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ABSTRACT 

 

The monitoring of flammables and VOCs is still a challenge. In addition, acetone (CH3CH3CO) 

is a one of the toxic and harmful volatile organic compounds (VOCs) commonly used as a 

solvent in various laboratories and industries. Its high level of inhalation and ingestion can 

cause low, acute and chronic poisoning. Another commonly used highly flammable gas is 

liquefied petroleum gas (LPG), commonly known as a cooking gas, which is widely available 

in almost all communities and working environments to create fires for various uses. This gas 

causes many fatalities due to its nature of complexities in detection and can easily ignite. This, 

therefore, suggests that it is one of the main air pollutants that require constant detection and 

monitoring. Most studies in the chemical gas sensing community focus on just the normal 

sensing of these gases. In an attempt to solve the long existing problem, we have undertaken 

this study, where MgCexFe2-xO4 (0 ≤ x ≤ 0.4) nanoparticles have been produced by the glyco-

thermal technique and characterised by X-ray diffraction, electron microscopy, X-ray 

photoelectron spectroscopy, Mössbauer spectroscopy and gas sensing analyses. The X-ray 

diffraction results indicated that a pure cubic spinel phase was formed for samples having a 

low concentration of Ce, but the high Ce doping (x ≥ 0.2) of magnesium ferrite resulted in the 

formation of secondary phases. The crystallite size of the compounds ranged from 2.2 nm to 

15.3 nm. The 57Fe Mössbauer spectra showed transformation from an ordered to a 

paramagnetic spin state with an increase in Ce concentration. Gas sensors fabricated from the 

spinel ferrites were tested towards various organic compound vapours (acetone, methanol, p-

xylene, ethylbenzene, toluene, and benzene) and flammable gases (LPG, Methane, Propane, 

Butane and Ammonia) at an operating temperature of 225 °C. The MgCe0.2Fe1.8O4 nanoferrites 

proved to possess quality sensor characteristics of high sensitivity and selectivity to acetone 

vapour, with a response of over 500@100 ppm concentration as well as reproducibility, 

reversibility, and stability of over 120 days. This sensor not only displayed high responses, but 
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could also maintain them over 1, 3, 5, 10, 20, and 30 min of acetone exposure time. On 

flammable gases, the addition of cerium to magnesium ferrites proved to kill the sensing. The 

best performing sensor was found to be the undoped Magnesium ferrite on LPG gas. It was 

resilient and sensitive to an oxygen reduced, inert ambient environment. Under relative 

humidity, the response was reduced, but stable, due to physisorbed water molecules. In 

addition, this SMO sensor was tested at 200 ˚C on vegetables and fruit to evaluate their off-

shelf freshness during the ripening process. These plants show a dramatic increase in the 

respiration rate over their maturation or ripening process over time.  
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IMFINGQO 

Ukuqapha izinto ezivuthayo kanye nama-VOC kuseyinselelo. Ngaphezu kwalokho, i-acetone 

(CH3CH3CO) ingenye yezinhlanganisela eziphilayo ezinobuthi neziyingozi (VOCs) ezivame 

ukusetshenziswa njengesinyibilikisi kumalabhorethri nezimboni ezihlukahlukene. Izinga layo 

eliphezulu lokuhogela kanye nokumunca lingabangela ubuthi obuphansi, obunamandla futhi 

obungapheli. Enye igesi evame ukuvutha esetshenziswa kakhulu i-liquefied petroleum gas 

(LPG), eyaziwa ngokuthi igesi yokupheka, etholakala cishe kuyo yonke imiphakathi 

nasezindaweni zokusebenza ukuze kubase imililo esetshenziselwa ukusetshenziswa 

okuhlukahlukene. Le gesi idala ukufa kwabantu abaningi ngenxa yemvelo yayo yobunzima 

ekubonweni futhi ingavutha kalula. Ngakho-ke, lokhu kuphakamisa ukuthi ingenye yezinto 

ezingcolisa umoya ezidinga ukubonwa nokuqapha njalo. Ucwaningo oluningi emphakathini 

ozwa igesi yamakhemikhali lugxile ekuzwaneni nje okujwayelekile kwala magesi. 

Emzamweni wokuxazulula inkinga ende ekhona, senze lolu cwaningo, lapho i-MgCexFe2-xO4 

(0 ≤ x ≤ 0.4) nanoparticles ikhiqizwe indlela ye-glyco-thermal futhi ibonakala nge-X-ray 

diffraction, i-electron microscopy, i-X-ray photoelectron spectroscopy, i-Mössbauer 

spectroscopy kanye nokuhlaziywa kokuzwa kwegesi. Imiphumela ye-X-ray diffraction ibonise 

ukuthi isigaba se-cubic spinel esihlanzekile sakhiwe amasampula ane-concentration ephansi 

ye-Ce, kodwa i-Ce doping ephezulu (x ≥ 0.2) ye-magnesium ferrite ibangele ukwakheka 

kwezigaba zesibili. Ubukhulu be-crystallite bezinhlanganisela busukela ku-2.2 nm kuya ku-

15.3 nm. I-spectra ye-57Fe Mössbauer ibonise ukuguqulwa ukusuka ku-oda ukuya esimweni 

sokujikeleza kwe-paramagnetic kanye nokwenyuka kokugxila kwe-Ce. Izinzwa zegesi 

ezakhiwe ngama-spinel ferrites zahlolelwa ukushunqa inhlabathi ehlukahlukene (i-acetone, i-

methanol, i-p-xylene, i-ethylbenzene, i-toluene, ne-benzene) namagesi avuthayo (LPG, 

Methane, Propane, Butane kanye ne-ammonia) ezingeni lokushisa elingu-225°C. I-

MgCe0.2Fe1.8O4 nanoferrites ibonakale inezici zezinzwa zekhwalithi zokuzwela okuphezulu 

nokukhetha kumhwamuko we-acetone, nempendulo yokugxila okungaphezu kuka-500@100 
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ppm kanye nokuphindaphindeka, ukuhlehla, nokuzinza kwezinsuku ezingaphezu kweziyi-120. 

Le nzwa ayizange ibonise ukusabela okuphezulu kuphela, kodwa futhi ibikwazi ukuzigcina 

ngaphezu kwe-1, 3, 5, 10, 20, kanye nemizuzu engama-30 yesikhathi sokuchayeka kwe-

acetone. Kumagesi avuthayo, ukungezwa kwe-cerium kuma-magnesium ferrites kufakazele 

ukubulala inzwa. Inzwa esebenza kahle kakhulu itholwe iyi-Magnesium ferrite engafakwanga 

i cerium kugesi ye-LPG. Yayikwazi ukumelana nezimo futhi izwela umoya-mpilo oncishisiwe, 

indawo ezungezile engenzi lutho. Ngaphansi komswakama ohlobene, impendulo yancishiswa, 

kodwa yazinza, ngenxa yama-molecule amanzi afakwe i-physisorbed. Ukwengeza, le nzwa ye-

SMO ihlolwe ku-200 ˚C ezitshalweni nasezithelweni ukuze kuhlolwe ubusha bazo obungekho 

eshalofini ngesikhathi sokuvuthwa. Lezi zitshalo zibonisa ukwanda okumangalisayo kwezinga 

lokuphefumula phezu kokuvuthwa kwazo noma inqubo yokuvuthwa ngokuhamba 

kwesikhathi.  
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CHAPTER 1 

INTRODUCTION OF THE STUDY 

 

1.1 INTRODUCTION  

The world has entered the fourth industrial revolution (4IR), therefore all sectors of technology 

are preparing and transforming themselves for this era. Nanotechnology has a crucial role to 

play during this transformation. Nanotechnology allows the extensive understanding of the 

unusual physical and chemical properties of  matter at the nanometre scale, revealing a variety 

of possible applications in different fields such as materials science, engineering, physics, 

chemistry and biology [1]. Researchers across the globe have embarked on studying these 

nanomaterials to improve existing technologies, and for the development of new commercial 

products and devices. Nanomaterials of ferrites and semiconducting metal oxides are amongst 

the materials studied because of their applications in various sectors such as ceramic materials, 

photonics, solar cells, window coating, catalytics, drug delivery and sensors [2]. However, in 

this study we look at the gas sensing application of these materials. Semiconducting metal 

oxides based gas sensors are widely used in industries, mines, laboratories, and households to 

detect poisonous or flammable gases. Nowadays spinel ferrites are studied for different gas 

sensor applications.  Despite their wide usage, the current commercial gas sensors suffer from 

several limitations such as high power consumption, high working temperature and low 

sensitivity [3, 4]. The cheap, reliable, small, and low power-consuming gas sensors are in great 

demand.  

1.2 MOTIVATION 

The monitoring of flammables and VOCs is still a challenge, including the current available 

techniques of breath analysis, require analytical instruments which are only available in 
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laboratories, and are cumbersome and expensive. In addition, acetone (CH3CH3CO) is a toxic 

and harmful volatile organic compound (VOC) commonly used as a solvent in various 

laboratories and industries. Its high level of inhalation and ingestion can cause low acute and 

chronic poisoning [5, 6]. Another commonly used highly flammable gas is liquefied petroleum 

gas (LPG), commonly known as cooking gas. This gas is widely available in almost all 

communities and working environments to create fires for various uses. This gas causes many 

fatalities due to its nature of complexities in detection and its high flammability, which suggests 

that it is one of the main air polluters that requires constant monitoring and detection [5-7]. 

Most studies in the chemical gas sensing community focus on just the normal sensing of these 

gases. The monitoring part remains neglected, possibly due to the lack of stable sensors capable 

of detecting over a long period. In an attempt to solve the long existing problem, we have 

undertaken this study. Magnesium doped with Cerium was synthesised and tested against 

various gases at different temperatures. These complex and smart semiconducting ferrites seem 

to solve the problem of short lifespan, low sensitivity, high working temperature and, finally, 

are shown to be more sensitive to acetone and LPG.  

 

1.3 OBJECTIVE OF THE STUDY 

This study focuses on the fabrication of gas sensors from the smart and novel materials of 

cerium doped magnesium ferrites capable for the detection and monitoring of the flammables, 

volatile organic compounds, and the benzene derivatives isomers for potential use in clinical 

applications in the health sector. Furthermore, this study seeks to push the frontiers of 

fundamental chemical gas sensing mechanisms by conducting normal sensing in an inert 

ambient environment.  

The objectives include: 

• To synthesis of MgCexFe2-xO4 (0 ≤ x ≤ 0.4) normal spinels. 

• To investigate the structural, morphological, and optical characterisations of MgCexFe2-

xO4 nano ferrites. 
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• To conduct detailed gas sensing measurements and analyses of these MgCexFe2-xO4 

nano ferrites. 

• To test for possible use in food quality and health applications. 

 

1.4 THESIS ORGANISATION 

Chapter one presents the introduction, motivation and the objectives of the study while chapter 

two focusses on the history of metal oxide based gas sensors and their characteristics. It also 

presents the sensing mechanism related to ferrites, important parameters of metal oxide-based 

gas sensors, properties of Magnesium ferrite such as structure and morphology and their effect 

on gas sensing properties.  

Chapter three is devoted to the full description of the synthesis methods used to synthesise 

cerium-doped magnesium ferrites. The characterisation techniques used for the investigation 

of the structural, morphological, optical and gas sensing properties are also presented in detail 

in this chapter. The results from all the characterisation techniques are discussed extensively in 

chapter four, while chapter five is dedicated to gas sensing properties of the MgCexFe2-xO4 

nanoferrites with various Ce substitution (x = 0, 0.05, 0.1, & 0.2) in the octahedral Fe-site 

which were evaluated in terms of the sensors’ current ratios (response/sensitiveness) to various 

volatile organic compounds (VOCs) and flammable gases. Chapter Six explores the possible 

application of Magnesium-Cerium doped nanoferrites in health and food industries, while 

chapter seven presents the conclusions and recommendations for future work. 
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CHAPTER 2  

BACKGROUND AND LITERATURE REVIEW OF 

GAS SENSORS 

 

2.1 INTRODUCTION 

Gas sensors are devices designed to detect and measure the presence and concentration of 

various gases in the surrounding environment. They play a crucial role in a wide range of 

applications, including industrial processes, environmental monitoring, and safety systems. 

Gas sensors are employed to identify the presence of toxic or combustible gases, monitor air 

quality, and enable early detection of gas leaks. The detection and monitoring remain extremely 

important for health and safety working and living conditions[1-5]. Advances in gas sensor 

technology continue to improve their accuracy, selectivity, response time, and efficiency. 

However, research focuses on developing new materials, enhancing sensor performance, and 

integrating sensors into smart systems for real-time monitoring and control is on-going [6-8]. 

Gas sensors utilise different technologies and principles to detect and quantify gases. There are 

five common types of gas sensors, i.e. electrochemical, catalytic, infrared, photoionization 

detectors and semiconductor sensors.  

Electrochemical sensors are those which operate based on the principle of a chemical reaction 

between the target gas and electrodes. The resulting current is proportional to the detected gas 

concentration, allowing for accurate measurement[9] . Catalytic sensors detect combustible 

gases by utilising a heated catalyst. The presence of combustible gases causes oxidation on the 

catalyst's surface, resulting in a change in temperature that is measured to determine gas 

concentration[10]. Infrared (IR) sensors measure the absorption of infrared radiation by the 
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target gas. Each gas has a unique absorption spectrum, enabling the identification and 

quantification of specific gases[11]. Photoionization Detectors (PID)se ultraviolet light to 

ionize gas molecules, creating a detectable current that indicates the presence and concentration 

of gases[12], while the Semiconductor gas sensors rely on changes in electrical conductivity 

when exposed to specific gases. The resistance of the sensor varies with gas concentration, 

providing a measurable signal[13-15]. 

Gas sensors can detect a wide range of gases, including carbon monoxide (CO), carbon dioxide 

(CO2), methane (CH4), oxygen (O2), volatile organic compounds (VOCs), ammonia (NH3), 

nitrogen dioxide (NO2), sulfur dioxide (SO2), Liquified Petroleum Gas (LPG) and many 

others[16-20]. Different sensors are designed to be selective to specific gases based on their 

operating principles and materials used. In this work our focus is on Semiconducting metal 

oxide-based gas sensors. Semiconducting oxide-based gas sensors provide a cost-effective and 

reliable solution for gas monitoring and detection in various applications. Their simplicity, low 

power consumption, and compatibility with efficiency make them suitable for integration into 

portable devices and Internet of Things (IoT) systems, enabling pervasive gas control and 

monitoring [21-23].  

The following section elaborates on Semiconducting metal oxide (SMO) gas sensors, and basic 

properties of magnesium ferrites and their dopants, the factors that are essential for gas 

detection, particularly when utilising ferrites sensors. The optimum parameters of various metal 

ferrites used as sensors for different gases are also discussed. 

2.2 SEMICONDUCTING METAL OXIDE (SMO) GAS SENSORS 

Semiconducting metal oxide gas sensors have a rich history that spans several decades. The 

development and understanding of these sensors started back in the early 1950s. Brattain and 

Bardeen, two Bell Labs scientists, were the first to demonstrate that the conductivity of some 

semiconductor materials, such as Ge, would change regularly due to the adsorption and 

desorption behaviour of gases at their surface. The change in conductivity is caused by the 
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adsorbed gas's reversible doping of the surface[24]. In 1962 Seiyama et al[25], successfully 

prepared a gas sensing device based on ZnO thin film which was able to detect various gases 

at 485 °C. The sensitivity of ZnO films to propane was substantially higher than that of thermal 

conductivity detectors during the period when gas detection was mostly done with them.  

Advances in sensing materials (1960s-1990s): Researchers explored various other metal 

oxides, including zinc oxide (ZnO), tin dioxide (SnO2), tungsten oxide (WO3), and titanium 

dioxide (TiO2), as potential sensing materials[26-29]. These materials showed enhanced 

sensitivity and selectivity to different target gases[30, 31]. The understanding of gas-surface 

interactions and surface chemistry played a crucial role in improving sensor performance 

during this period. In the early 2000s nanotechnology and thin films came to the party[32, 33]. 

The advent of nanotechnology facilitated the development of thin film gas sensors with 

improved performance. Nanoscale metal oxide materials were synthesised, and techniques like 

chemical vapor deposition (CVD) and sputtering were used to deposit thin films on substrates. 

This allowed for increased surface area, better gas adsorption, and faster response times.[34, 

35]. The research continued in the 2010s with a focus on functionalization and selective 

sensing. Researchers focused on enhancing the selectivity of semiconducting metal oxide gas 

sensors by functionalizing the sensing materials[36-38]. By introducing dopants or modifying 

the surface with catalysts or nanomaterials, the sensors became capable of detecting specific 

gases with high sensitivity while minimising cross-sensitivity to other gases[39, 40].  

Recent advances are on biomarkers, and flexible and wearable gas sensors. Currently there is 

a growing interest in developing flexible and wearable gas sensors using semiconducting metal 

oxides[41-45]. These sensors can be integrated into textiles or wearable devices, enabling real-

time monitoring of environmental or physiological gases. They offer potential applications in 

healthcare, environmental monitoring, and personal safety. Throughout their history, 

semiconducting metal oxide gas sensors have undergone continuous improvement in terms of 

sensitivity, selectivity, stability, and response time. The combination of advances in materials 
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science, nanotechnology, surface engineering and other fields has contributed to the significant 

progress and diversification of gas sensing technologies using semiconducting metal oxides. 

There are many metal oxides that have been used as gas sensing materials to sense different 

gases. The most common used materials are shown in the figure below (Fig. 2.1) 

 

Figure 2. 1: (a) Classification of metal oxide as n-type and p-type based on their conductivity 

in chemical sensors; (b) shows results of a search study on metal oxide semiconductors 

commonly used as sensing materials for chemoresistive gas sensors. Adapted from Nurazz at 

al.[46] 

Gas sensing materials can be classified as n-type or p-type depending on their majority charge 

carrier. (This is described in detail in the section on sensing mechanisms). From fig 2.1 it can 

be seen that about 90% of sensors are n-type and have been explored due to their unique 

properties and sensitivity to specific gases. 

Tin Oxide (SnO2): Tin oxide is one of the most popular metal oxide materials for gas sensing. 

It is particularly sensitive to reducing gases such as carbon monoxide (CO), methane (CH4), 

and volatile organic compounds (VOCs)[47, 48]. Tin oxide-based gas sensors are widely used 

in industrial safety systems and air quality monitoring devices. 

Microsoft account
Check that I have captured your meaning.
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Titanium Dioxide (TiO2): Titanium dioxide is another metal oxide used in gas sensing 

applications. It exhibits high sensitivity to gases like hydrogen (H2) and nitrogen dioxide 

(NO2)[49, 50]. TiO2-based gas sensors find applications in automotive exhaust monitoring, 

environmental monitoring, and industrial safety. 

Zinc Oxide (ZnO): Zinc oxide is a versatile metal oxide known for its excellent gas sensing 

properties. It can detect a wide range of gases, including carbon monoxide (CO), hydrogen 

(H2), and various volatile organic compounds (VOCs)[51-53]. ZnO-based gas sensors are 

employed in environmental monitoring, industrial process control, and as domestic gas leak 

detectors. 

Tungsten Oxide (WO3): Tungsten oxide is sensitive to gases such as hydrogen sulphide (H2S), 

nitrogen oxides (NOx), and ozone (O3)[54-56]. It finds applications in monitoring air quality, 

detecting toxic gases, and controlling industrial emissions. 

Ferrite/Iron Oxide (Fe2O3): Iron oxide is commonly used in gas sensors for detecting carbon 

monoxide (CO), nitrogen dioxide (NO2), and methane (CH4)[57]. It is utilised in gas leak 

detectors, automotive exhaust monitoring, and indoor air quality systems. 

