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In this study, pyrrole-N-propionic acid (PPA) was electrochemically polymerized on a glassy carbon
electrode (GCE) in various electrolytes (NaClO,4, Et;NBF4, BusNCIO4,and BusNPFg) using cyclic
voltammetry (CV). The structure and morphology of the modified electrode was characterized by
FTIR-ATR, visible-near-infrared spectroscopy (Vis-NIR), scanning electron microscopy (SEM), and
atomic force microscopy (AFM). The morphological characterizations of the poly(PPA) films
synthesized in the various supporting electrolyte solutions were demonstrated by SEM and AFM.
Electrochemical impedance spectroscopy (EIS) and Mott-Schottky (M-S) analysis were performed to
collect information about the semiconducting properties of the poly(PPA) films. From the Mott—
Schottky analysis, the carrier densities (Np) of the poly(PPA) films obtained were
3.25%10%,1.59x10%, 1.17x10", and 0.52x10® cm™ and the flat-band potentials were 0.41, 0.32, 0.37,
and 0.36 V for the poly(PPA)films in NaClO,, Et4yNBF4, Bus;NCIO4, BusNPFg , respectively. The
resulting Mott—Schottky plots of the poly(PPA) films indicate that the films are p-type semiconductors.
EIS analysis were performed to determine the capacitive behaviors by variation of electrolyte types in
a monomer-free solution. An equivalent-circuit model of R(W(CR)(QR))(CR) was used to fit the
theoretical and experimental data to interpret the polymer electrode/electrolyte interface properties and
to provide information about equivalent circuit parameters.

Keywords: Poly(pyrrole-N-propionic),electrochemical impedance spectroscopy, equivalent-circuit
model, Mott-Schottky analysis, electrolyte, AFM.

1. INTRODUCTION

Their electrical conductivity and electroactivity of Conducting polymers (CPs) make them
promising for technological applications such as biosensors, photovoltaic devices, batteries, light-
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emitting diodes, supercapacitors, and corrosion inhibitors [1-6]. The semiconducting properties of CPs,
such as the free-carrier concentration, flat-band potential, and conductivity type are vital for the
successful performance of these materials in device fabrication. These properties can be determined
from a Mott-Schottky (M-S) plot, which consists of the inverse square of the space-charge-layer
capacitance (Csc) versus the bias potential [7]. Among CPs, polyaniline and polypyrrole have received
huge considerable attention due to their promisingunique physical and chemical properties, such as
low density, high conductivity, facile synthesis, and potential for device fabrication [8-12].
Polypyrroles are-known-te exhibit stability in the oxidized state and more reversibleinteresting redox
properties [13-17]. However, the limited permeability of the PPy film hinders the diffusion of the
target analyte [18,19]. Recently, the pyrrole derivative, pyrrole-1-propionic acid (PPA) has emerged as
a novel material polymer matrix for biosensorimmunosensor applications, and it has been reported in
several papers [20-25].

In this study, PPA was electrodeposited onto glassy carbon electrodes (GCE) with various
electrolyte systems in the solvent acetonitrile. The modified polymer electrodes were characterized by
CV, FTIR-ATR, SEM, AFM, and Vis-NIR spectroscopy. EIS and M-S analysis were used to examine
the semiconducting properties of the modified polymer electrodes. Nyquist, Bode-magnitude, Bode-
phase graphs of poly(PPA) were also comparatively studied to determine the capacitive behaviors by
variation of electrolyte types in a monomer-free solution. An equivalent-circuit model of
R(W(CR)(QR))(CR) was used to fit the theoretical and experimental data to interpret the polymer
electrode/electrolyte interface properties and to provide information about equivalent circuit
parameters. It was aimed to provide an overview of the semiconducting properties of poly(PPA) films
that were synthesized in various supporting electrolytes and to provide insight into the role of the
electrolyte nature on the impedance, morphology, and optical properties. The results indicated that the
various supporting electrolytes affected the semiconducting properties of the synthesized polymer.

2. EXPERIMENTAL

2.1. Materials

Pyrrole-N-propionic  acid  (PPA), 97%, sodium perchlorate (NaClO4), 98%,
tetrabutylammonium hexafluorophosphate (BusNPFg), 99%, tetraethylammonium tetrafluoroborate
(Et4NBF,), 99%,and tetrabutylammonium perchlorate (BusNCIO,4), 99%, were purchased from Sigma-
Aldrich (Steinheim, Germany) and used as obtained after drying in a vacuum oven without further
purification. Acetonitrile (ACN), anhydrous, 99.8%, was used as received from Sigma-Aldrich
(Steinheim, Germany). Indium tin oxide-coated glass slide with surface resistivity values of 30-
60 Q/sq were also obtained from Sigma-Aldrich (Steinheim, Germany).

