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ABSTRACT

Hydrogen sulfide is one of the harmful gases that contribute to air pollution. Therefore,
there is a need to develop high-response hydrogen sulfide (H2S) gas sensors. Herein, the
bismuth oxide nanostructured material was prepared using the hydrothermal chemical
route. The prepared material was characterized using XRD, FESEM, TEM, XPS, EDS, and UV
—visible spectroscopy techniques. The gas sensor device was fabricated using bismuth
oxide nanomaterial, and gas sensing properties were investigated. The sensor exhibited
the highest response of 22—-92% towards H-S gas at 250 °C for 10—100 ppm concentration
range, respectively. The 92% response was recorded for 100 ppm H,S gas with rapid
response and recovery times of 511 and 492 s, respectively. The sensor was tested at
different operating temperatures and H,S gas concentrations. The sensor's selectivity,
dynamic resistance response repeatability, and long-term (30 days) stability were studied.
The nanostructured bismuth oxide can be a promising candidate for high-response H-S
sensor applications.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Gas sensors are essential and undeniable devices in the mod-
ern world; they are primarily used in pollution monitoring,
public safety, quality control, air quality analysis, agriculture
technologies, chemical industries, and so on. The human sense
of smell is susceptible to detecting and discriminating gases or
odors at low concentrations [1]. Most poisonous gases or
harmful vapors are only detectable at high concentrations [2].
High-performance gas chromatography [3] and ion-
chromatography [4] own higher responses for lower gas and
vapor concentrations. However, these chemical methods are
expensive and require more processing. Thus, chemical tech-
niques may not be followed for environmental air monitoring
(EAM), and therefore it is an urgent need to develop fast,
portable, and cost-effective sensor devices for EAM.

Among all the sensing materials investigated so far, metal
oxides (MOs) are the most famous for detecting harmful gases.
More than 150 gases have been analyzed using metal oxides,
and most commercial sensors are made from metal oxide [5].
The success is due to its advantages, such as simple design,
rapid response time, high sensitivity, compact size, and low
cost [6]. n-type semiconducting materials are favorable in gas
sensor applications. They are more thermally and chemically
stable to detect harmful gases. Therefore, researchers need to
develop gas sensor devices with good sensing ability and a
high response rate. Furthermore, some of the most toxic gases
are reductive when they interact with n-type material,
decreasing their resistance.

The present work focuses on hydrogen sulfide (H,S)
sensing using the conductometric method. H,S, also known as
manure gas, is highly toxic and flammable [7]. It commonly
occurs in sewer lines, geothermal plants, and more than 70
types of industries that produce this gas as a by-product [8]. It
has severe effects on the human body; hence detection of
such gas is very much important. So far, many metal oxides
have been studied for the detection of H,S gas. Transitional
metal oxide-based nanostructures such as SnO,, ZnO, CuO,

Fe,03, and WO; have been reported over the years for gas
sensing applications [9—-13]. Among semiconducting metal
oxide sensing materials, bismuth-based sensors are relatively
less focused. There are reports on bismuth-based oxide
nanostructured materials reported for hydrogen sulfide gas
sensing which suggest that bismuth-based oxide materials
have the potential to exhibit high-performance hydrogen
sulfide sensor applications [14,15]. The remarkable properties
of nanostructured bismuth oxide made it the potential sensor
material. Bismuth oxide, one of the important transition
metal oxides, is non-toxic, environmentally friendly, has good
conductivity, is readily available, and is a low-cost material. In
addition to this, it has five polymorphs i.e. a, B, %, 3, and ¢, in
different nanostructures. In the present work, the novel ul-
trathin nanosheet structures of BiO, with different stochi-
ometry (different oxygen composition) were synthesized
using the versatile hydrothermal chemical method. Hydro-
thermal synthesis is a simple and ultrafast chemical method
that has been used in literature to obtain nanostructures of
different metal oxides [13]. The hydrothermal synthesis route
has several advantages such as easy to scale up (high yield),
controlled shape and size, easy operation, affordable (cheap),
etc as compared to other established methods [16]. Further,
characterizations were performed using sophisticated in-
struments viz XRD, FESEM, TEM, EDS, UV—Visible spectros-
copy, and XPS. Structural parameters of BiO, nanosheets
material were estimated by XRD analysis. Resistance variation
of BiOy nanosheets sensor as a function of different gas con-
centrations and temperatures were recorded. The selectivity
and stability studies were carried out. The sensor's perfor-
mance is compared with reported H,S sensor data.