Some metal oxide gas sensors still have drawbacks, such as long response times, poor 

selectivity, and short-term stability, which can be further reduced while operating in 

critical conditions, thereby limiting their practical application[58-60]. Spinel type oxides are 

one of the metal oxide sensors which have been studied [62]. They have been studied widely 

for the detection of oxidizing as well as reducing gases depending upon the type of conductivity 

possessed by the material. Ferrites’ suitability as gas sensors comes with their capability to fine 

tune their electrical properties[61-63]. In addition, ferrites have oxygen vacancies in their 

structure which modify the conduction properties and enhance the electrical response of the 

sensor[61, 64]. Other advantages of spinel ferrite in comparison with other sensor material 

involving single metal oxide semiconductors is their ability to adjust the type of conductivity 
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and resistance value by changing the positive ions’ position, and that a variety of transition 

metal cations can be incorporated in the lattice of the parent magnetite structure. 

2.2 SPINEL CRYSTALLINE STRUCTURE 

Spinel ferrites normally crystallising as face centred cubic with eight tetrahedral and four 

octahedral sites per formula unit. The tetrahedral spaces are smaller than the octahedral spaces. 

B ions occupy half the octahedral holes, while A ions occupy one-eighth of the tetrahedral 

holes. They can be categorised as normal spinel and inverse spinel ferrites. The distribution of 

the divalent and trivalent metals among the coordinated oxygen is one of the most important 

factors determining whether the spinel ferrite is characterised as a normal or inverse spinel 

ferrite [65-67]. Fig. 2. 2 shows the unit cell of spinel ferrite crystal structure. 

 

Figure 2. 2: Spinel Ferrite unit cell [68]. Source? 

 

(a) Normal Spinel structure 

In the Normal spinel the divalent A+2 ions occupy the tetrahedral sites, whereas the trivalent 

B+3 ions occupy the octahedral sites in the close packed arrangement of oxide ions[69].  A 

normal spinel can be represented as follows: (A+2)tet(B+3)2
octO4. Examples of normal spinel 

structures are Mn3O4, ZnFe2O4, FeCr, MgFe2O4 etc. 
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(b) Inverse Spinel Structure 

In an inverse spinel structure, the A+2 ions occupy the octahedral sites, whereas half of B+3 ions 

occupy the tetrahedral sites[70]. It can be represented as: (B+3)tet(A+2B+3)octO4  E.g. Fe3O4 

(ferrite), CoFe2O4, NiFe2O4 etc. 

Recently, different kinds of ferrites have shown themselves to be good materials for 

semiconductor gas sensors [71]. For instance, the sensor based on the pure NiFe2O4 

nanomaterial showed selective response towards 200 ppm of LPG at 400 °C operating 

temperature with a response time of few seconds and good reproducibility[72]. Zhang et al. [3] 

reported high acetone sensing with sensitivity (electrical current ratios) of 270.14 towards 500 

ppm of acetone at 320 °C using MgFe2O4 decorated with g-C3N4. Meanwhile, YbFeO3 doped 

with Ca recorded an improving acetone sensing in the presence of relative humidity up to 90 

%RH at 230 °C. Their sensitivities were low, below 2 towards 100 ppb [73]. Another n-type 

ZnFe2O4 ferrite showed a sensitivity response of less than 3 towards 500 ppm of acetone at 200 

°C. Bismuth based ferrite recorded an acetone response sensitivity of 1.8  towards 1 ppm at 

350 °C [74]. Ghadage at al [75] developed Pd loaded bismuth ferrite which showed good 

selectivity towards acetone, whose response was 69% at 300 °C operating temperature for 500 

ppm gas concentration. By tuning the surface area and catalytic behaviour using CTAB and Pd 

loading, respectively, they were able to achieved a response of 95% with the response and 

recovery time of 75 s and 104 s. Tai et al. [76] published an interesting review article 

summarising the evolution of breath analysis on emerging wearable electronics. These 

wearable emerging technologies should be able to detect sensitively humidity under various 

subjected conditions such as excellent mechanical flexibility, low power consumption and 

multifunctionality. The highly humidified human breath (89-97% RH) contains a variety of 

gases such as nitrogen, oxygen, carbon dioxide, inert gases, and traces of biomarkers. These 

biomarkers are indicative of disease For example, exhaled biomarkers corresponding to certain 

diseases of some organs are ammonia for renal disease, hydrogen sulphide for halitosis, acetone 

for diabetes, pentane for heart disease, and toluene for lung cancer and helicobacter pylori [76-
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79]. One of the well-known and utilised systems is the breath measurements for real-time 

ethanol monitoring for identifying driving under the influence of alcohol [77]. For these 

technologies to be utilised they need to meet certain requirements for non-evasive disease 

measurement. Consequently, in the quest for a good, quick, and portable chemiresistive gas 

sensor for disease detection and VOC monitoring, certain issues need careful attention, such as 

superior sensitivities, good material designability, compact size, cross-selectivity from exhaled 

interfering gases, and low power consumption. In this study, the magnesium ferrites doped with 

Ce at various percentages in the octahedral site were investigated as suitable candidates for 

extremely high detection and sensing of flammables, volatile compounds, and benzene related 

vapours both at low and high concentrations.  We, therefore, investigated the effect of Ce ions 

on the structure, magnetic, and sensing properties of magnesium ferrite prepared by the Glyco-

thermal route. 

 

2.3 PROPERTIES OF MAGNESIUM FERRITES 

Magnesium ferrite (MgFe2O4) can be characterised as an n-type semiconductor which is 

evident by the occupancies of Mg+2 ions on tetrahedral-site and or Fe+2 to Fe+3 occupancies in 

octahedral-site[3, 67, 80]. It has a narrow bandgap of 1.9 eV [67]. Magnesium ferrite is one of 

the soft magnetic materials which find extensive application in our modern technologies. In 

fact, it has a partially inverse spinel structure where both Mg and Fe ions occupy the tetrahedral 

and octahedral site. Substitution of a small amount of Fe+3 by rare earths ions (RE+3) in their 

structure induces the RE-Fe super-exchange interaction which leads to modification of their 

electrical and magnetic properties since it is governed by the nature and cations distribution in 

their tetrahedral and octahedral sublattice site[81, 82].  

 

2.4 GAS SENSING MECHANISM OF FERRITES (MgFe2O4) 

Gas sensing mechanisms involve the interaction of the analyte gas molecule with the 

semiconductor surface. As mentioned earlier sensing materials can be classified as n-type or p-
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type semiconductor and ferrites (AB2O4) nanoparticles too. The n-type semiconductor has 

electrons as majority carriers while the p-type semiconductor has holes as majority carriers. 

When ferrite sensors are exposed to an oxygen abundant environment, the oxygen molecules 

adsorb on the surface of sensing layer via chemical adsorption. The electrons are transferred 

from gas sensing layers to adsorbed oxygen to form adsorbed oxygen ions (O2
- , O- or O2-), 

following these reaction processes.     

( ) ( )adsgas OO 22 →            (1) 

( ) ( )
−<−  →+ ads

C
ads OeO 2

100
2



         (2) 

( ) ( )
−<<−−  →+ ads

CTC
ads OeO 2300100

2


        (3) 

( ) ( )
2300 −>−−  →+ ads

C
ads OeO



         (4) 

depending on the operating temperature[83, 84]. When the analyte gas is allowed to enter the 

system the change in resistance of the sensor that is observed is chemiresistive, as shown in 

Fig. 2.3.  
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Figure 2. 3: Schematic diagram of the variation in sensor’s resistance of n – and p- type 

MOS in the presence of an analyte gas (reducing gas)[57]. 

The change in the resistance induced by the interaction of the gas and the sensor is considered 

to be the most important characteristic for the gas sensor. 

2.5 PARAMETERS OF GAS SENSORS 

In this subsection, we discuss the parameters that are important in gas sensing, and especially 

for the use of ferrites as sensors.  

2.5.1 Pore structure 

The vacant spaces between ceramic grains are commonly referred to as pores, and they can be 

further classified into three types: open passage pores, open dead-end pores, and internal or 

sealed pores[85, 86]. Depending on the cross sectional shapes, pores can be rectangular, square, 

split, or cylindrical. The size of these pores can be categorised as macrospores (average cross 

section diameter: 200 nm), mesoporous (between 2-200 mm), and microspores (approximately 

2 mm). The ratio of total pores to volume is known as porosity, represented mathematically as 

eq 2.1. 

𝑃𝑃 = 𝑉𝑉𝑝𝑝
𝑉𝑉

        Eq.....2. 1 

where Vp is the total pores volume and V is the volume of the body. Since the adsorption of 

the gas analyte occurs at the porous pores on the sensor's surface, porosity affects 

sensitivity[87]. Ferrites with open pore exhibit improved sensitivity[88]. 

2.5.2 Surface area 

Surface area plays a crucial role in gas sensing and has a significant impact on the sensitivity 

and performance of gas sensors[89]. Gas sensors are designed to detect and measure the 

presence and concentration of various gases in the environment. The surface area of the sensing 

material directly influences the sensor's ability to interact with gas molecules, thus affecting its 

sensitivity, response time, and selectivity[90]. Gas molecules typically adsorb onto the surface 
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of the sensing material. A higher surface area provides more sites for gas molecules to adhere 

to, increasing the chances of interaction between the gas and the sensor. This enhances the 

sensitivity of the sensor and enables it to detect lower concentrations of the target gas. Specific 

surface area, A, refers to the ratio of total ceramic surface to its mass, as given by equation 2.2. 

𝐴𝐴 = 𝑆𝑆
𝑚𝑚

     Eq.....2. 2 

where S = Sn (total surface area of ceramic body surface) and Sp (surface of internal pores). 

Rezlescu et al[91] established the specific area of ferrite using equation 2.3 

𝐴𝐴 = 𝑆𝑆
𝑉𝑉𝑉𝑉

= 6
𝑑𝑑𝐷𝐷𝑚𝑚

    Eq.....2. 3 

where S is a particle's surface area, V is its volume, d is its bulk density, Dm is its average grain 

size, and 6 is a shape factor. In general, materials with smaller particle sizes and greater specific 

areas improve the gas sensing process[92]. 

 

2.5.3 Sensitivity  

Sensitivity can be defined as the slope that is calculated from the linear plot of response versus 

concentration. The response is the ratio of Ra, the sensor resistance in the absence of test gas 

analyte, and Rg, the sensor resistance in the presence of test gas analyte[93]. Mathematically, 

this is given by equation 2.4. 

    𝑆𝑆 = 𝑅𝑅𝑎𝑎
𝑅𝑅𝑔𝑔

  For a reducing gas                               Eq.....2. 4 

𝑆𝑆 = 𝑅𝑅𝑔𝑔
𝑅𝑅𝑎𝑎

   For an oxidising gas    Eq.....2. 5 

It can also be expressed in terms of percentage. 

𝑆𝑆(%) = (𝑅𝑅𝑎𝑎−𝑅𝑅𝑔𝑔)
𝑅𝑅𝑔𝑔

× 100    Eq.....2. 6
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It depends on the gas concentration (most frequently in a direct relationship), as well as the 

kind of material used. In an oxidizing gas analyte, the sensor resistance increases, but in a 

reducing gas analyte, it decreases. Additionally, the pore size, porosity, and specific area all 

affect sensitivity[94, 95]. Within certain limits, a large specific surface area results in high 

sensitivity[96]. The control of these variables is a significant issue in the manufacturing of 

ferrite sensors[97]. These issues are resolved by using a sufficient sintering temperature and 

adding appropriate additives that encourage pore development[98]. In the range of high 

concentrations, gas sensitivity tends to reach saturation[99]. 

2.5.4 Selectivity 

Selectivity is the ability of a sensor to preferentially detect a certain gas analyte in the presence 

of additional gases[100]. It is a crucial parameter since gases would typically occur in mixtures 

in real-world application situations. Controlling temperature, using catalysts and dopants, 

adding specific chemicals to the grain's surface, and using filters all increase sensitivity and 

selectivity[101]. By using the right electrode arrangement and sensing layer thickness, 

selectivity may also be improved. The selectivity of various gases varies amongst different 

sensing materials. 

2.5.5 Repeatability 

Repeatability is a measure of how consistently the sensor responds to the same concentration 

of the selected analyte gas species after measurement conditions have been changed. 

2.5.6 Stability 

Stability is the ability of a sensor to provide the same results. Therefore, the sensitivity, 

selectivity, response, and recovery time of the sensor remains unchanged. 
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2.5.7 Limit of detection  

The limit of detection is the lowest signal, or the lowest corresponding concentration of a gas 

the sensor can detect or determined from the signal, that can be observed with a sufficient 

degree of confidence. 

2.5.8 Operation Temperature 

The measurement of gas response has proven that it is temperature dependent[102]. 

Temperature-dependent electrical characteristics of semiconducting metal oxides are 

determined by their polarisations, which include interfacial, dipolar, atomic, and electronic 

polarizations[103, 104]. The temperature has a significant impact on the dipolar and interfacial 

polarizations. Ceramic gas sensor sensitivity is thus determined by operating temperature[105]. 

Low sensitivity results from the gas analyte's inability to react thermally with the adsorbed 

oxygen species, O-2, at low temperatures. As a result, sensitivity is directly related to operating 

temperature until the optimal temperature is reached, thereafter sensitivity drops with further 

increase in temperature. Since high temperatures are not conducive to the exothermic 

adsorption process, the sensitivity response decreases, and further increase in temperature 

results in a larger desorption rate compared to the adsorption rate[106]. The kind of test gas, 

chemical composition, dopants, and catalyst all affect the temperature that corresponds to 

maximal sensitivity[107]. The enhanced sensitivity at high temperatures is attributed to 

sufficiently high thermal energy that assists in overcoming the surface reaction's activation 

energy barrier as well as the conversion of adsorbed oxygen species from O-2 to O- at higher 

temperatures, which increases the electron concentration after the maximum sensitivity is 

reached[108, 109].  

2.5.9 Crystalline size, Grain size/Particle size 

Crystallite refers to each crystal found within a grain or particle. Numerous crystals are present 

in every grain. In addition to its particle size, a grain's diameter also matters. Particles of a size 

of smaller than 10-5 centimetres (1000Å ) tend to improve strength and hardness with 
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decreasing grain size[110]. Chen et al.[111] examined the impact of grain size in their 

investigation of copper, zinc, cadmium, and magnesium ferrites. It was discovered that the 

grain size and surface area both influence gas sensitivity. Smaller grain size samples have more 

surface area and higher gas sensitivity than bigger grain size samples, which have less surface 

area. Increasing the material's surface area would be the most effective technique to increase 

the sensor's sensitivity. 

2.5.11 Dopants/additives 

Adding or replacing metal ions in ferrites can increase the sensitivity, selectivity, and response 

time of ferrite gas sensors. According to Sutka et al.[61] an increase in donor concentration 

results in an increase in overall sensitivity, which is explained by an increase in the amount of 

adsorbed oxygen species on the grain surface. Carbon monoxide (CO) and ethanol sensing 

characteristics of cobalt ferrite nanoparticles were examined by Joshi et al.[112] Working 

temperature was lowered from 325 °C to 225 °C, and improved sensitivity was seen. Kadu et 

al.[113] investigated how palladium inclusion affected the Zn0.6Mn0.4Fe2O4 ethanol sensor. It 

was demonstrated that when the working temperature dropped from 300 °C to 200 °C, 

sensitivity rose. The effect of tungsten substitution on nickel ferrite for  hydrogen sensing was 

investigated by Pathania et al.[114] A minimum temperature of 80 °C caused the sensor to 

become more sensitive. Gadkari et al.[115] investigated the impact of sm3+ ion addition on 

MgCdxFe2O4 sensing characteristics toward LPG, Cl2, and C2H2OH. It was noted that the 

operating temperature decreased from 222 °C to 198 °C. The fundamental function of metal 

substitution in ferrite gas sensors is to reduce the operating temperature while also boosting 

sensitivity, as demonstrated by the samples above. Two different methods are used to do this. 

The first one involves altering the ferrite's microstructure by lowering the particle size, which 

increases the surface area. The ferrite's electrical conductivity is altered via the introduction of 

dopants, which improves sensitivity. 
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2.5.12 Response Characteristics 

The rate at which a gas sensor can detect changes in gas concentration and produce a 

proportional output is known as its response characteristic. For applications needing real-time 

monitoring or quick responses, it is a crucial metric. The amount of time it takes a gas sensor 

to detect and record a change in gas concentration is referred to as the gas sensor response 

time[116]. Usually, it is determined by how long it takes for the sensor output to reach a certain 

percentage (such as 90% or 95%) after being exposed to a step change in gas concentration. 

The extrapolation of the response and recovery time from the gas sensing data/plot is shown in 

Fig. 2. 4. The amount of time it takes for a gas sensor to recover from exposure to the gas and 

resume operating at its baseline output level is known as the recovery time. The sensor may 

require some time to fully recover and stabilise after being exposed to a gas. When the sensor 

needs to be prepared to detect further changes in gas concentration, the recovery period is very 

important 

 

 

 

 

 

 

 

 

 

Figure 2. 4: Typical example of response and recovery times. 
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Other response characteristics are stability and drift. The capacity of the sensor to deliver 

dependable and constant performance throughout time is referred to as stability[117]. Drift is 

the term used to describe a long-term, steady shift in the sensor's output or response 

characteristics[118]. Applications requiring long-term monitoring must have high stability and 

little drift. The exact technology employed in the gas sensor, such as electrochemical, 

semiconductor, or optical-based sensors, can have a considerable impact on these parameters. 

Different sensor types are useful for particular applications and target gases since they each 

have different strengths and drawbacks 
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CHAPTER 3 

MATERIALS, SYNTHESIS AND 

CHARACTERISATION TECHNIQUES 

 

3.1 INTRODUCTION  

This chapter describes the synthesis methods used to synthesise cerium-doped magnesium 

ferrites and the characterisation techniques. The MgCexFe2-xO4 nano ferrites where x = 0.0, 

0.05, 0.1and 0.2 were synthesised by the glycothermal method using a Parr pressure reactor. 

They were then subjected to different characterisation techniques to study their structural, 

surface morphology, optical and gas sensing properties. 

3.2 MATERIAL SYNTHESIS 

3.2.1 Glycothermal Synthesis 

The composition with the general formula MgCexFe2-xO4 where x= 0.0, 0.05, 0.1, 0.2 was 

prepared by the glycol-thermal method using high-purity metal chlorides as starting materials. 

The calculated stoichiometric ratio of MgCl2.6H2O (98%), CeCl3.6H2O (99%) and FeCl3.6H2O 

(98%) all supplied by Aldrich were measured and mixed in 400 ml deionized water under a 

magnetic stirrer with constant stirring. Once all the metal chlorides were dissolved, ammonium 

hydroxide was used as a precipitant, and it was slowly added dropwise in a chloride solution 

mixture until PH≈9.5 was reached. Then the precipitate was filtered and washed several times 

with deionized water over a Whatman glass microfiber filter (GF/F) with the aid of a suction 

flask operating on the vacuum pump. The removal of chloride ions in the filtrate was confirmed 

by the silver nitrate test. Then it was transferred to a glass lining with 250 ml of glycol-ethylene 

in a stainless-steel pressure vessel (Watlow series model PARR 4843). This was heated to a 

temperature of 200 °C and maintained for 6 hours at a constant pressure of 60 psi. After 6 hours 
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the system was allowed to cool down slowly to room temperature. The dark brown magnetic 

powder was separated from glycol-ethylene by filtering. It was then washed with deionized 

water, and ethanol, and then dried in an infra-red lamp of 250 W for 2 hours. The product was 

recovered and homogenised by a pastel and agate mortar as illustrated in Fig 3.1. 

