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INTRODUCTION

SnO,-boron nitride nanotubes (BNNTs) are being used as
the basis for ethanol vapour sensor, since SnO, is a good material
for sensing ethanol vapours due to its high sensitivity and fast
response time, while BNNTs improves the stability and selectivity
of the sensor [1]. The sensor operates by measuring changes
in electrical conductivity that occur when ethanol vapours are
present, which is then translated into a corresponding change in
resistance [2,3]. Ethanol sensors have been found to be highly
selective, stable and accurate, which makes them promising
material for variety of applications including breath analyzer,
industrial process control and environmental monitoring, auto-
motive industry, medical applications, efc. These can be used
to determine presence of ethanol in breathalyzer devices and to
check its concentration in a person’s breath, which can indicate
their level of drunkenness [3]. The nanocomposite of SnO, and
BNNT are formed by mixing both of them through in situ or
ex situ method for sensing applications because of their syner-
gistic effect, they have unique and wide variety of properties
that complement each other [1,2].
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Ethanol vapour sensors based on tin oxide (SnO,) nanoparticles onto boron nitride nanotubes (BNNTSs) have been synthesized as a promising |
solution for detecting ethanol vapour in air. The existence of encapsulation of BNNTSs over SnO, i.e. SnO,/BNNT was confirmed by AFM, |
FTIR and current-voltage characteristics. Activation energy of sensor has been investigated to study the nature of synthesized material.
Ethanol sensitivity, responsiveness and response-recovery durations of the SnO,-BNNTSs sensor, as well as other sensing features, was |
examined by exposure to various ethanol vapour concentrations starting from 70 to 500 mL/min at room temperature with increasing rate |
of pressure value at room temperature. The SnO, nanoparticles have a high sensitivity to ethanol vapour, while BNNTs enhance the sensing |
performance and stability of the sensor. This is achieved by combining BNNT (large surface area) and SnO, (good electrical conductivity). |
The ethanol vapour sensor based on SnO,-BNNTSs has been shown to have a good response and recovery time around 1 min and 2 s,
respectively. With its high sensitivity of ~110 and stability, it is an excellent option for practical applications. I
|
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SnO,, commonly used in gas sensing due to its high sensi-
tivity, fast response and low cost. But due to shortcomings of
its stability and durability, it can be used to make its composite
with some other material [3,4]. Boron nitride nanotubes (BNNTS),
on the other hand, are highly stable and durable materials with
excellent electrical and thermal conductivity due to large surface
area and volume ratio and high aspect ratio [5,6]. When SnO,
is mixed with BNNTSs, the resulting nanocomposite material
can exhibit improved sensing performance compared to either
material alone and can be used for many applications too. The
BNNTSs can enhance the stability and durability of the sensing
material [7], while the SnO, provides high sensitivity and fast
response [8]. Additionally, the high surface area of the BNNTSs
can provide more active sites for sensing, leading to improved
sensitivity [9-11]. In short, the combination of SnO, and BNNT
in a composite material can result in improved sensing perfor-
mance, making it a promising material for various sensing
applications [12]. The synthesized nanocomposite sensor have
high thermal stability and electrical conductivity, making them
suitable for room temperature sensing applications such as
gas sensing, humidity sensing and pressure sensing.
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EXPERIMENTAL

Boron nitride nanotubes (BNNTs) (15-20 nm in diameter)
were used and tin chloride dihydrate (SnCl,-2H,0) was purchased
from Sigma-Aldrich, USA with purity of 99%. Acetone and
ethanol were purchased from Fisher-Scientific Ltd. Remaining
precursors and chemicals were used without purification and
were purchased from Sigma-Aldrich. Deionised water was
used in the experiment.

General procedure for synthesis of BNNT solution and
SnO,/BNNT nanocomposite: BNNTs were dispersed by mixing
0.001 g of BNNTSs with 10 mL of ethanol. Then sonication of
solution was done for 3 h at room temperature (18 °C) in order
to achieve complete dispersion and to lessen nanotube clumping
(750 W Ultrasonic Processor + microtip at 20% amplitude,
Sonics & Materials). For nanocomposite, 0.008 g from SnCl,-
2H,0 was used and mixed with 10 mL of ethanol. The resulting
solution Sn(OH), was treated by sonication method for 20 min.
In order to create a homogeneous film, Sn(OH), solution was
added to BNNTSs/ethanol combination before the nanocomposite
mixture was quickly sonicated before drop casting. The SnO,/
BNNTSs nanocomposite film was created by oxidizing the nano-
composite at 500 °C in dry flowing oxygen after the deposition
of nanocomposite onto the electrodes and dried at ambient
temperature.

