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Abstract

:

Certain biomarkers in exhaled breath are indicators of diseases in the human body. The non-invasive detection of such biomarkers in human breath increases the demand for simple and cost-effective gas sensors to replace state-of-the-art gas chromatography (GC) machines. The use of metal oxide (MOX) gas sensors based on thin-film structures solves the current limitations of breath detectors. However, the response at high humidity levels, i.e., in the case of exhaled human breath, significantly decreases the sensitivity of MOX sensors, making it difficult to detect small traces of biomarkers. We have introduced, in previous work, the concept of a hybrid gas sensor, in which thin-film-based MOX gas sensors are combined with an ultra-thin (20–30 nm) polymer top layer deposited by solvent-free initiated chemical vapor deposition (iCVD). The hydrophobic top layer enables sensor measurement in high-humidity conditions as well as the precise tuning of selectivity and sensitivity. In this paper, we present a way to increase the hydrogen (H2) sensitivity of hybrid sensors through chemical modification of the polymer top layer. A poly(1,3,5,7-tetramethyl-tetravinylcyclotetrasiloxane) (PV4D4) thin film, already applied in one of our previous studies, is transformed into a silsesquioxane-containing top layer by a simple heating step. The transformation results in a significant increase in the gas response for H2 ~709% at an operating temperature of 350 °C, which we investigate based on the underlying sensing mechanism. These results reveal new pathways in the biomedical application field for the analysis of exhaled breath, where H2 indicates gastrointestinal diseases.






Keywords:


sensors; tuning; hydrogen; PV4D4 polymer; silsequioxane cage; functionalized; breath












1. Introduction


Certain molecules in exhaled breath are biomarkers and indicators of diseases. Recent analyses and studies have concluded that all humans generate a unique profile of volatile organic compounds (VOCs) in exhaled breath, which is a product of different metabolic activities in the human body [1,2,3]. Thus, any change in the VOC profile has the potential to confirm a particular disease. Consequently, their detection has attracted much interest in biomedical research. A non-invasive method is desired, allowing for a simple and cost-effective analysis of exhaled breath. As stated in various papers, at this time, non-invasive diagnostic methods such as gas chromatography/mass spectrometry (GC/MS) are considered to be the most accurate methods for obtaining a painlessly collected, extremely simple and non-invasive human breath sample [1,4].



However, this method faces many limitations due to its high cost requirements, including skilled technicians, the cost of GC/MS itself and the time required to analyze a sample. One approach to address these challenges is the development of metal oxide (MOX)-based gas sensors, which are capable of detecting low concentrations of various biomarkers/gases in human breath. More and more research studies are emerging in this direction. Recently, Lijuan Fu et al. reported a Co3O4/TiO2 core–shell with high performance for the biomarker acetone [5]. In another study, Aasi et al. investigated atomically thin MoS2 decorated with Pt or Pd as a promising material for colorectal cancer detection [6]. A recent review provides a comprehensive summary of the different biomarkers and the respective metal–organic frameworks applied for their detection [2]. One way to improve MOX sensors is to deposit different polymers on top of the sensors and anneal them at different temperatures to increase their properties, such as sensitivity and selectivity. A recent study presented a Cu-S semiconductor nanocomposite coated with a polyaniline nanocomposite applied for H2S sensing [7]. As a result, it was concluded that the mechanism for improved sensing performance may be attributed to conductive composite networks. Another study obtained a Sb2Te3 sensor with polystyrene which resulted in good results for hydrogen sensing [8]. Some researches went further and demonstrated a wearable ethanol-sensing structure based on Ti3C2Tx followed by functionalization using pyrrole on a disposable face mask [9]. In addition, it was demonstrated that different noble metals have an impact on different properties of TiO2 based MOX sensors [10]. A recent review [11] mentioned that surface functionalization with different noble metal nanoparticles (NPs) improves different parameters, such as selectivity and sensitivity, as well as lowering the operation temperature and increasing long-term stability. Another recent study based on the structure-doping method [12], i.e., the use of Ag to dope an intrinsic graphdiyne with the purpose to detect SF6 decomposition gas (HF, H2S, SO2, SOF2, SO2F2), showed that the energy gap of the system was significantly decreased and the electrical conductivity was significantly improved after Ag doping. While mainly Ag and Pt seem to be used as catalysts for H2 detection, there are also different studies that prove that there is no limit to the use of these metals for doping or functionalization with the purpose of enhancing different properties. For instance, Bi et al. [13] conducted a study on α-Fe2O3 functionalized with Ag-Pt. It showed a rapid response for triethylamine vapor sensing. Thus, a lot of practical trends can be explored. One of them is enoses. Enoses, usually made from an array of sensors [14], are intended to be used as odor detectors. Some researchers use noble-metal-sensitized SnO2/RGO as enoses for H2, H2S and NO2 [15], while others develop gas recognition models for the artificial olfactory system with gas sensor arrays [16]. In some reviews [17,18], the intention to use enoses is similar to the aim in this paper: they want to obtain a new method for non-invasive disease prediction based on different biomarkers. In some cases, even if good results are recorded, the sensor operation depends on temperature and therefore has to work at a higher operating temperature [19]. H2, mainly because it is easily detected by MOX sensors, is a common target in this type of application and is being researched in the industry [10,20,21,22,23,24,25,26,27]. Furthermore, it is associated with different types of gastric diseases mentioned in [4] and described in more detail in a previous work [28]. Recently, it has also been associated with the possible up regulation of neurotransmitters involved in appetite stimulation, leading to hunger suppression and weight loss [29].



