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Abstract: In this work, surface acoustic wave (SAW) sensors with two types of polymer sensing
films, polyethyleneimine (PEI) and polydimethylsiloxane (PDMS), containing embedded ZnO, TiO5,
and WOj3 nanoparticles (NPs) for detecting volatile organic compounds (VOCs) were produced and
studied. The NPs were obtained using the pulsed laser ablation method, with the same deposition
conditions used for all three materials studied. After incorporation of the NPs into the polymer, the
suspension obtained was deposited using the airbrush method onto the quartz substrate of the sensor.
Sensors were tested for four types of VOCs: Ethanol, toluene, acetone, and dichloroethane. Those
based on PEl-sensitive films showed a superior sensitivity to those with PDMS. It was also found that
the sensors with WO3; NPs had the best results for ethanol, acetone, and dichloroethane. The limit
of detection (LOD) of the PEI/WQO;3 sensor was 6 ppm for ethanol, 15 ppm for acetone, and 9 ppm
for dichloroethane. For toluene, the best response was obtained using the PEI/ZnO sensor, which
produced a LOD of 9 ppm.

Keywords: surface acoustic wave (SAW); sensor; polymer coating; nanoparticles; volatile organic
compounds (VOC); pulsed laser deposition (PLD)

1. Introduction

Human health, a subject of great interest to our society today, depends to a large extent on the
quality of the environment. An environment with a polluted atmosphere leads to the occurrence of
lung diseases, skin diseases, and other more dangerous diseases such as cancer and diabetes [1,2]. By
monitoring air quality, a number of these diseases can be prevented. In this context, the development
of sensors capable of detecting substances harmful to the human body at ambient temperatures is
currently a field of considerable importance.

Volatile organic compounds (VOCs) are part of a class of carbon-based chemical substances that
volatilize very easily at room temperature and pressure. They enter the atmosphere through industrial
processes, building materials, household or personal cleaning products, cosmetics, paints, varnishes,
and waxes, etc. Some examples of VOCs are chlorofluorocarbons, benzene, toluene, methylene chloride,
dichloromethane, dichloroethane, acetone, ethanol, and methanol [3-5].

Several types of sensors for VOC detection have been developed so far, including capacitive [5]
and resistive [6] gas sensors, chemical sensors [7], potentiometric sensors [8], and surface acoustic
waves sensors (SAW) [9].

The SAW sensor is characterized by very good sensitivity, selectivity, and reversibility, as well as a
short response time, low cost, and ease of manufacturing and wireless operation [10,11]. Some types
of materials used in SAW-sensor-sensitive films are oxides, polymers, and composites consisting of
nanoparticles (NPs) embedded in polymers [9,11-16].
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The use of polymer/NP composites leads to improved sensor properties due to the synergistic
effect of the sensitivities of their components. The sensitivity of polymeric films may be explained
by the large number of functional groups linked in the polymeric chain that can interact with the
gas molecules. Some of the polymers most commonly used in gas detection are polyethyleneimine,
polyepichlorohydrin, polydimethylsiloxane, and polyisobutylene [16,17]. The great sensitivity of
the NPs is given by their high specific surface area, which is inversely proportional to their size,
for the same total mass, and it has been demonstrated that sensors with nanoparticles embedded
in polymers have provided better results than those without nanoparticles [9]. Among the most
well-known oxides with applications in sensors for VOC detection are SnO,, WO3, ZnO, TiO,, Co30y4,
TeO,, and In; O3 [11,13,14]. These oxides interact with different reducing or oxidizing gases through
chemisorption or redox reactions [11].

In addition to being made available via chemical synthesis methods, oxide NPs can be obtained
by physical synthesis methods such as pulsed laser deposition (PLD). PLD allows for control of NP
morphology and produces NPs with high purity [18,19].

Some of the methods by which polymer/NP suspensions can be deposited are spin coating, air
brushing, and drop casting [9,20]. Airbrushing contributes to the uniform distribution of NPs on the
surface of the film and also favors more rapid evaporation of the solvent.

This paper describes the fabrication of SAW sensors for the detection of VOCs. The novelty of this
article is its comparison of the responses of SAW sensors with sensitive films of two types of polymers
and sensitive films of polymers with embedded nanoparticles. Sensors were tested in the presence
of four VOCs: ethanol, toluene, acetone, and dichloroethane. The role of NPs in determining the
performance of sensors, namely with regard to their frequency shift, sensitivity, and limit of detection
(LOD), was investigated.

