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d on poly(o-toluidine) and
reduced graphene oxide: from synthesis to optical
characterization and potential applications in the
energy storage field

T. Burlanescu,ab M. Vaduva,b A. Androne,b M. Paraschiv,b M. Cercel,b C. Negrilab

and M. Baibarac *b

Three methods were used to prepare poly(ortho-toluidine)/reduced graphene oxide (POT/RGO)

composites: (i) the interaction of the two constituents in the solid state, (ii) the chemical polymerization

of ortho-toluidine (OT) in the presence of the RGO sheets, and (iii) the electrochemical polymerization

of OT in the presence of the RGO sheets. Combining the results of Raman scattering, FTIR

spectroscopy, and X-ray photoelectron spectroscopy, we demonstrated the following: (i) the interaction

of POT with RGO in the solid state leads to the non-covalent functionalization of RGO with POT; (ii) the

chemical polymerization of OT in the presence of RGO results in the covalent functionalization of RGO

with POT in emeraldine base (EB) and leucoemeraldine salt (LS) and (iii) the electrochemical

polymerization of OT assisted by RGO sheets leads to the covalent functionalization of RGO with POT-

LS and POT-emeraldine salt (ES). The cyclic voltammetry (CV) studies indicated that the values for the

voltammetric output currents of the POT/RGO composites are superior to those reported for POT.

Electrochemical studies demonstrated a (a) battery-type behavior in the case of the electrodes based on

POT-ES and POT/RGO composites prepared by chemical and electrochemical polymerizations and a (b)

pseudocapacitive behavior for the electrodes based on POT-EB and composites prepared by the

interaction of POT-EB with RGO in the solid state. High capacitance values of up to 1197.23 and 1524.62

mF cm−2 were obtained for the symmetrical supercapacitors based on the electrodes containing the

POT/RGO composites prepared by chemical and electrochemical polymerization, respectively, of OT in

the presence of RGO sheets.
1 Introduction

Conductive polymers, such polyaniline and polyaniline deriva-
tives were among the rst macromolecular compounds to
attract attention for applications in electrochemical super-
capacitors as early as 1984,1 they being followed by those con-
taining polypyrrole.2 The main advantages of conducting
polymers that enable their use in the eld of supercapacitors are
high specic capacitance, tunable electrical conductivity,
manufacturing methods that do not require sophisticated
equipment, and high exibility.3 The selection of suitable
dopant acids in the case of PANI can be a key strategy for
improving the electrochemical performance of electrodes based
on them.4

The main advantages of carbon nanostructures, such as
carbon nanotubes, carbon quantum dots, graphene, graphene
tomistilor Street 405, Magurele, Romania

mistilor Street 405A, Magurele, Romania.

the Royal Society of Chemistry
oxide, and reduced graphene oxide (RGO), for their use in
supercapacitors, are their large specic surface area, high
electrical conductivity, high electrochemical stability, and eco-
friendliness.3 Considering these advantages, sustained efforts
have been made to synthesize composites based on polyaniline
(PANI) and graphene for use in supercapacitor applications.5,6

Composites based on PANI and reduced graphene oxide (RGO)
have been prepared by a number of methods, the most widely
used being (a) the oxidative polymerization of aniline (ANI) in
the presence of graphene oxide (GO)5,7 or RGO8 using ammo-
nium persulphate (APS),5,7,9 hydrogen peroxide (H2O2)10 or ferric
chloride (FeCl3)11 as oxidants in acidic conditions and (b) the
electrochemical polymerization of ANI in the presence of RGO
or GO, in the last case being followed by a reduction process.12

Depending on the type of acid used in the polymerization
reaction environment of ANI (0.2 M) (e.g.H2SO4 (0.1 M) or acetic
acid (0.4 M)) in the presence of ammonium persulphate (0.25
M), conductivity values of the non-protonated form of PANI
have been reported between 7.9 × 10−9 S cm−1 and 6 ×

10−8 S cm−1, while the conductivity of the protonated form
RSC Adv., 2026, 16, 21791–21804 | 21791
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varies between 0.036 and 3.7 S cm−1.13 PANI shows (a) three
non-protonated forms, namely, leucoemeraldine base, emer-
aldine base, and pernigraniline base, which are differentiated
by the proportion of oxidized and reduced entities from the
macromolecular chain14 and (b) three protonated forms,
namely, leucoemeraldine salt, emeraldine salt, and perni-
graniline salt.14 The protonated structure of the PANI-salt can be
obtained by (a) the protonic acid doping process of the three
forms of PANI-base; (b) the pseudo-protonic acid doping
process of PANI-EB, and (c) the redox doping process.15 These
forms are also in the chemical structure of the PANI derivatives,
such as poly(o-toluidine) (POT).

Poly(o-anisidine) and POT are polyaniline derivatives that are
used in the preparation of graphene-containing composite
materials.16 The chemical polymerization of o-anisidine and o-
toluidine (OT) monomers in an acidic medium in the presence
of graphene, ammonium peroxodisulfate ((NH4)2S2O8), and HCl
results in composites containing poly(o-anisidine)-emeraldine
salt or poly(o-toluidine)-emeraldine salt and graphene 16 The
energy densities of supercapacitors obtained when composites
of the PANI/graphene, poly(o-anisidine)/graphene, and POT/
graphene types were used as electrode materials were reported
to be 52.8 Wh kg−1, 38.3 Wh kg−1, and 59.26 Wh kg−1, respec-
tively.16 However, despite numerous studies on PANI-based
composites with graphene derivatives, a clear correlation
between the synthesis method, type of functionalization (cova-
lent versus non-covalent), structural characteristics, and
electrochemical performance is still lacking for the POT/RGO
composite-based systems. This limits the rational design of
such composites for high-performance supercapacitor applica-
tions. This work provides, for the rst time, a comparative
analysis of three synthesis strategies leading to distinct bonding
congurations between POT and RGO, and correlates these
structural differences with their electrochemical performance.
The adopted strategies for the synthesis of POT and RGO-based
composites include the following: (a) the interaction of the two
constituents in the solid state, i.e., POT and RGO; (b) the
chemical polymerization of the OT monomer in the presence of
K2Cr2O7, H2SO4, and RGO; and (c) the electrochemical poly-
merization of OT in the presence of H2SO4 and RGO. The
novelty of this study lies in the comparative analysis of these
methods in terms of the type of interaction established between
POT and RGO, as well as in establishing correlations between
structural features (evidenced by spectroscopic techniques) and
electrochemical performance. By clarifying how the synthesis
route governs the functionalization mechanism and the
resulting capacitive properties, this work contributes to a better
understanding and optimization of conducting polymer/
graphene-based electrode materials for supercapacitors.

2 Experiments

The following materials were used in this work: OT, H2SO4,
dimethylformamide (DMF), K2Cr2O7, NH4OH, CH3CN, graphite
akes, H2O2, C2H5OH, poly(vinylidene uoride) (PVDF), Naon
membranes, diethyl ether, dibutyl phthalate (DBP), acetone,
and KMnO4, all of which were purchased from Sigma-Aldrich.
21792 | RSC Adv., 2026, 16, 21791–21804
2.1 Synthesis of RGO and the POT/RGO composites

2.1.1 Synthesis of RGO. RGO was obtained by reducing
graphene oxide (GO) using Marcano's method17 in the presence
of hydrazine. Briey, the method involved the interaction of 3 g
of graphite akes with a mixture of concentrated acids in
a volumetric ratio of 9 : 1, i.e., 360 mL H2SO4 and 40 mL H3PO4,
to which were added 18 g of KmnO4. Adding KmnO4 causes the
release of energy in the form of heat, which contributes to
raising the temperature of the reaction mixture up to 80 °C. The
temperature of the reaction mixture was lowered to room
temperature by using an ice bath and remained under magnetic
stirring for 12 hours, aer which 3 mL of H2O2 with a concen-
tration of 30 wt% was added. Subsequently, the mixture was
centrifuged (4000 rpm for 4 hours) and the solid material was
washed with 200 mL of deionized water, 200 mL of 30% HCl,
200 mL of C2H5OH, and coagulated with 300 mL of ether, then
centrifuged once more at 4000 rpm for 4 hours. The solid
material was redispersed in water and then ltered under
vacuum, and then the solid product was dried to constant mass,
resulting in 5.8 g of GO being obtained. Subsequently, GO was
reduced with 5 mL hydrazine hydrate, resulting in RGO.

