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Supercapacitors are devices that bridge the gap between traditional capacitors and rechargeable batteries,
offering exceptional energy storage capabilities, rapid charge/discharge rates, long cycle life, and
environmental friendliness. This study explores the development of neutral-aqueous supercapacitor materials
using conductive polymers, with a focus on polyaniline (PANI) doped with anionic polyelectrolytes. Combining
PANI with carbon nanomaterials through various construction processes, including layer-by-layer assembly,
nanoarchitectonics is employed to create desirable nanostructures on the electrode surface. The introduction
of a redox-active surfactant (ferrocene-labelled surfactant, FCCTAB) in the layer-by-layer assembly adds a
unique dimension of redox activity, enhancing the electrochemical capacitance of the hybrid coatings.
(EQCM)
measurements, we investigate the capacitive performance and dynamic mass changes during potential

Through voltammetric, charge-discharge, and electrochemical quartz crystal microbalance
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cycling. The study demonstrates that the integration of the redox moiety significantly improves capacitive
performance in neutral solutions without compromising structural stability and cyclability. This approach
synergistically combines nanocarbon materials, electroactive polymers, and the faradaic contribution of the

Open Access Article. Published on 09 February 2024. Downloaded on 2/9/2026 10:37:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

DOI: 10.1039/d31f00236e

electroactive surfactant, presenting a supercapacitor material with excellent performance with potential
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Introduction

Among the various energy storage systems, supercapacitors have
emerged as a promising and innovative technology that offers a
compelling alternative to traditional batteries." Supercapacitors
possess unique characteristics that bridge the gap between
conventional capacitors and rechargeable batteries.” These
high-performance devices are gaining widespread attention due
to their exceptional energy storage capabilities, rapid charge
and discharge rates, long cycle life, and environmental
friendliness.”™ Supercapacitors are devices consisting of two
electrodes separated by an electrolyte solution. Two phenomena
contribute to the capacitance of these devices: the
electrochemical double layer and the redox chemical reactions.
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application in wearable devices for secure energy storage.

The first contribution comes from the charge distribution at
each side of the interface.>® The second one accounts for the
occurrence of faradaic processes.”

Concerning the electrolyte solution, neutral aqueous
solutions are environmentally friendly and readily available. By
designing supercapacitor materials compatible with these
solutions, we can promote sustainable energy storage
technologies that minimize environmental impact.® This is
especially crucial in the context of renewable energy systems,
where the overall sustainability of energy storage technologies is
highly desirable. On the other hand, compared to non-aqueous
electrolytes, neutral aqueous solutions are generally less
hazardous and more cost-effective. They have a lower risk of fire
or explosion, making them safer for large-scale energy storage
applications. Additionally, the cost and availability of water-
based electrolytes are advantageous, enabling the development
of affordable and scalable supercapacitor systems. Furthermore,
neutral aqueous electrolytes facilitate the integration of energy
storage devices for portable and wearable applications.

In this context, conductive polymers (CP) have a great
combination of properties for constructing neutral-aqueous
supercapacitor electrodes. In certain oxidation states conductive
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polymers present a metallike conductivity but with an
upgraded surface area due to the polymer fibril network in
contact with the electrolyte.”'® Particularly, polyaniline (PANI)
has been often used in energy storage devices, due to its easy
and low-cost synthesis and high stability and electroactivity in
acidic solutions."” However, to prepare electrodes with
enhanced neutral-aqueous-solution electroactivity, PANI is
usually doped with anionic polyelectrolytes.”” In this regard,
PANI synthesized by template polymerization'® in the presence
of polystyrene sulfonate of sodium yields stable negatively
charged dispersions of the complex PANI-PSS."*

Also, carbon nanomaterials are widely used in combination
with diverse materials to upgrade the properties of the hybrid
electrode in supercapacitor applications.””™*® Particularly, the
combination of carbon nanomaterials and PANI improves the
electrochemical connectivity and the mechanical stability of the
conductive polymer."™'® The rational design of an appropriate
electrode-electrolyte interface applying these materials maximizes
the capacitive performance making a profit from both carbon
and PANI characteristics. Hence, nanoarchitectonics,*** which is
the concept of constructing desirable structures in the nanoscale,
plays a key role in fabricating these electrodes.”*?*

