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ABSTRACT 
 

A series of 1D metal oxide nanostructures based on Lanthanum (La) were 

synthesized through electrospinning followed by calcination. Firstly, the effect of 

La doping on ZnO was studied by introducing different concentrations (0, 0.06, 

0.3, 1 and 2 wt%) of La and subjecting the obtained products to different 

annealing temperatures of 500, 700 and 900 °C. All La-doped ZnO sensors 

displayed enhanced sensor responses toward H2S as well as fast 

response/recovery times as compared to that of the pure ZnO based. 

Additionally, apart from the fact that these sensors displayed the highest 

responses, they also revealed relatively high selective responses to H2S. The 

sensor based on 2 wt% doping annealed at 900 °C displayed the highest H2S 

response as well as good repeatability, and stability. The H2S sensing 

performance of the ZnO nanofibres (NFs) was attributed to synergetic effects of a 

higher surface area, large number of intrinsic defects and the catalytic activity of 

La. 

Another study regarding LaCoO3 and LaFeO3 perovskites to investigate the 

influence of alternating the B-site cation on gas sensing revealed good acetone 

sensing at a low operating temperature of 120 °C with the LaFeO3 NFs based 

sensor exhibiting high stable and selective response towards acetone with fast 

response and recovery time of 14 and 49 s. This high response was attributed to 

the high surface area and high density of oxygen related defects.  

 

A further, investigation on the annealing effect on LaCoO3 NFs based sensors 

obtained after annealing at different temperatures of 550, 650, and 700 °C was 
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conducted. Findings from field emission scanning electron microscope and high 

resolution transmission electron microscope demonstrated that the synthesized 

LaCoO3 NFs consisted of a number of interconnected particles with average sizes 

of ~ 47, 58 and 77 nm, for 550, 650, and 700 °C annealing temperatures, 

respectively. Systematic gas sensing analysis revealed that the sensors based on 

LaCoO3 NFs have substantial sensitivity to ethanol gas with the sensor obtained 

after annealing at 650 °C revealing an outstanding response of 32.4 toward 40 

ppm at a lower optimum operating temperature of 120 °C. While it exhibited 

good selectivity to ethanol gas as well as fast response and recovery speeds of 26 

and 66 s, respectively. The enhanced sensing capability of the LaCoO3 NFs based 

sensor after annealing at 650 °C stems from combined effects of the interparticle 

NFs structure, which provided high surface area and porous channels. These 

allowed access to active sites as well as ease of gas diffusion and overlapping of 

the hole accumulation layers along the fiber direction producing continuous hole 

transfer channels.  

For the study of the effect of loading different concentration of Au on LaFeO3 

nanobelts (NBs), the gas sensing findings revealed that Au/LaFeO3 NBs based 

ÓÅÎÓÏÒ ×ÉÔÈ ÔÈÅ !Õ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ πȢσ ×ÔϷ ÄÉÓÐÌÁÙÅÄ ÉÍÐÒÏÖÅÄ ÒÅÓÐÏÎÓÅ ÏÆ 

ρςυ ÔÏ τπ ÐÐÍ ÏÆ ÁÃÅÔÏÎÅ ÁÎÄ ÒÁÐÉÄ ÒÅÓÐÏÎÓÅ ÁÎÄ ÒÅÃÏÖÅÒÙ ÔÉÍÅÓ ÏÆ ςφ ÁÎÄ ςπÓȟ 

ÒÅÓÐÅÃÔÉÖÅÌÙȟ ÁÔ ÁÎ ÏÐÔÉÍÁÌ ×ÏÒËÉÎÇ ÔÅÍÐÅÒÁÔÕÒÅ ÏÆ ρππ Ј#Ȣ &ÕÒÔÈÅÒÍÏÒÅȟ ÁÌÌ 

sensors demonstrated excellent response and remarkable selectivity towards 

acetone. The gas sensing mechanism of the Au/LaFeO3 sensors was explained in 

consideration of the catalytic activity of the Au nanoparticles, which served as 

direct adsorption sites for oxygen and acetone 
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Lastly, a series of nanostructured LaρϺxCexCoO3 perovskite oxides (x= 0-0.2), with 

NF morphology were prepared through the electrospinning method followed by 

annealing at 650 °C. The NF crystallite and particle size became smaller with an 

increasing Ce level, while the specific surface area increased linearly up to 25 

m2/g. X-ray diffraction revealed that Ce segregated as CeO2 when the Ce addition 

ÌÅÖÅÌ ×ÁÓ ØІπȢρȢ 4ÈÅ .&Ó ÓÈÏ×ÅÄ ÓÅÌÅÃÔÉÖÉÔÙ ÔÏ ÅÔÈÁÎÏÌ ×ÉÔÈ ÔÈÅ ÐÕÒÅ ,Á#Ï/3 

showing its highest response of 32.4 at operating temperature of 120 °C, while 

LaρϺxCexCoO3(x= 0.2) revealed a high response of 83.4 at 100 °C. The 

LaρϺxCexCoO3 (x= 0.2) also displayed quick response and recovery times of 10 and 

19s compared to the 240 and 286 s displayed by the pure LaCoO3. The improved 

sensing performance can be attributed to the increased surface area brought 

upon by the reduced crystallite and particle size, which ensured exposure of 

more active sites. Also, X-ray photoelectron spectroscopy revealed an increased 

amount of the surface oxygen, which played a role in facilitating the adsorption 

and oxidation processes of the ethanol.  

The sensing mechanisms involved between the nanostructures and the target 

gases are discussed in detail. 
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Chapter  1 

Introduction  

 

1.1 Synopsis 

The ways of living are evolving every day, so does the technologies used on every 

day basis. One of the most recent and interesting technology that seems to be 

taking top spot in the research world is the nanotechnology. Nanotechnology is a 

technology that involves manipulation of materials at a nanoscale level (10-9 m). 

When materials are at this level, they start to exhibit unique and fascinating 

properties. Some of their unique properties include robustness, electrical 

conductivity and high surface area [1]. These properties of nanomaterials have 

created fascinating fields of study and applications in areas that can contribute 

towards improvement of everyday living. 

One of the areas of applications benefiting from this nanotechnology is the gas 

sensing application. Gas sensing is an area that studies and applies materials into 

the use as gas sensor devices. Gas sensor is a device that is used to identify the 

changes in the make-ÕÐ ÏÆ ÔÈÅ ÁÔÍÏÓÐÈÅÒÅȭÓ ÃÏÎÓÔÉÔÕÅÎÔÓ ÕÓÉÎÇ ÔÈÅ ÁÉÒ ÁÓ 

reference. That is to say, a gas sensor identifies chemical gas molecules and 

converts the interaction into a physical signal [2]. These gas sensor devices are of 

paramount importance for many uses such as detection of gas leakages (for 

security and safety measures), in food processing (for food quality monitoring), 

as breathalysers (diagnosis of diabetes, liver diseases and for drunk and driving 

detection) [3-8], just to mention a few. 
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There are many materials that can be used as gas sensing materials such as 

carbon materials, optical fibers and semiconductor metal oxides (SMOs) [9-11]. 

Of all these materials, SMOs have been considered as great sensing materials and 

have been extensively studied for gas sensing application [12-17]. The interest in 

SMOs arise from the fact that SMOs have interesting properties that can be 

exploited for gas sensing, especially when they are in the nanostructured form 

[18-22]. These properties include high surface area, high electrical conductivity, 

physical and chemical stability, on top of this, SMOs are sensitive to both 

reducing and oxidizing gases [23-30].  

Many SMOs have been used for the detection of many gases for different 

applications specifics. The mostly used SMOs are ZnO [10, 17], SnO2 [31, 32], TiO2 

[33, 34], WO3 [28, 35], In2O3 [36, 37], which are of n-type conductivity. In 

contrast, sensors based on SMOs of p-type conductivity such as CuO [38, 39], NiO 

[14, 40], CO3O4 [41, 42], LaFeO3 [43, 44], Mn3O4 [45, 46], have been used, 

however, less than the n-type ones. This is because a response of a p-type sensor 

to a given gas is equal to the square root of the response obtained by an n-type 

sensor to the same gas and of the same morphology [15]. Nonetheless, the 

significance of p-type sensors should not be undermined considering the fact 

that these materials have been and still are used as catalysts to facilitate selective 

oxidation of different volatile organic compounds (VOCs) [47-49]. In this view, p-

type SMOs are promising potentials for developing sensor materials with new 

functionalities. Of interest, p-type materials are also being used in composites 

with n-type materials to form p-n junctions and are used to modify gas sensing 

performance of the sensing materials by improving the electrical properties near 

the p-n interface [50]. Also, the typical adsorption of oxygen by p-type SMOs may 



 

3 

 

be exploited for the design of high performance gas sensing materials that are 

humidity independent with quick recovery kinetics [16]. Accordingly, p-type 

SMOs can provide a variety of new functionalities in SMOs sensors. 

As part of the p-type oxides, perovskite oxides of ABO3 structure have also been 

proven to be of unique class of SMOs. This family of oxides is known for its 

chemical and physical stability and mostly popular for its catalytic activities [12, 

51-53]. Perovskite oxides including titanates (SrTiO3, CaTiO3, BaTiO3, etc) and 

lanthanum-based perovskites (LaCoO3, LaFeO3, LaNiO3, etc) have been 

demonstrated as good catalysts for the oxidation of methane and some VOCs [54-

56]. Due to these qualities, perovskite oxides can be of new solutions for sensing 

applications. 

Among the perovskites, lanthanum-based perovskites are considered of interest 

due to their unique electrical and electro catalytic properties. They have been 

found to possess exceptionally high thermal stability [57], indicating that they 

can provide microstructural and morphological stability to improve reliability 

and long-term sensor performance. A variety of them have also been used for gas 

sensing application towards CO, acetone, ammonia and ethanol [13,27,53,58, 59]. 

Their sensing performance has been found to be selective and stable. As much as 

this is desirable for sensing applications, there is still a need to work on their 

response which is normally lower than their n-type counterparts. 