2.1.2 Synthesis of POT. The chemical polymerization of OT
in the presence of K2Cr2O7 and H2SO4 was carried out according
to ref. 18.

2.1.3 Synthesis of the POT/RGO composites. To prepare the
POT-EB/RGO composite, the chemical polymerization of POT-
EB was conducted as described above; the only difference was
the addition of 0.1 g and 0.01 g RGO, respectively, in the 0.18 M
OT in 50 mL of 2 M H2SO4, which was allowed to interact with
a solution of 0.05 M K2Cr2O7 in 50 mL of 2 M H2SO4. The
polymerization time was 2 hours, during which a dark green
precipitate, corresponding to the POT-ES/RGO composite, was
obtained. Aer ltration of the reaction mixture, the POT-ES/
RGO composite was allowed to interact with a 1 M NH4OH
solution, 500 mL of distilled water, and 100 mL of CH3CN to
remove the oligomers from the reaction product, and then dried
at room temperature for 24 h to a constant mass. The nal
compound corresponds to the POT-EB/RGO composites with
RGO concentrations of 20 wt% and 10 wt%, respectively. The
color of the powders of the POT-EB/RGO composites was dark
blue.

Another chemical method used to obtain POT-EB/RGO and
POT-ES/RGO composites was the solid-state interaction of the
two constituents through grinding, resulting in composites in
which the RGO concentrations were 25 wt% and 50 wt%.

Electrochemical polymerization is an alternative method for
obtaining POT-ES and its POT-ES/RGO composite. For the
electrochemical synthesis of POT-ES, a semi-aqueous solution
of 0.1 M OT in 0.5 M H2SO4 was used, with the volumetric ratio
of H2O : DMF being 1 : 1.18 The electrosynthesis of the POT/RGO
composite involves the preparation of the following: (i) a solu-
tion of RGO in DMF (50 mL, 0.1 mg mL−1), dispersion of RGO
into DMF taking place by ultrasonication for 15 min; and (ii) an
aqueous solution of 0.1 M OT in 0.5 M H2SO4 (50 mL). Subse-
quently, the two solutions were mixed and homogenized by
ultrasonication for 5 min. The reaction mixture was introduced
© 2026 The Author(s). Published by the Royal Society of Chemistry
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into a single-compartment cell, which was accessorized with
three electrodes as follows: a Pt working electrode with an area
of 1 cm2, an auxiliary electrode made of Pt, and an Ag/AgCl
reference electrode. Using CV, the potential range used was
between −200 and +900 mV vs. Ag/AgCl, with the potential
scanning speed in both cases being 50 mV s−1.
2.2 Preparation of electrodes for supercapacitor cells

In the case of POT/RGO samples obtained by chemical inter-
action of the two constituents or by chemical polymerization of
OT in the presence of RGO, the resulting composites were used
as such in the preparation process of electrodes for super-
capacitor cells. In the case of POT-ES/RGO samples obtained
electrochemically, aer drying the electrodes, the lms were
scraped from the surface of the working electrode, and then
used in the preparation of electrodes for supercapacitor cells
according to the protocol presented below.19 The electrodes
were prepared by mixing and stirring 80 wt% of active material,
i.e., POT and the POT/RGO composites, 15 wt% of super-P
conductive carbon black, 5 wt% of PVDF in the role of
binding agent, 2 drops of DBP, and 1 mL of acetone. Aer 12
hours of mixing under magnetic stirring, a homogeneous paste
was obtained. The paste was poured onto a glass surface, and
aer acetone evaporation, the resulting lm was detached and
washed with diethyl ether to remove DBP. The resulting lm
was cut into several circles with a diameter of 8 mm, which were
used as electrodes in the supercapacitor cells.
Fig. 1 Raman spectra of POT-EB (a), POT-EB chemically interacted
with RGO, leading to the POT/RGO composites with a concentration
of the RGO sheets equal to 25 wt% (b) and 50 wt% (c) respectively.
Figure (d) shows the Raman spectrum of RGO.
2.3 Assembly of supercapacitor cells

The electrodes were assembled in Swagelok cells from stainless
steel and were composed of two current collectors and a spring
compression system.19 The electrolyte used in the super-
capacitor cells corresponds to a commercial Naon 117
membrane that was activated with 1 M H2SO4 solution.20 The
assembly of Swagelok-type cells was carried out by successively
inserting the electrochemical components into a cylindrical
metallic housing, internally insulated with a thin PET foil to
prevent short circuits, according to ref. 21. According to the
schemes presented in ref. 19 and 21, the assembly was per-
formed in a layered conguration, in the following order:
current collector, anode, Naon membrane activated with
H2SO4, cathode, current collector, followed by the helical
compression spring, which provides the internal pressure
necessary to maintain mechanical contact between the layers of
the cell. To ensure a constant and reproducible pressure on the
electrode stack, the cell was assembled under a torque of 1.2 N
m using a calibrated torque wrench. The Swagelok-type cell was
sealed through its threaded stainless-steel body and ttings,
which ensure mechanical compression and tight sealing of the
internal components. This design prevents exposure to air and
moisture during operation. The Swagelok-type cell is sealed
through its threaded stainless steel body and ttings, which
ensure mechanical compression and tight sealing of the
internal components. This design prevents exposure to air and
moisture during operation.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The assessment of the electrochemical properties of the
POT/RGO composites as electrode materials for the super-
capacitors was carried out by CV.

Fig. S1 shows a schematic owchart summarizing the
synthesis routes of RGO and the POT/RGO composites, the
electrode preparation, and cell assembly.
2.4 Optical and electrochemical characterizations of
composite materials

The Raman spectra of the compounds analyzed in this work
were recorded at the excitation wavelength of 1064 nm using
a MultiRam FTRaman spectrophotometer from Bruker.

The IR spectra of the compounds analyzed in this work were
recorded with the FTIR spectrophotometer, model Vertex 80,
from Bruker, in the transmission geometry in the case of
chemically prepared compounds. POT-ES or its composites
were electrochemically synthesized on the Pt electrode; the
attenuated total reection (ATR) geometry was used for
recording FTIR spectra.

X-ray photoelectron spectroscopy (XPS) spectra were recor-
ded using a SPECS spectrometer equipped with a Phoibos 150
electron energy analyzer. An aluminum anode (Al Ka 1486.74
eV) was used as a monochromatic X-ray source. All studies were
conducted under ultra-high vacuum conditions (10−7 Pa). The
obtained data were analyzed using the SDPv7.0 program.

