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Abstract: As a promising sustainable and clean energy source for the future, hydrogen plays an
important role. Due to its high flammability and the explosive nature of hydrogen gas, it is crucial to
employ reliable sensors that can detect the presence of hydrogen gas in air at room temperature (RT).
By utilizing light, the working temperature of such gas sensors can be reduced whilst simultaneously
enhancing sensing performance. In this study, sensors have been fabricated that introduces nano-
Schottky junctions (Pd-TiO,) via a facile chemical method and p—n heterojunctions (PdO-TiO,),
through both chemical and hydrothermal methods, with a mean Pd nanoparticle (NP) diameter of
4.98 £ 0.49 nm and 4.29 + 0.45 nm, respectively. The hydrothermally treated Pd-decorated TiO,
nanosphere (HPT NS) shows a response of 100.88% toward 500 ppm hydrogen with a faster response
and recovery (77 s and 470 s, respectively). Meanwhile, hydrothermally untreated Pd-decorated
TiO, (PT) NSs show a response of 100.29% with slow response and recovery times (240 s and 3146 s,
respectively) at 30 °C under 565 nm visible light and a bias of 500 mV. The experimental results
confirm that introducing both metallic Pd and PdO onto the TiO, NSs open a novel approach for
detecting hydrogen gas through light-induced sensing at room temperature using low voltage bias.

Keywords: nanospheres; palladium; titanium dioxide; hydrogen sensing; visible light; hydrothermal
method

1. Introduction

Hydrogen gas sensors play an important role in energy and industrial applications
where the high flammability (ignition energy: 0.019 mJ) and explosiveness (presence of 4 to
75%) of hydrogen gas presents a substantial hazard [1]. With an increased investment in new
hydrogen-based technologies, hydrogen gas is increasingly being used as a fuel for vehicles
and power generation [2]. Hydrogen is considered a clean energy source and it produces no
carbon emissions when burned or used in fuel cells to generate electricity. When hydrogen
is burned, it combines with oxygen to produce water vapor, a harmless byproduct [3].
This makes hydrogen a promising alternative to traditional fossil fuels that emit harmful
greenhouse gases when burned [4]. Furthermore, hydrogen sensors are used for the
noninvasive diagnosis of medical conditions, including several gastrointestinal diseases [5].
Therefore, accurate and reliable hydrogen gas sensors are essential for maintaining safety;,
quality control and process monitoring in industrial settings, and present a promising
avenue for medical research.

Advances in nanotechnology have enabled the development of highly sensitive and
selective hydrogen sensing materials [6]. However, most of the developed sensing materials
work only at high temperatures [7]. High-temperature hydrogen sensors can be prone to
drift due to the degradation of the sensing layer over time. This poses safety issues and
requires the assembly of heaters, leading to an increased manufacturing cost and high
power consumption. Therefore, fabricating a hydrogen sensor that works at RT with low
power consumption is important. However, it is still a challenging task. Light-induced
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hydrogen gas sensing materials are poised to play a massive role in overcoming these
limitations [8,9]. Sensing material under light conditions generates electron-hole pairs
that can interact with oxygen and hydrogen gas molecules, causing them to either bind
or dissociate from the material’s surface easily [10]. These interactions alter the material’s
electrical properties, resulting in a measurable change in electrical conductivity that can be
used to detect the presence of hydrogen gas at RT [11].

Considering the photoactive materials for hydrogen sensing applications, semicon-
ductive metal oxide (SMO) materials have shown unique advantages due to their tunable
surface properties. Recently, ZnO [12,13], TiO; [14,15] and SnO, [16] have all played a sig-
nificant role in developing hydrogen sensors working at RT via photo-excitations. Among
these SMO materials, TiO, has gained much attention due to its high chemical stability
and sensitivity to hydrogen gas [17,18]. Additionally, TiO, is a low cost, abundant and
environmentally friendly material, making it an attractive choice for hydrogen sensing
applications. The wide band gap energy of TiO, (rutile, 3.30 eV and anatase, 3.57 eV) [19]
makes it a promising photoactive material in hydrogen sensors that rely on light-induced
changes in conductivity. However, TiO,-based sensors have some limitations, including
their relatively low sensitivity compared to other materials and the requirement for UV
light (200400 nm) to generate electron-hole pairs [20].