2.2. Instrumentation

IR spectra were recorded using FTIR reflectance spectroscopy (Perkin Elmer, Spectrum One B,
with an ATR attachment Universal ATR-with a ZnSe crystal, C70951) for poly(PPA) film-modified
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carbon electrodes (CFMEs). CV was performed using Ivium Vertex (software, lviumsoft and Faraday
cage, BAS Cell Stand Cs) in a three-electrode electrochemical cell employing a GCE with 0.07 cm?
area, an ITO-coated glass electrode (ITO CE) as the working electrode, a platinum wire as the counter
electrode, and an Ag wire as the reference electrode, which was externally calibrated using a 5 mM
solution of ferrocene (Fc/Fc*) in 0.1 M NaClOg4, EtyNBF,4, BusNPFg, BusNCIO4/ACN, for which the
Eip(Fc/Fc™) values of ferrrocene were 0.40, 0.50, 0.56,and 0.58 V, respectively. Before
electropolymerization, the GCE working electrode was polished with a 0.5-um alumina slurry and
sonicated forit was immersed in an ultrasonich bath at least 2 minutes in distilled water and acetone,
respectively. Then, the electrode was then dried under a nitrogen atmosphere. Morphological
investigations were performed using a Gemini Leo Supra 35 VP scanning SEM with an electron beam
energy of 10 or 15 keV on an electrocoated thin film of polymer on ITO CE. AFM analysis was
performed using a Nanosurf Easy Scan AFM with a scan head of 10 um. The images were obtained
using the non-contact mode of AFM. Vis-NIR spectra were obtained for each electrochemically
polymer-coated ITO CE using a T80+ UV/Vis PG spectrometer. EIS measurements were obtained at
room temperature (23 + 2°C) by Ivium Vertex (software; IviumSoft), using a conventional three-
electrode cell configuration in a monomer-free electrolyte solution with a perturbation amplitude of 10
mV over a frequency range of 10 mHz to 100 kHz at open-circuit potential, for which the stabilization
potential (EOC) was reached at a constant value of = 5 mV for 30 min. The impedance spectra were
analyzed using a ZSimpWin V3.22. An equivalent-circuit model of R(W(CR)(QR))(CR) was used to
interpret the theoretical and experimental data. The semiconducting properties of the poly(PPA) films
were determined by employing the M-S approach, using the Ivium Vertex equipment. The M-
Scapacitance measurements were performed at a frequency of 10 kHz. As indicated in the literature,
the frequency dependence of the capacity-voltage curve is not affected near 10 kHz [26]. Thus, in this
work, Mott—Schottky measurements were performed at thea frequency of 10 kHz was chosen for the
Mott—Schottky measurements with the voltage applied at successive steps of 50 mV from 100 to 800
mV. In all experiments, dDissolved oxygen was removed from all solutions by bubbling nitrogen gas
for ten minutes before each test.

3. RESULTS & DISCUSSION

3.1. Electrochemical Polymerization of Pyrrole-N-Propionic Acid

The electrochemical polymerization process of the monomer and the redox process of its
polymer can be analyzed using the successive cyclic voltammograms (CVs) of the monomer. The CVs
of PPA during the electrogrowth process on the GCE are presented in Fig. 1. The polymerization
process was performed in four different electrolyte systems (NaClO, BusNPFs Et;NBF4;, and
BusNCIO,) at concentration of 0.1 M in ACN solutions containing initial monomer concentrations of
10 mM, in the potential range from 0 to 1.4 V and at a scan rate of 50 mV/s™. The current of the
oxidative wave cycle increases with the number of cycles, indicating the formation of a poly(PPA)
film on the GCE (Fig.1). During the first scan, Nno oxidation peak during the first scanning cycle was
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observed for the electrogrowth of PPA in all of the supporting electrolyte solutions (Fig.1). (Fig.1 a-
e). This result is compatible with the reports of the electrochemical polymerization of pyrrole in water-
free solvents such as ACNACN. because Tthe oxidation of pyrrole during the first scanning cycle

leads only to reduction peaks for polypyrrole, but not to an oxidation peak for pyrrole during the first
scan [27, 28].
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Figure 1. Cyclic voltammogram of the electrogrowth of poly(pyrrole-N-propionic acid) on a glassy
carbon electrode. Polymerization conditions: [PPA], = 10 mM; potential range = 0-1.4 V; scan
rate = 50 mV shand eight cycles in a) 0.1M NaClO4/ACN, AQ=17.47 mC; b) 0.1M
Bu,CIO/ACN, AQ=17.33mC; c¢) 0.IM BusNPFs/ACN, AQ=38.0lmC; and d) 0.1M
EtyNBF4/ACN, AQ=25.95mC. The inset figures show the scan-rate dependences of the cyclic
voltammograms of the poly(PPA) filmsin the various supporting electrolyte solutions.