A diverse spectrum of construction processes combining
carbon and PANI have been developed for supercapacitor
applications.'®***® On the one hand, the PANI-carbon
composite is prepared prior to its deposition on the electrode
surface. Within this approach, the integration of both materials
can be performed by polymerization of PANI in the presence of
the carbon material,*® interfacial polymerization,> or directly
mixing dispersions of both components.>® On the other hand,
the integration of PANI and carbon nanomaterials can be
performed directly on the electrode surface. As an example, the
electropolymerization of PANI from aniline solution is a method
to controllably add the conducting polymer to a carbon-
modified electrode.”® Layer-by-Layer is another way to perform
electrode modification by successively integrating positively and
negatively charged building blocks.*® Driven by intermolecular
interactions, this controlled method generates an intimate
contact between the building blocks and a regular hybrid 3D
construction of the film.*'** In this regard, different kinds of
carbons have been combined with PANI by the LbL approach
for supercapacitor applications.*°

The LbL technique requires a sufficiently stable dispersion
of the building blocks. In the case of nanocarbons, this can be
achieved by using dispersing agents, such as surfactants. In this
regard, we have previously shown that stable dispersions of
nanocarbons and 1-hexadecyltrimethylammonium bromide
(CTAB) can be combined with PANI/PSS by an LbL approach to
produce electroactive  materials for energy storage
applications.* In the present study, we explore the advantages
of adding a redox moiety to this surfactant block. Thus, this
study focuses on the development and electrochemical
of LbL-assembled hybrid films comprising
conductive polymer complexes (PANI-PSS) and surfactant-
dispersed nanocarbon using an electroactive surfactant, a
departure from the traditional role of surfactants that have

evaluation
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primarily served as structural elements in the nanoarchitecture
of the assembly.>’*° The selected electroactive surfactant,
ferrocene-labelled surfactant (FcCTAB), adds a unique
dimension by introducing redox activity within the assembly®'
that would enhance the electrochemical capacitance of the
hybrid coatings. Through a combination of voltammetric and
charge-discharge experiments, we investigated the capacitive
performance of assemblies with varying proportions of
ferrocene-labelled surfactant. Moreover, the dynamics of the
charge-discharge processes were studied by electrochemical
QCM measurements. This study demonstrates that the
integration of the redox moiety significantly enhances the
capacitive performance of the hybrid material in neutral
solutions without noticeably affecting its structural stability and
cyclability.

Experimental section
Chemicals

Aniline, ammonium persulfate (APS), polyethylenimine (PEI)
(50% in H,0, Mw 750 kDa), poly (sodium 4-styrene sulfonate)
(PSS) (Mw 70 kDa), and (1-hexadecyl)trimethyl-ammonium
bromide 99%) (CTAB) were purchased from Sigma-Aldrich.
Expanded graphite was purchased from Carbone Lorraine.
(Ferrocenylmethyl)hexadecyldimethylammonium bromide
(FcCTAB) was prepared in our laboratory following a protocol
reported by Jeffrey Gold and coworkers.*”** Sulfuric acid,
hydrochloric acid, and potassium chloride were purchased
from Anedra. All chemicals were employed as received except
for aniline, which was vacuum distilled. All solutions were
prepared with deionized water (18.2 MQ cm).

PANI-PSS synthesis

The PANI-PSS dispersion was prepared by chemical
polymerization of a 5 mM aniline solution in 0.5 M HCL
Then, PSS was added to reach a concentration of 5 mM. After
15 minutes of stirring, APS was added to reach a 5 mM
concentration, and the solution was stirred overnight. The
synthesis was carried out in 40 mL falcon tubes, with a final
synthesis volume of 20 mL. The preparation color was
initially dark blue and then turned green. This dispersion
was diluted 1/10 in 0.5 M HCI to be used in the LbL
assembly.

Nanocarbon dispersion preparation

Nanocarbon dispersion was prepared by probe sonication of
expanded graphite (1 mg mL™) in deionized water in the
presence of surfactant at 0.5 mg mL™" concentration as
reported and characterized previously.*® For the x = 0 and x =
1 systems, 0.5 mg mL™' CTAB and FcCTAB were used,
respectively. For the x = 0.5 dispersion, 0.25 mg mL™' CTAB
and 0.25 mg mL " FcCTAB were added. The solution was
ultrasonicated for 30 minutes and subsequently diluted 1/50
in deionized water prior to use in the LbL assembly process

(Fig. S17).

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

The LbL assembly was built on previously cleaned Au or glass
substrates. In a typical process, the construction started with
a 10-minute immersion of the substrates in a 1 mg mL™ PEI
solution followed by a 5 min-rinse in DI water. Then, the
substrates were horizontally dipped in the PANI-PSS colloidal
dispersion for 10 minutes. After the immersion in PANI-PSS,
a 5 min-wash was performed with HCl 0.5 M. Then, the
substrates were immersed in the nCs-CTAB (x = 0, 0.5, 1)
dispersions and rinsed for 5 minutes in DI water. This
sequence yielded a single bilayer, and n times repetitions
were carried out to obtain a [PANI-PSS/nCs-CTAB (x =
0,0.5,1)],, multilayer assembly (Fig. 1A).