To synthesize a material highly sensitive toward hydrogen gas, researchers have used
noble metals such as Pt, Au and Pd to introduce nano-Schottky junctions onto the sensing
surface [21]. Additionally, the introduction of reduced graphene oxide (rGO) [22] and
MoS, [23] to the sensing layer leads to the formation of heterojunctions (p—n) to create
a more active depletion layer. Meanwhile, they have also implemented morphological
changes (e.g., nanospheres, nano-flowers, nano-rods, etc.) in SMO materials to fabricate
highly hydrogen-sensitive materials. In this research, we have fabricated TiO, NSs via
the sol-gel method. The large surface area of the NSs allowed the deposition of Pd
nanoparticles on the surface, thus forming nano-Schottky junctions between the TiO; and
Pd. Furthermore, the fabricated Pd-decorated TiO, NSs were treated hydrothermally to
introduce PdO and create p—n heterojunctions in the sensing layer. The formation of the
nano-Schottky junctions and heterojunction on the TiO, NSs surface was confirmed by
transmission electron microscopic (TEM) techniques, X-ray diffraction spectroscopic (XRD)
technique, and Raman and X-ray photoelectron spectroscopy (XPS). Introducing PdO
enhances the utilization of visible light by suppressing electron-hole recombination within
the TiO; NSs.

2. Materials and Methods
2.1. Materials

The chemicals to synthesize PT and HPT NSs, including 99.9% acetonitrile, 99.9%
absolute ethanol, 28% ammonia solution, 97% titanium (IV) isopropoxide (TTIP), 97%
(3-aminopropyl)triethoxysilane (APTS), sodium tetrachloropalladate (II) (Na;PdCly), and
sodium borohydride (NaBH4)) were purchased from Sigma-Aldrich.

2.2. Synthesis of TiOy NSs

TiO, NSs were fabricated based on previously published works [24,25]. Briefly, 0.91 mL
of deionized (DI) water, 100 mL of 99.9% acetonitrile, 0.42 mL of 28% ammonia solution, and
150 mL of 99.9% absolute ethanol were mixed to prepare a uniform solution. Subsequently,
5 mL of 97% titanium (IV) isopropoxide (TTIP) was added to the solution, and the mixture
was stirred for 6 h at room temperature (22 °C). The resulting precipitate was collected
through centrifugation and subsequently washed multiple times with DI water. Finally,
the precipitate was dried completely at 80 °C for 6 h. In the subsequent stage, the dried
precipitate was subjected to calcination at 550 °C for a duration of 2 h.
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2.3. Synthesis of Pd-Decorated TiO, NSs (PT NSs) and Hydrothermally Treated Pd-Decorated
TiO; NSs (HPT NSs)

For the preparation of APTS-modified TiO, NSs, an amount of 1.0 g of the pre-prepared
TiO, NS was mixed with 20 mL of DI water. Subsequently, 6.20 mL of 97% of APTS was
added gradually to the TiO, suspension, and the resulting mixture was subjected to stirring
for a duration of 12 h at a temperature of 22 °C. Following the stirring process, the mixture
was washed and rinsed three times with DI water. Finally, the resulting product was dried
completely at 80 °C for 6 h until it reached a state of complete dryness.

An amount of 1.0 g of prepared TiO; NS was mixed with 20 mL of DI water to fabricate
APTS-modified TiO, NSs. A total volume of 6.20 mL of 97% APTS was then gradually
added to the TiO, suspension, and the mixture was then stirred for 12 h at 22 °C. The
resulting mixture was washed and rinsed with DI water three times, and finally dried at
80 °C for 6 h until completely dry. For Pd decorations, subsequently, a mixture of 8.6 mg of
Na,PdCly and 50 mg of calcined APTS-modified TiO, NS was added to 30 mL of DI water
and stirred for 2 h at 22 °C. Then, the solution containing 20 mL of 0.0660 moldm > NaBH,4
was added to the mixture and stirred for an additional 1.5 h to fully decorate the TiO, NSs
with Pd nanoparticles. The resulting precipitate was collected and dried at 80 °C for 6 h to
ensure complete dryness and for further use. An amount of 50 mg of Pd-decorated TiO,
NS was dispersed in DI water and then the mixture was transferred into the Teflon-lined
autoclave, and it was placed in an oven at 180 °C for 12 h to form Pd- and PdO-decorated
TiO, NSs (HPT NSs) as shown in Scheme 1.
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Scheme 1. Synthesis procedure of PT and HPT NSs.

2.4. Sensor Fabrication

An amount of 10 mg of synthesized PT and HPT NS was dispersed in 10 mL of DI
water separately and sonicated for 2 min. Afterward, 10 pL of dispersion was deposited on
10 x 6 mm gold interdigitated electrodes with a finger spacing of ~10 um (IDE, purchased
form Micrux Technologies). Finally, it was dried at 80 °C for 15 min.

