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Abstract

There is a considerable need to design and develop a Liquid petroleum gas sensor due
to its use in households and high flammability to protect human safety. Therefore, in this
research work, we present a variety of cobalt-based spinel ferrites doped with 4f
electron rare-earth ions to be used as flammable gas sensors. These spinel ferrites
were fabricated following a glycol hydrothermal chemical-process. Due to their
electronic configuration and charge dynamics, they are very sensitive and selective to
integrative liquefied petroleum gases (LPG). A high response of over 730 was recorded
towards 1 vol% (or 10 000 ppm) of LPG at 225 °C. The CoSmo.1Fe1.904 nano-ferrite
meets the criteria of a potential sensor of being highly sensitive and selective with
repeatability and stability that maintained a high response of 241 over 63 days. The
rare-earth elements doped cobalt based ferrites were classified according to two
categories in terms of overall performance. The first category were the ferrites doped
with the low 4f electrons and the second category belonged to the high 4f electrons. The
first category composed of solid and compact nanoparticles and proved to be better in
the LPG performance while giving low photoluminescence emission intensities. This
latter category had the highest combined percentages of oxygen vacancies and
adsorbed oxygen. A temperature dependent tunable carrier-type transition was
observed. The ferrite has p-type characteristics at 225 °C and above, otherwise n-type

below this operating temperature to room temperature.
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CHAPTERI

1. INTRODUCTION

Nanotechnology is a study that allows us to engineer materials at nanoscale which is in
the order of 10-°° m. It has been found that materials at nanoscale have more interesting
properties such as optical, electrical and thermal conductivity properties to mention a
few [1]. These nanomaterials can be fabricated into a number of structures such as thin
films [2], nanofibres [3], nanorods [4] as well as nanowires [5] and have a wide range
of applications. Their applications include being catalysts, drug delivery template for
functional architectural composite materials as well as gas sensing [1, 2].
Semiconducting metal oxides (SMOs) have a variety of applications across
nanotechnology, which include gas sensors [3]. The reason semiconducting metal
oxides are the most desirable is that they show more promising properties with just high
selectivity being the most prominent let-down [6]. These SMOs can be easily tuned
down to a number of nanostructures such as nanowires, nanotubes, nanodots and
nanofibres to mention a few. However, these simple SMOs such as ZnO, CuO, TiOz,
NiO, CdO; have some disadvantages which are that they have been used extensively in
many applications including chemical gas sensing [6]. Another class of promising,
however, complex group of semiconductors are the spinels, with the molecular formula
AB204 or ABO3 where A and B are the tetrahedral and the octahedral site atoms,

respectively. These spinels find applications in renewable energies such as



photovoltaics and possess strong magnetic properties [7]. Meanwhile, recently they are
also fabricated as gas sensors and they meet the criterion for gas sensors that are
portable, reliable and durable. They are simple, low in cost and have structural
compositional versatility. They can sense a range of gases at different humidity levels
and a range of operating temperatures. They can be tuned n or p-type or even mixed
type hetero-structures. Their sensitivity can be increased by substituting certain
elements such as noble metals. Cobalt based spinel ferrite thin films have a number of

attractive properties that have them worthy of research in connection to gas sensing.

1.1. Physical Properties

Spinel ferrites are usually homogenous materials with a general formula AB204, where
A and B are metal cations composed of different crystallographic sites [1, 8]. The A
sites are usually tetrahedral in structure and the B sites are usually octahedral with Fe
(I11) being one of the main elements. They possess a cubic morphology with spherical
particles embedded in them. Spinel ferrites are chemically stable, hard, brittle and
polycrystalline and have an advantage over their bulk counterparts through their
crystalline size, high defect density, grain boundaries, texture and their substrate-based
constraints [6]. They have a high Curie temperature, large magnetic anisotropy,
moderate magnetization and high coercivity which is good for electronic components

used in computers, recording devices and magnetic cards [7].



1.2. Magnetic Properties

Cobalt based ferrite oxides have unique properties such as high magneto crystalline
anisotropy and magnetic abilities that have widespread technological applications [7].
Previous studies have shown that they have a magnetic phase with a low saturation
magnetization (Ms) and low coercivity (Hc) [7, 8]. In a cubic system of ferromagnetic
spinel, the magnetic order is due to an exchange of ions in the A and B lattice positions.
This strengthens the B-B interactions while the A-B interactions are weakened, bringing

about a low saturation magnetization [8].

1.3. Optical Properties

According to previous research, cobalt based thin films have shown an optical
transmission of 70 — 80% as well as a very high absorption near the fundamental
absorption edge [9]. The energy band gap of these spinel ferrite oxides lies between 1.7

—1.9eV 9, 10].

1.4. Electrical Properties due to gas sensing

Ferrite oxides are most sensitive to gases at higher operating temperatures. The gas
sensing mechanism for ferrite thin films involves the surface adsorption of oxygen on
the oxide surface that extracts electrons from the SMO material. The change in
conductivity is a measure of the target gas concentration. For a reducing gas such as
H2S or NHs, the conductivity increases for an n-type sensor material such as ZnO or

SnO2 and will diminish for a p-type material such as tellurium (Te) [8, 9]. The electric



properties for ferrites nanoparticles are expected to improve since the gas sensing
mechanism takes place at the surface and decreasing crystalline size has been known
to increase sensor sensitivity and conductivity. This is caused by the charge carriers at
the surface of the sensor material, causing the sensor material to be less carrier rich.
Therefore, when a sensor material is exposed to a target gas, it shows an increased
conductance from the charge carriers trapped at the surface that get activated from the
conduction band because of their nanosize as opposed to their micrograin counterparts
[9-11]. The gas sensing properties of SnO2 nanobelts in gas sensing have been
investigated and have shown promising current- related responses to ethanol and CO at
room temperature. There are also some ferrite nanoparticles that have shown a

frequency-dependent response to conductivity over a range of temperatures [10, 11].

2. PROBLEM STATEMENT

Industrialization does not only boost the economy and provide job security in a country;
it also comes with some dire consequences. All industrial processes produce gases, in
which most cases they are harmful, toxic and even explosive. Some gases are harmful
to human health if they are present in air above a certain concentration. Moreover,
some liquids give off harmful fumes, called volatile organic compounds (VOC’s) that
easily diffuse into the atmosphere and form part of the air that we breathe. It is for this
reason therefore that the air we breathe should be closely monitored. This monitoring
should be done continually especially in those places where there is a greater likelihood
of finding hazardous gases (inside factories, mines, homes that use gas stoves for

cooking, refuse dumps, inside motor vehicles, etc.). The most common polluting gases



are CHs, NHs, Propane, Butane, Liquefied Petroleum Gas, Hydrogen, SO2, CO2, CO,
NO, NOg2, etc.) [1]. Examples of VOC'’s include benzene, toluene, xylene, methanol,
ethanol, acetone, etc. and they may be found in laboratories, factories and other
working and living environments. Advances in the understanding of how sensors
function has led to new applications for sensors. You can think of breath analyzers used
by traffic officials [2], the diagnosis of disease [3] as well as the use of sensors to detect
gases during warfare e.g. detection of a nerve gas. There are cases where arrays of
gas sensors are put together to form what is known as an electronic nose [6]. Odors
such as those emanating from perfumes or food may also be detected. Such odors are
made up of many different gases and organic vapours. The detection of such complex

odors using sensor arrays is receiving much attention nowadays [4].

3.NOVELTY OF THE RESEARCH

What makes gas sensing a subject of interest, apart from diagnostic and patient
monitoring, fermentation control in the food industry; it is the growing need for
environmental protection from invisible, odorless and possibly explosive threats. There
is also a need for including sensors in smart devices for remote sensing for portability
and compatibility purposes. The need to develop inexpensive, portable and accurate
gas sensors due to the growing threat of pollution in the environment therefore becomes
imperative. The sensors also need to be accurate i.e. be able to differentiate between
low concentration of gas in the air. Desirable attributes of a gas sensor include an ability

to measure low concentrations of gas — usually in the range of a few parts per million



(ppm) or even a few parts per billion (ppb). It is desirable that a sensor be selective i.e.
must be able to differentiate between different species of gases (Selectivity). It should
be able to show that a target gas is present in a mixture made up of a variety of other
gases. Since some gas sensors are more effective when heated, a better sensor is the
one that can function best at lower temperatures i.e. requires minimal or no heating.
Such a gas sensor will save power. In the low consumption of sensor’s energy an
important rule also is the applied voltage — Bias Voltage. It is preferable to be the
smallest bias voltage with the highest response at the target gas for an ideal low energy
consumption gas sensor. Other desirable features include a fast response i.e. a good
sensor must respond quickly when the target gas is introduced into a mixture of other

gases being analyzed by the sensor (Response Time). It must also react quickly should

the target gas be removed from the mixture (Recovery Time). It is worth to be noted that

an ideal operation of a gas sensor is the accuracy to deliver the same response of the
concentration of the target gas for a long time (i.e > 6 months) with the minimum

deviation (i.e 10% deviation from the day one). This is what it is called Repeatability-

Stability of a gas sensor. Such responses are influenced by the type of material that has
been used to make the sensor. There is therefore a search for new gas sensing
materials and also a huge area of different approaches to find new ways of making

them more Sensitive-Selective-Stable (3S).



4. AIMS OF THE STUDY

The aims of the study are:

e To synthesize Co[RE]o.1Fe1904 nanoferrites using high pressure hydrothermal
process, where [RE] Rare earths elements (Lanthanides) substitute Fe cations
for gas sensing properties.

e Characterization of the as-prepared cobalt based ferrites doped with various
rare-earths using various methods such as scanning electron microscope (SEM),
high resolution transmission electron microscope (HRTEM), X-ray diffraction
(XRD), absorption-desorption (BET) for mesoporous analysis, x-ray photo-
electron spectroscopy (XPS).

e To fabricate devices on interdigitated Pt/Au electrodes (IDTS) that are suitable
for the gas sensing test measurements.

e Finally, to test these fabricated devices on IDTs for sensitivity, selectivity and

stability measurements on the Kenosistec gas sensing station.

5. OBJECTIVES OF THE STUDY

The specific objectives of the study include the following:
° Fabricate the sensing devices using interdigitated electrodes (IDTs) and employing
a drop-casting process.
° These fabricated sensing devices will be tested over various gas analytes using a

Kenosistec Gas Sensor Tester.



6.SIGNIFICANCE OF THE STUDY
Most gases, including harmful ones, are colourless and odourless and it is due to these
properties that gas sensors play a vital role in areas like the gas sensing industry, the
atmosphere (air pollution) as well as in our homes. Although some gases are available
in the market, there is still a need to improve on the already existing devices if not to
fabricate new and improved versions of their prototypes. A need to develop
inexpensive, portable and more accurate devices in terms of selectivity at low

temepratures still leaves a stone unturned in the research of gas sensing devices.

7. DISSERTATION OUTLINE

Chapter | focuses on the background of gas sensing properties of metal oxide based
sensors. It also deals with global demands and as well as the structural, optical,
magnetic and electrical properties of Cobalt based nanostructures. The problem
statement, aims and objectives, the significance of the study and the dissertation outline
form part of this chapter. Chapter Il deals with the literature review on Cobalt based
spinel ferrite thin films from the synthesis methods, to doping them with certain RE
elements (Ce, Nd, Sm, Yb) and their application in gas sensing. Chapter lll is focusing
on the characterization techniques employed to analyze the Cobalt based spinel ferrite
RE doped metal oxide based sensors. Chapter IV is devoted on results and
discussions and Chapter V is a summary and conclusion and recommendation of the

work.
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CHAPTERIII

2.1. BRIEF HISTORY ON GAS SENSING AND THE GLOBAL DEMAND FOR

GAS SENSORS

There is a need to develop inexpensive, portable and accurate gas sensors due to the
growing threat of pollution in our environment. In addition to the gas sensor properties,
gas sensors also need to be accurate i.e. be able to differentiate between low
concentration of gas in the air. Some gases are harmful to human health if they are
present in air above a certain concentration. It is for this reason therefore that the air we
breathe should be closely monitored. This monitoring should be done continually
especially in those places where there is a greater likelihood of finding hazardous gases
(inside factories, mines, homes that use gas stoves for cooking, refuse dumps, inside
motor vehicles, etc.) The most common polluting gases are CH4, NH4, SO2, CO2, CO,
NO, NOz, etc.) [1]. Further to these known contributors to air pollutions, there are liquids
that give off harmful vapours such as benzene, toluene, methanol which are mainly
found in laboratories and need to be closely monitored. Advances in the understanding
of how sensors function has led to new applications for sensors. You can think of breath
analysers used by traffic officials [2], the diagnosis of disease [3] as well as the use of
sensors to detect gases during warfare e.g. detection of a nerve gas. There are cases
where arrays of gas sensors are put together to form what is known as an electronic
nose [4]. Odors such as those emanating from perfumes or food may also be detected.

Such odors are made up of many different gases and organic vapours. The detection of
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such complex odors using sensor arrays is receiving much attention nowadays [5].
Desirable attributes of a gas sensor include an ability to measure low concentrations of
gas — usually in the range of a few parts per million (ppm) or even a few parts per billion
(ppb). It is desirable that a sensor be selective i.e. must be able to differentiate between
different species of gases. It should be able to show that a target gas is present in a
mixture made up of a variety of other gases. Since some gas sensors are more effective
when heated, a better sensor is the one that can function best at lower temperatures i.e.
requires minimal or no heating. Such a gas sensor will save power. Other desirable
features include a fast response i.e. a good sensor must respond quickly when the
target gas is introduced into a mixture of other gases being analyzed by the sensor. It
must also react quickly should the target gas be removed from the mixture. Such
responses are influenced by the type of material that has been used to make the
sensor. There is therefore a search for new gas sensor materials and a quest to find
new ways of making them more sensitive.

It is due to the above mentioned reasons that the past few years have seen a rise in
demand for efficient gas sensors for detection of toxic and sometimes flammable gases
in what has become a harmful environment because of industrialization. Moreover,
some liquids give off harmful fumes that easily diffuse in the atmosphere. In addition to
the conventional harmful gases emitted by industrial activity and some CFC fumes
emitted by vehicles, there are some volatile organic compounds (VOCs) that are readily
found within our households that are just as harmful, if not more. They can be found in
paints, hairspray cans, cleaning detergent products, asbestos, building materials and

gas stoves in the forms of xylene, benzene and methanol to mention a few. With
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constant exposure to these harmful gases, gas sensors would fulfill a function of
monitoring the concentration of harmful substances.

