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Abstract: A nanocomposite rod-shaped structure with single-walled carbon nanotube (SWCNT) embedded in
polypyrrole (PPy) doped with nonafluorobutanesulfonic acid (C4F), SWCNT/C4F-PPy, was synthesized using
emulsion polymerization. The hybrid ink was then directly coated on a polyimide film interdigitated with the
Cu/Ni/Au electrodes via a screen-printing technique to create a flexible film sensor. The sensor film showed a
response of 1.72% at 25 °C/atmospheric pressure when acetone gas of 5 ppm was injected, which corresponds
to almost 95% compared to the Si wafer-based array interdigitated with the Au electrode. Additionally, C4F
was used as a hydrophobic dopant of PPy to improve the stability of humidity and to produce a highly sensitive
film-type gas sensor that provides stable detection even in humid conditions.

Keywords: flexible gas sensor; SWCNT-PPy composite; acetone gas sensor; polyimide substrate;
room temperature

1. Introduction

Gas detectors have been a subject of great interest over the past few decades in response to
industrial and medical demands in air quality monitoring [1], the automotive [2] and semiconductor
industries, and in the screening or monitoring of various diseases [3,4]. Basically, a gas sensor
consists of a passivation layer between a gas-sensing layer and a substrate interdigitated with
electrodes. Most gas sensor substrates consist of alumina plates [5], ceramic plates [6], or silicon
wafers [7], and the gas-sensing layers consist of metal oxides [8-10], such as ZnO [8], In20s [9], SnO2
[10], and WOs [11]. Recently, flexible gas sensors [12-17] based on plastic substrates, such as
polyimide (PI) [12,13], polycarbonate (PC) [14], and polyethylene terephthalate (PET) [15,16] films
have been developed to achieve lower manufacturing costs as well as improved miniaturization,
portability, and wearability. In addition, gas sensors that use m-conjugated carbon compounds
(CCCQ), such as carbon nanotube (CNT) [17-19], polypyrrole (PPy) [13,20-22], polyaniline (PANi)
[16,23], and graphite [24] as a gas-sensing layer are being actively studied. These CCC-based sensors
exhibit improved features for gas detection [13,16-24]. They operate at low temperatures and the
sensing material can be designed to detect selected compounds with very low-response to other
compounds. Furthermore, they can be processed into thin films using a screen-printing process.
Kumar et al [16]. described an ammonia gas sensor based on PANi as a gas-sensing layer deposited
on a PET film and investigated the ammonia gas-sensing properties of the film at 25C from 5-1000
ppm. Hua et al [19]. reported a potential gas sensor for NHs, NO, and NO: sensing applications using
a single-walled CNT-Fe20s (SWCNT-Fe203) composite film deposited on a PI film substrate.
Additional research into the potential applications of flexible gas sensors is ongoing, and new
manufacturing technologies, such as screen printing and flexible film-forming processes are critical
to produce low-cost efficient sensors.

In this work, we first fabricated an interdigitated electrode (IDE) with a Cu/Ni/Au three-layer
structure on a flexible 50 um-thick PI film (IDE PI film). Second, a film-type flexible gas sensor was
fabricated using a nonafluorobutanesulfonic acid-doped-polypyrrole (C4F-PPy) and SWCNT
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nanocomposite ink, i.e., SWCNT/C4F-PPy, on an IDE PI film by screen printing to detect acetone gas.
Figure 1 depicts the schematic diagram of a flexible gas sensor film with gas-sensing layers on an IDE
PI substrate. Screen printing is advantageous due to its low cost, high-speed patterning, and
applicability to various substrates, making it an efficient alternative to conversion patterning
techniques used in the production of multi-purpose electronic devices. Particularly, screen-printed
sensor films can offer more benefits in terms of mass production, control of sensing dimensions, and
flexibility. The SWCNT/C4F-PPy nanocomposite sensor film was able to detect less than 1 ppm of
acetone gas at 25°C and exhibited moisture-resistance. The film sensors demonstrated a response of
1.72% at 5 ppm acetone concentration, which corresponds to nearly 95% of the sensor response of the
Si wafer substrate with integrated Au electrodes, providing promise of good response characteristic
at high humidity concentrations.

