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Abstract: In-situ iodine (I)-doped atmospheric pressure (AP) plasma polymerization is proposed,
based on a newly designed AP plasma reactor with a single wire electrode that enables low-voltage-
driven plasma polymerization. The proposed AP plasma reactor can proceed plasma polymerization
at low voltage levels, thereby enabling an effective in-situ I doping process by maintaining a stable
glow discharge state even if the applied voltage increases due to the use of a discharge gas containing
a large amount of monomer vapors and doping materials. The results of field-emission scanning
electron microscopy (FE-SEM) and Fourier transformation infrared spectroscopy (FT-IR) show that
the polyaniline (PANI) films are successfully deposited on the silicon (Si) substrates, and that the
crosslinking pattern of the synthesized nanoparticles is predominantly vertically aligned. In addition,
the in-situ I-doped PANI film fabricated by the proposed AP plasma reactor exhibits excellent
electrical resistance without electrical aging behavior. The developed AP plasma reactor proposed in
this study is more advantageous for the polymerization and in-situ I, doping of conductive polymer
films than the existing AP plasma reactor with a dielectric barrier.

Keywords: polyaniline (PANI); conductive polymer; plasma polymerization; aniline; atmospheric
pressure plasma reactor (AP plasma reactor); in-situ iodine (I,) doping

1. Introduction

Plasma polymerization is a methodology for synthesizing polymeric composites with
high crosslinking density from reactive monomer vapors generated via gaseous or solution
plasma processes [1-7]. In particular, atmospheric pressure (AP) plasma polymerization
primarily uses a non-thermal glow discharge to synthesize highly crosslinked polymer
films from the various radicals and reactive species generated from the discharge gas,
monomer vapor, or atmosphere [8-14]. In synthesizing conjugated polymers, the AP
plasma polymerization method has several important advantages, such as a simple one-step
synthesis process, an eco-friendly polymerization process that does not produce chemical
waste, a dry process that uses a small amount of monomer, and a room temperature process
with low-power consumption. In recent years, the present research group has reported
effective AP plasma polymerization methods using a proposed atmospheric pressure
plasma jet (APPJ) array structure with a guide tube and bluff body [15-21]. Using this APP]
array reactor, various conjugated polymer films of polyaniline (PANI), polythiophene (PTh),
and polypyrrole (PPy), as well as a co-polymer composite film of PANI and PPy, were
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successfully synthesized [15-17,21]. Among various conjugated polymers, polyaniline
(PANI) is attracting great attention due to its good electrical conductivity and environmental
stability [22-24]. In particular, the electrical properties of PANI can be reversibly controlled
by altering the oxidation state of the main chain through protonating the amine nitrogen
chain [25,26]. Several studies are being conducted on attempts to use these properties as
electrodes and electrochromic materials for displays or electronic devices [27-29], and as
an active layer for gas/bio-sensors [30-32].

In the development of an electrically conductive polymer film, it is important not
only to synthesize the conjugated polymer film, but also to impart the film with electrical
properties. A widely-used approach to making the conjugated polymer film conductive
is that of doping with iodine (I;) as an electron acceptor (proton donor) [33-36]. When
I, is used as a dopant, the electrons in the double bonds of the conjugated polymer
backbone are transferred to the iodine, leaving the units of the polymer chain positively
charged, thus resulting in an imbalanced electron arrangement that makes the polymer
film conductive [37]. In particular, due to the advantages of low cost and process simplicity,
many studies have described the ex-situ I, doping process in which the doping step is
performed after the synthesis of the polymer film [38-41]. However, this approach still
has the major drawback that the corresponding electrical resistance is initially quite high
and continues to increase with time. By contrast, in-situ I, doping is an in-line processing
method that is highly suitable for plasma polymerization in which nucleation reaction and
crosslinking occur in the gas phase. Nevertheless, in sharp contrast to the many studies on
the use of in-situ doping in the vacuum plasma process [42—44], there are only a few studies
related to the use of in-situ doping in atmospheric pressure plasma polymerization. This is
because the discharge becomes unstable due to dopant injection, which adversely affects
plasma polymerization steps such as the fragmentation, recombination, and nucleation
of monomers.

Recently, the present research group introduced an in-situ I, doping method in which
a flow of monomer vapor was supplied and I, was sublimated simultaneously during
AP plasma polymerization in order to fabricate polymer films with good conducting
properties [17]. Moreover, the in-situ I,-doped conjugated polymer films exhibit much
better electrical conductivity than those produced by ex-situ I, doping, making them very
promising materials for both research and industry, with potential applications as the
conductive layer in emerging display technologies, gas sensors, molecular electronics,
and optoelectronics. Detailed studies of the in-situ doping process involving a systematic
experimental approach were therefore required in order to further improve the electrical
conductivity of the resulting conjugated polymer films by maximizing the in-situ I, doping
effect. In the previous study, however, the inevitable increase in discharge voltage and
plasma instability due to an increase in the sublimated I, content of the Ar gas meant
that the injection of sublimated I, could only be determined at flow rates of less than
30 sccm [17]. Nevertheless, an increase in the concentration of sublimated I is necessary in
order to enhance the conductivity of the polymer films via functionalization. Therefore, it
is necessary to develop a low-voltage-driven AP plasma reactor capable of maintaining a
stable glow discharge even when the applied voltage increases due to the use of a large
amount of sublimated I,.

Hence, the present paper describes the use of a newly developed AP plasma reactor
driven at a low applied voltage via a bare wire electrode exposed to the plasma generating
space. Aniline vapor is injected into the Ar glow plasma and sublimated I, is co-injected
to synthesize the in-situ Ir-doped PANI film. The discharge characteristics of the newly
developed AP plasma reactor are investigated via digital photography, intensified charge
coupled device (ICCD) imaging, voltage/current/light-emission waveform analysis, and
optical emission spectroscopy. The characteristics of the resulting PANI thin film are
also investigated via field-emission scanning electron microscopy (FE-SEM) and Fourier
transform infrared spectroscopy (FI-IR). Finally, the PANI film is deposited onto an inter-
digitated electrode (IDE) substrate via the in-situ doping technique, and then the electrical
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resistance is measured using a two-probe method in order to determine the suitability of
the obtained film for use as the detecting layer in a gas sensor.

