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ABSTRACT : Supercapacitors are noticeable intermediate technologies between capacitors and second-
generation batteries due to the large cyclic stability, power densities higher than batteries and energy densities
higher than regular capacitors. Among potential electrode materials for supercapacitors, conducting polymers
including polyaniline are attracting attention. Here we applied a central composite circumscribed design to
study the effect of the oxidant/monomer ratio and of the acid dopant concentration on the capacitive behavior of
polyaniline film electrodes prepared by microwave-assisted chemical bath deposition. The formation of
polyanilineas emeraldine salt was evidenced by Fourier-transform infrared spectroscopy, while the presence of
redox peaks in cyclic voltammetry curves indicated that the mechanism of energy storage has pseudocapacitive
character. Surface response plots showed a curved region with maximum specific capacitance value (426.8 F g
1). The combination of the factors leading to the maximum point is known as optimum point and here the coded
values corresponding to this point correspond to oxidant/monomer ratio of 1.15 and 1.64 mol L™ concentration
of HySO4.
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I. INTRODUCTION

Challenges related to energy demands and the climate consequences of the use of fossil fuels are
requiringurgent actions from countries worldwide toward the search for renewable energy sources and storage
technologies. Emerging clean and renewable energy technologies include solar and eolic sources, but the
intermittent nature of both makes storage devices necessary for the periods when those sources are off(He e
Zhang, 2022). Supercapacitors are noticeable intermediate technologies between regular capacitors and second-
generation batteries due to the large cyclic stability, power densitieshigher than batteries and energy densities
higher than regular capacitors.

The performance of supercapacitors depends on the properties of their main components, which
include the electrolyte, the separator, the electrode material and the current collector (Yavuz, Yilmaz Erdogan e
Zengin, 2020). Electrode materials have been the focus of studies aiming at improving the supercapacitor
performance, through optimization of properties including surface area and porosity. Those are key properties
that are able to improve the access to electroactive sites as well as the internal transport of electrolyte ions,
whichwould ideally occur across the whole volume of the electrode. Carbon materials, transition metal oxides
and conducting polymers are the most attractive classes of materials for use in supercapacitor electrodes
(Forouzandeh, Kumaravel e Pillai, 2020). In this context, conducting polymers are considered the most
promising among those classes due to high energy densities that result from additional charges supplied by
reversible redox reactions (Han e Dai, 2019; Qiu et al., 2020).

Polyaniline (PANI) is considered the most promising conducting polymers due to the high
conductivity, low cost, ease of preparation and good stability under ambient conditions (Dinari, Momeni e
Goudarzirad, 2016). PANI can be prepared both by oxidative polymerization using oxidating agents and by
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electrochemical polymerization in different final shapes (powder, hydrogel and films) and with distinct
structures (Han e Dai, 2019).A common preparation approach of commercial electrodes is to coat substrates
through the drop casting thermal evaporation method, in which the active material in the powdered form is
mixed with the conductive additive and a polymeric binder. However, this mixture usually has a negative impact
on the performance of the electrochemical device (Sardana et al., 2022).Thus, several preparation methods are
investigated in order to deposit the electrodes without the need of binder, including methods such as chemical
bath deposition (CBD). CBD is becoming attractive as a deposition technique due to its simplicity and low
processing cost when compared to more sophisticated techniques that demand the use of vacuum or complex
apparatus such as electrodeposition(Sengupta, Aggarwal e Raula, 2022; Turan, Zeybekoglu e Kul, 2019).

Studies regarding PANI deposition onto conductive substrates by CBD were reported (Deshmukh et
al., 2011, 2013). This preparation consists in the oxidative polymerization of anilineunder acidic conditions in
the presence of the substrate immersed into the reaction medium and is usually described by a two-step
mechanism: a slow induction period followed by the growth of the polymer chains. Aniline-derived radical
cations and their insoluble cyclic dimers are formed and bind together to yield phenazine-based oligomers in the
induction period. The immersed substrate adsorbs those oligomers and provides nucleation sites to induce
propagation of the polymer chains. Thus, the surface of the substrate is coated by a thin layer of PANI that is
progressively exposed to the reaction medium in each deposition cycle, in order for the polymerization to go on
and the polymer film to grow thicker(Deshmukh et al., 2015; Sapurina e Stejskal, 2008).