A Voltalab 80 potentiostat/galvanostat, purchased from
Radiometer Analytical, was used for electrochemical studies.
3 Results and discussion
3.1 Optical properties of the POT/RGO composites
synthesized by the chemical polymerization method and the
solid-state interaction

Fig. 1 and 2 show the Raman spectra of RGO, POT-EB, and POT-
EB/RGO composites obtained by the interaction of the two
RSC Adv., 2026, 16, 21791–21804 | 21793
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Fig. 2 Raman spectra of POT-EB/RGO composites, having RGO
concentrations of 10 wt% (a) and 20 wt% (b), obtained by the chemical
polymerization of OT in the presence of RGO. Figure (c) corresponds
to the Raman spectrum of the POT-ES/RGO composite, with the
concentration of RGO equal to 10 wt%, obtained by chemical poly-
merization of OT in the presence of RGO.
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constituents and by chemical polymerization of OT in the
presence of RGO.

The Raman spectrum of POT-EB (Fig. 1a) shows Raman lines
at 447, 1117, 1163, 1219, 1254, 1367, 1506 and 1618 cm−1, which
are attributed, by similarity to those reported in the case of
PANI-EB, to the following vibrational modes: deformation of the
aromatic ring, deformation of the benzene (B) ring + C–H
bending in the CH3 group, C–H bending in the B ring, C–N
stretching + C–C + C–H stretching in the B ring, C–C stretching
in the B ring, C–C stretching in the quinoid ring (Q) + C–H
bending in the B ring, C]N stretching and C–C bending + C–H
stretching in the B ring.22,23 RGO's Raman spectrum is charac-
terized by two bands with maxima located at 1290 and
1599 cm−1 (Fig. 1d), which have been assigned to the vibrational
mode E2g at the centre of the Brillouin zone specic to sp3-
hybridized carbon atoms and radial vibrational modes of
hexagonal carbon rings containing sp2-hybridized carbon
atoms.24 Compared to the Raman spectrum of POT-EB, the
following variations were observed in the Raman spectra of the
POT-EB/RGO composites obtained by the interaction of the two
constituents, when the concentration of RGO in the mass of the
composite was equal to 20 wt% and 50 wt% (Fig. 1b and c): (i) an
up-shi of the Raman line from 1254 cm−1 (Fig. 1a) to
1265 cm−1 (Fig. 1b and c); (ii) the Raman line localized in the
spectral range 1300–1400 cm−1 has the maximum at 1363 cm−1

(Fig. 1b and c), its semi-width being greater as a result of the
presence of a new component having the maximum at
1388 cm−1 (Fig. 1b) and 1379 cm−1 (Fig. 1c); (iii) a down-shi of
the Raman lines from 1506 and 1618 cm−1 (Fig. 1a) to 1497 and
1604 cm−1 (Fig. 1b and c); (iv) the ratios of the intensities of the
Raman lines with peaks at 447 cm−1 and 1363–1367 cm−1 (I447/
I1363–1367) range from 0.36 (Fig. 1a) to 1.1 (Fig. 1b) and 3.9
(Fig. 1c). The increase in the relative intensity of the Raman line
at 447 cm−1, which induces the variation of the I447/I1363–1367
21794 | RSC Adv., 2026, 16, 21791–21804
ratio from 0.36 to 3.9, indicates the appearance of steric
hindrance effects, which can be explained as a consequence of
a non-covalent functionality of the RGO sheets with POT-EB,
when p–p* bonds are formed between the aromatic rings of
the POT and the hexagonal carbon cycles of the RGO.

For composites synthesized via chemical polymerization,
more pronounced changes were observed, as shown in Fig. 2.
Thus, the Raman spectra of POT-EB/RGO composites synthe-
sized by chemical polymerization of OT in the presence of RGO
show the following variations compared to the Raman spectrum
of POT-EB: (i) the Raman line from 447 cm−1 (Fig. 1a) shied to
451 cm−1 (Fig. 2); the ratios of the intensities of the Raman lines
situated at 451 and 1363 cm−1 are equal to 1.73 (Fig. 2a), 3.7
(Fig. 2b) and 1.76 (Fig. 2c); (ii) the presence of a new Raman line
at 1332–1335 cm−1 (Fig. 2) indicates the presence of the
protonated structure of POT-ES;15 (iii) the shape of the Raman
band situated in the spectral range 1550–1650 cm−1 shows two
components at 1593–1595 and 1626–1627 cm−1 (Fig. 2), which
were assigned to the vibrational modes of C–C stretching in the
B ring + C]C stretching in the Q ring and C–C stretching in the
B ring;15 (iv) the Raman line from 1506 cm−1 (Fig. 1a) is shied
to 1500 cm−1 (Fig. 2a) and 1498 cm−1 (Fig. 2b and c); (v) the
ratios of the intensities of the Raman lines from 1498–
1506 cm−1 and 1618–1627 cm−1 are 0.86 (Fig. 1a), 2.52 (Fig. 2a),
4.02 (Fig. 2b) and 2.55 (Fig. 2c). The changes in intensity ratios
(e.g., I451/I1363 and I1498–1506/I1618–1627) conrm a higher degree
of structural reorganization and electronic delocalization
compared to the solid-state composites. The Raman lines at
1332–1335, 1593–1595, and 1626–1627 cm−1 conrm the
formation of protonated POT-ES structures in the mass of
composites (Fig. 2). This structural feature is particularly
important for electrochemical applications, as protonation
enhances charge delocalization along the polymer chains,
thereby facilitating redox processes and improving capacitive
performance.

The Raman spectra recorded on POT/RGO composites
samples synthesized via chemical polymerization of OT in the
presence of RGO reveal, among the lines specic to each
component, evidence of a protonated POT-ES structure as
a consequence of an extended charge delocalization. Therefore,
in the following, additional information is provided, via FTIR
spectroscopy, regarding the molecular structure of the
composites, obtained from interactions in the solid state of the
POT with RGO and chemical polymerization of OT in the
presence of RGO (Fig. 3). The FTIR spectrum of POT-EB is
characterized by IR bands with maxima at 444, 816, 879, 1005,
1111, 1155, 1242, 1306, 1491 and 1601 cm−1, attributed to
vibrational modes of B-ring deformation, out-of-plane defor-
mation of the substituted B, deformation of the three-
substituted B, the B deformation, deformation of the B ring +
C–H bending in B, the C–H in-plane bending in Q, C–N
stretching in the structure (B)–N](Q), C–N stretching in the Q
ring, C–C stretching + C–H + N–H and the N](Q)]N structure,
respectively.23 The IR spectrum of POT-ES is characterized by IR
bands with maxima at 438-560-617, 804, 874, 994, 1105, 1165,
1261, 1325, 1485 and 1595 cm−1, which are assigned to vibra-
tional modes of B deformation, out-of-plane deformation of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 IR spectra of (a) POT-EB (black curve) and POT-ES (red curve);
(b) POT-EB/RGO composites obtained by the solid-state interaction of
the two constituents (RGO concentration was equal to 25 wt% (black
curve) and 50 wt% (red curve)): (c) POT-EB/RGO composites obtained
by the chemical polymerization of OT in the presence of RGO, when
the concentration of RGO in the mass of composites is 10 wt% (black
curve) and 20 wt% (red curve); and (d) POT-ES/RGO composites,
having RGO concentrations of 25 wt% (black curve) and 50 wt% (red
curve), whichwere obtained by the interaction of the two constituents.