Majority of gas sensors are made from semi-conductor metal oxide (SMO)
materials. These materials are ideal because they are cheap, highly sensitive, easy to
fabricate, durable and flexible which makes it easy for them to be integrated into
modern devices. The most conventional of these SMOs that are used in gas sensors
that are commonly used in industries and homes are SnO2, WOs, In203, ZnO, TiOx.
These sensors from which these materials are made from are bulky, not portable and
are designed to operate at high temperatures. This makes them fall shy of being able to
detect gases that they are targeted for. This allows for room to improve the already
existing gas sensors. Apart from the binary SMQO’s that are popularly used, there is a
wave of new materials that are iron based namely perovskites, ferrites and pyrochlore
oxides that show a promising performance that may surpass the conventionally used
materials in gas sensors. These materials exhibit attractive properties such as improved
selectivity and sensitivity towards certain gases and have proven to be effective gas
sensing materials. Spinel ferrites have been used for over 5 decades in gas sensing
and possess some excellent qualities from being cheap and simple to having structural
compositional versatility. They are also known to sense a range of gases over various
humidity conditions. Their lack in sensitivity can be made up for by doping them with
noble metals.

The search for highly responsive and selective gas sensor materials is still on-
going search due to the need for improving the properties of the already existing sensor

materials [1-7]. However, a shift in validated belief and unjustified opinion in the field of
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gas sensing and materials progress, requires studies beyond just the general properties
of gas sensors such as response time and selectivity, to mention a few. A search for
smart, complex materials, with superior properties; is to form part of solutions to
fundamental challenges in our everyday living. One of the many, from the existing
global problems, is to find various ways to save on the usage of electricity. The use of
liquefied petroleum gas (LPG) in the African continent and particularly in South Africa is
seen as a priority to reduce the electricity usage on the electric grid. LPG is an
inflammable blend mixture of hydrocarbon gases, consisting mostly of butane (70-80%),
less of propane (5-10%), and other minor amounts of propylene, butylene, ethylene and
methane (1-5%) [10]. This organic gas that falls under alkanes, is used in homes for
cooking, vehicles, laboratories, and any other heating appliances. Although the usage of
this gas is a popular alternative in reducing electricity usage, the implications of a
leaked LPG which is a highly flammable gas are regretful. Its lower explosive limit (LEL)
is about 1.8 vol% (18 000 ppm). According to Occupational Safety and Health
Administration (OSHA) and National Institute for Occupational Safety and Health
(NIOSH) organizations, the permissible or recommended airborne exposure limit (REL)
is 1 000 ppm average over an 8 h work shift for LPG gas [1, 2, 10]. However, according
to the same organizations, the short exposure limit (SEL) is 5 000 ppm for an average
of 1 h. Now, given the great demand to monitor and detect low-levels of LPG fumes,
many methods, strategies, and techniques are employed to improve the detection of the
gas and its many dynamics [3-8, 11-13]. When LPG molecular particles are exposed to
a surface of a potential sensor, an electric signal is recorded due to some electro-

chemical interactions. LPG is commonly known as a reducing gas [2, 5, 7, 8]. However,
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as mentioned earlier, it is a combination of a number of alkanes. It is an integrative gas
and this alone, will bring complications and the way it interacts with its surrounding
environment. To go beyond the norms and provide insightful details of these alkane
gases, intelligent and smart materials are sought. Attention has shifted towards
complex type of semiconducting metall oxides possessing similar unit cells which have
the general formulae, AB204, ABO3, ABO4. The Co[RE]o.1Fe1.904 ferrites with a spinel-
like cubic crystallographic structure are found to be promising candidates for gas
sensing and follow the AB204 spinel crystallographic structure. To improve some of their
properties, they are doped with rare earth (RE) metals.These types of semiconducting
metal oxides, spinel ferrites or perovskites have relatively small band gaps, unlike the
simple metal oxides such as NiO, CdO, ZnO, Cr20s3, CuO, TiO2, SnOz2, Fe20s3, etc [12].
The A-site (divalent) is occupied by Co and the B-site (trivalent) by Fe and 5 % of [RE]
substituted. The A?* ions sit at tetrahedral sites and B3* ions occupy octahedral sites.
Co ions may assume either 2* or 3* oxidation or valence states and again Fe may also
assume 2* or 3* states. In most cases, the rare-earths (RE) come in with 2* and/or 3+ or
4+ states. These charges may influence the fermi-level of the material and determine
the conductivity type. This dynamic nature of the valence states of these ions makes
them share their occupation sites with each other. This, therefore, would suggest an
inverse spinel ferrite as opposed to the normal spinel ferrites with at least a static
oxidation state in the tetrahedral A-site such as Zn?*, Mg?* etc. The Co[RE]o.1Fe1.904
shows a p-type semiconducting nature due to the explanation mentioned above or to
oxygen deficiency forcing the oxidation of Fe3* [1, 2]. At an appropriate operating

temperature, the conduction is governed by competing mechanisms, A-site to B-site
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polaron hopping and ionic and electronic conduction [1, 12]. Besides in the gas sensing
fields, these rare-earths oxides and ferric oxides can find many applications in a variety
of fields, e.g. fuel cells, catalysis, magnetic memory, fast ion mobility, optoelectronic

devices, and surface coatings [12-16].

2.2. LITERATURE REVIEW ON Cobalt Ferrites — CoFe204

The mostly used materials for fabricating gas sensors are semiconducting metal
oxides. This interest in metal semiconductor oxides is due to their low cost, high
sensitivity to gas being detected and their ease to fabricate and integrate with other
modern electronic devices [2, 3]. It can be seen from Table 2.2.1 that humidity may also
affect a gas sensor performance. Again, Table 2.2.1 shows other parameters
significantly affecting the performance of a sensor such as surface morphology,

operating temperature, relative humidity, the type of charge carriers, i.e. p-type or n-

type.

Table 2.2.1: Examples of metal semiconductor oxide based gas sensors [6].

Materials Target Lowest Response/ Ref
gas detectable Recovery Time

concentration

SnO2 | Nano- Ethanol 50 ppm (300°C; N/A*/10 min [7]
whiskers H2 S =23) N/A
10 ppm (300°C;
S=0.4)
Single H2 100 ppm (2, N/A [7]
nanowire Humidity = S~13) 120-170 s/20-60 s  [8]

RH: 30% (30 °C,
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IN203

ZnO

WOs3

TeO2

CuO

Nanorods

Nanowires

Single
nanowire

Nanorods

Single
nanowire

Nanowires

Nanowires

Nanowires

Haz

Ethanol
NO2
H2S
Ethanol

H2S

H2

H2S
Ethanol
Methanol
Ethanol

Ha2

H2S
NH3

NO2
NHs
H2S
CO

S~1.25)

100 ppm (150
°C)

100 ppm (370
°C, S~2)

1 ppm (250 °C,
S~2.57)

200 ppb (RT*)

5 ppm (330 °C,
S~1.84)

1 ppm (120 °C)

500 ppm (25 °C)
50 ppb (RT,
S~1.7)

1 ppb (300 °C,
S~10)

50 ppm (300,
S~3.2)

100 ppm (325
°C, S~20)

200 ppm (RT,
S~0.04)

1ppm (250 °C, S
= 48)

10 ppb (RT)

10 ppm (26 °C)
10 ppm (26 °C)
50 ppm (26 °C)
30 ppm (300 °C,

20

N/A

10s/~20 s
N/A

2-3 min/N/A
6s/11s

48 s/56 s

10min/N/A
N/A
N/A
N/A
N/A

30 s/50-90 s

N/A
N/A

10 min
>30 min
N/A
N/A

[9]

[10]
[11]
[12]
[13]

[16]
[17]
[18]
[19]

[20]
[21]

[22]

[23]
[24]

[25]

[26]



NO2 S~0.07) N/A
2 ppm (300 °C,

S~0.15)
Nanoribbons | Methanol @ 5 ppm (S~1.4) 2-4s/3-7s [27]
Ethanol 5ppm (200 °C, S 3-6s/4-9s
~1.2)
CdO  Nanowires NO2 1 ppm (100 °C, S N/A [28]
~0.27)

Another SMO that has drawn attention in the gas sensing industry is the
nanoferrite thin films due to their thermal stability, durability and attractive gas sensing
properties which can be highly attributed to their unique structural properties. To go
beyond the norms and brings insightful details of these alkanes gases, intelligent and
smart materials are sought. Attention has shifted on complex type of material oxides
possessing typical cubic unit cells such as AB204, ABOs, and ABOs structure.
Nanoferrite thin films have a general formula AB204 [8]. The Co [RE] 0.1Fe1.904 ferrite
with a spinel-like cubic crystallographic structure is found to be promising candidate for
gas sensing and follows the AB204 spinel. The A-site (divalent) is occupied by Co and
the B-site (trivalent) by Fe and 5 % of [RE] substituted. The [RE] represents different
rare-earths lanthanides. The A?* ions sit at tetrahedral sites and B3' ions sit at
octahedral sites. Co ions may assume either 2* or 3* oxidation or valence states and
again Fe may also assume 2* or 3" states. In most cases, the rare-earths (RE) come in
with 2* and/or 3" or 4* states. These charges may influence the fermi-level of the

material and somehow determine the conductivity type.

21



This dynamic nature of the valence states of these ions makes them to share their
occupation sites with each other. This, therefore, would suggest an inverse spinel ferrite
as oppose to the normal spinel ferrites with at least a static oxidation state in the
tetrahedral A-site such as Cu?* Zn?*, Mg?* etc. The Co[RE]o.1Fe1.904 shows a p-type
semiconducting nature due to the explanation mentioned above or to oxygen deficiency
forcing the oxidation of Fe3* [1, 2]. At an appropriate operating temperature, the
conduction is governed by competing mechanisms, A-site to B-site polaron hopping and
ionic and electronic conduction [1, 12]. Besides in the gas sensing fields, these rare-
earths (lanthanum oxides) and ferric oxides, can find many applications in variety of
fields, fuel cells, good catalytic activity, magnetic memory, fast ion mobility,

optoelectronic devices, and surface coatings [12-17].

The spinel ferrite structural properties have shown the ability to change electrical,
magnetic, electro-optical and chemical properties. Surface morphology in
nanostructures is important because gas-sensing properties can be enhanced for higher
surface-to volume ratio when compared to its micron counterparts. This highlights the
importance of getting the surface morphology of these thin films correctly because the
sensor sensitivity and response time clearly depend on it. The two main factors that
change the behavior of nanomaterials, making the superior to their bulk counterparts
are surface effects and quantum effects properties of nanoparticles [18]. The NiFe204
that have been previously fabricated using the sol-gel method at different temperatures
by Lavela et.al produced a variable particle size and different magnetic properties such
as saturation magnetization, coercivity and remanent magnetization [18, 19]. The

nanoparticles were produced using different annealing temperatures and this is what
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changed the surface morphology and electro-chemical properties. The attractive
properties of these nanoparticles extend to chemical consistency, mechanical
inflexibility and strong anisotropy. In previously published work, a spray-pyrolysis
method was implemented to deposit CoFe204 thin films of different concentrations
which produced thin films of small grain size to the order of 100nm [19]. These
structures were found to have improved gas sensitivity. The different annealing
temperatures for these thin films were compared under FSEM and AFM imaging and it
proved that changing the annealing temperature was able to change the surface

morphologies [18, 19].

Figure 2.2.1: AFM images of CoFe>O4 nanoparticles fabricated from different

concentrations [19].
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The thickness of the deposited films is inversely proportional to the solution
concentration due to some decomposition that will take place on the precursor solution.
It was also observed that the resistivity of the CoFe204 thin films decreased when the
temperature was increased, which follows the expected semi-conductor behavior. This
is caused by the charge hopping between the Fe* to Fe®* ions and the Co* ions to Co?*
ions in the material [19]. Surface morphology showed that the granular structures

increased gas sensitivity.
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Figure 2.2.2: A graph of the change in resistivity of Cofe204 caused by changes in

temperature [21].

In other synthesis of nanoparticles for gas sensing purposes, SnO2 nanobelts were
synthesized and characterized against SnO2 nanowires, where the nanowire structures
showed a more prominent response towards ethanol and CO [20]. Yang et.al
characterized SnO2 nanoribbons for NO2 gas sensing and in 2004, high performance
ZnO nanowire sensors with a low detection limit of 1ppm at 300° C for ethanol, were

fabricated showing a temperature influence to gas sensitivity [20].
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It has also been noted that grain size and porous polycrystalline nanostructures have an
effect on gas-sensing properties. SEM images show that the porous nanoparticles are
more sensitive to the target gas during gas sensing, as they allow for more absorption

to take place where the pores serve as gas absorption sites [21].

Figure 2.2.3: FESEM images of CoFe;0s nanoparticles fabricated from different

concentrations [19].
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The UV-Vis absorption analysis has shown a decrease in band gap as the content of

the metal in the semiconductor metal oxide content decreases [21].

A highly responsive gas sensor is one that has a surface with oxygen vacancies that’s
form part of the adsorption and desorption rate. Grain neck and grain crack of the thin
films will also play a role in the gas sensing mechanism [7, 8]. A grain neck is a growth
between two bare nanoparticles when sintering occurs by elastic and plastic
deformation. This growth happens very fast( <150ps) and at low temperatures (300 K)
[7,8]. The smaller the grain size, the higher the sensitivity because the diameter of the
nanostructures will be much smaller than the space charge region of the grain. This
allows for the nanostructures to be closer to one another thus increasing the surface
area since the grains will be more closely packed. The nanoferrite structures that were
managed to be produced showed a rod-like shape and porous which further improves
the sensor sensitivity thus improving the response time of the sensor [8, 9]. The
porosity of the thin films represents the number of active sites which serve as gas
adsorption sites for the target material where the gas will diffuse through and be
translated as the sensitivity of the sensor material. The most attractive grain size that
has been recorded is of 60 nm [8].

In order for gas sensing to take place, oxygen atoms were adsorbed on the

surface of p-type or n-type metal oxide or nanoferrite semiconductors when subjected to

air. Various ionic oxygen species such as 0,, 0, |0 or O* adsorbed on the surface of

sensor depending on the operating temperature which plays an important role in the
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detection of gases. The following equations (eqs) below describe the process in which

oxygen captures the electron from the conduction band of CoCeo.1Fe1904 and is

adsorbed on the surface as O ions.

O2(gas) - O2(ads) (1)

- @225°C -
OZ(ads) + 2e 2O(ads) (2)

CoCeo.1Fe1904 is a p-type semiconductor and the majority carriers being holes. The
oxygen molecules adsorbed onto its surface and capture electrons leading to eqs (1)
and (2) leaving even more holes and increasing electron depletion layer in
CoCeo.1Fe1.904 to reduce the resistance in air. In this operating temperature mentioned
above resulting to eq. 2 and these adsorbents are populated across the CoCeo.1Fe1.904
surface. When the LPG is introduced inside the chamber (see Fig. 2.2.4), the reducing
gas reacts with the adsorbed oxygen species (anions), a complex series of reactions

take place, ultimately oxidizing the LPG gas to the following equations (eqs 3-5):

L | = |
LPG@225°C
p-type CoCe0.1Fe1.904 7]

2000

500 -~

Resistance (Ohms)
o G
g 8

20 40 60 80 100 120
Time (min)

Figure 2.2.4: Transient resistance curve relationship with LPG concentrations over 225

°C operating temperature for Ce-doped Cobalt ferrite [34].
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Figure 2.2.4 shows what may happen to the resistance of a semiconducting
sensor (in this case, CoCeo.1Fe1.904) when its surface is exposed to a gas. In this case
the resistance is increased. This is the basis on which detection of the gas is based. In

some, cases resistance may be reduced [34].

