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Preface

The first edition of the reprint titled “Polymer Materials in Sensors, Actuators, and Energy
Conversion” has been successfully published. Building upon the foundation laid by the first edition,
the second edition has now been completed. Polymer-based materials play an increasingly crucial
role in the advancement of sensors, actuators, and energy conversion technologies, which are
essential for the development of smart materials and electronic devices. These applications involve
the synthesis, structural analysis, and property characterization of polymers and their composites.
Significantly, these materials are employed in energy-harvesting devices and energy storage systems,
which are designed for electromagnetic applications (conversion of electrical to mechanical energy)
and magneto-mechanical applications (conversion of magnetic to mechanical energy). Furthermore,
polymer-based materials are utilized in light-emitting devices and electrically driven sensors. The
modulation of these materials and devices allows for precise control over detection, actuation, and
energy management in functional devices, thereby enhancing their performance and efficiency.

The second edition expands on these topics, providing a comprehensive overview of the
latest advancements and innovations in the field. It includes detailed discussions on the synthesis
methods, structural properties, and functional applications of polymer-based materials, as well as
their integration into various technological systems. This edition aims to serve as a valuable resource
for researchers, engineers, and practitioners working in the fields of materials science, electronics,

and energy conversion.

Jung-Chang Wang
Editor

ix






a polymers

Article

Synthesis and Application of Polymer SXFA in the Detection of
Organophosphine Agents with a SAW Sensor

Cancan Yan, Molin Qin, Tengxiao Guo, Lin Zhang, Junchao Yang and Yong Pan *

check for
updates

Citation: Yan, C.; Qin, M.; Guo, T;;
Zhang, L.; Yang, J.; Pan, Y. Synthesis
and Application of Polymer SXFA in
the Detection of Organophosphine
Agents with a SAW Sensor. Polymers
2024, 16, 784. https://doi.org/
10.3390/ polym16060784

Academic Editor: Jung-Chang Wang

Received: 4 January 2024
Revised: 5 March 2024
Accepted: 6 March 2024
Published: 12 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory of NBC Protection for Civilian, Beijing 102205, China; ccy805905145@163.com (C.Y.);
qinmolin@139.com (M.Q.); guotengxiao@sklnbcpc.cn (T.G.); zhanglin_zju@aliyun.com (L.Z.);
yangjunchao1990@163.com (J.Y.)

* Correspondence: panyong71@sina.com.cn

Abstract: The effective detection of isopropyl methylfluorophosphonate (GB, sarin), a type of
organophosphine poisoning agent, is an urgent issue to address to maintain public safety. In this
research, a gas-sensitive film material, poly (4-hydroxy-4,4-bis trifluoromethyl)-butyl-1-enyl)-siloxane
(SXFA), with a structure of hexafluoroisopropyl (HFIP) functional group was synthesized by using
methyl vinylpropyl dichlorosilane and hexafluoroacetone trihydrate as initial materials. The synthesis
process products were characterized using FTIR. SXFA was prepared on a 200 MHz shear surface
wave delay line using the spin-coating method for GB detection. A detection limit of <0.1 mg/m? was
achieved through conditional experiments. Meanwhile, we also obtained a maximum response of
2.168 mV at a 0.1 mg/m3 concentration, indicating the much lower detection limit of the SAW-SXFA
sensor. Additionally, a maximum response standard deviation of 0.11 mV with a coefficient of varia-
tion of 0.01 and a maximum recovery standard deviation of 0.22 mV with a coefficient of variation of
0.02 were also obtained through five repeated experiments. The results show that the SAW-SXFA
sensor has strong selectivity and reproducibility, good selectivity, positive detection ability, high
sensitivity, and fast alarm performance for sarin detection.

Keywords: SXFA; SAW-SXFA sensor; organophosphorus agent; GB

1. Introduction

Sarin (GB, methylphosphonic difluoride) is a representative chemical warfare agents.
It is an organophosphorus (OP) neurotoxic agent with high volatility, strong toxicity, and
a short latency period. This nerve agent can be obtained easily, with characteristics of
easy synthesis and difficulty in prevention and control [1,2]. Due to the high specificity
and affinity of acetylcholinesterase, GB poses a great threat to human health and public
safety [1-3]. Therefore, effective detection methods can qualitatively and quantitatively
detect GB, improving protection capabilities.

Various gas sensing techniques have been developed for GB detection, for instance,
field-effect transistors [4], fluorescence [5], flame photometry [6], ion mobility spectrome-
try [7], gas chromatography—mass spectrometry [8], and surface acoustic wave (SAW) [9],
and each technique has special advantages and plays unique roles in GB detection. The
SAW technique has been systematically and deeply studied in the detection of chemical
warfare agents (CWAs), mainly due to its non-destructive nature, compact structure, ability
to detect nerve agents and blister agents, and applicability to point or area detection [10-15].
A SAW sensor has a compact structure and high sensitivity and is small, inexpensive, and
capable of fast responses, characteristics that are in line with the current development
direction of intelligence in the field of chemical sensors, which are becoming a research
hotspot in this field [13-16]. So far, SAW sensors for detecting various gases, such as Hp,
50,, H;S, and NO;y, have been developed and have yielded remarkable results [16,17],
and sensitive film materials play a decisive role in the detection effect [16]. Among the
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various sensitive film materials, polymers are the most commonly used in SAW sensors [18].
One of these sensitive film materials, SXFA, is an organosilicon compound with a special
structure and properties [13,14,19]. Its structural unit has a hexafluoroisopropyl (HFIP)
functional group, which has a strong hydrogen-bonding effect on organophosphorus com-
pounds [14,19-21]. Thus, it provides superior sensitivity and selectivity in the detection of
organophosphorus compounds, and so far, it is one of the most widely studied and data-
rich polymers [13,14,20,22-25]. However, after the synthesis of SXFA, SAW-SXFA sensors
generally only exist as sensors for detecting hydrogen-bonding alkaline gases in sensor
arrays, and there are few reports on the detection of organophosphorus gases individually.

Therefore, in order to individually detect GB with high sensitivity, we synthesized the
polymer SXFA and constructed a SAW-SXFA sensor in this study, discussed its relevant
mechanisms, analyzed its detection of organophosphorus nerve agents, and evaluated its
practical performance.

2. Materials and Methods
2.1. Reagents and Instruments

Allydichloromethylsilane, 95%, Macklin, Shanghai, China; phenyltrimethylammonium,
20~25% formaldehyde solution, Tokyo Kasel Kogyo Co., LTD., Tokyo, Japan; hexafluoroace-
tone trihydrate (HFA-3H,0), 95%, Macklin, Shanghai, China; polyepoxypropyl chloride,
average Mw ~700, Macklin, Shanghai, China; ether, 99.9%, TEDIA, Fairfield, OH, USA;
sulfuric acid, AR, Beijing Chemical Plant, Beijing, China; magnesium sulfate, AR, Macklin,
Shanghai, China; toluene, AR, Aladdin, Seattle, WA, USA; ethanol, >99.7%, Tansoole, Shang-
hai, China; dry ice, Yojanbio, Beijing, China; DMMP, AR, Beijing Chemical Plant, Beijing,
China; GB, 99%, State Key Laboratory of NBC Protection for Civilian, Beijing, China.

FTS-185 infrared spectrometer, Bio-Rad, Hercules, CA, USA; Q100 modulated DSC,
Thermal Analysis, San Diego, CA, USA; Gel Permeation Chromatography (GPC), Waters,
Mass, USA; surface acoustic wave oscillator, with central oscillation frequency of 300 MHz
and a delay line surface consisting of a quartz layer, State Key Laboratory of NBC Protection
for Civilian, Beijing, China; frequency counter, Proteck C3100 (Republic of Korea), Qingdao,
China; equipped with RS232 interface for computer connection; Scanning Potentiometer,
54800, Fujifilm, Tokyo, Japan; Dynamic Gas Generator, State Key Laboratory of NBC
Protection for Civilian, Beijing, China.

2.2. Experimental Methods
2.2.1. Mechanism of Interaction between Polymer and Gas Molecules

A SAW gas sensor utilizes sensitive film materials on piezoelectric crystals to generate
characteristic responses for gas adsorption, and polymers are commonly used as the
sensitive film materials on its surface [26,27]. Usually, polymers need to have the following
characteristics: (1) non-volatility, which can enable polymers to remain stable on sensors
for a long time; (2) viscoelasticity, which allows gas to disperse quickly within a polymer
film; and (3) quick response capability, selectivity, recoverability, and the ability to be
deployed on sensor surfaces [28]. Polymer sensitive film materials are mostly composed of
polysiloxane as the main chain, which assumes a viscoelastic state at room temperature and
has a good adsorption capacity for gas [29,30]. Before selecting polymer film materials, it is
necessary to analyze the principles of interaction between polymer films and gas molecules.
Generally, the main interactions between gas molecules and polymer films are van der
Waals forces, polarization, and hydrogen bonding [29,30].

The process of the polymer adsorption of gas is similar to that of the dissolution of
gas into liquid (Figure 1). At the interface between the polymer film surface and the gas
phase, target molecules are distributed between the gas phase and the polymer phase,
reaching a thermodynamic equilibrium state. Many previous studies have investigated the
distribution equilibrium between adsorbate and stationary phases and proposed relevant
models [24,25]. The selective adsorption of gas-phase molecules by polymers and the
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equilibrium between target molecules in the gas phase and the polymer phase can be
expressed by the following formula:

Kp=Cp/Co 1

where Kp represents the equilibrium of gas entering the polymer phase from the gas phase,
Co represents the concentration of the target molecule in the gas phase, and Cp represents
the concentration of the target molecule in the liquid phase. In this model, Kp quantitatively
describes the equilibrium of gas entering the polymer phase from the gas phase, and a
larger Kp value represents a stronger gas adsorption capacity.

Kp=Cp/Cog c

Cp

Figure 1. Equilibrium partitioning of vapor molecules between gas phase and polymer.

To determine the Kp value, Grate et al. proposed the linear solvation energy relation-
ship (LSER) as a model for the selective adsorption of gases; this model is established by
using a gas as a solute and a polymer as a solvent [31]. The solubility of a gas is expressed
by a series of parameters, with LESR representing a linear combination of all forces, and
the liner relationship is as follows:

LogK:c+rR2+s7r2H+aoc2H+bBzH+lLong6 (2)

Among them, the dissolution parameters Ry, 7© oH, a oH, B »H, and LogL16 represent
various solubility parameters of gases: R, refers to the gas hyper-molar regression pa-
rameter, and this quantitatively represents n and p electrons, which play a polarization
role; 7 ;! represents the gas dipole or polarization parameter; a , and g ! represent the
parameters of the gas hydrogen-bonding acid and hydrogen-bonding base, respectively;
LogL'® represents the distribution coefficient of the solute between the gas and liquid
phases at 25 °C (obtained from gas-liquid chromatography) and the van der Waals force
of the gas; 1, s, a, b, and | are related to the properties of the polymer films; a and b, as
supplements to gas hydrogen-bonding acidity and hydrogen-bonding alkalinity, represent
the hydrogen-bonding acidity and hydrogen-bonding alkalinity of the polymer films; s
represents the polarity and dipole effect of the polymer films; I represents the dispersion
effect of the polymer films, and a larger value of / indicates a significant difference in the
distribution coefficients of similar gases; r represents the polarization ability of n and 7
electron pairs between the polymer phase and solute molecules; and C is a constant [32].

According to the LSER equation, the interaction between a certain gas and a polymer
film can be calculated [33]. Polymers should have sensitivity and selectivity towards the
target gas. Additionally, LSER’s polynomial coefficients, such asb/a, b/s,s/a,and 1/(s + a
+b), can also represent selectivity [34], and Table 1 presents the SXFA polymer’s dissolution
selectivity obtained based on the LSER coefficient.
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Table 1. SXFA solubility selectivity examined by ratios of LESR coefficients.

Polymer b/a b/s als sla b+a+s  Dispersibility
SXFA 6.07 7.08 1.17 0.86 5.55 0.13

It is clear that, for hydrogen-bonded alkaline gases such as GB, the sought polymer
should have the largest possible hydrogen-bonding acidity (b) while having the smallest
possible hydrogen-bonding alkalinity (a) and dipole polarity (s), represented by b/a and
b/s, respectively. As shown in Table 1, it is clear that, with a strong hydrogen-bonding
acidity, the SXFA polymer’s solubility values ofb/a, b/s, s/a,1/(s + a + b), and dispersibility
are 6.07,7.08,1.17, 0.86, 5.55, and 0.13, making it an ideal hydrogen-bonding acidic polymer
sensitive membrane material for SAW sensors.

Additionally, SXFA is a polysiloxane film material with a low glass transition tempera-
ture [14]. The HFIP functional groups on SXFA have strong hydrogen-bonding effects on
organic phosphine gases and exhibit the viscoelastic properties of polysiloxane at room
temperature, enabling the selective adsorption of organic phosphine compounds [13,14],
which further proves that SXFA is an ideal organic phosphine adsorption material. For
instance, as shown in Figure 2, the hydrogen-bond acidity of the -OH group on the HFIP
functional group was enhanced due to the influence of the neighboring -CF3 group, which
allowed it to selectively adsorb organophosphorus gases with alkaline hydrogen-bond
interactions, achieving the selective adsorption of alkaline organophosphorus compounds;
thus, enhanced SXFA is highly susceptible to forming strong hydrogen bonds with GB.

F F
H;C H
. AL | JK |
Sarin HC— O0—P—CH; HC— 0—P—CH,
/ | / |
H,C o H;C 0
H 1 i
0 0 0
F;C F5C F5C
’ \(|?—CF ’ \l—cp ’ \L—CF
e o s 3
H; H,C H,C
SXFA N N N
_~CH _cH _-CH
HC HC HC
S SO US
H;C—Si. Si Si
O/ \0</0/ N o%/ en,
AN AN "N

SAW dual delay line

Figure 2. Schematic of sensing mechanism.

2.2.2. Synthesis Route of Hexafluoro-2-hydroxyisopropyl Polysiloxane

The synthesis of SXFA requires multiple steps and the control of reaction conditions,
so its synthesis method is relatively complex. Figure 3 shows the synthesis steps of the
polymer SXFA. In order to ensure the purity and quality of the final product, experimental
operations need to be carried out with caution according to the designed process. On the
one hand, it should be noted that, in the synthesis process, it is necessary to control the
reaction temperature, reaction time, and other parameters. On the other hand, attention
should also be paid to the synthesis process to avoid the generation of impurities and
by-products.

The first step in the synthesis of SXFA was to prepare methylvinyl polysiloxane by
adding an appropriate amount of ether to methylvinyl dichlorosilane, stirring the mixture
with a magnetic stirrer, and dripping distilled water on it until complete reaction at room
temperature. Then, an appropriate amount of ether was added to extract the upper liquid,
and it was dried overnight with MgSOy and filtered. Then, the ether was evaporated, and
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siloxane was obtained. After the siloxane was prepared, it was left to sit for 3 weeks, and
then MgSO,4 was added for drying (>24 h). It was then filtered, the ether was evaporated,
and a small amount of a formaldehyde solution containing phenyl trimethylammonium
hydroxide was added. Then, it was stirred at 400 K until the reaction completed and
centrifuged to remove the black suspension, and polysiloxane was obtained. Finally, the
polysiloxane was transferred to a high-pressure-resistant sealed tube and placed in a dry
ice-cold trap. HFA-3H,0O was dried with HpSOj4, then HFA gas was obtained, and the HFA
gas was recovered from the sealed tube in the cold trap. After the reaction was completed,
the sealed tube was heated at 380 K (in a silicone oil bath) for 48 h. After naturally cooling,
the liquid was removed from the sealed tube and blown with N, overnight to remove the
unreacted HFA, and, finally, the final product hexafluoro-2-hydroxyisopropyl polysiloxane
(SXFA) was obtained.

OH
| | H\ 5 FstCFs
(n>>m) F% —
Cl—si—cl P Ho—Qsl—o}— $i—0 i
CH, by, TGy, Cat JV?I_O%T

Figure 3. Synthesis route of SXFA.

2.2.3. Preparation of SAW-SXFA Sensor and Its Detection of Organophosphine Agents

The SAW-SXFA sensor consists of an interdigital transducer (IDT), a piezoelectric
substrate, and an SXFA gas-sensitive thin film (Figure 4). Due to the piezoelectric effect of
the piezoelectric substrate, the input interdigital transducer converts the input electrical
signal into an acoustic signal, while the output interdigital transducer converts the received
acoustic signal into an electrical signal output. The SXFA film can adsorb gas reversibly
on the propagation path of surface acoustic waves, and the increase in its mass leads to
a change in the propagation speed of the surface acoustic waves. The detection of gas
is achieved by measuring its frequency or phase changes. In this research, we used a
delayed linear SAW sensor device with a center frequency of 200 MHz, which was based
on Y-shaped quartz cutting. To obtain low-loss and single-frequency signals, unidirectional
transducers (SPUDTs) were applied, and structures were combed; the electrode widths
of the SPUDTs were ~4 um and ~2 um. In the phase detector circuit, the electrical signal
emitted by a signal source with a frequency of 200 MHz at a corresponding wavelength of
~15.8 um and the electrical signal emitted by the SAW-SXFA sensor were output through
the phase detector, and a voltage signal proportional to the phase difference of the two
signals was then sent to a computer through a data transmission module.

IDTs [‘\

Piczoclectric substrate

Figure 4. Schematic of SAW-SXFA sensor response mechanism.
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In the preparation of the SAW-SXFA sensor, 150 nm thick aluminum was deposited on
the Y-shaped quartz substrate, and a 1 mm thick photoresist was spin-coated and exposed
for use in delay line patterns. Then, it was dissolved and rinsed. And, finally, a 50 nm
5i0, film was coated on the transducer to provide good protection in the process of the
gas-sensitive film coating.

The selectivity of the adsorption of a film is not only related to its structure but also to
its morphology. Therefore, in order to improve the separation ability of a sensitive polymer
film, the preparation method of thin films can also be controlled. In this study, SXFA polymer
films were prepared on sensor components using the drop-coating method to complete the
assembly of the SXFA-SAW sensor and applied to detect organophosphine agents.

3. Results and Discussions
3.1. Infrared Spectroscopy Characterization and Analysis of SXFA Material

During the synthesis process of SXFA, organosilicon compounds have a strong absorp-
tion effect on infrared. In this research, the characteristic absorption peaks of the main groups
in the synthesis process are Si-Me, Si-CH=CH2, Si-O, Si-O-5i, >5iCl,, and -CF3 (Si-Me lo-
cated at ~1260 cm~! and ~765 cm™1; Si-CH=CH, located at 1613 cm !, 1410~1390 cm ™},
1020~1000 cm~!, and 980~950 cm~!; Si-OH located at 3390~3200 cm~! and 910~830 cm ™!,
Si-O located at 1100~1000 ecm™*; Si-O-Si located at 1080 cm™, 1025 em ™!, ~1020 cm™*,
and ~1090 cm~1; >SiCl, located at 595~535 cm™!; and -CF5 located at 1350~1120 em ™1,
780~680 cm ™, and 680~590 cm™1).

Figure 5 shows the IR spectrum of methylvinyldichlorosilane; it is obvious that the peak at
1633 cm ™! is the stretching vibration of the vinyl double bond and that the peak at 1263 cm ™!
is the symmetric deformation vibration of -CHj. It can also be observed that there is a Si-
OH peak near 3500 cm ™! and a Si-O peak at 1080~1025 cm !, indicating that methylvinyl
dichlorosilane partially underwent spontaneous hydrolysis and condensation into siloxane.
Therefore, methylvinyl dichlorosilane should be stored in a dry environment, and, during the
hydrolysis reaction, to ensure the uniform polymerization of siloxane, it should first be dissolved
in an organic solvent and then mixed with a suitable amount of water.

100+ ,‘.—_-.——V i
lﬂ l/f“‘ M\'\"‘/’«L r/\ )nl M
80 |
i1 i i
£ tr : S ]
g 40+ g —CH:CH/_ l r\ )g\’ q
= N
o s ig\;—o
35.00 30'00 25.00 ZOlOO 15l00 10.00 5(')0

Wavenumber (cm™)

Figure 5. IR spectrum of methylallyldichlorosilane.

Figure 6 shows the IR spectrum of methylvinylpolysiloxane. Compared with Figure 4,
it can be seen that the Si-OH peak near 3500 cm ! disappears, indicating that the raw
material was completely hydrolyzed and condensed into siloxane.

Figure 7 presents the FTIR spectrum of SXFA, which shows the appearance of an
-OH peak near 3500 cm~!; the original single peak at 1633 cm ™! for the double bond has
become two adjacent double bond peaks, and there is an -CF3 absorption peak between
1120 cm~! and 1350 cm~!. This phenomenon indicates that some vinyl double bonds
underwent an addition reaction with HFA, causing the double bonds to transfer, and
the appearance of hexafluoro-2-hydroxyisopropyl functional group confirms the reaction
between methylvinyl polysiloxane and HFA, thus producing the final product SXFA.
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Figure 6. IR spectrum of methylvinylpolysiloxane.
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Figure 7. FTIR spectrum of SXFA.

3.2. SEM Performance

SEM performance was used to observe the morphology of the SXFA film on the surface
of the SAW sensor and analyze its coverage on the sensor surface. It can be seen in Figure 8
that the SXFA film is in a porous form with a granular arrangement on the substrate, and the
polymer has an irregular geometric shape. Therefore, the SXFA film is an amorphous polymer.

%

S4800 15.0kV x150k SE({U)

Figure 8. SEM image of SAW sensor delay line of SXFA sensitive film.
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3.3. Detection of Organophosphorus Agents
3.3.1. Selective Analysis of SAW-SXFA Sensor
Superior selectivity is extremely important for SAW sensors. So, in this research,

a comparative study on the adsorption effect of GB and its analog agent DMMP was
conducted (Figures 9 and 10).
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Figure 9. Response of SAW-SXFA sensor with concentration changes in GB and DMMP (19.6 °C,
RH =27%).
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Figure 10. Comparison of GB and DMMP at 2.7 mg/m?3 (17.9 °C, RH = 28%).

