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In this study, HMDSO/TiO2 nanocomposite was synthesized on a quartz crystal microbal-
ance (QCM) transducer by atmospheric pressure plasma jet (APPJ) for the detection of 
volatile organic compounds (VOCs). Fourier-transform infrared spectroscopy (FTIR) 
analysis revealed the presence of Ti-O-Ti bond around 580 cm-1, indicating the growth of 
TiO2 film on the HMDSO support layer. X-ray diffraction (XRD) analysis confirmed the 
presence of rutile and anatase phases of TiO2, demonstrating that the APPJ method can 
produce crystalline films in a single process without post-thermal annealing. Atomic force 
microscopy (AFM) imaging showed the growth of rougher surface QCM coating, leading 
to an increased specific surface area and more absorption sites. Water contact angle 
(WCA) measurements showed that the hydrophilic QCM surface was transformed into su-
per-hydrophobic one after coating with the HMDSO/TiO2 hybrid film. Compared to single 
layer VOCs sensors, the HMDSO/TiO2 heterostructure revealed good sensitivity, low re-
sponse and recovery times across the explored VOC concentration range. 
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1. Introduction 
 
With the increasing development of industrial technology, considerable quantities of harm-

ful gases such as organic volatile compounds (VOCs) are released into the atmosphere, causing 
severe environmental problems and human diseases [1, 2]. VOCs pollutants vary in their chemical 
and electrical properties and safe concentration limits and are often found in gas mixture [3]. Con-
sequently, major environmental and health agencies globally have set rigorous exposure guidelines 
to mitigate the adverse health impacts of VOCs even at minimal concentrations [4]. Monitoring the 
levels of pollutant gas concentration is a critical task in various sectors, including industrial safety, 
environmental protection and public health [5]. In this context, chemical sensors which can detect 
different chemical molecules are beneficial for addressing these environmental hazards. Recent 
technologies permitting the development of cost-effective, highly sensitive and compact chemical 
sensors, capable to detect VOCs vapors in environment have motivated significant interest in sci-
entific research, particularly for applications related to health [6]. Among the various sensor tech-
nologies, the quartz crystal microbalance (QCM) stands out for its exceptional sensitivity in gas 
detection, straight forward experimental configuration, cost-effectiveness and ability in real-time 
detection of target molecules [7]. QCM is a flexible platform for quick analysis of substances in 
both liquid and gas phases through the detection of QCM oscillation frequency changes caused by 
the adsorption of target molecules [8]. Given their operation at room temperature and digital fre-
quency output, QCM transductions are gaining importance in gas sensing applications. The sens-
ing properties of QCM based sensors is based on the physicochemical properties of the sensing 
layer, emphasizing the importance of material selection in sensor design. Metal oxide nanomateri-
als such as ZnO [9], WO3 [10], SnO2 [11] and TiO2 [12], are particularly accommodate for sensing 
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applications due to their chemical and physical stability and large surface to volume ratio. Titani-
um dioxide (TiO2) as a wide-gap semiconductor, has attracted considerable interest in different 
applications domains like photovoltaic, photocatalysis and chemical sensors [13, 14]. TiO2's effec-
tiveness in detecting VOCs can be attributed to its large specific surface area, stability and adapta-
ble electronic properties. However, a significant limitation of sensors based on pristine metal ox-
ides like TiO2 is their need for high operational temperatures (200-350 °C) to enable chemical 
adsorption and desorption processes, which leads to substantial power consumption and limits 
their broader application [15]. To address these challenges, recent research has focused on devel-
oping sensors that operate at ambient temperatures, thereby reducing energy consumption and 
enhancing practical utility. 