To achieve this, noble metals such as Ag, Pd and Au are dispersed into their 

surfaces to enhance not only their response but their selectivity and stability as 

well. On the other hand, partial substitution of either the A or the B site cation 

has been found to be an effective way to tune the sensing capabilities of these 

materials. Additionally, the microstructure of the perovskites can be manipulated 
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in order to tune the sensing properties, and one dimensional (1D) nanofibers 

have been found to be good morphology to couple with this class of materials 

due to the high surface-to-volume ratio and high porosity [60, 61]. 

1.2 Problem statement  

Of late, there is an increase in the degree of air pollution caused by car emissions, 

refineries, industrials as well as power plants. Because of this, there is a need for 

gas sensors to monitor these air pollutants discharges as exposure to some of 

them can result in health problems or death. Not only are these gas sensors 

needed for environmental air monitoring, but even in the food industry for food 

quality monitoring by tracking concentrations of certain gases such as ethanol 

discharged by foodstuff such as fruit and milk. Further, gas sensors can be used 

as breathalysers to detect certain concentration of some volatile organic 

compounds (VOCs) such as acetone for diabetes diagnosis or ethanol for drunk 

and driving testing. Because of such needs, materials that can be used as sensors 

in the recognition of such gases are required for the prevention of gas leakages, 

environmental protection and also in areas for human health care.  

The materials currently used for such devices are SMOs such as SnO2, ZnO and 

WO3. These materials have good responses to most reducing and oxidizing gases. 

However, most of them suffer from lack of selectivity especially towards VOCs 

due to their similarities, making it impossible for a sensor to properly identify 

the correct target gas. On the other hand, sensors based on these materials are 

operated at high temperatures above 400 °C thus consuming a lot of energy. 

Therefore, energy saving and reliable materials in terms of selective and stable 

response with fast response kinetics are in great need. Lanthanum-based 
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complexes such as LaCoO3 and LaFeO3 are promising materials for the 

application in gas sensing. This is due to their excellent catalytic properties 

which are proven by their many uses in catalysis, their affordability, high thermal 

and chemical stability. Though these complexes have remarkable features; most 

of them have p-type conductivity and their industrial application is limited from 

the fact that their response is equal to the square root of that of an n-type 

conducting semiconductor metal oxide with the same morphology configuration 

and conditions. Thus their response should be improved further. Decorating with 

noble metals and partial substitution has shown to further improve catalytic 

activity of La-based complexes which can improve gas sensing performance, thus 

these two modification methods can be used to improve the sensing 

performance of the La-based complexes. 

 

1.3 Study objectives 

This work is based on the study of structural, optical and gas sensing properties 

of La as a dopant, its perovskites namely LaCoO3 and LaFeO3. The effect of partial 

substitution and Au loading on the structural, morphological, optical and gas 

sensing properties is also studied. 

The most important objective of this study is to do a thorough study on La as a dopant 

of ZnO, to study its perovskites (LaFeO3 and LaCoO3) in their pure form and when 

incorporated with noble metals (Au) or partially substituted (by Ce) on their La site 

and to master the electrospinning technique. To achieve that; the following objectives 

were set: 

× To dope different concentrations of La into 1D ZnO nanostructures. 
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×  To synthesize pristine 1D LaCoO3 and LaFeO3 using electrospinning followed by 

annealing method. 

× To load Au unto 1D LaFeO3 nanostructures. 

× To partially substitute La by Ce on 1D LaCoO3 nanostructures. 

× Characterization of all synthesized nanostructures using Thermogravimetric 

Analysis (TGA), X-ray diffraction (XRD), Scanning electron microscope (SEM), 

Transmission electron microscope (TEM), Time-of-flight secondary ion mass 

spectroscopy (ToF-SIMS), Brunauer Emmett Teller (BET), Photoluminescence 

(PL) and X-ray photoelectron spectroscopy (XPS). 

× Fabricate gas sensor devices based on the aforementioned nanostructures.  

× Conduct sensing test measurements towards various gases, and operating 

temperatures. 

1.4 Thesis Chapters arrangement  

Chapter 1:  A brief introduction to gas sensors and semiconductor metal oxides 

as sensing materials 

Chapter 2:  Literature survey on advancement of semiconductor metal oxide gas 

sensors 

Chapter 3:  Discusses electrospinning method and characterization techniques 

Chapter 4 : Studied the influence of La doping on ZnO nanostructures nanofibers 

Chapter 5:  Studied the variation of the B-site cation on the LaBO3 (B= Co/Fe) 

nanofibers 
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Chapter 6:  Studied the influence of annealing on LaCoO3 nanofibers 

Chapter 7:  Studied the influence of Au loading on LaFeO3 nanobelts 

Chapter 8:  Studied the influence of partially substituting the La site by Ce on 

LaCoO3 nanofibers 

Chapter 9:  Summary and Future work 

Chapter 10:  List of publications and conferences 
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Chapter 2  

Literature review  

 

2.1 Introduction  

Since the discovery of SMOs as sensing materials, extensive amount of research 

has been focused into the development and improvement of these materials. The 

concept of using SMOs as gas sensing materials goes back to 1952 when Brattain  

and Bardeen reported for the first time gas sensitivity of Germanium [1]. Then 

Seiyama became the first to relate this phenomenon to the detection of CO2, 

toluene and propane molecules using a ZnO based thin film in 1962 [2]. Still in 

1962, Taguchi patented and afterward marketed a SnO2 based gas sensor using a 

simple electrical circuit [3]. Right after the commercialization of the first SnO2 

based sensor device, an interest towards other SMOs was spiked among 

researchers. The interest in these SMOs is due to their affordability, ease in 

fabrication and use, and the ability to detect a variety of oxidizing and reducing 

gases. Nowadays SMOs are the most used group of inorganic materials as gas 

sensing materials [4-10]  

2.2 n- and p-type conductivity in SMOs 

Gas sensing mechanism is a surface based phenomenon, therefore the type of 

material, their chemical make-up and their surface area play an important role in 

the gas sensing characteristics. For SMOs, there are two classes based on their 

electrical conductivity, i.e. p- and n-type. P-type SMOs have holes as major charge 

carriers, whereas n-type have electrons as major charge carriers [11]. Both n and 

p-type SMOs have been used for the detection of toxic and harmful gases. Since 
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these two types of SMOs have different charge carriers, their gas sensing 

characteristics are bound to differ as well. However, the major charge carriers 

can be tuned by doping of acceptors or donors to achieve high response to gases 

or control other sensor performance characteristics. Between the two classes of 

SMOs, n-type are the ones mostly used; and this is due to the fact that their major 

charge carriers (electrons) are of great importance in a sensing process [12]. 

Also, it has been reported that the response of a p-type sensor to a specific gas is 

the square root of an n-type sensor with the same morphology configuration 

under the same gas conditions [13]. This discovery indicates that the responses 

of p-type based SMOs should be modified to be able to detect trace 

concentrations of different target gases. As can be seen from Figure 2.1, p-type 

sensors are the least studied SMO based sensors. 

 

 

 

 

 

Figure 2.1: Pie chart showing the SMOs studied as gas sensors [14] . 

 

2.3 Gas sensing mechanisms of n- and p-type SMOs 

When SMOs are exposed to ambient air at operating temperatures of 100-500 °C, 

oxygen molecules adsorb onto the surfaces of the SMOs form ionized oxygen 
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species by capturing electrons from the surfaces of the SMOs. The type of oxygen 

species depends on the operating temperature for instance O-
2 is dominant at 

temperatures less than 150 °C, while O- is abundant at temperatures between 

150 and 400 °C and O2- is dominant at temperatures more than 400 °C [15, 16]. 

Both p- and n-type SMOs develop electronic core-shell layers by adsorbing 

oxygen, however they display significantly different conduction behaviours [11] . 

For the n-type SMO, an electron depletion layer (EDL) will form near the surface 

followed by an increase in electrical resistance of the sensing material (Figure 

2.2(a)). While in the case of a p-type sensor, a hole accumulation layer (HAL) will 

form near the surface of the material (Figure 2.2(b)), leading to a decrease in 

electrical resistance. When the n-type sensor is exposed to a reducing gas, the 

ionized oxygen species will oxidize the reducing gas releasing the trapped 

electrons back to the SMO. In contrast, for the p-type SMO, the resistance of the 

sensor will increase upon exposure to reducing gas while releasing electrons 

back into the SMO. The resistance of the p-type SMO is known to decrease upon 

exposure to oxidizing gases as the holes are increased in the HAL due to ion-

sorption of oxidizing gas. 

  

 

 

 

 

 

 

Figure 2.2 : Formation of electronic core-shell structures in SMOs. 
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2.4 Make-up of a good SMO sensor 

As mentioned previously, SMOs are sensitive to a variety of gas species, however 

for the SMO material to be deemed as a good sensor material it has to fulfil the 

following  general characteristics of gas sensors: 

i. Response: SMOs signal are based on changes of the resistance in the presence of 

the target gas (Rg) or in air (Ra). The ratio of the Rg and Ra gives the response of 

the SMO, depending on the conductivity. For n-type it is given by Ra/Rg, and for 

p-type it is given by Rg/Ra [17-19]. 

ii. Operating temperature : This is the temperature that the sensor material 

reaches its maximum response. Normally, the response of SMOs based sensors 

has been found to improve in proportion with the operating temperature. This is 

because at low working temperatures the reaction between target gas molecules 

ÁÎÄ ÓÕÒÆÁÃÅ ÁÄÓÏÒÂÅÄ ÏØÙÇÅÎ ÓÐÅÃÉÅÓ ÄÏÅÓÎȭÔ ÇÉÖÅ ÈÉÇÈ ÒÅÓÐÏÎÓÅ ÁÓ ÔÈÅ ÔÁÒÇÅÔ ÇÁÓ 

molecules do not have enough thermal energy to engage in a reaction with the 

surface oxygen species. Further increase of the operating temperature gives 

enough thermal energy to activate the target gas molecules, resulting in a rapid 

reaction with the oxygen species therefore leading to an increase in sensor 

response. However, at higher working temperatures the gas adsorption capacity 

and the usage of the sensing layer gets limited thus resulting in the decrease of 

the sensor response [20, 21]. 

iii.  Selectivity : This is the ability of the sensor to be able to properly identify the 

correct gas in the midst of other gases more especially if they have similar 

properties. This characteristic of a sensor can be evaluated quantitatively by 
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taking the selectivity coefficient which is the ratio of the response of the highly 

selective gas to that of the interfering gases as: 

     (2.1) 

where  is the sensor response in the presence of the gas with the highest 

response and  is the sensor response in the presence of the other target gases. 