In Figure 9, it can be seen that, at low concentrations, the functional group sites on the
surface of SXFA were sufficient to adsorb the gas molecules in contact with them, which
caused changes in the sensor mass load and thus resulted in significant changes in the
sensor signal. As the concentration gradually increased, with the interaction with low
concentrations, the functional group sites inside the film interacted with the gas molecules
through stereo adsorption and jointly caused changes. However, due to the fact that
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stereo adsorption was based on the diffusion rate of the gas within the film, the time for
the maximum response was prolonged. At a high concentration, both the surface sites
and internal sites of the film tended to saturate, so the increase in the GB and DMMP
concentrations no longer had a significant impact on the sensor response.

By comparing the responses of the adsorption equilibrium process, it could be seen
that the SAW-SXFA sensor had a stronger adsorption response to GB than to DMMP.
Initially, the differences in the response gradually increased with the increase in the con-
centration, and they gradually stabilized when the equilibrium concentration was reached
(Figure 9). Through systematic research, it could be illustrated that the main reason for
this was that SXFA is a linear polysiloxane-based polymer with an HFIP functional group.
The hydrogen-bond acidity of the -OH group on the HFIP functional group was enhanced
due to the influence of the neighboring -CF3 group, which allowed it to selectively ad-
sorb organophosphorus gases with alkaline hydrogen-bond interactions, achieving the
selective adsorption of alkaline organophosphorus compounds [23]. To visually explore
the selectivity of the SAW-SXFA gas sensor on GB, response—recovery curves of GB and
DMMP at a concentration of 2 mg/m? were compared (Figure 10). As shown in Figure 8,
the maximum response of GB was 9.236 mV, while the response signal of DMMP was only
3.124 mV. By comparing the responses of the two toxic gases, it was found that, at this
concentration, the adsorption capacity of SXFA for GB was about three times that of DMMP.
Therefore, the SAW-SXFA sensor exhibits good selectivity and detection performance for
organophosphorus agents.

3.3.2. Analysis of Response of SAW-SXFA Sensor

The response of gas is crucial in the research of SAW-SXFA sensors. Therefore, relevant
research was conducted in this study. In Figure 11, it can be seen that the maximum
response of the SAW-SXFA sensor for GB was 6.118 mV, and the noise during the sensor
equilibration process could be ignored. At the beginning of detection, due to hydrogen-
bond adsorption between GB and the polymer film, the response was 2.475 mV in 10 s,
accounting for 40.4% of the maximum response signal, and, furthermore, it only took 50 s
to reach 80% of the maximum response. During the recovery phase, GB rapidly separated
from the SXFA polymer film, and the response signal decreased rapidly by 4.283 mV within
10 s, accounting for 70% of the maximum response.
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Figure 11. Detection of GB (1.6 mg/m?3) by SAW-SXFA sensor (18.6 °C, RH = 28%).
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In the initial stage, the interactions between GB and the polymer mainly involved the
adsorption of surface hydrogen-bonding sites, which indicated a high adsorption efficiency
and therefore caused significant changes in sensor mass loading and response signals.
After 1 min, some GB molecules penetrated into the interior of the polymer through steric
adsorption effects, but the adsorption efficiency at the internal sites of the polymer was
lower than that on the surface, so the mass loading of the sensor increased slowly, resulting
in a slower response. During the recovery period, the GB molecules on the surface of
the SXFA polymer quickly escaped, resulting in a significant change in the sensor signal.
Immediately after, with the passage of time, the rate of sensor recovery slowed down, as
the GB molecules inside the polymer film had to overcome the obstruction of the polymer
chains to escape.

3.3.3. Detection Limit of SAW-SXFA Sensor

The determination of sensor detection limits plays an important role in ensuring
the normal operation of sensors, improving usage efficiency, and enhancing safety. In
this research, variations in the SAW-SXFA sensor response with the GB concentration
were found and are shown in Table 2. When GB was at a relatively high concentration
(>1.0 mg/m?), the response signals of the SAW-SXFA sensor showed an increasing trend
with the increase in the GB concentration within the same time period, which conformed
to the law of solid adsorption isotherms [25], and the SAW-SXFA sensor could recover
more than 65% of the response signal. However, when at a relatively low concentration
(<1.0 mg/m?), the response of the SAW-SXFA sensor increased first and then decreased,
and it reached a maximum response at 0.6 mg/m? in this period, similar to the liquid
adsorption isotherm curve [25].

Table 2. Relationship between concentration of GB and response of SAW-SXFA sensor (17.3 °C, RH = 27%).

Intensity (mg/m?3) Response (mV) Recovery (mV) Recovery Rate (%)
0.1 2.168 0.02 98
0.2 2.509 0.05 95
0.4 3.002 0.09 91
0.6 4216 0.08 92
0.8 3.523 0.12 88
1.0 3.972 0.12 88
1.4 3.283 0.14 86
1.8 6.515 0.20 80
2.2 9.859 0.23 77
2.6 14.394 0.27 73
3.0 19.172 0.30 70
3.4 27.605 0.35 65

To study the sensitivity of the SAW-SXFA sensor at a low concentration, further
analysis was conducted for GB at a concentration of 0.1 mg/m?>. As shown in Figure 12 and
Table 2, the SAW-SXFA sensor response was 1.563 mV in 140 s, and it continued to increase
with time. The initial signal change in the response within the first 10 s was 0.326 mV, which
was much larger than the SAW-SXFA sensor’s noise, and it could be inferred that the sensor
has potential to detect lower concentrations. In addition, it was found that the SAW-SXFA
sensor has an “accumulation” function when detecting low concentrations of GB. Under
the conditions of a lower sample concentration and a higher alarm response, the SAW-SXFA
sensor can achieve a pre-alarm purpose by accumulating adsorption over a long period of
time, finally exceeding the alarm limit. Therefore, in the detection of low-concentration GB,
the SAW-SXFA sensor has high sensitivity and practical performance as a rapid alarm.
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Figure 12. SAW-SXFA sensor for minimum detection concentration of GB (18.6 °C, RH = 29%).

3.3.4. Reproducibility Study of SAW-SXFA Sensor

To research the stability of the SAW-SXFA sensor, GB at the same concentration was
detected continuously five times under the same conditions. The response and recovery
times were both set to 120 s, and the results are shown in Figure 13 and Table 3.
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Figure 13. Reproducibility of GB by SAW-SXFA sensor (16.9 °C, RH = 28%).

Table 3. Analysis of data of reproducibility for GB by SAW-SXFA sensor (17.2 °C, RH = 27%).

Experiment No. Response (mV) Recovery (mV)

1 10.845 9.696

2 10.619 10.073

3 10.767 10.176

4 10.921 9.729

5 10.831 9.741

Average (mV) 10.797 9.883

Standard Deviation (mV) 0.11 0.22

Discrete Coefficient 0.01 0.022
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It can be seen in Figure 13 that the changes in the SAW-SXFA sensor response and
recovery times had a periodic nature of about 120 s. However, in this periodic nature of
changes, due to the limited recovery time, the GB molecules could not completely desorb
from the sensitive film, leading to the continuous accumulation of molecules within the
sensitive film, thus resulting in a longer recovery time. Although the SAW-SXFA sensor
could not fully recover to the initial value, the impact on the response within the time set
in the experiment was very small (as shown in Table 3). The standard deviation of the
maximum response measured 5 times was only 0.11 mV, with a coefficient of variation
of 0.01, and the standard deviation of the maximum recovery signal was 0.22 mV, with a
coefficient of variation of 0.02. Therefore, the SAW-SXFA sensor has good reproducibility
for detecting GB, which is of great significance for the future quantitative detection of
SAW-SXFA sensors.

3.3.5. Interference Gas Research

The composition of air is quite complex, and for a gas-sensitive sensor, its ability to
resist interference is particularly important. Therefore, in order to verify the selectivity of
the film material and evaluate sensor performance, it is important to test interference gases
before detecting the target gas. The SAW-SXFA sensor was subjected to comparative exper-
iments with various high-concentration interference gases, with each gas concentration set
at 500 mg/m?, and the results are shown in Figure 14. In Figure 14, it can be seen that the
SAW-SXFA sensor had a strong response to organophosphorus gases, especially DMMP
and DFP. In addition, due to the hydrogen-bond alkalinity of organophosphorus and amine
gases, they could adsorb on the surface of the SXFA polymer through the hydrogen-bond
interaction, resulting in a noticeable response to high concentrations of ammonia gas and N,
N-dimethylacetamide. Due to the strong polarity of the HFIP group, this group adsorbed
various polar gases, causing certain interference of polar gases (such as alcohols) on the
SAW-SXFA sensor, and a comprehensive comparison revealed that this effect was much
weaker than the hydrogen-bond adsorption effect.
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Figure 14. Column chart of interference gas response (19.3 °C, RH = 26%).

4. Conclusions

The synthesis of SXFA and the detection of organic phosphorus gas by a SAW-SXFA
sensor were researched in this study, and several conclusions were drawn. Firstly, by ana-
lyzing the reaction mechanism and synthesis route of SXFA, it was found that ether plays a
dispersing role in dissolving dichlorosilane, resulting in the formation of low-degree cyclic
siloxane after hydrolysis and condensation. Phenyltrimethylamine hydroxide has superior

12
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catalytic activity, allowing cyclic siloxanes to undergo ring opening and generate chains like
polysiloxanes with a high degree of polymerization. HFA has amphiphilic properties and
undergoes an addition reaction with methylallyl dichlorosilane, generating HFIP functional
groups and transferring the position of allyl double bonds. Secondly, the characterization
of SXFA and its relevant materials confirmed that methylallyl polysiloxane reacts with
HFA and finally generates SXFA. Then, the detection of GB and its relevant agents indi-
cated that the SAW-SXFA sensor has strong sensitivity (detection limit < 0.1 mg/m3), fast
response and recovery speed, strong reproducibility and periodicity; additionally, due to
its viscoelastic state, its response increases first and then decreases with the increase in
the GB concentration at low concentrations, and its maximum response increases with the
increase in the GB concentration at high concentrations. And, finally, the interfering gas
experiment suggested that the SAW-SXFA sensor has good detection performance and
anti-interference ability against organophosphine agents. Although high concentrations
of organic phosphines, amines, and alcohol compounds may interfere with sensors, their
effects are much weaker than the effects of hydrogen-bonding adsorption.

This comprehensive research suggests that the SAW-SXFA sensor has a good detection
effect and interference resistance against organic phosphorus agents and has characteristics
such as a short response time, good selectivity, high sensitivity, and strong reproducibility in
GB detection, which proves that the SAW-SXFA sensor has superior detection performance
for GB.
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Abstract: Pulsating flow, a common term in industrial and medical contexts, necessitates precise
water flow measurement for evaluating hydrodynamic system performance. Addressing challenges
in measurement technologies, particularly for pulsating flow, we propose a flowing liquid-based
triboelectric nanogenerator (FL-TENG). To generate sufficient energy for a self-powered device, we
employed a fluorinated functionalized technique on a polyvinylidene fluoride (PVDF) membrane
to enhance the performance of FL-TENG. The results attained a maximum instantaneous power
density of 50.6 pW/cm?, and the energy output proved adequate to illuminate 10 white LEDs.
Regression analysis depicting the dependence of the output electrical signals on water flow revealed
a strong linear relationship between the voltage and flow rate with high sensitivity. A high correlation
coefficient R? within the range from 0.951 to 0.998 indicates precise measurement accuracy for the
proposed FL-TENG. Furthermore, the measured time interval between two voltage peaks precisely
corresponds to the period of pulsating flow, demonstrating that the output voltage can effectively
sense pulsating flow based on voltage and the time interval between two voltage peaks. This work
highlights the utility of FL-TENG as a self-powered pulsating flow rate sensor.

Keywords: fluid-based triboelectric nanogenerator; pulsating flow rate; fluorinated functionalized;
polyvinylidene fluoride; self-powered sensor

1. Introduction

In recent times, the rapid expansion of the Internet of Things (IoT) has led to a prevail-
ing trend in the development of electronic technology, specifically focusing on miniaturized
and portable devices. This trend underscores a growing interest in self-powered functional-
ity, aiming to extend operational durations while reducing reliance on conventional battery
usage [1-4]. Consequently, the exploration of micro/nano-technology has captivated the
attention of numerous researchers, culminating in the creation of nanogenerators grounded
in piezoelectric, pyroelectric, thermoelectric, and triboelectric principles [5-9]. Since it
was invented in 2012, the triboelectric nanogenerator (TENG) has emerged as a promi-
nent technology for harvesting ambient mechanical energy from various environmental
sources, including vibrations, human motion, wind, and ocean waves [10-13]. The working
mechanism of TENG relates to the coupling of contact electrification and electrostatic
induction between diverse materials—solid, liquid, and gas [14-16]. TENG devices have
undergone rapid development, showcasing the significant potential for harvesting energy
from low-frequency mechanical sources [9,17-19].

Notably, TENGs have evolved into smart sensing devices, uniquely influencing input
parameters and generating corresponding electrical responses. Their attributes include
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self-powered operation, cost-effectiveness, simple structure, easy fabrication, portability,
and high reliability [20-23]. Furthermore, water-based TENGs have gained attention due
to the adaptable nature of water, enabling effective contact with solid layers for enhanced
triboelectric charge generation. Several studies have investigated the use of water-based
TENGs in sensing devices, including those for detecting tubular flowing water, liquid level,
humidity, and chemical detection [23-26]. However, limited attention has been given to the
study of unsteady flow, primarily due to the intricate nature of flow dynamics. Therefore, it
is necessary to conduct research on water-based TENGs for converting energy from water
movement into electricity and employ them as sensing devices to measure the flow rate.

Pulsating flow is commonly used to characterize a specific type of flow, characterized
by the combination of a periodically oscillating flow and a steady flow [27,28]. This concept
holds significant relevance in various industries and medical fields, with applications
spanning heat transfer augmentation, improved cleaning processes, fluid mixing, mass
transport in porous media, and biofluid engineering [29-31]. Pulsating flow in pipes has
been observed in diverse technical areas such as physiology, roller and finger pumps,
transportation of blood flow, oxygen, and sanitary fluids, among others [32-37]. Scientists
have shown considerable interest in studying pulsating flow, especially focusing on accu-
rate flow rate measurement, which is crucial for evaluating system performance [38—40].
Typically, flow rate determination involves multiplying physical quantities by correction
factors corresponding to measurement technologies like turbine rotational frequency [40],
pressure drops through an orifice [41], electromotive force [42], ultrasonic wave transit time,
or Doppler effect [43]. However, these technologies have their disadvantages; for instance,
flow disturbance, high cost, complex structure, and limited application in millimeter-scale
pipelines. Consequently, the flowing liquid-based TENG (FL-TENG) emerges as a promis-
ing solution to address these limitations and serve as a self-powered pulsating flow sensor.
The success of FL-TENGs in practical applications relies on their ability to generate suffi-
cient output power, usually stored in a capacitor or battery. Nevertheless, the suboptimal
quality of materials used to make FL-TENGs degrades their output performance, making
them unsuitable for powering electronic devices [44,45]. Therefore, there is a need to en-
hance the performance of FL-TENGs by increasing the transferred charge density through
liquid-solid electrification. In our prior studies, we thoroughly investigated the effect of
fluorinated functionalization on the output voltage and current of TENG devices utilizing a
PVDF membrane. The application of functionalization was found to significantly influence
the output performance of the TENG device [44,46].

This paper introduces an inventive and advanced approach to measuring pulsat-
ing flow in pipelines, utilizing a FL-TENG that exhibits heightened output performance
due to the integration of a functionally enhanced triboelectric layer. To obtain a high-
charge transferred density triboelectric layer, we employed a fluorinated functionalized
technique on a polyvinylidene fluoride (PVDF) membrane. This involved grafting the
membrane with negatively charged 1H,1H,2H,2H-Perfluorooctyltrie-thoxysilane (FOTS).
The substantial negative polarizations of fluorine played a pivotal role in significantly im-
proving the dielectric constant and the hydrophobic property of the functionalized PVDF
(F-PVDF) membrane, which led to a notable increase in the performance of the TENG. The
F-PVDF-based TENG reaches a maximum voltage of 10.4 V at a flow rate of 1300 mL/min,
representing a 1.9-fold increase compared to the pristine PVDF-based TENG. It also at-
tained a maximum instantaneous power density of 50.6 uW/cm?. This energy output
proved sulfficient to illuminate 10 white LEDs. Furthermore, a correlation between the
output electrical signals and water pulsating flow was established based on the amplitude
and period of the output signals. Through regression analysis, a strong linear relationship
was observed between the amplitude of the voltage and the flow rate, exhibiting high
sensitivity ranging from 4.2 to 7.9 mV/mL.min. Simultaneously, an inversely proportional
relationship was observed between the period of the pulsating voltage signal and the flow
rate, with a constant proportionality of 74.284 s.mL/min. The high correlation coefficient
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R?, within the range [0.951, 0.998], underscores the accuracy of the proposed FL-TENG,
showcasing its considerable potential as a self-powered pulsating flow sensor.

2. Experimental Section
2.1. Functionalized PVDF Membrane and FL-TENG Device Fabrication

Figure 1 illustrates the procedural steps involved in transforming the functionalized
PVDF membrane into the fabrication of the FL-TENG device. Initially, a PVDF membrane
(50 pum, Sigma-Aldrich, St. Louis, MO, USA ) underwent treatment with an alkaline solution
(7.5 M NaOH) for a duration of 3 hours at 70 °C to induce hydroxyl functionality. Subse-
quently, the hydroxylated PVDF membrane underwent fluorination by immersing it in a
solution of 1H,1H,2H,2H-Perfluorooctyltriethoxysilane (FOTS, 98%, Sigma-Aldrich) with a
concentration of 1.0 wt% for 24 h, resulting in the formation of the F-PVDF membrane.

Alkaline treatment

7.5M NaOH at 70°C

PVDF Membrane

———————
. =~

4 \

{ ! Fluorination 1.0wt% FOTS
\ ! at 25°C

\

Silicone Pipe
mm Tribo-layer
mm Copper electrode

Functionalized PVDF Membrane

Figure 1. Schematic diagram of the procedure for functionalizing the PVDF membrane and diagram
description of the FL-TENG device.

The sketch of a typical FL-TENG device, comprising a silicon pipe, a copper electrode,
and a FL-PVDF membrane, is shown in Figure 1. The silicon pipes vary in inner diameters,
specifically 3 mm, 5 mm, and 8 mm, denoted as 3 mm-pipe, 5 mm-pipe, and 8 mm-pipe,
respectively. The width of the F-PVDF membrane corresponds to the inner diameter of
the silicon pipe, determined by its size. It is important to note that the mentioned width
pertains specifically to the contact area of the F-PVDF membrane inside the pipe. A copper
electrode, with a thickness of 200 pm, is wrapped by the F-PVDF membrane and affixed
at the center of the cross-sectional area of the pipe. For a visual representation, a real
photograph of the FL-TENG device featuring an 8 mm-pipe is presented in Figure S1
(Supplementray Materials).

2.2. Characterization and Measurements

The surface structures of diverse membranes were examined using a JSM-7600 FE-
SEM from JEOL Ltd., Tokyo, Japan. For the analysis of the chemical composition of these
membranes, Fourier transform infrared (FTIR) analysis was conducted, using the Varian
640-IR FTIR Spectrometer, Varian Inc., Palo Alto, CA, USA. Additionally, an atomic force
microscope (AFM) (MFP-3D Stand Alone AFM, Oxford Instruments, Abingdon, UK) was
employed to analyze the surface roughness of the membranes. To assess hydrophobicity,
the water contact angle of the membrane was measured using SmartDrop (FemtoFAB,
Waltham, MA, USA ). The dielectric characteristics of the membranes were determined
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using an impedance analyzer, specifically the 3522-50 LCR Meter from Hioki Nagano,
Japan, with a frequency range spanning from 1 to 107 Hz.

The method of Structured Analysis and Design Technique was employed to delineate
the function of the proposed FL-TENG system, as illustrated in Figure 2 and Video S1
(Supplementary Materials). For measuring the generated output, a digit graphical sam-
pling multimeter was utilized (Keithley DMM7510, Keithley, OH, USA ). To facilitate this
assessment, the AC-generated voltage underwent conversion to DC using a bridge rectifier.
The output power was then stored in capacitors with varying capacitance values. The
typical peristaltic pump utilized in this system featured a rotor equipped with multiple
rollers (specifically, a three-roller pump) attached to an external flexible tube. During
rotation of the rotor, the compression of a section of the tube resulted in closure, forcing the
fluid to move through the tube, thus facilitating the pulsatile flow.

| Peristaltic Pump | | FL-TENG |

Flowing Liquid

Return

Suction

0

_Votage_(V]_ -

5

0

5

r
I
|
I
I
I
I

10

""""""""""""""

| Liquid Tank | | ACSignal | [Bridge Rectifier|

Figure 2. Schematic diagram of the experimental set up of the FL-TENG device.

3. Results and Discussions
3.1. Working Mechanisms

The working principle of the FL-TENG is based on the formation of an electric double
layer (EDL) at the interface between water and the F-PVDF surface. Prior to contact, ions in
water do not directly interact with those on the F-PVDF surface. However, upon contact, a
bond is established with an overlap in electron clouds, creating an equilibrium distance
between two atoms (Figure 3a(i)). The pressure from the water flow induces electron
clouds to overlap when water ions impact the surface of the F-PVDF membrane, resulting
in an interatomic distance shorter than the equilibrium distance (X; < d). This facilitates
electron transfer between water molecules and atoms on the F-PVDF surface (Figure 3a(ii)).
Simultaneously, ionization reactions may occur on the solid surface, leading to both electron
and ion transfer in the water—solid contact electrification (CE). The dominance of electron
transfer in the CE is attributed to the hydrophobic of the triboelectric surface [47]. In the
next stage, due to the pressure flow, water molecules adjacent to the F-PVDF surface are
pushed away, increasing the interatomic distance (X, > d). This diminishes the electron
clouds’ overlap, breaking the formed bonds. The transferred electrons then remain on
the F-PVDF surface as static charge, creating a negatively charged layer on the F-PVDF
surface. The charged water molecules become freely migrating ions (Figure 3a(iii)). Then,
as shown in Figure 3a(iv), the loosely distributed positive ions in water are attracted to
adsorb onto the F-PVDF surface through electrostatic interactions, forming an EDL. As
the flow carries away adsorbed ions on the F-PVDF surface, more charges are transferred
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across the interface to replenish the EDL. The formation of the EDL is likely a result of
contact electrification stemming from electron transfer at the water—solid interface [14].
Due to electrostatic induction in the electrode, electrons alternatively flow between the
electrode and the ground through the external circuit. Figure 3b illustrates the voltage and
current of the FL-TENG, along with typical signals in inset images, measured at a water
flow rate of 390 mL/min.
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Figure 3. (a) Schematic diagram of contact electrification and the forming of EDL. (b) Output electrical
signals of the SE-WTENG when water flows through the cell at a flow rate of 390 cc/min.

