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The effect of scan rate on the morphology and properties of polyaniline has been investigated for
samples deposited electrochemically on nickel from sulfuric acid solution. A nanofibrilar network
structure has been obtained for low scan rates (10, 25 and 50 mV s™) whereas for the highest scan rate
(100 mV s the structure was more compact, the nanofibrils aggregated and their features were not
very obvious. Both diameter and length of nanofibers are scan rate dependent, decreasing from 140 to
90 nm and from 1.35 to 0.72 um when the scan rate is increased from 10 to 50 mV s™. The nanofiber
network tends to be more compact and with less free-volume as the scan rate is increased. Generally,
high specific capacitances and low charge transfer resistance values are obtained for all nanofibrilar
polyaniline films as compared to the compact structure. The optimum scan rate for deposition was
found to be 25 mV s, leading to the highest specific capacitance and lowest charge transfer resistance.
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1. INTRODUCTION

Polyaniline is an intrinsic conducting polymer that has been intensively investigated due to its
versatile use in a large number of practical applications, i.e. the fabrication of electrochemical storage
devices, sensors, biosensors, anticorrosive coatings. Polyaniline can be obtained by either chemical or
electrochemical oxidative polymerization. Chemical polymerization has the advantage of producing
large scale quantities of polymer, but electrochemical polymerization allows a more rigorous control of
synthesis parameters and is useful when polymer film electrodes are needed. The synthesis method and
processing conditions play an important role in tailoring polymer properties, i.e. morphology and as a
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consequence conductivity, which is one of the main properties of conducting polymers, particularly of
polyaniline [1,2].

Different morphologies have been reported for polyaniline obtained by chemical oxidative
synthesis depending on the molar ratio of oxidant to monomer [3]. Also, by changing the molar ratio of
acid to monomer, nanoflakes, nanorods or nanospheres have been obtained in selenious acid [4] and
respectively nanotubes, nanoflakes and nanofiber networks in dichloroacetic acid [5]. Polyaniline
nanofibers with diameters of 20-50 nm have been reported in the presence of soft templates such as
polyethylene glycol [6]. It has been shown that acidity changes in the initial stages of polymerization
also have an influence on polyaniline morphology obtained by interfacial polymerization, allowing a
controlled synthesis of PANI micro/nanostructures [7]. Besides acidity, another factor that affects the
size of polyaniline nanofibers obtained by interfacial polymerization is the polarity of the organic
solvent [8].

The morphology obtained by means of electrochemical synthesis is less varied than with
chemical oxidation methods due to the ease of controlling synthesis parameters. The main factors
affecting morphology in electrochemical synthesis are the nature of the doping anion [9], the electrode
material [10,11], pH [12], scan rate in potentiodynamic deposition [13,14] and deposition time in
potentiostatic deposition [15]. It has been found that varying the potential scan rate of only the first
cycle from 100 to 2 mV s™ induces changes from globular to fibrilar-like morphology [16], explained
by different nucleation mechanisms. Frequently reported morphologies for electrochemical deposited
polyaniline are nanofibers or nanofiber networks, as a consequence of the growth mechanism
described as a two stages mechanism [10,17]. In the first stage, after the nucleation sites are deposited
on the electrode surface, they tend to grow predominantly in the horizontal direction and form a
compact 2D polyaniline layer. In the second stage, the polymerization takes place preferentially in the
vertical direction and polyaniline nanofibers grow on the previously deposited compact layer and not
directly on the bare electrode surface.

In this paper we report on the effect of potential scan rate on the morphology and properties of
polyaniline films electrochemically deposited on nickel electrode. It is shown that the morphology
changes from a compact structure at higher scan rates to porous nanofibrilar morphology at lower scan
rates. There is also a clear correlation between morphological changes and electrochemical impedance
spectra. The charge transfer resistance and specific capacitance of polyaniline films are controlled by
their structure and morphology.