The elaboration of TiO2 thin layers can be achieved by various methods including magne-
tron sputtering, plasma-enhanced chemical vapor deposition (PECVD), physical vapor deposition 
(PVD), chemical vapor deposition (CVD) and the sol-gel process [16-19]. The plasma technique, 
in particular, offers advantages due to the continuous application of an electric field, which facili-
tates the dissociation of precursor gases into reactive radicals/ions. These radicals/ions then mi-
grate towards substrates, leading to the formation of the thin film structure [20, 21]. Plasma tech-
nologies hold potential advantages over traditional chemical methods by allowing adjustment in 
process parameters, which can significantly influence the characteristics and performance of the 
resulting films [20]. The atmospheric pressure plasma jet (APPJ) technique has attracted signifi-
cant consideration within the scientific community for its lower maintenance needs, reduced func-
tioning costs and the avoidance of vacuum systems [22]. APPJ was considered as an efficient 
means to produce plasma plumes with high ionization level of excited species [22, 23]. Thereby, 
APPJ has been applied across various fields including the synthesis of bio-materials, polymers, 
nanoparticles and thin film deposition [24-26]. Particularly, the APPJ method has makes possible 
the production of crystalline thin films in an individual step, eliminating the necessity for post-
annealing treatments [27]. The generation of plasma through APPJ requires energizing a gas to 
alter the atoms and molecules electronic structures, thereby creating excited species. This energy 
may be derived from thermal sources, electric currents or electromagnetic radiation [28]. Among 
the three different phases of TiO2 films ( anatase, rutile and amorphous), anatase phase TiO2 films 
have better sensitivity to volatile organic compound gases than rutile and amorphous phases [29]. 
In plasma process, TiO2 anatase phase can be directly synthesized  through substrate heating dur-
ing deposition [30], application of substrate bias voltage [31] or through post-deposition annealing 
[32]. Furthermore, in VOCs sensing applications, the design of  TiO2 layers with highly hydropho-
bic surface characteristics enhance the operational stability against the interference of high humidi-
ty which may originate from ambient conditions [33]. The Hydrophobic surface of TiO2-based 
sensor can effectively prevent the adsorption of water vapor during the VOCs detection [33]. 
However, challenges such as poor adhesion between the TiO2 and the QCM gold electrode can 
impact sensor performance and reliability, often attributed to the surface roughness or the quality 
of the coating [34, 35]. To deal with this issue, employing intermediate layer or utilizing surface 
modification techniques can significantly improve adhesion [36, 37]. On this basis, this work aims 
to explore a cost-efficient solution of using hexamethyldisiloxane (HMDSO) and TiO2 heterostruc-
ture to enhance adhesion and exploit the complementary advantages of both materials, resulting in 
improved sensitivity and reliability for VOCs monitoring. Many research studies have shown that 
fabricating heterostructures has emerged as a straight forward and effective approach to improve 
sensing properties [38]. As an example, S. Jayawardena et al. produced a QCM gas sensor coated 
with GO/TiO2 heterostructure [39]. They have shown that despite single TiO2 layer has no stronger 
gas sensing capacity, the elaboration of the composite significantly improves the sensor sensitivity 
by increasing the gas adsorption sites quantity and sensor specific surface area. Similarly, K. Tang 
et al. successfully synthesized GO/MoS2 nanocomposite on QCM transducer by hydrothermal 
technique for relative humidity sensing [40]. They have found that GO/MoS2-based sensor exhib-
ited three times the sensitivity obtained on pure GO sensor. These investigations demonstrated that 
heterostructures enable effective improvements in the gas sensing properties.  

The present study reports gas sensing characteristics of HMDSO/TiO2 composite coated 
QCM transducer. The organosilicon thin layer was initially deposited on QCM gold electrode 
through a simple plasma jet technique from pure vapor of HMDSO. Subsequently, TiO2 thin film 
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was synthesized over the functionalized QCM surface using a plasma jet system from a mixture of 
oxygen and titanium isopropoxide (TTIP) to form a stable HMDSO/TiO2 hybrid film. As far as we 
know, the preparation of HMDSO/TiO2 composite on QCM transducer for VOCs sensing applica-
tion has not yet been investigated. The chemical structures of the elaborated films and their corre-
sponding morphologies are characterized using, X-ray diffraction (XRD), Fourier-transformed 
infrared spectroscopy (FTIR) and atomic force microscopy (AFM), respectively. The hydrophobi-
city property of the QCM coating was assessed by contact angle measurements. The HMD-
SO/TiO2 based sensor responses have been evaluated at room temperature towards different con-
centrations of benzene, methanol, ethanol and toluene ranging from 17 to 70 ppm.  The selected 
VOCs are known for their environmental hazards [41]. The study established that the HMD-
SO/TiO2 nanocomposite exhibits enhanced sensing performance, with rapid response/recovery 
times and a low detection limit, suggesting its potential for real-time monitoring of VOCs pollu-
tants. 

