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Abstract: In this work, hierarchically porous composites were prepared in the form of activated
carbon cloth (CC) Busofit T–1–055 filled with an electrically conductive polymer, polyaniline (PANI),
for use as pseudocapacitive electrodes of electrochemical supercapacitors (SCs). CC fibers have
high nanoporosity and specific surface area, so it was possible to deposit (via the chemical oxidative
polymerization of aniline) a significant amount of PANI on them in the form of a thin layer mainly
located on the inner surface of the pores. Such morphology of the composite made allowed the
combining of the high capacitive characteristics of PANI with the reversibility of electrochemical
processes, high columbic efficiency and cyclic stability rather typical for carbon materials of double-
layer SCs. The highest capacitance of composite electrodes of about 4.54 F/cm2 with high cyclic
stability (no more than 8% of capacity loss after 2000 charge–discharge cycles with a current density
of 10 A/cm2) and columbic efficiency (up to 98%) was achieved in 3 M H2SO4 electrolyte solution
when PANI was synthesized from an aniline hydrochloride solution with a concentration of 0.25 M.
Trasatti analysis revealed that 27% of specific capacitance corresponded to pseudocapacitance, and
73% to the double-layer capacitance.

Keywords: electrically conductive polymer; polyaniline; carbon cloth; supercapacitor; chemical
polymerization; pseudocapacitance; double-layer capacitance

1. Introduction

Supercapacitors (SCs) are electrochemical energy storage devices that operate by
storing charge at the surfaces of electrodes. By the mechanism of charge accumulation, they
can be subdivided into electrical double-layer SCs (EDLCs), pseudocapacitors, and hybrid
SCs [1–3].

In EDLCs, charge storage occurs in an electrical double layer at the electrode–electrolyte
interface mainly via physical adsorption of ions on the electrode surface. Electrode materi-
als for EDLCs are usually made from activated carbon which has a high specific surface
area due to its porous structure as well as other carbon materials such as carbon nan-
otubes, graphene and carbon onion structures [4–8]. In addition to high specific power, an
important feature of EDLCs is high cyclic stability—they can withstand up to 1 million
charge–discharge cycles without significant change of characteristics. These features make
EDLCs irreplaceable in those cases when high power and impulse character of energy
release is required, for example, at start-up of car engines, diesel locomotives, turbines, re-
generation of transport braking energy, etc. [9–11]. Moreover, EDLCs are increasingly used
as storage devices in distributed energy generation systems and in autonomous hybrid
power supply systems as well as in backup energy storage systems [12,13].

Nevertheless, the specific energy capacity of EDLCs is significantly lower than for
a lithium-ion battery which limits their independent application to some extent. Using
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pseudocapacitive electrode materials allows the increasing of the energy capacitance of
SCs up to several times. The mechanism of charge accumulation by pseudocapacitive
materials is based on fast reversible redox reactions on the surface of the active material
accompanied by a change in the valence state and charge transfer through the surface of
the electrode–electrolyte interface. Additionally, pseudocapacitance can be caused by the
intercalation of charge carriers into the tunnels or pores of the electrode [9,14–16]. Unlike
the processes occurring in lithium-ion batteries, this intercalation does not cause phase
changes in the electrode material. When a pseudo-capacitor operates, this involves transfer
of charge across the electrolyte/electrode interface as in the batteries. However, the voltage
response of the pseudocapacitive electrode to the accumulated charge exhibits capacitor-
type character. In this case, the electrode potential during the faradaic reaction changes
with the charge linearly, or approximately linearly, resulting in a measurable capacitance.
Since the origin of capacitance does not arise from traditional charge separation, as in
the case of classical capacitors or EDLCs, the term “pseudocapacitance” was used. It
was proposed to use transition metal compounds such as RuO2 and MnO2, other metal
oxides, or metal sulfides, nitrides and carbides as pseudocapacitive materials [17–20]. Some
electrically conductive polymers such as polyaniline (PANI), polypyrrole, polythiophene
and their derivatives exhibit rapid and reversible redox processes in certain electrolytes,
and thus have attracted considerable interest as pseudocapacitive materials for energy
storage applications due to their low cost and light weight [21–25]. Apparently, PANI
has the greatest prospects for commercialization since aniline is a common and relatively
low-cost monomer due to the manufacturability of the polymerization process [21,26–28].
There are strong arguments that the nature of the PANI capacitance is due not only to the
rapid reversible redox reaction, but also to the formation of a double layer on interface at
the polymer fibrils/internal solution. This makes PANI-based pseudocapacitive materials
even more interesting for further study [29].

