of H2SOj4, can react with the

13
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agarose gel (e.g., sulfation). Hence, based on the result from electrochemical measurements and
the physical stability of the forming a solid-state agarose gel electrolytes, we selected the

agarose-LiClOg4 as the optimal blend combination.

10° 26 : : 0.8
a) [ b) c) —a—1 M LiCIo,
1M KOH/Agarose —_ ? 1 m:és:“
‘o 244 - F0.7
—~F —_ w
" £
o L 1M H,SO,/Agarose c g
< O c 22 0.6
i N 2
- - @
Q
r r 1 M LiCIO/Agarose I 8 204 ro5
T T T T T T T T T T 18 T T 0.4
02 0.0 02 04 0.6 0.8 10 10° 10" 102 10® 10  10° 4 6 8 10
Potential vs. Ag/AgCI (V) Frequency (Hz) Charging Rate (A g)

Figure 4. Electrochemical performance of the PEDOTOH/PEO-based supercapacitors with
different electrolytes. (a) CV curves at a scan rate of 10 mV s™. (b) Bode plot of the
supercapacitors at 0 V vs. operating-circuit potential (Voc). (¢) Specific capacitances at different

charging rates.

We then further explored the performance of PEDOTOH/PEO-based SCs by varying the
concentration of LiClO4 in the agarose gel. The salt concentration hinges on SCs voltage
window, electrochemical stability, viscosity, and ionic conductivity of the electrolyte.!*”l Low
electrolyte salt concentrations typically exhibit slow cycling speed and counter-ion adsorption;
on the other hand, if the salt concentration is too high, the cations and anions prefer to associate
strongly and thus reduce the number of free ions leading to a decrease in the electrolyte
conductivity.?’?% Here, we examined three concentrations of LiClO4, namely 0.5, 1, and 2 M.
The CV curves remain nearly rectangular with identical current density, independent of the
LiClO4 loading in the gel electrolytes (Figure S9a). The Bode plots reveal a difference at high
frequencies. Generally, the high frequency corresponds to the solution resistance of the system.

The solution resistance increases in the lowest concentration of 0.5 M and becomes similar as

14
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the concentration increases from 1 to 2 M (Figure S9b). The phase angle curves in the inset of

Figure S9b show the same trend for all concentrations.

Then, the charge-discharge tests of the SCs with 0.5 to 5 M LiClO4 in agarose gel were
compared, as illustrated in Figure S10; all the GCD plots display ideal triangle curves. The
corresponding specific capacitance values extracted from the GCD plots are presented in
Figure 5a. The SCs operated in a higher concentration of LiClO4 exhibit an increase in the
specific capacitances over the range of charging rates tested (Figure S11). The device with 1
M electrolyte (25.5 F g!) shows a slight increase in specific capacitance at a low charging rate
(2.1 A g') compared to 0.5 M electrolyte (24.9 F g'), suggesting that higher LiClO4
concentration in the agarose gel electrolyte could enhance the capacitance properties of the
PEDOTOH/PEO SCs, in agreement with previous studies reporting better capacitances using

higher electrolyte concentration for activated carbon!*”! and graphene SCs!*",
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Figure 5. Electrochemical performance of the PEDOTOH/PEO-based supercapacitors with
different concentrations of LiClO4-agarose electrolytes. (a) Specific capacitances at different
charging rates, calculated from GCD plots. (b) Cycling stability tested at 10.67 A g™ over 10000
cycles. (¢) Comparative Ragone plots of the PEDOTOH/PEO supercapacitors compared to

other PEDOT-based supercapacitors.
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Finally, we investigated the cycling stability of the PEDOTOH/PEO-based SCs in these

electrolyte concentrations, displayed in Figure Sb. The SCs showed remarkable stability over
10,000 cycles, with negligible capacitance fade (2-6%) and high coloumbic efficiency (~100%)
(Figure S12). The maximum energy density of an SC comprising 2 M LiClO4-agarose reached
11.19 Wh Kg!* and the maximum power density was ca. 17.28 kW Kg™!. This PEDOTOH/PEO-
based SCs in agarose-LiClOs4 electrolyte is superior to PEDOT/CNT, PEDOT/graphene, and
PEDOT/Carbon Fiber SC devices as shown in the Ragone plot in Figure 5c.*'l The
performance of PEDOTOH/PEO-based SCs in agarose-LiClO4is among the highest compared

to other PEDOT-based SCs, with remarkable retention under a high charging rate (Table S2).