CnH2n+2 + 02_ M)CnHZM : OZ(gas) +te + H2Oads - COZ(gas) + HZOgas/moisture (3)
C H +50; —=3C0,,, +4H,0,, +5¢ (4)

_ n=4 _
C4H10 + 1% 02 — 4C02gas + 5H2 Ogas/moisture + 1% e (5)

The LPG is mainly composed of both propane and butane, hence, C,H2q+2 is a fair
representative of the gas compositions where n is the number of elements and can take
any integer being 3 and 4 in this case. These reactions (eqs (3-5)) release large

populations of free electrons to neutralize the hole on the surface leading to equation 6.

e +h" & Null (6)

This last process represented in eq. 6 results in the reduction of the charge
carriers in the surface of CoCeo.1Fe1.904 nanoferrite giving rise to the electric resistance

of the sensor.
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Figure 2.2.5: Crystal structure of inverse spinel CFO ferrite. (a) Ball & stick model
depicting Co cations as blue spheres, Fe' cations at A-sites in orange, Fe? cations at B-

sites in gold and O anions in red [9].

The atomic-scale distribution of cations in a crystalline structure of inverse spinel CFO
ferrites, shown in Figure 2.2.5, gives an indication of how the magnetic properties of
this structure can be observed. This structure is observed using a STEM where the
direct observations and measurements at atomic level can be done. The STEM images
that were produced were in agreement with the magnetic properties between the
theoretic and experimental data [9]. This shows that the manipulation of the positions of
cation positions could change the magnetic behavior of spinel ferrites, which is one of

the necessary properties for an ideal gas sensor [8, 9].
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The use of liquefied petroleum gas (LPG) in the African continent or particularly in
South Africa is one priority to reduce on the electric grid. LPG is a flammable mixture of
hydrocarbon gases composing of majority of butane (70-80%), least propane (5-10%),
and other very least propylene, butylenes, ethylene and methane (1-5%) [8]. This
alkane gas finds its uses in home for cooking, restaurants, vehicles, laboratories, and
any other heating appliances. Its lower explosive limit (LEL) is about 1.8 vol.% (18 000
ppm) [8,9].

According to Occupational Safety and Health Administration (OSHA) and National
Institute for Occupational Safety and Health (NIOSH) organizations the permissible or
recommended airborne exposure limit (REL) is 1000 ppm average over an 8 h work
shift for LPG gas [1, 2, 8]. However, according to the same organizations, the short
exposure limit (SEL) is 5000 ppm for an average of 1 h. The implications of a leaked
LPG or flammable gas are regretful. Now, given the great demand to monitor and
detect low-levels of LPG fumes, many methods, strategies, and techniques are
employed to improve the detection of the gas and its many dynamics [3-6, 9-11]. When
ionic LPG molecular particles are exposed on to a surface of a potential sensor, an
electric signal is recorded due to some electro-chemical interactions. LPG is commonly
known as a reducing gas. However, as mentioned earlier, it consists of many other
gases to make it up. It is an integrative gas. This alone will bring complications and the
way it interacts with its surrounding environment. Desirable sensors are those that react
quickly upon exposure to a gas that is being detected but also recover quickly when the

gas is removed.
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It has been shown that the response of such oxide semiconductor gas sensors is
proportional to gas concentration (see Fig. 2.2.6). Whereas the response of pure ZnO
to ethanol is not that good, it can however be improved by mixing it with small quantities
of ferrite oxide nanoparticles [32]. In this case the minimum detectable concentration is
improved — whereas pure ZnO is limited to about 4 ppm of ethanol, the heterostructure

can detect concentrations as low as 0.5 ppm.

Sensor response

100 ppm

{ 100 ppm 100 ppm

1

'I T

acetone methanol ethanol NH,
Gas

Figure 2.2.6: Gas selectivity of a gas sensor. This particular sensor is more sensitive to

¥

NO:2 and much less sensitive to acetone [28].

Different metal semiconducting materials do not respond in the same manner to a
particular gas i.e. the response may be more for some gases while not that great for
others. Figure 2.2.6 shows the response of a particular metal oxide to different gases. It

can be seen that the biggest response is to NO2. This material may therefore be used
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for the detection of NO2. One has to be cautious though, because a mistake may be
made —since it responds to other gases too. The search is therefore on for a gas with
the best selectivity i.e. responds to a target gas but is relatively unresponsive to other

gases
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Figure 2.2.7: The response to the gas being detected tends to be proportional to gas

concentration [35].

Sensitivity of a gas sensor to a gas may vary with gas concentration (see Figure
2.2.7) of NOz2 in air [35]. This is a desirable effect — one would like to be able to estimate
the concentration of the gas e.g. in air. Some gases may be explosive above a certain
concentration. One therefore needs to detect their presence before this critical
concentration is reached. Figure 2.2.7 shows the variation of resistance, which is

proportional to sensitivity through the equation:
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R, (7)

where Rgas is the resistance in the presence of the target gas and Rair is resistance in

the absence of the target gas, with air.
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Figure 2.2.8: The gas sensitivity of a gas sensor varies with both temperature and gas

concentration [35].

The data shown in Figure 2.2.8 is for SnO2 thin film sensor with target gas NO2
operating at 350 °C [35]. It is seen that the detection limit is about 10 ppm in air. Note
also the good response and recovery time for this type of sensor. Table 2.2.1 lists
common gas sensor materials and their responses to various gases. It is seen from
Table 2.2.1 that most sensors are used preferably as nanostructures. This is due to the

fact that gas sensing is a surface phenomenon — one wants the largest possible surface
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for a given volume. This is achieved if the material is synthesized to be a nanostructure.
The sensitivity of a semiconducting metal oxide gas sensor may be improved by raising
its temperature. Figure 2.2.8(a) shows a variation with temperature of a semiconducting
metal gas sensor with temperature, while (b) right below (a) shows that gas
concentration plays a role also. It may therefore be important, in some cases, to raise
the temperature of the sensor during operation. Heating substances is however costly.
One therefore preferably looks for materials that are able to operate at room

temperature.

2.3. POSSIBLE APPLICATIONS

Most gases are not only colourless and odourless but can be flammable and
dangerous. LPG is one of those flammable and dangerous gases of which even with a
minor leak, may give way to hazardous consequences. LPG has a low explosive limit of
1.8 vol % which adds to its harzadous nature. This therefore brings about the need for
gas sensors which can be very useful in environmental monitoring and some industrial
applications. Nanostructures are able to improve the performance of LPG sensors
because of their large surface-to-volume ratio when compared to their coarse surface
counterparts, while exhibiting a quick response [6]. Ferrite nanoparticles are of the SMO
materials that stand out because of their low cost, high resistance to corrosion, surface
morphologies and environmentally friendly features. They are often used in pigments,
anti-corrosive agents, magnetic materials and have a market in the gas sensing
industry. They have applications in the synthesis of high density ferrite cores where they

are used as suspension materials in magnetic solutions, adsorbents, catalysts and gas

34



sensors [6,7]. With the advancement of technology, the field of nanotechnology has
also improved and has seen the manufacturing of new types of nanomaterials to keep
up with the latest technological developments. Some of these nanomaterials can be
used in antimicrobial biosensors for drug determination, drug delivery, agriculture and
industrial field [42]. The nanotechnology industry has been abuzz with spinel ferrite thin
films due to the attractive magnetic properties they exhibit. These magnetic SMO can
be used in high density information storage materials, catalysts, magneto-electronics,
optoelectronics, electronic devices, humidity sensors, magnetic resonance imaging,
antennae materials and microwave absorption. Spinel ferrites have also been known to
improve the sensitivity and stability of biosensors for analysis in sundry detection in
food, clinical and environmental applications [43]. Some of these ferrite nanoparticles
have been able to detect glucose percentages in urine samples [44]. Ferrite
nanoparticles are used in pharmaceutical medications, antigens, organic components
and the discovery of some important biological units. Screening devices have some
hardware materials that are supposed to be installed into them that should have screen
printed terminals fabricated from ferrite nanoparticles. Microbial diseases are ailments
found in animals and human beings caused by the introduction of mainly four types of
microbes, namely protozoa, bacteria, fungus and viruses. They have been the main
cause of the fatality rate in the 19" century and the introduction of antibiotics has been
able to stabilize mortality up until thus far. Antibiotic treatment has led to a development
to heritable immunity to microbial ailments. Ferrite nanoparticles have also been applied
in biological and disposable sensors and have an advantage of being organic. They

also have a high surface-to-volume degree, thus presenting a number of structural
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deficiencies which work to the advantage of the sensor material. These deficiencies
present a number of active sites which serve as effective points to connect with the
microbes [44]. Apart from the microbial treatment that can be activated against
multidrug resistant pathogens, these ferrite nanoparticles can be used in surface
disinfectants, hospital paints, dental supplements, in light of controlling the spread of
infectious diseases. Amongst all these applications, we aim to fabricate LPG gas sensor

based on this material because of its outstanding properties.

To go beyond the norms and provide insightful details of these alkanes gases,
intelligent and smart materials are sought. Attention has shifted towards complex type
of material oxides possessing typical unit cells such as AB204, ABO3, ABO4 structure.
The Co[RE]o.1Fe1.904 ferrites with a spinel-like cubic crystallographic structure are found
to be promising candidates for gas sensing and follow the AB204 spinel. The [RE]
represents different rare-earths In the present work, we present the synthesis of
Co[RE]o.1Fe1.904 nanoparticles of inverse spinel ferrites using high pressure
hydrothermal wet processes where RE = Ce, Nd, Sm, Gd, Dy, Er, and Yb in an order of
increasing number of 4f electrons. These inverse spinel ferrites were tested over a
range of flammable gases. A more detail analysis of alkanes integrative gas such as
liquefied petroleum gas (LPG) for colossal sensitive and selective response was our
centre focus. An attempt to distinguish the responsive gas in the LPG mixture was

made between the methane, hydrogen, butane and propane.
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CHAPTERIII

3.1. SYNTHESIS METHODS

This section is meant to provide a good reason for the selection of our synthetic
methodology for our copper oxide nanostructures. In nanotechnology, large scale
manufacturing of nanostructures still remains a challenge. The synthesis methods differ
in the degree of complexity, cost, manufacturability, and environmental hazard [1]. The
manipulation of a well-controlled synthesis technique and engineering of nanostructured
transition metal oxides with different sizes, shapes, chemical compositions, and
structures is very crucial in the advancement of nanoscience and nanotechnology field.
There are plenty of physical and chemical synthetic methods or techniques that are
widely accepted by material researchers for the fundamental investigation for the

understanding of properties and realizing possible applications of nanoscale materials.

3.1.1. Synthesis of Cobalt based spinel ferrites Nanostructures

The synthesis methods used to synthesize nanostructures ranges from sol-gel, spray
pyrolysis, precipitation, solvothermal, aqueous chemical growth, hydrothermal, and
electrochemical methods [2-7] and microwave irradiation approach [8-10]. The
nanoparticles produced using these different synthesis methods have diverse

morphologies, sizes, dimensions while some of the nanoparticles structures have some
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very attractive properties in materials science. These synthesis methods also allow for
the control of different parameters such as shape, particle size, size distribution, and
composition.

In this work we focus only on the solution based method, which is hydrothermal
synthesis method, to synthesis nanostructures with different morphologies, sizes,
shapes. The properties of these structures and their different applications are thereafter
investigated. The main reason why we would like to limit our considerations only to the
wet chemical methods is that, this approach offer many advantages compared with
physics synthesis processes; such as the possibility to reduce cost and high-throughput
equipment, low wastage of raw materials, high uniformity of size and shape of the nano-
product and can easily be manufactured. Doping can also be easily achieved with this

synthesis method.

3.1.2. Hydrothermal Synthesis Method

Hydrothermal synthesis is a solution reaction-based method which is commonly used
methods for synthesis of nanomaterials. This synthesis approach allows the formation
of well controlled morphology, size and shapes of nhanomaterials from room temperature
to very high temperatures. The literature suggests that many types of nanomaterials
with different shapes and sizes have been successfully synthesized using this synthesis
approach. There are significant advantages of hydrothermal synthesis method over
others such as the generation of unstable nanomaterial at elevated temperatures and
can enable us to produce nanomaterials with high vapour pressures with minimum loss

of materials. The compositions of nanomaterials to be synthesized can be well
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controlled in hydrothermal synthesis through liquid phase or multiphase chemical
reactions. Hydrothermal synthesis of nanoparticles allows the production of several
shapes and sizes of nanoscale particles such as nanorods, nanotubes, hollow
nanospheres, and graphene nanosheets.

The Co[RE]o.1Fe1.904 nano-sized ferrite compounds were synthesized following the
glycol thermal procedure using a stainless steel pressure reactor vessel with 500 ml
volume (Watlow series model PARR 4843) from high purity metal salts and ammonium
nitrate precursors under continuous stirring (30 minutes). These RE being rare-earths
La, Ce, Nd, Sm, Gd, Er, and Yb. The appropriate stoichiometric amounts of metal
chlorides were mixed in de-ionized water. The pH of about 10 was achieved by adding
ammonium nitrate solution dropwise to the metal chloride mixture. These clean wet
precursors were dispersed in 250 ml of ethylene glycol and stirred. The stainless steel
pressure vessel was heated to 200 °C under very high pressures i.e. 9.65 bars for 6 h.
Subsequently, the resulting precipitate was then thoroughly washed a series of times by
de-ionized water and finally alcohol to remove the chloride ions. Whatman glass
microfiber filters were employed during the washing of the precipitate to get fine
nanoparticles. The presence of chloride ions in the filtrate was detected by silver nitrate
standard solution. The precursor solution was allowed to cool down to room
temperature and the subsequent product was filtered and washed using de-ionized
water and alcohol. The products were dried in an oven at 90 °C over-night and then

annealed at 500 °C for 1 h.
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3.2. CHARACTERIZATION TECHNIQUES

Characterization techniques are the cornerstone of probing properties of materials in
experimental condensed matter physics. The properties of matter physics that are of
interest implore to investigate surface morphology and topography, crystalline size,
particle distribution, elemental composition and atomic structure imaging, to name a
few. The characterization methods to be used are XRD, XPS, RBS, BET, HR-TEM,
SEM, PL and Kenosistec Gas Sensing. This chapter deals with key characterization

techniques employed in this study.