 

 

Figure 3. 1: Illustration of the synthesis method. Source? 

 

3.3 MATERIALS CHARACTERISATION 

The samples of MgCexFe2-xO4 where x= 0.0, 0.05, 0.1, 0.2 were subjected to different 

characterisation methods, namely: XRD for structural properties; Mössbauer for magnetic 

properties; SEM to investigate surface morphology, microstructural analysis, and chemical 

composition; HRTEM to analyse the internal structure of materials to get detailed information 

regarding the structure, shape, size, and crystalline behaviour of the particle; XPS to analyse 
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the composition, elemental surface states, chemical and electronic states within a material; PL 

to study energy levels and to extract valuable information such as donor and acceptor states, 

purity and surface defect states and induced defect states within the band gap of the material; 

BET for the measurements of the specific surface area of materials. All these techniques are 

explained in this section. 

3.3.1 X-Ray Diffraction (XRD) 

An X-Ray diffractometer was employed in this study to investigate the structural properties, 

the orientation of a single grain, phase structure and composition, crystallite size, and lattice 

parameters of the synthesised nano ferrites. This method is based on recording the scattered 

intensity of x-ray beams hitting a sample as a function of incidence and scattering angle, 

polarisation, and wavelength or energy. The typical x-ray diffractometer setup is shown in Fig. 

3. 2. 

 

 

  

 

  

 

 

 

Figure 3. 2: Schematic diagram of an X-ray diffractometer [1]. 

 

X-ray diffractometers comprise three essential components: an x-ray source, a sample holder, 

and an x-ray detector. X-rays are created in a cathode ray tube by warming up a filament to 
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produce electrons, then applying a large potential difference between the cathode (filament) 

and anode (metal target), which causes electrons to accelerate at a high speed towards the target 

metal and collide with it. When electrons have sufficient energy to dislodge the inner shell 

electrons of the target material, characteristic X-ray spectra are produced. These spectra 

comprise a few segments, the most widely recognised being Kα and Kβ. Kα comprises Kα1 and 

Kα2. These K α X-rays are collimated and directed on the sample. When the sample and detector 

are rotated, the intensity of the reflected X-rays is recorded. When the geometry of the incident 

X-rays impinging on the sample satisfies Bragg’s law, the reflected X-rays from different 

planes in the crystal interfere with each other, as illustrated in Fig. 3. 3. 

 

 

 

 

 

 

 

 

 

 

Figure 3. 3: Diffraction patterns according to Bragg’s law [2]. 

 

Bragg's equation describes the condition of constructive interference in x-rays scattered from 

atomic planes of a crystal as follows: 

θλ sin2dn =     Eq.....3. 1 

where is an integer, λ  is the wavelength of the characteristic x-rays, d  is the lattice interplanar 

spacing of the crystal, and the angle between the radiation and the atomic planes, known as 

Bragg’s angle. When the conditions for constructive interference are met, a diffraction pattern 

is produced. In a diffraction pattern, X-ray intensities are recorded as a function of the 2θ angle. 
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Plotting the intensities and positions (2θ angles) of the resultant diffracted peaks of radiation 

produces a pattern, which is a distinctive feature of the material being studied. In this study, 

measurements were performed in the range of 10° to 80° at a scan rate of 0.3° per minute and 

step size of  0.05° using a Bruker Advance D8 measuring instrument. The data were plotted 

using Origin 8.5 software. Peak analysis and indexing were done with the aid of a database of 

the Joint Committee on Powder Diffraction Standards (JCPDS Card No 36-0398). Then the 

crystalline size of nano ferrites was calculated using the Scherrer equation 

 𝐷𝐷𝑘𝑘ℎ𝑙𝑙 =  𝐾𝐾𝐾𝐾
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

      Eq.....3. 2 

where Dkhl is the average crystalline size, K is the shape factor, 𝜆𝜆 is the x-ray wavelength(Cu 

Kα = 1.542 Å), 𝛽𝛽 is the full width at half maximum in radians and 𝜃𝜃 is the Bragg’s angle [1] 

 

3.3.2 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is the most generally used technique to investigate surface 

morphology, microstructural analysis, and chemical composition. The SEM scans the surface 

of the specimen with a highly focused beam of electrons and produces the image. The following 

six components are the main components of an SEM: Electron column, Scanning system, 

Detectors, Display, Vacuum system, and Electron beam controls. 

An electron gun and at least two or more electromagnetic lenses operating in a vacuum are the 

components of the electron column. In an electron gun, electron beams are produced, and free 

electrons are excited with an energy range between 1 keV - 40 keV. The purpose is to focus 

and create a small electron probe on the specimen surface. The interaction of electrons with the 

specimen surface is determined by the probe diameter range between 1 nm - 1 μm. Scanning 

coils produced an image when an electron beam is focused and scanned across the specimen 

surface. Each point on the specimen surface that is struck by the accelerated electrons emits a 

signal in the form of electromagnetic radiation.  
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Figure 3. 4: Image of the University of Zululand’s Field Emission Scanning Electron 

Microscope. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 3. 5: Schematic diagram of SEM [3]. 
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Generally, the most selected signals are backscattered electrons and secondary electrons. The 

mentioned signals are collected in a backscattered electron detector and a secondary electron 

detector respectively. The collected signals are displayed on one of the TV screens in the form 

of an image. However, the advantage of SEM is the clear image produced like that of a normal 

photo.  The exterior part of an SEM and the schematic diagram are shown in Fig. 3. 4 and Fig. 

3. 5 respectively. For this study, images of the powder’s surface morphology and particle size 

were captured using a scanning electron microscope (SEM, Carl ZEISS Sigma VP-03-67) with 

the Energy Dispersive X-ray Spectroscope (EDS), which detects elements’ composition in a 

material. 

 

3.3.3 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is one of the important techniques used to analyse 

the internal structure of materials to get detailed information regarding the structure, shape, 

size, and crystalline behaviour of the particle. In the TEM instrumentation, the electron beam 

from the gun is transmitted via the material, creating an image on a fluorescence screen. High-

resolution TEM (HRTEM) is slightly more advanced and uses a different methodology than 

other types of TEM. In HRTEM the transmitted electrons interact with atoms in the material 

through elastic and inelastic scattering. Inelastically scattered electrons have a change in energy 

after they are transmitted through the sample, while elastically scattered electrons maintain 

their initial transmitted energy. These electrons leave the sample and move through the lenses 

of the microscope to form a high-resolution image, that can structurally characterise samples 

at an atomic level [4]. It is, therefore, a very useful technique in the study of all nanoscale 

structures. Fig. 3.6 shows a schematic diagram of the HRTEM. This study images were 

recorded using a high-resolution transmission electron microscope (HR-TEM) JEOL 1400 

system. 
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Figure 3. 6: Schematic representation of TEM, for (a) diffraction pattern viewing and (b) final 

image viewing [5]. 

 

3.3.4 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a technique used to analyse the composition, 

elemental surface states, and chemical and electronic states within a material. This technique 

was first reported in 1967 by Siegbahn [6] and this was based on the photoelectric effect, which 

was explained by Albert Einstein in 1905 [7]. The photoelectric effect is the ejection of 

electrons from a metal surface when it is irradiated by light. Einstein predicted that light is not 

a wave propagating in a space, but packets of waves related to photons with energy (E) which 
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is given by E = hν where h is the Planck constant and ν is the frequency. For an electron to be 

ejected, the photon must have an energy bigger than the work function (ϕ) of a material 

otherwise no electron will be ejected. Therefore, the photoelectric effect equation can be 

written as follows: 

    𝐸𝐸𝑘𝑘 = ℎ𝑣𝑣 − 𝜙𝜙      Eq.....3. 3 

 In XPS the sample is bombarded with x-rays of energies lower than 6 keV, and then the kinetic 

energy of ejected electrons is measured and analysed. The binding energy (BE) of electrons 

can be calculated as   

    𝐵𝐵𝐵𝐵 = ℎ𝑣𝑣 − 𝐸𝐸𝑘𝑘 − 𝜙𝜙     Eq.....3. 4 

where ℎ𝑣𝑣 is the energy of photons known or measured, 𝐸𝐸𝑘𝑘 the kinetic energy of ejected 

electrons as measured by the instrument and ϕ is the work function of the sample [8].  

 

Figure 3. 7: Schematic setup of XPS [8]. Source? 

 

The binding energy is measured with respect to the material fermi level not with respect to the 

vacuum, which is why the work function is included in equations. Characteristic spectral peaks 

observed from XPS spectra are notated by the element and orbital from which they were 
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ejected. For example, “O 1s” describes electrons emitted from the 1s orbital of an oxygen atom. 

Fig. 3.7 shows the basic setup of XPS. 

3.3.5 Photoluminescence (PL) 

Photoluminescence (PL) is the spontaneous emission of light from a material after optical 

excitation. It is a powerful technique mainly used to study energy levels and to extract valuable 

information such as donor and acceptor states, purity and surface defects states and induced 

defects states within the band gap of the material. Fig. 3.8 shows the PL schematic setup. 

 

Figure 3. 8: Schematic setup of the Photoluminescence spectrometer [9]. 

 

During PL measurements, a beam of light with a wavelength close to the bandgap of a sample 

is shone onto the sample inside the cryostat, to ensure that measurements are taken at low 

temperatures. The light is absorbed and directs excess energy to the material in a process called 

photo-excitation [10]. After light absorption electrons move from the valence band into the 

conduction band, but this only happens if the incident light has an energy greater than the 

bandgap energy. An electron that has been excited above the conduction band of a material will 

eventually fall and recombine to the hole that has been excited below the valance band after 

losing some energy by releasing a phonon to the lowest available non-radiative energy level.  

The emitted light is directed into a fibre optic cable and then into a spectrometer. A filter may 
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be placed in front of the fibre input to remove any incidental laser light. Inside the spectrometer, 

a diffraction grating diffracts different wavelengths in different directions towards an array of 

photodetectors that measure the intensity of each wavelength component. The digital 

information is interpreted by the computer, which can display a PL spectrum. The spectrum 

indicates the relative intensities of light of different wavelengths entering the detector. The 

efficiency of the photoluminescence signal is determined by the nature of optical excitation, 

and properties of the material, i.e., radiative, and non-radiative recontamination and defects. in 

this study, the photoluminescence (PL) spectra were excited at room temperature with a 

continuous helium cadmium laser of wavelength 325 nm chopped at 120 Hz and collected 

using a Horiba iHR320 spectrometer with entrance and exit slits set to 250 mm and a 

photomultiplier tube detector (R9943-02) operating at 1300 V, linked to a lock-in amplifier. 

3.3.6 Brunauer-Emmett-Teller Spectroscopy 

Brunauer-Emmett-Teller (BET) spectroscopy together with related theory aims to explain the 

adsorption of gas molecules on a solid surface and serves as the basis for an important analysis 

technique for the measurement of the specific surface area of materials. BET theory applies to 

systems of multilayer adsorption, and usually utilizes probing gases that do not chemically 

react with material surfaces as adsorbates to quantify specific surface area. Nitrogen is the most 

employed gaseous adsorbate used for surface probing by BET methods. For this reason, 

standard BET analysis is most often conducted at the boiling temperature of N2. Further 

probing adsorbates are also utilised, even though with lower frequencies, allowing the 

measurement of surface area at different temperatures and measurement scales. These include 

argon, carbon dioxide, and water. Specific surface area is a scale-dependent property, with no 

single true value of specific surface area definable, and thus quantities of the specific surface 

area determined through BET theory may depend on the adsorbate molecule utilised and its 

adsorption cross-section[11]. A schematic setup of BET instrument is shown on Fig. 3. 9. 
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Figure 3. 9: Schematic diagram of the Brunauer-Emmett-Teller (BET) [12]. 

 

In this study, Nitrogen adsorption-desorption isotherms and Brunauer-Emmett-Teller (BET) 

surface area studies were performed using a Micromeritics TRISTAR 3020 surface area 

analyser. 

3.3.7 Magnetic properties measurements 

Magnetic properties in ferrites make them useful in various applications. These magnetic 

properties are determined by the interactions between magnetic moments which are dependent 

on the position of metal cations in the crystal structure [13]. The interaction of the cations is 

mediated by the oxygen ions which also insulate them from each other, thus resulting in high 

resistivity as another important property of ferrites [14]. The interaction via the intermediary 

oxygen ions is referred to as super exchange interaction which is the source of magnetism in 

ferrites. Since the magnetic moments of the cations occupying the A and B sites are not equal, 

the strong super exchange interactions result in an anti-parallel arrangement with net non-zero 

magnetization[15]. This type of magnetic ordering is known as ferrimagnetism. This is like 

ferromagnetic order. Spontaneous ordering of the magnetic moments occurs below the Curie 
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temperature. In this study, magnetic measurements were done using a Mössbauer spectroscope 

and a Vibrating sample magnetometer. 

(a) Mössbauer Spectroscopy 

Mössbauer spectroscopy is a technique that is mainly used to detect the weak interactions 

between a nucleus and its surrounding materials [16]. Thus, scientists use these tiny energy 

changes to give precise information about the chemical, structural and magnetic properties of 

materials. Geologists use this technique in mineralogy to examine the valence states of iron 

atoms at lattice and interstitial sites. The technique is important for both research and 

applications. In 1957 Rudolf Mössbauer discovered the recoil-free emission and resonant 

absorption of gamma (γ) rays by atoms in a crystal [17]. This is known as the Mössbauer effect 

and serves as the basis for Mössbauer spectroscopy. The Mössbauer spectroscopy unit used for 

measurements in this study consisted of a 25 mCi 57Co source sealed in rhodium matrix, 

HALDER D 8110 transducer, LND 45431 detector, FAST ComTec pre-amplifier, CANBERRA 

2011 linear amplifier, TUNNELEC TC-950 HV supply, HALDER MR-351 Mössbauer drive 

unit (MDU), an ORTEC model MCS-PCI card, and a desktop computer. The setup of the 

Mössbauer used in this study is shown in Fig. 3.10.  
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Figure 3. 10: A schematic diagram of the Mössbauer spectroscopy setup[18]. 

 

(b) Vibrating Sample Magnetometer 

A vibrating sample magnetometer (VSM) is commonly used to measure magnetisation. The 

magnetisation in materials is an important parameter to measure, as it provides crucial intrinsic 

information about the magnetic state of a materials. It also gives information on the nature of 

the interactions of the constituent magnetic moments [19]. The magnetisation is well 

determined under the influence of an external magnetic field. The role played by the external 

field is to align the magnetic moments of materials in the direction of the field. One important 

aspect is to study how the magnetisation of a material varies with temperature T or applied 

field B. In this study the Lakeshore VSM system consisted of an electromagnet, model 642 

bipolar electromagnet power supply, model 450 gaussmeter, model 340 temperature controller, 

model 735 VSM controller, a NESLAB ThermoFlex 2500 chiller, National Instruments IEEE-

488 interface card and a desktop computer. The components were connected to the interface 
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card by PCI-GPIB cables. All the components were powered through an Eaton 9355 

Uninterrupted Power Supply (UPS) system to avoid data loss and abrupt shutdown of the VSM 

during power failure. Windows interface software was used to control the components and 

monitor the status of the equipment during measurement. The VSM was calibrated by a 

standard nickel sphere of known saturation magnetisation of 54.7 emu/g. Then measurements 

were done in the field of -15kOe to 15kOe. 

3.4 GAS SENSING TESTING  

A KENOSISTEC KSGAS6S Italy gas sensing technique set-up was used in this study to 

investigate gas sensing properties of the nanostructures. The instrument is shown in Fig. 3.11.  

 

Figure 3. 11: KSGAS6S test system for gas sensors at UNIZULU. 

The system consist of a sensing chamber with sample stages, two thermostatic baths, an air 

mixer and a dry air inlet carrying dry air into the mixer, four different gas inlets, and mass flow 

controllers to control the amounts of gases reaching the chamber (with the first supplying wet 

Sample chamber 

Keithley 
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air into the mixer during humidity measurements and the second being for volatile gas 

measurements),  KEITHLEY heater that supplies voltage across the sample and Pico ammeter 

for the conductance measurement, gas inlets and outlets including a vent outlet.  

3.5 SENSOR FABRICATION AND MEASUREMENTS 

To study the gas sensing properties, samples were dispersed in ethanol and sonicated for 2 h. 

Then drop casting was performed onto alumina substrates pre-printed with platinum electrodes 

on the top surface. These sensors were dried at 120 °C to remove any organic residuals. One 

sensor at a time was placed inside an airtight chamber with electrical and gas feeds for sensing 

measurements using a KS026K16 (KENOSISTEC model, Italy) gas testing system at different 

operating temperatures (i.e. 25 °C, 75, 100, 125, 150, 175, 225 and 275 °C) under constant 

applied voltages (0.1, 0.5, 1.0, 3.0, 5.0, 7.0 V) across the sensor. The concentrations of the 

target gases which were all bought from NMISA (acetone, methanol, p-xylene, ethylbenzene, 

toluene, and benzene) at 5, 10, 20, 50, 80, and 100 ppm concentration and operating 

temperature of 225 °C within the chamber were regulated by monitoring the flow rate ratio of 

the dry-air and argon gas to the target gas. A dry-air atmosphere (79% N2 and 21% O2) was 

used to conduct dilution of the gas measurements and as well as a carrier gas. As for the gas 

sensing measurement in inert or reduced oxygen environment, argon was used as a carrier gas 

to dilute the acetone gas. The gas sensing measurements were conducted in dry ambient (0.1 

%RH) and in the presence of relative humidity (50 %RH maximum). The change in the sensor 

resistance of the device was quantified using a Keithley 6487/E Pico ammeter/voltage source 

meter. The electrical gas response (S) of the sensor was calculated using equation 2.6. 
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CHAPTER 4 

STRUCTURAL AND SURFACE ANALYSIS 

 

4.1 INTRODUCTION 

This chapter deals with the structure and magnetic, optical, and surface properties of the 

Cerium substituted Magnesium Nano-ferrites prepared by the pressurised hydrothermal 

chemical process.  The above mentioned materials’ properties were conducted by X-ray 

diffraction, Scanning Electron Microscopy, High-Resolution Transmission Electron 

Microscopy, X-ray Photoelectron Spectroscopy, Brunauer-Emmett-Teller, Vibrating Sample 

Magnetometer, Photoluminescence Spectroscopy and Mössbauer. 

4.2.  RESULTS AND DISCUSSION 

4.2.1 X-Ray Diffraction  

The X-ray diffraction (XRD) patterns of the as-synthesised MgCexFe2-xO4 with x ≤ 0.4 are 

presented in Fig. 4.1. The observed hkl diffraction peaks, (220), (311), (400), (422), (511), 

(440), and (533) accord well with the formation of spinel with a cubic crystallographic 

structure. They match well with JCPDS card no. 36-0398, confirming the formation of pure 

face-centred cubic structure of MgFe2O4 phase with space group Fd3m [1, 2].  
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Figure 4. 1: The X-ray diffraction patterns of the Ce substituted (x = 0, 0.05, 0.1, 0.2) 

Magnesium Ferrites doped with Ce in the octahedral site. 