The anodic and cathodic peak potentials were affected by the change in the electrolyte type. A
better deposition efficiency was obtained in 0.1 M BusNPFg because of the higher current density and
because the deposition efficiency corresponds to the oxidation current density, which is usually
proportional to the speed of the electropolymerization reaction, thus it was suggesteding that the faster
growth kinetics dominated in the case of by theBus;NPFg [29]. The oxidation potential of the polymer
shifted to more anodic values, increasing according to the following: Epa = 0.69 V (NaClO,), Epa =
0.74 V (BusNCIOy), Epa1 = 0.53 V, Ep2=0.77 V (EtsNBF4), Epa1=0.58 V, Epaz =0.79 V (BusNPFs). The
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potential shift of the peaks was due to the increase in the electrical resistance of the polymer, requiring
the over potential to overcome this resistance. Two peaks frequently appeared in the oxidation portion
of the cyclic voltammograms of the poly(PPA) films for the 0.1 M Et;NBF, and BusNPFg electrolyte
systems, suggesting that the redox reaction of the poly(PPA) film might involve two electron-transfer
steps [30]. Linear sweep voltammetry was also recorded for the PPA monomer, and the corresponding
graphs are shown in Fig. 2. The onset potential of the monomers occurred at 1.08, 1.18, 1.22, and 1.24
V for NaClO4, BusNPFg, BusNCIlO,, and EtyNBF,, respectively. This clarifies that PPA exhibited
distinct electro-oxidation pathways for each of the electrolyte solutions. The decrease in the oxidation
onset potential of PPA is attributed to the increase in the p-conjugated chain of the starting oligomers,
and it indicates that the oxidation of PPA in 0.1 M NaClO4 was much easier than for the others. The
redox behavior of the modified films was also investigated in monomer-free solution. The inset in Fig.
1 shows the scan-rate dependence of the poly(PPA) film in a monomer-free solution. The peak current
increases linearly in direct proportion to the increasing scan rate, presenting the influence of the
dopantincorporated anions. It is shown in all studies that a pair of peaks signifies the polymer’s redox
processes, but this was not observed in NaClO4 at a high scan rate. This indicates that this system
shows an absence of a Kinetic or transport limitation [31]. The anodic and cathodic peak current
densities related to the oxidation and the reduction of poly(PPA) were plotted versus the scan and the
square root of scan rate (Fig. 3). The correlation coefficient of the oxidation peaks and the reduction
peaks were found to be approximately 1. This result demonstrates that during the electrochemical
process, both electroactive (nanostructured) thin-film formation and a diffusion-controlled process
occur simultaneously during the electrochemical process [32].
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Figure 2. Linear sweep voltammogram of the monomer of pyrrole-N-propionic acid on a glassy
carbon electrode. Polymerization conditions: [PPA], = 10 mM; potential range = 0-1.4 V; scan
rate = 50 mV s a) in 0.IM NaCIOJACN, b) 0.IM BusNPF¢/ACN; c) 0.1M
EtyNBF4/ACN;and d) 0.1M Bu,CIlO4/CAN.
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Figure 3. Anodic and corresponding cathodic peak current vs. a) scan rate and b) the square root of the
scan rate of the poly (PPA) films in monomer-free media.

3.2. FTIR-ATR Measurements

The FTIR ATR spectra of the poly(PPA) are shown in Fig.4. As shown in Fig.4, the strong
peak observed at 1691-1707 cm™ belongs to the C=0 vibration of carboxylic acid substituent of the
pyrrole ring. The absorbance peaks observed at 1534-1561 and 1393-1460 cm ™" are attributed to the
stretching vibrations of the C=C and C—N groups in the PPy ring, respectively [33].The bands at 1034-
1318 and 730-929 cm™ were assigned to the =C-H in-plane vibration and out-of-plane vibration,
respectively [34]. The strong absorption bands at 836, 1044, and 1086 cm " indicate that these films are
highly doped with the anions PF¢,BF,, and CIO,’, respectively [35-37].
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Figure 4. FTIR-ATR spectra of poly(PPA) films: a) poly(PPA)-Et4NBF,, b) poly(PPA)-Bu,ClO,, ¢)
poly(PPA)-BusNPFg, and d) poly(PPA)-NaClO,.