 
 
2. Experimental 
 
2.1. Elaboration of HMDSO/TiO2 hybrid film using APPJ 
Both films deposition has been carried out using atmospheric pressure plasma jet consist-

ing of high voltage (HV) and grounded electrodes centered around quartz tube (Figure 1). The HV 
electrode is powered with radio frequency generator (13.56 MHz). The APPJ deposition technique 
generally utilizes a monomer carried by an inert gas which is mixed with a feed gas before passing 
through the plasma discharge region. In this zone, plasma reactive species are produced from the 
mixture of precursor and feed gas, then transferred to substrate surface for film deposition [41]. In 
this work, thin HMDSO film was deposited using hexamethyldisiloxane (C6H18OSi2, HMDSO, 
98%, Sigma Aldrich Ltd) as the organosilicon precursor. Argon has been used for plasma discharge 
generation and to transport the precursor vapor to the glow discharge zone. Argon with a flow rate 
of 5 slm was bubbled through HMDSO to produce saturated monomer vapor with a flow rate of 
0.18 slm. During deposition, the argon flow rate was maintained at 5 slm and introduced from the 
top of the APPJ system to create the plasma jet. The typical Ar/HMDSO APPJ operated by a 120 
W radio frequency (13.56 MHz) power supply is shown in Figure 1. The distance between the 
substrate and the plasma jet was set to 24 mm to prevent powder formation and to avoid substrate 
thermal damage. During deposition, substrates were moved beneath the discharge area using an 
xy-linear system at a velocity of 21 mm/s to ensure uniform coating. All films depositions were 
performed on AT-cut quartz crystals with a fundamental oscillation frequency of 5 MHz and circu-
lar gold electrode of 8 mm diameter and crystalline (100)-oriented silicon substrates. Prior to dep-
osition, substrates were cleaned with acetone, rinsed in distilled water and then dried in air. In case 
of titanium dioxide deposition, titanium (IV) isopropoxide (Ti [OCH(CH3)2]4, TTIP, 99.999%, 
Sigma Aldrich Ltd.) was used as the organometallic precursor. The monomer solution was main-
tained in a heated container equipped with a magnetic stirrer and the precursor vapor was generat-
ed through an argon bubbling system (Figure 1). The saturated monomer vapor is then transported 
close to the plasma nozzle outlet generated by argon. The argon flow rate and plasma power were 
maintained at 2 slm and 50 W (13.56 MHz), respectively. Oxygen necessary for forming titania 
films was supplied from atmosphere. 

In this study, the plasma organosilicon layer was employed as a substrate for the growth of 
TiO2 particles to achieve well-adherent crystalline thin TiO2 film and enhance the performance of 
the hybrid layer as a chemical sensor. Previous researches on the deposition of TiO2 films by APPJ 
from TTIP precursor, using argon as both working and carrier gas with nearly similar flow rates, 
have demonstrated the growth of homogeneous columnar films predominantly crystallized in the 
anatase phase [41, 42]. The film thicknesses of HMDSO and HMDSO/TiO2, measured using a 
Tencor profilometer, were approximately 170 nm and 494 nm, respectively. 
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Fig. 1. APPJ Experimental setup for the elaboration of HMDSO and HMDSO/TiO2 heterostructure. 
 