 

At lower x content of Ce, no other foreign peak/s was detected, which indicates the high phase 

purity of MgFe2O4 ferrite up to x = 0.1. However, at x = 0.2, a peak at about 2θ = 28° was 

observed and the spinel high purity is significantly reduced. This suggests the formation of 

secondary phases probably corresponding to CeO2. The average crystallite size (D311) of 

MgCexFe2-xO4 nanoferrites was estimated using Scherer’s equation [3] and the dominant peak 

(311). The crystallite sizes of 7, 10, 15 and 3 nm were recorded for Ce composition of x = 0, 

0.05, 0.10, and 0.2, respectively. The estimated crystallite size showed an initially increasing 

trend upon the addition of Ce in the octahedral site substituting Fe atom but decreased 

significantly for the sample having x = 0.2, as shown in Fig. 4.2(a). It should be noted that the 

(311) dominant plane did not have any significant shift during Ce substitution, as observed on 

the enlarged view of XRD in Fig. 4.2(b). This trend of increasing D (311) could be attributed to 

the decreasing of the full-width-at-half-maximum (FWHM) of the peaks, particularly the (311) 
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peak. This is more prominent for the x = 0.2 sample. Elayakumar et al. [4] observed a general 

decreasing trend in the crystallite sizes of CuCexFe2-xO4 upon increasing the cerium ions (0 ≤ 

x ≤ 0.5). The 311 dominant peaks shifted to higher 2θ values because of cerium substitution. 

However, the spinel maintained its crystalline purity and no reduction of XRD intensity was 

observed. The cell volume, lattice dislocation and strain were reduced with the cerium element 

substitution up to x = 0.1, thereafter a significant increase was observed at x = 0.2. In contrast, 

the opposite was observed for CoNdxCexFe2-xO4 spinel ferrites for 0 ≤ x ≤0.2 range [5]. All 

parameters deduced from XRD results are presented in Table 4.2. 

 

 

 

 

 

 

Figure 4. 2: (a) Crystallite sizes estimated from the 311 dominant peak and (b) enlarge XRD 

view of 311 peaks of MgCexFe2-xO4 Nano ferrites.   

Table 4. 1: Summary of Crystallite Size (D), Lattice parameter (a), Unit Cell Volume (V), X-

ray diffraction density (ρ), Dislocation density (δ) and Lattice strain (ԑ) 

 

Sample Crystallite 

size 

(D311) nm 

Lattice 

parameter 

(a) Å 

Unit 

cell 

volume 

(Å)3 

XRD 

density 

(ρ) 

g/cm3 

Dislocation 

density 

(δ) 

(x10-3/nm-2) 

Lattice 

strain 

(ԑ) 

x10-3 

MgFe2O4 8.37±0.35 8.320 575.9 4.61 14.3 3.0 

MgCe0.05Fe1.95O4 10.15±0.51 8.392 591.1 4.59 9.70 2.8 

MgCe0.1Fe1.9O4 15.39±0.70 8.351 582.6 4.75 4.21 2.3 

MgCe0.2Fe1.8O4 5.24±0.10 8.339 579.9 4.97 36.4 5.9 

a) b) 
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4.2.2 High Resolution Transmission Electron Microscopy  

As part of internal structural analysis, High-Resolution Transmission Electron Microscope 

(HR-TEM) measurements were performed on as-prepared magnesium doped Nano-Ferrites. 

Fig 4.3(a-h) shows HR-TEM images of MgCexFe2-xO4 nano-ferrites with different Ce dopant 

concentrations. The insets of Fig 4.3 are the corresponding selected area electron diffraction 

patterns (SAED). The inter-planar d-spacings could be calculated from the diffraction fringes 

and the value of 0.249 nm for the most prominent ring could be indexed to the (311) crystalline 

planes of the MgFe2O4 spinel ferrite. The series of the SAED spots in the rings of Fig. 4.3 insets 

confirmed the crystalline structure of the magnesium-based spinel ferrite samples. However, 

the more diffuse rings of the highly substituted MgCe0.2Fe1.8O4 nano-ferrite (see Fig. 4.2(g)) 

suggests poor crystallinity and that the Ce atoms could no longer be incorporated into the 

MgFe2O4 structural matrix, instead forming secondary islands corresponding to other phases. 

Fig. 4.3(h) shows different lattice fringes with d-spacing that could be indexed to CeO2 and α-

Fe2O3 phases. This is consistent with the XRD analysis (see Fig. 4.1) showing poor single 

crystalline corresponding to the magnesium spinel ferrite as the Ce is increased. 
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Figure 4. 3: HRTEM images of MgCexFe2-xO4 nano-ferrites with different Ce dopant 

concentrations (a - b) x=0, (c - d) x=0.05, (e - f) x=0.1, and (g - h) x=0.2. The insets are the 

corresponding selected area electron diffraction patterns. 
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4.2.3 Scanning Electron Microscopy  

The surface morphologies of these MgCexFe2-xO4 Nanoferrites are presented in Fig. 4.4(a-

d). where (a) is an undoped magnesium ferrite (MgFe2O4), (b) MgCe0.05Fe1.95O4, (c) 

MgCe0.1Fe1.9O4 and (d) MgCe0.2Fe1.8O4.  

 

Figure 4. 4: SEM images of the MgCexFe2-xO4 samples with (a) x=0, (b) x=0.0.5, (c) x=0.1 

and (d) x=0.2. 

 

Figure 4. 5: The energy dispersive X-ray (EDX) measurements performed on MgCe0.2Fe1.8O4 

nanoferrites. 

a) 

100 nm 

b) 

c) 

100 nm 

d) 
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Both the undoped or unsubstituted and less Ce doped, MgFe2O4 (Fig. 4.4a) and 

MgCe0.05Fe1.95O4 (Fig. 4.4b), respectively, show small spherical nanoparticles that appear 

compact and inter-connected. Increasing the Ce doping by x = 0.1 and 0.2 (see Fig. 4.4(c &d)) 

changed the morphology to small spherical particles that look fine and separated. The Ce 

doping therefore had a significant effect on the morphology and size of the particles. The 

quantitative measurements were performed on the samples using the Energy Dispersive X-ray 

(EDX). The elemental composition spectrum of MgCe0.2Fe1.8O4 sample is presented in Fig. 

4.5. The figure confirms the presence of Iron (Fe), Oxygen (O), Cerium (Ce) and Magnesium 

(Mg) as expected. 

4.2.4 X-ray Photoelectron Spectroscopy Measurements  

To investigate the sensor’s surface composition and valence/oxidation state of the elements, X-

ray Photoelectron Spectroscopy measurements for the Ce-doped magnesium Nano-ferrites 

were performed. Firstly, the survey measurements were conducted to identify the elemental 

composition present in each sample (spinel ferrites). Indeed, the survey spectra confirm the 

existence of C, Mg, Fe, and O elements in the pure undoped spinel (MgFe2O4). However, 

introducing Ce in the spinels was confirmed by the existence of C, Mg, Ce, Fe, and O elements 

in the doped or substituted spinels. The C element was present in all the XPS measurements 

due to the adventitious C in the atmosphere and acted as a reference. The survey spectrum of 

undoped MgFe2O4 showing the existence of Mg, Ce, Fe, and O elements on the surface shown 

in Fig. 4.6(a) and Fig. 4.6(b) – (e) are the XPS spectra of Fe 2p, Mg 2p, O 1s and Ce 3d 

respectively. It should be noted that for undoped magnesium there is no cerium spectrum, 

therefore Fig. 4.6 has (a) to (d) then the other with cerium has (a) to (e). Fig 4.7 present the 

XPS spectra for MgCe0.05Fe1.95O4, Fig. 4.8 spectra for MgCe0.1Fe1.9O4 and Fig. 4.9 spectra for 

MgCe0.2Fe1.8O4  
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Figure 4. 6: An XPS spectra (a) Survey spectrum, (b) Fe 2d spectrum, (c) Mg 2p spectrum, 

and (d) O 1s spectrum for the MgFe2O4 nano-ferrite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

Fe 2p 

 

c) 

 

d) 



  

57 
 

 

  

 

 

  

 

 

 

 

 

 

Figure 4. 7: An XPS spectra (a) Survey spectrum, (b) Fe 2d spectrum, (c) Mg 2p spectrum, 

(d) O 1s spectrum and (e) Ce 3d spectrum for the MgCe0.05Fe1.95O4 nano-ferrite. 

 

 

a) 

 

c) d) 
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Figure 4. 8: An XPS spectra (a) Survey spectrum, (b) Fe 2d spectrum, (c) Mg 2p spectrum, 

(d) O 1s spectrum and (e) Ce 3d spectrum for the MgCe0.1Fe1.9O4 nano-ferrite. 

 

 

c) 
 

a) b) 

 

d) 
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Figure 4. 9: An XPS spectra (a) Survey spectrum, (b) Fe 2d spectrum, (c) Mg 2p spectrum, 

(d) O 1s spectrum and (e) Ce 3d spectrum for the MgCe0.2Fe1.8O4 nano-ferrite. 

 

 

c) 
 

a) 

 

b) 

 

d) 

 

e) 



  

60 
 

The MgCe0.2Fe1.8O4 nano-ferrite, Fig. 4.9(c) exhibits a high-resolution XPS spectrum for the 

Mg 2p core level at 54.4 eV binding energy [6]. The broad and asymmetric peak of the high-

resolution O 1s spectrum is presented in Fig. 4.9(d) falling between 526 and 534 eV. This can 

be fitted with several oxygen components corresponding to lattice oxygen (OL), oxygen near a 

vacancy (OV), and chemisorbed oxygen (OC) with binding energies of (528.1 ± 0.1) eV (529.6 

± 0.1) eV, and (531.2 ± 0.1) eV, respectively [7-12]. It is unusual that the OV (44.5%) 

component contributes such a large portion of the integral area as compared to the OL (29.2%) 

and OC (26.3%). This could be due to the formation of these secondary phases, i.e., CeO2. Some 

oxygen compensated the CeO2 or FeO phases. Fig. 4.9(b) shows a high-resolution Fe 2p 

spectrum consisting of characteristic peaks of Fe 2p3/2 (709.6 ± 0.1) eV and Fe 

2p1/2 (722.7 ± 0.1) eV in octahedral Fe3+ ions. These latter minor spin-orbit doublets come with 

two shakeup satellites at (717.8 ± 0.1) eV and (731.2 ± 0.1) eV. The minor peaks at 

(713.0 ± 0.1) eV and (726.4 ± 0.1) eV were attributed to the Fe3+ in the tetrahedral sites [9, 10, 

13]. There is more than double Fe3+ in the octahedral than in the tetrahedral sites, 0.56 in the 

octahedral and 0.25 in the tetrahedral sites, by comparing the areas under the peaks. This 

suggests that Fe2+ accounts for 0.19 using the inversion rule. The fitting suggests that 

Fe3+ (0.81) was reduced to Fe2+ (0.19). The Fe2+ was less than 0.2 (integral area) for all these 

magnesium ferrites. There is strong evidence in the normal spinel suggesting this chemical 

formula: 

[𝑀𝑀𝑀𝑀1−𝜌𝜌2+ 𝐹𝐹𝐹𝐹𝜌𝜌2+]𝐴𝐴 [𝐹𝐹𝐹𝐹2−𝜌𝜌3+ 𝐶𝐶𝐶𝐶3+]2𝐵𝐵𝑂𝑂4−𝛿𝛿      Eq.....4. 1 

The lattice oxygen responsible for the chemical bonding between A-site (tetrahedral) and B-

site (octahedral) cations was greatly compromised and associated with the formation of oxygen 

vacancies. The nature of the Mg+2 being charge static and the high substitution of Ce results in 

the formation of secondary phases evident from the XRD and HR-TEM. Finally, Fig. 4.9(e) 

presents the XPS spectrum of the Ce 3d core level consisting of double peak spin–orbits 

belonging to Ce 3d5/2 and Ce 3d3/2 separated by ΔE = 16.3 eV and satellite. The latter Ce 3d 
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spectra are typical of Ce3+ and Ce4+ oxidation states [14-17]. It is highly possible to see more 

than one Ce oxidation state.  

Table 4. 2: A summary of the oxygen integral-area components and Fe ratios. 

Spinel Ferrites OL (528.1 eV) OV (529.9 eV) OC (531.2 eV) Fe+3/Fe+2 

MgFe2O4 11.2 % 64.6 % 24.2 % 5.8 

MgCe0.05Fe1.95O4 17.9 % 47.6 % 31.9 + #2.7 % 4.4 

MgCe0.1Fe1.9O4 17.9 % 56.5 % 24.4 + #1.3 % 5.2 

MgCe0.2Fe1.8O4 29.2 % 44.5 % 26.3 % 2.32 

# Represents extra hydroxylic group 

Table 4.2 shows a summary of the integral area of the oxygen components and the two Fe 

ratios. It is clear from the table that the OV dominates in these magnesium ferrites. The 

MgCe0.2Fe1.8O4 nano ferrites are ifferent, containing more of the OL and less OV , and the ratio 

of Fe3+(B)/Fe3+(A) is much greater compared to the other magnesium ferrites. The 

Oc (531.2 ± 0.1 eV) peak can further be deconvoluted, fitted with two peaks containing both 

the Oc part and hydroxylic group (#) belonging to –OH group. It is only the 

MgCe0.05Fe1.95O4 and MgCe0.1Fe1.9O4 that contain the –OH part with 0.3 and 0.1, respectively. 

4.2.5 Brunauer-Emmett-Teller (BET) Measurements 

The nitrogen adsorption–desorption measurements were performed to investigate the surface 

texture properties and whether the samples are meso-porous or macro-porous. Fig. 

4.10 indicates that the nitrogen adsorption–desorption isotherm curves of all MgCexFe2-

xO4 belong to type IV [18, 19]. The hysteresis loop does not exhibit any limiting adsorption at 

high relative pressures, P/P0.  
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Figure 4. 10: Nitrogen adsorption-desorption isotherms of the Ce-doped magnesium ferrites, 

(a) MgFe2O4, (b) MgCe0.05Fe1.95O4, (c) MgCe0.1Fe1.9O4 and (d) MgCe0.2Fe1.8O4 spinel ferrite. 

Inset: The corresponding pore size distribution. (e) represents the BET surface area as a 

function of Cerium content. 

The calculated desorption path of the nitrogen isotherm by the Barrette-Joynere-Halenda 

method suggests that the pore size distribution of these Ce doped magnesium ferrites is in the 

smaller range of 5 - 9 nm. Table 4.3 gives a summary of the BET surface areas, and the pore 

a) b) 

c) d) 

e) 
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size distribution of these magnesium ferrites. It is clearly demonstrated that the pore size 

distributions follow the average crystallite size trend, whereas the surface areas are not 

correlated. The pore size distributions and the crystallite sizes of these magnesium ferrites 

increase with the increase of the Ce composition but reach a maximum threshold and then 

decrease when the Ce concentration reaches x = 0.2 load. 

Table 4. 3: Summary of the BET specific surface areas, and pore size distributions of the Ce-

doped magnesium based ferrites. 

Spinel Ferrites Spec. surf. Area (m2/g) 

± 2.85 

Pore Size (nm) 

± 1 

MgFe2O4 153.63 5 

MgCe0.05Fe1.95O4 28.70 9 

MgCe0.1Fe1.9O4 122.03 8 

MgCe0.2Fe1.8O4 151.66 5 

 

4.2.6 Vibrating Sample Magnetometer  

The vibrating sample magnetometer is the instrument commonly used to study magnetisation 

of materials in the presence of changing temperature and applied magnetic field. In the current 

study, the lakeshore 735 model was used to acquire results at room temperature using a field 

of -15 to +15kOe. Fig. 4.11 shows the hysteresis loop of cerium doped magnesium ferrite. 

Saturation magnetisation (MS), Maximum magnetisation (MM), Remnant magnetisation (MR) 

and Coercive field (HC) are presented in Table 5.1. Saturation magnetisation was deduced by 

fitting the initial magnetisation with equation 𝑀𝑀 = 𝑀𝑀𝑠𝑠 �1 − 𝑎𝑎
𝐻𝐻
− 𝑏𝑏

𝐻𝐻2 − ⋯�+ 𝜅𝜅𝑜𝑜𝐻𝐻 where 𝑀𝑀𝑠𝑠 is 

the saturation magnetisation which corresponds to fitting parameter P1 in Fig. 4.12, H is the 

applied field, and 𝜅𝜅𝑜𝑜𝐻𝐻 is a force magnetisation, while 𝑎𝑎 and 𝑏𝑏 are fit parameters [20-22]. 

Experimental magneton number (nB) was calculated from the formula, 𝑛𝑛𝐵𝐵 = 𝑀𝑀𝑤𝑤×𝑀𝑀𝑠𝑠
5585

   where 

𝑀𝑀𝑤𝑤 is the molecular mass of the sample in grams and the squareness ratio of the magnetisation 

curves were calculated by = 𝑀𝑀𝑟𝑟
𝑀𝑀𝑠𝑠

 .  Saturation magnetisation and coercive field was plotted 
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against cerium content as shown in Fig. 4.13. The results show a decrease in saturation 

magnetisation with an increase in cerium content, while an increase in coercivity was observed. 

 

Figure 4. 11: Magnetic hysteresis loops for MgCexFe2-xO4. 

 

Table 4. 4: Crystallite size (D311), Saturation magnetisation (MS), Remnant Magnetisation 

(MR), Squareness of the loop (MR/MS), Maximum Magnetisation (MM), Coercivity (HC) and 

experimental magneton number (nB). 

Spinel Ferrites D (311) MS 

(emu/g) 

MR 

(emu/g) 

SQR 

(MR/MS) 

Mm 

(emu/g) 

HC  

(Oe) 

nB 

(µB) 

 ± 0.41 ± 0.2 ± 0.05  ± 0.1 ± 1.4  

MgFe2O4 8.37  72.9 2.726 0.0374 76.7 8.3 2.60 

MgCe0.05Fe1.95O4 10.15 39.6 0.730 0.0184 43.3 16.3 1.45 

MgCe0.1Fe1.9O4 15.39  27.9 1.269 0.0455 35.0 26.8 1.04 

MgCe0.2Fe1.8O4 5.24 8.6 0.242 0.0281 18.4 52.0 0.33 
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Figure 4. 12: Fitted initial magnetisation curve of MgFe2O4 for saturation magnetisation 

calculation. 

 

Figure 4. 13:  Variation of Saturation magnetisation and Coercive field with an increase in 

Cerium content of MgCexFe2-xO4(x= 0.0, 0,05, 0.1, 0.2). 
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This may be due to the substitution of a small quantity of Fe3+ ions by Ce3+ ions on the B-site, 

since the effective magnetic moment of Ce3+ ions is less than that of Fe3+ ions. The Ce3+-Fe3+ 

interactions are weaker than Fe3+-Fe3+ interactions, therefore magnetisation is expected to 

decrease with a decrease in super-exchange interactions because of a decrease in Fe3+ content. 

An increase in the content of Ce3+ leads to the formation of a secondary phase at grain 

boundaries which cause the movement of domain walls to be more difficult, therefore the 

coercivity increases. It should be noted that lowering the magneton number, 𝑛𝑛𝐵𝐵, suggests a 

weak super-exchange coupling among the lattice sites [2, 23-25]. The maximum saturation 

magnetisation (𝑀𝑀𝑠𝑠) and magneton moment (𝑛𝑛𝐵𝐵) values were observed for MgFe2O4 without 

Ce3+ at x = 0, (see Table 4.4). The (𝑀𝑀𝑠𝑠) and (𝑀𝑀𝑅𝑅) values together with (𝑛𝑛𝐵𝐵) revealed a trend 

to lower values as the concentration of Ce3+ions was increased. This implied deteriorating 

super-exchange interactions in the particles, as mentioned earlier.  