In this work, we present a new addition to hybrid gas sensors, which were reported in previous studies [4,10,30], to increase their response to H2. A hybrid gas sensor consists of a MOX gas sensor coated with an ultrathin (~20–30 nm) polymer thin film on top of the sensor. This enables measurements in high humidity environments, which was always a problem related with conventional MOX gas sensors, as well as tuning of the sensor selectivity and performance [31,32]. High humidity levels are also encountered in exhaled breath. Hybrid sensors can circumvent this due to their hydrophobic character and enable the detection of biomarkers [6]. The polymer thin film is deposited via solvent-free initiated chemical vapor deposition (iCVD) [33]. This allows the conformal coating of complex MOX sensor structures with a polymer film, which can be tailored by deposition parameters and precursors. The basic reaction mechanism is free-radical polymerization. The transport of gas molecules through the polymer film is accompanied by the molecular characteristics and free volume in the layer. These results motivated us to further study the compatibility of hybrid sensors for biomarker detection in exhaled human breath to further tune selectivity. We investigate in this study the influence and transport of gas molecules through an ultra-thin polymer film containing silsesquioxane cage-like structures, which should provide a different free volume compared to the cyclotetrasiloxane rings in our previous study, using poly(1,3,5,7-tetramethyl-tetravinylcyclotetrasiloxane) (PV4D4) as the top layer. The silsesquioxane structures are obtained by the heat treatment of thin films of PV4D4 deposited by iCVD in oxygen, similar to the route reported by Trujillo et al. for the formation of low-k dielectrics [34].




2. Materials and Methods


2.1. Sample Preparation


The principle behind the hybrid gas sensors investigated in this study is similar to the one described in our previous work [4,32]. We coat MOX gas sensors with a polymer thin film to protect it from moisture and to tailor the selectivity of the gas sensor. For this purpose, in this study, a 30 nm TiO2 nanocrystalline film-based MOX sensor [10,35] was initially deposited on a glass substrate and thermally annealed at 610 °C for 60 min in air. In order to increase their performance, we furthermore functionalized the MOX sensors with Ag-Pt bimetallic NPs to increase the sensor properties, as mentioned in the Introduction. The deposition of metallic NPs onto the TiO2 thin film was accomplished using NP beam deposition in a Haberland-type gas aggregation source. To obtain bimetallic Ag-Pt NPs, a custom-made multicomponent target, consisting of a 1 mm Pt wire embedded into a 2′′ Ag target was applied. Full details on the gas phase synthesis of bimetallic NPs from multicomponent targets [36] and on the surface decoration of metal oxide sensors with bimetallic AgPt NPs [37] can be found elsewhere.



