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Pollutant-free water and clean energy are the important challenges we currently face in the 

universe. Chemically stable and highly active materials are needed to solve these 

challenges. The drawbacks faced by existing catalysts are: (a) recombination of the 

photogenerated carrier and (b) restricted activity in the ultraviolet (UV) region. Therefore, 

designing semiconductor based composites is a promising approach to eliminate these 

drawbacks. Prominent semiconductors such as TiO2, ZnO, cadmium sulfide (CdS), silicon 

carbide (SiC) and graphene were chosen for this purpose. In this work, CdS and graphene 

were first synthesized by a chemical method separately and then ZnO/TiO2, TiO2/CdS, 

TiO2/SiC and TiO2/graphene hybrid catalyst were prepared in different weight percentage 

ratio. The synthesized materials were then applied in the degradation of methyl orange 

(MO) dye and as photoanode in the dye-sensitized solar cell. The results obtained show 

that ZnO NR/TiO2 NP of 9:1 weight ratio, TiO2 with 1:10 weight ratio of CdS, SiC, and 

graphene have the best activity out of all the above mentioned binary nanocomposite. In 



xx 

 

order to have an excellent control over the enhanced performance in the best 

nanocomposite, a pseudo code was written to effectively combine the best binary 

composite to form ZnO/TiO2/CdS/SiC and ZnO/TiO2/CdS/graphene quaternary 

nanocomposite. However, the binary and quaternary composite were synthesized by an 

optical route known as Pulsed Laser Ablation in Liquid (PLAL) technique. The structural, 

optical, morphological and compositional studies were conducted on the binary and 

quaternary composite using XRD, SEM, TEM, FTIR, UV-Vis spectroscopy, Raman 

spectroscopy and XPS. Compared to ZnO, P-25 TiO2, and binary composite catalysts, the 

quaternary composites show enhanced photovoltaic performance.  
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 ملخص الرسالة
 
 

 اولابيسي ايلياسعبدالمجيد  :الاسم الكامل
 

-تصميم وتوليف خلايا شمسية صبغية ذات حساسية بإستخدام التوليف الرباعي الذاتي )أكسيد الزنك عنوان الرسالة:
     جرافين( نانوية التركيب بإستئصال الليزر النبضي-كبريتيد الكادميوم -اكسيد التيتانيوم

   
 فيزياء :التخصص

 
 م 2015يناير  :تاريخ الدرجة العلمية

يعتبر الحصول على ماء و طافة نظيفة غير ملوثة من اهم التحديات التي تواجه العالم في الوقت الحاضر.و تعتبر المواد الكيمياءية 

لاتحاد للشحنات العيب التي تواجهها المحفزات القائمة تشمل إعادة اعالية الثبات و النشاط احدي اهم طرق حل هذه المشكلة. 

مة على تصميم المواد المركبة القائفان الأشعة فوق البنفسجية . لذلك، منطقة في  حدودالناقل والنشاط الممن  المولدة بفعل الضوء

 و لنانويةااكسيد التايتينيوم أشباه الموصلات هو نهج واعد للقضاء على هذه العيوب. وقد تم اختيار أشباه الموصلات بارزة مثل 

الجرافين لأول مرة و كبريتيد الكادميومد السيليكون والجرافين لهذا الغرض. تم توليفها كربي و كبريتيد الكادميوم،و أكسيد الزنك  

 كربيد و  /د التايتينيوماكسي،  اكسيد التايتينيوم / كبريتيد الكادميوم، اكسيد التايتينيوم على طريقة كيميائية وأعدت أكسيد الزنك / 

في الخلية  مثل قطب سالب و صبغ الميثيل البرتقالي  حليلفة. طبقت المواد في تالجرافين في نسبة الوزن مختل  /اكسيد التايتينيوم

 01:10مع  اكسيد التايتينيومنسبة الوزن،  1: 9من اكسيد التايتينيوم   /الشمسية توعية الصبغة. أظهرت النتائج أن أكسيد الزنك 

اط من جميع بمركب متناهي في الصغر ثنائي. من أجل أن ، كربيد، والجرافين دينا أفضل النشكبريتيد الكادميومنسبة الوزن من 

يكون لها سيطرة ممتازة على تحسين الأداء في أفضل بمركب متناهي في الصغر، وكتب رمز الزائفة إلى الجمع بين فعالية أفضل 

كبريتيد   /اكسيد التايتينيوم كربيد وأكسيد الزنك /  /كبريتيد الكادميوم   /اكسيد التايتينيوممركب ثنائي لتشكيل أكسيد الزنك / 

الجرافين الرباعية بمركب متناهي في الصغر. وبالتالي، تم توليفها مركب ثنائي ورباعي بطريق البصرية المعروفة   /الكادميوم 

باعي رية. وقد أجريت الدراسة الهيكلية، البصرية، الصرفية والتركيبية على مركب ثنائي وتقنباسم نابض ليزر تذرية في السائل )

بالمقارنة  .XPSوالأشعة فوق البنفسجية فيس التحليل الطيفي، رامان الطيفي و المجهر الالكترونيباستخدام حيود الأشعة السينية، 

 ، ومركب ثنائي، يظهر مركب رباعي تحسين الأداء الضوئية.اكسيد التايتينيوم  ، NRمع أكسيد الزنك 
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CHAPTER ONE 

INTRODUCTION 

Energy and water are the basic elements for human survival. As the magnitude of energy 

requirement are approaching an unprecedented stage, mankind seeks for additional energy 

resources which brought the technology advancement. Nowadays, the highest percentage 

of the world energy requirement is supplied by fossil fuel[1]. Since energy is an essential 

ingredient for human transactions, the increase in world population and rising energy 

demand has led to gradual decrease in a quantity of oil reserve, an increase in the price of 

fossil fuel and several economic disaster. In addition, the continuous exploitation of fossil 

fuel has led to some different new undesirable phenomena like climate change, ozone layer 

depletion, acid rain and greenhouse effect[2]. These phenomena are understood 

scientifically to be related to the greenhouse gasses emitted when the fossil is burnt. Carbon 

dioxide (CO2) and methane (CH4) are examples of greenhouse gases which hinder the long-

wavelength terrestrial radiation from escaping into space warming the earth’s troposphere 

which becomes warmer. However, there is a need to explore inexhaustible, 

environmentally friendly and readily available energy sources. An example of CO2 free 

technology is the nuclear power plant. Yet its unsolved problems such as availability of 

uranium and storage of radioactive waste create a setback[3]  

Alternatives available sources include energies from sunlight, the wind, tides and 

geothermal. Apart from energy from the sun, other renewable energy suffer from lack of 

availability, geographical location and the high cost of management[4]. Solar energy is 

known to be one of the most prominent of these renewable energy sources. It is the root of 

all source of energies and the most ancient source.  The acquisition of solar energy is 
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achieved by using photovoltaic devices. The smallest unit of these devices is known as 

solar cell. The illumination power from the sun is about ten times the current energy 

demand. In 1954, bell laboratories designed the first practical photovoltaic cell with an 

efficiency of 6% using diffused silicon p-n technology [5]. Since then photoconversion 

efficiency of silicon-based solar cells has approached and exceeded 20% [6],[7]. Problems 

encountered with these solar cells include the high cost of production[8], the need for 

highly purified silicon and toxic chemicals requirement for its manufacture[9]. Due to these 

problems they have not been able to achieve grid parity [8]; hence they face restrictions to 

be useful worldwide[ref]. In order to combat these constraints, there is a need to search for 

low cost, easily manufacturable and environmentally friendly solar cells. A new 

photovoltaic cell was developed in 1991 by O'Regan and Gratzel [10]. This solar cell works 

on the principle of plant photosynthesis now known as the dye-sensitized solar cell (DSSC) 

was reported to have a  photoconversion efficiency of 13 % [11]. It components include an 

electrolyte placed between a catalytic electrode, and a photoelectrode. The photoelectrode 

made of a thin layer of dye, is placed on a microscopic thin layer of semiconductor thin 

film. Hence, the spectroscopic properties of the dye, as well as the morphological 

properties and electrical property of electrolyte affect the photovoltaic parameters (open 

circuit voltage, closed circuit current density interfacial charge transfer resistance and fill 

factor) of the DSSC. This determines the electrical conversion efficiency [12]. Attractive 

features discovered so far about this device include easy fabrication, low-cost components, 

and usefulness in glass-based systems due to its semi-flexibility and transparency. But the 

difficulty in avoiding the use of expensive materials like platinum, ruthenium in dye and 

liquid electrolyte still pose a serious challenge[13]. So far, the photoconversion efficiency 
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is still less than the best thin film solar cells. Logically the price /performance ratio is 

expected to be low in order to achieve grid parity while competing with fossil fuel 

generated electrical power. Therefore, to improve the competitiveness and performance of 

DSSC in the world market, a large number of investigations in photovoltaics focused on 

DSSC. 

Water provides nourishment to a living organism in order to make life possible on earth. 

However, water pollution is a matter of great concern all over the world. The activities of 

food, leather and textile industries have been the major contributing factors  to water 

pollution [14]. The removal of hazardous products in the form of dye waste from water has 

become an important area of research. The first characteristic of contamination  in polluted 

water is color[15]. In the water bodies, the presence of dye noticed with color change cause 

luminosity loss and an increase in temperature which reduces the oxygen concentration 

available for the survival of the aquatic life [16]. Humans are exposed to a lot of life 

threatening diseases when they consume carcinogenic substances through agricultural 

products grown in a farm field exposed to industrial waste. Ultrafiltration, water 

remediation, adsorption method and biological treatment are few examples of the various 

method used in addressing water purification issues [17]. These methods are not favored 

because complete removal of pollutants is not achieved, rather only a phase change in the 

contaminant is acquired. Ideally, a technique is required that completely and efficiently 

removes the hazardous compounds with no by-product , an cost effective, requiring less 

energy source and catalysts which are cheap abundant and pollutant free. Hence, the  

technique that meets all these requirement is known as the Photodegradation process [18]  
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1.1 Statement of Problem. 

Clean environment relies on green energy sources and unpolluted water supply. Renewable 

and environmentally friendly energy sources like solar energy has been an area of focus as 

it is readily available. Yet the conventional device used in converting solar energy into 

electrical energy known as silicon solar cell is costly due to energy and cost intensive 

processing technique. In order to solve this problem, easily made and cheap devices such 

as dye-sensitized solar cells (DSSC) are being developed. DSSC still face low efficiency 

13 % compared to ~20% of the conventional solar cell.  This is due to oxide semiconductors 

like TiO2, ZnO which serve as the main building blocks of DSSC as it is responsible for 

electron transfer in the device. Another life-threatening technological process is in the area 

of industrial waste treatment. The careless disposal of industrial waste which might contain 

carcinogenic or toxic substances that get leached into nearby water bodies thereby 

hindering photosynthesis process and affecting aquatic lives. In order to remove these 

pollutants from water, semiconductors are used in a process known as photodegradation.  

1.2   Aim and Objectives. 

AIM: To synthesize a novel quaternary nanocomposite which would have excellent charge 

transport and reduced charge recombination by using pulsed laser ablation in liquid.  

Objectives: 

i. Synthesis of TiO2/ZnO composite catalyst in different concentrations with a pulsed 

Nd-YAG laser in liquids. 

ii. Synthesis of CdS quantum dot and deionized water suspended graphene   

iii. Synthesis of TiO2 /graphene composite catalyst in different concentration with a pulsed 

Nd-YAG laser in liquids. 
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iv. Synthesis of TiO2 /CdS composite catalyst in different concentration with pulsed Nd-

YAG laser in liquids. 

v. Synthesis of TiO2 /SiC composite catalyst in different concentration with pulsed Nd-

YAG laser in liquids. 

vi. Fabrication of Dye-Sensitized Solar Cell using all the binary nanocomposites 

vii. Applying the binary nanocomposite as catalyst for photodegradation of Methyl 

Orange (MO) dye 

viii. Writing a pseudo code useful in determining the percentage weight of starting 

material required for ideal quaternary nanocomposite using results obtained from 

optimized binary nanocomposite 

ix. Synthesis of quaternary (TiO2/ZnO/CdS/Graphene or SiC) nanocomposite.  

x. Characterization of all the synthesized Nano-composite (i-iv) using various techniques 

such as UV-Vis spectroscopy, X-ray diffraction (XRD), Photoluminescence (PL), Field 

Emission scanning electron microscope (FESEM),  and Transmission electron 

microscope (TEM). 

xi. Designing a special technology for preparing a thin film with very small quantity of 

nanoparticles obtained from pulsed laser ablation technique. 

xii. Fabrication of Dye-Sensitized Solar Cell using the quaternary 

(TiO2/ZnO/CdS/Graphene) nanocomposite and measuring efficiency. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Dye-sensitized solar cell 

DSSC in modern time is composed of a porous thin layer of oxide semiconductor 

nanoparticles, coated with dye molecules that are sunlight sensitive. The substrate of the 

thin semiconductor film which serves as the anode and the cathode is coated with a 

platinum-based catalyst. In between this two electrodes with dye-coated nanoparticles, an 

electrolyte solution is immersed to convey generated electric charges within the solar cell. 

Hence, the properties and functions of the basic components of DSSC: the semiconductor, 

dye, electrolyte, and electrode are discussed below 

2.1.1Transparent conductive substrate 

Two transparent conductive glasses are used for the construction of DSSCs; their main 

function is to act as a substrate for micrometer thick semiconductor and to serve as a current 

collector[19]. A good conductive substrate should have the following properties: (i) A 

transparency of >85% is needed from the substrate, in order to allow maximum sunlight to 

be transferred to the active area of the cell (ii) High electrical conductivity is needed for 

efficient charge transfer which minimizes energy loss. The two types of conductive 

substrate used are the indium doped tin oxide (ITO) and the fluorine doped tin oxide (FTO). 

Both substrates are made from soda lime glass coated. The FTO and ITO substrates have 

a transmittance of 75% for visible light and over 80 % respectively with a corresponding 

respective sheet resistance of 18 Ω/cm2 and 8.5 Ω /cm2. It has been reported that[20] the 

sheet resistance of ITO increases while that of  FTO remain constant after being sintered 

for 2h at 450oC. Also, investigation shows that the overall efficiency obtained from FTO 



7 

 

is higher than that of ITO made from identical DSSC components. Hence, FTO is highly 

recommended for DSSCs due to its low sheet resistance[21]. 

2.1.2 The semiconductor 

The semiconductor performs the following function in the DSSC (i) a surface area for the 

adsorption of the mesoscopic dye (ii) collection of an electron from the attached dye and 

(iii) the conduction of electron to the external circuit for electric current production[22]. 

Hence, the porosity, morphology, crystallinity and surface area of the semiconductor affect 

the performance of the DSSCs. The main Semiconductor materials used are oxide 

semiconductors such as titanium oxide (TiO2), tin oxide (SnO2)[23], niobium oxide 

(Nb2O5) and zinc oxide (ZnO) [24]. Experiment has shown that TiO2 based DSSCs has a 

higher efficiency than ZnO and SnO2 based DSSC. Since 1991 it has been considered an 

ideal semiconductor material for DSSC[25] 

2.1.3 The sensitizer 

The thin layer sensitizer bonded to the surface of the semiconductor layer is usually made 

of either quantum dot chalcogenides (PbS, CdS or CdSe) or dyes (N3, N719 or organic 

dyes). The main usefulness of the dye is to provide electron for the conduction band of the 

oxide semiconductor. The following properties are expected from a sensitizer before it can 

be considered efficient in a dye-sensitized solar cell. (i) Good absorption in the visible 

spectral region[26]. (ii) remarkable extinction coefficient[27] (iii) stability in its oxidized 

form such that it can be regenerated by the electrolyte (iv) long term stability for generation 

of electrons (v) a LUMO level that is more negative than the conduction band of the 

semiconductor[28] (v) a HOMO level more positive than that of the redox electrolyte [29], 

[30](vi) It must be a photosensitizer based on transition metals[31]. 
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2.1.4 Electrolyte 

The Electrolyte placed between the dyes coated semiconductor and the counter electrode 

is meant to perform two purposes (i) regenerate the electron lost by the dye during 

sensitization (ii) medium of charge transfer to the counter electrode. Hence, the stability of 

the DSSCs depends on the electrolyte property. Therefore the following are the expected 

characteristics of the electrolyte used in a DSSC (i) high electrical conductivity, fast 

diffusion of electrons, and low viscosity [32](ii) a good contact between the counter 

electrode and nanocrystalline semiconductor[33], and an electrolyte is not expected to (i) 

absorb light in the visible spectral region (ii) have the capability of degrading the dye[34], 

[35]. Hence, different classes of electrolyte have been investigated based on several 

different properties they possess. Organic electrolytes are made of redox couple such as 

SCN−/(SCN)2, Br−/Br3 [36],  SeCN−/(SeCN)2 [37], [38], and substituted bipyridyl cobalt 

(III/II) [39]. They rapidly regenerate the dye with good stability and low visible light 

absorption and slow recombination of electrons at the semiconductor interface. Additives 

such as N-methyl benzimidazole (NMBI), guanidinium thiocyanate (GuNCS) [40]) and 4-

tert-butylpyridine (TBP) are combined with other components in order to prevent 

recombination of tri-iodide ions and injected electrons. Nevertheless, leakage and high 

evaporation rate are the main problems faced by this electrolyte[41][42]. Hence solid state 

electrolytes(SSE) was developed by replacing the liquid electrolyte with a hole transfer 

semiconductor(inorganic(CuI, CuBr, and CuSCN) and organic(2,2′,7,7′-tetrakis(N,N-di-p-

methoxyphenylamine)9,9′-spirobifluorene (OMeTAD)) which are compatible  with the 

conduction band of the n-type semiconductor and the HOMO level of the sensitizer. 

However, the photoconversion efficiency obtained from SSE based DSSC is still low 

because the contact between the photoelectrode and SSE is poor causing increased rates of 



9 

 

charge recombination between their interface. Hence, quasi-solid-state electrolytes made 

of polymer and liquid electrolyte are considered as an alternative. The electrolyte shows 

high electrical conductivity, good interfacial contact, and a better long-term stability and 

approaching an efficiency of 10% [43][44]. Hence, the phase transition encountered by this 

material from gel state to solution state at high temperature becomes its main problem[45].  

Hence, organic liquid electrolyte remains a good option for DSSC. 

2.1.5 The counter electrode 

In a DSSC, the counter electrode made by coating a conductive substrate with carbon base 

on the Pt-based material. The electron oxidized in the electrolyte during its activity in the 

regeneration of the sensitizer is replenished at the counter electrode. This is achieved when 

the diffusing electrolyte has a good contact with the counter electrode in the DSSC enabling 

it to accept an electron from the external circuit. Catalyst usually used to accelerate the 

reduction reaction at the counter electrode is basically platinum (Pt) due to the fact that it 

has good catalytic activity, high transparency, and current density. The deactivation of the 

counter electrode is mainly achieved by the removal of the Platinum(Pt) deposited on the 

conductive substrate or by electrocatalytic property alteration[46]. The main disadvantage 

of using Pt is its high cost. Furthermore, its activity decreases with passage of time when 

in contact with redox couple electrolyte[47].  

