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Tin (Sn) substituted nickel ferrite (NiFes0O,4) thin film sensors were prepared
by a simple chemical co-precipitation method, which initially characterized
their structure and surface morphology with the help of x-ray diffraction and
scanning electron microscopy. Surface morphology of the sensing films reveals
particles stick together with nearer particles and this formation leads to a
large specific area as a large specific area is very useful for easy adsorption of
gas molecules. Transmission electron microscopy and selected area electron
diffraction pattern images confirm particle size and nanocrystallnity as due to
formation of circular rings. Fourier transform infrared analysis has supported
the presence of functional groups. The 3.69 eV optical band gap of the film was
found which enabled better gas sensing. Gas sensors demonstrate better re-
sponse and recovery characteristics, and the maximum response was 68.43%.
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INTRODUCTION

In recent decades, sulfur hexafluoride has been
used in gas insulated switch gears mainly in power
electronics owing to its outstanding features like
small floor space, stability, reliability, insulation and
low cost. It is denser than air because of its robust
capture of oxygen and has a good dielectric strength.
Due to sufficient dielectric strength, it is used as an
insulating medium. So, it is inevitable in gas insu-
lated switch gears.'™ The pure sulfur hexafluoride is
nontoxic, colorless and non-flammable. During the
filling of the target gas at pressure, it can be leaked.
The leaked gases can be easily mixed with oxygen,
leading to increased toxicity. The above mixtures of
gas release toxic gases like sulfur dioxide and
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hydrogen fluoride. Hence, sulfur hexafluoride is
essential for electrical equipment and environmental
safety.*® To date, numerous methods have been
used to detect sulfur hexafluoride, and the methods
are namely gas chromatography, semiconductor gas
detection tubes and infrared absorption spectrome-
try. Decomposed low-level fluorine sulfides cannot be
detected through gas detection tubes. In gas chro-
matography, it takes more time for detection and
also offline testing is irremissible.”® Mostly, thin film
types of gas sensors are used in detection. However, a
thin film gas sensor detects oxidizing and reducin
gas and a thick film detects only reducing gases.
Specifically, transition-metal oxides with dO and d10
electronic configurations are being used for gas
sensor applications.'® The d10 electronic configura-
tion is shown in the post-transition-metal oxide of tin
(Sn). Due to this reason, tin (Sn) elements can be
substituted in nickel ferrite film.
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Moreover, the detection of the sulfur hexafluoride
gas using tin (Sn) substituted nickel ferrite sensor is
seldom reported. Currently, ferrite based gas sen-
sors are being used for detecting toxic gases because
of their simple fabrication process, abundancy,
chemical and environmental stability, reliability
and low cost.''2 The selectivity of the sensor refers
to characteristics of the sensor material. To be
precise, the ternary compounds have high chemical
stability and, thereby, huge potential in gas sensor
applications.'®* Nickel ferrite is an inverse spinel
wherein the nickel ions occupy the octahedral sites.
Substituting metal cations on nickel ferrites has
developed new structures for delivering better gas
sensing performance as conduction in spinel ferrites
occurs via electron or hole transfer among equal
cations located in the octahedral sites, sensitive to
chemical composition.'® Normally, nickel ferrites
have high electrical resistances which on substitut-
ing Sn can be decreased, that is beneficial for the
gas sensing process. In this work, we report an easy
and effective chemical co-precipitation method to
prepare sensor material. Particularly, the analysis
is mainly focused on the sensing behavior of Sn-
NiFey0,4 against sulfur hexafluoride gas. The fabri-
cated sensor material exhibits good response to
sulfur hexafluoride gas. Also, active sites are easily
interacting with oxygen molecules when compared
to other ferrite materials.

In addition to this, the fabricated sensor is a novel
material used for a room temperature (27°C) sulfur
hexafluoride gas sensing application which is eco-
friendly and economically cheap.'®~2! Table I shows
a short literature evaluation of some materials as
sensors in past years.

EXPERIMENTAL DETAILS
Synthesis of Sn-NiFe;0,

Tin chloride, nickel chloride and ferric chloride
were used as starting materials and these materials
were dissolved in de-ionized water which was kept
with vigorous stirring for 2 (h) and then sodium
hydroxide solution was added drop by drop until pH
11. After pH 11, the mixture solution was changed
to dark brown. The brown precipitate was scrupu-
lously washed with the help of de-ionized water to
remove the chlorine and other impurities, if there
was any. Then, the powders were dried at overnight
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in a hot air oven and finally, the dried powders were
put into a mortar and ground manually for 1 (h) for
their fineness. The prepared material is x = 0.2
concentration (Sn,Nij_,FesO4 = SngoNiggFesOy).