In a subsequent step, the samples were coated with a PV4D4 polymer thin film. The polymer films were deposited via iCVD on the MOX sensor samples in a custom-built iCVD reactor, reported elsewhere [31,32,38]. The films were deposited in continuous flow mode using a vapor mixture of 0.3 sccm V4D4 monomer and 1 sccm tert-butyl peroxide (TBPO) initiator. The vapor flows were delivered via low-flow metering valves to the reactor [32]. A process pressure of 40 Pa was controlled by a butterfly valve (MKS instruments, Andover, MA, USA), which received feedback from a capacitive manometer (MKS Baratron, MKS instruments, Andover, MA, USA) connected to the reactor. The sample stage was cooled to 37.5 °C by backside water-cooling by a cooling bath thermostat (Huber Unichiller 007-MPC, Huber Temperiertechnik, Offenburg, Germany). The deposition process was started by resistively heating a NiCr filament array located above the cooled substrate stage with a power supply (EA PS 9036-80, EA Elektro-Automatik, Viersen, Germany) at a power of 50 W. Figure 1 illustrates the fabricated hybrid sensors used in this study.



We fabricated two sets of samples. Both hybrid sensor types were produced according to the description given above. However, one set of samples was heated to 450 °C for 30 min in ambient air in order to transform the cyclotetrasiloxane rings in the PV4D4 film into silsesquioxane cage structures, as reported by Trujillo et al. [16]. The hybrid sensors containing non-annealed PV4D4 layer are referred to as the ring layer. The hybrid sensors which were annealed contained a transformed PV4D4 layer and are referred to as the cage layer, due to the presence of silsesquioxane cage structures after the thermal annealing step.




2.2. Computational Methods


Molecular modeling and geometry optimization were performed using Avogadro2 (Version: 1.95.1). The force field for the optimization was MMFF94s using conjugate gradient as the optimization algorithm. Additional geometry optimization and energy calculations based on density functional theory (DFT) calculations were performed using the computational chemistry NWCHEM package [39]. The results were obtained using the B3LYP exchange correlation functional combined with Dunning’s basis set (cc-pVDZ).




2.3. Sample Characterization


The Fourier transform infrared (FTIR) spectra of non-annealed and annealed PV4D4 thin films were recorded in transmission mode via an FTIR spectrometer (Bruker, Invenio-R, Billerica, MA, USA). The scan range was 400 cm−1 to 4000 cm−1 and the step width was 4 cm−1 step at 32 scans. Baseline correction was performed in graphing software (OriginLab, Origin Pro 2017).



The gas-sensing properties of both samples were calculated according to Equation (1), where a percentage-based ratio was obtained from Ggas and Gair [32]. The variable G is the conductance, which was calculated with a formula of one divided by the resistance of the sample in the air for Gair and in the same way for the Ggas conductance influenced by the applied gas.


  S =     G   g a s   −   G   a i r       G   a i r     × 100 %  



(1)







The gas response of the samples was measured by using a custom setup and protocol based on a previously described computer-controlled source-meter (Keithley 2400, Keithley Instruments, Cleveland, OH, USA) [40], while the sample was heated to different operating temperatures and under a constant gas flow to determine the results discussed below.





3. Results and Discussion


The fabricated hybrid sensors were investigated with regard to their chemical and gas-sensing properties.



3.1. Characterization of the Fabricated Sensors


We investigated the two different sample sets (ring and cage layers) by FTIR. First of all, the reaction mechanism of film formation is shown in Figure 2a.



