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Abstract 

Recently, it was established a high concern regarding environmental pollution as well as for 

industrial safety. Sensitive and selective detection of volatile organic compounds and H2 gas 

with minimal interferences from other indoor pollutants is a critical issue for oxide gas sensors. 

Through this paper, we report about the effect on performance of H2 gas sensors by varying the 

thickness of sensitive nanostructured TiO2 films ranging from 12 to 40 nm accompanied with 

the successive functionalization with different types of noble metal nanoparticles deposited on 

its surface. The obtained nano- material was integrated in an electronic device for UV, gas, and 

gas/vapor sensing studies. Characteristics analysis revealed that the selectivity and response can 

be altered by the film thickness and types of noble metal nanoclusters. The results indicate that 

a sensor with thicker films (40 nm) of sprayed TiO2 gives the highest response to H2 gas (about 

650%) and most stable values. The fastest response times and most rapid recovery however, 

were achieved with sensors having a thinner film (12 nm) of sprayed TiO2, which also offer the 

highest selectivity to H2 gas. The relatively high response (2X compared to other gases) to only 

H2 gas enables the TiO2 ultra-thin films to act as a quasi-selective sensor. The highest UV 

detection performances demonstrated the films functionalized with Au nanoparticles (the 

IUV/Idark ≈ 80). The structural, chemical, electrical, UV, and gas sensing properties of such films 

were investigated using SEM, AFM, Raman spectroscopy, electrical characterization, and 

sensing experiments. It was clearly demonstrated that films are nanostructured and contains 

mixed phases of anatase mainly (samples annealed at 450°C for 2 h) and small of rutile after 

thermal annealing at higher temperatures (than 600°C for 1 h), which makes it a better 

nanostructured materials for sensor applications. Our study analyzes the relationship between 

thin film thickness, electrical properties and the gas sensing performances of such ultra-thin 

film (12-40 nm range) based TiO2 gas sensors as well as the effect of different types of noble 

metal nanoparticles (Au, Ag, Ag-Au and Ag-Pt) deposited on its surface. 
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1. Introduction 

Various aspects of modern daily life require the use of vapor or gas sensors. Gas 

chromatography and spectroscopy are highly precise techniques for gas detection and their 

mixtures. However, such approaches are not convenient for in situ sensing of gasses or vapors 

in fields or homeland/households places due to their size, high cost, extensive data sampling 

and maintenance [1,2]. In such applications high precision measurements of gas concentrations 

play an underlying role, the main job is to rapidly indicate on the presence of harmful or 

explosive gases to create a warning for surrounding people that a certain threshold has been 

reached. Thus, during the past decades sensors based on semiconducting metal oxide (SMO)  

attracted  higher interest due to their smaller sizes, cost, reliability and the possibility to detect 

various flammable and toxic gasses, volatile organic compounds (VOCs) or just for ambient air 

quality monitoring [3–7]. Despite their broad spectrum of possible application areas, the 

selectivity and stability of SMO sensors still remains a challenge which needs further 

investigation but has the prospect to be improved by using new developments in this field. Some 

of these issues were addressed by the study of different types of oxides, including thin films 

and nanostructures [8–10]. TiO2, ZnO and SnO2 are among the most investigated SMO for 

sensors [8,10–14]. Due to its abundance, unique physical, electrical and chemical properties, 

titanium dioxide (TiO2) thin films are among the most intensively investigated nanomaterials 

in this field [10,11,15–17]. Additionally, such SMO sensors are known for their longevity and 

robustness. TiO2 can be found mainly in rutile and anatase (rutile-anatase (space groups: 

P42/mnm-I4/amd)) – tetragonal and brookite orthorhombic crystalline structures which differ 

in their properties [18,19] and are therefore of high interest for sensing applications [20,21]. 

TiO2 with anatase phase is n-type (Ebg = 3.2 eV) and its electrical resistance decreases in reducing 

gasses, whereas the rutile phase (Ebg = 3.0 eV) shows p-type behavior [18,19]. Mazza et al [22]  
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demonstrated possibility to produce nanocrystalline TiO2 thin films with controlled crystal size 

and anatase/rutile ratio, which makes it much more attractive for applications [20]. However, 

the rutile ratio greatly influences the conductivity transition, n-type behavior can be seen at 

concentrations of less than 75% rutile and p-type at higher concentration of rutile [18,19,23,24]. 

The mobility of electrical charge carriers in anatase TiO2 is a lot larger due to the smaller 

effective electron mass and the higher Fermi Level compared to rutile TiO2 [25], which makes 

it more desirable for gas sensor applications [18]. Several working TiO2 based sensors for H2, 

NH3, NO2, CO2 and H2O have been reported [18,26]. However, such sensor structures suffer 

from low selectivity which limits their practical applications. To solve some of these issues, 

different approaches were studied, including functionalization or decoration with noble metals 

on the SMO surfaces [8,10,12]. According to the most recent works, surface doping or 

functionalization with noble nanoparticles allows for the control of selectivity and stability of 

TiO2 (and other SMO) based gas sensors, as well for improving their response value [17,27]. 

Noble metal nanoparticles or nanoclusters are well known for their selective adsorption of 

different gasses, as well as for following catalytic action to dissociate adsorbed gasses which 

may also improve the performances of TiO2 based gas sensors [1–3]. Thus, the deposition of 

noble metal nanoparticles on the oxide surfaces increases the selectivity and sensitivity of SMO 

based sensors. However, it requires further and detailed investigation, since these performances 

are strongly affected by dimensions and shapes of the used nanoclusters. The successful 

deposition of noble metal nanoparticles on oxides have been reported by various techniques, 

like electrochemical [3], sputtering [28], sol-gel [29] and other approaches [30].  

In this study, we sprayed nanostructured TiO2 ultra-thin films on glass substrate and found 

that they are highly sensitive and quasi-selective to H2 gas with low cross-responses to other 

VOCs such as n-Butanol, ethanol, etc. The main objective of this investigation was to find the 

optimal thickness and thermal annealing (TA) regime that enhances the selectivity and leads to 

a high H2 gas response. The focus was set on noble metal functionalized TiO2 to show how 
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metallic and bi-metallic nanoclusters affect the sensor performances to allow for the fabrication 

of more advanced sensor structures. 