Acetone Gas

Printing

Figure 1. Top-view and cross-section schematic diagram of a flexible sensor film with SWCNT/C4F-
PPy nanocomposite layers on an IDE polyimide substrate (left; IDE substrate, right; flexible gas sensor
film). IDE substrate consists of two contact pads (2 mm x 2.5 mm) and a sensor electrode (width: 0.5
mm, distance: 0.8 mm) composed of the Cu/Ni/Au three-layers. The sensor area is 8 mm x 10 mm.
The sensor film on the right shows the layers composed of a rod-shaped SWCNT/C4F-PPy
nanostructure.

2. Materials and Methods

2-1. Fabrication of PI film interdigitated with Cu/Ni/Au electrodes: IDE substrate

The fabrication process of the IDE substrate is shown in Figure 2. It was designed based on a 50-
um-thick flexible PI film (Kapton, Dupont, USA), where the electrode geometry is set to a level that
enables higher sensor responsibility. First, the flexible PI film and 6-um-thick Cu foil, which is treated
with hot melt adhesive, were bonded by a hot lamination process at 200 °C. Then the Cu-laminated
PI film was patterned via a photolithography process, and finally, a 2— 3-um Ni and Au layers were
sequentially formed on the Cu layer using electroless plating. The result was an IDE substrate film
consisting of two contact pads (2 mm x 2.5 mm) and a sensor electrode (width: 0.5 mm, distance: 0.8
mm) composed of a Cu/Ni/Au three-layered-metal. Here, Au in the surface layer of the 3-layered
electrode was configured to prevent oxidation and improve electrical conductivity, thereby
providing an electrical resistance of 0.1Q2¢cm. Then, the as-prepared IDE substrate film was pre-
treated with polycationic poly (dimethyl-diallyl ammonium chloride) (PDDA, Sigma-Aldrich)
aqueous solution (1%) and a polyanionic poly (sodium 4-styrenesulfonate) (PSS, Sigma-Aldrich)
aqueous solution (2 mg/ml; pH = 1 adjustment) was sequentially applied using a layer-by-layer
technique to get a negatively charged surface layer as shown in Figure 2.
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Figure 2. Schematic showing the preparation of the PI substrates interdigitated with the Cu/Ni/Au
electrodes (IDE substrate). The IDE electrode lines have a distance and width of 0.8 mm and 0.5 mm,
respectively. The PI substrate used has 50 um-thick film. The prepared IDE substrate film was treated
with PDDA and PSS via a layer-by-layer technique to obtain a negatively charged surface layer, which
improves the adhesion properties between the sensing material and the upper layer.

2.-2. Synthesis of SWCNT/C4F-PPy nanocomposite

The rod-shaped SWCNT/C4F-PPy nanocomposite was synthesized using an emulsion
polymerization technique described in a previous paper [22]. The synthesized proceeded in five
steps. First, hydroxypropyl methylcellulose (HPMC, Sigma-Aldrich) was dissolved in deionized (DI)
water to prepare 1wt% dispersion solution. Then, 0.0031 g of SWCNTs (Zeon, Japan) was added to a
30 mL of HPMC solution and sonicated for 30 min. Second, 0.3 g of pyrrole monomer and 0.37 g of
L-(-)-3-Phenyllactic Acid (PLA) were each dissolved in a 30 mL of HPMC and SWCNT mixed
solutions in order and stirred at 0 C for 30 min. Forth, 3.11 g of iron chloride hexahydrate
(FeCls#6H:0), as an oxidant, was added to the mixture, and reacted at 0 °C for 6 h to complete the
synthesis of the final solution. Finally, 560ul of C4F (40wt% aqueous solution) (pyrrole:C4F = 1:0.1
molar ratio) was added as a dopant and the mixture was stirred for more than 12 h. Scheme 1 provides
a representation of the synthesized rod-shaped SWCNT/C4F-PPy nanostructures. The synthesized
nanostructure was purified 2 to 3 times using ultracentrifugation. The synthesized rod-shaped
SWCNT/C4E-PPy nanocomposite (3wt%) was prepared as an ink redispersed in a mixed solvent of
DI water—isopropanol (1:1 v/v) with 2wt% HPMC.
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Scheme 1. The synthetic procedure for the fabrication of a water-dispersible rod-shaped
SWCNT/C4F-PPy nanostructure. .
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2.-3. Performance evaluation of gas sensors