In summary,  a DSSC consist of a micron thick semiconductor grown on a conductive 

substrate, a thin layer of sensitizer, an electrolyte (I3
−/I− and Co2+/Co3+redox couples) 

between the sensitizer, electrode and counter electrode (Pt or carbon material coated 

conductive glass) and conductive substrate. Hence the mechanism of the DSSC can be 

described as shown in figure 2.1[48]–[50], when the cell is illuminated by solar 
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irradiation(1), the dye is oxidized and as a result, electrons  excited from the ground state 

to the excited state in the adsorbed dye molecules are transferred to the conduction band of 

the wide band gap semiconductor (wbg-SC) (2) because there is a difference in the 

electronic state of energy levels . The electrons move to the electrode (FTO) from the CB 

of the wbg-SC (3). The oxidized dye is restored to its formal state by electron donation 

from the redox electrolyte in contact with the dye (4). The catalytic electrode in contact 

with the diffused electrolyte restores the electron lost by the electrolyte due to electron 

accepted from an external circuit (5). The processes causing reduced efficiency known as 

electron backward transfer from acceptor to donor are also represented with 7,8 and 9 in  

figure 2.1 

                   

Figure 2.1 Charge transfer mechanism in DSSC 
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2.2 Photodegradation 

The solar-driven process used in the removal of organic pollutants is known as 

photodegradation. It can be divided into two types (i) Photolysis and (ii) Photocatalysis.  

2.2.1 Photolysis 

The photolysis is a degradation process that uses solar light energy to produce ions, radicals 

and excited molecules in water[51].  It depends on the amount of energy and nature of the 

compound. The electrons, hydrogen radicals, and hydroxyl radicals are used to decompose 

the contaminants[52]. In a more advanced oxidation process, hydrogen peroxide, ozone or 

Fenton reagent are used as supporting agent in the presence of UV light to make the 

photolysis process more effective. The oxidizing species are the  perhydroxyl and hydroxyl 

radicals produced in the reaction[53]. This method has an advantage over previously 

mentioned technique because the oxidant completely mixes with water, are commercially 

available, the color of the dye is completely removed and the aromatic compounds are 

completely degraded and the reaction occurs with no CO2 emission, nor phase 

transformation problem of formation of sludge. The main setback is the low absorption rate 

of ultraviolet light  by hydrogen peroxide[54].  

2.2.2 Photocatalysis 

Photocatalysis is another photodegradation process which uses solar light, but here a 

semiconductor is used to enhance the action of light by absorbing the photon and releasing 

electron-hole pair in the water containing contaminants[55]. The oxidation and reduction 

reaction is induced in this process by the semiconductor photocatalyst. The photocatalytic 

reaction requires photon energy greater than the bandgap of the semiconductor in the 

degradation process. This photon energy is used to excite an electron to the conduction 

band thereby creating hole pair within femtoseconds[56]. The mechanism shown in figure 
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2.2 of the photodegradation process are represented with set of equations shown 

below[57],[58] 

(𝑆𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟)𝑆𝐶 + ℎ𝑣 → 𝑆𝐶(𝑒𝑐𝑏
− , ℎ𝑣𝑏

+ ) (1) 

       ℎ+ + 𝐻2𝑂 → 𝑂𝐻𝑠𝑢𝑟𝑓
∎ (ℎ𝑦𝑑𝑟𝑜𝑥𝑦𝑙 𝑟𝑎𝑑𝑖𝑐𝑎𝑙) + 𝐻𝑎𝑞

+ (2) 

𝑒− + 𝑂2 → 𝑂2
∎−(𝑜𝑥𝑦𝑔𝑒𝑛 𝑟𝑎𝑑𝑖𝑐𝑎𝑙𝑠)(3) 

𝑂𝐻𝑠𝑢𝑟𝑓
∎ + 𝑑𝑦𝑒 → 𝑒𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠(4) 

𝑂2
∎− + 𝑑𝑦𝑒 → 𝑒𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (4) 

The end products usually comprise of CO2 and H2O (5). 

The semiconductor is excited by photons to release reductive conduction band electron and 

oxidative valence band hole (1). Hydroxyl radicals are produced when the holes react with 

the H2O (2) or else directly to oxidize the organic dye into radicals. The oxygen scavenges 

the electrons to form superoxide radical anions (3). The radicals are the reagents that take 

part in the rapid oxidation of the organic compounds (4 and 5). Hence, the end product is 

water from organic pollutants with the photocatalyst suspended in it.  

                               

Figure 2.2  Photodegradation mechanism using MO dye as model pollutant 

 The photocatalysis process can be divided into the following steps: Transfer of the 

semiconductor to the organic contaminants prepared in water, the organic contaminants get 
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adsorbed to the surface of the semiconductor, the surface is activated by photons, 

photocatalysis of the adsorbed organic contaminant on the semiconductor surface, and the 

intermediate species formed at the surface of the semiconductor during photocatalysis is 

desorbed. 

The following are the properties of a semiconductor which would have excellent 

photocatalytic properties: 

(i) The semiconductor must have a good surface area because this enhances the 

surface adsorption of the contaminants to the surface of the semiconductor and it 

improves its photocatalytic reaction[59], [60]. 

(ii) Electron-hole pair recombination at the surface of the semiconductor should be 

minimal so that charge carrier (electrons or hole) would be available for the photo-

catalytic reaction[61][62] 

(iii) The semiconductors should be active both in the UV and visible spectral region in 

order to enhance its photodegradation  efficiency[63] 

2.3 Semiconductors 

The common attribute in dye-sensitized solar cell and photodegradation of contaminated 

water is the use of semiconductor. Semiconductors act as the heart in both systems.  The 

most interesting and prominent semiconductor material used in present time is titanium 

(IV) oxide (TiO2) nanoparticles because of its self-cleaning, chemical stability, and 

photocatalytic property[64] . It is an n-type semiconductor with a conduction band level of  

-4.2 eV and the valence band is 7.5 eV[65]. It is found in three different crystal forms 

namely rutile, brookite and widely investigated anatase phase [66], [67]. The brookite 

phase is not so useful because it is stable only at very low temperatures. The fundamental 
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optical, electrical and thermal properties of Rutile are well known as it is obtained after 

high-temperature calcination [68]. A type of TiO2 nanoparticle containing anatase and 

rutile phase is known as P-25 TiO2 [69]. This bi-phase semiconductor has shown improved 

performance in dye-sensitized solar cells because it has special properties like reduced 

charge recombination, high surface area to volume ratio as compared to other 

nanostructures [70].  Factors causing setback for TiO2 include its inactivity in the visible 

spectral region which makes it compulsory to use a sensitizer and electron-hole 

recombination at the surface of TiO2. The following approaches are used to provide a 

solution to the setback found in TiO2. 

2.3.1 Coupling wide band gap oxide semiconductors. 

Photoinduced charge carrier recombination is a process in TiO2 which limits its 

photodegradation property because fewer charge carriers are available for reacting with the 

pollutant molecules. In DSSCs, the main loss path is linked with the recombination of the 

electrolyte with dye created electrons. Previous research studies have reported that 

incorporating a semiconductor of wider band gap on the surface of TiO2 can enhance the 

separation of photogenerated electron and holes. Examples of such semiconductors include 

zinc oxide (ZnO), aluminium oxide (Al2O3), niobium pentoxide (Nb2O5) and SiO2. In a 

dye-sensitized solar cell, the insulating properties of these oxides are used to create an 

energy barrier which retards recombination of charge carriers. Zinc oxide (ZnO) is another 

oxide semiconductor which has competitive performance with TiO2. It is an II-VI 

semiconductor with a wide bandgap (~3.37 eV) at room temperature [71]. It has an exciton 

binding energy of 60 meV which makes it an excellent material for excitonic devices. It 

has broad chemistry leading to its opportunity for a low threshold for optical pumping, wet 
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chemical etching, and biocompatibility. It  has good catalytic, optoelectronic, electrical, 

and photochemical properties which make it useful in gas sensing, medicine, varistors, 

photodetectors and light-emitting diodes [72]. It chemical and physical properties depend 

on its nanostructure morphology. A type of ZnO attracting interest nowadays is the 

monocrystalline nanorods because it has high electron mobility, energy band edge close to 

those of TiO2 and can transport electrons faster than TiO2 nanoparticle film hence has been 

a highly favorable material for application in DSSCs. Yet deficiencies associated with it 

include lower surface area for dye adsorption used in dye-sensitized solar cells [73]–[76]. 

Furthermore, in the photo-degradation of organic pollutants it is regarded as an important 

semiconductor such that it is more efficient than TiO2 in organic compounds photo-

oxidation[77] . Since the conduction band level of ZnO is 4.3 eV and the valence band is 

7.6 eV showing a bandwidth more than TiO2, therefore, it is reported that coupling ZnO to 

TiO2 can be used to reduce electron-hole recombination in TiO2 as doing this electron are 

transferred from conduction band of TiO2 to that of ZnO and holes generated in the valence 

band of TiO2 are trapped in the valence band of ZnO[78]–[80].  Several methods have been 

used to achieve this modification by a number of researchers. Chun et al. reported a higher 

catalytic activity and an enhanced use of UV-light from TiO2-ZnO hybrid nanostructures 

synthesized using site-specific deposition of TiO2 on ZnO nanorod [81]. 

2.3.2 Sensitization with semiconductors  

Narrow band gap semiconductors are usually attached to the surface of wide band gap 

semiconductors in a process known as sensitization to serve as a component for trapping 

visible light. One of the most promising semiconductor sensitizers among all other narrow 

band gap semiconductors like CuTe[82], PbSe[83], PbS[84], CdSe[85], InP[86] and 
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CdS[87]. It has a good photocatalytic performance under visible light and sulfur deficient. 

It is widely used as a photo-anode in photo-electrochemical cells because it’s highly stable, 

easy to fabricate and has a long lifetime[88]. It undergoes a phenomenon known as photo-

corrosion which is the self-oxidation of the photo-generated holes[89]. The composite 

formed exhibit different band positions such that visible light photon creates electrons in 

the valence band of CdS which is transferred to the valence band of TiO2 and the holes are 

retained in the valence band of CdS. Charge carrier separation is also achieved by 

anchoring CdS to TiO2 surface and the photo-corrosion process is suppressed by the 

presence of TiO2.  

2.3.3 Doping with metals  

Doping with metals is known to be the most active approach to shifting the absorption 

wavelength to the visible spectral region[90]. Among the group of metals in existence, 

noble metals have been of higher interest[91]. In a noble metal-doped metal oxides, 

equilibrium occurs between the Fermi levels of the two systems when a more negative 

potential is acquired by the conduction band of the semiconductor. This readjustment forms 

a schottky barrier to trap electrons when the energy levels bend to a higher energy [92]. 

Examples of  noble metal that has attracted interest is silver (Ag), gold (Au) and platinum 

(Pt)[93]. Under illumination, the electrons in the conduction band interact with the 

oscillating electric field generated by the incident photon. The oscillation is intensified 

when the frequency of the photon is resonant with the collective vibration of the electrons 

in the conduction band. The resonance is known as Surface Plasmon Resonance for metal 

nanoparticles result in a broad and strong band in the visible spectral region which is used 

to produce visible light active metal doped photocatalysts[94]–[97].  
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2.3.4 Carbon nanomaterial attachment 

The two most interesting carbon nanomaterials are carbon nanotube and graphene because 

they are both excellent candidates used to gather photo-generated electrons[98]. Carbon 

nanotube contains multiple layers of graphene from which electron flow through when in 

contact with oxide semiconductors[94], but graphene is more favorable because it is one 

atom sp2-bonded carbon and a two-dimensional nanomaterial  with extraordinary 

properties such as charge carrier mobility, thermal conductivity, mechanical strength and 

surface area[99]. In order to explore the properties of graphene, it has to be coupled to a 

semiconductor. TiO2-graphene composite is one of the widely studied composite attracting 

attentions for various applications which have shown improved performance in solar cells, 

lithium-ion batteries and photo-catalysis[100][101]. This composite has been synthesized 

using several methods[102]–[106]. The work function of graphene and TiO2 is 4.42eV and 

4.2 eV respectively[107]. Hence, the difference in energy levels makes it possible for 

photogenerated electrons to be transferred from the conduction band of TiO2 to the 

graphene sheet. This limits the ability of photogenerated charge carriers to recombine 

thereby improving charge carrier separation. 

2.4 Pulsed Laser Ablation in Liquid 

The irradiation of a target with a focused laser beam in a liquid medium creating high 

temperature at the surface of the target is known as pulsed laser ablation in liquid. The laser 

ablation of a solid iron target in water was first reported by Patil et al.[108] . Since then, 

the great potential of the PLAL technique was discovered and it has become one of the 

emerging techniques used in synthesizing nanostructured semiconductor material. Its 

advantages include i. preparation of nanocrystals without by-products ii. The product 
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obtained after ablation can be collected in solution and easy to handle. iii. It does not require 

the use of high vacuum pumps and costly chambers. iv. It is a simple technique used in the 

synthesis of nanomaterials and it is of low cost compared to synthesis that uses a gas 

environment[109]. Although few disadvantages in this method include: low control on 

particle size distribution and structure, the surface chemistry of the nanoparticles is poorly 

controlled, the pulsed laser setup is expensive. It has been proved a useful technique for 

the production of impurity-free oxide semiconductors, like TiO
2 [110], CuO [111] , ZnO 

[112], [113] SnO
2
[114], chalcogenides (CdSe) [115] and metal nanoparticles (Ag [116], 

Au[117], [118], Pt [119], [120], Cu[121]). The proposed mechanism of this technique is 

that a target is irradiated with a laser to generate high temperature and pressure plasma 

plume confined in the liquid medium. This is identified by the expanding bubble and 

shockwave generated. The nanoparticles are nucleated when the expanded plasma is 

quenched. Hence, the ions and atoms are released to combine to form the nanoparticles. 

Most of the chemical, physical and mechanical method of synthesizing nanomaterials face  

challenges such as preparation of chemicals, tedious and multistep methods, a preparation 

with special solvents, production of by-products high cost of processing and a need of a 

vacuum medium. Researchers have developed an interest in laser ablation in liquid 

technique because of its great potential in the field of nanotechnology. Hence, in the 

synthesis of nanocomposites, PLAL is considered to be the best option because two or 

more nanoparticles suspended in the liquid media is easily ablated into ions of the particles. 

They recombine during the rapid cooling of the laser plume to form a new catalyst known 

as nanocomposite catalyst in a decreased particle size corresponding to improved surface 

area which is desired for improved photocatalytic and photovoltaic performance. 
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CHAPTER THREE 

METHODOLOGY 

 

3.1 Materials 

i. TiO2 nanoparticles 

ii. ZnO nanorod 

iii. Cadmium acetate dihydrate (C4H6CdO4.2H2O) 

iv. Thioacetamide 

v. SiC granular material acquired from Saint-Gobain, USA. 

vi. Deionized water 

vii. Di-tetrabutylammonium cis-bis(isothiocyanate)bis(2,2’-bipyridyl-4,4’-

dicarboxylato)ruthenium(II) (N719) 

viii. I2 based electrolyte:10 mL (component: CMI, LiI, I2, TBP, AN) 

ix. Fluorine-doped tin oxide (FTO) glass plate 

x. Beaker 

xi. Magnetic stirrer 

xii. Oven 

xiii. Commercial platinized  FTO glass 

xiv. Plastic dropper 

3.2  Nanocatalyst Synthesis 

3.2.1 Synthesis of Cadmium Sulfide 

In the synthesis of CdS, 1.9 g of Cadmium acetate dihydrate (C4H6CdO4.2H2O) was mixed 

with 1.0 g thioacetamide (C2H5NS) in 50 ml of deionized water and the mixture was stirred 

continuously to make it uniform and then heated at 600C temperature for 2 hours. The 
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yellow mixture, thus obtained was centrifuged for 30 minutes to separate the precipitate. 

After drying the precipitate for 3 days at 600 C, the CdS was obtained in solid form and 

was grinded to make it in fine powder form. 

3.2.2 Synthesis of graphene sheet 

The graphene sheets suspended in deionized water collected from an affiliated group but 

synthesized using the following process. Copper (Cu) foil was cut and heated from room 

temperature to 1000 oC in the presence of Ar and H2 using chemical vapor deposition 

(CVD) system (First Nano Co. USA). The graphene was grown by introducing methane 

(CH4) for 3 min into the reactor chamber, the total gas flow rate was set to 1500 sccm (Ar: 

H2: CH4= 1458: 37: 5 sccm).  Finally, graphene/Cu samples were cooled down to room 

temperature. The CVD cycle comprised of the following steps: heating, annealing, growth 

and cooling. Cu foils were then etched away by ammonium persulfate leaving the graphene 

flakes suspended into the water. 

3.2.3 Synthesis of TiO2/ ZnO binary nanocomposite 

The materials used in this work include TiO2 nanoparticles (<20nm) and ZnO nanorods 

(NR)(<100 nm). The nanocomposites were synthesized in a stepwise manner. Series of 

ZnO NR/TiO2 NP mixture with ZnO NR/TiO2 NP weight ratio of 9:1, 7:3, 5:5 and 3:7 were 

prepared. The appropriate amounts of ZnO NR/TiO2 NP mixture were dispersed in 10 ml 

of deionized water and sonicated for 30 min. The obtained ZnO NR/TiO2 NP colloid was 

placed in pulsed laser ablation setup. The obtained solution after laser ablation was dried 

in an oven for 60 min to remove the moisture and obtain the nanocomposite in powdered 

form. The nanocomposite obtained from the mixture prepared with ZnO NR/TiO2 NP 
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weight ratio of 9:1, 7:3, 5:5 and 3:7 were labelled ZnO/TiO2@ (9:1), ZnO/TiO2@ (7:3), 

ZnO/TiO2@ (5:5) and ZnO/TiO2@ (3:7) respectively. 

3.2.4 Synthesis of TiO2-CdS binary nanocomposite 

The nanoparticles (TiO2 and CdS) in powder form were mixed at varied mass ratios in 

deionised water. The mixture was sonicated and placed in a PLAL setup.  The optimization 

of nanocomposites was done by varying the mass of CdS and keeping the mass of TiO2 

constant. The obtained composite is denoted as T-CdS-k, where k (k = 0,10,20,40) 

represents the percentage weight of CdS in the nanocomposite. 

3.2.5 Synthesis of TiO2-graphene binary nanohybrid 

In each of this solution, 0.1 g of TiO2 was dissolved and kept for 45 min under magnetic 

stirring. The graphene suspension-DI water solution volume ratio used in this work include: 

(0.2:5.8), (1:5) and (3:3) which correspond to graphene percentage concentration of 3 %, 

16 %, and 50 % respectively. The solution was then transferred to a pulsed laser ablation 

setup. The nanohybrid obtained are labeled as G@k-TiO2, where k = 3 %, 16 %, and 50 %.  

After etching the Cu, few flakes of graphene were also collected onto the TEM grid (having 

a carbon film) for transmission electron microscopy (TEM). 

3.2.6 Synthesis of TiO2-SiC binary nanocomposite 

Silicon carbide (SiC) used in this work has been reported in our previous work[122]. The 

SiC was calcined in air at 1200oC such that SiO2 layer is formed on the surface of the SiC. 

This was done to prevent further oxidation of SiC[123] when used during the synthesis of 

the nanocomposite. The nanoparticles (TiO2 and SiC) in powder form were mixed at varied 

mass ratios in deionized water. The mixture was sonicated and placed in a PLAL setup.  

The optimization of the nanocomposite was done by varying the mass of SiC and keeping 
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the mass of TiO2 constant. The obtained composite is denoted as T-SiC-k, where k (k = 

0,10,20,40) represents the percentage weight of SiC in the nanocomposite. 

