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Conductive polymers (CPs) and carbon nanoparticles are attractive active materials for binder free
supercapacitor electrodes. A composite of these components combines high pseudocapacitance of CPs
with the mechanical stability of carbon particles. Homogeneous percolation of both materials in the
composite is fundamental for electrochemical performance but is typically hindered due to insoluble
starting materials. Here, we propose a template assisted polymerization of 3,4-ethylenedioxythiophene
(EDOT) onto sulfophenylated onion-like carbon (SPOLC). Besides providing dispersibility for the carbon
particles, anionic functionalization also promotes the mechanical and electrical connection between
PEDOT and SPOLC. The resulting composite precipitates as a viscoelastic aqueous slurry enabling direct
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Accepted 1st May 2024 electrochemical properties in the composite leads to a specific capacitance of 77 F g~ and a
capacitance retention above 90% after 70 000 cycles. Our findings highlight how the functionalization of

carbon enhances dispersibility in water and provides connectivity with the CP, thereby boosting the
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Introduction

Conductive polymers (CPs) are used as active materials for
supercapacitors due to their convenient synthesis, electro-
chemical stability, and intrinsic capacitance." The charge sto-
rage capability of CPs originates mainly from faradaic but also
from non-faradaic processes. The formation of a double layer at
the solid-liquid interface between the CP and the electrolyte
represents the non-faradaic part. The faradaic component, also
called pseudocapacitance, is attributed to redox reactions of the
CPs. Due to limited specific porosity of CPs, the contribution
of pseudocapacitance towards energy storage exceeds the non-
faradaic component.” In this context, CPs such as polyaniline
(PANT), polypyrrole (PPy), and poly(3,4-ethylenedioxythiophene)
(PEDOT) are often used for pseudocapacitor applications.
Among these CPs, PEDOT offers a superior cyclic stability and
an outstanding resilience of its oxidized state, which enables
application in a wide potential window."
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performance and stability in supercapacitor applications.

Despite their electrochemical stability, CPs lack inherent
mechanical strength. When used in electrodes for supercapa-
citors, swelling and shrinking induced by cycling initiates crack
formation resulting in degrading capacitance.® This drawback
is often addressed by the addition of nanoparticles, which act
as a framework to provide mechanical strength and space for
swelling due to open porosity. For this purpose, various nano-
particles like MXenes,* ZnO nanowires,” nanofibers,® carbon
nanotubes,” graphene® and onion-like carbon® have been com-
bined with CPs. Carbon particles are ideal because of their
sustainability, abundance, electrical conductivity and capability
to contribute non-faradaic capacitance.’

To yield a superior composite electrode, the contradicting
requirements of a stable coupling between PEDOT and carbon
particle while maintaining their dispersibility during the for-
mation of the composite need to be addressed. Both require-
ments are vital, with the tight interconnection between the
particles as a gateway for the electrical current and their
dispersibility assuring percolation of the PEDOT network
throughout the forming composite. However, neither carbon
nanoparticles nor PEDOT are easily dispersible.’

The most convenient approach to enable PEDOT dispersi-
bility is to link it ionically with polystyrene sulfonate (PSS).?
These PEDOT:PSS micelles can be used to adsorb onto the
carbon particles, which was reported for onion-like carbon
(OLC) by Plonska-Brzezinska et al, enabling the application
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in electrodes for supercapacitors with a maximum capacitance
of 75 F g~ *.°” However, as the charge of PEDOT is neutralized
by the interaction with sulfonic acid groups of PSS, excess
amounts of the latter are required to maintain dispersibility
of PEDOT:PSS.’

Another possibility is to establish CP monomers at the
surface of the carbon material prior to polymerization. This
in situ approach can either be promoted by electrodeposition or
by chemical reactions. Electrodeposition is well controllable
but also requires charged carbon particles for co-deposition
and a specialized setup.® Chemical oxidation is a more facile
method that does not need specific equipment, additio-
nally offering high yields but also requiring a stable carbon
dispersion.®

Here we report an efficient approach to integrate and con-
nect PEDOT with carbon particles, i.e. carbon onions, to form
a composite suitable for the application in supercapacitor
electrodes. Inspired by the functionality of PEDOT:PSS, we
designed carbon nanoparticles directly decorated with benze-
nesulfonic groups. Sulfonation of carbon onions provides not
only superior dispersibility but also the binding sites for
PEDOT formed upon oxidative in situ polymerization of EDOT.
This enables the template assisted precipitation of the PEDOT
molecules and thus a homogeneous distribution in the compo-
site without the formation of insulating PSS domains. In the
electrode, the OLC template offers a large accessible surface
area and mechanical stability while PEDOT enhances the specific
capacitance and connects OLC agglomerates. Based on these
findings, the composite can be used as active material for
supercapacitor electrodes without additional binder.