Scheme 1 Reaction of the chemical polymerization of OT in the
presence of RGO.
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B-substituted ring, deformation of the three-substituted B ring,
the B deformation, the B deformation + C–H bending in the B,
the C–H bending in-plane in the Q ring, stretching the C–N
bond in the (B)–NH+](Q) structure, C–N stretching in the Q
ring, stretching the C–C + C–H + N–H bonds and the N](Q)]N
structure, respectively.22,25

A careful analysis of Fig. 3a highlights the following as main
changes when POT-EB is transformed into POT-ES: (i) the down-
shi of the IR band from to 1111 cm−1 to 1105 cm−1 simulta-
neously with the increase in the absorbance of the IR band at
1111 cm−1; (ii) an up-shi of the IR band from 1306 cm−1 to
1325 cm−1; (iii) the down-shi of the IR bands from 1497 and
1601 cm−1 to 1485 and 1595 cm−1 simultaneously with the
change in the ratio between the absorbance of these IR bands
(A1601–1595/A1497–1485) from 0.57 to 0.94. These changes reect
the protonation process and modication of the electronic
structure. Compared to the IR spectrum of POT-EB (Fig. 3a), the
IR spectra of the POT-EB/RGO composites obtained by the
interaction of the two constituents (Fig. 3b) show only the shi
of the IR bands from 1151, 1242, and 1306 cm−1 (Fig. 3a) to
1157, 1238, and 1311 cm−1, respectively (Fig. 3b), conrming
weak interactions between POT and RGO. Much more signi-
cant changes were observed in the case of the FTIR spectra of
POT-EB/RGO composites synthesized by chemical polymeriza-
tion of OT in the presence of RGO, as follows: (i) a down-shi of
IR bands from 816, 1242, 1497 and 1601 cm−1 (Fig. 3a) to 812,
1219, 1493 and 1593 cm−1 (Fig. 3c); (ii) an increase in the
absorbance of IR bands with maxima at 1107 and 1153 cm−1

(Fig. 3c); (iii) an up-shi of the IR band from 1306 cm−1 (Fig. 3a)
to 1315 cm−1 (Fig. 3c); (iv) ratio between the absorbance of IR
bands with maxima at 1306–1315 and 1107–1111 cm−1 ranges
from 6 (Fig. 3a) to 1.88 and 1.39 in the case of POT-EB/RGO
composites with a RGO concentration equal to 10 wt% and
© 2026 The Author(s). Published by the Royal Society of Chemistry
20 wt%, respectively (Fig. 3c); (v) the ratio between the absor-
bance of IR bands from 1497–1493 and 1306–1315 cm−1 ranges
from 3.13 (Fig. 3a) to 3.09 and 2.03 for POT-EB/RGO composites
with a RGO concentration of 10 wt% and 20 wt% respectively
(Fig. 3c); (vi) the A1593/A1493 ratio is equal to 0.47 and 0.73 in the
case of the composites with a RGO concentration equal to
10 wt% and 20 wt%, respectively (Fig. 3c). These variations
indicate the presence of a protonated structure in the case of
composites obtained by the chemical polymerization of OT in
the presence of RGO sheets, which successively interacted with
NH4OH solution. Fig. 3d shows the FTIR spectra of the POT-ES/
RGO composites obtained by the interaction of the two
constituents. Compared to the IR spectrum of POT-ES, in the
case of IR spectra of POT-ES/RGO composites with RGO
concentration in the composite mass of 25 wt% and 50 wt%, the
following variations were observed: (a) an up-shi of IR bands
from 804 and 1485 cm−1 (Fig. 3a) to 810 and 1489 cm−1

(Fig. 3d); (b) a down-shi of IR bands from 1325 and 1595 cm−1

(Fig. 3a) to 1320 and 1583 cm−1 (Fig. 3d); and (c) the change in
the ratios between absorbances of IR bands at (c1) 1106 and
1215 cm−1, from 1.23 (red curve in Fig. 3a) to 1.37 (red curve in
Fig. 3d) and 1.65 (black curve in Fig. 3d); (c2) 1106 and
1265 cm−1, from 1.1 (red curve in Fig. 3a) to 1.79 (red curve in
Fig. 3d) and 1.89 (black curve in Fig. 3d); and (c3) 1106 and
1489 cm−1, from 0.89 (red curve in Fig. 3a) to 1.29 (red curve in
Fig. 3d) and 1.08 (black curve in Fig. 3d). Taking into account
the variations reported in Fig. 2 and 3, the reaction of chemical
polymerization of OT in the presence of RGO can be written as
follows in Scheme 1.

In our opinion, Scheme 1 can explain the presence of the
Raman lines at 1332–1335, 1593–1595 and 1626–1627 cm−1,
and IR bands at 1311–1320 cm−1, as well as the value of the
A1593/A1493 ratio equal to 0.73 in the case of composites prepared
by chemical polymerization of OT in the presence of RGO that
were successively interacted with NH4OH solution. Additional
results that support Scheme 1 were obtained via XPS spectros-
copy. Fig. 4 shows XPS C 1s spectra of RGO, POT-EB, and the
POT-EB/RGO composites obtained by the interaction of the two
constituents and by chemical polymerization of OT in the
presence of RGO.

Fig. 4a shows the deconvolution of the XPS C 1s spectrum of
RGO, which reveals four bands with maxima located at 284.5,
RSC Adv., 2026, 16, 21791–21804 | 21795
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Fig. 4 The XPS C 1s spectra of RGO (a), the chemically synthesized
POT-EB/RGO composites (with 10 wt% RGO) (b) and composites
POT/RGO obtained through solid-state interaction with a content of
25 wt% RGO (c) and POT-EB (d); figures (e)–(g) show XPS N 1s spectra
of the POT-EB and the POT-EB/RGO composite chemically poly-
merized with 10 wt% RGO and the POT-EB/RGO composite with 25%
RGO obtained through solid-state interaction. Black and red curves
correspond to experimental XPS spectra and the total fit of the XPS
spectra deconvolution.
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284.8, 286, and 287.8 eV, assigned to C]C bonds in aromatic
rings, C–C and C–H, C–O in the epoxy/hydroxyl group, and C]O
in the carbonyl group.26 The deconvolution of the XPS C 1S
spectrum of POT-EB (Fig. 4d) highlights ve bands withmaxima
located at 284.3, 284.9, 285.6, 286.4, and 287.6 eV, which were
assigned to bonds of the type C]C (C hybridized sp2), C–C/C–
H, C–N/C]N, C–O–H, and C]O.27 The XPS N 1s spectrum of
POT-EB (Fig. 4e) highlights two bands with maxima located at
399.2 and 401.2 eV, which were assigned to C–N]C and C–NH–

C bonds.28 In the case of POT-EB/RGO composites obtained by
the interaction of the two constituents, (a) the XPS C 1s spec-
trum highlights ve bands with maxima situated at 284.3,
284.9, 285.6, 286.4, and 287.6 eV (Fig. 4c); and (b) the XPS N 1s
spectrum highlights two bands with maxima at 399.2 and
401.2 eV (Fig. 4g). In this case, the IC–N/IC]N ratio is equal to
0.64. In the case of POT-EB/RGO composites obtained by
chemical polymerization of OT in the presence of RGO, (a) the
XPS C 1s spectrum highlights ve bands with maxima located at
284.4, 285, 285.7, 286.4, and 287.4 eV (Fig. 4b); and (b) the XPS N
1s spectrum highlights two bands with maxima at 399.2 and
400.7 eV (Fig. 4f). A careful analysis of the ratio between
21796 | RSC Adv., 2026, 16, 21791–21804
intensities of the bands with maxima at 400.7–401.2 eV and
399.2 eV (IC–N/IC]N) indicates that its value is equal to 0.64 in
the case of POT-EB and 0.89 when the POT-EB/RGO composite
was obtained by chemical polymerization of OT in the presence
of RGO. This result conrms that composites obtained by
chemical polymerization of OT in the presence of RGO lead to
a higher share of C–N bonds as a result of the above reaction.
This suggests a stronger electronic interaction between the
polymer chains and the RGO surface, likely involving partial
charge transfer. For a better understanding of these results, it
should be noted that the second reaction product of Scheme 1
can be written as follows:

Summarizing all these, the spectroscopic results consistently
indicate that the interaction mechanism between POT and RGO
strongly depends on the synthesis route. In the case of
composites obtained by the solid-state interaction, the presence
of p–p stacking leads to steric hindrance and limited electronic
delocalization. In contrast, chemical polymerization promotes
partial protonation (POT-ES) and stronger electronic coupling
between POT chains and RGO sheets, as evidenced by the
Raman bands at 1332–1335 cm−1 and the XPS increase in C–N
bonds. In our opinion, these structural differences are expected
to directly inuence the electrochemical response as a conse-
quence of enhanced conjugation and protonation, which facil-
itate charge transport, while stronger interfacial interactions
with RGO improve electron mobility and ion accessibility
during redox processes. In the case of solid-state composites,
the predominance of p–p interactions and steric hindrance
limits charge delocalization and electron transport across the
interface. As a result, a lower electrochemical activity is ex-
pected. In contrast, chemical polymerization leads to the
following: (i) partial protonation of the polymer (POT-ES), (ii)
increased density of C–N bonds, and (iii) stronger electronic
coupling with RGO sheets. These features enhance charge
carrier mobility, facilitate redox processes, and improve ion
accessibility within the composite structure. Consequently,
these materials are expected to exhibit superior electrochemical
performance, including higher current densities and capaci-
tance values, as will be demonstrated in the following sections.
Also, signicant differences in electrochemical behavior are
expected between the composites obtained in this section and
those resulting from electrochemical polymerization, whose
optical properties are detailed in the next section.
3.2 Optical properties of the POT/RGO composites prepared
by cyclic voltammetry

Fig. 5 shows cyclic voltammograms recorded during chemical
polymerization of OT in the absence (Fig. 5a) and in the pres-
ence of the RGO sheets (Fig. 5b).

In the case of OT electrochemical polymerization in the
absence of RGO, the following characteristics of cyclic voltam-
mograms were observed, as shown in Fig. 5a.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cyclic voltammograms recorded during the electrochemical
polymerization of 0.1 MOT in a semi-aqueous solution of 0.5 MH2SO4

in the absence (a) and presence (b) of RGO sheets. The scan rate of the
potential was 50 mV s−1.
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(a) In the case of the rst cyclic voltammogram, during
anodic scanning, the potential ranged from −200 to 900 mV; an
oxidation peak was observed, with the anodic potential located
at 436 mV, which was accompanied by another maximum with
the potential at 238 mV; the current densities of the two
oxidation peaks at 436 and 238 mV are equal to 2.1 mA cm−2

and 0.8 mA cm−2. During cathodic scanning of the potential,
i.e., from 900 mV to −200 mV, a reduction maximum charac-
terized by a cathodic potential equal to 352 mV was observed,
accompanied by another reduction maximum with a potential
equal to 182 mV; the two reduction maxima at 352 and 182 mV
are characterized by current densities equal to 2 mA cm−2 and
1.5 mA cm−2, respectively.

(b) In the case of the 50th cyclic voltammogram, it was
observed that at the anodic scanning of the potential, i.e. from
−200 to 900 mV, an oxidation maximum was observed with an
anodic potential at 412 mV, accompanied by another maximum
with the potential situated at 244 mV; the current densities of
the two oxidation maxima having potentials at 412 and 244 mV
are equal to 2.4 mA cm−2 and 1.2 mA cm−2. During cathodic
scanning of the potential, i.e., from 900 mV to −200 mV,
a reduction maximum, characterized by a cathodic potential of
346 mV, was observed; this cathodic peak was accompanied by
another peak with a potential of 182 mV. The two cathodic
maxima at 346 and 182 mV are characterized by current
densities of 2.6 mA cm−2 and 1.7 mA cm−2, respectively.

Regardless of the number of cyclic voltammograms recorded
at the electrode/electrolyte interface, two oxidation–reduction
processes were evidenced by the oxidation and reduction
maxima with potentials located at (i) 436 mV and 352mV as well
as 238 mV and 180 mV, respectively, in the case of the rst
voltammogram and (ii) 412 mV and 346 mV as well as 244 mV
and 180 mV, respectively, in the case of the 50th cyclic vol-
tammogram. All these variations were accompanied by
a gradual increase in the anode and cathode current densities.
The potential difference is equal to the difference between the
anode maximum potential (Ea) and cathode peak potential (Ec),
which can be written as follows: DE = Ea − Ec. Therefore, it
follows that the two oxidation–reduction processes are charac-
terized byDE equal to (i) 84 mV and 58mV in the case of the rst
cyclic voltammogram, and (ii) 66 mV and 64 mV in the case of
the 50th cyclic voltammogram. The ratio of the anode and
© 2026 The Author(s). Published by the Royal Society of Chemistry
cathode peak current densities (ia/ic) is equal to (i) 1.05 and 0.56
in the case of the rst cyclic voltammogram, and (ii) 0.92 and 0.7
in the case of the 50th cyclic voltammogram. Generally
speaking, a reversible process is characterized by DE = 56.5 mV
n−1, where n corresponds to the number of electrons involved in
the oxidation/reduction processes, and a ratio of ia/ic equal to 1.
The results above indicate that the process of the electro-
chemical polymerization of OT on the Pt electrode is irrevers-
ible. At the end of the 50 cyclic voltammograms on the surface
of the Pt electrode, the deposition of a green lm corresponding
to POT was observed.

When electrochemical polymerization of OT is carried out in
the presence of RGO (Fig. 5b), a similar redox pattern is
observed; however, several important differences can be iden-
tied as follows:

(a) In the case of the rst cyclic voltammogram, during
anodic scanning, an oxidation maximum with the anodic
potential located at 430 mV is accompanied by another
maximum at 246 mV; the current densities of the two oxidation
maxima with anodic potentials at 430 and 246 mV are equal to
2.1 mA cm−2 and 1.1 mA cm−2. During cathodic scanning of the
potential, a reduction maximum characterized by a cathodic
potential of 364 mV was observed. This peak is accompanied by
another cathodic maximum with the potential equal to 186 mV;
the two reduction maxima with cathodic potentials at 364 and
186 mV are characterized by current densities equal to 2.4 mA
cm−2 and 1.6 mA cm−2, respectively.

(b) In the case of the 50th cyclic voltammogram, at the
anodic scanning of the potential, an oxidation maximum was
observed with the anodic potential located at 420 mV, which
was accompanied by another maximum with the potential at
244 mV; the current densities of the two oxidation maxima at
420 and 244 mV are equal to 2.9 mA cm−2 and 1.6 mA cm−2.
During cathodic scanning of the potential, a reduction
maximum characterized by a cathodic potential equal to
358 mV was observed, which was accompanied by another
maximum at 188 mV; the two reduction maxima, having
potentials at 358 and 188 mV, are characterized by current
densities equal to 3.1 mA cm−2 and 2.1 mA cm−2, respectively.
According to these results, regardless of the number of cyclic
voltammograms recorded at the working electrode/electrolyte
interface, two oxidation–reduction processes were evidenced
by anode and cathode maxima having potentials located at (i)
430 mV and 364 mV and 246 mV and 186 mV, respectively, in
the case of the rst cyclic voltammogram; and (ii) 420 and
358mV and 244 and 188mV, respectively, in the case of the 50th
cyclic voltammogram. All these variations were accompanied by
a gradual increase in the density of the anode and cathode
peaks. The two oxidation–reduction processes are characterized
by DE equal to (i) 66 mV and 60 mV in the case of the rst cyclic
voltammogram, and (ii) 62 mV and 56mV in the case of the 50th
cyclic voltammogram. The ratio of the current densities of the
anode and cathode peaks (ia/ic) is equal to (i) 0.87 and 0.68 in
the case of the rst cyclic voltammogram, and (ii) 0.93 and 0.76
in the case of the 50th cyclic voltammogram. These features
indicate an improvement in the charge transfer kinetics and
a partial enhancement of the reversibility of the redox
RSC Adv., 2026, 16, 21791–21804 | 21797
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Fig. 7 FTIR spectra of POT (a) and the POT/RGO composite (b) after
recording the 50 cyclic voltammograms at a constant potential of
900 mV.
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processes. These electrochemical differences can be directly
correlated with the structural features identied in Section 3.1.
Raman and XPS analyses demonstrated that electrochemical
polymerization in the presence of RGO leads to covalent func-
tionalization and a higher proportion of C–N bonds, along with
modications in the protonation state of the polymer chains.
Unlike the composites obtained by simple mixing (where p–p