Conclusions

In summary, we demonstrated a comparative study to evaluate the effect of incorporated
hydrogels and the optimal agarose gel electrolyte on the performance of PEDOTOH-based
supercapacitors. Three appealing hydrogels, namely PEO, PAA, and PEI, were incorporated
into PEDOTOH networks via a single-step electrochemical polymerization in an aqueous
solution. The PEDOTOH/PEO composite exhibit the highest specific capacitance of 195.2 F g°
I'at a scan rate of 10 mV s!, which is 93% of the theoretical capacity of PEDOT (210 F g™).
The PEDOTOH/PEO electrodes were then assembled into a symmetrical supercapacitor in an
agarose gel with different supporting electrolytes and varying concentrations. The
supercapacitors comprising 2 M LiClO4-agarose achieved a specific capacitance of 27.6 F g’!
at a current density of 2 A g-1, a superior cyclability of ~94% after 10,000 charge/discharge
cycles at 10.6 A g'!, the maximum energy density of 11.2 Wh kg! and maximum power density
of 3.45 kW kg!. This work highlights a simple fabrication protocol for PEDOTOH/gel

composite as an alternative electrode for high-performance PEDOT-based supercapacitors.
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Experimental Section
Materials

Hydroxymethyl 3,4-ethylenedioxythiophene (EDOTOH, 95%, CAS: 146796-02-3), lithium
perchlorate (LiClO4, 99.99%, CAS: 7791-03-9), poly(ethylene oxide) (PEO, My ~1,000,000,
CAS: 25322-68-3), poly(acrylic acid) (PAA, M, ~450,000, CAS: 9003-01-4),
polyethyleneimine (PEIL, CAS: 9002-98-6), agarose, potassium hydroxide (KOH, >85%, CAS:
1310-58-3), and sulfuric acid (H2SO4, 95.0-98.0%, CAS: 7664-93-9) was purchased from
Sigma-Aldrich, and used as received. The aqueous solutions were prepared using ultrapure

water (Millipore Milli-Q).
Electropolymerization of the PEDOTOH electrodes

We prepared an aqueous dispersion of 10 mM of EDOTOH monomers and 100 mM of LiClO4
as counteranions. These dispersions are sonicated at room temperature for 30 min, and then
used as the reaction electrolyte during three-electrode electrochemical polymerization onto Au
sputtered Kapton substrates (polyimide). A platinum wire and an Ag/AgCl were immersed into
the solution and used as the counter and reference electrodes, respectively. We performed a
potentiostatic electropolymerization mode at 1 V for 300 s on 8 mm x § mm Au/Kapton
substrates (geometrical surface area = 0.64 cm?). Then, we washed the electropolymerized
PEDOTOH electrodes with deionized water and dried them with N2 spray to remove any
weakly bound material and unreacted monomers. For the fabrication of PEDOT/gel electrodes,

we mixed 5 wt% of PEO, PAA or PEI into the monomer dispersion prior to electrodeposition.
Preparation of gel electrolyte and assembly of the supercapacitors

The agarose gel electrolytes were prepared according to the procedure in the previous study.!*?
First, 600 mg agarose (6 wt%) were dissolved in 10 mL DI water by continuous stirring at 90
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OC until homogeneous mixture was obtained. 1.06 g LiClO4, 561 mg KOH, and 546 uL 98%

