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Abstract

Supercapacitors are considered as one of the most efficient and reliable approaches to fulfill the specifications of the energy
storage devices, owing to high-efficiency storage of energy, which makes supercapacitive electrode materials provoke large
curiosity. In this work, we report the electropolymerization of poly(p-phenylenediamine) (PpPD) films on lightweight and
inexpensive flexible carbon fiber fabrics by potentiostatic technique. The ladder structure of the electrochemically prepared
PpPD was examined by Fourier transform infrared spectroscopy (FTIR). The surface characteristics and elemental composition
studies were performed through field-emission scanning electron microscope (FESEM) and energy-dispersive X-ray spectros-
copy (EDS), which confirmed the polymerization on the carbon fabrics. The electrochemical behavior of the fabricated
supercapacitors was investigated by electrochemical analysis including cyclic voltammetry, galvanostatic charge—discharge,
and electrochemical impedance spectroscopy. The electrodes presented a good capacitive retention in a sweep rate range between
5 and 100 mV s using cyclic voltammetry. The coated electrode exhibited good electrochemical property with a high specific
capacitance of 80 F g™ at the current density of 1 A g”'. The high electrochemical performance is associated to the outstanding
conductivity, high electrochemical stability, and superior flexibility of the carbon fiber fabrics. The accomplishment of such
superior performance, lightweight, and mechanically flexible supercapacitor can stimulate the use in energy storage applications
and wearable electronics.
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Introduction storage devices. Numerous materials have exceptional prop-
erties such as strength, flexibility, energy storage capacity, low
The search for new materials finds support in several electro-  cost, miniature, and friendly environmental impact which are

chemical applications ranging from biosensors to energy  desirable characteristics for a material to be regarded as prom-
ising and economically/environmentally sustainable for these
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has led to an unsustainable demand for the energy matrix.
This permanent energy crisis and the aggravation of the envi-
ronmental problems generated by the use of fossil fuels and
other sources have led to the search for energy sources and
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combining several properties in one fabric. Conductive tex-
tiles carbon fabrics and carbon nanotube fibers come to pres-
ent promising applications in areas such as wearable electron-
ic devices, biosensors, flexible energy storage, and power gen-
eration devices [4—-14]. Among the various energy storage
applications, supercapacitors (also known as electrochemical
capacitors) are one of the most promising energy storage de-
vices owing to their good power density, high energy density,
and remarkable stability. It has been exhaustively studied as
excellent power sources for the next generation developed in
miniaturized all-in-one wearable and consumer electronics.
Generally, supercapacitors can be classified in two categories
based on different mechanisms of energy storage [12]: (i)
electrical double-layer capacitors (EDLCs) and (ii)
pseudocapacitors. EDLCs are depending on electrostatic
charge accumulation by absorption/desorption of oppositely
charged ions formed at the electrolyte/electrode interface;
however, pseudocapacitors are depending on rapid and revers-
ible Faradaic reactions on the electrode surface to store energy.
Carbon fabrics has been known as lightweight and flexible
electrode materials for supercapacitors, constructed by carbon
fibers through numerous functional materials such as carbon,
polymers, metal oxides, metal hexacyanoferrates, and its com-
posites [4, 13].

So far, the use of polyaniline (PANI) materials for
supercapacitors has been very attractive. Owing to its benefi-
cial properties like less expensive, excellent conductivity, fac-
ile synthesis added to multiple redox states and well-behaved
electrochemistry, supercapacitors may allow high
pseudocapacitance [1, 4, 13, 15, 16]. The easy oxidative po-
lymerization of aromatic amines, as aniline, using electro-
chemical process has been exhaustively studied. However,
mechanical degradation of the PANI-based electrode is a real
issue. During charging-discharging process, physical degrada-
tion caused by swelling and shrinkage may occur, reducing
life time and decreasing electrochemical performance. In ad-
dition, according to the degradation of PANI, the over-
oxidation may occur at high potentials, leading to relatively
low working potentials of PANI electrodes [17, 18].