3.2.7 Synthesis of the quaternary nanocomposite. 

The Quaternary nanocomposite is first prepared by directly combining the best 

nanocomposite (ZnO/TiO2 binary nanocomposite, TiO2-CdS binary nanocomposite, TiO2-

graphene nanohybrid and TiO2-SiC nanocomposite) using PLAL technique. In another 

way, the quaternary nanocomposites are prepared using a computational process written in 

form of a pseudo code described as follow: The nanoparticle common to all the binary 

nanocomposite serves as the base nanoparticle in the quaternary nanocomposite. However 

from the best ZnO/TiO2 nanocomposite the weight ratio used to divide TiO2 is determined 

and used for calculating the amount of ZnO needed, from best TiO2-CdS binary 

nanocomposite, the percentage weight of CdS required to couple with TiO2 is determined 

and used as the third component and from the best TiO2-graphene binary nanocomposite, 

the concentration of graphene required to couple with TiO2 is determined and used as the 

fourth component. Hence, a quaternary nanocomposite of ZnO/TiO2/CdS/graphene is 

determined. In another fashion, from the optimization process in the TiO2-SiC binary 

nanocomposite, the percentage weight of SiC required to couple with TiO2 is determined 

and this is used to replace the fourth component in order to form a ZnO/TiO2/CdS/SiC 

quaternary nanocomposite. The process is further described with a pseudo code after which 

the best binary nanocomposite has been determined from the varied combination of 

ZnO/TiO2 binary nanocomposite, TiO2-CdS binary nanocomposite, TiO2-graphene binary 

nanohybrid and TiO2-SiC binary nanocomposite 

Hence, the Pseudo code obtained will be written in the following format. 
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Step 1: Choose a semiconductor common to the synthesized binary nanocomposites with 

the best performance in the photovoltaic application (DSSC). 

Step 2: Compute 

 Q(B) =  Q(A)/x 

 Q(C) = Q(B)/y 

 Q(D) = Q(B)/z 

Therefore the quaternary composite is denoted as Q (A) - Q (B)/ Q(C)/ Q (D) 

Q (A) = common oxide semiconductor,  

Q (B) = the other oxide semiconductor present,  

Q(C) = narrow band gap semiconductor  

Q (D) = carbon based catalyst 

X= percentage weight of the dependent oxide semiconductor 

Y=percentage weight of the chalcogenide 

Z= percentage weight of carbon based material. 

3.2.8 Pulsed Laser Ablation in Liquid Experiment 

The Nd-YAG laser (532 nm wavelength) used in the synthesis process is kept at the laser  

energy of 350 mJ/pulse with laser pulse duration of 6 ns and repetition rate of 10 Hz. After 

the ablation, the resulting precipitates were collected by centrifugation. The laser ablation 

setup is shown in figure 3.1. The Laser produces an intense unidirectional beam of light. 

The triangular prism is used to direct the laser beam to the nanoparticle mixture placed at 

the bottom of the setup. The laser beam is focused on the samples using a convex lens and 

the mixture is kept under stirring using a magnetic stirrer to obtain uniform ablation.   
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Figure 3.1 Pulsed Laser Ablation Setup 
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3.3 Photo-degradation of methyl orange (MO) dye 

Photocatalytic activities of synthesized nanocomposite/nanohybrid were evaluated as 

follows. The photodegradation of methyl orange (MO) was conducted under a 500 W 

Xenon lamp (Oriel, USA). In a typical photodegradation experiment, a 0.05 g of 

photocatalyst was mixed with 100 ml of MO solution. In order to ensure adsorption 

equilibrium between the nanocomposite and MO, the suspension was kept under stirring 

in the dark for 30 min. The mixture was further exposed to UV- Vis light.  The suspension 

was collected and centrifuged (4000 rpm, 2 min) to remove the photo-catalyst particles at 

regular time intervals of 12 min. The degradation of MO was determined at 460 nm by 

UV-Vis spectroscopy. 

3.4 Solar Cell Fabrication 

The nanocomposite solution with a mass concentration of 3g/dm3 was prepared in ethylene 

glycol. The solution was sonicated and then drop cast on an FTO glass substrate placed in 

an oven at ~70 C. The thin film was further annealed at ~450 C for 30 min. As shown in 

figure 3.2 (a).The obtained thin film cooled to ~100 C was immersed for 10 minutes in 

0.27 mM of the N719 dye prepared in ethanol solution (1). The 0.25 cm2 area thin film 

with dye molecules adsorbed to its surface is bonded with a commercial Pt coated counter 

electrode. The internal space of the cell was filled with the I2 based electrolyte (2). In (3) 

the picture of the fabricated DSSC is shown. The whole fabrication process is shown in 

figure 3.2(b). 
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(a) 

                     

(b) 

                          

Figure 3.2 (a) Thin film Production (b). Dye-sensitized solar cell fabrication steps 
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3.5 Characterization 

3.5.1 Optical Characterization 

i. The UV-vis. absorption spectra of synthesized nanocomposite were recorded on 

Jasco 670 double beam spectrophotometer.  

ii. Fluorolog FL3-iHR, HORIBA Jobin Yvon using Xenon lamp light source with 350 

nm excitation wavelength was used to obtain the photoluminescence (PL) property.  

iii. FTIR spectra were acquired on a Nicolet 6700 FT-IR spectrometer (Thermo Electron 

Corp.) The samples were prepared for FTIR studies by mixing 0.5 mg of each of the 

samples with 98 mg of dry KBr homogeneously to make pellets of 6.95 mm diameter and 

0.44 mm thick.  

iv.  In-situ Raman analysis was done using Yvon Jobin Horiba Raman spectrometer 

(iHr320) with CCD detector and green type (532 nm) laser source.  

3.5.2 Structural characterization 

X-ray diffraction (XRD) is one of the primary techniques used to determine 

physicochemical make-up of crystalline solids. It can be used for determination of crystal 

structure, crystallinity, compounds identification, crystallite size measurement, and 

Residual stress measurement. It advantages include its non-destructive analysis of 

materials. During XRD analysis, x-rays of known wavelength irradiate the sample and gets 

diffracted at certain angles (). Hence the inter-atomic spacing (d-spacing) is calculated 

from the formula: nλ=2dsin. Each crystalline material has a unique XRD pattern is used 

as a signature for its recognition. Compounds are identified by comparing spectra or data 

stored in the computer database. The crystallization of the as-prepared nanocomposite was 
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investigated using X-ray diffraction (XRD, Bruker advance-D8 diffractometer) with Cu-

Kα radiation  

3.5.3 Morphological characterization 

i. Field Emission Scanning Electron Microscope (FESEM) 

The scanning electron microscope (SEM) is a tool used for materials characterization with 

the aim to obtain information about the structure, composition and defects in materials. The 

images are obtained by scanning an electron beam of high energy on the sample surface, 

thus the name scanning electron microscope.   During SEM analysis, signals are generated 

from the surface of solid specimens by focusing high-energy electron beam on the sample. 

These signals reveal the morphology, orientation, and composition of the materials. Data 

are usually collected over a selected area and in a 2-dimensional generated display. 

Selected point locations can also be analyzed; especially when chemical composition and 

crystal orientation is being investigated. A conventional SEM can measure areas in the 

range of  1 cm to 5 microns in width with magnification ranging from 20x to ~30000x, but 

a field emission scanning electron microscope can additionally provide elemental and 

topographical information at a magnification of up to 106 x. FESEM produce a clearer and 

less distorted image.  

The morphology of the samples was obtained using Lyra TESCAN Field emission electron 

microscope (FE-SEM) equipped with an energy-dispersive X-ray spectrometer  

ii. Transmission Electron Microscope (TEM) 

The transmission electron microscopy (TEM) is a process whereby highly accelerated 

electrons transmit through a sample of nanometer thickness while interacting with the 

sample to form an image known as a TEM image which is focused on a fluorescent screen. 
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Image contrast occurs when the electrons are absorbed by the sample at small 

magnification and this is determined by specimen thickness and elemental composition. 

The sample size is limited to a disc-shaped sample holder of 3 mm size. A phase contrast 

imaging technique used to obtain atomic resolution images is known as the high-resolution 

transmission electron image (HRTEM). It can be used to identify defects, crystal phases, 

lattice plane and crystallinity of the sample. Crystallographic information of selected 

regions of the sample from micron to 100 nm scale is provided using the selected area 

electron diffraction (SAED). The orientation and spacing of the diffraction spots are 

interpreted as the planar spacing and orientations in the sample.  

FEI Titan 80-300 CT TEM instrument was employed to obtain the Transmission electron 

microscope (TEM) image, High-resolution TEM (HRTEM) and selected area electron 

diffraction (SAED) of the synthesized composite 

3.5.4 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) is a surface analysis technique applicable to a 

broad range of materials. It provides chemical state and quantitative information from an 

average depth of ~5nm of the material studied. The surface of the sample is excited with 

mono-energetic x-rays which eject photoelectrons and their kinetic energy is measured by 

an electron energy analyzer. The intensity and binding energy of the photoelectron are used 

to determine the chemical state and elemental identity of the elements at the surface of the 

sample.  

X-ray photoelectron spectroscopy (XPS) experiments was carried out using ESCALAB-

250Xi System (Thermos-Scientific) with Al Kα radiation (ℎ𝑣=1486.6 eV).  
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3.5.5 Dye-sensitized Solar Cell Characterization 

The determination of the DC current-voltage curves under incident light intensity is the 

standard technique of determining the performance of a PV device. In a metrohm Auto lab 

PGSTAT302N, a potential scan is applied from 0 V to the open circuit potential under 

constant light intensity in order to obtain the photocurrent-voltage measurement (IV 

curves). The IV curve gives the following parameters: 

i. Short circuit current (ISC) The current measured at an applied potential of 0 V   

ii. Open circuit voltage (VOC): the potential of the cell measured when at 0 A current  

iii. Fill factor (FF): the ratio of the maximum power to the open and short circuit values. 

Both the ISC and VOC depend on the light intensity according to the Schottky equation.  

Although there is a logarithmical increase in the open circuit voltage according to the 

distribution of the energy states in the semiconductor 

The Autolab PGSTAT302N  in combination with 500 W Xenon Lamp (Oriel, USA) 

equipped with a visible light filter was used to characterize the solar cell. The obtained 

parameters such as the open circuit voltage and short circuit current were used in 

calculating the fill factor and efficiency of the solar cell [124], [125].  

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ղ =
𝐽𝑠𝑐×𝑉𝑜𝑐×𝐹𝐹

𝐼
× 100 %  [18]                                (1) 

where           𝐹𝐹 =
𝐽𝑚×𝑉𝑚

𝐽𝑠𝑐×𝑉𝑜𝑐
                [2] 

Where, 𝑉𝑚 is the maximum voltage, 𝐽𝑚 is the maximum current density, I incident light 

intensity, JSC is the short-circuit current density under irradiation 
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Figure 3.3  Metrohm Auto lab PGSTAT302N setup used for measuring the DSSC 

parameters 

The internal dynamics of the PV device cannot be understood using the DC technique. 

Therefore, frequency-dependent measurement need to be done to obtain additional 

information about the device. In particular, electrochemical impedance spectroscopy (EIS) 

offers the possibility to investigate the dynamics of the device in the frequency domain at 

constant light intensity under operating conditions. It studies how the impedance of the 

device varies with the frequency of a small-amplitude AC perturbation. In practice, a 

function of frequency which is a complex quantity is obtained from the conversion of the 

input and output signals time domain. These input and output signals are software and 

hardware processed to yield a transfer function that is frequency dependent. The Nyquist 

plot is one of the most often used data plots in EIS.  The EIS measurement was done under 

illumination at open circuit voltage and all the measurements were carried out with NOVA 

software.   
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CHAPTER FOUR 

RESULT AND DISCUSSIONS 

4.1   ZnO/TiO2 nanocomposite 

4.1.1 Optical analysis of ZnO/TiO2 nanocomposite 

The semiconductor materials generate photoluminescence from the recombination of the 

photogenerated electron-hole pair. The transfer, migration and trapping of charge carriers 

in a semiconductor are determined using PL measurement. ZnO is known to be a defect 

prone semiconductor. The luminescence of ZnO which appears in the visible spectral 

region (400-700 nm) is due to oxygen vacancy, oxygen interstitial, zinc interstitial, and 

zinc vacancy created in ZnO lattice[126][127]. The weak luminescence in the UV -region 

is due to radiative band to band recombination of excitons[128]. Hence, coupling TiO2 with 

ZnO lattice should have a positive or negative effect on its luminescence in the UV-Vis 

region. These emissions can be used to monitor the charge transfer interaction in the 

ZnO/TiO2 nanocomposite. The photoluminescence spectra of TiO2, ZnO, and synthesized 

ZnO/TiO2 nanocomposite were recorded and are depicted in figure 4.1. This shows both 

the ZnO and ZnO/TiO2 nanocomposite has the emission in the UV and visible regions.  

The weak emission at UV-region is magnified and shown in figure 4.1 (b). This shows that 

compared to ZnO NR whose peak is centered at 387 nm, there is a blue shift to a position 

at 377 nm for all the synthesized nanocomposite which can be the effect of extra TiO2 band 

in ZnO. Since TiO2 has no emission in the visible region. Figure 4.1 (c) shows magnified 

broad visible peak for ZnO and the nanocomposite. In this figure, ZnO, ZnO/TiO2@(3:7), 

ZnO/TiO2@(5:5) and ZnO/TiO2@(7:3) exhibits an emission peak centered at around 485 

nm which is an indication of the violet-blue luminescence. This emission is due to radiative 
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defect linked with zinc vacancy in ZnO[129]. Hence, the synthesized nanocomposite 

experiences a lesser emission as compared with the pure ZnO. This shows that there is a 

fine interfacial interaction between the nanoparticles of two catalysts  [130] and the 

radiative defect was clearly reduced in the nanocomposite.  

 

Figure 4.1 (a) Photoluminescence spectra of TiO2, ZnO, ZnO/TiO2@(3:7)  

ZnO/TiO2@(5:5), ZnO/TiO2@(7:3) and  ZnO/TiO2@(9:1).(b) high magnification of 

the small peak in the UV region (c) high magnification of the broad  luminescence 

peak of the nanocomposite in the Vis spectral region. 

As it is clear from figure 4.1(b), PL emission intensity decreases with increase in TiO2 

concentration, suggesting a reduction of radiative defect as the concentration of zinc oxide 

reduces. Another observation is that compared to ZnO, ZnO/TiO2@(3:7), ZnO/TiO2@(5:5) 

and ZnO/TiO2@(7:3), a red shift occurs for ZnO/TiO2@(9:1) whose peak is centered at 

~525 nm at orange-red in the visible region. This shows that ZnO/TiO2@ (9:1) has some 



34 

 

oxygen vacancy defect in its colloid[127], [129]. Since deep energy levels are created by 

defects in the band gap of ZnO[129], it is reported that 114 zinc vacancy creates an acceptor 

level but oxygen vacancy created in ZnO/TiO2@ (9:1) provides a donor level which would 

allow it to trap charge carriers, therefore, reducing the electron-hole pair recombination as 

compared with another nanocomposite. 

                  

Figure 4.2 Absorbance spectra of TiO2, ZnO/TiO2@(3:7), ZnO/TiO2@(5:5), 

ZnO/TiO2@(7:3), ZnO/TiO2@(9:1) and  ZnO. 

The UV-Vis absorption spectra of TiO2 NPs, ZnO NR, and synthesized ZnO/TiO2 

nanocomposite are depicted in figure 4.2. The TiO2 dominant nanocomposite (ZnO/TiO2@ 

(3:7)) has a strong absorption edge similar to that of TiO2 with weak absorption in the deep 

UV-region because of the small concentration of ZnO in the composite. ZnO and ZnO 

dominant nanocomposite (ZnO/TiO2@(9:1), ZnO/TiO2@(7:3) and ZnO/TiO2@(5:5) have 

strong absorption over a wide range of the UV–region extending to the absorption edge of 

385 nm which correspond to a band gap energy of 3.22 eV[131].  
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4.1.2 Structural analysis of ZnO/TiO2 nanocomposite 

Figure 4.3 shows the XRD patterns of the TiO2, ZnO and the synthesized ZnO/TiO2 

nanocomposite. Some major and minor peaks of wurtzite-type hexagonal-phase ZnO with 

lattice parameters a = 3.252 Å and c = 5.208 Å (JCPDS card, No. 36-1451) [132] were 

present in all the produced nanocomposite. In addition, Zinc titanium oxide (ZnTiO) major 

and minor peaks were matched with some of the peaks that appear in the XRD spectra of 

the nanocomposite according to the DB card No. 00-049-0687 which explains 

transformation has occurred in their crystal structure as a result of laser ablation of titanium 

dioxide and zinc oxide.  

                          

Figure 4.3 XRD pattern of TiO2, ZnO, ZnO/TiO2@ (3:7), ZnO/TiO2@ (5:5), 

ZnO/TiO2@ (7:3) and  ZnO/TiO2@ (9:1). 

The presence of anatase type TiO2 (JCPDS 211272) [133] [131], [134], [135]with 

a = 3.7852 Å is clearly observed in the commercial TiO2  used for the synthesis of the 
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nanocomposite. The (101) major peak of anatase phase TiO2 is seen in nanocomposites 

such as ZnO/TiO2@(7:3), ZnO/TiO2@(5:5) and ZnO/TiO2@(3:7). The intensity of the 

(101) major peak reduces as the concentration of TiO2 reduces in the order: 

ZnO/TiO2@(3:7)>ZnO/TiO2@(5:5)>ZnO/TiO2@(7:3) > ZnO/TiO2@(9:1). This (101) 

plane almost completely disappears in ZnO/TiO2@ (9:1) nanocomposite. A small peak at 

2𝜃 =29.20 indexed to (112) plane of ZnTiO is found in only (ZnO/TiO2@(7:3) and 

ZnO/TiO2@(9:1)) nanocomposites. Also observed is that the nanocomposites has a broader 

peak than ZnO. In addition, the (102) plane of ZnO overlaps with the (200) plane of TiO2. 

This serve as a proof that a perfect interaction occur within the lattice of TiO2 and ZnO in 

the produced ZnO/TiO2 nanocomposite. 

4.1.3 Raman spectra analysis of ZnO/TiO2 composites 

The Raman spectra of TiO2, ZnO, and synthesized ZnO/TiO2 composites are depicted in 

figure 4.4  In ZnO, the highest and most significant peak is observed at 435 cm-1 which 

imply, ZnO has wurtzite structure and highly crystalline. This peak is attributed to Ehigh2 

mode of hexagonal ZnO and it is due to vibration of oxygen atom in ZnO lattice [136]. In 

TiO2, the Raman peak at 133.5 cm-1(Eg), 393 cm-1(B1g)
  and 513 cm-1(A1g) band are 

associated with bending mode of O-Ti-O bond, oxygen atom liberation along the c-axis 

out of phase and Ti-O stretching mode respectively which confirms the presence of anatase 

phase[137], [138]. In the synthesized ZnO/TiO2 nanocomposite, the obtained typical 

Raman spectra show characteristic Raman peaks almost similar to that of TiO2 because the 

Raman scattering of TiO2 is more than ZnO scattering at the excitation wavelength. Hence, 

it is evident that the synthesized ZnO/TiO2 nanocomposite has anatase phase according to 

Raman spectra. The Eg mode of synthesized nanocomposite at 133.5 cm-1 shifts towards 
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higher wavenumbers (red shift) as shown in figure 4.4 (b), this demonstrates that: higher 

content of oxygen vacancies are present in the nanocomposite than TiO2. In ZnO dominant 

composites (ZnO/TiO2@(9:1) and ZnO/TiO2@(7:3)), a B1g band of TiO2 centered at 393 

cm-1 was broadened because it overlaps with the 435 cm-1 optical phonons of ZnO as shown 

in figure 4.4(c). The overlap of the two bands explains that interaction sets in between the 

two crystals when the laser beam sets there oxygen atoms into vibration. 