3.2.1. XRD (X-Ray Diffraction)

There are various characterization techniques that are used in the field of
condense matter to investigate structural, morphological, electrical, optical opt electrical,
particle size, shape, thermal and chemical stability properties etc, and possible
applications such as gas sensing of the synthesized material. In this study the phase
structures of the synthesized materials were characterized by X-ray diffraction (XRD)
Bruker Advance D8 instrument using a Cu-Ka radiation source at a scan rate of 0.3° per
minute. X-Ray diffraction (XRD) is a method that may be used to obtain information
about the chemical composition and crystallographic structure of materials [11]. It is
non-destructive. One may obtain both qualitative and quantitative information when
using this method [14].

In qualitative analysis the identification of a phase or phases in a specimen is
obtained by comparison with a reference pattern (i.e. published in standard tables), and

relative estimation of proportions of different phases in multiphase specimens is done
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by comparing peak intensities attributed to the identified phase. The quantitative
analysis of diffraction data involves the determination of amounts of different phases in

multi-phase samples [11, 14].

In quantitative analysis, one tries to determine structural characteristics and phase
proportions with quantifiable numerical precision from the experimental data itself. The
most successful quantitative analysis usually involves modeling diffraction pattern such
that the calculated pattern(s) duplicates the experimental one. This quantitative analysis
requires precise and accurate determination of the diffraction pattern for a sample in

terms of both peak positions and intensities [12, 13].

3.2.1.1. Generation of X-ray

X-rays are generated using an X-ray diffractometer that is mainly made up 3
components namely an X-Ray source, a sample stage and a position sensitive detector
presented in Figure 3.1 below [11, 12]. X-rays are produced from the interaction of high
energetic electrons with the metal target [11, 14]. An X-ray tube producing machine has
a source of electron, a high accelerating voltage and a metal target. The x-ray tubes
contain two electrodes, an anode (the metal target) usually maintained at ground
potential, and cathode maintained at negative potential. The tube is run at a high
voltage of about 30 kV to 50 kV [11, 14]. If the beam of electrons interacts with target,
this results in loss of energy. The continuous spectrum is formed when the high energy
electrons are slowed rapidly by multiple collisions with the anode material, which gives

rise to white radiation called Bremsstrahlung [14].
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Figure 3.2.1: The Bruker D8 Advance XRD instrument at IThemba Labs. (1) X-Ray

source, (2) sample stage and (3) position sensitive detector.

X-rays are electromagnetic radiation and as such have properties of both waves and
particles. The energy of an incident wave of an X-ray can be found using Equation 3.1

[14].

E=hf =25 .31

Where, E is the energy of the incident X-ray beam in Joules (J)

, h is Plank’s constant to the value of 6.63 x 107 34].s71

, f is the frequency of the incident light in Hz

, ¢ is the speed of light in a vacuum valued at 3 x 108m.s™?!
, £ is the wavelength of the incident beam in m

By substituting the values of the constants in equation 3.1, one obtains Equation 3.2,
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[2] which expresses the wavelength in electron volts (eV).

12.4
E(eV)

A= 3.2

Since the X-ray machine produces x-rays over a wide spectrum of wavelengths, a
grating is used to isolate and project forward only one wavelength. When such a
monochromatic X-ray beam with wavelength A is impinges onto a crystalline material at
an angle 6, constructive interference occurs only when the distance travelled by the
rays reflected from successive planes differs by an integral number n of wavelengths to

a detector placed at angle 6, normal to the sample or material surface.

Since atoms are arranged periodically in a lattice, x-rays scattered from a crystalline
solid can constructively interfere and produce a diffracted beam through these atoms
[13, 14]. In 1912, W.L. Bragg recognized the predictable relationship among several
factors and those factors were combined in Bragg’s Law:

nA =2dsin@ .33

where, n = an integer 1, 2, 3...etc [n=1 for calculations]

A = the wavelength of the incident X-radiation, symbolized by the Greek letter lambda.

0 = the diffraction angle in degrees

d = the distance between similar atomic planes a mineral, which called d-spacing and
measured in angstroms. If one varies the angle 8, then one can access different d-

spacings in the crystal as the Bragg condition for each become satisfied. Plotting the
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angular positions and intensities of the resultant diffracted peaks of radiation produces a
pattern, which is characteristic of the sample. Where a mixture of different phases is
present, the resultant pattern is formed by a simple addition of individual patterns [13,

14].

A crystal lattice is a regular three-dimension distribution (cubic, rhombic, etc.) of atoms
in space. The arrangement of the atoms form a series of parallel planes separated from
one another by a distance d, which varies according to the nature of the material [17].
For any crystal, planes exist in number of different orientations and each with its own

specific d spacing. The lattice parameters can be calculated from the following equation:

(1/d2a) = {(h2/a2) + (K2/b2) + (PIc2)} .34

where hkl and dnw are the planes and d-spacing between the planes, respectively [14].

The phase identification using x-ray diffraction depends on the positions of the peaks in
the diffraction profile with relative to intensities at some extent. Another important aspect
of the diffraction from the material is to consider how diffraction peaks change through
the presence of various types of defects such as small number of dislocations in
crystals with dimensions in millimeters. The defects can be caused by the small grain
size, which can change diffraction peak widths. The crystallite size is calculated as a
function peak width (i.e. full-width at half maximum peak intensity, FWHM) peak position

and wavelength [17, 20].

3.2.1.2. Scherrer’s Formula

For a material that has a thickness ® measured in a direction in the direction

perpendicular to a particular set of Bragg planes as shown in Figure 3.2.2 [14]. Let
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there be (m+1) planes in this set. Let the Bragg’s angle be variable and let 88 the angle

which satisfies Bragg’s law for the particular values of A and d-spacing involved:

A=2dsin6, .35

The rays A, D...M make the angle with Bz the diffraction planes, shown in Figure 3.2.2

Figure 3.2.2: The effect of crystal size on diffraction

Incident x-rays that make angles with slightly difference with B8 produce incomplete
destructive interference. For example, ray B makes a slightly larger angle 61, such that
L’ from mth plane below the surface is (m+1) wavelengths out of phase with B’, the ray
from the surface plane. The intensity of the diffracted beam at an angle 26+ is equal to
zero. The angle 202 is also equal to zero, where 62 is such that ray N’ from the mth
plane below the surface is (m-1) wavelengths out of phase with ray C’ from the plane.
This defines that the two limiting angles, 2081 and 262, at which the diffracted intensity
must drop to zero [14, 17, 20]. The curve of diffracted intensity vs. 26 shown in Figure

3.2.3a and contrast in Figure 3.2.3b, which the hypothetical case of diffraction occurring
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only at the exact Bragg angle. The width of the diffraction curve of Figure 3.2.3a
increases as a thickness of the crystal decreases, because the angular range (261-202)
increases as m decreases. The width B is usually measured, in radians, at an intensity
equal to half the maximum intensity (FWHM). The estimated grain size is calculated

from the measured width of the diffraction by using the Scherer’s formula:

2
Bcos, .36
094
or, Bcost, .37

a value 0.9 or 1 is used depends on shapes of the crystallites.
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Figure 3.2.3: The effect of fine crystallite size on diffraction curves
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3.2.2. BET (Brunauer-Emmett Teller) Theory

The BET method explains the physical adsorption of gas molecules on a solid surface
and is one of the popular characterization methods in nanotechnology. Adsorption can
take place in two processes, namely physical adsorption and chemical adsorption [20].
The physical adsorption is due to the van de Waals forces between the gas-solid
phases; while in chemical adsorption is caused by the interaction between the solid and
the adsorbate gas [20, 24]. Physical measures certain properties of a specific surface
area of materials and the process is known as physisorption [24, 25]. The amount of
adsorbent gas is correlated to the surface area of the adsorbent material [20]. Factors

that influence the amount of adsorption are temperature, pressure, the type and nature

of a material to mention a few.
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Figure 3.2.2.1: Factors that affect the amount of adsorption are pressure, surface area
and pore size. The larger the pore size, the more adsorption will take place. The higher
the pressure of the adsorbent gas results in higher the adsorption. The higher the

surface area results in higher amount of adsorption [20].
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This characterization technique is particularly important for this study because sensor
materials must be good adsorbents of the target gas and insight is given to properties
such as reaction time and recovery time. This adds to determining the reliability and the
effectiveness of the sensor material. The BET theory is commonly applied in metal
organic frameworks (MOFs) because they are highly porous although it has a
disadvantage of not always accurately measuring the surface area, especially for large
area MOFs due to the porosity of these materials. Surface area estimations are derived
from gas adsorption isotherms at a B.P. of an adsorbent gas. N2 is the most commonly
used gas although there have been instances where Ar and CO2 have been

successfully used [26].

3.2.2.1. The Process of Adsorption

Consider a porous sample that has pores of different sizes on the surface. This would
require that before any analysis is done on the sample, degassing be done to remove
any gases that may be trapped in the pores. A gas of choice, known as an adsorbent is
exposed to the sample which will be called the adsorbate. In most experimental cases,
N2 is used [26, 29]. The sample surface and the walls of the pores will be covered in
adsorbent gas particles. This is known as a monolayer if the thickness of the layer of
adsorbent gas is a single atom thick and given the volume of the monolayer, the surface

area covered by the adsorbent gas can be calculated [29].

For a hypothetically non-porous surface exposed to an adsorbent gas at a

pressure below atmospheric pressure, the gaseous particles will come into contact with
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the adsorbate. Some of these gaseous particles will rebound into the area with the
adsorbant gas, while others will momentarily remain in contact with the surface in which
case, we say they have been adsorbed by the surface. These particles are held on the
surface of the sample by weak van de Waals interactions and after a while when
equilibrium has been reached, they will spread across the surface in a closely packed
fashion [20]. This type of adsorption is the physical adsorption and has an enthalpy of
adsorption that ranges lower than 50kJ.mol" [20, 24]. Some of the adsorbent gas
particles that rebound from the surface of the sample may be caused by the movement
of the sample or may be dislocated by other adsorbent particles bombarding the sample

surface [26].

In reality, adsorption does not take place in a monolayer interface but commonly takes
place in a multi-layered surface. In a multi-layered surface, more than one layer of
gases is adsorbed and not all of the layers are in contact with the surface of the sample

[26, 29].
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Figure 3.2.2.2: Different layers of adsorption with an increase in pressure, subsequently

increasing the surface area in which adsorption takes place [20].
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3.2.2.2. Experimental Process of BET Theory

This experimental method is popular for the physisorption and sorption of gases on
porous surfaces and mesopore characterization ranging from 2 — 50nm [24, 26]. The
apparatus for carrying out the BET characterization includes a sample holder, a Dewer
connected to an output system with software that interprets the results in a series of

tables and BET plots.

The sample is placed inside a sample holder. The sample holder is a glass tube
that has a shape of a small closed bubble at the one end [20, 24, 26]. It is important that
the sample is fully contained in the bulb. Thermal pretreatment of the sample is done at
120° C in a vacuum to 100mTorr, at a pressure of 1 atm for 3 hours [29]. These
conditions are related to the thermal ability of the sample. The sample holder is
connected by a tube to the vacuum and placed in the oven. The reason for placing it in
an oven is for degassing all the physisophist species, such as H20 and CO2 from the
surface of the sample as well any gas that may be stuck on the sides of the surface
holder. A glass tube is inserted into the sample holder to reduce the empty volume and
a rubber rod is slid to the middle of the sample holder to maintain the isothermal
conditions throughout the experiment. The sample holder is then connected to the BET

instrument [24, 25].
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Figure 3.2.2.3: The BET instrument

The BET machine (Dewer) is filled with liquid nitrogen, where the sample holder
will be submerged into. Physisorption requires very low energy levels, hence the
operating temperature is 77 °K and this is why low temperatures must be maintained
[20]. The low temperature causes the condensation of the adsorbent gas onto the solid
[25, 26]. The duration of the experiment depends on the surface area of the sample
such that the larger the surface area, the longer the analysis of the surface area will

take [10].

A tank of a known volume found in the BET instrument, called the manifold, is
filled with N2 gas. The valves leading up to the sample holder are opened to allow N2
gas to be filled up in the sample holder. The amount of adsorbent gas on the surface is

measured and analyzed in an adsorption isotherm curve. N2 gas is more suitable
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because it is diatomic, non-spherical and has a quadruple moment [26, 29]. All these
properties are the reason behind all adsorbate surfaces being non-equivalent, and the
adsorbate will be preferentially adsorbed in certain pore sites and may be resident for

longer [29].

calibrated Manifold
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pV =nRT

= lce/Water 273 K
= Acetone/Dry Ice 196 K Pressure p and temperature T are measured.
The calibrated volume Vis constant.

= Circulating bath
= CryoSync: 82 K- 100 K

Figure 3.2.2.4: A set- up of the BET apparatus

A data table is produced by software to analyse the adsorption rate has the independent
variable as the relative pressure versus the volume of the adsorbed gas at STP as the
dependent variable [20, 25]. The relative pressure is the pressure of the N2 gas that is
being pumped into the system in an increasing fashion relative to the atmospheric

pressure.
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Figure 3.2.2.5: The adsorption/desorption BET plots.

The volume of the adsorbed gas can be calculated using the BET equation for a linear

plot [20, 24]. The BET equation is represented in Equation 3.8 below.

P 1 (c-1) P

= : ...3.8
Vo (P,—P) VinC VinC P,
_ 1 — m
Where, V, = — and C=1+ >

The BET equation may be rewritten as Equation 3.9 below.

P

Py 1 c-1 P
o — (D ...3.9
n(1- P_) N C N, C P,
o

Where,nm:% and C=3+1

STl 1

P . . .
L the specific relative pressure.
a

n,, is the monolayer capacity

C is the BET constant value.
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The BET surface area can be calculated from knowing the monolayer adsorption gas

volume using Equation 3.10.

Sper = nnI;OL;m ...3.10

Where, L is Avorgado’s number

o,, is the molecular cross-sectional area of the adsorptive gas (usually 0.162 nm2 for

N2. m is the mass of the sample.

I is the molar gas volume of the adsorptive at standard temperature and pressure
(STP).

The BET, C, value can be explained as a function of the enthalpy of adsorption of the

adsorbates to the sample surface and can be calculated using Equation 3.11 [25, 26].

Cx e (ﬂ) ...3.11

RT

Where, q, is the heat of adsorption of the first adsorbed layer
q, is the heat of liquefication of the adsorbate
R is the Ideal gas law constant and R is the operating temperature

Adsorption is an exothermic process which causes the C value to always be positive,

and this can be shown in the regression line plotted in Figure 3.9. This plot shows the

adsorption/desorption isotherm ranges which is recorded to be 0.35 (Pﬂ) for a monolayer

[20]. For porous surfaces, a lower pressure range may be used.
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Calculation Chart of BET Surface Area
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Figure 3.2.2.6: The BET Transform plot.

When the relative pressure in the system reaches a pressure of 1atm, the desorption
process starts and an adsorption/desorption curve can be produced from the pressure
versus the volume of adsorbed/desorbed gas data. The slope of the BET equation can
be used to calculate the surface area, up to a pressure of 0.35 atm in m?/g of the

sample [20, 26].