 

Figure 4. 14: Magnetic hysteresis loops for MgCe0.2Fe1.8O4 at different temperatures. 
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Another significant indicator of either hard or soft magnetic properties is the Squareness ratio 

(SQR) of the loops, 𝑀𝑀𝑟𝑟
𝑀𝑀𝑠𝑠

 . If SQR ≥ 0.5, it implies that the nanoparticles contain multiple 

magnetic domains (MMD), whereas if SQR ≤ 0.5 these nanoparticles consist of a single 

magnetic domain (SMD) [5, 23, 25, 26]. Magnetisation measurements at lower temperatures 

(10 – 400K) were performed for the  MgFe1.8O4 sample using a SQUID. Hysteresis loops at 

different temperatures in an applied field of up to 20 kOe are presented in Fig. 4.14. Coercivity 

(HC), Maximum saturation (MS), Remnant Magnetisation (MR), Maximum Magnetisation 

(Mm), Squareness of the loop (MR/MS), and magneton number (nB) for MgCe0.2Fe1.8O4 were 

calculated and presented in Table 4.5. In the current work the SQR values of these magnetism 

nano-ferrites, both at room temperature and lower temperatures were very small, suggesting 

their uniaxially anisotropic single magnetic domain character.  

 

Table 4. 5: Coercivity (HC), Maximum saturation (MS), Remnant Magnetisation (MR), 

Maximum Magnetisation (Mm), Squareness of the loop (MR/MS), and magneton number (nB) 

for MgCe0.2Fe1.8O4 

T (K) HC 

(emu/g) 

MS 

(emu/g) 

MR 

(emu/g) 

MM 

(emu/g) 

SQR nB  

(µB) 

10 339.2 24.6 3.293 27.7 0.134 0.955 

50 52.5 22.7 0.609 26.4 0.027 0.881 

70 27.8 22.2 0.345 25.8 0.016 0.862 

100 24.5 21.9 0.296 24.8 0.014 0.850 

150 20.3 18.2 0.205 22.9 0.011 0.707 

200 15.5 16.1 0.117 21.0 0.007 0.625 

400 6.2 6.0 0.016 12.4 0.003 0.233 

 

It should also be noted that the SQR values in the temperature range 10-400 K were very small, 

as shown in Table 4. 5. This is further suggestive of a strong surface spin disordering [23]. 

Therefore, an increase in the content of Ce3+ leads to the formation of a secondary phase at 
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grain boundaries which causes the movement of domain walls to be more difficult, therefore 

the coercivity increases. It should be noted that the magnetisation of spinel ferrites is the 

difference between the magnetisation at B-site and A-site. The substitution of Ce into the B-

site seems to suggest superparamagnetic to paramagnetic behaviour. 

 

4.2.7 Mössbauer Spectroscopy Results 

Room temperature Mössbauer spectra for as-prepared samples of MgCexFe2-xO4 where 0 ≤ x ≤ 

0.2 are shown in Fig. 4.15.  

 

Figure 4. 15:  Mössbauer spectra for the MgCexFe2-xO4 Nano ferrites measured at room 

temperature. 
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The scattered data points correspond to the experimental data while the solid lines connecting 

data points represent the fitting. The data points were fitted based on Lorentzian site analysis 

with the aid of Recoil Mössbauer analysis software. The spectra show transformation from 

ordered to paramagnetic spin state with an increase in Ce ions concentration. The spectrum for 

x = 0 and 0.05 shows ordered and paramagnetic behavior at room temperature while for x = 0.1 

and 0.2 shows only paramagnetic behaviour. The Mössbauer spectrum for ordered sample 

could be fitted with two sextets attributed to fraction of ordered Fe3+ ions at the A- and B-sites 

of the spinel structure [21, 22], and one doublet was fitted. showing that there are iron ions 

(Fe+2) which are in a paramagnetic state [27]. For samples (x = 0.1 and 0.2) two doublets were 

used to fit the Mössbauer data. This shows that the samples are completely paramagnetic, which 

is due to unordered magnetic spins and small particle size. The transition from ordered to 

paramagnetic tends to increase gas sensitivity, as observed in Dlamini et al [28]. The direct link 

between Mossbauer data and gas sensing is not yet well established. The Mössbauer 

parameters, variation of isomer shifts (δ), hyperfine fields (H), quadruple splitting (QS), line 

widths (W) and Fe fractions (f) extracted from the fit are presented in Table 4. 6. To assign the 

sextet or doublet to A and B site, the isomer shift criterion was used. The isomer shift for the 

tetrahedral (A) site is always lower than that of the Octahedral (B) site due to the high symmetry 

at the A-site [21]. 

Table 4. 6: Variation of isomer shift (δ), hyperfine fields (H), quadruple splitting (Qs), line 

widths (W), and Fe fractions (f) on A and B sites with Ce-substitution in MgCexFe2-xO4. 

MgCexFe2-

xO4 

δA 

(mm/s) 

δB 

(mm/s) 

HA 

(kOe) 

HB 

(kOe) 

OSA 

(mm/s) 

OSB 

(mm/s) 

WA 

(mm/s) 

WB 

(mm/s) 

FA 

(%) 

FB 

(%) 

Error ± 0.04 ± 0.14 ± 2 ± 8 ± 0.10 ± 0.3 ± 0.06 ± 0.02 - - 

x = 0.0 0.50 0.71 297 - 1.5 5.52 1.18 1.18 26.5 13.1 

x = 0.05 0.19 0.56 253 444 - - 0.65 1.0 17.2 43.2 

x = 0.1 0.32 0.33 - - 0.001 0.74 0.66 0.29 47.9 52.1 

x = 0.2 0.33 0.34 - - 0.82 0.51 0.34 0.24 74.8 25.2 
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4.2.8 Photoluminescence Spectroscopy Measurements 

To investigate light emission properties of magnesium-cerium doped ferrites, 

photoluminescence (PL) optical measurements were conducted at room-temperature. PL 

emission measurements were performed using a continuous helium cadmium laser excited with 

325 nm wavelength chopped at 120 Hz and the exit slits were 250 μm, as described in the 

experimental section in chapter 3. These normal spinel ferrites emit continuous visible 

electromagnetic waves in the 400 – 500 nm range. These range from violet/deep blue to green 

lights. The peak intensities are centred at 415 (3.0 eV) and 435 nm (2.85 eV), as shown in Fig. 

4. 16.  

 

Figure 4. 16: Photoluminescence spectra at room-temperature of the MgCexFe2-xO4 at various 

Ce compositions. 

These light emissions are attributed to exciton recombination, cations interstitials, and oxygen 

interstitials and vacancies [29, 30]. The unsubstituted spinel ferrite, MgFe2O4 had the lowest 

PL intensity. Increasing the Ce substitution (by x = 0.05) in the octahedral site of Fe resulted in 
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better enhancement of the emission intensity. Further increasing the Ce (by x = 0.1) led to a 

significant rise in the intensity to the highest of these magnesium ferrites. This Ce composition 

substitution seems to be the optimal incorporation into the octahedral sites of the Fe. Two 

possibilities should be considered for the luminescence, namely emission from Ce3+ ions or 

from host defects which resulted from the Ce doping. The emission wavelength of the f-d 

transitions from Ce3+ ions is host dependent and often occurs in the blue visible range, e.g., 

centred at 490 nm for Ce doped MgAl2O4 spinel annealed in a reducing atmosphere [30]. 

However, similar luminescence to that observed in this study was also found previously from 

undoped MgFe2O4 as well from CoFe2O4 doped with either Ce or Sm [30]. This very strongly 

implies that the luminescence in Fig. 4.16 must be attributed to host defects rather than to Ce3+ 

ions. Therefore, luminescence from the Ce3+ ions may not be effectively excited at the laser 

wavelength of 325 nm or may have been quenched. It should also be noted the Fe ions or iron 

group elements are generally considered to act as quenching centres for phosphor luminescence 

[31]. The similar PL emissions [32] were attributed to host defect centres such as oxygen 

vacancies, interstitials, cation vacancies and charge transfer electronic transitions between the 

oxygen anions and metal cations. The doping of MgFe2O4 with Ce clearly had a strong 

influence on the formation of host defects, while the formation of secondary phases and the 

loss of crystalline quality of the spinel ferrite with high Ce doping (x = 0.2), as demonstrated 

from the XRD and HRTEM analyses is expected to be coupled with a change in the defect’s 

concentrations or increased quenching of luminescence from existing defects. 
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CHAPTER 5 

GAS SENSING PROPERTIES OF MgCexFe2-xO4 

NANOFERRITES 

 

5.1 INTRODUCTION  

This chapter presents the gas and vapour sensing properties of the MgCexFe2-xO4 nanoferrites 

with various Ce substitution (x = 0, 0.05, 0.1, & 0.2) in the octahedral Fe-site. These 

nanoferrites were evaluated in terms of the sensors’ current ratios (response/sensitiveness) to 

various volatile organic compounds (VOCs) and flammable gases. 

5.2 GAS SENSING PROPERTIES OF MgCeXFe2-XO4 NANOFERRITES TOWARDS 

VOLATILE ORGANIC COMPOUNDS (VOC’S) 

Gas sensing measurements were performed on MgCexFe2-xO4 nanoferrites using a KS026K16 

(KENOSISTEC model, Italy) gas testing system. The sensor was fabricated as described in 

chapter 3. The activation energy/ operation temperature of a sensor was determined by 

exposing the sensor to 100 ppm of acetone while changing the operating temperature. Fig. 5.1 

demonstrates how the operating temperature was varied (25 – 275 °C) towards the acetone 

vapour at 100 ppm concentration. It can be seen from the blue line in Fig. 5.1 that acetone 

response increased to maximum and decreased thereafter, making the 225 °C operating 

temperature to be the optimal. The current in air (black line) follows the response increase-

maximum-decrease trend. On the other hand, the current in the presence of acetone gas (red 

line) increased exponentially.  
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Figure 5. 1:  Activation temperature (25 – 275 °C) plots of MgCe0.2Fe1.8O4 ferrite over 100 

ppm acetone. 

 
Figure 5. 2: Responses of MgCexFe2-xO4 nanoferrites (x = 0, 0.05, 0.1, & 0.2) to acetone, 

methanol, xylene, ethylbenzene, toluene, and benzene at 100 ppm. 
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Then all samples of MgCexFe2-xO4 (x= 0.0, 0.05, 0.1 and 0.2) nanoferrites were evaluated 

against different volatile organic compounds (VOCs) such as acetone, methanol, p-xylene, 

ethylbenzene, toluene, and benzene at their pronounced concentrations and operating 

temperature of 225 °C as shown in Fig. 5.2. It is clearly seen from Fig. 5.2 that the 

MgCe0.2Fe1.8O4 (x = 0.2) nanoferrites display the highest response of about 529.28 to acetone 

vapour at 100 ppm over the other interfering gases/vapours exhibiting low response. This 

suggests the MgCe0.2Fe1.8O4 nanoferrites are selective and permanence to acetone vapour 

detection. The ability of a sensor to respond to a particular gas analyte as compared to others 

is called selectivity. Meanwhile, the selectivity coefficient is more specific comparing acetone 

selectivity to each specific tested gas. The selectivity coefficient is the response ratio 

Sacetone/Sgas = Kcoefficient, where Sacetone and Sgas are the responses of the sensor in acetone and 

other gases tested. The selectivity coefficients, Kcoefficient, for the MgCe0.2Fe1.8O4 nanoferrites 

sensor were 529.28acetone/Sgas, 392.1 to benzene, 182.5 to toluene, 15.5 to ethylbenzene, 140.0 

to p-xylene, and 5292.8 to methanol. The MgCe0.2Fe1.8O4 based sensor showed an excellent 

selectivity for acetone against methanol, benzene, toluene, p-xylene, and ethylbenzene, in 

descending order. 

Then the best performing sample (MgCe0.2Fe1.8O4) was exposed to various acetone 

concentrations. Fig. 5.3 shows the transient current curves of the MgCe0.2Fe1.8O4 nanoferrites 

sensor towards various concentrations of acetone (5, 10, 20, 50, 80, & 100 ppm) at 225 °C 

operating temperature. Upon the exposure of acetone, a reducing gas, the sensor's transient 

current increases in step with the concentration increment. This, therefore, suggests that the 

MgCexFe2-xO4 is an n-type semiconductor. The sensor shows two linear regressions between 5 

– 20 ppm and 50 – 100 ppm of acetone concentration. The inset in Fig. 5.3 exhibits clear 

transient curves of the 5 and 10 ppm concentrations.  
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Figure 5. 3: Transient current curves of acetone to various concentrations (5-100 ppm) and the 

inset zoom-in of 5 & 10 ppm. 

 

 

Figure 5. 4: Transient current curve showing the response- and recovery-times towards (a) 5 

ppm and (b) 100 ppm acetone at 225 C֯. 

 

The response- and recovery-times are shown in Fig. 5. 4(a) towards the 5 ppm concentration. 

The sensor recorded a quick response-time of 1.8 s is followed by a recovery-time of 4.9 min. 

a) b) 
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However, both the response- and recovery-times increased with increasing of the acetone 

concentration from 5 to 100 ppm. The response- and recovery-times at 100 ppm were 6.23 and 

6.56 min, respectively, as shown in Fig. 5. 4(b). This response- and recovery-times trend agrees 

with the work of Zhang et al [1]. on a CoFe2O4 sensor towards acetone. However, these trends 

are in contradiction to authors elsewhere [2-4]. 

The dependence of the acetone response to the bias voltage was investigated. The applied bias 

voltage to the MgCe0.2Fe1.8O4 sensor was varied from 0.1, 1, 2, 3, 5, and 7 V. Fig. 5. 5 (a) shows 

a plot of acetone response versus bias voltage. From the plot two bias voltages of 0.1 and 5 V 

showed the highest acetone responses of 360 and 529, respectively.  

 

Figure 5. 5: (a) Activation bias voltage of the MgCe0.2Fe1.8O4 nanoferrites and (b) repeatable 

(0.1 V) 100 ppm towards acetone.  

 

The sensor showed a strong dependence on the applied bias voltage. Therefore, the bias voltage 

of 5V was chosen to optimise the sensor. All the applied bias voltages were repeatable, as 

shown in Fig. 5. 5 (b). The activation energy for the electron hopping (since it is an n-type) can 

be calculated using the Arrhenius plot of the resistance: 

                                            Tk
E

B
A

eRR
∆−

= 0       Eq.....5. 1 

0.1 
 

a) b) 
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                                           Tk
ELnRLnR

B

A∆−= 0    Eq.....5. 2

  

where R is the sensor’s resistance, kB is the Boltzmann’s constant, T is the absolute temperature, 

and ΔEA is the activation energy [5-8]. The plot of LnR vs. 1/T shown in Fig. 5. 6(a) allow us 

to extract the slope (-3597) of Eq. 5.2 which is equal to -ΔEA/kB and to calculate ΔEA. The 

calculated activation energy for this sensor, MgCe0.2Fe1,8O4 nanoferrites, was found to be ΔEA 

= 0.31±0.08 eV. This activation energy extrapolated at 25 °C shows a semiconducting 

behaviour.  

 

Figure 5. 6: (a) Activation temperature and (b) bias voltage for the MgCe0.2Fe1.8O4 

nanoferrites sensor. 

There is a close relationship between temperature and electric potential, Bk TV q= , where kB 

represents the Boltzmann constant, T is the absolute temperature in Kelvin, and q is the electric 

charge. This suggests that as the thermal voltage is applied to the carrier-charges forcing them 

to begin movement; their internal temperature increases due to their many collisions and 

friction, or Joule heating [9] or the working temperature invoke thermal voltage. Consequently, 

we can have activation energy from the applied voltage to increase the conductivity. The part 

in the exponent of Eq. 5.2 is just energy ratio, ΔEA/kBT. Instead of the temperature we can have 

the potential difference, ΔV, which again is ΔEA/kBΔV, another energy ratio now due to the 

b) 

Slope = -3597 ± 979 Slope = -2.144 ± 0.953 
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applied bias voltage. The activation energy due to the applied bias voltage is given by the 

following relation: 

                                       Vk
E

B
A

eRR ∆
∆−

= 0      Eq.....5. 3

  

                                        Vk
ELnRLnR

B

A
∆

∆−= 0       Eq.....5. 4 

where ΔV is the minimum electric potential difference needed to move a charge and increase 

the conductivity. Again, the plot of LnR vs. 1/ΔV is shown in Fig. 5. 6(b). From the extrapolated 

slope (-2.144), the minimum activation energy due to applied bias voltage was calculated to be 

ΔEA = 0.000185 ± 0.000001 eV (1.85 × 10-4 eV). This activation energy is much smaller than 

the earlier energy due to a temperature which is over 1600 times more.   

 

Another important property to introduce in the chemical gas sensors is reversibility. It is the 

ability of a sensor to recall its previous gas concentration even if the order of concentrations is  

changed to a reverse order. It is not given and clear that any order of gas concentration 

introduced inside the sensing chamber can yield the same response corresponding to its 

concentration. Fig. 5. 7(a-b) demonstrates the repeatability and reversibility order of 5 and 100 

ppm and 100 and 5 ppm concentrations towards the acetone vapours operated at sensor’s 

temperature of 225 °C. Dry-air and argon (Ar) gas was used as carrier gases and for dilution.   
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Figure 5. 7: Repeatability and reversibility of 5 & 100 ppm and 100 & 5 ppm cycles of acetone 

concentration of the Ce-doped magnesium ferrite at 225 °C under (a) dry-air and (b) argon-

gas. 

 

The first set of acetone concentrations consists of 5, 100, 5, 100, and 5 ppm repeatability 

followed by 30 minutes break under dry-air as shown in Fig. 5. 7(a). Again, in a reverse order 

of the second set of concentrations was the 100, 5, 100, 5, and 100 ppm concentrations to test 

the reversibility of the magnesium ferrite based sensor of the same figure. The average response 

on the 5 ppm and 100 ppm from the 1st sets of concentrations was S5ppm = 9.1 and S100ppm = 

165.7. The 2nd sets of concentrations 100 and 5 ppm in a reverse order recorded average 

responses of S100ppm = 197.9 and S5ppm = 11.7, respectively (Fig. 5. 7(a)). There appeared to 

be an increasing trend of the response from the 1st to the 2nd set, both in the 5 and 100 ppm 

concentrations. This overall response increase could be due to more reactive sites activated on 

the surface of the sensor after each acetone gas exposure. However, the sensor showed a very 

good reversibility and excellent repeatability. It should be noted that these measurements were 

conducted long (60 days) after the initial measurements. The same set of measurements 

presented in electrical current instead of response is shown in Fig. 5. 8.  
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Figure 5. 8: Transient current curves of the repeatability & reversibility of 5 & 100 ppm of 

acetone concentration in (a) dry-air and (b) Argon-gas. 

 

Fig. 5. 7(b) shows a similar type of experiment now using argon as carrier gas and for dilution. 

This demonstrates the sensor functionality and capability under oxygen reduced environments 

to test the same repeatability and reversibility. Generally, the acetone responses are low both 

in the 5 and 100 ppm concentration. The sample, again, showed excellent reversibility and 

repeatability even under oxygen reduced environment. The low responses can be attributed to 

the fewer chemisorbed oxygen species on the sensor’s surface to interact with the acetone gas 

molecules. The slightly higher values of the 5 ppm concentration responses could be due to the 

drifting and longer recovery times after 100 ppm concentration. Therefore, the sensor could 

not fully recover to its initial electrical current or resistance. The necessity of longer time breaks 

in between the acetone exposure cycles is demonstrated in the observed drifting of the transient 

current of the sensor.  The transient electrical current curves are shown in Fig. 5. 8(b). There 

was a difference in the electrical current in dry-air and argon (oxygen reduced environment), 

IDRY-AIR = 1.32 × 10-9/2.47 × 10-9 Ampère (ratio 0.5) and IAR = 1.24 × 10-6/2.42 × 10-7 Ampère 

(ratio of 5.1), respectively. These numbers suggest that the sensor in dry-air behaves as a 

semiconductor with high resistance, while when argon was used the sensor is metallic. The 

depletion layer is greater in dry-air than in argon. This is the reason the response is much higher 



  

85 
 

in dry-air than in argon. The depletion layer is caused by the oxygen species chemi-adsorbed 

on the surface responsible for the sensing. There is a noticeable dip in the response or transient 

current curve during the saturation stage for the 100 ppm concentration. This sharp dip always 

appeared at about 6 minutes of the acetone exposure. This was not the case when dry-air was 

used as carrier gas and dilution. This could be attributed to the physisorbed self-dissociation of 

water molecules on the surface. The reaction between acetone and the chemisorbed oxygen 

species leads to carbon dioxide and water molecules, and possibly some electrons are also 

released back into the conduction band. However, this will be discussed later in the sensing 

mechanism section.  