     

           

Figure 4.4 (a) Raman spectra of ZnO, TiO2, ZnO/TiO2@ (3:7),  ZnO/TiO2@ (5:5), 

ZnO/TiO2@(7:3) and ZnO/TiO2@(9:1) (b) Higher magnification of peak X in the 

Raman Spectra(c) Higher magnification of TiO2and ZnO peak overlap in the 

Raman Spectra. 
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4.1.4 Morphology of ZnO/TiO2 nanocomposite 

The morphology of the best nanocomposite ZnO/TiO2@ (9:1) was observed with the 

scanning electron microscopy (SEM) image. It is depicted in figure 4.5. This shows the 

ZnO matrix is completely decorated with spherical particles of TiO2. It was also observed 

that the TiO2 and ZnO nanorods were integrated into each other in a perfect fashion. This 

perfect coalition makes it easy for charge carriers to transfer across the interfaces  

                  

Figure 4.5(a) FE-SEM Image of ZnO/TiO2@ (9:1) nanocomposite (b) high 

magnification of ZnO/TiO2@ (9:1) nanocomposite (c) A typical TEM image of 

ZnO/TiO2@ (9:1) nanocomposite (d) HRTEM of ZnO/TiO2@ (9:1) 

nanocomposite(inset :SAED of ZnO/TiO2@ (9:1) nanocomposite) 

Figure 4.6(c) shows the low magnification TEM image of the ZnO/TiO2@9:1 

nanocomposite. The ZnO NR and the spherical TiO2 have an average size of 50 nm and 10 

nm respectively. In the inset of figure. 4.5 (c). The selected area electron diffraction 
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(SAED) image shows diffraction spots of ZnO dominant and it confirms the crystalline 

nature of the nanocomposite. The high-resolution TEM (HRTEM) image in fig. 4.5(d) 

taken from the core-shell ZnO/TiO2@9:1 shows lattice fringes having d-spacing of 0.22 

nm and 0.28 nm belonging to TiO2 and wurtzite-type hexagonal ZnO at the interface 

portion. 

4.1.5 XPS analysis of ZnO/TiO2 nanocomposite 

The XPS analysis was carried out to investigate valence states of the elements and the 

chemical composition of the best composite (ZnO/TiO2@ (9:1)). Figure 4.6 shows a typical 

survey scan for ZnO/TiO2@ (9:1) over a large range at low resolution. This figure shows 

that ZnO/TiO2@ (9:1) contains Zinc, Oxygen, and Titanium indicating the presence of 

TiO2 and ZnO nanoparticles.  

              

 

Figure 4.6 XPS Analysis of ZnO/TiO2@ (9:1) nanocomposite 
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The high-resolution scan of Ti 2p, O1s, and Zn2p states are given in figure 4.6(b-d) with 

spin-orbit splitting observed at Ti 2p and Zn 2p states.  The O1s peak in figure 4.6 (b) was 

deconvoluted into peaks located at 530.2 eV and 531.8 eV which is assigned to metal 

oxides (O-Ti bond and Zn = O bond) [139]–[141] and   oxygen associated with the growth 

of defect[142]. Zn 2p3/2 of the spin-orbit split peak of Zn shown in figure 4.6 (c) was fitted 

into a peak at 1021.8 eV associated with Zn2+ bonds in ZnO [143], [144]. The Ti 2p3/2 peak 

in figure 4.6 (d) was fitted into a single peak with a position at 458.7 eV corresponding to 

the presence of Ti4+ bond of TiO2 in the nanocomposite [145].  

4.1.6 Photovoltaic performance analysis 

The current density (J)-voltage (V) curve of the DSSC fabricated with the nanocomposite-

based photoanode is depicted in figure 4.7. The short-circuit current density (Jsc) and open 

circuit voltage (Voc) obtained from the J-V curve of the DSSC is used to calculate the 

efficiency and fill factor of the solar cell. The difference between the redox potential of the 

electrolyte and the Fermi level of an electron in the nanocomposite photoanode is 

proportional to the Voc [146]. The ZnO/TiO2@ (9:1) nanocomposite shows highest Voc 

of 0.5027 V and the ZnO/TiO2@ (5:5) nanocomposite has the least Voc of 0.2884 V. The 

highest Jsc was also observed in the ZnO/TiO2@ (9:1) and ZnO/TiO2@ (3:7) 

nanocomposite has the least Jsc value. It was observed that the Jsc value decreases as the 

concentration of TiO2 increases.  All the nanocomposite has a Voc value higher than that 

of TiO2, but only ZnO/TiO2@ (9:1) has Voc higher than ZnO. The obtained 

photoconversion efficiency of the DSSC varies with the weight ratio of the nanocomposite 

photoanode. The efficiency obtained from the DSSC synthesized with the nanocomposite 

decreases with increase in the amount of TiO2 and decrease in ZnO. The highest power 
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conversion efficiency, 6.70 % was achieved from ZnO/TiO2@ (9:1) nanocomposite with 

Jsc of 2.02 mA, Voc of 0.50 V and FF of 0.53. The least efficiency, 0.30 % was observed 

in ZnO/TiO2@ (3:7) nanocomposite with Jsc of 0.196 mA, Voc of 0.35 V and FF of 0.35.  

                   

Figure 4.7 J-V curve of DSSC with ZnO/TiO2@(9:1), TiO2, ZnO, ZnO/TiO2@(7:3),  

ZnO/TiO2@(5:5) and ZnO/TiO2@(3:7) nanocomposites  

The efficiency is in the order: ZnO/TiO2@ (9:1)> ZnO/TiO2@ (7:3)> ZnO/TiO2@ (5:5)> 

ZnO/TiO2@ (3:7) as shown in Table 4.1. ZnO shows the highest efficiency out of the two 

single element nanoparticles. The efficiency of ZnO/TiO2@ (9:1) and ZnO/TiO2@ (7:3) 

DSSC is increased by 12 and 3 times respectively as compared with the pure TiO2. The 

efficiency of pure ZnO was improved by 63.73 % in ZnO/TiO2@ (9:1) DSSC. 

Efficiency decrease was observed in DSSC made from ZnO/TiO2@ (5:5) and ZnO/TiO2@ 

(3:7) with respect to TiO2 DSSC. With respect to ZnO NR there is a 60.78 %, 87.25 % and 

92.16 % decrease in ZnO/TiO2@ (7:3), ZnO/TiO2@ (5:5) and ZnO/TiO2@ (3:7) DSSC 

respectively. This can be due to band misalignment in the nanocomposites. In order to 

understand the J-V performance of DSSCs fabricated from the synthesized 
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nanocomposites, the electrochemical impedance spectroscopy (EIS) measurements were 

carried out to understand the interfacial charge transfer dynamics within the DSSCs.  

                        

Figure 4.8 Nyquist plot of DSSC with ZnO/TiO2@(9:1), TiO2, ZnO, 

ZnO/TiO2@(7:3)  ZnO/TiO2@(5:5) and ZnO/TiO2@(3:7) nanocomposites 

 

Table 4.1 J-V characteristics of the DSSCs with TiO2, ZnO, ZnO/TiO2 @ (3:7), 

ZnO/TiO2 @ (5:5), ZnO/TiO2 @ (7:3) and ZnO/TiO2 @ (9:1) nanocomposite.  

  Isc (mA/cm2) Voc (V) FF (%) Ƞ (%)    Rct (kΩ) 

TiO2 0.852 0.1787 29.32 0.56 0.48 

ZnO 1.643 0.4612 56.60 5.36 0.18 

ZnO/TiO2@(9:1) 2.015 0.5027 52.90 6.70 0.16 

ZnO/TiO2@(7:3) 0.702 0.3875 46.70 1.59 0.52 

ZnO/TiO2@(5:5) 0.384 0.2884 36.78 0.51 1.55 

ZnO/TiO2@(3:7) 0.196 0.3495 35.37 0.30 2.13 
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The Nyquist plot of the DSSCs based on the nanocomposites photoanode is shown in figure 

4.8. The second semi-cycle shows the difference in the charge transfer resistance (Rct) at 

the photoanode/dye/electrolyte interface [147]. It was observed that as the concentration of 

TiO2 increases as the electron transfer resistance increases. ZnO/TiO2@ (3:7) has the 

highest resistance of 2.13 kΩ while ZnO/TiO2@ (9:1) nanocomposite has the least transfer 

resistance (0.16 kΩ). This explains one reason why it has the highest efficiency.  The 

almost identical Rct value between ZnO/TiO2@(9:1) and ZnO clearly explains the 

enhanced performance of ZnO/TiO2@(9:1) is not only due to reduction in transfer 

resistance but other properties like increase in surface area associated with TiO2 surface 

attachment. 

4.1.7 Photocatalytic performance analysis  

The difference in the photodegradation capability of the synthesized nanocomposite was 

investigated by examining the decomposition of Methyl Orange (MO) dye in solution over 

ZnO/TiO2@(9:1), ZnO/TiO2@(7:3), ZnO/TiO2@(5:5), and ZnO/TiO2@(3:7) 

nanocomposite under full solar spectrum (UV and Vis) light irradiation. The result is 

shown in figure 4.9. The MO dye was exposed to the full solar spectrum without the 

catalyst and with the catalyst in a dark environment in order to show that the decomposition 

is neither by catalysis nor photolysis. This is confirmed by the nearly unchanged 

concentration of MO dye over the 60 mins irradiation period as shown in figure 4.9. It can 

be observed that: at 36 min the activity decreases in the order ZnO/TiO2@(9:1) > 

ZnO/TiO2@(5:5) > ZnO/TiO2@(7:3)>ZnO/TiO2@(3:7). All the nanocomposite catalysts 

are more active than TiO2, but only ZnO/TiO2@ (5:5) and ZnO/TiO2@ (9:1) 

nanocomposite have better activity than ZnO.  
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Figure 4.9 Photo-degradation of MO by ZnO/TiO2@ (3:7), ZnO/TiO2@ (5:5), 

ZnO/TiO2@ (7:3) and ZnO/TiO2@ (9:1) 

                   

Figure 4.10 A Comparison of the Photocatalytic properties of Blank, TiO2, ZnO and 

ZnO/TiO2@ (9:1) 

However, at 60 mins the activity of ZnO/TiO2@(5:5) is almost similar to that of 

ZnO/TiO2@(9:1). This is because the absorption edge of the nanocatalyst plays a 

significant role in the photocatalytic performance. Therefore the broad absorption edge 

makes it to have a performance better than other nanocomposites 

(ZnO/TiO2@(7:3)>ZnO/TiO2@(3:7)) except ZnO/TiO2@(9:1). In order to confirm the 

effectiveness of the nanocomposite catalyst, ZnO and TiO2 were also used in the 

decomposition experiment and there performance was compared with that of 

ZnO/TiO2@(9:1) nanocomposite as shown in figure 4.11. The MO degradation process 
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was fitted using linear first-order kinetics and the rate constant (k) is shown in figure 4.11. 

The rate constant for MO degradation over ZnO/TiO2 @ (9:1) nanocomposite was about 3 

times and 6 times that of ZnO and TiO2 respectively. Using the rate constant, it is observed 

that the photocatalytic activity of the ZnO/TiO2 nanocomposite increases as the 

concentration of TiO2 reduces in the nanocomposite matrix that is: ZnO/TiO2 @ (9:1) > 

ZnO/TiO2 @ (7:3) > ZnO/TiO2@ (5:5) > ZnO/TiO2@ (3:7). The most efficient 

nanocomposite catalyst in the degradation of the MO dye is the ZnO/TiO2 @ (9:1) 

nanocomposite. This is because the rapid interfacial electron transfer of ZnO and high 

surface area of TiO2 is combined in the nanocomposite or the electron-hole recombination 

is highly reduced. 

                    

Figure 4.11 Linear fit of ZnO/TiO2@ (3:7), ZnO/TiO2@ (5:5), ZnO/TiO2@ (7:3) and 

ZnO/TiO2@ (9:1) 

In figure 4.12(a) and (b) the absorption spectrum of TiO2 and ZnO was compared with the 

best nanocomposite (ZnO/TiO2 @ (9:1)) at 60 min irradiation time. The results show that 

pure ZnO has the highest absorption intensity and ZnO/TiO2 @ (9:1) have the least 

absorption intensity. Since the amount of MO removed was estimated by the depreciating 

absorption curve, ZnO/TiO2 @ (9:1) has the best photo-activity. In order to investigate the 
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changes that occur in the absorbance of the MO during the photocatalytic activity of 

ZnO/TiO2@(9:1), UV-Vis absorbance spectrum of MO dye at different time intervals after 

removal of  ZnO/TiO2@(9:1) is shown in figure 4.12(c) as it can be observed that the 

absorbance peak was blue shifted in stepwise average of 2 nm in both the UV and Vis 

absorption peak of MO .The broadening of the peak increases as the time of irradiation 

increases.           

      

Figure 4.12(a) Absorption spectra of MO dye degraded under UV light irradiation 

for 60 min using ZnO/TiO2@ (3:7), ZnO/TiO2@ (5:5), ZnO/TiO2@ (7:3) and 

ZnO/TiO2@ (9:1)(b) Absorption spectra of MO dye degraded under UV light 

irradiation for 60 min using TiO2, ZnO and ZnO/TiO2@ (9:1) (c) Absorption 

spectra of MO dye degraded under UV light irradiation for ZnO/TiO2@ (9:1) at 12 

mins time interval. 

4.1.8 BET Surface Area and Pore Properties Measurements 

The Nitrogen adsorption-desorption isotherms of TiO2, ZnO NR and ZnO/TiO2@(9:1) 

nanocomposites is shown in figure 4.13. The TiO2 NP (204.69 m2/g and 0.36 cm3/g) has a 

higher BET surface area and BJH adsorption cumulative volume of the pores (total pore 

volume) than ZnO NR (13.99 m2/g and 0.04 cm3/g). The ZnO/TiO2@(9:1) nanocomposites 
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has BET surface area and total pore volume of 13.80 m2/g and 0.10 cm3/g respectively. 

Therefore, introducing 10% by weight of TiO2 on the matrix of ZnO NR only improves the 

pore volume but the surface area is not improved.  The Barrett-Joyner-Halenda (BJH) 

analysis of the desorption isotherms shows the BJH adsorption average pore size of the 

TiO2 NP, ZnO NR and ZnO/TiO2@(9:1) nanocomposites are 6.58 nm, 11.67 nm ad 70.91 

nm respectively. Since the pore size of ZnO NR and TiO2 NP is far less than the pore size 

of ZnO/TiO2@(9:1) nanocomposites, Hence oxygen and zinc vacancy defect created in 

ZnO NR as a result of attaching TiO2 to its surface with PLAL confirmed from 

photoluminescence and XPS analysis reduced the surface area but created enhanced pore 

size in the nanocomposite. This large pore size could facilitate dye adsorption thereby 

improving light harvesting and in the same way improve the electrolyte diffusion in the 

DSSC which creates enhancement in its photovoltaic performance. 

                        

  Figure 4.13 (a) N2 aadsorption-desorption isotherms of ZnO/TiO2@(9:1) 

 

4.1.9 Charge transfer Mechanism in the solar applications  

A possible mechanism that occurs during the photovoltaic and photocatalytic application 

is illustrated in figure 4.14.  In the DSSC, an incident photon excites electrons in the N719 

dye (1). The N719 dye injects the excited electron (2) to the CB of ZnO which are later 
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transferred to CB of TiO2. The electrons are supplied into the back contact of the anode 

from the CB of TiO2 and hence it flow through an external circuit to the counter electrode 

(3).  Electron lost in the dye is regenerated by the I2 based electrolyte (4) and the lost 

electron in the electrolyte is regenerated by the counter electrode (5). The circuit is 

completed by transferring electrons to an external load or Auto lab potentiostat through the 

electrode. In the photo-degradation process, the electrons react with oxygen molecules to 

form superoxide radical anions (a). The hydroxyl group trap the holes to yield hydroxyl 

radicals (b). The superoxide radical anions are protonated to generate highly reactive H2O2 

molecules and hydroxyl radicals (c) and the methyl orange dye in water are oxidized by 

hydroxyl radicals to form H2O and CO2. 

                          

Figure 4.14 Possible photocatalytic mechanism 
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4.2 The TiO2/CdS nanocomposite  

It was observed that the nanocomposite obtained after laser ablation in liquid vary in color 

with respect to the concentration of CdS in nanocomposite matrix. The appearance of as-

synthesized T-ox-CdS nanocomposite is shown in Fig. 4.15. Herein, T-ox-CdS-10, T-ox-

CdS-20, and T-ox-CdS-40 have a gray, Bangladesh green and yellow colors, respectively. 

Since the TiO2 and CdS used in this experiment are white and yellow in color, respectively 

and the prepared mixture is yellowish in color; it is evident that the CdS color is dominant. 

Since the wavelength of the Nd-Yag laser is within the absorbance wavelength of the CdS 

nanoparticle, the CdS in the TiO2/CdS mixture is possibly oxidized during laser ablation 

in a liquid which brings about the change in color. Hence, T-ox-CdS-20 has a green color 

because it completely absorbs the laser beam and gets oxidized. T-ox-CdS-40 was partially 

oxidized because the concentration of CdS is about 50 % in the nanocomposite matrix; 

whereas the quantity of CdS is very small in the T-ox-CdS-10 nanocomposite. This makes 

CdS completely oxidized, but the populated TiO2 nanoparticle limits its ability to absorb 

the color of the laser beam. 

  

Figure 4.15 Vials of the synthesized nanocomposite (a)T-ox-CdS-40 (b) T-ox-CdS-20 

(c) T-ox-CdS-10 
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The mechanism that occurs within the laser plume is described in Fig. 4.16. The laser 

Ablation of the TiO2/CdS mixture in deionised water starts with the absorption of photons 

(532 nm wavelength) which leads to photoionization and oxidation (loss of electrons) in 

the nanoparticles when plasma plume is created. Exchange of photogenerated charge 

carriers occurs within the plasma plume because photogenerated electrons are therefore 

trapped in the conduction band of TiO2 as they migrate from the conduction band of CdS 

to TiO2. Since there would be charge carrier mobilization during the laser ablation because 

the wavelength of the laser light falls within the broad visible absorption peak of CdS; 

meanwhile CdS also collects the photogenerated holes migrating away from the valence 

band of TiO2. Hence, there would be effective charge separation that makes the synthesized 

TiO2/CdS behave like a single entity (nanocomposite). This process is described below  

CdS ⟨𝑒−|ℎ+⟩ + TiO2 →  TiO2 ⌈𝑒−⌉ + CdS ⌊ℎ+⌋ 

TiO2 ⟨𝑒−|ℎ+⟩ + CdS ⟨𝑒−|ℎ+⟩ → CdS ⟨ℎ+│ℎ+⟩  + TiO2 ⟨𝑒−|𝑒−⟩ 

Since the ablation takes place in a medium (Deionized H2O), there is the possibility of a 

chemical reaction.  During laser ablation process, solvated ions/free ions are created. 

These ions include Cd2+, O2-, Ti4+, and S2-.  

