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Abstract: Resistive gas sensors, which are widely used for the detection of various toxic gases and
vapors, can be fabricated in planar and tubular configurations by the deposition of a semiconducting
sensing layer over an insulating substrate. However, their deposition parameters are not often
optimized to obtain the highest sensing results. Here, we have investigated the effect of deposition
variables on the Hj gas sensing performance of commercially available SnO, particles on tubular
alumina substrate. Utilizing a tubular alumina substrate equipped with gold electrodes, we varied
the number of deposited layers, rotational speed of the substrate, and number of rotations of the
substrate on the output of the deposited sensor in terms of response to H, gas. Additionally, the
effect of annealing temperatures (400, 500, 600, and 700 °C for 1 h) was investigated. According
to our findings, the optimal conditions for sensor fabrication to achieve the best performance were
the application of one layer of the sensing material on the sensor with ten rotations and a rotation
speed of 7 rpm. In addition, annealing at a lower temperature (400 °C) resulted in better sensor
performance. The optimized sensor displayed a high response of ~12 to 500 ppm at 300 °C. This
study demonstrates the importance of optimization of deposition parameters on tubular substrates to
achieve the best gas sensing performance, which should be considered when preparing gas sensors.
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1. Introduction

Gases are linked to our lives, and without them, life is impossible. Some gases, like
oxygen, are directly related to our lives, while some others are very important to our
lives as they are fuel and provide energy for our industrial societies. Hydrogen (Hj) is
a colorless and odorless gas that serves as a green energy source with unique features
such as cleanliness, abundance, and recyclability [1,2]. Nevertheless, it has a high flame-
propagation nature, an explosive nature in the range of 5-75%, low ignition energy, and
high combustion energy heat [3-6]. Furthermore, it has a small kinetic diameter and can
easily diffuse into different environments. Therefore, during its storage and transportation,
leakage may occur which can lead to explosions and disasters owing to its high explosive
nature. Apart from its explosive nature, H; is considered a biomarker for the early diagnosis
of some diseases. In fact, the human exhaled breath contains some vapors and gases whose
presence or change in concentration indicate the existence of a disease. Thus, by analyzing
human exhaled breath using sensitive devices, it is possible to predict the presence of some
diseases [7]. Accordingly, the analysis of Hy gas in exhaled breath could provide valuable
information on the movement of intestinal food residues or the presence of malabsorption
after meals. Also, it can be useful for evaluating the intestinal circumstances, especially in
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patients with small bowel pseudo-obstruction and malabsorption [8]. Hence, the reliable
detection of Hj is important from both safety and health perspectives.

Gas sensors are sensitive electronic devices which can detect the presence of a gas
by generating an electrical signal. There are different gas sensors which work based on
different principles. In particular, there are different gas sensors for the detection of Hy gas,
including electrochemical [9], surface acoustic wave [10], optical [11], gasochromic [12],
and resistive [13]. Each sensor type has its own unique advantages and disadvantages.
Among them, resistive gas sensors are highly popular owing to their unique advantages,
such as high sensitivity, high stability, fast dynamics, simple design, simple operation, and
low cost [14]. Even though they can be fabricated from different types of semiconducting
materials, they are generally fabricated from semiconducting metal oxides, in which their
resistances change upon exposure to target gases. Depending on the nature of the target
gas and sensing material, the resistance can increase or decrease upon exposure to gas.
Generally, n-type metal oxides are preferred to p-type ones, owing to their higher mobility of
charge carriers [15]. N-type stannic oxide (SnO;) with a band gap of 3.6 eV is widely utilized
in gas-sensing applications, because of the high mobility of charge carriers, ease of synthesis,
excellent stability, high availability, and low cost [16,17]. Accordingly, SnO;-based gas
sensors have been extensively used for the detection of H; gas in the literature [18-22].