Characterization/electrochemical measurements

UV-vis spectroscopy. For the UV-vis measurements, the
LbL assembly was prepared employing the bottom of beakers
as substrates. Spectra were taken by using an Agilent model
8453E diode array spectrophotometer.

Electrochemical measurements. A Gamry Reference 600
potentiostat was used to measure the cyclic voltammetry and
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charge-discharge curves. A three-electrode setup was employed,
using a Pt wire as the counter electrode and a Ag/AgCl (3 M
NaCl) electrode as the reference. Au substrates, prepared by Au
sputtering on glass, were used as working electrodes.

QCM measurements. Quartz crystal microbalance (QCM)
measurements were performed with a QCM 200 (Stanford
Research Systems) using gold-coated commercial quartz
sensors (QCM25 5 MHz, sensitivity factor: 56.6 Hz cm® ug ).
The LbL assembly procedure was performed on the sensors
to measure the dry mass growth process. After that, the 11.5-
bilayer assembly was analysed by eQCM experiments. To this
end, the QCM 200 and the potentiostat were combined in the
setup, employing a three-electrode arrangement in a Teflon
cell while using a Pt wire and a Ag/AgCl (3 M NaCl) electrode
as counter and reference electrodes, respectively.

Results and discussion
Layer-by-Layer assembly

The Layer-by-Layer technique was chosen to construct hybrid
films integrating conductive polymer complexes (PANI-PSS) and
surfactant-nanocarbon dispersions as depicted in Fig. 1A.
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repeated

+ washing é;;‘\‘o\\‘
A\
HCI0,5M 7o
Tom CTAB  CTAB-Fc i
+ Nanocarbon - _CH 1
in CTAB-Fc Br,N+\ ? Br CH: @1
Beginrji?g o.fthe NERIPP CH, 3 CH, ol ~CH, |
modification 3 !
with PANI-PSS + rinsing with :
DI water 1
____________________________ [
B 0.10 | #Bilayers D1.9- HC e
- —35 | 520 E
.0.081 = 1.7] -x=05 »
3 £ —95 S B
©0.06 1 —115 15 o
8004 : S
d I : ] ] t" " H
0.02 ; - 0.2 111 /,' . .
0.00 { 041 "Hcl-200mvs'| ool T *
15 35 55 75 95 115 -0.2 0.0 35 565 75 95 115

# Bilayers
Fig. 1

02 04 06
E/V # Bilayers

(A) LbL assembly construction process scheme. (B) Absorbance at 750 nm monitored for three different assembly conditions as the number

of bilayers increased. The bars correspond to the standard deviation of 3 different positions of the same beaker. Inset (B): picture of an unmodified
(left) and a 11.5 bilayer-modified beaker (right). (C) Cyclic voltammograms of the assembly PANI-PSS/FcCTAB with different numbers of bilayers at
200 mV s™ scan in an acidic medium (0.1 M HC). (D) Relative charge calculated with 3.5 bilayer response as a reference. Cyclic voltammetry was

performed in 0.1 M HCl at 200 mV s ~* scan rate.
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Nanocarbon was dispersed using CTAB with or without
ferrocene as a surfactant. To evaluate the ferrocene contribution
to the response, three systems with different proportions of
ferrocene-labelled surfactant were prepared and their growth
and electrochemical responses were compared. For the first
system, the nanocarbon was dispersed using only CTAB
(without ferrocene moieties, x = 0); in the second assembly, an
equal mixture of CTAB and FcCTAB was used (x = 0.5). In the
third assembly, the nanocarbon was dispersed using only
FcCTAB (x = 1) (Fig. S17).

Next, the film growth was studied by UV-visible spectroscopy.
To this end, the LbL films were prepared on the bottom of 5 mL
beakers to ensure the horizontality of the LbL construction. As
the PANI-PSS complex exhibits maximum absorption at 750 nm,
the absorbance at this wavelength was monitored. It is observed
that the absorbance increases after each deposition cycle,
indicating a nearly linear increase in the amount of material
added to the assemblies (Fig. 1B).

The LbL assemblies were also characterized by Raman,
FTIR and SEM (see the ESIf). Raman spectra confirmed the
presence of the conducting polymer block in the coatings for
the three different assembly compositions (Fig. S2t). The
FTIR spectra evidenced the presence of the surfactant block
in the composed films (Fig. S31). To have further information
about the distribution of the film components in the Au
surface, SEM images were taken from the 11.5 bilayer
assemblies (Fig. S41). A complete coverage of the surface with
PANI-PSS was observed with nanocarbons inserted in the
polymer matrix.