2. Materials and Methods
2.1. Preparation of the AP Plasma Reactor Device

For the efficient fabrication of plasma polymerized films, a new AP plasma reactor
was developed that spatially separates the gas emission and the voltage application regions.
As shown in Figure 1a, the reactor consists of the following four components: (i) a narrow
glass tube, (ii) a wide glass tube, (iii) a polytetrafluoroethylene (PTFE) stand, and (iv) a
tungsten wire electrode. The tungsten wire electrode is covered with a glass capillary, with
just the 2 mm tip of the wire remaining completely exposed for plasma generation [45].
The wire tip is positioned away from the edge of the wide tube and points towards the
center at an angle of approximately 50°. Thus, the exposed tip is aligned with the center of
both the narrow tube and the PFTE stand, as shown in Figure 1b. It is well known that the
exposed sharp tip of a wire electrode will locally enhance the electric field to significantly
reduce the breakdown voltage [46]. In the newly designed AP plasma reactor, the discharge
breakdown voltage provided a peak voltage of 2.8 kV, and the driving voltage was adjusted
to a peak value of 5 kV for stable glow plasma during plasma polymerization. Thus, the
new AP plasma reactor design makes it possible to simultaneously increase the amounts of
monomer vapor and sublimated I, while maintaining a stable plasma state.

Gas emission

= —apd 4 region
Plasma generation
(ii) Wide tube ul / I

Aniline Polymerization reaction

B \ VaPOr sublimated region

(iv) Wire electrode Air NN
3 5 Polymer deposition
— 3 2 region
2cm >
(iii) PFTE stand
(a) (b)

Figure 1. The new atmospheric pressure (AP) plasma reactor design: (a) photographic image with the main components
labeled, and (b) a schematic diagram of the in-situ iodine (I;)-doped plasma polymerization procedure. Abbreviations:
PFTE: polytetrafluoroethylene.

The linear gas velocity in a cylindrical tube is inversely proportional to the square
of the radius (half the inner diameter) of the cross-sectional area [47]. Thus, when the
discharge gas flows from the narrow tube (ID = 6.8 mm) to the wide tube (ID = 34 mm), the
5-fold increase in diameter leads to a 25-fold decrease in the linear gas velocity. This allows
the discharge gas to remain inside the gas emission region of the wide tube for a longer
time (Figure 1b). Meanwhile, the PTFE stand functions both as a support for the substrate
and as a barrier against which the gas flow emerging from the narrow tube collides [15-18].
Thus, the gas flow becomes evenly distributed in the center of the wide tube and is retained
in the polymerization reaction region for a longer time.
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2.2. Entire Assembled System for AP Plasma Polymerization

A schematic diagram of the fully-assembled system used in the present study for
in-situ I, doping AP plasma polymerization is presented in Figure 2. The system consisted
of the gas supply part, the plasma polymerization part, and the power supply part. Argon
(Ar) gas (HP grade with purity of 99.999%) was employed for the in-situ I,-doped AP
plasma polymerization, and the gas feed line was divided into two for independent control
of the Ar gas flow rates for the aniline vapor and sublimated I, supplies. Liquid aniline
monomer (MW =93 g~m01*1, Sigma-Aldrich Co., St. Louis, MO, USA) was connected to
one of the gas feed lines using a glass bubbler, and was vaporized by Ar gas at a flow rate
of 500 standard cubic centimeters per minute (sccm). For the in-situ I, doping, a 50 mL
glass bottle containing 3 g of iodine pellets (Daejung Chemical & Materials Corp., Siheung,
South Korea) was connected to the other gas feed line, and Ar gas was supplied at a flow
rate of 500 sccm. Thus, the aniline vapor and sublimated I, molecules were simultaneously
introduced into the AP plasma reactor via the Ar gas flow. For AP polymerization in the
absence of in-situ I, doping, the iodine bottle was simply removed from the system (red
dashed area in Figure 2). An inverter type driving circuit was used to amplify the low
primary voltage to a high secondary voltage. In the present study, a sinusoidal voltage
with a peak value of 5 kV and a frequency of 30 kHz was applied to the AP plasma reactor.
The experimental conditions for the AP plasma polymerization, including the in-situ I,
doping process, are summarized in Table 1.
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Figure 2. Schematic diagram of the fully-assembled system for the in-situ I,-doped AP plasma polymerization procedure.

2.3. Characterization of the AP Plasma during Plasma Polymerization

During AP plasma polymerization, the electrical characteristics of the generated
plasma were monitored by displaying the voltage and current waveforms on a digital
oscilloscope (WaveRunner 64Xi, Teledyne LeCroy Inc., Chestnut Ridge, NY, USA) using
a high voltage (HV) probe (P6015A, Tektronix Inc., Beaverton, OR, USA) and a current
monitor (4100, Pearson Electronics Inc., Palo Alto, CA, USA), respectively. The discharge
current was obtained by subtracting the current waveform obtained when the plasma was
turned off by stopping the Ar gas supply from the current waveform that was measured
when the plasma was turned on.
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Table 1. Experimental conditions for AP plasma polymerization with in-situ I, doping.

Experimental Conditions AP Plasma Reactor
Electrode type Single electrode
Electrode material Tungsten wire
) ] ) Inner diameter of narrow glass tube 6.8 mm
Device Configuration Inner diameter of wide glass tube 34 mm
. Polytetrafluoroethylene
Substrate stand material (PTFE)
Diameter of substrate stand 30 mm
Driving type AC
Voltage waveform Sinusoidal
Driving Conditions Plasma initiation voltage 2.8kV
Plasma driving voltage 5kV
Driving frequency 30 kHz
Gas type Ar
. Gas purity HP grade (99.999%)
Gas Conditions Flow rate for aniline monomer vapor 500 sccm
Flow rate for sublimated iodine 500 sccm

The wavelength-unresolved optical emission of the generated plasma was observed
with a photo-sensor amplifier (C6386-01, Hamamatsu Corp., Hamamatsu, Japan). An
infrared (IR) filter with a 1 mm slit was placed in the front of the optical fiber of the photo-
sensor amplifier to detect optical emission from the Ar discharge and avoid any unwanted
light signals from the environment. Thus, the optical emission waveform covering a
wavelength range of 720-1100 nm was plotted on the digital oscilloscope.

