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Abstract. Titanium dioxide and gold nanoparticles were synthesized using an environmentally
friendly method to deposit undoped and Au-doped TiO: thin films on silicon and glass substrates via
the spray pyrolysis technique. The effect of the Au nanoparticles concentrations on structural,
morphological, and hydrogen sulfide (H2S) gas sensing characteristics of TiO: thin films were
investigated. An X-ray diffraction pattern confirmed the polycrystalline structure of the films
deposited on glass and Si substrates with a dominant rutile phase and the formation of additional
mixed-phases of Ti-Au bonding. According to a Field Emission-Scanning Electron Microscopy
investigation, the cluster size ranged from 20 to 180 nm depending on the concentration of AuNPs.
The sensing response of the prepared films was tested against H>S at different operating temperatures.
The effect of growing a mixture of titanium-gold phases as a suitable catalyst for hydrogen sulfide
sensitivity is also discussed.

Introduction

Transition metal oxides, including TiO, electronic configuration, are reported as suitable gas
sensors due to the properties of TiO2, such as abundance, affordability, and thermal stability [1]. TiO>
gas sensor works in harsh, toxic, and high relative temperature environments. TiO: is extensively
used in many applications, such as gas sensor devices, medical applications, decoration materials,
and electronic devices [2]. TiO exists in nature in four forms: rutile, anatase, brookite, and 3-TiO»
[3]. The rutile phase of grain size around 35 nm has better thermal stability than the anatase phase
due to a shorter Ti-O bond length than the anatase phase [4]. The anatase phase is stable at 11-35 nm,
while the brookite is stable at grain sizes less than 11 nm [5]. Semiconductor thin films of TiO; are
intensively studied for gas sensing applications. However, TiO> does not respond actively as
hydrogen sulfide (H>S) sensor at temperatures below 200 °C [6]. As a result, adding catalytic metals
such as Au, Ag, Pt to TiO; is widespread [7,[8]. A strong Ti-Au bond prevents grain growth and
slows down the anatase transformation, resulting in the restructuring of the surface by the interstitial
Ti atoms and locally modifying the chemical reactivity [9]. The AuNPs play a significant role in
enhancing TiO; sensing characteristics, and it reduces the operating temperature and increases the
interaction between the sensor surface and the gas target [10].

Hydrogen sulfide is the most dangerous and toxic gas [11]. Therefore, TiO2 gas sensor devices
have been studied to demonstrate optimal operating conditions for detecting H»S.

In 2006 [12], Jakubik showed that temperature and wave frequency did not affect the sensitivity
of TiO> thin films as a surface-acoustic-wave gas sensor. Also, in the same year, Chaudhari et al.
confirmed that the sensitivity of Cu, Mo, and Al-doped TiO; was decreased at operating temperatures
between (250-350) °C [11]. In 2010, Gaspera et al. reported an improvement in the sensitivity of Au
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doped-Ti0O2-NiO films [13]. Furthermore, several investigations on the composition of TiO, for H,S
sensing are studied; for example, E. Gazzola et al. [14] and L. FRANCIOSO et al. [15] demonstrated
the synthesis of titanium dioxide doped/coated with gold nanoparticles thin films. However, they did
not investigate the influence of structural phases formed between titanium and gold on TiO> gas
sensing characteristics. As a result, it is possible to summarize the problem addressed by the current
study as follows: There are few studies about the sensitivity of TiO> compounds to H>S because
hydrogen sulfide gas has limited chemical activity at low temperatures. Furthermore, few researchers
have investigated the effects of titanium-gold mixed-phase development as a suitable catalyst for the
sensitivity of TiO2 thin film to H>S gas.

In this study, undoped TiO; thin film and doped with Au nanoparticles were deposited on silicon
and glass substrates using the chemical spray pyrolysis technique. The sensing response of the
prepared films was tested against HoS at different operating temperatures. This study focuses on the
effect of the growth of the titanium-gold mixed-phase as a suitable catalyst for hydrogen sulfide
sensitivity.