 

2. Experimental 

Commercially available microscope slides (Thermo scientific, 2.5 × 7.5 cm) were used as 

substrate for the sensor fabrication. All slides were precleaned by an HCl dip (7%) and 

subsequently rinsed with deionized water, then in acetone for 10 min followed by ethanol (10 

min) and water, all in ultrasonic bath cleaned. Prior each spray deposition, all glass substrate 

were placed on a heating plate, the temperature was set to 450°C and hold for 20 min. The spray 

pyrolysis was performed as reported by Pauporté et al [31]. The precursor solution used for the 

aerosol spray pyrolysis technique was a mixture of 0.6 mL of titanium diisopropoxide (TTIP) 

and 0.4 mL of acetylacetone in 7 mL of isopropanol. An Oxygen gas flux was used as carrier 

gas to feed the aerosol through a specially designed glass nozzle (10 mm in diameter) onto the 

glass substrate. The O2 flux was fixed and the substrates remained on the heated hotplate during 

the deposition process. The deposited layer was then annealed at 450°C for another 60 min 

before allowing it to cool down naturally. The TiO2 films thickness was controlled by regulating 

the spray time [31]. 

All sprayed TiO2 samples were about 12 nm, 20 nm or 40 nm in thickness and were post 

annealed for 1 or 2 h at 450°C, 600°C or 620°C in air to stabilize the crystalline phase and 

decompose all residue materials from the surface. Finally, Au-contacts as interdigitated 

electrodes were added on top of the annealed thin films by DC-sputtering through a shadow 

mask with meander shape and a gap of 1.0 mm [4]. All production details for each sensor are 

indicated directly in the figure captions as well as in the related discussion parts to avoid 

confusions.  
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Noble metal nanoparticles (NPs), namely Ag, Au and bimetallic AgAu and AgPt 

nanoparticles were deposited on the spray deposited TiO2 thin films using an custom-made 

Haberland type Gas Aggregation Source (GAS) [32], which is attached to a high vacuum 

deposition chamber [33–36].  

The system was pumped below a pressure of 10-4 Pa prior to every deposition by a two-

stage pumping system with a turbo molecular pump (Pfeiffer Vacuum, TMU 262) and a dry 

scroll pump (Agilent Technologies, SH-110).  

The DC planar magnetron source (Thin Film Consulting, ION’X-2UHV) inside the GAS 

is equipped with a monometallic or bimetallic noble metal target (50 mm diameter). For the 

deposition of Ag and Au NPs, a monometallic target (Au: Alfa Aesar, 99.99%; Ag:Kurt J. 

Lesker, 99.99 %), and for the deposition of bimetallic alloy NPs, a custom built bimetallic 

AgAu and AgPt target is used. The samples are placed perpendicular to the nanoparticle beam 

at a distance of 90 mm from the exit orifice (diameter 2 mm) of the GAS. For sputtering, a flow 

(48 SCCM) of Ar (purity 99.999%) was supplied at the gas inlet of the GAS, resulting in a 

pressure inside the GAS of typically 136 Pa during deposition. For DC unipolar magnetron 

sputtering a DC power of 40 W (Advanced Energy, MDX 500) was supplied.  

Prior to every deposition process, the target was cleaned and nanoparticle growth was 

conditioned for a sufficient time (at least 15 s) to reach stable deposition conditions. 

The morphological, chemical, structural, and micro-Raman investigations were performed 

as was reported previously [3,37]. The Raman spectra were studied with an Invia Renishaw 

spectrometer equipped with a Leica DM2500 microscope. The excitation light was a 473 nm 

diode laser attenuated to about 10 mW. For better spatial resolution, a 100× objective lens with 

numerical aperture of 0.9 was used. The collected signal was filtered with an edge-filter cutting 

at about 100 cm-1 of the 473 nm Rayleigh line. It was dispersed with a 2400 lines/mm optical 

grating and the intensity was measured by a thermo-electrically cooled 1024 by 256 pixel CCD 
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camera, whose calibration was checked using a Si standard. Namely, for X–ray diffraction 

(XRD) measurements the Seifert 3000 TT unit at 40 kV and 40 mA, with graphite 

monochromatized CuKα1 radiation (λ = 1.5405 Å) was used. Spray coated TiO2 thin films with 

and without decoration of Ag, AgAu, AgPt and Au NPs has been investigated by X-ray 

photoelectron spectroscopy (XPS, Omicron Nano-Technology GmbH, Al-anode, 240W) in 

order to determine their chemical composition. The recorded spectra were charged referenced 

on the basis of the aliphatic carbon C-1s line at 285.0 eV using the software CasaXPS (version 

2.3.16). [32–36]. 

Sensor design was performed similarly as for state of the art solid state gas detectors based 

on semiconducting oxides, usually with a planar structure, namely in our case a film of sensitive 

layer being supported by a glass/quartz substrate, then covered with Au meander electrodes for 

electrical connections. In the present study a planar structure thin film gas sensor was fabricated 

with TiO2 sprayed films as the sensing layer. A thin sensitive TiO2 film was deposited by a 

spray technique onto a glass/quartz substrate, then it was sputtered interdigitated meander 

shaped electrodes (electrode spacing=1 mm between Au pads).   
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All the gas sensitivity measurements were carried out at operating temperatures 200°C, 

250°C, 300°C, 350°C and 400°C. The UV and gas sensing properties were performed as 

described in previous papers [7,38]. Before injecting volatile organic compounds insite 2 L 

testing chamber, the TiO2 films based sensor was allowed to reach the baseline current stable 

value for 15 min. Once the baseline current was stabilized and hold for 15 min, then a specific 

amount of VOCs or H2 test gasses were introduced into testing chamber and change of electrical 

current was recorded by using a Keithley 2400 with a LabView interface on a computer. 