The K values obtained are much greater than one which suggests that the sensor 

has greater ability to separate the specific target gas in the company of other 

gases [22, 23]. 

iv.  Limit of detection  (signal -to-noise ratio>3) : This refers to the lowest amount 

of the target gas that can be detected by the sensor [23, 24]. 

v. Response kinetics : This refers to the amount of time taken by the sensor to 

reach 90% of its response signal value after introduction of the target gas 

(response time) and the amount of time the sensor takes to reach 90% of its 

initia l baseline once the target gas had been removed (recovery time) [25, 26]. 

vi. Stability : The ability of the sensor to maintain its response over a long period of 

time without suffering from baseline drift or poisoning interactions [23, 27].  

2.5 Influences on the sensing mechanism  

 The gas sensing of p-type SMOs is not as high as that one of n-type SMOs and 

hence it is important to enhance the gas response of p-type SMOs to use them in 

practical applications. In this case, gas response of p-type SMOs can be enhanced 

through various means including (1) manipulation of the microstructure of the 

nanostructures, (2) doping to electronically sensitize the SMO.and (3) loading of 

noble metals or metal oxides to chemically sensitize the SMO. However, to 

understand how these proposed options to tuning the gas sensing performance 
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of p-type SMOs, it is important to explore the important parameters in sensing 

i.e. the active adsorption sites.  

2.5.1 Manipulation of the microstructure  

 

Considering the fact that gas sensing mechanism is a surface reaction process, its 

response relies on the availability of active sites for gas adsorption. By increasing 

the specific surface area, the active adsorption sites required for interactions 

with the target gas also gets increased. Also, it is known that sometimes the 

structural defects in the SMO are also increased with the surface area thus 

influencing sensing performance. On the other hand, the morphology of the 

nanostructures has direct link to the specific surface area. For instance, previous 

findings have revealed that 0D-3D nanostructures possess different sensing 

performance [28-32]. Out of all these dimensions of the nanostructures, 1D 

nanostructure have been demonstrated as good candidates for gas sensing as 

they have high surface to volume ratio [25]. 1D nanostructures such as fibers 

present outstanding sensing performance owing to their morphological 

properties [33, 34]. In addition, nanofibers are made up of inter connected tiny 

particles making up the fibers morphology. Their style of connecting with each 

other creates pores which then result in ease of gas diffusion to all active sites. 

Moreover, due to the tiny size of the connected particles, the fibers offer high 

specific surface area, thus providing plenty of active sites for gas and oxide 

interactions [20]. To demonstrate the mechanism of the nanofibers is the work 

done by Khalil et al [35] whereby they optimized NiO nanofiber morphology 

through annealing and they realized that the nanofibers with the intermediate 

diameter, crystallinity and surface area were found to undergo the largest 
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resistance changes to which they attributed to their surface area, oxygen 

vacancies, crystallinity as well as morphology of their obtained nanofibers. From 

their study, it is important to point out that manipulation of the microstructure 

of the nanostructures can have an influence on their overall sensing performance 

of p-type SMO. Similar works on the manipulation of the microstructure of 

nanostructures to enhance sensing performance of p-type SMOs can be found 

elsewhere [36-44]. 

2.5.2 Doping to electronically sensitize the SMO 

 

Since the resistance variations in SMOs is based on the charge carrier conduction 

in an oxide upon interaction with target gas, the amount of the charge carrier and 

the electrical configuration of the SMOs are key factors for manipulating the gas 

responses of SMOs [45]. Improvement of gas sensing response by altering the 

ÁÍÏÕÎÔ ÏÆ ÃÈÁÒÇÅ ÃÁÒÒÉÅÒÓ ÉÓ ÃÁÌÌÅÄ ȰÅÌÅÃÔÒÏÎÉÃ ÓÅÎÓÉÔÉÚÁÔÉÏÎȱ [46]. Acceptor 

doping of n-type SMOs to reduce the amount of electrons in order to make n-type 

sensors more sensitive to reducing gases have been previously reported [47-50]. 

However electronically sensitizing p-type SMO is also an important way of 

producing practically applicable p-type based sensors considering the fact that it 

is highly challenging to obtain high response for p-type SMOs even when tiny 

sized nanostructures are used. Reports on electronically sensitizing p-type SMOs 

have been reported, such include the work by Kim et al [51] whereby they doped 

hollow NiO spheres with Fe. An increased response of the sensor to 100 ppm 

C2H5OH from 5.5 to 172.5 at operating temperature of 350 °C was observed and 

they attributed the response enhancement to electronic sensitization of NiO by 

Fe. Other similar works include the work by Yoon et al [52] on electronic 
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sensitization of C2H5OH response in p-type NiO nanofibers by Fe doping while 

Kim et al [53] reported on selective detection of NO2 using Cr-doped CuO 

nanorods. These studies evidently confirmed that electronic sensitization is an 

influential means to develop highly sensitive p-type SMOs based sensors.  

2.5.3 Loading of noble metals to chemically sensitize the SMO 

 

Of all the available methods of manipulating the gas sensing performance of the 

SMOs, decorating of the SMO surface with noble metal nanoparticles such as Au, 

Ag, Pd and Pt have gained much interest due to the simplicity in the loading 

process and affordability [45]. Loading the SMO surface with noble metals have 

been shown to enhance the sensor response as well as response kinetics [54-60]. 

The improvement of gas sensing properties of SnO2 by incorporation of metal 

particles was investigated by Yamazoe [61] in 1983. It was in this study they 

found that the quantity and size of the particles play a key role in the gas sensing 

performance, where nano-sized particles showed best response [61]. Ever since 

then, the effect of adding metal particles on the gas sensing performance have 

been extensively studied [62-67]. The nanoparticles must be in small amounts 

and homogeneously distributed on the host material to achieve best sensing 

performance [68, 69]. The mechanisms responsible for the enhanced response 

after the decoration with noble metal nanoparticles include electronic and 

chemical (spill-over) sensitization [67, 70]. During the sensing performance of 

these decorated SMOs, spill-over mechanism, Fermi level control and catalytic 

conversion on the decorated surfaces have to be taken into account [45] as this 

leads to better selectivity and higher response.  
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2.6 Perovskite-based gas sensors  

Perovskite oxides is a family of oxides with a general formula ABO3 whereby A 

and B are cations with different sizes. The A site cation is usually a rare earth, 

alkaline earth or alkali metal whereas the B site cation can be any of the 

transition metals namely Co, Fe, Cr and Mn [71-74]. Perovskites are interesting 

materials with exceptional properties such as thermal stability, redox behaviour, 

ionic conductivity, electronic structure and electron mobility [75-77]. A typical 

ideal cubic perovskite oxide unit cell is shown in Figure 2.3. The unit cell is from 

space group Pm3m whereby A coordinates with twelve oxygen anions and B 

coordinates with six oxygen anions. 

 

 

 

 

 

 

 

 

 

Figure 2.3: Schematic representation of the ABO3 unit cell [78]. 

 

Perovskites are best known for their catalytic activity which is well 

demonstrated by their applications in catalysis and gas sensing [79-84]. The 

crystalline structure of the perovskites can be tuned by inserting a wide range of 
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either the A or B cation with different sizes and valences which can lead to the 

variation in the oxygen stoichiometry and vacancies [85]. Also, alternating the A 

or B cations offer flexibility with regard to designing their physi-chemical 

properties [85]. For instance, alternating Co, Mn or Fe on the B site provides 

redox active sites which assists in catalytic reactions [86, 87]. Further, partial 

substitution of A or B with other elements such as Ce or Sr introduces oxygen 

vacancies which assist in oxygen transfer thus increasing oxygen mobility  [88, 

89].  

The huge family of perovskites and the allowance for a wide range of 

substitution give rise to the flexibility of their band structure and this influences 

the catalytic performance. For instance, B site cations play a role in modulating 

the electronic of perovskites, thus modifying the catalytic processes. This effect is 

controlled by the bond between the species on the B site and the oxygen species 

[85, 90].  

Amongst the perovskites, lanthanum based perovskites (LaCoO3, LaFeO3, 

LaMnO3, etc.) have been mostly studied and have revealed remarkable catalytic 

performance, making them ideal for gas sensing applications [72,73,91].  

2.7 LaCoO3  

LaCoO3 is a p-type semiconductor having a rhombohedral perovskite structure 

with unit cell parameters a= 5.4 Å and c= 13.1 Å and consisting of a narrow band 

gap (0.5ɀ0.6 eV) at room temperature [92-94]. Its electronic structure depends 

on the spin state of the cations Co3+. The temperature induced spin state 

excitation of Co3+ accounts for the transformations of LaCoO3 from a 

nonmagnetic insulator to a paramagnetic semiconductor at 90ɀ100 K. At a 
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temperature of 500 K, the material transforms into the paramagnetic metallic 

conductor possessing the high spin Co3+ states [95, 96]. Oxygen deficiency is an 

intrinsic property of the pure and doped LaCoO3 compounds and the oxygen 

vacancies are the energetically favourable defects in lanthanum cobaltite. for this 

reason, the concentration of oxygen vacancies increases with the increase of 

temperature [97, 98]. In spite of this, the hole-type conduction can be 

rationalized by partial disproportionation of Co3+ into Co2+ and Co4+. In this case 

the electrons are trapped at the Co2+ states, while Co4+ states bring about mobile 

holes [87, 99, 100]. In addition, LaCoO3 is one of the competitive and promising 

materials for gas sensing due to its interesting physical properties such as 

catalytic oxidation of compounds and sensitivity to some gases. So far, many 

functional LaCoO3 nanostructures with different architectures have been 

prepared and their sensing performance towards different gases has been 

investigated [72,79-81,100,101]. However, of the reported sensing performance 

of LaCoO3 operates at high temperatures in the range of 200-600 °C to enhance 

their chemical reactivity which consumes a lot of energy [102]. Further, LaCoO3 

sensors suffer from poor sensor stability which is a disadvantage for practical 

applications. 

