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cubes/cuboids of zinc antimonate
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Trirutile zinc antimonate (ZnSb,Og) nano-cubes/cuboids have been fabricated by a sol-gel spin-coating
method using polyethylene glycol (PEG) as the structure-directing agent. The fabricated films were
characterized for surface morphology, along with structural, FT-IR and thermal analysis. The crystallite
size of ZnSb,Og is found to be 35 nm. The fabricated films have been tested for the detection of
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liquefied petroleum gas (LPG) and carbon dioxide (CO;) gas leakage at room temperature (27 °C). They

exhibit fairly high sensitivity (1.73), low response and recovery times (~41 and 95 s, respectively), and
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Introduction

A gas sensor is a device that creates an electrical or optical signal
in response to chemical interaction with gases and thus detects
the presence of harmful gases. The development of gas sensors,
especially liquefied petroleum gas (LPG) sensors, is of prime
importance for the safely requirements in homes, hotels,
industries, offices associated with kitchens, and others. The
LPG sensor presents an alarm upon the leakage of LPG. The
leakage of LPG may be due to mistakes or accidents, and may
take the form of explosion accidents. A reliable and sensitive
LPG sensor presents an alarm for the leakage of LPG and thus
increases our safety. Therefore, in recent years, LPG sensing has
motivated intense research activities across the world for the
development of new sensing materials and technologies, in
view of fundamental research as well as industrial applica-
tions."” Most of the LPG sensors reported in the open literature
basically work at very high operating temperatures, such as
250 °C or above, which is not facile for commercialization of the
sensor.*® Therefore, nowadays, the sensor community is
focusing on the development of a potential LPG sensor operable
at room temperature and that produces a quick response, i.e.,
small response and recovery times towards the incoming LPG,
along with high sensitivity, reproducibility and stability.>** The
sensing mechanism of such LPG sensor is a surface-controlled
phenomenon; therefore, nanostructures play a significant role
for the design of sensing devices. Hence, for the sensor
community, the correlation between structure and sensing
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good reproducibility and stability (99.2%) at room temperature for the detection of LPG leakage. Based
on these observations, the fabricated film has the potential to be used as a LPG sensor at room temperature.

properties is an active area of sensor research and
development.**>

Nanostructured semiconducting oxides that possess porous
surfaces are being used in the construction of gas sensors. Most
of the sensing assessments of nanostructured semiconducting
materials are based on the surface morphology, such as nano-
spheres, nanorods, nanonails, nanobeads, nanodisks, nano-
cones, nanospindles, nanoflowers, nanowires, hollow and solid
spheres, tetrapods etc.>*'** On the other hand, in this work,
the sensing properties were investigated by fabricating a nano-
cube/cuboid-structured surface morphology for a new LPG-
sensitive material at room temperature. Thus, the present
study reports the gas-sensing properties of a different kind of
surface morphology of nanostructured zinc antimonate. In
order to modify the electrical/sensing properties of nano-
structured metal oxides, their size and shape should be
controlled by various capping agents, such as surfactants,
ligands and polymers. These capping agents confine the growth
of the metal oxide to the nanoscale region. In most cases, these
methods produce spherical particles due to their low surface
energy; however, in some cases, other shapes are also
formed.>'”** Such structural diversity can be achieved as a result
of specific interactions of the structure-directing agent with
different growth faces of the particles.”