Experimental

The BiOy nanopowder was synthesized using an easy hydro-
thermal chemical route. For this, bismuth nitrate (0.005 M)
and Na,S0, (0.05 M) were dissolved in 60 ml of de-ionized (DI)
water. An aqueous sodium hydroxide of 0.045 M solution was
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prepared and added to the previous solution dropwise and
kept stirring at 1200 rpm. This prepared solution was trans-
ferred into an autoclave (Teflon-lined) and sealed it in a steel
case, and put in an electric oven at 150 °C for up to 12 h. The
obtained precipitate was washed using DI water and ethanol
multiple times. The final solid product was dried overnight at
70 °C temperature and crushed, followed by air annealing at
400 °C in a muffle furnace for 2 h to remove impurities and
achieve crystallinity.

The drop-casting technique was used to fabricate the BiOy
sensor [17]. Initially, BiOx nanopowder obtained from hydro-
thermal synthesis was mixed into ethylene glycol in the
appropriate amount and formed a uniformly dispersed solution
using ultrasonication for 15 min. An alumina substrate having
an inter-digital pattern (IDT) of Pt was cleaned thoroughly. Two
external wires (Au coated) were connected to the terminals of
the IDT pattern using gold paste for electrical contacts. A pic-
ture of the sensor device is shown in Scheme 1. Then with the
help of a micropipette, the prepared active material solution
was cast on a platinum electrode pattern of the area of 1 cm?
Finally, the drop cast sensor device was annealed at 300 °C in
order to remove the ethylene glycol and achieve a uniform
sensor film. Gas sensor testing was carried out using a fully
automated gas sensing unit where we have a mass flow meter
to control the airflow along with a Keithley electrometer and
data acquisition software installed computer. The schematic of
the testing setup is shown in Scheme 1. The formula for the
response calculation is represented in Eq. (1) [18].

Ra —
5(%)= Ra

R9 5 100 (1)

where S represents the response, R, and R, are the stabilized
resistances of the sensor in air and target gas, respectively.

Mass flow controller

Senor measurement was carried out in a fully automated gas
sensor assembly where a mass flow controller (MFC) was used
to inject the carrier gas. The data acquisition was done over
the computer interfaced with the Keithley electrometer.

Results and discussion
Structural properties

The XRD is a primary standard tool to determine the crystal
structure and confirm any specific crystalline material. The
XRD pattern for as-prepared materials was recorded at
normal room temperature and pressure conditions at the
diffraction angle of 20—90° using an X-ray diffractometer
machine. Fig. 1 shows the XRD pattern, along with standard
line spectra from JCPDS data for the obtained material. The
intense and sharp diffraction peaks were observed that
confirm the highly crystalline nature of the prepared mate-
rial. The characteristics XRD peaks were matched for two
different phases viz BiO; s and BiO. The highest intense XRD
peak matches with (111) plane, and the low intense XRD peak
corresponds with the (222) plane of cubic structured BiO; s
compound as per JCPDS#78—0736. The three average in-
tensity XRD peaks were matched with the (012), (104), and
(015) planes, confirming the presence of hexagonal struc-
tured BiO compound as per JCPDS#75—0995.

Morphology and elemental analysis
The as-prepared BiOx material was employed for FESEM and

TEM analysis to investigate the shape, surface texture, and
size of particles. The FESEM image of BiOx powder is depicted
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Scheme 1 — Schematic of experimental sensing test setup and picture of BiO, sensor device.
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Fig. 1 — XRD pattern for BiO, material.

in Fig. 2 a) that confirms the majority of nanosheet-like
structures beside some irregular nanoparticles. The TEM
images for BiOy material at different magnifications were
captured to resolve nanostructure more clearly, as in Fig. 2 b)
and c). It is evident from TEM images that BiOx forms
nanosheet-like structures. There are some nanosheets
stacked on one another, whereas some single nanosheets
were also observed in TEM images. The nanosheets allow
easy and faster charge transportation along their length [19].
The maximum nanosheet length is ~1.05 pm, whereas
thickness is the order of ~22—25 nm. These long nanosheets
with minimal thickness lead to a higher aspect ratio and
provide a larger surface area to adsorb target gas, resulting in
a higher response.

The EDS spectroscopy was used to investigate elemental
composition, whereas the elemental mapping images were
captured to observe the elemental distribution. The EDS
spectrum of BiO, material is shown in Fig. 3. The ‘Bi’ and ‘O’
elements were confirmed from the characteristic EDS spec-
trum peaks of the sensor material. The atomic and weight
percentages of both elements are tabulated in the table shown
as an inset of Fig. 3. The elemental mapping images for BiOx
material are shown in the inset of Fig. 3, revealing the uniform
distribution of ‘Bi’ and ‘O’ elements.