Fabrication of Film Sensors

The thin film sensors were obtained on borosilicate
substrates by using the spin coating technique. The
substrate has the dimension of 1.5 x 1.5 cm® The
substrate was washed in an ultrasonic cleaner by
immersion in de-ionized water followed by iso propyl
alcohol and then acetone for 15 (min). Next, the
substrate was dried in a hot air oven at 150°C for 10
(min). One layered Sn-NiFe,O, thin film sensor was
obtained on the substrate by using a photo resist
spinner at a speed of 3000 rpm and then dried at 70°C
on a hot plate. Likewise, a number of layers was
deposited. The distribution of nanoparticles is uniform
on the substrate. The thickness of the sensor was
16 um. The prepared thin films were sintered at
900°C for 4 (h) in a muffle furnace and were used for
structure, morphology and gas sensor measurements.

RESULTS AND DISCUSSION
Structural Elucidation

Figure 1 shows the x-ray diffraction (XRD) pat-
tern of the Sn-NiFe,0O, film sensor. The diffraction
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Fig. 1. XRD pattern of Sn substituted nickel ferrite film.

Table I. Comparison of sensing results of earlier reported sensing materials

Materials Target gas Optimum temperature % sensor response References
SnOy/MWCNTSs SFg 90°C 36.5 34
Zno nanorods SFg 420°C 18.06 35
Au doped TiOg SFg 110°C 42.3 36
Pt doped TiOq SFg 200°C 24.07 37
Sn doped NiFeoOy4 SFg 25°C 68.43 —




Room Temperature Gas Sensing Properties of Sn-Substituted Nickel Ferrite (NiFe,O,4) Thin

3405

Film Sensors Prepared by Chemical Co-Precipitation Method

angles at 26 = 30.27, 35.67, 43.34, 53.84, 57.35,
62.92 are assigned to (220), (311), (400), (422), (511)
and (440) reflection planes. All diffraction peaks are
in accordance with the values found in the standard
card (JCPDS-74-2081) and can be indexed as typical
cubic structure. The relatively high intensity (311)
peak confirms the formation of Sn-NiFe,O4. Also,
the hematite phase is observed in Sn-NiFe,O,. It is
due to the loss of divalent elements in the prepared
material. The estimated average crystallite size is in
the range of 39 nm found by using the Debye—
Scherrer formula.??

Surface Morphology Analysis

The surface morphology of the sensing film was
confirmed through scanning electron microscopy.
Figure 2a shows spherical nanoparticles with por-
ous architecture. In addition to these, particles are
of non-uniform sizes and well agglomerated. From
surface morphology results, sensing films have
large specific areas, and they are very useful for
adsorption processes. Also, the high surface of the
film consists of highly reactive dangling bonds,
which are highly appreciated in gas sensor applica-
tions.?® Owing to this, the film was ready for
adsorption of the gas. Figure 2b shows an energy
dispersive x-ray (EDX) spectrum that reveals Ni, O,
Sn, and Fe elements of Sn-NiFe,O, (Chemical
composition—Sng oNig gFes0y).

FT-IR Spectroscopy Analysis

Figure 3 shows the FT-IR spectrum of the Sn-
NiFey0,4 film sensor. The Sn-NiFe;0,4 film shows
strong peaks at 3419 cm™!, 2978 cm !, and
2372 cm ! respectively. The strong and high inten-
sity peak at 3419 cm ! is due to the presence of
stretching and bending of H-O—H vibrations.?* The
peak at 2978 cm ! indicates the presence of hydro-
gen bonding.?® The peak at 2372 cm ™! is owing to a

C = O stretch which is attributed to atmospheric®®
COs. In addition to these strong peaks, there is a
low intensity peak observed at 598 cm ! which
corresponds to the usual behavior of ferrites.?” The
strong peak is owing to the water adsorbed from air
as due to porous Sn-NiFe,O, is also seen.?® Hence,
sintering is required to complete the solid state
reaction and also eliminate impurities or other
unwanted elements there.

TEM Analysis

The microstructure, particle size and structure
type of Sn-NiFe,O4 nanoparticles were investigated
through transmission electron microscopy (TEM).
Figure 4a shows at 35.02, 46.03 and 34.51 nm the
particle sizes of Sn-NiFey;O4. Thus, particles were
non-uniform in sizes and inhomogeneous formation.
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Fig. 3. FTIR spectrum of Sn substituted nickel ferrite film.
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Fig. 2. (a) Surface morphology and (b) EDX spectrum Sn substituted nickel ferrite film.
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Fig. 4. (a) TEM microstructure and (b) SAED pattern of Sn substituted nickel ferrite film.