The electrical current increased upon exposure to the acetone reducing gas. This, therefore, 

suggests that the Ce-doped magnesium ferrites are n-type majority charge-carrier 

semiconductors. This n-type confirmation further suggests that these Ce-doped magnesium 

ferrites are normal spinels. The spinel ferrites, as discussed earlier in the introduction, consist 

of tetrahedral and octahedral cation sites. For normal spinels the tetrahedral site contains 2+ 

electronic charge which is Mg in our case and the octahedral site has 3+ cations which is Fe 

and substituted by Ce. Under the current environment, gases exposure, Ce substitution and 

temperature variation, the spinel maintained its normality. 
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Figure 5. 9: Dependence of response to different exposure-times of acetone vapours of 5 & 

100 ppm concentrations. 

 

In a quest to have a deeper insight on the properties of the sensor, we performed exposure time 

measurements to test our magnesium based ferrite sensor during acetone monitoring. Fig. 5. 9 

shows 5 and 100 ppm concentrations of acetone at 225 °C towards various exposure times (1, 

3, 5, 10, 20, 30, and 60 min). The MgCe0.2Fe1.8O4 nanoferrites based sensor exhibits a linearity 

on the response and exposure times. The 5 ppm recorded a high response of S1min = 5. 12, 

exposed to 1 min acetone. The response continues to rise with increasing the acetone exposure 

times up to 60 min. The responses at 30 and 60 min were S = 24.18 and 31.09, respectively. 

Similarly, the response at 100 ppm against the acetone exposure times shows a very high 

response of S1min = 117.90 at 1 min. The response increases linearly above 200 from the 

exposure time of 3 min. This suggests that the sensor contains many active sites on the surface 

that require sufficient time to be accessed. This demonstrates good signs that these normal 

spinel ferrites possess great capability to be utilised as acetone detection and monitoring even 
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in a reduced oxygen environment.  Fig. 5. 10 and 5. 11 show the electrical current values in 

dry-air, acetone, and responses at 5 and 100 ppm concentrations, respectively. 

 

Figure 5. 10: Current of the sensor in dry-air, acetone, and response with different exposure-

times for the 5 ppm concentration. 

 
 
Figure 5. 11: Current of the sensor in dry-air, acetone, and response with different exposure-

times for the 100 ppm concentration.  
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There exists a general increase in the current values in both dry-air and acetone for both the 

concentrations, 5 and 100 ppm. The electrical currents for the 5 ppm concentration are in the 

nano-Amperes range and increase with the acetone exposure to the micro-Amperes range (see 

Fig. 5. 10). Whereas, for the 100 ppm concentration, the currents are slightly higher near 10-8 

A (see Fig. 5. 11). The current in dry-air at 30 min of acetone exposure time showed a drastic 

drop. Fig. 5. 12 demonstrates the sensor’s working sustainability over a long-term period to 

acetone gas over 100 ppm concentration. Fig. 5. 12 not only shows the acetone’s response over 

a period of 120 days, but also the evolution of both electrical currents in air and acetone. These 

latter two parameters are the main contributors to the sensor’s response. The electrical current 

in acetone increased significantly over time after 40 days. Meanwhile, the current of the sensor 

in air is not stable but fluctuating over the time in a disordered manner. The magnesium ferrite-

based sensor still maintains a very high response of over 200 from the initial response of above 

500 even after 120 days.  

 

Figure 5. 12: Long-term sustainability of the Ce-doped magnesium ferrite at its optimal 

working temperature of 225 °C. 

This magnesium ferrite based sensor compares very well with other acetone sensors over a 

wide range of concentrations. Table 5.1 and Fig. 5. 13 show acetone’s response over a wide 
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range of concentrations, up to 50 ppm. Table 5.2 and Fig 5. 14 show the response for 50 to 

500 ppm. Our sensor over 100 ppm concentration was still the highest compared to other 

acetone sensors over the same concentrations range. Again, our sensor compares very well over 

5 and 50 ppm concentrations with responses of 9 and 48, respectively. Literature comparisons 

of extremely high acetone responses of over higher concentrations above 500 ppm are shown 

in Fig. 5. 15 and Table 5.3.  

 

 

Figure 5. 13: A comparison of present work with reported data for 1 up to 50 ppm 

concentration. 

 

Table 5. 1: Reference List for Literature Survey – Up to 50 ppm Acetone Concentrations. 

 

Number Sensor’s 

response 

Detected 

concentration 

Operating 

temperature 

References 
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1 9,45 5 225 This work [10] 

2 48,12 50 225 This work [10] 

3 1,96 50 35 [11] 

4 1,8 1 350 [12] 

5 4 10 160 [13] 

6 30 50 240 [14] 

7 15 3 230 [15] 

8 0,6 50 375 [16] 

9 31,2 20 200 [17] 

10 23 50 280 [18] 

11 13,86 1 220 [19] 

12 33 50 240 [20] 

13 26 50 240 [21] 

14 29,4 5 350 [6] 

15 11,92 1 220 [22] 

16 4 5 25 [23] 
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Figure 5. 14: A comparison of present work with reported data for 50 to 500 ppm acetone 

concentration. 

 

Table 5. 2: Reference List for Literature Survey – 50 to 500 ppm Acetone Concentrations. 

 

Number Sensor’s 

response 

Detected 

concentration 

Operating 

temperature 

References 

1 529,28 100 225 This work [10] 

2 18,9 100 275 [24] 

3 5,8 200 240 [25] 

4 17,3 100 220 [1] 

5 16 100 350 [26] 

6 33,8 100 175 [27] 

7 270 500 320 [3] 
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8 0,19 100 25 [28] 

9 3,626 400 350 [2] 

10 16,5 100 300 [29] 

11 18,8 100 120 [30] 

12 10,6 100 280 [31] 

13 73,8 100 180 [32] 

14 2,74 100 200 [33] 

15 9 200 350 [34] 

16 0,25 100 350 [35] 

17 39,5 200 200 [36] 

18 0,6 100 350 [37] 

19 0,5 100 325 [38] 

20 0,55 100 350 [39] 

21 0,26 100 500 [40] 

22 0,4 150 300 [41] 

23 7,61 100 300 [42] 

24 204 80 400 [43] 

25 11,4 100 150 [44] 

26 47,51 500 247 [45] 

27 353 300 260 [5] 

28 12,5 100 240 [46] 

29 290 100 280 [47] 

30 118,8 100 200 [48] 

31 35,6 100 150 [49] 

32 0,35 100 25 [50] 

33 20 125 450 [51] 
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Figure 5. 15: Literature comparison of extremely high acetone responses of over higher 

concentrations above 500 ppm. 

 

Table 5. 3: Reference List for Literature Survey – > 500 ppm ppm Acetone Concentrations. 

Number Sensor’s 

response 

Detected 

concentration 

Operating 

temperature 

references 

1 0,5 1000 200 [52] 

2 0,11 1000 25 [53] 

3 0,87 2000 500 [7] 

4 5 1000 350 [4] 

5 270 500 320 [3] 

6 0,77 500 25 [54] 

7 36,5 1100 300 [55] 

Microsoft account
‘ever’ [?]



  

94 
 

8 0,72 1000 250 [56] 

9 0,57 2000 250 [57] 

10 5,5 500 275 [58] 

11 17,7 2000 225 [59] 

12 0,19 1000 25 [60] 

13 100000 1000 300 [61] 

14 43 1000 300 [62] 

15 3,3 1000 332 [63] 

16 4,5 10000 215 [64] 

17 19,3 500 240 [65] 

18 8 500 240 [66] 

19 657,7 500 140 [67] 

Therefore, our sensor based on Ce-doped magnesium ferrite nanoparticles is suitable and can 

be recommended for acetone sensor device for commercialisation. However, further stability 

tests are in progress for at least long period of more than 6 months. 

 

5.3 GAS SENSING PROPERTIES OF MgCexFe2-xO4 NANOFERRITES TOWARDS 

FLAMMABLE GASES  

 

To investigate sensing capabilities of cerium doped magnesium ferrite (MgCexFe2-xO4) towards 

flammable gases, the KINOSTEC gas sensor testing system was used. Sensors of magnesium 

doped with different cerium composition (x= 0.0, 0.05, 0.1and 0.2) were exposed to various 

flammable gases such as methane, propane, butane, hydrogen, ammonia, and liquefied 

petroleum gas (LPG). The optimal operation temperature of 225℃ was used and bias voltage 

of 5V, while different ranges of concentrations for different gas analytes are according to the 

Microsoft account
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recommended and detection exposure limits (REL/DEL) of the National Institute for 

Occupational Safety and Health (NIOSH) [7, 68, 69]. 

 

Figure 5. 16: Selectivity 3D plot of n-type MgCexFe2-xO4 spinel ferrites towards various 

flammable gases. 

  

The 3D plot in Fig. 5.16 depicts the gases response (S) of magnesium ferrites (MgCexFe2-xO4) 

doped with a rare-earth element, cerium (Ce). It is clear from Fig. 5.16 that the liquefied 

petroleum gas (LPG) was substantially detected over a range of concentrations with the highest 

response (S = Ig/Ia - 1) of 395.47 at 225 °C operating temperature. It was also clear that the 

substitution of Ce into the magnesium ferrite octahedral sites is not really desirable as the 

response decreases with Ce ions increase. A slight increase in the response was observed for 

MgCe0.2Fe1.8O4 ferrite. This was attributed to the formation of secondary phases at this cerium 

content. It is noteworthy to mention that incorporating Ce as a dopant results in the formation 

of CeO2 phase outside the original structure. The formed CeO2 secondary phase becomes 

https://www.sciencedirect.com/science/article/pii/S025405842101333X#fig4
https://www.sciencedirect.com/topics/physics-and-astronomy/liquefied-petroleum-gas
https://www.sciencedirect.com/topics/physics-and-astronomy/liquefied-petroleum-gas
https://www.sciencedirect.com/topics/materials-science/doping-additives
Microsoft account
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predominant at x = 0.2, gradually replacing the Mg ferrite structure, as discussed earlier. The 

response at x = 0.2 (Ce) is now largely due to the CeO2 phase which also possess an n-type 

characteristic.  

 

Figure 5. 17: Transient electrical current plot of MgFe2O4 towards different concentrations 

(1000 to 10 000 ppm) of selected LPG and oscillating operating temperature. 

 

Fig. 5. 17 depicts the transient current of the best performing magnesium ferrite (i.e., the one 

with no cerium dopant) towards different concentrations of the LPG at 225 °C operating 

temperature. The steady current in air before gas was allowed into the chamber 

was Iair = 8.71 × 10−6 mA (Rair = 5.75 × 105 kΩ). This value (Fig. 5. 17) was followed by the 

LPG dynamic response with concentration. There was also observed an interesting behaviour 

in the oscillating electrical current and fluctuating operating temperature during LPG sensing. 

However, these two quantities occurred in opposite directions to each other. It appears that the 

set operating temperature, 225 °C, drops subsequent to the oscillating electrical current during 

the gas analyte introduction into the chamber for a period of 10 min. It is noteworthy to mention 

that these fluctuations in operating temperature and oscillating current were only observed in 

IAIR = 8.71 × 10-6 mA 
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the presence of LPG analyte. Gumbi et al. [69] proposed a mechanism governing these 

processes. The authors did a series of experiments in an attempt to control these abnormal 

observations which they attributed to electronic and protonic conductions resulting from 

proton-transfer and formation of physisorbed self-dissociation water molecules on 

chemisorbed oxygen species on the sensor's grains' boundaries. Table 5.4 depicts time-

delays, ß, in the occurrence and observation of the oscillatory current and the fluctuating 

temperature.  

Table 5. 4: The samples’ responses, operating temperature drop during the 10 000 ppm LPG 

concentration and time delays between electrical current and operating temperature difference. 

` Response, S ∆T (oC) Time delay (β), s [S/ΔT]avg 

MgFe2O4 395.47 101.4 53.44 3.37 

MgCe0.05Fe1.95O4 100.82 107.9 10.8 0.83 

MgCe0.1Fe1.9O4 33.14 105 35.63 0.19 

MgCe0.2Fe1.8O4 281.11 105 246.62 2.20 

REL - 10 000 ppm LPG concentration temperature drop  

The time delays for other concentrations lower than the 10 000 ppm are shown in Table 5.5. It 

is clear from these tables that there was a bigger temperature difference at higher gas 

concentrations than lower concentrations. However, there was no temperature fluctuation or 

difference when 1 000 ppm or lower concentrations were used (see Fig. 5. 17). It should also 

be noted that the operating temperature drop comes soon after the gas analyte was introduced 

inside the sensing chamber and then returns to 225 °C in dry air. But it always comes after 

the electric current. There was no conclusive order in the time-delays at different gas 

concentrations and in the various sensor materials. This physisorbed water molecule multi-

layered phenomenon appears to occur within ten to hundreds of seconds. This is a rather slow  

process. 

https://www.sciencedirect.com/topics/physics-and-astronomy/photoelectric-emission
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Table 5. 5: LPG concentrations 1000 – 10 000 ppm, time-delays, operating temperature 

difference, and responses corresponding to each gas concentration of the MgCe0.2Fe1.8O4.  

Concentration 
(ppm) Time delay (β), s ∆T (oC) Response, S S/ΔT 

1000   29.22  

2000 60.03 21.60 51.16 2.37 

3000 31.67 34.30 65.36 1.91 

4000 72.25 43.50 81.06 1.86 

5000 41.57 50.50 110.49 2.19 

10000 28.71 105.00 281.11 2.68 

 

The relationship between the sensor's response and gas concentration has been well studied and 

clearly established in literature following the Freundlich adsorption isotherm [70-73]. This 

relationship is a linear one and is influenced by many parameters, such as size, morphology, 

surface area and surface defects of the semiconducting metal oxide (SMO) [70-76]. This is 

important to determine the lower detection limit of a sensor. Fig. 5.18(a) shows the responses 

of six sensors to different concentrations. They also show linear characteristics. It is clear that, 

the MgFe2O4 responded intensely toward increasing LPG concentration with a rate of 

0.038 ppm−1 (R2 – 0.96). This is followed by the MgCe0.2Fe1.8O4, showing a rate of 

0.028 ppm−1 (R2 – 0.97). These two sensors showed the highest LPG responses. The response 

of sensors towards different gas concentrations follows the power law of SMOs with the 

adsorption coefficient [73, 77]. The sensor's conductance is proportional to the gas 

concentration species adsorbed on the sensor's surface.  

https://www.sciencedirect.com/topics/physics-and-astronomy/adsorption-isotherm
https://www.sciencedirect.com/topics/physics-and-astronomy/surface-defect
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Figure 5. 18: (a) Linearity plot of the MgFe2O4 response (S) and the LPG concentration. (b) 

The operating temperature’s differences during the LPG sensing and the gas response for the 

MgFe2O4 spinel. 

 

This is described by Equation 5.5 

                                                    𝑆𝑆 = 𝐾𝐾𝑓𝑓𝐶𝐶
1 𝑛𝑛�                                                           Eq.....5. 5 

where S is the sensor response, C is the gas analyte concentration, Kf is the Freundlich 

adsorption and n is the fitting parameter. Anand et al.[73] argued for a non-uniform behaviour 

of LPG concentration (50–1000 ppm) using Ag-doped In2O3 gas sensor, hence the Freundlich 

adsorption isotherm can explain this almost linear behaviour. In addition to this response-

concentration relationship discussed above for the LPG and other gases, there is another 

established relationship between the response and the fluctuating operating temperature or 

temperature difference (ΔT) observed earlier in Fig. 5.17. Figure 5.18(b) shows a linear 

behaviour between response (S) and difference in the operating temperature (ΔT). It should be 

noted that, for all the samples, at 225 °C operating temperature the response to LPG was 

accompanied by this anomalous phenomenon within 10 min' gas exposure-time. A 

hypothesised mechanism was proposed by Gumbi et al. [69] on these ferrites and is also 

demonstrated in Fig. 5.19.  

 

a) b) 
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Figure 5. 19: Dry-air repeatability plot of 5 000 & 10 000 ppm LPG concentrations cycles 

for the MgFe2O4 at 185 ˚C. 

 

In this case, it is assumed that the sensor response due to the oscillations (SOSC) is directly 

proportional to the difference in the operating temperature. 

                                                        SOSC α ∆T                                                  Eq.....5. 6 

where S is the sensor's response and ΔT = Tf – T225°C is the difference in the operating 

temperature fluctuation in degrees Celsius. T225°C in this case is the optimum operating 

temperature and Tf is the final temperature from which it starts to increase again, following the 

sensor's response. There are clear heat transfer processes and rate of processes at play. These 

are also known as transport theory or kinetics. There are different modes of heat transfer, 

namely: radiation, convection, and conduction. In this case, we propose heat transfer by direct 

contact at the molecular level without defining each of the above mentioned processes. Our 

assumption of heat transfer by conduction is in line with the hypothesised mechanism proposed 

elsewhere [71]. Conduction can happen through gas, liquid or solid. In gas or liquid, the heat 

transfer happens through collisions of molecules. However, in solids, the lattice vibrations are 

10 000 ppm 
5000 ppm 

https://www.sciencedirect.com/topics/physics-and-astronomy/lattice-vibration
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the medium of heat or energy transfer. In other special cases like metals, the electrons 

responsible for electrical conduction also tend to be good heat conductors. Regardless of the 

fundamental details of Thermal physics discussed, a mathematical law that governs these heat 

transfer and rate of heat transfer should not be hard to construct by carefully considering all 

parameters involved. 

Imagine a temperature difference (ΔT) between the hot sensing surface and the multi-layered 

self-dissociation water molecules. There would be a heat transfer (Q) between the two surfaces 

in contact. Heat spontaneously flows from hot surfaces to cold surfaces. This suggests that 

there is energy (thermal) transfer until an equilibrium is reached, where Q = 0 or ΔT = 0. The 

heat transfer is also directly proportional to the temperature difference. However, it should be 

mentioned that in this case, it would be difficult and unnecessary to talk about equilibrium 

because ΔT will not be equal to zero in the presence of LPG. The process will be in a transient 

state during the gas-in process. For the heat (Q) to be transferred between the two surfaces, a 

total surface area A should be considered through which this heat passes. Heat will be directly 

proportional to the sensor's total area, A, and to the time taken to pass through, Δt. However, 

the thickness of these multi-layered water molecules, Δx, which this heat must penetrate is 

inversely proportional to the heat. Putting together these quantities, we can express them in 

Equation 5.7 as 

                                                  ∆𝑄𝑄 𝛼𝛼 𝐴𝐴∆𝑡𝑡∆𝑇𝑇
∆𝑥𝑥

  𝑜𝑜𝑜𝑜  𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝛼𝛼 𝐴𝐴𝐴𝐴𝐴𝐴

𝑑𝑑𝑑𝑑
                                      Eq.....5. 7             

To have a complete expression of the situation, we need to have some proportionality constant 

which depends on the material through which the heat is transferred. This type of constant is 

called the thermal conductivity or coefficient of the material. Let's call it kc (W/m∙K). We can 

also put either a minus or a plus sign to distinguish that one object is losing heat to the other. 