UV—visible and XPS spectra analysis

UV—visible spectroscopy can be used to investigate light ab-
sorption properties and bandgap of the semiconducting
nanomaterial. The UV—visible spectrum of BiOy, material is
shown in Fig. 4 a). The absorbance curve rises drastically from
the visible to the ultraviolet region which may be due to de-
fects (oxygen) and the size distribution of nanosheets. The
Tauc plot was plotted using UV—visible absorbance data, as
shown in Fig. 4 b). The bandgap of BiO, material was esti-
mated (~2.4 eV) by intercept at X-axis by the line fit in the Tauc
plot.

The XPS spectra for BiO, material were recorded to inves-
tigate the chemical atomic states of the elements present in
the sensor material. The XPS spectra for ‘Bi’ and ‘O’ elements
are represented in Fig. 4 c) and d). The Bi 4f region has two
spin-orbit components Bi 4f;/, and Bi 4fs/, at the binding en-
ergies 159.2 and 164.5 eV, respectively [20]. These spin-orbit
components are separated by 5.3 eV energy. These appear-
ances of Bi 4f characteristic energy levels, as indicated by XPS
peaks, confirm Bi—O bond. The XPS peak at 529.2 €V is asso-
ciated with lattice oxygen (O 1s) from Bi—O bond [21,22].

Temperature response and selectivity

Metal oxide-based gas sensors show different performances
at different operating temperatures owing to different
amounts of activation energy required for the specific type of
sensing gas. The different operating temperatures also affect
on adsorption of gas molecules at the sensor surface, which
leads to different responses. The key role is played by the
optimal operating temperature of the sensor device in deter-
mining gas sensing performance [23]. Hence, the BiOy sensor
was engaged for H,S gas sensing at different substrate tem-
peratures. The temperature of the sensor material decides the
chemical sensing reaction rate and gas molecule adsorption.
As temperature increases, the chemical reaction rate will in-
crease, but gas adsorption gets constrained with the same.
Hence it is required to find out the optimal intermediate
operating temperature where both the phenomenons, i.e. gas
adsorption and a chemical reaction, achieve the equilibrium.
The optimized operating temperature for the BiOx sensor was
250 °C using 100 ppm H,S gas, as shown in Fig. 5 (a). It was
observed that the sensor response above 250 °C decreases due
to restriction on target gas molecule adsorption at the sensor's
surface. The maximum sensor response is decided by the type
of targeted gas and the chemical nature sensor material. The
selectivity study using BiOx sensor was carried out using
different gases shown in Fig. 5 (b). The selectivity study was
carried out at 100 ppm target gas concentration at 250 °C. This
study reveals that the sensor has a specific affinity for H,S gas
and exhibits the highest response.

Gas response and repeatability
BiOy sensor device was tested for H,S gas at 100 ppm gas

concentrations and operating temperatures of 250 °C as in
Fig. 6 (a). The resistance response of the BiOy sensor for H,S
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Fig. 2 — a) FESEM image, b) TEM image, c) TEM image with higher magnification for BiO, material.
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Fig. 3 — EDS, elemental mapping images, inset shows elemental composition percentage for BiO, material.

gas was recorded as a function of time. The resistance of the
BiOy sensor decreased with the H,S gas insertion time and
increased during the recovery (target gas removal) process.
The sensor's response time was the time required for
attending 90% of the resistance change during gas exposure
[24]. The response time of the BiO, sensor was measured to be
511 s, whereas the recovery time was 492 s. The dynamic
repeatability of the BiOy sensor is significant in confirming the
consistency of the device. The dynamic repeatability of the
device for 100 ppm H,S with continuous response and recov-
ery was demonstrated at 250 °C, as shown in Fig. 6 (b). The

sensor device offers dynamic repeatability by regaining the
original resistance after every cycle of the same amount of
target gas exposure, which confirms the excellent reliability of
the device.

H,S sensing mechanism

The working principle of metal oxide-based resistive type gas
sensors is related to the change in resistance of the sensor
during target gas exposure. This change in resistance is allied
with the net concentration of targeted gas at the surface of
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Fig. 5 — a) H,S sensing response at different temperatures, b) selectivity study for BiO, sensor at 100 ppm H,S.

sensor. The chemical catalytic reaction decides the net num-
ber of charges produced or reduced at the surface of the
sensor. The resistance of n-type semiconductor sensor ma-
terial drops on exposure to reducing gas at its working con-
ditions. The nanostructured bismuth oxide (BiOy) is n-type
semiconductor owing to its number of oxygen vacancies

(defect), whereas H,S is a reducing gas. Hence on exposure to
H,S gas, the resistance of BiOx sensor drops down.