interactions dominate), the electrochemically synthesized
composites exhibit stronger electronic coupling between POT
chains and RGO sheets. This structural conguration has two
important consequences for the electrochemical response: (i)
Enhanced electron transport as a result of the formation of
covalent bonds and improved interfacial contact that reduces
the resistance at the polymer/RGO interface, facilitating elec-
tron transfer during redox processes; this explains the higher
current densities observed in Fig. 5b. (ii) Modied redox
reversibility observed via the partial decrease in DE and the ia/ic
ratios closer to unity, suggesting faster charge transfer kinetics,
which can be attributed to improved electronic delocalization
and the presence of conductive pathways of RGO. However, the
process remains quasi-irreversible due to structural heteroge-
neity and the coexistence of different oxidation states of the
polymer, as shown by the spectroscopic data. At the end of the
50 cyclic voltammograms on the surface of the Pt electrode, the
deposition of a dark green lm corresponding to the POT/RGO
composite was observed.

In order to conrm the formation of POT-ES and the POT-ES/
RGO composite, Fig. 6 and 7 show the Raman and FTIR spectra
of the two compounds.

According to Fig. 6a, the Raman spectrum of POT-ES is
characterized by Raman lines with maxima located at 449, 1120,
1178, 1261, 1358, 1493, 1574 and 1624 cm−1, which have been
attributed by similarity to PANI to vibrational modes of
aromatic ring deformation, CH3 group deformation, C–H
bending in the B ring, C–N stretching in the (B)–NH+](Q),
protonated structure, stretching C–C + C–H + N–H, N](Q)]N
stretching, and C–C stretching + C–H bending in the B ring.22,23

Compared to Fig. 6a and b shows the following: (i) an up-shi in
the Raman line from 449 cm−1 (Fig. 6a) to 455 cm−1 (Fig. 6b); (ii)
a down-shi in the Raman line from 1120 cm−1 (Fig. 6a) to
1115 cm−1 (Fig. 6b), variation accompanied by a change in the
ratio between the intensities of the Raman lines at 1120–1115
and 1178 cm−1 from 1.89 to 0.81; (iii) the shi of Raman lines in
the spectral range 1200–1400 cm−1 from 1261 and 1358 cm−1
Fig. 6 Raman spectra of POT-ES (a) and the POT-ES/RGO composite
(b) after recording the 50th cyclic voltammograms at a constant
potential of 900 mV.

21798 | RSC Adv., 2026, 16, 21791–21804
(Fig. 6a) to 1275 and 1352 cm−1 (Fig. 6b), simultaneously with
an increase of the ratio between the intensities of the Raman
lines from 1358–1352 and 1261–1275 cm−1 from 1.25 (Fig. 6a) to
2.44 (Fig. 6b); and (iv) the shi of the Raman line from
1624 cm−1 (Fig. 6a) to 1610 cm−1 (Fig. 6b), which is accompa-
nied by a variation of the ratio between the intensities of the
Raman lines situated at 1575 and 1624–1610 cm−1 from 0.88
(Fig. 6a) to 0.53 (Fig. 6b). This change suggests a diminution of
the share of the N]Q]N structure, which can be explained as
a consequence of the transformation of the Q ring into the B
ring when covalent functionalization of the RGO sheets with
POT-ES occurs.

Fig. 7a shows the FTIR spectrum of POT-ES, which is char-
acterized by IR bands located at 691, 754, 889, 1045, 1145, 1185,
1217, 1508, 1616, and 1651 cm−1, attributed to vibrational
modes of B ring deformation, Q ring deformation, out-of-plane
deformation of the three-substituted B ring, deformation of C–
CH3, bending of C–H in-plane in N]Q]N, Q]NH+–B and B–
NH+–B structures, Caromatic ring–N stretching, stretching in N–B–
N, stretching of the N]Q]N structure, and C]C
stretching.29–32 Compared to Fig. 7a, the following changes were
observed in Fig. 7b: (i) an increase in the absorbance of IR
bands withmaxima at 691 cm−1 (Fig. 7a) and 748 cm−1 (Fig. 7b);
(ii) a down-shi of the IR bands from 889 and 1045 cm−1

(Fig. 7a) to 883 and 1039 cm−1 (Fig. 7b); (iii) an up-shi of the IR
band from 1508 cm−1 (Fig. 7a) to 1516 cm−1 (Fig. 7b) simulta-
neously with an increase in its absorbance; (iv) changing the
ratio between the absorbances of the IR band located in the
spectral ranges 1100–1250, 1500–1575 and 1600–1700 cm−1

(A1100–1250/A1500–1575 and A1100–1250/A1600–1700) from 3.42 and 5.54
(Fig. 7a) to 1.16 and 1.66 (Fig. 7b). These variations clearly
indicate a decrease in the proportion of the Q]NH+–B and B–
NH+–B structures in contrast to the N–B–N and N]Q]N
structures, when electrochemical polymerization of OT in the
presence of RGO sheets takes place. An explanation for this
variation must take into account the mechanism of the
electrochemical polymerization of OT in the presence of RGO,
which is shown in Scheme 1S. The mechanism of the electro-
chemical polymerization of OT in the presence of RGO involves
the following: (i) an oxidation reaction of OT, when the cationic
radical of OT results; (ii) the chemical interaction of the radical
cation of OT with the RGO sheets, when a covalent functional-
ization of RGO with OT takes place; (iii) the macromolecular
chain propagation reaction of POT when the reaction product
© 2026 The Author(s). Published by the Royal Society of Chemistry
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corresponds to POT-LS-functionalized RGO sheets, followed by
its transformation into POT-ES-functionalized RGO sheets.