Electrochemical behavior of the LbL assemblies

Film electroactivity and electrochemical interconnection.
The electroactivity and electrochemical interconnection of the
LbL films were tested by performing cyclic voltammetry
measurements after different stages of the construction
procedure. To this end, the assembly was performed in situ in
the electrochemical cell and cyclic voltammograms were
recorded after the deposition of 3.5, 5.5, 7.5, 9.5, and 11.5
bilayers. Fig. 1C shows cyclic voltammograms for an increasing
number of bilayers using only the ferrocene-labelled surfactant
(x = 1). It can be seen that the current increases with the
number of deposition cycles, implying the deposition of the
electrochemically connected material.

Next, to evaluate the ferrocene-labelled surfactant
contribution to film connectivity, this system was compared
with one prepared using CTAB (x = 0) and 1: 1 CTAB: FcCTAB
(x = 0.5) as dispersing agents for the nanocarbon. The relative
integrated charge was calculated for each system, taking 3.5
bilayer response as a reference (Fig. 1D). The integrated charge
linearly increases with the number of deposition cycles for the
PANI-PSS/FcCTAB construction (x = 1), proving good
electrochemical connectivity within the assemblies. An
increment of the integrated charge was also observed in
assemblies x = 0 and x = 0.5, although the relative values were
much lower than those observed for the assembly with x = 1.
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On the other hand, the effect of the presence of the
carbon nanomaterial within the assemblies on the
electrochemical response was assessed.*”*® In this regard,
the assemblies without nanocarbon in the CTAB dispersion
produced low voltammetric currents without a noticeable
increment with the number of deposition cycles (Fig. S57),
accounting for the importance of the nanocarbon block on
the electrochemical connection of the assemblies.

To evaluate the ferrocene contribution to the electrochemical
performance of the three assemblies with different ferrocene-
labelled surfactant proportions (x = 0, 0.5, and 1), electrodes
with 11.5-bilayer assembly were constructed (Fig. 2A). The cyclic
voltammetry response of these assemblies was analyzed with no
measurement interruption during the growth procedure.
Fig. 2B and C show the cyclic voltammetry response of the three
systems in acidic and neutral solutions. It can be observed that
the voltammetric current increases with the proportion of the
ferrocene-labelled surfactant used in the assembly process. The
contribution of the ferrocene/ferricenium moiety redox couple
can be identified at about 0.5 V, as previously reported,*® and it
clearly increases the voltammetric integrated charge of the film-
coated electrodes.

Aiming to quantify the change in the voltammetric response,
the specific capacitance (Ceysp/F g ') was calculated according
to the following equation (eqn (1)):

Cevsp =

mj 1(v)dv W

where v is the scan rate (V s™'), V; and V; are the initial and final
scanning potentials (V), I is the current measured (A) and m (g)
is the deposited mass of the electroactive composite.

Next, in order to determine the deposited dry mass of the
coatings, QCM measurements were performed. The evolution of
the dry mass was assessed by depositing the LbL assembly on
QCM sensors with the same protocol used for the Au electrodes
(Fig. 2D). As observed for the UV-vis measurements, the results
show that the amount of deposited material increases as the
number of deposition cycles increases for all the assemblies
with different proportions of ferrocene-labelled surfactants.

Using dry mass values for the 11.5-bilayer assemblies, the
specific capacitances were calculated from the voltammetric
responses in Fig. 2B and C. From Fig. 2E it can be observed
that the specific capacitance of the composite-coated
electrodes increases with the proportion of ferrocene-labelled
surfactants. This can be ascribed to the incorporation of the
redox moiety into the LbL assemblies, whose redox switching
increases the overall composite capacitance.”

Moreover, measurements in acidic solution showed an
improved response compared with those performed in neutral
solutions, as expected from the enhanced electroactivity and
conductivity of the PANI building block in acidic media.*’
Nevertheless, the assemblies still presented a good retention of
the electroactivity (and therefore, the capacitance) in a neutral
medium. The assemblies fabricated with x = 1 showed the
highest capacitance: 138.4 F ¢ ' and 95.6 F ¢! in HCI and KCI

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) Scheme of the assemblies constructed for the three systems. Cyclic voltammograms of the three assemblies with different proportion

of the ferrocene-labelled surfactant (x = 0, 0.5, and 1) at 200 mV s™ (B) in acidic medium (0.1 M HCl) and (C) neutral medium (0.1 M KCl). (D) QCM
dry mass measurements at different stages of the LbL assembly process. (E) Specific capacitance values at 200 mV s™ for the 11.5-bilayer assembly

in 0.1 M HCland 0.1 M KCL

0.1 M respectively (at 200 mV s '). For x = 0.5, the obtained
Ccvsp values were 77.9 F g_1 and 62.8 F g_1 in 0.1 M HCI and
KClI, respectively, whereas it was correspondingly 36.8 F g™ and
26.5 F g™* for x = 0. According to these values, the specific
capacitance is increased by 124% from x = 0 to x = 0.5 and
268% from x = 0 to x = 1 averaging KCl and HCI performances.
These results demonstrate that the incorporation of redox
moieties into the nanocarbon-surfactant building block greatly
enhances the electrochemical performance of the assemblies in
terms of charge accumulation.