 

 

 

3. Results and Discussion 

3.1. Morphological Properties of the TiO2 films produced by spray pyrolysis  

The films show very good adhesion to the glass substrates after months and even after 

more than one year. Figure 1 depicts the SEM micrographs of undecorated TiO2 films. From 

the images it can be observed that the films exhibit a uniform granular morphology with 

interconnected grains growth with longer thermal annealing for 2 h from 450 °C (Figure 1a-c), 

at 600°C (Figure 1d-f) and up to 625°C (Figure 1g-i). Nanocrystalline thin films were observed 

in all types of samples. Figure 1j-l shows the SEM micrographs of TiO2 films (TA 625°C, for 

2 h) decorated with Au nanoparticles investigated at low, medium and higher magnification, 

respectively. 
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Figure 1. SEM images of nanocrystalline TiO2 films grown by spray pyrolysis and thermally 

annealed at: (a-c) 450°C for 2 h; (d-f) 600°C for 1 h; (g-i) 625°C for 2 h; and (j-l) 625°C for 2 

h functionalized with Au nanoparticles investigated at low, medium and higher magnification, 

respectively.  

 

In the supporting information in Figures S1a,b a comparison of SEM micrographs of 

undecorated TiO2 films at low magnification (TA at 600°C, for 1 h) with thicknesses of 20 nm 

and 40 nm are shown, which already indicates on a change in morphology by the increased film 

thickness. Figures S2a-b present the SEM micrographs of undecorated TiO2 films (TA at 

625°C for 2 h) which have high resemblance with cluster-assembled nanocrystalline films. 
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Figures S2c-d presents the SEM micrographs of TiO2 films (TA at 600°C for 1 h) before and 

after surface functionalization with Au nanoparticles. 

 

Figure 2a shows a SEM image of TiO2 film decorated with Au nanoclusters and Figure 

2b presents the functionalization with Ag-Au bi-metalic nanoclusters. 

 

Figure 2. SEM images of TiO2 films decorated with: (a) Au nanoclusters; and (b) Ag-Au 

nanoclusters.  

 

3.2. Micro-Raman studies 

The micro-Raman spectra were measured to identify the crystallization phase of TiO2 films 

with different thicknesses and post-deposition annealing. All measurements were taken in 

dispersive mode and the excitation light was a 473 nm (10 mW) LED Laser, as described in 

previous papers [7,38]. Due to the resolution of the system, no distinguishable crystallization 

peaks were detected neither by XRD nor by Raman in the layers with a thickness of 12 nm [39]. 
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Figure 3. (a) Raman spectra of annealed nanocrystalline TiO2 films (at 600°C for 1 h), 12 nm 

(spray0.5), 20 nm (spray1) and 40 nm (spray2) thickness, respectively. (b) Raman mapping of 

the Eg mode (144 cm-1) for TiO2 films with 40 nm thickness and TA at 600°C for 1 h. 

 

Figure 3a represents the micro-Raman spectra of the TiO2 films with different thicknesses 

(12 nm (spray0.5), 20 nm (spray1) and 40 nm (spray2) thickness, respectively) with TA at 

600°C for 1 h. For the latter the Raman mapping of the Eg mode (144 cm-1) is shown in Figure 

3b. It can be clearly seen that this mode is uniformly distributed over the entire surface of the 

sprayed layers. Figure S3a represents the micro-Raman spectra of the TiO2 films with same 

thickness of 40 nm but different TA conditions (450°C for 2 h, 600°C for 1 h and 625°C for 2 

h). The spectra of the samples with the thickness of 20 nm and 40 nm (annealed at 450°C for 

2h) were almost the same. Figure S3a shows only the anatase phase, which belongs to the 

)/4(19

4 amdID h  space group [40] with two TiO2 formula units per primitive cell. The modes at 

the Γ point belong to the representation [40]: 

ugugugopt EEBBAA 231211 2121 +++++=        (1) 
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The A1g, B1g and Eg modes are Raman active and the A2u mode and the two Eu modes are infrared 

active. The peaks at ~ 144, ~ 197, ~ 326, ~ 400, ~ 513-517, and ~ 635 cm-1 from Figure 3a 

(curves 2-3) can be attributed to the Eg, Eg, B1g, B1g, A1g + B1g, and Eg modes of anatase, 

respectively [41–43]. These Raman peaks are in correlation with the anatase phase in the TiO2 

film [44].  

For the rutile phase with six atoms in primitive cell there are 15 optical modes and three 

acoustic modes. Based on group analysis, the modes at the Γ point belong to the representation 

[45]: 

uggguuggopt EEBBBAAA 32 211221 +++++++=       (2) 

where g shows Raman active, u infrared active and E degenerate modes. The rutile phase is 

hard to detect due to the superimposed band at ~ 143 cm-1 (B1g) situated close to those of the 

anatase phase at ~ 144 cm-1, usually with low intensity [41,46]. The other Raman active modes 

of the rutile phase at 826 (B2g)(not shown here), 612 (A1g) and 447 cm-1 (Eg) [41] were not 

observed in the measured Raman spectra of samples annealed at 450°C for 2 h (see Figure S3a, 

curve 1), but some traces of the rutile phase in samples annealed at higher temperatures were 

observed, namely 600°C for 1 h (see Figure S4) and 625°C for 2 h. Figure S4 clearly shows 

some rutile spectral features which are present in films with higher annealing temperature 

(>600°C). The peaks at ~ 143, ~ 246, ~ 366, ~ 440, and ~ 610 cm-1 from Figure S4 can be 

attributed to the B1g, 246(broad band), Eg, and A1g modes of TiO2 rutile phase, respectively [41–

43]. We investigated in details more than hundred films by measuring multiple spectra at 

random positions on such thin film to map the size dependent changes of the Raman peaks for 

the anatase as well as the rutile nanostructures. The two phases are coexisting in samples 

annealed at higher temperatures (>600°C for 1 h, see Figure S4) and 625°C for 2 h and looks 

like they are uniformly distributed in the nanostructured films, one can say at the same time 
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their influence on the lattice dynamics. Figure S3b shows the Raman mapping of the Eg mode 

(144 cm-1) for the TiO2 thin films with 20 nm thickness and TA at 625°C for 2 h. It can be 

clearly seen that this mode is uniformly distributed over the entire surface of the sprayed layers. 