3.2. Electrical Output Characteristics

The analysis of the surface morphology of PVDF and F-PVDF membranes was con-
ducted using FE-SEM and AFM, as illustrated in Figure 4a,b. The FE-SEM image reveals
that the PVDF surface has a highly porous structure with evenly distributed pores ranging
from 400nm to 600 nm and smooth pore walls. In contrast, the porosity of the F-PVDF
membrane decreases due to the hydroxyl surface functionality process. The AFM images
show a significant increase in the root mean square roughness (Rq) of the membrane, from
136 nm to 183 nm, after functionalization. This increase enhances the water contact angle of
the membrane [48,49]. Moreover, the introduction of fluorine in FOTS, the most electroneg-
ative element, enhances polarizability and dipole moment, thereby manifesting superior
hydrophobicity and dielectric constant properties [50,51]. The obvious increase in the water
contact angle results is evident, surging from 126.3° to 145.5°. Exploring the dielectric con-
stant of the PVDF and F-PVDF membrane, particularly in a frequency-dependent manner
at room temperature, reveals a remarkable disparity (Figure 4c). Notably, at a frequency
of 103, the dielectric constant of the F-PVDF membrane is approximately 12.3, which is
35% higher than that of the PVDF membrane. To assess the impact of functionalization
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on FL-TENG output performance, the output voltage of PVDF and F-PVDEF-based TENG
were investigated. As anticipated, the F-PVDF-based TENG exhibits a notable voltage of
10.7 V, showcasing a remarkable 1.9-fold increase compared to the PVDF-based TENG.
These results highlight that the F-PVDF membrane enhances the output performance of
the FL-TENG, making it advantageous for use in self-powered pulsating flow sensors.
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Figure 4. FE-SEM and AFM images of (a) PVDF membrane and (b) F-PVDF membrane; the inset
image shows a contact angle; (c) frequency dependence of dielectric constant, and (d) output current
of PVDF and F-PVDF-based TENG.

To explore the potential application of the F-PVDF-based TENG, performance assess-
ments were conducted using DI water, and an 8 mm-pipe was utilized to evaluate the
performance of the FL-TENG. Real-time measurements, depicted in Figure 5a, were taken
with different water flow rates. Evidently, as the flow rate increases, the shear force exerted
by the flow on the F-PVDF surface rises, leading to the generation of more charge. The
result demonstrates a consistent increase in voltage with the flow rate, reaching a maximum
voltage of 10.2 V at a 1170 mL/min flow rate. Furthermore, electrostatic charge transfer, as
illustrated in Figure 5b, can be determined using the following equation:

1 o

Q= [, Ve (1)
where Q. is the electrostatic charge transfer, R is the electric resistance, V is the voltage,
and t; and tp are the related times. According to this graph, the F-PVDF-based TENG
can generate a charge transfer of 5.2 nC at a 130 mL/min flow rate, reaching a maximum
value of approximately 36.3 nC at 1170 mL/min. Moreover, Figure 5c illustrates the
relationship between flow rate and voltage, incorporating various resistors in the external
circuit (1 kQ) to 10 MQ)). Following that, instantaneous power was calculated and reached
11.5 uW at a 1170 mL/min flow rate (Figure 5d). Remarkably, this power is sufficient
to directly illuminate a series of 10 white LEDs, as shown in the inset figures and Video
52 (Supplementary Materials). Correspondingly, Figure 5e presents the calculations for
the power density and energy density of the F-PVDF-based TENG. At a flow rate of
1170 mL/min, the FL-TENG demonstrates a power density of 50.6 uW/cm? and an energy
density of 0.45 J/cm?. Consequently, a bridge rectifier is introduced into the external
circuit to convert the output electricity into direct current (DC) for charging the capacitor,
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as illustrated in the inset figure of Figure 5f. Various capacitors (4.7 uF, 22 uF, and 47 uF)
are utilized to measure the charging capability of the FL-TENG under a flow rate of
1170 mL/min. A 4.7 uF capacitor charges to 2.6 V in about 90 s, whereas a 47 pF capacitor
takes 500 s to charge to 2.3 V. These findings indicate the significant potential of the FL-
TENG for application as a self-powered device.
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Figure 5. (a) Voltage and (b) transferred charge of the F-PVDF-based TENG depending on the flow
rate (Different colors correspond to different flow rates shown as in the x-axis), (¢) comparison of
voltages measured at different resistances and flow rates, (d) voltage and power, and (e) power
density and energy density of the F-PVDF-based TENG, measured at various resistances from
1 kW to 10 MW at a flow rate of 1170 mL/min, (f) charging of 4.7uF, 22uF, and 47uF capacitor by
F-PVDF-based TENG.

3.3. Application in Self-Powered Flow Sensor

The objective of this study is to develop a self-powered sensor capable of detecting
pulsating water flow within a millimeter-scale by monitoring the electrical response of
the FL-TENG. Figure 6a—c shows typical output signals obtained at flow rates of 130, 390,
and 780 mL/min from the experimental results of Figure 5a. In general, there are two
signals that characterize the pulsating flow rate: amplitude, represented by the output
voltage, and a period, represented by the time interval between two voltage peaks. As
depicted in Figure 6a, at a flow rate of 130 mL/min, the F-PVDF-based TENG generates a
voltage (V1) of 1.24 V, with a time interval between two peaks (AT;) measured as 0.501 s.
Upon increasing the flow rate to 390 mL/min, the output voltage (V) also rises, reaching
values of 3.72 V. Subsequently, at a flow rate of 780 mL/min, V3 attains values of 6.21 V. In
contrast, the time interval between two voltage peaks decreased with an increase in flow
rate, yielding values AT, of 0.173 s and ATj of 0.105 s. It is evident that at lower flow rates,
the TENG produces a relatively lower peak voltage with longer time intervals, whereas at
higher flow rates, the peak voltage is higher, but the time interval is comparatively shorter.
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Figure 6. Electrical performance of F-PVDF-based TENG, depending on water flow conditions at
a flow rate of (a) 130, (b) 390, and (c) 780 mL/min; regression analyses of the electrical response
of FL-TENG based on (d) voltage and (e) time interval between two voltage peaks with different
flow rates.

The regression analysis is carried out on the electrical signal output concerning the
flow rate to uncover the relationship between the pulsed electrical response and pulsating
flow. Illustrated in Figure 6d,e, it is evident that the association between the voltage and
the flow rate is a robust linear relationship, whereas the time interval between two voltage
peaks demonstrates an inverse proportionality to the flow rate. The regression curves for
these relationships are respectively delineated by:

V=KQ+Vp )
_Kk
T= 8 3)

where V is the peak voltage (V), T is the time interval between two peaks of voltage (s), Q
is the flow rate (mL/min), Ky and K are the constants of proportionality (or sensitivity),
and Vj is the V-interpret. Consequently, an amplitude sensitivity (Ky) of 7.9 mV/mL.min
is attained for the voltage signal, accompanied by a high coefficient of determination R?
value of 0.991. Simultaneously, the proportionality constant (K;) for the period of time
of the output signal is equal to 74.284 s.mL/min, corresponding to an R? value of 0.997.
These elevated sensitivities and high coefficients of determination affirm an exceptional
accuracy of measurement, validating the estimation of flow rate through the monitoring of
the output electrical signal.

Moreover, it is interesting to draw a comparison between the correlation of flow rate
with the period of the output electrical signal and the relationship between flow rate and
the period of pulsating flow produced by the pump. This comparative analysis serves as
evidence for the potential application of the FL-TENG. Typically, the three-roller peristaltic
pump generates the pulsating flow through the interaction among the rollers and the
flexible tube. A water pillow is formed between two rollers, advancing along the tube in
the direction of the revolving rotor, and is subsequently propelled into the discharge outlet
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(Video S3, Supplementary Materials). The operation involves alternating compression,
squeezing, and release of the tube, enabling the generation of a pulsating flow of water
during a single roller-step. Consequently, three pulses of flow are produced within one
revolution of the rotor. Therefore, the period (T” in seconds) of the pulsating flow, referred
to as the roller-step period, can be calculated by:

60

I _
T_N-n

(4)
where N is the pump speed (rpm), and n is the number of rollers (n = 3). Moreover, the
flow rate Q’ in (L/min) delivered by a roller-step is given by:

Q= %nzdzN- T 5)

where d is the inner diameter of the tube (mm), and r is the radius of the rotation(mm) that
is measured from the rotor axis to the center of the rollers. The calculation of the pump is
plotted in Figure S2 (Supplementary Materials). From the above equations, the relationship
between the period of pulsating flow and flow rate can be determined by:

10- 2d’N- r
T = —a (6)
After applying the value of all the variables, this equation becomes:
74.284
T=""T— 7
8 )

Undoubtedly, there exists an inverse proportionality between the flow rate and the
period of pulsating flow. Notably, this equation aligns with the regression equation es-
tablished between the period of output electrical signal and the flow rate in the above
discussion. By considering the analysis of both amplitude (voltage) and period (time
interval) measurements of the output voltage, it is evident that the FL-TENG device has
the capability to provide detailed information about the pulsating flow.

On the other hand, to demonstrate the precision of the FL-TENG in millimeter-scale
measurements, various F-PVDF-based TENGs are fabricated with the 3 mm-pipe, 5 mm-
pipe, and 8 mm-pipe (Figure 7a,b). The corresponding electrical responses, covering a
range of flow rates from 130 to 1300 mL/min, are presented in Figure S3 (Supplementary
Materials). Figure 7c—e presents the relationship between the measured time interval of
two voltage peaks and the flow rate. This plot reveals that the associated time interval is
prolonged at lower flow rates and shorter at higher flow rates. The regression analysis
between the time interval and flow rate for all three FL-TENGs yields the same fitting
curve. A constant proportionality of 74.284 s.mL/min is obtained, accompanied by a high
correlation coefficient of R? values of 0.991, 0.998, and 0.997, respectively, for the 3 mm-
pipe, 5 mm-pipe, and 8 mm-pipe. It indicates a great proportional relationship between
the period of the voltage signal and the flow rate. This highlights a robust proportional
connection between the period of the voltage signal and the flow rate, irrespective of the
diameter of the pipe.

The regression analyses of the electrical performance of the FL-TENG based on voltage
and flow rate are illustrated in Figure 7f-h. In the case of the 8 mm-pipe, a linear relationship
is obtained with a sensitivity of 7.9 mV/mL.min and a correlation coefficient R? of 0.991, as
discussed previously. Similarly, sensitivities of 7.7 and 4.2 mV /mL.min are identified for
the 5 mm-pipe and 3 mm-pipe, corresponding to R? values of 0.974 and 0.951. Although
the sensitivity of the 3 mm-pipe is significantly smaller than these two FL-TENG:s, it still
exhibits a high linear relationship, confirming the suitability of the FL-TENG for accurate
millimeter-scale flow rate measurement. These discussions demonstrate that monitoring
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the voltage signals of the F-PVDF-based TENG allows for the determination of the water
pulsating flow rate.
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Figure 7. (a) Time interval between two voltage peaks and (b) output voltage, depending on the flow
rate with different FL-TENG pipe sizes; regression analyses of the electrical response of (¢) 3 mm-
pipe, (d) 5 mm-pipe, (e) 8 mm-pipe-FL-TENG based on time interval between two voltage peaks
and flow rates; regression analyses of the electrical response of (f) 3 mm-pipe, (g) 5 mm-pipe, and
(h) 8 mm-pipe-FLTENG based on voltage and flow rate.

In practical applications, the stability and durability of a sensing device are crucial for
obtaining correct and accurate measurements. To assess the stability of the F-PVDEF-based
TENG, experiments are conducted one month apart to validate the stability of the output
signal. As illustrated in Figure S4 (Supplementary Materials), the FL-TENG exhibits a
minimal change in electrical performance, indicating good working durability and stability.

4. Conclusions

In summary, a novel self-powered pulsating flow sensor has been developed using an
FL-TENG, where the determination of pulsating flow involves monitoring the output elec-
trical characteristics, specifically the amplitude and period of the pulsating voltage signal.
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The performance of the FL-TENG is significantly enhanced by increasing the transferred
charge density of the triboelectric layer. The F-PVDF-based TENG achieves a maximum
voltage of 10.4 V at a 1300 mL/min flow rate, representing a 1.9-fold increase compared to
the pristine PVDF-based TENG. Moreover, the results from regression analysis indicate a
linear relationship between the output voltage and the flow rate, while the time interval
between two voltage peaks is inversely proportional to the flow rate. With high sensitivity
and a coefficient of determination ranging from 0.951 to 0.998, the electrical performance
underscores the suitability of the FL-TENG for accurate pulsating flow measurement on a
millimeter-scale. Furthermore, the device can function as a power source, contributing to
the advancement of a self-powered pulsating flow sensor. The F-PVDF-based TENG ex-
hibits notable advantages, including low cost, a straightforward structure, easy installation,
reliability, and effectiveness in the millimeter-scale pipelines.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ polym16040536/s1, Figure S1: Real photograph of FL-TENG
testbench; Figure S2: Characteristics of the water pump; Figure S3: Output voltage and current
of the FL-TENG at a variable flow rate by different sizes of silicone pipes (a,b) 3 mm-pipe, (c,d)
5 mm-pipe, and (e,f) 8 mm-pipe; Figure S4: Stability and durability of the FL-TENG. (a,c) Output
voltage measured at 390 and 650 mL/min of the FL-TENG at two moments with one month apart.
(b,d) Stability test of the FL-TENG for 300 s at a flow rate of 390 and 650 mL/min; Figure S5: FTIR
spectra of PVDF and F-PVDF membrane. Video S1: Experimental testbench; Video S2: Demonstration
of FL-TENG performance: 10 white LEDs are directly lighted up; Video S3: Demonstration of the
three-roller peristaltic pump.
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Abstract: Lactate serves as a crucial biomarker that indicates sepsis assessment in critically ill pa-
tients. A rapid, accurate, and portable analytical device for lactate detection is required. This
work developed a stepwise polyurethane—polyaniline—m-phenylenediamine via a layer-by-layer
based electrochemical biosensor, using a screen-printed gold electrode for lactate determination
in blood samples. The developed lactate biosensor was electrochemically fabricated with layers
of m-phenylenediamine, polyaniline, a crosslinking of a small amount of lactate oxidase via glu-
taraldehyde, and polyurethane as an outer membrane. The lactate determination using amperometry
revealed the biosensor’s performance with a wide linear range of 0.20-5.0 mmol L1 a sensitivity of
12.17 + 0.02 pA-mmol~1.L-cm~2, and a detection limit of 7.9 umol L=1. The developed biosensor ex-
hibited a fast response time of 5 s, high selectivity, excellent long-term storage stability over 10 weeks,
and good reproducibility with 3.74% RSD. Additionally, the determination of lactate in human blood
plasma using the developed lactate biosensor was examined. The results were in agreement with the
enzymatic colorimetric gold standard method (p > 0.05). Our developed biosensor provides efficiency,
reliability, and is a great potential tool for advancing lactate point-of-care testing applications in the
early diagnosis of sepsis.

Keywords: biosensor; electrochemistry; lactate; layer-by-layer; m-phenylenediamine; polyaniline;
point-of-care testing; sepsis

1. Introduction

Sepsis is a time-critical medical and life-threatening condition that occurs as the body’s
response to an infection. It can further progress to sepsis shock, eventually leading to severe
organ dysfunction and death in the emergency department [1,2]. Over 48.9 million people
globally are undergoing sepsis and one-fifth of these patients have not survived [3]. Sepsis
patients also have non-specific symptoms and poor prognostic pathology. According to the
Surviving Sepsis Campaign, blood lactate level or blood lactate clearance is one of the most
important biomarkers used for the evaluation of critically ill patients [4]. An increase in the
blood lactate level is related to the high morbidity and mortality rate among ill patients. A
resting blood lactate level is normally accumulated in the range of 0.5-2.2 mmol L' [5].
A lactate level of more than 4 mmol L~ is considered to be a high risk for mortality. The
impairment of lactate generation and clearance, particularly in critically ill patients, can
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cause the accumulation of blood lactate that can be found at >4.0 mmol L~! [6,7]. Thus,
early detection of lactate levels can reduce the mortality rate.

Techniques for lactate determination include automated devices based on enzymatic
colorimetry and arterial blood gas analysis (ABG) [8]. Although these techniques are used
in several clinical laboratories, they are expensive and need complicated procedures that
require sample preparation by trained personnel, making them time-consuming [9]. In
addition, ABG can also cause a high-risk infection when the blood sample is frequently
collected from an artery [10]. To overcome these issues, electrochemical biosensors are
being explored due to their high sensitivity, selectivity, simplicity, rapid response, cost-
effectiveness, lack of requirement for sample preparation, and the considerable ease in
developing a portable device for point-of-care (POC) diagnosis [11-13].

There are numerous research groups attempting to develop electrochemical biosensors
for lactate analysis in blood samples [14,15]. However, achieving a reproducible detection
range that is associated with sepsis remains a challenge. To tackle this problem, most re-
search groups have focused on electrode modification through enzyme immobilization [16].
This approach offers a significant advantage by preserving the biosensor’s stability [17],
thereby enabling its application in the analysis of blood samples that demand high selectiv-
ity. Additionally, it contributes to achieving a linear range suitable for medical applications,
characterized by good reproducibility [15].

An essential strategy for enzyme immobilization involves the careful selection of
materials that confer unique properties to enhance sensitivity, stability, and biocompati-
bility. Polymers stand out as particularly attractive in this context due to their excellent
suitability as supporting materials for biorecognition immobilization. Furthermore, they
offer the added benefit of allowing precise control of thickness through electropolymer-
ization [18]. Among them, polyaniline (PANI), a conducting polymer, is widely used in
biosensor design [19,20]. This is because of its unique properties, i.e., tunable electro-
chemical characteristics, functionality-rich chemical structure, providing the amino groups
(-NH3), increasing specific surface area, high conductivity, biocompatibility, and great
long-term stability [21-24]. Similar to PANI, m-phenylenediamine (m-PD) is another in-
triguing component in the construction of biosensors and various electrochemical devices.
Its contribution of amino groups (-NH;) to the molecular structure and enhancement
of specific surface area further elevates its significance in the realm of biosensor design.
Much research has also used it as a perm-selective membrane to eliminate the interfering
species [15,18,25,26].

In this study, we introduced a novel electrochemical lactate oxidase-based biosensor
that utilized a layer-by-layer method to modify a screen-printed gold electrode. The layers
were made of three distinct polymers, including m-PD, PANI, and polyurethane (PU).
Specifically, PU was coated as an outer layer to prevent the enzyme from leaching from
the sensor, and to ensure that the detection linearity covered the lactate range associated
with sepsis. The experiment parameters regarding the layer-by-layer modification were
investigated and optimized, i.e., PANI thickness, PU concentration, and applied potential of
lactate detection. Finally, the developed lactate biosensor was examined for human plasma
analysis and compared to the results obtained from the gold standard-based enzymatic
colorimetric method used in hospitals.

2. Materials and Methods
2.1. Reagents and Apparatus

Lactate oxidase (LOx) from Aerococcus viridans (41 units mg~! lyophilized pow-
der) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Aniline (>99.5%), m-
Phenylenediamine (m-PD, Flakes, 99%), polyurethane (PU, Selectophore™), glutaralde-
hyde (GA, 25% in HyO solution), bovine serum albumin (BSA, pH 7, >98%), sodium
lactate, uric acid (>99%, crystalline), D-(+)-glucose, dopamine, L-ascorbic acid (99%),
and potassium hexacyanoferrate (III) (K3[Fe(CN)s]) were from Sigma-Aldrich (USA).
Sodium dihydrogen orthophosphate (NaH;POj,), di-sodium hydrogen orthophosphate
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(NapHPOy,), and potassium chloride (KCI) were from Ajax Fine chem (New South Wales,
Australia). Hydrochloric acid (HCl, 37%), dimethylformamide (DMF), and tetrahydrofu-
ran (THF) were from Merck (Darmstadt, Germany). Other chemicals were of analytical
grade. All aqueous solutions were prepared with water from Milli-Q purification system
(resistivity > 18 MQ cm ™).

Electrochemical experiments were performed using an Autolab Potentiostat/Galvanostat
controlled by the NOVA 2.1.4 software (Metrohm Autolab, Utrecht, The Netherlands).
The measurements were carried out using the screen-printed gold electrode (Metrohm,
KM Utrecht, The Netherlands) comprised of a gold working electrode (4 mm in diameter,
0.126 cm?), a silver pseudo-reference electrode, and a gold counter electrode [27]. Scanning
electron microscopic images were obtained using a scanning electron microscope (SEM,
Quanta 400, FEI, Osaka, Japan). All experiments were carried out at room temperature
(25°Q).