To study the reproducibility of the assembly fabrication
protocol and their electrochemical performance, two
additional sets of assemblies were built from new
nanocarbon dispersions and PANI-PSS synthesis batches.
Results confirm that the incorporation of ferrocene moieties
in the surfactant structure leads to an increase in the
capacitive response, both in acidic and neutral media (Fig.
S61). There is, however, some dispersion of Ccysp values
probably due to some differences in the exfoliation of the
nanocarbon with the surfactant and the assembly of the
different building blocks from different batches.

Electrochemical switching of the composite material. In
order to study the electrochemical performance of the
deposited assemblies in more depth, cyclic voltammograms
were recorded for 11.5 bilayer-modified electrodes for the
three systems at different scan rates from 10 to 1000 mV s~
in both acidic and neutral media. Fig. 3A and B show the
obtained CV curves and the peak current analysis for both

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

0.1 M HCI and 0.1 M KCl, respectively (note the differences
in the current density scale for each system).

A typical response for PANI-PSS redox couples is observed in
Fig. 3A and B for x = 0. In 0.1 M HC], the first peak around 0.1 V
corresponds to the leucoemeraldine/emeraldine transition and
the last peak around 0.65 V corresponds to emeraldine/
pernigraniline redox transition.*®*® The peak in between these
two could be assigned to the degradation products of PANI
during the electrochemical cycling.”® In 0.1 M KCl, peaks are
less defined because they move closer to more negative
potentials as the pH of the electrolyte increases.”®

The ferrocene-labelled-surfactant response during cyclic
voltammetry can be identified in Fig. 3A and B for x = 0.5 and 1.
The reversible electron transfer between the ferrocene redox
couple (Fe*'/Fe*") is assigned to an outstanding peak
approximately at 0.5 V which overlaps with the PANI
electroactive response.”” It can be also remarked that this peak
increases from x = 0.5 to x = 1 with increasing ferrocene-labelled
surfactant amount.

The peak current values were computed at about 0.2 and
0.5 V for HCI and 0.2 V for KCI. In all cases, a linear variation
of the peak current as a function of the potential scan rate
was observed, which is consistent with a surface-bounded
electrochemical process without diffusion limitations®
(insets in Fig. 3A and B).

For each voltammogram, the specific capacitance was
calculated with eqn (1) for the different scan rates (Fig. 3C). The
assembly with x = 1 showed the highest capacitance: 205.6 F g™

RSC Appl. Interfaces, 2024, 1, 511-521 | 515
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and 193.9 F g* at 10 mV s in acidic and neutral solution,
respectively. For x = 0.5, Ccy,sp values were 135.7 F g’1 and 123.9
F ¢ in HCI and KCl 0.1 M and the assemblies with x = 0
showed 83.1 F g " and 63.1 F g " in HCI and KCl, respectively.
As previously observed, the voltammetric current and the
specific capacitance of the composite-coated electrodes increase
with the proportion of ferrocene-labelled surfactants.
Subsequently, and to study the ionic exchange in the
assemblies during potential sweeping, simultaneous CV and
film mass measurements were performed by electrochemical
QCM (EQCM). Fig. 4A-C show the curves for the mass change
as a function of the applied potential in 0.1 M KCI at 10 mV s
for the three systems with the corresponding voltammograms.
During the switching of electroactive films, mass changes
occur due to ionic movement and exchange between the film
and the solution for keeping the charge balance within the
coating. Thus, the oxidation of the composite components

516 | RSC Appl. Interfaces, 2024, 1, 511-521

(injection of positive charges from the electrode to the film)
can be accompanied by the influx of anions or the efflux of
cations to maintain charge balance. Conversely, the reduction
(injection of electrons from the electrode to the film) can be
accompanied by an influx of cations or an efflux of anions.
Additionally, movement of solvent molecules takes place,
both because ions are solvated and because oxidized and
reduced states generally result in different levels of swelling.
Next, as seen in Fig. 4A-C, the oxidation process in all three
film assembly conditions is accompanied by a decrease in
the mass of the assembly. This mass change can be
interpreted by the flux of cations (and solvent) from the
coating to the solution as a consequence of the oxidation of
the conducting polymer and redox units. Conversely, during
the reduction scan, the increment of the coating mass can be
assigned to the flux of cations (and solvent) from the solution
to the film.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cyclic voltammetry and QCM mass change curves for the composite-modified electrodes at 10 mV s in 0.1 M KCL (A) x = 0, (B) x = 0.5

and, (C) x = 1.