Experimental Procedure
Materials and thin films synthesis

Pulsed laser ablation (Q-switched Nd: YAG laser type HUAFEI with wavelength 532 nm) was
used to form TiO> and Au nanoparticles. A high-purity titanium dioxide nanoparticle powder (99.99%
by NIST1898 Sigma-Aldrich) was used to form a pellet target with a diameter of 12 cm and thickness
of 0.3 cm using a Hydraulic press under 107 N/m? for 60 minutes at room temperature. Pulsed laser
ablation (PLA) was used to prepare the gold nano-colloidal solutions by using a high purity gold sheet
(10x10x2) mm?® as demonstrated earlier by Al-Alousi [16]. The TiO; pellet and gold sheet were
separately mounted vertically on the laser beam within a cylindrical glass cell. Nano-colloidal
solutions were synthesized in 15 ml deionized water. TiO, and Au nanoparticles (AuNPs)
concentrations were determined to be 680 and 169 ppm, respectively, using an atomic absorption
spectrometer (type GBC). The spray pyrolysis technique was used to deposit undoped and AuNPs-
doped TiO> thin films (75+£5 nm thick) of TiO; and TiO2: Au samples with different AuNPs colloidal
solution volume ratios (1%, 3%, and 5%) deposited on glass and n-type (111) silicon substrates of
low resistivity (0.004 Q-cm) at 300 °C. The structural characteristics of the prepared films were
investigated using an X-ray diffractometer (type Philips PW 1730) pattern with a diffraction angle
(20) of 20° to 80°. The morphological feature of the samples was analyzed using a field emission-
scanning electron microscope (Nova Nanosem 230) at magnifications of 5 and 20 Kx.

Experimental setup

The gas sensing characteristics were investigated under dynamic flow conditions in a cylindrical
stainless-steel chamber. The sensing response of TiO; and TiO;: Au thin films when exposed to 30
ppm HzS were measured in atmospheric air conditions at operating temperatures of 25, 50, 100, 150,
and 200 °C. The gas sensor system is depicted in diagrammatic form in Fig. 1. The tested gas
concentration was calculated by using the following equation: [17]

Flow rate of gas parent

as concentration = gas parent concentration 1
g ppm = 9asp (ppm)

Total flow rate

where the total flow rate is the sum of both air and target gas flow rates.
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Fig. 1: The schematic of the sensing test system.

The sensitivity of the produced films when exposed to hydrogen sulfide was estimated based on the
following equation: [18]

Rq—Rg
Ry
where R, and R, are the electrical resistance measured at the atmospheric air condition and the target
gas atmosphere. The response (Tres.) and recovery (Trec.) times were determined. The Tres. 1s the time
required for the sensor resistance to reach 90% of its maximum change when exposed to the gas target

(gas in), and Trec. 1s the time required for the sensor resistance to returning to 10% of its initial value
before exposure to the target gas (gas out) [19].

X 100% (2)

Results and Discussion
Structural properties

Figure 2 shows the XRD pattern of the deposited TiO; thin film on glass and Si (111) substrates.
Figure 2a confirms the formation of a multi-phase structure of rutile, anatase, and g-TiO2, which
corresponds to ICDS cards 00-021-1276, 98-000-9853, and 98-017-1670, respectively. Additionally,
the rutile diffraction peak (402) at 20 around 38.7° was the dominating one, with a crystallite size of
54.2 nm, as illustrated in Figure 2a. The XRD pattern of TiO> film deposited on a silicon substrate
(Fig. 2b) revealed the formation of crystalline phases similar to those formed on the glass substrate,
as well as the development of the rutile phase with a dominating crystalline orientation toward the
diffraction peak (120 ) at 26 = 27.3° and crystallite size of 54.2 nm. When X-ray patterns of films
deposited on silicon and glass substrates are compared, it becomes evident that the locations and
intensities of the diffraction peaks differ, which could be attributed to variances in the substrate type
and thermal stability of the TiO2 phases, which is consistent with the literature [20].
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Fig. 2: XRD patterns of TiO; and TiO; doped with Au thin films on (a) glass and (b) silicon substrates.