The main deposition parameters are generally the concentration of precursors (monomer, oxidant and
dopant), pH, type of substrate, bath temperature, deposition time, among other secondary variables. Changes in
those parameters may have a decisive effect on the molecular and supramolecular structures of the films and,
consequently, on the electrochemical properties of the electrodes. (Deng et al., 2014; Firda et al., 2021; Qiu et
al., 2017, 2020).However, few works apply experimental design tools to investigate the effects of deposition
parameters on the electrochemical properties of the electrode films. Thus, here we aim to apply a central
composite circumscribed design (CCC) to study the effect of the oxidant/monomer ratio (rOM) and of the acid
dopant concentration (Ac) on the capacitive behavior of PANI film electrodes prepared by microwave-assisted
CBD.

I1. EXPERIMENTAL
A. Materials

Analytical grade ammonium persulfate (APS, Sigma-Aldrich) and sulfuric acid (H,SO,, Vetec) were used
in PANI preparation. Aniline (ANI, Acros Organics) was distilled under reduced pressure prior to use. All
aqueous solutions were prepared with Milli-Q ultrapure water.Stainless steel 304 was sanded with sandpaper,
decapped in acid medium, and washed ultrasonically with distilled water for 5 minutes before deposition cycles.

B. Preparation of polyaniline film electrode

PANI film preparation was based on the report by Deshmukh et al. (2013), involving chemical oxidation of
aniline by ammonium persulfate through microwave-assisted CBD. A jacketed beaker as well as a thermostatic
bath were used in order to absorb the excess heat during microwave heating. Rotating reaction system and lower
concentration were used in comparison to the literature. Fig. 1 shows an illustrative scheme of the complete
preparation of PANI film electrodes. 0.25 mol L™ APS and 0.15-0.85 mol L™ANI solutions were initially
prepared in the presence of H,SO, according to the experimental design shown in Tab. 1. Then the previously
treated stainless steel substrates (1)were immersed vertically into 7 mL of the precursor solution (in 1:1
proportion of synthesis solutions) in a test tube (2). The tube was placed in the jacketed beaker (3), which was
placed over a non-rotating support. The power used in the microwave oven (5) was 70 W, with 10 minutes
heating time and mean temperature of the precursor solution was 55 °C. At the end of deposition, the PANI film
electrode was washed with distilled water followed by drying, weighing and immersed again in the precursor
solution for a new deposition cycle. The whole process is repeated until the final mass of the deposited film
reaches 0.39 mg/cm?. The remaining reaction mixture after deposition was filtered to removal of solid PANI
residues which was washed with distilled water, dried in an oven at 70 °C and stored for characterization.
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Fig. 1. llustrative scheme showing the preparation steps used in the deposition of PANI films onto
stainless steel electrodes through microwave-assisted chemical bath deposition (MW-CBD).

C. Experimental design

Surface response methodology was used to evaluate the effect of oxidant/monomer molar ratio (rOM)
and of the acid dopant concentration (H,SO4,Ac) on the specific capacitance of PANI film electrodes. This has
been carried out through central composite circumscribed design (CCC) according to conditions summarized in
Tab. 2.

Tab. 1. Experimental region containing the factors and their original and coded levels used in the central
composite circumscribed design - CCC.

Code and Actual levels of factors

Factors -a Low Central High +a,
-1.414 -1 0 1 1.414

Oxidant/monomer molar ratio (rOM) 0.29 0.50 1.00 1.50 1.71
Aciddopant, molL™ (Ac) 0.19 0.50 1.25 2.00 2.31

Surface response and contour plots were used to evaluate qualitatively the effect of factors on the
specific capacitance of PANI films. The empirical model relating the response variable to the factors has been
obtained by multiple linear regression (MLR) while the significance of the effects was determined by the
analysis of variance (ANOVA). The experimental design and its analysis were carried out using the open
software RStudio (version 1.3.1056), which is very useful for data analysis in experimental designs.

Tab. 2. Central composite circumscribed design (CCC) used to evaluate the effect of oxidant/monomer
molar ratio (rOM) and of the acid dopant concentration (H,SO,, Ac) on the specific capacitance of PANI
film electrodes.

Experiment Condition rOM Ac ANI
Number ) (mol L") (mol L™
1 C1 05(-1) 05(-1) 0.50
2 c2 15(+1) 0.5(-1) 0.17
3 C3 05(-1) 2.0 (+1) 0.50
4 C4 1.5(+1) 2.0 (+1) 0.17
5 Co 1.0(0) 1.25(0) 0.25
6 Co 1.0(0) 1.25(0) 0.25
7 Co 1.0(0) 1.25(0) 0.25
8 C5 0.29 (-a) 1.25(0) 0.85
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9 [ 171(a) 125(0) 015
10 c7 1.0(0) 0.19(-w) 025
11 c8 10(0) 231(0) 025