H>SO4 were added to obtain 1 M LiClO4-agarose, 1 M KOH-agarose, and 1 M H>SO4-agarose,
respectively. Then, the two PEDOTOH/PEO electrodes were assembled in the gel electrolyte
with a distance of 2 mm. The gel electrolyte serves as an ion diffusion pathway, separator and

binding medium of the cathode and anode electrodes.
Electrochemical characterization

Electrochemical measurements of deposited polymer electrodes as working electrodes were
performed using the three-electrode configuration in 1 M LiClO4 at room temperature. Ag/AgCl
and Pt wire were used as reference electrodes and counter electrodes, respectively. The
electrochemical properties such as specific capacitance and cycling stability were evaluated by
cyclic voltammetry (CV) and galvanostatic charge-discharge (CGD). The specific capacitance
of the electrodes and the assembled supercapacitors were calculated from either CV at a specific
scan rate or GCD at a set current density. The specific capacitance (Cs, F g'!), which is the
capacitance of one electrode per unit mass, was calculated using the following equations from

CV curves (Eq. 1) and GCD plots (Eq. 2),

__0

Cs =72 (1
i At

Cs = i (2)

where Q is the total charge in coulombs by calculating the integral area of the CV curve, 4 and
AV represent the scan rate and the potential window of the CV cycle, respectively. For equation
2, i is the discharge current density (A g'), At and AV are the discharge time and potential
window, respectively. In addition, the capacitance retention of the electrode and supercapacitors
was evaluated by using CV and GCD for multiple cycles within a potential window lying
between -0.2 to 0.7 V. The energy density (E, Wh kg™) and the power density (P, W kg ™) were

extracted from the GCD curves from the following equations:
18
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2
=G (av) 3)
2
E x 3600
P= " “)

The coulombic efficiency (n.ouiompic) Of the supercapacitors was evaluated as the ratio between

the discharging and charging times within -0.2 and 0.7 V as displayed below:

Total charge released _ Discharging time

Neoulombic =

S))

Total charge stored - Charging time

Electrochemical impedance spectroscopy (EIS) for the electrodes and supercapacitor devices
was examined at the open-circuit potential. The AC amplitude was 10 mV, while the

frequencies varied between 0.1 Hz and 100 kHz.

Physicochemical characterization

We examined the surface morphology of the PEDOTOH composite films using FEI Nova nano
scanning electron microscope (SEM) with an accelerating voltage of 3 kV and a working
distance of 5 mm. The coated polymer films on gold/kapton substrates were mounted onto
aluminum stubs and attached with conductive double-sided tape. We performed X-ray
photoelectron spectroscopy (XPS) and Fourier transform infrared (FTIR) studies To
characterize the chemical composition of the polymer films. XPS was performed using a
KRATOS Analytical AMICUS instrument equipped with an achromatic Al Ko X-ray source
(1468.6 eV). The source was operated at a voltage of 10 kV and a current of 10 mA generating
a power of 100 Watts. The high-resolution XPS spectra were acquired using a step of 0.1 eV.
The pressure in the analysis chamber was in the range of x 107 Pa during the course of the
measurements. Whereas, we recorded the FTIR spectra in the range 550-4000 cm™ at room
temperature using Thermo Scientific Nicolet iIS10. We used attenuated total reflection (ATR)

FTIR mode to obtain the reflectance infrared spectra of the polymer film. We signal-averaged
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64 scans to form a single spectrum which was then displayed in terms of transmittance, and the

baseline was corrected using OMNIC FTIR software.
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A functional PEDOT/gel for supercapacitors: This work examines the electrochemical
performance of PEDOTOH/gel composites fabricated via a single-step electropolymerization
technique in an aqueous solution. The best performing PEDOTOH/PEO composite is applied
as electrode material for symmetrical supercapacitors in agarose gel electrolyte, demonstrating
excellent long-term cycling stability with a capacitance loss of only 6% after 10000 cycles at a
high current density of 10.6 A g

PEDOT, Electropolymerization, Agarose, Gel Electrolyte, Supercapacitors.
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Performance of PEDOTOH/PEO-based Supercapacitors in Agarose Gel Electrolyte
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