2.2. Lactate Biosensor Fabrication

Our developed lactate biosensor was constructed on a screen-printed gold electrode
(SPAUE) using m-phenylenediamine (m-PD), polyaniline (PANI), and polyurethane (PU)
based on layer-by-layer method. Prior to the electrode modification, the SPAuE was elec-
trochemically pre-treated in 0.50 mol L' H,SO, using cyclic voltammetry with potential
scanning from 0.0 V to 1.1 V at a scan rate of 100 mV s~! for 10 cycles, and was rinsed
with deionized (DI) water. The step of electrode modification is illustrated in Figure 1.
Initially, m-PD as a perm-selective membrane was deposited onto the prepared SPAuE
via electropolymerization. This was accomplished using chronoamperometric method by
applying a constant potential of 0.70 V for 20 min in 0.1 mol L~! #-PD in 0.01 mol L~!
phosphate buffer solution (PBS, pH 7.4), followed by rinsing with DI water (m-PD/SPAuE).
Next, a PANI layer was prepared on the m-PD/SPAUE by electropolymerizing 55 mmol L !
aniline in 1.0 mol L~ HCI, applying the potential range from —0.20 V to 1.0 V at a scan
rate of 50 mV s~ ! for 20 cycles (PANI/m-PD/SPAuE). Subsequently, an enzyme mixture
comprising 20 puL of LOx (0.3 U), 2 uL of glutaraldehyde (GA, 2.5% v/v) as a crosslinker,
and 5.0 uL of 250 mg mL~! BSA as a protein stabilizer to preserve enzyme activity was
prepared. A volume of 4.0 uL of this mixture was drop-casted onto the PANI/m-PD/SPAuE.
The modified electrode was left at room temperature for an hour and then placed in a sealed
system at 4 °C overnight for the crosslinking process (LOx/PANI/m-PD/SPAuE). Finally,
the LOx/PANI/m-PD/SPAuE was coated with 2.0 uL of PU (2.0% w/v in THF /DMF solu-
tion) as an outer layer (PU/LOx/PANI/m-PD/SPAuE). The fabricated lactate biosensor
was rinsed with PBS before testing and stored in a sealed system containing 0.1 mol L.~!
PBS at 4 °C when not in use.

H i i H
%@Q@% OO
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Figure 1. Schematic illustration of the lactate biosensor fabrication using layer-by-layer method.
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2.3. Electrochemical Measurement

To verify that the working electrode had been successfully coated, each step of elec-
trode modification was examined in a solution containing 5.0 mmol L~ ! K3Fe(CN)y and
0.10 mol L~! KCl using cyclic voltammetry in the range of —0.20 V to 0.40 V at a scan rate
of 50 mV s~!. The lactate determination was conducted via amperometry at a constant
potential of +0.70 V under stirring conditions. The amperometric response was measured
as the increase in current, which was proportional to the concentration of lactate.

2.4. Optimization Studies

A set of parameters influencing the developed biosensor was studied and optimized
in the range of 0.20 to 1.0 mmol L~! lactate concentrations. These parameters included the
strategies of polymer electrode modification, the thickness of PANI, PU concentrations,
and the applied potential. Initially, four different strategies of electrode modification
based on components and their order were explored, including (1) LOx/m-PD/SPAuE,
(2) LOx/PANI/SPAUE, (3) LOx/PANI/m-PD/SPAuE, and (4) LOx/m-PD/PANI/SPAuE.
The thickness of PANI was then optimized for the scan number of electropolymerization at
10, 20, 30, and 40 cycles. For PU layer, it was investigated by varying the concentration of
PU (%w/v) at 1.0%, 2.0%, and 3.0%. Additionally, the effect of applying potential for lactate
detection at 0.50, 0.60, 0.70, and 0.80 V was also observed. The optimum conditions were
considered based on achieving the highest sensitivity (the slope of the calibration plot), a
board linear range capable of covering the sepsis range, and a short response time.

2.5. Selectivity, Reproducibility, Long-Term and Storage Stability

The selectivity of the developed biosensor to lactate in the presence of potential
blood-interfering substances at high physiological concentrations was examined through
amperometric detection. These substances included 0.10 mmol L~! ascorbic acid (AA),
0.10 mmol L~ wric acid (UA), 0.10 mmol L~! dopamine (DA), and 5.0 mmol L1 glu-
cose (Glu).

The reproducibility test was assessed using six different electrodes, measuring their
amperometric responses to a range of lactate concentrations (0.20-5.0 mmol L~!). The
long-term stability of the biosensor was tested weekly by comparing the sensitivity of
subsequently used electrodes to their initial values. Storage stability was also investigated
using nine lactate biosensors prepared simultaneously, with their sensitivities examined
through random testing every 3-5 days over a period of two months. Following each testing
step, the biosensor was cleaned and stored in a sealed system containing 0.1 mol L-1PBS
at 4 °C when not in use.

2.6. Real Sample Analysis

Human blood plasma samples received from Songklanagarind Hospital, Hat Yai,
Thailand (approved by the local ethics committee [REC.63-161-25-2]) were analyzed. Ini-
tially, the matrix effect was studied by adding a series of lactate concentrations at 4.0, 6.0,
10.0, 20.0, and 30.0 mmol L~! into the tubes containing blood plasma samples. Then, the
mixture (lactate and blood) was diluted with 0.1 mol L~! PBS (pH 7.4) to obtain a 10-fold
dilution (spiked sample). The matrix effect was determined by comparing the slope of
the calibration curve (sensitivity vs. concentration of lactate) using the standard lactate
solution, with that using the spiked sample through two-way ANOVA. To ascertain the
lactate concentration in plasma samples using the developed lactate biosensors, eight
blood plasma samples were tested, and the results were compared with values obtained
from the gold standard enzymatic colorimetric method using Cobas c502 analyzer (Roche,
Basel, Switzerland) used in hospitals. The comparison was conducted using the Wilcoxon
signed-rank test.
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3. Results and Discussion
3.1. Characterization of the Lactate Biosensor
3.1.1. Surface Morphology

The surface morphology of the modified electrode in each fabrication step was ex-
amined using SEM. Figure 2A shows a rough surface of the m-PD structure coated on the
electrode surface (m-PD/SPAuE). After PANI electropolymerization, the distribution of the
PANI granules with an average diameter of 390 £ 18 nm on the surface of the m-PD/SPAuE
was observed (Figure 2B). Figure 2C presents the rough, gel-like layer of the enzyme matrix
(LOx via the crosslinking reagent and BSA) coated on the PANI/m-PD/SPAuE. When
the PU as an outer layer was coated, a smooth surface with bulky pores was observed
(Figure 2D), similar to those reported earlier [28]. These SEM images could indicate that
each fabrication step of the electrode modification was achieved.

3.1.2. Electrochemical Characterization

To confirm the successful fabrication of the developed lactate biosensor, the stepwise
modification was electrochemically characterized using cyclic voltammetry in a redox
solution of 5 mmol L~! K3Fe(CN)¢ at a scan rate of 50 mV s~!, as illustrated in Figure 2E.
The cyclic voltammogram (CV) of the bare SPAUE (trace a) exhibited a pair of well-defined
redox peaks. When the m-PD layer was deposited on the electrode surface, the CV became
a flat shape without the redox peaks (trace b), indicating the successful coating of the
non-conductive m-PD layer on the SPAuE. Subsequently, after coating PANI onto the m-
PD/SPAUE, the highest background current with a couple of redox peaks was observed
(curve c). This indicated that PANI provided a conductive layer on the electrode surface
which could be attributed to electron transfer onto the electrode surface, confirming the
successful coating of PANI on the previous layer. Upon enzyme immobilization through
the co-crosslink of glutaraldehyde and BSA (non-conducting materials), a decrease in the
redox current signals was observed (curve d). This reduction was attributed to the non-
conductive nature of the enzyme matrix, blocking electron transfer toward the electrode
surface [29]. Finally, when the non-conductive PU was drop-casted, the current response
slightly decreased, indicating the successful coating of the PU layer as an outer membrane
onto the LOx/PANI/m-PD/SPAuUE (curve e).

3.2. Optimization Studies
3.2.1. Effect of Electrode Modification Strategies

To investigate the effect of component and the sequence of PANI and m-PD on SPAuE,
four strategies of electrode modification, i.e., (1) LOx/m-PD/SPAuE, (2) LOx/PANI/SPAUE,
(3) LOx/PANI/m-PD/SPAuUE, and (4) LOx/m-PD/PANI/SPAUE were examined based
on their sensitivity using amperometry at a constant potential of 0.70 V. As seen in
Figure 3A, the results revealed the significant impact of both components and the sequence
of electrode modification on sensitivity. Among these modifications, the LOx/PANI/m-
PD/SPAuUE exhibited the highest sensitivity for lactate detection, followed by the LOx/m-
PD/PANI/SPAuUE, LOx/PANI/SPAuE, and LOx/m-PD/SPAUE, respectively. The use of
m-PD as a supporting material for LOx immobilization (LOx/m-PD/SPAuUE) resulted in
lower sensitivity compared to PANI without m-PD (LOx/PANI/SPAuE). This could be
attributed to the non-conductive nature of m-PD, coupled with its thin film, potentially
affecting the surface area available for LOx immobilization. Moreover, the combination of
m-PD and PANI in lactate biosensor fabrication was found to enhance sensitivity. PANI,
known for its high conductivity, positively influenced current signal response, electro-
catalysis, and the kinetics of the electron transfer process to the electrode surface [30].
The chemical structure of PANI, presenting amino group (-NHy), offered a large specific
surface area in granular form for enzyme immobilization. The amino groups also pro-
vided by m-PD coating further contributed to this effect. The synergistic effect of both
m-PD and PANI could contribute to an increase in the specific surface area for a large
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amount of lactate oxidase loading, resulting in an elevated current response. Consequently,
LOx/PANI/m-PD/SPAUE was chosen for further experiments.
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Figure 2. SEM images of the modified SPAuE: (A) m-PD/SPAuE, (B) PANI/m-PD/SPAuE,
(C) LOx/PANI/m-PD/SPAUE, and (D) PU/LOx/PANI/m-PD/SPAuE, (E) cyclic voltammograms of
the modified electrode in each fabrication step performing in 5.0 mmol L1 [Fe(CN)g]>~/4~ solution
containing 0.10 mol L~! KCl at a scan rate of 50 mV s~ 1.
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Figure 3. Optimization studies on the sensitivity for different lactate biosensor fabrication (n = 3):
effects of (A) the components and the sequence of electrode modification, (B) scan cycles of PANI
electropolymerization, (C) concentrations of PU compared with the linearity range of lactate mea-
surements, and (D) constant applied potentials for lactate determination.

3.2.2. Effect of the PANI Layer

The PANI layer is another important factor that can affect the biosensor performance.
PANI, as a supporting material for enzyme immobilization, can enhance the active surface
area contributing to an increase in enzyme loading. However, the excessive thickness of
PANI can affect the diffusion of the analyte and electron transfer kinetics. The effect of the
PANI thickness on the biosensor performance was examined by varying the number of
electropolymerization scans at 0, 10, 20, 30, and 40 cycles. The results revealed that 20 scan
cycles exhibited the highest sensitivity, as illustrated in Figure 3B. The sensitivity increased
with an increase in the number of electropolymerization scans from 0 to 20 cycles. Then, a
decrease in the sensitivity was observed when the number of scans increased from 20 to
40 cycles. This could possibly be because the excessive granules of the PANI layer lead
to an increase in the background current; therefore, the current response decreases. The
results were confirmed by SEM images showing the surface morphology of the PANI layers
at different scan cycles (Supplementary Materials Figure S1). This indicated that the higher
the number of scans, the higher the density of granules distributed on the electrode surface.
Thus, the PANI with the number of electropolymerization scans at 20 cycles was chosen for
further studies.

3.2.3. Effect of PU Concentrations

To enhance the applicability of our developed sensor for use in human blood samples
covering the sepsis range, we employed polyurethane (PU) as an outer membrane to
extend the linearity of detection. The effect of PU concentration on the sensitivity and
linearity was examined at 0% (non-PU), 1.0%, 2.0%, and 3.0% PU concentrations (w /7).
Figure 3C illustrates the plots between the sensitivity and the linearity at the different
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PU concentrations. Non-PU cases exhibited the highest sensitivity but the linear range of
detection was up to 1 mmol L1, which did not cover the sepsis range. In contrast, the
addition of the PU on the LOx/PANI/m-PD/SPAUE extended the linearity of detection
by slowing the mass transport of the analyte. The results revealed that an increase in PU
concentrations resulted in a decrease in sensitivity but an increase in linearity. This was
consistent with a study reported earlier [28]. This finding could be explained that as the PU
concentration increased, the PU layer became more viscous and the background current
response increased, resulting in a significant reduction in its sensitivity. Regarding the
developed lactate biosensors at the 1.0%, 2.0%, and 3.0% PU, they exhibited a wider linear
range of lactate detection (0.2-2.0 mmol L1, 0.2-5.0 mmol L1, and 0.2-8.0 mmol L},
respectively) as compared to that of the non-PU case (0.2-1.0 mmol L~'). This suggests that
the addition of a PU layer can limit the diffusion of the lactate on the electrode surface. Also,
the limitation of mass transfer can possibly affect the kinetics of the enzyme catalytic system,
leading to a wider range of lactate detection. However, controlling the fabricated lactate
biosensor at the 3.0% PU concentration posed challenges due to its high viscosity, leading
to rapid solvent evaporation and difficulty in reproducing the process. Additionally, the
response time of the lactate detection for each condition was also evaluated based on Ty
(the time required for the current signal to reach 90% of the final value due to an increase
in lactate). The response times at non-PU, 1.0%, 2.0%, and 3.0% PU concentrations were
2.30 +£0.475,3.50 = 0.50's, 5.0 £ 0.82 s, and 13.50 £ 1.50 s, respectively. Taking into account
sensitivity, linear range, and response time, the 2.0% PU concentration was chosen as the
optimal condition for further studies. This is because it exhibited a desirable sensitivity
with a short response time (5.0 s), and a linearity covering the range of 0.20-5.0 mmol L1,
making it suitable for clinical applications, especially sepsis screening [31].

3.2.4. Effect of Operational Potential for Lactate Determination

A series of constant potentials within the range of 0.50 to 0.80 V was systematically
investigated and optimized based on sensitivity. The operational potential plays a critical
role in the oxidation of H,O,, a by-product of the catalytic activity of lactate oxidase. The
LOx acts as a catalyst of the lactate reaction, to oxidize lactate into pyruvate and H,O;. In
the presence of oxygen, HyO, is oxidized at the electrode surface by applying a constant
potential and electrons are generated as given below in Equations (1) and (2) [12]:

L-lactate + O, LOx, Pyruvate + HyO, (1)
HyO, — Op+2H " +2e~ )

Figure 3D illustrates that the highest sensitivity for the developed biosensor in lactate
detection was achieved at 0.70 V. Consequently, a constant potential of 0.70 V was chosen
for lactate determination for analytical performance studies.

3.3. Analytical Performances of the Optimized PU/LOx/PANI/m-PD/SPAuE
3.3.1. Linearity and Detection Limit

Under the optimal conditions, the performance of the developed lactate biosensor
(PU/LOx/PANI/m-PD/SPAuE) was evaluated at different lactate concentrations in the
range of 0.2-10 mmol L~!. The amperometric response obtained at a constant potential
of +0.70 V is depicted in Figure 4. The result revealed that the current response exhibited
a proportional increase with the concentration of lactate. As illustrated in the calibration
plot inset, the biosensor exhibited a linear detection range from 0.20 to 5.0 mmol L~! with a
correlation coefficient of 0.9983. The sensitivity was 12.17 & 0.02 uA mmol ! L em~2 with
the limit of detection (LOD) of 7.9 umol L=1 (3S/N) [32].
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Figure 4. The current response of the PU/LOx/PANI/m-PD/SPAUE at different concentrations of
lactate using amperometry with an inset representing the calibration plot of the developed biosensor
for lactate detection covering normal range and abnormal range of lactate level (n = 3).

3.3.2. Selectivity

The selectivity of the developed lactate biosensor was evaluated by determining po-
tential interfering species existing in blood plasma samples. These include ascorbic acid
(AA), uric acid (UA), dopamine (DA), and glucose (Glu). In this study, the selectivity of
the interfering species was determined at the high physiological concentration containing
0.10 mmol L~! AA, 0.10 mmol L~! UA, 0.10 mmol L™! DA, and 5.0 mmol L™! Glu. As
shown in Figure 5A, the results revealed that there was no interfering effect on the devel-
oped lactate biosensor. This is possibly because m-PD as a perm-selective membrane is a
protection layer, which helps limit access of both cations as well as anion molecules, and
possible electrochemical species interference. Also, it allows HyO,, as a product of the
lactate reaction, to pass through to the electrode surface. However, the developed lactate
biosensor was sensitive to the analyte [18,26]. This indicates that the developed biosensor
can be used for lactate determination.

3.3.3. Reproducibility and Long-Term and Storage Stability

The reproducibility of the developed biosensor was evaluated by preparing six biosensors
and measuring the current response at different lactate concentrations (0.20-5.0 mmol L~1).
The sensitivities of the six developed lactate biosensors were 1.534 + 0.050, 1.540 £ 0.038,
1.594 £+ 0.019, 1.513 £ 0.005, 1.418 £ 0.007, and 1.463 + 0.686 (Figure 5B). The average
sensitivity was 1.510 £ 0.057 pA mmol ! L, with a relative standard deviation (RSD) of
3.74%, indicating an acceptable reproducibility [33].

One of the developed sensors was assessed weekly to explore its long-term stabil-
ity based on relative sensitivity (>90% of the initial testing is accepted value of AOAC
guideline [34]). As seen in Figure 5C, the result showed that the relative sensitivity of
the developed biosensor remained stable over 90% for the first four weeks. Subsequently,
there was an approximately 10% increase in sensitivity from the initial value and this
elevated sensitivity was sustained over the following six consecutive weeks (weeks 5-10).
The initial increase in relative sensitivity during the first period could be attributed to the
slight swelling of the PU membrane caused by its immersion in a PBS solution after each
testing cycle. This resulted in the diffusion of the solution into the PU membrane, thereby
increasing membrane permeability. However, a stable relative response was observed after
the initial four weeks. The diffusion behavior can be described by the Fickian diffusion,
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where solution diffusion through the membrane is influenced by the thickness of the mem-
brane [35,36]. The average relative sensitivity over the entire 10-week period was calculated
to be 107.6 & 6.5 with an RSD of 6.1%. These results indicated that the developed biosensor
provided excellent long-term stability for over 10 weeks.

The storage stability was investigated by preparing nine lactate biosensors (PU/LOx/
PANI/m-PD/SPAuE) at the same time and storing them in a sealed system at 4 °C in
0.10 mol L~! PBS (pH 7.4) when not in use. The developed lactate biosensor was randomly
examined one test at a time. Initially, the lactate measurements were conducted every
3-5 days and then every 10 days for two months. The storage stability was evaluated
based on relative sensitivity. The results showed that the average relative sensitivity of
103.4 £ 4.0% with an RSD of 3.9% was obtained (Supplementary Materials Figure S2). Thus,
the PU membrane layer as a protective membrane could prevent the enzyme from leaching
and enhance the storage stability of the developed lactate biosensor. The results were
consistent with previous studies [37,38], which reported that the characteristics of PU as
the outer membrane characteristics could improve stability.
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Figure 5. (A) Interference testing of PU/LOx/PANI/m-PD/SPAuUE biosensor in 0.10 mol L1
PBS containing different concentrations of the interfering substrates, including 1.0 mmol L1, and
2.0 mmol L~ lactate, 0.10 mmol L~! AA, 0.10 mmol L~! UA, 0.10 mmol L™ DA, 5.0 mmol L' Glu,
and also testing in the mixture solution of 2.0 mmol L~! lactate with these interferents, respectively,
(B) reproducibility of six lactate biosensors on the sensitivity at 0.20-5.0 mmol L~! lactate using
amperometry and, (C) the stability testing for the detection of 0.40-3.0 mmol L~ lactate.

3.3.4. Comparison with Other Sensors

The analytical performance of the PU/LOx/PANI/m-PD/SPAUE as a lactate biosensor
was compared with other studies, as shown in Table 1. Our developed lactate sensor
exhibited a wide linearity for lactate detection, distinguishing it from previously cited
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reports. While the linear range was not as extensive as some similar works [39], it was
sufficient for early sepsis diagnosis via lactate detection. In terms of stability, this sensor
outperformed other cited reports. In addition, the developed lactate sensor offers a fast
response time (5.0 s) as compared with other studies [40] (30 s). This performance gives
it a high potential for clinical lactate detection compared to the sensors evaluated in the
cited works.

Table 1. The comparison of performance of lactate biosensors based on lactate oxidase (LOx).

Detection Sensitivity

Electrode Materials Linear Ra?lge Limit (tA-mmol~1L Stability Samples Ref.
(mmol L—1) 1 _» (Days)
(umol L—1) cm~2)
LOx/MWCNTs/CulNPs/
PANI/PEG 0.0010-2.5 0.25 NR 140 Blood plasma [41]
0.00075-1.0 0.75 116.26 Sweat,
LOX-Cu-MOF/CS/PUSPCE 7y 5 500 1.64 >0 saliva, wine [42]
LOx/ T1Q2 sol gel-Gr/ 0.050-10.0 19 NR 8 Corn.meraal 39]
Ni foam rabbit serum
LOx-PVA-SbQ/m-PD/ Human
Pt disk 0.005-1.0 5 81.6 14 blood serum [40]
LOx/Pt/PANI/MXene/SPCE 0.005-5.0 5 0.62 30 Milk samples [24]
LOx-CNDs/SPAUE 0.003-0.50 0.9 39.52 NR Human [43]
blood serum
PU/LOx/PANI/ Human .
11-PD /SPAUE 0.20-5.0 7.9 12.17 >70 blood plasma This work

MWCNTs: multiwalled carbon nanotubes; CuNPs: copper nanoparticles; PEG: pencil graphite electrode; Cu-MOF:
copper metallic framework; CS: chitosan; SPCE: screen-printed carbon electrode; PVA-SbQ: photopolymer-
containing styrylpyridine groups; CNDs: carbon nanodots; NR: not reported.

3.3.5. Analysis of Human Blood Plasma Samples

In this study, the standard curve of the developed lactate biosensor exhibited a linear
range of 0.20 to 5.0 mmol L~1; therefore, human blood plasma samples were diluted
10 times before testing. Initially, the matrix effect was evaluated by comparing the slope
of the calibration curve of standard lactate solutions with that of the spike samples. The
results showed that the sensitivity of the standard lactate solution and spike sample had
no significant difference (p > 0.05, two-way ANOVA). Thus, the dilution at 10 times had
no matrix effect. The lactate values of the diluted samples were then calculated from the
calibration equation of the lactate standard curve. The lactate values of eight blood plasma
samples obtained from the developed biosensor and the enzymatic colorimetric technique
as a gold standard method in clinical use (from the Songklanagarind hospital) were in good
agreement (p > 0.05), as illustrated in Figure 6. Notably, expanding the dataset in future
studies is crucial for a comprehensive evaluation of false positive and false negative rates
in our lactate detection method. An extended clinical study is in progress to yield valuable
insights, enhancing the overall impact of our work.