Nanostructured SnO,, which possesses the rutile-type
structure, is one of the most studied gas-sensing mate-
rials.”*** Rutile is a well-known inorganic structure that has
been investigated for several applications, including
sensors.>**2 However, in the case of trirutile-type structure (such
as MgSb,0g, ZnSb,0g, CoSb,04, CuSb,04, NiSb,06, MNSb,0,
etc.), few studies have been reported on the gas-sensing prop-
erties.*®*** Nanostructured trirutile-type materials have also
been reported for their photocatalytic activity and for their
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supercapacitor, energy and environmental applications, as well
as in Li-ion batteries etc.**> The sensing properties of
antimonate/trirutile-based gas sensors are summarized in
Table 1. Moreover, there are no reports on the LPG sensing of
trirutile-based gas sensors.**** From Table 1, it is noticeable
that the sensors based on these materials are reported at high
operating temperatures that require additional power
consumption. In fact, these sensors have a decreased sensor
stability due to the high temperature of operation, which is
inconvenient for the fabrication of a sensor device. In partic-
ular, Bonilla et al®** have synthesized zinc antimonate by
a microwave-assisted solution method. They investigated the
CO and C3Hg sensitivity behaviour of zinc antimonate at 150-
250 °C temperature range. At ambient temperature (23 °C), no
variation of the sensitivity was observed. The maximum value of
sensitivity they detected was 1.26 for a propane concentration of
300 ppm, at an operating temperature of 250 °C. However, in
the present investigation, an attempt has been made to develop
an efficient LPG sensor operable at room temperature, as the
sensing of LPG at room temperature plays an important role for
its commercialization. In addition, room-temperature opera-
tion of a sensor increases its lifetime and stability. Thus, LPG
sensors operable at room temperature are in high demand for
both domestic and industrial purposes.

Goutham et al.®® have fabricated a LPG sensor at room
temperature (27 °C) based on a CdO/graphene nanocomposite.
They studied the sensor properties of CdO and CdO/graphene
(1, 2 and 3 wt%) nanocomposite at various operating tempera-
tures, from 27 °C to 225 °C, and LPG concentrations between
100 ppm to 800 ppm. They reported a maximum response of
0.77 for 600 ppm of LPG at an operating temperature of 27 °C.
Ghule et al.>* reported the room-temperature LPG sensitivity of
graphene oxide (GO), Fe,O3; and GO-Fe,0; composite sensors.
The maximum sensitivity they reported was 0.35 for the 1 wt%
GO-Fe,0; composite sensor, obtained for 100 ppm of LPG at
27 °C. Thakur et al.>® reported that poly(o-anisidine)-cerium
oxide nanocomposite exhibits the sensitivity of 0.02 upon
exposure to 900 ppm of LPG at room temperature. A room-
temperature LPG sensor based on zinc oxide/polypyrrole/lead
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sulfide quantum dots nanocomposite film was fabricated by
Zhang et al.>® The value of maximum sensitivity they reported
was 0.45 at 1000 ppm of LPG. A room-temperature LPG sensor
based on o-Fe,03/carbon nanotube nanocomposite films was
reported by Chaitongrat et al.®” Their sensor demonstrates
a sensitivity of 0.05 for 7000 ppm of LPG. Saxena et al.>®
demonstrated a room-temperature LPG sensor by employing
CdS : SiO, nanocomposite thin films. The highest sensitivity
observed was 0.71 for 1000 ppm of LPG at room temperature,
with the response and recovery times of 91 and 140 s, respec-
tively. Thus, the maximum sensitivity of room-temperature LPG
sensor reported in the literature is 0.77 for 600 ppm of LPG, as
investigated by Goutham et al.>®

Nanostructured trirutile oxides based on antimony show very
good surface reactivity due to the fact that antimony acts as
a catalyst.** They show remarkable catalytic properties in
oxidation reactions due to the high oxygen ion mobility at the
film surface and, thus, are highly interesting for the develop-
ment of a gas sensor.***” Noble metal catalysts such as anti-
mony, when coated on the oxide surface, result in improvement
of the sensing capabilities, as antimony tends to promote
chemical reactions by reducing the activation energy between
the oxide and the gas to be detected.” Therefore, antimony-
based trirutile nanostructured oxide materials (antimonates)
are promising, as they increase the rate of reaction (adsorption/
desorption) between the incoming target gas molecules and the
sensing layers.*® This is quite significant to improve the sensi-
tivity, selectivity, repeatability, stability, and response and
recovery times of the sensor. Antimony acts as a catalyst for the
dissociation of oxygen over the film surface and, thus, enhances
the spillover of oxygen species over the film surface, which may
enhance the sensitivity of the sensor.” The increased reactivity
of nanostructured antimonates at room temperature may result
in an increase in the sensitivity, which diminishes the required
power consumption and, thus, has a valuable effect on the
stability and lifetime of the sensor. Therefore, the primary
objective of our research is to synthesize nanostructured
antimonate material suitable for the development of a gas
sensor.