 
2.2. Materials characterization 
The QCM coating surface wettability was evaluated through WCA measurements, carried 

out immediately after plasma deposition. Water droplet (5 μl) was deposited on the QCM coated 
surface by a micro syringe, then the droplet's image was captured using a numerical camera and 
transmitted to a computer for contact angle estimation. To investigate the crystallographic proper-
ties of the QCM coatings, X-ray diffraction (XRD) analysis was performed (ARL EQUINOX 100 
X-ray diffractometer) using Cu-Kα radiation source. This analysis offers information concerning 
the crystal orientations and materials phase composition, which are critical for understanding the 
structural characteristics that influence the sensor's performance. Chemical bonding structures 
within the film were examined by Fourier Transform Infrared spectroscopy (FTIR) analysis. FTIR 
spectra were recorded in the absorption mode (500 to 4000 cm-1) using a JASCO FT/IR-6300 type 
A spectrometer. This technique is essential for identifying functional groups and chemical bonds 
within the hybrid film, offering a molecular-level view of the composite material. The surface 
morphology of the elaborated layers was analyzed using AA2000 (Angstrom Advanced Inc USA) 
atomic force microscope (AFM). Measurements were taken at room temperature in tapping mode, 
which helps to minimize tip-sample interactions and provides high-resolution topographical imag-
ing. The associated AFM software was utilized to calculate the average surface roughness, further 
elucidating the textural characteristics of the film which are crucial for enhancing the sensor's ad-
sorptive properties. 

 
2.3. HMDSO/TiO2 sensing properties evaluation 
The operating principal of the QCM sensor relies on the detection of the frequency shift 

(Δf) resulting from the adsorption of analyte molecules from the gas phase. The frequency shift are 
directly correlated to the change in oscillating mass (Δm) by the Sauerbrey equation [43] given by: 

 
 𝛥𝛥𝛥𝛥 = −

𝐶𝐶𝑓𝑓𝑓𝑓02

𝐴𝐴
 𝛥𝛥𝛥𝛥                                                                     (1) 

 
where Cf is the mass sensitivity constant of the quartz crystal (2.26 ×1010 m2s g-1), A is the sensi-
tive layer area and f0 is the quartz crystal fundamental resonance frequency (5 MHz). The sensor 
response measurements were conducted inside a custom-built chamber equipped with precise con-
trols of temperature and relative humidity. Figure 2 shows the schematic of the testing system 
where the QCM sensor is connected to the gas sensing setup for recording the Δf as a function of 
time in absorption and desorption mode. The sensitivity of the elaborated QCM sensors were eval-
uated towards different concentration of VOCs molecules. A liquid of organic compound was in-
jected into the measurement chamber and heated until evaporation. The concentration of the intro-
duced VOCs vapor was calculated in parts per million (ppm) using the following equation [44]. 
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C = 22.4𝜌𝜌𝑇𝑇𝑇𝑇𝑠𝑠 × 103

273𝑀𝑀𝑀𝑀
                                                                 (2) 

 
where C is the analyte concentration in ppm, ρ is the density of the liquid analyte in g/ml, Vs is the 
liquid volume in μl, M is the molecular weight of the analyte in g/mol, T is the temperature inside 
the testing chamber in °K and V is the testing cell volume in L. During the experiments, frequency 
shifts were meticulously recorded using a QCM200 digital frequency counter from Stanford Re-
search Systems (USA) and data were stored in personal computer through LabVIEW software. 
The HMDSO/TiO2 coated QCM sensors underwent testing with low concentrations of benzene, 
toluene, ethanol and methanol (17 to 70 ppm) which are selected for their importance in environ-
mental and industrial safety. Upon stabilization of the frequency shift, indicating equilibrium ab-
sorption of VOCs, the sensor was purged with dry air to desorb the analytes and restore baseline 
frequency, a critical step for assessing recovery capability and readiness for subsequent measure-
ments. 
 

 
 

Fig. 2. Layout of the measurement chamber. 
 