3.3 Visible-Near-Infrared Spectroscopy of Poly(PPA) Films

The Vis-NIR absorption spectra were measuredrecorded in the wavelength range of 450 to
1100 nm. To illustrate the optical properties of the poly(PPA) films prepared on the ITO CE
electrodes, plots are presented in Fig.5. The spectra can be considered to show two absorption peaks of
the poly(PPA) film, which reveal the presence of two bands: broad peaks in the range of 600—700 nm
and 800-900 nm in the spectra for poly(PPA)-NaClO, and poly(PPA)-Et4,NBF,, and broader peaks for
poly(PPA)-Bu,ClO4and poly(PPA)-BusNPFg in the range of 600—700 and 1000-1100 nm. A red shift is
observed in the near-IR region for the poly(PPA)-BusClO,4 and poly(PPA)-BusNPF; films, compared
to the peaks of the poly(PPA)-NaClO,4 and poly(PPA)-EtsNBF, films. The similarities in the spectra
are consistent with the morphological features of the poly(PPA) films, which have similar surface
morphologies for the NaClO, and EtyNBF, systems and for the Bu,ClO4, BusNPFg systems, as
described in section 3.4. It is clear that Tthe optical absorption depends on the electrolyte type and
decreases in the order of NaClO4, EtaNBF4, BusNCIO4, and BusNPFs. This order has convenient
follows the decrease in the thicknesses of the films. As depicted for polypyrrole (PPy) in the literature,
PPy showed absorption peaks in the UV spectrum in the 400-500 nm range, which have been
associated with the 71 — n* transition of the PPy chain [38-41],as well as an intense and broad peak in
the near-IR region above upon 800 nm [42,43]. The peaks at approximately 597 nm for poly(PPA)-
Et;NBF,;, 600 nm for poly(PPA)-NaClO4, 650 nm for poly(PPA)-BusNCIO4, and 669 nm for
poly(PPA)-BusNPFs can be attributed to the m—n* transition of the poly(PPA) chain. For peaks in the
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near-IR region, the presence of a strong, broad absorbance in conjugated polymers such as polyaniline
and polypyrrole is called the “free-carrier tail” [44,45]. This free-carrier tail is obtained when the
polymer includes bipolaron charge carrier contains as a large population in polymeric backbone of
bipolaron charge carrier, and The electrical conductivity it is strongly correlated with the electrical
conductivity bipolaron charge carrier, length of the polymer chain, and conjugation length, and which
is which is proportional to the intensity of the free-carrier tail. These specific absorption peaks are also
indicative of the nature of the charge carrier present in the film [46,47]. The broad peaks observed in
the range of 800 to 1100 nm are associated with the free-carrier tail in all spectra and indicate that the
poly(PPA) film is doped. This is because the intensity of the free-carrier tail is proportional to the
length of the polymer chain, and the highest peak intensity is obtained for poly(PPA)-NaClO,4. One can
conclude that it has the highest conjugation length, followed by the others in decreasing order:
EtyNBF,4, Bu,sClO4, and BusNPFg. This result is consistent with the Np value that is obtained by Mott—
Schottky analysis in section 3.6. As the free-carrier tail is indicative of the nature of the charge carriers
in the polymeric film, the highest Np value is obtained for poly(PPA)-NaClOy4,and the others decrease
in the following order:Et;NBF4, BusNCIO,, and BusNPFg,which corresponds to the peak intensity in
the near-IR region of the spectrum (Fig.5).
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Figure 5. The Vis-NIR spectra of the modified poly(PPA) films on the ITO CE. a) poly(PPA)-
NaClO4,b) poly(PPA)-EtsNBF,, ¢) poly(PPA)-BusClO4,and d) poly(PPA)-BusNPFe.

3.4. Surface Morphology of the Poly(PPA) Films

For the effect of the electrolyte nature on the surface morphology of the poly(PPA) films, we
examined the films using SEM and AFM. The poly(PPA) films electrochemically obtained by cyclic
voltammetry on ITO CE were examined, as illustrated in Fig. 6. The surface roughness is used in AFM
analysis. an important issue in surface science. The AFM topographies of poly(PPA) are presented in
the inset of Fig.6. The structures morphologies of these films on the ITO CE substrates electrodes are
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different from the structures morphologies of poly(PPA) on GCE. The surface morphology of
poly(PPA) depends on the preparation conditions. Poly(PPA)-BusNCIO, and poly(PPA)-BusNPFg
films have similar morphologies with the same cracked, compact surface structure. Moreover, it was
observed that these films did not reveal the presence of nodular structures (Fig.6a,d). Nevertheless, the
poly(PPA)-BusNPFs film appeared to have a denser and less cracked surface structure, which is
consistent with the roughness obtained from AFM analysis. The roughness of the poly(PPA)-
BusNPFgfilm (4.96 nm) was less than the roughness of the poly(PPA)-BusNCIO, film (6.67 nm).

500 nm
MEMTEK

Figure 6. SEM images of poly(PPA) electrochemically obtained by cyclic voltammetry on ITO CE:
[PPA], = 10 mM; potential range = 0-1.4 V; scan rate = 50 mV s™; eight cyclesfor a) in 0.1M
Bu,CIO4/ACN; b) 0.1M Et;NBF4/ACN; c¢) 0.1M NaClO4ACN;and d) 0.1M BusNPFs/ACN.
The 3D AFM topographies are given in the inset of the figure.