Table 1 The sensing responses of earlier reported antimonate-based gas sensors

SI. No. Sensing material Target gas Conc. of gas Operating temperature Sensor response Reference

1 Manganese antimonate CO 300 ppm 200 °C 0.33 37

2 Manganese antimonate CO 300 ppm 300 °C 8.98 37

3 Manganese antimonate Propane 500 ppm 200 °C 0.31 37

4 Manganese antimonate Propane 500 ppm 300 °C 0.44 37

5 CoSb,0¢ nanoparticles Cco 200 ppm 350 °C 7.00 39

6 CoSb,0¢ nanoparticles C3Hg 300 ppm 350 °C 4.80 39

7 NiSb,0Os nanoparticles C;3Hg 500 ppm 300 °C 1.10 41

8 NiSb,0s nanoparticles CoO 300 ppm 300 °C 2.10 41

9 MgSb,0s nanorods CcOo 300 ppm 200 °C 3.87 42

10 MgSb,0s nanorods C3Hg 300 ppm 250 °C 47.62 42

11 ZnSb,0 micro-wires/rods C;Hg 300 ppm 250 °C 1.26 34

12 ZnSb,0 micro-wires/rods CO 300 ppm 250 °C 6.66 34

13 ZnSb,0 nano-cubes/cuboids CO, 5000 ppm 27 °C 1.46 Present work
14 ZnSb,0¢ nano-cubes/cuboids LPG 5000 ppm 27 °C 1.73 Present work
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In this work, we demonstrate an efficient approach for the
synthesis of nanocrystalline cubes/cuboids of ZnSb,0¢ via sol-
gel method using PEG as a structure-directing agent. Further,
the main focus was on the characterization and investigation of
sensing performance at room temperature (27 °C). The sensi-
tivity of the ZnSb,0s sensor was studied by measuring the
electrical resistance of the sensor in air and in a reducing gas
environment (LPG), as well as in an oxidizing gas environment
(CO,). This approach is useful for the development of trirutile
nanostructured antimonate and provides an effective way to
examine the influence of surface morphology on the gas-
sensing properties. The utilization of nanostructured zinc
antimonate is a relatively new approach towards LPG sensing at
room temperature.

Experimental

Synthesis and growth mechanism of nano-cubes/cuboids of
Znsb206

Sol-gel method was used for the synthesis of nanocrystalline
zinc antimonate (ZnSb,0O¢). The stoichiometric amount of
starting materials, such as zinc sulphate (ZnSO,-7H,0) and
antimony trichloride (SbCls), were taken and dissolved in the
required amount of ethanol to prepare 0.1 M solution of each
precursor. Both precursors (zinc and antimony) were then
mixed with each other and magnetically stirred at 80 °C for 2 h
with drop-by-drop addition of 20 mL polyethylene glycol (PEG).
Thus, the gel of zinc antimony oxide was formed. This gel was
used for the fabrication of thin films for sensing purposes. PEG
works as a structure-inducing capping agent and controls the
growth rate during the precipitation process.®® Further,
ammonium hydroxide solution was added drop by drop to the
above mixed solution, and a white colour precipitate was ob-
tained. This reaction was carried out at pH ~ 8. Further, this
solution was stirred at 80 °C for 6 h. The resulting precipitate
was annealed at 600 °C for 2 h. Afterwards, the crystalline
powder was crushed into fine powder.

Thin films of the precursor were fabricated on alumina
substrate (10 x 10 mm?) using a spin coater (Metrex Scientific
Instruments, India) at 2000 rpm for 60 s. The fabricated films
were dried at 80 °C for 6 h and then annealed at 600 °C for 2 h
for the proper stabilization of the films. The annealing of
sensing films at high temperature has been reported by several
researchers to achieve long-term stability, high sensor response
and short response and recovery times.>”*”*° During thermal
treatment, the oxygen species are adsorbed in the forms O,
O~ and O°~ on surface of thin films, which are highly reactive
towards the incoming gas molecules. Therefore, these oxygen
species play a significant role in the gas-sensing phenom-
enon.>”*** When the fabricated thin film is annealed and
stabilized, the sensor surface possesses nano-cube/cuboid-
structured surface morphology. The thickness of the film was
found 300 nm, measured by an Accurion variable angle spec-
troscopic ellipsometer (Nanofilm EP3 Imaging).