In the case of simple PANI films in acidic solutions, the
oxidation process produces firstly proton expulsion and
anion insertion as the electrode potential increases.”® At
intermediate pH values (between -1 and 2), there is an
increased contribution of anion insertion to the charge-
compensation process. In non-aqueous media, it seems that
cations are retained inside the film and the charge is
compensated for only by anion exchange. On the other hand,
PANI-polyanion films are known to experience mixed proton-
anion exchange in acidic media.>® In the case of PANI-
poly(vinylsulfonate) films, the dominant process of charge
compensation at low pH is proton exchange, whereas, at
intermediate pH values, anion insertion becomes important
as well.

However, the PANI-PSS complex building block has an
excess of negative charge even in acidic conditions. In this
regard, the {-potential value of the PANI-PSS dispersion at pH
7 was determined to be -21.6 mV, while it was -13.8 mV in
0.5 M HCI (see the ESIT). Therefore, it can be deduced that
charge compensation in this complex takes place by cation
transport as mobile ions.>>®” When reduction occurs, K
goes into the film to neutralize the excess negative charge of
the PANI-PSS polymer complex. On the contrary, during the
oxidation cations move from the film to the solution
(Fig. 5A). Such a charge compensation mechanism has been
previously observed in inorganic films of the negative
complex hexacyanoferrate.*®

An identical measure was carried out in 0.1 M HCI to
confirm the cation movement (Fig. 5B). An example is shown
in Fig. S7f Even when considering hydration, previous
research reported that H" hydrated molar mass is smaller
than K".*** As the same anion and concentration were
employed, the differences in mass exchange in acidic (HCI)
and neutral (KCl) solutions observed support the idea that
charge balance is achieved by cation movement between the
film and the solution.

The integrated charge was calculated from voltammograms,
and the mass and charge variations were related to calculate the

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

molar mass of the exchanged species. The obtained results are
presented in Table S1,f showing an obtained average molar
mass of 136 and 21.5 g mol™" in 0.1 M KCl and 0.1 M HCI,
respectively. This result indicates the effective exchange of
hydrated K" and H' in neutral and acidic solutions, respectively.

Interestingly, it can be observed that the mass reduction
during oxidation takes place even when the redox process is
dominated by ferrocene redox chemistry, as in the case of the
assembly with x = 1 for E applied >0.4 V (Fig. 4C). In this
case, a sharper mass decrease is observed as a consequence
of ferrocene oxidation. This is opposite to what has been
observed in other LbL assemblies containing FcCTAB with

K*

sox so3
\©\ <—>£©’ m +2e" +2K*
SO
NH2 :

3

o
o S

gays ?5@

B m +2e- +2H"
so3 3
(,i ° t,i 3
c 59 CHyFe S0y e 23
CH, 3§ CHs S0 o oH, *cua so; te+K
2 )
Fig. 5 lllustration of the ionic exchange in the electrochemical cycling

for (A) PANI-PSS in KCl, (B) PANI-PSS in HCl and, and (C) FcCTAB in KCL
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scarcely charged polyacrylic acid, where charge compensation
has been ascribed to anion movements.** This result
suggests the intrinsic charge compensation of ferricenium
moieties by the excess of PSS units (Fig. 5C).

Galvanostatic charge-discharge curves. To further study
the energy storage performance of the assembled systems,
galvanostatic charge-discharge cycles were performed at
different current densities from 1.5 to 10 A g”*. The current
density was calculated employing the dry mass obtained in
the QCM experiment. To calculate the specific capacitance
(CoasplF g') from charge-discharge curves, the following
equation was employed (eqn (2)):

IAt

C =— 2
cGse =0 (2)

where AV is the potential window (V), m is the dry mass of the
film measured by QCM (g), I is the current applied in the
process (A), and At is the discharge time (s). Charge-discharge
curves for an assembly of 11.5 bilayers and x = 1 in 0.1 M HCI
and 0.1 M KCI are shown in Fig. 6A and B, respectively.

The variation of Ccgsp as a function of the current density
in both media is reported in Fig. 6C. As could be expected, a
decrease of Cgg sp values with increasing current density was
noted. When measuring the curves in 0.1 M KCl, the
obtained Ccgsp values ranged from 423.75 F g’1 to 125.0 F
g ' at 1.5 to 10 A g, respectively.