The diagnostic use of optical emission spectroscopy (OES) for light-emitting regions
allows a better understanding of highly complex phenomena such as high-pressure plasma,
dusty plasma, and solution plasma [48-50]. A fiber optic spectrometer (USB-2000+, Ocean
Optics Inc., Dunedin, FL, USA) was employed to identify a variety of reactive species
generated by the glow plasma during the AP plasma polymerization process.

Photographs of the AP plasma reactor and the IDE substrates were acquired using a
digital single lens reflex (DSLR) camera (D5300, Nikon Corp., Tokyo, Japan) with a Macro
1:1 lens (Tamron SP AF 90 mm F2.8 Di, Tamron Co., Ltd., Saitama, Japan) and an ICCD
camera (PI-MAX II, Princeton Instruments Inc., Trenton, NJ, USA) was used in the shutter
mode to identify the spatial behavior of the glow plasma.

2.4. Characterization of the PANI Films

The surface and cross-sectional morphology of the PANI films was monitored via
field-emission scanning electron microscopy (FE-SEM; SU8220, Hitachi High-Technologies,
Tokyo, Japan) with accelerated electrons at a voltage of 3 kV and a current of 10 mA. Prior to
measurement, the PANI films were coated with conductive platinum to avoid any surface
charging problems.

The chemical molecular structures of the PANI films were detected by Fourier trans-
formation infrared spectroscopy (FT-IR; Vertex 70, Bruker Corp., Ettlingen, Germany) at
the Korea Basic Science Institute (KBSL; Daegu). The FI-IR spectra were measured by
averaging 128 scans at a wavenumber resolution of 0.6 cm ™! in the range of 6504000 cm !
using the attenuated total reflection (ATR) mode.

The electrical resistances of the in-situ I,-doped PANI films deposited on Si substrates
with interdigitated electrodes (IDEs) were measured at room temperature by a two-probe
method using an electrometer (Fluke 179, Fluke Corp., Everett, WA, USA).
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3. Results and Discussion
3.1. Optical and Electrical Properties of Plasmas Generated by the AP Plasma Reactor

In the typical APPJ configuration, the discharge gas flows through a tube and a high
voltage is applied to an electrode connected to the tube for electrical breakdown [51-55].
The newly developed AP plasma reactor is based on this configuration and consists of
the four components described in Section 2.1. Photographic and ICCD images of the
plasma generated inside the AP plasma reactor during the AP polymerization process
are presented in Figure 3a. Here, the glow discharge initiated around the exposed tip of
the wire electrode is seen to be evenly dispersed in the absence of a counter electrode,
thus enabling the synthesis of a homogeneous polymer film. Moreover, the complete
separation of the gas emission and polymerization reaction regions allowed the plasma
polymerization to proceed close to the substrate (Figure 1b), thus enabling the effective
synthesis of the I,-doped polymer film.
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Figure 3. Optical and electrical properties of glow plasmas during in-situ I,-doped AP plasma polymerization: (a)
photograph and intensified charge coupled device (ICCD) image inside the AP plasma reactor, (b) temporal behaviors of
applied voltage, discharge current, and optical emission of generated glow plasma, and (c) emission spectra measured in
the polymerization reaction region with and without the in-situ I, doping technique.
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The temporal behaviors of the applied voltage, discharge current, and optical emission
of the generated plasma are shown in Figure 3b. Because the sinusoidal voltage waveform
is not distorted by electrical discharge, the voltage waveform before and after the glow
discharge does not change at all. The current waveform consists of two components: the
displacement current and the discharge current. Since the amplitude of the displacement
current in the sinusoidal form is large and predominant, even if the discharge current
component is added during the glow discharge, the current waveform changes only
slightly. Therefore, the discharge current waveform is extracted and plotted as shown
in the middle graph of Figure 3b to examine the current characteristics during electrical
discharge. The discharge current waveform is seen to be sustained for a period of time,
with the discharges occurring continuously during both the rising and falling periods of
the voltage waveform, due to the exposed wire electrode tip. In addition, the intensity of
the optical emissions in the plasma polymerizing area is seen to be higher when the slope
of the voltage waveform is rising than when the latter is falling, and the same behavior
is observed during the three voltage cycles shown in Figure 3b, thus indicating a stable
discharge. This is the typical discharge behavior for a plasma generated using a single
powered electrode device.

The reactive species generated by the newly designed AP plasma reactor are revealed
by the OES spectra obtained during plasma polymerization with or without in-situ I, dop-
ing (Figure 3c). Thus, when the plasma polymerization and I, doping process proceeded
simultaneously, the reactive iodine species are seen to have absorbed several positive ions
(e.g., H,O*, H30%, O,", and O*(H,0)) from the atmosphere [56], leading to a remarkable
increase in the peak intensity for the OH radical at 308 nm compared to that observed in the
absence of in-situ I, doping. This clearly demonstrates that the in-situ I, doping influences
the plasma state which, in turn, is responsible for the nucleation of the aniline monomer
during the AP plasma polymerization. Moreover, this observation is in agreement with
our previous report, which first introduced the in-situ I, doping method in AP plasma
polymerization [17].

3.2. The AP Plasma Polymerized Aniline Film

Using this AP plasma polymerization system, the in-situ I-doped PANI films are
deposited on the silicon (Si) substrate for 60 min. The surface and cross-sectional mor-
phologies of the in-situ I-doped PANI films are indicated at various magnifications by the
FE-SEM images in Figure 4. Thus, the low-magnification surface view image in Figure 4a
reveals the uniform distribution of the irregular crosslinking pattern over the surface of
the PANI film. In addition, the high-magnification images in Figure 4b,c indicate that
this growth pattern consists of irregularly crosslinked nanoparticles with a porous net-
work. Meanwhile, the cross-sectional FE-SEM images provide information on the film
growth, indicating that the crosslinked nanoparticles are predominantly aligned in the
vertical direction rather than the horizontal direction (Figure 4d,e). This vertically aligned
crosslinking pattern indicates that when the AP plasma polymerization process proceeds
at a low voltage, the reactive monomer species have insufficient energy to make very
many irregular crosslinks with each other. Consequently, the reactive monomer species are
crosslinked in the order in which they reach the substrate from the plasma polymerization
space, thus forming the vertical crosslinking pattern. The low magnification cross-sectional
image indicates that the crosslinked PANI film is porous and rough, but the thickness is
highly consistent, thus revealing the homogenous film growth (Figure 4d). This image
also reveals the good adhesion of the synthesized polymer film to the Si substrate. The
high-magnification cross-sectional images also reveal the coral reef-like bumpy shapes of
the crosslinked nanoparticles, with several protruding branches (Figure 4e,f). After 60 min
of AP plasma polymerization, the thickness of the PANI film deposited on the Si substrate
was approximately 12 um (Figure 4e).
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Top view

