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Abstract

Nanocrystalline Zn; ,Mg.Co,0, (x = 0.3) spinel having cubic structure was synthesized by sol-gel method successfully
calcined at 500°C for 2 h. The formation of Zn,.,Mg.C0,0, confirms by means of an X-ray powder diffraction (XRD) and
Fourier Transform-Infra-red spectrum (FT-IR). Scanning electron microscopy (SEM) was examined the surface morphology.
To study hydrogen sulfide gas sensing characteristics of Zn; Mg,Co,0, spinel were systematically investigated. Zn,.
Mg,Co,0, showed excellent gas sensing properties like, high gas response towards 50 ppm hydrogen sulfide gas at 100°C,
good selectivity at lower operating temperature 100°C. The response and recovery time for Zn; .Mg,Co,0, were found to be
16 s and 52 s respectively. The results proved that nanocrystalline Zn; ,Mg,Co,0, is a potential candidate for detection of
hydrogen sulfide. Moreover, possible hydrogen sulfide sensing mechanism is discussed.
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Introduction

Extensive research is being carried out in the fields of
environmental monitoring, air quality detection, food,
inflammable-gas inspection, health, energy optimization and
security due to their prospective applications in the field of gas
sensors”. Oxide semiconductor gas sensors are widely
investigated due to their high sensitivity, cost effectiveness, and
reliability. The sensitivity of the sensor is influenced by many
factors, and the sensitivity is enhanced by surface modification,
doping with noble metals and composite formation, etc.*.

Generally, spinel have a formula MY,0,, in which M and Y is a
divalent metal and trivalent respectively. In chemical processes,
ZnCo,0,4 act as effective catalysts such as CO oxidation’
reduction of several organic molecules and catalytic combustion
of hydrocarbons®®. In cobalt based ZnCo,O, cubic spinel
structure, where, Zn divalent ions occupy the tetrahedral and Co
trivalent ions occupy octahedral site’.

Nano structured ZnCo,O, is stable and cheaper than nobel
metals'’. Moreover, it is also active in alkaline solutions.
Conventional methods involving high temperature reactions
mixing with oxides properly and do not constantly yield single
phase materials for the synthesis of cobalt based oxides''.
Furthermore, finally the products are inhomogeneous, non-
stiochiometric having low specific surfaces and hence, reducing
their efficiency in catalysis. Recently, some typical synthesis
methods such as co-precipitation, sol-gel route, hydrothermal
synthesis, etc. used to prepare spinel-types oxide in the form of
nanoparticles. Recently, template assisted method is used to

International Science Community Association

prepare nanotubes MCo,04 (M= Ni, Cu, Zn) and also, their gas
sensing properties to Cl,, NO,, C,HsOH, SO, investigatedlz.
Moreover, microemulsion method is wused to synthesize
nanocrystalline ZnM,0,4 (M= Fe, Co, Cr) and their NO,, Cl,,
C,H5s0OH and H,S gas sensing properties is also discussed.

In this work, we devote to investigate nanostructured
Zny7Mg,3C0,0, is a good sensing material for hydrogen sulfide
with higher gas response as well as good selectivity and its
average grain size is ~ 28 nm. The present investigation was
illustrated to explain nanocrystalline Zny;Mg;3;C0,04 have
excellent hydrogen sulfide sensing properties.

Materials and Methods

Preparation of Zny;Mg,3;C0,0, powder: Firstly, cobaltous
nitrate, magnesium nitrate, and zinc nitrate were dissolving in
ethanol. All the chemicals were mixed in a good manner with
each other. Then, adding ethanol solution of oxalic acid to
above mixture under magnetic stirring at a room temperature
and continuous stirring for 3 h and then mixture was evaporated
at 80°C for 1 h, forming a sol and after then the sol was heated
at 100°C for 1 h until formation of gel. Consequently, oxalate
precursor powder was obtained after drying the gel in an electric
oven for 1 h. The final prepared powder was sintered at 500°C
for 2 h which led to the formation of well-crystalline
Zny7;Mg,3Co,0, powder.

The structural and morphological properties of the prepared

sample was studied by X-ray diffractometer using a Goniometer
MiniFlex 300/600 equipped with Cu Ka radiation (A =1.5406
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A®) and accelerating voltage 40 kV and current 15 mA and the
resulting data were analyzed using JCPDS standards. The
structural coordination in the powder sample were recorded by
FTIR system and obtained spectrum in the range 400-4000 cm™'
were analysis using 3000 Hyperion Microscope with Vertex 80
(Bruker, Germany).