2.8 LaFeO3  

LaFeO3 crystallizes in a distorted perovskite structure with an orthorhombic unit 

cell [103]. LaFeO3 perovskite shows oxygen-excess structure and p-type 

conductivity at atmospheric pressure and high temperature [104]. Further, 

Fe3+ions in LaFeO3 perovskite may get oxidized further to the Fe4+ ions in the 

presence of oxygen at high temperatures. On the other hand, Fe4+ ions are 
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unstable and may result in the formation of oxygen vacancies in the perovskite 

structure [104]. On the basis of this, LaFeO3 has been identified as a promising 

gas sensor material due to its interesting properties such high electrical 

conductivity and catalytic activity for surface-driven redox reactions [91, 105]. 

However, its sensing performance such as sensitivity, selectivity and response 

kinetics can still be further improved. 

2.9 Manipulation of sensing performance of LaCoO3 and LaFeO3 

2.9.1 Partial substitution of either A or B site cation  

 

As mentioned earlier , partial substitution of either A or B site cation in the 

perovskite can tune their properties and this can influence the gas sensor 

sensing performance. There are some cases whereby partial substitution of 

either A or B site cations resulted in positive influence on the sensing 

performance. For instance, Zhang et al [106] and Song et al [107] substituted Pb 

on the La site of LaFeO3 and Co on the Fe site and they both observed an 

increased sensing performance. While substitution of Sr on the La site or of Mg 

on the Fe site by Lantto et al [108] did not result in any substantial advancement 

in gas sensing properties. In contrast, the response of LaCoO3 to CO was 

improved by doping Sr on the La site and Cu or Ni on the Co site in the work done 

by Chai et al [109]. 

Cerium is usually reported as a good promoter which enhances catalytic oxygen 

activity  [110]. For gas sensing, the availability of more oxygen on the surface may 

result in higher catalytic activity which may improve the gas performance. 

Partial substitution of La3+ by Ce4+ results in the reduction of Co3+ to Co2+ and/or 

a change in oxygen stoichiometry to ensure the charge compensation [80, 111]. 
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An increase in the Ce level on the structure is expected to increase the number of 

surface oxygen, which is beneficial for gas reactions. 

2.9.2 Decoration with noble metals  

 

Incorporation of noble metals such as Ag, Au and Pd has been proven to be more 

effective since noble metal nanoparticles bring about chemical catalytic effect 

whereby the noble metal nanoparticles acts as direct active sites for the 

adsorption of analyte gas and assisting in the chemical reactions between the 

analyte gas and the sensing material [112]. Additionally, the noble metals can 

also fast track the transfer of electrons to the surfaces of the sensing material. 

The effect of decorating lanthanum based perovskites has been investigated. For 

example, Michel et al [113]decorated LaCoO3 with Ag nanoparticles for gas 

sensing applications. They found that Ag-LaCoO3 had better stability for the 

detection of CO, CO2 and O2 at in comparison to the pure LaCoO3 250 °C [113]. 

Cao et al [114] also observed enhanced ethanol response after modifying LaFeO3 

nanoparticles with Au and Cl. Other studies also reported the positive 

enhancements on gas sensing performance after decorating the perovskites 

surfaces with noble metal nanoparticles [105,115-117]. 
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Chapter 3 

Mater ial synthesis and characterization  

 

3.1 Introduction  

This chapter focuses on the description of the type of synthesis approach utilized 

to produce nanostructured La based oxide complexes as well as the 

characterization techniques used to establish their properties. Electrospinning 

followed by annealing method was used for the synthesis of the nanostructures. 

While their structural, surface, thermal, and optical characterizations were 

performed through the use of X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), Time-of-flight secondary ion mass spectroscopy (ToF-SIMS), 

Scanning electron microscopy (SEM), Transmission electron microscopy (TEM), 

Brunauer-Emmett Teller (BET), Thermogravimetric Analysis (TGA) and 

Photoluminescence (PL), respectively. Regarding their sensing performance 

studies, the sensing station was utilized to perform the sensing tests at various 

operating temperatures and gas concentrations. 

3.2 Electrospinning method  

Electrospinning has been actively exploited as a simple and versatile method for 

generating 1D nanostructures such as nanofibers and nanobelts made of various 

materials. Basically electrospinning is a fiber production method based on the 

application of electrical forces on a droplet of a polymer solution which is drawn 

and elongated until fibers with diameters at the micro- and nano-scale are 

produced [1, 2]. A typical electrospinning apparatus consists of a high voltage 

power supply, syringe pump, spinneret and conductive collector as illustrated in 
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Figure 3.1 for a horizontal configuration. For metal oxide/polymer based fibers, 

the annealing step (step 3 in Figure 3.1) is also included in order to obtain the 

pure metal oxide fibers by decomposing the polymer binder at an appropriate 

temperature. 

 

Figure 3.1:  Schematic electrospinning setup utilized for preparation of 

nanostructured La-based metal oxide complexes. 

3.3 Key experimental parameters  

The morphology of the fibers is an aspect of paramount significance to direct the 

application of the electro-spun fibers in several technological fields.  Therefore, 

in order to modify or obtain different fiber morphologies, various experimental 

parameters related to the polymer solution including molecular weight of 

polymer, concentration and viscosity as well as the processing parameters such 

as applied voltage, flow rate, collectors and working distance need to be 

optimized [3, 4]. 
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3.3.1 Solution parameters  

3.3.1.1 Polymer molecular weight, solution concentrat ion and 
viscosity 

 

The polymer molecular weight and solution concentration have a great influence 

on the viscosity of the final solution, which in turn can affect the morphology of 

the fibers. Polymers with high molecular weight have larger surface area that 

promotes the entanglement of polymer chains thus leading in increased solution 

viscosity which can results in the production of fibers with larger diameters [5]. 

Also, higher solution concentration leads to a larger number of chains. Low 

concentrated solutions results in beaded fibers, whereas extremely concentrated 

solutions can yield ribbon-like shaped fibers [4]. Therefore it is necessary to 

optimize the ideal concentration in order to obtain continuous fibers, and this 

depends on the polymer used [6]. 

3.3.1.2 Solution conductivity  

The solution conductivity is another important parameter influencing the fiber 

morphology by facilitating the elongation of the droplet and its formation to a 

single or multiple jets. The solution conductivity is mainly determined by the 

type of polymer used, solvent and the salts. Additionally, the solution 

conductivity can be tuned by adding ionic salts which may result in good quality 

fibers with smaller diameters [7]. 

The salts concentration in this study were first optimized to get the desired 

viscosity and solution conductivity. It was established that the solution viscosity 

and conductivity relied heavily on the salt concentration, the polymer molecular 

weight and the solvent used. 
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3.3.2 Processing parameters  

3.3.2.1 Applied voltage  

 

In the course of the electrospinning process, the fibers are formed due to the 

polymer droplet elongation at the tip of the needle by means of electrostatic 

forces. For a particular applied voltage, the electrostatic forces acting on the 

droplet will be stronger than the superficial tension thus causing the droplet 

stretching [2]. Therefore, the precise applied voltage is a crucial parameter for 

effectively electrospinning fibers as it impacts the deformation of the droplet and 

the jet development. If a too low applied voltage is used, the polymer jet cannot 

be stabilized thus leading to non-fiber formation or fibers with non -uniform 

morphology and beads [4, 6]. Then again, if an extreme high voltage is used, 

thicker and non-uniform fibers can be formed which can negatively affect the 

nanofibers properties [8]. 

3.3.2.2 Flow rate  

 

The flow rate of the polymer solution influences the size of the droplet, and in 

turn affects the fiber morphology. Generally, a lower flow rate is more 

recommended as the polymer solution will get enough time for polarization. If 

the flow rate is very high, fibers with thick diameters and beads will form, 

instead of smooth continuous fibers with small diameters [4]. 

3.3.2.3 Collectors 

 

In the process of electrospinning, collectors usually act as the conductive 

substrate to collect the charged fibers. There are several types of collectors that 

can be used according to the desired final application including grids [9], parallel 

bars [10], rotating drums/cylinders [11], etc. 
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3.3.2.4 Working distance  

 

The distance between the needle and the collector is important for proper fiber 

formation as during the travelling of the jet to the collector, the evaporation of 

the solvent take place allowing formation of uniform fibers. Generally, volatile 

solvents need smaller working distances as compared to less volatile ones[4] . If 

the working distance is too small films or tape-like fibers will form [6]. Shorter 

working distance (10 cm and less) in this work have resulted in formation of 

nanobelts whereas longer distance (15 cm and more) resulted in the formation 

of nanofibers. 

3.4 Characterization techniqu es 

3.4.1 Structural and surface characterization techniques  

3.4.1.1 X-Ray Diffraction (XRD)  

 

XRD is an analytical technique used for the analysis of various crystalline phases 

of samples[12]. XRD technique is based ÏÎ ÔÈÅ ÐÒÉÎÃÉÐÌÅ ÏÆ "ÒÁÇÇȭÓ ÌÁ×[13]. 

Consider X-ray beam (I) with wavelength (‗) incident on a crystal as depicted in 

&ÉÇÕÒÅ σȢςȢ )Æ ÔÈÅ ÉÎÃÉÄÅÎÔ ÁÎÄ ÔÈÅ ÒÅÆÌÅÃÔÅÄ ÂÅÁÍ ɉ2Ɋ ÍÅÅÔ "ÒÁÇÇȭÓ ÃÏÎÄÉÔÉÏÎȟ 

ÔÈÅÎ "ÒÁÇÇȭÓ ÌÁ× ÉÓ ×ÒÉÔÔÅÎ ÁÓȡ  

Îʇ Є φÄÓÉÎʃ         (3.1) 

Where n=1, d is the interplanar spacing and — is the incident angle. 
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Figure 3.2:  Schematic diagram of X-ray diffraction from the surface of a crystal 
[21] . 

