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Abstract

This study investigated the influence of the morphology of a polypyrrole (PPy) functional layer on the acoustic
impedance and PPy-QCM characteristics. In this study, the PPy thin layer was deposited on 1 side of QCM, following
the dimension of the Au electrode. The layer production method yielded a simple design of a PPy-functionalized QCM.
The impedance and PPy-QCM characteristics were determined by impedance analysis and microscopic observation. A
vacuum thermal evaporation technique was used to deposit the PPy layer on the top of the QCM, allowing vertical platelet
structure formation. Scanning Electron Microscope (SEM) images suggested that the deposition time increased the sizes
of PPy but maintained their shapes. Analysis of impedance consisting of the conductance, bandwidth, and resonance
frequency showed that changes in the layer morphology structure increased the resistance and the bandwidth (increasing
energy dissipation and viscoelastic properties). As the deposition time increased from 10 to 50 s, the frequency shift
experienced a significant increase from 6,000 to 32,000 Hz. This treatment also enlarged the bandwidth from 82 to 470
Hz. In addition, the impedance and load of QCM increased from 5.75 t0 27.19 Q and from 0.403 to 21.441 Q, respectively.
However, the deposition time in this range did not alter the stiffness properties of the layer. In other words, the thin PPy
layer that was produced remained non-viscoelastic. The overall analyses in this study suggested that the PPy thin layer is
promising for QCM sensing applications.
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Introduction

In recent years, PPy has been one of the
conductive polymers that have been widely studied due
to its superior environmental stability and excellent
conductivity compared to other conductive polymers [1-
3]. Tt is extensively applied commercially as gas sensors
[4-6], biosensors [7-9], and other applications [10,11].
Therefore, PPy is relevant as a primary sensor material.

In general, materials used as sensors are formed in
a thin layer. A layer can be considered thin if it has a
thickness ranging from nanometers to a few

micrometers [12,13]. Various technologies for making

thin films from materials include electrochemical
deposition [14], dip-coating [15], spin-coating [16,17],
Langmuir-Blodgett [18,19], Layer-by-layer (LBL) self-
assembly [20], vapor deposition polymerization [21],
DC Sputtering [22], and thermal evaporation [1,23,24].
Based on existing techniques, manufacturing a thin layer
of pure PPy using thermal evaporation techniques has
never been done. Therefore, it is argued that thermal
evaporation is novel for the deposition of pure PPy. This
technique has the advantage of being able to produce a
thin layer, high-layer material purity, and low density
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[25]. This low-density or many-pore layer suits gas,
molecule, or particle sensors.

The PPy layer on a quartz crystal can be used as
an adsorbent material in sensors based on changes in
oscillation frequency to measure changes in mass.
Recently, PPy-based QCMs have been applied for
humidity sensing [26], gas detection [27],
immunodetection [28], biomolecular characterization
[29], and environmental monitoring [30]. The QCM
sensor has high accuracy down to the nanogram level
[31] under the stiffness characteristic of the functional
layer. However, not all functional layers are rigid, as
they must be compatible with the analyte. In this
context, several researchers discovered a layer of pillar
microstructure with viscoelastic properties [32-35].

This study uses vacuum thermal evaporation to
produce a thin layer of PPy on top of QCM. The thin
layer was prepared by varying the deposition time and
controlling the amount of evaporated PPy mass. The

novelty of this research is that it produces PPy layer
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QCM with polypyrrole-
coated Au electrode

morphology controlled easily through the vacuum-
thermal evaporation method, where the deposition time
can be varied. In addition, the correlation between the
deposition time and changes in morphology, resonance

frequency, and viscoelastic properties are analyzed.

Materials and methods

Materials and preparation

The PPy layer was prepared from PPy powder
H(CsH,NH),H obtained from Sigma-Aldrich (Product
Number 577030, Singapore). PPy powder with the same
mass of 50 mg was prepared for each deposition process.
QCM with gold electrode was obtained from Shenzhen
RenLux Crystal Co., Ltd. Before PPy coating, the
surface of the QCM was cleaned by soaking it in acetone

and sonicating it for 5 min.
Experimental method

The experimental procedures for PPy deposition

on the QCM surface are presented in Figure 1.

Oven

[ —
QCM with

polypyrrole-coated and
annealed Au electrode

Figure 1 Procedures for coating PPy using the vacuum thermal evaporation technique.

The procedures presented in Figure 1 are
explained in the following. First, PPy powder with the
same mass (50 mg) was prepared. Second, the PPy
powder was inserted into the heating crucible tube in the
evaporator, and the QCM was installed on the holder,
positioned above the mouth of the heating crucible at a
distance of 0.7 cm. The PPy deposition was carried out
only on 1 side of the Au QCM electrode.