2.5. Material Characterization

Using a scanning electron microscope (SEM, Hitachi S5-4800) equipped with a field
emission gun, a morphological analysis of the synthesized PT and HPT NSs was investi-
gated. Additionally, transmission electron microscopy (TEM, Tokyo, Japan) was performed
using a JEOL 2100 TEM instrument to determine d spacings. Elemental distribution was
determined through energy-dispersive X-ray spectroscopy (EDS) analysis using an Ox-
ford XMax system (High Wycombe, UK). To investigate the phase compositions of the
materials, a Bruker X-ray diffractometer (XRD, Bremen, Germany) D8 advanced with a
mixture of CuK«1 and CuKa?2 sealed tube (1.5406 nm) and a Lynxeye detector were em-
ployed. Raman spectra were obtained for PT and HPT NSs using a Renishaw inVia Raman
spectroscope (Gloucestershire, UK) equipped with a 514.5 nm laser. For the analysis of pho-
toactivity, UV-visible diffuse reflection spectra were collected using a PerkinElmer Lambda
1050 UV /VIS/NIR spectrometer (Massachusetts, USA). The elemental compositions of the
synthesized materials were analyzed using X-ray photoelectron spectroscopy (XPS) spectra
with a Kratos Analytical, Inc. instrument based in Manchester, UK.
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2.6. Sensor Measurements

In the experimental investigation, synthesized PT and HPT NSs were subjected to
hydrogen gas testing within a custom-built, fully automated and enclosed chamber. The
chamber consists of a temperature- and humidity-controlled Linkam stage (T96, LINKAM
Scientific Instruments Ltd.) (Tadworth, UK) to maintain precise environmental conditions.
The gas flow was regulated using seven mass flow controllers (MKS GE50A and AliCat
MC-Series, MFCs) (Andover, MA, USA), ensuring accurate control over the flow rates.
To introduce controlled humidity levels, a humidity generator (LINKAM RH95) was
incorporated into the experimental setup. Additionally, a built-in heater was employed to
maintain the desired temperature during the testing process.

In order to investigate the response of the sensor, hydrogen gas with varying concen-
trations (50 to 1000 ppm) were generated by diluting the gas with dry, instrument-grade
synthetic air (21% O, in N, balance). This was achieved using mass flow controllers (MFCs) at
a constant flow rate of 200 standard cubic centimeters per minute (sccm). Dry synthetic air as
a reference gas was used for dilution and maintaining consistent conditions. Each experiment
involved a gas exposure time of 3 min, followed by a purging phase of 1 h using synthetic air
to ensure thorough removal of any residual gases and maintain the baseline.

To monitor and measure the response of the sensor during the experiments, a Keithley
Piccoammeter (model 6487) from Cleveland, OH, USA, was employed. This instrument
periodically recorded interval currents at specific time points. The sensor’s response to
the target gas was evaluated by measuring the change in current while exposed to the
calibrated hydrogen gas. The current measurements were obtained at a bias voltage of
500 mV. Subsequently, the obtained current values were correlated to the corresponding
gas concentrations, allowing for the assessment of the sensor’s sensitivity to hydrogen gas.

The developed materials were tested at a bias of 500 mV and operating temperatures
ranging from 25 to 80 °C under 565 nm visible light. To illuminate the sensor surface, a Thor
Labs M565D? light source was utilized. The light source was driven at a constant current
of 1000 mA. It was positioned on top of the stage with a distance of 2 cm from the sensor
surface. This setup resulted in an irradiance of approximately 1170 uW/mm?, providing
the necessary optical energy for the experimental measurements. The sensor performance
was evaluated in terms of response magnitude, selectivity, response time, recovery time,
stability and limit of detection (LOD) toward varying concentrations of hydrogen gas up
to 1% under different operating conditions such as temperature and light. Selectivity was
tested toward 50 ppm of ammonia (NHj3), methane (CHy4) and nitrogen dioxide (NOy)
and 500 ppm of carbon dioxide (CO;) at optimal operating conditions. All the gases were
calibrated and purchased from Coregas, Australia. Additionally, the effect of humidity on
the sensing performance was also investigated. These test conditions were balanced with
synthetic dry air, keeping a constant flow rate of 200 cm?®/min. Finally, sensor response
magnitude and response (R%) were calculated using Equations (1) and (2), respectively.
The response time (t,.s) and recovery time (t,.) were evaluated as the time required for
the sensor to reach 90% of its maximum response and to recover to 10% of its baseline,
respectively [26].

Response magnitude = Igqs — i 1
o Igﬂs 0
Response (R%) = | =— | % ()
Iair

I,;;: Current of the sensor in the baseline condition (i.e., in air).
Iggs: Current of the sensor in hydrogen environment.
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3. Results and Discussions
3.1. Material Characterization