There should be an uptake of oxygen from H2O or TiO2 by CdS to form  

CdSO4/ Cd2+/SO4
2-   

That is: CdS +2O2→ CdSO4 aids the oxidation reaction that occur in the laser plume. 

 In a north shell, the TiO2 shares its oxygen with the oxidized CdS to form Ti4+/CdSO4 

TiO2 +CdS +O2 → (Ti4+|Cd2+|SO4
2-) Laser plume 

(Ti4+|Cd2+|SO42-) Laser plume→ TiO2-ox-CdS 



51 

 

                         

Figure 4.16 Possible Laser Ablation mechanism of the formation of T-ox-CdS 

4.2.1 Structural analysis of T-ox-CdS nanocomposites 

Fig. 4.17 shows the XRD patterns of TiO2, CdS and synthesized T-ox-CdS nanocomposites 

in different ratios. The CdS has cubic zinc blende structure with lattice constant a = 5.8320 

Å (JCPDS 41-1049)  [148], [149]. The presence of anatase type TiO2 (JCPDS 211272) 

with a = 3.7852 Å of the commercial TiO2 [133] is clearly observed in the produced T-ox-

CdS nanocomposites [T-ox-CdS-10, T-ox-CdS-20 and T-ox-CdS-40]. Compared to 

anatase type TiO2, there was broadening of the peaks due to the presence of chemical 

structures formed when there was a reaction between TiO2 and CdS during Laser Ablation 

in liquid. This broadening is in the order: T-ox-CdS-10< T-ox-CdS-20 <T-ox-CdS-40. The 

T-ox-CdS-10 broadened peak at 2𝜃 = 24.820, 25.620, 49.850 and 55.130 was due to presence 

of (111) plane of CdS, (111), (113) and (320) of SO2 (DB card number 01-073-2096) 

respectively. In addition to these planes the peaks of T-ox-CdS-20 and T-ox-CdS-40 

became broader due to the presence of (220) and (332) plane of cadmium oxide sulfate 

(DB card number: 00-025-0113)  at 26.650 and 48.480 respectively and the  titanium sulfate 
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((113) and  (134)) planes located at 2𝜃 = 24.270 and 47.680 respectively according to DB 

card number:00-042-0230. In addition, the (220) and (311) planes of CdS appeared in the 

XRD pattern of T-ox-CdS-40 nanocomposite. The presence of these CdS planes were also 

observed in T-ox-CdS-10 and T-ox-CdS-20 but with low intensity. The Bangladesh green 

appearance of T-ox-CdS-20 was due formation of cadmium oxide sulfate and titanium 

sulfate and the transformation to yellow appearance in T-ox-CdS-40 is confirmed with the 

presence of CdS as shown in the XRD spectra. 

                                

Figure 4.17  XRD pattern  of TiO2, T-ox-CdS-10, T-ox-CdS-20, T-ox-CdS-40 and  CdS 

4.2.2 Raman spectra analysis of T-ox-CdS nanocomposites 

Fig. 4.18 shows the Raman spectra of TiO2, CdS and synthesized T-ox-CdS 

nanocomposite. The four fundamental modes in TiO2 (strong 144.7 cm−1, 378.9 cm−1 (B1g), 

507.3 cm−1 (A1g) and 632.1 cm−1 (Eg) bands) is associated with anatase TiO2 as confirmed 

with XRD spectra [150]. The Raman active longitudinal optical (LO) phonon, the first 
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(2LO) and second overtones  (3LO) of CdS at approximately 295.7 cm-1, 590.5 cm-1 and 

901 cm-1 respectively were also present in the synthesized CdS respectively [151], [152].  

                

Figure 4.18 Raman spectra of TiO2, CdS, T-ox-CdS-10, T-ox-CdS-20 and  

T-ox-CdS-40 

The anatase low-frequency mode is the most intense peak in T-ox-CdS-20 and T-ox-CdS-

10 nanocomposite with <40 wt% of CdS, but T-ox-CdS-40 nanocomposite with >40 wt% 

conc. of CdS gives the resonantly excited longitudinal optical (LO) phonon of CdS as the 

most intense peak. At the low-frequency side, asymmetric broadening of the CdS LO mode 

was observed which can be fitted to the superposition of the LO mode at 592 cm-1 and 

anatase 632.1cm-1 (Eg) band. This broadening explains the absence of strong phonon 

confinement effect [153], in agreement with optical absorbance of TiO2/CdS [152]. 
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4.2.3 Morphology of T-ox-CdS nanocomposites 

The SEM image of T-ox-CdS-10 nanocomposite catalyst is shown in Fig. 6(a). This shows 

the presence of CdS particles aggregates representing CdS nanoparticles homogeneously 

intertwined into the agglomerated TiO2 NP. The EDS mapping of the T-ox-CdS-10 

nanocomposite shows how the constituent elements namely Ti, O, Cd and S are evenly and 

homogeneously distributed within the nanocomposite in figure 6(b). The low 

magnification TEM image of T-ox-CdS is shown in figure 6(c). A very small particles with 

particle size average of ~ 4-10 nm which is known to be TiO2 is seen coagulated on the 

surface of spherical shaped CdS in the range of 10-50 nm in size.  

          

Figure 4.19  SEM image of (a) T-ox-CdS-10 (b)EDS mapping (c) A typical TEM 

image of T-ox-CdS-10 (inset :SAED of T-ox-CdS-10) (d) HRTEM of T-ox-CdS-10 
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This shows the TiO2 nanoparticles became smaller during PLAL process. It was seen that 

no spherical particle is left unattached with the tiny particles marked out with white dotted 

circles. However, the particles were uniformly coupled. The high-resolution TEM 

(HRTEM) image reveals the microstructure of T-ox-CdS-10 nanocomposite in figure 6(d). 

The CdS coagulated TiO2 obtained shows fringe spacing of 0.189 nm and 0.346 nm which 

correspond respectively to (200) and (101) plane of TiO2 and 0.336 nm of (111) plane in 

CdS. In the inset of figure 6 (d), the SAED pattern  shows a mixture of the anatase TiO2 

phase and cubic CdS by the appearance of  diffraction spots matched with (200) plane of 

TiO2 and (002) plane of CdS but diffraction spot of TiO2 is more brightened than CdS 

because of nanoparticles concentration effect. This is consistent with the XRD pattern. The 

SAED pattern and HRTEM proves the nanocomposite is still crystalline at the nanoscale. 

4.2.4 Optical analysis of T-ox-CdS nanocomposites 

The UV-Vis absorption spectra of TiO2, CdS and synthesized T-ox-CdS nanocomposite 

are compared in Fig. 4.20. The TiO2 have a strong absorption in the deep UV region at the 

absorption edge ca.315 nm with a corresponding band gap of 3.9 eV. The Cubic CdS have 

a broad absorption in the visible spectral region (350-530 nm) which corresponds to band 

gap of 2.33 eV. All the T-ox-CdS, absorbance peak was noticed both in UV and Vis 

spectral region. The UV absorbance peak corresponds to that of TiO2 and the Vis peak 

corresponds to that of CdS. The Vis peak becomes less pronounced as the concentration of 

CdS reduces from T-ox-CdS-40 to T-ox-CdS-10. Hence, the visible spectral sensitivity of 

the nanocomposite is a function of CdS concentration. 
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Figure 4.20 Absorption Spectra of (a)TiO2 (b)T-ox-CdS-10 (c)T-ox-CdS-20 (d)T-ox-

CdS-40 and (e) CdS 

In Fig. 4.21 shows the FTIR spectra of CdS, TIO2, and T-ox-CdS nanocomposites. The 

Cd-S bond is observed  in the range of 550- 690 cm-1[154]. The presence of Ti-O-Ti, lattice 

vibration of TiO2 and Ti-OH is observed at 630cm-1[155],1420 cm-1 and 1630 cm-1 

absorption bands [156]respectively. 

 

Figure 4.21 FTIR Spectra of TiO2, CdS, T-ox-CdS-10, T-ox-CdS-20 and 

 T-ox-CdS-40 
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All these absorption band do not change in intensity because percentage weight of TiO2 is 

maintained in the nanocomposites. The relatively intense S=O vibrational absorption band 

associated with the bond between the S in CdS and Oxygen in TiO2 is observed at 1094-

1220 cm-1 [157] in all the samples. This absorption band decreases in intensity with respect 

to decreasing the concentration of CdS in the nanocomposites (T-ox-CdS-40> T-ox-CdS-

20> T-ox-CdS-10). This indicates that sulfate is present in all the nanocomposite but very 

minimal in the T-ox-CdS-10 nanocomposite. 

4.2.5 XPS Analysis of T-ox-CdS nanocomposites 

The possible chemical reaction during laser ablation and valence state of the elements in 

T-ox-CDS-10 was investigated using XPS analysis. Fig. 4.22(a-d) shows the high-

resolution scan of Ti 2p, O 1s, Cd 3d, S 2p, that appears in the survey scan. The spin-orbit 

split was observed in Ti 2p and Cd 3d states.  

         

Figure 4.22  XPS analysis of T-ox-CdS-10 
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In Fig. 4.22(a) the Ti 2p3/2 peak was fitted into a single peak located at 458.7 eV indicating 

the presence of Ti-O bond in the sample [36]. The O1s peak in Fig. 4.22(b) was 

deconvoluted into two peaks located at 531.1 eV and 532.6 eV which are assigned to metal 

oxide bond, and sulfate [36, 38]. The Cd3d5/2 peak of the spin-orbit split peak was fitted as 

shown in Fig. 4.22 (c) into peaks positioned at 405.2 eV attributed to Cd-S bond in the 

sample. The deconvoluted sulfur peak in Fig. 4.22(d) positioned at 167.5 and 163.5 eV was 

linked with the presences of sulfate (SO3
2-) and S in the CdS sample which agrees with the 

FTIR result. The sulfate found in the S 2p and O1s peak confirms the CdS is oxidized 

during the ablation process. 

4.2.6 BET Surface Area and Pore Properties Measurements. 

The Nitrogen adsorption-desorption isotherms and the Barrett-Joyner-Halenda (BJH) 

analysis of the desorption isotherms of TiO2, CdS and T-ox-CdS-10 samples are shown in 

figure 4.23. The presence of hysteresis loop indicates the TiO2 NP, CdS and T-ox-CdS-10 

nanocomposite are mesoporous. The TiO2 NP (204.69 m2/g and 0.36 cm3/g) has a higher 

BET surface area and BJH adsorption cumulative volume of the pores (total pore volume) 

than CdS (34.81 m2/g and 0.17 cm3/g). The BET surface area and total pore volume of T-

ox-CdS-10 (147.4 m2/g and 0.32 cm3/g)  is increased as compared with that of CdS but 

reduced when compared with TiO2.This might be because the presence of CdS in TiO2 

results in a slight increase in the crystal size. Larger crystallite size results in a smaller 

surface area. The CdS (20.49 nm) has a BJH adsorption average pore size width larger than 

TiO2 NP (6.58 nm). The pore size of T-ox-CdS-10 (8.44 nm) is more than that of TiO2 but 

less than CdS strongly suggests that the surface  and pore of TiO2 is covered and blocked 

with CdS during the formation of T-ox-CdS-10 that contains 10% by weight of CdS as 
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described in the SEM and TEM image. Therefore enhancement in the photovoltaic 

performance of T-ox-CdS-10 can be related to its large pore size which could facilitate dye 

adsorption thereby improving light harvesting and in the same way improve the electrolyte 

diffusion in the DSSC. 

             
 

Figure 4.23 (a) N2 aadsorption-desorption isotherms and (b) pore size distribution of 

TiO2, CdS and T-ox-CdS-10 

4.2.7 Photocatalytic activity analysis 

The photo-oxidation capability of the nanocomposites was evaluated by the degradation of 

MO dye in solution over the synthesized T-ox-CdS nanocomposite under UV and Vis light 

irradiation. A comparative experiment was done by comparing the activity of CdS and TiO2 

with the nanocomposites under the same experimental condition. The relative 

concentration ((C/C0), C0 is the initial concentration and C is the final concentration after 

the MO degradation for time t) as a function of time is shown in Fig. 4.24(a). The MO was 

kept under UV-vis light to confirm the aforementioned high stability of MO under solar 

irradiation. This was shown by the almost unchanged relative concentration with 

irradiation time. The decomposition of the chromophoric structure of MO was confirmed 
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by a gradual change in the color of the suspension as the reaction time increases. The UV-

Vis photocatalytic activity of T-ox-CdS-10 was the highest. The activity of TiO2 

supersedes T-ox-CdS-40, T-ox-CdS-20, and CdS because oxidation occurs in the 

aforementioned nanocomposites during Photodegradation process. T-ox-CdS-20 has the 

lowest activity because the charge carriers needed for degradation are almost insufficient 

due to pre-oxidation that occurs in it during Laser ablation.  A plot of ln(C/Co) against time 

in Fig. 4.24(b), shows the decomposition kinetics follows the first order kinetics linear 

profile. Using the classical equation ln (
𝐶

𝐶𝑜
) = −𝑞. 𝑡, where q is the so called pseudo first 

rate kinetic constant, The presented q values in Fig. 4.24(b) are from fitting curves of the 

data for a 0 - 60 min period.  

   

Figure 4.24 Photocatalytic performance of TiO2, CdS, T-ox-CdS-10, T-ox-CdS-20 

and T-ox-CdS-40 for the degradation of MO solution 

These values represent a good measurement of the overall photo degradation rate of all the 

investigated structures. T-ox-CdS-10 with q = 0.0587 min-1 that corresponds to 30 % and 

74 % increase of TiO2 and CdS kinetic constant, respectively has the fastest MO 

decomposition rate. The photocatalytic activities of T-ox-CdS increase as oxidation of CdS 
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decreases (T-ox-CdS-20>T-ox-CdS-40>T-ox-CdS-10).  In order to investigate the changes 

that occur in the absorbance of the MO during the photodegradation activity of T-ox-CdS-

10. The UV-Vis absorbance spectrum of MO dye at different time intervals after removal 

of T-ox-CdS-10 was shown in Fig. 4.25(a) as it was observed that the absorbance peak was 

blue shifted in stepwise average of 2 nm in both the UV and Vis absorption peak of MO.  

The rate of decomposition of MO was further investigated by comparing the absorption 

spectrum of MO after 60 mins decomposition with the nanocatalyst as shown in Fig. 

4.25(b). The major absorption peak of MO around 464 nm diminished gradually under UV-

vis light irradiation in the presence of the synthesized nanocomposite.  

 

Figure 4.25 Absorption spectra of (a) MO dye degraded under UV-Vis light 

irradiation for 60 min using CdS, T-ox-CdS-40, T-ox-CdS-20 and T-ox-CdS-10 (b) T-

ox-CdS-10 and TiO2 (b) MO dye degraded under UV-Vis light irradiation at 12 mins 

time interval using T-ox-CdS-10. 

The result obtain shows that the absorption intensity decreases in the order T-ox-CdS-

20>CdS>T-ox-CdS-40>TiO2>T-ox-CdS-10, Since the amount of MO that was 

decomposed was estimated by the depreciating absorption curve, after 60 mins of 

irradiation 97%, 92%, 83%, 72% and 68% of MO was removed by T-ox-CdS-10, TiO2, T-
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ox-CdS-40, CdS and T-ox-CdS-20 hence T-ox-CdS-20 has the highest absorption with 

least activity and  T-ox-CdS-10 has the least absorption intensity with best activity. 

4.2.8 Photovoltaic performance analysis 

A typical current density (J) versus voltage (V) curve demonstrating the effect of oxidized 

CdS concentration in the synthesized T-ox-CdS nanocomposite was shown in Fig. 4.26and 

the obtained photovoltaic parameters such as Voc and Jsc values with the calculated Fill 

factor (FF) and efficiency (Ƞ) was shown in Table 4.2. Fig. 4.26 shows T-ox-CdS-40 with 

the highest concentration of CdS has the highest Voc and Jsc due to improvement in light 

harvesting. T-ox-CdS-20 has the least Voc and Jsc because the CdS present in the 

composite was completely oxidized during laser ablation the composite in the liquid 

medium. T-ox-CdS-10 has an almost similar value of Voc and Jsc with T-ox-CdS-40 

because the oxidized CdS present in T-ox-CdS-10 is overwhelmed by TiO2, therefore, 

reducing the tendency of oxidation and electron-hole recombination to occur in 

nanocomposite during laser ablation.  The fill factor of T-ox-CdS-40 is ~ 0.32, which is 

low compared with T-ox-CdS-10 with ~0.49 because of high concentration of oxidized and 

un-oxidized CdS present in T-ox-CdS-40. This compensates for the little difference 

between their Jsc and Voc values and hence the performance of T-ox-CdS-10 supersede. 

Hence, T-ox-CdS-10 exhibited the highest efficiency of 4.296 %. with JSC of 1.25 mA/cm2, 

Voc of 0.55 V and FF of 0.49 as compared to pure TiO2 and CdS based DSSC with  Ƞ of 

0.56  and 0.21%, JSC of  0.85 and 0.53 mA/cm2,Voc of 0.18 and 0.11 V; same FF of 0.29. 

This shows that T-ox-CdS-10 is an improved catalyst over TiO2 and CdS. This is almost 

20 and 7.6 times the photoconversion efficiency (Ƞ) enhancement of T-ox-CdS-10 

compared to CdS and TiO2. 
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Figure 4.26 J-V curve  of TiO2, T-ox-CdS-10, T-ox-CdS-20, T-ox-CdS-40 and CdS 

The electrochemical impedance spectroscopy (EIS) is used to analyze the internal 

resistance and charge transport process within a photovoltaic device. The role electron-

hole recombination that occur in T-ox-CdS nanocomposite (T-ox-CdS-10, T-ox-CdS-20, 

and T-ox-CdS-40) photoanode used in fabricated DSSCs is explained using EIS analysis 

which described by the Nyquist plot shown Fig. 4.27.  

 

Figure 4.27 Nyquist plot  of  (a) CdS, T-ox-CdS-40, T-ox-CdS-20 and T-ox-CdS-10 (b) 

T-ox-CdS-10 and TiO2 
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A decrease in charge transfer resistance (RCT) of the TiO2-ox-CdS composite indicates an 

increase in electron transport and increase in electron collection efficiency. Hence, the RCT 

values obtained are shown in Table 4.2, It is observed that the RCT values decreases in the 

order: CdS > T-ox-CdS-20 > T-ox-CdS-40> T-ox-CdS-10>TiO2. This explains the rate of 

oxidation of CdS during Laser ablation and concentration of CdS affects the RCT value 

because during laser ablation the nanocomposite undergoes an oxidation reaction when 

excited by the 532 nm wavelength laser beam and this can aggravate the electron-hole 

recombination.  

Table 4.2 J-V characteristics of the DSSCs with TiO2, CdS, T-ox-CdS-10, T-ox-CdS-

20 and T-ox-CdS-40 nanocomposite.  

  JSC (mA/cm2) Voc (V) FF (%) Ƞ (%)    Rct (kΩ) 

TiO2 0.852 0.1787 0.2932 0.56 0.48 

CdS 0.532 0.1084 0.2962 0.21 0.18 

T-ox-CdS-10 1.248 0.5581 0.4935 4.30 0.16 

T-ox-CdS-20 0.150 0.1904 0.3348 0.12 0.52 

T-ox-CdS-40 1.331 0.5927 0.3252 3.21 1.55 

 

This also shows that the photoconversion efficiency of the nanocomposite varies with RCT. 