The developed lactate biosensor was analyzed to verify the practicality using the
recovery test based on the standard addition method. The recoveries were found to be in
the range of 93.2-106.4% (Supplementary Materials Table S1), which were the accepted
values according to the AOAC guidelines (80-110%) [33]. This indicates that the developed
lactate biosensor exhibits high accuracy for lactate detection.
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Figure 6. Comparison of the analytical results obtained from the developed biosensor and the
enzymatic colorimetric method for lactate measurements in blood plasma samples.

4. Conclusions

This study presents the successful fabrication of a lactate-based electrochemical biosen-
sor, using a polymeric layer-by-layer method with m-PD, PANI, and PU modifications
on a screen-printed gold electrode. The developed lactate biosensors exhibited excellent
sensitivity, selectivity, reproducibility, long-term stability, and high accuracy of recovery in
lactate detection. In addition, the developed biosensor could effectively detect the concen-
tration of lactate in blood plasma samples compared to the enzymatic colorimetric method.
With a wide linear response (0.2-5.0 mmol L~!) and a low limit of detection (7.9 umol L™1),
this biosensor holds promise for early sepsis diagnosis. It stands as an efficient and reliable
tool for the development of portable lactate point-of-care testing, facilitating on-site early
sepsis diagnosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym16040473/s1, Figure S1: SEM images of PANI electropoly-
merization at different numbers of scans: (A) 10 cycles, (B) 20 cycles, (C) 30 cycles, and (D) 40 cycles,
(E) cyclic voltammograms of PANI electropolymerization at four different number of scans; Figure S2:
The storage stability testing for the detection of 0.40-3.0 mmol L~! lactate in 0.1 mmol L~! PBS
(pH 7.4) using amperometry; Table S1: The recovery study was performed using the standard addi-
tion method. Figure S3: Comparison of the calibration curves between the standard lactate solution
and the spiked lactate in three blood samples.

Author Contributions: Conceptualization, T.P., PX. and S.S.; methodology, P.T., T.P. and A.N.;
validation, P.T. and T.P.; formal analysis, P.T. and T.P,; investigation, P.T. and T.P,; resources, T.P.;
writing—original draft preparation, P.T. and T.P.; writing—review and editing, T.P., PK., AN. and
S.S.; visualization, T.P. and PK.; supervision, T.P,; project administration, T.P.; funding acquisition, T.P.
and S.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research and innovation activity was funded by the Graduate School Funding and
the Faculty of Medicine, Prince of Songkla University, and the National Research Council of Thai-
land (NRCT).

39



Polymers 2024, 16, 473

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the ethics committee of the Human Research Ethics Unit, the Faculty of
Medicine, Prince of Songkla University, Songkhla Thailand (REC.63-161-25-2—17 June 2020).

Data Availability Statement: Data are contained within the article and supplementary materials.

Acknowledgments: We gratefully acknowledge the student scholarship from the Faculty of Medicine
and the Graduate School, Prince of Songkla University, awarded to Piromya Thongkhao. We would
also like to thank the Department of Pathology at the Faculty of Medicine, the Center of Excellence
for Trace Analysis and Biosensor (TAB-CoE) at Prince of Songkla University, Thailand, and the Center
of Excellence on Medical Biotechnology, Mahidol University, Thailand.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Keep, ].W.; Messmer, A.S.; Sladden, R.; Burrell, N.; Pinate, R.; Tunnicliff, M.; Glucksman, E. National Early Warning Score at
Emergency Department Triage May Allow Earlier Identi Fi Cation of Patients with Severe Sepsis and Septic Shock: A Retrospective
Observational Study. Emerg. Med. |. 2016, 33, 37-41. [CrossRef] [PubMed]

Rakpraisuthepsiri, N.; Surabenjawong, U.; Limsuwat, C.; Lertvipapath, P. Efficacy of a Modified Sepsis System on the Mortality
Rate of Septic Shock Patients in the Emergency Department of Siriraj Hospital. J. Health Sci. Med. Res. 2022, 40, 543-550. [CrossRef]
Rudd, K.E.; Johnson, S.C.; Agesa, K.M.; Shackelford, K.A.; Tsoi, D.; Kievlan, D.R.; Colombara, D.V,; Ikuta, K.S.; Kissoon, N.; Finfer,
S.; et al. Global, Regional, and National Sepsis Incidence and Mortality, 1990-2017: Analysis for the Global Burden of Disease
Study. Lancet 2020, 395, 200-211. [CrossRef] [PubMed]

Levy, M.M,; Evans, L.E.; Rhodes, A. The Surviving Sepsis Campaign Bundle: 2018 Update. Intensive Care Med. 2018, 44, 925-928.
[CrossRef] [PubMed]

Crapnell, R.D.; Tridente, A.; Banks, C.E.; Dempsey-Hibbert, N.C. Evaluating the Possibility of Translating Technological Advances
in Non-Invasive Continuous Lactate Monitoring into Critical Care. Sensors 2021, 21, 879. [CrossRef] [PubMed]

Dugar, S.; Choudhary, C.; Duggal, A. Sepsis and Septic Shock: Guideline-Based Management. Crit. Care Nephrol. Third Ed. 2019,
87,500-504.el. [CrossRef] [PubMed]

Ryoo, S.M; Lee, J.; Lee, Y.-S.; Lee, ].H.; Lim, K.S.; Huh, J.W.; Hong, S.-B.; Lim, C.-M.; Koh, Y.; Kim, W.Y. Lactate Level Versus
Lactate Clearance for Predicting Mortality in Patients With Septic Shock Defined by Sepsis-3. Crit. Care Med. 2018, 46, e489-e495.
[CrossRef] [PubMed]

Pundir, C.S.; Narwal, V.; Batra, B. Biosensors and Bioelectronics Determination of Lactic Acid with Special Emphasis on Biosensing
Methods: A Review. Biosens. Bioelectron. 2016, 86, 777-790. [CrossRef]

Rassaei, L.; Olthuis, W.; Tsujimura, S.; Ernst, ].R.; Sudhoélter, A.; van den, B. Lactate Biosensors: Current Status and Outlook. Anal.
Bioanal. Chem. 2013, 406, 123-137. [CrossRef]

Samaraweera, S.A.; Gibbons, B.; Gour, A.; Sedgwick, P. Arterial versus Venous Lactate: A Measure of Sepsis in Children. Eur. J.
Pediatr. 2017, 176, 1055-1060. [CrossRef]

Kiatamornrak, P.; Boobphahom, S.; Lertussavavivat, T.; Rattanawaleedirojn, P.; Chailapakul, O.; Rodthongkum, N.; Srisawat,
N. A Portable Blood Lactate Sensor with a Non-Immobilized Enzyme for Early Sepsis Diagnosis. Analyst 2022, 147, 2819-2827.
[CrossRef] [PubMed]

Rathee, K.; Dhull, V.; Dhull, R.; Singh, S. Biosensors Based on Electrochemical Lactate Detection: A Comprehensive Review.
Biochem. Biophys. Rep. 2016, 5, 35-54. [CrossRef] [PubMed]

Bradley, Z.; Bhalla, N. Point-of-Care Diagnostics for Sepsis Using Clinical Biomarkers and Microfluidic Technology. Biosens.
Bioelectron. 2023, 227, 115181. [CrossRef] [PubMed]

Li, S.; Zhang, H.; Zhu, M,; Kuang, Z.; Li, X.; Xu, F; Miao, S.; Zhang, Z.; Lou, X,; Li, H.; et al. Electrochemical Biosensors for Whole
Blood Analysis: Recent Progress, Challenges, and Future Perspectives. Chem. Rev. 2023, 123, 7953-8039. [CrossRef]
Kucherenko, 1.S.; Topolnikova, Y.V.; Soldatkin, O.O. Advances in the Biosensors for Lactate and Pyruvate Detection for Medical
Applications: A Review. TrAC Trends Anal. Chem. 2019, 110, 160-172. [CrossRef]

Kilic, N.M.; Singh, S.; Keles, G.; Cinti, S.; Kurbanoglu, S.; Odaci, D. Novel Approaches to Enzyme-Based Electrochemical
Nanobiosensors. Biosensors 2023, 13, 622. [CrossRef] [PubMed]

Rocchitta, G.; Spanu, A.; Babudieri, S.; Latte, G.; Madeddu, G.; Galleri, G.; Nuvoli, S.; Bagella, P.; Demartis, M.L; Fiore, V.; et al.
Enzyme Biosensors for Biomedical Applications: Strategies for Safeguarding Analytical Performances in Biological Fluids. Sensors
2016, 16, 780. [CrossRef]

Soldatkina, O.V.; Kucherenko, I.S.; Pyeshkova, V.M.; Alekseev, S.A.; Soldatkin, O.O.; Dzyadevych, S.V. Improvement of Ampero-
metric Transducer Selectivity Using Nanosized Phenylenediamine Films. Nanoscale Res. Lett. 2017, 12, 594. [CrossRef]

Ming, T,; Lan, T.; Yu, M.; Wang, H.; Deng, J.; Kong, D.; Yang, S.; Shen, Z. Platinum Black/Gold Nanoparticles/Polyaniline
Modified Electrochemical Microneedle Sensors for Continuous In Vivo Monitoring of PH Value. Polymers 2023, 15, 2796.
[CrossRef]

40



Polymers 2024, 16, 473

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Banjar, M.F; Joynal Abedin, EN.; Fizal, A.N.S.; Muhamad Sarih, N.; Hossain, M.S.; Osman, H.; Khalil, N.A.; Ahmad Yahaya,
A.N.; Zulkifli, M. Synthesis and Characterization of a Novel Nanosized Polyaniline. Polymers 2023, 15, 4565. [CrossRef]

Cheng, H.; Hu, C.; Ji, Z.; Ma, W.; Wang, H. A Solid Ionic Lactate Biosensor Using Doped Graphene-like Membrane of Au-EVIMC-
Titania Nanotubes-Polyaniline. Biosens. Bioelectron. 2018, 118, 97-101. [CrossRef]

Zarrintaj, P; Vahabi, H.; Saeb, M.R.; Mozafari, M. Application of Polyaniline and Its Derivatives; Elsevier: Amsterdam, The
Netherlands, 2019; ISBN 9780128179154.

German, N.; Ramanaviciene, A.; Ramanavicius, A. Formation and Electrochemical Evaluation of Polyaniline and Polypyrrole
Nanocomposites Based on Glucose Oxidase and Gold Nanostructures. Polymers 2020, 12, 3026. [CrossRef]

Neampet, S.; Ruecha, N.; Qin, J.; Wonsawat, W.; Chailapakul, O.; Rodthongkum, N. A Nanocomposite Prepared from Platinum
Particles, Polyaniline and a Ti3C2 MXene for Amperometric Sensing of Hydrogen Peroxide and Lactate. Microchim. Acta 2019,
186, 752. [CrossRef] [PubMed]

Yuging, M.; Jianrong, C.; Xiaohua, W. Using Electropolymerized Non-Conducting Polymers to Develop Enzyme Amperometric
Biosensors. Trends Biotechnol. 2004, 22, 227-231. [CrossRef] [PubMed]

Cordeiro, C.A.; De Vries, M.G.; Cremers, T.I.LEH.; Westerink, B.H.C. The Role of Surface Availability in Membrane-Induced
Selectivity for Amperometric Enzyme-Based Biosensors. Sens. Actuators B Chem. 2016, 223, 679-688. [CrossRef]

Phonklam, K.; Thongkhao, P.; Phairatana, T. The Stability of Gold Nanoparticles-Prussian Blue Based Sensors for Biosensor
Applications in Clinical Diagnosis. J. Health Sci. Med. Res. 2022, 20, 859. [CrossRef]

Huang, L.; Jia, Z.; Liu, H.; Pi, X.; Zhou, J. Design of a Sandwich Hierarchically Porous Membrane with Oxygen Supplement
Function for Implantable Glucose Sensor. Appl. Sci. 2020, 10, 2848. [CrossRef]

Sarika, C.; Rekha, K.; Narasimha Murthy, B. Studies on Enhancing Operational Stability of a Reusable Laccase-Based Biosensor
Probe for Detection of Ortho-Substituted Phenolic Derivatives. 3 Biotech 2015, 5, 911-924. [CrossRef]

Shoaie, N.; Daneshpour, M.; Azimzadeh, M.; Mahshid, S.; Khoshfetrat, S.M.; Jahanpeyma, F.; Gholaminejad, A.; Omidfar, K,;
Foruzandeh, M. Electrochemical Sensors and Biosensors Based on the Use of Polyaniline and Its Nanocomposites: A Review on
Recent Advances. Microchim. Acta 2019, 186, 465. [CrossRef]

Rattu, G.; Khansili, N.; Maurya, V.K.; Krishna, PM. Lactate Detection Sensors for Food, Clinical and Biological Applications: A
Review. Environ. Chem. Lett. 2020, 19, 1135-1152. [CrossRef]

Taverniers, I.; De Loose, M.; Van Bockstaele, E. Trends in Quality in the Analytical Laboratory. II. Analytical Method Validation
and Quality Assurance. TrAC—Trends Anal. Chem. 2004, 23, 535-552. [CrossRef]

AOAC. Appendix F: Guidelines for Standard Method Performance Requirements. In AOAC Official Methods of Analysis; AOAC
Off. Methods Anal: Rockville, MD, USA, 2016; pp. 1-17.

Thvenot, D.R.; Toth, K.; Durst, R.A.; Wilson, G.S. Electrochemical Biosensors: Recommended Definitions and Classification
(Technical Report). Pure Appl. Chem. 1999, 71, 2333-2348. [CrossRef]

Wang, N.; Burugapalli, K.; Song, W.; Halls, J.; Moussy, E; Ray, A.; Zheng, Y. Electrospun Fibro-Porous Polyurethane Coatings for
Implantable Glucose Biosensors. Biomaterials 2013, 34, 888-901. [CrossRef] [PubMed]

Schott, H. Swelling Kinetics of Polymers. J. Macromol. Sci. Part B 1992, 31, 1-9. [CrossRef]

Fang, L.; Liang, B.; Yang, G.; Hu, Y.; Zhu, Q.; Ye, X. Biosensors and Bioelectronics A Needle-Type Glucose Biosensor Based on
PANI Nano Fi Bers and PU/E-PU Membrane for Long-Term Invasive Continuous Monitoring. Biosens. Bioelectron. 2017, 97,
196-202. [CrossRef]

Ahmadi, Y.; Kim, K.-H. Functionalization and Customization of Polyurethanes for Biosensing Applications: A State-of-the-Art
Review. TrAC Trends Anal. Chem. 2020, 126, 115881. [CrossRef]

Boobphahom, S.; Rattanawaleedirojn, P.; Boonyongmaneerat, Y.; Rengpipat, S.; Chailapakul, O.; Rodthongkum, N. TiO,
Sol/Graphene Modified 3D Porous Ni Foam: A Novel Platform for Enzymatic Electrochemical Biosensor. J. Electroanal. Chem.
2019, 833, 133-142. [CrossRef]

Kucherenko, I.S.; Soldatkin, O.O.; Topolnikova, Y.V.; Dzyadevych, S.V.; Soldatkin, A.P. Novel Multiplexed Biosensor System for
the Determination of Lactate and Pyruvate in Blood Serum. Electroanalysis 2019, 31, 1608-1614. [CrossRef]

Dagar, K.; Pundir, C.S. An Improved Amperometric L-Lactate Biosensor Based on Covalent Immobilization of Microbial Lactate
Oxidase onto Carboxylated Multiwalled Carbon Nanotubes/Copper Nanoparticles/Polyaniline Modified Pencil Graphite
Electrode. Enzym. Microb. Technol. 2017, 96, 177-186. [CrossRef]

Cunha-Silva, H.; Arcos-Martinez, M.]. Dual Range Lactate Oxidase-Based Screen Printed Amperometric Biosensor for Analysis of
Lactate in Diversified Samples. Talanta 2018, 188, 779-787. [CrossRef]

Bravo, I.; Gutiérrez-Sanchez, C.; Garcia-Mendiola, T.; Revenga-Parra, M.; Pariente, F; Lorenzo, E. Enhanced Performance of
Reagent-Less Carbon Nanodots Based Enzyme Electrochemical Biosensors. Sensors 2019, 19, 5576. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

41



% polymers

Review

Sensitive Materials Used in Surface Acoustic Wave Gas Sensors
for Detecting Sulfur-Containing Compounds

Yuhang Wang 1'*, Cancan Yan ?*, Chenlong Liang 34, Ying Liu !, Haoyang Li !, Caihong Zhang *, Xine Duan !

and Yong Pan %*

check for
updates

Citation: Wang, Y.; Yan, C; Liang, C.;
Liu, Y,; Li, H.; Zhang, C.; Duan, X.;
Pan, Y. Sensitive Materials Used in
Surface Acoustic Wave Gas Sensors
for Detecting Sulfur-Containing
Compounds. Polymers 2024, 16, 457.
https://doi.org/10.3390/
polym16040457

Academic Editor: Jung-Chang Wang

Received: 3 January 2024
Revised: 30 January 2024
Accepted: 1 February 2024
Published: 6 February 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Chemistry and Chemical Engineering, Shanxi University, Taiyuan 030006, China;
202222902021@email.sxu.edu.cn (Y.W.); 1y19861900620@163.com (Y.L.); vc766693@163.com (H.L.);
duanxe@sxu.edu.cn (X.D.)

2 Gtate Key Laboratory of NBC Protection for Civilian, Beijing 102205, China; ccy805905145@163.com

Institute of Acoustics, Chinese Academy of Sciences, Beijing 100190, China; liangchenlong22@mails.ucas.ac.cn
School of Electronic, Electrical and Communication Engineering, University of Chinese Academy of Sciences,
Beijing 100049, China

*  Correspondence: chzhang@sxu.edu.cn (C.Z.); panyong@skInbcpc.cn (Y.P.)

These authors contributed equally to this work.

Abstract: There have been many studies on surface acoustic wave (SAW) sensors for detecting
sulfur-containing toxic or harmful gases. This paper aims to give an overview of the current state of
polymer films used in SAW sensors for detecting deleterious gases. By covering most of the important
polymer materials, the structures and types of polymers are summarized, and a variety of devices
with different frequencies, such as delay lines and array sensors for detecting mustard gas, hydrogen
sulfide, and sulfur dioxide, are introduced. The preparation method of polymer films, the sensitivity
of the SAW gas sensor, the limit of detection, the influence of temperature and humidity, and the
anti-interference ability are discussed in detail. The advantages and disadvantages of the films are
analyzed, and the potential application of polymer films in the future is also forecasted.

Keywords: polymer; films; surface acoustic wave (SAW); gas sensor; mustard gas; hydrogen sulfide;
sulfur dioxide

1. Introduction
1.1. The Fundamental Concepts of SAW Sensors

In 1885, for the first time, British physicist Rayleigh discovered the surface acoustic
wave (SAW), which was a type of elastic mechanical wave propagating along the surface
of an elastic object, while he studied seismic waves [1]. Due to technological limitations
at that time, SAWs were not used in practical applications. In 1965, the invention of
interdigital transducers (IDTs) by White R.M. and Voltmer EW. provided a simpler method
of generating SAWs and accelerated the development of the SAW sensor [2]. Since the
publication of the first paper on SAW gas sensors by Wohltjen H. and Dessy R. in 1978,
SAW gas sensors have been extensively studied [3-5]; over the past 40 years, they have
been used to detect many kinds of hazardous gases such as SO;, H,S, NO,, NH3, methane,
hydrogen, explosives, and chemical warfare agents [6]. Because of advantages of a small
size, high sensitivity, ease of integration, intelligence, and low-cost mass production, more
and more researchers all over the world have paid much attention to this new field.

A SAW sensor is mainly composed of IDTs and piezoelectric materials (e.g., quartz,
LiNDbOs;, LiTaO3, ZnO, AIN, Bij;GeOsg, AsGa, piezoceramics, etc. [7-10]). When a sinu-
soidal wave with the same period as the IDT is applied to the input IDT, vibration will
generate under the IDT, resulting in the generation of a SAW perpendicular to the IDT; the
SAW propagates along the piezoelectric material in the direction away from the input IDT;
when the SAW reaches the output IDT, the output IDT converts the acoustic waves to elec-
trical signals via the piezoelectric effect [11]. The energy of SAW is primarily limited to the
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surface of elastic objects, and tiny variations in the surface, such as changes in temperature,
pressure, and weight, will alter the acoustic wave signals received by the output IDT [12],
which result in the high sensitivity of SAW gas sensors.

According to distinct structures and operating principles, SAW sensors can be cate-
gorized as a delay-line-type and resonator-type [13]. For dual-delay lines, one is coated
to be used to detect harmful gases, and the other is used as a reference channel to reduce
the influence of environmental factors, such as temperature or pressure. Resonator-type
sensors have a high Q value, low insertion loss, and small frequency drift, which can further
enhance their sensitivity and distinguishability despite their more complicated mechanism
and structure [14]. In terms of functionality, SAW sensors are classified into three categories:
physical sensors, chemical sensors, and biosensors. Physical sensors are primarily used to
detect physical parameters such as temperature and pressure, and chemical sensors are
often used to detect gases qualitatively and quantitatively, while biosensors are employed
to detect substances such as deoxyribonucleic acid (DNA), proteins, etc. [15].

For a SAW chemical gas sensor, such as the delay line shown in Figure 1, the SAW
might be generated from the input IDT and pass through the surface of the sensitive
film covering on the piezoelectric material; when the SAW reaches the output IDT and
adsorbs a certain amount of gas, a frequency shift occurs. In general, the sensitive material
can adsorb target gases selectively and reversibly in two ways, physical adsorption or
chemical adsorption, that is, van der Waals force, hydrogen bonds, or a chemical reaction
between the target gas and film, and sometimes, the solubility of the target gas in the
film is considered [11], which alters the film’s physicochemical parameters, such as the
mass, density, modulus of elasticity, or conductivity, and affects the wave velocity or
frequency of the passing SAW [16,17]. In the detection of toxic or harmful gases with SAW
sensors, the physical and chemical properties of the sensitive materials and the selection of
coating conditions (e.g., film thickness, surface roughness, etc.) will have great influence on
the sensitivity, selectivity, repeatability, and stability of the sensors; therefore, optimizing
membrane materials is very important for preparing a SAW sensor.