Experimental
Sulfonation of OLC and composite formation

Preparation of OLC. OLC was obtained by thermal annealing
of detonation nanodiamond (Gansu Lingyun Corp.) in vacuum
(~1 mbar) for two hours at 1500 °C (heating rate 5 K min ")
using a tube furnace (STF 16/450, Carbolite Gero GmbH)."°

Synthesis of sulfophenylated OLC (SPOLC). The functiona-
lization steps were executed according to a modified procedure
reported by Palkar et al.'* For the functionalization with phenyl
groups, OLC (2.39 g) was pre-dried at 350 °C for three hours in
air and then dispersed in dried toluene (100 mL) via sonication.
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Dibenzoyl peroxide (DBPO, 5.22 g, 21.55 mmol) was added
and the dispersion was heated to 80 °C in an ultrasonic bath.
After two hours of sonication, another portion of DBPO (5.18 g,
21.38 mmol) was added and sonication continued for two hours
at 80 °C. After another addition of DBPO (5.07 g, 20.93 mmol),
sonication continued for 8 h. To terminate the reaction, water
(15 mL) was added. The particles were separated from the
reaction mixture by centrifugation (6000 rpm, 20 minutes).
The phenylated OLC particles (POLC) were then washed four
times with THF. Each time, the particles were first dispersed
in THF (15 mL) via sonication and then centrifuged (6000 rpm,
20 minutes). POLC (1.80 g) was then combined with oleum
(3.0 mL, 30 wt% SO3), dispersed in an ultrasonic bath and
heated to 80 °C for four hours. To finish the reaction, water
(5 mL) was added. The sulfophenylated OLC (SPOLC) were
separated by centrifugation (6000 rpm, 20 min). Afterwards,
the supernatant was removed and the residue was dispersed
in water via sonication, then centrifuged again (6000 rpm,
20 minutes).

Composite formation

The onion-like carbon material was then used to form compo-
sites with PEDOT. To vary the content of benzenesulfonic acid
moieties in the composite, SPOLC, pristine OLC as well as a
mixture of both were used as carbon template. Based on these
templates, three composites PEDOT@OLC (Fig. 1A) PEDOT®@
SPOLC (Fig. 1B) and PEDOT@SPOLC/OLC (Fig. 1C) were pro-
duced. A detailed synthetic procedure for the different compo-
sites can be found in the ESL ¥

Fabrication of electrodes and supercapacitors

For the slurry, 50 mg of washed PEDOT@SPOLC, PEDOT@
SPOLC/OLC or PEDOT@OLC precipitate was stirred with
water (100 mg). To obtain electrodes, the respective slurry was
doctor bladed onto a carbon coated aluminum foil (Zflo 2653,
Transcontinental Advanced Coatings), dried at ambient condi-
tions for 15 minutes and transferred into a drying furnace
(130 °C) for about 12 hours, leading to a loading density of
about 1.5 mg cm ™2 Round electrodes with a diameter of 16 mm
were die cut with a punching iron and pressed with a hydraulic
press (ca. 0.2 GPa). Symmetrical cells were produced using a
stainless-steel test cell separated by a polymer membrane
(Cellgard 2325, El-Cell). The electrolyte was prepared as a 1 M
solution of tetraethylammonium tetra-fluoroborate (TEABF,; TCI)
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Fig. 1 Schematic overview of the three synthesized composites.
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in acetonitrile (Sigma Aldrich). Three test cells for each system
were assembled in the absence of humidity (<1 ppm) and oxygen
(<1 ppm) using a glovebox (N,, Labmaster 130, M. Braun
Inertgas-Systeme).