It should be noted that in order to further increase the window of operating potential,
energy and power density, a new type of electrochemical energy storage device has been
developed, which is known as a hybrid capacitor. Generally, hybrid capacitors utilize both
the double layer capacitance and faradaic reaction to charge storage. These are (a) quite
promising devices that can use composite electrodes based on materials with double-
layer capacitance in combination with materials with pseudocapacitance; (b) asymmetric
devices with one EDL electrode and another pseudocapacitive or battery-type electrode;
and (c) asymmetric SCs with one pseudocapacitive electrode and another rechargeable
battery-type electrode.

Composite electrodes can integrate carbon-based materials with pseudocapacitive
materials (e.g., metal oxides and electrically conductive polymers) and thus combine both
electrostatic and faradaic charge storage mechanisms in a single electrode. The carbon-
based materials not only provide EDL capacitance but also provide a high-surface-area
framework or matrix that allows a uniform deposition of pseudocapacitive materials and a
3D charge distribution [30].

A critical drawback limiting the use of pseudocapacitive materials in SC electrodes
is their low cyclic stability which manifests in a decrease of capacitive performance by
more than two times after hundreds of cycles. In the case of conducting polymers, such
as PANI, this phenomenon can be caused by several factors. First of all, this is the con-
tribution of irreversible oxidation and reduction processes that occur upon charging SCs
above a certain threshold potential, leading to the transition of PANI into non-conductive
forms—pernigraniline and leucoemeraldine. Second is the mechanical destruction of PANI
fibers upon the intercalation of counterions with solvent molecules during the charging
process [15,21,25,27].

To increase cyclic stability, it was proposed to deposit PANI on solid carriers such as
carbon nanotubes, graphene, etc. [29–35] Another approach is doping using acids with
bulk anions, such as mellitic acid, to ensure free changes in the PANI macromolecule
conformation during the counterion transportation process [15,24,35–37]. Such approaches
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allow the obtaining of materials with the required combination of characteristics, but the
high cost of components constrains their commercialization.

Carbon cloths are inexpensive and highly conductive materials with excellent mechan-
ical flexibility and strength; they hold great promise as an electrode material for flexible
SCs [38–40]. Additionally, they also have been used as an inert substrate material for the
growth of various metal oxides like TiO2 and MnO2 for various applications [41–45].

In the present work, it was proposed to use an activated CC to create PANI-containing
composites with high capacity and cyclic stability. Analysis of the data in the literature
indicates that carbon cloths can be successfully used as a substrate for the PANI nanostruc-
ture formation; however, the majority of researchers use carbon fibers with small specific
surface areas [46–51]. Fibers of activated CCs have high porosity and a specific surface
area, the modification of which by electrically conductive polymer can lead to significant
growth of the capacitive performance. Additionally, the use of electrode materials based on
CC is promising in flexible electronics systems [52–54]. These considerations were taken
into account in choosing the method of chemical oxidative polymerization of aniline in
the presence of CC for the formation of PANI as a composite filler. On the one hand, it is
known that PANI obtained by chemical polymerization demonstrates a tendency to form
thin layers on the surface of substrates in the polymerizing solution [55]. On the other hand,
it should be taken into account that the chemical method of aniline polymerization can be
scaled up quite easily unlike the electrochemical method and opens excellent prospects for
implementation in production.

The aim of the present work was to obtain CC–PANI composites based on activated
carbon cloth owing to its high porosity and specific surface area, for SCs’ high performance
electrode materials and to study the contribution of PANI pseudocapacitance toward the
total electrical capacitance of the obtained composite materials.