Each deposition process was carried out at air

pressure in the evaporator of around 8 Pa with an electric

voltage and current of 0.4 V and 27 A, respectively, as
well as variations in the deposition time of 10, 20, 30,
40, and 50 s. Annealing was further carried out on all
samples deposited with PPy at 900 °C in the oven for 1
h. The morphology of the PPy layer visible on the
surface and side view was observed using a field
emission scanning electron microscope (FESEM) type
Quanta FEG 650 FEI Czech Republic s.r.o., Czech
Republic. The thickness of the layer was determined
from the height distribution of the platelet. The platelet
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width and height distribution are described using ImageJ PPy deposition were measured with a Bode 100
and OriginPro software. The Image] software was impedance analyzer, Omicron Electronics Asia Ltd.,
utilized to recognize the platelet shape from the image Hong Kong), with the equipment setup presented in
and measure the dimension within a particular scale. Figure 2. The results of the impedance analysis set
The measurement results were then visualized as the displayed real and imaginary impedance values,
platelet size distribution graphs using OriginPro. frequency, and phase differences.

Changes in QCM impedance values before and after

Display

Impedance Analyzer Set

B-WIC
Figure 2 Set up for impedance measurement with Impedance analyzer Bode 100, Omicron Lab.

Results and discussion structure, which becomes more prominent with the same

Morphologies and their respective width thickness as the deposition time increases. The larger the
distributions of the PPy layer on the surface of QCM width of the structure, the wider gaps between them
with variations in deposition time of 10, 20, 30, 40, and appear, producing a larger open space [36]. The
50 s are presented in Figure 3. And for the cross-section increasing size of the structures is due to the
view of morphologies and their respective height accumulation of PPy vapor as the deposition time
distributions are presented in Figure 4. It can be seen increases. At 50 s of deposition, the PPy stacking pattern
that there is a change in the width and length of the is clearly observed.

Frequency (au)
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Figure 3 Morphologies and their respective width distributions of the PPy layer with variations in deposition time seen
from the position above the surface.
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Figure 4 Morphologies and their respective height distributions of the PPy layer with variations in deposition time seen
from the side position. The red line patterns depict the “leaf shape” platelet.

Figure 4 shows the changes in the leaf-shaped or
platelet (red line patterns) that become wider and higher
as the deposition time increases. The platelets are the
result of agglomeration. The results of measurements of
the average platelet width and height presented in Table
1 support the observation of changes. Figure 5 shows

Table 1 The average width and height of platelets.

that the growth of the platelet’s width and height has the
same trend, but the average height of the platelet appears
to be greater than the average width. With the increase
of the deposition time, the thin layer will be thicker
because the morphology of the platelet evolved from
small to large.

Deposition time (s) Width (nm) Height (nm)
10 356.4+24 256.4+12.6
20 417.9+4.0 321.5+£22.6
30 462.6+ 114 465.3 +26.5
40 5753+ 11.1 576.2 +32.8
50 694.4 +24.6 893.5+44.7
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Figure S The effect of deposition time on platelets’ average width and height.

Changes in the morphology of the QCM surface the magnitude and phase of the QCM impedance.
layer generally affect the damping of excessive Changes in the measured impedance illustrate the
oscillations and the viscoelastic character of the PPy- layer’s mass distribution and mechanical response shift.
QCM. Figure 6 presents the effect of deposition time on
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Figure 6 Effect of deposition time on impedance magnitude and phase.
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As depicted in Figure 6, it is clear that the peak
for the sample with a deposition time of 50 s has a more
symmetrical parabolic shape in the phase impedance
compared to the other 4 samples. It implied that the
rigidity of the PPy layer deposited at 50 s was low. The
other 4 samples showed identical peak shapes, with a
sharp left edge but slightly curved on the right side. It
suggested that deposition time larger than 50 s could
contribute to higher impedance. On top of that, it is
important to note that even though all samples have non-
viscoelastic properties, the sample with a deposition
time of 50 s has a higher degree of viscoelasticity as
compared to the other 4 samples due to the peak shape
of the phase impedance [37].

The results of the FESEM observations (Figures
3 and 4) show changes in the width and height of the
PPy layer morphology due to the deposition time.
During the deposition, initially, the PPy interacts with
the gold electrode surface through physical bonds (such
as van der Waals bonds) or covalent bonds. Free
electrons of the metal interact with the electrons in the
PPy structure on the surface of the gold electrode
[38,39]. The covalent bond between Au and PPy, which
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can be easily removed, provides the advantage of QCM
being reused. Figure 7(a) depicts the chemical reactions
responsible for controlling the morphology of the PPy
layer.

Furthermore, the structure variation starts from the
growth of a small platelet (for 10 s deposition). The
mechanism occurs due to the nature of PPy bonds,
namely covalent bonds formed between carbon atoms in
the pyrrole monomer, constructing long chains of PPy
[40], as illustrated in Figure 7(b). These bonds may give
the growth shape of the PPy platelet form, which tends
to be planar so that the platelet’s thickness tends to
remain unchanged [41]. The results show that the height
of the platelet (perpendicular to the surface) is greater
than the width of the platelet. This trend is caused by the
stacking of platelets on the vertical side (height), which
is more dominant than the addition of platelets in the
horizontal direction (width); as shown in Figure 8, more
PPy vapor sticks to the bottom side than to the side.
Based on this occurrence, if the deposition time
increases, the platelet pattern will also be more
extensive, and the resulting voids between the platelets
will be larger.

