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ABSTRACT 

 

Full Name : FASASI TESLIM AYINDE 

Thesis Title : SYNTHESIS OF METAL OXIDES (Al2O3 and ZrO2) 

NANOPARTICLES VIA PULSED LASER ABLATION IN LIQUIDS 

(PLAL) AND THEIR CHARACTERIZATION USING VARIOUS 

ANALYTICLA TECHNIQUES. 

Major Field : PHYSICS 

Date of Degree : DECEMBER, 2015. 

Pulsed laser ablation in liquids (PLAL) is a novel technique that is capable of 

synthesizing colloidal solutions of nano materials. This technique is still in its infancy, 

and not a lot is familiar regarding this technique, neither much is known about what 

various conditions yield different types of materials. There are host of analytical 

techniques available to help us investigate the phenomena of ablation. These analytical 

techniques provide complimentary ideas that can be put together to obtain a picture of 

laser ablation in liquids. Analysis of the findings under various conditions gives us a 

moving picture which can tell the story of how the process works. 

During the course of experimentation with ablation processes within liquid media, 

discovery was made that there are many parameters that can affect the output of the 

process. Those factors include variation in the medium of ablation, laser wavelength, 

irradiation time and laser fluence.  In this study, variation of solvent was confirmed to 

affect chemical and physical properties of nano materials. The effects of annealing 
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temperature on the phase transformation of aluminium oxide produced were also 

investigated. Through investigating how different conditions affect nanomaterials 

properties, knowledge of the formation process is acquired and once the mechanisms 

involved in ablation within liquid media is understood, techniques can be applied to 

produce nanoparticles with tailored characteristics. 

The introduction on PLAL technique and nanomaterials as well as the aim and objectives 

of this research are explicitly discussed in Chapter 1.  Chapter 2 reviews the previous 

studies that have attracted great interest on the development of PLAL technique and 

employing it to fabricate metal oxides NPs. Detailed description of the experimental 

procedure involved in PLAL technique employed in this research to synthesize metal 

oxide NPs was presented in chapter 3. The detailed experimental procedure was provided 

to serve as a small encyclopedia of methods for future work to rely on. After ablation, the 

produced NPs were characterized by a host of techniques like XRD, SEM, FE-SEM, 

TEM, TGA, EDS, XPS, SAED, Uv-Vis and FT-IR. XRD provides information about the 

structure of the nanoparticles synthesized, SEM, FE-SEM and TEM provided great 

information about the morphology of our sample, EDS and XPS spectra provided 

elemental analysis and stoichiometric ratio of the elements present in the prepared 

nanoparticles. SAED helps in displaying the crystallinity of the materials while Uv-Vis 

and FT-IR are employed to study the optical properties of the synthesized nanoparticles. 

Details of these analytic techniques are elaborated in Chapter 3 of this thesis. 

Experiments on aluminium (Al) and Zirconium (Zr) in chapter 4 delve into the effects of 

annealing temperatures on the phase transformation of alumina nanoparticles synthesized 

via PLAL and the effects of oxidizing media on the physical and chemical properties of 
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colloidal zirconia nanoparticles produce via PLAL. Lastly, Chapter 5 summarizes the 

whole information or results of this research and the recommendations for future 

research. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xix 

 

 سالةملخص الر

 االسم : فساسى تسليم ايديى

  (PLAL)في السوائل النبضىاالستئصال بالليزر مقابل  النانوية )2ZrO و3O2AL) اصطناع أكاسيد المعادن عنوان الرسالة:

 المختلفة  ANALYTICLAتوصيف باستخدام تقنياتوومشتقاتها 

 الفيزياء التخصص:

 تاريخ الدرجة العلمية : ديسمبر، 2015

 

 )المعلقة في السوائل( حلول الغرويهو تقنية جديدة قادرة على تجميع   (PLAL)االستئصال بالليزر النبضي في السوائل

من مواد النانو. هذه التقنية ال تزال في مهدها، وهناك الكثير غير مألوف بشأن هذه التقنية، ال يعرف الكثير عن أي 

ظروف مختلفة تسفر عن أنواع مختلفة من المواد. هناك مجموعة من التقنيات التحليلية المتاحة لمساعدتنا في التحقيق 

هر االجتثاث. توفر هذه التقنيات التحليلية األفكار المجانية التي يمكن وضعها معا للحصول على صورة من في الظوا

يمكن اللها من خالتي  واضحةاالستئصال بالليزر في السوائل. تحليل النتائج في ظل ظروف مختلفة يعطينا صورة 

 .جراءاتاإل سيرية كيفعن قول ال

ر من العوامل التي يمكن أن تؤث عديداث داخل الوسط السائل، تم اكتشاف أن هناك العمليات االجتث فيخالل التجريب 

عدم ليزر، ووقت لاالختالف في متوسط االجتثاث، والطول الموجي  العوامل:على مخرجات العملية. وتشمل هذه 

ية والفيزيائية الخواص الكيميائ تؤثر على التي المذيب في اتفي هذه الدراسة، تم تأكيد االختالف. الليزر تأثيرو اإلشعاع،

حرارة الصلب على مرحلة التحول من أكسيد األلمنيوم المنتجة. من خالل ثار درجة آ من مواد النانو. وأيضا تم التحقيقل

 عمليةفهم و معرفةمن تم اكتساب المزيد  مختلفة،ظروف  عند مواد النانو خصائصية التأثير على كيفعلى التحقيق 

تطبيقها على  يمكنالتي تقنيات وأيضا فهم العديد من ال السائل،تشكيل اآلليات التي تشارك في االجتثاث داخل الوسط 

 إنتاج الجسيمات النانوية ذات الخصائص المصممة.

 

لفصل ا األول.في الفصل عمل هذا المن هداف األو رؤيةوالمواد النانوية وكذلك ال PLAL هذا البحث تقنية مقدمةناقشت 

وتوظيفها الفتعال أكاسيد  PLALالدراسات السابقة التي جذبت اهتماما كبيرا على تطوير تقنية  الثاني تم استعراض
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المستخدمة في  PLALقدم وصفا تفصيليا إلجراء التجارب المشتركة في تقنية وأيضا المعادن مصادر القدرة النووية. 

تفصيلي اإلجراء التجريبي ال يمقدتم ت الثالثالفصل المعادن. وفى  دةسأكفي هذا البحث لتجميع مصادر القدرة النووية 

ليكون بمثابة موسوعة صغيرة من أساليب للعمل في المستقبل أن تعتمد على. بعد االجتثاث، تميزت مصادر القدرة 

، XRD ،SEM ،SEM-FE ،TEM ،TGA ،EDS ،XPS ،SAEDالنووية التي تنتجها مجموعة من التقنيات مثل 

 SEM ،SEM-FEالمعلومات حول بنية النانوية توليفها، شريطة  XRD. يوفر IR-FTشعة فوق البنفسجية فيس واأل

أطياف تحليل العناصر ونسبة  XPSو EDSعينة لدينا، شريطة  مورفولوجيامعلومات كبيرة عن  TEMو

stiochometric  .من العناصر الموجودة في النانوية المعدةSAED  عمل تيساعد في عرض التبلور من المواد بينما

وقد وردت تفاصيل هذه التقنيات  للنانوية.الخصائص البصرية توليف لدراسة  IR-FTاألشعة فوق البنفسجية فيس و

 من هذه الرسالة. الثالثالتحليلية في الفصل 

ثار آتمت مناقشة وأيضا  الرابع التجربة على األلومنيوم )آل( والزركونيوم )عنصر الزركون( المعادن في الفصل

وسط وآثار المؤكسدة  PLALدرجات حرارة الصلب على مرحلة التحول من الجسيمات النانوية األلومينا توليفها عبر 

. وأخيرا، PLALعلى الخواص الفيزيائية والكيميائية للجزيئات النانوية زركونيا الغروية تنتج عن طريق  المحلول

 والتوصيات في المستقبل. هذا البحثنتائج  وعلومات كاملة يلخص الم الخامسالفصل 
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1 CHAPTER 1 

INTRODUCTION 

1.1 Nanomaterials 

The study of novel features of nanoparticles and their possible applications in almost 

every field of science including biology and medicine has become a very active area of 

research. The discovery of great ability of these nano particles and their potential 

applications in various fields is first predicted by Richard P. Feynman in his classical 

lecture entitled “There is plenty of room at the bottom”  in 1959 at California Institute of 

Technology (Caltech) during American Physical Society annual meeting[1]. Feynman’s 

vision was substantiated and brought to a wider audience by Eric Drexler in his book 

entitled “Engines of Creation: the coming Era of nanotechnology” which detailed the 

concepts and potentials of nano materials and also the hazards associated with it, if it is 

not properly used [2]. The word nano particle can be used to describe a large range of 

materials in submicron scale which include nano- and meso-scale. British Standards 

Institution recently suggested a definition for nano particles as the particles with one or 

more dimensions at the nano-scale, that is, dimensions of the order of 100 nm or less. At 

this level, matter develops certain novel size related properties and the materials begin to 

behave in a different manner compared with bulk materials [PAS71 2005]. Besides 

strictly nano (1-100 nm), submicron particles, that is, particles with at least one 

dimension in the scale 1-1000 nm called mesoscale are also regarded as nano particles 

and this includes organic polymer and vesicles widely adopted in the area of drug 

delivery[3]. At meso-scale, the characteristics of the material differ significantly from 
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atomic or molecular properties which are governed by laws of quantum mechanics or the 

properties of bulk materials determined by laws of classical physics. Therefore, the 

dimension of 1-100 nm is considered as an intermediate state between atomic or 

molecular state and bulk state where materials show anomalous characteristics that defied 

classical laws of physics [4]. The development of techniques such as Atomic Force 

Microscopy, Dynamic light scattering, Scanning Tunneling Electron Microscopy, 

transmission electron microscopy (TEM), high resolution transmission electron 

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

and X-ray photoelectron spectroscopy (XPS) have contributed immensely in the 

characterization of nanomaterials and development in the field of nanoscience. 

Metal, semi-conductor and non-metal oxides exhibit different chemical and physical 

characteristics as compared with that of their bulk counterparts. These novel properties of 

the nanomaterials are due to the quantum confinement and large surface area to volume 

ratio which has an inverse relationship with the size of the particle [5-7]. Thus, the wider 

applications of the oxides of these materials have attracted a broad interest in the 

synthesis of nano-structured materials having unique optical, physical, chemical and 

magnetic properties which are superior over those of their parent bulk materials [8].  

1.2 Pulsed laser ablation (PLA) 

Laser is an abbreviation which stands for “Light Amplification by Stimulated Emission 

of Radiation”. Stimulated emission was based on Einstein’s theory of radiation. 

Historically, laser was first introduced by Theodore H. Maiman on the 7th of July, 1960 

when he applied ruby as a medium of laser that was stimulated via high energy flashes of 



3 

 

intense light. In this period of 1960, more than ten different lasers were invented using 

solid, gaseous, semi-conductor and also liquid media. In order to achieve optimal use of 

lasers and light sources as well as to carry out efficient laser treatment, a significant 

knowledge of lasers and light sources and basic understanding of laser physics are 

required. Laser has proven to be an efficient tool in various uses. A typical laser consists 

of a gain medium which could be solid, liquid or gas enclosed in an optical cavity and a 

source of energy supply (inform of electrical current or light from a flash lamp or another 

laser) to the gain medium. The cavity itself comprises two mirrors arranged in such a way 

that light bounces back and forth, each time it passes through the gain medium. The 

required energy for the amplification is supplied to the laser through a process called 

“Pumping” and the output of a laser could be a continuous constant amplitude called 

continuous wave (CW) or pulsed by using methods like Q-Switching, mode locking or 

gain switching. 

A laser light consists of basically one wavelength due to fact that the emission line width 

is much narrower than the normal light. Another unique property of a laser light is 

coherence. The emitted laser light waves are in phase in time (temporal coherence) and 

space (spatial coherence). Laser light has high energy and it is also highly directional, it 

is emitted as a narrow beam and in a specific direction. This refers to as directionality. 

These unique properties of laser make it suitable in various applications like 

spectroscopy, communication, data storage, material processing, welding, induced 

oxidation and ablation. 