CdS and all the nanocomposite has a higher charge transfer resistance than TiO2, the 

incorporation of CdS creates electron-hole recombination enhancement in TiO2 but the 

reverse occur when TiO2 is introduced into CdS. In Fig. 4.25(c), T-ox-CdS-10 has a higher 

RCT value than TiO2 because the incorporation and oxidation of CdS in TiO2 matrix during 

laser ablation has improved its electron-hole recombination but the electron generation is 

increased because there is an improved absorption in the visible spectral region which 
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makes the electron-hole recombination rate negligible factor and hence open circuit voltage 

is improved. 

4.2.9 Charge transfer mechanism in the solar applications 

The Photodegradation of MO dye process described in Fig. 4.28 is explained as: The UV-

Vis light excites electrons which are hindered from recombination. The electrons react with 

molecular oxygen to produce superoxide radical anions (a), hydroxyl radicals generated by 

hole trapping activity of hydroxyl group (b) and hydroxyl radicals oxidize the methyl 

orange in water to form CO2 and H2O (c). The photodegradation efficiency varies in the 

order T-ox-CdS-10< TiO2<T-ox-CdS-40< CdS < T-ox-CdS-20.This shows that during the 

degradation process CdS undergoes another oxidation process. Since the rate of oxidation 

determined by the rate of electron-hole recombination in the nanocomposite depends on 

the concentration of CdS hence T-ox-CdS-10 that is active in UV-Vis spectral region with 

least oxidation activity and charge recombination has the best performance. In the 

operation mechanism of the DSSC described in Fig. 4.28, where the synthesized T-ox-CdS 

Nanocomposites are used as photoanode. (1) The solar irradiation excites electrons from 

the CdS and the N719 dye, the electron at the gateway of CdS and the photoexcited electron 

from the dye are therefore transferred to the conduction band of TiO2 (2) before being 

conveyed to the electrode by the electrolyte (3). The lost electron in the dye is therefore 

replenished by the redox electrolyte (4) and the redox electrolyte gets regenerated by the 

counter electrode (5) which is used with the main electrode (FTO) to convey electric 

charges to the outside circuit (Auto lab potentiostat).  The photoconversion efficiency of 

the nanocomposite varies in the order: T-ox-CdS-10> T-ox-CdS-40>TiO2> CdS > T-ox-

CdS-20. Since the nanocomposite has no contact with water during photoexcitation, 
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minimum oxidation activity occurs in all the nanocomposite. Compared with the order at 

which the nanocomposite efficiently photodegrades as shown in Fig. 4.28, T-ox-CdS-40 

has a better performance than TiO2 in this case because they are active in both the UV and 

Vis spectral region and minimum oxidation occurs during the reaction process. T-ox-CdS-

10 has a better performance than T-ox-CdS-40 in both cases (DSSC and photodegradation) 

because the percentage ratio of TiO2 to CdS is good enough for the conduction band of 

TiO2 to trap photogenerated electrons ready to recombine with the holes and the CdS is 

moderate enough for visible light sensitivity. A reduced performance occurs in T-ox-CdS-

40 because the percentage ratio is not sufficient enough for the elimination of charge 

recombination. The performance of the nanocomposite varies in the two photocatalytic 

application. Hence, T-ox-CdS-20 has a lower performance than CdS because almost all the 

charge carriers have recombined during laser ablation making it to completely change its 

color to that of the laser beam. CdS has some electrons in its conduction band ready to be 

activated by visible light.  

         

Figure 4.28 Schematic describing the photocatalytic application mechanism of  

T-ox-CdS nanocomposite. 
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4.3 The TiO2-graphene nanocomposite 

4.3.1 Optical analysis of TiO2-graphene nanocomposite 

The absorption spectra of TiO2 and G@k-TiO2 nanohybrid are given in Figure 4.29. An obvious 

absorption peak was observed at 324 nm for TiO2 and a flat absorption band in the region between 

300 and 334 nm was obtained for the entire G@k-TiO2 nanohybrid. Also, a flat and broad 

absorption band was observed in the visible spectral region. This flat absorption band in the 

ultraviolet (UV) and visible (Vis.) absorption regions is due to the bonding of surface carbon from 

graphene with oxygen in the TiO2 matrix. Hence, this can aid improvement in photocatalytic and 

photovoltaic performance. This means that hybridization of graphene can enhance the ability of 

TiO2 matrix to generate charge carriers when exposed to UV and visible light. Thus, use of 

graphene with TiO2 can aid the photocatalytic and photovoltaic performance. 

 

Figure 4.29 UV-Vis spectra of G@k-TiO2 nanohybrid (a) TiO2 (b) G@(16%)-TiO2 

(c) G@(50%)-TiO2 (d) G@(3%)-TiO2 
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The FTIR spectra of the TiO2 and G@k-TiO2 nanohybrid are shown in Fig. 4.30. A broad 

peak observed at 3201 cm-1 corresponds to the stretching vibration of the adsorbed water 

on the surface. This peak broadening was due to the adsorption of water on the surface 

during the PLA synthesis of G@k-TiO2 in water. The peaks situated at 1648 cm-1 and 1409 

cm-1 are produced due to the bending vibration of Ti–OH and Ti–O–Ti bonds present, 

respectively in TiO2 and G@k-TiO2 nanohybrid. This result indicates the presence of TiO2 

in nanohybrid matrix. In the nanohybrid, the 1648 cm-1 band was broadened because of the 

presence of C=O stretching vibrations of the COOH groups at 1740 cm-1. The presence of 

C-OH group, the C-O stretching vibrations and the epoxide groups indicated by the peaks 

positioned at a 1363 cm-1, 1097 cm-1 and 1230 cm-1 respectively is a signature of the bond 

formed between the  carbon in graphene and titanium dioxide   which is observed and stated  

in absorption spectrum of the G@k-TiO2 nanohybrid. 

                        

Figure 4.30  FTIR spectra of G@k-TiO2 nanohybrid (a) TiO2 (b) G@(50%)-TiO2 (c) 

G@(16%)-TiO2 (d) G@(3%)-TiO2 
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4.3.2 Structural analysis of TiO2-graphene nanocomposite 

The crystalline phase of TiO2, G@(3%)-TiO2, G@(16%)-TiO2 and G@(50%)-TiO2 

nanohybrid catalysts are investigated using the XRD spectra shown in Fig. 4.31. The 

patterns of both TiO2 and graphene-TiO2 Nano-hybrid catalysts exhibit diffraction peaks 

positioned at 2θ: 37.9°, 47.8°, 54.3°, 55°, and 62.7°, indexed as the characteristic (004), 

(200), (105), (211) and (204) peaks of anatase TiO2 (JCPDS 21-1272) phase [131]. 

                   

Figure 4.31 XRD pattern of TiO2, G@(3%)-TiO2, G@(16%)-TiO2 and G@(50%)-

TiO2 

 It can be stated that anatase form of TiO2 is dominant in the prepared nanohybrid The 

characteristics peaks of graphene which were supposed to be observed at 2θ ~ 25.80 and ~ 

42.80 indexed to (002) and (100) reflections of graphene (JCPDS 01-0646)[158] [159] were 

suppressed due to high intensity of TiO2 peak in the XRD pattern of G@(3%)-TiO2, 

G@(16%)-TiO2 and G@(50%)-TiO2 nanohybrid. It is observed that, crystallinity was 
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improved in G@(3%)-TiO2 Nano-hybrid due to appearance of well-defined peaks and peak 

broadening started to occur in G@(16%)-TiO2 which became more prominent in 

G@(50%)-TiO2 nanohybrid distorting the appearance of (004), (200) major peaks. 

Therefore crystallinity was diminished in G@(50%)-TiO2 nanohybrid  and it can be 

concluded that, the crystallinity would be greatly affected when the concentration of 

graphene becomes too high in a nanohybrid.  

4.3.3 Raman spectra analysis of TiO2-graphene nanocomposite 

Raman spectroscopy was used to determine the characteristics peaks of graphene and to 

investigation further the crystal structure of the TiO2, G@(3%)-TiO2, G@(16%)-TiO2 and 

G@(50%)-TiO2 nanohybrid catalysts. The Raman spectra of pure TiO2, G@(3%)-TiO2, 

G@(16%)-TiO2 and G@(50%)-TiO2 Nano-hybrid catalysts are shown in Fig. 4.32  

                    

Figure 4.32 Raman spectra of G@k-TiO2 nanohybrid TiO2, G@(50%)-TiO2 , 

G@(16%)-TiO2 and G@(3%)-TiO2 

The characteristics of pure anatase TiO2 is described by the presence of the four bands 

located at ~135.6 (Eg), 395 (Bg), 513 (Ag + Bg) and 637 cm-1 (Eg). However, it was observed 

that the Eg mode in case of nanohybrid got shifted towards higher wavenumbers to 162.9 
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cm-1 (red shift). This shift in Eg band demonstrates that higher oxygen vacancies are 

present in the nanocomposites than pure TiO2 [160]. In addition, four lower wave number 

bands located at ~1356 and 1600 cm-1 is found in all the graphene-TiO2 nanohybrid spectra. 

These two bands are identified as the characteristic bands of graphene, known as D- and 

G-band, respectively. The presence of D-band in the graphene spectrum is due to the 

structural disorder, defects and is a signature of the vibrational modes of ring-like sp2 

atoms. compared to G@(3%)-TiO2,  more structural disorder is observed in G@(16%)-TiO2 

and G@(50%)-TiO2 due to increase in the intensity of  D-band in the order (G@(3%)-TiO2 

< G@(16%)-TiO2 < G@(50%)-TiO2)which is directly related with the increase. This 

explains why a reduction in crystallinity was observed in the XRD pattern of G@(16%)-

TiO2 and G@(50%)-TiO2 Nano hybrids. The stretched sp2-hybridized carbon-carbon 

bonds are described with a G-band, which is strain effect sensitive in graphene sheet sp2 

systems. However, strain effect sensitivity increases in the order of (G@(3%)-TiO2 < 

G@(16%)-TiO2 < G@(50%)-TiO2. This result is almost consistent with the order at which 

the major peaks become broadened in the XRD pattern and Also observed is the broadening 

of the other TiO2 bands as the graphene concentration increases which explains a possible 

interaction between TiO2 nanoparticles and graphene sheets in the G@(3%)-TiO2, 

G@(16%)-TiO2 and G@(50%)-TiO2  nanohybrids.        

4.3.4 Morphology of G@ (3%)-TiO2 nanohybrid 

The morphology of CVD grown graphene was investigated with Transmission electron 

microscopy (TEM). Figure 4.33(a) shows the graphene sheets having to fold at many places 

due to it atomically thin nature. The inset image is an SAED pattern shows the hexagonal 

structure of graphene crystal.  
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Figure 4.33 (a) A typical TEM image of CVD grown graphene sheet over carbon film 

showing folding (inset: selected area electron diffraction (SAED) pattern of the 

graphene where hexagonal planes of the graphene can be seen). (b) FESEM Image of 

G@ (3%)-TiO2 Nanohybrid (c) high magnification of G@(3%)-TiO2 Nanohybrid (d) 

TEM image of synthesized G@(3%)-TiO2 Nanohybrid (e) high magnification TEM 

image of TiO2 nanoparticles attached with a graphene sheet. 

These graphene sheets were used to prepare a G@ (3%)-TiO2 Nanohybrid. G@ (3%)-TiO2 

Nanohybrid was characterized by field-emission scanning electron microscopy (FE-SEM) 

and TEM). FESEM and TEM image of G@ (3%)-TiO2 Nanohybrid was shown in Fig. 

4.33(b-e)) gives a visible appearance of agglomerated spherical TiO2 nanoparticles on the 

graphene sheets. The high magnification of one agglomerated section shown in Fig. 4.33(c 

& e) confirms the TiO2 nanoparticles were dispersed and closely engraved on the surface 

of the functionalized graphene sheets.  It is a well-known phenomenon that when two 

particles of opposite charge are brought together, a mutual coagulation may occur, leading 

an easy electron conduction from conduction band of TiO2 to graphene, and reducing 

charge recombination substantially.  
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4.3.5 XPS Analysis of G@ (3%)-TiO2 nanohybrid 

The oxidation states of the elements in the G@(3%)-TiO2 and the attached group to the 

surface of TiO2 nanoparticles are investigated using XPS analysis. The survey spectrum of 

the G@(3%)-TiO2 is shown by Fig. 4.34 (a). The characteristic energy peaks of the three 

elements: titanium (Ti 2p), oxygen (O 1s) and carbon (C 1s) can be observed by this 

spectrum.  The XPS of Ti 2p peak shown in figure 4.34 (b) has a spin-orbit split which is 

located at 460.0 eV (Ti 2p3/2) and 465.7 eV (Ti 2p1/2). The Ti 2p3/2 peak is de-convoluted 

into two peaks, the first peak located at 460.0 eV  undergoes a shift to higher binding energy 

as compared to Ti in bulk anatase TiO2 which explains  the effect of graphene sheet 

shielding on TiO2 nanoparticles[161] and the second peak at 458.3 eV is associated with 

Ti in TiO2 [41, 42] . The amount of unshielded TiO2 is very less as confirmed by relating 

the intensity of TiO2 peak which is high in intensity as compared to graphene shielded 

TiO2. This explains the effective shielding of TiO2 using PLAL. The O1s spectrum was 

de-convoluted into three peaks as shown in Fig. 4.34(c). The contextual description of this  

de-convoluted peaks is as follows: the peak located at 531.4 eV is attributed to metal 

oxygen bond (i.e Ti-O) [164], at 531.9 eV is associated with carbonate (CO3
2-) [165] and 

the chemisorbed oxygen (O2(H2O)) is linked with  533.0 eV binding energy peak [166] . 

The high resolution XPS C1s spectra are shown in Fig. 4.34 (d). To investigate the type of 

carbon bonding present in the composite, the C1s peak is de-convoluted into five Gaussian 

components: (i) The sp2 bonded carbon (C–C) (284.8 eV), (ii) sp3-hybridized carbon 

atoms(C-C) (285.5 eV) [161], (iii) the C of the C-OH bonds (285.9 eV) [167],   and carbon 

atoms bonded to one and two oxygen atoms, because electronegative oxygen atoms induce 
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a positive charge, on a carbon atom which corresponds to: (iv) C=O [161]  or 

epoxy/hydroxyl (C–O) (287.0 eV) [168] and (v) O—C==O species (289.9 eV) [161]. 

                 

  Figure 4.34 XPS Analysis of G@(3%)-TiO2 nanohybrid 

4.3.6 Photovoltaic performance analysis 

In order to investigate the effect of graphene concentration on the performance of the 

synthesized nanocomposite, three different solar cells based on synthesized nanohybrid 

were fabricated. For comparison, we also fabricated the DSSC based on the TiO2 NP. The 

current density-voltage (J-V) response is presented in figure 4.35. The values of open 

circuit voltage (Voc), short-circuit current (Jsc), Fill Factor (FF) and energy conversion 

efficiency for the cells. Using the parameters are shown in table 4.3, A DSSC based on a 

TiO2 NP exhibited a Jsc of 0.86 mAcm-2, Voc of 0.1837 V, an FF of 0.2785 and an 

efficiency of 0.5507 %. G@ (3%)-TiO2 based DSSC resulted in greatly improved 

performance with Jsc of 1.357 mA, Voc of 0.5558V, an FF of 0.4047 and eff of 3.8149%. 
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The efficiency was significantly improved from 0.5507 % to 3.8149 % corresponding to 

592.47 % improvement. G@ (16%)-TiO2 also has better performance than other 

nanohybrid (G@ (16%)-TiO2 and G@ (50%)-TiO2). Generally comparing with TiO2 NP, 

the Jsc value was improved in G@ (3%)-TiO2 and G@ (16%)-TiO2 nanohybrid but was 

reduced in G@ (50%)-TiO2 nanohybrid. The Voc, FF, and efficiency were improved in all 

the synthesized nanohybrid. This shows that the introduction of the graphene into TiO2 

matrix improved the photovoltaic performance parameters of the DSSC. Since Graphene 

has an electron mobility of 104 cm2/Vs at room temperature [169] its incorporation would 

enhance electron transfer through the G@k-TiO2 network as well as the effective charge 

separation and resultant suppression of recombination of the excited electrons with the 

oxidized dye and the redox electrolyte [170]. Other reasons could be the TiO2 nanoparticles 

are well anchored on the 2D graphene as shown in the TEM image, so there is easy transfer 

of photo-induced electrons to the graphene from TiO2 and some reports indicate that 

contribution of graphene increase the pore volume  thereby enhancing the diffusion of 

electrolyte in the cell [171][172]. Since the Voc was obtained from the difference between 

the redox potential of the electrolyte and the Fermi level of the photoanode rather than the 

device structure [173] and the apparent Fermi level of TiO2 was not affected by the 

incorporation of graphene since graphene is a zero band material [170]. Improvement in 

Voc is due to increase of photo-excited electrons leading to further shift in the quasi-Fermi 

energy level towards the CB of TiO2. Modification of potentials at the photo and counter 

electrodes interface with the G@k-TiO2 nanocomposite can also affect the VOC of the 

device [174]. It was observed that the increase in the concentration of graphene from the 

optimum concentration reduces the JSC and VOC values. This accounts for 51.34 % and 



76 

 

79.06 % decrease in photo-conversion efficiency with respect to G@(16%)-TiO2 and 

G@(50%)-TiO2 nanohybrid. This depreciation in performance could be attributed to the 

following: A downshift of the potential band edge of TiO2 conduction band, formation of 

graphene cobweb inside the TiO2 matrix obstructing fast charge collection at the electrode 

due to formation of charge trap sites [175][174] and decrease in electron transport and 

diffusion due to degradation in the crystallinity leading to charge transport resistance 

minimizing the number of photo-excited electrons transferring from the dye molecules to 

the photo anode[176]. Hence, incorporation of a moderate amount of graphene into TiO2 

is needed for effective photocatalytic property enhancement. In order to get deep insight to 

the interfacial charge transfer process within the fabricated DSSC, the electrochemical 

impedance spectroscopy (EIS) is used to investigate the charge transfer at the platinum 

counter electrode of DSSCs, recombination of electrons at the electrolyte-TiO2 interface 

and electron diffusion in the electrolyte.   

                                 

Figure 4.35 Current density-Voltage curves of TiO2, G@(50%)-TiO2, G@(16%)-

TiO2 and G@(3%)-TiO2 

The Nyquist plot of the DSSCs based on the G@k-TiO2 nanocomposite photoanode 

obtained as shown in Fig. 4.36. It has been reported that the low-frequency response 
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reflects the Warburg diffusion process of I/I3- in the electrolyte,  the middle-frequency 

region is associated with charge transfer and recombination at the TiO2-dye-electrode 

interface and the high-frequency response is due to the charge transfer at the Pt counter 

electrode [172]. Since the DSSCs are fabricated with the same electrolyte, counter 

electrode, and dye but photoanode with different concentration of graphene, the 

photovoltaic performance depends on the Rct values.  

         

Figure 4.36 EIS Spectra (Nyquist plot) of G@k-TiO2 nanohybrid (a) G@(3%)-TiO2 

(b) G@(16%)-TiO2 (c) TiO2 (d) G@(50%)-TiO2 

The semicircle in the middle-frequency region can be observed for the G@k-TiO2 

nanocomposite photoanode based DSSC and the electron transfer resistance is obtained 

from the arc of the semicircle. Photovoltaic parameters like current density, voltage and 

fill factor are usually affected by the charge-transfer resistance. Usually, a smaller diameter 

corresponds to lower interfacial resistance and reduced interfacial charge recombination. 