 
3. Results and discussion 
 
3.1. Hydrophobicity of elaborated thin layers 
In this work, the surface wettability of elaborated QCM coating was evaluated by WCA 

measurements. The HMDSO film deposited on QCM substrate using a 120 W powered APPJ, 
possesses a WCA of approximately 140°, indicating a highly hydrophobic nature of the deposited 
layer (Figure 2). Y. Lin et al. have reported nearly the same value of water contact angle (143°) 
measured on surface of HMDSO film elaborated by atmospheric pressure plasma jet [45]. Previ-
ous research suggests that the hydrophobic characteristics of HMDSO surfaces are attributed to the 
presence of methyl (–CH3) functional groups within the film's structure [46]. The topography of 
the deposited films is also an important factor affecting surface wettability. By applying a thin 
TiO2 layer via plasma jet onto the pre-deposited HMDSO film, the surface retains its hydrophobic 
properties. The resulting HMDSO/TiO2 hybrid layer exhibited a WCA greater than 130° (Figure 
3). This water-repellent feature in VOCs detection application provides the sensor with good sta-
bility in both relatively dry and ultra humid atmospheres. 
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Fig. 3. Water contact angle Measurements on: QCM electrode, HMDSO and HMDSO/TiO2 surfaces. 
 
 
3.2. Film characterization 
To elucidate the impact of the chemical structure on the sensing behaviors of the deposited 

QCM coatings, FTIR analyses were carried out. Figure 4 displays the FTIR spectra for both 
HMDSO/TiO2 composite and the pristine HMDSO, recorded in the 500-4000 cm-1 wavenumber 
range. The FTIR spectrum related to the HMDSO film shows the presence of a distinctive peak 
corresponding to the Si–O–Si absorption band. The peaks located at 800 cm-1 and 1014 cm-1 are 
assigned to the Si–O–Si bending vibration and asymmetric stretching, respectively [47-49]. The 
peak around 2931 cm-1 is associated with CHx stretching vibrations, mainly corresponding to the 
asymmetric stretching of methyl groups (CH3). Additionally, a wide peak around 3409 cm-1 corre-
sponding to hydroxyl groups is commonly attributed to water molecules adsorbed on the coating 
surface. The chemical structure of the TiO2 coated HMDSO surface, analyzed by FTIR technique 
is depicted in Figure 4. The FTIR spectrum of the HMDSO/TiO2 heterostructure was rather differ-
ent from that of HMDSO film alone. The clear difference was in the existence of Ti-O stretching 
peak around 580 cm-1, demonstrating the deposition of TiO2 film on the HMDSO layer [50]. The 
detection of sharp peak near 580 cm-1 instead of wide band (800-400 cm-1) reveals that APPJ depo-
sition technique was efficient to develop the crystalline structure of TiO2 films without the need for 
an annealing process [51-53]. Furthermore, the HMDSO/TiO2 spectrum exhibited additional vibra-
tional signatures, including an absorption associated with the C=C bond near 1627 cm-1 and a peak 
indicative of C=O stretching vibrations at 2343 cm-1. The OH broad peak located around 3200 cm-

1 and 3500 cm-1 is also noticed, which may be attributed to adsorbed moisture. 
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Fig. 4. FTIR spectra of HMDSO and HMDSO/TiO2 heterostructure. 
 
 
The crystalline structure of the elaborated HMDSO/TiO2 composite has been evaluated by 

X-ray diffraction analysis. XRD patterns presented in Figure 5 revealed the presence of multiple 
phases of titanium dioxide at 2θ≈29.2°, 38.2°, 44.2° and 56.4° suggesting the presence of the ana-
tase phase, that corresponds to (101), (112), (004) and (200) diffraction planes of anatase, respec-
tively [54]. Even though the most noticeable phase is anatase, XRD patterns also revealed the 
presence of rutile phase. Peak at 2θ≈ 42.2°, 47.8° and 64.1° matches the rutile phase of TiO2, cor-
responding to the (101), (111) and (211) diffraction planes of rutile, respectively [54]. The pres-
ence of organosilicon layer in the composite sample does not produce a distinct peak in the XRD 
patterns, suggesting that the organic layer might be present in an amorphous form [55]. The sharp-
ness and intensity of the observed XRD peaks indicates a good degree of crystallinity in the metal 
oxide film, reflecting well-ordered crystal structure. Throughout the elaboration of TiO2 layer, the 
TTIP monomer was directly introduced into the plasma discharge aera, where gas phase reactions 
and the resulting development of crystalline TiO2 nanoparticles are assisted by high excited species 
density and the relatively high gas temperature [56]. Regarding the correlation between sensing 
properties and film crystallinity, some research works have reported that the increased crystallinity 
of TiO2 nanoparticles enhances their gas-sensing capabilities [51]. 