2. EXPERIMENTAL

Aniline (puriss., p.a., > 99.5% GC from Fluka) was freshly distilled under reduced pressure and
stored in dark at low temperature. Distilled water and analytical grade sulfuric acid (95-97% from
Merck) were used to prepare the electrolyte solutions. Before measurements the Ni electrode was
mechanically polished with SiC paper of different grades from 400 to 2400 and then mirror polished
with diamond sprays with different grain size (6 and 3 pum). The freshly prepared electrode was
immediately immersed in the electrolyte solution and cyclic voltammograms were taken.
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The electrochemical polymerization of aniline was carried out by cyclic voltammetry using an
Autolab PGSTAT 302N. All measurements were performed in a conventional one-compartment, three-
electrode electrochemical cell equipped with a nickel disc working electrode (A = 0.64 cm?), two
graphite rods as counter electrode and silver/silver chloride (Ag/AgCl) as reference electrode. Cyclic
voltammograms were recorded at different scan rates of 10, 25, 50 and 100 mV s from 0.1 mol L™
aniline in 0.5 mol L™ H,SO, solutions. The potential was scanned from —0.15 V to 1.25 V for the first
cycles to allow the initiation of the polymerization process, afterwards the reversal potential was
decreased to 0.85 V to avoid the overoxidation reactions of the polymer chain. The cyclic
voltammograms were interrupted after reaching a current of about 0.01 A for the first oxidation peak,
corresponding to a current density of about 0.016 A cm™. The prepared samples are denoted as
Pani 10, Pani 25, Pani 50 and respectively Pani 100, indicating the scan rate applied in the
potentiodynamic scan during the deposition of the polymer films. Electrochemical properties of
polyaniline films were investigated by cyclic voltammetry and electrochemical impedance
spectroscopy (EIS) in monomer free H,SO, solution. EIS measurements were carried out in the
frequency range from 0.1 Hz to 100 kHz and AC voltage amplitude of 10 mV. For each spectrum 60
points were collected, with a logarithmic distribution of 10 points per decade. The experimental
electrochemical impedance data were fitted to the electrical equivalent circuit by a complex non-linear
least squares Levenberg—Marquardt procedure using ZView 3.0 software (Scribner Associates, Inc.).

The morphology and structure of the polyaniline films prepared on nickel were characterized
by field emission scanning electron microscopy (FE-SEM) using a QUANTA FEG 250 scanning
electron microscope. Fourier-transformed infrared (FTIR) spectra of prepared polyaniline were
measured on KBr pellets using a Shimadzu IR PRESTIGE 21 spectrometer. For each spectrum 20
interferograms with a resolution of 4 cm™ were sampled.

3. RESULTS AND DISCUSSION

Fig. 1la and b show examples of cyclic voltammograms recorded during the two stage
deposition of Pani films on nickel electrode.
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Figure 1. Potentiodynamic deposition of Pani from 0.1 mol L™ aniline in 0.5 mol L™ H,S0, solution
on nickel electrode, scan rate 25 mV s: initiation step (a) and growth step (b). Last scan
corresponding to the growth of the four Pani films (c).
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In the first stage (Fig. 1a), CVs were recorded in a large potential window corresponding to the
induction or initiation of the polymerization reaction. In the next stage (Fig. 1b), during the growth of
the polymer film, the upper potential limit was shifted to lower values to avoid the oxidative
degradation reactions and consecutive CVs were taken in a narrower potential window.

An irreversible oxidation peak appears in the first anodic scan (Fig. 1a), that has been assigned
to the oxidation of the nickel electrode. In the following cycles, the oxidation peak is absent which
shows that the electrode is in a passive state and allows the electrooxidation of aniline at an electrode
potential of about 1V. Typical CVs have been recorded during the growth of Pani films, characterized
by the presence of two pairs of redox peaks corresponding to redox transitions from leucoemeraldine
to emeraldine and from emeraldine to pernigraniline. Also, an intermediate pair of redox peaks is
assigned to secondary degradation reactions. The potential peak of the first redox transition shifts
slightly to lower potentials as the scan rate increases. The corresponding anodic / cathodic peak
potentials are 0.290 / 0.077 VV at 10 mV s™; 0.275/0.070 V at 25 mV s™*; 0.258 / 0.055 V at 50 mV s
and respectively 0.258 / 0.052 V at 100 mV s. It can be also noticed that the intensity of the
degradation peaks is more pronounced at lower scan rates. An important feature related to the growth
of conducting polymer films is the continuous increase of the current and charge corresponding to the
first anodic peak during consecutive potential cycling. The dependence of charge associated to the first
peak versus the number of scans is given in Fig. 2.
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Figure 2. Dependence of charge on the number of scans for: Pani 10 (m), Pani 25 (e), Pani 50 (A) and
Pani 100 (V).

In all cases a linear dependence is observed which indicates a continuous growth of the
polymer film proportional to the number of potential scans. However, the charge corresponding to the
first anodic peak is quite different, indicating that films with different thicknesses have been obtained.
The highest growth rate of the polyaniline film is obtained for the lowest scan rate, as indicated by the
steepest slope.
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The mass of deposited polyaniline was estimated according to Faraday’s law of electrolysis,
assuming a current efficiency of 100%. Also, the thickness of Pani films was calculated for an average
density of polyaniline of 1.4 g cm™.

