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Abstract

The powder form of nanoparticles of
tin dioxide (SnO,) was synthesized via the
co-precipitation technique. The resultant
powder was annealed at 500 and 700 °C and
fabricated into pellets for moisture-sensing
characteristics. The characterization
techniques like X-ray diffraction (XRD),
field emission scanning electron microscopy
(FE-SEM) and the four-probe technique
revealed that the nanoparticles have
tetragonal structure, nanosphere-like
morphology and an electrical band gap,
respectively. The crystallite size and particle
size of the nanoparticles increased with an
increase in annealing temperature from 500
°C to 700 °C. The nanomaterials of SnO,
showed a sensitivity of 18.76 MQ/%RH.
The hysteresis of the sample was found to
decrease with an increase in annealing
temperature. The nanomaterial annealed at
700 °C showed 1.8% hysteresis. The
nanomaterial SnO, was found to be a
potential candidate for a humidity sensor
operable at room temperature.
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I. INTRODUCTION

Sensors have attracted researchers' attention for the past few years and nanomaterials
help them achieve the desired sensor device fabrication. In the range of devices based on
transition metal oxides, sensors such as SnO,, TiO,, WOsand MoO; support advanced
humidity sensitivity and better processing techniques. Kucheyev et al. fabricated 3D SnO,
nanomaterials and reported that SnO; is an n-type semiconductor oxide with a large band gap
of 3.6 eV [1]. The SnO, nanomaterials-based sensor showed better sensitivity and a quick
response to relative humidity (RH) in the air at room temperature [2]. P. Singh et al.
fabricated MoO3; samples by the hydrothermal technique and fabricated them into thin films
at different temperatures for studying humidity and liquefied petroleum gas sensing
properties at room temperature.

They reported that the thin film synthesized at a higher annealing temperature showed
better sensitivity with a minimum response and recovery time [3]. Tin dioxide can be
synthesized by electron beam evaporation [4], sol-gel process [5], pulse laser deposition [6],
molecular beam epitaxy [7] and hydrothermal technique [8]. Timofeev et al. studied
information regarding point defects and the impact of flow rate on the structure and elemental
composition of synthesized tin oxide thin films [9].

The morphology of the synthesized nanomaterials depends on the synthesis
techniques and whether they are fabricated as nanorods, nanotubes, nanoflowers, etc.
Depending on their morphologies, they showed different sensing responses and various
applications. Compared to other oxides, SnO, metal oxide has a good agreement with
humidity sensing because of its uncomplicated structure [10], reasonable cost,
better selectivity'!, and oxygen vacancies. Apart from humidity sensors, SnO, has other
applications such as lithium-ion batteries [12], supercapacitors [13], gas sensors [14],
transparent conductive films [15] and catalysts [16].

The current work focused on the synthesis of tin dioxide nanomaterials and studied
the structural, surface, electrical and humidity sensing characteristics of samples annealed at
500 °C and 700 °C.

Il. EXPERIMENTS AND RESULTS

1. Powder Synthesis: The nanopowder of SnO, was prepared using SnCl,.2H,O (99.8%,
Sigma Aldrich) as a precursor, which was then dissolved in 50 ml of ethanol under
constant stirring for 1 hr. The homogeneous solution was adjusted to pH 8 using dropwise
ammonium hydroxide. The obtained solution was centrifuged and washed several times
with deionized water to obtain the required precipitate. The obtained precipitate was dried
at 80 °C under vacuum for 4 hours and finally annealed at 500 °C and 700 °C for 1 hour.

2. X-ray Diffraction Analysis: The X-ray Ultima IV diffractometer radiating CuK,,
radiation with a 1.5406 A wavelength was used for the diffraction analysis of powdered
samples with a scanning rate of 0.02 deg./sec and a range of 20 to 70 deg. The diffraction
peaks of SnO, were observed at (110), (101), (200), (111), (211), (220), (002), (310),
(112) and (301) matched the tetragonal structure of SnO, (JCPDS No. 01-0657). Debye
Schell;rer’s formula was used to determine the average crystallite size in the following
way '
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094
- Lcos6 (1)

where; D denotes the crystallite size (nm), A denotes the wavelength (nm), B is the
full-width half maximum (radians) and 6 denotes the Bragg’s angle (radians).

The calculated average crystallite size for samples annealed at 500 °C and 700 °C
was 14.402 nm and 30.936 nm, respectively.
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Figure 1: X-ray Spectra of Annealed at 500 and 700°C SnO, Nanopowder.

3. FE-SEM Analysis: The field emission scanning electron microscopy (FE-SEM)
technique investigates the surface morphology of the synthesized samples of SnO,. The
FE-SEM images of the synthesized sample may be nanoflowers, nanobelts, nanorods,
nanospheres, nanoballs, etc. and can also be used to calculate the particle size. The
prepared SnO, samples in powder form, annealed at two different temperatures of 500 °C
and 700 °C, were investigated by FE-SEM. The FE-SEM images confirm that annealed
samples have a nanosphere-like structure with different particle sizes.