The XRD patterns of TiO; thin films doped with various colloidal solution volume ratios of AuNPs
deposited on glass and Si are shown in Figures 3a and 3b, respectively. At a volume of 1% AuNPs,
the diffraction peak intensity decreased, and B-TiO; was the dominating phase structure toward the
(522) diffraction peak with a crystallite size of 29 nm. At this vol% of silver nanoparticles, new
mixed-phases of TizAu and AuxTi were developed, matches respectively with the ICDD 00-007-032
and ICDD 00-029-065, referring to the Ti-Au bonding, as shown in figure 3a. When the AuNPs
concentration increased to 3%, the crystallite size improved to 34.4 nm, and the intensity of the
diffraction peaks increased significantly, indicating the stability of the same dominant phase and the
absence of low-intensity diffraction peaks. The Au,Ti rutile phase was dominated with a preferred
orientation toward (120) diffraction peak. The crystallite size was 53.2 nm when the vol% of AuNPs
increased to 5%. Figure 3b illustrates the XRD pattern of TiO2: Au thin films deposited on Si
substrate, and it shows the same growth behavior of those deposited on glass substrates. In terms of
the domination phase, the B-TiO> phase was dominant at AuNPs solution volume of 1% and 3%,
while the rutile phase was at 5%. In the same context, the B-TiO; phase was more growth with an
increase of AuNPs vol%, and the rutile phase was dominant when the AuNPs vol% raised to 3% and
5%. Increasing the diffraction peaks intensity with the AuNPs volume concentration increases
revealed that the gold nanoparticles contributed to the improved structural growth of the prepared
films. The improvement in structural growth can be explained as follows: as the concentration of
AuNPs rises, more bonds are formed, increasing the intensity of the characteristic peaks of deposited
Ti-Au clusters on glass and silicon substrates [20].
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Fig. 3: XRD patterns of undoped and Au doped TiO: films on (a) glass and (b) silicon substrates.

FE-SEM analysis

Fig. 3a-c shows the FE-SEM images of the TiO,: Au thin films at various Au concentrations.
These images demonstrate a heterogeneous distribution of different-sized grains, ascribed to the
accumulation of TizAu and Au,Ti phases on the film surfaces. The sizes of the clusters were (54-180)
nm, (31-162) nm, and (20-186) nm for 1, 3, and 5 at vol%, respectively. Some clusters showed
concave character, especially for sample 5 at vol% Au, Fig. 3c. These structures may be formed due
to the different surface energy of the TiO and Au-Ti composite, leading to the segregation of impurity
phenomena where the small clusters are accumulated at the liquid phase. The Ti-Au diffraction peaks
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confirm this behavior in Figures 2a and 2b, in good agreement with the theoretical modeling in the
literature [9].
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Fig. 3: FE-SEM images of TiO;: Au thin films on Si substrates with Au at. vol% of (a) 1% (b) 3% (c)
5%, and (d) composition segregation of impurity for 5 at. vol% doped-sample.

Gas sensor measurements

Figures 4 and 5 reveal the sensitivity% of the undoped and AuNPs-doped TiO: thin films deposited
on glass and silicon substrates at various operating temperatures when exposed to 30 ppm H»S. As
expected, the as-deposited TiO> thin films on glass and silicon substrates exhibit low sensitivity
improvement with increasing operating temperature, which can be attributed to the chemical inertness
of the film surfaces at these operating temperatures. In contrast, the sensitivity of TiO, films doped
with AuNPs increased with increasing AuNPs concentration and operating temperature. Figures 4
and 5 show that the sample doped with 1% of gold nanoparticles deposited on glass substrate did not
respond significantly below 150°C compared to the sample deposited on silicon substrates at the same
doping ratio. The maximum sensitivity was obtained using a dopant ratio of 5% AuNPs for films
formed on silicon and glass substrates, which were 121.20 % and 78.90 %, respectively, as shown in
Table 1. The maximum sensitivity at 5% AuNPs can be attributed to the increase in the surface
roughness as the concentration of AuNPs rises, as shown in Fig. 3¢ of the FE-SEM images. Also,
increasing the temperature of n-type semiconductors, such as TiO;, creates oxygen vacancies
responsible for adsorbing sulfur atoms [6]. The fast response was 1.5 sec for the 1% AuNPs doped
film on Si at 200 °C, while the fast recovery time was 0.5 sec achieved by the 5% AuNPs doped
sample on glass at 200 °C.
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Fig. 4: Sensitivity of the tested films on glass substrates at different operating temperatures (T).
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Fig. 5: Sensitivity of the tested films on silicon substrates at different operating temperatures (T).
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Table 1: The sensitivity, response, and recovery times of TiO; and TiO;: Au thin films.