We can conclude that thermal annealing induced oxidation of samples is independent from the 

crystalline phase of nanoclusters forming these thin films. 

  

3.3. AFM studies 

Three dimensional topographic images including a roughness analysis were obtained by 

AFM on a 5 μm × 5 μm area from the Au-functionalized TiO2 films. Figure 4 shows the 

granular structure of an Au-functionalized TiO2 film. The grain size is in the range of 20 - 200 

nm and the surface roughness is about 2.19254 nm. Based on these AFM results we can 

conclude that the TiO2 films show a quite uniform morphology. 

 

Figure 4. Surface scan by AFM in tapping mode: (a) Amplitude image of TiO2 films annealed 

at 625°C for 2 h (inset scale bar is 1 μm; (b) 3D topographical image; (c) The scale bar of the 

topographical image of the deposited sample.  
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 3.4. XPS results 

An XPS investigation was conducted on the spray coated TiO2 thin film as well as 

nanocomposites decorated by noble metal NPs. The overview spectra, shown in Figure 5a, 

indicate on the presence of O, C, Ca and Ti in all thin films. Ti and O originate from the spray 

deposited TiO2 thin film. C and also partially O stem from atmospheric surface contamination 

by adsorbates on the surface. The systematic occurrence of signal corresponding to Ca indicates 

the migration of Ca from the used glass substrate towards the TiO2 thin film surface. 

Additionally, for the NP decorated nanocomposites the characteristic lines for Ag, Au or Pt are 

present espectively, indicating the successful deposition of NPs onto the TiO2 thin film surface.  

For in depth analysis, high resolution spectra are presented in Figure 5b-d. The C-1s 

line at 285.0 eV was used for charge referencing of the thin films. In the TiO2/AuNP 

nanocomposite, the Au-4f lines show peaks observed at 84.1 and 87.8 eV, which can be 

attributed to metallic gold and are in a good agreement with the XPS data reported in the 

literature [33,47,48]. Consequently, the deposited nanoparticles are metallic gold nanoclusters. 

The position of the gold peak (Au-4f7/2 ~84.1 eV) was also used to crosscheck the binding 

energy calibration (charge correction) in case of the nanocomposite. The undecorated TiO2 thin 

film does not show any Au signal.  

The comparison of the high resolution spectra for Ti-2p lines in Figure 5c shows slight 

shifts of the Ti-2p3/2 and Ti-2p1/2 lines for the noble metal NP decorated nanocomposites 

compared to the undecorated TiO2 thin film. A Ti-2p3/2 peak between 459.6 eV and 458.0 eV 

is commonly attributed to Ti4+ in TiO2, whereas lower binding energies would indicate on the 

presence of Ti2O3 (around 456.8 eV), TiO (around 455.0 eV) or metallic Ti (around 454 eV) 

[33,47].  For all nanocomposites the Ti-2p3/2 peak is located between 458.9 eV and 458.3 eV, 

which is in good agreement with Ti4+ in TiO2.  

The investigated nanocomposites contain monometallic or bimetallic noble metal 

nanoparticles. The high resolution spectra of the corresponding Ag-3d, Au-4f and Pt-4f lines in 
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Figure 5d imply the successful deposition of monometallic (Ag or Au) or bimetallic (AgPt or 

AgAu) NPs. The quantification based on the high resolution XPS spectra indicates a Ag 

concentration of roughly 20% in the AgAu NPs and of roughly 80% in the AgPt NPs. 

 

 

 

Figure 5. XPS spectra of TiO2 nanocomposites decorated with AgPt NPs (magenta lines), 

AgAu NPs (cyan lines), Ag NPs (red lines), Au NPs (blue lines) and the undecorated TiO2 thin 

film (black lines); a) overview spectra; b) high resolution spectra of C-1s line; c) high resolution 

spectra of Ti-2p lines; d) detailed spectra of the noble metals corresponding to the NPs. 

In order to obtain additional information on the impact of post deposition heat treatment 

on the spray coated TiO2 thin film, we performed XPS investigations. The XPS spectra of an 

as grown TiO2 thin film as well as for thin films annealed at 600°C and 625°C respectively are 
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shown in Figure 6. In addition to Ti and O from the spray coated thin films and C from 

atmospheric contamination, e.g. by carbohydrates, the spectra also indicate the presence of Ca. 

The occurrence of Ca can be attributed to the use of a Ca-containing glass as substrate for the 

TiO2 deposition. The signal of Ca is basically identical for the as grown as well as the annealed 

TiO2 layers. Accordingly, the transport of Ca towards the surface of the spray coated TiO2 thin 

film has to have happened in the initial stage of spray coating and is not an effect of the post 

deposition heat treatment. From the high resolution spectra of the Ti-2p and O-1s lines can also 

be concluded, that there is no significant change in peak positions due to annealing. The position 

of the Ti-2p3/2 line is located around 458.3 eV, which is in good agreement with Ti4+ in TiO2 

[33,47].  
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Figure 6. XPS spectra of spray coated TiO2 thin films with different heat treatments: as grown 

(bottom, blue lines), annealed at 600°C for 2h (middle, red lines) and annealed at 625°C for 2h 

(top, cyan lines); Top row: overview spectra; Bottom row:  high resolution spectra of C-1s line, 

O-1s line, Ti-2p lines and Ca-2p lines. 
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3.5. Gas sensing studies. 