Cross sectional view

(d)

(e) I )

Figure 4. Field-emission scanning electron microscopy (FE-SEM) characterization of the polyaniline (PANI) films deposited

on silicon (Si) substrates via the newly designed AP plasma polymerization process: (a—c) surface views, and (d—f) cross-

sectional views.

The FT-IR characteristics of the PANI films deposited on Si substrates using the
proposed AP plasma reactor system with and without in-situ I, doping are presented in
Figure 5. Here, both spectra exhibit the characteristic peaks of the PANI polymer structures
at 3365, 2959, 2844, 1601, 1501, 1313, 1250, and 763 cm~!. The FT-IR peak assignments
of the PANI film, deposited using the proposed AP plasma reactor system, are given
in Table 2. Thus, the peaks at 1501 and 1601 cm~! are attributed to the benzenoid and
quinoid ring stretching vibrations, respectively. The peak at 763 cm ™! is ascribed to the
C-H out-of-plane deformation from the aromatic ring, and the bands at 1250 and 1313 cm ™!
are ascribed to the C-N stretching vibration [57]. Moreover, the peaks at 2888 cm ! and
2959 cm ™! are attributed to the aliphatic of C-H stretching within the polymer chains, and
the peak at 3365 cm ! is ascribed to the N-H stretching vibration [41,58,59]. Notably, the
peaks corresponding to the conjugated bonds (1250, 2844, 2959, and 3365 cm~!) exhibit
higher intensities in the spectrum of the in-situ doped PANI film than those of the film
that was deposited without doping, thus indicating that the degree of polymerization was
improved by doping. In particular, a remarkable increase in the intensity of the C-N bond
absorption peak (1250 cm 1) is observed for the in-situ I,-doped PANI film, thus reflecting
the relationship between the C-N bonds and the electrical conductivity of the PANI polymer
film. Specifically, the C-N bond is closely related to the electrical conductivity for the proton
acid, which is preferred to the N of the quinone ring [60,61].

3.3. The In-Situ lodine Doped PANI Film

The in-situ I, doping process allows iodine (I), iodide (I7), and polyiodides (I~ and
I57) to directly participate in the formation of charge carriers during plasma polymerization
and become evenly distributed throughout the PANI film layer. These reactive iodine
species can easily absorb various positively charged species such as N,*, NoH*, H,O",
H;0%, O,*, O (H;0) [56], thus enhancing the electrical properties of the PANI film by
injecting proton donors that serve as charge carriers. To examine the suitability of the active
layer for applications in future display and gas sensor technologies, the electrical resistance
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of the in-situ I,-doped PANI film was examined for long term changes under normal
storage conditions and the ambient atmosphere. First, the PANI film on a Si substrate
was supplied with IDEs, as shown in Figure 6. The IDEs were made of gold and had an
interdigitated comb-like two-electrode structure with 20 pairs of microelectrodes. The
width of each microelectrode was 10.8 pm and the spacing between microelectrodes was
2.54 um (Figure 6a). The porous crosslinking pattern that was observed in the above
FE-SEM analysis resulted in diffuse reflection of visible light, giving the in-situ I,-doped
PANI film a non-glossy, beige colored appearance (Figure 6b).

T
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@ 1313 1250
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Figure 5. The Fourier transformation infrared spectroscopy (FT-IR) spectra of the PANI films de-

posited on Si substrates using the newly designed AP plasma reactor with and without in-situ
I, doping.

Table 2. The FT-IR absorption peaks and corresponding molecular structures for the in-situ I,-doped
PANI films deposited using the newly designed AP-plasma reactor system.

Wavenumber/cm—1 Vibration Mode
763 C-H out of plane bending
1250 C-N bending
1313 C-N stretching
1501 C=C stretching vibrations of the benzenoid
1601 C=C stretching vibrations of quinoid rings
2844 C-H asymmetric stretching
2959 C-H asymmetric stretching
3365 N-H stretching

The resistance of the in-situ I,-doped PANI film during 2 weeks of continuous mea-
surement is shown in Figure 7. Here, the initial resistance is seen to be 3.2 k(), and the
subsequent changes fall into three phases. In Phase I, the resistance rapidly increases to
9 kQ) over a period of 12 h. This is followed by a gradual increase to 12.5 k() over a period
of 60 h (Phase II). From day 3 onwards (Phase III), the resistance of the PANI film has
become saturated at 12.5 k() & 7% and no further changes are observed during storage
under ambient conditions for a total of 2 weeks.



Polymers 2021, 13, 418

10 of 14
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Figure 6. (a) Gold interdigitated electrode (IDE) patterns on Si substrate (b) PANI film on IDE substrate for electrical

resistance measurement.
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Figure 7. Changes in electrical resistance of in-situ I,-doped PANI film on IDE substrate.

Because the doping and polymerization processes occur simultaneously, the in-situ
doping method effectively reduces the possibility of oxidation upon subsequent exposure
to the atmosphere by forming charge transfer complexes inside the polymer film. Never-
theless, polymer oxidation cannot be completely avoided under the ambient atmosphere,
as residual reactive species that formed C-I bonds in the polymer networks may react with
atmospheric oxygen [17]. Hence, oxidation of the fabricated PANI film inevitably occurred
during exposure to the atmosphere after AP plasma polymerization, thus leading to the
resistance changes shown in Figure 7. The experimental results confirmed that it took
3 days for the resistance to stabilize. Nevertheless, the electrical resistance stabilized at a
low value of 12.5 k() and remained unchanged thereafter.