2. Materials and Methods

The NPs were produced by laser ablation using a Nd-YAG laser (EKSPLA NL301HT, Ekspla,
Vilnius, Lithuania) with pulse durations of 5 ns and a repetition rate of 10 Hz. A laser wavelength of
532 nm and energies per pulse of 160 M] were used to obtain the NPs in an irradiation chamber with
a controlled O, atmosphere. The laser beam was focused, leading to a fluence of 14.5 J/cm? on the
target surface.

The ablation was made using ZnO, TiO,, and WOj targets (all from Goodfellow). The resulting
NPs were collected on membranes (Merck Millipore Isopore, Darmstadt, Germany, 0.1 pm pore size)
placed 35 mm from the target, at room temperature.

A high vacuum was obtained in the irradiation chamber prior to deposition using a vacuum
system consisting of a preliminary pump (Pfeiffer, Asslar, Germany, PK D44 725) and a turbomolecular
pump (Pfeiffer PMP02830). The NPs were obtained using an oxygen flow of 500 standard cubic
centimeter per minute (SCCM), which was achieved using a valve (MKS, Munchen, Germany, Tru
digital mass-Flo 1179B, 1000 SCCM maximum flux), connected to a controller (MKS multigas 647). The
pressure in the chamber during deposition was maintained at 160 Torr by a system which included a
“throttle valve” (MKS 253B) and a controller (MKS 600) connected to a preliminary vacuum pump
(Agilent Varian-DS602, Leini, Italy).

According to Figure 1, the acoustic wave from the interdigital transducers travels at the quartz
surface of the sensor on which the sensitive thin film is located. When a mass, mechanical, and/or
electrical change occurs at the surface of the film, the oscillation frequency of the system is disturbed.
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Figure 1. Scheme of a surface acoustic wave (SAW) sensor delay line. The identical input and output
interdigital transducers (IDTs) are shown in the inset. The IDTs were detailed with the pads on which
the contact threads were made.

The SAW sensor was a “delay-line” type. It was designed as a two-port resonator and fabricated on
an ST-X cut quartz substrate with an oscillating frequency of ~69 MHz. The gold interdigital transducers
(IDTs) (~150 nm thickness) were deposited by photolithographic techniques by Nanostructures, Inc.
onto chromium layers (~10 nm thickness) to ensure the adhesion of gold to the quartz. The configuration
of the IDTs was “double-comb”, which consisted of 50 electrode pairs at the input and output, a
2500 pm acoustic aperture, and a 45.2 um wavelength. The quartz substrate was cut in a parallelogram
geometry (38 mm X 10 mm) with a 45° angle to reduce the reflection of unwanted acoustic waves.

Sensitive sensor layers were deposited via the airbrush spray method. In order to protect the
IDTs of the sensors, the IDTs were covered by a mask during deposition. Synthetic air (20% O, 80% N,
CnHm < 0.1 ppm) was used as a carrier gas.

The polymers used were commercially available polyethyleneimine (PEI) and
polydimethylsiloxane (PDMS) (both from Sigma-Aldrich, St. Louis, MO, USA). The compositions of
the sensitive films are presented in Table 1.

Table 1. The composition of sensitive layers of the sensors studied. Legend: NP, nanoparticle; PEI,
polyethyleneimine; PDMS, polydimethylsiloxane.

Sensor Name Polymer Solvent for Polymers NP

S1 PEI Ethanol -

S2 PEI Ethanol ZnO
S3 PEI Ethanol TiO,
S4 PEI Ethanol WO;
S5 PDMS Toluene -

S6 PDMS Toluene ZnO
S7 PDMS Toluene TiO,
S8 PDMS Toluene WO;3

The sensitive layers S1 and S5 were obtained by mixing PEI with ethanol and PDMS with toluene,
respectively, at a concentration of 10 mg/mL. Sensitive films for the sensors S2, S3, 54, S6, S7, and S8
were obtained by mixing an amount of NPs with the polymer solutions (PEI with ethanol and PDMS
with toluene) at the above concentration to obtain a concentration of 0.8 mg/mL, as presented in Table 1.
The suspension obtained was sonicated before deposition on the quartz substrate. The thickness of the
layers and the roughness measurements were determined using a SURFCOM 180A (Tokyo Seimitsu,
Tokyo, Japan).