In this study, spherical-shaped TiO, NSs were fabricated via a sol-gel technique to
enhance the particle surface-to-volume ratio. As shown in Figure 1a, the rigid agglom-
eration of free TiO, nanospheres (NSs) can be seen, with a calculated mean diameter of
429 £ 0.05 nm. Pd nanoparticles (NPs) were then decorated on the surface of the synthe-
sized TiO, NSs to enhance the hydrogen sensing performances. According to the TEM
imaging of PT NSs (Figure 1b), granular shaped, agglomeration-free, and unevenly dis-
persed Pd NPs can be seen on the surface of TiO, NSs with a calculated mean diameter of
4.98 + 0.49 nm. Furthermore, as shown in Figure 1c, lattice spacings of 0.22 nm originated
from the surface of the TiO, NSs and corresponded to the (111) lattice plane of face-centered
cubic Pd NPs [27]. Therefore, the formation of nano-Schottky junctions between TiO, NSs
and the Pd NPs is also revealed. It was calculated that the d spacing of 0.24 nm can be
attributed to the presence of anatase-phase TiO; NSs [28]. To compare these results with
HPT NSs, SEM (Figure 1d) and TEM (Figure 1le) images were obtained. As shown in
Figure 1d, rigid, agglomeration-free nano-sized spheres (mean diameter 680 =+ 0.05 nm) can
be seen. It was revealed that the hydrothermal treatment process increased the diameter
from 429 nm (pre-treatment) to 680 nm (post-treatment) while maintaining the nanosphere
shape. However, the mean diameter of Pd NPs was reduced from 4.98 nm (pre-treatment)
to 4.29 & 0.45 nm (post-treatment) with the d spacings of 0.12 nm and 0.13 nm (Figure 1f),
which correspond to the (220) and (311) planes of face-centered cubic Pd, respectively [29].
Therefore, significant changes are observed when considering the lattice planes of Pd after
hydrothermal treatment.

Figure 1. (a,d) SEM, (b,e) TEM and (c,f) HR-TEM images for PT and HPT NSs, respectively.

Considering the EDS elemental mapping results (Figure 2) of PT and HPT NSs, ran-
domly dispersed Pd NP-enriched TiO; NSs can be observed. Furthermore, these results
confirmed the presence of Ti, O, C and Si. The presence of C and Si on synthesized materials
demonstrated that the modification of TiO; NSs with APTS was conducted properly. These
results confirmed the decoration of Pd NPs with random distribution on the surface of
TiO, NSs in PT (Figure 2b) as well as HPT NSs (Figure 2f).
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Figure 2. EDS images of (a) Ti, (b) Pd, (c) C, (d) Si and (e) O for PT NSs and (f) Tj, (g) Pd, (h) C, (i) Si
and (j) O for HPT NSs.

To investigate the phase composition of the synthesized PT and HPT NSs, XRD
(Figure 3a) and Raman (Figure 3b) analyses were conducted. Moreover, UV-Vis diffuse
reflectance spectra (DRS) were obtained for both PT and HPT NSs to investigate their
photoactivity under 200-700 nm wavelength light (Figure 3d) to calculate band gap energy.
According to the XRD results, prior to modification with APTS, the highly crystalline nature
of the TiOy NSs resulted in the observation of strong diffraction peaks. Specifically, the
observed peaks at 25.20°, 37.76°, 47.96°, 56.64° and 62.78° can be attributed to the crystal
planes (101), (004), (200), (105) and (204), respectively, belonging to the anatase phase
of TiO; NSs (JCPDS No. 21-1272) [30]. Furthermore, the peaks at 27.48°, 41.20°, 54.33°
and 69.04° corresponded to the crystal planes (110), (111), (220) and (112), respectively,
indicating the presence of the rutile phase in the synthesized TiO, NSs, as indicated by
JCPDS No. 76-1939 [31]. After the modification of TiO, NSs with APTS, the clear peaks
attributed to the anatase and rutile phases of TiO, were not visible due to interference with
APTS [24]. Therefore, Raman spectra were obtained for further analysis of the presence
of phases in the synthesized TiO, modified with APTS, PT NSs and HPT NSs. According
to the Raman active modes in the vibrational spectra that correspond to the TiO, NSs
were observed at around 144 (Eg1)), 194 (Eg)), 396 (B1g), 516 (A1g) and 638 (Eg (1)) cm™ Y,
corresponding to the anatase phase [32], and meanwhile, 445 (Eg1)) and 612 (A1) cm ™!
peaks were observed for the rutile phase [33] of the prepared TiO, NSs. However, after
modification with APTS and Pd, noticeable peak shifts can be observed in the Raman
spectra. These shifts are attributed to changes in molecular bonding. Furthermore, when
analyzing the Raman spectra of HPT NSs, distinct peaks at 146 (Eg(1)), 402 (Byg), 516 (Aqg)
and 633 (Eg(1)) cm~! were observed, indicating the presence of the anatase phase of TiO,
NSs. Additionally, a peak at 246 (Eg(2)) cm~! can be observed and which corresponds to
the rutile phase of TiOp NSs [34]. Optical properties of the fabricated TiO; NSs, PT NSs and
HPT NSs were investigated using UV-Vis diffuse spectrometer. According to Figure 3c,
in the spectra that correspond to the TiO; NSs, PT NSs and HPT NSs, a sharp rise in the
intensity of absorbance was detected for wavelengths below 423 nm, indicating the presence
of a bandgap transition specifically at this wavelength. The corresponding bandgap values
were determined using the Kubelka—-Munk indirect function (Figure 3d) [35] and values
were calculated to be approximately 2.91, 2.87 and 2.16 eV for the TiO; NSs, PT NSs and
HPT NSs, respectively. Based on the results obtained from the UV-Vis diffuse spectrometer,
the synthesized HPT NSs demonstrated activity in both the UV range (200-400 nm) and
the visible light range (400-700 nm).
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Figure 3. (a) XRD spectra of TiO, NSs. (b) Raman spectra, (c) UV-Vis diffuse reflectance and
(d) Kubellka-Munk indirect function spectra for TiO, NSs, PT NSs and HPT NSs.