 
 

 
 

Fig. 5. XRD patterns of the investigated HMDSO/TiO2 heterostructure. 
 
 
The average crystalline size was calculated using the full width at half maximum (FWHM) 

of the most intense peak by the Debye-Scherrer formula given by: 
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D =
0.89λ

(β cos θ)
 

 
where, D represents the average crystalline size, λ is the wavelength of X-ray radiation (Cu Kα, 
0.15406 nm), β in radians is the FWHM of the XRD peak and θ is the diffraction angle [57]. The 
TiO2 average particle size was evaluated to be approximately 16 nm. Notably, a smaller particles 
size corresponds to a large specific surface area and more absorption sites leading to the improve-
ment of sensor sensitivity. 

 
3.3. Surface morphology analysis 
Surface morphology is assumed to affect significantly the sensing capability of the studied 

hybrid layer. The AFM images recorded in tapping mode are presented in Figure 6a and Figure 6b 
for HMDSO film and HMDSO/TiO2 composite, respectively. The particles aggregate of HMDSO 
give rise to relatively uniform sea-island structure (figure 6a). The higher surface features around 
68 nm as illustrated by the z scale indicates that HMDSO film elaborated by APPJ exhibited 
rougher surface with root mean square roughness of about 13.6 nm.  HMDSO layer which acts as 
a support for TiO2 film is expected to accommodate a great specific surface area for the growth of 
titanium oxide particles. Upon deposition of about 324 nm thick TiO2 layer by RF APPJ, the initial 
substrate roughness of 13.6 nm increased to about 61 nm by the agglomeration of TiO2 nanoparti-
cles (Figure 6b). The AFM image illustrates the growth of a columnar structure with voids appear-
ing between the columns. D. Li et al observed a similar topography for TiO2 film deposited by 
PECVD [58]. They have reported that for thin film, AFM image showed the development of thin 
columns making the surface not so rough. With increasing film thickness, the size of column got 
larger and a quantity of voids are promoted due to columns separation, as a result, the surface be-
comes rougher. This increased roughness and the resulting higher surface to volume ratio enhance 
the sensor’s adsorptive properties. The columnar and porous nature of the TiO2 structure not only 
provides more surface area but also facilitates the diffusion of target VOCs molecules through its 
pores and void regions. This capability is particularly valuable for mass sensing applications, 
where the penetration of VOCs molecules into these pores can alter the coated QCM oscillation 
frequency, enabling sensitive detection even at low analyte concentrations. 

 

 
 

Fig. 6. AFM image of: (a) HMDSO and (b) HMDSO/TiO2 heterostructure coated QCM. 
 
 
3.4. Evaluation of sensor response 
The initial experiments assessing the sensing performance of HMDSO and HMDSO/TiO2 

composite-functionalized QCM resonators involved their exposure to 70 ppm of toluene, ethanol, 
benzene, and methanol vapors, followed by dry air as a reference gas. All sensing measurements 
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were conducted at ambient temperature with a relative humidity of about 40%. For both coated 
QCM sensor, the shift frequency Δf gradually rises with time and rapidly reached a saturation (fig-
ure 7). Upon exposure to dry air, the sensors exhibited a complete reversible recovery of the base-
line frequency, indicating effective desorption of the target molecules. Real-time response compar-
isons, illustrated in Figure 7, reveal that the HMDSO/TiO2 composite exhibits superior sensing 
properties compared to the HMDSO film alone. This enhancement is consistent with numerous 
studies indicating that the combination of TiO2 with other materials, particularly carbon-based 
materials, significantly improves the gas sensing devices sensitivity [59-61]. S. Jayawardena et al. 
[51] specifically noted the advantageous sensing properties of GO/TiO2 composite. They reported 
that despite TiO2 alone demonstrated limited gas adsorption capabilities, the modification of GO 
with TiO2 in the composite preparation created numerous interfaces. These interfaces facilitate 
charge transfer, making the surface more active and increasing the availability of surface-active 
sites. In this work, the organosilicon layer acting as a support for the growth of TiO2 film aids to 
achieve a considerable surface area and an appropriate porous structure as demonstrated by AFM 
analysis. Consequently, supplementary analyte molecules can be adsorbed due to the increased 
number of gas adsorption sites and the enhanced surface area. Additionally, the increased crystal-
linity of TiO2 nanoparticles, as demonstrated by some researchers, is favorable for gas sensing 
applications [51]. This is supported by the XRD results, which indicate the growth of both anatase 
and rutile phases of TiO2, aligning with the observed improvement in sensor performance. The 
combined effect of the HMDSO/TiO2 composite's enhanced surface area, increased number of 
active sites and improved crystallinity highlight its potential as an effective material for VOCs 
detection. 