The comparison of the semicircles indicates that the diameter decreases in the order: G@ 

(50%)-TiO2 > TiO2 > G@ (16%)-TiO2 > G@ (3%)-TiO2 as shown in figure 4.36. Hence, 

the decrease in charge–transfer resistance is in accordance with the short-circuit current 
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density value obtained from the DSSC. This suggests charge transfer resistance can be 

reduced at the TiO2-G-dye-electrolyte interface with a moderate amount of graphene. This 

is because interfacial charge transfer is facilitated and charge recombination is reduced by 

2D graphene. In particular, the G@ (3%)-TiO2 has the smallest interfacial resistance 

implying the fastest interfacial electron transfer and high energy conversion efficiency. 

However, an increase of graphene concentration (from 3 % to 16 %), the interfacial 

resistance increases a little and still lower than the Rct value of TiO2 NP but further increase 

in graphene concentration(from 16% to 50 %), the Rct value became higher than that of 

TiO2.  High interfacial resistance causes high charge recombination leading to low 

efficiency.  

Table 4.3 Parameters obtained from the G@k-TiO2 based DSSCs 

Samples VOC (V) JSC (mA/cm2
) FF ɳ % RCT (kΩ) 

TiO2 0.1837 0.86 0.2785 0.55 0.51 

G@(3%)-TiO2 0.5558 1.36 0.4047 3.82 0.26 

G@(16%)-TiO2 0.3792 1.13 0.3459 1.86 0.30 

G@(50%)-TiO2 0.2520 0.71 0.3589 0.80 1.49 

 

The higher graphene concentration results in poor electron transport and diffusion because 

the crystallinity of TiO2-NPs. Higher graphene concentration can also reduce the light 

harvesting capability of the sensitizing dye which decreases the number of photogenerated 

electrons under illumination[172]. This is the reason why the photocurrent became lower 

than that of TiO2. In general, based on the EIS studies, in order to enhance the performance 

of TiO2-NPs based DSSC by reducing charge carrier recombination, a moderate 

concentration of graphene is needed in TiO2 matrix. 
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4.3.7 Photocatalytic activity analysis 

The activity of the G@k-TiO2 nanohybrid was investigated in the photocatalytic 

decomposition of methyl orange (MO) used as probe molecule under UV-Vis solar 

spectrum. As shown in figure 4.37(a), in the absence of any photo-catalyst the MO dyes 

are very stable. It was clear that the synthesized G@ (3%)-TiO2 exhibited an enhanced 

degradation rate and the degradation efficiency was higher than that of TiO2. This is mainly 

because of some aforementioned reasons that enhanced its performance in DSSC. These 

reasons include enhanced charge carrier transport, improved crystallinity and reduced 

charge transport resistance.  

          

Figure 4.37 (A) Photo-degradation of MO by G@(3%)-TiO2  and TiO2 (B)  First order 

kinetics of MO degradation by G@(3%)-TiO2  and TiO2  

The photoactivity was further investigated by plotting ln(C/Co) against time in figure 

4.37(b) shows the decomposition kinetics follows the linear profile. Hence, using the 

classical equation:ln (
𝐶

𝐶𝑜
) = −𝑤. 𝑡, where 𝑤 is the so called degradation rate constant. The 

presented 𝑤 values which represent a good measurement of the overall Photo degradation 

rate is shown in figure 4.37(b) from fitting curves of the data for a period of 0 - 60 min. 

TiO2 has 0.0406 min-1 and G@k-TiO2 Nano hybrid with k = 0.1379 min-1 which shows 
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there is 239.66 % increase in the degradation rate after addition of 3 % graphene 

concentration. The amount of MO dye that was removed can also be estimated by the 

depreciating absorption curve. Therefore, the UV-Vis absorbance spectrum of MO dye at 

different time intervals after removal of G@(3%)-TiO2 Nano hybrid is shown in figure 

4.38(a), this is used to determine the amount of MO dye removed at a specific time interval.  

     

Figure 4.38 (a) Absorption spectra of MO dye degraded under UV-Vis light 

irradiation using G@(3%)-TiO2  nanohybrid (b) Absorption spectra of MO solution 

after 60 mins of irradiation with G@(3%)-TiO2 and TiO2. 

It was confirmed that G@ (3%)-TiO2 Nano hybrid was so active that at 24 min of reaction 

about 53% of MO dye has been removed and the absorbance peak was blue shifted in 

stepwise average of 3 nm in both the UV and Vis absorption peak of MO. Hence, the 

broadening of the peak increases as the time of irradiation increases. The enhancement in 

degradation activity was also confirmed by the absorption spectrum of MO solution after 

60 min activity of the TiO2 and G@(3%)-TiO2 nanohybrid as shown in figure 4.38(b). The 

result obtained shows that 99.64 % and 89.07 % of MO was degraded when G@(3%)-TiO2 

Nano hybrid and TiO2 reacts with MO dye in water for 60 min. 

4.3.8 Charge transfer mechanism in the solar applications 

In figure 4.39, the graphene sheet serves as a bridge for electron transfer. This increases 

the acceleration of the photo-induced electrons. Under illumination in the DSSC, the 
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photogenerated electrons from the dye move to the conduction of TiO2. Since the TiO2 NP 

is homogeneously dispersed to the surface of the graphene sheets, the electrons are 

therefore collected by the graphene sheets network. The electrons in the graphene sheets 

are then transferred to the FTO electrode, therefore, reducing charge recombination in TiO2 

NP. Hence, the electron generated in the DSSC is maintained within the conductive path 

via the presence of graphene sheets at the surface of TiO2 NP. In the photo-degradation 

process, the electrons react with oxygen molecules to form superoxide radical anions (a). 

The hydroxyl groups traps the holes to yield hydroxyl radicals (b). The superoxide radical 

anions are protonated to generate highly reactive H2O2 molecules and hydroxyl radicals (c) 

and the methyl orange dye in water are oxidized by hydroxyl radicals to form H2O and 

CO2. 

       

Figure 4.39 The Laser Ablation mechanism and its relation with DSSC and MO 

degradation mechanism 
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4.4 The TiO2-SiC nanocomposite 

4.4.1 Structural analysis of TiO2-SiC nanocomposite 

The XRD of SiC, TiO2, and T-SiC composite is as shown in figure 4.40. The indexed XRD 

pattern of SiC indicates it has hexagonal phase (6H-SiC) with lattice parameters of a = 

0.308 nm and c = 1.509 nm (JCPDS No. 29-1128)[177][178][122]. Although SiO2 peak 

appears at 2𝜃=29.14o which is indexed to (040) plane. This peak disappears in all the T-

SiC nanocomposite due to its low intensity as compared with SiC and TiO2 peak. The 

indexed TiO2 nanoparticle with anatase phase (JCPDS 211272) appears in all the 

nanocomposites.  

                  

Figure 4.40 XRD pattern of TiO2, 6H-SiC, T-SiC-10, T-SiC-20 and T-SiC-40 

The presence of SiC improves the crystallinity of TiO2 due to decrease in the roughness of 

the nanocomposites XRD pattern. However, in the synthesized T-SiC nanocomposites, it 

was observed that the number of SiC peaks indexed with (101), (103), (110) and (202) 

planes appears in the nanocomposites. The intensity of the peaks increases as the 
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concentration of SiC increases in the T-SiC nanocomposites and they became well 

pronounced in the T-SiC-40 nanocomposite. Also observed is the perfect overlap between 

the (004) plane of TiO2 and (103) plane of SiC which explains there is interaction in 

between the lattice of TiO2 and SiC in the nanocomposites. 

4.4.2 Raman spectra analysis of TiO2-SiC nanocomposite 

The Raman spectra of TiO2, 6H-SiC, and synthesized T-SiC nanocomposite are shown in 

figure 4.41 In the Raman spectra of TiO2, the Raman peak at 148 cm-1(Eg) is associated 

with O-Ti-O bond bending mode, the 393 cm-1(B1g) relates to oxygen atom liberation along 

the c-axis out of phase, At 513 cm-1(A1g) and the 635 cm-1(Eg) band are the Ti-O stretching 

mode All this bands confirms the presence of anatase phase [137][138].  

                  

Figure 4.41 Raman Spectra of TiO2, 6H-SiC, T-SiC-10, T-SiC-20 and T-SiC-40 

The SiC Raman spectra show two Raman peaks present at 783 cm-1 and 946 cm-1 which 

are signatures of the characteristics transverse and longitudinal mode[179]  associated with 

6H-SiC. The 6H-SiC Raman peaks were not observed in the synthesized T-SiC 

nanocomposite. The change observed in the nanocomposite due to the presence of SiC is 
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the frequency shift of ~2-6 cm-1 observed  in the 148 cm-1 band   of TiO2 as shown in the 

inset at the middle of the spectra which could be due to presence of structural defects and 

/or size confinement[179] [180][181] . 

4.4.3 Morphology of T-SiC-10 nanocomposite 

The morphology of 6H-SiC integrated TiO2 is shown in figure 4.42. The wool-like 

appearance of TiO2 was changed into a wool containing aggregates of particles which are 

clearly known to be 6H-SiC formed within the crystals of TiO2. This can be described as 

reinforcement of TiO2 NP with 6H-SiC in surface coupled semiconductors of the 

nanocomposite.  In order to confirm the image obtained in FESEM image, the TEM image 

shown in figure 4.42 (b) which shows the presence of large particles integrated within 

populated smaller particles. The larger particles have a lower concentration than the smaller 

particles because a low percentage weight of 6H-SiC (~10%) is present in the synthesized 

T-SiC-10 nanocomposite. The large particle is known to be 6H-SiC and the smaller 

particles represents of TiO2 nanoparticles. Therefore, a perfect integration of 6H-SiC into 

the lattice of TiO2 was well accomplished during the Pulsed laser ablation. 

                   

Figure 4.42 (a) FE-SEM Image and (b) TEM of T-SiC-10 nanocomposite 
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4.4.4 Optical analysis of T-SiC nanocomposite 

The Absorption spectra and the corresponding tauc plot of 6H-SiC, TiO2 NP and 

synthesized T-SiC nanocomposites (T-SiC-10, T-SiC-20 and T-SiC-40) are shown in 

figure 4.43(a) and (b) respectively . The SiC has a strong absorption in the deep UV–region 

at the absorption edge of 260 nm with a band gap of ~3.9 eV. However, the band gap of 

3.17 eV is reported for the SiC in our previous work  [122]. Therefore the broadened band 

gap is due to the presence of SiO2 created on the surface of SiC after calcination. The TiO2 

nanoparticle has strong absorption at 324 nm with a band gap of ~3.32 eV. The T-SiC-10, 

T-SiC-20 and T-SiC-40 nanocomposites show absorption peak at 322, 320 and 315 nm 

which correspond to a band gap of 3.4, 3.42 and 3.46 eV respectively. Therefore, compared 

to TiO2, there is a blue shift in the absorption peak due to the effect of deep absorption edge 

of SiC on absorption peak of TiO2. 

 

Figure 4.43 (a)Absorption spectra (b) Tauc plot of TiO2, 6H-SiC, T-SiC-10, T-SiC-

20 and T-SiC-40 

Figure 4.44 shows the FTIR spectra of TiO2, 6H-SiC, and T-SiC. At 790 cm-1 is a strong 

peak which corresponds to Si-C bond stretching mode[182]. This stretching mode present 
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in all the synthesized T-SiC nanocomposite enhanced the TiO2 stretching mode at this 

region. The 1104 cm−1 band assigned to the asymmetric Si-O-Si stretching vibration was 

also observed for the bond between the Silicon in 6H-SiC and Oxygen in TiO2 NP. Also 

around this region is the C–H2 bond within SiCH2 wagging mode because 1104 cm-1 is 

broadened in all the synthesized T-SiC nanocomposite. The presence of the 1380 cm-1 peak 

is also observed in the T-SiC-10 nanocomposite, but absent in another nanocomposite such 

as T-SiC-20 and T-SiC-10 correspond to  Ti-O-Ti bond in TiO2[183]. This is because the 

quantity of 6H-SiC in the T-SiC-10 nanocomposite is very small, less than 12%, for TiO2 

bond to appear and become dominant. The band that appear at 1633 cm−1 was assigned to 

the bending vibration of the O–H bond of chemisorbed water during laser ablation and the 

broadband around 3377 cm−1 was due to the stretching mode of the O–H bond of free water 

which appears in TiO2 and all the synthesized T-SiC nanocomposite due to presence of 

SiO2.    

               

Figure 4.44 FTIR of TiO2, 6H-SiC, T-SiC-10, T-SiC-20 and T-SiC-40 
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4.4.5 XPS analysis of T-SiC nanocomposite 

XPS analysis was performed to investigate the chemical state of T-SiC nanocomposite. 

Figure 4.45 shows the high resolution spectra of Ti, Si, O and C found in the survey 

spectrum of T-SiC nanocomposite .The high resolution of Ti 2p spectrum demonstrated 

two peaks at 457.4 eV (Ti 2p3/2) and 463.4eV (Ti 2p1/2) which confirms the existence of 

Titanium. The Ti 2p3/2 was deconvoluted into two peaks at 455.9 eV and 458.0 eV which 

represents TiO [184] and TiO2 [185] respectively. The Si 2p spectrum obtained was fitted 

into three characteristic peaks of Silicon state at 101.1eV, 101.9 eV and 102.8 eV which 

correspond to SiC[186], SiC-O [187]and TiO2-SiO2 [188]respectively. The O1s peaks were 

deconvoluted into two Gaussian peaks at 529.1 eV and 531.67 eV which are signatures of 

oxygen states in metal oxide(TiO2 and SiO2) and carbonates[189]. The high-resolution 

spectrum of C1s spectrum shows three small fraction peaks at 283.4 eV, 285.0 eV and 

287.2 eV which are associated with carbide (SiC)[190], C-C and C with O bond[189]. 

Hence during Laser ablation, there is an exchange of elements between 6H-SiC and TiO2  

         

Figure 4.45 XPS spectral analysis of T-SiC nanocomposite showing deconvoluted 

peaks in the high resolution of the elements present (Ti, Si, O and C) 



88 

 

4.4.6 Photovoltaic performance analysis 

The Current density-voltage (J-V) curves of TiO2 and synthesized T-SiC nanocomposite 

are as shown in figure 4.46. Table 4.4 summarized the Open circuit voltage (Voc), Short 

circuit current, maximum current and voltage measured from these curves which are used 

to determine the Fill factor and Efficiency of the solar cells fabricated with these materials. 

It was observed that the Voc of the nanocomposite reduces the quantity of 6H-SiC 

increases. The Jsc of the T-SiC-10 is equal to that of TiO2 as the quantity of 6H-SiC is very 

small (< 2%) in the matrix of the nanocomposite and the T-SiC-20 shows a higher Isc. This 

might be because the quantity of 6H-SiC is high enough to improve the pore size of TiO2.  

T-SiC-40 nanocomposite shows a relatively very low Voc and Jsc as compared to TiO2.  

                 

Figure 4.46 J-V curve of TiO2, 6H-SiC, T-SiC-10, T-SiC-20 and T-SiC-40 based 

DSSC 

This might be because the percentage of 6H-SiC is too high therefore reducing electron 

drift from the valence band to conduction band in the nanocomposite. The efficiency 

increases gradually from 0.55 % to 1.65 % when 10 wt% of SiC was introduced into TiO2. 
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And then decreases to 0.12% when 40 wt% of SiC was present. The T-SiC-40 shows the 

lowest efficiency of 0.12 %. This means excessive SiC has led to decreased Jsc, Voc, and 

efficiency. This can be attributed to increasing in recombination of photogenerated electron 

and holes at the T-SiC/dye/electrolyte interfaces. To further investigate the charge 

recombination process, electrochemical impedance spectroscopic (EIS) measurement was 

conducted under constant illumination under a bias of their relative open circuit voltage.  

                

Figure 4.47 Nyquist plot of TiO2, 6H-SiC, T-SiC-10, T-SiC-20 and T-SiC-40 based 

DSSC at VOC. 

Figure 4.47 are the Nyquist plots and the corresponding simplified equivalent circuit for 

the DSSCs, respectively. The diameters of the large semicircles observed in the Nyquist 

plot can be used to measure the charge transfer resistance (Rct) in TiO2 and all the T-SiC 

nanocomposite. Since TiO2 and all the T-SiC nanocomposite have the same interface with 

the counter electrode/ electrolyte in the DSSC, therefore, all other resistance observed that 

can be observed remain the same. The Rct values from the photoelectrode synthesized from 

TiO2, T-SiC-10, T-SiC-20, and T-SiC-40 are 463 Ω, 181.6 Ω, 292.3 Ω and 465 Ω 
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respectively as listed in Table 4.4. Hence, the Rct values reduce the concentration of 6H-

SiC reduces from 40 wt. % to 10 wt. %. This indicates that a faster recombination occurs 

in T-SiC-40 nanocomposite due to the fact that electron gets retarded when oxidation 

resistance is too high due to the presence of high  quantity of 6H-SiC. The charge transfer 

resistance changes accordingly with VOC values and the efficiency of the DSSC. Hence, 

The T-SiC-40 shows the lowest efficiency of 0.12% and T-SiC-10 shows the highest 

efficiency of 1.65% which is more than that of TiO2 because (i) The 6H-SiC introduced 

into TiO2 matrix has excellent oxidation and corrosion resistance[191][192].  Such that, 

when the concentration of 6H-SiC is too high it can cause electron retardation in TiO2 

matrix which is the case of T-SiC-40 showing low performance.(ii) 6H-SiC used as a 

starting material is in micron size and after laser ablation the SiC in the nanocomposite has 

reduced in size that enhances its catalytic activity [193]–[197]. (iv) The TiO2 nanoparticles 

are reinforced by SiC in the nanocomposite matrix[198]  

 

Table 4.4    Parameters of the DSSCs with TiO2, T-SiC-10, T-SiC-20 and T-SiC-40  

 Sample JSC (mA/cm2) Voc (V) FF (%) Ƞ (%)    Rct (kΩ) 

TiO2 0.852 0.1787 0.2932 0.56 0.48 

T-SiC-10 0.844 0.3951 0.3969 1.65 0.18 

T-SiC-20 1.232 0.2949 0.2748 1.25 0.29 

T-SiC-40 0.444 0.0884 0.2355 0.12 0.47 
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4.4.7 Photocatalytic activity analysis 

The Photocatalytic performance of TiO2-SiC composites via methyl orange 

photodegradation experiments under UV-Vs light irradiation. Before photo-irradiation, the 

samples are kept in the solution for 30 mins so that adsorption equilibrium can be reached. 

The photocatalytic activity of the composite catalyst is shown in figure 4.48(a). Stability 

of MO dye was confirmed when the MO dye is exposed to the solar irradiation without a 

catalyst. The T-SiC-40 and T-SiC-20 shows a weak activity in which ~13% and 27 % 

respectively of MO is decomposed after irradiation for 24 min. Moreover, only 8 % and 22 

% MO was removed when exposed to SiC and TiO2 at the same irradiation time. The T-

SiC-10 composite shows a significantly enhanced activity for the degradation of MO as 

shown in figure 4.48(b)  

 

       

Figure 4.48 Photo-degradation of MO (A) T-SiC-10, T-SiC-20 and T-SiC-40 (B) 

TiO2, 6H-SiC and T-SiC-10 

This corresponds to the removal of 77 % of MO for the same irradiation time. The 

photodegradation activity increases from T-SiC-40 to T-SiC-10 in the same manner with 

the way SiC content reduced. The highest activity is obtained for T-SiC-10 composite in 
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which 77% of MO was removed at 24 min and a removal of 96% is reached after 48 min. 