The mechanism of formation of nano-cubes/cuboids
proceeds through successive nucleation and growth steps. In
the synthesis of nano-cubes/cuboids of zinc antimonate, the

This journal is © The Royal Society of Chemistry 2020
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basic principle for shape control involves two major steps: (i)
the formation of spherical nanocrystallites, which grow by their
linear arrangements into various shapes, such as tripods and
tetrapods, etc.,”* and (ii) the bending of primary nanocrystals at
their edges to form various morphologies.>® This is probably
due to the presence of the structure-directing agent, poly-
ethylene glycol (PEG). The proposed scheme for the growth of
nano-cubes/cuboids of ZnSb,0s is depicted in Scheme 1. In this
scheme, the preliminary spherical nanocrystallites (in precursor
solution) are formed due to their low surface energy. In the next
stage, the spherical nanocrystallites are grown into the various
intermediate shapes, such as tetra-pods, tri-pods and Y etc.>*
These nanocrystallites finally transform into nanocubes and
nanocuboids of zinc antimonate.

Characterization techniques for nano-cubes/cuboids of
ZnSb,04

The synthesized material was characterized in structural
investigations by X-ray diffractometer (X-Pert PRO PANalytical).
The XRD data was recorded using Cu K, radiation having
a wavelength A = 1.5406 A. The crystallite size of ZnSb,0g was
calculated by Debye-Scherrer's equation. The surface
morphologies of the sensing films were observed by scanning
electron microscope (SEM-LEO). Optical characterizations were
done by UV-visible absorption spectrophotometer (Varian,
Carry-50 Bio) in UV and visible region and with a Fourier
transform infrared spectrometer (Tensor-27). Differential
scanning calorimeter (Mettler Toledo) was used for the thermal
analysis of nanosized zinc antimony oxide.

Gas-sensing properties of nano-cubes/cuboids of ZnSb,0¢

For the gas-sensing measurements, silver electrodes (ohmic
contacts) were grown on two opposite ends of the film for the
measurement of film resistance. Further, the fabricated sensing
film was inserted inside the sensing chamber and stabilized in
air for 10 to 15 min. This stabilized resistance is known as
resistance in the presence of air (R,). After stabilization of the
film, a known concentration of target gas was passed inside the
gas chamber, and the temporal variations in resistance of the
films for different concentrations (1000 to 5000 ppm) of gas
were recorded by a Keithley electrometer (Model 6514). The
films were investigated by exposure to LPG and CO, at room
temperature (27 °C). For this purpose, a special gas chamber
was designed,®*** which consists of an inlet knob for target gas
entry into the chamber, and an outlet knob for the removal of
stored gas. The details of the gas-sensing setup are mentioned
in our previous publications.*"*
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Scheme 1 The stages of growth of the nano-cubes/cuboids of
ZnSbZOG.
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The sensing parameters, e.g., sensitivity/sensor response,
reproducibility, stability, and response and recovery times, were
calculated in order to analyze the observed sensing perfor-
mance. These parameters are defined below:%>*

(i) Sensor response is defined as the relative change in
resistance of the sensor with respect to stabilized resistance in
air, and is given by the formula:****

R~ R,

SR.= S,

where R is the resistance of the sensor in the presence of target
gas at any time ¢, whereas R, is the stabilized resistance of the
sensor in air.

(if) Reproducibility is the repeatability of the sensing exper-
iments, and reproducibility after long run of a sensor is known
as stability of the sensor.

(iii) Response time is defined as time taken by the sensing
material to acquire 90% of the maximum change in its resis-
tance,**** whereas recovery time is defined as the time taken by
the sensor to reacquire 10% of the stabilized value of its initial
resistance in the absence of gas.