. (M, +05M,)Q )

(2+05)F
where: m is the mass of deposited Pani, g, My, and M, are the molar masses of aniline monomer (93.13
g mol™) and hydrogen sulfate (97 g mol™), Q is the total deposition charge and F is the Faraday
constant (F = 96485 C mol™).

The capacitance of polymer films can be determined by either cyclic voltammetry or
electrochemical impedance spectroscopy. In cyclic voltammetry the polymer film capacitance is
obtained from the slope of the linear dependence of capacitive current density versus scan rate. The
capacitive current density is calculated as the average of anodic and cathodic currents obtained from

the cyclic voltammograms given in Fig. 3.
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Figure 3. Cyclic voltammograms of Pani 10 (a), Pani 25 (b), Pani 50 (c) and Pani 100 (d) in 0.5 mol L~
! H,S0, solution at 50 mV s™ (——), 100 mV s™ (- - - -), 150 mV s () and 200 mV s (---

).

The dependence of the capacitive current density on scan rate is illustrated in Fig. 4 for all four
polyaniline samples.
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Figure 4. Dependence of the capacitive current density on scan rate.
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Film thickness and capacitance values determined from both cyclic voltammetry and
impedance data are given in Table 1. Also, specific capacitance values were calculated according to:

)

where: Ccy is capacitance determined from cyclic voltammetry and m is the mass of deposited Pani
determined with equation (1).

It can be observed that, as expected, the capacitance of Pani films increases proportionally to
film thickness and mass of deposited Pani. However, when specific capacitance values are compared,
the highest capacitance is obtained for Pani 25, and the lowest capacitance is obtained for Pani 100 due
to different morphology, as it will be discussed based on FE-SEM imaging.

Table 1. Thickness and capacitance values of Pani samples.

Pani 10 2.55 0.233 0.255 655
Pani 25 0.85 0.085 0.095 715
Pani 50 0.44 0.036 0.041 585
Pani 100 0.22 0.018 0.023 490
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Figure 5. Series of Nyquist plots of Pani 10 (a), Pani 25 (b), Pani 50 (c) and Pani 100 (d) measured in
0.5 mol L™ H,S0, solution at different potentials. Symbols are experimental data and the
continuous line represents the results of modeling to the equivalent electric circuit.
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The influence of polyaniline morphology and applied potential on the impedance response was
investigated. Electrochemical impedance spectra were collected at several electrode potentials, placed
in the region were the polyaniline films are in the conductive form. Typical examples of EIS spectra
taken for the polyaniline films at electrode potentials above 0.2 V are given in Fig. 5.

The impedance behavior in the potential window from 0.2 to 0.6 V is assumed to be a
characteristic of Pani/electrolyte interface and of Pani layer pseudocapacitance [18,19]. The changes in
impedance parameters were used to interpret processes taking place inside polyaniline and at the
polyaniline/electrolyte interface as a consequence of morphology changes. The shape of the complex
plane plots depends on both polymer film thickness and morphology. For Pani 10, Pani 25 and Pani
50, with similar morphologies, the complex plane plots are characterized by the appearance of a high
frequency semicircle followed by a near vertical line at low frequencies, at all investigated electrode
potentials. The impedance response at high frequencies corresponds to the charge transfer at the
polyaniline/electrolyte interface and low frequency response is dominated by the polyaniline film
capacitance. As the film thickness decreases, the imaginary part of the impedance increases, indicating
a decrease of the low frequency capacitance. The diameter of the high frequency semicircle is potential
dependent decreasing up to potential of 0.4 — 0.5 V, in agreement with the transition from
leucoemeraldine to the conductive emeraldine form of Pani. A completely different behavior is
observed for Pani 100, where an incomplete arc of a semicircle with larger diameter can be seen.

The equivalent electric circuit used to analyze EIS data is presented in Fig. 6 and contains a
series connection of the charge transfer resistance R and the polymer film capacitance expressed by a
constant phase element CPE-2, in parallel with the double layer capacitance expressed by CPE-1. In
case of Pani 100 the impedance data were fitted assuming only a constant phase element in parallel
with a resistance.

Table 2. Values of the circuit elements obtained by fitting the impedance data to the equivalent circuit.