The ink solutions using the as-synthesized SWCNT/C4F-PPy nanocomposite were coated on the
prepared IDE substrate strip through screen printing technology to form a sensing layer, and then
dried in a vacuum oven at 60°C for 1 hour. The prepared sensor strip (test cell) was installed in the
test chamber and the resistance value changed according to gas injection was measured using an
electrochemical detection method. Pure dry air was injected as the carrier gas for 10 min while
maintaining the chamber pressure at atmospheric pressure. Then, CsHsO gas was exposed to
concentration of 2.5 and 5 ppm at 25°C, in dry air (0% relative humidity (RH)) and wet conditions (10
to 80%RH/25°C). The resistances between electrodes were measured under the constant DC applied
current. The resistances between electrodes were measured under a constant DC applied current. The
current resistance (), ohm) was measured using a resister (Keithley 2000) by applying a DC voltage
of 2V.

3. Results and Discussion

The overall synthetic procedure used to create the water-dispersible SWCNT/C4EF-PPy
nanocomposite is described in Scheme 1. First, an aqueous HPMC solution where SWCNTs were
uniformly dispersed was prepared for emulsion polymerization and then pyrrole monomer and PLA
were sequentially added to it. FeCls was then added as an oxidizing agent to initiate the
polymerization reaction. This resulted in the formation of a rod-shaped nanostructure with SWCNT
at the core surrounded by PPy-PLA (Scheme 1). A previous study reported that PLA is chemically
bonded with the PPy chain and reacts selectively with a specific gas such as acetone [22]. The resulting
products can maintain long-term dispersion stability in aqueous solution without precipitation due
to its excellent dispersion characteristics. Structurally, SWCNTs surface-treated with COOH are
chemically interconnected with NH groups of the pyrrole ring and can also electrically transfer
electrons. SWCNTs with high electrical conductivity can greatly increase electrical conductivity by
extending the electron transport path with PPy, which is an electrically conductive polymer chain.
Notably, SWCNTs have been shown to improve the electrical conductivity of PPy by more than 30%.
A resistance value of 24 KQecm was measured on a 10-um-thick SWCNT/C4F-PPy film. For screen
printing, the synthesized SWCNT/C4F-PPy nanocomposite (3wt%) was redispersed in a mixed
solvent of DI water—isopropanol (1:1 v/v), where 2wt% HPMC was dissolved to prepare a coating
ink.

The SEM and TEM images (Figure 3 (I) and (II)) of the SWCNT/C4F-PPy nanostructures printed
on the PI film of the as-prepared IDE pattern show that the SWCNT/C4F-PPy has rod-like
nanostructures (approximately 60-nm-diameter and 3-um-length). In particular, the SWCNT/C4E-
PPy nanostructures have a core-shell structure surrounded by a C4F-doped-PPy layer with a
thickness of approximately 30 nm on the outer surface of the SWCNT single strand. Figure 3 (III)
displays energy dispersive X-ray spectroscopy (EDS) spectral data, which was used for component
analysis of SWCNT/C4F-PPy. The analysis showed that the contents of major atoms such as C, O, N,
S, and F were 62.24%, 6.01%, 14.09%, 0.93%, and 1.15%, respectively. Notably, EDS data confirmed
the presence of S and F atoms present in the C4F molecule, which is used as the dopant. C4F
containing fluorine (F) is used as a hydrophobic dopant for m-conjugated polymer, PPy, to improve
resistance to external humidity and to control the electrical conductivity of PPy.

d0i:10.20944/preprints202307.0467.v1
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Figure 3. (I) SEM and (II) TEM morphologies of SWCNT/C4F-PPy core—shell shaped nanorods. (III)
EDS spectra showing the elemental analysis data for SWCNT/C4F-PPy.