There are two general types of sensor configurations for realizing resistive gas sensors.
In the planar configuration, the sensing layer is coated on a flat substrate equipped with
interdigitated electrodes [23]. In addition, a microheater is generally applied to the back
side of the substrate [23]. In tubular gas sensors, the sensing material is coated onto a
tubular substrate which is generally alumina equipped with electrodes [24]. In addition, in
this configuration, the sensor is heated by applying voltage to a highly resistive nichrome
wire which is inserted into an alumina tube [25]. Tubular substrates have advantages such
as ease of installation on support, ease of heating by applying voltage on nichrome wires
inside them and a simple coating of the sensing layer over them.

Generally, in the tubular configuration of gas sensors, alumina [26], and in the planar
configuration, alumina or SiO,-deposited Si substrates [27], are utilized as substrates. In
particular, alumina, with its low price and good electrical insulation, has unique features
like good thermal conductivity, low thermal expansion coefficient, high melting point, and
high mechanical strength, which are needed to achieve uniform temperature distribution
in the sensing area and to prevent mechanical failure by thermal shock, and therefore, it
is widely used for the realization of tubular gas sensors [28]. Electrodes in both config-
urations are often fabricated from Au [29], Pt [30], or Pd-Ag [31] noble metals. Recently,
flexible /wearable gas sensors have captured a lot of attention due to their high mechan-
ical flexibility in terms of bending, twisting, stretching, and so on, for new applications
such as internet of things [32,33]. In flexible/wearable gas sensors, generally a planar
configuration is used and flexible substrates such as polyethylene terephthalate (PET),
polydimethylsiloxane (PDMS), Polyimide (PI), and paper are used as substrates for this
purpose [34,35].

Generally, the effect of deposition parameters on tubular gas sensors is not mentioned
in the literature. However, these parameters can significantly affect the sensor output and
need to be optimized to have the best sensing performance. Herein, we have attempted
to investigate the effect of various parameters, such as the number of deposition layers,
rotation speed of the substrate during deposition, and number of rotations of the substrate,
on the H; sensing of commercial SnO; particles on a tubular substrate. Furthermore,
the effect of annealing temperature (400-700 °C for 1 h in air) on the performance of the
fabricated sensor was investigated.

2. Materials and Methods
2.1. Material Characterizations

Microstructural and morphological studies were performed utilizing a scanning elec-
tron microscope (SEM; Carl Zeiss LIBRA 200 MC, USA, accelerating voltage = 15 kV). X-ray
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diffraction (XRD, Philips X’ Pert, the Netherlands) was conducted via Cu-K4; radiation
(A = 1.5406 A) in the range of 20 = 10-90° to study the crystallinity and phase formation of
powders. The chemical and valence states of commercial SnO, particles were investigated
with an Al-K,, source (1253.6 eV) via X-ray photoelectron spectroscopy (XPS; Thermo Fisher
Scientific, Waltham, MA, USA). The binding energies were corrected by referencing the C
1s line at 284.5 eV.

2.2. Gas Sensor Fabrication and Sensing Measurement

Here, commercial SnO, powders (sizes < 100 nm, Sigma Aldrich, St. Louis, MO, USA)
were employed to realize H, gas sensors. First, a clean tubular alumina substrate with gold
electrodes was fixed on a support (Figure 1a), and by the rotation of the substrate utilizing a
small motor, the sensing material was applied to it with the help of a small brush (Figure 1b).
The fabricated sensor was placed on a support (Figure 1c), and by applying an external
voltage to the heater inside the tubular sensor, it was possible to increase the temperature to
the desired values via the Joule heating effect. Synthetic dry air was mixed with the target
gases utilizing mass flow controllers (MFCs) at the expected concentrations, and then it
was introduced into the gas chamber. To prepare H;, gas with different concentrations of 10,
50, 100, 500, and 1000 ppm, the amounts of dry air and H; gas were set to 495/5, 475/25,
450/50, 250/250, and 0/500, sccm, respectively, by MFCs. It should be noted that the total
gas flow rate was fixed to 500 sccm in all experiments.

(a) Au electrode

Alumina tube
\ Ni-Cr heater

- Nl

N

Sensing material

Figure 1. (a) Schematic of tubular sensor (b) fixing the tubular substrate before applying the sensing
layer to it; (c) real image of the fabricated sensor on support.