Comparatively, the capacitive performance in charge-
discharge cycles was outstanding in neutral medium.
Considering the components of the assembly, the capacitive
contributions of both nanocarbons (EDL-type) and ferrocene

View Article Online
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(redox-type) do not considerably change with pH. This leads
to the possibility of employing the assembled electrodes in
environmentally friendly neutral medium devices.
Subsequently, a comparative analysis was performed for the
three systems with the aim of evaluating the ferrocene
contribution to the capacitive response. As observed in the case
of the voltammetric measurements, the capacitance obtained by
GCD curves increases with the proportion of ferrocene-labelled
surfactant both in neutral and acidic solutions (Fig. S81). In this
regard, the incorporation of ferrocene (Fc) in the supercapacitor
assemblies has been observed to significantly improve their
capacitive performance. This improvement can be attributed to
several factors. Due to its inherent redox activity, the integration
of ferrocene provides an additional pseudocapacitive
contribution to the overall capacitance of the supercapacitor. In
this regard, the reversible electron transfer between the
ferrocene redox couple (Fe*'/Fe’’) enables faradaic charge
storage, enhancing the overall energy storage capability of the
system. On the other hand, the rapid electron transfer between
ferrocene centers could promote efficient charge transfer
kinetics at the electrode-electrolyte interface and within the
coating. The presence of ferrocene could facilitate rapid electron
transport, reducing the charge transfer resistance and enabling
faster and more efficient charge storage and release processes.
Then, the present results indicate that the integration of
ferrocene into the assemblies may constitute an efficient way
to enhance the electrochemical capacitance performance of
the composite materials for the development of aqueous
electrolyte supercapacitors based on the integration of
electroactive polymers and carbon nanomaterials.

500
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Fig. 6 Charge and discharge cycles for the 11.5 bilayer assembly with x = 1 in (A) HCL (0.1 M) and (B) KCl (0.1 M). (C) Specific capacitance values
for different current densities. (D) Cyclic voltammograms for 100 cycles for x = 1 in 0.1 M KCl at 200 mV s™*. (E) Integrated charge calculated for
100 curves from cyclic voltammetry. (F) Specific capacitance relative to the initial value for charge and discharge cycles up to 1700 cycles.
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Table 1 Supercapacitor performance comparison considering works with the LbL assembly method

Layer by Layer combining Electrolyte Csp(Fg™) Cycling stability Ref.
Iron-decorated few-layer graphene/PANI : PSS 0.1 M KCl 659.2-1 A g™" 86% 1600 cycles -3 A g™" 35
(Au electrode) 0.1 M HCI 768.6-1 Ag" 84% 1600 cycles -3 A g™"
Maghemite-magnetite (MAG)/reduced graphene 0.5 M Na,SO; 691.29-5.6 A g™ 87.5% 10000 cycles - 56.4 A g™ 63
oxide (rGO) (ITO glass)

PANI nanofiber spray/graphene oxide sheets 0.5 M LiClO, in 152-0.03 Ag™" 90% 1000 cycles -2 A g™" 64
spray (ITO glass) propylene carbonate

Graphene nanosheets (GNS)/SnO, nanoparticles 0.1 M H,SO, 471-1.28 A g™ 72% 1000 cycles - 2.56 Ag™" 65
(ITO glass)

Polyaniline nano fibers (PNFs)/MXene 1 M LiClO, 208.37-0.1 A g™" 56% 100 cycles - 10 A g™" 66

(ITO glass)
Nanocarbon dispersed with FcCTAB/PANI-PSS
(Au electrode)

0.1 M KCl aqueous

Film stability and cyclability. Although ferrocene has been
one of the most used moieties for redox labelling and
mediation,®" redox systems based on ferrocene typically exhibit
low stability in aqueous media due to the susceptibility of the
ferricenium species to react with O, in the presence of water,
which leads to the loss of electroactive units.®* For this reason,
it is interesting to evaluate the stability and cyclability of the
assemblies with ferrocene towards electrochemical switching.
Therefore, the electrochemical stability was first tested by cyclic
voltammetry. The voltammograms corresponding to 100
successive voltammetric cycles for the assembly with x = 1 are
shown in Fig. 6D (results for x = 0 and x = 0.5 are presented in
Fig. Sot), while the stability towards voltammetric cycling is
presented in Fig. 6E in terms of the integrated voltammetric
charge as a function of the number of cycles for the three
different assemblies. Next, it can be observed that, independent
of the amount of ferrocene present in the electrode coating, the
electrochemical response remains unchanged even after 100
cycles between —0.4 and 0.6 V.