In order to study the response of the films to different gasses and vapors, the electrical 

resistances of the sensor samples were measured in the temperature range of 25°C - 400°C at 

std. room conditions, under the presence of gases/vapors and again rechecked under std. room 

conditions. A positive relation between the response for gases and vapors and the operating 

temperatures (OPT) was found. Reasonable OPTs for the investigated oxides lie above 250°C, 

which means sensing in a high temperature environments [49,50]. The optimal OPT depends 

on various factors, including film thickness, coverage of the surface and the porosity [50]. The 

conductometric method explains the gas response (changes in electrical resistance) of TiO2 

nanostructured films under the exposure to test gases in the OPT range of 200-400°C. During 

the sensor measurements changes in the type of conductivity were found, the majority was n-

type electrical behavior for different gasses. For the n-type behavior (in case of H2 gas testing), 

the gas response was calculated as follows [3]: 

 (𝑆𝑛 =
𝑅𝑎𝑖𝑟−𝑅𝑔𝑎𝑠

𝑅𝑎𝑖𝑟
∗ 100%)          (3) 

where 𝑅𝑎𝑖𝑟 and 𝑅𝑔𝑎𝑠 represent the electrical resistances in air and under the test gas atmosphere, 

respectively. In case of exposure to the test gas, the electrical resistances decreases, that is 

typical for n-type semiconducting oxides.  

Figure 7a presents the gas response versus the operating temperature of a 12 nm TiO2 

thin film sensor, thermally annealed at 625°C for 2 h in air, at four different OPTs, namely 250, 

300, 350 and 400°C [3]. It is evident that the response to H2 gas is over proportional high with 

respect to different types of volatile organic compounds, especially at an OPT of 350°C the big 
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difference in response makes the it somewhat “quasi-selective”. In Figure 7b,c the gas sensing 

results of TiO2 thin film sensors with a thickness of 20 nm and 40 nm with TA at 600°C for 1 

h at different OPTs are depicted. At an OPT of 350°C, the TiO2 films with 12, 20 and 40 nm 

showed a response of ~ 25%, ~ 150% and ~ 650%, respectively. Inside the investigated 

temperature regimes, the optimal operating temperature for thinner structures lies between 

350°C - 400°C and is hereby comparable with those reported for H2 sensors based on TiO2 

nanostructures [14]. The highest gas response was obtained for TiO2 layers with 40 nm 

thickness and thermal annealing at 600°C for 1h. In this case, the gas response is ~ 650%, which 

is higher compared to the reported results based on TiO nanoparticles [51].  

 

Figure S5a shows radar plots of the response of 12 nm thick TiO2 thin films 

(sprayed0.5), TA for 2 h at 625°C in air, - based sensors at three different operating 

temperatures. It can be seen that samples are best performing for H2 gas sensing at an OPT of 

350-400°C. Figure S5b presents gas response versus operating temperature of 20 nm thick 

TiO2 thin films (sprayed1), TA for 1 h at 600°C in air [3]. It is evident that samples are not as 

selective as the 12 nm samples to H2 gas with respect to different types of volatile organic 

compounds, but the response to H2 gas is higher (about 2X). Figure S5c shows radar plot of 

the response of the 40 nm thick TiO2 nanostructured thin films (sprayed2) which were annealed 

for 1 h at 600°C in air, for three different operating temperatures, namely in range 200-300°C. 

Thus, at an OPT of 300°C the spray1(20 nm) and spray2(40 nm) samples perform better than 

the spray0.5 sample (12 nm). Also it can be concluded, the samples are more selective in the 

OPT range 250°C - 300°C [3]. It is evident that samples with a thickness of 40 nm are quite 

selective to H2 gas with respect to different types of volatile organic compounds and the gas 

response to H2 is much higher compared to the thinner samples (12 and 20 nm).  
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Figure 7. Gas response versus operating temperature of sprayed TiO2 nanostructured thin film 

based sensors with a thickness of: (a) 12 nm, annealed at 625°C for 2 h in air; (b) 20 nm and 

(c) 40 nm, annealed at 600°C for 1 h. 

 

ollu 
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An important feature for such investigations is the reproducibility and stability of the 

sensor structures which was observed at different OPT and gas concentrations. 

 

Figure 8. Comparison of responses to H2 gas for all types of sprayed TiO2 nanostructured thin 

films (12, 20 and 40 nm, respectively) - based sensors at operating temperature of 250°C and 

300°C; All samples were thermal annealed at 600°C for 1 h in air. (12, 20 nm to 100 ppm, and 

40 nm to 1000 ppm) (Gap size of 1 mm). 

 

Figure 8 presents a comparison of the gas responses to H2 gas for sprayed TiO2 

nanostructured thin films, TA at 600°C for 1 h in air, with different thicknesses, namely 12, 20 

and 40 nm to H2 gas at OPTs of 250°C and 300°C. It can be seen that the samples with a 

thickness of 40 nm are most sensitive to H2 gas with a response >640% to H2 gas at an OPT of 

300°C. 

Next, we are comparing only the most sensitive films (40 nm) to different gases and 

volatile organic compounds (H2 gas, NH3 vapor, and volatile organic compounds - Acetone, 2-

Propanol, n-Butanol and Ethanol) to identify their behavior to various environments. Figure 9 

presents gas responses for the best performing TiO2 thin film (40 nm) to H2, NH3, and volatile 
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organic compounds such as Acetone, 2-Propanol, n-Butanol and Ethanol at an OPT of 250°C 

with a response of R=580% (Figure 9a) and at 300°C with a response of 640% (Figure 9b) to 

a 20 s long pulse 1000 ppm of H2 gas. Evidently the samples are semi-selective to H2 gas with 

respect to others investigated under the same conditions. 

 

 

 

 

Figure 9. Gas response for TiO2 thin films (40 nm) - based sensor structures to H2 gas, NH3 

vapor, and volatile organic compounds, namely Acetone, 2-Propanol, n-Butanol and Ethanol at 

operating temperatures of: (a) 250°C; and (b) 300°C. All samples were thermally annealed for 

1 h at 600°C in air. 
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The dynamic response to 1000 ppm of H2 gas of TiO2 films with 20 nm and 40 nm 

thickness is presented in Figure 10(a-b) at two different operating temperatures: 250°C (Figure 

10(a)) and 300°C (Figure 10(b)). The calculated response and recovery times are presented in 

Table S1. 