Likewise, the poly(PPA)-Et;NBF, and poly(PPA)-NaClO, films have similar morphological
characteristics, which were observed as dense, homogeneous structures composed of spherical grains
(like cauliflower) with sizes of several nanometers. Poly(PPA)-Et4,NBF, had larger spherical grains
than poly(PPA)-NaClO, (Fig.6. b, c),which was consistent with the roughness of the poly(PPA)-
EtsNBF,film (30.27 nm),which was greater than that of the poly(PPA)-NaClO, film (7.17 nm). In
previous studies on electropolymerized conducting polymers, the morphology of the polymer has
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shown a strong effect on the thickness of the polymer film and the progress of the polymerization.
Thus, the film morphology was no longer smooth and did not have a compact surface, but it appeared
that a cauliflower structure forms that consists of hemispheres of several micrometers in diameter
when the thickness of the polypyrrole films exceeds 1-2 pum [48-50]. Faraday’s law was used to
calculate the mean film thickness of poly(PPA) estimated from the electrical charge (Q), assuming that
the current efficiency for poly(PPA) formation is 100%,that the number of electrons (z) involved is
2.25 [51], and that the nominal density for the poly(PPA) films was 1.5 g cm 2 [52], as for polypyrrole
[53]. The film thicknesses were calculated as 0.99 um for poly(PPA)-NaClO,, 0.85 pm for poly(PPA)-
EtyNBF4, 0.47 um for poly(PPA)-BusClO4, and 0.43 um for poly(PPA)-BusNPFs. Furthermore, the
similarity in the observations shows that the morphology of the film depends on the film thickness and
the electrolyte type. It was demonstrated that increased thickness of the polymer films led to spherical,
grainy surfaces. In general, the roughness and pore size of the polymer films increased with the film
thickness, as was reported in the literature [54,55]. Similar results are observed in our study as well.
Nodular surface structures were observed in the thicker poly(PPA) films. In contrast, ITO CE that was
covered by thinner poly(PPA) films exhibited more compact films than those observed for the thicker
(poly(PPA)-NaClO4 and poly(PPA)-Et4NBF,) films.

3.5. The Electrochemical Impedance Behavior of the Poly(PPA) Films in Various Electrolytes

In the polymerization process, the counter-ion type affects the morphological, spectral,
impedimetric, and voltammetric properties [56-57]. Thus, EIS experiments were performed on the
electrolyte/poly(PPA) half-cell electrodes to investigate the effect of the counter-ion type and the
interfacial properties. Nyquist, Bode magnitude, and Bode phase plots of the polymeric thin films that
were doped with different anions are depicted in Fig. 7. In all EIS studies, the Nyquist plots revealed a
depressed, small semicircle in the high-frequency region, which is caused by the parallel combination
of the resistive and capacitive components of the electrode material, and low-frequency spikes that
exhibit an upward slope [58]. The low-frequency capacitance (Csp) values of the poly(PPA) films (at
0.01 Hz) were calculated using the equation Csp:(2f.Zim)'1, where Cs, is the specific capacitance,and
(Zim) is the slope of a plot of the imaginary component of impedance versus the inverse of the
frequency (f) [59,60]. The capacitance of the polymer film decreases with increased frequency, and the
film behaves like a pure resistor at higher frequency because the ions are unable to penetrate under
high frequencies, and thus, zero capacitance is observed.

Table 1. Capacitance and phase angle values obtained for poly(PPA) in the various electrolyte

solutions.
Poly(PPA) Csp/mF.cm™  CgymF.cm™  Phase
Angle
BusNPF¢/ACN 2.28 2.17 65.25
Bus;NCIO4/ACN 0.69 0.52 64.73
EtuNBF4#/ACN 0.94 1.37 70.43