The free-radical polymerization during the iCVD process leads to the formation of PV4D4 thin films via free-radical polymerization from the vapor phase, as illustrated in Figure 2a. The FTIR result of the deposited PV4D4 films is presented in Figure 2b. The as-deposited PV4D4 film (ring layer), represented by the orange line in Figure 2b, shows the characteristic band for the cyclotetrasiloxane rings, as also reported in previous studies [4,32]. Successful polymerization is indicated by the absence of bands above 3000 cm−1, which represent the C-H stretching of sp2-hybridized carbon, i.e., vinyl groups. A change in the FTIR spectrum can be observed after the annealing of the PV4D4 thin films (ring layer) at 450 °C, represented by the magenta line in Figure 2b. The cyclotetrasiloxane rings in the film appear to be transformed into silsesquioxane structures, as also reported by Trujillo et al. [34]. The transformation is illustrated in Figure 2c. The formation of the silsesquioxane cage structures occurs in the presence of oxygen and heat. The graphs in Figure 2d,e show a more detailed view of the areas that changed significantly after the heating step. The band for the cyclotetrasiloxane ring located around 1050 cm−1 for the as-deposited film (Figure 2d) transforms into a band for the silsesquioxane structures around 1110 cm−1 and a suboxide structure, as also observed in the literature [34]. A similar development is observed in the Si-C-related bands near 800 cm−1 (Figure 2e). The observed formation of the cage layer changes the free volume in the polymer film. This may provide alternative pathways for gas molecules compared to the ring layer (as-deposited PV4D4). In order to investigate the free volume and possible pathways for the gas molecules, geometry optimizations are performed using force field optimization and DFT. Figure 3a shows an octamethylcyclotetrasiloxane molecule representing the cyclotetrasiloxane rings in the as-deposited PV4D4. Figure 3b depicts the associated silsesquioxane cage, which forms after the annealing step.



The free electron pair might undergo an interaction with polar molecules with high dipole moments and block some of these molecules. The suggested connection of two cyclotetrasiloxane rings and four oxygen atoms to form a siloxane cage may lead to denser packing of the molecules. This is also illustrated in Figure 3c,d, which represent the as-deposited PV4D4 network and the silsesquioxane cage network, respectively. This is also demonstrated by a slight decrease in polymer film thickness after the transformation process. The denser network may block larger molecules, as well as polar molecules with large dipole moments, due to electrostatic interaction with the free electron pairs provided by the oxygen, as mentioned above. However, transport may also occur through the silsesquioxane regions. The cages provide a more 3D character to the film, because the gas molecules can enter the cages from multiple sides and channels are more likely formed, which may favor gas transport through the polymer film. The cyclo layer may also allow molecules to pass through, but due to the flatter 2D geometry of the rings, the alignment is more random. This may partially block or redirect the gas molecules during their path through the film and reduce the response of the sensor.



In order to investigate the surface of the sensors, scanning electron microscopy (SEM) images were recorded. Figure 4 shows images of TiO2 films with a cage layer without AgPt NPs (Figure 4a) and with AgPt NPs (Figure 4b). Figure 4a shows that the TiO2 films with a cage layer without AgPt NPs show a uniform granular morphology with interconnected grains that completely cover the glass substrate. Figure 4b shows a similar TiO2 film with a cage layer but functionalized with AgPt NPs, in which a uniform distribution of NPs can be observed.



To check the influence of the cage layer on the measurements and to detect changes in the selectivity of the sensors, gas-sensing measurements were performed.




3.2. Gas-Sensing Measurements and Evaluation


Figure 5 shows the measurement results for the response of the hybrid sensors with the a cyclo layer (Figure 5a) and a cage layer (Figure 5b) to different gases.



The gas response was measured for H2, 2-propanol, butanol, acetone, ammonia (NH3), carbon dioxide (CO2) and methane (CH4) at a concentration of 100 ppm. Figure 5a reveals that the hybrid sensor with a cyclo layer shows the highest response to H2. A response of ~256% was obtained at an operating temperature of 350 °C. At 300 °C and 250 °C H2, responses of ~213% and ~69%, respectively, were still obtained. At lower temperatures (<250 °C), the hybrid sensor with a cyclo layer no longer shows a response. In addition, at 350 °C, the sensor shows small response to 2-propanol, butanol, acetone and CO2. The hybrid sensors with cage layer (Figure 5b) show similar selectivity to the same gases. However, the response to the gases is much higher. The response to H2 is now ~709% at 350 °C and still ~573% at 300 °C. At 300 °C, the cage layer even shows a much higher response than the cyclo layer. Interestingly, the H2 response almost vanishes at 250 °C, which may occur as a result of the formed cage structures of the polymer. At 250 °C, the molecular vibrations might be still too low to let molecules pass through, acting as a filter. A similar phenomenon was observed in a study [41] in which certain porous polymers filtered H2, H2O and CH4 from benzene and o-xylene, which increased the selectivity. The response to other vapors is generally higher for the cage layer, which could be the result of better penetration of oxygen species at the surface. We expect the operating temperature to be high, because at lower operating temperatures, relatively low sensitivity is expected. The gas molecules might not have enough thermal energy to react with the oxygen species adsorbed on the surface. Consequently, TiO2-based gas sensors have an optimized operating temperature [42].