The set-up for X-ray diffraction consists of three basic components including an 

X-ray tube; a sample holder and an X-ray detector (see Figure 3.3). The X-ray 

tube comprises of a copper block connected to an anode and cathode made of a 

metal and tungsten filament, respectively. Electrons are generated by heating up 

the cathode and accelerated to the anode by applying a very high potential 

difference between the anode and cathode. This process produces characteristic 

X-ÒÁÙÓ ɉÍÁÉÎÌÙ #Õ+ɼ ɉρȢσω ᴠɊ ÁÎÄ #Õ+ɻ ɉρȢυτ ᴠɊȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÅ #Õ+ɼ 

radiation is absorbed using a Nickel filament, which absorbs at wavelength 

below 1.54 ᴠ. This wavelength is used to excite the sample. 

The X-ray tube, sample and detector are arranged on the Bragg-Brentano ʃϺʃ or 

ʃϺ2ʃ geometry configuration. For the ʃϺʃ configuration, the sample is fixed at 

the center of the goniometer, and both the X-ray source and detector rotates 

around a common axis positioned at the center of the goniometer. The sample 

lies on a horizontal plane that forms vertical planes at angle ʃ with both the X-ray 

source and the detector. The X-ray source and the detector rotate at the same 
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angular velocity while maintaining equal angles with the surface of the sample. 

The reflected beam is then captured when diffraction occurs at the Bragg angle. 

For the ʃϺ2ʃ configuration, the X-ray source is at a fixed position forming an 

angle ʃ with the rotating sample. Therefore, the difference in the angle of the 

incident X-ÒÁÙ ÂÅÁÍ ÒÅÓÕÌÔÓ ÆÒÏÍ ÔÈÅ ÓÁÍÐÌÅȭÓ ÍÏÖÅÍÅÎÔȢ 4ÈÅ ÓÁÍÐÌÅ ÒÏÔÁÔÅÓ ÉÎ 

the same axis with the detector but the detector move at twice the speed of the 

sample, and hence the diffraction angle 2ʃ [14].  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3:  Schematic representative of an X-ray diffractometer. 

 

For this work, X-ray diffraction (XRD) Panalytical X'pert PRO PW3040/60 X-ray 

ÄÉÆÆÒÁÃÔÏÍÅÔÅÒ ×ÉÔÈ #ÕȾ+ɻ Á #Õ-+ɻ ɉʇЀρȢυτπυ BɊ ÒÁÄÉÁÔÉÏÎ ×ÁÓ ÕÓÅÄ ÔÏ ÃÏÎÄÕÃÔ 

structural analysis of the nanostructured La-based oxide complexes. 

 

ɗ 
2ɗ 

Detector 
X-ray tube 
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3.4.1.2 X-ray photoelectron spectroscopy  (XPS) 

 

XPS is a technique for qualitative and quantitative analysis of the elemental 

composition, chemical state and electronic states of elements on the surface of a 

material [15]. XPS is based on principle of photoelectric effect [16]. It uses highly 

focused monochromatised X-rays. Its mechanism involves the ejection of a 

photoelectron from the core level (K shell) of an atom by an incident X-ray beam 

as shown in Figure 3.4. A high sensitive spectrometer is used to determine the 

kinetic energy of the electron.  

 

 

 

 

 

 

 

 

 

Figure 3.4 : Schematic diagram of the XPS process [17]. 

 

 

The kinetic energy of the ejected photoelectron gives information about its 

binding energy which gives information on the chemical composition of the 
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sample since binding energies are characteristic for each element. The binding 

energy of the photoelectron (Ὁὄ) is related to the kinetic energy of the 

photoelectron measured by the spectrometer (ὉὯ) through 

        (3.2) 

Whereby hv is the energy of primary X-ray beam, and •ὃ is the work function of 

the spectrometer [15].  

XPS measurements are conducted under ultra-high vacuum (UHV) chamber. A 

typical XPS set up is shown in Figure 3.5. For this work, a PHI 5000 Versaprobe 

X-ray photoelectron with monochromatic Al-+ɻ ÒÁÄÉÁÔÉÏÎ ɉÈʉ = 1486.6 eV) was 

used for the XPS characterization. 

 

 

 

 

 

 

 

 

Figure 3.5:  Schematic set-up of XPS system [18]. 
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3.4.1.3 Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) 

 

ToF-SIMS is a technique based on the emission of secondary ions from the 

surface of a material after impact on the surface by an energy pulsed primary ion 

beam [19]. ToF-SIMS is a surface sensitive technique that has been used to 

characterize a variety of conducting and non-conducting surfaces [20]. 

The basic set-up for a ToF-SIMS experiment is shown in Figure 3.6. The 

impinging primary ion beam transfers energy to the atoms in the sample 

resulting in collision within the atoms in the sample. This energetic interaction 

produces a cloud of atoms and molecules among which some are ionized. The 

ionized particles of one polarity, atomic and molecular secondary ions are 

accelerated by an electric field through a 2 m field-free tube, where the 

secondary ions are separated based on their mass-to-charge ratio as [21]: 

         (3.3) 

Where m is the mass, e is elementary charge, z is the number of elementary 

charges, s is the length of the tube over which an extraction potential is applied, t 

is time-of-flight, V is the applied voltage and d is the length of the secondary ions 

trajectory tube. The spectrum obtained with each primary ion pulse is collected 

and summed over many pulseÓȢ &ÉÎÁÌÌÙȟ ÔÈÅ ÓÐÅÃÔÒÕÍ ÉÓ ÃÏÎÖÅÒÔÅÄ ÆÒÏÍ Á ȬÔÉÍÅ-

of-ÆÌÉÇÈÔȭ ÓÃÁÌÅ ÉÎÔÏ Á ÍÁÓÓ ÓÃÁÌÅ ÖÉÁ ÍÁÓÓ ÃÁÌÉÂÒÁÔÉÏÎ ÕÓÉÎÇ Á ÎÕÍÂÅÒ ÏÆ ËÎÏ×Î 

secondary ions [22]. For this work, the TOF-SIMS technique, equipped with a 

primary Bi+ source and pulsed electron source of 30 eV for charge compensation 

was employed for the TOF-SIMS analysis. 
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Figure 3.6:  Schematic set-up of ToF-SIMS system [23]. 

 

3.4.1.4 Scanning electron microscopy (SEM) 

 

SEM is an instrument that enables the observation and characterization of the 

surface of different organic and inorganic materials. In SEM, a sample surface is 

imaged by scanning it with a high-energy beam of electrons in a raster scan 

pattern. The electrons interact with atoms of the sample producing signals with 

information on the ÓÁÍÐÌÅȭÓ ÔÏÐÏÇÒÁÐÈÙȟ ÃÏÍÐÏÓÉÔÉÏÎ ÁÎÄ ÏÔÈÅÒ ÐÒÏÐÅÒÔÉÅÓȟ ÓÕÃÈ 

as electrical conductivity. The signals produced include: secondary electrons, 

backscattered electrons, characteristics X-rays, cathodoluminescence, Auger 

electrons, specimen current and transmitted electrons (see Figure 3.7). These 

ÓÉÇÎÁÌÓ ÇÉÖÅ ÉÎÆÏÒÍÁÔÉÏÎ ÁÂÏÕÔ ÔÈÅ ÓÁÍÐÌÅȭÓ ÍÏÒÐÈÏÌÏÇÙȟ ÃÈÅÍÉÃÁÌ ÃÏÍÐÏÓÉÔÉÏÎȟ 

crystalline structure and the orientation of materials the sample [21] .  
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Figure 3.7:  Schematic diagram of signals generated during incident beam and 

sample interaction [24]. 

 

Figure 3.8 depicts the schematic diagram of a typical SEM system which 

comprises of an electron gun, an anode, a set of lenses, sample stage and 

detectors. SEM operates in a very low vacuum pressure. The electron gun 

generates electrons with a ÂÅÁÍ ÄÉÁÍÅÔÅÒ ÉÎ ÔÈÅ ÒÁÎÇÅ ÏÆ ρπϺρππ ÎÍȢ 4ÈÅ ÁÎÏÄÅ 

accelerates the electrons with a voltage of 0.1-50 keV. The condenser lens 

ÎÁÒÒÏ×Ó ÔÈÅ ÅÌÅÃÔÒÏÎ ÂÅÁÍ ÔÏ ÔÈÅ ÄÉÁÍÅÔÅÒ ÏÆ ρϺρπ ÎÍ ÂÅÆÏÒÅ ÒÅÁÃÈÉÎÇ ÔÈÅ 

ÓÁÍÐÌÅȭÓ ÓÕÒÆÁÃÅ ×ÉÔÈ ÅÌÅÃÔÒÏÎ-probe current in the range of 10-9Ϻ10-12 A [25]. 

4ÈÅ ÏÂÊÅÃÔÉÖÅ ÌÅÎÓ ÔÈÅÎ ÆÉÎÅÌÙ ÓÃÁÎÓ ÔÈÅ ÅÌÅÃÔÒÏÎ ÂÅÁÍ ÁÃÒÏÓÓ ÔÈÅ ÓÁÍÐÌÅȭÓ 

surface, by varying the potential difference between the plates of the lens. The 

different detectors are therefore used to detect the secondary electrons, 

backscattered electrons and the characteristic X-rays, respectively. For this work, 

a ZEIS-AURIGA field emission-scanning electron microscopy (FESEM) at an 

acceleration voltage of 3 kV was used. 
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Figure 3.8:  Schematic set-up of the SEM [26]. 

 

3.4.1.5 Transmission electron microscope (TEM)  

 

TEM is a technique in which a thin specimen is irradiated with a beam of 

electrons of uniform current density. Electrons strongly interact with atoms of 

the sample by elastic and inelastic scatterings. An image with atomic resolution 

is generated from the interactions of the transmitted electrons through the 

sample. The image can be recorded digitally via a fluorescent screen coupled by a 

fiber-optic plate to a CCD camera, or by an image plate inside a vacuum or direct 

exposure of photographic emulsion. This technique is used to study the size, 

shape and the crystalline nature of a sample. A typical TEM schematic diagram is 

shown in Figure 3.9. For this study a JEOL TEM-2100 high resolution 

transmission electron microscopy (HR-TEM) with an accelerating voltage of 200 

kV was used. 
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Figure 3.9:  Schematic diagram of the TEM [27]. 