To examine the chemical composition and electronic states of the elements of synthe-
sized PT and HPT NSs, XPS analysis was performed. According to Figure 4a, wide spectra
of TiO, NSs, PT and HPT NSs confirmed the absence of surface contaminants and the
presence of the Ti 3p, Ti 2s, C 1s, Pd 3d, Ti 2p, Ti 2s, O 1s and O kal. As shown in Figure 4b,
two significant peaks can be found for PT NSs at 455.88 and 461.63 eV, while for HPT NSs,
the peaks were observed at 455.63 and 461.41 eV corresponding to the Ti 2p3,, and Ti 2py /5,
due to the presence of Ti** oxidation states [36]. Comparing the obtained results of Ti
2p, we can observe a negative peak shift of around 0.2 eV after treating hydrothermally.
Moreover, considering the XPS spectra of O 1s for PT and HPT NSs (Figure 4c), the same
kind of negative peak shifts are observed. The result indicates that hydrothermal treatment
could enhance the number of oxygen vacancies in TiO, [37]. Furthermore, considering
the O 1s spectrum of HPT NSs (Figure 4d), two significant peaks were observed around
526.97 and 529.33 eV, which can be attributed to the formation of lattice oxygen (Ti-O)
and physically adsorbed water (Ti-OH) during the sol-gel synthesis and hydrothermal
process [38]. Comparing the peak intensities around 529 eV, significantly high intensities
were observed for HPT NSs, and it was clearly indicated that the hydrothermal process
introduces more Ti-OH as well. Finally, The Pd 3d spectrum was analyzed to identify
the oxidation states of Pd. It revealed the presence of two distinct states. Notably, the Pd
3ds/, deconvolution showed an intense peak at 331.81 and 337.15 eV for PT NSs, which
correspond to the metallic Pd state, while peaks around 331.01 and 338.13 eV could indicate
a partial oxidation of Pd, leading to the formation of a PdO structure [39]. Therefore, the
carefully analysis of Pd 3d spectrum of HPT NSs confirms the presence of Pd and PdO.
Furthermore, with the careful analysis of a deconvoluted Pd 3d spectrum of HPT NSs, the
absence of Pd-PdO interfacial layers is confirmed [40].
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Figure 4. XPS spectra for (a) the wide spectra of TiO,, PT and HPT NSs, the comparison of (b) Ti 2p,
(c) O 1s, (d) deconvoluted O 1s for HPT NSs and (e) Pd 3d spectra for PT and HPT NSs.

3.2. Hydrogen Sensing Characterization

The aim of this study was to fabricate highly hydrogen-sensitive and selective materials
that work at low temperatures, voltages and visible light conditions. Thus, light-assisted
chemiresistive hydrogen sensors were tested to find optimal operation conditions. The
sensing performance of HPT NSs at different voltage biases (10, 50, 100 and 500 mV)
was studied at 30 °C under dark conditions. The respective calculated response (%) and
response and recovery times are tabulated in Table 1.
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Table 1. Sensor response (%) and response and recovery times of HPT NSs for 500 ppm hydrogen at
30 °C under dark conditions at different voltages biases.

Voltage (mV) Response (%) Response Time (s) Recover Time (s)
10 100.85 270 3300
50 100.97 183 3036
100 100.97 240 2640
500 101.12 180 1680

The applied potential, (i.e., voltage), shows a significant influence on the response and
recovery times, whilst leaving the response itself unaffected. Higher applied potentials
generally lead to faster response and recovery times due to the increased driving force
generated by a higher potential, allowing electrons and anions present in the synthesized
HPT NSs to move and react more quickly. As a result, the system exhibits a quicker
response and recovery time [10].

Importantly, it should be noted that the applied potential does not directly modify the
response itself. The response is primarily determined by the intrinsic properties and active
sites present in the synthesized PT and HPT NSs.

The voltage bias of 500 mV was used to evaluate hydrogen sensing properties at
different temperature conditions in dark conditions. The optimum temperature of 50 °C
was identified and the calculated sensor response, and response and recovery times are
presented in Table 2. As seen in Figure 5a, sensor response magnitude increased as the
operating temperature was raised from 25 °C to 50 °C due to the accelerated adsorp-
tion/desorption kinetics between the hydrogen and HPT NSs [41]. Furthermore, an in-
crease in the operating temperature to 80 °C resulted in a decrease in the sensing response,
attributed to the Langmuir effect [42]. The PT NSs-based sensors did not stabilize under
dark conditions.