2. Materials and Methods
2.1. Carbon Cloth

Carbon cloth (CC) “Busofit” T–1–055 produced by OJSC «SvetlogorskKhimvolokno»
(Svetlogorsk, Republic of Belarus) was used as the textile carrier structure for obtaining
the composite materials. According to the manufacturer’s specifications, this CC is char-
acterized by high adsorption capacity values for methylene blue (about 400 mg/g) and
iodine (about 130%); additionally, a limiting volume of sorption space for benzene vapor is
at least 0.55 cm3/g. Surface density was 110 ± 20 g/m2. Rectangular swatches of an area
of 80 × 120 mm2 were used to obtain the composite samples.

2.2. Modification of Carbon Cloth with Polyaniline

The mass of aniline required to obtain a solution with a given concentration was
dissolved in a 1 M HCl solution. The CC sample was soaked in 50 mL of the resulting
solution for 40 min. Polymerization was carried out for 40 min at room temperature
by gradually adding 50 mL of (NH4)2S2O8 (oxidizing agent) in the form of solution of
equivalent concentration. After this, the modified cloth was washed in a 1 M HCl solution,
and then the material was dried in air until the mass became constant. The resulting
composites were labeled BP–0, BP–0.125, BP–0.250 and BP–0.300, where BP means «Busofit–
PANI composite» and the number is the molar concentration of aniline in the solution used
for modification (respectively, 0, 0.125, 0.250 and 0.300 mol/L).

2.3. FTIR Spectrophotometry

FTIR-spectrophotometer Nicolet iS20 (Thermo Fisher Scientific Inc., Waltham, MA,
USA) was used to obtain FTIR-spectra of CC and CC–PANI composites in KBr pellets.
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2.4. Scanning Electron and Dual-Beam Microscopy

Microphotographs of the samples were obtained using TESCAN VEGA COMPACT
scanning electron microscope (SEM) and TESCAN AMBER dual-beam scanning electron
microscope (TESCAN Holding Group, Brno, Czech Republic).

Unmodified and modified samples were cut out and fixed on a standard aluminum
pin stub using conductive silver paint. Before transferring the samples into the vacuum
chamber of the electron-ion microscope TESCAN AMBER, a thin (~50 nm) layer of gold
nanoparticles was sputtered onto the sample surface using Quorum Q150R ES Magnetron
sputtering machine (Quorum Technologies Ltd., Laughton, United Kingdom). This FIB-
SEM system combines a gallium liquid metal ion source for sample milling and a field
emission gun scanning electron microscope (FEG–SEM) for high-resolution imaging.

For tomographic serial sectioning, the gallium ion current was set to 1 nA at 30 keV.
The sectioning plane spacing was set to 50 nm over an area of 10 × 7 µm2 resulting in
100 slice images and a total dwell time of 1 h.

High-resolution imaging (2048 × 2048 pixels) was performed using the in-lens sec-
ondary electron detector. The electron current was set to 300 pA at 5 keV. Image acquisition
took 100 s per frame.

2.5. Fabrication of a Supercapacitor Cell

To prepare the electrodes, CC–PANI composite samples were cut into circles of 25 mm
diameter. Using these electrodes, symmetric two-electrode supercapacitor cells were
fabricated. The electrodes were impregnated with 1 M or 3 M aqueous solutions of H2SO4
as electrolyte, separated by a 25 µm thick membrane material 3501–1240M–A (Celgard,
LLC, Charlotte, NC, USA), and placed between two titanium cylindrical current collectors
held together with a clamp.

2.6. Cyclic Voltammetry and Galvanostatic Charge–Discharge

The electrochemical characteristics of CC and CC–PANI composites were studied by
cyclic voltammetry and galvanostatic charge–discharge methods. The measurements were
carried out using potentiostat/galvanostat Elins P30S (Elins, LLC, Moscow, Russia) and a
HIT ASK 2.5.10.8 Analyzer (YAROSTANMASH, LLC, Moscow, Russia).