The word “Laser ablation” means mass removal by coupling laser energy to a target 

material. Thus, pulsed laser ablation (PLA) process can therefore be defined as a process 
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through which material is been removed or etched from a solid surface by irradiating the 

solid surface with a high intense pulsed laser energy. This method (PLA) can be used for 

various application like elemental analysis via laser induced breakdown spectroscopy 

(LIBS), thin film deposition, synthesis of nanomaterials (NMs), surface cleaning and 

micromachining. In PLA, a high intense laser pulse energy is focused onto the surface of 

the sample. The process begins with the absorption of laser pulse by the target which 

causes the target surface to vaporize in the form of an ablation plume (as depicted in 

Figure 1.1) which contains species such as atoms, ions, and cluster travelling with high 

kinetic energy.  

 

Figure 1.1: Ablation plume emission due to the vaporization of the sample surface 

As a result of high intense pulse laser energy and the nanoseconds timescale, the 

instantaneous temperatures and pressure within the reaction volume can be extreme 

(many thousands of K at tens of GPa) [9]. Such high conditions of temperature and 

pressure provide a ‘brute force’ technique of synthesizing novel NMs that are yet to be 

achieved using milder, more conventional techniques. 



5 

 

1.3 Synthesis of Nanomaterials (NMs) 

Synthesis of nanomaterials (NMs) with controlled morphology (size and shape) and 

crystalline structure is vital for the applications of nanotechnology in various fields like 

catalysis, medicine, and electronics. There exist many methods for synthesizing 

nanomaterials and these techniques are classified into two major groups which are “top-

down” and “bottom-up” approach. The former involves the breaking down/ 

etching/division of massive or large solid into smaller and smaller portions, successfully 

reaching to nanometer size while the latter is a method of synthesizing nanoparticles that 

involves the condensation of atoms or molecular entities in a gas phase or in solution to 

form the material in the nanometer range.  Examples of bottom-up approach are 

hydrothermal [10, 11], combustion synthesis [12], microwave synthesis, wet chemical 

route like sol-gel method and co-precipitation [13] and gas-phase technique [14, 15]. On 

the other hand, top-down approach involves solid state route, ball milling or attrition and 

pulsed laser ablation (PLA). Figure 1.2 shows the general overview of the two 

approaches. 
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Figure 1.2: Schematic diagram of (a) Bottom-up and (b) Top-down approaches 
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1.3.1 Combustion route 

In this process, combustion leads to highly crystalline particles with large surface area 

[16, 17]. The process involves a rapid heating of a solution containing redox groups [18]. 

During the combustion, the temperature reaches approximately 6500C for one or two 

minutes to make the material crystalline. 

1.3.2 Hydrothermal technique 

This method is typically performed in a pressurized vessel called an autoclave with the 

reaction in liquid medium [19]. The temperature in the autoclave can be higher than the 

boiling point of water, reaching the pressure of vapour saturation. This method is widely 

used for the preparation of metal oxide NPs which can easily be obtained via 

hydrothermal treatment of peptized precipitates of a metal precursor with water [19, 20]. 

The hydrothermal method can be useful to regulate the grain size, particle morphology, 

crystalline phase and surface chemistry through regulation of the solution composition, 

reaction temperature, pressure, solvent properties, additives and aging time [18]. 

1.3.3 Microwave synthesis 

This method is relatively new and an interesting method for the production of oxide 

nanomaterials [21]. Different NMs have been synthesized in remarkably short time under 

microwave irradiation [22, 23]. Microwave technique exterminate the use of high 

temperature calcination for long period of time and allow fast, reproducible synthesis of 

crystalline metal oxide NMs. Using microwave energy for the thermal treatment 

generally results to a very fine particle in the nanocrystalline regime due to the shorter 

synthesis time and a highly focused local heating. 
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1.4 Wet chemical synthesis 

In this process, chemical reactions are applied to synthesize nanoparticles. The most 

common types of this process include sol-gel method, reduction method, electrochemical, 

hydrolysis and other precipitation techniques. 

1.4.1 Sol-gel method 

The sol-gel process is an effective wet chemical method to produce ceramic and glass 

materials. It involves the conversion of a system from a colloidal liquid (sol) into a semi-

solid (gel) phase [24, 25, 26]. The sol-gel technology can be used to prepare ceramic or 

glass materials in a wide variety of forms: ultra-fine or spherical shaped powders, thin 

film coatings, ceramic fibres, microporous inorganic membranes, monolithics, or 

extremely porous aerogels. Figure 1.3 below depicts an overview of the sol-gel process. 
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Figure 1.3: Mechanism of sol-gel process 
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1.5 Mechanical process 

In this method, powders can be changed mechanically into smaller and smaller particle 

sizes. This involves grinding, milling and mechanical alloying methods. 

Ball milling is a good illustration of mechanical process that is used to break massive 

solid into smaller and smaller portions, successively reaching the nanometer size. 

Materials in form of powders are crushed mechanically in rotating drums by hard steel or 

tungsten carbide balls. This repeated deformation can cause large reductions in grain size 

through the formation and organization of grain boundaries within the powder particles. 

Oxidation of unwanted reactions could be avoided by regulating the atmospheric 

conditions. 

1.6 Vacuum deposition method 

This method involves physical vapor deposition (PVD), chemical vapor deposition 

(CVD) and spray coating. Physical vapor deposition methods are atomistic deposition 

processes in which material is vaporized usually from a solid source in the form of atoms 

or molecules, transported in the form of a vapor through a vacuum or low pressure 

environment to the substrate where it condenses. The thickness of the deposits can vary 

from angstroms to millimeters. PVD process proceeds atomistically and mostly involves 

no chemical reaction. Generally, PVD can be divided into two groups, namely 

evaporation and sputtering. In evaporation, the growth species are removed from the 

source by thermal means. In sputtering, atoms or molecules are dislodged from solid 

target through impact of gaseous ions (plasma) [27].  
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On the other hand, chemical vapor deposition (CVD) is a chemical reaction that 

transforms gaseous molecules into a solid material in form of thin film or powder on a 

substrate. It is a widely used industrial method that can coat large areas in a short period 

of time [28]. In comparison with PVD, CVD has advantage of been a continuous process 

used for deposition, narrow size distributions and uniform coating on large areas at faster 

rate of deposition [29]. PVD and CVD are very similar except the form of precursor 

(starting material). In PVD, the precursor is in solid form whereas in CVD, the precursors 

are introduced into the reaction chamber in the gaseous state.  

1.7 Gas phase synthesis 

Gas phase synthesis includes electro-explosion and pulsed laser ablation. In electro-

explosion technique, a short (microseconds) high-current and high voltage electric power 

impulse are applied to a high purity metal wire inside a vacuum chamber filled with gas 

like oxygen or argon and the conducting wire explodes into nanoscale particles. P. Sen et 

al applied this process to synthesize metal NPs under water using two electrodes (one in 

form wire and the other in form of plate). In his work, 36 V DC was used between the 

two electrodes. When the wire was brought into a sudden contact with the plate, it 

exploded into nanoscale particles. The drawbacks of this method are the complex design 

and it needs a high vacuum environment and high power consumption. 

Pulsed laser ablation (PLA) on the other hand, is a process in which a high intense laser 

beam is used to irradiate the sample surface to produce nano particles. PLA can either be 

pulsed laser deposition (PLD) or Pulsed laser ablation in liquids (PLAL) depending on 

the nature of the surrounding medium during the interaction of laser beam and the 
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material. When ablation of material takes place in vacuum or in the gaseous medium to 

fabricate various thin films, it is said to be pulsed laser deposition (PLD) technique. On 

the contrary, when the medium of ablation is liquid, then it is called pulsed laser ablation 

in liquids (PLAL).  

1.7.1 Pulsed laser ablation deposition (PLD) 

In this method, a high power beam is focused onto a target inside a vacuum chamber as 

depicted in figure 4 below. 

 

 

 

 

 

 

 

Figure 1.4: PLD experimental set-up for the synthesis of thin films 

In principle, PLD is a very simple process that employs pulses of laser energy to remove 

material from the surface of a target, as shown schematically above.  The vaporized 

material, containing neutrals, ions, electrons etc., is called a laser-induced plasma plume 

and expands rapidly away from the target surface (velocities typically ~106 cms-1 in 
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vacuum). Film growth occurs on a substrate upon which some of the plume material re-

condenses. In practice, however, the situation is not so simple, with a large number of 

variables affecting the properties of the film, such as laser fluence, background gas 

pressure and substrate temperature. These variables allow the film properties to be 

manipulated somewhat, to suit individual applications. PLD technique has benefits over 

other methods like CVD, PVD and molecular beam epitaxy (MBE). With PLD, large 

range of ambient gas pressure is possible during film growth since the laser beam come 

from the outsides of the vacuum chamber and the film produced is pure because of the 

electromagnetic radiation (laser) used to ablate the target. Also, PLD has benefit of high 

speed film growth compared with other methods the technic (PLD) allows changing of 

the laser repetition rate, pulse energy and the distance between the substrate and the 

target which offers the possibility of controlling the properties of the produced thin film. 

1.7.2 Pulsed laser ablation in liquids (PLAL) 

The process of PLAL to synthesize NPs starts with the absorption of the laser pulse by 

the target (solid or powder), then a plasma plume containing the ablated materials 

expends into the surrounding liquid, accompanied by the emission of shock waves. 

During the expansion, the plasma plume cool down and releases energy into the liquid 

solution. This phenomenon generates a cavitation bubbles which in turn expands in the 

liquid and then collapses on the order of hundreds of microseconds by the emission of a 

second shock waves. The intermediate reactive products in the cavitation bubbles react 

with the molecules of the surrounding liquid and thus, produces nanostructures 

containing atoms from both the original target and the liquid. The confinement set up by 

the liquid layer together with the high temperature and pressure induced by the focused 
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pulsed laser beam provide an ideal environment for the formation of metastable phases 

and favors the synthesis of different nanostructures. This mechanism is called thermal 

ejection mechanism and it is the mechanism employed in this research to synthesize 

metal oxide nanoparticles. Another mechanism of pulsed laser ablation in liquids is 

explosive ejection mechanism. In this mechanism, hot nano droplets could be ejected 

from the target into the surrounding liquid at a very high velocity as a result of intense 

pulsed laser irradiation which reacts with the liquid gradually from the surface. The 

structure and chemical composition of the product materials are determined by the 

interaction of the ejected nano droplets and that of surrounding liquid which consequently 

depends on the nature of the medium and various laser parameters [30-33]. The target 

used could be metal or powder. PLAL of a powder materials dispersed in transparent 

liquid is used to reduce further the size of the particles into the nano scale. The choice of 

liquid medium, target, pulsed laser wavelength, irradiation time, pulsed laser width and 

pulsed laser power are the major factors contributing to the successful synthesis of 

nanomaterials with tailored properties. The NMs produced using this method are usually 

colloidal suspension or a homogenous mixture of soluble NPs and can be collected by 

filtration or evaporation. 

PLAL is simple, versatile and does not require an expensive experimental set-up 

compared to other techniques. The products (NPs) obtained using this method is free of 

contamination and the chemicals such as surfactants can be added to liquids to control the 

size and aggregation state of NPs by changing the surface charge of the nuclei. Well-

crystallized nanoparticles could be easily obtained in one-step without any heat treatment. 
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An overview of PLAL process to synthesize nanoparticles from powder target is depicted 

in figure 1.5 below. 

 

 

 

 

Figure 1.5: Mechanism of PLAL process to produce NPs from micro sized powder 

target 
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Laser ablation in liquid media could be generated either by nanoseconds (ns), 

picoseconds (ps) or femtosecond (fs) laser pulses. In this research, nanoseconds (ns) laser 

pulses of Nd:YAG laser of 532 nm wavelenght and the  repetition rate of 10 Hz was 

employed to synthesize nano particles of aluminium oxide (Al2O3) and Zirconium (ZrO2). 

The effect of annealing temperatures on the phase transition of aluminium oxide NPs and 

the effect of liquid media on the properties of ZrO2 NPs were extensively studied. 

However, the applications of these nano-oxides (Al2O3 and ZrO2) were not investigated 

in this thesis due to the time constraints of the completion of thesis. 

1.8 Aim and Objectives 

The main aim of this research is to fabricate ultrafine nano structured metal oxides via 

pulsed laser ablation in liquids (PLAL) technique. The specific objectives are as follow: 

1. Synthesis of metal oxides nano particles via pulsed laser ablation in liquids 

(PLAL) technique. 

2. Characterization and morphological studies of the synthesized nano particles 

using various analytical techniques like field emission scanning electron 

microscope (FE-SEM), transmission electron microscope (TEM), X-ray 

diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), U-Vis 

spectroscopy, Thermo gravimetric analysis (TGA) and Fourier Transform 

Infrared (FTIR) Spectroscopy. 