On glass On Silicon
2 — -’ < N Z < N
= 2 ¢ 2 2z i g z 2z oz
‘cg = N N Q ‘& I I
= o o S S @ S
= = = = = =
. RT 0.03 0.18 0.58 33 1.14 23.46 10.32 34.91
= . 50 0.18 0.29 1.18 5.1 1.21 28.22 22.83 39.96
k= S 100 0.49 0.33 2.17 15.3 3.16 29.7 31.54 100.95
qu_) 150 0.91 1.61 3.69 29.5 3.15 29.70 31.50 100.90
200 0.99 245 12.5 78.9 34 80.40 96.20 121.20
_ RT 10.00 8.00 10.70 10.70 11.50 4.60 10.50 40
§ 50 10.10 5.91 12.60 9.20 9.87 6.10 6.10 6.10
= 100 10.40 10.50 11.30 9.00 5.10 5.70 6.60 6.25
f 150 4.80 13.50 10.40 9.60 10.50 2.30 7.60 5.60
200 10.80 13.80 13.80 2.30 8.20 1.50 3.90 2.60
— RT 9.20 9.20 6.60 11.60 6.80 6.10 13.20 6.60
§ 50 7.60 6.70 10.90 11.70 6.33 4.38 4.38 4.38
= 100 12.20 5.30 14.40 11.70 291 5.10 3.40 2.92
f 150 12.20 12.70 14.90 11.80 5.80 2.90 4.90 2.90
200 4.70 13.30 13.30 0.50 3.50 3.20 2.20 1.70

The electrical resistance behavior of the sample with the highest response (5% AuNPs) was adopted

to study the behavior of the sensor when exposed to HoS gas, as shown in Fig. 6. However, H2S gas
adsorption on the TiO; sensor surface can affect its electrical conductivity when exposed to the gas
target due to the interaction between TiO> and HoS [21]. Furthermore, at 5% AuNPs doping ratios,
the more crystallization of the AuyTi phase produces complex compounds due to the association of
sulfite roots and AuNPs, which contributes to an increase in the rate of gas adsorption on the surface
of TiO; films [9].
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Fig. 6: The sensitivity of the 5% AuNPs doped TiO: sample on (a) glass and (b) Si substrates at 200 °C.
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Fig. 7: (a) Forming of Ti-S-Au linkages [9] and (b) the possible contacts of the sulfur atom with the
surface composites during adsorption processes.

The AuNPs supported chemical activity on the surface of TiO; that directly contributed to the
formation of an island-like surface that added surface area for exposure of gas molecules on the
surface of the sensor. The island-like structure distribution of the Au-Ti played a role in settlement
gas molecules on the surface by forming Ti-S and Au-S bonds (Fig. 7a), increasing the electrical
resistance of the film [22]. Ti-Au alloys are naturally like quantum dots [21], which have an
abundance of electrons that make it simple to bond with sulfur atoms, resulting in electrical resistance
change. Figure 7b depicts the potential interactions of the sulfur atom with surface composites during
adsorption processes.

Conclusion

The spray pyrolysis technique was successfully used to deposit TiO; and TiO;: Au thin films on
glass and silicon substrates. XRD analysis of a coupled phase of TiO, and Ti-Au confirmed the
existence of gold nanoparticles in the titanium dioxide structure. FE-SEM results revealed that the
AuNPs varied the size of the surface-accumulated clusters between 20 and 186 nm. The TiO; and
TiO2: AuNPs gas sensors on Si substrate displayed a higher sensitivity response than on a glass
substrate when subjected to 30 ppm of H»S at the same operating temperatures. The dopant ratio of
5% AuNPs achieved the maximum sensitivity, confirming that the AuNPs support the chemical
activity on the TiO> surface. The gas sensor samples also showed a fast response and recovery times,
showing that the TiO2-Au NPs sensor devices are well-suited for H>S sensing applications. As a
recommendation, the effect of crystalline phases formed by doping the semiconductors with metal
nanoparticles on the sensitivity characteristics of gas sensors should be considered due to their
significant contribution to improving these characteristics.
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