Results and discussion
Surface morphology and structural analysis

The surface morphologies of nanocrystalline ZnSb,0¢ film
annealed at 600 °C are shown in Fig. 1(a) and (b). Herein,
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Fig.1 SEMimages of ZnSb,Og (a) before exposure to LPG and (b) after
exposure to LPG, and (c) the X-ray diffraction pattern of ZnSb,Og¢
annealed at 600 C°.
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Fig. 1(a) is the surface morphology of the film sensor stabilized
in air, and Fig. 1(b) is the surface morphology of the film sensor
after exposure to LPG. In Fig. 1(a), most of the particles appear
as nanocubes, whereas the rest are nanocuboid in shape, having
sharp boundaries. Isolated particles (separate nano-cubes/
cuboids) have been found over the entire surface of the film.
This is due to the fact that during annealing, PEG is adsorbed
and acts as a bridge between the particles. The linear chains of
PEG can be cross-linked in aqueous medium (ethanol)."”” The
cross-linking between the chains may provide small cages
wherein the reactant mixture gets trapped. Further, during
annealing at 600 °C, the reactant mixture trapped in the cages
reduces to separate nano-cubes/cuboids. Thus, the cages
formed by cross-linking may offer resistance to the agglomera-
tion of the particles and yields separate nano-cubes/cuboids.
The average size of nanocubes was found to be ~60 nm. The
nano-cubes/cuboids of zinc antimonate become enlarged, with
diffuse boundaries, when exposed to the gas, as seen in
Fig. 1(b). These properties of nano-cubes/cuboids of zinc
antimonate create an interesting possibility for implementation
towards the development of LPG sensors operable at room
temperature. Among the other features, the surface morphology
has strong influence on both the sensitivity and the charge
transfer process. In this paper, we have investigated the influ-
ence of surface morphology of the film (sensing layer) on its
sensing properties. Microwires and microrods of zinc antimo-
nate were prepared by Bonilla et al.’** using the microwave-
assisted solution method. The average length and diameter of
microwires they reported are 59.5 pm and 1.5 pm, respectively.
On the other hand, the ZnSb,0¢ nano-cubes/cuboids we fabri-
cated using the sol-gel spin-coating method have an average
size of ~60 nm. Comparatively, we obtained better results here
in terms of surface morphology.

The XRD pattern of the synthesized material annealed at
600 °C is shown in Fig. 1(c). The [& k [] planes have been iden-
tified at each peak of the diffraction pattern. All XRD peaks
belong to ZnSb,0¢ (JCPDS: 00-038-0453) and are indexed
accordingly. The average crystallite size has been found to be
35 nm using the Debye-Scherrer equation. In the previous
report on the synthesis of ZnSb,0¢ by Bonilla et al.,>* a similar
XRD pattern was reported. However, a secondary phase ZnSb,0,
was also observed in addition to ZnSb,04 phase. On the other
hand, we observed only ZnSb,0¢ phase, which indicates that
our synthesis approach is obviously better than earlier reported
synthesis method** (microwave-assisted solution method).

Optical and thermal analysis

In order to understand the reaction process during synthesis of
ZnSb,0 associated with temperature, it was characterized by
FT-IR. So as to observe the FT-IR spectra, transmittance of the
synthesized ZnSb,0, was recorded against wavenumbers in the
region between 400 and 4000 cm ™. Fig. 2(a) shows the FT-IR
spectra of pre-(as synthesized) and post-annealed (annealed at
600 °C) nanostructured trirutile ZnSb,0¢. The bands of the as-
synthesized (pre-annealed) material have been observed at
493, 613, 836, 1159, 1392, 1616, 2365, 3124 and 3581 cm ™ *. The

This journal is © The Royal Society of Chemistry 2020
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observed bands in the low-frequency region (493 and 613 cm ™)
are assigned as metal-oxygen (Zn-O and Sb-O modes) stretch-
ing vibrations, respectively. The additional observed vibration
bands may be assigned to O-H stretching (broad absorption at
3581 em™ ") and O-H bending vibration (1616 cm™"; hydroxyl
bands of adsorbed water). The peak at 1159 cm ™' is due to C-C
stretching. The presence of FT-IR frequencies at low wave-
numbers also provides evidence of Zn-Sb complex formed
during continuous stirring. On the other hand, bands in the
annealed material are observed at 493, 594, 633, 704, 1099, 2365
and 3559 cm ™. Slight variations in peak position and intensity
are observed for the peak at 3559 cm ™. After annealing of the
material at 600 °C, the peak intensity of this band decreases due
to complete conversion of hydroxides into the corresponding
oxide. The slight variations in peak position at low wave-
numbers are due to the degradation of organic groups present
in the precursor. Based on FT-IR analysis, the peak in the DSC
curve at 147 °C may be due to the desorption of physisorbed
water molecules.