 

3.4.1.6 Brunauer -Emmett Teller (BET) 

 

BET is a user-friendly technique used to characterize gas adsorption of a wide 

range of porous materials [28]. This technique uses nitrogen as an adsorptive gas 

at 77 K for investigation of materials surface area and porosity. The BET theory 

is based on a simplified model of physisorption [29] whereby the adsorbent 

surface is assumed as an array of equivalent sites in which gas molecules are 

adsorbed in a random manner. As the system pressure is increased, gas 

concentration also increases and multiple layers adsorb to the surface. The 
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material surface area is easily estimated if the number of N2 molecules that form 

monolayer (densely packed single adsorbed layer) is known as [30] 

    (3.4) 

Whereby  is monolayer quantity (mol),  is the monolayer volume (cm3),  

is molar volume of gas at STP (22414 cm3/mol),  ÉÓ ÔÈÅ !ÖÏÇÁÄÒÏȭÓ ÎÕÍÂÅÒ 

(6.023×1023 molecules/mol),  is the sample mass (g) and  is the cross-

sectional area of the adsorbate (m2). Figure 3.10 shows a schematic 

representative of the nitrogen adsorption system. For this work, the nitrogen 

adsorption measurements were performed using a Micrometirics TRISTAR 3000 

surface area analyser. 

 

Figure 3.10:  BET schematic representation [31]. 
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3.5 Thermal characteristics analysis  

3.5.1 Thermogravimetric Analysis (TGA)  

 

TGA is a destructive technique that is used to measure the weight change and the 

rate of weight change as a function of temperature, time and atmosphere. The 

obtained measurements are used for determination of material composition, 

their thermal and oxidative stability, decomposition kinetics and the effect of 

reactive atmospheres on materials. A typical thermogravimetric analyzer 

consists of a precision balance with a sample pan located inside a furnace with a 

programmable control temperature. The temperature is generally increased at a 

constant rate (or for some applications the temperature is controlled for a 

constant mass loss) to incur a thermal reaction. The thermal reaction may occur 

under different atmospheres including ambient air, vacuum, inert gas, oxidizing 

or reducing gases, carburizing gases and corrosive gases, as well as different 

types of pressures including: a high vacuum, high pressure, constant pressure, or 

a controlled pressure. A TGA can be used for materials characterization through 

analysis of characteristic decomposition patterns. The basic principle of TGA is 

that as a sample is heated its mass changes. This change can be used to 

determine the composition of a material or its thermal stability up to 1000 °C. 

Usually, a sample loses weight as it is heated up due to decomposition, reduction, 

or evaporation. A sample could also gain weight due to oxidation or absorption. 

While in use, the TGA machine tracks the change in weight of the sample via a 

microgram balance. Temperature is monitored via a thermocouple. The TGA can 

also track change in weight as a function of time. Data can be graphed as weight 

percent versus time or temperature. Figure 3.11 shows the representative 
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schematic of TGA set up. For this work, a Perkin Elmer Thermogravimetric 

Analyzer Pyris 1 TGA was used. 

 

Figure 3.11: Set up representative of the TGA [32]. 

 

3.6 Optical characterization  

3.6.1 Photoluminescence (PL) 

 

Photoluminescence (PL) is a technique used to study electron transitions in 

materials. PL is a powerful tool to study point defects in wide-band gap 

semiconductors. The PL emission spectrum is obtained from a PL spectrometer 

by selecting a fixed excitation wavelength and scanning the emission as a 

function of wavelength. The PL excitation spectrum is produced when the 

emission spectrum is fixed at the emission maximum and the excitation source is 

scanned over the wavelength range of the absorption of the material [21]. The 

basic set-up of PL spectrometer (see Figure 3.12) contains two monochromators 

(wavelength selectors). One monochromator chooses the excitation wavelength 

from the light source, whereas the other monochromator chooses the emission 
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wavelength from the sample after excitation [21]. The general excitation sources 

are Xe lamp with continuous emission spectrum in the wavelength range of 160 - 

2000 nm and lasers with a monochromatic wavelength [21].  

 

Figure 3.12: Schematic diagram of a photoluminescence spectrometer [21]. 

 

3.7 Gas sensing experiment 

The gas sensing performance of the obtained samples was evaluated using the 

gas sensing instrument. For this work, a KENOSISTEC UHV and a Thin film 

Equipment gas station was used for the gas sensing tests. The system consists of 

a sensing chamber, eight gas inlets for different target gases, two thermostatic 

baths, twelve mass flow controllers (MFC) to control the gas capacity reaching 

the chamber, a sample stage, an air mixer and a dry air inlet which carries dry air 
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into the mixer. Thermostatic bath 1 supplies wet air into the air mixer to create 

humid environment. There are six heaters for the supply of voltage across the 

samples and six KEITHLEY picoammeter for the measurements of resistance 

changes in air (Ra) and in target gas (Rg). The operating temperatures were 

calibrated by varying the voltage while monitoring the readings using a 

thermocouple. The response of the samples is then determined as the ratio of the 

electrical resistance in the gas to that in air (Rg/Ra) for the p-type sensors, and 

as Ra/Rg for the n-type sensors [15]. A typical set-up of the sensing station is 

shown in Figure 3.13. 

 

Figure 3.13 : Schematic diagram of the sensing station set-up.
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Chapter  4 

H2S detection capabilities with fibrous -like La-doped ZnO 
nanostructures: A comparative study on the combined 
effects of La-doping and post-annealing  

 

4.1 Introduction  

Being one of the poisonous, flammable and colourless gases, Hydrogen sulphide 

(H2S) often exists in nature and produced from many industrial processes such 

as coal gasifiers, waste management, petroleum refining, and natural gas 

production [1, 2]. As a hazardous substance, it has been found to cause headache, 

dizziness, nausea, chest distress, and even skin allergy at low concentration 

levels from 50 to 100 ppm [3] whereas at higher concentration levels more than 

250 ppm, may affect the human's nervous system and may even be fatal [4, 5]. 

Thus, it is extremely significant to develop H2S gas sensors showing high 

responsivity, long term stability and accurately differentiating it from mixed gas 

under various surroundings at moderate working temperatures. Tremendous 

efforts devoted in exploring various n- and p-type metal oxides such as SnO2, 

ZnO, CuO as active sensing layers for development of gas sensors have been 

intensifying lately owing to their unique thermal and chemical stability [6, 7] , . 

From a great deal of literature survey, grain size is one of the big key role 

parameters and by controlling it, pronounced sensing can be achieved [8, 9]. This 

is because, small grain size provides a high surface area with more active sites 

for adsorption and desorption of gas molecules. Additionally, it provides more 

grain boundaries, suggesting that a large amount of the gas molecules can diffuse 

along the boundaries, thus increasing sensitivity [10-12]. With that said, much 

research efforts have been dedicated into manipulation of these metal oxides, to 
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attain structures with nano-sized grains. One dimensional (1D) nanomaterials 

with nanofiber (NF)-like structures have been identified as the most promising 

structure amongst various structures as they are comprised of several nano-

sized grains. Because of these many nano-sized grains, NFs have been 

demonstrated to possess high surface area and larger grain boundaries [13]. In 

particular, the electrospinning method is normally used for the synthesis of NFs 

as it provides low cost fabrication and minimal use of starting materials. 

Moreover, its processing parameters can be easily controlled [10, 14] leading to 

manipulation of the nanofiber morphology thus contributing to enhanced gas 

sensing performance. 

 

With a wide band gap of 3.37 eV at room temperature, n-type ZnO has been 

explored to detect H2S [15, 16]. However, its commercial/practical use is limited 

by poor response and stability, lack of selectivity as well as elevated operating 

temperature which results in high consumption of power and the likelihood of 

igniting explosive and flammable gases. Previous findings have revealed that 

high working temperatures may lead to further crystallization and crystallite size 

growth and this often result in sensitivity decline and sensor instability [17]. For 

this reason, it is of great importance to come up with novel solutions to lower the 

operating temperature of ZnO. Various approaches aimed at improving the 

sensing capabilities of ZnO-based sensing materials have been explored, 

including the incorporation of dopants [18, 19], the dispersion of noble metal 

nanoparticles as sensitizers or catalysts on the ZnO surface [20, 21], the 

preparation of mixed semiconductor metal oxides (SMOs) nanocomposites [22, 

23], annealing [24, 25]  and surface defect control [26, 27]. Doping of ZnO with 

an appropriate dopant has been demonstrated to offer possibilities of altering its 
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catalytic activity, grain size and surface area, thus improving its sensing 

performance [28, 29]. Rare earths, especially La, are regarded as suitable dopant 

candidates for ZnO due to their catalytic nature and fast oxygen ion mobility [30-

32]. For instance, Xu et al. [32]  observed excellent acetone sensing behaviour for 

La-doped ZnO NFs and assigned it to an increase in the surface adsorption and 

catalytic nature of La. On the other hand, Jeong et al. [33] attributed improved 

CO2 sensing performance of La-loaded ZnO nanostructures to the large lattice 

distortion and joint effect between the Zn and La active materials for the CO2 

adsorption and reactivity on the surface. Although the introduction of metal 

additives has been validated as an effective approach in promoting the gas 

sensing capabilities of ZnO, the mechanism behind such enhanced sensing 

capabilities is not yet well understood. Similarly, La-doped ZnO nanostructures 

have not yet been explored in the context of H2S detection. In addition, as 

annealing has been shown to influence the gas sensing properties of ZnO-based 

materials [25, 34], however, reports focusing on the combined effects of La-

doping and annealing for gas sensing application are very limited, especially on 

La-doped ZnO. Furthermore, previous findings have revealed that the sensing 

mechanism of the H2S gas of various SMO exhibits an enhanced response at 

lower operating temperatures. However, the recovery time has been often found 

to be poor and incomplete. As a result, additional approaches including UV 

irradiation and even heating in order to speed up the process of recovery have 

been tried-out. Therefore, finding a reliable approach to this recovery process 

issue upon H2S detection is of fundamental importance. Lastly, variations of the 

ZnO nanostructures morphology during synthesis and post- synthesis have been 

also shown to have a great effect on the resulting gas sensing performance.  In 

the case of annealing, it has been demonstrated that the physical and lattice 
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characteristics of the ZnO can be improved. Even though annealing is known to 

induce grain growth, studies have revealed that it can be used to optimize the 

grain size and crystallinity to obtain better sensing performance [8]. Katoch et al. 