Capacitance of the supercapacitor cells C/F, specific capacitance of the material per
1 cm2 of electrode C* (F/cm2), cell resistance R (Ohm), energy efficiency ηE (%) and charge
efficiency ηQ (%) of the supercapacitors were calculated from the galvanostatic charge–
discharge (GCD) test results according to Equations (1)–(5)

C = I × ∆tdis/∆U, (1)

R = ∆U’/2I, (2)

C* = 2C/S, (3)

ηQ = (∆tdis/∆tch) × 100%, (4)

ηE = (Wdis/Wch) × 100%, (5)

where I is the discharge current (A); ∆tdis is the discharge time (s); ∆U is the cell voltage
change during discharge after subtraction the ohmic voltage drop (V); S is the electrode
area (mm2); ∆U’ is the ohmic voltage drop on the cell at the beginning of the discharge,
(V); ∆tch is the charge time (s); Wdis is the energy received during SC discharge (J); Wch is
energy spent on the SC charge (J).

The energies Wdis and Wch were calculated by numerical integration of the areas
under the discharge and charge curves, respectively, of the current-by-voltage product as a
function of time obtained during galvanostatic charge–discharge (GCD) test.
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The current–voltage dependences obtained during cyclic voltammetry (CV) were
recalculated into the capacitance–voltage dependencies given per unit area of the electrode
with Equation (6)

C = 2I/(ν × S), (6)

where I is the current flowing through the cell (A) and ν is the sweep rage (V/s).

2.7. Trasatti Method

The contributions of the «inner» capacitance Ci (associated with the pseudocapaci-
tance) and «outer» capacitance Co (associated with the capacitance of the electrical double
layer—EDL) to the total capacitance CT (ultimate value at the potential sweep rate tending
to zero) of electrode materials were estimated by the Trasatti method, according to the
algorithm described in [56], while the total electrical capacitance was determined from the
CV curves with Equation (7)

C = A/(2 × ν × ∆U), (7)

where A is area of the CV curve, ν is the sweep rate (V/s) and ∆U is the voltage range at
CV (V).

The obtained capacitance values were recalculated into area-normalized specific ca-
pacitance according to Equation (6).

3. Results and Discussion

FTIR spectra between 2000 and 400 cm−1 of the BP–0.250 composite, PANI in salt
form, and pure CC BP–0 are given in Figures S1–S3. Compared with the FTIR spectrum
of pure CC Busofit T–1–055, the FTIR spectra of CC–PANI composites exhibit several new
peaks that are ascribed to the typical absorption mode of PANI. The peaks around 1570 and
1482 cm−1 correspond to quinone and benzene ring-stretching deformation, respectively.
The absorption band at 1305 cm−1 corresponds to π-electron delocalization induced in PANI
by protonation. The band characteristic of the conducting protonated form is observed at
1225 cm−1 and interpreted as a C-N+· stretching vibration in the polaron structure. The
intense band at 1140 cm−1 is assigned to a vibration mode of the NH+ = structure, which is
formed during protonation [57,58]. Thus, the spectrum of CC–PANI composites confirms
the formation of polyaniline in the form of protonated emeraldine.