Externally humidity plays an important role in the stability and performance of biosensors.
Therefore, obtaining a reliable response to humidity in biosensors and avoiding cross-response due
to moisture remains a major challenge [25]. As is widely known, most organic-based sensors
including metal oxide sensors exhibit lower response under humid conditions. Herein, we
synthesized a hydrophobic PPy nanocomposite, SWCNT/C4F-PPy nanocomposites, using C4F as a
dopant to ensure the stability of the sensor material in humid conditions. Previous researchers [26]
studied the stability of a PPY-based acetone gas sensor in humid conditions using C8F as a dopant,
and based on their results, we believed that C4F would also make the PPy surface hydrophobic and
neutralize it, implying that C4F can be used to impart materials with water-repellent properties.
Figure 4 shows the change in electrical resistance of the SWCNT/C4F-PPy films as a function of
relative humidity (RH). As shown in Figure 4-I(a), the control of SWCNT/PPy film (no C4F) exhibited
a significant change in resistance with an increase in the RH% at 25 °C. In contrast, resistance was
rapidly stabilized as the C4F content increased to 0.05, 0.1, 0.2, and 0.3 molar ratio based on the
pyrrole monomer (Figure 4-1(b), (c), (d), and (e)). Humidity stability was also improved when the
C4F content was 0.1 mol/ratio or more; however, the response of the sensor was rapidly decreased.
Figure 4-(II) shows the humidity stability of the SWCNT/C4F-Ppy (C4F content: 0.1 molar ratio) film
at three different temperatures. In particular, humidity stability was doubled when the temperature
was 40 ~55 C, and was improved by 1.5 times at 60 ~90 C.
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Figure 4. (I) Sensor response of SWCNT/C4F-PPy film exposed to different humidity conditions at 25
C; the mole ratio of C4F is (a) 0, (b) 0.05, () 0.1, (d) 0.2, and (e) 0.3, respectively. (II) Electrical resistance
of SWCNT/C4F-PPy sensor film with varying humidity at multiple temperature conditions; (c) 25 C
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,(c-1)40 C, (¢-2) 55 C, respectively. The initial resistance (Ro) of the samples used in the experiment
is 24 KQ ecm.

We fabricated the gas sensor array by screen-printing a SWCNT/C4F-PPy nanocomposite ink
solution onto the IDE substrate film (test cell: with a pair of integrated Cu/Ni/Au electrodes on a 50-
um-thick PI substrate), as shown in Figure 5. The surface morphology of the sensor layer made of
one-dimensional SWCNT/C4F-PPy nanocomposite has a microporous structure in which a three-
dimensional network appears to be entangled. It is known that PPy or SWCNT/PPy composite
compounds show changes in electrical resistance according to typical characteristics of p-type
semiconductors [27,28]. This is due to the charge transfer mechanism between the acetone molecule,
which acts as an acid when exposed to acetone gas, and the positively charged polaron of the PPy
backbone. Hence, the PPy interacts with acetone to gain an electron; this electron transfer between
positively charged PPy and acetone causes an elevation in the charge-carrier concentration, which
causes a decrease in the overall electrical resistance. In particular, the PLA molecule can more easily
receive electrons from acetone, from which some of the hydroxyl groups are converted to OHz,
thereby increasing the positive charge density of the PPy backbone by self-doping. The sensor array
film was placed in a gas chamber and the chamber was purged with pure dry air using a carrier gas
for 10 min while maintaining the chamber at atmospheric pressure. Then, various concentrations of
acetone gas were injected to the chamber under different temperature and humidity conditions.
Electrical resistance (ohm/cm) was measured in real time using a digital multi-meter to record
changes corresponding to different gas inflow. The sensor array films were used to detect acetone
vapor and normalized the electrical-resistance change (defined as AR/Ro x 100 (AR = R-Ro), where R
and Ro are the real-time resistance and initial resistance, respectively) to evaluate response. When
the sensor array film was exposed to pure acetone gas, then the electrical resistance increased rapidly
and the response time was 750 s. Figure 5-(I) shows the response characteristics of the sensor array
to injection of acetone gas in the range of 1 to 5 ppm. As shown in the figure, an response (S) was
shown in the negative direction in each concentration condition, and the S tended to change
proportionally as the gas concentration increased. However, as shown in Figure 5-(Il), it was
observed that S had a linear characteristic toward an increase in resistance as the concentration of
injected gas increased. At this time, the sensitivity (ppm™) of the acetone gas sensor can be calculated