Figure 7 (a) Illustration of chemical reactions controlling PPy layer morphology, (b) Arrangement of neutral PPy chains

with circles indicating diameter Van Der Waals of hydrogen, red lines indicate boundaries between chains one with

another (this illustration is modified from [40]).
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Figure 8 Mechanism of formation of PPy layer morphology through evaporation.

The effects of changes in the layer morphology
and its characteristics were analyzed using impedance
analysis. The results of impedance measurements are
presented in Figure 6, while the results of conductance
analysis, calculated from the impedance data, are
presented in Figure 9. The results show that the
conductance decreases as the deposition time increases.
From Figure 9, it can be seen that there is a decrease in
conductance (Figure 9(b)) along with increasing
bandwidth and a shift in the resonance frequency
towards a lower frequency (Figure 9(a)). This
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phenomenon is likely due to energy absorption, which
is attributed to the effect of the PPy layer getting bigger
in shape.

The frequency shift (Af) presented in Figure 10(a)
was obtained by calculating the relative difference
between the PPy-coated QCM resonance frequency and
the uncoated QCM resonance frequency (fo = 9.007
MHz). The resonant frequency depends on the
impedance value (Z). The increasing impedance
decreases the resonance frequency and conductance,

causing a frequency shift towards lower frequencies.
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Figure 9 (a) Effect of deposition time on resonance frequency and conductance and (b) Effect of deposition time on
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Table 2 Shift of resonant frequency.

Deposition time (s) fs(MHz) |Af|(MHz)
0 (Untreated) 9.007 0.000
10 9.001 0.006
20 8.997 0.010
30 8.994 0.030
40 8.985 0.022
50 8.975 0.032
. . 2
Figure 10(b) shows that the bandwidth, Af = A\Z/% m (1)

impedance, and load resistance of the PPy layer increase
as the deposition time increases due to larger PPy
platelets (Figures 3 and 4). The larger platelets induce
an increase in the QCM attenuation. Based on the data
in Table 2, the change in resonance frequency (Af) for
all variations in deposition time carried out was less than
0.45035 MHz (equal to 5 % of the QCM resonance
frequency without coating). Hence, it still fulfills the
Sauerbrey equation, in which the thin layer on the QCM
is still rigid.

Changes in frequency and viscoelastic properties
of the layer in QCM are related to the amount of mass,
stiffness of the layer material, and layer morphology.
QCM provides real-time digital frequency output and is
easy to operate [42]. Oscillations originate from the
crystal’s inherent resonant frequency, commonly called
the resonant frequency. The size and thickness of the
crystal determine the resonant frequency. Changes in the
mass attached to the surface of the quartz crystal wafer
cause changes in the crystal’s resonant frequency. The
relationship between changes in frequency and mass is

expressed in the Sauerbrey equation [43].

where n is odd wave number (n =1, 3, 5, ...), fo is the
fundamental mode resonant frequency of the QCM
without mass loading (Hz), Af
frequency (Hz), Am is the change in mass (g), 4 is the

is the change in

active surface area of the QCM (cm?), pq is the density
of quartz (2.648 g/cm?), and yq is the shear modulus of
quartz, and for crystals AT-cut (uq = 2.947x10''g-cm™
l.s2).

Eq. (1) is suitable for oscillations in air. The thin
layer of material stuck on top of the quartz is rigid, and
the frequency changes Af/ f < 0.05 [44]. In reality, not
all functional layers used have a rigid character in their
operational frequency; some even have viscoelastic
behavior, thus requiring a more complex equation
model, as presented in the following [45].
Af* = Af+iAT ()
where AT is the change in half the bandwidth at half the

maximum amplitude. The viscoelastic layer will
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dissipate energy during oscillatory motion, reducing the
quality factor value (Q).

Conclusions

A polypyrrole functional thin layer has been
produced wusing a vacuum thermal evaporation
deposition technique. The morphological structure of
the resulting layer is in the form of platelets. The
morphology evolved from small to large platelets due to
changes in deposition time. The change of platelets has
an impact on the thickness of the layer. The evolution in
platelet size affects the impedance and PPy-QCM
characteristics, including reducing conductance,
increasing bandwidth (increasing energy dissipation and
viscoelastic properties), and shifting the resonance
frequency towards lower frequencies. However, this
change has not shifted the stiffness of the layer (it is still
non-viscoelastic). PPy-QCM offers superior sensing
performance; it has the advantage of weak interaction
between the PPy electrode and QCM, so the PPy layer
is easy to remove, and QCM can be reused. However,
PPy-QCM has the drawback of a sharp increase in
impedance for a lengthy deposition time. Therefore,
future research will focus on controlling the impedance
increase caused by the layer morphology change. In
addition, further research can be focused on improved
PPy-QCM interaction for specific sensing applications,

such as biosensing and environmental sensing.
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