Consequently, the newly proposed AP plasma polymerization method, capable of
synthesizing the PANI thin film with excellent electrical conductivity, is expected to help
overcome the limitations of the conventional plasma polymerization system. The conduc-



Polymers 2021, 13, 418 11 of 14

tive polymer film obtained by generating glow discharge using a single electrode structure
without a counter electrode indicates that the polymer films can be stably deposited onto
not only Si substrates, but also glass and flexible plastic substrates. The polymer layers
deposited through this one-step synthesis technique can provide a unique advantage as
a conductive layer based on a variety of nanomaterials/structures for future gas/bio-
sensor, display technology, plasma thrusters, molecular electronics, optoelectronics and
bio-nanotechnology applications.

4. Conclusions

In this study, a newly designed AP plasma reactor was described, in which a bare wire
electrode exposed to the discharge area enabled the AP plasma polymerization process
to occur at a low voltage. Thus, during the fabrication of an in-situ I,-doped PANI film,
both the aniline monomer and iodine molecules could be vaporized at a much higher Ar
gas flowrate than previously reported, while maintaining a stable glow discharge and suc-
cessfully performing the plasma polymerization and in-situ doping process. The chemical
composition and structure of the resulting PANI were confirmed by FI-IR spectroscopy
and FE-SEM imaging, while electrical resistance measurements confirmed that the film
had excellent electrical conductivity without electrical aging behavior. The detailed exam-
ination of the newly fabricated PANI film is expected to provide key clues to overcome
the performance limitations of the PANI films polymerized by the conventional APPJ
array with dielectric barriers. It is also anticipated that the new PANI films grown at
room temperature using the proposed AP plasma reactor can offer versatile advantages as
electrodes and active layers for future displays and polymer gas sensors. Moreover, PANI
films without electrical aging behavior will become increasingly promising for detecting
layers for specific molecular species, including various gaseous molecules, ethanol, acetone,
and bio-molecules such as glucose, DNA and viruses.

Author Contributions: ].YK,, SI, H]J., C.-S.P. and H.-S.T. conceived and designed the study; J].Y.K.,
S.I,HJ.J., and G.T.B. performed the experiments; H.].]., E.Y.J. and G.T.B. contributed the analytical
tools; ].YK,, S.I, H].J. and E.YJ. and H.-S.T. analyzed the data; ].Y.K,, S.I, E.Y.J. and H.-S.T. wrote the
majority of the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MOE) (No. 2020R1I1A3071693) and the BK21 FOUR project
funded by the Ministry of Education, Korea (4199990113966).

Acknowledgments: The authors would like to thank Sang-Geul Lee and Weon-Sik Chae at the Korea
Basic Science Institute (Daegu) for useful discussion and providing FI-IR data. In addition, the
authors would like to thank Do Yoeb Kim and Hyung-Kun Lee at the Electronics and Telecommuni-
cations Research Institute (ETRI; Daejeon) for providing IDE substrates and useful discussion of the
resistance measurement of polymer films.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Thiry, D.; Konstantinidis, S.; Cornil, J.; Snyders, R. Plasma diagnostics for the low-pressure plasma polymerization process: A
critical review. Thin Solid Films 2016, 606, 19-44. [CrossRef]

2. Teslaru, T,; Topala, I.; Dobromir, M.; Pohoata, V.; Curecheriu, L.; Dumitrascu, N. Polythiophene films obtained by polymerization
under atmospheric pressure plasma conditions. Mater. Chem. Phys. 2016, 169, 120-127. [CrossRef]

3. Cho, S.-H.; Park, Z.-T.; Kim, J.-G.; Boo, J.-H. Physical and optical properties of plasma polymerized thin films deposited by
PECVD method. Surf. Coat. Technol. 2003, 174, 1111-1115. [CrossRef]

4. Friedrich, J. Mechanisms of Plasma Polymerization—Reviewed from a Chemical Point of View. Plasma Process. Polym. 2011, §,
783-802. [CrossRef]

5. Vasquez-Ortega, M.; Ortega, M.; Morales, J.; Olayo, M.G.; Cruz, G.J.; Olayo, R. Core-shell polypyrrole nanoparticles ob-tained by
atmospheric pressure plasma polymerization. Polym. Int. 2014, 63, 2021-2029. [CrossRef]

6. Shin, J.-G.; Shin, B.J.; Jung, E.Y,; Park, C.-S.; Kim, J.Y.; Tae, H.-S. Effects of a dielectric barrier discharge (DBD) on characteris-tics

of polyaniline nanoparticles synthesized by a solution plasma process with an Ar gas bubble channel. Polymers 2020, 12, 1939.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.tsf.2016.02.058
http://doi.org/10.1016/j.matchemphys.2015.11.038
http://doi.org/10.1016/S0257-8972(03)00596-6
http://doi.org/10.1002/ppap.201100038
http://doi.org/10.1002/pi.4756
http://doi.org/10.3390/polym12091939
http://www.ncbi.nlm.nih.gov/pubmed/32867312

Polymers 2021, 13, 418 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Shin, J.-G.; Park, C.-S.; Jung, E.-Y.; Shin, B.].; Tae, H.-S. Synthesis of a polyaniline nanoparticle using a solution plasma pro-cess
with an Ar gas bubble channel. Polymers 2019, 11, 105. [CrossRef] [PubMed]

Van Deynse, A.; Cools, P,; Leys, C.; De Geyter, N.; Morent, R. Surface activation of polyethylene with an argon atmospheric
pressure plasma jet: Influence of applied power and flow rate. Appl. Surf. Sci. 2015, 328, 269-278. [CrossRef]

Petersen, J.; Becker, C.M.; Fouquet, T.; Addiego, F,; Toniazzo, V.; Dinia, A.; Ruch, D. Nano-ordered thin films achieved by soft
atmospheric plasma polymerization. RSC Adv. 2013, 3, 4416—4424. [CrossRef]

Kasih, T.P,; Kuroda, S.-I.; Kubota, H. Poly(methyl methacrylate) Films Deposited via Non-Equilibrium Atmospheric Pressure
Plasma Polymerization Using Argon as Working Gas. Plasma Process. Polym. 2007, 4, 648-653. [CrossRef]