Fig. 2(b) shows the variation in UV-visible absorption of
ZnSb,04 precursor for both as-synthesized and annealed
materials in the 200-800 nm wavelength range. It is clear that
the peak shifts to longer wavelengths on moving from
precursor, to as-synthesized, to annealed materials, and their
respective peaks were observed at 219, 271, and 274 nm. The
absorption coefficient («) is given by:

a = 27303 (%)

In the above equation, 4y, is the absorbance, and ¢ is the
thickness of the cuvette. The plot of (¢hv)* vs. hv for the
annealed ZnSb,O¢ is shown in Fig. 2(c). From the figure, the
energy band gap of ZnSb,0s was found to be 3.65 eV.
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Fig. 2 (a) FTIR spectra of as-synthesized and annealed ZnSb,Og, (b)
UV-visible spectra of the precursor, and as-synthesized and annealed
ZnSb,0g, (c) Tauc plot for band gap calculations of annealed ZnSb,Og,
and (d) the DSC curve of as-synthesized ZnSb,Oe.
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The DSC curve of the as-synthesized powder is presented in
Fig. 2(d). The endothermic peaks at 103, 147, 169, 291 and
365 °C appearing in the DSC curve indicate the removal of
chemical impurities, excess PEG and ammonium oxide, and the
formation of zinc antimony hydroxide.

Gas-sensing analysis of the ZnSb,0O; film sensor

The aim of the present paper is to examine the gas-sensing
properties of trirutile ZnSb,0s film sensor with nano-cube/
cuboid-structured surface morphology. To perform the
sensing experiments, fabricated film was inserted inside the
sensing chamber and stabilized in air for 10-15 min. This
stabilized resistance is known as resistance in the presence of
air (R,). Further, a known concentration of target gas was passed
inside the chamber, and the temporal variations in resistance
for different concentrations of gas were observed. The film is
investigated with exposure to CO, and LPG at room tempera-
ture, as discussed below.

CO,-sensing performance of ZnSb,04

The variations of electrical resistance (log R) with time for
different concentrations (1000-5000 ppm) of CO, are shown in
Fig. 3(a). The observed variations of electrical resistance are
divided in three regions, ie., stabilization process in air,
response characteristics, and recovery characteristics. In region
I, i.e, in the stabilization process, the resistance decreases in
beginning, and afterwards, it becomes saturated in air (R,).
Once the resistance becomes saturated, CO, is passed in the
sensing chamber to detect the response characteristics of the
sensor. In the response characteristics (i.e., in region II), each
curve shows that as time increases, the resistance of the sensing
film increases sharply in the beginning, and afterwards
increases slowly, then becomes saturated. Finally, in order to
study the recovery characteristics, on opening the outlet of the
chamber, the resistance of the film decreases sharply and then
slowly until it attains the stabilized value of resistance in air (R,)
for a further range of time. Fig. 3(b) exhibits the CO, sensitivity
curves of the ZnSb,O¢ film sensor. The maximum value of the
sensitivity of the film sensor was 1.46, observed for 5000 ppm of
CO,. The response and recovery times were ~44 and 156 s,
respectively, for 5000 ppm of CO,. Reproducibility curves for the
sensing of the ZnSb,0 film sensor are shown in Fig. 3(c), which
demonstrate the sensing characteristics are 96% reproducible
after three months of fabrication of the sensor, indicating the
high stability and reproducibility of the gas-sensing process.
Some researchers have already investigated the CO,-sensing
properties of nanostructured materials at high operating
temperatures (above 200 °C),**”* which is not convenient, as
sensors operable at high temperatures require more power
consumption than the sensors operable at room
temperature. N. B. Tanvir et al.””> reported the investigation of
CO, reaction with copper oxide nanoparticles, which is room-
temperature gas sensing. The reported sensing mechanism by
Tanvir et al.”® is based on the change in work function after
exposure to the gas, without measurements of the response and
recovery times of the sensor. However, in our investigation, the
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Fig. 3 (a) Variations in resistance (logR) with time for different
concentrations of CO,, (b) sensitivity curves of ZnSb,Og for different
concentrations of CO,, and (c) reproducibility curves of ZnSb,Og for
5000 ppm CO, three months after the fabrication of the sensor.