3. Study the effects of oxidizing media on the formation of nano particles from 

different metals like  zirconium(Zr) and; 
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4. Study the effect of annealing temperatures on the phase transition of aluminium 

oxide nanoparticles (NPs). 
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2 CHAPTER 2 

3 LITERATURE REVIEW 

4  

5 The main aim of this chapter is to review and summarize the previous studies which 

have prompted the development of PLAL technique and using it to synthesize 

aluminium oxides (Al2O3) and Zirconium oxides (ZrO2) nanoparticles. Pulsed laser 

ablation (PLA) was originally invented in 1960 after the development of the pulsed 

ruby laser. Since then, various Scientists have been investigating laser ablation in 

vacuum or dilute gases. This technique can be employed to produce different kind 

of thin films using different target, background gases and changing parameters like 

laser fluence and irradiation time. These thin films could be applied in 

semiconductor devices, electrodes and wear resistant coatings [34]. 

6 Patil et al, 1987 reported the use of Pulsed laser ablation in liquids (PLAL) to 

produce metastable phases of oxides of iron using pure iron as a starting material 

[35]. Ogale [36] later showed that PLAL can be used to modify metal surfaces. e.g.  

metallixc oxidation. This earlier work on PLAL serves as an eye opener for 

processing materials on the basis of PLA of solids in different solvents and water.  

Thus, pulsed laser technique has been used to synthesize a wide range of novel 

materials such as nano diamond, oxides of metals and other related nanocrystals. 

7 Pulsed laser ablation has been employed to produce NPs of various kinds of metals 

such as zinc [37], copper [38], silver [39] and gold [40]. Also, production of 

compound materials nano particles like TiO2 [41], CeO2 [42], Tic [43], CoO [44] in 
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water have been reported. This method can also be used to convert structures like 

hexagonal boron nitride crystals to cubic boron nitride crystals [45]. 

8 Liang and co-workers first reported the synthesis of layered zinc hydroxide/dodecyl 

sulfate (ZnDS) structure and ZnO nanoparticles by performing laser ablation of Zn 

in SDS solution and pure water using the third harmonic of a Nd: YAG laser  at a 

wavelength of 355 nm [46,47]. Using the same technique, Zeng and Co-workers 

prepared Zn/ZnO core/shell nanoparticles successfully by changing the laser 

wavelength to 1064 nm [48]. 

9 About two decades ago, Henglein reported the application of laser pulses for the 

synthesis of nanoparticles [49]. In his work, laser pulses were focused into a 

metallic target immersed in a particular liquid and the nanoparticles dispersion was 

obtained. Noble metals NPs are always produced via PLA due to the fact that as-

prepared nanoparticles solutions do not contain any by-products and chemicals 

remaining from usual bottom-up approaches like chemical synthesis. So, PLA 

constitutes a “green” method of synthesizing nanoparticles. Several findings have 

been reported in the literatures about pulsed laser ablation in water and aqueous 

solutions of simple ions [50], organic molecules [51] or even DNA [52]. 

10 Much more development has been made recently regarding the use of PLAL to 

synthesize complex structures like ZnO core-shell, treelike nanostructures and silver 

oxide Nano dendrites. Up till now, most of the materials reported by PLAL are 

either continuous film structures, zero dimension (0D) NPs, or one dimension (1D) 

Nanorods (NRs). Since the 0D and 1D nanocrystals can serve as building blocks in 

producing two dimensional or three dimensional complex architectures with long 
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terms periodic structures. It is therefore expected that PLAL approach of 

synthesizing nanoparticles would be a promising method to synthesize metal oxides 

nanoparticles. This prompt its application in this research to synthesize Al2O3 and 

ZrO2 nanoparticles. 

2.1 Aluminium Oxides Nanoparticles 

11 Aluminium is a vital material for several uses like additives for propellants and 

pyrotechnic applications [53-54]. It was reported that the use of minute particles of 

aluminium as fuel additives ensures the energy release in burning process and other 

similar systems [55-56]. 

12 Several techniques have been employed to synthesize nano sized aluminuium oxide. 

Different phases of aluminium oxide undergo a variety of transition until the most 

stable α-alumina structure is obtained at an extreme temperature [57-58]. S. Bhaduri 

et al [1998] and K. C. patil et al [1997] reported that for obtaining dense nano 

crystalline alumina products, either the phase transformation from γ to α phase has 

to be arrested or nano crystalline α-alumina powder have to be used.  Novel 

nanostructured aluminas are currently employed as a support of active phases in the 

field of catalysis and it can coated with other materials like YAG or nano-Ni/-W to 

fabricate materials with extraordinary mechanical characteristics related to a very 

strong resistance to deformation at appropriate temperatures (YAG) or with 

hardness above 30 GPa (Ni, W) [59-60]. Al2O3 is polymorphic in nature having 

about seven polymorphs but only four which are 𝛼, 𝛿, 𝜃, and 𝛾 are usually 

applicable in many of the industrial operations [61]. The 𝛾- and 𝛼- Al2O3 

polymorphs are the nano structured phases of alumina usually synthesized via most 
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synthetic techniques with 𝛼-Al2O3 polymorph having high surface area compared 

with 𝛾-Al2O3 polymorph [62]. The 𝛼- Al2O3 structure is usually referred to as 

corundum and it is the bulk thermodynamically stable phase with high surface area 

and energy compared to its 𝛾-Al2O3 counterpart. The 𝛾-Al2O3 has a lower surface 

energy and grows to energetically stable at a size below 10 nm (surface BET area 

ca. 75 m2 g-1)[calorimetry work of McHale et al]. The surface properties of gamma 

phase alumina were comprehensively investigated by Knozinger and 

Ratnasamy[63] while Busca compiled the most recent study on surface properties of 

the significant alumina polymorphs like gamma and alpha[64]. Besides, new 

investigations confirmed that nano porosity properties affect the surface chemistry 

of nanostructure alumina in addition to the primary particle size [65]. 

13 The gamma polymorph undergoes a complex phase transition to alpha phase as the 

temperature rises. The delta alumina is usually formed in the temperature range of 

973-1273 K giving off as theta phase and eventually transforms into alpha 

polymorphs in the temperature range of 1273-1373 K (10000C and above) as proved 

experimentally in this thesis. The 𝛾 − 𝛿 − 𝜃 transition takes place systematically 

with thorough sintering and loss of surface area while the cubic FCC packing of the 

oxygen sub-lattice is maintained. This complex transformation of alumina phases 

has been theoretically addressed reinstating the simple fact that takes place through 

the movement of aluminium atom while an atom of oxygen inherently remains fixed 

[66].  

14 In 2007, S. Carva et al applied polymeric precursor method to synthesize Al2O3 

nanoparticles and investigated its phase transformation as a function of temperature. 
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In his work, at temperature in the range of 800-9500C, pure -Al2O3 was obtained. At 

1000-10250C, a mixture of and -Al2O3 was obtained and at 10500C and above, a 

metastable single phase Al2O3 was obtained [67]. In 2012, Piriyawong et al 

performed PLAL of Al target in water which results to -Al2O3 or hydroxides [68]. 

Kumar et al also reported PLAL synthesis of spherical Al2O3 nanoparticles with an 

average size of 23 nm but no crystallographic phase was reported. Balaraman et al 

(2013) also used combustion synthesis technique to synthesize Al2O3 nanoparticles. 

In his own work, he obtained pure Al2O3 in the temperature range of 600-8750C 

and 9000C and above, a pure -Al2O3 was obtained. In this research, Al2O3 

nanoparticles will be synthesized via PLAL techniques and its phase transition as a 

function of temperature will be investigated. 

2.2  Zirconium Oxides (ZrO2) Nano particles 

15 Zirconium oxide (ZrO2) is an oxide of a transition metal Zirconium in the periodic 

table with relative mass of 91.2 g/mol. It has a wide band gap around 5-5.5 eV with 

remarkably good mechanical, thermal, optical and electrical properties [69]. Pure 

zirconium oxide possesses three different crystal structure or polymorphs and each 

crystal structure has different densities. The three polymorphs of zirconium oxide are 

monoclinic (m-ZrO2), tetragonal (t-ZrO2) and cubic (c-ZrO2) phases with densities of 

5.6 g/cm3, 6.1 g/cm3 and 6.3 g/cm3 respectively[70]. The monoclinic structure of 

zirconia is usually stable at room temperature and forms at the temperature range of 

4000C-11700C, above 11700C, it transforms to tetragonal phase. The tetragonal phase 

is stable up to 23700C, above this temperature results to cubic phase of zirconia 

which forms at the temperature range of 23700C-26000C14 [71]. This phase 
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transformation of zirconia affects its density and physical features, for instance, 

tetragonal and cubic structure of zirconia have higher density and higher 

crystallization temperature compared to the monoclinic structure [72-73]. 

16 Technologically, Zirconium oxide (ZrO2) is an excellent metallic oxide because of its 

outstanding properties which made it suitable as a structural ceramic, a solid 

electrolyte, a gas sensor, and a catalyst [74-78]. An important implication of reducing 

the size of pure zirconia is the likelihood of stabilizing the tetragonal phase for 

particles less than ca. 30nm [79]. The characteristics of the tetragonal-monoclinic 

transition in the nanoparticles are determined by a number of intrinsic or extrinsic 

factors like particle size, the pressure, potential mismatch between local and long-

range order, or the presence of phase stabilizers either in the bulk (dopants) or at the 

surface (like water-derived or sulphate groups)[80-87]. In general, it is agreed that the 

tetragonal-monoclinic transformation in nanosized pure zirconia is favored upon 

increasing the particle size or the decreasing the pressure [88]. Zirconia nanoaprticles 

has better sintering behavior which made it useful as a precursor in the production of 

oxygen permeation membranes. Also, like other oxides, membranes formed by 

nanograins of stabilized zirconia have been shown to have unprecedented transport 

properties [88, 89]. 

17 Decreasing the size of nanoparticles can cause modification in the optical properties 

such as band gap by narrowing the valence and conduction bands [90]. The electronic 

configuration of nanomaterials is clearly different from that of bulk materials. The 

difference arises by systematic transformations in the density of electronic energy 

levels as a function of the size which results to a significant difference in the optical 
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and electrical properties. An increased in the band gap energy observed for particles 

lower than 100 nm is well explained by quantum confinement effects except for 

particles lower than 10 nm (quantum dot). In this case, deviations in such small size 

range are likely attributable to a crystalline→amorphous transition occurring for such 

very low size particle. Other significant factors that can determine optical band gap of 

nano particles are defects centers, mechanical stress and the degree of crystallinity. 

The variations in band gap of zirconia nanoparticles are confirmed experimentally in 

this work. 

Micheal et al (2011) applied RAPET (Reaction under Autogenic Pressure at Elevated 

Temperatures) method to synthesize and characterize metallic Zr nanoparticles using 

MgO and ZrO2 as the precursors [91]. In 2012, Mohammed Rafiq et al reported the 

synthesis of ZrO2 nanoparticles via sol-gel technique in aqueous medium [92]. 

Bambang et al in 2013 also reported the synthesis of a single phase (tetragonal) ZrO2 

nanoparticles [93]. In 2014, Padovini et al applied Advance Oxidation Process 

(AOP)/ hydrothermal technique to produce ZrO2 nanoparticles [94]. Adel K. 

Mahmoud et al in 2013 employed PLAL to synthesize ZrO2 NPs and the medium of 

ablation he used was distilled water [95]. Dehzi Tan et al (2011) reported the 

synthesis of mixed phases of ZrO2 (monoclinic and tetragonal) using pulsed laser 

ablation (PLA) in water and single phase (cubic) ZrO2 in ammonia [69]. Synthesis of 

aluminium and titanium oxide nanoparticles in water, ethanol and acetone 

respectively via the same technique (PLAL) and the studying of the effects of these 

media on the size properties of the produced nanoparticles have also been reported 

[96]. In the present study, PLAL was employed to synthesize nanoparticles of 
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zirconia in three different liquid media (de-ionized water, ethanol and acetone) and 

the variations in the optical and other related properties of the synthesized 

nanoparticles were investigated. To the best of our knowledge, there is no authentic 

report or published data regarding the effect of oxidizing media on the properties of 

zirconium oxide nanoparticles synthesized via PLAL technique. Hence, this work 

could be regarded as pioneer work. 
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23 CHAPTER 3 

EXPERIMENTAL SET-UP AND CHARACTERIZATION TECHNIQUES 

This chapter discusses the experimental set up employed in this research to synthesize 

nanoparticles and the basic principles of the various analytical techniques used to perform 

the characterizations. Such analytical methods include X-ray diffraction (XRD) analysis, 

field emission scanning electron microscopy (FE-SEM), scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), ultraviolet and visible (Uv-Vis) 

spectroscopy,  Fourier transform infrared spectroscopy (FT-IR), x-ray photoelectron 

spectroscopy (XPS) and thermogravimetric analysis (TGA). 