D. Characterization of materials

Samples were characterized by Fourier transform infrared spectroscopy (FTIR) and cyclic voltammetry
(CV) in order to confirm the formation of PANI. FTIR spectra of KBr pellets in the 4000-400 cm™ range were
measured using a ShimadzulRTracer-100 with 8 cm™ resolution and 64 scans. CV curves were measured in
order to investigate the capacitive behavior as well as the nature of electrochemical reactions, employing a
three-electrode cell configuration containing 1 mol L H,S0, solution in aMetrohm Autolab PGSTAT 100N
potentiostat/galvanostat operated with the NOVA 2.1.3 software. Saturated calomel electrode (SCE) and a
platinum electrode were used as reference and auxiliary electrodes, respectively. Moreover, CV data were used
to determine the specific capacitance of the PANI film electrodes, which was chosen as the response variable in
the experimental design and was calculated with equation (1) (Venkatesh e Vishista, 2018):

;2 1(E)dE
ST2AE-v-m (

whereCgis the specific capacitance (F g™); I(E)is the instant current (A); AE= (E,-E,) is the amplitude of the
potential range; mis the mass of deposited PANI (g); fEEl > I(E)dEis the integral of the CV curve.

I11. RESULTS AND DISCUSSION
A. Preparation of PANI film electrode

PANI film electrodes with final deposited masses around 0.39 + 0.02 mg cm™were obtained after
successive deposition cycles. The changein the mass of films as function of the number of cycles is presented in
Fig. 2a and shows that the mass increases linearly with the number of cycles. The deposition rate per cycle for
each experimental condition can be estimated from the slope of the deposition curves and can be observed in
Fig. 2b, where C8, C5 and C3 conditions led to the highest deposition rates with values of 0.169, 0.145 e 0.135
mg cm respectively. For C3 and C8 the behavior is related mainly to the acidity of the reaction medium, as can
be observed from a comparison between other groups of conditions, namely C1 and C3 or C7, CO and C8.
During aniline polymerization under strong acidic medium, aniline molecules and its derived radicals are
present predominantly in the ionic formsfavoring a fast formation kinetics of highly concentrated phenazine
oligomers. Those species act as nucleation centers for the subsequent growth of polymer chains (Golba et al.,
2020; Peng et al., 2009; Qiu et al., 2017). Thus, a pronounced adsorption of these intermediate species onto the
substrate will cause an increased deposition rate of PANI films. On the other hand, the high deposition rate
observed for C5 can be mainly related to a lower O/M ratio (i.e. higher aniline concentration) as evidenced
upon a comparison between C5, CO and C6. The kinetics of aniline oxidation has a first order dependence on the
monomer concentration in both polymerization steps (Sapurina e Shishov, 2012).In this context,Mello and
Mulato (2018)reported that the induction period is reduced as the aniline concentration increases, which results
in a higher electrodeposition rate. This behavior can be attributed to a higher availability of aniline molecules to
conversion into radical cations which in turn generate nucleation centers and provide higher deposition rates on
the substrate surface.
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Fig. 2. (a) Change in the mass of PANI films as function of the number of cycles e (b) deposition rate per
cycle for all experimental conditions.

B. Characterization of materials

FTIR measurements were carried out to investigate the effect of oxidant/monomer ratio on the
molecular structure of PANI prepared under different experimental conditions. Spectra (Fig. 3a) in the 1700-700
cmshow bands that can be assigned to PANI and the respective assignments are in Tab.3. The formation of
PANI as emeraldine salt was evidenced by the presence of bands at 1560 cm™and 1477 cm™, assigned to C=C
stretching form quinoid (Q) and benzenoid (B) rings respectively. The relative intensities of the two bands
(Io/lg) is related to the relative proportion of these structures in the polymer chains, thus providing an estimate of
the oxidation degree of PANI (Mazzeu et al., 2018; Qiu et al., 2020).1y/lg values in the 0.87-0.99 range for
PANI obtained from different reaction conditions can be seen in Fig. 3b where values close to unity characterize
a half oxidation state typical of PANI in emeraldine form. It can also be seen that Io/lgvalues decrease with the
increase in acidity, which is particularly evident upon comparison of C7, CO and C8 conditions in Fig.3b. On the
other hand, the increment in oxidant/monomer ratio increases the oxidation degree of PANI which is
particularly clear for C5, CO and C6 conditions in Fig.3b owing to larger relative oxidant amounts. This is in
agreement to the trend reported by Abdiryim, Xiao-Gang e Jamal (2005),which showed that both high acid and
oxidant concentrations favor high oxidation degrees.Moreover, recent works have confirmed the effect of
increasing acidity on the Ig/lg value (Golba et al., 2020; Qiu et al., 2020).Additional bands also confirm the
presence of emeraldine salt including C-N stretching from secondary aromatic amines (~1294 cm™), C-
N**stretching from polaronic segments typical of protonated PANI (~1238 cm™), in-plane C-H bending form
Q=NH"*-B or B-NH"-B groups (~1120 cm™); out-of-plane C-H bending from 1,4-disubstituted benzene rings
(~800 cm™) typical of para coupling between units in PANI chains.
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Fig. 3. (a) FTIR spectra e (b) values of 1o/l relative intensities represented as function of the
experimental parameters evaluated.
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Tab. 3. Position and assignment of FTIR bands shown in Fig.3a.

