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ABSTRACT

Nickel ferrite (NiFe,O4) nanopowders were synthesized by hydrothermal technique.
The obtained powders are characterized by means of X-ray diffraction (XRD). The
prepared nanopowders exhibited cubic structure. The average crystallites size is 10
nm. H,S sensing tests were done using different gas concentrations (from 0.125 to 5
ppm). The fabricated gas sensors exhibited high sensitivity of 90 toward low H,S
concentrations of 5 ppm. Using a mixture of gases, the fabricated sensor showed that
it was selective to H,S gas. Results demonstrated that NiFe,O, might be promising

sensing materials for the detection of H,S at low operating temperature.
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General introduction

Hydrogen sulfide is colorless, flammable and very toxic gas used in
laboratories as well at several industries. It can be produced from organic
compounds decomposition, like waste of animals. The danger of H,S gas
Is that it leads to the irritation of eyes, respiration difficulties, respiratory
effects to asthmatic patients, in addtion to cough when exposed to low
concentrations [1]. The development of efficient H,S sensor is then of

great interest in the environmental control and monitoring.

In this report, we studied the structural properties of nickel ferrite and its
gas sensing properties such as gas response, operating temperature,

selectivity, response time and recovery time.
This report is composed of three parts:
Chapter one: gives a generality about gas sensors.

Chapter two: presents the protocol for NiFe,O4 powders synthesis, X-ray

diffraction (XRD) technique and it describes the gas sensing device.

Chapter three: illustrates all the obtained results and the discussion.




Chapter 1: Generality on Gas Sensors




1.1. Introduction

Gas sensing is a critical technology that detects various gases in the
environment. Gas sensors are devices designed to respond to specific
types of gases. In this chapter, an overview on gas sensors has been

suggested.

1.2. Gas sensors definition

A gas sensor is a device that converts chemical quantity into typically
electrical signal. Generally it is composed of two main parts: the sensing
element and transducer. The sensing element is the heart of the sensor on
which the reaction happens with the gaseous species and the transducer is
the device transforming the result of the interaction in an easily readable

In most cases an electrical signal.
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Figure 1.1. Gas sensor device

Metal oxide semiconductors gas sensors were introduced for the first time
in the practical use by Taguchi at the beginning of the 70’ years. They are

used as:

+«» Alarms to prevent accidents in domestic houses,
+ Humidity sensors in the alimentary,
¢+ Sensors in the automotive sector,

++ Breath analyzers for medical diagnosis.

1.3. Gas sensors structure
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Figure 1.2. Gas sensor components

Gas sensors are composed of:

» A sensitive layer, constituting the part that will interact with the

gaseous molecules.

> Electrodes for electrical measurement of the sensitive layer.

> A heating part to bring the temperature-sensitive layer.

> Insulator that isolates electrodes from heater.

1.4. Metal oxides Semiconductors gas sensors

The metal oxides semiconductors gas sensors belong to electric gas
sensors family. This type depends on
measurements (in our case the measurement of electric resistance).

Besides, the resistance of this type of gas sensors was strongly affected

the electric properties




by the interaction between gas molecules and the semiconductor material.
Among these materials, we can cite: ZnO, CuO, SnO,, TiO,, WOs;,

Fe,0;...etc.

1.5. Gas sensor principle

The basic principle of detection is the result of the interaction between a
sensitive material and the surrounding gas, which is accompanied by a
change in the physicochemical properties of the material. By a process of
transducing an electrical signal, optical, mechanical or thermal will be
generated. These variations are related to the nature, concentration of gas

in interaction and measurement conditions.

For metal oxide semiconductors based gas sensors, In first approximation,
oxygen adsorbed on the surface of n-type metal oxide semiconductors
plays a key role, trapping free electrons because of its high electron
affinity, and forming a potential barrier at the grain boundaries. This
potential barrier restricts the flow of electrons, causing the electric

resistance to increase (Figure 2.3).
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Figure 1.3. Oxygen molecules interaction with sensing layer.

When the gas sensor was exposed to reducing gases such as carbon
monoxide (CO), the gas molecules are adsorbed on the sensing layer
surface and reacted with active oxygen species, which liberated free

electrons.

This lowered the potential barrier allowing electrons to flow more easily,

then reducing the electric resistance (Figure 1.4).

With oxidizing gases such as NO,, the adsorption process increased

instead the electric resistance.
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Figure 1.4. Interaction of gas molecules with adsorbed oxygen species.

1.6. Gas sensing properties

1.6.1. Sensitivity

The sensitivity (S) was a measure of the extent of change in material
resistance when exposed to target gas. As example, for oxidizing gas such

as NO,, the sensitivity is presented by the following expressions:

S = % for n-type semiconductor
S = Zair for p-type semiconductor

Rgas

1.6.2. Stability

It is defined as the ability of the gas sensor to perform a consistent
measurement for a specific time period at various gas concentrations.
This implies the ability of the sensor to retain the same performances in

terms of sensitivity, selectivity, response, and recovery time.