- _b.-# Gas molecules

Sensitive film

Figure 1. Scheme of SAW delay line [18]. Reproduced with permission from Mohsen Asad, Surface
acoustic wave based H;S gas sensors incorporating sensitive layers of single wall carbon nanotubes
decorated with Cu nanoparticles; published by Sensors and Actuators B: Chemical, 2014.
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1.2. Sulfur-Containing Hazardous Gas Species
1.2.1. Sulfur-Containing Chemical Agents

Mustard gas (HD), a vesicant chemical agent, is regarded as the king of toxic agents
due to its ability to induce necrosis and tissue degeneration. As a lipophilic vesicant, it
can permeate the body via the skin, eyes, and breathing system. Its alkylation reaction
with proteins, DNA, and glutathione will cause cellular damage [19]. Although mustard
gas has a lethality rate of only 2-5%, it has a high morbidity and psychological impact on
people; this is because it has a median lethal dose (LDsp) of about 100 mg/kg, a median
lethal concentration (LCtsg) of 15,000 mg min/m? [20], and a minimum dose of 0.2 mg to
cause skin blistering [21], and the most important thing is that there is no effective antidote
or treatment. Mustard gas was first synthesized by Despretz in 1822 and used in war
in 1917 [22]; it caused about 1.3 million injuries and over 90,000 deaths during the First
World War [23], mustard gas was also used in the Second World War and the Iran-Iraq
War. According to the Chemical Weapons Convention which came into force in 1997,
chemical weapons should be eliminated within ten years; however, because of the legacy
of war and the fact that chemical weapons are cheap and easy to produce [24], research on
detecting chemical agents are still ongoing. Table 1 lists common chemical agents along with
their simulants.

Table 1. Chemical warfare simulants.

Simulated Chemical Warfare Median Lethal Dose

Simulant Agent (CWA) (LDso) Inhaled (ppm) Ref.
Dimethyl methylphosphonate (DMMP) Sarin (GB) 18 [25]
Dipropylene glycol monomethyl ether (DPGME)  Nitrogen mustard (HN) 180 [25]
Chloroethyl ethyl sulfide (CEES) Distilled mustard (HD) 140 [26]
Dibutyl sulfide (DBS) Distilled mustard (HD) 140 [27]
Chloroethyl phenyl sulfide (CEPS) Distilled mustard (HD) 140 [27]
1,5-Dichloropentane (DCP) Distilled mustard (HD) 140 [25]
Dimethylacetamide (DMA) Distilled mustard (HD) 140 [25]
1,2-Dichloroethane (DCE) SDgilif?GnS)lStard (HD) 1;10 gg}
Dichloromethane (DCM) Phosgene (CG) 800 [25]

1.2.2. Sulfur-Containing Harmful Gas

Hydrogen sulfide (H;S), an acidic, toxic, and flammable gas, has an LDsj of 673 mg/kg
and an odor threshold for H,S of 11 ppb, but olfactory paralysis happens at a concentration of
H,S higher than 140 ppm [28]; people will collapse within 5 min, suffer serious eye impairment
within 30 min, and face the risk of death after 30 to 60 min when the concentrations of
H,S reach 500-700 ppm [29]. H)S naturally exists in volcanic eruptions, paper making,
coal mining, chemical production, automobile exhausts, etc. Since it is one of the main
causes of environmental pollution, it is essential to monitor the concentration of hydrogen
sulfide gas in real time. Sulfur dioxide (SO;), a colorless gas with an irritating odor, is one
of the major pollutants in the atmosphere, it is mainly produced by natural or artificial
processes such as burning fossil fuels containing sulfur (for example, coal, oil, and natural
gas), volcanic eruptions, and smelting and forging sulfur-containing minerals [30]. Prolonged
exposure to SO, can cause harm to the eyes, lungs, and throat. Additionally, SO, easily
dissolves in water to form acid rain, which severely threatens buildings, plants, animals,
and overall environmental balance [31]; therefore, monitoring SO, is an essential aspect of
environmental protection.

2. Sensitive Functional Materials of Sulfur-Containing Agents and Their Simulants
2.1. Polymer

In 1993, Grate et al. [32] employed a 158 MHz four-channel SAW delay line sensor
array to detect mustard gas and sarin. Poly(epichlorohydrin) (PECH), poly(ethylenimine)
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(PEI), ethyl cellulose (ECEL), and fluoropolyol (FPOL) were utilized as the sensitive films
of the sensor array, and signal processing and pattern-recognition algorithms were also
employed to discriminate the target gases. Without preconcentration, mustard and sarin
could be detected at concentrations as low as 2 mg/m? and 0.5 mg/m?, respectively;
however, when the 2 min preconcentration mode was used, the detection limits could be
improved to 0.5 mg/m? for mustard gas and 0.01 mg/m? for sarin. This proved that the
preconcentration mode enhanced the sensitivity of the sensors. Additionally, the study
also discovered that the channel coated with PECH was more sensitive to mustard gas
when humidity levels increased; however, the specific mechanism through which humidity
influenced the sensor was not clearly explained and still needed to be further investigated.

In 2005, Liu et al. [33] used a 159 MHz SAW dual delay line coated with PECH as a
sensitive film to detect mustard gas. To enhance the performance of sensors, the correlation
between film thickness and sensitivity was investigated, the findings revealed that sensitivity
increased with an increase in the film thickness. In the same year, Liu et al. [34] conducted a
response test on the same sensor and found a good linear relationship between HD concen-
trations in the range of 2-200 mg/m? and the corresponding signals. The sensitivity of the
sensor was determined to be 170.1 Hz/(mg/m?). Additionally, they also found that when the
temperature increased from 0 °C to 50 °C at a concentration of 2 g/m3 of CEES, the frequency
shifts decreased by 95%, and the response time and the recovery time become shorter when
temperature increased. Additionally, a repeatability test showed excellent performance of
the prepared sensor. In 2006, Liu et al. [35] investigated the adsorption kinetics between a
PECH film and mustard gas with multimolecular layer adsorption model, they concluded
that gas/liquid balance theory and van der Waals forces was very important for physical
adsorption, and the related work in [36] was also summarized.

In 2007, Chen et al. [37] used an array that consisted of four 200 MHz two-port
resonators with four different polymers (PECH, Silicone (SE-30), Hexafluoro-2-propanol
bisphenol-substituted siloxane polymer (BSP3), fluorinated polymethyldrosiloxane (PTFP))
to detect HD, DMMP, GB, and sarin acid. Combined with a probabilistic neural network
(PNN), the recognition rate could reach 90.87% successfully, and mustard gas was well
recognized. In 2008, the stability, sensitivity, repeatability, consistency, and selectivity of
a SAW PECH sensor were evaluated by this team [14]; the repeatability and consistency
were found to have relative standard deviations of 3.27% and 2.50%, respectively, which
were within the margin of error, and the detection limit was 0.3 mg/ mS3.

In 2009, Matatagui et al. [38] employed a 157 MHz six-channel SAW delay line sensor
array with an electrode thickness of 200 nm and a finger spacing of 5 um to detect DMMP,
DPGME, DMA, and DCE. Six polymers, including PECH, polycyanopropylmethylsiloxane
(PCPMS), carbowax, polydimethylsiloxane (PDMS), PEI, and trifluoropropylmethylsiloxane—
dimethylsiloxane (PMFTPMS), were prepared on the delay line, and the sensor array exhibited
a rapid and significant response. The data obtained from the array were analyzed using
principal component analysis (PCA) and PNN, which resulted in excellent distinguishability
and a low detection limit. In their 2011 study, Matatagui et al. [25] successfully detected
several substances with the same devices, including DMMP, DPGME, toluene, DCM, DCP,
DMA, and DCE, they concluded that all simulants were accurately identified except DCE and
DCM, as these two substances had very similar structures and could not be distinguished. In
the same year, Matatagui et al. [39] developed a six-channel delay line array based on the Love
wave; the sensor array was prepared with an aluminum electrode with a thickness of 200 nm
and a finger spacing of 7 pum. Through spin-coating, a Novolac photoresist guide layer with a
thickness of 0.8 um was applied onto the surface of the piezoelectric material. Subsequently,
the sensitive materials mentioned above were prepared on the surface of the delay line. DMMP,
DPGME, DMA, DCE, DCM, and DCP were tested with the detection system, and their gas
concentration and temperature were controlled, as shown in Figure 2. The sensor array
exhibited excellent stability, reversibility, repeatability, and sensitivity. The CWA simulants
were also accurately detected and categorized with PCA and PNN. In 2012, the same team [40]
utilized a 3-micron-thick SiO, guide layer acquired through plasma-enhanced chemical vapor
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deposition to detect the same six target gases, and the results showed that the detection limits
were 0.04 ppm, 0.25 ppm, 15 ppm, 75 ppm, 125 ppm, and 5 ppm, respectively.

Gases

ouT
Sensor T
Array

Condenser  Temperature -Micrqwave
Control (Peltier) Switch

| Power Source I Freq y
Counter
e
ZigBee GPIB

Power Source

Synthetic
Air

Electrovalves
Control

Figure 2. Scheme of the instrumentation used for data acquisition in real time [39]. Reproduced with
permission from Matatagui D., Array of Love-wave sensors based on quartz/novolac to detect CWA
simulants; published by Talanta, 2011.

In 2011, He et al. [41] designed a novel 300 MHz SAW dual delay line. The device was
prepared with an Al/Au electrode structure and strategic phase modulation to minimize
insertion loss. A PECH film was applied by solvent evaporation, and the thickness of
the film was about 80 nm. This was performed under the conditions of 24 °C, RH 50%,
sensor sensitivity of 25 Hz/(mg/m?) to mustard gas, a linear range of 2-200 mg/m?, and
a repeatability error of £10%. In 2017, Qi et al. [42] designed a 3D nanocluster resonator
sensor whose surface was modified by ZnO nanoclusters to provide a larger specific surface
area for the sensitive layer, thus increasing the detection sensitivity; however, it also led
to an increase in the insertion loss of the sensor. When PECH, SE-30, PTFP, and BSP3
were used as sensitive films to detect a mixture of mustard gas and sarin, it obtained an
identification rate of over 90%.

In 2018, Pan et al. [43] developed a SAW sensor array with a wireless communi-
cation network module and a positioning system module; in this sensor array, PECH,
triethanolamine, fluoroalcoholpolysiloxane, and L-glutamic acid hydrochloride were used
as sensitive films to detect CEES, H,S, DMMP, and NH3, respectively. Combined with
pattern-recognition algorithms, target gases were successfully detected at safe concentra-
tions outside within a range of 300 m. This study demonstrated the feasibility of using
wireless sensor networks for gas detection. In light of the absence of prior research on the
influence of temperature and humidity, Pan et al. [6] conducted a study in 2020 to explore
the environmental adaptability of the PECH-SAW sensor in detecting CEES. The findings
revealed that as the ambient temperature rose, the sensor’s response value decreased,
and the response time shortened. On the other hand, the detection signal exhibited an
apparent increase in a higher-humidity environment; this phenomenon was attributed
to the elevated environmental humidity, which amplified the solvation impact of CEES
on PECH and facilitated the creation of hydrogen bond active sites. The sensor showed
excellent selectivity and resistance to interfering gases in a smoke test, and its sensitivity
of 233.17 Hz/(mg/m?) along with stability over 18 months were also investigated. In
2022, Pan et al. [44] studied the physical characteristics of PECH film in detail. A viscosity
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of 1.969 was obtained and the glass transition temperature was found to be as low as
—22.4 °C. At same time, the work of adhesion, work of immersion, and spreading co-
efficient were calculated, too. In general, the linear solution-energy relationship (LSER)
(Equation (1)) is often used to evaluate the adsorption ability between films and target
gases, and the related LSER parameters of PECH are summarized in Table 2.

logK=c+rRy+smy +a)_ ay +b) Byl +1log L'® (1)

Table 2. LESR regression coefficients for PECH.

Polymer

Abbr. Method c r s a b 1 R Std Error

Poly(epichlorohydrin)

PECH SAW —-0.75 0.44 1.44 1.49 1.3 055 0.993 0.11

There have also been some reports on using other polymers to detect mustard gas and
its simulants. In 2000, McGill et al. [45] employed an alarm system called SAWRHINO
which utilized three unspecified polymer materials to detect HD, DMMP, and GD, and this
is one of the few devices to use SAW technology in practice so far. In 2006, Shi et al. [11]
developed liquid-phase macromolecular synthesis technology to implement molecular-
level doping of poiyaniline (PANI) and phthalocyanine palladium (PdPc), which resulted
in the creation of a novel organic semiconductor-sensitive material called PdPcy3PANI 7.
It was observed that the material exhibited stability at a temperature of 300 °C by em-
ploying differential thermal analysis. The PdPcj3PANIj7 compound was applied onto
the surface of a SAW dual delay line using vacuum-coating technology. The sensor ex-
hibited high sensitivity of 105 kHz/(mg/m?), and the response time was less than 5 min
in detecting mustard gas. In 2014, Matatagui et al. [46] fabricated a 163 MHz six-channel
sensor array; the nanofibers used in this array were prepared by electrospinning technology
using polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), polystyrene (PS), PVA+5nCly,
PVA+5SnCly annealed for 4 h at 450 °C, and the copolymer PS+Poly(styrene-alt-maleic
anhydride) (PS+PSMA) for detecting DMMP, DPGME, DMA, and DCE. The linear rela-
tionship between the concentration and response was found, and it was also proven that it
was possible to achieve an identification rate of 100% by employing PCA. In 2015, Long
et al. [47] applied a strong hydrogen-bond acidic (HBA) polymer linear fluoroalcoholic
polysiloxane (PLF) as the sensitive material to detect GB, DMMP, HD, CEES, and DCP, as
depicted in Figure 3. The sensor exhibited a significant response to sarin, DMMP, and CEES,
while a minimal response to mustard gas and DCP was also found. The difference that
existed in mustard gas, DCP, and CEES might be due to the differing polarity and electron
cloud distribution of mustard gas, DCP, and CEES; this was believed to result from the
chlorine atoms’ strong electronegativity and the sulfur atoms’ electron richness. The factors
discussed above affected the formation of hydrogen bonds and diminished the detection
effectiveness, so the sensor was deemed unsuitable for detecting mustard gas.

2.2. Organic Small Molecule

Katritzky et al. prepared a SAW sensor coated with organic small-molecule sensitive
films to detect mustard gas and its simulants. As seen in Figure 4, pyridine 1-oxide, pyri-
dinium salts, pyridinium betaine compounds, pyridyl ethers, and pyridinium compounds
were synthesized as sensitive materials by this team in 1989 [48]. When detecting DMMP,
CEES, and H,O, it was found that pyridinium betaine and pyridinium sulfonate produced
significant resistance changes to DMMP and CEES, respectively; however, no significant
frequency shift was observed. From the point of view of the resistance response, pyridine
derivatives were more easily influenced by humidity, so environmental conditions would
limit their practical application. In response to this challenge, the team extended their re-
search to acridinium betaines in 1990 [49], as shown in Figure 5, aiming to reduce humidity
interference through an additional hydrocarbon mass around the ionic site. In addition
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to acridinium betaines, they also synthesized quaternary ammonium salts (Figure 5(2,3))
as sensitive materials to detect DMMP, CEES, and H,O; they found that the compounds
in Figure 5(2,3) had small frequency shifts and large resistance responses to CEES, but
the compound in Figure 5(3) reacted almost as much to water vapor as CEES. For the
compounds in Figure 5(1a,1b), CEES could be detected at frequency shifts of 9.8 kHz
and 6.8 kHz, respectively, but the frequency shift resulting from the film in Figure 5(1a)
was irreversible.

/ \o- o S W T .\{»\Pulymer DMMP-Polymer
/ Polymer L

P.
F— \O--' ) ;‘ ...... \’ \z ;Poly'mer Sarin-Polymer
Polymer \X L{

Figure 3. Hydrogen-bonding interactions between DMMP, sarin, 2-CEES, and HBA polymer PLF [47].
Reproduced with permission from Yin Long, The different sensitive behaviors of a hydrogen-bond
acidic polymer-coated SAW sensor for chemical warfare agents and their simulants; published by
Sensors, 2015.
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Figure 4. The structures of pyridinium betaine (1), pyridinium salt (2), and pyridine ether (3) [48].
Reproduced with permission from Katritzky A.R., Utilization of pyridinium salts as microsensor
coatings; published by Langmuir, 1989.

Based on the speculation of the relationship between the adsorption mass and sol-
ubility of the sensitive membrane to the measured gases, in 1990, Katritzky et al. [26]
sprayed phosphonic acid, phosphonate ester, and ammonium cyclohexylphosphonate,
respectively, on a SAW surface, as shown in Figure 6, for the detection of DMMP, CEES,
and H;O. They expected that the sensor would achieve a better effect for DMMP than
CEES and H,0. However, the results revealed that only 4-methylbenzylphosphonic acid in
Figure 6(3b) produced a maximum response frequency of 74.3 kHz for DMMP, while diethyl
4-dimethylaminophenylphosphonate in Figure 6(1f) and diethyl 2-thienylphosphonate
in Figure 6(2a) gained frequency shifts of 77.5 kHz and 65.6 kHz for CEES, respectively,
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and the two compounds did not exhibit a good response for DMMP and H,O. In 1991,
they [50] employed a 52 MHz dual delay line SAW sensor and utilized several synthetic
trisubstituted 1,3,5-triazines as sensitive materials to detect DMMP, CEES, and H,O. As
shown in Figure 7, 2,4-di(carboxymethylthio)-6-octanethio-1,3,5-triazine in Figure 7(1) and
2,4-di(carboxymethylthio)-6-dodecanethio-1,3,5-triazine in Figure 7(2) showed significant
frequency and resistance shifts due to the interaction of carboxylic acid and phosphate
functional groups. The compounds 2,4-dichloro-6-dodecylthio-1,3,5-triazine in Figure 7(3)
and 2,4-dichloro-6-octylthio-1,3,5-triazine in Figure 7(4) exhibited a 37.4-fold and 34.0-fold
increase in resistance to CEES, respectively. Katritzky et al. have conducted many studies
on the sensitivity mechanism of sensors and the design of functional materials, and their
works have great reference value for the design of sensitive materials for the detection of
toxic or harmful gases.

+Z—
/\
+Z—

1 2 3

Figure 5. The structures of acridinium betaine (1) and two quaternary ammonium salts (2,3) [49].
Reproduced with permission from Katritzky A.R., Synthesis and response of new microsensor
coatings-II Acridinium betaines and anionic surfactants; published by Talanta, 1990.
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Figure 6. The structures of 4-substitutedphenylphosphonate derivatives (1), 2-thienylphosphonate
derivatives (2), and 4-substitutedbenzylphosphonate derivatives (3) [26]. Reproduced with permis-
sion from Katritzky A.R., Synthesis of new microsensor coatings and their response to vapors-III
arylphosphonic acids, salts and esters; published by Talanta, 1990.
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Figure 7. The structures of 2,4,6-trisubstituted-1,3,5-triazine derivatives (1-4) [50]. Reproduced with
permission from Katritzky A.R., Synthesis of new microsensor coatings and their response to test
vapors 2,4,6-trisubstituted-1,3,5-triazine derivatives; published by Talanta, 1991.
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2.3. Other Kinds of Sensitive Materials

In 2013, to detect DMMP, diethyl cyanophosphonate, and the mustard gas simulants
DBS and CEPS, Raj et al. [27] designed an electronic nose (E-nose) with four SAW sensors
coated with ZnO, TeO,, SnO,, and TiO;. The four simulants of CWA were effectively
distinguished with the PCA. All simulants were clearly distinguished despite including
interfering substances such as petrol, diesel, kerosene, volatile organic compounds, and
water vapors in the PCA. In 2016, Sayago et al. [51] attempted to develop a Love wave
sensor using graphene oxide as a sensitive film. The sensor presented good reproducibility
in the detection of DMMP, DPGME, DMA, and DCE. The detection limit for DMMP was
9 ppb, and the response of graphene oxide to DMMP was much greater than that of the
other gases measured, which may be due to the formation of hydrogen bonds between
DMMP and graphene oxide.

There have also been some reports about the detection of sulfur-containing gases by
SAW devices without a sensitive film. In 2021, Fahim et al. [52] developed an uncoated
resonator SAW sensor to measure the frequency changes during programmed tempera-
ture increases to detect CEES, methyl salicylate, and DMMP. The system, combined with
PCA, could identify high and sub-ppm concentrations of gases, which provided a novel
method for identifying compounds. In 2022, Kumar et al. [53] investigated the impact of
carrier gas on detecting sensitivity by combining gas chromatography with a SAW sensor;
they used Hj, He, Ny, and air as carrier gases for the detection of CEES, DMMP, diethyl
cyanophosphonate, and triethyl phosphate, as well as methanol, toluene, and xylene. The
experiments revealed that higher sensitivity could be obtained with H; as the carrier gas in
detecting all target gases (Hy > He > air > Nj); therefore, it was judged that the sensitivity
was affected by the density of the carrier gas.

3. Sensitive Functional Materials of Sulfur-Containing Harmful Gases
3.1. Sensitive Functional Materials for SO, Detection

Following the development of SAW sensor technology, more research has focused
on its application in detecting SO,. Most sensitive materials achieve an interaction with
SO, through the attraction between acidic gas and alkaline sites. With a tertiary amino
group as the alkaline adsorption center, N,N-dimethyl-3-aminopropyltrimethoxysilane
(NND) has been a well-known material for detecting SO;. In 1996, Leidl et al. [54] com-
bined NND with hydrophobic propyltrimethoxysilane (PTMS) through co-condensation
to decrease the hydrophilicity of the material. A heteropolysiloxane (NND/PTMS) con-
sisting of 70 mol% NND and 30 mol% PTMS was obtained, and the heteropolysiloxane
was then utilized as the sensitive material in a 330 MHz SAW sensor capable of detect-
ing SO, in an RH 60% environment. In 2001, Penza et al. [55] developed resonator SAW
sensors and surface transverse wave sensors with operating frequencies of 433.92 MHz
and 380.0 MHz, respectively; these sensors utilized “rod-like” polymers, as shown in
Figure 8, such as poly(bis(tributylphosphine)-platinum-diethynylbiphenyl) (Pt-DEBP),
poly-2,5-dibutoxyethynylbenzene (DBEB), and poly-2,5-dioctyloxyethynylbenzene (DOEB),
as sensitive materials. The SAW sensors generally outperformed the surface transverse
wave sensors, particularly the SAW sensors with Pt-DEBP, which achieved lower detection
limits of 2 ppm for SO, and 1 ppm for H,S.