as 0.37.
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Figure 5. Schematic diagram of sensor array using SWCNT/C4F-PPy nanocomposite and dynamic
response in sensors to various concentrations of acetone gas at25 T and 0% RH. Th resoinse (S) is
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observed towards the negative direction as the gas is injected, which means that the sensor array
resistance increases when the gas is injected. [I] The response spectrum of the SWCNT/C4F-PPy
nanocomposite sensor to different concentrations of acetone gas as a function of time. [II] Change in
response sensitivity according to the concentration of acetone gas from 1 to 5 ppm. The sensitivity
(ppm™) of the acetone gas sensor can be calculated as 0.37.

Figure 6-(I-a) shows a representative data to illustrate the response characteristics of the sensor
array film to acetone gas concentrations of 2.5 and 5 ppm at 25 T and 0% RH. Acetone
concentrations of 2.5 and 5 ppm resulted in response (S) measurements of 0.92 and 1.67, respectively,
and the relative response time was slightly faster at the higher concentration. At 5 ppm of acetone
vapor the S value of the sensor reached 1.67 within a response time of 750 s. For comparison purposes,
Figure 6-(I-b) shows acetone response data of a sensor fabricated by drop-casting SWCNT/C4E-PPy
nanocomposite ink solution onto Si substrate with an integrated Au electrode. Although the
Cu/Ni/Au-based PI substrate sensor (Figure 6-(I-a)) demonstrates approximately a 5% difference in
response from the Au-based Si wafer substrate sensor (Figure 6-(I-b)), the results show a similar level
of response characteristics. Figure 6-(II-a) plots the measured change in sensor response under
various humidity conditions when 5 ppm of acetone gas is injected to the chamber. As shown in
Figure 6-(II), S showed a tendency to decrease rapidly when RH was 10% or more, and the change
was generally linear. When RH was at the highest level of 80%, S decreased to 0.72. Compared to the
Si wafer-based sensor (Figure 6-1I-b), the PI-based film sensor (Figure 6-(II-a)) showed better response
in the range of 10%—-80% RH. Acetone gas was only weakly detected when RH was 80% or higher
using the Si wafer-based sensor. These results indicate that the PI-based film sensor is better at
sensing acetone gas in high humidity conditions.
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Figure 6. (I) The continuous dynamic response of the SWCNT/C4F-PPy nanocomposite sensor at
different concentrations of acetone (2.5 and 5 ppm) at 25 °C/0% RH conditions. (II) Response changes
with increasing humidity levels measured at 5 ppm acetone concentration under 25 °C. (a) PI film-
based sensor integrated with Cu/Ni/Au electrodes, (b) Si wafer-based sensor integrated with Au
electrodes. .

4. Conclusion

We synthesized a rod-shaped nanocomposite with SWCNT inserted into C4F-PPy by emulsion
polymerization and used it as an acetone sensing material. SEM and TEM were used to analyze the
structure of the nanorod-shaped SWCNT/C4F-PPy composite, and the contents of the constituent
elements were confirmed from the EDS spectrum. A hybrid ink composition composed of SWCNT
and C4F-PPy was directly coated on a flexible polyimide film interdigitated with the Cu/Ni/Au
electrodes by a screen print process. This sensor film provided a response of 1.72% in 5 ppm of
acetone, closely mirroring the sensor response characteristics of the Si wafer substrate. However, the
sensor film performed better in high humidity conditions. In this study, the flexible type sensor film
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synthesized in the low-temperature/continuous film process demonstrated the possibility for
application across various fields.
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