 

 

Figure 10. Dynamic gas-sensing transients to 1000 ppm of H2 gas of a TiO2 (20 nm) thin film 

(a); and the TiO2 (40 nm) (b) thin film based sensors at two different operating temperatures: 

250°C (a); and 300°C (b). These nanostructured samples were thermally annealed at 600°C for 

1 h in air. 
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The lowest response and recovery times were observed for the spray2 (40 nm) samples 

at an OPT 250°C (15.42 s and 3.9 s, respectively), while for the 40 nm sample at an OPT of 

300°C the response and recovery times are 11.05 s and ~ 3.79 s, respectively. This can be related 

to a higher influence of the electron depleted top layer on the gas response. 

The 20 nm samples showed a response of about 150% and the 40 nm samples of 640% 

at an OPT of 300°C (Figure 10(b)). 

 

3.6. Gas sensing studies. Effect of noble metal nanoparticles or nanoclusters 

 

The effect of noble metal nanoparticles or nanoclusters on gas sensing performances of 

nanostructured TiO2 films ranging from 12 to 40 nm were investigated next. It is important to 

find approaches which allow reducing OPT and to make films much more selective or to tune 

it from one gas to another one or to VOC. In such a way it will be possible to control the gas 

response value and to fabricate different sensors based on the same material and in same 

technological process, just by functionalizing its surface with different types of noble 

nanoparticles. 

For sensors with a n-type response (in test case with H2, 2-Propanol, n-Butanol and 

Ethanol), formula (2) (𝑆𝑛 =
𝑅𝑎𝑖𝑟−𝑅𝑔𝑎𝑠

𝑅𝑎𝑖𝑟
∗ 100%) was used since the electrical resistance of the 

sensor was decreasing, which is typical for semiconducting oxides with n-type of conductivity. 

The p-type response behavior was observed for vapors (namely, NH3 and Acetone) and in such 

a case formula [3] were used:  

(𝑆𝑝 =
𝑅𝑔𝑎𝑠−𝑅𝑎𝑖𝑟

𝑅𝑎𝑖𝑟
∗ 100%)          (4) 

since resistance was increasing when the test gas was introduced into the test chamber [52–54]. 
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Figure 11. The gas response versus operating temperature of TiO2 thin films: (a) with a 

thickness of 40 nm (annealed at 600°C for 1 h in air) and decorated with Ag nanoclusters; (b) 

with a thickness of 20 nm and decorated with noble Ag-Au nanoclusters; (c) with a thickness 

of 20 nm and decorated with Ag-Au nanoclusters. These samples were annealed at 600°C for 1 

h in air. 

 

According to Figure 11a we can conclude that n-type response behavior of the 

conductivity was observed for n-butanol, 2-propanol and ethanol vapors, since the electrical 

resistance was decreasing, but for NH3 and acetone vapors it was increasing, analog to p-type 

behavior. Thus, by Ag NPs-decoration of the TiO2 films (Ag-NPs@TiO2) we can tune the gas 
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response from H2 gas to n-butanol and 2-propanol vapors with n-type response behavior. It can 

be recommended that such Ag-NPs@TiO2 films could be very good candidates for n-butanol 

(C4H9OH) detection, which is a "fusel alcohols" and extremely wide used in food industry ( 

butter, cream, fruit, rum, whiskey, ice cream and ices, candy, baked goods and cordials) [55], 

as well as in a in a wide range of consumer product [56], as well as for other industrial processes 

[57]. Butanol is considered as a potential biofuel (butanol fuel), but n-butanol presents a 

moderate fire hazard With a flash point of 35 °C [58]. An increase in response to 2-propanol 

vapors was observed with increasing OPT from 250 to 300°C according to Figure 10a. Here, it 

is important to mention that isopropyl alcohol (IUPAC name 2-propanol) is a structural isomer 

of propanol the molecular formula C3H7OH, which has threshold limit of 400 ppm for short 

term exposure [59]. Exposure of higher concentration of 2-propanol leads to low blood 

pressure, dizziness, nausea and coma, etc. [59,60], hence, it is highly important to detect 2-

propanol for health and safety issues. It is of great importance to mention that the detection and 

control of such VOCs is of great demand for various applications, e.g. detection of butanol or 

methanol leaks in various industrial processes [55,59–62]. The detection of methanol was 

possible due to fact that it reacts with oxygen over metal oxides to give oxidation and 

dehydration products [63]. Thus, the composition of Ag-NPs@TiO2 films mixed oxides seem 

to change the surface activity of and reaction products,  making it more sensitive to 2-propanol 

and n-butanol vapors. 

For the thinner Ag-Au decorated TiO2 films (Ag-Au-NPs@TiO2) (20 nm, Fig. 11b), p-

type response to 2-propanol and n-butanol vapors was observed, since the resistance was 

increasing when gas was introduced into the test chamber [52–54]. A decrease in response to 

ammonia vapors was observed with increasing OPT from 200 to 300°C. According to Figure 

11b at an OPT of 200°C, there is only a NH3 response, but at an OPT of 250°C the response to 

2-Propanol, n-Butanol appears. Such an Ag-Au-NPs@TiO2 can be a very good and selective 

https://en.wikipedia.org/wiki/Fusel_alcohol
https://en.wikipedia.org/wiki/Biofuel
https://en.wikipedia.org/wiki/Butanol_fuel
https://en.wikipedia.org/wiki/Flash_point
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sensor to ammonia at OPT of 200°C, but with increasing OPT at an OPT of 300°C all gases 

lead to a response. Thus, to have the highest response and selectivity to NH3, the OPT should 

be set to 200°C. A higher response to n-butanol vapors was observed at 250°C, but more 

selective with respect to other VOCs at 300°C for Ag-Au-NPs@TiO2 films (20 nm). 