In 2005, Jakubik et al. [56] designed a dual delay line sensor with polyaniline as the
sensitive film to detect acidic gases. However, they did not obtain a satisfactory response
in detecting SO, and H,S; the main reason was the thickness of the polyaniline film, which
was 100 nm and was inadequate for adsorbing SO, and H;S. In 2009, Wen et al. [13] utilized
polyaniline as a sensitive material and opted for a film thickness of 120 um to design a SAW
dual delay line sensor consisting of three IDTs and two multistrip couplers. This design not
only mitigated the impact of the environment, but also suppressed the generation of bulk
acoustic waves (BAW), which ensured precise detection. The sensor also exhibited excellent
linearity and sensitivity of 6.8 kHz/ppm over a measurement range from 312 ppb to
20 ppm. Reliable repeatability and long-term stability during testing SO, were displayed.
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In the same year, Wen et al. [57] developed a dual delay line SAW sensor by utilizing carbon
nanotube polyaniline as the sensitive material, based on their previous research. Compared
to the pure polyaniline sensor, the carbon nanotube polyaniline sensor exhibited superior
linearity, better sensitivity, and a lower detection limit at low concentrations. A sensitivity
of 8.3 kHz/ppm and a detection limit of 0.12 ppb were obtained in the concentration range
of 31.2 ppb to 20 ppm. The study determined that the application of polyaniline-coated
carbon nanotubes solved the problem of pure carbon nanotubes, which tended to aggregate,
so the specific surface area of polyaniline was enhanced.

OCgH47 OC4Hg

[ = _ 1~
Y e Y A

CgH470 C4HgO
DOEB DBEB
— P(C4Hg)3 1
=)< )= ]
P(C4Hg)s ™"
Pt-DEBP

Figure 8. Three types of “rod-like” polymers [55]. Reproduced with permission from Penza M.,
SAW chemical sensing using poly-ynes and organometallic polymer films; published by Sensors and
Actuators B: Chemical, 2001.

In 2013, Ben et al. [58] created new polyurethane imides (PUISs) with Lewis base properties
by synthesizing them with N-methyldiethanolamine (MDEA), N-tert-butyldiethanolamine
(tBu-DEA), N-phenyldiethanolamine (Ph-DEA), and 1, 4-diethanolpiperazine-diol (Piperazine-
diol) as functional monomers. Figure 9 illustrates the polymer structure. SO, gas was detected
accurately at a concentration of 28 ppm by a three-layer Love wave sensor, the sensitivity
of sensors utilizing various functional monomers could be enhanced using the following
sequence: Piperazine-diol < tBu-DEA ~ Ph-DEA << MDEA. It was found that the influence
of steric hindrance on the sensitivity of the sensor was much higher than that of the alkalinity
of the amino group in the functional monomer. Up to now, there have been few reports on
the detection of SO, by SAW sensors. In addition to the polymers discussed above, many
other sensitive materials have also been used to detect SO,, such as metal oxides [59], metal
sulfides [60], and small organic molecules [61,62].

PUI containing tertiary amine groups

Figure 9. Synthesis of PUIs [58]. Reproduced with permission from Ismail Ben Youssef, Functional
poly(urethane-imide)s containing Lewis bases for SO, detection by Love surface acoustic wave gas
micro-sensors; published by Sensors and Actuators B: Chemical, 2013.

3.2. Sensitive Functional Materials for HyS Detection

In 2001, Penza et al. [55] used a “rod-like” polymer poly(bis(tributylphosphine)-
platinum-diethynylbiphenyl) (Pt-DEBP) as a sensitive material to detect H;S, and a detec-
tion limit of 1 ppm was obtained. In 2005, Jakubik et al. [56] demonstrated that sensors
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utilizing polyaniline films had a suboptimal response to HS gas during the testing of
acidic gases. The sulfur atom in the H»S molecule exhibits distinct reactivity towards metal
ions, such as Pb?* or Zn?*, based on this particular property. In 2020, Rabus et al. [63]
synthesized a network polymer that incorporated Pb?*, and used it as sensitive material in
a system which could detect H,S underground. The recognition capability was enhanced
by the specific amalgamation of the lead ion with Hj,S, as shown in Figure 10. Because
of the irreversible reaction, its application was limited. In addition to polymers, many
other sensitive films, such as metal oxides [64,65], small organic molecules [66,67], carbon
nanotubes [18], and ionic liquids [68,69] have also been reported.
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Figure 10. Response mechanism of network polymer [63]. Reproduced with permission from David
Rabus, Subsurface H;S detection by a surface acoustic wave passive wireless sensor interrogated
with a ground penetrating radar; published by ACS Sensors, 2020.

4. Conclusions

This paper carried out a systematic discussion of polymer materials used in SAW
sensors for detecting sulfur-containing toxic or harmful gases. The polymers discussed
in this paper can be categorized into carbon-chain polymers and hetero-chain polymers
based on their main chain structure, which could be modified by the insertion of functional
monomers or functional groups. The sensitive materials are summarized in Table 3. Great
progress has been made in the research on polymers for detecting sulfur-containing gases,
and there have been many reports on the structure design, selectivity, stability and anti-
interference ability of polymers, but determining how to obtain polymer materials with
more selectivity for target gases is still the focus of current research. In some cases, due to
the similar chemical structure of the measured gas, it is very difficult to accurately identify
the target gas with a single polymer material; to solve this problem, SAW sensor arrays
and pattern-recognition algorithms are always used to improve the accuracy of detection.
In addition, environmental factors including temperature, humidity, and interference gases
might affect the sensor during gas detection; therefore, determining how to improve the
environmental adaptability of polymer materials to obtain new polymer materials is still a
focal area of research.
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Abstract: In this study, we investigated the gas-sensing mechanism in bottom-gate organic field-effect
transistors (OFETs) using poly(triarylamine) (PTAA). A comparison of different device architectures
revealed that the top-contact structure exhibited superior gas-sensing performance in terms of field-
effect mobility and sensitivity. The thickness of the active layer played a critical role in enhancing
these parameters in the top-contact structure. Moreover, the distance and pathway for charge carriers
to reach the active channel were found to significantly influence the gas response. Additionally,
the surface treatment of the SiO, dielectric with hydrophobic self-assembled mono-layers led to
further improvement in the performance of the OFETs and gas sensors by effectively passivating the
silanol groups. Under optimal conditions, our PTAA-based gas sensors achieved an exceptionally
high response (>200%/ppm) towards NO,. These findings highlight the importance of device and
interface engineering for optimizing gas-sensing properties in amorphous polymer semiconductors,
offering valuable insights for the design of advanced gas sensors.

Keywords: poly(triarylamine); gas sensor; organic field-effect transistor; device structure; surface
treatment; sensitivity

1. Introduction

Nitrogen dioxide (NO;) is a toxic volatile organic compound that originates from
industrial sources such as automobiles. Therefore, it is essential to monitor NO, concentra-
tions down to the part-per-billion (ppb) level. While several NO,-sensing techniques, such
as combustion-type sensors, are available, there is a need for instant detection methods
like amperometric sensing. Metal oxide-based gas sensors offer precise sensing platforms,
but they require high operating temperatures [1]. In this regard, the development of a
room temperature NO, sensor compatible with a plastic substrate is necessary. We have
previously identified that a polymer semiconductor can serve as an alternative gas-sensing
element for a room-temperature-operating NO, gas sensor [2—4]. This approach offers
advantages such as low processing temperature and low production cost [5]. It is worth
noting that polymer semiconductors can be easily deposited using solution processing
techniques such as spin-coating, inkjet printing, and roll-to-roll printing [6,7].

Since the conductivity of polymer semiconductors is typically low, it is necessary to
amplify the charge carrier density of the polymer semiconductor. Therefore, the structure
of an organic field-effect transistor (OFET), including the semiconductor, dielectric, and
source/drain/gate electrodes, is preferred. With this FET structure, the application of a gate
bias can enhance the source-drain current through the field-effect phenomenon [8,9]. Gas
sensors based on OFETs require several key performance parameters; namely, sensitivity,
selectivity, and stability [10]. Specifically, sensitivity is strongly influenced by OFET character-
istics such as field-effect mobility and subthreshold voltage. As gas molecule detection relies
on the modulation of the source-drain current in the active channel region, high field-effect
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mobility facilitates the fast detection of target gas molecules. Extensive research has shown
that both the microstructure and molecular structure of the polymer semiconductor affect the
performance of OFETs [11]. Additionally, a few studies have explored the structure—property
relationship in OFET-based gas sensors. Our group recently demonstrated that the presence
of a glycol side chain in a diketopyrrolopyrrole-based polymer offers advantages for selec-
tive NO, detection below the ppb level [12,13]. Although the glycol side chain degrades
the field-effect mobility, it enables efficient gas diffusion for gas absorption and desorption.
Consequently, the NO,-gas-sensing performance is inversely proportional to the crystallinity
of the polymer semiconductor used. It is important to note that the simple logic of increasing
crystallinity for high-performance OFETs does not apply to OFET-based gas sensors.

From the literature, it has been found that the amorphous polymer poly(triarylamine)
(PTAA) can serve as an excellent active layer for OFET-based NO; sensors [14,15]. PTAA
possesses the highest occupied molecular orbital (HOMO) level of —5.14 eV [16], enabling
stable operation in ambient conditions. Although the field-effect mobility of PTAA FETs
is approximately 107> cm?/Vs, PTAA sensors have demonstrated the ability to detect
NO; concentrations as low as 10 ppb [15]. In PTAA FETs, the PTAA film functions as the
active sensing layer, while the source, drain, and gate electrodes are employed for electrical
measurements. By adjusting the gate voltage, the current flow through the PTAA film
can be controlled, allowing for the measurement of the response to NO, exposure. The
mechanism of NO; sensing relies on the adsorption of NO, on the PTAA surface, which
induces changes in the electrical properties of the PTAA FETs. This modulation is typically
observed as variations in the charge carrier density and field-effect mobility. However,
the precise mechanism of gas detection requires further study, including investigations
into gas dynamics (such as diffusion) and device physics. Continued research efforts are
aimed at optimizing PTAA-based sensors, which involve the development of novel device
structures, surface functionalization techniques, and integration with other materials or
technologies to enhance overall sensor performance [11,14,17,18].

In this report, we investigated the NO;-sensing performance of PTAA FETs with
varying device structures; namely, top-contact and bottom-contact, as well as different
thicknesses of the PTAA active layer. This study marks the first attempt to compare the
gas-sensing properties of bottom-contact FET sensors with the top-contact structure. We
used a common SiO, gate dielectric because of the ease in surface functionalization with
a silane coupling agent. Additionally, we examined the impact of surface treatment on
the SiO, dielectric layer and its influence on FET performance. Surface treatment plays
a crucial role in enhancing the device performance of PTAA FETs and also affects their
gas-sensing properties. Note that charge carrier transport occurs mainly at the interface
between the semiconductor and dielectric layer. We analyzed the NO;-sensing performance
by evaluating response and recovery rates. Furthermore, we compared the measurement of
transfer characteristics before and after NO, injection. Finally, we proposed a mechanism
for gas sensing that takes into consideration different device architectures and surface
treatments; this is a novel aspect not previously explored in existing reports.

2. Materials and Methods
2.1. Fabrication of PTAA FET Sensor

PTAA (Ossila, molecular weight 6312 g/mol) was dissolved in chloroform (Sigma
Aldrich Co., St. Louis, MO, USA) at concentrations of 2.5 mg/mL and 5.0 mg/mL to control
the thickness of the PTAA film. The thickness of the PTAA film from a 2.5 mg/mL solution
was measured to be 18.7 nm, whereas the thickness of the PTAA film from a 5.0 mg/mL
solution was 38.7 nm. A silicon wafer with a thermally grown SiO, layer (300 nm thickness)
was obtained from Fine Science. The wafer was cut into 1.8 cm by 1.8 cm pieces and cleaned
for 20 min using acetone and isopropyl alcohol by ultrasonication. The silicon substrates
were dried with Nj and then treated with UV-ozone for 30 min to make the SiO, /Si surface
hydrophilic. Optionally, the SiO, /Si substrate was treated with octadecyl-trichlorosilane
(ODTS) using a dipping method. This treatment resulted in the formation of ODTS self-

60



Polymers 2023, 15, 3463

assembled monolayers (SAMs) on the SiO, surface through a chemical reaction with silanol
groups in SiOp. However, the surface treatment of the SiO, dielectric with ODTS SAMs
did not affect the thickness of the PTAA film. To fabricate bottom-gate top-contact PTAA
FETs, the PTAA solution (2.5 mg/mL and 5.0 mg/mL) was spin-cast onto the substrate at
1500 rpm for 60 s. Thin-film gold (Au) source/drain electrodes with a thickness of 60 nm
were thermally deposited onto the PTAA film using a shadow mask. The resulting FETs
had a channel length of 70 um and a width of 2000 um. For the bottom-gate bottom-contact
PTAA FETs, a 60 nm thick Au film was deposited onto the cleaned SiO,/Si substrate
through a shadow mask to create the source/drain electrodes with a channel length of
70 um and a width of 2000 pum, respectively. Subsequently, the PTAA solution (2.5 mg/mL
and 5.0 mg/mL) was spin-cast at 1500 rpm for 60 s to form a PTAA thin-film. PTAA FET
gas sensors were fabricated by connecting the gate, source, and drain electrodes to a gas
sensor module using silver wire and silver paste.

2.2. Characterization

The morphologies of the PTAA thin-films were characterized using atomic force
microscopy (AFM, Park Scientific Instrument, Suwon, Republic of Korea) to investigate
their surface structures. The electrical characteristics of the PTAA FETs were measured
using a Keithley 2612A semiconductor parametric analyzer connected to a gas chamber
(GASENTEST, Precision Sensor System Inc., Daejeon, Republic of Korea). The transfer
curves were obtained under the following conditions: the gate voltage was swept from
Vs =40 to —80 V with a source/drain voltage of Vps = —80 V. To evaluate the gas-sensing
properties of the PTAA FETs, a gas chamber (GASENTEST, Precision Sensor System Inc.)
was employed. The source/drain voltage was fixed at —20 V, while the applied gate voltage
varied depending on the FETs. The applied gate voltage was determined by subtracting
10 V from each threshold voltage of the FETs to accurately compare the gas sensitivity.
Target NO, gas was used, and the concentrations of the target gas were adjusted using N, as
a carrier gas. Dynamic gas-sensing properties were measured by periodically introducing
the target gases at specific time intervals. To assess the response and recovery rates of the
NO, sensors based on PTAA FETs, the time-dependent source—drain current at the given
gate voltage was monitored. The response to the target NO, gas was calculated by dividing
the change in the current flow by the initial value, using the following equation:

Response = (Ig — Ig) /I x 100 (%)

Here, I represents the initial base current at the initial measurement, while I; indicates
the source—drain current at the given condition. Similarly, the recovery was expressed
as the ratio of returning to the initial current value (Igr) compared to the total amount of
current change caused by the NO, target gas.

Recovery = (Ig — Ir)/ (Ig — Ip) x 100 (%)

In this equation, Ir represents the current at the end of the recovery, and I; represents
the current immediately after the target gas injection. Additionally, to analyze gas-sensing
characteristics based on the exposure time to the NO, gas, the response rate and recovery
rate were determined by dividing the response and recovery values by the corresponding
exposure time, respectively.

3. Results and Discussion

Figure la presents the chemical structure of PTAA. In contrast to semicrystalline
conjugated polymers like poly(3-hexylthiophene), PTAA incorporates two methyl groups
into the aromatic phenyl group. These short aliphatic side chains do not contribute to
structural ordering. An AFM image of the PTAA thin-film obtained after spin-casting
the PTAA solution is shown in Figure 1b. The image displays a featureless morphology,
and the Root Mean Square (RMS) roughness of the PTAA thin-film was measured to be
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0.33 nm. These characteristics provide evidence for the amorphous nature of the PTAA
thin-film. Figure 2 shows the fabrication steps for gas sensors based on top-contact versus
bottom-contact FETs. Detailed fabrication steps are illustrated in the Materials and Methods
section. As shown in Figure 3, we fabricated PTAA FETs with different device architectures,
while highly doped Si and SiO, (thickness of 300 nm) layers serve as the gate electrode
and gate dielectric, respectively. The pathways for charge carriers are indicated by the
yellow arrows. In the top-contact structure, injected charge carriers move toward the
semiconductor-dielectric interface, and adsorption of the target gas can affect both the
carrier injection and carrier transport [19]. In the bottom-contact structure, charge injection
mainly occurs at the edge of the source/drain electrodes. Although the area of adsorption
in the bottom-contact structure is larger than that in the top-contact structure, the effect of
charge injection after gas adsorption is limited, possibly due to the shorter injection path.

1nm

PTAA

Figure 1. (a) Molecular structure of the PTAA. (b) Atomic force microscopy (AFM) image of PTAA
thin-film spin-cast from a 5.0 mg/mL PTAA solution.

|

. ‘ Spin casting Gold deposition ,
L ]

Wafer cleaning

(b)

Gas sensor

Gold deposition Spin casting

Figure 2. Fabrication steps for gas sensors based on (a) bottom-gate /top-contact FETs, and (b) bottom-
gate/bottom-contact FETs.

In Figure 4a, the transfer characteristics of bottom-gate OFETs based on different
concentrations of PTAA and device structures are presented. The corresponding device
parameters extracted from these transfer characteristics are summarized in Table 1. The
term “Top” represents the top-contact structure, while the term “Bottom” represents the
bottom-contact structure of the PTAA FETs. The term “Bare” represents the SiO, dielectric
without modification, while the term “ODTS” represents the SiO, dielectric with ODTS
SAMs. For the top-contact structure, an increase in PTAA concentration from 2.5 mg/mL
to 5.0 mg/mL (thickness from 18.7 nm to 38.7 nm) resulted in a decrease in both the on-
current and threshold voltage, while the off-current remained unchanged. In this structure,
the field-effect charge carriers injected from the source electrode are expected to move
towards the active channel region near the gate—dielectric layer and subsequently reach
the drain electrode, as shown in Figure 3a. To ensure a shorter injection pathway, a thin
semiconducting layer is preferred. It was observed that the field-effect mobility degraded
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five times when the concentration was doubled (from 2.5 mg/mL to 5.0 mg/mL). On
the other hand, in the bottom-contact structure, the on-current and field-effect mobility
remained unchanged with varying concentrations. The pathway for charge transport
did not significantly change with an increase in the semiconducting layer, as depicted in
Figure 3b. It is important to note that field-effect charge carriers are mostly located in the
active channel region near the gate—dielectric layer and the source—drain electrodes [20].
Therefore, the thick overlayer of amorphous PTAA film in the bottom-contact structure
does not play a significant role in the current modulation.

(a) Gas (b)
AR RRRR RN \\\\p\\\\‘
Gate-dielectric Gate-dielectric
Gate Gate

(c)

Figure 3. A schematic diagram showing the operating mechanism of PTAA gas sensors based on
(a) bottom-gate/top-contact FETs, and (b) bottom-gate/bottom-contact FETs. (c) Change in band
diagram at the interface between Au and PTAA under NO, exposure.

The surface treatment of the gate—dielectric is crucial in controlling the trap density at
the interface between the active channel and the gate—dielectric [20,21]. Previous studies
have reported that hydrophobic self-assembled monolayers (SAMs) can protect silanol
groups in SiO, /Si interfaces [22]. In Figure 4b, the transfer characteristics of bottom-gate
OFETs based on PTAA with different surface treatments and device structures are de-
picted. A PTAA concentration of 5.0 mg/mL was used because using 2.5 mg/mL resulted
in thin-film dewetting on hydrophobic ODTS SAMs. The surface treatment of the SiO,
with ODTS SAMs improved the on-current and field-effect mobility, irrespective of the
device geometry (top-contact or bottom-contact). The significant increases in field-effect
mobility can be directly attributed to the coverage of silanol groups with hydrophobic
ODTS SAMs [23,24]. Treatment of the SiO, surface with ODTS SAMs reduces the number
of silanol groups, thereby decreasing the trapping of hole carriers. As PTAA is an amor-
phous polymer semiconductor, the structural effect of PTAA due to surface treatment is
minimal compared to the dominant trap-covering effect. Additionally, the subthreshold
slope, which indicates the switching capability, is an important factor. After ODTS surface
treatment, the subthreshold slope decreases significantly, indicating an improved switch-
ing performance. Simple surface treatment with ODTS SAMs proved advantageous for
enhancing the device’s performance in both top-contact and bottom-contact PTAA FETs.
Specifically, top-contact FETs based on PTAA thin-films prepared from 5.0 mg/mL and
featuring an ODTS interfacial layer represent the optimal conditions for achieving the best
switching performance.
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Figure 4. Transfer characteristics of (a) FETs based on different concentrations of PTAA (2.5 mg/mL,
5mg/mL) and device structures (top-contact, bottom-contact), and (b) FETs based on different surface
treatments (bare, ODTS) and device structures (top-contact, bottom-contact). Vpg was fixed at —80 V
at all measurements while gate voltage was swept from 40 V to —80 V.

Table 1. Electrical characteristics of PTAA FETs based on different concentrations of PTAA, surface
treatments, and device structures. V1p: threshold voltage, SS: subthreshold slope.