Afterward, we subjected the material to a more demanding
test by studying the cyclability in terms of the capacitance
retention determined from successive galvanostatic charge
and discharge curves. The composite-modified electrodes
were subjected to 1700 charge-discharge cycles from 0.1 to
0.6 Vat 3 A g " in 0.1 M KCL The evolution of the specific
capacitance values relative to the initial capacitance for each
assembly system is presented in Fig. 6F. From these
experiments, 65%, 67%, and 52% retention of the initial
specific capacitance were observed for the assemblies
fabricated with x = 0, 0.5, and 1, respectively. Interestingly,
these values suggest that increasing the ferrocene amount in
the assembly does not change significantly the stability of the
films under the electrochemical switching. Particularly in the
case of the composite with x = 0.5, the good electrochemical
stability indicates that the nanoarchitectonics of the
assemblies prevent ferrocene degradation, taking into
account the intrinsic instability of ferricenium in non-
degassed neutral aqueous solutions. In this regard,
electrochemically inactive blocks of carbon materials have
been found to provide mechanical stability to assemblies
with electroactive materials, increasing the resistance towards

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

in propylene carbonate

423.75F g -1.5A¢g" 52-67% 1700 cycles -3 A g™ This work

the expansion/shrinking caused by ions and solvent ingress/
egress. On the other hand, the interactions with the
counterparts (negatively charged PANI/PSS building block)
could enhance the stability of the ferrocene moieties when
oxidized to positive ferricenium (Fig. 5C).

Therefore, the electrochemical characterization of a coating
incorporating ferrocene moieties demonstrates that the films
retain suitable electrochemical stability, ensuring prolonged
cycling stability and durability of the supercapacitor electrodes.
It is seen that the reversible redox reactions of ferrocene can
occur without significant degradation or loss of performance
over multiple charge-discharge cycles, contributing to enhanced
cycling stability and long-term reliability of the system.

Finally, the capacitive performance of the assemblies is
compared with similar reported systems in Table 1, where
reported LbL assemblies including carbon nanomaterials were
selected from the bibliography. Our results indicate that the
integration of carbon nanomaterials with ferrocene and PANI-
PSS yields remarkable capacitive performance, particularly in
neutral aqueous solution.

Conclusions

We have introduced a nanoarchitectonics approach for the
integration of different building blocks by the LbL assembly
method. This approach allows for the precise and efficient
integration of various molecular-scale components, effectively
capitalizing on the unique advantages of each material within
the assembly. On the one hand, the nanoarchitectonic assembly
leverages the conductivity, structural stability, and EDL
capacitive contributions of carbon nanomaterials. Moreover, the
conducting polymer block (PANI-PSS) exhibits a dual
contribution, combining both EDLC and redox capacitance,
enhancing the energy storage capacity. Finally, the ferrocene-
labelled surfactant (FcCTAB) block introduces a third dimension
of redox capacitance to the assembly.

In addition to the electrochemical investigations, EQCM has
provided valuable information about the dynamic mass changes
during the potential cycling of the supercapacitor electrodes,
shedding light on the ionic exchange processes occurring within
the assembly. The charge compensation mechanism,
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specifically for the ferrocene-labelled surfactant (FcCTAB),
displayed an intrinsic capacity for charge balance through
cation transport as mobile ions. This behavior was distinct from
that of simple PANI films in acidic solutions, where the charge
compensation was dominated by proton expulsion and anion
insertion. The results from the EQCM measurements
corroborate the importance of cation movement between the
film and the solution in achieving charge balance, particularly
in the case of ferrocene-labelled surfactants.

Overall, the results demonstrated that the presence of
ferrocene-labelled surfactant significantly contributed to the
electrochemical connectivity within the assemblies. Cyclic
voltammetry and galvanostatic charge-discharge measurements
revealed that the specific capacitance of the composite-coated
electrodes increased with the proportion of ferrocene-labelled
surfactants, indicating the potential for improved charge
accumulation. Moreover, the integration of ferrocene into the
assemblies offered enhanced cycling stability, allowing for long-
term reliability of supercapacitor electrodes.

This study demonstrates that the integration of the redox
moiety significantly enhances the capacitive performance of
the hybrid material in neutral solutions without noticeably
affecting its structural stability and cyclability. Thus, the
present approach synergistically combines the benefits of
nanocarbon materials, electroactive polymers, and the
faradaic contribution of the electroactive surfactant, leading
to the creation of a supercapacitor material with excellent
performance in neutral aqueous solution. The findings
suggested that the rational incorporation of ferrocene
moieties represents an efficient approach to enhance the
electrochemical capacitance performance of composite
materials for the development of aqueous electrolyte
supercapacitors, which could find applications in secure
energy storage for wearable devices.
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