Characterization: For an AFM data, a Dimension Model
D3100V (Veeco) atomic force microscope and NanoscopeV
controller (Bruker) was used. Also an “E” scanner was used
to acquire AFM data and its calculations. Atomic force micro-
scopy (AFM) Image results and analysis was performed with
NanoscopeV analysis software (version 1.5). Using a thermal
chuck system on the probe station (Cascade Microtech with a
B1500A parameter analyzer, Agilent) (Model ETC-200L,
ESPEC), V/I measurements at various temperatures were taken.
An FTIR spectrophotometer (Shimadzu) was used to record

100 nm

FTIR spectra. The fabrication of electronic devices for the two-
terminal electrical characterization of SnO,-boron nitride (SnO,/
BNNTSs) nanocomposites and vapour sensing studies utilized
platinum electrodes (Smart Microsystems Pt MB-4000, Windsor
Scientific Ltd. Slough, UK). Platinum electrodes were patterned
on the top of the SiO;,layer. The 4 electrodes of width 10 um
with 10 um spaces between them were cleaned by rinsing with
ethanol and dried in a stream of nitrogen gas. The synthesized
SnO,/BNNTSs nanocomposites film was deposited by micro-
pipette over surface of electrodes. On exposure to ethanol vapour,
4 electrodes of platinum was electrically connected and electrical
resistance was measured using a normal digital multimeter
(DMM) and ethanol vapour sensing was carried out.

RESULTS AND DISCUSSION

Fig. 1 demonstrates 2D AFM image of the synthesized
SnO,-BNNTs. The surface morphology of the synthesized nano-
materials gives a good indication for formation of SnO,/BNNTSs
with average vertical particle size of about 40 nm. Small dots
of AFM image assigned to the SnO, nanoparticles having
diameter of ~10 nm and short tubes of BNNTs/SnO, having
diameter of ~30-40 nm. Diameter of synthesized nanocomposite
sample increases that shows encapsulation of BNNTSs over SnO,.
The AFM image can provide information on the size, shape
and arrangement of the SnO, particles on the BNNT surface.
Additionally, AFM can also be used to measure the mechanical
and electrical properties of the SnO,/BNNT sample.

The I-V curve of SnO,/BNNTs at various temperatures is
shown in Fig. 2. Response to a minor voltage (ranging from
-2V to 2V) was studied throughout the temperature range (300-
400 K). The I-V (current-voltage) characteristics of SnO, and
BNNT based devices can vary based on the specific device
configuration, materials used and operating conditions. A
change in mechanical straining as the temperature is increased
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Fig. 1. AFM image of (a) SnO, (b) SnO/BNNTSs nanocomposite
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Fig. 2. I-V curves of SnO,/BNNTs nanocomposite

from room temperature to 100 °C. Due to heterojunction forma-
tion, SnO,/BNNT nanocomposite exhibited rectifying ehaviour
at the interface between different phases or materials within
the nanocomposite suggesting the formation of a rectifying
Schottky junction [ 13,14]. However, in general, SnOcan exhibit
n-type behaviour due to its intrinsic defects or impurities and
is commonly used as the sensing material in gas sensors. BNNT,
on the other hand, is an electrically insulating material, but it
can exhibit p-type ehaviour when doped with suitable impurities
[15,16]. For a typical p-n junction device, the I-V curve can
exhibit a rectifying behaviour, with a large resistance in the reverse-
bias direction and a smaller resistance in the forward-bias
direction.

This is due to the built-in potential created by the p-n junction,
which allows for majority carrier flow in one direction and blocks
it in the other direction [17]. When electric field is applied,
mobility of charge carriers (e.g., electrons or holes) to move
through the material increases. And as the temperature increased,
the mobility of carriers in the tin oxide/boron nitride nanocom-
posite material may increase due to enhanced thermal energy,
allowing them to move more freely. This increased mobility
may result in a reduced rectification ehaviour as the carriers
can more easily traverse the interface between the tin oxide and
boron nitride components, leading to a decrease in the rectifying
behaviour of the material. Overall, the nature of the I-V curve
of SnO,/BNNT depends on various factors, but it is usually
characterized by good rectifying ehaviour and a steep slope at
low voltages and a gradual slope at high voltages.

Fig. 3 shows the Arrhenius plot of SnO,/BNNT, which
refers to a graphical representation of the relationship between
the reaction rate of the material and temperature. The slope of
the plot provides information about the activation energy of
the reaction, while the intercept gives an estimate of the pre-
exponential factor was used to analyze the temperature-depen-
dence of the catalytic activity of SnO/BNNTSs and can provide
important insights into the mechanism of the reaction and
ensures that the material is semiconductor. The Arrhenius plots
of In G as a function of reciprocal absolute temperature (1000/T)
atreduced pressure (~ 107 torr) is showing a linear relationship,
which means that the reaction is thermally activated. The nano-
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Fig. 3. Arrhenius plot of temperature-dependent resistance of SnO,/BNNTs
nanocomposite

composite reaction has well-defined activation energy (-2.8 x
10°eV) and follows simple exponential temperature depen-
dence. The slope of the straight line represents the negative of
the activation energy divided by the gas constant (E./R), while
the intercept on the y-axis represents the natural logarithm of
the pre-exponential factor or frequency factor (In(G)).