Dynamic response measurements for H2 at a 300 °C operation temperature are shown in Figure 6a. The dynamic response to H2 is measured at a concentration of 100 ppm. The highest response (~709%) was measured at 350 °C. The dynamic response is shown in Figure 6b. For Figure 6a, the first pulse shows a response time of τres ~26.96 s from the start of gas introduction to the peak response and a recovery time τrec ~42.84 s for full recovery to the initial signal. For the second pulse, values of τres ~32.15 s and τrec ~35.40 s are recorded, and for the third pulse, τres ~26.33 s and τrec ~19.59 s. In Figure 6b, the first pulse has response times of τres ~3.02 s and τrec ~23.23 s, while the second pulse has τres ~0.71 s and τrec ~1.67 s.



In addition to the response and dynamic response, the limit of detection (LOD) is an important parameter. A theoretical detection limit of ~1 ppm was estimated using the signal-to-noise ratio2 formula, as reported by Dua et al. [43], used also in another similar study on gas sensors [44]. The obtained result is shown in Figure 7. Hydrogen of different concentrations (1 ppm, 5 ppm, 10 ppm, 50 ppm, 100 ppm, 500 ppm, 1000 ppm) was applied to the sample at two different temperatures: 300 °C and 350 °C. The tendencies are similar as both measurement lines look alike. A red line was fitted for each temperature to determine the theoretical value for the LOD.



In order to explain the results of the measurements, we first look at the gas-detection mechanism. It can be explained by the physico-chemical effects (electronic and chemical sensitization effects) that occur on the surface of the TiO2 structures, taking into account the functionalization of the surface structures with Ag-Pt bimetallic NPs and the coating of the polymer layer. In order to obtain a general view of the species of reactive oxygen, which can be adsorbed on the surface of the structures, Anpo et al. made a classification for them [45]. According to this classification, the suprafacial class includes     O   a d s   −    ;     O   2   a d s   −    ;     O   2   a d s   2 −    ; and     O   a d s   3 −    , while the intrafacial class includes     O   s u r f   −     and     O   s u r f   2 −    . Other species are distinguished as mixed interfacial (    O   a d s   −    ;     O   a d s   −    ) and, as observed in nanoporous materials, clathrates (    O   c a g e   −    ;     O   2   −    ;     O   2   c a g e   2 −    ;     O   c a g e   2 −    ) [45]. Via a series of consecutive reduction and dissociation steps, the formation of different reactive oxygen species may occur, like in the sequence proposed below:


    O   2 ( g a s )   →   O   2 ( a d s )   −   →   O   2 ( a d s )   2 −   →   O   a d s   −   →   O   a d s   2 −    



(2)







However, there is a possibility that this basic scheme is not always rigorously followed, as there may be a change in the electron and proton affinities of the resultant oxygen species. Thus, as stated in a paper with similar research [46] on gas-sensing mechanisms, the authors specified which species of oxygen reacted from their perspective. They show, as references for different operating temperatures, the following formulas [46]:


    O   2 ( g a s )   →   O   2 ( a d s )    



(3)






    O   2 ( g a s )   +   e   −    →  T   <   100   ° C     O   2 ( a d s )   −    



(4)






    O   2 ( a d s )   −   +   e   −    →  100   ° C   <   T   <   300   ° C     2 O   ( a d s )   −    



(5)






    O   ( a d s )   −   +   e   −    →  T   >   300   ° C     O   ( a d s )   2 −    



(6)







Besides all these, the Ag-Pt bimetallic NPs with which the surface of the TiO2 structures was functionalized have an influence on the gas detection mechanism. Thus, the catalytic properties of bimetallic NPs are predominant in our case (the dominant effect is chemical sensitization) [37]. At higher operating temperatures, the selectivity towards H2 gas changes, which can be explained by the polymer layer that covers the structures. The suggested sensing process is illustrated in Figure 8.