3.1 Experimental Set-Up for the Synthesis of Nanoparticles 

Al2O3 and ZrO2 nanoparticles were both prepared from micro-sized aluminium (Al) and 

zirconium (Zr) metal powder by employing pulsed laser ablation in liquids (PLAL) 

technique. The liquid used in case of Al2O3 was de-ionized water while acetone, ethanol 

and de-ionized water were used for the synthesis of ZrO2. A high energy laser irradiation 

from a Q-Switch Nd:YAG laser  (Brilliant B) working at a wavelength of 532 nm using 

second harmonic generator  was employed as an ablation source. The laser instrument 

used in this project has an output of 450 mJ with a pulse width of 5 ns and works at a 

frequency of 10 Hz. The laser was kept at energy of 300 mJ and the focal length of 1000 

mm while other parameters like pulse width and frequency were kept constant. These 

parameters were chosen in order to avoid laser beam travelling over a long path, thereby 

providing sufficient laser intensity for ablation. An approximately 0.1 g of Al and Zr 

metal powder were dispersed in about 15 ml of each of the liquids and irradiated with 

laser beam for about 60 minutes. To have uniform ablation, a magnetic bar was put in the 
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glass cell that contains the mixture and the glass cell was put on the stepping motor 

(magnetic stirrer) directly under the laser beam. The stepping motor helps to regulate the 

speed of the magnetic bar. Thus, the whole mixture was stirred continuously during 

ablation and homogenized ablation was achieved. With appropriate turning of mirror and 

the lens, the laser beam was routed and focused on to the sample. After 60 minutes, a 

white colloid was obtained in case of Al and Zr metal powder in de-ionized water but 

colors of colloids obtained after ablation of Zr in ethanol and acetone respectively were 

different. Colloids obtained in both cases were collected in a crucible and dried at a 

temperature of 500C in an oxygen atmosphere for about 5 hours to produce aluminium 

and zirconium oxide nano powder respectively. The produced Al2O3 nanopowder was 

further subjected to heat treatment in the furnace in the temperature range of 6000C-

12000C at a heating rate of 50 per minute for 2 hours to produce nano crystalline Al2O3 

powder. The synthesized nano crystalline Al3O3 was characterized using various 

analytical techniques like XRD, XPS, TEM,etc. On the other hand, the produced nano 

crystalline ZrO2 was used for characterization as prepared. The schematic diagram of the 

ablation system employed in this project for the synthesis of nanoparticles is depicted in 

Figure 3.1 below: 

 

 

 

 

 



28 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1: Schematic diagram of the experimental set-up for the synthesis of 

nanoparticles (NPs) via pulsed laser ablation in liquids technique. 
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3.2 Characterization Techniques for the Synthesized Nanoparticles 

The produced nano crystalline of ZrO2 and Al2O3 NPs were characterized to study their 

properties by using X-ray diffraction spectroscopy (XRD), energy dispersive X-ray 

spectroscopy (EDS), field emission scanning electron microscopy (FE-SEM), 

transmission electron microscopy (TEM) and thermo gravimetric analysis (TGA). The 

optical properties of nanomaterials produced were investigated with the aid of Uv-Vis 

spectrophotometer and Fourier transforms infrared spectroscopy (FT-IR). 

3.2.1 X-ray diffraction (XRD) 

Von Laue, a German Physicist was the first who took up the problem of X-ray diffraction 

(XRD) in 1912 with the cause that, “if crystals were composed of regularly spaced atoms 

which might act as scattering centres for X-rays, and if X-rays were electromagnetic 

waves of wavelength about equal to the inter atomic distances in crystals, then it should 

be possible to diffract X-rays by means of crystals” [97]. Nowadays, XRD is a widely 

used technique for the characterization of the materials. Information like the crystalline 

nature of the materials, nature of the phase present in the material, lattice parameter and 

the grain size can be obtained from the XRD data [98]. The position and shape of the 

lines give certain information about the unit cell parameters and microstructural 

parameters like grain size, micro strain, etc. In case of thin films, the change in lattice 

parameter with respect to the bulk gives the information about the nature of strain present 

in the system. 

X-ray diffraction works on the principle of Bragg’s law which shows a relationship 

between the diffraction angles (Bragg’s angle), X-ray wavelength and the inter-planar 
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spacing of the crystal planes. According to Bragg’s law, the X-ray diffraction can be 

visualized as X-rays reflecting from a series of crystallographic planes as depicted in 

figure 3.2 below.  

 

Figure 3.2: Geometrical illustration of crystal planes and Bragg’s law 

The path difference differences introduced between a pair of waves travelled through the 

neighboring crystallographic planes are determined by the interplanar spacing.  If the 

total path difference is equivalent to nn being an integer), then the constructive 

interference will occur and a group of diffraction peaks can be observed, which results to 

X-ray patterns. The quantitative account of Bragg’s law can be expressed as: 

2dhklsin= n         
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Where, d is the inter-planar spacing for a given set of hkl and  is the Bragg’s angle. 

In this work, X-ray diffraction analysis was performed with the aid of X-ray 

diffractometer miniflex II from Rigaku, Japan with the following operating conditions: 

 CuK (l = 1.54187Å) rdaition at room temperature from a broad focus tube at 30 

kV and the filament current was 15 mA. 

 Scanning speed for data collection was 30 min-1. 

 Angle scanned was in the range of 10-900 (2) for all samples. 

 Glass was used as substrate. 

X-ray diffractometer machine used for the analysis is depicted in Figure 3.3 below. 

 

 

 



32 

 

 

Figure 3.3: X-ray diffractometer machine employed in this research to performed 

XRD analysis. It is located at CENT laboratory, KFUPM, Saudi Arabia. 
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The phase identification for all the samples performed in this thesis was carried out by 

matching the peak positions and intensities in XRD patterns to those patterns in the 

JCPDS (Joint Committee on Powder Diffraction Standards) database. 

The diffraction method is based on the effect of broadening of diffraction reflections 

associated with the size of the particles (crystallites). All types of defects cause 

displacement of the atoms from lattice sites. M.A. Krivoglaz (1969) derived an equation 

from the intensity of the Bragg’s reflections from a crystal defect that enabled all the 

defects to be derived conventionally into two groups. The defects in the first group lower 

the intensity of the diffraction reflections but do not cause the broadening of the 

reflections. The reflection broadening is caused by the defect of the second group which 

are micro-deformations, inhomogeneity, that is non-uniform composition of the 

substance over their volume, and the particle size. The size of nanomaterials can be 

obtained from the peak broadening and can be estimated by using the Scherrer equation 

(3.2), provided that the crystallite size is less than 100 nm. 

𝐷 =
𝑘𝜆

𝛽 𝐶𝑜𝑠 𝜃
        3.2 

Where D is the average crystallite dimension perpendicular to the reflecting phases,  is 

the X-ray wavelength, k is the Scherrer constant whose value depends on the shape of 

particles (crystallite, domain) and on diffraction reflection indices (hkl). For spherical 

particles for instance, it has a value of 0.9.  is the full width at half maximum (FWHM) 

of the peaks. 

The Scherrer formula is quite satisfactory for small grains (large broadening) in the 
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absence of significant micro strain. A micro strain describes the relative mean square 

deviation of the lattice spacing from its mean value. Based on the grain size dependence 

of the strain, it is reasonable to assume that there is a radial strain gradient, but from X-

ray diffraction, only a homogeneous, volume-averaged value is obtained. 

3.2.2 Field Emission Scanning Electron microscopy (FE-SEM) and scanning 

electron microscopy (SEM) 

Electron microscopes are simply scientific instruments which use a beam of energetic 

electrons to investigate objects on a very fine scale. Historically, electron microscopes 

were invented as a result of the limitations of Light Microscopes that are limited by the 

physics of light. In the early 1930s, this theoretical limit had been reached and there was 

a scientific need to observe the fine details of the interior structures of organic cells like 

nucleus, mitochondria, etc. this needs 10,000X plus magnification that was unrealistic via 

the existing optical microscopes. 

Thus, the first scanning electron microscope (SEM) was invented and made known to the 

public in 1938 by Von Ardenne and the first commercial instruments was made around 

1965. Its late development was due to electronics involved in “Scanning” the beam of 

electrons across the sample. With SEM, a highly magnified image of the surface as well 

as the compositional information of near surface regions of a material can be obtained 

[99]. Its resolution can approach a few nanometers and the magnifications of SEM can be 

easily adjusted from about 10 times to 300,000 times and electron beam accelerated by a 

relatively low voltage of 1-20 kV is scanned on the sample surface. 

In this technique, the electron beam strike the surface of the sample and generate a large 
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number of signals from the sample surface in form of electrons or photons. The signals 

emitted from the sample are collected by detectors which form the images that are 

displayed on a cathode-ray tube screen. Basically, there are three types of images 

produced in SEM, namely secondary electron images, backscattered electron images and 

elemental X-rays maps. Secondary electrons (SE) images are considered to be the 

electrons resulted from inelastic scattering with atomic electrons and with the energy less 

than 50 eV. The secondary emission of electrons from the sample surface is usually 

confined to an area near the beam impact zone that permits images to be obtained at high 

resolution. These images as observed on a cathode ray tube, give a 3-D appearance 

because of the large depth of field of the SEM and also the shadow relief of the 

secondary electrons contrast. Backscattered electrons (BE) can be regarded as the 

electrons formed due to elastic scattering with the atomic nucleus and with the energy 

greater than 50 eV [99].  The backscattering is might occur in material with a higher 

atomic number so that the contrast obtained as a result of elemental differences can 

developed. After the primary electron beam collides with an atom in the sample and 

ejects a core electron from the atom, the excited atom then decays to its ground state and 

emit either a characteristic X-ray photon or an Auger electron [100]. The energy 

dispersive X-ray detector (EDX) can sort the X-ray signal by energy and produce 

elemental images so that the spatial distribution of particular elements can be detected by 

SEM. Usually, SEM has resolution of 1 nm for 1 kV, and even resolution of 0.6 nm is 

possible for 5 kV. 

The surface morphology of samples in this theses was investigated by using SEM (JEOL 

JSM-6610LV scanning electron microscope) and FE-SEM (Lyra TESCAN FE-SEM) 
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equipped with an energy dispersive x-ray spectroscopy (EDS). The instrument is located 

at Center of Nanotechnology (CENT) laboratory, KFUPM and its image is depicted in 

figure 3.4 below. 

 

 

Figure 3.4: Schematic details of FE-SEM machine located at CENT laboratory, 

KFUPM, Saudi Arabia. 
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3.2.3 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) can be defined as a microscopy technique 

where a beam of electrons is transmitted through an ultra-thin sample and interact with 

the sample as it passes through it. As a result of these interactions, a magnified image is 

produced and focused onto an imaging device such as fluorescent screen, on a layer of 

photographic film, or to be detected by a sensor such as a CCD camera. This technique is 

capable of imaging at a significantly higher resolution than light microscopes, due to the 

small de Broglie wavelength of electrons. This enables the instrument’s user to 

investigate fine detail, even as small as a single column of atoms, which is tens of 

thousands times smaller than the smallest resolvable object in a light microscope. The 

first TEM was invented by Max Knoll and Ernst Ruska in 1931. This group developed 

the first TEM with resolving power greater than that of light in 1933 and the first 

commercial TEM in 1939. 