response of the sensor is based on the change in electrical
resistance of the gas-sensitive layers, with the measurements of
response and recovery times of the sensor.

LPG sensing performance of the ZnSb,0, film sensor

The response of electrical resistance (log R) with time towards
different concentrations of LPG (1000-5000 ppm) at room
temperature is shown in Fig. 4(a). To explain the response of the
sensor, this figure is divided into three regions (stabilization
process in air, response characteristics, and recovery charac-
teristics). In the process of stabilization, the film was inserted in
the gas chamber, and variations in electrical resistance were
observed as shown in region I. The resistance increases slowly
in this region, and later on, it becomes saturated. Further, upon
attaining the saturated value of resistance, response charac-
teristics were observed upon exposure to different concentra-
tions of LPG. Finally, recovery characteristics were observed on
opening the chamber outlet. It is clear that the sensing response
of the film increases with increasing concentration of LPG and
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Fig. 4 (a) Variations in resistance with time for different concentra-
tions of LPG, (b) sensitivity curves of ZnSb,O¢ for different concen-
trations of LPG, (c) reproducibility curve of ZnSb,Og for 5000 ppm
LPG, and (d) comparison of sensitivities of the sensor for each
concentration of CO, and LPG.

reaches a maximum at 5000 ppm of LPG. Sensitivity curves are
shown in Fig. 4(b). We observe from this figure that the sensor
possesses the maximum sensitivity of 1.73, which is larger than
that for the CO, gas sensor. The ZnSb,0Os sensor exhibits
response and recovery times of ~41 and 95 s, respectively, at
room temperature for 1000 ppm of LPG. The recovery time is
quite large in comparison to the response time due to the slow
desorption of LPG at room temperature. The stability properties
of the sensor have also been investigated and are shown in
Fig. 4(c). The sensor shows sustainable behaviour (99.2%
reproducible) even 3 months after fabrication of the sensor. The
sensitivities of the sensor for LPG and CO, gas concentrations
are plotted in Fig. 4(d). It is clear from the figure that sensor is
more sensitive to LPG than CO, at each concentration.

From the above discussion, it is clear that the fabricated
sensor is more sensitive towards LPG. Therefore, LPG sensing
properties were investigated in more detail. The variations in
resistance (log R) with time for four repeated exposure cycles of
LPG are shown in Fig. 5(a). These multiple resistance switching
cycles are plotted for 1000 ppm of LPG. Fig. 5(b) presents the
response and recovery times of the sensor for different
concentrations of LPG. Initially, the response time increases
with LPG concentration up to 3000 ppm, and finally, it becomes
saturated. However, the recovery time increases continuously
with an increase in concentration of LPG. This may be due to
the slow desorption rate of LPG at room temperature. As
a result, high concentrations of LPG adsorption require a long
time for complete desorption. Sensitivity of the LPG sensor as
fabricated and after 2 months of fabrication against different
concentrations of LPG is shown by Fig. 5(c), which obviously
demonstrates the impressive reproducibility of the sensor.
Fig. 5(d) reveals stability curves for the sensor of up to 60 days in
a regular interval (every 6 days) of time for 1000 and 2000 ppm
of LPG. From the figure, we observe that the sensor is 99%

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Variations in resistance with time for repeated exposure
(cycles I-1V) to LPG, (b) response and recovery times with different
LPG concentrations, (c) sensitivity of the LPG sensor, as fabricated and
2 months after fabrication, against different concentrations of LPG,
and (d) stability curves of sensor for 1000 and 2000 ppm LPG.