                                                          ∆𝑄𝑄
∆𝑡𝑡

= −𝑘𝑘𝑐𝑐𝐴𝐴
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

                                                     Eq.....5. 8 

https://www.sciencedirect.com/topics/physics-and-astronomy/hot-surfaces
https://www.sciencedirect.com/topics/physics-and-astronomy/cold-surfaces
https://www.sciencedirect.com/topics/physics-and-astronomy/thermal-conductivity
Microsoft account
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This expression in Eq. 5.8 should hold for heat transfer by conduction only. This equation is 

also known as the Fourier heat conduction law. The term ΔQ/Δt is the rate of heat flux not 

electrical current, I. 

 Fourier's law basically gives details regarding the rate of heat conduction that flows through 

another material in a right-angle geometry (1-D geometry). However, Eq. 5.6 relates the sensor 

response (S or SOSC) to the heat transfer or difference in the operating temperature. On the other 

hand, Eq. 5.5 relates SOSC to the gas concentration. It is possible to convert Eq. 5.6 to the 

following expression: 

                                                        𝑆𝑆𝑂𝑂𝑂𝑂𝑂𝑂 = 𝐾𝐾𝑐𝑐∆𝑇𝑇                     Eq.....5. 9                                       

where Kc in this case is a proportionality constant representing the thermal adsorption 

coefficient (°C−1 or per unit Kelvin) of the sensor and is different from the constant of Eq. 5.5.  

Equating Eqs ((5.5) and (5.9)), allows us to estimate the proportionality constant, Kc, in 

Eq. 5.9 with the fitting parameter n = 1 (for linear behaviour). In addition, Fig 5.18(a) shows 

the slopes for each sample. 

It was interesting to note that these electrical oscillations and operating temperature 

fluctuations could also be controlled. At the same time, we conducted a reproducibility study 

towards both 5 000 and 10 000 ppm concentration of the LPG. Fig. 5.19 shows these 

measurements done at 185 °C. It was clear that these oscillations and fluctuations were least 

eliminated at 5 000 ppm concentration and significantly reduced at 10 000 ppm concentration. 

At 225 °C, the operating temperature dropped to about 185°C and 115 °C at 5 000 and 

10 000 ppm LPG concentrations, respectively. This was our only motivation for considering 

185 °C as our new set temperature, to eliminate the oscillations and fluctuations especially 

when using 5 000 ppm concentrations. This proved to be effective, and it was clear that the 

operating temperature plays a crucial part in this observed oscillatory behaviour, although we 

could not conduct the experiment for 115 °C because the response (S) at this operating 

https://www.sciencedirect.com/topics/physics-and-astronomy/fourier-law
Microsoft account
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temperature was low. Despite this, it would not be valid to conclude that these anomalies in 

current and operating temperature at 185 °C could never exist; delay may be implied. Eq. 5.9 

still holds even at lower temperatures, delay notwithstanding. Other very important parameters 

are the gas concentration (C) and the surface area (A) which the gas analyte covers. These are 

also proportional to the sensor response. Think about this: does it mean that our earlier 

established Eq. 5.9 should be modified by introducing new parameters-gas exposure time, area 

of gas distribution and concentration, and thus generate Eq. 5.10? 

𝑆𝑆𝑂𝑂𝑂𝑂𝑂𝑂 = ∓𝐾𝐾𝑐𝑐𝐴𝐴𝐴𝐴∆𝑡𝑡∆𝑇𝑇. 𝑜𝑜𝑜𝑜 . 𝑆𝑆𝑂𝑂𝑂𝑂𝑂𝑂
∆𝑡𝑡

= ∓𝐾𝐾𝑐𝑐𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴    Eq.....5. 10 

where Δt represents the time difference between the moment these anomalies are observed and 

gas-in. The SOSC should be the sensor electrical oscillating response. In fact, this further 

suggests that Eq. 5.5 containing the area of gas distribution would be more representative of 

the reality. The minus/plus signs in front of Eq. 5.10 considers the whole complete process. 

Combining Eqs. 5. 8 and 5 .10, really should tell us that heat transfer (Q) is directly related to 

the sensor electrical oscillating response (SOSC) or the sensor electrical conductivity with some 

coefficient product factor of concentration (C) and thickness (Δx). 

These analyses and experimental observations clearly point out that the gas concentration (C) 

and the difference in the operating temperature (ΔT) are directly proportional to each 

other. Table 5.6 shows these extracted parameters of response, concentration, and temperature 

difference. By fitting a linear progression on the first peaks of each concentration in Fig 5. 17, 

we find a slope or rate with units, °C/s. From this information, one can calculate the time 

difference (Δt) corresponding to each concentration. This information is also shown in Table 

5.6. 

 

 

 

https://www.sciencedirect.com/topics/materials-science/conductivity
Microsoft account
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Table 5. 6: The summary of the extracted S, k, ΔT, and Δt quantities. 

LPG 

Concentration 

Response Slope k, (֩C/s) ∆T ∆t 

1000 51.58 0.3259 19 58 

2000 88.99 0.3763 23 61 

3000 109.19 0.3404 36.8 108 

4000 127.05 0.3354 42.8 128 

5000 151.02 0.3300 48.1 146 

10000 395.47 0.2707 101.3 374 

 

In fact, this rate can be expressed as follows: 

   ∆𝑇𝑇
∆𝑡𝑡

= 𝑘𝑘−       Eq.....5. 11 

where k- is the rate in °C/s at which the temperature decreases. The minus subscript on 

the k signifies a temperature drop or decrease. In fact, Eq. 5.11 is a simple heat equation. It 

should be noted that at 1000 ppm LPG concentration (see Fig 5.17), current oscillating and 

operating temperature fluctuation was not observed. Our argument was that these anomalies 

(at the 1000 ppm concentration) were delayed as 10 min' exposure-time was insufficient. Using 

the information given in Table 5.6 to plot ΔT against C, a linear relationship is established with 

0.0095 as a slope. From any two data points of quantity, ΔT and corresponding values 

of C (Table 5.6), one can calculate a temperature value corresponding to a particular 

concentration at which the temperature drop anomaly may occur. The estimated temperature 

differences at 1000 ppm concentration were: 10, 13, 15 or 18 °C. From these estimations, the 

temperature drop will be the difference between 225 °C and 215, 212 or 207 °C. This suggests 

that, given exposure time of more than 10 min towards the 1000 ppm LPG concentration, the 

oscillation in the current and fluctuation in the operating temperature will be observed. The 

temperature will drop to a value within the range 207-215 °C. The rate of heat transfer (Q/Δt) 



  

105 
 

is related to the rate (ΔT/Δt) in Eq.5.11 by considering the heat (Q) transfer 

formula, Q = mcΔT, where m and C are mass and specific heat capacity constant. Now, 

dividing this heat formula by Δt on both sides, yields the following: 

𝑄𝑄
∆𝑡𝑡

= 𝑚𝑚𝑚𝑚 ∆𝑇𝑇
∆𝑡𝑡

 𝑜𝑜𝑜𝑜 𝑄𝑄
∆𝑡𝑡

= 𝑚𝑚𝑚𝑚𝑘𝑘− 𝑜𝑜𝑜𝑜 𝑘𝑘𝑐𝑐𝐴𝐴∆𝑇𝑇
∆𝑥𝑥

= 𝑚𝑚𝑚𝑚𝑘𝑘−   Eq.....5. 12 

The thermal conductivity or coefficient of the material constant, kc, in Eq.5.8 has a unit of 

W/m∙K. As mentioned earlier, the electrical conductance (G) of a material has unit of W/m2∙K. 

These two are also related by the following equation (Eq.5.13): 

𝐺𝐺 = 𝑘𝑘𝑐𝑐
∆𝑥𝑥

       Eq.....5. 13 

Equation 5.13 really directly relates the heat transfer and electrical conductivity of the same 

material. This, therefore, yields the following: 

∆𝑄𝑄
∆𝑡𝑡

= −𝐺𝐺𝐺𝐺∆𝑇𝑇     Eq.....5. 14 

where G is the material electrical conductance, and A is the surface area. It is very interesting 

that these experimental observations of electrical current or resistance and the operating 

temperature fluctuations are directly connected and can be easily expressed mathematically. 

Resistance is the reciprocal of the conductance. 

𝑅𝑅 = 1
𝐺𝐺

= ∆𝑥𝑥
𝑘𝑘𝑐𝑐

= − 𝐴𝐴∆𝑇𝑇
∆𝑄𝑄

∆𝑡𝑡�
= −𝐴𝐴∆𝑡𝑡∆𝑇𝑇

∆𝑄𝑄
   Eq.....5. 15 

Eq.5.15 basically suggests that the term ΔQ/Δt (heat transfer rate) is just different local internal 

resistances between any two layers of the built-up water molecules. These resistances are 

inversely proportional to each other. 

On the repeatability or reproducibility results in Fig. 5.19, the sensor response was stable and 

consistent at 5 000 and 10 000 ppm concentrations.  
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Figure 5. 20: long term stability in months of MgFe2O4 on LPG gas. 

 

The long-term stability measurements (Fig. 5.20) demonstrate extremely stable sensor 

response over a period of 18 months. This was very good, more especially, in these SMOs type 

of sensors which rarely maintain their response for a few days or a month[7, 68, 69]. Our 

stability measurements shown in Fig 5.20 surpassed any previously reported stability result.  

 

Figure 5. 21: Hypothesised mechanism for the self-dissociation physically adsorbed water 

molecules during sensing. 

 

395.47 

224.26 

10 000 ppm 
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The hypothesised mechanism of the OH−-multi-layered build-up process in the sensor's surface 

is shown in Fig. 5.21. This model has been discussed elsewhere [69]. We believe that for these 

processes to take place, the chemisorbed oxygen molecules play a significant role. We designed 

an experiment to perform similar measurements (repeatability) at reduced oxygen ambient to 

observe and validate our proposed model in Fig. 5.21. Instead of using dry-air as carrier gas 

and for dilution, we opted for nitrogen and argon to create a reduced ambient. These two gases, 

with different atomic masses (Ar > N), are suitable for this experiment. Fig. 5.22 shows the 

repeatability cycles of 5 000 and 10 000 ppm concentrations at 225 °C using nitrogen as a 

carrier-gas and for dilution of the LPG in the cylinder. Normally, for sensing to take place the 

surface or grain of the SMO sensor adsorbs different ionized oxygen species depending on the 

environment temperature. These chemically adsorbed oxygen species react with the target gas 

analyte, breaking it down to its components as by-products, hence an electrical signal in the 

form of current or resistance (chemiresistivity) is triggered. The detailed analysis of this process 

is discussed in the sensing mechanism section. Supposing one cuts the oxygen supply with 

an inert gas i.e., nitrogen or argon; it is clear from Fig. 5.22 that the reduced oxygen available 

to initiate chemical reactions between those ionized oxygen species and the gas analyte could 

only produce a reduced response as compared to when air was used. The response dropped 

drastically to 5.4 towards 10 000 ppm concentration. 

https://www.sciencedirect.com/topics/materials-science/inert-gas


  

108 
 

 

Figure 5. 22: Repeatability plot of 5 000 & 10 000 ppm LPG concentrations cycles (5) for the 

MgFe2O4 at 225 °C, with Nitrogen as carrier-gas.  

 

It is interesting to note that those oscillations and fluctuation in the current and operating 

temperature were still present and observed. Also, the 10,000-ppm concentration-triggered 

current signal was reversed, decreasing instead of increasing as in dry-air. It was clear that at 

this point  the surface structure has been changed to p-type because of deficiency in oxygen 

supply. This could only mean that the nitrogen employed as both carrier gas and to dilute the 

LPG somehow interacts chemically with these oxygen species, forming nitrogen oxides at the 

high temperature (225 °C). Both nitrogen and LPG gases compete for the available oxygen 

species. This is evident at the 5 000 ppm concentration. It was not clear whether the current 

wants to increase (up) or decrease (down) as it oscillates. The 1st 5 000 ppm concentration 

cycle seems to be clear (current 1st peak goes up) and as you go deeper in the cycles (3rd,4th, 

& 5th) the current peaks were alternating up at times and then down. This is due to the 

diminishing oxygen species, initially available on the sensor's surface, as more nitrogen 

molecules occupy the chamber. The fact that fluctuations in the operating temperature was still 

https://www.sciencedirect.com/topics/physics-and-astronomy/nitrogen-oxides
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observed without any hindrances was puzzling and interesting to note. Furthermore, using 

argon as carrier gas and for dilution should be analogous to our earlier explanation with minor 

details. Fig 5.23. demonstrates that argon was largely able to overcome oxygen species on the 

surface of the sensor and these oscillations and fluctuations in both current and operating 

temperature, respectively, were greatly reduced or eliminated.  

 

Figure 5. 23:  Repeatability plot of 5 000 & 10 000 ppm LPG concentrations cycles (5) for the 

MgFe2O4 at 225 °C with Argon as carrier-gas. 

However, the sensor response was reduced slightly to 4.1 towards the 10 000-ppm 

concentration. By comparing the responses at 5 000 ppm for both cases (nitrogen and argon), 

we discover that the response when using argon was better than when nitrogen was used as 

carrier gas. This can be attributed to the competition mentioned earlier between nitrogen and 

LPG interacting with oxygen. The 10 000 ppm concentration (Fig 5.23) triggered an inversion 

of sensor current upon gas introduction. This is a p-type sensor characteristic towards a 

reducing gas. These current reversal observed in both cases of nitrogen and argon as carriers 

for 10 000 ppm concentration can be explained by the adsorbed oxygen on the surface [69]. 

Microsoft account
Do you mean ‘with minor differences’ ?
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The applicability of these inert ambient is important to understand the fundamental sensor 

behaviour in different environments that contain insufficient oxygen molecules. 

 

Figure 5. 24: long-term 5 000 ppm gas exposure at 185 °C. Note: The 3′ and 5′ represent 3 & 

5 min (min).  

Another very important aspect of gas sensing is the sensor's ability to detect and monitor our 

working and living environments. The World Health Organization (WHO) gives guidelines for 

air quality control – set limits on emissions and fuel combustion from heating stoves and 

cooking. Fig. 5.24 shows the LPG detection and long-term monitoring measurements towards 

5 000 ppm concentration at 185 °C. The LPG exposure times were 3, 5, 10, 20, 30, 45, 60, and 

120 min. It was clear that the sensor was able to detect the flammable gas and maintain its 

steady state for the duration of the gas exposure time, i.e., 1 and 2 h. This part is often ignored 

by many researchers. It is crucial as many SMOs sensors degrade during continuous sensing, 

as shown elsewhere [69]. This steady-state balance in the current was due to the balance 

between the gas (5000 ppm) and dry-air supply. 

https://www.sciencedirect.com/topics/physics-and-astronomy/fuel-combustion


  

111 
 

Our earlier argument was that even at 1000 ppm concentration, these anomalies of current 

oscillation and operating temperature drop may occur, if given enough gas exposure time. 

Furthermore, using the information provided in Table 5.6 we estimated how much the 

operating temperature could drop supposing enough exposure times are allowed towards the 

1000 ppm concentration at the same temperature, 225 °C. We estimated the drop in the 

temperature to be between 207 and 215 °C. Now, conducting this experiment as shown in Fig. 

5.25 it shows transient currents towards the 1000 ppm LPG concentration. However, at 

different exposure times-two cycles, 10 min for each, a cycle for 30 min and a cycle for 60 min, 

it was clear, as expected, that in the first two cycles of 10 min, the anomalous phenomenon of 

current oscillation and operating temperature fluctuation did not occur at all. However, 

increasing the exposure time to 30 and 60 min, these anomalous current oscillations and 

fluctuating operating temperature were observed. The operating temperature dropped to 206 °C 

or by 19 °C. This observation concurs with our hypothesised proportion discussed earlier in the 

text. 
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Figure 5. 25: Repeatability plot of 1 000 ppm concentration at 225 °C different exposure times, 

2 cycles of 10 min each, 30 min and 60 min. INSET: All the graphs start at the same time. 

 

However, something delusional was observed. It may appear as if these anomalies have a 

foresight at first by observing Fig. 5. 25. They seem to be appearing the moment current began 

to increase, especially for the long exposure time of gas. Meanwhile, at the short exposure time 

there was no oscillating current at all. This would suggest that these anomalous oscillations and 

fluctuations in current and temperature knew prior to the commencement of the experiment 

whether short or long exposure times were imposed. This suggests foresight. It is counter-

intuitive and cannot be true. In fact, the inset of Fig. 5.25 makes it clear by putting together all 

the plots of different exposure times. The plots have a common origin. In the first 10 min of 

the longer exposure times (30 and 60 min), current oscillation did not occur, it only began after 

10 min of surface interaction. The sensor response for a short exposure time (SSE) was less than 

for a long exposure time (SLE), SSE > SLE. 

Table 5. 7: Comparison of different sensor materials with respect to their operating 

temperatures and response to LPG. 

Sensor 

Material 

Concentration 

(ppm) 

Operation 

Temperature(֩C) 

Response Reference 

Sn-CuFe2O4 20 000 25 78.78% [78] 

NiFe2O4 2000 27 2.1 [79] 

CoSm0.1Fe1.9O4 10 000 225 732 [7] 

Ni0.8Cu0.2Fe2O4 2000 25 2.09 [80] 

MgFe2O4 10 000 225 395.47 This work[81] 

 

The troubling issue was the operating temperature fluctuations. They do not agree with our 

assertion that the oscillations appear later. The operating temperature drops appear a few 
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seconds after the gas was introduced into the chamber for the longer exposure times. This 

agreed with the foresight idea. It should be noted that these observations require extensive and 

rigorous experiments to confirm the many speculative ideas. Table 5.7 shows the LPG 

sensitivity of our Mg-based ferrite sensor in comparison to some other spinel ferrites. It is 

obvious that MgFe2O4 possesses a high sensitivity towards LPG at 10 000 ppm concentration. 

This sensor also proved to be stable for over 15 months, as stated earlier. 

 

5.4 CERIUM-DOPED MAGNESIUM FERRITE SENSING MECHANISM 

 

It is a well iestablished fact that gas sensing happens at the surface of a semiconducting 

material containing oxygen species that are chemically adsorbed [1-3, 12, 17, 27, 68, 82]. The 

chemisorbed oxygen on the surface of the Ce-doped magnesium nanoferrites is ionized by 

capturing free electrons from the conduction band, thereby increasing the resistance (Rg) by 

creating a depletion layer. These oxygen species capture these free electrons to form adsorbed 

oxygen ions (O2−, O−, O−2) and follow these reaction processes depending on the operating 

temperature [17, 68] : 

𝑂𝑂2(𝑔𝑔𝑔𝑔𝑔𝑔) → 𝑂𝑂2(𝑎𝑎𝑎𝑎𝑎𝑎)    Eq.....5. 16

  

𝑂𝑂2(𝑎𝑎𝑎𝑎𝑎𝑎) + 𝑒𝑒−
<100 ℃
�⎯⎯⎯�  𝑂𝑂2(𝑎𝑎𝑎𝑎𝑎𝑎)

−    Eq.....5. 17

  

𝑂𝑂2(𝑎𝑎𝑎𝑎𝑎𝑎)
− + 𝑒𝑒−

100 ℃ <𝑇𝑇<300℃
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� 2𝑂𝑂(𝑎𝑎𝑎𝑎𝑎𝑎)

−    Eq.....5. 18 

𝑂𝑂(𝑎𝑎𝑎𝑎𝑎𝑎)
− + 𝑒𝑒−

>300℃
�⎯⎯⎯�  𝑂𝑂(𝑎𝑎𝑎𝑎𝑎𝑎)

−2    Eq.....5. 19 

 

In this work, the operating temperature was 225 °C, hence the dominant chemisorbed oxygen 

species are O(ads)
− (see Eq. 5.18). During the chemical gas sensing measurements the 

https://www.sciencedirect.com/topics/materials-science/semiconducting-material
https://www.sciencedirect.com/topics/materials-science/semiconducting-material
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magnesium ferrite based sensor was exposed to a reducing acetone vapour at 225 °C. Since 

this sensor is an n-type, the acetone reacts with the adsorbed oxygen (O(ads)
−) to transfer 

electrons back to the magnesium ferrite conduction band: 

𝐶𝐶3𝐻𝐻6𝑂𝑂 + 8𝑂𝑂(𝑎𝑎𝑎𝑎𝑎𝑎)
− 225 ℃

�⎯⎯� 3𝐶𝐶𝐶𝐶2(𝑔𝑔𝑔𝑔𝑔𝑔) + 3𝐻𝐻2𝑂𝑂(𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣) + 8𝑒𝑒−  Eq.....5. 20 

 

This reaction in Eq. 5.20 will lead to a decrease in the depletion region thickness and a gain in 

the carrier concentration. Consequently, the electrical resistance (Rg) decreases during acetone 

exposure. 