The set-up used for sensor characterization was composed of a DHPVA-200 FEMTO amplifier
(Messtechnik GmbH, Berlin, Germany) and a CNT-91 Pendulum frequency counter (Spectracom Corp,
Rochester, NY, USA) connected to a computer with Time View 3 software.
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The sensors with composite films were tested at room temperature for four types of volatile
organic compounds: ethanol, toluene, acetone, and dichloroethane. Different concentrations of VOCs
were injected into the gas mixer chamber. The mixture was obtained as previously described in [9].
The mixture was circulated using a diaphragm pump (Pfeiffer MVP 035-2) and the flow rate of the
VOC-air mixture was maintained constant at 150 cm3/s for all the measurements. The sensitivity and
the LOD were determined. The sensitivity represented the frequency shift in Hz per unit analyte
concentration in ppm and the LOD was defined as three times the noise level per sensitivity [21].

The surface morphology of the films was studied using scanning electron microscopy (SEM)with
a field emission scanning electron microscope (JSM-531 Inspect S Electron Scanning Microscope, FEI
Company, Tokyo, Japan).

3. Results and Discussion

In SEM images (Figure 2), agglomerates of spherical NPs of different sizes can be observed.
ZnO NPs (Figure 2a) have dimensions between 10-20 nm and those of WO3 between 10-30 nm
(Figure 2d). In the case of TiO,, the obtained particles had not only nanometric dimensions but also
micrometric dimensions (~1 um) (Figure 2d,c). On grains with micrometric dimensions can be observed
10-20-nm-sized NP (Figure 2b). Several SEM images that confirm the range size of nanoparticles
have been added to Supplementary Materials. Since the NP synthesis was performed under the same
ablation conditions, these differences in dimensions are related to the nature of the material and the
specific behavior during ablation.

Figure 2. SEM images for ZnO (a), TiO; (b,c), and WOj3 (d) NPs made by pulsed laser deposition (PLD).

The thickness of the polymer films was about 200 nm. By measuring the roughness of the films
(Table 2), it was observed that the layers with PEI had a higher roughness than the those with PDMS.
The introduction of NPs led to a decrease in film roughness, except for those with TiO,, because of
their larger dimensions (~1 um). This could be explained by the ability of the NPs to reduce the droplet
surface tension and to improve the wetting capacity of the quartz surface [22]. The roughness increased
the surface interaction of the film with the gas but it also increased the noise level (Table 3). When the
propagation wave fronts met irregularities on the surface of the films there was a loss of coherence
with a direct effect on the signal-to-noise ratio [21].
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Table 2. Roughness measurements for the sensitive films. Legend: Ra, arithmetical mean deviation of
the profile; Rg, root mean square deviation of the profile.

SAW Ra (nm) Rg (nm)
S1-PEI 41 52
S2-PEI/ZnO 23 30
S3-PEI/TiO, 79 101
S4-PEI/WO3 24 31
S5-PDMS 20 28
S6-PDMS/ZnO 16 23
S7-PDMS/TiO, 40 50
S8-PDMS/WOs3 19 25

Table 3. Sensitivity and limit of detection (LOD) for the sensitive films. Legend: Af, frequency change;
¢, volatile organic compound (VOC) concentration.

Ethanol Toluene Acetone Dichloroethane .
SAW Sensitivi Sensitivi Sensitivi Sensitivi Noise
Sensors e‘:f‘/t:"“y LOD e‘:]j/t;“ty LOD e‘;‘;c“’“y LOD e‘;‘;:"“y LOD Lg’:l
Hzjppm  PP™  Hzppm  PP™  Hzppm  PP™  Hzppm  PPT
S1-PEI 4.25 17 3.25 22 213 34 5.25 14 24
S2-PEI/ZnO 5.38 9 5.88 9 1.50 34 3.50 15 17
S3-PEI/TiO, 6.00 19 2.88 39 1.63 68 3.00 37 37
S4- PEI/WO; 7.88 6 4.75 11 3.38 15 5.88 9 17
S5-PDMS 0.25 240 0.50 120 0.38 160 0.56 107 20
S6-PDMS/ZnO 0.34 133 0.56 80 0.44 103 0.50 90 15
S7-PDMS/TiO, 0.39 232 0.73 124 0.46 195 0.85 106 30
S8-PDMS/WO3 0.54 84 0.78 58 0.71 63 0.81 55 15

Figure 3 shows the frequency shift of the sensors for different VOC concentrations. In the majority
of cases the highest frequency shift was obtained for sensors with WO3 NPs, both for PEI and PDMS.
This is also confirmed by the LODs of ethanol, acetone, and dichloroethane, calculated in Table 3,
which indicate that for the same type of polymer, the smallest values were generated for sensors with
WO;3 NPs (54 and S8). One exception is that in the presence of toluene, sensor S2 (Figure 3c) produced
the highest frequency shift, as well as the lowest LOD (Table 3). Repeating 10 measurements of the
frequency deviation for each of the eight sensors yielded errors below +4%.