[11] reported that simultaneous control of grain size and crystallinity through 

annealing play a significant role in improving the CO sensing  performance of 

ZnO NFs. On the other hand, Zhang et al.[25], revealed that annealing ZnO 

nanorods significantly improved the crystal quality and this led to enhanced H2 

sensing performance. 

 

In this context, we herein report on an electrospinning approach to develop La-

doped ZnO NFs-based sensors with the ultimate aim of enhancing the sensor 

response performance to allow their wider utilization. A comparison of the H2S 

gas sensing properties of the pure and La-doped ZnO NFs-based sensors with 

different La doping levels annealed at various temperatures were also 

conducted. To understand the influence of La-doping and annealing on the H2S 

sensing performance of the ZnO NFs, further analysis were conducted using X-

ray diffraction (XRD), scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and 

Brunauer-Emmett-Teller (BET) instrument. Finally, the possible sensing 

mechanism was examined to account for the differences between the various 

materials (i.e. pure and La-doped ZnO) and annealing conditions.  

4.2 Synthesis of the ZnO NFs  

Pure and La-doped ZnO NFs with different La concentrations were prepared 

using an electrospinning method and the experimental procedure was as follows: 

0.6 g of zinc nitrate hexahydrate (Zn(NO3)2.6H2O) and a specific amount of  
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lanthanum nitrate hydrate (La(NO3)3.H2O to prepare 0.06, 0.3,1 and 2 wt% of La, 

respectively were dissolved into a mixed solvent solution of distilled water and 

ethanol under vigorous stirring. Subsequently, 1 g of polyvinylpyrrolidone (PVP, 

Mw=1,300,000) was added into the dissolving solution with vigorous stirring for 

4 hours to allow complete mixing of the precursors. The obtained homogeneous 

solution was loaded into a glass syringe for electrospinning at room temperature. 

The distance between the needle tip and the drum collector rotating at a speed of 

100 rpm was set to 15 cm and the voltage to 20 kV. The as-spun fibers were 

collected on aluminium foil. After electrospinning, the fibers were peeled off 

from the aluminium foil and subjected to annealing at 500, 700 and 900 °C at a 

heating rate of 3°C min-1 for 2 hours in air. The experimental procedure 

employed for preparation of the ZnO NFs using electrospinning method is 

presented schematically in Figure 4.1. 
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Figure 4.1: Schematic diagram of the electrospinning set-up. 

 

4.3 Characterization of the pure and La -doped ZnO NFs  

The thermal behaviour of the as-spun samples was investigated through the use 

of a Perkin Elmer Thermogravimetric Analyzer Pyris 1 TGA. The measurements 

were performed in air at temperatures ranging from room temperature to 950 °C 

at a heating rate of 10°C/min. To examine the crystal phase and purity of the 

pure and La-doped ZnO samples, a computer controlled Panalytical X'pert PRO 

PW3040/60 X-ray diffractometer with a Cu-+ɻ ɉʇЀρȢυτπυ BɊ ÒÁÄÉÁÔÉÏÎ ×ÁÓ ÕÓÅÄȢ 

The chemical state analyses of both the pure and La-doped ZnO NFs were carried 

out by the use of a PHI 5000 Versaprobe X-ray photoelectron (XPS) with 

monochromatic Al-+ɻ ÒÁÄÉÁÔÉÏÎ ɉÈʉ = 1486.6 eV). The chemical composition and 

dopant distribution in the host lattice was analysed through the use of a Time of 

Flight-Secondary Ion Mass Spectrometry (ToF-SIMS) technique, equipped with a 

primary Bi+ source and pulsed electron source of 30 eV for charge compensation. 

The surface morphology of the samples was examined using a ZEIS-AURIGA 

scanning electron microscopy (SEM) at an acceleration voltage of 3 kV, and JEOL 

TEM-2100 transmission electron microscopy (TEM) with an accelerating voltage 
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of 200 kV equipped with electron dispersive X-ray Spectroscopy (EDS). The 

specific surface area studies of the NFs were measured using a Micrometirics 

TRISTAR 3000 surface area analyser. Preceding the analysis, the samples were 

degassed at 200 °C for 1 h under continuous flow of N2 gas to remove adsorbed 

impurities .  

4.4 Fabrication of pure and La -doped ZnO NFs-based sensors 
and their subsequent gas sensing tests  

The procedure followed for fabrication of the ZnO NFs-based sensors was as 

follows; synthesized NFs (either pure or La-doped ZnO NFs) were dispersed in 

ethanol to form pastes which were drop-coated onto an alumina substrate 

bearing a pair of platinum (Pt) electrodes on the top surface to provide electrical 

contacts (Figure 4.2a), in addition to a micro-heater on the bottom surface (see 

Figure. 4.2b). Prior to carrying out the gas testing measurements, the deposited 

NF layers were dried at room temperature for 2 hours, and then heated to 500 °C 

for 2 h at a heating rate of 3 °C/min to achieve good adhesion.  The gas sensing 

tests were conducted on different test gases namely, NH3, H2S, NO2, CO and CH4 

by means of a KSGAS6S gas sensing station (KENOSISTEC, Italy). The desired 

concentrations of each gas in parts per million (ppm) were established by 

variation of the flow rate ratios of synthetic air and target gas source using mass 

flow controllers. The electrical responses of the ZnO based sensor devices were 

acquired by monitoring the electrical changes in resistance under a constant 

applied voltage during cyclic exposure to different target gas concentrations 

using a Keithley 6487 picoammeter/voltage source meter. The resistance of the 

sensors was recorded upon exposure to the test gas at different operating 

temperatures ranging from room temperature to 250 °C. The response of the 

sensors is defined as the ratio Ra/ Rg [34], where Ra is the sensor resistance in 
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air, and Rg is the sensor resistance in the presence of test gas. And the response 

and recovery times can be defined as the time taken by the sensor material to 

attain 90% of the response signal when exposed to the target gas, and the time 

taken by the sensor to return to 90% of its baseline once the target gas feed is 

switched off, respectively. Figure 4.2 shows the schematic of the fabricated 

sensors whereby VS is the applied signal voltage and VH is the heating voltage, 

respectively. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  4.2: The (a) top view, (b) bottom view and (c) sensor film connection 

during gas sensing measurements. 

 

 

4.5 Results and discussion 

4.5.1 Thermal Analysis  
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To find the suitable annealing temperature, Thermogravimetric analyses were 

performed on the as-spun pure and La-doped PVP/ZnO with different La 

concentration in air at a temperature range between 30 °C and 1000 °C at a ramp 

rate of 10 °C/min. As shown in Figure 4.3 the pure PVP/ZnO sample showed 

three degradation steps in the range between 30 to 455 °C corresponding to the 

degradation of the nitrates, PVP, and volatiles with a total weight loss of 65%. 

The first degradation step between 30 to 150 °C corresponds to evaporation of 

the volatiles such as water and ethanol which contributed to 10% weight loss. 

The second degradation step of 13% weight loss which occurred between 310 to 

362 °C resulted from decomposition of the zinc nitrate and PVP while the third 

dramatic weight loss of 42% which occurred between 370 and 453 °C can be 

associated with continued decomposition of the nitrates and PVP. Interestingly, 

the La = 1 and 2 wt% doped PVP/ZnO had an additional degradation step at 

temperature higher than 800 °C and this can be attributed to the change in 

crystal structure at higher temperatures [25, 35]. In addition, compared to the 

pure PVP/ZnO sample, the La-doped PVP/ZnO samples degraded at slightly 

higher temperatures and this could probably due to the interaction between the 

PVP, ZnO and La materials which resulted in high chain compactness [35, 36]. 

Based on this finding, three annealing temperatures of (500, 700 and 900 °C) 

were chosen to investigate the effect of annealing on structural, morphological 

and surface properties of ZnO NFs.  
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Figure  4.3: TGA curves of the as-prepared PVP/La/ZnO composite fibers. 

 

4.5.2 Structural analysis  

 

After successfully synthesizing the pure and La-doped ZnO NFs containing 

various doping levels (i.e. 0.06, 0.3 ,1 and 2 wt%) and annealed at various 

temperatures (i.e. 500 °C ,700 °C and 900 °C), their phase purities and crystal 

structures were examined by means of XRD. Figure 4.4 (a-c) shows the 

diffraction patterns acquired for the pure and La-doped ZnO samples. Following 

annealing at 500 °C, the diffraction patterns obtained from both the pure and La-

doped ZnO were readily indexed to the wurtzite phase of ZnO, which 

corresponds to a hexagonal wurtzite structure of ZnO (JCPDS 036-1451) with a = 

3.2488 Å and c = 5.2061 Å. No evidence of extra phases corresponding to La 

could be seen indicating that the La has been successfully doped into the ZnO 

lattice without any segregation as La2O3. However, with annealing at 700 °C 
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(Figure 4.4b), the hexagonal structure of ZnO was only maintained up to a La-

doping level of 0.3 wt% while for the samples annealed at 900 °C (Figure 4.4c) 

the hexagonal structure of ZnO was maintained up to La-doping concentration of 

0.06 wt%. New peaks belonging to La2O3 marked with asterisk (*) were observed 

at higher La-doping levels, suggesting that at an initial temperature of 500 °C La 

is incorporated as La3+ in the ZnO host whereas at higher temperatures of 700 

and 900 °C part of it segregates as a second phase (La2O3) from the ZnO host. 

It was further noticed that the intensities of the diffraction peaks deteriorated 

following La addition for all annealing temperatures (i.e. 500, 700 and 900 °C). 