3.2.3. Scanning Electron Microscopy (SEM)

Scanning electron microscopy is the most widely used techniques to study surface
morphology, microstructure analysis, chemical composition, elemental mapping and
chemical composition [13]. The scanning electron microscope images the sample

surface by scanning it with a highly focused beam of electrons [16, 17].

The interaction of electrons with the sample ranges from a few nanometres to
micrometres, depending on the properties and sample types, results in backscattered

and emitted secondary electrons. The SEM functions in the following concepts:
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e Uses beam of electrons instead of light to form an image.

e Image displayed on TV screen.

¢ Provides two dimensional image of sample surface with a large magnification.
e Large depth of field allowing more of a specimen to be in focus.

e Sample is placed in the chamber at lower level.

The SEM is made of an electron source, usually made from a tungsten filament and an

emission gun, lenses, a scanning coil, a vacuum sample chamber and detectors.

Figure 3.2.3.1: Scanning electron microscopy at University of Zululand.

The SEM uses magnetic lenses to direct a high energetic beam of electrons
towards the direction of specimen. Radiations are collected by the detectors in the
chamber and are displayed on the screen. The final image presented on the screen;

gives details about the sample's morphology, topography, crystallographic arrangement
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and element composition. The advantage of SEM is that it provides a clear image of the

surface morphology at microscopic level which is similar to a normal photo [16, 17].
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Figure 3.2.3.2: Schematic diagram representation the basic components of SEM [23].

The Figure 3.2.3.2 below represents the interaction produces a variety of radiation

signals from the surface of the specimen.
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Figure 3.2.3.3: Schematic demonstration of the interaction of incident beam and

radiation signals generated during interaction [23, 25].

The several signals generated during the primary electron beam specimen
interaction, the two signals: (a) secondary electrons and (b) characteristic X-rays were
collected by detectors to form the image of the sample on a screen. These signals come
from the beam of electrons striking the surface of the specimen and interacting with the
sample. Interactions between the electron beam and the sample’s electrons causes
shell transitions which results in the emission of secondary electrons by inelastic
scattering and the emission of electromagnetic radiation (characteristic X-rays). During
inelastic interactions between incident electrons and sample’s electrons, the electrons
lose much of their energy and the result of this process is the emission of low energy

electrons termed secondary electrons [41, 42].
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3.2.4. Testing Gas sensors using a Kenosistec Gas Sensor Tester

The suitability of Co[RE]Fe203 thin films as gas sensor materials can be determined
using a Kenosistec Gas Sensor. Semiconductor gas sensors which are primarily made
from metal oxide materials, detect gases by a chemical reaction that takes place on the
surface of the semiconductor when it comes into direct contact with the gas [21]. SnO2
is one of the most popular materials that is used as a semiconductor in gas sensors.
There is currently a huge effort to find other semiconductors that may be used as gas
sensors —hence this work on the nanoferrite materials [21, 27]. In order to test that a
sensor functions properly a gas sensor tester is required. In this work we use a

Kenosistec Gas Sensor Tester bought from Italy presented in Figure 3.5.1 below.

-

Figure 3.2.4.1: A Kenosistec Gas Sensor Tester of the Physics Department, University
of Zululand.
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The Kenosistec Gas Sensor Tester is able to simulate different environmental
conditions under which a gas sensor is likely to be used. These simulated conditions
include temperature, humidity and gas concentration. In order to obtain these
conditions, the system uses volumetric dynamic mixing for gases that come from
cylinders and uses mass flow meters to measure and control gas concentration [27,
31]. Following this method one can avoid pollution problems from the outside
environment (when testing a sensor), and can rapidly change gas concentration in the

test chamber in order to measure response time.

It is possible to create vapours from compounds that are liquid at room temperature by
heating the relevant liquids and then mixing the resulting vapours with dry air or with
humidified air at a desired temperature. The saturated humid air is obtained by making
synthetic air flow from the MFC through a blubber at a desired temperature. The air is

introduced in the climatic chamber at a temperature, Tchamber < Tgas [21, 27].

A condensation serpentine allows the excess vapour to condense so that the remaining
flow is saturated. An output flow meter allows for the control of inflow and outflow. It is
therefore possible to generate a gas from a liquid precursor, such as alcohol, using a
second blubber with a different (and independent) temperature and a second condenser
[27]. A pumping system composed of a dry scroll pump and a turbomolecular pump is
used to clean the test chamber and introduce new gas mixtures at different working
pressure [27]. Inside the climatic chamber there is a “degassing” chamber — a
rectangular stainless steel chamber (20 litres) to insert degassing samples and fluxed

by air controlled by mass flow meters. The chamber is supplied with gases from gas
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bottles using stainless steel pipes and gas flow is measured using Mass Flow

Controllers as shown in Figure 3.2.4.2 below.

Figure 3.2.4.2: Gas distribution panel showing Mass Flow Controllers.

Gas Sensors are mostly affected by humidity. It is therefore important to test the
functioning of a sensor under different humidity conditions. The test has a thermostatic
bath which may be used to generate and control humidity in the test chamber [32].

There is a humidity sensor in the test chamber to measure humidity levels.
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Figure 3.2.4.3: Thermostatic bath for generating humidity.

One may require to do gas sensing of vapours from a volatile liquid such as acetone. In
that case it is important to generate a steady flow of vapour to the chamber [33]. One
also must be able to control the concentration of the vapour reaching the chamber. This
is done by a changing the temperature of the thermostatic bath and also by mixing the

vapour with dry air [32, 33].

Figure 3.2.4.4: Internal

view of the solvent bath for generating vapours from volatile liquids.
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A Gas sensor under investigation is placed inside a chamber presented in Figure
3.2.4.5. It is made of stainless steel. The volume of the chamber is less than 500 cc to

allow for rapid change in process conditions [31, 33].

Figure 3.2.4.5: The climatic test chamber.

It is possible to evacuate the chamber. A pressure of 1x10° mbar may be reached. The

pumping system consists of:

e Adry scroll pump
e A turbomolecular pump, 10l/s

e Pirani and other gauges (1 atm to 10-° mbar) [33, 34].

One may also analyze gases on the exhaust side i.e. after they have interacted with the
gas sensor. The RGA allows one to figure the gases at the output side of the Tester and

therefore figure out the process [33, 34].
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Figure 3.2.4.7: A special “de-gassing” chamber for solids (shown by means of a yellow

arrow).
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3.2.5. High Resolution Transmission Electron Microscopy

High-Resolution Transmission Electron Microscopy (HRTEM) is a characterization
method that deals with direct imaging of the atomic structure of samples. HRTEM
delivers the most informative structural information in order to characterize materials
down to their atomic organization. The information given by the image quality is
dependent on the influence drift vibrations [15]. The HRTEM have Drift Corrected
Frame Integration (DCFI) which is a method within the Thermo Scientific Velox Software
that overcomes challenges of image quality by producing high contrast and high signal-
to-noise ratio [15, 17]. This ensures that the collected images are of reliable high

resolution and simultaneous imaging of light and heavy elements [18].
3.2.5.1. The components of a HRTEM device

The HRTEM device is consists of 3 main components, namely the electron gun,

an image producing system and an image recording system [20, 23].

Electron gun

Condenser aperture

Objective aperture Specimen port

Intermediate aperture

Fluorescence screen

Figure 3.2.5.1: Typical illustration of transmission electron microscope and its

components
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3.2.5.1.1. The Electron Gun

The electron gun produces an electron beam and has a condenser system which
will focus the beam of electrons onto the sample [17]. The condenser lens system is
found between the electron gun and the sample. It controls the intensity and the angular
aperture of the beam. A single lens may be used in the condenser lens system to
converge the beam although a double condenser is usually used [18]. In a double
condenser, the first lens produces a reduced image of the source which is imaged by

the second lens onto the source [17, 18].

3.2.5.1.2. Image Producing System

The Image Producing System has an objective lens, a movable sample stage,
objective intermediate and projector lenses [17, 18]. All of these focus the electrons
passing through the specimen to form a highly magnified image. In the image producing
system, the sample is placed in a sample holder on the movable stage [17, 18]. The
focal lens is approximately 1-5mm focal depth and produces a real and intermediate
image that is further magnified by the projector lens [17]. A single projector lens is able
to provide a range of magnifications to a ratio of 5:1 but by using interchangeable pole
pieces in the projector lens, the range of magnifications may be further expanded [17,

18].

Modern instruments use two projector lenses for a wide range of magnifications of
which the maximum magnification is 1000 x 250000 for image stability, quality and

brightness [15].
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Figure 3.2.5.2: The image producing system of the TEM.

3.2.5.1.3. Image Recording System

The image recording system converts the electron image into some form of image
that is familiar to the human eye. The system has a fluorescent screen for image
viewing and also for focusing on the image [15, 17, 18]. It also comes with a digital CCD
camera for image records to be permanently kept on the system. The HRTEM also has
a vacuum system consisting of pumps and their respective gauges, valves and power
supplies [17, 18]. Electrons from the beam gun readily scatter when emitted and have a
mean free path of ~ 1 cm at atmospheric pressure, while in a vacuum at a pressure of
107° Pa, their mean free path can go up to 6.5 cm [15]. The vacuum also provides
insulation between the anode and the cathode, as well as the area around the magnetic
field emitters. This prevents the discharge of the electron gun. The vacuum not only
eliminates oxygen around the filament to prevent oxidation and burning out of the
filament. It also prevents contamination of the sample by decreasing the interaction

between the electron beam and molecules of the gas [17, 18].
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3.2.5.2. Functioning of a HRTEM

The HRTEM method is used to characterize surface structure and the surface
morphology of crystalline structures without damaging the surface. It functions by
producing a high electron beam that is emitted from a tungsten filament known as the
cathode by electrical heating [15]. The electrons are accelerated towards the anode
made up of magnetic lenses and pass through the aperture. The beam is transversed
through the aperture and moves through the electromagnetic condenser, objective,

intermediate and projector lenses [17, 18].

The electron beam interacts with the specimen such that a part of the beam is absorbed
by the sample while another part of the beam is scattered and transmitted through the
objective aperture [17]. The transmitted part of the beam is the projected by the
projector lens, after being corrected by the intermediate lens, onto the fluorescent
screen. The image can thereafter be viewed by built-in optical binoculars attached to the

viewing window [18].

The magnetic lenses magnify the image to show the spatial variations in the image until
it is recorded by the fluorescent screen [17,18]. The contrast is produced by the
HRTEM scattering instead of the absorption [17, 18]. HRTEM uses 2 main processes to
produce an image, namely digital image processing and lattice fringe characterization

[25].

3.2.5.3. Digital Image Processing

Digital Image processing is a useful tool in HRTEM for investigating layer

thickness and the quality of interfaces in multilayered systems [25, 27]. It uses a
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number of processes from negative transformation, Region Of Interest (ROI) selection,
contrast enhancement, Gaussion compass filter, top-hat transformation which is used to
correct uneven illumination across an image, clearing fringes on the ROI borders,
skeletonization, removing short fringes that lack physical meaning. All these operations

are defined by a series of equations to be later discussed.

3.2.5.4. Lattice Fringe Characterization

This method generates statistics on fringe length, tortuosity and separation based on
the skeletons of the thin film layers where fringe length and tortuosity are automatically
obtained from skeletal features [25]. Fringe separation is also performed by manually

selecting the fringe pairs [27].

3.2.6. Photoluminescence (PL) Spectroscopy

Photoluminescence is a non-destructive and contactless characterization
technique that gives insight to optical properties of a material [24]. Any source that
emits radiation because of its high temperature is said to exhibit incandescence. All
other sources of light emit luminescence and when this takes place, the system loses
energy. If the emission is to be continued, there must be a continuous supply of energy
to the source [26]. There are different types of luminescence such as radio
luminescence that is emitted from high energy particles from radioactive materials,

electron luminescence derived from an electric current to an ionized gas, chemi-
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luminescence which emanates from chemical reactions and bioluminescence which is

derived from living organisms.

3.2.6.1. Characteristics of Photoluminescence

The emission of light from the surface of a material after UV-Vis absorption is
called photoluminescence. The emission is caused by photons, hence the phrase
“‘photo” in the term photoluminescence. In order for this phenomenon to be better
understood, the electromagnetic spectrum is brought up. The visible, ultraviolet up to
the microwave range of incident rays are the most widely used for PL characterization

because they each provide different types of insight to the analyte molecules [24].

The microwave region is associated with rotational spectroscopy while the visible and
UV region is associated with the molecular electronic excitation transitional
spectroscopy [24, 26]. The X-ray region is associated with bond breaking and ionization
spectroscopy [1, 16] and it is for these reasons that UV-Vis are most suited as incident
light if properties such as the recombination process, band gap deduction, materials and

impurity and defect detection [30, 31].
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Figure 3.2.6.1: The electromagnetic spectrum showing the different characteristics of

photoluminescence.

3.2.6.2. Photoluminescence Instrumentation and lllustration

The main components of photoluminescence (PL) instrumentation include a light
source, a monochromator, gratings, slits, shutters, a sample compartment and some

detectors.
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Figure 3.2.6.2: A schematic diagram of photoluminescence instrumentation.

The source of illumination must be a continuous one, hence a xenon arc lamp

whose light is accumulated from a diamond turned elliptical shaped mirror is used. The
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monochromator has an entrance slit where the excitation is expected to take place.
There are two monochromators, namely the excitation and emission monochromator,
which use reflective optics to produce the photoluminescence (PL) spectra, and also
reduce spherical aberrations and re-diffraction [28, 29]. Gratings are found in the
monochromator and they are used to disperse the incident light through the grooves
which are positioned vertically. In order to overcome the oxidation of the gratings, it is
covered with MgF2[29]. There are very flexible slits that are found at the entrance of the
monochromator and they determine the band-pass of the incident light. This is
determined by the width of the slits while the emission monochromator slits are
responsible for the fluorescence intensity signal [30, 31]. There are also shutters that
are found at the end of the monochromator exit slit and they are used to shield the
sample from photo bleaching or photo degradation that may be caused by the long
exposure to light. The sample compartment has several optional attachments in the
form of bundle optic fibres to direct the excitation beam to the sample and also bring

back the emission beam to the emission monochromator [29].

There are two types of detectors found in the PL spectrometer, namely the signal
detector and the reference detector. The signal detector is based on photon counting,
which is an R928P photomultiplier tube that directs to a photon counting module [31].
The reference detector monitors the xenon lamp for correction of the wavelength and
time dependent output if the lamp. It has a photodiode made of silicon placed just

before the sample compartment [31].
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Figure 3.2.6.3: A flow diagram of the movement of light to producing PL spectra.