Lee, J.-H.; Kim, Y.-H.; Choi, E.-H.; Kim, K.-M.; Kim, K.-N. Development of hydrophilic dental wax without surfactant using a
non-thermal air atmospheric pressure plasma jet. J. Phys. D Appl. Phys. 2014, 47, 235402. [CrossRef]

De Geyter, N.; Morent, R.; Van Vlierberghe, S.; Dubruel, P; Leys, C.; Gengembre, L.; Schacht, E.; Payen, E. Deposition of
polymethyl methacrylate on polypropylene substrates using an atmospheric pressure dielectric barrier discharge. Prog. Org. Coat.
2009, 64, 230-237. [CrossRef]

Van Vrekhem, S.; Morent, R.; De Geyter, N. Deposition of a PMMA coating with an atmospheric pressure plasma jet. J. Coat.
Technol. Res. 2018, 15, 679-690. [CrossRef]

Cools, P; Sainz-Garey, E.; Geyter, N.D.; Nikiforov, A.; Blajan, M.; Shimizu, K.; Alba-Elias, E; Leys, C.; Morent, R. Influence of
DBD inlet geometry on the homogeneity of plasma-polymerized acrylic acid films: The use of a microplasma—electrode in-let
configuration. Plasma Process. Polym. 2015, 12, 1153-1163. [CrossRef]

Park, C.-S.; Kim, D.H.; Shin, B.J.; Tae, H.-S. Synthesis and Characterization of Nanofibrous Polyaniline Thin Film Prepared by
Novel Atmospheric Pressure Plasma Polymerization Technique. Materials 2016, 9, 39. [CrossRef] [PubMed]

Park, C.-S.; Jung, E.Y; Kim, D.H.; Cho, B.-G.; Shin, B.J.; Tae, H.-S. TOF-SIMS study on nano size conducting polymer pre-pared
by simple atmospheric pressure plasma polymerization technique for display applications. Mol. Cryst. Lig. Cryst. 2017, 651,
16-25. [CrossRef]

Park, C.-S.; Kim, D.Y.; Kim, D.H.; Lee, H.-K,; Shin, B.]J.; Tae, H.-S. Humidity-independent conducting polyaniline films syn-
thesized using advanced atmospheric pressure plasma polymerization with in-situ iodine doping. Appl. Phys. Lett. 2017, 110,
033502. [CrossRef]

Park, C.-S; Jung, E.Y.; Kim, D.H.; Kim, D.Y.; Lee, H.-K,; Shin, B.].; Lee, D.H.; Tae, H.-S. Atmospheric Pressure Plasma Polymeriza-
tion Synthesis and Characterization of Polyaniline Films Doped with and without Iodine. Materials 2017, 10, 1272. [CrossRef]
Kim, D.H.; Park, C.-S.; Jung, E.Y,; Shin, B.J.; Kim, J.Y.; Bae, G.T.; Jang, H.J.; Cho, B.-G.; Tae, H.-S. Effects of iodine dopant
on atmospheric pressure plasma polymerized pyrrole in remote and coupling methods. Mol. Cryst. Lig. Cryst. 2018, 677,
135-142. [CrossRef]

Kim, D.H,; Park, C.-S; Jung, E.Y.; Kum, D.S.; Kim, J.Y.; Kim, D.; Bae, G.T.; Cho, B.-G.; Shin, B.].; Lee, N.H.; et al. Experimental
study on atmospheric pressure plasma polymerized conducting polymer under coupling and remote conditions. Mol. Cryst. Lig.
Cryst. 2018, 663, 108-114. [CrossRef]

Jang, H.J.; Park, C.-S.; Jung, E.Y.; Bae, G.T.; Shin, B.J.; Tae, H.-S. Synthesis and Properties of Thiophene and Aniline Copolymer
Using Atmospheric Pressure Plasma Jets Copolymerization Technique. Polymer 2020, 12, 2225. [CrossRef] [PubMed]

Wang, G.; Vivek, R.; Wang, ].-Y. Polyaniline Nanoparticles: Synthesis, Dispersion and Biomedical Applications. Mini-Rev. Org.
Chem. 2017, 14, 56—64. [CrossRef]

Goktas, H.; Demircioglu, Z.; Sel, K.; Gunes, T.; Kaya, I. The optical properties of plasma polymerized polyaniline thin films. Thin
Solid Films 2013, 548, 81-85. [CrossRef]

Qin, Q.; Tao, J.; Yang, Y. Preparation and characterization of polyaniline film on stainless steel by elecrochemical polymer-ization
as a counter electrode of DSSC. Synth. Met. 2010, 160, 1167-1172. [CrossRef]

Trchova, M.; Stejskal, J. Polyaniline: The infrared spectroscopy of conducting polymer nanotubes (IUPAC Technical Report). Pure
Appl. Chem. 2011, 83, 1803-1817. [CrossRef]

Morales, J.; Olayo, M.G.; Cruz, G.J.; Olayo, R. Synthesis by plasma and characterization of bilayer aniline-pyrrole thin films
doped with iodine. J. Polym. Sci. Part B Polym. Phys. 2002, 40, 1850-1856. [CrossRef]

Popov, A.; Brasiunas, B.; Damaskaite, A.; Plikusiene, I.; Ramanavicius, A.; Ramanaviciene, A. Electrodeposited Gold Nanostruc-
tures for the Enhancement of Electrochromic Properties of PANI-PEDOT Film Deposited on Transparent Electrode. Polymer 2020,
12,2778. [CrossRef]

Gosselin, D.; Gougis, M.; Baque, M.; Navarro, EP.; Belgacem, M.N.; Chaussy, D.; Bourdat, A.-G.; Mailley, P.; Berthier, J. Screen-
Printed Polyaniline-Based Electrodes for the Real-Time Monitoring of Loop-Mediated Isothermal Amplification Reactions. Anal.
Chem. 2017, 89, 10124-10128. [CrossRef]

Wang, X.; Deng, J.; Duan, X,; Liu, D.; Guo, J.; Liu, P. Crosslinked polyaniline nanorods with improved electrochemical per-
formance as electrode material for supercapacitors. . Mater. Chem. A 2014, 2, 12323-12329. [CrossRef]