stable for 1000 ppm of LPG, while its stability is 99.4% for
2000 ppm of LPG. Thus, our fabricated sensor possesses highly
sensitive and long-term stability properties at room tempera-
ture. During the aging of the gas-sensitive nano-cube/cuboid
layers, oxygen is diffused through both the macroporous (cor-
responding to molecular diffusion) and mesoporous (corre-
sponding to Knudsen diffusion) regions, and these regions are
charge depleted due to the chemisorption of oxygen. Therefore,
the results concerning long-term stability over time present the
sensor's suitability towards indoor gas-sensing applications.
Moreover, we have already demonstrated that nano-cubes/
cuboids are highly sensitive towards LPG. As a result, the
fabricated sensor may be implemented for the leakage detec-
tion of LPG at room temperature.

The sensitivity of a sensor is mainly determined by the
interactions between the target gas and the surface of a sensor.
During LPG sensing, the LPG diffuses through macroporous
and mesoporous regions and reacts with the chemisorbed
oxygen. The diffusion of gases through the macroporous and
mesoporous regions is known to play an important role in the
sensing phenomenon.® Thus, as LPG comes into contact and
reacts with the surface-adsorbed oxygen species (O,, or O, ),
more electrons are released back into the conduction band of
ZnSb,0s, leading to a greater change of electrical resistance
and, thus, increasing the sensitivity of the sensor. The possible
interaction mechanism between adsorbed oxygen and ZnSb,0O4
film surface may be seen in Fig. 6. In brief, atmospheric oxygen
(0,) is adsorbed on the film surface and extracts electrons from
the conduction band of ZnSb,0s to form oxygen species (O, or
0, ) at room temperature.®® These oxygen species react with
alkanes of LPG, and electrons are released back into the
conduction band of ZnSb,Og; thereby, resistance decreases
upon exposure to LPG. In fact, the chemical reaction of the gas-
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and ZnSb,Og and the corresponding resistance versus time graph for
different exposure cycles of LPG.

sensitive layer with the incoming (target) gas results in the gas-
detecting signal.

LPG sensors based on nanospheres, nanorods, nano-
flowers, nanoellipses, nanonails, and vertical and horizontal
rods have already been investigated,'**>****¢%% but their
sensing behaviours were found cumbersome to use due to
their large response time. We have removed the above draw-
back of the sensor and fabricated nano-cube/cuboid-based
LPG sensors with a short response time as compared to
previous sensors reported in literature.'”'*?%3%164 Ag dis-
cussed in introduction section, the maximum sensitivity of
room-temperature LPG sensors reported in literature is 0.77
for 600 ppm of LPG, as investigated by Goutham et al.>*
However, the sensor we developed has a sensitivity of 1.36 for
1000 ppm of LPG, which is quite high in comparison to
previous sensors reported below the lower explosive limit
(LEL) of LPG. Moreover, the response and recovery times of our
sensor are ~41 and 95 s, respectively, which are less than those
observed by Saxena et al.*® Therefore, in fact, our study is an
advanced step towards the development of an efficient sensor
for LPG detection. We believe that these findings not only
render a novel synthesis of zinc antimonate nano-cubes/
cuboids, but also provide nanostructured zinc antimonate
for the fabrication of a gas sensor for the detection of LPG
leakage with high response at room temperature.

Conclusions

ZnSh,04 thin films were successfully fabricated and character-
ized for LPG and CO, sensing capabilities at 27 °C. SEM images
reveal the nano-cube/cuboid-structured surface morphology of
the films. X-ray diffraction confirms the formation of the
ZnSb,0¢ phase. The maximum sensitivity (1.73) of the sensor at
room temperature was observed for 5000 ppm LPG, with
response and recovery times of ~41 and 95 s, respectively.
Moreover, the LPG sensor presents impressive long-term
stability (99.2% reproducible) over a measurement period of 3
months, which plays a vital role towards the commercialization
of the sensor. Finally, the room-temperature (27 °C) operation
of the present sensor ensures its long-term stability. Therefore,
the fabricated sensor has prospective use for LPG leakage
detection at room temperature.
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