Characterization

The Raman spectra were acquired with a DXR Raman Micro-
scope (Thermo Fisher Scientific Inc) using a laser power of
0.2 mW and an excitation wavelength of 532 nm. Thermogravi-
metric analysis (TGA) was carried out with a STA 6000 (Perki-
nElmer) using nitrogen as purge gas (20 L min™~ "), a heating
rate of 5 K min~" and a plateau phase of 30 minutes at 130 °C to
remove residual water. HRTEM was conducted with a FEI Titan
80-300 (Thermo Fischer Scientific Inc) using an operating
voltage of 300 kV. Scanning electron microscopy (SEM) images
were measured at an operating voltage of 5 kV using a Gemini
Fe-SEM Ultra-Plus Zeiss field emission scanning electron
microscope (Carl Zeiss Microscopy Deutschland GmbH). Cyclic
voltammetry measurements (CV) were carried out with a poten-
tio-/galvanostat (VMP300 Bio-Logic). Electrochemical measure-
ments were conducted in a symmetrical supercapacitor setup.
Every composite system was measured in three test cells at
ambient conditions. For each applied scan rate the arithmetic
average of ten consecutive cycles was used to calculate the total
capacitance of the device Ccy (eqn (1)) as well as the specific
capacitance for one electrode Cg (eqn (2)) where m is the
combined mass of carbon material and PEDOT, I the current
and V, the potential window and v the scan rate.

View Article Online

Paper

One cycle consists of a charge and a discharge process
for every electrode, achieved by a repolarization between —V,
and V,,.

[1dv
= 1
Cov 22x Vyxv (1)
4 x C
Cp ==V (2)
m

Results and discussion
Characterization of the composite material

Functionalization of carbon particles is vital to ensure their
dispersibility in aqueous media as well as for in situ incorpora-
tion of EDOT. Surface functionalization with benzenesulfonic
acid groups meets both criteria, as the hydrophilic character of
the sulfonic acid stabilizes the particles in aqueous media
and the anionic charge electrostatically attracts PEDOT tightly to
the surface of the OLC particle. As the functionalization occurs on
carbon surfaces, Raman microscopy is well suited to identify these
changes due to characteristic modes (Fig. 2 and Table 1).

The structural changes after each functionalization step are
observable by Raman spectroscopy in the characteristic modes
for sp’® carbon, ie. D, G and 2D bands. The G-mode is
characteristic for the graphitic structure of the material,
whereas the D-mode indicates disorder in the graphitic struc-
ture. During surface functionalization of OLC, the intensity
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Fig. 2 Schematic overview for the precursor functionalization (A), Raman spectra of the particles before (B) and after (C) PEDOT functionalization.
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Table 1 Raman shifts of G-, D- and 2D-mode and D/G intensity ratios of
OLC, POLC and SPOLC

G-mode (cm™") D-mode (cm™!) 2D-mode (cm™ ") Ip/lg Lp/ls

OLC 1588 1338 2670 1.17 0.12
POLC 1598 1345 2681 1.06 0.09
SPOLC 1600 1357 2684 0.84 0.05

ratio of D/G decreases with the surface functionalization of OLC
(Ip/Ig = 1.17) to POLC (Ip/Ig = 1.06) and SPOLC (Ip/Ig = 0.84)
indicating an influence of functional groups. The change in
intensity ratio was already reported for other covalent OLC
functionalizations, which included phenolic groups.> The
symmetric shape of the 2D-mode indicates the typical turbos-
tratic stacking of the graphitic layers in OLC."

Unlike the starting material (OLC) and POLC, SPOLC was
highly dispersible in water due to its hydrophilic functionaliza-
tion, forming a concentrated black, ink-like suspension. For the
formation of the composites, PEDOT was established at the
carbon particles OLC and SPOLC and a mixture of SPOLC/OLC
by addition of EDOT and its in situ polymerization yielding the
composites PEDOT@OLC, PEDOT@SPOLC and PEDOT®
SPOLC/OLC. The successful formation of PEDOT at the carbon
surfaces is apparent by very intense signals in the Raman spectra,
overshadowing characteristic signals for SPOLC (Fig. 2B), PEDOT
without carbon additive and the three composites PEDOT@OLC
(Fig. 1A), PEDOT@SPOLC (Fig. 1B) and PEDOT@SPOLC/OLC
(Fig. 1C) showed no significant difference in Raman shift
(Fig. S1 and Table S1, ESIY).