German, N.; Ramanaviciene, A.; Ramanavicius, A. Formation and electrochemical evaluation of polyaniline and polypyr-role
nanocomposites based on glucose oxidase and gold nanostructures. Polymers 2020, 12, 3026. [CrossRef]

Fratoddi, I.; Venditti, I.; Cametti, C.; Russo, M.V. Chemiresistive polyaniline-based gas sensors: A mini review. Sens. Actuators B
Chem. 2015, 220, 534-548. [CrossRef]


http://doi.org/10.3390/polym11010105
http://www.ncbi.nlm.nih.gov/pubmed/30960089
http://doi.org/10.1016/j.apsusc.2014.12.075
http://doi.org/10.1039/c2ra21833j
http://doi.org/10.1002/ppap.200700014
http://doi.org/10.1088/0022-3727/47/23/235402
http://doi.org/10.1016/j.porgcoat.2008.07.029
http://doi.org/10.1007/s11998-018-0049-4
http://doi.org/10.1002/ppap.201500007
http://doi.org/10.3390/ma9010039
http://www.ncbi.nlm.nih.gov/pubmed/28787838
http://doi.org/10.1080/15421406.2017.1338488
http://doi.org/10.1063/1.4974222
http://doi.org/10.3390/ma10111272
http://doi.org/10.1080/15421406.2019.1597520
http://doi.org/10.1080/15421406.2018.1468636
http://doi.org/10.3390/polym12102225
http://www.ncbi.nlm.nih.gov/pubmed/32998239
http://doi.org/10.2174/1570193X14666161118114230
http://doi.org/10.1016/j.tsf.2013.09.013
http://doi.org/10.1016/j.synthmet.2010.03.003
http://doi.org/10.1351/PAC-REP-10-02-01
http://doi.org/10.1002/polb.10254
http://doi.org/10.3390/polym12122778
http://doi.org/10.1021/acs.analchem.7b02394
http://doi.org/10.1039/C4TA02231A
http://doi.org/10.3390/polym12123026
http://doi.org/10.1016/j.snb.2015.05.107

Polymers 2021, 13, 418 13 of 14

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Virji, S.; Huang, J.; Kaner, R.B.; Weiller, B.H. Polyaniline Nanofiber Gas Sensors: Examination of Response Mechanisms. Narno Lett.
2004, 4, 491-496. [CrossRef]

Pron, A.; Rannou, P. Processible conjugated polymers: From organic semiconductors to organic metals and superconductors.
Prog. Polym. Sci. 2002, 27, 135-190. [CrossRef]

Elmas, S.; Beelders, W.; Nash, J.; Macdonald, T.].; Jasieniak, M.; Griesser, H.].; Nann, T. Photo-doping of plasma-deposited
polyaniline (PAni). RSC Adv. 2016, 6, 70691-70699. [CrossRef]

Fan, L.; Xu, X. A simple strategy to enhance electrical conductivity of nanotube-conjugate polymer composites via io-dine-doping.
RSC Adv. 2015, 5, 78104-78108. [CrossRef]

Takechi, K.; Shiga, T.; Motohiro, T.; Akiyama, T.; Yamada, S.; Nakayama, H.; Kohama, K. Solar cells using iodine-doped
polythiophene—-porphyrin polymer films. Sol. Energy Mater. Sol. Cells 2006, 90, 1322-1330. [CrossRef]

Le, T.-H.; Kim, Y.; Yoon, H. Electrical and Electrochemical Properties of Conducting Polymers. Polymer 2017, 9, 150. [CrossRef]
Mansuroglu, D.; Uzun-Kaymak, L.U. Investigation into Ex-Situ and In-Situ Iodine Doped Plasma Polymerized Fluo-rene-type
Thin Film. In Materials Today: Proceedings; Elsevier: Amsterdam, The Netherlands, 2019; Volume 18, pp. 1955-1963.

Wang, J.; Neoh, K.G.; Kang, E.T. Comparative study of chemically synthesized and plasma polymerized pyrrole and thio-phene
thin films. Thin Solid Films 2004, 446, 205-217. [CrossRef]

Silverstein, M.; Visoly-Fisher, I. Plasma polymerized thiophene: Molecular structure and electrical properties. Polymer 2002, 43,
11-20. [CrossRef]

Mathai, C.J.; Saravanan, S.; Anantharaman, M.; Venkitachalam, S.; Jayalekshmi, S. Effect of iodine doping on the bandgap of
plasma polymerized aniline thin films. J. Phys. D Appl. Phys. 2002, 35, 2206-2210. [CrossRef]

Kim, T.-W,; Lee, ] -H.; Back, J.-W.; Jung, W.-G.; Kim, J.-Y. Deposition and in-situ plasma doping of plasma-polymerized thi-ophene
films using PECVD. Macromol. Res. 2009, 17, 31-36. [CrossRef]

Bazaka, K.; Jacob, M.V. Effects of Iodine Doping on Optoelectronic and Chemical Properties of Polyterpenol Thin Films.
Nanomaterials 2017, 7, 11. [CrossRef] [PubMed]

Sajeev, U.S.; Mathai, C.J.; Saravanan, S.; Ashokan, R.R.; Venkatachalam, S.; Anantharaman, M.R. On the optical and electrical
properties of rf and a.c. plasma polymerized aniline thin films. Bull. Mater. Sci. 2006, 29, 159-163. [CrossRef]

Kim, D.B.; Rhee, ].K.; Gweon, B.; Moon, S.Y.; Choe, W. Comparative study of atmospheric pressure low and radio frequency
microjet plasmas produced in a single electrode configuration. Appl. Phys. Lett. 2007, 91, 151502. [CrossRef]

Park, H.S.; Kim, S.J.; Joh, HM.; Chung, T.H.; Bae, S.H.; Leem, S.H. Optical and electrical characterization of an atmospheric
pressure microplasma jet with a capillary electrode. Phys. Plasmas 2010, 17, 33502. [CrossRef]

Kim, J.Y,; Ballato, J.; Kim, S.-O. Intense and Energetic Atmospheric Pressure Plasma Jet Arrays. Plasma Process. Polym. 2012, 9,
253-260. [CrossRef]