It can also be observed that the responses of S4 and S8 in the presence of acetone (Figure 3e,f)
differ by a higher frequency shift from the rest of the sensor responses for this VOC concentration.
The sensitive films of sensors S4 and S8 are based on different polymers but both have embedded
WO3 NPs. The mechanism of interaction between the WO3; NPs and acetone gas molecules starts
from the adsorption of oxygen molecules from air onto the surface of the film. The WO3 NPs interact
with oxygen by transferring electrons to oxygen, resulting in the formation of ionic oxygen species
as in Equation (1). When a reductive gas (like acetone) reaches the sensor, the gas reacts with the
oxygen species and releases electrons into the conduction band. The electrons created, as illustrated in
Equation (2), modify the electrical properties of the thin film, producing changes in the acoustic wave
propagation mode. Due to its increased adsorption capacity, generated by the presence of functional
groups, the polymer also favors the detection of acetone. For PEI sensors it was possible to make
determinations at much lower concentrations than those with PDMS because of the strong interaction
between the nucleophilic center of the amino group (-NH2) in PEI and the electrophilic center from
acetone, which is given by the carbon that forms the double bound (C=0) [23].
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Figure 3. Frequency shift of the sensors for different concentrations of ethanol (a,b), toluene (c,d),
acetone (e f), and dichloroethane (g h).

Thus, combining the increased adsorption capacity of the polymer with the formation of ionic
oxygen species generated by WO3 and the ability of acetone to interact with both species, we can assert
that the composite film for the SAW sensor with polymer and WO3; NPs is selective for acetone and not
the other VOCs tested [24,25].
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Sensor responses were also influenced by the type of polymer used. From Figure 4, which shows
the response of the sensors to the four gases at a concentration of 800 ppm, a major difference in the
frequency shift between the two types of polymers used can be observed. For the PEI sensors in
comparison with the PDMS sensors, the frequency shift is about 10 times higher. This result may also
be explained by the presence of amino groups (-NHy) in PEI, which act as a nucleophilic center that
very easily attacks carbon atoms from VOCs [23].

The response time for the ethanol concentration of 800 ppm (Figure 5) was between 60-75 s for
sensors with PEI and between 50-60 s for sensors with PDMS. The type of nanoparticle did not have a
considerable effect on the response times of the sensors.
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Figure 4. Frequency shifts of sensors at 800 ppm concentrations of ethanol, toluene, acetone, and dichloroethane.
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Figure 5. Response time of the sensors at an ethanol concentration of 800 ppm.

4. Conclusions

In this work, SAW sensors with composite sensitive films composed of polymers (PEI and
PDMS) and NPs for VOC detection were fabricated. Oxide NPs were obtained by laser ablation and
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their morphology was investigated by SEM. ZnO and WO3; NPs were obtained with dimensions
of approximately 10-30 nm; for TiO, both nanometric and micrometric particles were generated.
Sensitivity measurements were made for four VOCs, namely, ethanol, toluene, acetone, and
dichloroethane. The results indicated that PEI has a sensitivity which is about 10 times higher
than PDMS and that the sensors with WO3; NPs (54 and S8) had the best sensitivity for almost all
types of gases tested. For ethanol, acetone, and dichloroethane, the best results were obtained with the
S4 sensor, which produced LODs of 6, 15, and 9, ppm respectively. For toluene, the best result was
obtained with S2 sensor, which produced a LOD of 9 ppm. It was also established that sensing films
based on polymer-based composites containing WO3 NPs provide selectivity for acetone.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/6/373/s1,
Figure S1: SEM image for TiO2, Figure S2: SEM image for TiO,, Figure S3: SEM image for WOj3, Figure S4: SEM
image for WOj3, Figure S5: SEM image for ZnO, Figure S6: SEM image for ZnO.
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