 

 
 

Fig. 7. Dynamic responses of HMDSO and HMDSO/TiO2 to 70 ppm  
of toluene, ethanol, benzene and methanol. 

 
 
Figure 8 a and b depict the typical response and recovery behavior of HMDSO and HMD-

SO/TiO2 coated QCM sensor, respectively, when exposed to different concentration of toluene, 
ethanol, benzene and methanol (17-70 ppm), followed by a purge with dry air. The ability of these 
sensors to restore to their initial oscillation frequency values after exposure to dry air indicates the 
full desorption of analytes. For all tested VOCs molecules, the sensor kinetic response indicated 
that the QCM frequency shift gradually increases as a function of time before attaining a steady 
state. The sensor achieved equilibrium when the adsorption and desorption processes occurred 
simultaneously [62]. It is clearly noticed that the TiO2 film with HMDSO as a support layer (Fig-
ure 8b) has a greater response towards all investigated VOCs molecules than the sensor based on 
pure HMDSO (Figure 8a). Obviously, compared with pure HMDSO film, HMDSO/TiO2 compo-
site has larger diffusion space for VOCs analytes giving more surface-active sites for sensitivity 
enhancement. The results indicated that the coated QCM-based sensor had strong affinity towards 
toluene vapors and the sensitivity decreases with the following sequence: toluene > ethanol > 
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methanol > benzene. The sensor’s affinity for toluene results from several interconnected factors, 
including molar mass, molecular volume, polarization and specific adsorption sites [63]. Toluene 
(C7H8) has a higher molar mass (92.14 g/mol) than ethanol (C2H6O, 46.068 g/mol), methanol 
(CH3OH, 32.041 g/mol) and benzene (C6H6, 78.11 g/mol) [15], leading to stronger interactions 
with the HMDSO/TiO2 sensor surface, thus promoting adsorption and detection. As an apolar 
compound, toluene exhibits stronger Van der Waals interactions with the sensor surface than the 
dipolar or π-π interactions present with ethanol, methanol and benzene [64]. Furthermore, the 
HMDSO/TiO2 surface presents specific adsorption sites for aromatic molecules [63], facilating the 
interaction and detection of toluene. In case of smaller molecules (ethanol and methanol), the ma-
terial sensing mechanism can be explained by adsorption and diffusion processes through the pol-
ymeric film pores [65]. However, for benzene, that is relatively larger molecule than ethanol and 
methanol, the gas sensing mechanism can be restricted to surface adsorption effect only, which 
explain the weak affinity of the studied sensor towards benzene. 
 
 

 
 

Fig. 8. The real-time frequency responses of QCM sensors coated with: 
 (a) HMDSO and (b) HMDSO/TiO2 towards various VOCs concentrations. 

 
 
Calibration curves plotted using saturation values of Δf as a function of VOCs concentra-

tion are shown in Figure 9. It is evident that all sensor responses in the studied VOCs range present 
a satisfactory linear relationship with VOCs concentration, describing by equation y = 0.32x-
36.27, with a linear fit of R² = 0.989.  

