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Abstract

The effects of potentiostat scan rate on the impedance, topography, and morphology of
the Polyaniline (PANi) thin film has observed in this study. PANi has deposited on the

This work is licensed Quartz Crystal Microbalance (QCM) surface with various scan rates, and changes in the
under a Creative : :

o T impedance value have observed through an impedance analyzer test. Topography
firssile 2l Measurement System (TMS) has observed the layer topography, while the layer

International License R . . s .
morphology has observed using optical microscopy and Scanning Electron Microscope

(SEM). The results have shown that the best sample has a scan rate of 10 mV/s, with a
low impedance value indicating the layer has rigid. The variation in scan rate can affect
the impedance value, but it is not significant and does not indicate a damping effect on
QCM. A homogeneous layer is deposited at a low scan rate from topography and
morphological observations, while a high scan rate results in an inhomogeneous layer.
Keywords: PANi, scan rate, electropolymerization.

1. Introduction

Conductive polymers have high electrical conductivity values than conventional polymers, so they are
widely applied in electronics [1] such as sensors, anti-corrosion coatings, batteries, capacitors,
photovoltaics and other electronic fields. With this application, a deposition method that produces a thin
film is needed [2]. The conductivity of the conjugated organic polymer adjusted by chemical dipping
modification. The conductive polymer material that widely developed in research is Polyaniline (PANI)
as an electronic device such as a sensor, one of which is that the gas sensor can detect various gases,
including aroma sensors [3], free radicals [4], and alcohol [5].

PANi is a synthesis of aniline with oxidants and acid solutions as dopants. Among other
conductive polymers such as Polypirol (Ppy), Polydiasethylene (Pda), Polyacetylene (PA), and
Polithiophen (PT), PANI has good stability [6] and high electrical conductivity [7]. Based on the degree
of oxidation, PANi divided into 3 phases, namely emeraldine base (EB), which is half-reduced with
dark blue, fully reduced Leucomeraldine Base (LB) in yellow/transparent, and Pernigraniline Base (PB)
is fully oxidized in purple [8]. The three PANI phases are isolative [9]. The EB phase can transform
into conductive by doping a strong acid (protonic) such as HCI or H.SO. to form Emeraldine Salt (ES),
which is dark green and has a high electrical conductivity value of up to 100 S/cm [10] depending on
the level of doping. PANi in the ES phase can be returned to the EB phase by base doping
(deprotonation) such as NaOH or NH,OH.

Meanwhile, PB and LB phases can be conductive when doped with protonic acid, but the
resulting electrical conductivity is low [11]. The PANi phase widely used in research is Emeraldine
because PANI has stable properties and is difficult to dissolve. PANi can synthesize chemically and
electrochemically. PANi, which chemically synthesize, consisting of oxidation and interfacial
polymerization, will produce a powder. In contrast, the electrochemical method will produce a thin film
that can make it easier to apply as an active ingredient of the Quartz Crystal Microbalance (QCM)
Sensor.
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The QCM is a piezoelectric sensor consisting of a thin quartz crystal and the two sides coated
with silver or gold electrodes [12]. The working principle of QCM based on changes in resonant
frequency due to changes in mass, according to the Saurbrey equation [13]. The shift in resonant
frequency in the quartz crystal will be proportional to the increase in mass on the crystal surface [14].
This shift can observe using an impedance analyzer characterization [15]. The active ingredient layer
deposited on top of the QCM must be rigid because the elastic layer can produce a viscoelastic effect
(damping) on QCM [16]. Impedance measurements carried out to determine the damping effect caused
by coatings on the QCM surface [15]. A considerable impedance value (> 100 Q) indicates a significant
damping effect on QCM so that the sensor cannot function properly [17].

There are several deposition methods of PANi layer which have done by many previous
researchers, including that reported by Rahayu et al. [18], which used the surface polymerization
method. Rahayu et al. [18] reported that the concentration and deposition time of PANi did not affect
the damping of QCM despite powder agglomeration PANi which deposited above the QCM. Another
study also reported by Putri ez al. [17], who used the spin coating method, showing that the deposition
carried out at low rotational speeds could affect the damping effect on QCM due to the PANi
agglomeration. In addition, Sazou et al. [19] reported that the electro polymerization method
potentiostats at scan rates of 10 mV/s, 20 mV/s, and 50 mV/s for seven cycles affect the voltammogram
and morphology. A low scan rate produces peaks voltammogram that low and homogeneous
morphology. In this article, the researchers report the PANi thin layer synthesis results, which deposited
on the 10 MHz QCM sensor using the potentiostat method at scan rate variation to determine effects on
impedance value, topography and morphology of the PAN!i thin film.