Electropolymerization of aromatic diamines (AD) may be
more attractive since they exhibit advantages including a nov-
el multifunctionality, heterogeneity of macromolecular struc-
ture, and electroconductivity than PANI owing to one amino
group is free per repeat unit on the polymers and potentially
wide applicability [19, 20]. The application of ortho-, meta-,
and para-phenylenediamine-based supercapacitors has been
reported earlier. Poly ortho-phenylenediamine (PoPD) was
electrochemically polymerized in the presence of sodium do-
decyl sulfate (SDS) in indium tin oxide electrode; the resultant
electrode achieved the specific capacitance of 106 F g ™' at the
scan rate of 5 mV s ' in I M KNOj [21]. Para-
phenylenediamine (pPD) is one of the important isomers of
phenylenediamine (PD) that belongs to aniline derivatives but
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shows different properties when compared to it [22].
Graphene/pPD nanocomposites as electrode material for
supercapacitor have specific capacitance of 248 F g ! in acidic
medium [23]. Chen et al. employed pPD to activate graphene
which was meanwhile covered by pPD and the material
achieved the specific capacitance of 122 F g ' [24].
Graphene covalently functionalized with PpPD as electrode
material for supercapacitors and it exhibits high specific ca-
pacitance of 347 F g ' at 1 A g ' [25]. Archana et al. have
synthesized and characterized the pPD with and without an-
ionic surfactant in mild acidic conditions and evaluated the
changes at the morphology and physical properties [26].
They concluded that the prepared polymer had semiconduct-
ing properties which can make this material useful for
supercapacitor studies. So far, the use of pPD in
supercapacitors was already discussed in [27, 28]. Wu et al.
developed a redox medium using pPD and KOH to be used as
electrolyte for supercapacitors [27]. The inherent reduction/
oxidation states and rapid reversibility properties for
Faradaic reactions of the pPD made it appropriate to be used
in supercapacitors. It exhibited an increase in the specific ca-
pacitances and the energy density when compared using only
KOH as electrolyte. Further, more recently, polyaniline nano-
fibers were prepared with binary oxidant containing ammoni-
um persulfate and ferric chloride at the presence of pPD acting
as initiator accelerating the reaction rate [18].

Herein, we demonstrated the application of lightweight
carbon fiber fabrics as the base electrode for
electropolymerization of pPD-based binder-free and flexible
supercapacitor. The one-step deposition of the polymer films
on surface of the carbon fiber fabrics (CFFs) electrode having
an acid aqueous medium as electrolyte was performed using
cyclic voltammetry technique. The selection of the aqueous
medium was made since it was already reported in non-
aqueous solvents that pPD does not electropolymerize [20].
Despite the studies made so far, the effects of polymerization
of pPD in the preparation of carbon fiber electrodes to be used
in supercapacitor studies are not clear. The purpose of this
article is to investigate the electrodeposition of pPD on carbon
fiber in different concentrations using aqueous sulfuric acid
solution as medium without the presence of surfactants using
cyclic voltammetry technique. The obtained polymer film was
characterized and confirmed by FTIR, FESEM, by cyclic volt-
ammetry (CV), and electrochemical impedance spectroscopy
(EIS).

Experimental

Chemicals

p-Phenylenediamine was supplied by Sigma Aldrich®. The
other chemicals with AnalaR-grade were purchased and used
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without any specific treatment. Low-resistance carbon fiber
fabrics types RC200P (<10 Q) were purchased from
Barracuda™, Brazil. Further, double-distilled water was used
for all experiments.

Material characterization

The fabricated PpPD/CF electrodes were characterized by
FTIR (Agilent Cary 630® FTIR spectrometer, USA) in the
range from 4000 to 400 cm ' allowing to see the deposition at
the surface of the carbon fiber electrode. The electrode surface
morphology was analyzed by FESEM obtained with Thermo
Scientific™ Quattro (ThermoFisher Scientific, USA).

The electrochemical behaviors of the fabricated electrodes
were analyzed by CV, galvanostatic charge—discharge (GCD),
and EIS techniques using the multi-potentiostat (IVIUM
Technologies). At room temperature, the three-electrode cell
configuration with 1.0 M H,SO, aqueous solution as the elec-
trolyte was used to measure the electrochemical property. The
PpPD/CF, platinum sheet, and Ag/AgCl electrodes were used
as the working electrodes, counter electrode, and reference
electrode, respectively. CVs were performed at various scan
rates between 5 and 100 mV s~ '. The EIS was evaluated under
the half-wave potential (£°) by sweeping the frequency be-
tween 1 Hz and 100 kHz at amplitude of 50 mV.