3.2.6.3. Characteristics of Photoluminescence

The wavelength of photoluminescence (PL) is always higher than the wavelength
of the incident light and this is known as the Stokes shift phenomenon [24]. The
phenomenon of photoluminescence is directly proportional to its absorption, which is in
turn directly proportional to the wavelength of the emitted light [24, 26].
Photoluminescence is also sensitive to a number of factors which may change or even
disappear under certain conditions. The emission spectra of PL show emission
frequencies of electromagnetic radiation for a photoluminescent material, due to an
electron in a material making a transition from a higher energy level to lower energy
levels [28]. PL lifetime refers to the radiated emission of light from the molecules after

excitation.

3.2.6.4. Fluorescence and Phosphorescence

Photoluminescence can be divided into two processes, namely phosphorescence

and fluorescence. Fluorescence is a PL emission that brings rise to a single electron
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state and can only be observed when the source is shown under a radiator [28, 29].
Phosphorescence is a PL emission that brings about a triplet electron state [28].
Emissions from this state have a range that is 1000 times larger than of the

fluorescence, and therefore can be observed after excitation radiation is removed [29].

Absorbance
Fluorescence

> Phosphorescence
o=

v

c

]

oot

c

e

Figure 3.2.6.4: A plot of the stages of absorbance, fluorescence and phosphorescence

wavelengths versus intensity.

In order for PL to take place, UV-Vis of a certain wavelength are impinged on the
surface of the material. This radiation is absorbed by the material and the electrons
inside the material are excited from ground level known as “homo” level, commonly
known as the valence band which is full of electrons. The electrons are excited to a
‘lumo” level, commonly known as the valence band which is empty [37, 38]. The
electrons come down from the excited state back to the ground state, also known as
equilibrium, after they lose energy through emission. The de-excitation of electrons may
come about in two ways. When the electrons lose energy through emissions in stages,
it is when fluorescence takes place and the energy of the incident light may be

calculated using the Equation 3.12 below:
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The wavelength of the emitted light is observed to be greater than that of the incident
light [28]. As electrons orbit the nucleus of any atom, they do so in energy levels and
sub-levels. They also orbit in pairs and opposite spins. In fluorescence, when excitation
takes place, the direction in which the electrons spin does not change. They will spin in
opposite direction even if one of the electrons moves to a higher excitation energy level
[26]. This is what brings about the single electron state mentioned above, which has a
shorter lifetime than phosphorescence. This comes from Hund’s rule of multiplicity
where the net spin is 0, giving a multiplicity of 1 [24]. In phosphorescence, the electron
that gets excited will have the same spin as one that is left in ground state and its
multiplicity rule becomes 3, bringing about the triplet electron state which has a longer

lifetime [24].
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Figure 3.2.6.5: The principle of PL at atomic level.
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3.2.6.5. Applications of Photoluminescence

The most common and main applications of PL include the recombination process,
identifying material quality, impurity and defect detection and determination of the band
gap. Pl is useful in determining the purity and crystallinity of semiconductor materials
and the amount of disorder that may be found in the system [30]. The peaks of the
emission spectra give insight to whether there are any disorders in the formation of
particles of a certain material [30, 31]. When an electron gets excited to a higher energy
level, it eventually gets de-excited to ground state where it undergoes the recombination
process and with the aid of PL, such information about a material can be acquired [31].
Impurities and defects may also be found using PL spectra since the emitted light of the
defect or impurity will differ from the host material. The band gap of the material may be
found through PL by looking at the difference between the valence band and the

conduction band of the excited atom [31].

The Co[RE]o.1Fe1.904 nano-sized ferrite nanoparticles were synthesized using the glycol
thermal procedure where the rare earth metals were chosen from La, Ce, Nd, Sm, Gd,
Er and Yb. The characterization techniques included XRD, XPS, RBS, BET, HR-TEM,

SEM, PL and Kenosistec Gas Sensing.
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CHAPTER IV

4. RESULTS AND DISCUSSION

4.1. X-ray diffraction (XRD) and Surface Morphology

In order to investigate the effect of rare earth (Ce, Nd, Sm, Gd, Dy, Er, and Yb)
substitution in the CoFe204 ferrite octahedral sites, XRD was employed. Figure 4.1(a)
shows XRD patterns of the powdered samples of Co[RE]o.1Fe1.904 ferrites with
reflection 311 as the main dominant peak in the cubic structure and matches well with

JCPDS card no. 02-1045 of CoFe204, face-centred cubic.
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Figure 4.1. X-ray diffraction pattern (a) Co[RE]o.1Fe1904 substituted and (b)

corresponding crystallite sizes of the as-prepared rare earth substituted ferrites.
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The patterns show a single phase formation with the [RE]"™ substitution into the
ferrite with a space group Fd3m [13, 17]. The lanthanides substitution in octahedral site
of the ferrite may be affecting the overall crystallite size of the material. The crystallite
size was therefore calculated using the full-width at half-maxima (Ws11) of the 311 peak
using Scherrer’s equation [18]. Figure 4.1(b) shows the calculated crystallite sizes of
the Co[RE]o.1Fe1.904 ferrite compound with different lanthanides substituted. There was
non-linear behaviour observed in the crystallite sizes of the compound with rare earth
substitution in the increasing order of the [RE]** 4f electrons. This may be associated
with other behaviours of the rare earths salts that help in the ferrites crystallization and
nano-size formation during the synthesis. The possibility of assuming other oxidation or
valence states of these rare earths may also affect the compound crystallite sizes
because of the nature that comes with oxidation state dynamics associated with it.
However, both the Sm and Gd have the smallest crystallite sizes and Nd having the
largest crystallite size.

Figure 4.2(a-b) shows morphology and microstructures of the CoSmo.1Fe1.904
ferrite. This Co[RE]o.1Fe1.904 was substituted with 5% of various rare earths on the
octahedral site. Out of the seven (7) rare earths substituted in the host matrix of

CoFe204, the Sm shows long wires growing out of agglomerates particles.
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Figure 4.2.: Scanning electron microscope image of the CoSmo.1Fe1.904 micro-ferrite as

prepared without any post-treatment.

The effect of the rare-earths doping on the host material appeared to be on the
compactness of these particles or fine separate particles. The low [RE] 4f electrons rare
earths i.e. Ce, Nd, Sm, and Gd seemed to be having very compact nanoparticles close
together meanwhile the high 4f electrons such as Dy, Er, and Yb were forming fine
nanoparticles during synthesis. These morphologies are shown in Figure S1(a-f) of the
appendix section. However, the Sm-doped nanoferrite preferred to form thick and long
wires across the large surface. The SEM-EDS and elemental mapping spectrum of

Co[Sm]o.1Fe1.904 is shown in Figure 4.3.
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Figure 4.3.: (a) Energy dispersive spectrum (EDS) elemental mapping and the inset
showing an in-line scanning imaging of individual elements of the CoSmo.1Fe1.904 long

and thick wires. (scale bar 300 nm), (b-d) shows elemental mapping of individual
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element, Co, Fe, and Sm, respectively and (e) presents each elemental in-line surface

mapping. Note: La1 and Ka1 represent La1 and Ka1 electron shells.

Figure 4.3(a-d) indicates the presence of Co, Sm, Fe, and O elements that are
uniformly dispersed in their respective proportions, Sm being the least. The inset in
Figure 4.3(a) also indicates the line scanning pattern picking these elements Co, Fe,
and Sm in the structure. The detail line scanning is shown in Figure 4.3(e). It can be
seen that the edges contain less material with low elemental counts but as you move
across the material these elements, Co, Fe, and Sm, start to increase in terms of counts

or intensity.
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Figure 4.4.: a) HRTEM images of CoSmo.1Fe1.904 nanoparticles and the corresponding
inset showing the particles distribution. b) Selected area electron diffraction and the

inset of the corresponding HRTEM image.
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The line scanning goes across half a micron. It can also be seen that Fe is the
most dominant element followed by Co and Sm is the least. This is in agreement with
the fabricated material, CoSmo.1Fe1904. The theoretical atomic ratio of Fe:Sm is 19
which corresponds to the 5% doping of Sm to the CoFe204 structure. Moreover from the
EDS scanning results, the experimental atomic ratio of Fe:Sm is 17.992 which is very
close to the anticipated one. The combined EDS and atomic percentages are shown in
Table S1 of the appendix file.

Figure 4.4 shows the CoSmo.1Fe1904 as-prepared very fine particles. The
CoSmo.1Fe1.904 consisted of uniform and spherical particles with an average size of 6
nm (inset of Figure 4.4(a)). The other rare-earths substituted Co[RE]o.1Fe1.904 also
consisted of a similar spherical and uniform particle distribution as shown in Figure S1
of the appendix file. A selected area electron diffraction (SAED) pattern is shown in
Figure 4.4(b). It indicates that the CoSmo.1Fe1.904 nanoparticles were of polycrystalline
nature and the set of diffraction rings could be indexed to (220), (311), (400), and (422)
crystal planes of the CoSmo.1Fe1.904 nanoparticles and corresponding HRTEM in the

inset of the same figure.
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Figure 4.5.: Nitrogen adsorption-desorption isotherms and on the inset is the
corresponding  Barrett-Joyner-Halenda pore-size  distribution curves of the

CoSmo.1Fe1.904 nanopatrticles.

The porosity distribution and surface morphology are key features in the gas
sensing field as to gain insightful understanding of the carrier charges and gas
interactions. The BET surface area and pore-size distribution were investigated for
these Co[RE]o.1Fe1.904 nano-ferrites using nitrogen adsorption-desorption isotherms as
shown in Figure 4.5. The CoSmo.1Fe1904 nanoparticles N2 adsorption/desorption
isotherms are depicted in Figure 4.5 together in the inset showing the pore-size
distributions. All the rare earth based nano-ferrites exhibited a typical type IV adsorption
isotherm and are shown in Fig. S2 of the appendix file. The BET specific surface area
and pore size distribution of all the Co[RE]o.1Fe1.904 nano-ferrites are shown in Table

4.1. The rest are shown in Fig. S2 (a) of the appendix file.
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Table 4.1: Summary of structural information of the Co[RE]o.1Fe1.904 nanopatrticles.

Co[RE]o.1Fe1.904 | Crystallite Size | Specific-Surface-Area | Pore-Size
(nm) (m?/g) + 2.55 (nm) +

1.05

Ce 7.9+0.3 157.3 5.69

Nd 10.6 £ 0.5 92.9 6.40

Sm 6.2+0.3 147.4 4.03

Gd 6.2+0.3 159.5 4.02

Dy 91+0.5 122.5 5.99

Er 9.8+£0.5 110.0 6.52

Yb 7.0+04 130.0 3.68

The CoGdo.1Fe1.904 nanoparticles showed a largest specific surface area of 159.5
+ 2.55 m?/g followed by CoCeo.1Fe1904 and CoSmo.1Fe1.9004 nanoparticles, 157.3 and
147.4 + 2.55 m?/g, respectively, from the BET method. This could be attributed to the

compactness of the nanoparticles as observed in the SEM micrographs.

Figure 4.6 shows photoluminescence spectra conducted at room temperature for
the Co[RE]o.1Fe1904 nanoparticles ferrites. The photoluminescence emission (PLE)
spectra range from 383 — 554 nm after being excited by laser light of 325 nm. These
broad PL spectra after deconvolution fit two peaks corresponding to 414 nm (~3.0 eV)
and 439 nm (~2.82 eV) centres. The emission intensity seemed to be following the
same order of the [RE] 4f electrons from lowest to highest with the exception of the Er-

doped cobalt ferrite.
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Figure 4.6: Room temperature photoluminescence (Aexe = 325 nm) of the

Co[RE]0.1Fe1.904 nanoparticles.

The CoEro.1Fe1.904 nanoparticles showed the highest PL intensity and broadness
followed by CoNdo.1Fe190s4, CoSmo.1Fe1904, CoCeo.1Fe1904 and CoGdo.1Fe1.904,
respectively. The CoYbo.1Fe1.904 nanoparticles showed the lowest emission. However,
the CoCeo.1Fe1.904 nanoferrites showed an extra peak corresponding to deep violet or
ultraviolet centred at 373 nm (3.33 eV) at the expense of the 414 and 439 nm. It should
be noted that the PL spectra were not normalized. Only the Ce doped sample showed
an additional small peak near 373 (3.33 eV) nm. Ce®* ions are well known for their host-
dependent f-d emissions which often occur in the UV region [19]. They are also more
easily excited over a broader range due to the f-d excitation compared to the sharp f-f
transitions of most other trivalent lanthanide ions. The absence of characteristic

lanthanide ion emissions for the dopants in general (i.e. in other hosts these rare-earth
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containing compounds can give rise to complex energy emission processes such as
down- and up-conversions i.e. dual mode luminescent mechanism under different light
excitations) suggests that energy transfer does not occur from the host lattice to these
ions, while the Ce?* ions may have been directly excited at the laser wavelength of 325
nm. The Ce3* ions are expected by substitution in the host, although the formation of a
small amount of fluorescent impurity below the detection limit of XRD is difficult to
preclude. It is also relevant to note that iron group elements are considered to act as
quenching centres for phosphor luminescence in general [19] and this limits the

prospective outlook of increasing the rare-earth luminescence in these compounds.

4.2, Surface Chemical Composition

Figure 4.7 presents high-resolution convoluted XPS spectra of Sm-doped
CoFe204 ferrite. The survey spectrum is shown in Figure S6 of appendix fie. The XPS
spectra of the other rare-earths doped CoFe204 are also shown in the appendix support
file (Figure S6-7). Figure 4.7(a) shows the Sm 3ds2 binding energy spectrum, 1082.38
eV. This strong characteristic peak was attributed to the Sm3* identical to the Sm203
binding energy shift [54]. This 3+ valence state was a strong indication that the Sm3*
ions substitute the Fe in the octahedral site. The substitution of the Sm ions into the
octahedral site of Fe, SmxFe2x, and the abundance of oxygen vacancy led to the
oxidation of Fe3* into Fe?* ions. Figure 4.7(b) presents the O 1s deconvoluted spectrum
with asymmetric complex peak corresponding to three or four oxygen states, lattice
oxygen (Oiattice), 0Xygen vacancy (Vo), and chemisorbed oxygen (Ocads) and/or hydroxyl

group (Oads) [56-59]. Their corresponding binding energies and relative percentages
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were Olattice, 528.4 eV (29%), Vo/Ov, 529.9 eV (45%), and Oadgs, 531.5 eV (26%),
respectively. The other spinel ferrites belonging to this Co[RE]o.1Fe1.904 nanoferrites
group are shown in the appendix file as mentioned earlier. Their corresponding oxygen

components and integral-area percentages are depicted in Table 4.2.
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Figure 4.7: Convoluted XPS of CoSmo.1Fe1.904 of high resolution: (a) Sm 3d5/2
spectrum. (b), O 1s spectrum (c) Fe 2p, (d) Co 2p spectrum.
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It is interesting to note that the lattice oxygen responsible for the O-Fe, O-Co,
and O-Sm or O-RE was relatively less in percentage ratios as compared with the other
components of oxygen. The oxygen vacancies (middle peak) occupied largest
population in the cubic crystal of Co[RE]o.1Fe1.904 nanoferrites. The high binding energy

peak during the deconvolution sometimes comes with one or two peaks.