2. Methods

2.1.  Experimental Method

In this study, PANi deposition on the QCM surface carried out by the potentiostat electropolymerization
method using the Gamry Reference 3000 Potentiostat/Galvanostat. QCM with a silver electrode as a
working electrode, platinum as a counter electrode, and Ag/AgCl as a reference electrode. The solutions
made consisted of 0.4 M Aniline and 30 ml HCI with different concentrations (HCI 1 =0.4 M, HCI 2 =
0.5 M, and HCI 3 = 0.6 M). Electropolymerization was carried out with a potential range of -1.0 V to
1.0 V for 10 seconds with a scan rate variation of 10—50 mV/s. Polymerization occurs when the input
voltage is connected to the three electrodes to form a thin PANi layer on the surface of the QCM
electrode. After forming a layer, QCM was dried in an oven at 50° for 10 minutes. Then the sample
measured for the impedance value using the Omicron Bode 100 impedance analyzer (at the Department
of Physics, Universitas Brawijaya) to determine the QCM impedance value. Impedance measurements
carried out before and after the QCM coated with PANi. The topography of the PANi layer formed
observed using TMS-TopMap 1200, while to determine the morphology, characterization carried out
using an Optical Microscope (MO) and Scanning Electron Microscope (SEM).

2.2.  Theoretical Method

The results of the QCM impedance test are analyzed theoretically to determine the magnitude of the
shift in the resonant frequency so that it can affect the mass change on the QCM surface using the
Saurbrey equation (Eq. 1) [20],

2f7  Am

Af = —.
Pyt A

(M

Where Af'indicates the change in frequency (Hz), f, indicates the quartz crystal resonance frequency
(Hz), p, is crystal density (2.648 g/cm?), u, is quartz modulus (2.947 x 10! g/cm.s?), Am is an increase
in mass (g), and A4 is the crystal surface area (m?). The resonant frequency (fo) of QCM studied was 10
MHz with the quartz crystal diameter (d) is 4 mm and surface area of 12.56 mm?.

3. Results and Discussion

3.1.  Results Cyclic Voltammetry of PANi Deposition

PANI electropolymerization to produce a voltammogram carried out with one scan/cycle according to
the results, as shown in Figure 1. Previous researchers [21] reported that the ideal number of cycles is
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Figure 1. Cyclic voltammogram of the PANi 0.5M layer at a scan rate of 10 mV/s and 50 mV/s.

a maximum of 10 cycles because the polymerization carried out electrochemically will make the ions
bind and form a layer. If the polymerization cycle is more than ideal, it will produce a thick and easily
degraded layer from the substrate surface. Scan rates carried out in the range of 10-50 mV/s have
triggered the polymerization of PANI, which marked by the presence of oxidation-reduction peaks.

Based on the resulting voltammogram, a peak oxidation-reduction current indicates the stability
of the PANI. In Figure 1, there is an oxidation peak (point A) and a reduction peak (point B) that occurs
in the potentiostat process with a scan rate of 10 mV/s and 50 mV/s. The difference in scan rate has an
impact on the shift of the oxidation and reduction peaks. It is proven that at the scan rate of 10 mV/s,
the oxidation peak occurs in the potential range of 0.05 to 0.16 V, while the 50 mV/s scan rate occurs
in the 0.06 t0 0.26 V potential range. At a scan rate of 10 mV/s, the peak reduction occurs in the potential
range of -0.08 to -0.29 V. In comparison, at a scan rate of 50 mV/s, it appears in the potential range
from -0.11 to -0.38 V. The oxidation peak shows a change from leucomeraldine to emeraldine phase,
when approaching the potential limit of voltammograms there is a change from emeraldine to
pernigraniline phase. The reduction peak indicates a shift from pernigraniline to emeraldine [22]. In the
potentiostat process, the greater of scan rate, the higher the anodic current peak (oxidation peak) and
the more it moves towards the positive voltage. In contrast, the reduction peak will move more towards
the negative. This indicates that the electrode provides a large space when interacting with the solution
[23]. This potential shift towards positive causes the intensity of the current density to increase, which
indicates that more PANI deposited and the layer formed is conductive [24]. The higher peaks also
indicate the faster polymerization process, but electron transfer is more negligible [25].

3.2.  Impedance Analyzer Test Results
The QCM sensor, both before and after being coated with PANI, is conducted to an impedance test.
This was done to determine the shift in the frequency-impedance curve. From the frequency-impedance
curve in Figure 2, there are two types of resonant frequencies: the series resonance frequency during
minimum impedance and the parallel resonance frequency during maximum impedance. QCM has a
series RLC circuit so that the impedance that occurs is the minimum impedance (series resonant
frequency) [26]. The resonant frequency shift occurs due to additional mass on the surface of the QCM
sensor [27]. The following is the result of measuring the impedance value using an impedance analyzer.
The frequency shift is affected by the addition of dopant concentrations and differences in scan
rates [18]. It appears from the impedance curve. The farthest frequency shift occurs at the scan rate of
30 mV/s, showing the most significant mass increase, as shown in Table 1. The impedance value in the
HCI 3 sample deposited at the 30 mV/s scan rate also high value (Figure 3), but does not show damping
effects on QCM.
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Figure 2. Changes in the frequency and impedance values of QCM on HCl 3.

Table 1. Changes in PANi mass at the scan rate variation estimated using the Saurbrey equation.