From the experiment results, the values of specific capac-
itance were calculated by integrating the CV profile of the
working electrode (current versus potential) by means of the
following equation [29-32]:

v
Spc = mfﬁvfl(v)dv (1)
where S,¢ is the working electrode gravimetric capacitance
(F g1, m is the electroactive material weight coated on the
working electrode (g), ¥ is the applied scan rate (Vs '), AVis
the potential window scanned, and / is the instantaneous cur-
rent (A) appropriate to CV curves. This equation takes into
consideration that the anodic voltammetric charges and ca-
thodic voltammetric charges may not be the same in that the
shape of CV curves may not have the ideal mirror symmetry.

From the CV curves, it is possible to observe that there are
two different kinds of capacitive contributions: one double-
layer capacitance from the carbon fiber and other
pseudocapacitance from PpPD redox reactions.

From Eq. (2), the galvanostatic capacitances were calculat-
ed using the integral current area of the discharge curve. The
quasi-reversible faradaic reactions make the charge/discharge
curves non-symmetric turning the integral of the discharge
area necessary to determine the energy density [33, 34]:
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where S, is the gravimetric capacitance of the working elec-
trode (F g "), m is the weight of the electroactive material of
the electrode (g), [vdt is the integral current area of the dis-
charge curve, where Vis the potential window with the initial
and final value of V| and V), respectively.

Electrode fabrication

The CFF were cut at the desired size (1.0 cm x 1.0 cm) and a
few stitches were done for better fixation of the material. No
additional preparation was done since CFF material was me-
chanically strong and flexible and has high conductivity and
very low weight. The p-phenylenediamine was deposited into
CFF electrodes by electropolymerization method using cyclic
voltammetry with four different concentrations (1, 3, 5, and
10 mM) with 50 mL each one containing 1.0 M of H,SO, as
electrolyte. After drying in ambient temperature, the elec-
trodes were cleaned with distilled water several times to elim-
inate the monomers and unbound polymer materials on the
surface of electrode and dried in room temperature overnight.
The mass of the coated active material on the CFF electrode
surface was optimized at approximately 1.0 mg cm 2.
Figure 1a demonstrates the polymerization setup and Fig. 1b
the snapshot of the bare carbon fiber electrode.

Results and discussion
Mechanism of PpPD electrochemical polymerization

The electrochemical polymerization of pPD on the surface of
carbon fiber fabrics electrode was made by cyclic voltamme-
try (CV) technique in the potential window between — 0.2 and
1.2 V during 50 continuous cycles at a sweep rate of
50 mV s ' in 1 M H,SO, (see supplementary information
Fig. S1). Figure 2a shows all polymerization cycles for

b

Fig. 1 Electrodeposition apparatus a three electrodes cell experimental
setup and b flexible carbon fiber fabrics

@ Springer



3044

lonics (2020) 26:3041-3050

Fig. 2 CV curves of pPD
electropolymerization a 50
continuous cycles for 5 mM pPD
concentration and b 50th cycle of
1,3, 5, and 10 mM pPD for
comparison
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5 mM pPD in the electrode surface at a sweep rate of
50 mV s '. From the peaks, it is possible to see the reversibil-
ity of the process and that the repetitive cycling leads to the
formation of the polymer film. With the increase of the con-
centration, it is possible to see the current density growth.
Figure 2b shows a comparison between the last cycles of
polymerization of all electrodes and a bare carbon fiber elec-
trode. At concentration of 5 mM, the current reaches more
than three times the one of 1 mM concentration. In concentra-
tion of 10 mM, the current density does not increase much
compared with the 5 mM electrode. All the cases of CV dis-
play a pair of well-defined redox peaks. The oxidation peak at
+ 600 mV may be associated with removal of an electron from
one of the amino group nitrogen to form the radical cation,
which occurs after adsorption of the monomer on the carbon
fiber fabrics. Subsequently, the cleavage of C—N bond forms a
radical cation that attacks other monomer pPD molecule lead-
ing to the formation of semiquinone radical cation (polaron
state), and the suggested growing mechanism of the prepared
PpPD is illustrated in Scheme 1. On backward scan, the ca-
thodic current increase indicates the presence of PpPD poly-
mer layer adhered to the CFF electrode surface. Near from +