According to our experimental results for Ag-Pt-NPs-functionalized TiO2 (Ag-Pt-

NPs@TiO2) samples presented in Figure 11c at an OPT of 300°C, there is only a higher 

response to H2 (≈80%) with n-type response behavior in comparison with samples 

functionalized with Ag or Ag-Au. With increasing OPTs, the response to 2-Propanol, n-Butanol 

starts to appear. It is clearly evident that such Ag-Pt-NPs TiO2 films are good candidates for 

selective H2 gas sensor at an OPT of 300-350°C. 

Interestingly the conductivity behavior for 2-Propanol and ethanol is decreasing at OPT 

temperatures > 225°C-250°C until a sign change can be seen at an OPT of 350°C. This seems 

to be an of the effect differing conductivity mechanisms in the multicomponent films. Such  

Ag-Pt-NPs TiO2 films could be candidates for selective ethanol vapor sensor at an OPT of 

250°C with p-type behavior. 

At an OPT of 350°C with n-type response behavior, which was of p-type response 

behavior up to OPT of 300°C, and the same can be seen for samples  functionalized with Ag-

Pt where disappear response to NH3.  
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3.7. UV detection studies. Effect of noble metal nanoparticles or nanoclusters 

 

  

 

Figure 12. (a) Current – voltage curves of TiO2 Spray 2 (40 nm) ultra-thin films measured in 

dark and under UV at different intensities at room temperature. These samples were thermally 

annealed at 600°C for 1 h in air. (b) The dynamic UV response to pulse durations (10 s) of a 40 

nm sprayed TiO2 sample and a bias voltage of 10 V. These samples were thermally annealed at 

600°C for 1 h in air. 

 

Figure 12a shows the current – voltage characteristics in the range of -50 V up to +50 

V of a TiO2 thin film with a thickness of 40 nm in dark and under UV (365 nm) illumination at 

different light intensities (varied by the distance from the source to sample). Experiments 

confirmed as expected, that the thinner films have a higher resistance, since the electrical 
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resistivity (ρ) of thin films is dependent on the thickness ( tRS= , where RS is the sheet 

resistance and t is the thickness of film) [64]. A slight non-linear characteristic can be seen 

which may indicate on formation of Schottky contacts.  

In Figure 12b the dynamic response of TiO2 films (40 nm) to UV (365 nm, 2 cm distance) 

at room temperature, sample was TA at 600°C for 1 h at an applied bias voltage of 10 V. The 

response to UV radiation was defined as: )/( darkUV IIS = , and it was found to be ≈ 82 with 

response and recovery times τr1=0.1 s, τr2=2.96 s and τd1=0.16 s, τd1=1.51 s, respectively. 
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Figure 13. (a) Response to UV intensity adjusted by the distance of the source to the sample. 

TiO2 Spray (40 nm) + Au nanoparticles, TA 600oC for 1 h at an applied bias voltage of 50 V; 

(b) Dynamic response to UV (365 nm, at two different distances 2 cm and 4 cm) of TiO2 Spray 

(40 nm), TA 600°C for 1 h at an applied bias voltage of 10 V; (c) Dynamic response to UV 
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(365 nm, at different distances 1 cm – 12 cm) of TiO2 Spray (40 nm) + Au nanoparticles, TA 

600°C for 1 h at applied bias voltage of 50 V. 

 

In Figure 13a the response to UV radiation at a bias voltage of 50 V of the 40 nm sample 

TiO2 (Spray (40 nm), TA 600oC for 1 h) is presented. It can be seen that the response decreases 

considerable if the distance is increasing. Figure 13b presents the dynamic responses to UV (at 

two different distances 2 cm and 4 cm) of TiO2 film with 20 nm thickness (Spray1), TA at 

600°C for 1h at an applied bias voltage of 10 V. The UV response at a distance of 2 cm is ≈ 82 

with response/recovery times of τr1=0.1 s, τr2=2.96 s and τd1=0.16 s, τd2=1.51 s, respectively, and 

at the distance of 4 cm response is ≈ 17 with response/recovery times of τr1=0.34 s, τr2=4.11 s 

and τd1=0.09s, τd2=1.13s, respectively. We can clearly see that the sensor structure is changing 

its response in dependence of UV source sensor distance. In Figure 13c the dynamic response 

to UV (365 nm, at different distances 1 cm – 12 cm) is shown of a TiO2 Spray (40 nm), TA 

600oC for 1 h at applied bias voltage of 50 V at room temperature. The response/recovery times 

for samples investigated in Figure 13 are summarized in Table 1. 

Table 1. Response/recovery times for Au-nanoparticles@TiO2 Spray (40 nm), TA 600°C for 1 

h at applied bias voltage of 50 V. 

 τr1 (s) τr2 (s) τd1 (s) τd1 (s) 
TA600_1h_Au_50V_Sample 3+UV10_1cm 0.14 4.32 0.05 0.8 

TA600_1h_Au_50V_Sample 3+UV10_2cm 0.11 3.27 0.05 0.85 

TA600_1h_Au_50V_Sample 3+UV10_4cm 0.18 2.93 0.13 1.88 

TA600_1h_Au_50V_Sample 3+UV10_6cm 0.22 3.09 0.3 2.61 

TA600_1h_Au_50V_Sample 3+UV10_8cm 0.14 2.76 0.24 2.05 

TA600_1h_Au_50V_Sample 3+UV10_12cm 0.32 3.65 0.16 1.91 
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3.8. Gas and UV sensing mechanism. Effect of noble metal nanoparticles or nanoclusters 

 

Adsorbed oxygen on the surface of the TiO2 ultra-thin films extracts free electrons from it and 

transforms into oxygen species, depending strongly on the OPT value [65–67].  