Figure 8a,b represent a hybrid sensor with a cyclo layer and a hybrid sensor with a cage layer, respectively. Both are illustrated in air, and as observed in the results shown in Figure 5b, the denser network (Figure 3d) might block larger gas molecules, as well as polar molecules with large dipole moments, due to the electrostatic interaction with the free electron pairs provided by oxygen. At the same time, transport can also take place between more open silsesquioxane cages, as mentioned above, which allows for larger regions of free space and the formation of channels. The channels enable more efficient transport of the gas molecules through the layer, because the molecules can enter the cages from multiple sides. The observed significant increase in the gas response of the hybrid sensors with cage layers could thus be explained by the formation of channels/tunnels in the cage layer due to the presence of more interconnected silsesquioxane cage structures compared to the random aligned cyclotetrasiloxane rings present in the cyclo layer. The rings may partially block or redirect the gas molecules, which reduces the overall response of the sensor. The more efficient alignment in the cage layer may enable an easier flow of H2 molecules through it.



At high operating temperatures (Figure 8c),     O   ( a d s )   2 −     oxygen species are adsorbed on the surface of the structures, which interact with H2 gas molecules. Due to the catalytic properties of the Ag-Pt NPs, a higher response occurs, a fact that is explained by the spillover effect and the oxidation of hydrogen molecules to the adsorbed oxygen species. In the case of H2 gas detection, the oxygen species that is obtained on the surface is     O   2 −    , because the operating temperature is 300 °C or higher, and the H2 gas detection mechanism (Figure 8c) can finally be described according to the following relations:


    H   2   ( g a s )     → H   2   ( a d s )    



(7)






    2 H   2   ( a d s )   +   O   ( a d s )   2 −   → 2   H   2   O + 2   e   −    



(8)







With regard to applications, the effect of humidity when using cyclosiloxane-based polymers was investigated, and the results are shown in Figure S1 of the Supplementary Materials. In addition, there are also humidity-related studies presented in our previous work [31]. This study demonstrates that the hydrogen response at 350 °C is the same even at high relative humidity. Long-term stability is another important characteristic of a sensor. We show the long-term stability of one of our sensors in the Supplementary Materials (Figure S2). In general, the use of materials that have stable properties over time is essential. A combination of aluminum oxide and zinc oxide (Al2O3/ZnO) has been shown to provide time-stable sensors for the detection of 2-Propanol vapors and those in batteries [47,48]. The use of titanium oxide was also shown to provide time-stable ethanol sensors [40]. For its comparison to other gas-sensing materials in this category, we present the data in Table 1. It shows that the results obtained in this study are promising. The optimal operating temperature for the highest response is 350 °C. Thus, MOX sensors functionalized with an additional ultrathin polymer film, i.e., hybrid gas sensors, provide new pathways in sensor development.