Electrode
surface

adsorption

=>

NH; NH;

CN - bond

Cleavage

.+
== NH; NH;

Scheme 1 Suggested growing mechanism of the prepared PpPD
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300 mV, one cathodic peak was formed and might be ascribed
to the reduction reaction of the radical cation to the pPD
monomer (conjugated to the anodic peak) [16, 34]. On con-
tinuous cycling, the CVs identical to that of the second scan
are attained showing progressive growth of the PpPD on the
electrode surface with the corresponding increases in the cur-
rent density with the number of scans.

FTIR spectroscopy

The FTIR spectra for the PpPD/CF electrodes with different
molar ratios are presented in Fig. 3 for a convenient compar-
ison and allowing the identification of the functional groups
present in the polymer film [16, 25, 34]. The infrared vibration
bands for the monomer and the PpPD at the carbon fiber
shown at the spectra are in accordance with previous reports.
The pPD monomer showed peaks around 3372 and
3301 cm ! regarding NH, asymmetric stretching vibration
of aromatic amine [34]. Those peaks did not appear at the
PpPD spectra. The band at 1505 cm™' was attributed to the
stretching vibrations of C=N bond of phenazine ring [25]. The
peak at 1406 cm ™' is the characteristic stretching vibrations of

oxidation

. +
== NH; NH;

= OO



lonics (2020) 26:3041-3050

3045

5mM PpPD

3mM PpPD

S pPD
W

|

Transmittance (a.u.)

4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm™)

Fig. 3 FTIR spectra of pPD monomer and PpPD-coated electrodes for
1 mM, 3 mM, and 5 mM concentrations

C—N—C linkage of benzenoid and quinoid imine units [25].
The peak at 1236 cm ' is ascribed with the stretching vibra-
tion of C-N bond of benzonoid ring [16, 33]. The peaks at 820
and 805 cm™' can be attributed to the out-of-plane bending
stretching vibration of the benzene ring [25, 35]. These peaks

Fig. 4 FESEM images of the
coated CFF witha 1 mM PpPD, b
1 mM single fiber detail, ¢ 3 mM
PpPD, d 3 mM single fiber detail,
e 5 mM PpPD, and f 5 mM single
fiber detail

give indications of the formation of PpPD film in the carbon
fiber.

FESEM and EDS mapping

The surface morphology of the different PpPD/CF fabricated
electrodes was studied through FESEM analysis. Figure 4a, c,
and e shows the low-magnification FESEM of the PpPD/CFF
electrode with 1 mM, 3 mM, and 5 mM concentrations. It is
possible to see unidirectional carbon fiber with around 5 pm
diameter with enough gap to another carbon fiber and enough
pores of individual fibers, which helps for more wettability of
electrolyte and the polymer coating evenly throughout the
electrode surface. Enlarging the image with higher magnifica-
tion (Fig. 4b—f) is possible to see the homogenous polymeri-
zation by PpPD at the surface of the carbon fiber. Figure 4d
shows clearly the faceted plate-like particles with a wide size
distribution, which confirms that the pPD get polymerized.
Figure 4e shows the FESEM of the electrode with the highest
pPD concentration (5 mM). With a good approximation of the
electrode (Fig. 4f) it is possible to see the good adhesion and
homogeneous distribution of the PpPD polymer at the surface
of the CFF electrode.

Fig. S2 presents the EDS spectra to confirm the existence
of N, O, and S in the surfaces of CFF electrode. The elemental

@ Springer
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Table 1 Elemental composition

for the polymerized electrodes Material C (Wt%) N (wt%) O (Wt%) Al (Wt%) Si (Wt%) S (wt%) Ca (Wt%)
with different PPD concentrations
1 mM 72.26 18.21 8.37 - 0.26 0.90 -
3 mM 61.17 19.86 17.78 0.23 0.65 0.31 -
5 mM 75.55 19.54 427 - - 0.52 0.12
Error +0.68 +4.46 +1.46 +0.04 +0.05 +0.07 +0.03

compositions are shown in Table 1. Nevertheless, peaks from
the substrate and electrolyte (Si, S, and O) were inevitable
since the formed coating is thin. The images of EDS mapping
confirmed that carbon is the predominant component in the
electrodes with some small peaks of nitrogen from the formed
coating. To highlight the coating at the surface of the carbon
fibers, elemental maps were taken and presented in supple-
mentary information (Fig. S3, S4 and Fig. S5 for 1, 3, and
5 mM, respectively).