1.6.3. Selectivity




Selectivity is the ability of the sensor to detect ingle target gas when it is

exposed to a mixture of gases.

1.6.4. Working temperature

The temperature that corresponds to the higher sensitivity is called the
working temperature. This parameter is essential for the gas sensing

operation.

1.6.5. Response and recovery times

The response time is defined as the time needed for the sensor response
to arrive at 90 % of its maximum when exposed to target gas. With the
elimination of gas exposure, there is a time to return to its equilibrium

state; in this case we speak about recovery time (Figure 1.5).
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Figure 1.5. Response/recovery times

1.7. Conclusion

In this chapter, we have introduced an overview on chemical gas sensor
and their performances. Among the chemical gas sensors metal oxide
semiconductors (MOS) gas sensors are largely used because they are

small and have good yield and low cost.




Chapter 2: experiment details




2.1. Introduction

In this chapter, we presented the protocol of synthesis of NiFe,O,
nanopowders using hydrothermal technique. A brief description of X-ray
diffraction technique was suggested. In addition to a presentation of the

sensing tests device made at the University of Messina, Italy.

2.2. Synthesis of nickel ferrite nanopowders

The hydrothermal technique was utilized to synthesize spinel nickel
ferrite nanoparticles with nickel concentration of 25 at.%. The starting
materials were NiCl, as salt of nickel and FeCl; as salt of iron. These two
precursors were dissolved in distilled water after magnetic stirring. Then,
2 ml of ammonia were added to the solution. The final solution was
poured into Teflon lined steel autoclave which was kept for heating in
programmed furnace at 200 °C for 6 h. The resultant materials are
washed several times with mixture of ethanol and water for purification
and then dried at 60 °C for 1 h in an oven. A heat treatment at 500 °C for

2 hours is necessary for the crystallization of the obtained powders.

2.3. X-ray diffraction measurement

X-ray diffraction is a non-destructive technique with which it is possible

to obtain information about the crystalline phase composition of a




sample, along with other structural information such as lattice parameters,

strain, and grain size.

It is based on constructive interference of monochromatic X-rays and a
crystalline sample. The interaction of the incident rays with the sample
produces constructive interference when conditions satisfy Bragg’s law
(2.1). This law relates the wavelength electromagnetic radiation to the

diffraction angle and the lattice spacing in a crystalline sample.

nA = 2d.sin0 2.1

The microstructure of the samples in this thesis was investigated by XRD
(Bruker AXS D8 Advance) using the CuKal wavelength of 1.5405 A.

The average crystallite size was calculated using the Scherer’s formula

[2]:

KA
[cos 6

2.2

where K is a dimensionless shape factor, with a value close to unity (the
shape factor has a typical value of about 0.9), A is the X-ray wavelength,

B is the full width at half maximum (FWHM) of the XRD peak.



https://en.wikipedia.org/wiki/Scherrer_Equation
https://en.wikipedia.org/wiki/Scherrer_Equation

2.4. Gas sensing tests

2.4.1. Gas sensor fabrication

For gas testing gas sensors, it is necessary to fabricate gas sensor
elements. The element is composed of a sensing material; interdigitated
electrodes and heater (Figure 2.1). The sensing materials are
semiconducting metal oxides. The electrodes and the heater are on
platinum and the substrate is on alumina. The platinum and the alumina
are used because of their high thermal stability. The active sensing layer
was deposited on the Pt interdigitated electrodes area from an aqueous

paste of the samples by screen printing.

Sensor

Insulating Electncal
holder contacts

Figure 2.1. Sensor device and its structure. a) Pt heater; b) Pt interdigitated electrodes;
c) printed film.




2.4.2. Gas sensor testing

The fabricated sensor was introduced in a stainless-steel test chamber
(Figure 2.2) for the sensing tests. In general the sensing mechanism is
affected by the operating temperature. Therefore, the response of the
fabricated sensor as a function of the operating temperature was first

Investigated.

Figure 2.2. Photograph (a) and scheme (b) of the stainless-steel test chamber.

Gases coming from certified bottles can be further diluted in air at a given
concentration by mass flow controllers (Figure 2.3). Electrical

measurements were carried out in the temperature range from 50 to 400




°C, with steps of 50 °C, under a dry air, collecting the sensors resistance

data in the four point mode.

Figure 2.3. Mass flow controllers.

2.5. Conclusion

In this chapter we described the protocol of synthesis of NiFe,O,
mentioned in this report. To show the structure of these samples, X-ray
diffraction analysis was performed. For sensing tests, we have tested our

sample by an apparatus installed in the Italian laboratory.