Fig. 8 shows the XPS C 1s, N 1s, and O 1s spectra of POT-ES
and the POT-ES/RGO composite prepared by the electro-
chemical method. The XPS C 1s spectrum of POT-ES (Fig. 8a)
presents by deconvolution four bands with maxima at 284.3,
285, 285.7, and 286.6 eV, which were assigned to the C–C/C–H,
C–N/C]N, C–N+/C]N+, and C]O/C–O bonds, respectively.33

The deconvolution of the XPS N 1s spectrum of the POT-ES
(Fig. 8c) illustrates three bands with maxima at 399.3, 400.8,
and 402.2 eV, which were assigned to bonds C–N]C,30 C–NH–

C,28 and C–N+, respectively.33 The deconvolution of the XPS O 1s
spectrum of POT-ES (Fig. 8e) illustrates three bands with
maxima at 531.4, 532.8, and 533.9 eV, which have been assigned
to the C]O, S–O/C–O, and O–H bonds.33

Analysis of the XPS C 1s spectrum of the POT/RGO composite
shows that with deconvolution, four bands can be observed at
284.3, 285, 285.7, and 286.6 eV (Fig. 8b). A comparative analysis
of the XPS C 1s spectra of POT (Fig. 8a) and the POT/RGO
composite (Fig. 8b) revealed that the ratio of the intensities of
the four bands is 1 : 0.27 : 0.16 : 0.1 (Fig. 8a) and 1 : 0.34 : 0.09 :
0.08 (Fig. 8b). This indicates a smaller proportion of C–N+/C]
N+ bonds concomitant with an increase in the proportion of C–
N/C]N bonds in the POT-ES/RGO composite compared to POT-
ES. This result conrms the mechanism proposed in Scheme
1S, where the formation of new covalent bonds of the type C–N
onto the surface of RGO sheets is reported. Fig. 8d shows the
deconvolution of the XPS N 1s spectrum of the POT/RGO
composite, when only two bands with maxima at 399.3 and
401 eV, assigned to the C–N]C and C–NH–C bonds, are
observed.28 The deconvolution of the XPS O 1 s spectrum of the
Fig. 8 XPS spectra of POT-ES and the POT/RGO composites obtained
by the electrochemical polymerization of OT in the presence of RGO
sheets: C 1s (a, and b), N 1s (c, and d), and O 1s (e, and f).

© 2026 The Author(s). Published by the Royal Society of Chemistry
POT/RGO composite (Fig. 8f) shows three bands located at
531.5, 532.8, and 534 eV that were assigned to the C]O, S–O/C–
O, and O–H bonds.33 The ratio of the intensities of the bands
assigned to C]O and S–O bonds is 1 : 0.6 for both POT-ES and
the POT-ES/RGO composite, which indicates similar repeating
units in the two compounds. The spectroscopic and electro-
chemical results demonstrate that electrochemical polymeri-
zation in the presence of RGO leads to a structurally integrated
composite, in which covalent bonds and enhanced electronic
coupling enhance charge transport while maintaining a quasi-
reversible redox behavior. This provides a direct link between
the molecular structure of the composite and its electro-
chemical response, addressing the role of RGO in modulating
both conductivity and redox activity.
3.3 Preliminary studies of the electrochemical properties of
the POT/RGO composites as promising active electrode
materials in symmetrical supercapacitor cells

Fig. 9 shows cyclic voltammograms of POT-EB, the POT/RGO
composites prepared by the interaction of the two constitu-
ents, and chemical and electrochemical polymerization of OT in
the presence of RGO, when a membrane of Naon activated
with 1 M H2SO4 as electrolyte was used.

A careful analysis of Fig. 9 highlights that the voltammetric
output currents of the composites prepared by the three
methods are superior to those reported for POT-EB. This is due
to the large surface area of RGO and improved electrical
conductivity at the electrode/electrolyte interface. However, the
magnitude of this improvement strongly depends on the
synthesis method, reecting the structural differences evi-
denced by Raman, FTIR, and XPS analyses. Current densities
have two components: one is related to the double-layer charge
at the electrode/electrolyte interface, and the other is induced
by the intercalation processes, which are controlled by diffu-
sion. The contribution of the two processes, i.e., capacitive and
diffusion, can be determined using the following equation: i(V)
= a × vb, where i and v correspond to current density (A cm−2)
and potential scan rate (mV s−1), while a and b are two
constants.34 Depending on the value of b, estimated from the
slope of the plot of log(i) vs. log(v), the electrode material shows
the following: (a) b = 1, a redox reaction at the electrode surface
and the charge/discharge processes of the electric double-layer
capacitors (EDLC); (b) 0.8 < b < 1, pseudocapacitive behavior; (c)
0.5 < b < 0.8, battery-type behavior.34 The results shown in Fig.
9g and h demonstrate clearly that (a) the electrodes based on
POT-EB, POT-ES, and POT/RGO prepared by chemical and
electrochemical polymerization of OT in the presence of RGO
sheets have a battery-type behavior, indicating that charge
storage is dominated by diffusion-controlled intercalation
processes; (b) electrodes having active material composites
resulting from the interaction in the solid state of the two
constituents, i.e., POT-EB and RGO, show pseudocapacitive
behavior. This difference can be directly correlated with the
structural features identied earlier: the weak p–p interactions
in solid-state composites favor surface-controlled processes,
whereas the stronger coupling and partial protonation observed
RSC Adv., 2026, 16, 21791–21804 | 21799

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00288a


Fig. 9 5th cyclic voltammogram of POT-EB (a), POT-EB/RGO
composites obtained by the solid-state interactions of the two
constituents, with RGO concentrations of 25 wt% (b) and 50 wt% (c) as
well as by the chemical polymerization of OT in the presence of RGO
at an RGO concentration of 20 wt% (d); POT-ES (e), and the POT-ES/
RGO composite (f) synthesized by the electrochemical polymerization
of OT in the presence of RGO. Black, red, green, blue, magenta, and
dark yellow in figure a–f correspond to the cyclic voltammograms
recorded at the scan rates of 200, 100, 75, 50, 25, and 10 mV s−1

,

respectively. Figure (g) and (h) show dependence of the b-value on
voltage in the case of the supercapacitors having electrode materials
of POT-EB and POT-EB/RGO composites synthesized by solid state
interactions and chemical polymerization as well as POT-ES and the
POT-ES/RGO composite synthesized by the electrochemical poly-
merization of OT in the presence of the RGO sheets, respectively.

Fig. 10 Deconvoluted intercalation (pink area) and capacitance (white
area) of POT-EB (a), the POT-EB/RGO composites with RGO
concentrations of 25 wt% (b) and 50 wt% (c) obtained by interactions in
the solid state; the POT/RGO composite obtained by the chemical
polymerization of OT in the presence of the RGO (d), the RGO
concentration in the composite was 20 wt%), POT-ES (e), and the
POT-ES/RGO composite obtained by the electrochemical polymeri-
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in chemically/electrochemically synthesized materials promote
bulk redox activity.

In order to assess the contribution of the surface capacitive
process and the process of intercalation, which is controlled by
diffusion, in the cyclic voltammograms, the protocol described in
ref. 34–36 is used. Briey, this uses the equation i(V)= k1v + k2v

1/2,
where i(V) is the current density at a xed potential, while k1v and
k2v

1/2 correspond to the weight of the capacitive effect and the
intercalation process. The values of k1 and k2 are determined
from the linear tting of the dependence i(V)/v1/2 vs. v1/2.

The analysis of Fig. 10 and 11 indicates that electrodes
containing the active materials POT-EB and the POT/RGO
composite, with an RGO concentration equal to 20 wt%,
21800 | RSC Adv., 2026, 16, 21791–21804
prepared by chemical polymerization of OT in the presence of
RGO, have a signicant contribution from diffusion-controlled
intercalation processes, consistent with the presence of
protonated POT-ES structures and enhanced ion insertion
within the bulk material. This behavior is in agreement with
FTIR and Raman results, which indicated increased structural
reorganization and a higher density of redox-active sites. The
increase in the RGO concentration in the POT-EB/RGO
composite mass, prepared by the interaction in the solid state
of the two constituents, leads to an increase in the capacitance
of the symmetrical supercapacitors. In contrast to POT-ES, the
presence of RGO in the composite prepared by the electro-
chemical polymerization of OT leads to an increase in the
contribution of capacitive processes compared with that of
diffusion-controlled intercalation processes. The reactions that
take place at the electrode/electrolyte interface are shown in
Scheme 2S.