Table 2. Sensor response (%) and response and recovery times of HPT NSs at different temperatures
under dark conditions and 500 mV voltage bias.

Temperature (°C) Response (%) Response Time (s) Recover Time (s)
25 101.04 144 11,990
30 101.14 100 1680
35 101.14 114 1345
40 101.16 110 1380
45 101.23 110 1380
50 101.26 135 1345
60 101.19 55 2310

(unstable baseline)

Moreover, according to Table 2, a change in response time and recovery time by increas-
ing the temperature can be attributed to the impact of temperature on hydrogen molecule
desorption and adsorption rates. When the temperature reaches the optimum temperature
(i.e., 50 °C), a higher desorption rate is obtained compared to the adsorption rate (Langmuir
effect) [42,43]; therefore, the sensor exhibits faster response and recovery times. According
to the obtained results, it is evident that optimizing the operating temperature is a crucial
factor in attaining the desired sensing performance.
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Figure 5. HPT NSs: (a) Response magnitude as a function of temperature and (b) response and
recovery times for 500 ppm hydrogen at 50 °C under dark conditions and 500 mV.

Based upon the calculated response and recovery times of the HPT NSs for 500 ppm
hydrogen gas (Figure 5b), it was observed that these times were considerably prolonged
in the absence of light. To improve upon the slow response and recovery times, various
wavelengths under both UV range (200-400 nm) and visible range (400-700 nm) were
employed. Under light conditions, the optimum wavelength was investigated at 30 °C
and 500 mV bias. According to Table 3, the optimum hydrogen sensing properties were
obtained under 565 nm wavelength. Furthermore, the calculated sensor response (%), and
response and recovery times for different wavelengths were tabulated in Table 3. As shown
in Figure 6a, the response and recovery times were drastically improved (reduced from
100 s to 77 s for response time and from 1680 s to 470 s for recovery time) under the 565 nm
light conditions compared to the dark conditions at 30 °C while maintaining the sensor
response (%). At 50 °C under 565 nm, the response and recovery were improved from 135
to 110 s and from 1345 to 1303 s, respectively (Figure 6b). The results suggest that hydrogen
sensing in the presence of light conditions results in the generation of a greater number
of electron-hole pairs, facilitating the formation of photo-induced physiosorbed oxygen
ions [8]. As a result, response and recovery times improved significantly while maintaining
the sensor response for 500 ppm hydrogen.

Table 3. Sensor response (%) and response and recovery times of HPT NSs under dark and different
wavelengths at 30 °C and 500 mV voltage bias.

Wavelengths (nm) Response (%) Response Time (s) Recover Time (s)

Dark condition 101.08 100 1680
365 101.00 210 1470

490 (blue light) 101.08 168 694
530 (green light) 101.12 106 640
565 (yellow light) 100.82 77 470
625 (orange light) 100.82 154 660

(not fully recovered)
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Figure 6. HPT NSs: Response and recovery times for 500 ppm hydrogen at (a) 30 °C and (b) 50 °C
under 565 nm light condition and 500 mV.

Figure 7 shows the sensor response toward hydrogen with different concentrations
(50-1000 ppm) at 30 °C under 565 nm light and dark conditions with 500 mV bias. Under
dark conditions, a higher response (%) was observed compared to light conditions for
hydrogen, with responses of 100.54% and 101.18% to 500 ppm hydrogen, respectively.
However, incomplete recovery with non-linearity (R = 0.75) was also observed. Because
the sensing mechanism mainly relies on the adsorption process of environmental oxygen,
here, mainly physisorption and chemisorption processes involve adsorbing oxygen and
hydrogen. However, chemisorbed oxygen species are chemically stable and require more
energy to desorb from the sensing material [44]. Therefore, the recovery time was prolonged
under dark conditions, and the sensing material became saturated at very low hydrogen
concentrations, at 250 ppm of hydrogen (Figure 7a). According to the sensor response under
565 nm visible light condition (Figure 7a,b), an improved recovery is observed and the
saturated point can be extended up to 750 ppm hydrogen with linear regression (R? = 0.99).
Moreover, the sensitivity of HPT NSs toward hydrogen was calculated to be 1.02 uA/ppm
at 30 °C under 565 nm visible light condition. To identify the limits of detection (LOD)
of HPT NSs, according to the IUPAC instructions [45], the three standard deviations of
the sensor’s response in dry air (baseline) was obtained, and using Equation (3), a lower
detected concentration was calculated as 2.03 ppm at 30 °C under 565 nm visible light

condition with 500 mV bias.
_ KSp

m

CL 3)

where, m corresponds to the slope (sensitivity) of the calibration curve; k is a numerical
factor chosen in accordance with the confidence level desired, and the use of k equals to
3 allows for a confidence level of 99.86% of the normal distribution curve; Sg(c) is the
standard deviation of the sensor baseline corresponding to the dry air (baseline); and Cy is
the calculated LOD value.