Since in resistive gas sensors, variations of the resistance are an important parameter,
the resistances of the gas sensors were continuously measured in air (R,) and in the presence
of target gas (Rg) using a Keithley (2400) source meter, and the obtained data were saved to
a PC connected to source meter. The sensor response was calculated as R = R;/Rg. The
response time was calculated as the time required for the resistance to achieve a 90% change
in the presence of H; gas, when it was introduced into the gas chamber.

3. Results and Discussion
3.1. Characterization Studies

Figure 2 illustrates the XRD pattern of the commercial SnO; particles. It depicts the
peaks related to the crystalline planes of tetragonal SnO;, matching JCPDS Card No. 41-
1445 [36]. No peaks related to other phases or impurities were detected, indicating the
high purity of the SnO, particles. Figure 2a—c present SEM images of the SnO; particles
at various magnifications. Overall, they had an almost spherical shape, and the size of
the individual particles was approximately 100 nm. However, they were agglomerated
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into larger particles. The agglomerates were not fully dense, and there were some pores,
channels, and voids among the SnO; particles. Therefore, the target gas can easily diffuse
into deep parts of the sensing material, expecting a relatively high response to Hj gas.

()

Intensity (a.u.)

Figure 2. (a) XRD pattern of commercial SnO; particles. (b—d) SEM images of commercial SnO,
particles at different magnifications.

Next, the chemical composition of the particles was studied. Figure 3a presents a
typical SEM image of the SnO, particles, and the corresponding SEM-EDS elemental
mapping of Sn and O elements is presented in Figure 3b,c, respectively. The mentioned
elements were uniformly distributed on whole parts of the SnO, particles. Furthermore, in
Figure 3d, the corresponding SEM-EDS spectrum is presented. The weight percentages of
O and Sn elements were 36.09 and 63.91%, respectively. Also, the atomic percentages of the
mentioned elements were 80.73 and 19.27%, respectively.

| Element Wi% Atomic %
0 | 36.09 | 80.73
Sn | 6391 | 19.27
Total | 100.00 | 100.00

Figure 3. (a) SEM micrograph; (b) EDS mapping of (c) “Sn” and “O” elements; (d) EDS spectrum of
SnO, powders.

XPS measurements were performed to study the surface composition of the materials
and the valence states of the elements up to a depth of 10 nm from the surface. Figure 4a
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presents the XPS survey of commercial SnO, particles. The peaks related to Sn and O
elements were recorded. In addition, a peak related to carbon (from the environment) was
observed. To have a better insight, we also studied the XPS core-level regions of Ols and
Sn 3d. Figure 4b presents the Ol1s XPS core-level region, which exhibits a peak centered
at 531 eV related to the presence of lattice oxygen (O%~) in SnO, [37]. Figure 4c indicates
the Sn 3d XPS core level, in which two peaks of Sn 3d5,, and Sn 3d3, are located at 487.5
and 497.5 eV, demonstrating that Sn is in the (IV) valence state [38]. Therefore, based on
characterization results, commercial SnO; particles had almost a spherical morphology and
desired crystallinity, without undesired phases and impurities.

XPS Surve; Sn 3d
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Figure 4. (a) XPS survey of commercial SnO; particles, (b) Ols and (c) Sn 3d XPS core-levels.