To explain the scaffolding effect, which is responsible for the
different arrangements of PEDOT in the SPOLC and unfunctio-
nalized OLC, HRTEM measurements were conducted for both
composites (Fig. 3).

In PEDOT@OLC, the PEDOT is concentrated heteroge-
neously in bigger bulks between voids in the agglomerate leaving
single OLC primary participles widely uncoated (Fig. 3A).
In contrast, functionalized particles of SPOLC are evenly coated
with PEDOT (Fig. 3B). However, as the typical domain size
of PEDOT amounts to only several nm,"* the non-uniform
coating was not detectable using SEM or Raman microscopy.

Fig. 3 HRTEM micrographs of (A) PEDOT@OLC, (B) PEDOT@SPOLC and
schematic interpretation, blue structures represent PEDOT.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Consequently, EDX mapping, performed to trace PEDOT, also
showed a largely homogeneous sulfur distribution (Fig. S2, ESIT).

The difference in morphology between PEDOT@OLC and
PEDOT@SPOLC visible in the HRTEM measurements can be
explained by the mechanism of the reaction. Like PEDOT:PSS,
oxidized PEDOT oligomers are attracted by counterions during
polymerization.'® For the PEDOT@SPOLC system, benzenesul-
fonic acid moieties present at the surface of the carbon onions
act as counterion, binding the PEDOT oligomer at the surface
of the carbon particles electrostatically and thus inducing a
“guiding” or “scaffolding effect”” for the polymerization. Thus,
after polymerization, SPOLC agglomerates are homogeneously
covered with PEDOT. The interaction with the functional sur-
face groups neutralizes the charge of the composite leading to
its precipitation.

For the PEDOT@OLC this electrostatic interaction between
SO;~ and PEDOT is not possible, as the carbon particle lacks
counterions at its surface. Instead, PEDOT oligomers interact
with sulfonic acid anions, provided by the decomposition of the
oxidative agent (sodium persulfate) during the oxidation of
EDOT. Benzenesulfonic acid stabilized PEDOT particles grow
in solution, eventually co-precipitating with the agglomerates
of OLC. Precipitation eventually occurs for the PEDOT@OLC
system because unfunctionalized OLC particles are generally
unable to form stable aqueous dispersions. For the mixed
composite consisting of functionalized and unfunctionalized
OLC particles (PEDOT@SPOLC/OLC) it follows that both types
of PEDOT deposition take place.

While PEDOT:PSS systems in the literature retain their
dispersibility in aqueous media due to excess benzenesulfonic
acid groups, all our composites were precipitating in water
forming viscoelastic pastes. This property was beneficial since
the composite pastes could be used for electrode production by
doctor blading without further processing or the addition of
thickening agents like binders.

Besides, the mechanical properties of PEDOT@SPOLC electro-
des showed superior stability during electrode manufacturing.
Processing of PEDOT@OLC on the other hand, was unsatisfying
due to the formation of cracks and delamination of the coating
(Fig. S3, ESIT). These drawbacks were observed neither for PED-
OT@SPOLC nor for PEDOT@SPOLC/OLC composites, although,
for the latter, functionalized and unfunctionalized OLC were
mixed in equal amounts prior to the polymerization of EDOT.

This can be explained by the morphology of PEDOT at the
surface of carbon particles, or more precisely at the surface of
their agglomerates. In PEDOT@SPOLC, PEDOT is evenly dis-
tributed over the whole surface and can interact with other
neighboring agglomerates, especially while the coating is dry-
ing and compressed. The result is a superior inter-agglomerate
binding compared to PEDOT@OLC, where PEDOT is con-
centrated in voids of agglomerates, which hinders inter-
agglomerate linkage. Therefore, PEDOT@OLC is not suitable
for electrode production due to the formation of cracks. These
findings show that the quality of the composite is determined
rather by the interaction and distribution of PEDOT and the
carbon particles than by its actual relative content. This is not
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Fig. 4 Thermogravimetric analysis of OLC, POLC and composite
PEDOT@SPOLC.

only of importance for a system where PEDOT serves as
capacitive enhancing additive, but also in case of its application
as a conductive binder,'® where a tailored distribution and
superior connection can reduce its content to a minimum.