Electrochemical characterization

Effect of scan rate The electrochemical performance of the
different concentrations of PpPD electrodes was investigated
in 1.0 M H,SO, electrolyte by cyclic voltammetry at different
sweep rates ranging from 5 to 100 mV s~ (Fig. 5a—c). It is
possible to observe that the oxidation and the reduction peak
currents increase with the sweep rate increases. The CV
curves exhibit a hybrid behavior with EDLC and
pseudocapacitive compounds. The EDLC is inherent to the
porosity and conductivity of the carbon fiber fabrics materials.

The pseudocapacitive peaks are assigned to the redox proper-
ties of the PpPD, and obviously, the current density was in-
creased when the pPD concentration increases. As described
previously, the oxidation and reduction peaks typical from the
polymerization of pPD at the electrode surface are clearly
exhibited during scan rate performances. The obtained volt-
ammogram exhibits an oxidation peak near from + 600 mV
(versus Ag/AgCl) and the respective reduction peak can be
seen approximately at + 260 mV (versus Ag/AgCl), according
to the predicted [12, 26]. From Eq. (1), the specific capaci-
tance values were calculated against the scan rate and can be
seen in Fig. 5d. It is possible to observe that the increase in the
concentration of pPD takes to a higher specific capacitance
value. In all cases, a good stability is noticed even with the
increase in the scan rate (~20 times).

Galvanostatic charge-discharge The GCD curves of PpPD/
CF-fabricated electrodes were examined at various current
densities, ranging from 1 to 5 A g in the potential range from
0 to 0.6 V as shown in Fig. 6a—c. The measurements con-
firmed its eligibility for applications as supercapacitors

Fig.5 CV curves of PpPD
electrodes at various sweep rates
in the potential window between
—0.20 and 0.80 V (vs. Ag/AgCl)
a 1 mM PpPD, b 3 mM PpPD, ¢
5 mM PpPD, and d specific
capacitance comparison at
various sweep rates
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materials. Results show that these coated electrodes present
the best behavior with 1 A g™ and small IR drop at the initi-
ation of discharge curve. Generally, this IR drop is associated
to the internal resistance and ionic conductivity [25]. The hy-
brid behavior of the coated electrodes can be identified with
regarded to the combination of the two energy-storage process
improving its total capacitance. The pseudocapacitance is gen-
erated by the reduction/oxidation reactions at the electrode—
electrolyte interface and the electrical double layer capaci-
tance on the carbon fiber electrode surface. Using Eq. (2),
the gravimetric specific capacitance was determined from
the discharge curves of the GCD profiles and the correspond-
ing results are shown in Fig. 6d. The 5 mM PpPD electrode
showed the highest specific capacitance of 80 F g ' at a cur-
rent density of 1 A g', which is higher or comparable to the
low molecular weight polymer—based supercapacitor elec-
trode materials, such as porous polymeric organic framework
of phloroglucinol and terephthaldehyde [36], hypercross-
linked polymer of pyrene and polyaniline [37] and nitrogen-
doped carbon nanograss [38].

The capacitance of the carbon fiber without coating is
about 6 mF far below from the capacitance obtained for all
coated electrodes (Fig. S6). The coulombic efficiency (%) of
the supercapacitor can be calculated from the galvanostatic
charge—discharge experiments as Eq. (3) and the results are
given in Table 2:

At D
n= Me x 100% (3)
where Atz-and Aty are the times of charging and discharging,
respectively. According to the results, the average coulombic
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efficiency is about 64%, 60%, and 72% for 1 mM, 3 mM, and
5 mM PpPD, respectively.