3.2. Gas Sensing Investigations

Sensing temperature is an important parameter of gas sensors. Initially, to determine
the optimal sensing temperature of the fabricated gas sensor, it was exposed to 10 ppm
H; gas at different temperatures (Figure S1). The sensor revealed the highest response to
H; gas at 300 °C; thus, it was selected as the optimal sensing temperature. In fact, at low
temperatures, the gas did not have sufficient energy to overcome the adsorption barrier and
a low response was obtained. At 300 °C, the adsorption rate and desorption rate were equal,
resulting in the highest amount of response. However, with a further increase in sensing
temperature to 350 °C, the response was decreased owing to a higher desorption rate
relative to the adsorption rate at high temperatures. Therefore, all remaining sensing tests
were measured at 300 °C. Figure 5a presents transient resistance plots of SnO, gas sensors
with one, two, and three layers over the substrate when exposed to different amounts (10,
50, 100, 500, and 1000 ppm) of Hj gas at 300 °C. The resistance of all the sensors decreased
upon the introduction of reducing H; gas, revealing the n-type nature of the sensors. In
fact, reducing gases react with adsorbed oxygen on the sensor surface, and the electrons are
released to the sensor layer. Accordingly, for n-type gas sensors, the resistance decreases
thanks to providing more charge carriers (electrons) to the sensor. In addition, the sensors
exhibited good reversibility, where upon stoppage of the gas, the resistance returned to
its initial value. This is an important feature for practical application of the gas sensor. To
check and compare the behavior of gas sensors, the gas responses were calculated, and the
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corresponding sensing calibration curves are presented in Figure 5b to better understand
the behaviors of the sensors. Overall, no significant differences were observed among the
sensing results of different gas sensors. Therefore, the number of applied layers, from one
to three over the substrate had no significant effect on the sensing performance. Based

on the obtained results, one layer of sensing material was applied on the substrate for
further experiments.
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Figure 5. (a) Sensing plots of SnO; gas sensors with one, two, and three layers over the substrate to
different amounts of H, at 300 °C (10, 50, 100, 500, and 1000 ppm); (b) sensing calibration plots of
sensors with different layers.

In the next step, we studied the behavior of one layer of the sensors applied on the
tubular substrate with different numbers of substrate rotations (5, 10, 15, and 20). Figure 6a
displays the transient resistance graphs of the SnO, gas sensor (one layer) applied to a
tubular substrate rotating with different rotations (5, 10, 15, and 20 times) when exposed
to various amounts (10, 50, 100, 500, and 1000 ppm) of H; gas at 300 °C. Also, relevant
calibration curves are presented in Figure 6b. Based on the obtained results, the sensor
applied on the substrate with ten rotations had the highest response at all concentrations,
whereas the sensors applied on the substrates with five and twenty rotations had the

lowest response to Hy gas at low (10, 50, and 100 ppm) and high (500 and 1000 rpm)
concentrations, respectively.
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Figure 6. (a) Dynamic sensing curves of SnO; gas sensor applied to tubular substrate with different
numbers of rotations (5, 10, 15, and 20 times) when exposed to various amounts of H; gas at 300 °C.

(b) Relevant sensing calibration graphs when the substrate was exposed to various amounts of Hy
under various rotations.
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Subsequently, with the single-layer SnO, sensor applied under ten rotations of sub-
strate, we also studied the sensing behavior at different rotation speeds (5, 7, and 12 rpm) in
response to various amounts of Hj at 300 °C, and then we obtained the relevant calibration
graphs (Figure 7a,b). There was a noticeable difference between the sensors’ responses
under different substrate rotation speeds. The sensor prepared at a substrate rotation of 7
rpm showed the highest response, whereas the sensor prepared at 5 rpm substrate speed
exhibited the lowest response. According to the above findings, one layer of the sensing
material applying on the substrate with ten rotations at a rotation speed of 7 rpm results in
the best sensor efficiency.

(2) (b)

12 rpm 35
™5 - 2em
301 @ 7mom
10 e —A— 5rpm
@ ol 20 100 500 1000 ppm < 25+
7 rpm ol
8 © 20-
c M- ©
) @ 15+
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aMm L 54
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Bl — T 10 100 1000
Time (sec) H, concentration (ppm)

Figure 7. (a) Sensing plots of SnO, gas sensor applied to tubular substrate with different rotation
speeds (5,7, and 12 rpm) to various concentrations of H, gas at 300 °C. (b) Corresponding sensing
calibration plots.