The activated CC Busofit T–1–055 used to produce composites consists of intertwined
carbon fibers with a diameter of about 5 microns (Figure 1). The specific surface area
of CC determined by the BET method is 1271 m2/g (the specific surface area was de-
termined by the BET method, while pore volume and radius were obtained using the
BJH method applied for nitrogen adsorption carried out using a NOVAtouch 2LX An-
alyzer (Quantachrome Instruments, Boynton Beach, FL, USA)). Adsorption/desorption
isotherms and pore size distribution plots for BP–0 and BP–0.250 obtained are presented in
Figure S4a,b. Submicron-sized pores are visible on the surface of the CC fibers (Figure 2a).
As a result of the chemical polymerization of aniline, layers of PANI with a thickness
of about 100–200 nm was formed on the surface of carbon fibers, while an open porous
structure was kept (Figure 2b), providing access for the electrolyte to the inner surface
of the pores. This morphology of the composites allows the expectation of an effective
combination of the double-layer mechanism of energy storage and pseudocapacitance
during the SC functioning.
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Figure 3 shows the BP–0 (pure CC) and BP–0.250 (composite) sample images ob-
tained by dual-beam scanning electron microscopy. Figure 3a,b demonstrate a slice of un-
modified fiber obtained by ion etching. Figure 3c,d illustrate the end face of the PANI-
modified carbon fiber before and after ion microtomy, respectively. As is shown in Figure 
3c, the end face shows a large number of formations in the pores, which are apparently 
formed by PANI particles on the pore walls surface and in the pore volume near the outer 
surface of the fiber. After removal of a part of the fiber by ion beam, the slice shows pores 
moving deep into the fiber in the form of channels with a diameter of 10 to 500 nm, and 
also pore walls going away from the lateral surfaces of the fiber into the depth. At the same 
time, no PANI particles are visible on the pore walls, which implies that mainly the outer 
surface of the fiber at the pore exit points is modified. Moreover, Figure 3a‒d show that 
high porosity is retained within both unmodified and PANI-modified CC fibers, which 
allows energy storage to be realized by a double-layer mechanism. 
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Figure 2. Images of (a) BP–0; (b) BP–0.250 samples obtained by dual-beam scanning electron
microscopy.

Figure 3 shows the BP–0 (pure CC) and BP–0.250 (composite) sample images obtained
by dual-beam scanning electron microscopy. Figure 3a,b demonstrate a slice of unmodified
fiber obtained by ion etching. Figure 3c,d illustrate the end face of the PANI-modified
carbon fiber before and after ion microtomy, respectively. As is shown in Figure 3c, the
end face shows a large number of formations in the pores, which are apparently formed by
PANI particles on the pore walls surface and in the pore volume near the outer surface of
the fiber. After removal of a part of the fiber by ion beam, the slice shows pores moving
deep into the fiber in the form of channels with a diameter of 10 to 500 nm, and also pore
walls going away from the lateral surfaces of the fiber into the depth. At the same time, no
PANI particles are visible on the pore walls, which implies that mainly the outer surface of
the fiber at the pore exit points is modified. Moreover, Figure 3a–d show that high porosity
is retained within both unmodified and PANI-modified CC fibers, which allows energy
storage to be realized by a double-layer mechanism.

Figure 4 demonstrates the dependence of the gravimetrically determined mass fraction
of PANI in CC–PANI composites on the concentration of aniline in hydrochloric acid
solution during polymerization. It can be seen that the mass fraction of PANI does not
change at aniline concentrations above 0.250 M. Most probably, during the impregnation
of CC with the aniline solution before polymerization, the pores of the CC are saturated
with aniline at this concentration, and during polymerization, only the part of the aniline
that was in the pores and on the surface near the pores was transformed to anchor on the
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fibers’ PANI particles. Other PANI particles that were not anchored on the surface and in
the pores were removed after washing the composite. It should be noted that the mass
fraction of PANI in the composite is controlled by the concentrations of the reagents but
does not change when polymerization time is prolonged beyond 40 min.
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Figure 5 illustrates the CV results for SC cells with electrodes made from the prepared
composites when using 1 M (Figure 5a) and 3 M (Figure 5b) sulphuric acid solutions as
electrolyte at a sweep rate of 10 mV/s.
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All composites are characterized by a larger area under the CV curves compared
to the unmodified BP–0 cloth, i.e., by higher specific capacitance. At the same time, the
CV curves for the composites show peaks indicating the occurrence of reduction and
oxidation processes during the charging and discharging of cells, which confirms the
presence of pseudocapacitance. The composites BP–0.125 and BP–0.250 demonstrated the
highest capacitance.

The reversible redox transition between quinoid and benzoid PANI fragments pro-
ceeds via protonation and is accompanied by the diffusion of both protons and counterions:

Crystals 2024, 14, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 4. Dependence of the mass fraction of PANI in the composite on the concentration of aniline 
in hydrochloric acid solution. 