NaClO4/ACN 2.19 2.45 75.31
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As can be seen from Table 1, in the lower frequency region, Cs,, the specific capacitance
increased with increased dopant ionic radius (in the following sequence: BF4 < ClO4 < PFg). It was
found that the BusNPFg electrolyte system has the highest capacitance value of 2.28 mFcm™in the
initial monomer concentration of 10 mM. The other Cs, values were calculated as 2.19 mFcm™ for
NaClO4, 0.94 mFcm™ for EtyNBF4, and 0.69 mFcm™ for BusNCIO, respectively (Table 1). The
inclined spike arises fromdisplays the formation of double-layer-capacitance charge accumulation at
the polymer—solution interface, Cq. This is the other main characteristic of the electrode at the
electrode—electrolyte interface because of due to the migration of ions at low frequency Itand is
determined by the formation conditions of the double layer. in the pores of the modified carbon
material. Moreover, the spike inclination at an angle less than 90° to the real axis is due tobecause of
the roughness of the electrode—electrolyte interface [61,62]. As seen from Table 1, the value of Cg can
be calculated from a Bode-magnitude plot as shown in Fig.7.b, by extrapolating the linear section to
the value =1 (logn=0), employing the relationship 1ZI=1/Cgy. The highest double-layer capacitance
was obtained for poly(PPA)-NaClO4(2.45 mFecm™), and the minimum double-layer capacitance was
obtained for poly(PPA)-BusNCIO, (0.52 mFem?) from the Bode-magnitude plot (Fig.7.b).
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Figure 7. a)Nyquist plots, b) Bode-Magnitude plots,and c¢) Bode-Phase plots for poly(PPA)
electrocoated onto GCEswith [PPA]o =10 mM in 0.1 M NaClIO4/ACN,Et;NBF4/ACN,
BusNCIO4/ACN, and BusNPFs/ACN solutions. EIS measurements were conducted in various
monomer-free electrolyte solutions with a perturbation amplitude of 10 mV over a frequency
range of 10 mHz to 100 kHz, versus OCP. Experimental impedance measurements correlated
with the calculated data from the equivalent-circuit model R(W(CR)(QR))(CR) is given in the
inset of Figure 6b.
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The nature of the dominant conductive behavior of the polymeric film, a resistor or a capacitor,
affects the real and imaginary components of the impedance and the phase angle (¢), within the system
at a given frequency range. The imaginary part of the impedance is represented as resistive behavior,
and its associated phase angle is = 0°. The real part of the impedance is represented as capacitive
behavior with a phase angle of ¢= 90°. The Bode-phase plots in different electrolytes indicate the
prevailing influence of the electrolyte resistance (Fig. 7.c). The films behave like ideal resistors with a
very low Bode-phase angle. For BusNCIO4, BusNPFs, and Et4,NBF./ACN, a plateau appeared in the
frequency range of 0.1-10 Hz, and the films show a transition from resistor to capacitor behavior. This
plateau was absent, however, for NaCIO4,/ACN. At frequencies lower than 0.1 Hz, the Bode-phase
angle approaches a semi-plateau region on the time scale that the electric signal reaches maximum
penetration into the pores of the poly(PPA) film electrode (Fig. 7.c) [63]. One relaxation process, at the
maximum phase angle, which may be due to the diffusion of dopant anions into the polymer matrix
[64], occurred at the polymer film—electrolyte interface. The maximum phase angle (75.31°) can be
observed for NaClIO4/ACN at a frequency of 0.01 Hz, and the minimum value was obtained for
BusNCIO4/ACN (64.73°) at a frequency of 0.01 Hz.

3.6. Electrical Equivalent-circuit Modeling

One of the aims of this work is to find a relationship between the impedance data obtained for
poly(PPA) films synthesized in various supporting electrolyte solutions and a suggested electrical
equivalent circuit (EEC).This can provide a reason for the characteristic features of the system and, at
the same time, allow a choice among different possible assumptions about the system. The
electrochemical parameters of the poly(PPA) films in the electrolytes were fitted considering the
electrical equivalent circuit R(W(CR)(QR))(CR) (shown in the inset of Fig.7b).This was performed by
taking into consideration the statistical importance of the parameters and their standard deviations [65].
The components of the proposed circuit and data are given in Table 2.

Table 2. Electrolyte dependence of the parameters for poly(PPA) calculated from the equivalent-
circuit model R(W(CR)(QR))(CR).

Poly(PPA) NaClO,/ EtyNBF,/ BusNPF/ Bu;NCIO4/
ACN ACN ACN ACN

Rs (kOhm.cm™) 2.12 0.09 3.15 1.08

W (Yo/uSsec™°.cm™?) 41.66 33.00 37.29 61.91

Ca (MF. cm™) 1.11 0.23 0.54 0.16

R, (kOhm.cm™) 104 1795 1201 2480

CPE (Yo/uSsec™.cm™) 433 386 649 123

n 0.73 0.78 0.71 0.77

Rer (kOhm.cm™) 93.75 7.97 14.97 27.43

Cr (uF. cm?) 0.18 0.12 0.06 0.11

Re (kOhm.cm™) 12.38 9.53 25.02 28.34

Chi squared / y2 9.99x10°% 4.36x10™ 13.81x10™ 14.59x10™%
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The EEC model is composed of the electrolyte and pore resistance (Rs), the adsorption
capacitance and resistance (C, and Ry), a constant-phase element used to compensate for the roughness
of the electrode and used as a model for the double-layer capacitor (Cq) and inhomogeneity in the
system, the charge-transfer resistance (Rc), the Warburg impedance, the diffusive capacitance line
(W), and the resistance and capacitance of the polymer film on the GCE (Rf and Cs). R, and C, are
related to the charging/discharging process at the surface of the film. The solvent resistance Rs is
defined as the sum of the resistances of the ion resistance of the electrolyte, the interface contact
resistance between the electrode and the electrolyte, and the intrinsic resistance of the electrode. The
solvent resistances of the poly(PPA) films in the NaClO4/ACN and BusNPFs/ACN supporting
electrolyte solutions were higher than the solvent resistances of the poly(PPA) films in the Et;NBF,
and BusNCIO4/ACN supporting electrolyte solutions. This resulted from the different shapes of the
polymers, arising from the varying lengths of the chains, different morphologies, and conductivity of
the poly(PPA) Iayelr [66].