Since the annealing temperature can affect the particle size and crystallinity of SnO,
particles, and these factors ultimately can affect the sensor performance, we also studied
the effect of annealing temperature on the gas response. After determining the optimal
conditions, we determined the optimal annealing temperature for the SnO, gas sensors.
For this purpose, SnO, particles were annealed at different temperatures (400, 500, 600,
and 700 °C) for 1 h in air. Figure 8 reveals the response of the sensors annealed at different
temperatures to 10 ppm H; gas, and the inset in Figure 8 depicts transient resistance plots
of SnO; gas sensors applied to tubular substrates under optimized conditions and annealed
at 400, 500, 600, and 700 °C to 10 ppm H; at 300 °C. According to the obtained results, the
sensor annealed at 400 °C exhibited the highest response to H; gas, and therefore, it was
selected for other experiments. The decrease in the sensor’s response annealed at higher
temperatures may be related to the growth of particles at higher temperatures, which
decreases the overall surface area of the sensor and causes a decrease in the gas response.
Sun et al. [39] also investigated the effect of the annealing temperature (450, 500, and 550 °C)
on the gas response of ZnFe;O4 and reported that the best sensing performance was ob-
tained at 450 °C, due to the low particle size of the sensing temperature at this temperature.
Katoch et al. [40], investigated the effect of crystallization time on the gas response of ZnO
hollow nanofibers and the sensors crystallized for a longer time, which revealed a better
response relative to other sensors, which was related to the high crystallinity of the sensor.
In the present study, even though at higher annealing temperatures a higher crystallinity is
expected, it seems that the role of particle growth is more important than that of improved
crystallinity, as pointed out by another study by Katoch et al. [41].
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Figure 8. Response of optimized SnO; sensor versus annealing temperature to 10 ppm H, gas at
300 °C. Inset depicts dynamic resistance curves of SnO, sensors applied on tubular substrates under
optimized conditions and annealed at various temperatures (400-700 °C) to 10 ppm H; gas.

In the next step, the reproducibility of the optimized sensor was tested by fabricating
two sensors under optimal fabrication procedures and exposing them to various amounts
of Hj at 300 °C (Figure S2a,b). Figure S2c presents the calibration curves of the two gas
sensors. The sensors exhibited almost the same responses to various levels of H, gas,
demonstrating their desirable reproducibility.

For real applications, especially for H, gas detection, the response time is a highly
important parameter, so we also calculated the response time of the optimal gas sensor.
In Figure 9, the response times of the optimized sensor to 10, 50, 100, 500, and 1000 ppm
Hj at 300 °C are given. The response times to the mentioned concentrations were 37, 17,
16, 16, and 14 s, respectively. Therefore, the sensor is fast enough to detect any leakage
of H, gas in real applications. In addition, as expected, the response time decreases with
increasing Hy gas concentration because more Hy molecules were easily adsorbed onto the
sensor surface.

?.? 40
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o
é 301
o
[72])
c
I
2 50
= M —p—0
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104
10 50 100 500 1000

H, concentration (ppm)

Figure 9. Response time of optimized SnO, sensor to 10, 50, 100, 500, and 1000 ppm H; gas at 300 °C.

The selectivity of the optimized sensor was also checked by exposing it to 10 ppm
Hy, toluene, benzene, ammonia, and acetone at 300 °C. As shown in Figure 10, the sensor
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shows a higher response to H gas relative to other gases. This is mainly due to the small
size of the Hy molecules in comparison with other gases, which leads to the easy and fast
diffusion of this gas into deep parts of the sensor, resulting in more adsorption and more
sensing reactions. Furthermore, the sensing temperature can affect the selectivity of the
sensors, and it seems that 300 °C is sufficient for the H, gas to be sufficiently adsorbed
on the sensor surface, and as a result of the subsequent reactions, a higher sensing signal
relative to other gases will be generated.

Acetone

Ammonia

Benzene

Toluene

0 1 2 3 4 5

Response (R,/R,)
Figure 10. Selectivity histogram of optimized SnO, sensor at 300 °C to 10 ppm of different gases.