Table 4.2: Summary of oxygen components, Fe?*/Fe®*, and Co LMM of the
Co[RE]o.1Fe1.904 nanoparticles.

p-type Spinel { OL (%) | Vo (%) Fe?*/Fe** | Co
Ferrites LMM
CoCeo.1Fe1.904 16 56 0.33 18.3
CoNdo.1Fe1.904 12 62 0.43 11.7
CoSmo.1Fe1904 |29 45 0.28 14.7
CoGdo.1Fe1.904 15 65 0.39 10.7
CoDyo.1Fe1.904 44 47 0.40 12.8
CoEro.1Fe1.904 26 46 0.41 9.5
CoYbo.1Fe1.904 31 47 0.37 12.2

*0O s represents peaks of chemisorbed and hydroxyl group (Oc+ OH-)

ad

These were attributed to the chemisorbed and/or hydroxyl (-OH) group as shown in
Table 2. Figure 4.7(c) shows the deconvoluted high resolution of the XPS spectrum
corresponding to Fe 2p Fe®"2* (Fe3*Fe2?*O4 spinel) binding energies tail of 709.6, &
7124 £ 0.1 eV and 723.3 & 729.2 £ 0.1 eV, to, Fe 2p32 and Fe 2p1/2 spin-orbit doublets,
respectively [54, 55]. The satellite peak of Fe3* was observed at 716.5 eV between
these spin-orbits. Both the major and minor peak Fe3* ions occupy the octahedral and

tetrahedral sites, respectively. The area-percentages of each valence state were given
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in Figure 4.7(c) for this CoSmo.1Fe1.904 nanoferrite. Meanwhile the rest of the
Co[RE]o.1Fe1.904 are shown in Figure S6-7 of the appendix. Normally, the shift into
higher binding energy signifies that Fe3* was reduced into Fe?* [56]. Similarly, Figure
4.7(d) shows two major core doublet peaks for Co 2p spectrum deconvoluted with their
satellites at binding energies, 780.1 £ 0.1 & 785.5 £ 0.1 eV (2p32) and 795.3 & 802. 1 +
0.1 eV (2p112), respectively [ 57, 58]. The difference in energy splitting between these
spin-orbits, 2p32 and 2p1/2, was about 15.2 eV. This suggests the existence of both Co®*
and Co?* ion states [57]. This is true given that these type spinel ferrites are p-types
dominant carrier charge and well known as inverse spinel ferrites [59]. In normal spinel
ferrites with a cubic unit cell such as A?*B23*04, the A-tetrahedral sites (8 units) are
occupied by divalent ions and 16 octahedral B-sites are occupied by trivalent ions [57-

59]. The former spinels contained site sharing,

[C02+:Fe3+)A((Co3+:Fej_;:Smgj)B]()4_V() .These oxidation/reduction processes and the

large abundance of oxygen vacancy favoured this site charge sharing in these p-type
ferrites. There is a lone peak feature at 772.3 £ 0.1 eV binding energy which can be
attributed to Co LMM Auger peak observed for all the cobalt based ferrites with the
CoCeo.1Fe1.904 having the highest Auger peak, 18.8% [60, 61]. Probably, balancing
these oxidation states and the integral areas together with the oxygen species would
lead to positive net charge confirming the hole hopping and p-type. A complementary
technique to the XPS would be a FTIR spectroscopy. Some significant and intrinsic
feature are the stretching vibrations on the tetrahedral site (A) of Fe3*-O% [62, 63].
These absorption band are observed around low wavenumbers (i.e. 555 - 590 cm') due

to heavier ions. On the other hand, lighter adsorption characteristics bands (-OH
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groups) are observed at higher wavenumbers i.e. 1600 cm™' and 3400 cm™ [62, 63].
The expectation in the present work would be, by introducing the RE substitution, the
band (590 cm") would shift further to lower wavenumber because of the heavier ions of
these rare-earths than iron ions. The most striking observation was that the low [RE] 4f
electrons rare-earths in Table 4.2 i.e. Ce, Nd, Sm and Gd have some consistent
similarities and can be classified as one category. Again, the high [RE] 4f electrons such
as Dy, Er, and Yb were also similar together. The 15t category of the rare-earths
consisted of high percentages of Vo and Oads at the expense of the lattice oxygen
(Oattice). Meanwhile the 2™ category had high Oiatice percentages. The CoSmo.1Fe1.904
had the lowest Fe?*/Fe3* ratio of 0.28. The 15t category nano-ferrites in generally had
highest LPG sensitivity as compared to the 2" category. Again, the 15t category were
examined to be having solid and compact particles in terms of the morphology. For the
PL, the 2" category gave higher intensity compared to the 15t category of these rare-

earths doped ferrites.

4.3. Gas sensing properties of Rare-earth based ferrites

Some of the important parameters in the gas sensing field are selectivity,
sensitivity, stability, operating temperature, type of ambient (reductive or oxidative), bias
voltage, response-time and recovery-time of the sensor to any particular target gas.
However, all these are ought to come with a minimal cost and energy, if possible.
Sensors nowadays form part of our daily lives as to monitor, detect and protect lives.

Figure 4.8(a) shows different flammable gases tested over rare-earths based Cobalt
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ferrites at a 225 °C operating temperature. It is demonstrated from Figure 4.8 that the
LPG gas has relative the most response as compared to the other target flammable
gases. Again, among the rare-earths doped cobalt ferrite, the Sm doped cobalt ferrites
proved to be very highly selective with a response of 732 over its counterparts at this
operating temperature of 225 °C. The Figure 4.8(b) shows a radar-plot of all the 5% Fe-
substituted from different rare-earths. The CoSmo.1Fe1904 ferrite occupied a large
portion of the radar area over the LPG sensing. To gain more insight of the
performance of the sensor during the target gas and without the gas (during dry-air), we
compared each rare-earths doped cobalt ferrites samples’ resistance in air, during the
LPG detection and corresponding responses. Figure 4.8(c) shows these values of
resistance corresponding to all the samples including the host sample, CoFe20Oa4. Figure
4.8(d) demonstrates bias voltage from 0.1 to 7 V with the CoSmo.1Fe1.904 ferrite LPG
response towards 10 000 ppm concentration. All the bias voltages depicted acceptable
responses less than 100 and above 25, however the 5 V bias showed a colossal
response that increased to 730 and thereafter dropped back to 25 at 7 V bias. Hence
the 5 V bias was the optimum voltage used through the gas sensing experiments. The
effect of bias voltage on the transient resistance curves are depicted in Figure S3(a-f)
of the appendix file. This is an important factor as the search for self-powered sensors
are underway to save energy and reduce costs. The transient resistance of the Sm-
doped CoFe204 nano-ferrites is shown in Figure 4.8(e). It is clear that there was an
increase in the sensor’s resistance when exposed to the LPG and this recovered upon

closure of the gas to air. The resistance increased following a linear-regression amid the
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increasing LPG concentrations from 1 000 ppm to 10 000 ppm with an increment of 1

000 ppm gas concentration until 5 000 ppm.
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Figure 4.8: (a) Flammable gases tested on Co[RE]o.1Fe1.904 nanoparticles at 225 °C.
(b) Radar-plot showing the LPG responses for all the different rare-earths ferrites. (c)
Transient resistance plots of the rare-earths ferrite towards 10 000 ppm (1 vol%). (d)
Bias voltage dependence of LPG response over CoSmo.1Fe1.904 ferrite towards 1 vol%
gas. (e) Transient resistance changes of LPG over CoSmO0.1Fe1.904 ferrite at different

LPG concentrations at 225 °C. Note: LPG 1 000 and 2 000 ppm of the transient
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resistance. (f) The CoSmo.1Fe1.904 ferrite response towards 1 vol%. Note: k represents
1 000 units.

There was another abrupt sharp increase of the resistance once the LPG
concentration was significantly increased to 10 000 ppm. The Sm-doped cobalt ferrite
proved to be sensitive to the LPG over different concentrations (3 000, 5 000 and 10
000 ppm as depicted in Figure S4 of the appendix). The operating temperature will be
discussed shortly. It presents certain abnormalities.

It appears that as the gas was introduced inside the chamber for 10 minutes’
exposure-time and gas-out repetitions, the sensor underwent two equilibriums or
electrical oscillations in the resistance/current during the LPG interaction with the
surface of the sensor. Figure 4.8(f) shows these equilibriums with the resistance ratio
(response) variation. The 18t equilibrium (or response peak) happened at a maximum
response of 730 towards 10 000 ppm of LPG and the response dropped to 250.75. The
2" equilibrium corresponds to the response of 506.67. Thereafter the LPG gas was
closed and dry air was allowed for recovery. The response- and recovery-times are
580s and 178s, respectively. These type of equilibriums (or oscillations) are attributed to
catalysis between the sensor’s surface and the interacting gas due to the self-
dissociation physisorbed water vapours [20-23]. From Figure 4.8(e-f), it is also clear
that these type of equilibriums and their frequencies or oscillations (number of
equilibrium cycles appearing during the gas exposure) came with other important
parameters dependent on them, the gas concentration, gas exposure-time, type of gas
or gas mass, bias voltage, relative humidity and type of ambient i.e. inert. For instance,

the 5 000 ppm of LPG has three cycles of EQs meanwhile the 10 000 ppm of LPG has
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only two EQs in the same gas exposure-time, 10 minutes. Given that the temperature
was sufficient to activate and allow the electronic conduction on the sensor’s surface for
optimal gas sensing.

In the work of Oosthuizen et al. [20] these different types of equilibriums occurred
in a variety of forms depending on the gas concentration i.e. shoulder or sharper peaks
and helix or curvature or concave up. The shoulder or sharper peaks occurring at an
earlier stage of gas exposure during sensing were also observed in ref. [21] a year later
on a different surface. These authors mistakenly attribute these phenomena to sensor
switching from p-type to n-type behaviour due to hole accumulation to electron depletion
in both carrier types. Spencer et al. [22] give a good analysis of these interaction
behaviour using the ZnO (10-10) surface towards these oxidizing gases, NO2, NO, O
etc. However, these oscillations are also analogous to simple harmonic oscillations
(damped or undamped) and Resistance, Inductance, and Capacitance (RLC) circuits
with self-inductance. These problems contain similar solutions to the 2" order
differential equations. In this case, the curve began at zero reached a maximum
response or minimum charge and started to oscillate about the maximum response. An
in-depth analysis and understanding of these electrical oscillations phenomena form
part of our future outlook.

The detection and sensing of LPG dates back in the 1990s from binary metal oxide
semiconductors [24-26]. Up to now, it appears that the ferrites materials were not
suitable for LPG high sensitivity [7, 27-35]. The highly sensitive materials to LPG come
from the n-type ZnO [36] and perovskite TiO2/NiTiOs [37] with a response of 1729 and

320, respectively. Patil et al. [36] attribute this LPG high sensitivity to the surface to
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volume ratio of the sensor and correct optimum operating temperature of 300 °C.
Meanwhile the oxygen vacancies have been claimed to be playing a significant role in
tuning the high gas sensing response in other cases [38, 39]. In our case, we have
recorded very highly sensitive and selective LPG sensing over a p-type CoSmo.1Fe1.904
nanoferrite. Besides this comparison of n-type to p-type LPG performance sensors, it
also appears that the high response has a connection with the type of adsorbed oxygen
specie. These references [6, 37, 39, 41] demonstrate that the high response to LPG

comes from the O, adsorbate specie. This is also true in the present case.

It is well known that for a gas sensing to happen oxygen atoms were adsorbed on

the surface of p-type CoSmo.1Fe1.904 nanoferrite when subjected to air. Various ionic
oxygen species such asO,, O, ,0  or O* adsorbed on the surface of the sensor

depending on the operating temperature plays an important role in the detection of
gases [40-42]. The following equations describe the process by which oxygen captures
the electron from the conduction band of CoSmo.1Fe1904 and is adsorbed on the
surface as O~ ions:

Os(gas) = Osfaas) (2)

gas
Oy + 26 —225520 ) (3)

CoSmo.1Fe1904 is a p-type semiconductor and the majority carriers are holes. The
oxygen molecules adsorb onto its surface and capture electrons leading to eqs (2) and
(3) leaving even more holes and increasing the electron depletion layer in
CoSmo.1Fe1.904 to reduce the resistance in air.

At the operating temperature mentioned above resulting in eq. 3 these adsorbates

are populated across the CoSmo.1Fe1.904 surface. When the LPG is introduced inside
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the chamber, the reducing gas reacts with the adsorbed oxygen species (anions), a
complex series of reactions take place, ultimately oxidizing the LPG gas according to

the following equations:

C11H2n+2 + 0; M) CnHZn : OZ(gas) +te + HZOadS - COZ(gas) + HZOgas/moisture (4)
C,Hy +50;, —=3C0,,,, +4H,0,, +5¢ (5)
C4H10 + 1% 02_ n—=4)4C02gas + 5H2 Ogas/moisture + l%e_ (6)

The LPG is mainly composed of both propane and butane, hence, C,H2n+2 is a fair
representative of the gas compositions where n is the number of elements and can take
any integer being 3 and 4 in this case. These reactions (eqs (4-6)) release a large
populations of free electrons to neutralize the hole on the surface leading to equation 7
e +h" <> Null (7)
This last process, represented in eq. 7, results in the reduction of the charge
carriers in the surface of CoSmo.1Fe1.904 nanoferrite giving rise to the electric resistance
of the sensor. Although, we reckon the gas sensing of LPG is much more complex than
these processes discussed above. As the LPG composed of mainly propane and
butane and traces of methane in different proportions, their gas sensing measurement
performance do not add up to the recorded responses using the superposition. This is
shown in Figure S5(a-d) of the appendix file. This is to be expected as according to the
non-linear reaction-diffusion theory by Gardner [43]. Figure 4.9 demonstrates the
comparison studies of the present work over important sensor’s characteristics across
all the LPG sensors in open literature. It is shown in Fig. 4.9(a) that the present work
demonstrates the highest LPG response in terms of percentage as compared to other,

being n-types or p-types, sensors. Both the response- and recovery-times are shown in
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Figure 4.9(b-c). In a pool of other sensors, this CoSmo.1Fe1904 competes and
compares very well. Lastly, the operating temperature is compared in Figure 4.9(d).
The observed highest response seems to be optimal over this operating temperature,
225 °C, given its uniqueness over many other sensors. One other important parameter
in the gas sensing community is the long-term stability studies as to determine the

sustainability of the sensor.
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Figure 4.9: Literature survey comparison plots of the LPG gas sensors in terms of (a)
sensors’ response, (b) response-time, (c) recovery-time, and (d) their operating
temperatures. Note: the numbers on each column represent the source references
archived in the appendix file.