ZCP'E - A(jm]” (l)

A constant-phase element (CPE) can be mathematically described by the equation 1, in which
A and n are presented as constants. The constant n is related to the phase angle by the equation @=-
(90n)°. In practical terms, because n ranges from 0 and 1, it exhibits the behavior of a resistive,
capacitive, or diffusional component. When we do not place the W element into the circuit, the
exponent values of CPE approach 0.5, which is indicative of a diffusion-controlled process. The
diffusive capacitance is therefore ascribed to the Warburg impedance [67]. If the exponent is nearly 1,
the phase angle approaches 90°, which is the phase angle for a capacitor, and A is equal to C [68-70].
The maximum value of n for CPE of poly(PPA)/GCE can be observed for Et;NBF,</ACN (0.78), and
the lowest is observed for BusNPFs/ACN (0.71);the values of n are given in Table 2. The redox
activity of any material is subject to certain factors, such as the charge-transfer process across the
electrode/electrolyte interface and the surface morphology of the electrode [71]. Morphology of
polypyrrole with a uniform porosity, and the well-ordered structure ensure superior electrochemical
performances were reported in literature [72]. Redox activity may be explained on the basis of the
electrochemical reactions at the semiconductor electrode because the charge-transfer resistance (Rcr)
is an important factor to determine the redox activity of a material. As seen in Table 2, Maximum
value of Rct was observed for the poly(PPA)-NaClOin the NaClO4/ACN supporting electrolyte, and
the minimum Rct value was found for the poly(PPA)-Et;NBF, in the EtyNBF,/ACN supporting
electrolyte. This result reveals that the surface morphology of the poly(PPA) film synthesized in
Et,NBFsACN was a homogeneous structure composed of spherical grains with a porous structure
facilitates the charge-transfer process near the electrode/electrolyte surface. However, the poly(PPA)-
NaClOy film had the highest value, although it exhibits the same porous morphology as the poly(PPA)-
EtsNBF, film. It has smaller spherical grains than the poly(PPA)-Et4NBF, film, which is most likely
responsible for the difficulties in maintaining the connectivity between the pores, which results in the
lowest interfacial area for charge transport. The Ct and C, capacitance values for the poly(PPA) film
synthesized in the NaClO4,/ACN supporting electrolyte solution are higher than those for the others
(Table 2).
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3.6. Mott-Schottky Analysis of the Poly(PPA) Films

The impedance measurements were performed at various applied biases to enable Mott—
Schottky analysis, in whichwhere the electrochemical behavior of many semiconductor films can be
interpreted when the doping level is situated between the Fermi level and the empty conduction band
[73]. The solid/electrolyte interface can be categorized as three layers, which are called the Gouy layer
(G), the Helmholtz layer (H), and the space-charge layer in the semiconductor (SC). These layers
contribute to the total capacitance of the solid/electrolyte interface, but as both the Gouy and
Helmholtz layers are very thin, their capacitance contributions can be neglected [74]. Thus, the total
capacitance values that are found by impedance spectroscopy are equal to the space-charge-region
capacitance (Csc) [75-77], and a Mott—Schottky plot is constructed when 1/Csc? is graphed against the
applied potential. Thus, the flat-band potential (Erg) of the semiconductor can be determined by
intersecting the E-axis of the linear region of plot, and the carrier density (Np) can also be conveniently
found by determining € (in the present study, the assumption is that e=10), the area (A), and the slope
(o) by using equation 2 and 3, respectively [78,79].

1 2 kgT
2 \2n azon. (E—Epa——)
Csr ee,A“eNy e )

( 2 )
N, =
EEE,FEI (3)

Here, Csc is the space-charge capacitance, A is the area, Np is the carrier density, E is the
applied voltage, kg is Boltzmann’s constant, T is the absolute temperature, e is the electronic charge, €

is the vacuum permittivity, €, is the relative polymer permittivity, and a is the slope of the straight line.
A linear relationship between Csc™ and the applied potential E was observed in Fig. 8. Outside this
linear region, the plots are nonlinear due to the inhomogeneity of the charge carriers in the bulk of the
semiconductor and at the interfaces [80]. It can be concluded that the capacitance of the interface is
dominated by that of the semiconductor (Fig. 8). This means that the poly(PPA) film has
semiconductor properties.