In chemiresistive hydrogen sensors, the signal-to-noise ratio (SNR) can be calculated
using the sensor signal as a response magnitude and the noise level. In this study, the SNR
calculation was calculated with respect to a hydrogen concentration of 500 ppm. The noise
level was determined using the baseline signal, which represents the average or expected
response of the sensor in the absence of hydrogen gas. To calculate the noise level, the
standard deviation of the base line was calculated and then the standard deviation was
multiplied by three. The SNR was calculated at 30 °C under 565 nm visible light conditions
with 500 mV bias to assess the quality of the signal produced by the HPT NSs relative to the
level of background noise present. The calculated value was 62.62, and the obtained signals
from HPT NSs in response to hydrogen indicated an improved signal quality and enhanced
reliability for the detection and interpretation of the signal. For comparison, the PT NSs
was tested toward hydrogen with concentrations ranging from 50 to 1000 ppm at 30 °C,
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under visible light conditions (wavelength of 565 nm) and with a voltage bias of 500 mV
(Figure 8a). Significant baseline noise was detected throughout the experimental period.
Consequently, the SNR was calculated for PT NSs as 5.04. This value was significantly
lower compared to the HPT NSs with a magnitude of 12.42. Furthermore, a response of
100.29%, response and recovery times of 240 s and 3136 s, respectively, were calculated for
the PT NSs toward 500 ppm hydrogen (Figure 8b).
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Figure 7. HPT NSs: (a) Sensor response toward hydrogen with different concentrations (250
to 1000 ppm) and (b) respective sensor response vs. concentration at 30 °C under 565 nmwith
500 mV bias.
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Figure 8. PT NSs: (a) Sensor response toward hydrogen (250 to 1000 ppm) and (b) response and
recovery times for 500 ppm hydrogen at 30 °C under 565 nm visible light conditions with 500 mV.

To assess the selectivity of HPT NSs, various interfering gases commonly encountered
in both natural environmental and industrial conditions were examined. The sensors were
also tested toward 500 ppm CO,, 50 ppm CH,, 50 ppm NHj3 and 50 ppm NO, at 30 °C,
under 500 mV bias with a wavelength of 565 nm. The obtained results are presented relative
to the response toward 50 ppm hydrogen (Figure 9) with a response of 0.99%, 1%, 0 and
0.99% for 500 ppm CO,, 50 ppm CHy, 50 ppm NHj3, and 50 ppm NO,, respectively. The
sensor exhibits a p-type response toward CO, and NO; (oxidizing gases). The calculated
relative response (%) toward the interference gases was significantly low. Therefore, syn-
thesized HPT NSs can be effectively utilized for hydrogen sensing within its calculated
detection range (i.e., 50-750 ppm) under real environmental conditions in the presence of
other interfering gases. Furthermore, the sensor response (%) toward 50 ppm hydrogen
was studied under 10% relative humidity (RH) conditions at 30 °C, under 500 mV bias with
a wavelength of 565 nm, and it showed an enhancement in the response (100.20%), which
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could be due to the presence of hydroxyl active sites on the sensing layer acting as electron
donors. This enhances the electric charge density by facilitating the formation of hydronium
cations from ionized water molecules as 2H,0O <> OH™ + OH; [46,47]. Table 4 summa-
rizes the comparison of hydrogen sensing performance (response, response and recovery
times) between selected Pd- and PdO-based nanomaterials with the current study.
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Figure 9. Selectivity for HPT NSs at 30 °C under 565 nm visible light conditions with 500 mV bias.

Table 4. Comparison of hydrogen gas sensing parameters of HPT NSs with recently published
research work.

. . Applied Concentration Temperature . Response/Recovery
Sensing Material Voltage (V) pm) €0 Light Source Response Times (s) Ref.
TiO,-Pd Uv
Long-range-ordered 9 500 33 (365 nm) 91% *® 45/24 [40]
crystals (LROC)

Pd-MoS, 3 140 25 Visible light 17.45% © 351/515 [23]
PdO o RT (N as

Thin films ) 2% carrier gas) . ) 10/10 [48]
Pd-PdO o o a )
Nanospheres 1 1% RT - 160% 5/32 [49]
PdPt@ZnO b i

Core shell nanoparticles ) 100 350 ) 48 0.7/3 min [50]
Pd/TiO,

Two-dimensional Porous - 1000 230 - 9¢ 1.6/1.4 [51]
TiO,

PdO-loaded WO; 450-490 nm b .

Nanohybrids } 40 RT Visible light 8.02 2.1/5.8 min [52]
PdPdO@TIO, 565 nm o d This
Nanospheres 05 500 30 Visible light 100.82% 77/470 research

Reas—R Reas—Rai v B ) ] .
a Bgas—Rair o 1000p,, b Ree—Rair e Ruir d Lur  100%. N/A: Not available. Ry, and Rggs: Resistance in air and target
Rair Rair gas Igas &

gas, respectively.