Figure 5 illustrates the CV results for SC cells with electrodes made from the prepared 
composites when using 1 M (Figure 5a) and 3 M (Figure 5b) sulphuric acid solutions as 
electrolyte at a sweep rate of 10 mV/s. 

  
(a) (b) 

Figure 5. CV of SCs with CC−PANI composite-based electrodes and electrolytes based on (a) 1 M 
H2SO4 and (b) 3 M H2SO4 solutions at 10 mV/s. 

All composites are characterized by a larger area under the CV curves compared to 
the unmodified BP–0 cloth, i.e., by higher specific capacitance. At the same time, the CV 
curves for the composites show peaks indicating the occurrence of reduction and oxida-
tion processes during the charging and discharging of cells, which confirms the presence 
of pseudocapacitance. The composites BP–0.125 and BP–0.250 demonstrated the highest 
capacitance. 

The reversible redox transition between quinoid and benzoid PANI fragments pro-
ceeds via protonation and is accompanied by the diffusion of both protons and counteri-
ons: 

NH
+

NH
+ + 2H+ + 2e NH2

+
NH2

+

 
The position of the redox peak can shift depending on changes in the activity of H+ 

ions or in the conditions of the diffusion stage. BP–0.125 sample exhibits a nearly ideal, 
reversible current peak, suggesting a promising composite morphology of this material in 
terms of the PANI accessibility to H+ and HSO4− ions. The amount of PANI within the 

−7

−5

−3

−1

1

3

5

7

0 200 400 600 800

C
*

(F
/c

m
2 )

U (mV)

BP-0
BP-0.125
BP-0.250
BP-0.300

−7

−5

−3

−1

1

3

5

7

0 200 400 600 800

C
*

(F
/c

m
2 )

U (mV)

BP-0
BP-0.125
BP-0.250
BP-0.300

The position of the redox peak can shift depending on changes in the activity of H+

ions or in the conditions of the diffusion stage. BP–0.125 sample exhibits a nearly ideal,
reversible current peak, suggesting a promising composite morphology of this material in
terms of the PANI accessibility to H+ and HSO4

− ions. The amount of PANI within the
pores of the BP–0.250 composite increases, resulting in slower diffusion, as evidenced by
a broadening of the current peak and a shift in its maximum towards higher potentials.
Finally, the PANI in the BP–0.300 composite appears to block the pores of the carbon
substrate, making it more difficult for electrolyte ions to access these pores, leading to a
decrease in the composite capacitance (Figure 5).

Results of the GCD of the SCs at a current density of 10 mA/cm2 are presented in
Figure 6.

The obtained dependences show that with increasing concentration of aniline in
hydrochloric acid solution at polymerization, the specific capacitance of the obtained
composites, as well as the values of ηQ and ηE, increase up to aniline concentration equal
to 0.250 M, after which they decrease. In contrast, the resistance of SC cells decreases
to a minimum at 0.250 M, after which it starts to increase. This is probably associated
with the formation of larger PANI particles at higher concentrations of aniline in the
polymerization solution, which leads to a partial blocking of the CC pores and a decrease
in the electrolyte-accessible pore surface of the electrode material.

In order to investigate the cyclic stability of the electrode materials’ capacitive charac-
teristics during long-term cycling, electrodes based on composite BP–0.250, which have
the highest specific capacitance, and on unmodified CC BP–0 were subjected to long-term
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testing by the GCD method at a current density of 10 mA/cm2 for 2000 charge–discharge
cycles in electrolyte based on 3 M sulphuric acid solution. The results are presented in
Figure 7.
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Figure 7. (a) Cyclic stability of specific capacitance C* and (b) retention capacitance C/C0 during
long-term GCD of the composites at a current density of 10 mA/cm2 for 2000 cycles.
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The electrochemical characteristics of BP–0 and BP–0.250 composites at 3rd and 2000th
galvanostatic charge–discharge cycles are shown in Table 1. Figure 8 demonstrates the
comparison of CV curves at a sweep rate of 10 mV/s for these composites before and after
2000 cycles.