Figure 4.10(a) shows both the CoSmo.1Fe1904 initial resistance and response

towards LPG 10 000 ppm at 225 °C and how these vary with number of days. Both the
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LPG concentration and operating temperature were kept constant and tested over time.
The sensor is unable to reproduce its initial response after 21 days and over a period of
2 months or 63 days. This could possibly be attributed to a degrading or consumed of
active sites due to atmospheric dust or poisoning from the other tested interfering
gases. However, the sensor still records a high response of over 240 even after 2
months. This response, as much as it is low compared to its initial response of 732, is
still the highest and sustained when compared to many other LPG sensors elsewhere
[4, 6, 36, 37, 44-46]. The repeatability test measurements of three cycles of 5000 ppm
of LPG at 225°C are shown in Figure 4.10(b). These three cycles of 30 minutes each

(exposure-time) were dry, wet (10% RH), and again dry.
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Figure 4.10: (a) Stability studies of the CoSmo.1Fe1.904 nanoferrite toward 1 vol%
(10 000 ppm) of LPG at 225 °C, (b) 3 cycles of 5 000 ppm of LPG in dry, wet (10 %RH)
and dry, (c) relative humidity corresponding to the latter cycles of LPG in dry, wet and
dry, all set and measured at 225 °C and (d) zoom-in 5 000 ppm of LPG and operating
temperature oscillatory. Note: The highest attainable RH% was 45 and 10 %RH was

achieved given the high operating temperature of 225 °C.

It should be noted that this 10 %RH was a maximum achievable, given the high
operating temperature, 225 °C, and the gas flow of 500 sccm (square cubic centi-metre)
shared by the 5 000 ppm and dry-air. The sensor did not show any significant changes
on the transient resistance towards 5 000 ppm of the LPG in the dry environment

followed by another three cycles in the presence of 10 % RH and finally another cycle
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again in the dry environment. This could be due to the low 10% relative humidity which
can still be considered dry. These relative humidity measurements are shown in Figure
4.10(c). The actual humidity during LPG exposure was 10 %RH and abruptly jumped
from 5 %RH when the LPG was off. The draw back in achieving high relative humidity
lies in the technical arrangement of the system i.e. the large area sensing stage high
operating temperatures and maximum airflow of 500 sccm as mentioned earlier. The
extra 5 %RH was following exactly the resistance curve. This extra relative humidity
could be accounted for from the by-products of LPG reactions as described in eqs (4-6)
or it could be that the LPG itself contained some water vapours. This could also be
some non-scientific issue and due to the system technical arrangement. A closer look at
these oscillatory sensing behaviour are shown in Figure 4.10(d). It is very interesting to
note that these electrical oscillations came together with the fluctuating operating
temperature, 225 °C, following exactly the sensing behaviour but with time-shift delays.
The Figure 4.10(d) shows a dynamic real-time resistance and operating temperature
curves under 5 000 ppm of LPG exposed for 30 minutes. The corresponding oscillatory
behaviours were also observed in the operating temperature in reverse order. It is clear
that there was heat transfer between the gas molecules and the sensing surface. The
sensing surface or sensor loses heat to the LPG product molecules, particularly the self-
dissociation water molecules formation, during the simple electrical oscillations. LPG by
its nature is a highly compressed liquefied petroleum gas and will vaporized to a gas as
soon as its pressure is released. This will therefore suggest that it is cold gas especially
when it was compared to the current operating temperature of 225 °C. This is evident

when looking at the first oscillation frequency peak of the resistance curve upon
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exposure to the LPG (Figure 4.10(b) and (d)). This corresponds to a significant drop of
the operating temperature to about 160 °C from 225 °C with temperature loss of AT =
65 °C. This temperature loss signifies heat transfer movement between the sensor’s
surface to the physisorbed water molecules. It is clear that the heat transfer is
accounted for by the concentration of gas, temperature difference/loss, rate of
temperature loss per second, and the capability of that substance to transmit heat or
heat capacity. The time difference between the gas-on and the time at which operating
temperature starts to drop is 413 s (6.89 min). This suggests that this protonic
conduction is a very slow process that the physisorbed water molecules build-up into
multilayers until breaking-point and starts all over again. There number of oscillations in
both the electrical resistance and operating temperature were equal, seven (7). It should
also be noted that these heat transfer or thermal energy compensation was also
observed in the other LPG concentrations starting from 3 000 ppm for exposure-time of
10 minutes. It should also be clear that exposure-time is key in manoeuvring both these
oscillations in the resistance/current and operating temperature. It is noteworthy to
mention again that these oscillations in the resistance seem to continuing indefinitely
without any dying signs. This electrical stability was attributed to the sufficient supply of
the chemisorbed oxygen species from the dry-air.

On the other hand, this could mean that these oscillatory behaviours in the sensing
follows a damped/undamped or recoil simple harmonic oscillation where an identical
molecular mass is attached to the rigid sensor’s surface support. This will require a total

elastic potential energy which equal the average translational kinetic energy,

Nxfdx%kBAT:%ksAze’ﬂ’, where N is the number of gas molecules (5 000
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pgmol/mol or ppm), fy is the degree of freedom this gas molecules possess, ks is the
Boltzmann constant, AT is the temperature change observed in Figure 4.10(d) in kelvin,
ks is the molecular spring constant, A is the oscillatory amplitude (in this case related to
the resistance ratio), and 8 is a decay constant and ¢ is the exposure time. This term
A’e™” indicates an exponential decaying amplitude with time and the value of 8 will
determine the rate of decay which in our case was not critical but it will take a very long
time to achieve its equilibrium response. Both the former and latter analyses are not
conclusive at this stage and still remain unclear. As it is mentioned earlier, further
experimental design, in-depth and insightful analysis form part of our future outlook
where a number of parameters will be changed as to ascertain the issue of heat transfer

or otherwise.

4.4. Tuneable Carrier-Type n-p Switching Transition

The nature of gas sensing research requires varying certain parameters in an
attempt to search for optimal gas sensing conditions. In the current work, the variation
of operating temperatures led to carrier-type transition from n- to p-type from low to high
operating temperatures. Figure 4.11 shows LPG sensing response towards 5 000 and
10 000 ppm concentrations. At an operating temperature of 125 °C, the CoSmo.1Fe1.904
response towards 5 000 and 10 000 ppm of LPG showed an n-type response of less
than 1 and of about 5, respectively. Upon increasing the operating temperature to 175
°C, both these LPG concentrations (5 000 and 10 000 ppm) showed a drop of response

of less than 0.5 and 3, respectively. Both Figure 4.11(a-b) transient resistance curves
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are facing down, showing a decrease in real-time resistance towards LPG exposure for
constant time of 10 minutes. However, a crossover from n- to p- type carrier transition
was observed at 225 °C operating temperature. The LPG response presents a drastic
increase to 44 and 730, respectively. In addition, increasing the operating temperature
to 275 °C, the response dropped to 35 and 45 towards 5 000 and 10 000 ppm,
respectively. At these two operating temperatures (225 and 275 °C), the dynamic
resistance curves showed the opposite behaviour increasing in resistance upon
exposure to the same gas and concentrations. Interestingly, these oscillatory
behaviours were even more pronounced at higher operating temperatures. It is clear
from these experimental evidence that the 225 °C operating temperature showed the
highest gas response towards all the tested gases with the LPG exceptionally high.
Hence, the CoSmo.1Fe1904 nanoferrite will be treated as a p-type LPG sensor. The
tuneable n-p switching transition is a well-known effect nowadays, although its full
fundamental understanding and cause is not totally clear. It is mainly attributed to
protonic conduction due to physically adsorbed water vapours at the surface of the
chemisorbed oxygen species [47-50]. In other cases, it is attributed to creation of an
inversion layer and surface modification [51-53]. However, we believe the concentration
of the chemisorbed oxygen species are a major determinant governing the charge

carrier switch.
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Figure 4.11: The LPG sensing properties of CoSmo.1Fe1.904 nanoferrite at different
operating temperatures towards 5000 and 10000 ppm concentration in a dry
atmosphere. (a) 125 °C, (b) 175 °C, (c) 225 °C, and (d) 275 °C.

It still remains an anomaly. The oscillatory behaviour was also observed for a
humid environment and attributed to the same electronic to protonic conduction
mechanism [47]. It is still not exactly similar to our current experimental observation
performed for short- and long-time (3, 5, 10, 20, 30, 60, and 120 minutes) exposure-
time of LPG monitoring which does not form part of this analysis. It still remains an
anomaly. The oscillatory behaviour was also observed for a humid environment and
attributed to the same electronic to protonic conduction mechanism [47]. It is still not

exactly similar to our current experimental observation performed for short- and long-
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time (3, 5, 10, 20, 30, 60, and 120 minutes) exposure-time of LPG monitoring which

does not form part of this analysis.
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CHAPTER YV

5. CONCLUSIONS AND FUTURE PERSPECTIVE

In summary, rare-earths doped cobalt-based ferrites were synthesized and
successfully characterized by XRD, HR-TEM, SEM, XPS and PL spectroscopy. These
spinel nanoferrites were subsequently tested over a range of flammable gases and
these were found to be the optimum selections. The CoSmo.1Fe1.904 nanoferrite was
highly sensitive and selective to LPG towards 10 000 ppm at 225 °C in a dry humid with
a response of 732. These nanoferrites were found to be p-type possessing hole hopping
conduction at an operating temperature of 225 °C and above, otherwise the ferrites
were n-type. This tuneable carrier-type transitions were attributed to the chemisorbed
oxygen concentration at the surface of these nanoferrites. These nanoferrites proved to
be repeatable and resilient with a highly response of 241 over 63 days. The rare-earths
doped cobalt based ferrites were classified according to two categories in terms of
overall properties. The 1st category were the ferrites doped with low number of 4f
electrons and the 2" category belonged to a high number of 4f electrons. The 1%t
category composed of solid and compact nanoparticles and proved to be better in the
LPG performance while giving low PL intensity. This latter category had the highest
combined percentages of the Vo and Oaas. The 2" category were having fine
nanoparticles in terms of the morphology. In addition, there was another oscillatory
conduction observed that co-existed with the electronic conduction. Such oscillatory

behaviours in the electrical resistance were also evident to all the other rare-earths
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doped or undoped ferrites. Similarly, another operating temperature fluctuation were
also observed following exactly the electrical oscillations but in reverse order. All these
phenomena were attributed to the protonic conduction caused by the physisorbed water
molecules at the surface on top of the chemisorbed oxygen species. These physisorbed
water molecules built-up from a few layers into multi-layers and lead into a break-up or
dissociation point as soon as there is enough heat adsorbed from the sensor’s surface.
The presence of relative humidity of about 10% only enhanced these oscillations. This,
hence, suggests that the LPG contain cold water vapours that add-up to the existing
base relative humidity in the sensing chamber. A short-time delay exists between the
electrical conduction and the operating temperature fluctuations. The heat transfer
happened only few seconds later, soon after the electrical response signal was
observed, which will form part of our future outlook, together with the nature of the gas
temperature during sensing, exposure-time, ambient conditions, operating
temperatures, relative humidity, other sensors except spinel ferrites, and even bias
voltage. The chemical gas sensing of these rare-earth substituted cobalt ferrites under
volatile organic compounds exposure forms part of our future outlook perspective.

In the present work, we present the synthesis of Co[RE]o.1Fe1.904 nanoparticles of
inverse spinel ferrites using high pressure hydrothermal processes where RE = Ce, Nd,
Sm, Gd, Dy, Er, and Yb in order of increasing number of 4f electrons. These inverse
spinel ferrites were tested over a range of flammable gases. A more detailed analysis of
alkanes integrative gas such as liquefied petroleum gas (LPG) for colossal sensitive and
selective response was our centre focus. An attempt was made to distinguish the

responsive gas in the LPG mixture, between the methane, hydrogen, butane and
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propane. A search for suitable spinel ferrites for gas sensing, instead these ferrites,
demonstrated superior and abnormal LPG sensing behaviors and many fluctuations in
the electrical resistance and the operating temperatures. However, these ferrites were
found to possess good quality sensing characteristics, being highly sensitive and

selective with reproducibility or repeatability, and resilient to the LPG over 63 days.

APPENDIX:
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Extremely Sensitive and Selective Flammable Liquefied
Hydrocarbon gas sensing and Inter-dependence of Fluctuating
Operating Temperature and Resistance: Perspective of Rare-

Earth doped Cobalt nanoferrites
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Fig. S1 SEM micrographs of the CoFe204 nanoferrites (a) Dy-doped, (b) Yb-doped, (c)
Er-doped, (d) Nd-doped, (e) Gd-doped and (f) Ce-doped.
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Fig. S2 BET surface areas and the nitrogen adsorption-desorption isotherms together
with the corresponding Barrett-Joyner-Halenda pore-size distribution curves of the

Co[RE]o.1Fe1.904 nanoparticles (a-f).
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Fig. S3 Dependence of transient resistance of CoSmo.1Fe1.904 ferrite in LPG 10 000

ppm concentration at 225°C operating temperature against various bias voltage (a) 0.1

Time (min)

Time (min)

V, (b) 0.5V, (c) 1V, (d)3V, (€)5V, and (f) 7 V.

Fig. S4 LPG response over different concentrations, 3 000, 5 000, and 10 000 ppm at
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Fig. S5 The flammable hydrocarbon gases’ responses at different gases concentrations
at the optimum operating temperature, 225°C. (a) Propane and butane at 250 ppm each
and 500 ppm LPG, (b) Propane and butane 500 ppm each and 1000 ppm LPG, (c)
1000 ppm of each gas concentration for propane and butane meanwhile 2000 ppm for

LPG and methane, and (d) Propane and butane at 1500 ppm each and 3000 ppm for

LPG.
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Fig. S6 XPS survey spectra of (a) CoSmo.1Fe1.904 and (b) CoCeo.1Fe1904, (c) high
resolution O 1s spectrum Gd-doped ferrite, (d) O 1s of the Ce-doped ferrite, (e) O 1s of
Nd-doped ferrite, and (f) O 1s Gd-doped ferrite.
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Fig. S7 CoCeo.1Fe1904 XPS spectra of (a) Fe 2p, (b) Co 2p, (c) Ce 3d, and (d) high

resolution O 1s spectrum.

Table S1: Summary of atomic percentages of the CoSmo.1Fe1.904 nanoferrites.

Element Peak Area k Abs Weight% Weight% Atomic%
Area Sigma factor Corrn. Sigma

0K 9683 188 1.069  1.000 29.69 0.48 59.82

Si K 2994 106 0.571  1.000 491 0.17 5.63

SK 595 76 0.548  1.000 0.94 0.12 0.94
CrK 406 64 0.640  1.000 0.75 0.12 1 340.46
FeK 19963 239 0.681  1.000 38.96 0.46 22.49
CoK 7966 169 0.721  1.000 16.47 0.33 9.01
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