The schematic representation of the BiOy sensor for H,S
sensing is represented in Fig. 7. The air oxygen molecules
adsorb on the sensor surface and gain electrons from the
conduction band of BiO, material, forming oxygen ions. This
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Fig. 6 — a) Transient resistance response, b) repeatability of resistance response, of BiO, sensor for 100 ppm H,S gas at

250 °C.

migration of electrons (from the conduction band) is respon-
sible for the depletion region creation at the sensor surface.
Two physically connected sensor particles add the depletion
width across the interface, and the corresponding potential
barrier ¢4 is raised, which leads to an increase in the sensor's
resistance, as shown in Fig. 7 a). During the sensing, H,S gas
molecules adsorb at the sensor surface and react with oxygen
ions. The electron is released back to the sensor material,
thereby reducing the depletion region width at the sensor's
surface. The potential barrier ¢p at the interface of the two
adjacent particles reduces, leading to a decrease in the sen-
sor's resistance, as shown in Fig. 7 b). Hence the reduction in
the potential barrier as well as corresponding sensor resis-
tance contributes to the response.

Concentration effect and stability studies
The concentration effect of H,S gas on the sensor was investi-

gated for different concentrations from 10 to 100 ppm at 250 °C,
as shown in Fig. 8(a). The figure shows the linear response at a
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low H,S concentration and becomes consistent at higher con-
centrations. The gas response increases systematically towards
different concentrations of gas. The gas response is decided by
the diffusivity of the target gas molecules, and the available
number of active sites on a given active surface area that de-
cides the detection range for the target gas. The highest
response of the BiO, sensor was found to be 92% at 100 ppm H,S
concentration, whereas the lowest detection limit was 10 ppm
with a gas response of 22%. The assembly design and chamber
volume partially decide the lowest detection limit.

The stability of the sensor is one of the essential properties
that decides the reliability and life of the sensor. Fig. 8 (b)
shows the stability study for the BiOy sensor device. The
sensor was observed to be stable with minimal variation. The
study was conducted over 30 days, and the response was
approximately similar over the period. The performance of
the BiOy sensor was compared with the reported data on the
H,S gas sensor application, and the results are summarized in
Table 1 [25—31]. It was observed from the comparison that the
BiOy sensor exhibited the highest response toward low H,S
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Fig. 7 — Schematic of H,S sensing mechanism for BiO, sensor, a) oxidation, b) reduction.
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Table 1 — Comparison with reports on H,S gas sensors with the present data.

Material Operating temperature (C) Gas Response (S) Concentration (ppm) Ref.
BiOy 250 92% 100 This Work
CuO NRs 250 4 (AR/R,) 100 [25]

ZnO NRs 30 17.3 (AR/R,) 100 [26]

WO; NWs 300 1.84 (Ra/Rg) 100 [27]
CuO-functionalized WO3; NWs 300 6.72 (Ra/Rg) 100 [27]

C030, films 200 3.5 (AR/R,) 200 [28]
4-Mo05/Zn0O NCs 270 30 (Ro/Ry) 100 [29]
In-doped ZnO 250 60 (R/Ry) 100 [30]
CdO-decorated NiO film 92 102.5 (Ra/Rg) 100 [31]

gas concentration at a low operating temperature relatively.
This high performance of the present sensor may be due to its
2-D nanosheets structure with a higher aspect ratio and the
stoichiometry (BiO; s and BiO) i.e. the mixture of two phases
that may form heterojunction and number of oxygen va-
cancies (may serve as active sites or receptor function).

Conclusions

To sum up, we have successfully synthesized the ultra-thin
nanostructured bismuth oxide using the hydrothermal
route. The prepared material was characterized for structural,
morphological, elemental, compositional, and chemical
atomic state properties using standard tools. The prepared
active material was used to fabricate gas sensor devices and
tested for various gases. The sensor was tested at different
temperatures and concentrations of H,S gas. The BiOy sensor
revealed a high response of 22—92% for 10—100 ppm H,S gas at
250 °C operating temperature. The BiOx sensor showed high
selectivity and dynamic repeatability toward 100 ppm H,S gas
at 250 °C. The plausible H,S sensing mechanism and long-
term (30 days) stability were also studied for BiOx sensor.
The larger thin nanosheet morphology of sensor material of-
fers a high surface-to-volume ratio and the different oxygen

composition provides defects that serve as active sites for gas
adsorption. Hence, the nanostructured morphology and non-
stoichiometry structure of BiOx sensor material can be a
promising candidate for H,S sensor application.
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