The thermal stability of the composite is an important
parameter influencing the possible operating temperature for
the intended application. In order to test the thermal properties
of the composite, thermogravimetric analysis (TGA) was per-
formed under nitrogen atmosphere (Fig. 4).

A significant loss in weight for PEDOT@SPOLC, was recorded
between 260 and 400 °C, representing the degradation typically
observed in composites of PEDOT films and carbon.””® No
weight loss was observed for the starting material OLC, as expected
by the absence of surface groups and the temperature resistance of
OLC in nitrogen atmosphere. Given this reasonable thermal
stability, PEDOT@SPOLC is useable for various applications
including electrodes for supercapacitors.*

Electrochemical characterization

The functionalization of OLC is not only beneficial for mechan-
ical but also for electrical interaction between PEDOT and the
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carbon material. The homogeneous distribution of PEDOT and its
tight connection to carbon particles influences energy storage as
well as performance capabilities.>* These properties were investi-
gated by cyclic voltammetry measurements for PEDOT@SPOLC
and PEDOT@SPOL/OLC, which feature functional groups. With
PEDOT@OLC, eligible electrodes could not be produced due to its
unsatisfactory mechanical properties (see above).

A cyclic voltammogram for pristine PEDOT consists of a
capacitive and pseudocapacitive current, explained in detail by
Volkov et al.'* The pseudocapacitance in CPs originates from
redox reactions, where cations are replaced by holes for an
anodic scan and vice versa for the cathodic reversal. The non-
faradaic contribution is caused by the formation of a double
layer at the interface of electrolyte and particle surface.

In our composites, faradaic and non-faradaic contributions
resulting from PEDOT, as well as the non-faradaic current
originating from OLC are super-positioned. OLC does not show
pseudocapacitance due to the lack of redox active functional
groups at the surface. However, OLC offers a high external
surface and is therefore used for electrical double layer capa-
citor (EDLC) applications.?>** Due to the mesoporous charac-
ter, OLC is a suitable template to host a variety of
pseudocapacitive additives.>" Especially for PEDOT, the poros-
ity of OLC offers space for volume changes of the CPs during
cyclisation. To investigate the stability of the composite, we
decided to charge and discharge both electrodes in each cycle,
which is achieved by reversing the polarity of the electrodes.

CV measurements of both composites show a quasi-
rectangular shape when cycled using a symmetrical cell setup
(Fig. S4, ESIt) between 1 and —1 V (Fig. 5A). At high scan rates,
the shape turns into an ellipsoid as expected (Fig. 5B). This can
be observed for the PEDOT@SPOLC and PEDOT@SPOLC/OLC
(Fig. S5, ESIt) system.

The change in shape can be explained by kinetic limitations
of the time sensitive electrochemical processes at the interface
of OLC and conductive polymers. These incomplete processes
result in a decreased stored charge.

Differences between both composites arise when the voltage
window is increased. This investigation was possible due to the
excellent electrochemical stability of PEDOT and the usage of
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Fig. 5 Cyclic voltammogram of PEDOT@SPOLC at low (A) and high (B) scan rates.
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Fig. 6 Comparison of cyclic voltammograms of PEDOT@SPOLC ((A): high, (B): low scan rates) and PEDOT@SPOLC/OLC ((C): high, (D): low scan rates).

an organic electrolyte (Fig. 6). A widening of the voltage range
revealed a superior connection between CP and the carbon
material for PEDOT@SPOLC (Fig. 6A and B) when compared
with PEDOT@SPOLC/OLC (Fig. 6C and D).

The CV curves for both composites show a characteristic
shape for systems using PEDOT as pseudocapacitive active
material.” A drop in current starting at around 1 V indicates
that the maximal pseudocapacitance is reached and PEDOT is
completely doped. The subsequent decrease in current is more
pronounced for PEDOT@SPOLC compared to PEDOT@SPOLC/
OLC. The slower pseudocapacitive processes for PEDOT@
SPOLC/OLC, expressed in flattened slopes in the cyclic voltam-
mogram, support the finding of a more disadvantageous dis-
tribution and connection of PEDOT and carbon particles.