Theoretically, the maximum resolution, d, that one can obtain with a light microscope has 

been limited by the wavelength of the photons that are being used to probe the sample, 

and numerical aperture of the system, NA[101] 

𝑑 =
𝜆

2 𝑛 sin 𝛼
≈

𝜆

2 𝑁𝐴
        3.3 

In early 20th century, scientists theorized solutions to overcome the limitations of 

relatively large wavelength of visible light (wavelengths of 400-700 nm) by using 

electrons. Like all matters, electrons have both wave and particle properties according to 

Louis-Victor Ge Broglie. Their wave-like properties mean that a beam of electrons can be 
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made to behave like a beam of electromagnetic radiation. The wavelength of electrons is 

found by equating the de Broglie equation to the kinetic energy of an electron. An 

additional correction must be made to account for relativistic effects. In TEM, an 

electron’s velocity approaches the speed of light, c [102] 

𝜆𝑒 =
ℎ

√2𝑚0𝐸(1+
𝐸

2𝑚0𝑐2)
        3.4 

Where, h is the Plank’s constant, 𝑚0 is the rest mass of an electron and E is the energy of 

the accelerated electron. Electrons are usually generated in an electron microscope by a 

process called thermionic emission from a filament, usually tungsten, in the same manner 

as a light bulb. Another way of generating electrons in an electron microscope is through 

the process of field emission [103]. The electrons accelerate in the presence of electric 

potential (measured in Volts) and focused by electrostatic and electromagnetic lens onto 

the sample. The transmitted beam contains information about electron density, phase and 

periodicity; this beam is used to form an image. 

In this work, TEM images and selected area electron diffraction (SAED) of the 

synthesized samples were carried out by using JEM-2100F TEM machine manufactured 

by JEOL, USA. The image of the TEM machine employed in this research is depicted in 

figure 3.5 below. 
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Figure 3.5: Transmission electron machine located at Material Characterization 

laboratory (MCL), KFUPM, Saudi Arabia. 
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3.2.4 Uv-Vis Spectroscopy 

Ultra-violet (Uv-Vis) spectroscopy is a technique that is widely employed for the 

characterization of organic and inorganic man-sized molecules. In this technique, a 

sample is irradiated with electromagnetic waves in the Uv-Vis regions and the absorbed 

light is analyzed via the obtained spectrum [104, 105]. It can be applied to identify the 

constituents of a substance, determine their concentrations and to identify the functional 

groups in the molecules. The sample may be organic or inorganic and it may exist in 

gaseous, liquid or solid form. Various sized materials can be characterized, ranging from 

transition metal ions and small molecular weight organic molecules, whose diameters can 

be several Å, to polymers, supramolecular assemblies, nano-particles and bulk materials. 

Sized dependent properties can also be observed in a Uv-visible spectrum, especially in 

the nano and atomic scales. These include peak broadening and shifts in the absorption 

wavelength. Many electronic properties like band gap of a material can also be 

determined via this technique. The energies associated with Uv-visible ranges are 

sufficient to excite molecular electrons to higher energy orbitals [106, 107].  Photons in 

the visible region have wavelengths between 800-400 nm corresponding to energies 

between 1.55 and 3.10 eV. The near UV range includes wavelength down to 200 nm 

(6.20 eV). UV radiations of lower wavelengths is difficult to handle for safety reasons, 

and, is rarely used in routine UV-vis spectroscopy. 

In this technique, a beam of monochromatic light is split into two beams, one of them is 

passed through the sample and the other passes through a reference (a solvent in which 

the sample is dissolved). After transmission through the sample and the reference, the 

two beams are directed to the detectors where they are compared. The difference between 
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the signals is the basis of the measurement. Liquid samples are usually contained in a cell 

called cuvette that has flat, fused quartz faces. Quartz is commonly used as it is 

transparent to both UV and visible lights. 

Uv-Vis spectroscopy works on the principle of absorption of photons that promotes the 

molecule to an excited state; it is a suitable technique for investigating the electronic 

properties of nanomaterials. In the spectrum of nanoparticles, the absorption peak’s width 

strongly depends on the chemical composition and the particle size. Consequently, their 

spectrum differs from their bulk counterparts. For example, for semiconductor 

nanocrystals, the absorption spectrum is broadened due to quantum confinement’s effects 

[108, 102] and as their size decreases, there is no longer a distinct peak, instead there is a 

band. Also, semiconductor nanoparticle’s absorption peaks shift towards smaller 

wavelengths (higher energies) as their crystal size decreases. An important consequence 

of using the UV-vis spectroscopy is that the band gap of Nano sized materials can be 

evaluated.  

In this work, Uv-Vis absorption spectra of the samples were recorded with the aid of 

spectrophotometer (JASCO V-670) in the range of 200-800 nm. The band gap was 

evaluated from Tauc’ relation from absorption spectra. The image of the instrument is 

depicted in figure 3.6  
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Figure 3.6: Uv-Vis Spectrophotometer located at laser research group laboratory, 

physics department, KFUPM, Saudi Arabia. 
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3.2.5 Fourier Transform Infrared Spectroscopy (FT-IR) 

Infrared (IR) spectroscopy is a well-known method of characterization where a sample is 

placed in the path of an IR radiation source and its absorption of different IR frequencies 

is recorded [109-111]. Solid, liquid and gaseous samples can all be characterized using 

this method. 

Basically, IR spectra are acquired by detecting changes in transmittance (or absorption) 

intensity as a function of frequency. This technique works on the fact that bonds and 

groups of bonds vibrate at characteristic frequencies. A typical FTIR comprises a beam 

splitter, a fixed mirror and a scanning mirror. Light from the source is divided into two 

parts and then recombines at the beam splitter after reflections by the two mirrors. 

Interference takes place as a result of the path difference between the two beams. The 

output beam from the interferometer is measured as a function of path difference and it 

sis refers to as interferogram. The IR spectrum can be obtained by calculating the Fourier 

transform of the interferogram. Samples can be prepared for FT-IR analysis in different 

ways. For powders, KBr pellet technique can be adopted. In this technique, a small 

amount of the sample is added to potassium bromide (KBr), after which this mixture is 

ground into a fine powder and subsequently compressed into a small, thin, quasi-

transparent disc as depicted in figure 3.7 below. 
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Figure 3.7: various processes in recording IR spectra 

For liquid sample, a drop of sample may be sandwiched between two salt plates such as 

NaCl and KBr are chosen because neither of these compound shows an IR active strectch 

in the region typically observed for organic and some inorganic molecules. 

In this work, KBr pellet technique was employed to detect the molecular structure and the 

presence of the functional groups adsorbed on the nano structured metal oxides 

synthesized via pulsed laser ablation in different liquids media.  FT-IR spectra were 

measured and recorded with the aid of FT-IR spectrophotometer via dry KBr as standard 

reference in the range of 400-400cm1. The image of this instrument is shown in figure 

3.8 below. 
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Figure 3.8: FT-IR machine located in chemistry department, KFUPM, Saudi Arabia 
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3.2.6 X-ray Photoelectrons Spectroscopy (XPS) 

In this technique, relatively low energy X-rays are applied to eject the electrons from an 

atom through the process of photoelectric effects.  The sample is irradiated with a beam 

of usually monochromatic, low-energy X-rays. Photoelectron emission results from the 

atoms in the sample surface and the kinetic energy distribution of the ejected 

photoelectrons is recorded directly via an electron spectrometer. Each surface atom has 

core-level electrons that are not directly involved with chemical bonding but are 

influenced slightly by the chemical environment of the atom. The binding energy of each 

core-level electron (approximately its ionization energy) is characteristic of atom and 

specific orbital to which it belongs. Since the energy of the incident X-rays is known, the 

measured kinetic energy of a core-level photoelectron peak can be related directly to its 

characteristic binding energy. The binding energies of the various photoelectron peaks 

(1s, 2s, 2p, etc) are well tabulated and XPs therefore provides a means of elemental 

identification which can also be quantified  using measurement of integrated 

photoelectron peak intensities and the use of a standard set of sensitivity factors to give a 

surface atomic composition. The low binding energy region of the XPS spectrum is 

usually excited with a separate ultraviolet photon source, such as a helium lamp, 

ultraviolet photoelectron spectroscopy (UPS) and provides data on the valence band 

electronic structure of the surface [112]. An illustration of photoelectron emission in XPS 

analytical technique is depicted in figure 3.9 below. 
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Figure 3.9: Schematic of photoelectron emission in XPS technique 

In this research, survey scans and high resolution core level spectra of the various 

constituents of the nano structured metal oxides synthesized were recorded using Thermo 

Scientific Esccalab 250Xi spectrometer. Monochromatic Al Ka radiation of energy 

1486.60 eV was employed as our X-ray source in this research. The spectra were 

referenced with the adventitious C 1s peak at 284.6 eV.  The resolution of the instrument 

was 0.5 eV and the analysis chamber was kept at a base pressure of 5 x 10-10 mbar. Pass 

energy of 100 eV was used for survey scans while 20 eV was used for high resolution 

scans. A flood gun was used to compensate for surface charging and the sample was 

subjected to Ar+ ion bombardment for about 90 s to clean the sample from surface 

contamination. The image of the instrument is depicted in figure 3.10 below 
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Figure 3.10: X-ray photoelectron spectrophotometer located at surface science 

laboratory, physics department, KFUPM, Saudi Arabia. 
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3.2.7 Thermo gravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is an analytical technique employed to investigate a 

material’s thermal stability and its fraction of volatile components by monitoring the 

weight change that occurs as a specimen is heated. The measurement is normally carried 

out in air or in an inert atmosphere, such as Helium or Argon, and the weight is recorded 

as a function of increasing temperature. Sometimes, the measurement is performed in a 

lean oxygen atmosphere (1 to 5% O2 in N2 or He) to slow down oxidation. In addition to 

weight changes, some instruments also record the temperature difference between the 

specimen and one or more reference pans (differential thermal analysis, or DTA) or the 

heat flow into the specimen pan compared to that of the reference pan (differential 

scanning calorimetry, or DSC). The latter can be used to monitor the energy released or 

absorbed via chemical reactions during the heating process.  

In this study, thermo-gravimetric analysis (TGA) was carried out using a thermal 

analyzer SDT Q600, V20.9 Build 20 manufactured by TA instruments, USA. The 

temperature was raised at a uniform rate of 100c/min. the analyses were made over a 

temperature range of 20-8000C in an air-atmosphere flowing at a rate of 100 mL/min. 

The instrument is located in chemistry department, KFUPM, Saudi Arabia. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

In this chapter, results and detailed discussion with respect to the synthesis of metal 

oxides (Al2O3 and ZrO2) by employing PLAL technique are elaborated. The 

morphological, compositional, structural, thermal and other related properties like optical 

are also presented. 

4.1 Effect of Annealing Temperatures on the Phase Transition of Al2O3 

In this section, the synthesis of nano crystalline Al2O3 via PLAL method is explicitly 

stated. The effect of annealing temperatures on the phase transition of the synthesized 

aluminium oxide NPs is critically examined as presented in the following subsections: 

4.1.1 Synthesis of Al2O3 Nanoparticles 

The experimental set-up shown in Fig. 3.1 was utilized for the synthesis of Al2O3 nano 

particles. When a high energy laser beam irradiates the micro-sized Al powder which was 

dispersed in de-ionized water, most of the laser beam was absorbed by the target (Al 

metal powder) which consequently results to melting, vaporization, atomization and 

ionization of Al powder. As a result of high intense laser beam, a chemical reaction 

occurs between Al metal and water and thus, produces white colloid of aluminium oxide 

nanoparticles which was collected and dried in an oxygen atmosphere for about 5 hours 

to obtain whitish nano crystalline aluminium oxide powder. The obtained Al2O3 

nanopowders were further heated at various temperatures to investigate the phase 

transformation behavior of Al2O3. 
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4.1.2 Structural Characterization of Al2O3 Nano particles (NPs) 

The X-ray diffraction (XRD) pattern of the starting material (Al powder) is depicted in 

Figure 4.1 (a) with diffraction peaks at 2𝜃,38.50 for (111), 44.70 for (200), 65.10 for 

(220), 78.20 for (311) and 82.40 for (222) [JCPDS No. 00-04-0787] indicating the 

presence of aluminium metal.   

Figure 4.1 (b) depicts XRD pattern of as-prepared nano crystalline Al2O3 powder which 

indicates the formation of -Al2O3 and Aluminium hydroxide Al (OH) 3 .The diffraction 

peaks at 2𝜃, 20.50  for (111), 37.60 for (311), 40.00 for (222), 45.90 for (400), 67.00 for 

(440)[JCPDS No. 10-0425] confirm the formation of 𝛾 −Al2O3 phase and diffraction 

peaks at 18.50 for (002), 47.60 for (402), 53.10 for (124), 63.90 for (51-3)[JCPDS No. 01-

074-6632] confirm the formation of aluminium hydroxide Al (OH)3. This finding is in 

good agreement with the literature [68]. 