Wavenumber (cm™) Peak assignment Reference

(Golba et al., 2020;

1558-1562 C=C stretching in quinoid rings Qiu et al., 2020)
_ L S (Golba et al., 2020;

1473-1481 C=C stretching in benzenoid rings Qiu et al., 2020)
1292-1296 C-N stretching in aromatic secondary amines (Golba et al., 2020)
1234-1242 C-N stretching in polaronic seqgments (Golba et al., 2020)
1103-1138 In plane C-H bending from B-N*-H=Q groups (Golba et al., 2020)
(Golba et al., 2020;
794-806 Out-of-place C-H bending in 1,4 disubstituted benzenic rings Trchova e Stejskal,

2011)

Electrochemical characterization of PANI film electrodes was carried out by cyclic voltammetry (CV)
at the -0.2 to 0.8 V range with potential scan rate of 5 mV s (Fig. 4a). Curves show two pair of redox peaks
identified as A/A’ and B/B’ characteristic of faradaic processes in the films. The position of oxidation peak A
varied between 0.24 and 0.29 V for different samples, while A’ reduction peaks occurred between 0.06 and 0.12
V (vs. SCE) corresponding to reversible transitions between leucoemeraldine and emeraldine (Santino et al.,
2016). The B and B’ peaks are present around 0.80 V and 0.63-0.71 V respectively, being related to transitions
between the emeraldine and pernigraniline forms (Arulmani, Wu e Anandan, 2019). Peaks appear broadened
and less intense for samples prepared under C2 and C7 conditions, reflecting weaker faradaic currents as a result
of higher resistance to charge transfer in these films. Redox peaks between 0.5 and 0.55 V related to PANI
degradation products including benzoquinone and hydroquinone(Santino et al., 2016)are also present in curves
showed in Fig. 4a.

The nature of electrochemical reactions as well as the charge storage capacity of PANI films were
evaluated by CV measurements with varying scan rates, particularly using sample CO (central condition) with
values in the 5-100 mV s™range (Fig. 4b). Those data are also used as referenceof the behavior that is common
to all forms and preparation conditions used here. The presence of redox peaks in CV curves indicated that the
mechanism of energy storage has pseudocapacitive character (Misnon e Jose, 2017). Shifts of oxidation peaksto
more positive valuesand shifts of reduction peaks to more negative valuesare observed as results of increasing
potential scan rate, respectively, being attributed to pseudocapacitive behavior of PANI and its increasing
polarization.Moreover, those peaks have their intensities decreased or completely disappear with the increase in
scan rate. This is due to the displacement of redox potential to values outside the potential window observed as
well as by limitation of electrolyte ion diffusion to reach the electrode surface (Arulmani, Wu e Anandan, 2019;
Qiu et al., 2020). Those observations are in agreement with the decreasing trend in the specific capacitance of
electrodes (Fig. 4c), suggesting that the system is approaching the full use of electrode material when the
specific capacitance is obtained under lowest scan rates.
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Fig. 4. (a) Cyclic voltammograms (CV) curves for samples obtained at different reaction conditions using
5 mV s’ potential scan rate; (b) CV curves for sample deposited under CO condition with varying
potential scan rates (inset shown in the Graphic shows the linear plot relating Iy, vs. v*®; ¢) dependence of
specific capacitance (Cs) with the potential scan rate for samples obtained at different reaction
conditions; d) diffusion coefficients for samples obtained under different reaction conditions.