 
 

 
 

Fig. 9. Calibration curves for maximum sensitivity of the HMDSO/TiO2 coated QCM sensor. 
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The sensor sensitivity (S) was extracted from the calibration curve slope and the limit of 
detection (LOD) is determined by the relation 3σ/S, where S is the sensor sensitivity towards par-
ticular VOC molecule and σ is the noise standard deviation [66]. Throughout the experiments, the 
QCM controller shows only minor fluctuations (±1 Hz), thus setting the noise level at 1 Hz for the 
sensor. The values of S and LOD for HMDSO and HMDSO/TiO2 composite coated QCM sensors 
are summarized in Table 1. The sensitivity comparison between HMDSO/TiO2 composite and pure 
HMDSO for VOCs sensing clearly demonstrates that the heterostructure exhibits significantly 
higher sensitivity. This increase is attributed to the synergistic effects of combining the excellent 
properties of each material, resulting in enhanced performance for VOC detection. Similar en-
hancements in sensitivity through the use of composite materials have been reported by S. Jaya-
wardena et al. [51] in the development of a graphene oxide/TiO2 composite and by D. Zhang et al. 
[67] in the conception of a humidity sensor based on a Metal Oxide/Graphene hybrid nanocompo-
site. In addition, the LOD of the composite developed in this study was about 2 and 5 better in 
case of toluene and benzene sensing, respectively (Table1). 

 

Table 1. Sensing properties of the investigated sensor. 
 

 HMDSO HMDSO/TiO2 
VOCs Sensitivity [Hz/ppm] LOD [ppm] Sensitivity [Hz/ppm] LOD [ppm] 

Toluene 0.66 4.55 1,66 1.81 
Ethanol 0.5 7 0.88 3.41 
Benzene 0.12 25 0.69 4.35 
Methanol 0.1 30 0.53 5.66 

  
 
The sensors response and recovery speeds are crucial for their practical applications. The 

response time corresponds to the period required for the QCM sensor to achieve 90% of the max-
imum frequency shift, while the recovery time corresponds to the period necessary for restoring 
frequency baseline after purging with dry air. The variations of the response and recovery times as 
a function of analyte concentration are shown in Figure 10. The sensor rapidly reaches equilibri-
um, taking approximately 12 seconds in response to a step change in VOCs concentration (70 
ppm). Similarly, the recovery time is notably short, approximately 6 seconds at 17 ppm, indicating 
quick desorption of the target molecules. The faster response/recovery time might be due to the 
porous structure and suitable film thickness, which facilitate the rapid diffusion of molecules 
through the sensing layer [40], suggesting that physical absorption plays an important role in the 
sensing mechanism. However, from Figure 10 it is clearly noticed that response/recovery time 
increases with increasing analyte concentration because a greater number of target molecules in-
teracts with the sensing layer at higher VOC concentrations.  
 

 
 

Fig. 10. Response/recovery time of the HMDSO/TiO2 based sensor as a function of VOCs concentration. 
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4. Conclusion 
 
 
In this study, HMDSO/TiO2 composite has been successfully elaborated by an atmospheric 

pressure plasma jet technique on QCM transducer for room temperature detection of volatile or-
ganic compounds. Initially, an organosilicon thin layer was elaborated on gold QCM electrode by 
APPJ technique from HMDSO precursor. Subsequently, TiO2 thin film was grown on the pre-
deposited HMDSO layer through a similar synthesis technique with TTIP as precursor. The char-
acteristics data obtained from FTIR and XRD indicated that crystallization of titanium dioxide 
could be achieved in APPJ without post annealing. Both deposited thin films show rough surfaces 
as confirmed by high RMS values obtained from AFM measurements, which led to a large specific 
surface area.  

The synergistic interaction between HMDSO and TiO2 in the composite material resulted 
in more active sites, significantly enhancing the sensor's performance. The HMDSO/TiO2 compo-
site sensing properties were analyzed by exposing the developed sensor to various concentrations 
of toluene, benzene, methanol and ethanol. The sensor showed rapid response and recovery times, 
high sensitivity, excellent reproducibility and strong affinity towards toluene molecules, able of 
sensing a low concentration of about 1.81 ppm at a relatively low operating temperature of 24 ºC. 
The promising sensing performance of the studied hybrid layer suggests its potential for diverse 
environmental monitoring applications. However, further research is needed to address the chal-
lenges of utilizing the HMDSO/TiO2 composite material in practical applications. 
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