Figures 4.1 (c) - (h) depict the XRD patterns of the annealed nano crystalline powder 

obtained in the temperature range of 6000C-12000C. At 6000C, as-prepared Al2O3 which 

is a mixture of -Al2O3 and Al (OH) 3 transformed to pure -Al2O3 and up to 9000C, the 

pure -phase of Al2O3 was obtained. This can be compared with transformation 

temperature in the range of 600 to 9000C, with low intensity which confirmed the 

transformation of mixed phases of alumina to pure 𝛾-phase alumina. At 10000C, the 

degree of crystallinity was considerably increased as temperature increased. At this stage, 

pure 𝛾-Al2O3 was completely transformed to a stable single-phase 𝛼-Al2O3 with the 

crystallite size increased as the temperature increases. Figure 4.1 (g) and (h) depict XRD 

pattern of nano crystalline alumina powder annealed at 10000C and 12000C respectively 
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with diffraction peaks at 2𝜃, 25.60 for (012), 35.20 for (104), 46.20 for (202), 52.60 for 

(024), 59.70 for (211), 74.30 for (208), 80.40 for (217) [ JCPDS No. 04-0787] indicating 

the formation of 𝛼-alumina. In these range of temperatures, 10000C and above, no more 

appearance of other phases could be found except 𝛼-Al2O3.  This confirms that at 10000C 

and above, transformation of pure 𝛾-Al2O3 to a single-phase 𝛼-Al2O3 has taken place. 
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Fig. 4.1: X-Ray Diffraction (XRD) pattern of:  (a) Original (bulk) Aluminium 

powder ; Nano crystalline Al2O3  (b) As- prepared ;  Nano crystalline Al2O3 

annealed at (c)  6000C ; (d) 7000C (e) 8000C (f) 9000C (g) 10000C (h) 12000C for 2 hrs 

respectively. 
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 The average crystallite size of Al2O3 was obtained using Scherrer formula [42] as 

indicated in Table 4.1 below. 

Table 4.1: Phase Structure and Crystallite Size of nano crystalline Al2O3 as-

prepared and annealed at various temperatures 

S/No Annealed 

Temperature 

(0C) 

Crystallite Size 

(nm) 

Phase Structure Plane (hkl) 

1 600 7.02  𝛾 (440) 

2 700 6.25 𝛾 (440) 

3 800 5.30  𝛾 (440) 

4 900 9.34 𝛾 (440) 

5 1000 26.40 𝛼 (211) 

6 1200 36.35 𝛼 (211) 

 

 From 6000C on, crystallite size of the samples decreases with increase in the annealing 

temperature, until it reaches the threshold value at 8000C.  This is as result of the 

crystallization of 𝛾-phase, whose particles are typically ultrafine.  As 𝛾-Al2O3 transforms 

to 𝛼-Al2O3 phase, the particle size increases, meaning that the gaps between the chains 

and crystal defects are gradually reduced and eventually disappear along with the 

crystallization of 𝛼-Al2O3 phase. The similar increases in crystallite size along with the 

formation of 𝛼-alumina have been reported for Al2O3 nanopowder obtained via other 

techniques [113-114]. It should be noted that in the temperature range of 600-9000C 

where there are 100% -Al2O3, the crystallite size is small, less than 10 nm. This is in a 

good agreement with the works of McHale et al [115]. The peak corresponding - Al2O3 
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phase (440) in as-prepared sample is almost amorphous with a size of 3.9 nm. At 10000C, 

the crystallite size reached 26.40 nm where all Al2O3 is transformed to -Al2O3. A 

sketch of the observed phase transitions as function of temperature is depicted in Figure 

4. 2 
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Fig. 4.2: Relationship between -Al2O3 to -Al2O3 phase transition and the crystallite 

size obtained from XRD patterns. 
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4.1.3 Morphology of the Synthesized Material (FE-SEM and TEM) 

The morphological structure and chemical composition of as-prepared nanocrystalline 

Al2O3 were studied using field emission scanning electron microscopy (FE-SEM) and 

energy dispersive X-ray spectroscopy (EDS) respectively as depicted in Figure 4.3 (c) 

and (d). For comparison, the morphology and chemical composition of our parent 

material (Al metal powder) were also investigated via scanning electron microscopy 

(SEM) and EDS correspondingly as shown in Figures 4.3 (a) and (b). From Figure 4.3 

(a), it is evidenced that the morphology of Al metal powder- our starting material was 

non-spherical in shape with an average diameter of 70.474 𝜇m. Figure 4.3 (b) depicts 

EDS spectrum of Al metal powder revealing its chemical composition of 99.1 % Al and 

0.1 % Mg.  Figure 4.3 (c) depicts FE-SEM image of the prepared alumina. It is crystal 

clear that the morphology of the prepared alumina nanoparticles is almost spherical in 

shape with an average diameter of 18.963 nm. Figure 4.3 (d) depicts the EDS spectrum 

of the selected 7 𝜇m2 on the surface of the prepared alumina. The existence of Aluminum 

and Oxygen in the EDS spectrum reveals the formation of Aluminum oxide which 

confirms our XPS results. 
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Fig. 4.3:  (a) SEM micrograph of the parent material (Aluminium powder); (b) FE-

SEM image of the prepared nanocrystalline  Al2O3; (c) EDS spectrum of the parent 

material (Al material); (d) EDS spectrum of the prepared Al2O3. 
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The TEM micrograph of alumina annealed at 9000C for 𝛾-alumina is depicted in Figure 

4.4 (a) with its selected area electron diffraction (SAED) depicted in Figure 4.4 (b). The 

TEM micrograph indicates the nanocrystalline nature of our sample which is in close 

consensus with the crystalline size calculated from XRD using Scherrer formula. Figures 

4.4 (c) and (d) depict the TEM image and SAED of 𝛼-alumina heated at 10000C for 2 

hours respectively while Figures 4.4 (e) and 4.4 (f)  depict the TEM image and SAED 

of 𝛼-alumina heated at 12000C for 2 hours as well. The transformation of all pure 

alumina into the single  𝛼 phase was noted at the temperature of 10000C and above as 

indicated by Figures 4.4 (c) and 4.4 (e) with the crystallinity increases as the temperature 

increases. This is evident from Figures 4.4 (b), 4.4 (d) and 4.4 (f) that depict the SAED of 

the alumina annealed at 900, 1000 and 12000C respectively. Amorphous samples show 

no distinguishable diffraction pattern. On the other hand, crystalline samples give a spot 

pattern that is peculiar to a particular crystal and the number of spot pattern corresponds 

to the degree of crystallinity of that sample. The spot pattern increases from Figure 4.4 

(b), (d) to (f) which indicates that the crystallinity of our sample increases as the 

temperature increases. As a result of the annealing temperature, all these alumina nano 

powders vividly appear to be in agglomerated form. 
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Fig. 4.4: (a) TEM micrograph of nanocrystalline Al2O3 annealed at 9000C for 2 hrs; 

(b) SAED patterns micrograph of Al2O3 annealed at 9000C for 2 hrs; (c) TEM 

micrograph of nanocrystalline Al2O3 annealed at 10000C for 2 hrs; (d) SAED 

patterns micrograph of Al2O3 annealed at `10000C for 2 hrs; (e) TEM micrograph of 

nanocrystalline Al2O3 annealed at 12000C for 2 hrs; (f) SAED patterns micrograph 

of Al2O3 annealed at `12000C for 2 hrs. 
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4.1.4 Fourier Transform infrared Spectroscopy (FT-IR) study 

The FTIR spectra of as-prepared Al2O3 nanopowder and Al2O3 nanopowder annealed at 

different temperature are depicted in Figures 4.5 (a)-(g). 

FTIR spectrum at 4000–400 cm-1 for the as prepared aluminum oxide nano-particles 

was conducted as depicted in Figure 4.5 (a). A sharp absorption bands in the wave 

number about 420 and 434 cm-1 reveal the formation of Al2O3 nanoparticles [116-117]. 

FTIR spectra of the Al2O3 nanoparticles products after annealing treatment were 

performed for a better comprehension of the structure of the nanoparticles. Figures 4.5 

(b)-(g) depicts the FTIR spectra of the annealed samples at different temperatures, 600, 

700, 800, 900, 1000 and 1200 oC.  An absorption band revealing the vibrational 

properties of Al2O3 nanocrystals is observed in the range of 410– 495 cm-1. This band is 

mainly assigned to the stretching vibrations of Al–O. This absorption band at about 434.7 

cm-1 of the as prepared alumina. When the Al2O3 was annealed thermally, a shift of the 

IR absorption peak toward a low wave number (red shift) was observed and reaching 

422.3 cm-1 when the temperature reached 700oC and later increased to 450.7 cm-1 when 

the temperature reached 1200oC, indicating the change in the alumina phase from 

crystallization phase γ-Al2O3 at 700oC to α-Al2O3 crystallization phase at 1200oC. There 

are also some wide and high peaks of AL–O stretching (AlO4 or AlO6 vibration) in the 

range of 400-1100 cm-1 that are related to the transitional phases of alumina and stable 

phase of α-Al2O3[118]. The other absorption peaks, like at the range between1450 to 

1740 cm-1, indicate some changes in the surface chemistry of alumina nanoparticles by 

environmental conditions such as absorption of CO2 and moisture. The broad absorption 
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at 3500 cm-1 is characteristic stretching vibration of hydroxylates (O–H) resulted from the 

adsorption of moisture on the nanoparticles. 
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Figure 4.5:  FT-IR of:  (a) As- prepared Nano crystalline Al2O3 ;  Nano crystalline 

Al2O3 annealed at (b)  6000C ; (c) 7000C (d) 8000C (e) 9000C (f) 10000C (g) 12000C 

for 2 hrs respectively. 
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4.1.5 XPS Analysis 

Figure 4.6 depicts survey scans for the as prepared Al2O3 and the sample thermally 

treated at 7000C. The elements present in each sample are clearly labeled in the figure. 

The samples contain Aluminum and oxygen only. The carbon present in the samples is 

due to air contamination. The sample treated at 1000 0C is not shown here, it has the 

same elements as the other two samples. 
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Figure 4.6: Survey scans for the as prepared and the sample heat treated at 700 0C. 

The elements present in each sample are clearly labeled in the spectra. 
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To determine the composition of the as-prepared and the heat treated samples, high 

resolution scans were collected for the Al 2p and O1s core level spectra. Figure 4.6 

shows the fitted Al 2p core level spectrum from the as-prepared sample. A single peak 

was fitted to the experimental data with a binding energy of 74.8 eV and a full width at 

half maximum of 1.7 eV. These data agree with the literature [119]. The peaks for the 

heat treated samples are similar to the one shown in Figure 4.7. 
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Figure 4.7: High resolution scan of Al 2p core level spectrum of the as-prepared 

sample. 
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The O1s spectrum of the as-prepared sample is shown in Figure 4.8. The peak has been 

fitted with a single contribution. The best fit to the data resulted in a binding energy of 

530.9 eV and a full width at half maximum of 2.4 eV in good agreement with data from 

Thomas and Sherwood [120]. 
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Figure 4.8: High resolution scan of O1s core level spectrum of the as-prepared 

sample. 
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Table 4.2 gives the detailed data from the fitting of the O1s and Al 2p spectra for the 

three samples investigated in this study. It is clear from the table that the stoichiometric 

compositions of the samples are very close to the desired nominal composition of Al2O3. 

The XPS data confirm that the formation of Al2O3 films was successfully accomplished 

in this study. The Al 2p XPS peaks for alumina in different phases have very close 

binding energies and therefore it is impossible to separate the peaks for each phase. The 

energy separation is about 0.3-0.4 eV on the average. See for example Handbook of X-

ray Photoelectron Spectroscopy, appendix B [121]. 

Table 4.2: Data related to the fitting of the XPS spectra of Al 2p and O 1s. The error 

in the data is ± 𝟏𝟎%. 

Sample O1s Al2p 

 BE (eV) FWHM (eV) Wt% BE (eV) FWHM (eV) Wt% 

As prepared 530.9 2.4 65 74.8 1.7 35 

700 0C 531.2 2.3 57 74.9 2.2 43 

1000 0C 531.2 2.5 61 74.9 2.3 39 

 

4.1.6 Thermo gravimetric Analysis (TGA and DSC) 

Figure 4.9 shows the thermo gravimetric analysis (TGA) curve of the prepared alumina 

with three distinct weight loss steps with DSC curve indicating the significant change in 

the mass was around 200 °C. The first slow but gradual weight loss of about 15% is 

attributed to the removal of moisture and water molecules embedded inside the material. 
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The second dramatic loss of about 20% around 400°C is attributed to the phase transition. 