Pani 10 0.3 1.8 1.41 x 10" 0.85 1.44 0.255 0.85 1.9 x 10"
0.4 1.8 1.52 x 10™ 0.85 1.14 0.261 0.87 3.1x10"
0.5 1.8 2.49 x 10™ 0.81 1.03 0.318 0.86 5.6 x 10
0.6 1.8 "2.14 x 10 0.82 1.37 0.288 0.80 1.2 x 107
Pani 25 0.3 1.7 6.79 x 107 0.92 1.15 0.095 0.97 1.7 x 10"
0.4 1.6 1.06 x 10™ 0.89 0.82 0.095 0.97 2.8 x 10"
0.5 1.6 *2.01 x 10™ 0.84 0.74 0.123 0.96 6.7 x 10
0.6 1.6 *254 x 10™ 0.82 1.05 0.110 0.96 1.7 x 10°
Pani 50 0.3 1.9 2.41 % 10" 0.80 3.50 0.042 0.95 46 x 10"
0.4 1.9 2.29 x 10™* 0.81 2.97 0.041 0.95 6.9 x 10
0.5 1.9 2.48 x 10™ 0.80 3.11 0.052 0.94 8.6 x 10
0.6 1.9 2.27 x 10™ 0.82 4.67 0.047 0.94 8.2 x10*
Pani 100 0.3 1.9 0.023 0.98 237 - - 2.7 x10*
0.4 1.9 0.230 0.97 301 - - 2.5x 10"
0.5 1.9 0.030 0.97 387 - - 2.8 x 10"
0.6 1.9 0.027 0.98 392 - - 5.5 x 10

* Relative standard errors above 10%.
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The results of fitting together with the goodness of fit, expressed by the Chi-squared value are
given in Table 2. There is a good agreement between experimental results and fitted data, as indicated
by small relative standard errors, generally bellow 10%, and low Chi-squared values.

The constant phase element in the equivalent circuit replaces the capacitance, since it describes
more accurately the behaviour of real systems. The impedance of a constant phase element is given by:

Zepe = T (joo) " )

where T is a parameter related to the double layer capacity, n is an exponent between 0 and 1
and w is the angular frequency.
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Figure 6. Equivalent electric circuit used to fit the impedance data.

The charge transfer resistance of Pani 10, Pani 25 and Pani 50 decreases up to an electrode
potential of 0.4 — 0.5 V, where polyaniline is in its conductive form, emeraldine, and increases again at
more positive potentials, according to Fig. 7a. The lowest values of charge transfer resistance are
obtained for Pani 25 and Pani 10, with a highly porous, nanofibrilar morphology, whereas for Pani 100
Rct values are two orders of magnitude higher, corresponding to a much lower conductivity, explained
by its compact morphology. The specific capacitance of Pani films, calculated as the ratio between
capacitance determined by EIS and mass, is given in Fig. 7b as a function of electrode potential. It
shows the presence of a maxima at 0.5 V corresponding to the potential of the lowest resistance.
Highest capacitances are obtained for Pani 25 and Pani 10, in agreement with voltammetric data.
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Figure 7. Charge transfer resistance and specific capacitance as a function of potential.

The lower resistance and higher capacitance of Pani films obtained at low scan rates are a result
of different morphology. It has been shown that conductivity and apparent charge carrier mobility are
enhanced for nanofibrilar Pani as compared to granular Pani having the same oxidation levels [20]. In
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fibrilar morphology the chains are extended, more ordered and allow the existence of delocalized states
along the chain length direction. In granular morphology the chains are coiled up which tends to
localize the electronic states [21], thus explaining the higher conductivity of polyaniline nanofibers.

A similar increase in conductivity appears during oxidation of Pani, explained by the
conformational changes that take place, consisting in the stretching of the polymer chains from a
compact coil structure to an extended or relaxed coil [1]. It has been reported that the formation of
polaron lattice induces both a stretching of polymer chains and an increase in charge carrier mobility
[22]. Polymer chains expand due to the increase of the electrostatic repulsion forces between polarons
located on the polymer backbone. As the distance between the positive charges on the chain increases,
the PANI chains become more linear and the coiled structure relaxes [23].

Fig. 8 gives the FE-SEM images of Pani films on nickel for different scan rates used in the
potentiodynamic deposition.

Figure 8. FE-SEM images of polyaniline films: Pani 10 (a), Pani 25 (b), Pani 50 (c) and Pani 100 (d).