 

Figure 5. 26: A schematic diagram of the sensor's (MgCe0.2Fe1.8O4) grain (a) before and (b) 

after the chemisorption of acetone gas using dry-air as carrier gas and for dilution, (c) in a 

reduced oxygen ambient environment using argon gas as carrier and for dilution before and (d) 

after the chemisorption of acetone. 

 

Fig 5.26 illustrates the process leading to the redox reaction between acetone and the 

chemisorbed oxygen species on the surface of the sensor using dry-air as both carrier gas and 

for dilution. As mentioned before, the electrical current is very small, characteristic of very 
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high resistance in air, Rair = 3.8 × 109 Ω and a typical of a semiconductor. The expectations are 

that there is greater band bending of the energy diagram in air and higher concentration of O− 

species layer on the surface of the semiconductor. However, during the acetone chemical 

sensing the resistance reduces significantly by two orders of magnitude to, Rgas = 1.5× 107 Ω. 

It should be noted that ne− represents the number of electrons available in the conduction band. 

During the acetone sensing, these electrons’ population is increased by a factor, m. Fig. 5.26 (c 

and d) exhibits similar processes described earlier of the redox reaction now using inert gas 

(argon) to create an oxygen deficient environment. Now, the processes described by Eqs. 5.16 

to 5.20 are greatly compromised. The depletion layer is small and lower potential barrier. 

Allowing acetone inside the chamber will lead to insignificant chemical reaction between the 

least available chemisorbed oxygen species and the gas. In this case, the released electrons’ 

population by a factor l is minimised due to the nature of environment, inert ambient. The factor 

l < m,The electrical resistance (RAr = 4.0 × 106 Ω) in argon decreased as compared to dry-air 

(Rair = 3.8 × 109 Ω). This suggests a characteristic of a metal or towards a metallic behaviour. 

The resistance in the presence of acetone is RAr = 2.8 × 105 Ω. Hence, the response in the 

presence of acetone was low as compared to when dry-air was used. The number of electrons 

transferred back to the MgCe0.2Fe1.8O4 sensor is less when using argon as compared to dry-air. 

This is simply because of the low adsorption–desorption kinetics. The presence of argon or 

inert gas discourages the process described in Eq. 5.20. The order of the resistance in dry-air 

to acetone and to argon is Rair > Racet-dryair > RAr > Racet-Ar. It is incomprehensible that the 

resistances in the presence of acetone followed the dry-air and argon, respectively, are not the 

same, Racet-dryair > Racet-Ar. One would expect them to be approximately equal because they are 

both in the presence of the gas analyte. This, therefore, suggests that the process leading to the 

gas exposure is important for how the sensor will behave in the presence of a gas analyte. 

The Magnesium-Cerium doped nanoferrites sensor was also tested on LPG at 225℃, hence the 

dominant chemisorbed oxygen species were O(ads)
- as described in Eq. 5.16 to Eq. 5.19. When 

Microsoft account
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the LPG is introduced into the chamber, the reducing gas reacts with the adsorbed oxygen 

species (anions), a complex series of reactions take place, ultimately oxidising the LPG gas 

according to the following equations: 

𝐶𝐶𝑛𝑛𝐻𝐻2𝑛𝑛+2 + 𝑂𝑂2−
@225℃
�⎯⎯⎯⎯� 𝐶𝐶𝑛𝑛𝐻𝐻2𝑛𝑛:𝑂𝑂2(𝑔𝑔𝑔𝑔𝑔𝑔) + 𝑒𝑒− + 𝐻𝐻2𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎 → 𝐶𝐶𝐶𝐶2𝑔𝑔𝑔𝑔𝑔𝑔 + 𝐻𝐻2𝑂𝑂𝑔𝑔𝑔𝑔𝑔𝑔/𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚       Eq.....5. 21 

𝐶𝐶3𝐻𝐻8 + 5𝑂𝑂2−
𝑛𝑛=3
�⎯� 3𝐶𝐶𝐶𝐶2𝑔𝑔𝑔𝑔𝑔𝑔 + 4𝐻𝐻2𝑂𝑂𝑔𝑔𝑔𝑔𝑔𝑔 + 5𝑒𝑒−   Eq.....5. 22 

𝐶𝐶4𝐻𝐻10 + 13
2� 𝑂𝑂2−

𝑛𝑛=4
�⎯� 4𝐶𝐶𝑂𝑂2𝑔𝑔𝑔𝑔𝑔𝑔 + 5𝐻𝐻2𝑂𝑂𝑔𝑔𝑔𝑔𝑔𝑔/𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 13

2� 𝑒𝑒− Eq.....5. 23 

The LPG is mainly composed of both propane and butane, hence, CnH2n+2 is a fair 

representative of the gas compositions, where n is the number of elements and can take any 

integer. The number of element(n) is 3 and 4 in this case for propane and butane respectively. 

These reactions (Eqs (5.21), (5.22), (5.23)) release a large population of free electrons, 

increasing the negative charge carriers on the surface. 
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CHAPTER 6 

POSSIBLE APPLICATION OF MGCEXFE2-XO4 

NANOFERRITES IN THE HEALTH AND FOOD 

INDUSTRIES 

 

6.1 INTRODUCTION 

 

This chapter explores the possible application of Magnesium-Cerium doped nanoferrites in the 

health and food industries. It has been established that in people suffering from diseases such 

as lung cancer, diabetes, and intestinal diseases, their breath tends to consist of gases like 

toluene, acetone, and hydrogen or methane respectively [1]. A similar thing happens to plants, 

when they are ready for harvesting a certain gas is released in abundance. 

6.2 POSSIBLE APPLICATION IN BIOMARKERS 

 

An innovative and promising way of assessing diabetic humans is analysis of the acetone 

concentration in their breath using a rapid chemoresistive sensor [2-4]. Fig 6.1 shows different 

gases that are released by patients suffering from different diseases. The presence of acetone 

can indicate the ketotic state of diabetes relating to the levels of lipolysis by which fats are 

broken down [3, 4]. Insulin-patients have ketosis and will thereby release higher concentrations 

of acetone of more than 1.8 ppm in their breath [3], whereas healthy human breath contains an 

acetone concentration of about 0.9 ppm [5-7]. However, human breath also contains relative 

high humidity, i.e., 90 % or more [6, 7]. This opens up the opportunity to fabricate extremely 

sensitive chemoresistive gas sensors for potential application for diabetes and other illnesses 

to detect volatile organic compounds (VOCs) like acetone, but also requiring selectivity to the 
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target. The currently available techniques of breath analysis require analytical instruments 

which are cumbersome, expensive, and generally only available in laboratories. Of the many 

acetone-based sensors, spinel ferrites present great promise and potential for use in the medical 

field to detect low levels of acetone. Acetone is a toxic and harmful VOC commonly used as a 

solvent in various laboratories and industries. Its high level of inhalation and ingestion can 

cause low, acute, and chronic poisoning [2, 3]. This therefore suggests that it is one of the most 

important air pollutants that require constant detection and monitoring [2-4] as part of routine 

rapid air quality testing. 

 

 

Figure 6. 1: Illustration of gases exhaled due to certain diseases[1]. 

To mimic the actual scenarios of exhaled biomarkers for diabetic patients and reproducibility, 

the potential sensor was tested at lower acetone concentrations and in the presence of relative 

humidity. The Ce-doped magnesium based ferrite was tested for five cycles of 5 ppm acetone 

Microsoft account
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at 225 °C operating temperature in a dry environment, in the presence of relative humidity 

(RH), and again in a dry environment.  

 

Figure 6. 2: (a) The five cycles of 5 ppm of acetone at 225 °C in dry-air of the MgCe0.2Fe1.8O4, 

(b) in the presence of 20% RH (set RH was 90% at 225 °C), and (c) again in dry-air. 

 

Fig. 6.2 (a–c) demonstrates the repeatability of 5 ppm concentration in dry environment, 20% 

relative humidity and again in dry environment to test the sensor's initial memory after having 

been exposed to the humidity. It can be seen that the sensor recorded a varying response to the 

same concentration (5 ppm) of acetone as shown in Fig. 6.2(a) but average to S = 7.9. The set 

RH was 90% at 225 °C. The achievable relative humidity was 20% RH due to the high 

operating temperature of 225 °C. Fig. 6.2(b) shows the five cycles of 5 ppm concentration of 

acetone in the presence of the relative humidity. The sensor's response still shows small 
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variation, averaging to S = 3.1. This clearly suggests that the presence of the 20% RH destroyed 

the response. This further suggests that acetone sensing is based on the chemically adsorbed 

oxygen species on the sensor's surface. Now that, we introduce the relative humidity which 

consists of hydroxylic group physically attaching to the surface and competing with the 

chemisorbed oxygen species, leaving fewer active sites [8, 9]. It is very interesting to observe 

that the reproducibility after the sensor was exposed to 20% RH was surprisingly changing as 

shown in Fig. 6.2(c). The reproducibility of five (5) cycles of 5 ppm concentration of acetone 

contain ascending order of the response of 10.2, 14.0, 15.7, 17.4, and 22.7. It is clear that the 

exposure of the sensor to the relative humidity somehow re-invigorated the surfaces to become 

more active sites. The response on the 2nd dry-air was relatively high (about double) and 

showing increasing trend This shows possible application in diabetes biomarkers, although 

achieving high humidity of about 90% is still a challenge, so further studies need to be done. 

6.3 FOOD QUALITY SENSING STRATEGY: PRELIMINARY WORK 

Many indicators point to the fact that ethylene (C2H4) gas in plant or fruit hormone is given off 

by harvested plants and climacteric fruits during ripening [10-13]. Therefore, ethylene 

concentration during plant growth and soon after harvesting, provides critical information to 

control the growth and development of plant and fruit formation. Such information is 

indispensable to smart farming and profit maximisation for farmers. 
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Figure 6. 3:  Gas sensing characteristics of MgFe2O4 operated at 220 °C towards  potato and 

onion (vegetables) and banana (fruit) each measured for (a) 3 cycles of 10 min. (b) Plants and 

climacteric fruit and their corresponding responses. 

 

Fig. 6.3 shows the gas sensing measurements of a potato, onion and banana measured on 

different days to evaluate MgFe2O4 potential to examine plant and fruit freshness. It is expected 

that emitted ethylene odour will increase in concentration as these plants and fruits undergo a 

process of ripening. Prior to the sensing measurements, these vegetables and fruit were stored 

at room temperature (21°C) in open air with relative humidity of about 40% without any 

treatment. The banana ripening could be monitored and measured by observing the change in 

its peel colour during the maturation process, but the potato and onion maintained their initial 

colour for more than 15 days. Each vegetable (110 g) and fruit (100 g) were kept for 10 min at 

different times in a stainless steel chamber with dimensions of 25 cm by 30 cm by 26 cm. In 

each measurement, dry-air was introduced inside the sensing chamber until a stable electric 

current was maintained before connecting the separate stainless steel chamber to the sensing 

chamber through the dry-air to push the odour into the sensing chamber. Upon introducing the 

fruit and vegetable odour (separately) inside the sensing chamber, the sensor's current increased 

dramatically, as shown in Fig. 6.3(a) and dropped to its original value when the odour inlet was 

closed. It is clear from this figure (Fig. 6.3a) that, the response- and recovery-times are short, 

indicating a good sensing performance toward plant-hormone ethylene. The time-dependent 
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responses of the selected vegetables and fruit are shown in Fig. 6.3(b). Initial responses to this 

plant hormone ethylene were: 11.59, 6.73 and 10.59 for a potato, anonion, and a banana, 

respectively. The sudden increase in the banana's response due to increased ethylene 

concentration after 14 days was expected. Banana can be physiologically categorised as a 

climacteric fruit and its ethylene emission increases significantly during natural ripening [14-

16]. Besides, other studies on ethylene claimed that this rate of increase of ethylene production 

is in fact logarithmic [17, 18]. 

The increase in electric current during exposure to banana was not unexpected, as it is obvious 

that an increasing concentration of plant-hormone ethylene is given off during banana 

maturation and ripening [10]. However, the cause of the increase in the electric current due to 

exposure of the n-type sensor to potato and onion odour was not clearly understood, but it was 

clear that the gas emitted from these vegetables was also a reducing analyte i.e., ethylene. 

However, there is evidence that these plants, either non-climacteric or climacteric, undergo 

similar pathways in ambient atmospheres during their growth [15, 19]. In fact, Paul et al. [12] 

claimed that there are no distinctions between the classical patterns of ripening in climacteric 

and non-climacteric fruit. Therefore, the assumption would be that the same gas is emitted in 

potato and onion and they both undergo similar pathways of ripening as in the climacteric fruit 

(in this case, banana). The gas concentrations were not known in these cases, but in all cases 

these concentrations increased during these plants’ growth processes i.e., cell division, cell 

enlargement, ripening and senescence [15]. 

It was noticed that the electric current cycles resulting from ethylene detection in the vegetables 

showed a descending order from 1st to 3rd cycle, whereas it was an ascending order in the case 

of the banana. These orders were maintained in all the measurements for days. Therefore, this 

preliminary work presents the possibility that ferrites can be used to determine plants’ 

freshness. It is often the case that people choose fruit based on the colour, scent, gloss, and 

hardness. However, other fruit such as the non-climacteric Citrus fruit, berries, grapes, and 
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pineapples) do not show significant colour change during their respiration. They quietly 

undergo a ripening or maturation process instead. Another example is a potato that undergoes 

a change in respiration rate during growth. A potato often damages other potatoes in a bag once 

it starts to deteriorate in an ambient atmosphere. This can be avoided using quantitative 

measurements of ethylene to facilitate high-quality plant selection. 
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 

 

In conclusion, we presented a successful synthesis of MgCexFe2-xO4 (0 ≤ x ≤ 0.2) by a glyco-

thermal procedure. The effect of cerium substitution into the octahedral sites of the cubic 

magnesium ferrite was investigated, considering sensing of organic volatile compounds and 

magnetic properties. The HR-TEM images present fine nanoparticles with few crystallite sizes 

of between 2.2 – 15.3 nm. The XRD spectra confirmed the cubic spinel ferrite structure at low 

cerium concentration (x < 0.2) although the formation of secondary phases occurred when x = 

0.2. The magnetic properties suggested superparamagnetic to disordered characteristics with 

the increase of Ce content. The variation of magnetic parameters such as saturation 

magnetisation as a function of Ce concentration were also reported. 57Fe Mössbauer effect 

spectra showed a transformation from ordered to paramagnetic spin state with an increase in 

Ce concentration. The broad peaks in the spectrum of the MgFe2O4 powder changed to a well 

resolved Zeeman splitting with increasing Ce content. The XPS analysis revealed high 

percentages of oxygen vacancies attributed to the reduction of Fe3+ to Fe2+, evident in the high-

resolution of Fe 2p spin-orbits doublets. The nano-ferrites were tested over a range of VOCs 

including acetone, methanol, p-xylene, ethylbenzene, toluene, and benzene at a temperature of 

225 °C. The formation of secondary phases seems to be favourable for gas sensing, with an 

extremely high acetone sensing response (S = 529@100 ppm) and selectivity. These Ce-doped 

magnesium ferrites had n-type characteristics. This high sensitivity and selectivity compared 

very well to other acetone sensors in the literature. Additionally, the Ce-doped magnesium 

sensor possessed reliable reproducibility, reversibility and remained highly sensitive even after 
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120 days. The various exposure-time testing for both the detection and monitoring qualified 

this sensor as suitable and reliable for both capabilities of high acetone response and to maintain 

this response over a long-time exposure to acetone. Furthermore, this sensor was tested in a 

reduced oxygen environment, using argon gas for dilution and as carrier gas. The responses 

were significantly reduced but possessed clear sensing signals with comparable response.  

The addition of a relatively high content of Ce to the magnesium ferrite was favourable to high 

acetone sensitivity. Does the formation of secondary phases also favour sensing of flammable 

and toxic gases besides the VOCs? To answer the question, these magnesium ferrite sensors 

were tested towards different flammable gases, namely, ammonia, methane, propane, butane, 

hydrogen, and liquefied petroleum gas (LPG). The optimal operating temperature was 225 ◦C. 

The undoped magnesium ferrite (MgFe2O4) proved to be highly sensitive and selective to LPG 

with a response of S = 357.41. Some interesting patterns of anomaly were observed during the 

sensing of LPG. Oscillatory behaviour in the electric current, accompanied by a fluctuation of 

operating temperature in reverse order to the current was observed. These anomalies were 

attributed to heat transfer kinetics between the sensor’s (MgFe2O4) surface and the physisorbed 

self-dissociated water molecules. We derived new mathematical expressions, following 

Fourier’s conduction law, to explain these processes. This ends up with a direct connection 

between heat conduction and the sensor’s electric current/resistance. To further test and attempt 

to control these two anomalies in the sensor’s current and operating temperature, we created 

an oxygen reduced environment or inert ambient by using argon and nitrogen instead of the 

synthetic air or dry- air as a carrier gas and for dilution of the LPG. It has been shown that the 

use of argon instead of synthetic air to create a reduced oxygen environment or inert ambient 

eliminated these oscillatory behaviour and temperature fluctuations. However, using nitrogen 

instead of either synthetic air or argon did not eliminate these anomalies. In addition, creating 

inert ambient was observed to significantly reduce the sensor response, SAir ≫ Sargon ≈ Snitrogen. 

Temperature, concentration, and exposure-time seem to play a role in the control of these 

anomalies. Repeatability and stability of the sensors were also investigated. The sample was 
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also stable when exposed to LPG for a long exposure time. It clearly produced a stable steady-

state current for up to 2 h. In addition to the investigated anomalies, we tested our MgFe2O4 

sensor for ‘off-shelf plants freshness’ determination. The tested plants were climacteric fruit 

(banana) and vegetable (Potatoes and onion). The test was conducted for a period of 16 days. 

The interaction between our n-type sensor and the plants’ hormone suggests that this emitted 

gas is a reducing type. This gas is believed to be ethylene, based on the literature. The unknown 

concentration of this emitted gas increased over a period of 16 days. This detection strategy 

provides a unique, precise, and quantitative means of controlling plant hormone during plants’ 

developmental growth and will be beneficial for profit maximisation in agricultural sectors.  

 

Besides the in-depth investigations carried out in this work, more fundamental questions that 

deserve further understanding still exist. What triggers these current oscillations and 

temperature fluctuations in the sensor surface? Is there any other way to control these 

fluctuations in temperature when losing or re-gaining the surface heat? How can we really 

explore these temperature fluctuations for better understanding of the gas sensing mechanism? 

What other gases trigger these anomalies? Could these anomalies be due to the type of sensor 

material? What is the role of other plant hormone interactions with ethylene? As future work 

the author will work towards answering the questions. 
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