3.3. Proposed Sensing Mechanism

The basic sensing mechanism of resistance gas sensors is based on the variations
of resistance in the presence of target gases. Since the present sensor exhibited an n-
type nature, we will explain the sensing behavior using the electron depletion layer (EDL)
concept. In fresh air, which is mainly composed of N, and O, gases, oxygen can be adsorbed
on the sensor surface, and because of the high electron affinity of oxygen, electrons can be
abstracted from the conduction band of SnO, as follows [42,43]:

O, (g) — Oz(ads) 1)
Oy(ads) +e~ — O, ()
0, +e~ =20 3)
O 4+e — O (4)

At low temperatures (T < 100 °C), molecular species are dominant, while at higher
temperatures, atomic species are dominant [44]. At 300 °C, it can be assumed that O~
is the dominant species [45]. Owing to the abstraction of electrons by oxygen ions, an
EDL is created on the exposed surfaces of the SnO, particles, leading to an increase in the
resistance of SnO; in air relative to that under vacuum conditions [46]. Thus, the initial
high resistance of SnO, sensor in air is related to the adsorption of oxygen species and
formation of EDL, where the concentration of electrons is much lower than the core parts
of the sensor. Upon exposure to the Hy gas, Hj reacts with the adsorbed oxygen species as
follows [47].

H;+0" = HO+e™ )
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Accordingly, water vapor is produced, and the electrons are liberated to the sensor
surface. Owing to the release of electrons, the thickness of the EDL will be significantly
decreased, which leads to an increase in the sensor conductivity or equivalently a decrease
in the sensor resistance in the presence of H, gas. Therefore, a sensing signal appears
owing to the resistance modulation of the gas sensor in the presence of H, gas. This
mechanism is schematically illustrated in Figure 11a. In addition, at the contact points
between the SnO; particles, double Schottky barriers initially form in the air, leading to the
formation of potential barriers for the flow of electrons from one grain to another grain.
By subsequent exposure to H; gas, and the release of electrons to the sensor surface, the
height of these potential barriers decreases, contributing to the generation of a sensor signal
(Figure 11b,c) [48]. In addition, because of the small size of the H, molecules, they can
easily diffuse into the deep parts of the sensor and occupy most of the available adsorption
sites in the sensing layer. Hence, the sensor exhibits a relatively high response to small
concentrations of H, [49].

o

09

T . Double Schottky barrier at SnO,-SnO,
Double Schottky barrier at SnO,-SnO,

interface

interface

Barrier height

Figure 11. Sensing mechanism of SnO, particles gas sensor to H; gas: (a) change in thickness of EDL
in the presence of Hj gas; (b,c) decrease in the height of double Schottky barriers in contact points
between SnO, particles in the presence of H, gas.

4. Conclusions

In a nutshell, the effect of deposition variables on the H, gas response of commercially
available SnO, particles was investigated. The SnO, particles were characterized with
different techniques including XRD, SEM, and XPS, and their desired phases, morphologies,
and chemical compositions were demonstrated. We varied the number of deposited layers,
rotational speed of the substrate, and number of rotations of the substrate on the output
of the deposited sensor. The optimal conditions for sensor fabrication to achieve the
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best performance were the application of one layer of the sensing material to the tubular
substrate with ten rotations and a rotation speed of 7 rpm. Furthermore, the effect of the
annealing temperature (400, 500, 600, and 700 °C for 1 h) on the response to H, gas was
explored, and annealing at a lower temperature (400 °C/1 h) resulted in a higher sensor
performance, which was related to grain growth at high temperatures. The optimized
sensor indicated a high response of ~12 to 500 ppm Hj gas at 300 °C. Therefore, the
deposition variable and annealing temperature affected the sensing performance and
needed to be optimized to obtain the best sensing results.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app14041567/s1, Figure S1: Response of SnO, gas sensor with one
layer over substrate to 10 ppm Hj gas versus temperature; Figure S2: (a,b) Reproducibility of
optimized gas sensor during two experiments to various concentrations of H, gas (c) Corresponding
calibration curves.
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