Polyaniline samples obtained at scan rates of 10, 25 and 50 mV s™ show a porous, open, highly
branched nanofibrilar structure, whereas samples obtained at 100 mV s™ are composed of very short
nanofibrils, almost completely merged with each other, resulting in a compact, stratified structure. For
Pani 10 there is a high amount of long and smooth nanofibers while for Pani 50 some inclusions of
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granular polyaniline could be observed. The nanofiber network tends to be more compact and with less
free-volume as the scan rate is increased. The average diameter and length of the nanofibers decrease
with the potentiodynamic scan rate applied for deposition in the following order: Pani 10 (140 nm /
1.35 um) > Pani 25 (100 nm / 1.06 um) > Pani 50 (90 nm / 0.72 um). These results are consistent
with literature data [13] and can be explained based on the mechanism of nucleation and growth of the
polymer film. At low scan rates the number of nucleation sites generated at the surface of the nickel
electrode is small, but their dimensions are bigger since the electrode is maintained for a longer time at
the oxidation potential value. At higher scan rates the number of nucleation sites is higher, but their
size is reduced. As a result a larger number of nanofibers with smaller diameters will be obtained.
Also, some of the nanofibers present nodules on their surface, which can act as nucleation sites for
future fibers leading to a highly branched structure.

The nanofibers’ aspect ratio (L/D) varies in the order: Pani 25 (10.6) > Pani 10 (9.6) > Pani 50
(8.0) which might explain the highest capacitance and lowest resistance of Pani 25. It has been
reported that high conductivities are obtained for branched Pani nanofibers with high aspect ratio,
where charge carriers are free to move throughout the length of nanofibers and further extend to the
branch regions, leading to an increased delocalization of charge [24]. The ability to transport charge
carriers along the polymer backbone due to an extended conjugation length represents the intrachain
conductivity, whereas the ability of carriers to hop between polymer chains represents the interchain
conductivity.

Structural characterization of polyaniline films has been performed by FTIR spectroscopy and
characteristic spectra for all samples are given in Fig. 9.
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Figure 9. FTIR spectra of electrochemically synthesized polyaniline films.

The main vibrations observed in the FTIR spectra correspond to the C=C stretching vibration
of the quinoid (1556 cm™) and benzenoid rings (1480 cm™). Also, the C—N stretching of the secondary
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aromatic amine is observed at 1296 cm™. The band at 1240 cm™ is characteristic for the conducting
protonated form of PANI, it has been assigned to C—N"" stretching in the polaron lattice [25] and it is
present in the Raman spectra around 1250 cm™ [26]. The very intense band at 1140 cm™ has been
ascribed to the vibration of the charged polymer units Q=NH"-B or B-NH"-B formed during doping
[27] and it is considered to be a measure of electron delocalization in PANI, indicating its high
conductivity. A contribution to the band at 1140 cm™ may also originate from the aromatic in-plane C—
H deformation vibration and from SOz asymmetric stretching vibration in the hydrogen sulfate
counterion [28]. The aromatic C—H out-of-plane deformation observed at 816 cm™ is consistent with
the 1,4-substitution of the benzene ring.

FTIR studies carried out on polyaniline nanostructures have generally revealed a similar
backbone structure to that of granular polyaniline. The main differences associated with the formation
of Pani nanotubes / nanofibers are usually related to the presence of phenazine units and hydrogen
bonds between neighboring chains [11,29-33]. Indication about the presence of phenazine units have
been found by the presence of characteristic vibrations at 1623, 1415, 1450, 1208, 1144, 1136 and
1108 cm™ [30-35] but some of these vibrations are difficult to assign because they overlap with
characteristic vibrations of Pani. A vibration at 880 cm™ indicates branching in the polymer chain and
it is attributed to a 2- or 2,3-substituted phenazine ring [35-38].

The FTIR spectra of Pani films obtained at different scan rates contain few evidence about the
presence of phenazine units, residing mainly in the presence of a vibration at 881 cm™ for Pani 10,
Pani 25 and Pani 100, which is absent in the spectra of Pani 100, and respectively the vibration at 705
cm™ corresponding to the ring out-of plane deformation of monosubstituted phenylene ring. However,
the assignment of the bands associated with the formation of Pani nanotubes is rather difficult and still
open to discussion [33].

4. CONCLUSIONS

Polyaniline nanofibers have been synthesized by a potentiodynamic method on nickel. The
morphology of the polyaniline films is affected by the scan rate, the average diameter and length of the
nanofibers decreases with the scan rate. At scan rates of 10, 25 and 50 mV s™ the nanofibers are
interwoven in a porous network structure which tends to be more compact and with less free-volume
as the scan rate increases. At 100 mV s the nanofibrils becomes very short, they coalesce and form a
much more compact structure. The morphology changes induce different properties of polyaniline
films. Thus, films deposited at lower scan rates show high values of surface related capacitances, due
to the increase of both thickness and electrochemically active surface area. However, comparing mass
related capacitances, the best results are obtained for Pani 25. The optimum scan rate applied for
deposition of Pani in this work, leading to best performances in terms of specific capacitance and
charge transfer resistance, was found to be 25 mV s and it is supposed to originate from an optimum
combination of intrachain and interchain transport of charge carries.
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