Also, Sn-NiFe;O, nanoparticles have spherical
structure. Besides, Fig. 4b shows the circular rings
and SAED pattern designating the nanocrystalline
signature of Sn-NiFe,0,.2%:3°

UV-Vis Absorption Spectroscopy

The optical absorption spectrum of a Sn-NiFe,O4
sensor and Tauc’s plot is shown in Fig. 5a and b. It
is found that the material has absorption in the
visible region at ~ 233.31 nm. The variation of the
optical absorption coefficient («) and its correspond-
ing variation in photon energy (eV) are calibrated
from the absorbance and wavelength. The optical
band gal energy (E,) of a Sn-NiFe,O,4 sensor can be
calibrated from the following relation;

Eg = hi — (ah0)"/", (1)

where ¢ is the transition frequency, and the expo-
nent ‘n’ characterizes the nature of the band
transition and the transition of the direct allowed
type, therefore n = 1/2 (n = 1/2 and 3/2 correspond
to direct allowed and direct forbidden transition
when n = 2 and 3 correspond to indirect allowed and
indirect forbidden transition). The optical band gap
energy (E,) is calibrated by extrapolating the curve
to zero absorption. The calibrated band gap of the
sensing film was found to be 3.69 eV.

Sensing Properties

In a gas chamber, sulfur hexafluoride was loaded
in two different volumes and variations in time and
resistance were recorded by a Keithley Electrometer
6514. Figure 6 depicts the response of the gas
sensor with different volumes in ppm. Firstly, the
resistance of the sensor increases to a stable value
when the injection of gas in the gas chamber is done.
This value can be taken as resistance in air (R,).
Then, the resistance value decreases owing to
elimination of gas from the gas chamber. This value
can be taken as resistance in the gas-air mixture

(Rg). With 80 ppm concentration (gas), the resis-
tance of the sensor is increased, and it shows a
sensing curve. With increase of concentration (gas),
again the resistance value is increased with better
sensing and repeatability signatures as compared to
the first one. The repeatability designates the
suitability of the sensor material as a sulfur hex-
afluoride gas sensor. From the sensing curve
results, increase of sensitivity and percentage of
sensor response were increased due to the rise of gas
concentration, this achieves 0.59 Sensitivity which
was calculated from the sensing curve and using the
following reaction;

Sensitivity = Ry /R;. (2)
The percentage of the sensor is defined as;

|Ra - Rg|
Percentage of sensor response = R * 100.
(3)

The maximum sensor response is ~ 68.43%.
Then, response and recovery time figures of the
Sn-NiFe,O, sensor are important parameters in
sensor applications. The response time is defined as
time taken by the film to attain 90% of the resis-
tance. The time taken by the film to reduce the 90%
resistance value is nothing but recovery time. A Sn-
NiFe;04 gas sensor demonstrates better response
and recovery signatures, i.e., 3.76 and 23.21 (min)
for 68% of its full response and recovery. From the
sensing curve results, the pure nickel ferrite shows
less sensitivity as compared to Sn-NiFe;O4. The Sn-
NiFey0, sensor reveals an enhanced sensitivity for
the sulfur hexafluoride gas. This may be due to the
partial replacement of nickel ions by tin ions at
octahedral sites which is of advantage for the
adsorption process®' and d10 electronic configura-
tion.'® This is also one of the factors that increases
the sensitivity of Sn-NiFe,O,4. The sensing mecha-
nism can be explained on the basis of adsorption of
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g. 5. (a) Absorption spectra and (b) Tauc’s plot for Sn substituted nickel ferrite film.
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Fig. 6. Gas sensing behavior of Sn substituted nickel ferrite film.

oxygen molecules.®” In an air atmosphere, oxygen
molecules ionize into O,gs or O2g, by capturing the
free electron from the nanoparticles. Due to this
action, the conductivity reduces and also resistance
increases. On exposing of sulfur hexafluoride gas on
sensing film, the gas molecules may adsorb. With the
effect of adsorption, the gas molecules act as electron
acceptors and, thereby, the resistance of the Sn-
NiFe;0, film sensor increases. The following chem-
ical reactions may take £lace on the surface of the
Sn-NiFe,Oy4 film sensor;

Oy+e <0 (4)

(5)

ads>

SFg(gas) + €~ — SFg(aq4)-

The above reactions indicate that decrease of the
number of electrons followed an increase of Sn-

NiFe,0, film sensor resistance.>® Additionally, the
following reaction occurred between SF,_ ;. and O

ads»

— 202, + SFs. (6)

SF(; ads + O;ds al
From the gas sensor analysis, the prepared Sn-

NiFe;0, film sensor finds its suitability as a room

temperature sulfur hexafluoride gas sensor.

CONCLUSION

A simple and cost effective method has been used
to fabricate the Sn-NiFe,O, film sensor. X-ray
diffraction (XRD) analysis confirms the presence of
cubic structure and also formation of ferrite. The
surface morphology shows the porous surface with
the spherical structure of nanoparticles. Transmis-
sion electron microscopy (TEM) microstructure
reveals the particle size and crystalline nature of
materials. In Fourier transform infrared (FTIR)
analysis, low intensity peaks show the usual behav-
ior of ferrites. The 3.69 eV optical band gap was
achieved and the wide optical band gap enables the
good sensing behavior of the film. The prepared Sn-
NiFe,0, film sensor exhibits excellent response and
recovery signatures for sulfur hexafluoride gas. From
the gas sensor measurements, the Sn-NiFe,O,4 film
sensor shows 68.43% maximum response.
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