The third slow and gradual insignificant loss of 3% is attributed to another phase 

transition. At 550°C, the residual mass was found to be 65%. 
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Figure 4.9: TGA/DTA analysis of the As-prepared nanocrystalline Al2O3 powders. 
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4.2 Synthesis and Characterization of Zirconium Oxide (ZrO2) Nanoparticles 

(NPs) 

In this section, the synthesis and characterization of colloidal zirconium oxide (ZrO2) 

nanoparticles are elucidated. The effects of oxidizing media on the composition, 

morphology and optical features of the synthesized zirconia nanoparticles are discussed 

explicitly in the following subsections: 

4.2.1 Synthesis of ZrO2 Nano particles (NPs) 

The experimental arrangement shown in Fig. 3.1 was utilized for the production of ZrO2 

NPs. The micro-sized metallic Zirconium (Zr) powder was dispersed in about 15 ml of 

de-ionized water, ethanol and acetone accordingly. In each case, a high energy laser beam 

was used to irradiate the mixture. As a result of high intense laser irradiation, most of the 

laser beam was absorbed by the target (Zr metal powder) and lead to the break down in 

the sample and the plasma plume was ejected on the sample surface. The chemical 

reaction occurred during laser ablation between the ablated material (Zr metal powder) 

and the liquid environments and thus, produces a whitish colloid of ZrO2 nanoparticles in 

de-ionized water, a whitish-dark colloid in ethanol and dark colloid in acetone 

respectively. Fig. 4.10 depicts the colors and appearance of ZrO2 nanoparticles produced 

in de-ionized water, ethanol and acetone respectively. 
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Fig. 4.10: The colour and appearance of colloidal ZrO2 Nanoparticles synthsized 

using PLA in (a) Water (b) Ethanol and (c) Acetone. 
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The difference in colors of the nanoparticles produced was as a consequence of nuclei 

formation and the development of nano particles over the formed nuclei in different 

liquid environments. The different chemical and physical interactions of molten Zr metal 

with different liquid environments can also be responsible for the difference in their 

colors [96]. The obtained colloids of ZrO2 nano particles in the three oxidizing media 

were collected and heated at a temperature of 500C for 3 hours to obtained nano powder 

ZrO2 for the characterizations. 

4.2.2 Structural Characterization of the synthesized ZrO2 in different oxidizing 

media 

X-ray diffraction (XRD) analysis was performed on the synthesized zirconia 

nanoparticles to study the crystalline structure of ZrO2 in the three oxidizing media. 

Diffraction peaks at a specific angle and intensity reflects the information about a 

particular crystal like our finger print. Fig. 4.11 (a), (b) and (c) represent the X-ray 

diffraction patterns of the sample produced in water, ethanol and acetone respectively. 

Diffraction peaks in figure 4.11 (a) with 2 𝜃 values of 24.71, 28.40, 31.67, 42.21, 56.85, 

and 61.19 originate from the crystal planes (011) , (-111), (111), (12-1), (-113) and (113) 

of monoclinic phase of  ZrO2 respectively [JCPDS Nos. 00-037-1484, 00-088-2390] 

while diffraction peaks with  2 𝜃 values of   34.90, 35.34, 50.36 and 51.52 can be 

assigned to the crystal planes (002), (110), (112) and (200) of tetragonal phase of ZrO2 

accordingly[JCPDS No. 00-50-1089]. 

Diffraction peaks in figure 4.11 (b) with the 2 𝜃 values of 24.71, 28.40, 41.62, 49.49, 

55.63, 57.31, 61.19 and 65.83 correspond to the crystal planes (011), (-111),  (12-1), (21-
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2), (221), (310) and (113) of monoclinic zirconia respectively[JCPDS No. 00-037-1484 

and 01-088-2390] and those peaks at 35.24, 50.35 and 50.98 originate from (110), (112) 

and (020) crystal planes of tetragonal phase of zirconia respectively[01-079-1769]. In 

figure 4.10 c, the diffraction peaks at angles 2 𝜃 of 24.71, 28.40, 41.62, and 65.83 

correspond to (011), (-111), (12-1) and (230) planes of monoclinic zirconia while peaks 

at 30.29 and 35.04 correspond to the crystal planes (101) and (110) of tetragonal zirconia 

accordingly. 

From the information derived from X-ray diffraction patterns of the three samples, it is 

clear that the zirconium oxide nanoparticles produced via pulsed laser ablation in each of 

the oxidizing media (de-ionized water, ethanol and acetone) is a mixture of tetragonal and 

monoclinic phases. Similar result has been reported in the literature for the synthesis of 

zirconia via pulsed laser ablation in water [69, 122]. However, there was existence of Zr 

metal in the samples produced in ethanol and acetone as evidence from figure 4.10 b and 

c with the diffraction peaks at angles 2𝜃 of 31.67, 51.39 and 56.43 corresponding to the 

crystal planes (100), (200) and (110) of hexagonal zirconium metal respectively[JCPDS 

Nos. 00-005-0665, 01-071-3958 and 01-089-3045]. The presence of this Zr metal is more 

in acetone than ethanol and there exists none in the sample produced in de-ionized water. 

This confirms that pure ZrO2 nanoparticles are better produced via PLA in de-ionized 

water than ethanol and acetone. 
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Fig. 4.11: X-ray diffraction patterns of ZrO2 nanoparticles synthesized via pulsed 

laser ablation in (a) Water (b) Ethanol (c) Acetone. t, m represent tetragonal and 

monoclinic phases of zirconia respectively. 
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The crystallite size of ZrO2 NPs was estimated using Scherrer’s formula. The average 

crystallite sizes calculated were found to be 41.8 nm, 42.6 nm and 40.3 nm in water, ethanol 

and acetone for the monoclinic phase of ZrO2 while 20.1 nm, 24.8 nm and 18.9 nm were 

obtained as the average crystallite of tetragonal phase of ZrO2 NPs prepared in water, 

ethanol and acetone accordingly. This finding is also in agreement with the data published 

earlier [123]. According to Garvie, the presence of tetragonal phase is due to the critical 

size effect and proved experimentally the existence of a critically size of ~ 30 nm below 

which the metastable tetragonal phase is stable and above which the monoclinic phase is 

stable[123]. 

4.2.3 Morphological Studies 

The morphology of zirconium metal powder used as our precursor was investigated with 

the aid a  JEOL JSM-6610LV scanning electron microscope. To confirm the morphology 

of ZrO2 nanoparticles produced in this study, we emploed JEM-2100F TEM machine 

manufactured by JEOL, USA. Fig. 4.12 (a)  indicating SEM image of zirconium (Zr) 

metal powder confirms that our starting material is in microscale. Fig. 4.11 (b, c, d) 

represent the TEM image of ZrO2 fabricated via PLA in water, ethanol and acetone 

respectivly. The TEM images confirmed that the particles in each of the three sample are 

almost spherical in shape with particles sizes ranges between ~10 nm to 50 nm with 

smaller particles less than 10 nm 
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Fig. 4.12: (a) SEM micrograph of Zirconium metal powder employed as our 

precursor. TEM micrographs of ZrO2 synthesized via PLA in (b) Water (c) Ethanol 

and (d) Acetone respectively. 
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4.2.4 Uv-Vis Absorption Spectroscopy Study 

Uv-Vis spectroscopy works on the basis of Beer’s law as given in equation 4.1 

𝑨 = 𝐥𝐨𝐠(
𝑰𝟎

𝑰
) =  𝜺𝒃𝒄                                                 4.1 

Where A stands for absorbance, 𝑰𝟎 is a measure of the incident radiation intensity while 

the transmitted intensity is denoted by 𝑰. The molar absorptivity is 𝜺, b is the path length 

and c is the sample concentration. In this study, the path length b is fixed with the aid of 

using the same quartz cuvette for the three samples. To investigate the effect of liquid 

media on the ZrO2 nanoparticles synthesized via pulsed laser ablation in liquids, 

absorption spectra of the colloidal ZrO2 nanoparticles produced in water, ethanol and 

acetone were recorded in the region 200-800 nm wavelength.  Fig. 4.13 (a, a, c) present 

the optical absorption spectra of ZrO2 nanoparticles produced in the three oxidizing 

media to ascertain the formation efficiency of ZrO2 nanoparticles in these liquid media. 

The characteristics absorption of colloidal nanoparticles is due to the proper surface 

plasmon resonance which is determined by the nature of the materials, nanoparticle’s size 

and concentration. The nanoparticle solution from de-ionized water had a higher 

absorption than either of ethanol and acetone as evidenced from Fig. 4.13 (a,b,c). The 

higher absorption is attributed to a higher nanoparticles concentration. Thus, water is a 

better medium of ablation to produce zirconia nanoparticles compared to ethanol and 

acetone. The Uv-Vis absorption by colloid of nanoparticles from de-ionized water and 

acetone had a maximum absorption at 208 nm as a result of inter-band transition of 

Zirconium electrons close to Fermi levels [124-125]. The absorption peaks at 250.9 nm 

and 323 nm in colloid of NPs from acetone,  237.5 nm and 278 nm in colloids of NPs 
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from ethanol and 238.9 nm in colloid of NPs from De-ionized indicate the formation of 

non-uniform sizes and a particle coagulation shift in wavelength of maximum optical 

extinction [126]. With all three liquids, there was a continuous absorption throughout the 

visible wavelength region that extends up to 1100 nm. These findings agreed with Mie 

theory. According to Mie theory, the ultraviolet and visible absorption behavior for 10 

nm zirconium nanoparticles indicates a maximum absorption at 200 nm and a broad 

absorption peak at 300 nm that decays into a continuous small absorption [127]. 
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Fig. 4.13: Uv-Vis absorption spectra of ZrO2 nanoparticles synthesized via pulsed 

laser ablation (532 nm) in (a) Water (b) Ethanol and (c) Acetone respectively. 
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4.2.4.1 Band Gap measurement 

Decreasing the size of nanomaterilas can cause significant change in the optical band gap 

of metal oxides by reduction of the valence  and conduction bands[89]. Other factors like 

defect centers, mechanical stress and degree of crystallinity could also affect the optical 

band gap of metal oxides. From the Tauc plot shown in Fig. 4.14 (a,b,c), the band gap of 

colloidal suspension of  ZrO2 prepared in three different liquids was determined. For a 

direct band gap material such as zirconia, the absorption coefficient 𝛼(𝑣) is directly 

proportional to   (𝐸−𝐸𝑔) ½ where E represents the photon energy and Eg  stands for the 

band gap energy.  By extrpolating the linear part from higher absorption region of the 

plot (𝛼ℎ𝑣)2 against ℎ𝑣 to photon energy axis for  zero absorption coefficient, we 

obatined the band gap (Fig. 4.14) to be 5.19 eV, 5.22 eV and 4.94 eV in water, ethanol 

and acetone respectively. In the lietrature, the band gap of ZrO2 was reported in the range 

5 – 5.5 eV[69], a slight variation reported in the band gap of ZrO2 prepared in acetone 

could be atrributed to the presence of zirconia phase, defect state and morpholgy. 
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Fig. 4.14: Tauc plot of (𝜶𝒉𝒗)2 versus 𝒉𝒗 for ZrO2 synthesized in (a) Water (b) 

Ethanol and (c) Acetone to evaluate the band gap ZrO2 in each of the liquid 

environments. 
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4.2.5 Fourier Transform Infrared Analysis 

Figure 4.15 depicts the FT-IR spectra of the ZrO2 samples applied to confirm the 

molecular nature and the presence of the functional groups adsorbed on the 

nanostructured ZrO2 synthesized via pulsed laser ablation in different liquids media. In 

figure 4.15 a - c, it can be noticed that the samples exhibited absorption peaks situated in 

the region 400-800 cm-1 which shows Zr-O stretching bond and therefore confirms the 

formation of ZrO2 nanoparticles in the three samples [128-129].  The absorption broad 

bands observed in the region 3000-3600 cm -1   and some well-defined bands between 

1300-1750 cm-1 correspond to the vibration of modes of O-H bond as a result of the 

adsorbed water molecules or hydroxyl groups on the surface of  the synthesized ZrO2 

nanoparticles [130-132]. Theses absorption peaks around 3000-3600 cm-1 can also be 

assigned to the hydroxyl group of moisture, alcohol and acetone. The band exhibited 

around 1000 cm-1 in figure 4.15 (a) is a characteristic of peroxide (O-O) groups [128- 

129]. In figure 4.14 b and c, the absorption peaks at 1180 cm-1 could be assigned to C-O 

stretch or C-C bonds from ethanol and acetone respectively. The absorption peaks at 

2810 cm-1 and 2910 cm-1 in figure 4.14 b and c respectively could be ascribed to the 

occurrence of C-H bond. 
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Fig. 4.15: FTIR spectra of ZrO2 nanoparticles synthesized via pulsed laser ablation 

in (a) water (b) Ethanol and (c) Acetone. 
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4.2.6 X-ray photoelectron Spectroscopy (XPS) study 

The survey scans of ZrO2 nanoparticles synthesized using pulsed laser ablation in water, 

ethanol and acetone are shown in Fig. 4.16 (a, b, c) respectively. The elements present in 

each sample were clearly identified. The samples contain the elements Zirconium, 

Oxygen, and Carbon. The carbon present in the sample prepared in water is from air 

contamination and was removed by Ar+ bombardment. Its binding energy (BE) is at 

284.6 eV. 
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Figure 4.16: Survey scans of ZrO2 nanoparticles synthesized in: (a) Water (b) 

Ethanol and (c) Acetone. Peaks from the elements present in the samples are clearly 

labeled. 