According to Table 4, we have successfully synthesized a visible-light active Pd- and
PdO-introduced TiO, NS, that operates at a temperature of 30 °C under a low voltage bias
of 500 mV. This material exhibits the capability to detect low concentrations of hydrogen
gas with improved response and recovery times. The integration of both Pd and PdO
nanoparticles with TiO, NSs as a proof-of-concept demonstrates a promising pathway for
hydrogen gas sensing at 30 °C, employing light-induced mechanisms. This innovative
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approach highlights the potential for advancements in the field of hydrogen gas sensing,
thereby opening up new avenues for research and technological development.

3.3. Hydrogen Sensing Mechanism

Referring to Figure 1c,f, the Pd NPs are directly contacted with TiO, NSs, forming
nano-Schottky junctions, while the PdO presence in HPT NSs forms PdO-TiO, (p—n) hetero-
junctions. As a result, both nano-Schottky and p—n heterojunctions need to be considered
in hydrogen gas sensing mechanism. However, based on the XPS results for PT NSs, only
Pd-TiO; nano-Schottky junctions could be identified. The key identification in PT NSs was
the absence of p—n heterojunctions. Therefore, these experimental findings revealed the
significance of incorporating p—n heterojunctions to enhance hydrogen sensing at RT under
visible light conditions. In semiconductive metal-oxide-based gas sensors, the gas sensing
mechanism mainly relies upon resistance changes caused by the adsorption and desorption
of the target gases and presence of the oxygen in air. Under natural air conditions, the
chemisorbed and physiosorbed oxygen species play a significant role for sensing through
the formation of depletion layers on the surface of the TiO, grain boundaries.

As shown in Figure 10a, undercoordinated pentacoordinate Ti cations (Tis.) and biden-
tate oxygen anions (Oy.), as well as fully coordinated Ti cations (Ti¢.) and tridentate O
anions (O3), could attribute to the TiO, anatase (101) phase, and it has the same periodicity
as the bulk-truncated surface [53]. Considering the O, adsorption process, two significant
models can be found in the recently published research works [54]. As shown in Figure 10b,
the two models can be explained as two atoms in the O molecule positioned on top of:
(1) one Tisc atom and (2) two Tisc atoms on the (101) surface. In this study, the material
works at 30 °C under 565 nm light condition; therefore, the dominant oxygen species might
be Oz_( o) Furthermore, based on the literature, the work function values for PdO, TiO, and
Pd are 5.29 eV, 4.21 eV and 5.22 eV [55], respectively. Therefore, electron flow began from
TiO; NSs to Pd and PdO. Under the 565 nm light condition, the chemisorbed O;(ﬂ ds) reacts

with the holes n the valance band of TiO, as well as PO and form physiosorbed Oj(gys).
Moreover, excited electrons from the conduction band reacts easily with physiosorbed
O3 (4as) and it converts to OZ_(hv) via e~ + Op(gas) = OZ_(hv) . This facilitates a quicker re-

sponse and recovery to hydrogen gas via O;(hv) + Hy — HyO + e~ . The presence of Pd

and PdO causes a reduction in the photoinduced electron-hole recombination.

Figure 10. (a) Side view of (101) TiO, anatase phase and (b) oxygen adsorption sites on the (101) TiO,
anatase phase.
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Furthermore, the presence of the metallic Pd involves in the enhancement of hydrogen
sensing performances by participating as a chemical sensitization agent via collecting hydro-
genasa Pd+ 3 H, — PdH,. Then, the collected hydrogen reacts with physiosorbed oxygen
via 2PdH, + %O;(hv) — 2Pd + xHyO + xe™ , forming water molecules and metallic Pd as a
catalyst. Moreover, PdO also acts as a hydrogen collector when exposed to the hydrogen
atmosphere as PdO + Hy, — Pd + H,O. Due to the reaction of Pd, PdO and O;(hv) with
hydrogen, electrons are released, leading to a significant increase in the sensor current.

4. Conclusions

We have successfully synthesized Pd (nano-Schottky junctions)- and PdO (p—n
heterojunctions)-incorporated TiO, NSs (HPT NSs) for hydrogen gas sensing in the range
of 50-750 ppm at 30 °C under 565 nm light condition and 500 mV bias in the presence of
humid conditions. The 565 nm visible light enables us to lower the response and recovery
times (77/470 s) while maintaining the baseline. Furthermore, the lowest hydrogen con-
centration of 2 ppm is calculated theoretically at 30 °C under 565 nm light condition with
500 mV bias. In the sensing mechanism, Pd and PdO play an important role in hydrogen
sensing via the formation of nano-Schottky junctions and p—n heterojunctions. In addition,
Pd participates in the enhancement of the photoactivity of TiO, NSs. The highly selective
HPT NSs provide a new pathway for hydrogen gas sensing under visible light conditions
at low temperatures, with the advantage of requiring a low voltage bias.
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