Fig. 12 shows the dependence of capacitance on the poten-
tial scan rate of the electrodes prepared in this study. A decrease
in capacitance as the potential scan rate increases occurs in all
cases. At the same potential scan rate, e.g. 10 mV s−1, the
capacitance of PANI-EB and the composites obtained by the
solid-state interactions of the two constituents having the
zation of OT in the presence of the RGO sheets (f).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Contribution ratios between capacitive and diffusive processes
for the samples of (a) POT-EB (sample A), the POT/RGO composites
with an RGO concentration equal to 25 wt% (sample B) and 50 wt%
(sample C), the POT-EB/RGO composite synthesized by the chemical
polymerization of OT in the presence of the RGO sheets with an RGO
concentration of 20 wt% (sample D) and (b) POT-ES (sample E) and the
POT-ES/RGO composite synthesized by the electrochemical method
(sample H).

Fig. 12 Dependence of capacitance on the potential scan rate of
electrodes based on (a) POT-EB, (b) the POT-EB/RGO composite,
prepared by the interaction of the two constituents in the solid state,
when the RGO concentration was 25 wt%, (c) the POT-EB/RGO
composite, resulting from the solid-state interactions of the constit-
uents with an RGO concentration of 50 wt%, (d) the POT-EB/RGO
composite synthesized by the chemical polymerization of OT in the
presence of RGO sheets, with the RGO concentration in the
composite mass being 20 wt%, (e) POT-ES, and (f) the POT-ES/RGO
composite synthesized by the electrochemical polymerization of OT
in the presence of RGO.

Fig. 13 Dependence of capacitance on the number of cyclic vol-
tammograms recorded at a potential scan rate of 200 mV s−1 in the
case of electrodes based on (a) POT-EB, (b) the POT-EB/RGO
composite prepared by the interaction of the two constituents with an
RGO concentration equal to 50 wt%, (c) the POT-EB/RGO composite
synthesized by the chemical polymerization of OT in the presence of
RGO sheets with an RGO concentration in the composite mass equal
to 20 wt%, (d) POT-ES, (e) the POT-ES/RGO composite synthesized by
the electrochemical polymerization of OT in the presence of RGO and
(f) the POT-EB/RGO composite prepared by the interaction of the two
constituents with an RGO concentration equal to 25 wt%.
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concentration of RGO equal to 25 wt% and 50 wt% in the
composite mass and the POT/RGO composite synthetized by the
chemical polymerization of OT in the presence of RGO sheets
varied from 95.82 mF cm−2 (Fig. 12a) to 110.31 mF cm−2

(Fig. 12b), 194.98 mF cm−2 (Fig. 12c) and 1197.23 mF cm−2

(Fig. 12d), respectively. In the case of the supercapacitors based
on electrodes containing POT-ES and the POT-ES/RGO
composite as active materials, compounds synthesized by the
© 2026 The Author(s). Published by the Royal Society of Chemistry
electrochemical polymerization of OT in the absence and in the
presence of RGO sheets, the capacitance varied from 139.88 mF
cm−2 (Fig. 12e) to 1524.62 mF cm−2 (Fig. 12f) when the potential
scan rate was of 10 mV s−1. The signicantly higher capacitance
of composites obtained by chemical and electrochemical poly-
merization (Fig. 12d and f) can be attributed to the combined
effects of (i) increased electrical conductivity due to enhanced
conjugation (as shown by Raman scattering), (ii) higher density
of redox-active sites associated with protonated POT-ES struc-
tures (as highlighted by FTIR spectroscopy and XPS), and (iii)
improved electrode/electrolyte interface provided by RGO
sheets. In the case of the electrochemically synthesized
composites, the covalent functionalization of RGO with POT
leads to a more efficient electronic coupling, which explains the
highest capacitance values observed. The increased contribu-
tion of capacitive processes in these materials indicates
improved surface accessibility, consistent with the structural
modications evidenced by Raman and FTIR spectroscopy.

Fig. 13 shows the dependence of the capacitance of the
supercapacitors having electrodes based on POT-EB, POT-ES,
the POT-EB/RGO composites prepared by the interaction of
the two constituents, when the RGO concentration was equal to
50 wt%, the POT-EB/RGO composite chemically synthesized
with a RGO concentration equal to 20%, POT-ES, and the POT-
ES/RGO composite electrochemically synthesized with the cyclic
RSC Adv., 2026, 16, 21791–21804 | 21801
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voltammogram numbers, recorded when the potential scan rate
was equal to 20 mV s−1. According to Fig. 13, a signicant
decrease in the capacitance takes place in all cases in the rst
1000 cyclic voltammograms. At the end of the 5000 cyclic vol-
tammograms, the capacitance values of the electrodes having
the active materials of POT-EB and the POT/RGO composites
obtained by the interaction in the solid state of the two
constituents, chemical polymerization and electrochemical
polymerization, respectively, of OT in the presence of RGO were
26.2 mF cm−2 (Fig. 13a), 48.6 mF cm−2 (Fig. 13f), 66.75 mF cm−2

(Fig. 13d), 72.66 mF cm−2 (Fig. 13b), 573.53 mF cm−2 (Fig. 13c)
and 828.96 mF cm−2 (Fig. 13e). Materials obtained by electro-
chemical polymerization exhibited signicantly higher residual
capacitance than POT-EB and the solid-state composites. This
improved stability can be attributed to the stronger interfacial
bonding between POT and RGO, which prevents structural
degradation during repeated charge/discharge cycles. The
weaker interactions in solid-state composites lead to poorer
mechanical and electrochemical stability.

These preliminary results demonstrate that the electro-
chemical performance of the POT/RGO composites is governed
not only by the presence of RGO but, more importantly, by the
nature of the interactions between the polymer and RGO.
Strong electronic coupling, partial protonation, and covalent
functionalization collectively lead to enhanced charge trans-
port, increased redox activity, and improved capacitive
performance.

4 Conclusions

Herein, we have reported new results from our investigation on
the inuence of the synthesis route on the structural and
electrochemical properties of the POT/RGO composites, and we
aimed to identify the key parameters governing their perfor-
mance as electrode materials for supercapacitors. The results
obtained from Raman scattering, FTIR spectroscopy, X-ray
photoelectron spectroscopy, and cyclic voltammetry demon-
strate that the electrochemical behavior of these materials is
strongly dependent on the nature of the interaction between
POT and RGO. While the solid-state interaction of POT with
RGO leads to weak p–p coupling and predominantly pseudo-
capacitive behavior, the chemical and electrochemical poly-
merization of OT in the presence of RGO promotes partial
protonation of the polymer (POT-ES), increased C–N bonding,
and stronger electronic coupling with RGO sheets. These
structural features directly enhance charge transport, increase
the density of redox-active sites, and improve electrolyte acces-
sibility, resulting in signicantly higher capacitance values and
improved electrochemical performance. In particular, the POT-
ES/RGO composites obtained by electrochemical polymeriza-
tion exhibit the best performance (having a capacitance value of
828.96 mF cm−2) due to the formation of covalent bonds and an
optimized interface structure. Electrodes based on POT EB, POT
ES, and the chemically or electrochemically synthesized POT/
RGO composites exhibit battery-type behavior, whereas
composites obtained by solid-state interaction show pseudo-
capacitive characteristics.
21802 | RSC Adv., 2026, 16, 21791–21804
This study has highlighted that the optimization of the
polymer–carbon interface, rather than simply increasing the
RGO content, is the key factor in designing high-performance
electrode materials. These ndings provide useful guidelines
for the development of advanced conducting polymer-based
composites for energy storage applications. Future work will
focus on improving the long-term cycling stability, exploring
scalable synthesis strategies, and the use of composite mate-
rials in asymmetric supercapacitor cells.
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