 

 

 

 

 



89 

 

In order to confirm the composition of the three samples, high resolution scans were 

recorded for Zr 3d, O 1s and C 1s core level spectra. Fig. 4.17 (a, b, c) represent the 

fitted spectra of Zr 3d spin-orbit doublet peaks of the three samples. Fig. 4.16 a shows Zr 

3d spin-orbit doublets fitted with two contributions, one from nanocrystalline ZrO2 and 

the other from Zr(OH). The Zr 3d doublet peaks from ZrO2 has BE 181.9 eV and 184.3 

eV with an energy separation of 2.4 eV, corresponding to contributions from Zr 3d5/2 

and Zr 3d3/2, respectively. The full width at half maximum (FWHM) is 1.7 eV for both 

peaks. The Zr 3d doublet peaks from Zr(OH) has BE 182.9 eV and 185.3 eV with an 

energy separation of 2.4 eV, corresponding to contributions from Zr 3d5/2 and Zr 3d3/2, 

respectively. The full width at half maximum (FWHM) is 1.9 eV for both peaks. This 

finding is in good agreement with literature [133-134]. The atomic percent found from 

the fittings of Zr 3d and O 1s spectra for Zr and O were calculated to be 34.1% and 

65.9%, respectively. This is very close to stoichiometric composition of ZrO2 compound. 

It is to be noted that the contribution of Zr(OH) was not included in the calculation of the 

atomic percent as it does not contribute to ZrO2. 

Also, doublet peaks were observed in the samples produced in ethanol and acetone 

corresponding to Zr 3d5/2 and Zr 3d3/2 at BE 180.9 eV and 183.3 eV, with an energy 

separation of 2.4 eV. The full width at half maximum (FWHM) is 1.8 eV for both 

samples. The fitting parameters for Zr 3d spectra of the three samples are reported in 

Table 4.3. The atomic % in this case was calculated to be 1.0% for Zr, 4.4% for O, and 

94.6% for C for ethanol.  The atomic % in this case was calculated to be 0.6% for Zr, 

6.2% for O, and 93.2% for C for acetone. It is clear from these data, that the samples 

contain mainly C. The amount of Zr is too small. This can also be checked from the 
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survey scans where the C 1s peaks are predominant and the others are very small. We can 

conclude that the synthesis of ZrO2 compound is better accomplished in de-ionized water. 

Table4.3: Peak positions and FWHM from the fittings of the Zr3d from ZrO2 

nanoparticles synthesized in water, ethanol, and acetone. 

Sample Zr 3d5/2 

(ZrO2) 

B.E 

FWHM (eV) 

Zr 3d3/2 

(ZrO2) 

B.E 

FWHM(eV) 

Zr 3d5/2 

(Zr(OH)) 

B.E 

FWHM (eV) 

Zr 3d3/2 (Zr(OH)) 

B.E 

FWHM(eV) 

Water 181.9 

1.7 

184.3 

1.7 

182.9 

1.8 

185.3 

1.8 

Ethanol 180.9 

1.7 

183.3 

1.7 

- - 

Acetone 180.9 

1.8 

183.3 

1.8 

- - 
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Fig.4.17: XPS spectra of Zr3d spin-orbit doublet peaks of ZrO2 nanoparticles 

synthesized in: (a) water (b) Ethanol (c) Acetone. The peaks are fitted with two 

contributions, one from ZrO2 and the other from Zr(OH). 
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Fig. 4.18 (a, b, c) shows the spectra of O 1s peaks of ZrO2 nanoparticles produced in 

water, ethanol and acetone respectively. Fig. 4.18 (a) shows O 1s spectrum in water. The 

peak is fitted with three contributions; zirconium oxide (Zr-O), zirconium hydroxide (Zr-

OH) and silicon dioxide (Si-O). The O 1s peak of silicon dioxide (SiO2) is located around 

534.1 eV with full width at half maximum of 3.3 eV, zirconium hydroxide is found at 

531.4 eV, FWHM of 2.6 eV and nanocrystalline ZrO2 is centered at 529.7 eV with 

FWHM of 1.9 eV.  This is in a very good agreement with the literature [135]. Fig. 4.18 

(b,c) represent O 1s spectra of ZrOx produced in ethanol and acetone respectively. In both 

samples, the spectra were fitted from only two contributions one from oxygen bonded to 

Si (Si-O) and the other from oxygen bonded to Zr (Zr-Ox). For the sample prepared in 

ethanol, the first O 1s fitted peak is centered at 530.3 eV with FWHM of 3.0 eV, while 

the second fitted peak is centered at a binding energy of 533.7 eV with FWHM of 2.6 eV. 

The results from O 1s spectra satisfactorily confirmed the formation of ZrOx [138]. 

However, the FWHM value obtained is large (3.0 eV) means that the whole peak 

assigned to Zr-Ox at 530.3 eV cannot be assigned to Zr-Ox alone. It could be due to a 

contribution from C-O bonding at a reported BE of 530.5 eV [138]. The detailed data 

from the fittings of the O 1s spectra for the three samples are presented in Table 4.4.  
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Table4.4: Peak positions and FWHM from the fittings of the O1s from ZrO2 

nanoparticles synthesized in water, ethanol, and acetone. 

Sample O 1s (Zr-O)  

B.E/FwHM (eV) 

O 1s (Zr-OH) 

B.E/FWHM (eV) 

O 1s (Si-O) 

B.E/ FWHM(eV) 

Water 529.7 

1.9 

531.4 

3.3 

534.1 

2.3 

Ethanol 530.3 

3.0 

_ 533.7 

2.6 

Acetone 530.5 

2.6 

_ 533.3 

2.6 
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Fig.4.18: XPS spectra of O1s peak of ZrO2 nanoparticles synthesized in (a) water 

(b) Ethanol and (c) Acetone. The spectrum is fitted with three contributions: ZrO2, 

Zr(OH) and Si-O. 
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Fig. 4.19 (a,b) show XPS spectra of C1s peak of ZrO2 nanoparticles synthesized in  

ethanol and acetone. The spectra peaks were fitted with one contribution from Zr-C with 

the binding energy located around 282.8 eV and FWHM of 1.8 eV for ZrOx synthesized 

in both ethanol and acetone. Zirconium carbide (Zr-C) formed could be as a result Ar+ 

ion bombardment used to remove surface impurities from the samples [137]. The fitting 

parameters of the C 1s spectra for the two samples are presented in Table 4.5. From the 

analysis of the experimental results obtained from XPS, it can be concluded that de-

ionized water is a better oxidizing medium to synthesize stoichiometric zirconia 

nanoparticles than ethanol and acetone. 

Table4.5: Peak positions and FWHM from the fittings of the C1s from ZrO2 

nanoparticles synthesized in ethanol, and acetone. 

Sample  C 1s Zr-C 

B.E 

FWHM (eV) 

Ethanol 282.9 

1.8 

Acetone 282.8 

1.8 
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Fig.4.19: XPS spectra of C1s peak of ZrO2 nanoparticles synthesized in (a) Ethanol 

and (c) Acetone. The peak is fitted with one contribution from Zr-C. 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

5.1 CONCLUSION 

Metal Oxides (Al2O3 and ZrO2) were successfully synthesized from the micro-sized Al 

and Zr metal powders via pulsed laser ablation in liquids (PLAL) technique with 

operating conditions of 532 nm wavelength, 10 Hz frequency and 5 ns pulsed duration . 

The prepared metal oxides were successfully characterized using various analytical 

techniques like XRD, SEM, FE-SEM, EDS, TEM, XPS, Uv-Vis spectrophotometer, 

TGA and FT-IR. De-ionized water was used as a medium of ablation for the synthesis of 

Al2O3 while ZrO2 was synthesized in three different liquid environments (de-ionized 

water, ethanol and acetone) to observe the effects of these media on the physical and 

chemical properties of ZrO2 nanoparticles produced. The phase transformation as a 

function of temperature was investigated for the nanocrystal line Al2O3 produced. It was 

observed that the phase transformation 𝛾 →  𝛼 −Al2O3 takes place in three steps as 

evidenced from X-ray diffraction (XRD) and transmission electron microscopy (TEM) 

studies. The first stage constitutes as-prepared Al2O3 and at the temperature of 6000C 

which are mixtures of 𝛾- and 𝛼- Al2O3 phases.  The second stage is in the temperature 

range of 700-9000C that constitutes pure 𝛾- Al2O3 as observed from the XRD patterns, 

with a cubic crystal structure. The last stage occurs in the temperature of 10000C and 

above, constituted pure 𝛼- Al2O3 as evidenced from XRD patterns, with corundum 

crystal structure. It can be concluded from the results obtained from XRD and SAED 

studies that the crystallinity of the sample increases as the temperature increases. It is also 
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worth mentioning that the crystallite size calculated from XRD results is closely related 

to the phase transformation, i.e. crystallite size increases with respect to the changes in 

Al2O3 phases and consequently, with the rise in temperature. 

Besides, the synthesized ZrO2 nanoparticles were characterized using various analytical 

techniques to confirm its structure, compositions and other related properties like optical. 

XRD analysis confirmed the formation of mixed phases of zirconia (monoclinic and 

tetragonal) in the three aqueous environments. FT-IR also confirm the formation of ZrO2 

nanoparticles in the three liquids as well the molecular nature and functional groups 

present in the fabricated ZrO2. We also emploed XPS technique to prove the composition 

of the prepared ZrO2. Uv-Vis absorption  spectroscopy analysis was aslo carried out to 

confirm the rate of absorption of each liquids and also evaluted the band gap of ZrO2. It 

was observed that water has highest reflectance and consequently, highest rate of 

absorption and lower ablation efficiency compared to ethanol and acetone. However, 

with reference to our  findings in  XRD and XPS analysis in this research,  pure zirconia 

can be easily produced in water than in ethanol and acetone.  The band gap of ZrO2 

produced in the three liquid media was evaluated  to be 5.19 eV, 5.22 eV and 4.94 eV in 

de-ionized water, ethanol and acetone accordingly from Tauc’s equation from Uv-Vis 

absorption spectroscopy. And finally, the morphology of the fabricated ZrO2 

nanoparticles was investigated using TEM analysis which confirms that the nanoparticles 

produced are spherical in shape and their size is in the range of ~10 nm- 50 nm. 

 

 



99 

 

5.2 RECOMMENDATIONS 

The following are recommended for future research: 

 Othe factors that can affect the compositon and morphology of NPs like 

wavelenghtand irradiation time could be inestigated for Al2O3 and ZrO2 

 Effects of another liquid medium could also be studied for Al and Zr metals 

 Other metals could also be studied using the same experimental conditions in this 

work. 

 The applications of these NPs (Al2O3 and ZrO2) in different areas could also be 

investigated. For instance, gamma alumina can serve as a good catalyst due to its 

large surface area and polycrystalline α-Al
2
O

3
 can be used for ceramic 

applications among many other uses. Also, ZrO
2
 when doped with material like 

MgO could also serve a good catalyst. 
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