FTIR studies: Fig. 4 shows the FTIR spectrum of SnO,/
BNNT nanocomposite at definite frequencies that correspond
to the vibrational modes of the chemical bonds present in the
material. The SnO,/BNNTSs nanocomposite typically exhibits
peaks in the region of 3000-600 cm™, which are associated
with the stretching vibrations of Sn-O and B-N bonds [18].
The FTIR spectrum of SnO,/BNNTSs nanocomposite is also
affected by various factors, such as the synthesis method, doping
level, temperature and humidity. These factors can cause changes
in the intensity, position and shape of the peaks, which can
provide additional information about the material’s properties.
The FTIR peak at 1100 cm™ could corresponds to the stretching
vibration of Sn-O bonds, indicating the presence of SnO in
the nanocomposite. The FTIR peak at 1100 cm™ could also
indicate the formation of a chemical bond or interaction between

BNNT-SnO,
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Fig. 4. FTIR spectra of BNNT and BNNT-SnO,
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SnO, and BNNTs, suggesting the successful formation of the
SnO,/BNNT nanocomposite [ 19]. The peaks in the FTIR spectra
of SnO./BNNT at 1600-1500 cm™ are typically assigned to the
bending vibrations of the Sn-O bonds in the SnO, nanostructures
[17]. The presence of BN nanotubes may influence the intensity
and position of these peaks. The peaks of SnO,/BNNT at 2500-
2000 cm™ are typically assigned to the stretching vibrations
of the B-N bonds in the BN nanotubes.
Chronoamperometry studies: The chronoamperometry
detection (CA) of SnO./MWCNTs nanocomposite material at
room temperature is shown in Fig. 5. To create electronic devices
for two-terminal electrical characterization of SnO,-boron
nitride (SnO,/BNNTSs) nanocomposites for vapour sensing
investigations, platinum electrodes were used. The top of the
Si0; layer was imprinted using platinum electrodes. The four
electrodes, each 10 mm wide and separated by 10 mm, were
cleaned by ethanol rinsing and dried in a stream of nitrogen
gas. The synthesized SnO,/BNNTs nanocomposites film was
deposited by micropipette over surface of electrodes. Electrical
contact was created between nearby electrodes during sensing
studies. When the exposure concentration of ethanol is low,
we observed a gradual increase in the electrical current with
time. This indicates an increase in electrical conductivity of
the SnO,/BNNT composite material as ethanol acts as a dopant,
introducing charge carriers and enhancing the conductivity.
At higher concentration of ethanol, it is observed the largest
electrical current or the largest electrical conductivity of the
SnO,/BNNT composite material i.e. they exhibited a higher
sensitivity to ethanol at higher concentrations, with response
times of the order of several seconds. The current generated by
the SnO,/BNNTs in response to a change in ethanol concentra-
tion can be several orders of magnitude higher than that of other
metal oxide sensors. Additionally, the use of BNNTS as a support
for SnO, can improve the sensing performance of the SnO. by
increasing its surface area and reducing the electron-hole recom-
bination rate. The sensitivity of SnO,/BNNTS for ethanol vapour
sensing refers to the ability of the sensors to accurately detect
changes in the concentration of ethanol vapour in the surrounding
environment. The sensitivity of SnO,/BNNTSs for ethanol sensing
is influenced by several factors, including the composition and
structure of the SnO,/BNNTSs, the operating temperature, the
concentration of ethanol and the applied voltage. In general, SnO,/
BNNTs have been found to have a high sensitivity to ethanol,
with a very low detection. At further high concentration of ethanol
vapour at room temperature we can calculate and find out the
optimal concentration for enhancing its electrical conductivity [20].
Comparative studies: Table-1 shows the comparison of
sensing characteristics of various metal oxides and nanocom-
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Fig. 5. Amperometric detection of SnO,/BNNTs composite

posites for ethanol vapour. Exposure of ethanol vapours for
sensing properties of PANI/SnO, at 30, 60 and 90 °C had been
reported by Geng et al. [23]. It has been found that at elevated
temperatures i.e. at 90 °C, the sensitivity towards vapours (100
ppm) was observed with response/recovery times of 43s/48 s.
However in this work for synthesized nanocomposites, we
obtained high sensitivity value ~110, fast response time and
recovery time ~1 min and ~2 s, respectively at room tempera-
ture i.e.18 °C. In PANI/TiO, [22], the room temperature is
optimum operating temperature for highest sensitivity at 100
ppm exposure of ethanol vapours but its recovery time is quite
high.