Mobility, u# [10-3cm?/(V-s)] Vru [VI] Turn On V [V] SS [Videc]
2.5 mg/mL Top Bare 3.28 -8.21 -9.30 3.56
2.5 mg/mL Bottom Bare 0.535 —31.7 —32.9 5.72
5 mg/mL Top Bare 0.603 —23.1 —244 533
5 mg/mL Bottom Bare 0.598 -30.0 —-29.6 5.63
5 mg/mL Top ODTS 443 —-194 -19.6 3.33
5 mg/mL Bottom ODTS 4.62 -16.9 -17.5 4.75

To measure the gas-sensing response of the PTAA FETs, NO, gas was periodically
injected into the gas chamber, which was connected to the current monitoring setup. Since
NO; is an oxidizing gas and PTAA is a p-type semiconductor, the adsorption of NO, to
PTAA results in an increase in the accumulation of hole carriers. Figure 5 illustrates the
gas-sensing characteristics of the PTAA FETs based on different concentrations of PTAA
and device structures after exposure to 50 ppm NO,. From these curves, the response
rate and recovery rate were extracted and are presented in Table 2. The response rate is
highly dependent on the sensor type, while the recovery rate remains nearly the same
regardless of the sensor type. During the 50 s injection of NO; (indicated in the grey region),
the current in the PTAA FETs increases abruptly, while the current recovers to its initial
state during the 1000 s N, purging. The sluggish recovery observed after the initial fast
recovery may be attributed to the interaction between PTAA and NO; [12]. To enhance
the recovery behavior, thermal annealing can be applied. In the top-contact structure, a
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decrease in the PTAA concentration (from 5.0 mg/mL to 2.5 mg/mL) results in an increase
in the response. The electrical properties of the PTAA FETs, such as field-effect mobility
and subthreshold slope, are superior in the 2.5 mg/mL device. The fast-switching speed
in this device is advantageous for the rapid detection of target NO, molecules. In the
bottom-contact structure, on the other hand, the change in current upon NO, exposure
is not significantly affected by the thickness of the PTAA film, which corresponds to the
concentration of the PTAA solution. This finding suggests that the adsorption and diffusion
of NO; onto the PTAA film plays a crucial role in modulating the current in top-contact
FETs.
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Figure 5. Gas-sensing characteristics of PTAA FETs based on different concentrations of PTAA
and device structures by exposure to 50 ppm of NO,: (a) raw data of the source—drain current,
(b) normalized gas response (%/ppm). Vps was fixed at —20 V, and Vs was fixed at a voltage lower
than 10 V for each Turn-On Voltage.

Table 2. Summary of gas sensor performance.

Response Rate (s—1) Recovery Rate (s—1)

2.5 mg/mL Top Bare 0.198 0.000816
2.5 mg/mL Bottom Bare 0.0666 0.000878
5 mg/mL Top Bare 0.106 0.000861

5 mg/mL Bottom Bare 0.118 0.000870
5 mg/mL Top ODTS 1.77 0.000979
5 mg/mL Bottom ODTS 0.521 0.000927

To evaluate the impact of surface treatment and device structure, the NO,-sensing
performance was compared in Figure 6. The surface treatment of SiO, with hydrophobic
ODTS SAMs improved the gas response in both the top-contact and bottom-contact devices,
which correlates with the enhanced device performance observed in the FETs (as shown
in Table 1). Because the adsorption of NO; occurs at the PTAA surface, the hydropho-
bic character of ODTS did not decrease the gas adsorption and diffusion behaviors. In
particular, the top-contact PTAA FETs with ODTS SAMs exhibited an exceptionally high
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response (>200% /ppm) towards NO,. This outcome suggests that amorphous PTAA film
is well-suited for detecting NO; at levels as low as parts per million (ppm).
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Figure 6. Gas-sensing characteristics of PTAA FETs based on different surface treatments and device
structures by exposure to 50 ppm of NO,: (a) raw data of the source—drain current, (b) normalized
gas response (%/ppm). Vpg was fixed at —20 V, and V55 was fixed at a voltage lower than 10 V for
each Turn-On Voltage.

Several reasons can be proposed to explain the excellent NO;-sensing performance in
top-contact PTAA FETs. Firstly, gas diffusion is facilitated within the amorphous PTAA
film. It is speculated that partially positive NO, molecules can migrate towards the
semiconductor—dielectric interface, particularly at the interface between PTAA and SiO;.
This migration is driven by the electric field generated by the gate bias, and it is applicable
regardless of the device structure, whether it is top-contact or bottom-contact. Secondly, the
presence of NO, molecules within the PTAA film can induce the generation of additional
hole carriers, enhancing charge injection along the electrode-active channel pathway. It
is worth noting that the HOMO level of PTAA has been reported to be approximately
—5.14 eV [16]. This HOMO level creates a barrier relative to the Fermi level of the Au
electrode. It has been observed that evaporated Au electrodes typically have a work
function of approximately 4.8 eV [25,26]. Due to the generation of hole carriers from the
NO; molecules, the Fermi level of PTAA could shift upward, facilitating charge injection
(Figure 3c). Indeed, it is noticeable that the top-contact structure has a longer injection
path, which can contribute to the enhanced sensing performance in this configuration.
On the other hand, in the bottom-contact structure, the injection pathway is short and is
weakly affected by the charge carriers generated from the adsorbed NO, molecules. As
a result, the response in the bottom-contact structure tends to be lower compared to the
response observed in the top-contact structure. This is because the distance and pathway
for charge carriers to reach the active channel are less favorable for sensing NO, gas in the
bottom-contact structure.

To further understand the gas-sensing mechanism, transfer characteristics before and
after gas injection were compared in Figure 7. All the curves exhibited significant increases
in on-currents, while the off-currents remained unchanged. The minor shift in threshold
voltage may be attributed to the combined effects of the NO,-induced generation of hole
carriers and gate bias instability resulting from hole trapping. Notably, there was a substantial

66



Polymers 2023, 15, 3463

increase in field-effect mobility after gas injection, which is calculated and summarized in
Table 3. The increase in field-effect mobility can be attributed to the trap-filling effect in the
PTAA film. As mentioned earlier, NO, molecules induce the generation of extra hole carriers.
These hole carriers fill the trap sites within the PTAA film, leading to an enhancement in the
field-effect mobility. It was observed that thicker PTAA films exhibited a higher rate of increase
in field-effect mobility, suggesting a higher amount of adsorbed NO, molecules in thicker films.
However, in the top-contact structure, the increase in mobility (from 3.28 x 1075 em?/(V-s)
to 21.0 x 10~° cm?/(V-s)) was greater in a thinner PTAA film (2.5 mg/mL Top Bare) com-
pared to in a thicker PTAA film (5.0 mg/mL Top Bare), which exhibited an increase from
0.603 x 1075 cm?/(V-s) t0 6.65 x 107> cm2/(V-s). This higher increase in mobility in the thin
PTAA film correlates with the higher gas response observed in the 2.5 mg/mL device. In
contrast, the bottom-contact structure exhibited a lower increase in mobility and a relatively
weaker thickness effect compared to the top-contact structure. This finding supports the as-
sumption that the distance and pathway for charge carriers to reach the active channel play
a critical role in the gas response. The top-contact structure with ODTS SAMs exhibited the
highest increase in mobility, further supporting the significant effect of surface treatment. It can
be proposed that the trap-filling effect is more dominant in the top-contact structure; therefore,
top-contact PTAA FETs with ODTS SAMs demonstrate the best sensing performance.
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Figure 7. Transfer characteristics of PTAA FETs before and after NO; gas injection. Vpg was fixed at
—80 V.

Table 3. The field-effect mobility of PTAA FETs based on different concentrations of PTAA, surface
treatments, and device structures before and after NO, gas injection.

Before Mobility, pgefore After Mobility, paster /

[1075 cmZ/(V-s)] [1075 CmZ/(V-S)] HAfter/ HBefore
2.5 mg/mL Top Bare 3.28 21.0 6.40
2.5 mg/mL Bottom Bare 0.535 1.24 2.32
5 mg/mL Top Bare 0.603 6.65 11.0
5 mg/mL Bottom Bare 0.598 2.28 3.81
5 mg/mL Top ODTS 44.3 309 6.98
5 mg/mL Bottom ODTS 4.62 29.6 6.41
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4. Conclusions

In summary, our study investigated the gas-sensing properties of PTAA FETs based
on different concentrations of PTAA, surface treatments, and device structures. The amor-
phous nature of the PTAA film was confirmed through AFM analysis, and the device
structures were fabricated as top-contact and bottom-contact configurations. The transfer
characteristics of the PTAA FETs revealed that an increase in PTAA concentration in the
top-contact structure resulted in a decrease in the on-current and threshold voltage, while
the off-current remained unchanged. In contrast, the bottom-contact structure showed no
significant changes in the on-current and field-effect mobility with varying PTAA concentra-
tions. Surface treatment of SiO, with hydrophobic ODTS SAMs was found to enhance the
gas response and field-effect mobility in both top-contact and bottom-contact PTAA FETs.
The improved performance was attributed to the coverage of silanol groups by the ODTS
SAMs, leading to a decrease in subthreshold slope and enhanced switching capabilities.

Gas-sensing experiments with NO, gas demonstrated that the current in PTAA FETs
increased abruptly upon exposure to NO; and recovered during N, purging. The decrease
in PTAA concentration led to an increase in response, particularly in the top-contact struc-
ture. The adsorption of NO, onto the PTAA film played a critical role in the current change.
Comparative analysis of the NO;-sensing performance in top-contact and bottom-contact
PTAA FETs revealed that the top-contact structure exhibited a higher response. The longer
injection path in the top-contact structure facilitated interaction between NO, molecules
and the PTAA film, resulting in a higher sensitivity to NO, gas. Further investigation of
transfer characteristics before and after gas injection showed significant increases in on-
currents and field-effect mobility. The trap-filling effect in the PTAA film was identified as
the reason for the increase in field-effect mobility. The top-contact structure demonstrated a
higher increase in mobility, supporting the notion that the distance and pathway for charge
carriers play a critical role in the gas response.

Based on the findings, it can be concluded that the gas-sensing performance of top-
contact PTAA FETs with ODTS SAMs was superior. The amorphous PTAA film was found
to be well-suited for detecting NO, at low concentrations, highlighting its potential for
gas-sensing applications.
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Abstract: In order to improve the vibration suppression effect of the flexible beam system, active
control based on soft piezoelectric macro-fiber composites (MFCs) consisting of polyimide (PI) sheet
and lead zirconate titanate (PZT) is used to reduce the vibration. The vibration control system
is composed of a flexible beam, a sensing piezoelectric MFC plate, and an actuated piezoelectric
MEC plate. The dynamic coupling model of the flexible beam system is established according
to the theory of structural mechanics and the piezoelectric stress equation. A linear quadratic
optimal controller (LQR) is designed based on the optimal control theory. An optimization method,
designed based on a differential evolution algorithm, is utilized for the selection of weighted matrix Q.
Additionally, according to theoretical research, an experimental platform is built, and vibration active
control experiments are carried out on piezoelectric flexible beams under conditions of instantaneous
disturbance and continuous disturbance. The results show that the vibration of flexible beams is
effectively suppressed under different disturbances. The amplitudes of the piezoelectric flexible
beams are reduced by 94.4% and 65.4% under the conditions of instantaneous and continuous
disturbances with LQR control.

Keywords: piezoelectric polymer; flexible beam; LQR; differential evolution algorithm; vibration control

1. Introduction

Piezoelectric materials have been widely used in the vibration control of structures
due to their characteristics of light weight, flexible size, fast response speed, and wide
frequency response range [1-3]. By using the positive and inverse piezoelectric effects of
piezoelectric materials, sensors and actuators can be made embedded into the structure’s
surface in order to control the active vibration of the system.

The piezoelectric materials commonly used for vibration control include single-layer
piezoelectric ceramics, multilayer piezoelectric ceramics, and piezoelectric fiber composite
materials. Single-layer piezoelectric ceramics are ferroelectric ceramics which possess a
piezoelectric effect after being polarized by a high-voltage DC electric field. They have the
advantages of low density, good response accuracy, high-frequency response, and high
output [4-6]. Multilayer piezoelectric ceramics can generate more significant displacement
than single-layer piezoelectric ceramics under the existing driving conditions in order
to meet the need for vibration reductions in large vibration amplitude [7-9]. Although
piezoelectric ceramics have achieved good results in vibration control, their application scope
is limited due to low toughness and high brittleness. With the complexity and diversification
of mechanical structures, flexibility has become one of the essential indicators of piezoelectric
materials. Piezoelectric fiber composites can be bonded in various types of systems or
embedded into composite structures, bending and twisting forms under the action of the
applied voltage in order to generate or counteract vibration. They can be used as strain
gauges to sense deformation, noise, and vibration when there is no applied voltage [10-12].
Piezoelectric fiber composites can also be used in precision sensor technology in microscopic
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mass sensing and measurements of viscosity, stiffness, and many other physical quantities
using methods of influencing the electrical substitution model of piezoresonators [13,14].

In the field of active control with piezoelectric materials, researchers have carried out
a series of studies and achieved numerous achievements. Hosseini et al. [15] proposed an
active vibration control system for monitoring and suppressing human forearm fibrillation.
It operates in the ways that are outlined here. Firstly, a dynamic model of the forearm is
established. The forearm is simplified into a uniform flexible continuous beam model. The
upper surface of the beam is covered with a layer of piezoelectric sensors, and the lower
surface is covered with a layer of piezoelectric actuators, forming a vibration control system.
The closed-loop active control of forearm vibration is realized by this control system. In
addition, the effects of control gain, piezoelectric coefficient, and dielectric constant on the
vibration response are investigated. The experimental results showed that the proposed
active vibration control system can effectively suppress forearm flutter. Huang et al. [16]
studied the active vibration control of piezoelectric sandwich plates. The structure used
consists of two layers of piezoelectric sensors and a plate. The method used is based on
the constitutive equation of piezoelectric material, whereby the active vibration control
dynamic equation of the sandwich structure is established using the hypothesis mode
method and Hamiltonian principle. The results show that the natural frequency of the
structure is greatly affected by the different boundary conditions and the position of the
piezoelectric plate. It can be said that the effect of active control is proportional to the
velocity feedback coefficient. Additionally, Sohn et al. [17] used the piezoelectric actuators
to control the active vibration of the ship shell structure. Watanabe et al. [18] analyzed and
tested the active vibration control of the piezoelectric plate on the swing of the rear edge
of the aircraft wing. National Aeronautics and Space Administration (NASA) researchers
applied piezoelectric active control to the vibration of the rotating blade [19]. Furthermore,
Callipari et al. [20] studied the active control of elastic vibration of large space structures by
using bias piezoelectric actuators and tested the control model using the cantilever plate
of solar panels. Hashemi et al. [21] designed an intelligent active vibration control system
composed of a piezoelectric actuator and linear quadratic regulator in order to control
the transverse deflection of wind turbine blades. To apply the control rules to fan blades,
an advanced semi-analytical solution is proposed for the transverse displacement of fan
blades under external loads.

Although piezoelectric ceramics have been widely used in piezoelectric vibration
control, they can be used for the vibration reduction of some specific structures because
of their poor elasticity. However, piezoelectric fiber composites have good elasticity and
flexibility and they can adapt to different structural surfaces. This means that they have
more applications in the field of vibration control. A novel composite sandwich beam
with an adaptive active control system was proposed by Lu et al. [22]. The macro-fiber
composite (MFC) piezoelectric patches were employed to construct the adaptive closed-loop
control system. The resulted show that the vibrations induced by complex multi-frequency
excitation with different amplitudes were effectively reduced with MFC piezoelectric
patches. Wang et al. [23] investigated vibration suppression for a high-speed macro-micro
manipulator with structural flexibility and parameter perturbation. In the study, the
macro-micro manipulator contained an air-floating macro-motion platform and an MFC
micromanipulator. The electromechanical dynamic model was thus derived. The results
showed the proposed control strategy improved manipulation stability, robustness, and
accuracy. Furthemore, the topology optimization of piezoelectric macro-fiber composite
patches on laminated plates for vibration suppression was analyzed by Padoin et al. [24].
The linear—quadratic regulator (LQR) optimal control technique was used to find the
optimum localization of the MFC piezoelectric patch for vibration control. The proposed
MFC structure interaction model agreed well with experiments and numerical simulations
of models. Dubey et al. [25] studied the shear-based attenuation of the vibration of an
annular sandwich plate using shear actuated fiber composite (SAFC) and balanced laminate
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of PFC (BL-PFC) methods. The results showed that the BL-PFC is the best for shear-based
attenuation of vibration of the annular sandwich plate.

For piezoelectric-based flexible beam systems, many scholars have performed numer-
ous studies and obtained valuable results. Mohammed et al. [26] investigated the active
vibration control of a cantilever beam. The optimal LOR controller was designed to reduce
the vibration of the smart beam. The effect of piezoelectric vibration suppression was
studied by changing the beam length. The results indicated that the maximum reduction
percentage for settling time related to the free vibration of the smart beam reaches 80%. Lu
et al. [27] studied the active vibration control of thin-plate structures with partial smart
constrained layer damping (SCLD) treatment. In their research, the emphasis was placed
on the feedback control system in order to attenuate the vibration of plates with SCLD
treatments. When the external incentive was obtained from a single-frequency signal, vi-
bration response amplitude attenuated by up to nearly 60%. Ezzraimi et al. [28] compared
the control effects of different control algorithms and optimized the parameters of the
controller by using genetic algorithms. The active vibration control using two types of
LOR and PID controllers with different control parameters was tested and compared for
the two recovery configurations of the piezoelectric elements. Furthermore, the active
vibration control of composite cantilever beams was investigated by Huang et al. [29]. The
linear quadratic regulator (LQR) feedback gain was optimized based on the particle swarm
optimization (PSO) algorithm. The study showed that the optimal feedback gain of the
controller effectively balanced the control effect and the control cost. The vibration of the
cantilever was reduced by more than 50%. A control system was designed by Grzybek
for the multi-input and simple-output piezoelectric beam actuators based on macro-fiber
composite [30]. Additionally, the LQR control algorithm was used to generate control
voltages. Furthermore, multiple PZT actuators were employed to suppress the vibration of
the composite laminate plate by Her [31].

Piezoelectric polymers allow researchers to overcome the drawbacks of ceramic ma-
terials. The popular piezoelectric polymers can be divided into polyvinylidene fluoride
(PVDF), polylactic acids (PLA), polyurethanes (PU) and PI [32-35]. Piezoelectric polymers
have demonstrated better dielectric behavior and field strength, as well as an ability to
tolerate high driving voltage [36,37]. It is because of the above characteristics that piezo-
electric polymers can be used for the active vibration control of structures. At present, the
efficiency of active control methods with piezoelectric polymers has been greatly improved.
However, the issue of how to improve the vibration reduction effect of piezoelectric active
control has been the focus of scholars’ research.

Therefore, the purpose of this paper is to improve the vibration reduction effect of the
flexible beam based on soft piezoelectric film composed of PZT and PI Layer. To achieve
the goal, a differential evolution algorithm is used to realize the optimal control effect of
a vibration reduction on piezoelectric flexible beams. Compared with other algorithms,
the differential evolution algorithm has the advantages of few setting parameters and
high search efficiency; thus, it can complete the optimization of the weighted matrix in a
short time. This paper will carry out research on the following aspects of this issue. First
of all, a dynamic model of piezoelectric flexible beam technology is established. Then, a
linear quadratic optimal controller (LQR) based on the differential evolution algorithm is
designed. Finally, the effectiveness of active vibration control with piezoelectric polymers
is verified by experimental tests.

2. Dynamic Model of Piezoelectric-Based Flexible Beam

A piezoelectric-based flexible cantilever beam structure is a simplified model commonly
found in engineering mechanics. In this paper, the Euler-Bernoulli beam is selected as the
research object. The piezoelectric flexible beam system consists of three parts: flexible beam,
sensing piezoelectric MFC plate, and actuating piezoelectric MFC plate, as shown in Figure 1.

The MFC-5628 was selected in this paper. It can be divided into P1 and P2 two types,
and both of them can be used as piezoelectric actuators. The maximum displacement
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and output of P1 type are larger than that of P2 type. However, the driving voltage of
P1 type ranges from —500 V to 1500 V, while that of P2 type only ranges from —60 V to
360 V. Therefore, under the same working conditions, the assessment of P2 type is simpler.
Therefore, a P2 piezoelectric plate is selected in this paper. The piezoelectric MFC film
is composed of a piezoelectric material that has two sides and one side is attached to an
adhesive backing sheet. The slicing of the piezoelectric material constitutes a plurality
of piezoelectric fibers in juxtaposition. A conductive film is then adhesively bonded to
the other side of the piezoelectric material, and the adhesive backing sheet is removed.
The conductive film has first and second conductive patterns formed thereon. These are
electrically isolated from one another and are in electrical contact with the piezoelectric
material. The first and second conductive patterns of the conductive film each have a
plurality of electrodes with which to form a pattern of interdigitated electrodes. A second
film is then bonded to the other side of the piezoelectric material. The second film may
have a pair of conductive patterns similar to the conductive patterns of the first film [37,38].

The piezoelectric sensing and actuating MFC plates are pasted symmetrically into
the upper and lower surfaces of the cantilever beam, and their parameter information is
shown in Table 1. The length of the cantilever is L, the width is b, and the thickness is f;.
Furthermore, the length of the sensing/actuating piezoelectric plate is L,, the width is the
same as that of the flexible beam, and the thickness is t,. The distance between the left and
right ends of the beam’s fixed end is x; and xp, respectively.

L iezoelectric sensing MFC plate
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Figure 1. Piezoelectric flexible beam system.

Table 1. Parameters information of piezoelectric MFC plate [39].

Parameter Values Parameter Values
Working mode dz dz —171 x 10712 C/N
Thickness 300 pm Effective working length 56 mm
Standard lead-f . . .
Electrode sc?lrc;e?g—Sfl%9Cff Effective working width 28 mm
Capacitance 187 nF Total length 67 mm
Upper limit of <1 MHz Total width 31 mm
operating frequency
Elastic compliance coefficient s, 16.4 x 10712 m?/N Permittivity el -09

According to the theory of structural mechanics, when the flexible beam is subjected
to external forces, its dynamic model is [40]

oty (x, )
oxt

o*y(x,t)  *M(x,t)
o2 o2

EpI, + ppAb 1)
where Ep, I}, pp 