Fabrication of sensor and measurement of gas-sensing
properties: Nanostructured Zn; ,Mg,Co,0, powder sample was
mixed in butyl cellulose, butyl carbitol acetate and turpineol
solvents with ethyl cellulose solution using as a temporary
binder. The obtained paste was printing onto a glass substrate by
screen printing technology and fired the prepared thick films at
500°C for 1h. The particle morphology of prepared thick film
was measured by SEM using JSM-7600F microscope with an
accelerating voltage of 0.1 to 30 kV.

Nanostructured Zn; ;Mg,Co0,0, oxide thick films so prepared
and for the formation of the sensing element, the ohmic contacts
were done by depositing the film with silver paste by using
thermal evaporation technique. To study the behaviour of test
gas in air, the sensing element was placed in contact with the
sensor in a static gas chamber and put sensing element on a
heater directly by varying the temperature from 27 to 400°C.
The chromel-alumel thermocouple is used for monitoring the
operating temperature of the sensing element. For gas sensing
characteristics measurement, the known volume of the test gas
was injected with a micro-syringe in desired concentration into
the gas chamber, maintaining atmospheric pressure. The
electrical resistance of sensor in presence and absence of test
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gas was calculated. After approximately 90 s, open the chamber
to the atmosphere and recovery of sensor was studied and the
gas response (S) can be calculated as:

Rair

" Rgas

ey

Where: R,; and Rg are the electrical resistance in air and in the
presence of a test gas respectively.

Results and Discussion

XRD analysis: The XRD pattern of Zny;Mg,;C0,0, oxide
calcined at 500°C for 2 h is shown in Figure-1. XRD peaks
appeared at (111), (220), (311), (222), (400), (331), (422),
(511), (440), (531), (533), (622), (444) and 20 values 19.9°
36.65°, 59.19° and 65.8° which exhibits the formation of
Zny7Mgy3C0,0, spinel structure with Fd3m space group. By
using the Debye— Scherrer equation, the crystallite size was
calculated:

kA
~ Bcos6

2

Where: D is the average crystallite size, k is 0.9, A is the
wavelength of X-ray source, B is the peak full width at half
maximum (FWHM) intensity (in radians) and 0 is the angle of
diffraction. The crystallite size of Zny;Mg;;C0,0, oxide is
found to be 18 nm.
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Figure-1
XRD pattern of nanocrystalline Zn,;Mg,3Co0,0,4 annealed at 500°C
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FTIR analysis: FTIR spectrum of nanocrystalline
Zny7Mg,3C0,0, is presented in Figure-2. Generally, vibrations
of metal ions in the crystal lattice are in the range of 400-4000
cm’ in FTIR analysis. It can be observed that two strong
absorption bands are presented at 659 and 565 cm™ and these
bands coincides with spinel ZnCo,0,. The peak at 667cm’
observed corresponds to the vibration of metal ions for the
tetrahedral site and the band at 572 cm™ assigned to the
octahedral metal ions.

SEM analysis: SEM image of nanocrystalline Zn,;Mg,3C0,0,
oxide is as shown in Figure-3. For finding morphology of the
powder, SEM technique was used. From figure, it shows the
formation of the agglomerated particle having grain size is ~ 28
nm. SEM image exhibit that the nanocrystalline
Zny7Mg,3C0,0, thick film show structure having large grains
size with soft agglomerations has a regular morphology

(polygons).

Energy dispersion X-ray analysis: Energy dispersion X-ray
analysis (EDX) was investigated the presence of elements in
synthesized Zny;7Mg,3C0,0, thick film. EDX spectrum of the
nanocrystalline Zny;Mg,3;C0,0,4 is as shown in Figure-4. The
EDX analysis exhibit the presence of Mg, Zn, Co, and O and in
EDX spectrum almost the same ratio of Mg/Zn/Co for the
nanocrystalline Zny;Mg;3C0,0,4 are observed as they were
adding during synthesis process. Hence, confirms the purity of
nanocrystalline Zn, ;Mg 3C0,0,.

Gas sensing properties: Nanocrystalline Zn, ;Mg 3C0,0, thick
film was prepared for investigation of gas-sensing
characteristics. The prepared thick films were then subjected for
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studying their sensitivity and selectivity at the optimal operating
temperatures towards various gases.