The cyclic stability and reversibility of the as-prepared
electrode are important for its application as supercapacitor
electrode. The cyclic performance of 5 mM PpPD was further
examined by galvanostatic charge—discharge tests for 1000 cy-
cles in the voltage range of 0.0 to 0.6 V with 2 A/g in three-
electrode system. From the Fig. 7, it can be seen that there is
only 4.4% decay in the available capacity over 1000 cycles.
This implies an excellent long-term cycling capability offered
by the electrode.

Electrochemical impedance spectroscopy The behavior of hy-
brid electrode materials applied to supercapacitors involves
different storage mechanisms and ion transport phenomena
that can be analyzed from EIS data. Using Nyquist plot, ob-
tained from EIS, the frequency response of the assembled
system can be fully appreciated giving information about pro-
cesses occurring in both parts. Generally, Nyquist plots

Table 2 Comparison of the Coulombic efficiency with different
concentration of PpPD electrodes

Current (A gfl) Coulombic efficiency (n%)

1 mMPpPD  3mMPpPD 5 mM PpPD
1 49.64 32.52 64.58
2 63.10 60.16 71.92
3 67.30 66.67 74.56
4 69.44 70.33 75.32
5 69.81 71.02 75.22

@ Springer
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Fig. 7 Coulombic efficiency of the supercapacitor calculated from the
galvanostatic charge—discharge experiments

present the complex impedance (real part Z' versus imaginary
part Z). Those results are interpreted by fitting with the exper-
imental results by an equivalent electrical circuit. Figure 8a—c
shows the fitted Nyquist plots of 1 mM, 3 mM, and 5 mM
PpPD/CF electrodes and Fig. 8d the equivalent circuit obtain-
ed from the frequency response. The first point in the diagram
shows the intercept of the semicircle with the real part and
usually is interpreted as solution resistance of the electrolyte.
Herein, the solution resistance (R,) was associated with both
the internal resistance electrode materials and ohmic resis-
tance of the electrolyte, instead of only the electrolyte resis-
tance; otherwise, the resistance would be the same for all three

surface (Cy)). Its diameter often represents the electrode mate-
rial resistance combined with the coated material resistance
and current collectors resistance. The ion diffusion is clearly
observed in the medium frequencies and can be described by
Warburg element (W). The equivalent circuit values are sum-
marized in Table 3. It is possible to note that the solution
resistance value dropped with the increase of the pPD concen-
tration. The low resistance value for all three electrodes spec-
ifies the good conductivity of the carbon fiber. Also, the low-
est resistance in 3 mM concentration shows clearly the good
properties of the pPD and the good interaction between the
coated fibers with the 1.0 M H,SO, electrolyte gives less
resistance than the 1 mM electrode. The small increase in
the 5 mM electrode may be justified by the mathematical
approach in the equivalent circuit calculation. Nevertheless,
the non-decrease in resistance may indicate the saturation of
the polymerization in higher concentration (compared to

Fig. 8 Nyquist plots of the coated R 12— S PP
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3 mM) or the increasing of the resistance with the growth of
the film. This may justify the current density was not increased
during the polymerization process of the 10 mM electrode.

Conclusions

The flexible PpPD films on carbon fiber fabrics were fabricat-
ed by facile one-step electropolymerization using cyclic volt-
ammetry method. The as-designed PpPD/CF electrodes were
characterized by spectroscopic and microscopic analysis,
showing the confirmation of coating in electrode surface.
The electrochemical measurements established that the
PpPD film can be directly used for supercapacitors, displaying
a high specific capacitance of 80 F g™ in 1 M H,SO,, as
calculated from the CV profile at a sweep rate of 5 mV s .
The galvanostatic capacitance was also calculated showing a
value in good agreement to the capacitance obtained using the
CV method. An average coulombic efficiency of 72% for
5 mM PpPD with 2 A/g was achieved. Furthermore, there is
only 4.4% decay in the cyclic capability retention over
1000 cycles. Moreover, the steady, robust, and compatible
PpPD film is the excellent modification method of fabricating
various types of pseudocapacitors to augment the capacitance
behaviors. This attempt stimulates a practical elucidation for
effortless, low cost, eco-friendly, lightweight, highly flexible,
large-scale, and high-performance energy storage devices.
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