The average particle size for the sample annealed at 500 °C and 700 °C was
found to be 39.019 nm and 63.923 nm, respectively. The results indicate that as the
temperature rose, the particle size also increased due to the agglomeration of large
nanoclusters from tiny nanoparticles.
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Figure 2: FE-SEM of SnO, sample annealed at (a) 500°C and (b) 700°C.

4. Activation Energy: The activation energy of SnO, samples annealed at two
temperatures, 500 °C and 700 °C, was measured using the four-probe method. The
Arrhenius equation was used to determine the conductivity of an n-type semiconductor;

=
0 = 0,e2kT (2)

where:c represents the conductivity at an absolute temperature (Q cm)?, o,
denotes the constant term, AE is activation energy (eV), T is the absolute temperature
(Kelvin)and k represents the Boltzmann constant (8.6x10° eVK™).

On taking log both sides, we got;

AE_ 1000
Ino = Ino, — A1 T ©)
AE = —(2 % 8.6 x 1072 x slope) eV (4)

The activation energy of the synthesized samples was obtained by the slope of the
plot between1000/T and In .
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Figure 3: Activation Plot of the Synthesized Sample at (a). 500°C and (b). 700 °C for 1000/T
vs. log .

The above Fig. 3 indicates that the electrical conductivity of the sample depends
on temperature and as the annealing temperature increases or decreases, the electrical
conductivity of the semiconductor varies accordingly. It was observed from the
calculation that as the annealing temperature increased from 500 °C to 700 °C, the
activation energy decreased from 0.326 to 0.278 eV, which indicates the increase in
electrical conductivity of the samples.

I11. HUMIDITY SENSING STUDIES

To study the humidity-sensing behavior of the SnO, material, a set-up was installed
that consists of a resistance meter and a hygrometer. The humidity sensing characteristics
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were studied for both samples annealed at 500 °C and 700 °Cand relative humidity was
determined in terms of variation in the resistance meter at room temperature. For better
humidity sensing characteristics, nanomaterials should have a wide surface area with reduced
particle size because the sensor relies on electronic conduction. Tin possesses the 4" valance
ions that have a vacant 5p shell (p° oxide) in tin dioxide. This indicates that there are no
cations accessible for adsorption. Dissociative chemisorption is a reason for the adsorption of
water molecules on the surface of the oxide and it was noticed that when the relative
humidity of SnO, increases from 10 to 90%, the resistance decreases to the minimum value.
Fig. 4 represents the humidity graph between relative humidity (%RH) and resistance (MQ).

We noticed a quick decline in resistance in the range of 10-45 %RH; whereas its
decline became slow in the range of 45-90 %RH. Due to the large number of available
electrons in SnO,, the resistance decreases with an increase in relative humidity. With an
increase in relative humidity, the moisture starts condensing on the surface of the sample,
which decreases the resultant resistance.

1. Sensitivity: Sensitivity can be calculated by dividing the variation in resistance by the
variation in relative humidity in the range of 1090 %RH. The sensitivity of the sensing
elements was determined by the average of all the estimated values. The equation used to
calculate the sensitivity is given below:
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Figure 4: Humidification Graph of SnO, Annealed at two Temperatures 500 °C and 700 °C.
From the above equation, the obtained sensitivity (%) was 18.46 and 18.76 for the samples
annealed at 500 and 700 °C, respectively.

2. Hysteresis: One aspect of a sensor's performance comprises hysteresis. Researchers

focussed on the sensor types with the least possible hysteresis value. It is referred to as
the resistance lag that occurs during physisorption and chemisorption [18]. The hysteresis
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plot of two samples annealed at 500 °C and 700 °C was examined and shown in figs 5 (a)
and (b), respectively. It was observed that, with an increase in annealing temperature,
there is a decrease in the value of hysteresis. The average calculated value of hysteresis
for the sample annealed at 500 °C was found to be 2.14%, whereas it decreased to 1.8%
for the sample annealed at 700 °C. As we increase the annealing temperature, the
hysteresis decreases due to poor electron transport at the interfaces of the sensor [19].
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Figure 5: Hysteresis graph of SnO, at (a) 500 °C and (b)700°C.
IV.CONCLUSION

The powder form of SnO, nanomaterial was synthesized by using the co-precipitation
technique and annealed at two temperatures: 500 °C and 700°C. As we increased the
annealing temperature, the crystallite size was found to increase, as confirmed by X-RD
results. The FE-Sem image confirms that the particle size increases with an increase in
annealing temperature. There was a decrement in the activation energy obtained by the four-
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probe method, which is indirectly proportional to electrical conductivity. The humidity
sensing characteristics confirm that the sensitivity increases from 18.46% to 18.76% and that
the hysteresis value of synthesized samples decreases as the temperature increases.
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