Sensitivity: Sensitivity vs. pressure of SnO/BNNTSs nano-
composite at room temperature is shown in Fig. 6. The graph
reveals that the sensitivity increases gradually at first as vapour
concentration rises but later on at high concentrations of ethanol
vapour (pressure ~6.05 Pa), it increases rapidly. The sensitivity
of SnO,/BNNTSs composites to ethanol can be improved by
the addition of BNNTSs, which can increase the surface area of
the composite and reduce the electron-hole recombination rate.
The sensitivity of SnO,/BNNTs composites to the pressure
change can be influenced by the degree of dispersion of BNNTs
in the SnO, matrix. Thus improving dispersion of the BNNTSs
can lead to a higher sensitivity. The pressure response of SnO,/
BNNTSs composites for ethanol sensing can also be influenced
by the operating temperature. In general, SnO,/BNNTSs compo-
sites exhibit a higher sensitivity to ethanol at higher operating
temperatures. The response time of SnO,/BNNTSs composites
to pressure change can range from a few milliseconds to several
seconds, depending on the operating conditions and the concen-
tration of ethanol vapour.

TABLE-1
COMPARISON OF SENSING CHARACTERISTICS OF METAL OXIDES AND NANOCOMPOSITES FOR ETHANOL VAPOUR

Optimum operating

Sensing material femperature (°C) Sensitivity/response Response time (s) Recovery time (s) Ref.
SnO, sensors 250 ~40 at 100 ppm 15-26 42-67 [21]
SnO,-Au sensors 175 ~78 at 100 ppm 19-27 41-56 [21]
SnO,-Pd sensors 175 ~94 at 100 ppm 29-45 33-40 [21]
TiO, 200 ~20-50 at 5 ppm to 20 ppm resp. 300-200 350-385 [22]
PANI/TiO, Room temperature ~15-38 at 5 ppm to 20 ppm resp. 285-115 235-340 [22]
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Fig. 6. Sensitivity vs. pressure of SnO,/BNNTSs composite

Response and recovery studies: It can be seen that the
sensor SnO,/BNNTSs has a fast response time and recovery
time ~1 min and ~ 2 s, respectively at sensitivity ~110 as shown
in Fig. 7. At high concentrations of vapour, sensitivity and
response increases rapidly and response and recovery time
becomes less. SnO, has a high sensitivity to ethanol and its
electrical conductivity increases upon exposure to the vapour
[24]. This increase in conductivity can be used to detect the
presence of ethanol. The sensing mechanism of SnO, is based
on the adsorption of ethanol molecules onto the surface of the
SnO, material, which changes the electronic properties of the
material and leads to changes in its electrical conductivity [11].
This change in electrical conductivity leads to the resistance
change due to the transfer of electrons from SnO, to the ethanol
molecules and increases the mobility of charge carriers which
is creating a conductive pathway for free electrons to flow
through the synthesized SnO,/BNNTSs nanocomposite. This
allows the detection of the presence of ethanol vapour in the
atmosphere. Upon removal of the ethanol vapour, the adsorbed
ethanol molecules are desorbed from the surface of the nano-
composite and the resistance of the material returns to its original
state [25]. This facilitates the BNNT/SnO, nanocomposite for
repeatable and accurate sensing of ethanol vapour.
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Conclusion

Using a wet chemical method and the solution route, SnO»/
BNNTs were successfully developed. An effective encapsulation
of BNNT on SnO, nanoparticles with an average diameter in
the nanoscale regime of roughly 40-50 nm was shown by AFM
image. The electrical properties of the hybrid SnO,/BNNTSs
structure can be seen in the V/I values. The I-V curve of SnO./
BNNT depends on the formation of p-n junction between them
and showed a good rectifying ehaviour with a steep slope at low
voltages and a gradual slope at high voltages. The Arrhenius
plot of synthesized nanocomposite SnO,/BNNTs showed a
linear relationship which indicated that the reaction is thermally
activated. The present study reveals that the existence of a
heterojunction between a hybrid material made of tin oxide
and boron nitride nanotubes can be used to explain the ethanol
vapour sensing mechanism. With a high sensitivity (~ 110) at
room temperature, the sensor based on synthetic nanocomposite
material SnO,/BNNTSs has a good response time of approxi-
mately 1 min. The response time and recovery time of SnO,/
BNNT nanocomposite was found to be ~1 min and ~2 s, respec-
tively when sensitivity raised by a factor of 110. At high concen-
trations of vapour, sensitivity and response increases rapidly
and recovery time becomes less.
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