The gas response towards a specificity of gas needs to be
manifestly higher than to the other test gases. The selective
behavior of nanocrystalline Zn,;Mg,3C0,0,, gas response (S)
towards various gases such as (LPG), (NH3) (CO,), (H,S), (Cly),
(H,) and (C,HsOH) is shown in Figure-5. Nanocrystalline
Zny ;Mg 3C0,0, exhibits the higher response towards H,S to 50
ppm concentration as compared to the other test gases. All the
gases such as hydrogen, LPG, ammonia, CO,, Cl, and ethanol
vapors appears lower gas response and shows gas response (S)
below 2 as compared to H,S. Whereas, H,S have higher gas
response 18.31 to the other test gases. Gas response (S) of
nanocrystalline Zng;Mg3C0,0, towards H,S to 50 ppm is as
shown in Figure-6. It can be seen that nanocrystalline
Zny7Mg,3C0,0, exhibited the higher response to 50 ppm
towards H,S at 100°C.

In general, gas sensing mechanism is discussed in the basis of
conductance by adsorption of oxygen on the surface with the
test gases. The oxygen on the surface adsorbs by extracting an
electron from conduction band which are mainly due to the
responsible for detecting test gases. Due to adsorption of
oxygen, the deficiency of electrons occurred and the
conductivity of thick film decreased. Moreover, optimal
operating temperature increases as well as causes oxidation of
large extent of hydrogen sulfide molecules and consequentially
increases very large number of electron conductivity. This is the
main reason behind the gas response increasing with increasing
operating temperature.
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Figure-2
FTIR spectra of nanocrystalline Zn, ;Mg 3C0,0, powder
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SEM image of nanocrystalline Zn,;Mg,;C0,0,
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Figure-5
Response of nanocrystalline spinel Zn, ;Mg 3Co0,0,4 towards 50 ppm of various gases at 100°C
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Figure-6
Response of nanocrystalline spinel Zn,;Mg,3Co0,0, towards hydrogen sulfide; at the operating temperatures
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The gas response of nanocrystalline Zn,;Mg,3;C0,04 based
thick film with respect to the hydrogen sulfide concentration to
50 ppm at the optimal operating temperature of 100°C is as
shown in Figure-7, which indicates that Zny;Mgy3;C0,0,
responses as low as 5 ppm of hydrogen sulfide and the response
increases linearly with its concentration. The response and
recovery time of the gas sensor are another elementary
parameter. The response and recovery times are defined as the
time taken for the sensor to attain 90% of the maximum
increases in conductance on exposure of the target gas is known
as response time and the time taken by the sensor to get back
90% of the maximum conductance when the flow of gas is
switched off. Figure-8 depicts the response and recovery curve
of Zny7Mg;3C0,0, based sensor to 50 ppm hydrogen sulfide at
100°C. Tt is observed that nanocrystalline Zng;Mgy3C0,0,
based sensor responds quickly after introduction of 50 ppm
hydrogen sulfide gas and recovers immediately after exposing to
air. The nanocrystalline Zn,;Mg,3C0,04 have quick response
time 16 s and fast recovery time 52 s. Therefore, nanocrystalline
Zny;Mg,3C0,0, based sensor exhibits the good response and
recovery time to hydrogen sulfide.

The reproducible nature of nanocrystalline Zng;Mg,;C0,04
based sensor to 50 ppm hydrogen sulfide was measured for a
month in the interval of 10 days and result as shown in Figure-9.
From figure it was found that nanocrystalline Zn,;Mg,3C0,0,
based sensor possesses a very good stability and durability. On
conclusion, the nanocrystalline Zn,;Mg,3C0,04 based thick
film sensor has excellent gas response to hydrogen sulfide gas at
100°C, good selectivity, quick response as well as fast recovery
and excellent repeatability.
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Response and recovery characteristics of sensor to 50 ppm
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Long-time stability curve of Zn,;Mg,;C0,0, sensor

Conclusion

Nanocrystalline spinel-type Zng;Mg,;C0,04 have good gas-
sensing properties could be obtained. The spinel-type
Zny;Mg,3Co0,0, oxide exhibited excellent gas response to
hydrogen sulfide at 100°C due to its smaller crystallite size.
Zny7Mgy3C0,0, sensor annealed at 500°C showed excellent
sensitivity, selectivity, stability, quick response and fast
recovery to hydrogen sulfide gas sensing properties. Hence, in
short this means that Zn,;Mg;;C0,04 sensor can be a good
candidate for detecting hydrogen sulfide gas because of the
good characteristics mentioned.
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