Djurovic, S.; Roberts, J.R.; Sobolewski, M.A.; Olthoff, J. K. Absolute Spatially- and Temporally-Resolved Optical Emission
Measurements of rf Glow Discharges in Argon. J. Res. Natl. Inst. Stand. Technol. 1993, 98, 159-180. [CrossRef]

Popescu, S.; Jerby, E.; Meir, Y.; Barkay, Z.; Ashkenazi, D.; Mitchell, ].B.A.; Le Garrec, J.-L.; Narayanan, T. Plasma column and
nano-powder generation from solid titanium by localized microwaves in air. J. Appl. Phys. 2015, 118, 023302. [CrossRef]

Kim, H.-J.; Shin, J.-G.; Park, C.-S.; Kum, D.S.; Shin, B.J.; Kim, J.Y.; Park, H.-D.; Choi, M.; Tae, H.-S. In-Liquid Plasma Process
for Size- and Shape-Controlled Synthesis of Silver Nanoparticles by Controlling Gas Bubbles in Water. Materials 2018, 11,
891. [CrossRef]

Lu, X; Jiang, Z.; Xiong, Q.; Tang, Z.; Hu, X.; Pan, Y. An 11cm long atmospheric pressure cold plasma plume for applications of
plasma medicine. Appl. Phys. Lett. 2008, 92, 081502. [CrossRef]

Teschke, M.; Kedzierski, J.; Finantu-Dinu, E.G.; Korzec, D.; Engemann, ]. High-speed photographs of a dielectric barrier
at-mospheric pressure plasma jet. IEEE Trans. Plasma Sci. 2005, 33, 310-311. [CrossRef]

Lia, Q.; Li, J.-T.; Zhu, W.-C.; Zhu, X.-M.; Pu, Y.-K. Effects of gas flow rate on the length of atmospheric pressure nonequilib-rium
plasma jets. Appl. Phys. Lett. 2009, 95, 141502. [CrossRef]

Sands, B.L.; Huang, S.K.; Ganguly, B.N. Current scaling in an atmospheric pressure capillary dielectric barrier discharge. Appl.
Phys. Lett. 2009, 95, 51502. [CrossRef]

Laroussi, M.; Lu, X. Room-temperature atmospheric pressure plasma plume for biomedical applications. Appl. Phys. Lett. 2005,
87,113902. [CrossRef]

Ito, T.; Gotoh, K.; Sekimoto, K.; Hamaguchi, S.; Gotou, K. Mass Spectrometry Analyses of lons Generated by Atmospheric-Pressure
Plasma Jets in Ambient Air. Plasma Med. 2015, 5, 283-298. [CrossRef]

Sharma, A.K.; Bhardwaj, P; Dhawan, 5S.K.; Sharma, Y. Oxidative synthesis and electrochemical studies of poly(aniline-co-pyrrole)-
hybrid carbon nanostructured composite electrode materials for supercapacitor. Adv. Mater. Lett. 2015, 6, 414—420. [CrossRef]
Srinivasan, P.; Gottam, R. Infrared Spectra: Useful technique to identify the conductivity level of emeraldine form of poly-aniline
and indication of conductivity measurement either two or four probe technique. Mat. Sci. Res. India 2018, 15, 209-217. [CrossRef]
Botewad, S.N.; Pahurkar, V.G.; Muley, G.G. Fabrication and evaluation of evanescent wave absorption based polyani-line-cladding
modified fiber optic urea biosensor. Opt. Fiber Technol. 2018, 40, 8-12. [CrossRef]


http://doi.org/10.1021/nl035122e
http://doi.org/10.1016/S0079-6700(01)00043-0
http://doi.org/10.1039/C6RA12886F
http://doi.org/10.1039/C5RA15107D
http://doi.org/10.1016/j.solmat.2005.08.010
http://doi.org/10.3390/polym9040150
http://doi.org/10.1016/j.tsf.2003.09.074
http://doi.org/10.1016/S0032-3861(01)00582-1
http://doi.org/10.1088/0022-3727/35/17/318
http://doi.org/10.1007/BF03218598
http://doi.org/10.3390/nano7010011
http://www.ncbi.nlm.nih.gov/pubmed/28336848
http://doi.org/10.1007/BF02704609
http://doi.org/10.1063/1.2794774
http://doi.org/10.1063/1.3330507
http://doi.org/10.1002/ppap.201100190
http://doi.org/10.6028/jres.098.012
http://doi.org/10.1063/1.4926491
http://doi.org/10.3390/ma11060891
http://doi.org/10.1063/1.2883945
http://doi.org/10.1109/TPS.2005.845377
http://doi.org/10.1063/1.3243460
http://doi.org/10.1063/1.3187939
http://doi.org/10.1063/1.2045549
http://doi.org/10.1615/PlasmaMed.2016016443
http://doi.org/10.5185/amlett.2015.5690
http://doi.org/10.13005/msri/150302
http://doi.org/10.1016/j.yofte.2017.11.002

Polymers 2021, 13, 418 14 of 14

60.

61.

Wang, S.; Zhou, Y.; Liu, Y,; Wang, L.; Gao, C. Enhanced thermoelectric properties of polyaniline/polypyrrole/carbon nano-tube
ternary composites by treatment with a secondary dopant using ferric chloride. J. Mater. Chem. C 2020, 8, 528-535. [CrossRef]
Su, N. Improving Electrical Conductivity, Thermal Stability, and Solubility of Polyaniline-Polypyrrole Nanocomposite by Doping
with Anionic Spherical Polyelectrolyte Brushes. Nanoscale Res. Lett. 2015, 10, 1-9. [CrossRef]


http://doi.org/10.1039/C9TC06300E
http://doi.org/10.1186/s11671-015-0997-x

	Introduction 
	Materials and Methods 
	Preparation of the AP Plasma Reactor Device 
	Entire Assembled System for AP Plasma Polymerization 
	Characterization of the AP Plasma during Plasma Polymerization 
	Characterization of the PANI Films 

	Results and Discussion 
	Optical and Electrical Properties of Plasmas Generated by the AP Plasma Reactor 
	The AP Plasma Polymerized Aniline Film 
	The In-Situ Iodine Doped PANI Film 

	Conclusions 
	References