Faster pseudocapacitive processes for PEDOT@SPOLC
(Fig. 6A) indicate a superior electrochemical interaction
between PEDOT and OLC in the composite based on a functio-
nalized template. As ten overlapping cycles are presented for
each scan rate (Fig. 6), the excellent reversibility of the system
is shown. Especially the redoping of PEDOT works without
problems even after the electrodes were repolarized and
reduced to —2.5 V.

These experiments support the idea of an electrical media-
tion between PEDOT and OLC in the presence of benzene-
sulfonic acid groups. To show this trend over a wide range of
scan rates, the specific capacitance of the composites was
compared for both potential ranges (Fig. 7).

© 2024 The Author(s). Published by the Royal Society of Chemistry

For PEDOT@SPOLC, a specific capacitance of 77 F g~ * has
been observed at a scan rate of 5 mV s ' and an operating
potential window of 2.5 V. Roughly the same capacitance
(76 F ¢~ ') was obtained in a 1 V potential window. Increasing
the scan rate did not influence the difference of specific
capacitance for both potential windows. In this context, PEDOT@
SPOLC shows an independence of the selected voltage windows
regarding its specific capacitance. In contrast, for the system in
which sulfonated and pristine OLC were mixed (PEDOT@SPOLC/
OLC), the specific capacitance is influenced by the voltage
window (Fig. 7A). Especially at low scan rates, where time sensitive
processes determine the capacitance, a certain potential is
required to exhaust pseudocapacitive charge storage. This
potential is provided by a large voltage window of 2.5 V (Fig. 7B).

This phenomenon underlines the importance of the mor-
phology of the system. Superior performance can be observed
for the specifically incorporated PEDOT compared to the par-
tially functionalized system, especially at low scan rates where
capacitance is dominated by pseudocapacitive processes.

With an increasing scan rate, the specific capacitance
decreases for both systems. PEDOT@SPOLC/OLC maintains
19 F g ' of its specific capacitance, whereas PEDOT@SPOLC
retains only 6 F g~ ' at a scan rate of 10 Vs~ '. The difference in
specific capacitance regarding the two voltage windows fades
for both composites at high scan rates, indicating a rise in
influence of the non-faradaic processes over the slower fara-
daic pseudocapacitive processes.

Energy Adv, 2024, 3,1422-1430 | 1427


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00048j

Open Access Article. Published on 03 May 2024. Downloaded on 5/10/2026 7:35:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Energy Advances Paper
“ 80 m— 2.5V window - E 80 - m— 2.5V window -
\ v 1V window \{ v 1V window
AN E
= 60- iii\ 4 60- N
o LN . I\E E\}
3 i\ w \E\I\ ~ E
8 o I\E TS
S 40- 12 40- T~
8 i & .
S =
© [%]
& } g
O 204 10 204 |
B
: PEDOT@SPOLC 2 g PEDOT@SPOLC/OLC
0.01 0.1 1 10 0.01 0.1 1 10

Scan rate (V s™)

Fig. 7 Comparison of the specific capacitance for potential windows of 1

At high scan rates, PEDOT@SPOLC/OLC delivers higher
specific capacitance since less open porosity is blocked by
PEDOT offering higher accessible surface to form an electrical
double layer to store energy. Regarding the design of the
composites, a different level of surface covering seems to offer
the possibility for tuning the balance between faradaic and
non-faradaic capacitance.

When compared to related materials, the maximal capaci-
tance of PEDOT@SPOLC (77 F g~' at 5 mV s~ ') significantly
exceeds the capacitance of pure PEDOT:PSS electrodes (29 Fg "
at 5 mV s ')* and supercapacitors based on pure OLC (up to
52 F g~").*>' Supercapacitors relying on organic solvents and
nanofibrillar, structured PEDOT electrodes (70 F g~ ' at
2 mV s ')** or reduced graphene oxide combined with PED-
OT:PSS (81 F g~ at 5 mV s~ ) offer specific capacitances in the
same range. For other PEDOT carbon composites, especially
those using solvents with small diameters like aqueous electro-
lytes, values over 180 F g~ have been reported (see Table S2 for
additional values, ESIt).>>> However, water only allows a much
narrower voltage window and therefore limits the power density
for the supercapacitor. For the combination of OLC and
PEDOT:PSS, a comparable specific capacitance of 75 F g~ was

Scan rate (V s™)
V and 2.5V for PEDOT@SPOLC (A) and PEDOT@SPOLC/OLC (B).

reported,’ but could not be maintained in long-term measure-
ments (see below).