Chapter 3: Results and discussion




3.1. Introduction

In this chapter, we discussed the obtained results from XRD analyses and

H,S gas sensing tests.

3.2. Structural properties of NiFe,O4 nanoparticles

X-ray powder diffraction analysis was carried out to investigate the

crystal structures of NiFe,0, sample. Figure 3.1 showed the X-ray

diffraction spectrum of NiFe,0, nanopowders.
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Figure 3.1. X-ray diffraction spectrum of NiFe,O, nanopowders.




Nickel ferrite nanopowder presented diffraction peaks at 26 = 30.2°,
35.4°, 37.13°, 43.21°, 53.63°, 57.11°, 62.71°, correspond to the spinel
phase (JCPDS N°01-074-2081). The previous peaks indicated that

NiFe,O, exhibited cubic structure.

Table 3.1. Structural parameters of pure ZnO nanopowders

Planes Angle 20 (°) B (°) B (radian) D (nm)
(220) 30.12 0.58813 0.01026 14
(311) 35.64 0.70812 0.01236 11.78
(400) 43.36 0.8334 0.01454557 10
(422) 53.79 0.78608 0.01371968 11.05
(511) 57.33 0.75838 0.01323622 11.92
(440) 62.96 0.71752 0.01252308 12.98

The average crystallites size of NiFe;O4 was D,y = 11.96 nm.

Table 3.1 presented the crystallites size for each diffraction peak,
calculated using Scherer equation, for nickel ferrite nanopowders. As
suggested by the table above, the average crystallites size is found to be

11.96 nm.




3.3. Hydrogen sulfide sensing tests

In this part, we studied the gas sensing properties of the NiFe,O,

nanoparticles toward H,S gas with different concentrations.

The H,S gas concentrations used in this study were: 0.126, 0.315, 0.630,

1.26, 3.15 and 5.04 ppm.

The operating temperature selected to make sensing tests was T = 200 °C.

3.3.1. H,S gas sensor based on NiFe,O, nanopatrticles
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Figure 3.2. Variation of resistance versus working temperature of NiFe,O, material

The variation of nickel ferrite resistance as a function of the operating
temperature was displayed in Figure 3.2. At low temperature (T = 150

°C), the suggested sample exhibited higher electric resistance (about 230




MQ). Increasing the temperature yields to a decrease of the resistance
indicating the semiconductor behavior of the material. This is due to the

thermal excitation of electrons into the conduction band .

Since the working temperature was an important factor that influenced
the sensitivity, the response-temperature variation of NiFe,O, sensor
toward 1.3 ppm of H,S gas was suggested in Figure 3.3. At T = 150 °C,
the fabricated sensor achieved a maximum value of 51. The maximum
response indicated that the temperature was enough for the interaction
between gas molecules and adsorbed oxygen species since the raise of
thermal energy of gas molecules overcomes the activation energy barrier
of the surface reaction with adsorbed oxygen anions [3]. Another reason
for the higher sensitivity was the increase of free electrons number
because of the adsorbed oxygen species conversion to O [4]. With the
increase of temperature the gas response began to decrease. This behavior
might be attributed to gas adsorption ability reduction for the higher

temperatures [5].
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Figure 3.3. Variation of gas response toward 1.3 ppm of H,S versus working
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Figure 3.4. Resistance-gas concentration dependence of NiFe,O4 sensor at 200 °C




It was clearly seen in Figure 3.4 that the fabricated sensor was sensitive to
the target gas even at low gas concentrations (S = 1.5 toward 0.126 ppm).
Furthermore, an increase in H,S concentration from 0.126 to 5.04 ppm
yields to more decrease in the material electric resistance. Since H,S is
considered as a reducing gas, it then resulted from its interaction with
adsorbed oxygen species a loss of electrons leading to conductivity
increase and a resistance decrease of the sensing layer, indicating the n-
type behavior of the suggested material. The resistances had good

reversibility during the exposure and exhaust cycles of H,S gas.

The response and recovery times are considered important parameters to
say that the sensor is good and efficient. The response and recovery are
found to be 10 and 170 s, respectively. Ghosh et al. obtained response and
recovery times of 90 and 300 s when the NiFe,O, sensor is exposed to

200 ppm of H,S [6].
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Figure 3.5. Response of NiFe,O, sensor toward different gases

To show the selectivity of the suggested sensor, NiFe204 was tested
toward several gases such as NO,, CH,O and H,S. As seen, our sensor

exhibited the highest response toward H,S gas compared to other gases.
3.4. Conclusion

In this chapter, nickel ferrite nanopowders were prepared by
hydrothermal technique. The sensor exhibited a good response toward
H,S gas at T = 200 °C. The fabricated sensor was selective to this gas

when exposed to various gases.
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