This observation suggests deterioration of the ZnO lattice crystallinity upon the 

incorporation of La. The insets of Figure 4.3(a-c) illustrate  a magnified diffraction 

peak corresponding to the (101) plane where an obvious shift to lower and 

higher diffraction angles was observed with varying La-doping levels for all 

annealing temperatures. The observed shift in diffraction peak positions towards 

higher and lower 2— angles in this case indicates the shortening and elongation 

of the inter-planar distance, respectively, which in turn leads to compression and 

expansion of the ZnO lattice through the partial substitution of smaller ionic radii 

Zn2+ ions (0.074 nm) by larger ionic radii La3+ ions (0.122 nm), respectively. 

Furthermore, the observed shifts agree well with previous reports of doped ZnO 

nanostructures, thereby confirming that these shifts strongly depend on the 

dopant concentration [30, 37, 38]. This behaviour also suggests that the 

incorporation of La ions induces lattice strain in the ZnO lattice.  

The average crystallite sizes  of the pure and La-doped ZnO NFs were also 

determined by measuring the full width at half maximum (FWHM) of the intense 

(101) diffraction peak using the Debye-Scherrer formula [39] and the values are 
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listed in Table 4.1. The crystallite size of the ZnO NFs was shown to decrease 

with La-doping (see Table 4.1) for all annealing temperatures. This can be 

associated with the distortion of the ZnO lattice by the larger La ions, which 

constrains the growth and nucleation rate of the ZnO NFs. Similar results were 

obtained by Devi et al. [40] for La-doped CuO and Lang et al. [41] for La-doped 

ZnO. However, with further increase of annealing temperature to 900 °C, the 

crystallite sizes values increased for all samples with the pure ZnO NFs 

displaying bigger crystallite sizes as compared to La-doped ones is expected as 

annealing at higher temperatures promotes crystal growth. Further, the 

presence of strain inside the ZnO lattice is considered as one of the important 

parameters contributing to the observed shift in diffraction peak positions as 

highlighted above, so the micro-strain has also been calculated using the peak 

position [42] of the (101) peak. 

The micro-strain values for both the pure and La-doped ZnO NFs at different 

annealing temperatures were found to increase with increasing La concentration 

as shown in Table 4.1. This increasing behaviour in micro-strain values could be 

mainly due to distortion of the ZnO lattice created by the La dopant ions owing to 

the incompatibility or mismatch between the ionic radii of La3+ and Zn2+ [43, 44]. 

However, the micro-strain as a function of annealing temperature decreased for 

all samples, this is attributed to the fact that annealing at higher temperatures 

provides the atoms with higher energy to adjust their position in the lattice [8]. 

Based on the observed results, the effect of La-doping on the crystallite structure 

was also investigated by determining  the lattice parameters (a and c) using the 

ÆÏÒÍÕÌÁ ÆÏÒ ÔÈÅ ÈÅØÁÇÏÎÁÌ ÐÈÁÓÅ ÂÁÓÅÄ ÏÎ "ÒÁÇÇȭÓ ÌÁ× [37]. The lattice 

parameters calculated for the pure and different La-doping levels at various 
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annealing temperatures are listed in Table 4.1, where it is obvious that the lattice 

parameters ὥ and c varied upon increasing dopant concentration. 

The addition of the La ions with large ionic radii than ZnO, coupled with the 

annealing temperatures caused peak position shift, broadening, degree of 

crystallinity change and also formation of a second phase. All these changes in 

the host lattice structure can be attributed to the lattice parameters variations. 

 

 
 

Figure  4.4: The XRD diffraction patterns for the pure and La-doped ZnO NFs 

annealed at (a) 500 °C, (b) 700 °C and (c) 900 °C. 
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Table 4.1: The variation of peak position, cell parameters a and c, inter -planar 

spacing (d), average crystal size (D), and Micro strain ɉʀɊ of the pure and La-

doped ZnO nanostructures  

 

Sample 

 

ςʃ 

 

Cell parameters  

 

d(Å)  

 

D(nm)  

 

Micro -ÓÔÒÁÉÎ ɉʀɊ 

(10 -3) 

a      c    

Annealed at 500 °C 

Pure 36.29 3.2455 5.1245 2.47 25.0 1.39 

0.06 wt% La  36.37 3.2375 5.1111 2.46 18.34 1.89 

0.3 wt% La  36.39 3.2316 5.1037 2.46 11.64 2.97 

1 wt% La  36.32 3.2385 5.1111 2.47 11.49 3.01 

 2 wt% La  36.05 3.2647 5.1364 2.48      3.59        9.63 

Annealed at 700 °C 

Pure 36.29 3.2464 5.1230 2.47 41.21 0.84 

0.06 wt% La  36.37 3.2375 5.1096 2.46 29.53 1.17 

0.3 wt%  La 35.98 3.2759 5.1684 2.49 22.30 1.55 

1 wt% La  36.25 3.2464 5.1230 2.47 14.21 2.43 

2 wt% La  36.53 3.2200 5.0846 2.45 13.73 2.52 

Annealed at 900 °C 

Pure 36.28 3.2474 5.1245 2.47 51.72 0.67 

0.06 wt% La  36.28 3.2474 5.1245 2.47  50.43 0.69 

0.3 wt% La  36.43 3.2325 5.1023 2.46 43.29 0.80 

1 wt% La  36.36 3.2407 5.1126 2. 46 49.42 0.70 

 2 wt% La  36. 64 3.2111 5.0686 2.45 19.86 1.74 

 
 

4.5.3 Morphological analysis  

 

To determine the morphology and microstructure of the pure and La-doped ZnO 

NFs, SEM and TEM were employed. Figure 4.5 to 4.7 present the SEM 

micrographs acquired both before and after La-doping with different La 
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concentrations and annealed at 500, 700 and 900 °C. It is important to note that 

prior annealing, the as-spun sample was firstly scanned to establish its 

morphology and it was realized that a mat of smooth randomly orientated fibers 

with diameters around 1.5 µm were formed as shown in Figure 4.5 (a). After 

subjecting the fibers to an annealing temperature of 500 °C, it was noticed from 

SEM micrographs obtained from both the pure and La-doped ZnO samples that 

the fibrous-like structure was still maintained. However, a closer inspection of 

the SEM micrographs revealed that these fibrous-like structures are composed of 

many small interconnected particles of 20-50 nm in diameter (see Figure 4. 5 bɀ

e). In addition, the diameter of the NFs contracted from 1.5 µm of as-spun fibers 

to 60-100 nm in diameter following initial annealing probably due to 

decomposition of the PVP and the zinc nitrate precursors. Based on SEM 

observations, it is obvious that addition of La into ZnO lattice did not alter the 

mat of randomly orientated fibers although the size of the interconnected 

particles was found to be reduced upon increasing La-doping concentration. 

Reduction of the particle size means improvement of the surface-to-volume ratio 

of the NFs, and this may contribute during gas sensing by providing ample active 

sites for gas adsorption and desorption thus improving the sensing performance 

of the sensors. Upon annealing the samples at 700 °C (see Figure 4.6), the fiber-

like structures consisting of small interconnected particles were still maintained, 

however; the interconnected particles were a bit loosened and inhomogeneous 

in terms of size. Moreover, the particle size exhibited growth in comparison to 

those annealed at 500 °C. With further annealing to 900 °C, the ZnO NFs 

transformed completely to an agglomerated nanoparticle morphology which 

showed even more growth in the particle size. Interestingly, the 2 wt% La-doped 

ZnO NFs still maintained their fibrous morphology, however, the interconnected 
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particles were found to be loosely connected and this is important in gas sensing 

as the loose particles provide more diffusion channels for gas molecules leading 

to enhanced gas sensing performance. The size of the nanoparticles in NFs can 

greatly influence the gas sensing properties of NFs as small particles will result in 

large number of grain boundaries between particles [8, 13]. Hence, the particle 

size growth at higher annealing temperatures is driven to reduce the number of 

boundaries between particles, thus affecting gas sensing properties. Particle size 

growth occurs through atomic migration or diffusion, and it is a thermal 

dependent process [45]. So the particle growth is a factor that affects the 

morphological change at higher annealing temperatures [46]. During the 

annealing process at higher temperatures (700 and 900 °C), the migration of the 

grain boundaries in the NFs is activated and the crystal atoms gain energy that 

assist them to overcome thermal energy barrier between crystal grains and they 

move freely in the lattice through diffusion. Therefore the NFs morphology will 

gradually evolve into a nanoparticle morphology [25]. The influence of the 

annealing temperature on the particle size (D) was estimated by measuring the 

diameters of several nanoparticles in individual NFs and the particle size 

distribution results are shown as insets of the SEM images. From the particle size 

distribution plots, it can be noticed that continuous rise of the annealing 

temperature results in the growth of the particles and also inhomogeneous 

distribution of the particle sizes.  

For further examination of the structural features of the La-doped ZnO NFs, TEM 

and high resolution-TEM (HR-TEM) was utilized. The 2 wt% La-doped ZnO 

sample annealed at 900 °C was selected for this examination in this case. Figure 

4.8a shows the TEM micrograph of the La-doped ZnO NFs (2 wt%) annealed at 

700 °C; which affirms the fibrous-like structure morphology. The HR-TEM 
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micrograph shown in Figure 4.8b display clear lattice fringes with d-spacing of 

0.28 and 0.32 nm, corresponding to the (100) and (110) planes of ZnO and La2O3 

respectively. The selected area diffraction (SAED) patterns (Figure 4.8c) 

confirms that the NFs are polycrystalline in nature with Debye rings 

corresponding to diffractions from (100) and (101) planes of ZnO and also (110) 

plane of La2O3. These results are in good agreement with the XRD. To verify the 

existence of and distribution of La on the ZnO NFs surface, the EDS elemental 

maps and spectra were acquired (see in Figure 4.8d-h). Both the EDS elemental 

maps and spectra results revealed the uniform distribution and presence of Zn, 

O, and La elements, respectively. 
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Figure 4.5: SEM images of the (a) ZnO/PVP as-spun fibers, (b) pure and (c-f) La 

(0.06, 0.3, 1 and 2 wt%) doped ZnO NFs annealed at 500 °C. 
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Figure  4.6: SEM images of the (a) pure and (b-e) La (0.06, 0.3, 1 and 2 wt%) 

doped ZnO NFs annealed at 700 °C.  






















































































































































































































































































