Cyclability and capacitance retention are important metrics
to evaluate the performance of a supercapacitor. To evaluate
the capacitance retention, electrodes of PEDOT@SPOLC were
chosen over PEDOT@SPOLC/OLC on the basis of their superior
electrochemical connection between carbon material and
PEDOT. The electrodes were cycled 70000 times with a fast
scan rate of 2.5 Vs~ . Between segments, ten cycles at 5 mV st
were performed to increase the visibility of any impacts on
pseudocapacitive processes (Fig. 8A). After this first test, a second
series with a slow scan rate of 20 mV s, focusing mainly on the
pseudocapacitance, was performed for 7500 cycles (Fig. 8B).

For the fast cycling, 91% of the capacitance was retained
after 70000 cycles while 85% of the initial capacitance was
reached after 7500 cycles with a scan rate of 20 mV s~ '. The
major factor for damage and degrading capacitance in PEDOT:
PSS systems are swelling induced cracks®® promoted by the
pseudocapacitive current prominent at slow scan rates. SPOLC
templates enable swelling of PEDOT into the open porous
structure, reducing stress which subsequently suppresses the
formation of cracks. At fast scan rates, mostly non-faradaic
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the inserts show the first and last cycles of the test.
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processes take place, which are less demanding for the integrity
of the composite. In order to further assess the performance of
the polymer composite, we have performed discharge capaci-
tance measurements of the different composites (see Fig. S6 in
the ESIT), which further confirm the suitability of the PEDOT®@
SPOLC system. In total, the system could retain a high share of
its initial capacitance, proving an excellent stability of the
composite in both tests. High retention was also reported for
other composites where PEDOT was combined with carbon
nanotubes (10000 cycles at 80 mV s~ ', retention 95-98%)° or
with graphene (2000 cycles, retention 82%)° underlining the
suitability of carbon:PEDOT composites. However, depending
on the manufacturing method, the degradation of the initial
capacitance of these composites can be substantial, ie. the
combination of OLC and PEDOT:PSS showed a loss of 19% of
its initial capacitance already after 300 cycles.>”

This is where our approach based on the template assisted
ionic attraction of PEDOT onto functionalized OLC improves
the capacitance retention of the device significantly. It com-
bines a wide potential window and long-term stability. These
results reflect the importance of the morphology of PEDOT in
the presence of carbon particles. Besides, benzenesulfonic acid
groups emerged as a vital component to dispersing carbon in
aqueous media and to attracting and integrating PEDOT into
the composite.

Conclusion

Sulfonated onion-like carbon (SPOLC) was used as a template
for electrostatically guided in situ polymerization of 3,4-
ethylenedioxythiophene (EDOT) to form an active material for
supercapacitor electrodes. The composite material combines
the pseudocapacitive and binding capabilities of PEDOT with
the mechanical stability of OLC while overcoming the problem
of indispersible starting materials. Key element to reach a
stable dispersion was the covalent functionalization of OLC
with benzenesulfonic acid groups whose anionic charge also
attracts and locks PEDOT tightly at the surface of the modified
OLC (SPOLC) particles. While the PEDOT deposition was
proven by Raman and TGA data for all composites, differences
in morphology of PEDOT and OLC have been revealed by
HRTEM. Electrochemical characterization of the composite
showed a maximal capacitance of 77 F g~ at a scan rate of
5mV s '. A superior electrical connection of the functionalized
composite was concluded as a result of the performance in
cyclic voltammetry measurements. In long term stability tests
with over 70000 cycles, 91% of the initial capacitance could
be retained, demonstrating the mechanical stability of the
connection between PEDOT and SPOLC.

In perspective, PEDOT@SPOLC could be also used as addi-
tive for sodium ion cathodes, where PEDOT adopts the role of
the binder and OLC serves as a spherical conductive additive
whose structural integrity prevents trapping of sodium ions
currently posing a problem for many commercial conductive
additives.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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