Table 3. Semiconductor parameters of the poly(PPA) films.

Electrolyte NaClO, BuNCIO, Bu,NPF; Et;NBF,
Flat Band Potential, Erg, V 0.41 0.37 0.36 0.32
Carrier Density, Np, cm™® 3.25x10"® 1.17x10"™ 0.52x10'° 1.59x10'
Band gap, electronic, Eg, eV 1.40 151 1.63 1.50
Open circuit potential, Eocp, V 0.64 0.32 0.50 0.36
Carrier Type p p p p

Table 3 presents the semiconductor parameters obtained from the Mott-Schottky plot of the
poly(PPA) films in the various electrolyte systems. As indicated in the literature, although Mott—
Schottky analysis is not a very accurate estimate of Np, a reasonable estimate can be provided for the
actual value of Np [81,82]. It was observed that the Np values of the poly(PPA) films decreased from
3.25x10"® cm™ in NaCIO4/ACN to 0.52x10%in BusNPF¢/ACN cm™. The redox potentials in the
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electrolyte, as for the position of the band edges, are conveniently expressed by flat band potential
(Ers). That is, Egg is the potential necessary to apply to the semiconductor to reduce the band bending
to zero [83]. The Erg of the polymer electrode shifts toward the positive potential for EtyNBF,,
BusNPFg,BusNCIO,4, and NaClOg,the values of which were 0.32, 0.36, 0.37, and 0.41 V, respectively.
The increase in Erg helps transfer the charge carriers on the interface [84]. The band-gap energy (Eg) is
a very important parameter related to the electronic structure of a semiconducting electrode. The
electronic band gap calculated from the CV measurement (graphs are not shown here) is estimated by
using the oxidation onset (Eox)and reduction onset (Eq) values and the external ferrocene potential
(E1r2ferrocene)- The calculations were made using the following equations [85]:

(4) ELUMO:'([Ered‘E1/2ferrocene] + 4.8)
(5) Enomo=-([EOX-E12ferrocene] + 4.8)
(6) Eq= ELumo-EHomo

where the Eq values obtained for poly(PPA)-BusNPFs,BusNCIO,s Et4NBF,,and NaClO4 were
1.63, 1.51,1.50,and 1.40 eV (Table 3). This result is important, considering that the semiconductor
surface band-edge position is affected by the electrolyte type and also that Eg is inversely proportional
to Np. Additionally, Semiconductor type can be revealed from the Mott—Schottky plot reveals whether
a semiconductor is p-or n-type. The negative slope of the Mott—Schottky plot indicates p-type
conductance, and p-doping occurs in the poly(PPA) film showing a negative slope in the linear region
of the plot.
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Figure 8. Mott-Schottky Plot for poly(PPA).The inset shows the HOMO-LUMO energy levels and
electrochemical band gap obtained for the poly(PPA) films.

4. CONCLUSION

In this work, poly(PPA) films were electrodeposited onto glassy carbon electrodes in various
supporting electrolytes using cyclic voltammetry. Mott—Schottky and impedance measurements were
performed on the poly(PPA)-modified electrodes to characterize their semiconducting and capacitive
properties. From the Mott-Schottky analysis of the poly(PPA)-NaClO4, poly(PPA)-Et;NBF,,
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poly(PPA)-BusNCIO,,and poly(PPA)-BusNPFs films, Np values of 3.25x10'°,1.59x10%, 1.17x10%,
and 0.52x10 cm™ and flat-band potentials of 0.41, 0.32, 0.37, and 0.36 V, respectively, were obtained
for the polymer-modified electrodes. The band-gap energies were derived from cyclic voltammetry.
Values of Ey =1.40 eV for poly(PPA)-NaClO,4, E4=1.50 eV for poly(PPA)-EtsNBF4, E4=1.51 eV for
poly(PPA)-BusNCIO,4, and E4=1.63 eV for poly(PPA)-BusNPFs were obtained. These values varied
with the various supporting electrolyte types. These results demonstrate that on a semiconductor
surface, the band-edge position is affected by the electrolyte nature. Mott—Schottky plots for these
poly(PPA) films reveal that the polymer films are semiconducting materials with narrow band gaps,
high carrier densities, and p-type majority carriers. From impedance measurements, the highest value
of Cp. (2.45 mFcm %) was obtained for NaCIO4/ACN. The effects of various anions on the interfacial
properties of the poly(PPA) films were explained by modeling the EIS experimental data. The
impedance data were fitted by the equivalent circuit R(W(CR)(QR))(CR), which was used to interpret
the polymer electrode/electrolyte interface properties. The surface morphology of poly(PPA) depends
on the preparation conditions, and electrolyte nature which affect the optical, morphologic, impedance,
and Np properties of the films.
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