4. Conclusions


In summary, this study assessed the performance of two sets of hybrid gas sensors. The first contained a cyclotetrasiloxane-containing polymer top layer (cyclo layer), and the second sample set contained a polymer top layer with silsesquioxane cage structures (cage layer). The cyclo layer was transformed into a cage layer by thermal annealing at 450 °C in ambient air, as confirmed by FTIR measurements. Our results showed that the cage layer enabled a significantly increased response to H2 (~256% vs. ~709%). We suggested that additional pathways/channels for the gas molecules were formed in the polymer layer after the transformation from the cyclo to the cage layer. In addition, we provided an approach to describe the sensing mechanism after the gas molecules have passed the polymer layer. These results provide new pathways for the development of hybrid gas sensors for the medical field. The precise tuning of the polymer top layer enables the tailoring of sensor properties, i.e., selectivity and sensitivity. These sensors could have further applications in the field of biomarker detection in human breath, where H2 indicates gastrointestinal diseases. Additional experiments are required to find the reason for the blocking of H2 at temperatures <250 °C and the influence of different materials for the top layer to further tune the selectivity and sensitivity of hybrid gas sensors.
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Figure 1. Illustration of the two sample sets investigated in this study. In sample set #1 the hybrid sensors, in the end, are not annealed and the PV4D4 film contains cyclotetrasiloxane rings (ring layer). In sample set #2 the hybrid sensor is annealed at 450 °C for 30 min in ambient air in order to transform the cyclotetrasiloxane rings into silsesquioxane cage structures (cage layer). 
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Figure 2. Investigation of PV4D4 film transformation into silsesquioxane cage structures. (a) Illustration of the free-radical polymerization reaction mechanism during iCVD PV4D4 film growth. (b) FTIR spectra of as-deposited PV4D4 thin films (orange line) and annealed PV4D4 thin films (magenta line) reveal different peaks. (c) Illustration of the cyclotetrasiloxane ring transformation into silsesquioxane cage structures during annealing. (d) Detailed view of the siloxane-related bands around 1050 cm−1 and (e) the observed band modification around 800 cm−1. 
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Figure 3. Computational view of the fabricated siloxane-based iCVD coatings. Red = oxygen, brown = silicon, Black = carbon, white = Hydrogen (a) Octamethylcyclotetrasiloxane molecule and its associated electrostatic potential map, representing PV4D4. (b) Silsesquioxane cage and its associated electrostatic potential map, representing annealed PV4D4. (c) Force field geometry-optimized approximated network extract for as-deposited PV4D4 and (d) the interconnected silsesquioxane cages formed after the annealing. 
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Figure 4. SEM images of TiO2 films with cage layer: (a) without AgPt NPs and (b) with AgPt NPs. 
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Figure 5. Gas responses of the hybrid sensors for different gases and operation temperatures. (a) These measurements were performed for a hybrid sensor with cyclo layer. (b) This plot shows the gas measurement results for hybrid sensors with a cage layer. 
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Figure 6. Dynamic response of the hybrid sensor with cage layer to H2 molecules at (a) 300 °C operating temperature and (b) 350 °C operating temperature. 






Figure 6. Dynamic response of the hybrid sensor with cage layer to H2 molecules at (a) 300 °C operating temperature and (b) 350 °C operating temperature.



[image: Chemosensors 12 00076 g006]







[image: Chemosensors 12 00076 g007] 





Figure 7. Limit-of-detection graph for H2-sensing hybrid sensors at different concentrations at (1) 300 °C and (2) 350 °C operation temperatures. 
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Figure 8. The proposed sensing mechanism of the hybrid gas sensors with (a) a cyclo layer (cyclotetrasiloxane polymer) in air; (b) a cage layer (silsesquioxane polymer) in air; and (c) a cage layer in hydrogen. 
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Table 1. Comparison of different sensors’ responses to H2.
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	No.
	Material
	Functionalization
	Polymer
	Operating Temperature
	H2 Response (%)
	Ref.





	1.
	TiO2
	-
	-
	250 °C
	600
	[30]



	2.
	TiO2
	-
	-
	300 °C
	650
	[10]



	3.
	NiO
	-
	-
	250 °C
	97.2
	[49]



	4.
	TiO2/CuO/Cu2O
	Pd
	-
	250 °C
	543
	[35]



	5.
	ZnO:Ag
	AgPt
	-
	250 °C
	~400 *
	[37]



	6.
	TiO2
	Au
	-
	325 °C
	70
	[30]



	7.
	CNT
	Pd/Pt
	-
	RT
	520
	[50]



	8.
	TiO2
	-
	PV4D4
	300 °C
	100
	[4]



	9.
	SnO2
	-
	Teflon AF-2400
	230 °C
	75
	[51]



	10.
	TiO2
	AgPt
	PV4D4
	350°C
	~709.07
	This work







*: estimated from graphs.
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