−−−−


)(2)(2 adsgas
OO           (5) 

)(2)(2 adsads
OeO

−− →+           (6) 

−−− + )()(2 2 adsads OeO           (7) 

−−− + 2

)()( adsads OeO           (8) 

The roles of different types of oxygen species adsorbed on the sensor surface are determined 

for various TiO2 ultra-thin films. When the sensor is exposed to the gas environment, H2 

molecules are adsorbed on the film surface and react with adsorbed oxygen species which act 

as active sites for gas to get attached, thus detection takes places, as follows [68]:  

−− +→+ eOHOH ads 2)(22
2

1
         (9) 

−− +→+ eOHOH ads 2)(2          (10) 

This will also reduce the width of the depletion region, which leads to a change in the electrical 

resistance of the TiO2 films during the detection process. The reaction is exothermic (1.8 

kcal.mol-1) [69], that will lead to quick desorption of water molecules from the surface of TiO2 

films. 

The 40 nm film shows the highest response to H2 gas at 300°C mainly due because O2- species 

are predominantly adsorbed on the film surface and the interaction of these with test gas. 
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Sheme 1. Reaction pathway for the oxidation process of of AgO/TiO2 surfaces of developed 

sensor structures.    

 

Scheme 1 shows the detection pathway of methanol up to final product formed after oxidation 

of the reactions of intermediates [61]. 

During the exposure of Ag/TiO2 or Ag-Au/TiO2 surfaces with n-butanol vapor, it reacts with 

oxygen species to form CO2 and H2O. The electrons will be released from oxygen species and 

will reduce the sizes of the depletion region and of a potential barrier. This process induces an 

increase in conductivity and may be described as follows [70–72]:  
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adsgas OHHCOHHC )()( 9494          (11) 

−− ++→+ eOHCOOOHHC adsads 245412)( 22

2

94       (12) 

−− ++→+ eOHCOOOHHC adsads 125412)( 2294       (13) 

These discussions indicate on the gas sensing superiority of TiO2 nanocrystalline films. It 

concludes that a large surface area due to crystals will provide a larger active sites and favors 

gas-oxide reaction and it will rich pores and perform diffusions of test gas, which in final will 

enhance gas response. 

The proposed vapor sensing between 2-Propanol and TiO2 surface is described as follows 

[59,60]: 

++→+ −− eOHCOOOHC ads 986][92 22)(283       (14) 
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Scheme 2. Schematic diagram of the hydrogenation process of TiO2 films of sensing 

mechanism on mixed phases TiO2 surface. The black e- and red e- are electrons adsorbed on 

surface and released, respectively.  

 

Since 2-Propanol is a reducing vapor, then it will be oxidized to CO2, H2O and release of 

electrons into films. 

 

Figure 14. (a) Energy band diagrame of TiO2 in air; (a) Energy band diagrame of TiO2 in 

VOC. 

 

Conclusions 

TiO2 thin films with quite smooth surface and crystalline phase anatase have been deposited on 

glass by spray pyrolysis of an aerosol based on titanium diisopropoxide, acetylacetone and 
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isopropanol. From the morphological and AFM studies, it can be concluded that the growth 

approach (by spraying and subsequent annealing) is quite attractive for sensor applications due 

to their granular view. Different thick (12, 20 and 40 nm) TiO2 nanocrystalline thin films have 

been sprayed and their morphological, structural, electrical and gas sensing performances have 

been characterized. It was found that the film thickness in this investigated region has a great 

effect on their characteristics and gas sensing performances. For sensors based on the TiO2 with 

a thickness of 20 nm, after TA 625°C for 1 h, it is possible to change the selectivity from one 

gas to another (see Figure S5a) by changing the OPT as follows: 

a) To obtain an ethanol sensor the OPT of 300°C is necessary; 

b) To obtain a 2-Propanol sensor the OPT should be 350°C; 

c) To obtain an Acetone sensor the OPT should be 400°C; 

Considering that for H2 gas the electrical behavior is of n-type, we can consider that such sensor 

structures are always selective to H2 gas with respect to VOCs, which shows p-type behavior 

during detections. 

The gas response of TiO2 ultra-thin films towards H2 gas was studied, we observed that 40 nm 

thick films, thermally annealed at 600°C for 1 h, are a good candidates for H2 sensor. Thus, the 

current work explored the possibility to detect gasses using optimally prepared TiO2 ultra-thin 

films. 

 

The functionalization of TiO2 films with Ag, Au, Ag-Au and Ag-Pt allows controlling 

their selectivity from one gas/vapor to another as well as the type of conductivity as follows:  

a) TiO2 Spray (40 nm) films with Ag nanoparticles showed two types of conductivity, 

namely NH3, -Acetone with p-type and for 2-Propanol, n-Butanol and Ethanol with n-

type behavior, and are more selective to n-Butanol at OPT of 250 oC  n-type behavior, 



37 
 

as well as selective to NH3 at all OPT with p-type behavior. Here, if we would consider 

p-type and n-type behavior then the sensors show very good selectivity to NH3 and n-

Butanol; 

b) TiO2 Spray (20 nm) films functionalized with Ag-Au nanoparticles showed only p-type 

behavior and are selective to NH3 at an OPT of 200°C, but with increasing OPTs, the 

sensor becomes more sensitive to 2-Propanol, n-Butanol, Acetone and Ethanol with 

selectivity to n-Butanol. 

c) TiO2 Spray (12 nm) films functionalized with Au nanoparticles showed only n-type 

behavior. At an OPT of 250 °C the response to n-Butanol disappears and 2-Propanol 

sensing is possible. 

d) High selectivity and response to H2 gas was achieved using 40 nm TiO2 thin films 

decorated with noble metal nanoclusters. The synergetic effect of the catalytic 

nanoclusters Ag, Au and Pt top layers promotes their selectivity. 

e) TiO2 spray 2 (40 nm) films are very good as H2 gas sensor after thermal annealing at 

600°C for 1 h with a response (>580%) which is several times higher than for 20 nm 

thick films at OPT of 250°C ((>110%)), at relatively low operating temperature. 

f) At an OPT of 300°C the TiO2 spray 1 (20 nm) films show a response of >150% to H2 

gas 

g) At an OPT of 300°C the TiO2 spray 2 (40 nm) films show a response of >640% to H2 

gas. 

The developed sensor structures and their production procedure is quite attractive for various 

industrial applications to detect leakage of gases and/or VOCs. 
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