Scan Rate (mV/s) HCI 1 (ug) HCI 2 (ug) HCI 3 (ug)

10 123.11 122.78 128.55
20 129.02 126.22 128.02
30 123.43 121.79 130.68
40 126.14 123.89 129.48
50 109.57 129.24 124.30

Saurbrey's equation explains that the more PANi mass deposited on the QCM surface, the more
significant the frequency change of QCM [18]. Excessive frequency shifting will cause a damping effect
so that the sensor cannot function properly. The peak impedance curve that looks blunt also indicates a
damping effect on QCM. In Figure 2, the entire impedance curve decreases sharply, meaning that no
sample has a damping effect so that QCM can function correctly.

From Figure 3, there are two types of impedance values, namely small impedance, with values
ranging from 20.54 to 47.55 Q, and large impedance, with values ranging from 51.01 to 58.44 Q. The
small impedance value implies a small damping effect on QCM, which shows that the layer is rigid. In
contrast, there is a change in the layer's properties from rigid to elastic at large impedance, which
indicates a more significant damping effect [26]. The highest impedance value found at the scan rate
of 30 mV/s with a concentration of 0.6 M of HCI. In this research, variations of scan rates and HCI
concentrations were conducted, the impedance values for all samples are still below 100 Q, which does
not have a damping effect on QCM. The result of PANi thin film deposition with this potentiostat
method is better than that of previous researchers in the spin coating method [17] and surface
polymerization [18].

50
40
30

Impedance (©)

10 20 30 40 50
Scane Rate (mV/s)
BHCI1=04M HCI2=05M BHCI3=06M

Figure 3. Graph of the impedance value at each concentration at the scan rate variation.
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3.3.  PANi Thin Film Topography Results

The topography of the PANI layer deposited above the QCM was observed using the TMS TopMap-
1200 and is shown in Figures 4. Surface roughness measurements can be carried out in any target area.
The level of surface height can be seen from the colour bar line located on the left [28]. It appears that
the QCM surface deposited with a scan rate of 10 mV/s is covered with PANI layer well, and the layer
is evenly distributed. Meanwhile, the scan rate of 50 mV/s shows an uneven surface.
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Figure 4. QCM surface topography after PANi deposition at a scan rate (a) 10mV/s, (b) 30mV/s, and (c) 50mV/s.
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Figure 5. Graph of PANi layer roughness data on the QCM surface.
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If seen from the roughness value (Ra) looks at the greater scan rate, then the roughness value is
also greater, which indicates that the layer is getting rougher. This suggests that the PANi thin film
deposition on the QCM surface potentiostat using a variation of the scan rate can affect the surface
roughness properties.

The surface roughness (average roughness) of the PANi coated QCM taken on the same line in
each sample presented in Figures 5. It appears that the PANi layer deposited with a scan rate of 50 mV/s
has a rougher morphology than the lower scan rates (10 mV/s and 30 mV/s) because PANi deposited
on the QCM surface is not evenly distributed. The level of surface roughness appears to be proportional
to the morphology of the PANI layer deposited on the QCM surface.

3.4. Results of PANi Thin Film Morphological Observations

The morphology of PAN:I thin films deposited on the QCM surface is shown in Figures 6 and Figures
7 and observed using an optical microscope 200 times magnification. Figures 6 shows the difference in
the dispersion of the PAN!I layer at different HCI concentrations. It appears that the PANi on HCI 1 has
a smoother layer with fewer pores which shows dispersion evenly, although there are still some parts
of the QCM that have not coated (the area inside the red circle). Some black parts appear in the HCI 2
and HCI 3 samples, indicating an uneven deposition due to the accumulation of PANi growth on the
QCM surface.

In addition to the dopant concentration, variation in scan rate can also affect the morphology of
the PANI film. It is shown in Figures 7 that the lower scan rate will result in a more homogeneous layer
morphology. The high scan rate makes the coating uneven and even contains pores, and this is due to
the polymerization of PANi at a high scan rate that lasts a short time so that the layer deposition is
uneven. Meanwhile, coating at a low scan rate will last for a longer time so that the resulting layer will
deposit more evenly.

3.5.  The Results of PANi Layer Microstructure Observation

The SEM test results in Figure 8 show the PANi HCIl 3 layer's observed morphology with a
magnification of 20,000 times at a voltage of 10,000 kV. It can be seen that the QCM surface coated
with PANi has a granular shape. The layer formed on the surface of QCM looks agglomeration like
corals, and there is a lot of black colours that indicate the presence of pores or space. These pores are
QCM surfaces which not coated with PANi. This can occur due to the short coating process at a high
scan rate of 50 mV/s so that PANI is not completely evenly deposited on the QCM surface.

Figure 7. PANI layer morphology at variation scan rates (a) 10 mV/s, (b) 30 mV/s, and (c) 50 mV/s.
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Figure 8. Morphology of PANi HCI 3 layer with a scan rate of 50 mV/s.

4. Conclusion

The synthesis of PANi thin film deposited at QCM showed that scan rate during the deposition process
could affect the impedance, topography, and morphology. A low scan rate produces low impedance and
roughness values and homogeneous layer morphology. While at a significant scan rate, it produces high
impedance and roughness values and not evenly dispersed layers. However, no one has a damping effect
on the QCM.
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