A linear relation was found between the anodic current peaks related to the transition between
leucoemeraldine/emeraldine forms as a function of the square root of the potential scan rate, as shown in Figure
4b (inset). This behavior is typical of diffusion-controlled electrochemical processes, being observed for all
samples in both cathodic and anodic processes. Thus, charge diffusion coefficients were estimated using the
Randles-Sevcik equation (2)(Firda et al., 2021):

0,5

nFvD

I, = —0,446nFAC< T ) @)
where I,is the anodic peak current (A); visthe potential scan rate (V s™);nis the number of electrons transferred
in the redox reaction; Fis the Faraday constant (C mol™); Ais the surface area of the electrode (cm?); Cis the
electrolyte concentration (mol cm™®); Dis the electrolyte’s diffusion coefficient (cm® s™); Ris the gas constant
(8,314 J mol™ K™); andTis the temperature of the electrochemical cell (K). The charge diffusion coefficient
related to anodic and cathodic peaks in CV curves are shown in Fig. 4c. In general, larger diffusion coefficients
were observed during oxidation than during reduction, indicating that the kinetics of the process favors the
oxidized state. Moreover, the diffusion coefficients exhibited values between 3.20x10°and 1.34x10°® cm? s?, in
agreement to values reported in the literature (Popov et al., 2019; Wang et al., 2013).

C. Data analysis of experimental design

The effect of oxidant/monomer ratio (rOM)and of acidity (Ac) on the specific capacitance of PANI
film electrodes were evaluated through a central composite circumscribed design (see Tab. 2 for conditions).
The values of specific capacitance used as response variable were determined from CV measurements (5mV s™,
Tab.4). Multiple linear regression analysis (MLR) of resulting data was applied to determination and yielded the
following expression:

y = 428,78 — 3,40.70M + 19,25. Ac + 48,41.rOM: Ac — 39,55.70M? — 42,72. Ac?
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where rOM (oxidant/monomer ratio), Ac (acid molar concentration), rOM:Ac (interaction term), rOM2
(quadratic rOM)and Ac2 (quadratic A) are the independent variables. The determination coefficient
(R?)obtained forthis model was 0.9317, indicating that the model is able to explain 93.17% of data variability.

Tab. 4. Specific capacitance for PANI electrodes determined at 5 mV s™.

Condition C1l C2 C3 C4 CO0 COo CO0 C5 C6 C7 C8

C,(Fg™') 4045 2844 3256 4031 4249 4205 4272 3328 3472 249.7 3419

The significance of the model’s coefficients was analyzed through ANOVA (Tab. 3) and indicate that
only the main rOM effect didn’t influence significatively the specific capacitance, while other coefficients
showed p values below 5% of significance. Thus, this analysis allowed to maintain the coded regression model
including quadratic terms representing the curvature region corresponding to experimental data could.

Tab. 5. Analysis of variance (ANOVA)for data resulting from the central composite circumscribed

design.
Source of Degree of Sum of squares  Mean square F p-value
variation freedom
rOM 1 63 63 0.074 0.796
Ac 1 3622 3622 4.295 0.093
rom? 1 1744 1744 2.068 0.210
Ac? 1 17128 17128 20.312 0.006
rOM:Ac 1 9769 9769 11.586 0.0192
Residues 5 4216 843 - -

It was possible to represent graphically the experimental region evaluated in the form of a response
surface considering the regression model (Fig. 5). The resulting plots allow a fast visualization and an easy
understanding of the dependence of the response on the variables studied. Thus, the presence of quadratic terms
in the model leads to a curved region with maximum specific capacitance value(426.8 F g™). The combination
of the factors leading to the maximum point, known as optimum point, corresponding to this point are rOM =
1.15 and 1.64 molL™" H,S0,.
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Fig. 5. (a) Surface response plotand(b) contour plot showing the behavior of specific capacitance for
PANI film electrodes as function of the oxidant/monomer ratio and acidity of the reaction medium.

IV. CONCLUSION

PANI film electrodes were prepared successfully through microwave-assisted-CBD method.The
experimental conditions with the highest acidity (C3 and C8) in addition to lowest oxidant/monomer ratio
positively affected the polymerization kinetics of PANI and consequently lead to the highest deposition rates.
PANI formation in its conductive form emeraldine salt was evidenced through vibration bands present in FTIR
spectra. Moreover, an estimation of the oxidation degree of PANI was also possible from the relative intensity
of bands assigned to quinoid to those assigned to benzenoid rings (Io/lg). Those ratios indicated that the
oxidation degree tends to increase as the concentrations of both acid and oxidant increasein the reaction
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medium. Cyclic voltammetrycurves pointed out that the PANI film electrodes exhibited pseudocapacitive
behavior, with diffusion controlled kinetics of redox reactions. Finally, a central composite circumscribed
designwas used to investigate the effect of the oxidant/monomer ration and the acid dopant concentration on the
specific capacitance of films. This study revealed that the factors evaluated had significant effects on the
specific capacitance. Also, the surface response plot presented a combination of variables leading to optimal
capacitance (426.8 F g%, occurring at O/M = 1.15 and concentration of H,SO, of 1.64 mol L™
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