Table 1. Changes in electrochemical characteristics of BP–0 and BP–0.250 samples at 3rd and 2000th
galvanostatic charge–discharge cycles.

Sample C* (F/cm2)
at 3rd and 2000th Cycle

Rdis (Ohm)
at 3rd and 2000th Cycle

ηE (%)
at 3rd and 2000th Cycle

ηQ (%)
at 3rd and 2000th Cycle

BP–0 1.68 1.58 0.541 0.585 71.4 71.2 94.1 93.9
BP–0.250 3.91 3.61 0.302 0.382 78.0 78.1 98.0 98.1
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Figure 8. CV curves at 10 mV/s for (a) BP–0 and (b) BP–0.250 before and after 2000 cycles.

It is known that usually PANI as an electrode material is unstable at long-term oper-
ation; after passing 2000 charge–discharge cycles, the capacitive characteristics decrease
almost twice [21,22]. The technique of using activated carbon cloth as a substrate for the
formation of thin layers of PANI proposed in the present work resulted in composites with
high stability of capacitive characteristics. Thus, the experiments showed that after 2000
charge–discharge cycles, the composite BP–0.250 retains about 92% of its capacitance while
unmodified CC—about 94%.

Figure 9 shows diagrams demonstrating the contribution, estimated by the Trasatti
method, of the specific «inner» Ci and «outer» Co capacitances to the total specific electrical
capacitance of supercapacitor cells with electrode materials based on unmodified CC BP–0
and composites BP–0.125 and BP–0.250 before 2000 cycles (Figure 9a) and for BP–0 and
BP–0.250 after 2000 cycles (Figure 9b).

The diagram shows that 84% of the total specific capacitance CT for the unmodified
CC is due to the «outer» capacitance Co, which is correlated in the Trasatti method with the
capacitance of the EDL, while 16% is due to the «inner» pseudocapacitance Ci. The BP–0.125
composite showed more than double increase of the total specific capacitance, 85% of
which identified as double-layer capacitance and 15% as pseudocapacitance. The BP–0.250
composite is characterized by an even larger increase in total capacitance, 73% of which is
also related to double-layer capacitance and 27% to pseudocapacitance. Both capacitance
components (Ci and Co) for the composites increase in absolute values compared to the
unmodified CC. At the same time, the specific surface area determined by the BET method
was 1271 m2/g for unmodified CC BP−0 and 31 m2/g for the BP–0.250 composite, while
the pore volume and radius determined by the BJH method were 0.51 cm3/g and 1.91 nm,
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respectively, for BP–0 and 0.11 cm3/g and 1.91 nm, respectively, for BP–0.250. It should be
noted that, firstly, the measured value of the specific surface for the PANI-modified CC,
apparently, does not correspond to the value of the surface available to the electrolyte in
the composite; during gas adsorption, the polymer is in a dried state with high density and
low gas permeability, while in the electrolyte PANI swells and turns out to be permeable
to a certain extent both for the solvent and for a significant part of ions. The latter makes
the surface of the electrode material which is accessible for the electrolyte higher than
that determined by gas adsorption. Secondly, the high proportion of EDL capacitance in
PANI-modified CC electrodes is also a result of the specificity of electrochemical processes
during PANI charging and discharging, which generates corresponding terminological
difficulties [9]. On the one hand, these processes include changes in the electronic state of
atoms (their oxidation state), i.e., they have a faradic, chemical nature, and therefore can
be regarded as pseudocapacitance. On the other hand, electrically conductive polymers
have metallic-type electrical conductivity, and therefore the process of charge transfer and
accumulation in them proceeds in the same way as it occurs in metals, i.e., the resulting
electrical capacitance is double-layer in nature. Therefore, the question of whether to
consider the process as EDL charging or as Faraday pseudocapacitance depends on whether
delocalized conduction band electrons are involved, or conversely, local changes in the
degree of oxidation in the monomeric links of the polymer chain. It is assumed [9] that
initially, at low oxidation states, the process of the second type is more pronounced, while
at higher oxidation degrees, the charge centers become more and more delocalized, as a
result of which the charge process changes its type to a double-layer one. Comparison of
Figure 9a,b shows that in both cases of the unmodified CC and the composite, the decrease
of capacitance occurs to a certain degree mainly because of pseudocapacitance lowering
(0.30 to 0.25 F/cm2 for BP–0 and 1.22 to 0.90 F/cm2 for BP–0.250) while the double layer
capacitance changes negligibly (1.52 to 1.49 F/cm2 for BP–0 and 3.32 to 3.21 F/cm2 for
BP–0.250).
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Figure 9. The results of Trasatti method CV analysis for (a) unmodified CC (BP–0) and composites
BP–0.125, BP–0.250 before 2000 cycles and (b) CC BP–0 and BP–0.250 after 2000 cycles.

4. Conclusions

PANI-containing composites based on commercially available, porous, activated CC
Busofit T–1–055 were obtained by chemical oxidative polymerization. It is shown that
PANI is formed predominantly in the CC pores near their orifice to the carbon fiber surface.
The mass fraction of the PANI in the composites is 10–12%, which is found to be sufficient
to enhance the capacitive performance of the composites by more than 2.5 times compared
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to unmodified CC. At the same time, a high open porosity is preserved inside the CC fibers
after PANI modification, which allows energy storage to be realized also by a double-layer
mechanism. Analysis of CV results for the obtained CC–PANI composites using the Trasatti
method showed that the pseudocapacitance gives a much lower contribution to the total
capacitance of the composite electrode material than the EDL capacitance. In the case of
the composite obtained by CC modification at polymerization from a solution with 0.250 M
aniline concentration, their shares are 17% and 83%, respectively, which is explained by the
peculiarities of the mechanism of charge accumulation in electrically conducting polymers
including the involvement of delocalized conduction band electrons in the process. The
presence of a significant amount of unmodified carbon material in the CC–PANI composites
causes the obtained composites to retain high values of electrical conductivity and current
and energy efficiencies. Due to the fact that PANI is formed as thin layers on the developed
CC surface, the composites have high lifetime stability, showing retention of more than 90%
of the initial capacitance after 2000 charge and discharge cycles. The composites possess a
combination of properties that make them attractive for use as SC electrode materials. The
commercial availability of the materials used and the manufacturability of the composite
fabrication process also contribute to the possible commercialization of the development.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst14050457/s1: Figure S1: FTIR spectrum of BP–0.250 CC–
PANI composite; Figure S2: FTIR spectrum of PANI (salt form) obtained by the oxidation of aniline
by ammonium persulfate in sulfuric acid medium; Figure S3: FTIR spectrum of CC Busofit T–1–
055; Figure S4a: Adsorption/desorption isotherms for BP–0 and BP–0.250; Figure S4b: Pore size
distribution plots for BP–0 and BP–0.250; Figure S5: Original, uncropped, and unadjusted image of
unmodified CC fibers obtained by scanning electron microscopy (Figure 1 in the main text); Figure S6a:
Original, uncropped, and unadjusted image of BP–0 sample obtained by dual-beam scanning electron
microscopy (Figure 2a in the main text); Figure S6b: Original, uncropped, and unadjusted image
of BP–0.250 sample obtained by dual-beam scanning electron microscopy (Figure 2b in the main
text); Figure S7a: Original, uncropped, and unadjusted image of BP–0 sample obtained by dual-beam
scanning electron microscopy (Figure 3a in the main text); Figure S7b: Original, uncropped, and
unadjusted image of BP–0 sample obtained by dual-beam scanning electron microscopy (Figure 3b in
the main text); Figure S7c: Original, uncropped, and unadjusted image of BP–0.250 sample obtained
by dual-beam scanning electron microscopy (Figure 3c in the main text); Figure S7d: Original,
uncropped, and unadjusted image of BP–0.250 sample obtained by dual-beam scanning electron
microscopy (Figure 3d in the main text).
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