The T-SiC-20 and T-SiC-40 has a low performance in the degradation activity, but it is still 

better that SiC due to the presence of TiO2.  T-SiC-10 has a much better activity than TiO2 

because a moderate amount of SiC is needed for photocatalytic activity improvement. This 

might be due to visible light response shown in the absorption spectrum.  In order to have 

a much better understanding of the reaction kinetics, the experiment data are fitted by a 

first order model and the results are shown as an inset in fig 4.49(a and b). The T-SiC-10 

photocatalyst exhibits the highest rate constant of 0.1024 min-1 which is 20 and 3 times 

larger than those of individual SiC(0.0038) and TiO2 (0.0406) respectively. With respect 

to T-SiC-20 and T-SiC-40 nanocomposite, the rate constant of T-SiC-10 is 4 and 5 times 

larger than respectively. The observed values of the kinetic rate constant decrease 

proportionally to the increase in percentage weight of SiC which demonstrate that the 

existence of SiC and TiO2 heterostructure gives to improved performance. 

   

Figure 4.49 Linear fit of the Photo-degradation of MO using  (A) T-SiC-10, T-SiC-

20 and T-SiC-40 (B) TiO2, 6H-SiC and T-SiC-10 
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4.5 Comparison of the Binary nanocomposites 

4.5.1 Photocatalytic performance comparison 

The best composite obtained from each family of binary composite namely: TiO2-CdS-10, 

TiO2-SiC-10, and ZnO-TiO2, TiO2-Graphene binary nanocomposites are prepared in the 

same experimental condition and applied for DSSC and methyl orange degradation with 

the same kind of materials and the same condition. Hence, the order of the effectiveness of 

the composites in the photodegradation of methyl orange was compared in Figure 4.50. 

The result obtained shows that: At 24 min, 57%, 78%, 88% and 96% of MO dye was 

removed when exposed to T-ox-CdS-10, T-SiC-10, G@ (3%)-TiO2 and ZnO/TiO2@ (9:1) 

respectively. The difference in the performance shows that ZnO/TiO2 @ (9:1) shows the 

best performance and T-ox-CdS-10 has the least performance. The experiment was done 

under UV-Vis solar irradiation which makes it difficult to compare the performance of this 

nanocomposite in the visible spectral region that is more desirable but more significantly 

at 60 mins of irradiation the order of MO decomposition changes to G@ (3%)-TiO2 

>ZnO/TiO2@ (9:1) >T-SiC-10 > T-ox-CdS-10.This means G@ (3%)-TiO2 has the best 

performance at this moment. The overtaken performance at 60 mins can be associated to 

the Vis absorption this sample possess which gives it extra charge carriers for MO 

degradation. In order to reconfirm this activity, the rate constant was also compared with 

the percentage decomposition as shown in figure 4.51. This confirms the order in which 

rate constant differs is directly proportional to the order of percentage decomposition at 60 

min. Hence, T-ox-CdS-10 still has the least performance at 60 min due to the high rate of 

recombination which hinders it performance. 
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Figure 4.50 The comparison of MO reduction capability of the best binary 

nanocomposite (ZnO/TiO2@1:9, T-ox-CdS-10, G@(3%)-TiO2 and T-SiC-10) 

               

Figure 4.51 The comparison of rate constant (min-1) and percentage of MO 

degraded (% MO degraded) of the best binary nanocomposite (ZnO/TiO2@1:9, T-

ox-CdS-10, G@(3%)-TiO2 and T-SiC-10) 
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4.5.2 Photovoltaic performance comparison 

The J-V curve obtained from the binary nanocomposites was also compared in figure 

4.52.The short circuit current density increases in the order T-SiC-10< T-ox-CdS-10<G@ 

(3%)-TiO2 <ZnO/TiO2@ (9:1). This shows ZnO/TiO2@ (9:1) has the highest current 

density based on the fact that reducing electron-hole recombination remains the most 

important factor affecting the current density of the dye-sensitized solar cell. The open 

circuit voltage increases in the order of T-SiC-10< ZnO/TiO2@ (9:1) <G@ (3%)-TiO2 < 

T-ox-CdS-10. This show T-ox-CdS-10 has the highest open circuit voltage. Hence, 

combining visible light absorption activity and reduced charge recombination is the major 

contributing factor from introducing graphene or CdS is needed to enhance the open circuit 

voltage of the dye-sensitized solar cell. The result obtained in the binary composite was 

combined and well described in figure 4.53 such that it was seen that ZnO/TiO2@(9:1) 

with the  highest percentage increase over TiO2 has the least charge transport resistance, 

G@ (3%)-TiO2 with the highest rate constant removes the highest percentage of MO after 

60 min of solar irradiation. The photoconversion efficiency of the binary nanocomposite 

was compared in figure 4.50. This result shows that the ZnO/TiO2@(9:1) has the highest 

photoconversion efficiency as the efficiency changes in the order: T-SiC-10< <G@ (3%)-

TiO2 < T-ox-CdS-10 < ZnO/TiO2@ (9:1).this confirms that the reduction in charge 

recombination of the composite supersede visible absorption increase in the  enhancement 

of efficiency but supersedes corrosion resistance property introduced by SiC.  
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Figure 4.52 The comparison of  J-V curve of the best binary nanocomposite 

(ZnO/TiO2@1:9, T-ox-CdS-10, G@(3%)-TiO2 and T-SiC-10) 

                     

Figure 4.53 The comparison of  overall efficiency and percentage of amount of 

percentage increase over TiO2(multiple of TiO2(eff) of the best binary 

nanocomposite (ZnO/TiO2@1:9, T-ox-CdS-10, G@(3%)-TiO2 and T-SiC-10) 
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4.6 The Quaternary nanocomposites 

The best binary nanocomposite has been successfully determined from the group of binary 

nanocomposites. This binary nanocomposites namely ZnO/TiO2@9:1, T-ox-CdS-10, 

G@(3%)-TiO2 and T-SiC-10) are first combined as single elements to form a quaternary 

nanocomposite. For example ZnO/TiO2@9:1 + T-ox-CdS-10 + T-SiC-10 is denoted as 

(TZ+TC+TS). In another way, a computation described with pseudo code is also used  as 

a channel for obtaining a quaternary nanocomposite while retaining the percentage weight 

used in each of the best binary nanocomposite (The pseudo code was written  as follows: 

Step 1: Q (TiO2) (TiO2 is common to all the binary nanocomposites) 

Step 2: Compute Q (ZnO) = Q (TiO2) /9 

  Q (CdS) = Q (TiO2)/10 

  Q (SiC) = Q (TiO2)/10 

Hence, ZnO/TiO2/CdS/SiC 

4.6.1 Photocatalytic activity analysis 

The performance of the prepared quaternary nanocomposites was first investigated by 

investigating their photodegradation capability. However, the degradation of methyl 

orange dye in solution over ZnO NR, TZ+TC+TS and ZnO/TiO2/CdS/Sic is shown in 

figure 4.54. A clear difference was observed in the activity of the nanocatalyst. It was 

observed that for irradiation time of 60 mins, the TZ+TC+TS quaternary nanocomposite is 

less active than ZnO NR but ZnO/TiO2/CdS/SiC is more active than ZnO NR. This shows 

that, ZnO/TiO2/CdS/SiC is a better quaternary nanocomposite compared to TZ+TC+TS 

nanocomposite. Therefore, it is confirmed that the pseudo code computation approach used 

in preparing the nanocomposite to retain the percentage weight of the base binary 
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nanocomposite is better than direct combination used to prepare TZ+TC+TS quaternary 

nanocomposite. 

                       

Figure 4.54 Methyl orange (MO) degradation activity of the quaternary 

nanocomposite 

4.6.2 Structural analysis of quaternary nanocomposite 

Figure 4.55 presents the XRD pattern of ZnO/TiO2/CdS/G, and ZnO/TiO2/CdS/SiC 

nanocomposite. The XRD patterns show that only the hexagonal wurtzite structure with 

lattice constant a = 3.248 Å and c = 5.206 Å almost match well with the reported value for 

ZnO crystal (JCPDS card, No.36-1451)[199] can be identified in the quaternary 

nanocomposites. This result implies ZnO nanocrystal structure was retained with TiO2, 

CdS, and graphene or SiC in ZnO matrix. There are no clear peaks for TiO2, CdS, and 

graphene in the XRD patterns of the nanocomposite. Further analysis shows that the 

position of the peaks also matches with other structures. therefore  Figure 4.51(a) shows 

the ZnO/TiO2/CdS/G nanocomposite shows Cadmium zinc oxide(Cd0.05Zn0.95)O matches 
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well with most of the peaks and few peaks also show signature of zinc carbide(ZnC8) and 

Spinel (Zn2(TiO4)).  

                   

Figure 4.55 The XRD pattern of ZnO/TiO2/CdS/G, and ZnO/TiO2/CdS/SiC 

nanocomposite 

The XRD pattern of ZnO/TiO2/CdS/SiC nanocomposite is shown in Figure 4.51(b) . The 

diffraction pattern shows ZnO/TiO2/CdS/SiC nanocomposite is composed of 

(Cd0.05Zn0.95)O, cadmium titanium oxide(CdTiO3), ZnC8 and silicon disulfide(SiS2). The 

(Cd0.05Zn0.95)O, CdTiO3, Zn2(TiO4), ZnC8 and SiS2 are matched according to the DB card 

no: 01-071-5960, 00-029-0277, 01-074-6450, 00-051-0627 and 01-072-1423 respectively. 
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4.6.3 Raman spectra analysis of quaternary nanocomposite 

The Raman spectra of ZnO/TiO2/CdS/G and ZnO/TiO2/CdS/SiC nanocomposite are 

depicted in figure 4.56. The Raman spectra of ZnO/TiO2/CdS/G is more pronounced than 

that of ZnO/TiO2/CdS/SiC. This is because the intensity of the peaks are higher and well 

defined. Therefore better crystallinity is observed in ZnO/TiO2/CdS/G due to the presence 

of graphene as it was observed in the XRD pattern.  

             

Figure 4.56 Raman spectra of ZnO/TiO2/CdS/G, and ZnO/TiO2/CdS/SiC 

nanocomposite 

The Ehigh2 mode due to vibration of oxygen atom in ZnO lattice [136]of hexagonal wurtzite 

structure, Raman peak at 133.5 cm-1(Eg), 390 cm-1(B1g)
  and 513 cm-1(A1g) band associated 

with bending mode of O-Ti-O bond, oxygen atom liberation along the c-axis out of phase 

and Ti-O stretching mode respectively in anatase phase TiO2[137], [138], red shift of Eg 

band which indicates the presence of oxygen vacancies and overlap between the B1g band 

of TiO2 centered at 393 cm-1  and the 435 cm-1 optical phonons of ZnO which shows 

interaction occur between the nanoparticles in the nanocomposite are present in 
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ZnO/TiO2/CdS/G and ZnO/TiO2/CdS/SiC nanocomposite. Also observed is the slight 

appearance of the D and G band of graphene in ZnO/TiO2/CdS/G which confirms the 

presence of graphene. 

4.6.4 Morphology of quaternary nanocomposite 

The morphology of ZnO NR, ZnO/TiO2/CdS/G is shown in figure 4.57. ZnO/TiO2/CdS/G 

nanocomposite shows a pod-like appearance after complete entanglement of TiO2, CdS 

and graphene to the ZnO nanorods as shown in figure 4.57(a). The TEM image of 

ZnO/TiO2/CdS/graphene quaternary nanocomposite is shown in figure 4.57(b). The 

growth of TiO2 NP, CdS and ZnO NR on graphene sheets was confirmed in the image. This 

explains the reason why the graphene was not observed in the SEM image. It was evident 

that all the particles on the base graphene were interconnected and the surface of ZnO NR 

which is dominant becomes populated with spherically shaped particles that lead to its nano 

pod appearance in the SEM image. The crystallinity is confirmed with the HRTEM image 

in figure 4.57(c) which show clear fringes with a spacing of ~0.34 nm. The SAED in figure 

4.57(d) shows a few diffraction spot because of surface adhesion of the nanoparticles. The 

morphology of ZnO/TiO2/CdS/SiC is shown in figure 4.59.In the SEM image shown in 

figure 4.58(a) ZnO/TiO2/CdS/SiC shows a well-compacted aggregate of the ZnO, TiO2 and 

CdS particles as compared to ZnO/TiO2/CdS/G due to the presence of SiC which is known 

useful for reinforcement. Figure 4.58(b) shows the TEM image of ZnO/TiO2/CdS/SiC 

quaternary nanocomposite. The interfacial connection between the SiC, CdS, spherical 

TiO2 and ZnO nanorods was clearly seen. The atomic planes were seen overlapping in the 

HRTEM image shown in figure 4.58(c) obtained for the quaternary nanocomposite. The 

fringe spacing of 0.251 nm and 0.283 was observed which correspond to TiO2 NP and ZnO 
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NR. The diffraction pattern of wurtzite-type hexagonal ZnO NR was dominant in the 

SAED image shown in figure 4.58(d) and this is consistent with the XRD spectra. The 

percentage weight of the nanoparticles was almost consistent with the requirement obtained 

from the pseudo code. This is shown in figure 4.58(e) from the EDS spectrum ignoring the 

concentration of oxygen and carbon whereby Si is ~10% of Ti, Cd is ~ 10 % of Ti and Ti 

is ~9% of Zn.  

 

 

Figure 4.57 (a) FESEM image (b) TEM image (c) HRTEM image and (d) SAED of 

ZnO/TiO2/CdS/G nanocomposite 
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Figure 4.58 (a) FESEM image (b) TEM image (c) HRTEM image and (d) SAED (e) 

EDS of ZnO/TiO2/CdS/SiC nanocomposite 
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4.6.5 Optical analysis of quaternary nanocomposite  

The light scattering ability of ZnO and ZnO/TiO2/CdS/G is investigated using the UV-vis 

absorption spectra. Figure 4.59 shows the absorption spectra of ZnO NR and 

ZnO/TiO2/CdS/G nanocomposite. The ZnO NR has an absorption threshold at ~363 nm. 

The ZnO/TiO2/CdS/G and ZnO/TiO2/CdS/SiC has a broad absorption edge which extends 

from 300 nm to 372 nm wavelength which covers even the deep UV region. This enhances 

the use of UV light in the nanocomposite compared to ZnO NR [81] and it  shows  band to 

band transition occurs between the UV-active components (TiO2 and graphene) of the 

nanocomposite which improves its absorption in the UV- spectral region. However, the 

incorporation of CdS which are red in color, the nanocomposite exhibits a broad absorption 

edge in the Vis spectral region. Furthermore, a visible absorption peak around 450 nm 

towards the Vis and near IR region is a signature of the CdS present in the nanocomposite, 

the formation of Ti-O-C bands (C in graphene or SiC) and conveyance of electrons through 

multiple CB which leads to reduced charge transfer recombination. 

                

Figure 4.59 The UV-Vis absorption spectra of ZnO/TiO2/CdS/G and 

ZnO/TiO2/CdS/SiC quaternary nanocomposite compared with ZnO nanorod 
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4.6.6 XPS Analysis of quaternary nanocomposite 

i. ZnO/TiO2/CdS/G nanocomposite 

XPS analysis of nanocomposite was done to further investigate the oxidation state of the 

elements (Zn, Ti, O, Cd, S, and C) in ZnO/TiO2/CdS/G nanocomposite. The spin-orbit split 

was observed in Zn 2p, Ti 2p and Cd 3d peak of the synthesized nanocomposite. The Zn 

2p3/2, Ti 2p3/2, Cd 3d5/2, O 1s, S 2p and C 1s regions are shown in Figure 4.60(a-f). The 

spectrum of the Zn2p2/3 peaks shown in figure 4.60(a) was decomposed into three 

components. The peak at 1022.1 eV can be attributed to ZnO (Zn–O bonding state) [200],  

the second peak located at 1022.9[201] confirming the presence of zinc sulfate[189]. The 

values of the binding energies (BE) obtained for the Ti 2p3/2 peaks shown in figure 4.60(b) 

are at 458.5 eV[202] and 459.7 eV[203][204] both verify the presence of Ti–O.  

 

Figure 4.60   XPS spectra of ZnO/TiO2/CdS/G 



106 

 

Deconvolution of the O 1s spectra shown in figure 4.60(c) indicates three main peaks 

around 530.4 eV, 531.1 and 532.4 eV which were assigned to O atoms in metal oxide[205], 

C=O(oxygen doubled bonded to aromatic carbon) [206], lattice oxygen (O2
2- )[207] and 

sulfates [189]. Cd 3d5/2peak is deconvoluted into two peaks as shown in figure 4.60(d) with 

binding energies at 405.7 eV which confirm the chemical identity of the CdS quantum 

dots[208], and at 405.2 eV assigned to Cd2+ of CdS nanoparticles [209][210] or 

CdCO3[189] due to reaction of carbon in graphene with oxygen in the oxide 

semiconductors and Cd in the CdS and. The S 2p peak is resolved into three peaks as shown 

in figure 4.60(e). The peak located at  162.1 eV can be assigned to S2-[211]of CdS, the peak 

at 166.0 eV for sulfite and the peak positioned at 170.0eV should be due to the sulfate 

(SO42-)on the surface. The C 1s can be deconvoluted into five peak component as shown 

in figure 4.57(f) with binding energies at 286.2 eV for the C-O species] [212] or C with 

S[189] , at 284.1 eV ascribed to the amorphous carbon coated on the surface of the particles 

[213][214], 284.8eV for C-C [189],  288.3 eV for the carbonyl (C-O) [215]and 289.4 eV 

for carbonates[189]. It can be observed that the XPS analysis also reveals the information 

about the entanglement of the nanoparticles in the nanocomposites. Such that: Zn and Ti 

have a bond with O (oxygen) in ZnO and TiO2 and the Zn has a bond with S (sulphur). The 

Cd and S in CdS have a bond with O2 either directly or indirectly, the Carbon (C) in 

graphene has a bond with O and S, This shows the quantum entanglement if knotted to the 

Sulphur  in CdS and Oxygen in the oxide semiconductors (TiO2 and ZnO). 

    ii. TiO2/ZnO/CdS/SiC 

The XPS analysis was also carried out to investigate the chemical composition of 

TiO2/ZnO/CdS/SiC and the valence states of the elements present therein. The high-
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resolution scans of Ti 2p, Cd 3d, S 2p, Si 2p, O1s, C1s and Zn 2p states are given in Fig. 

4.61(a-g). The spin-orbit split was observed in Ti 2p, Cd 3d, and Zn 2p states. Zn 2p3/2 of 

the spin-orbit split peak of Zn shown in Fig. 4.61(a) was fitted into peaks with positions at 

1021.9 eV, 1022.6 eV and 1023.1 eV associated with Zn2+ bonds, di-zinc silicon tetraoxide 

(Zn2SiO4 ) bond[216] and sulfate in the sample respectively  The Ti 2p3/2 peak in Fig. 

4.61(b) was fitted into two peaks with position at 458.5 eV and 460.0 eV corresponding to 

TiO2 and Titanium dioxide/silicon dioxide (TiO2/SiO2) respectively[190] .  

 

Figure 4.61 XPS spectra of ZnO/TiO2/CdS/SiC 

 The O1s peak in Fig. 4.61(c) was deconvoluted into peaks located at 530.6 eV, 532.1 eV 

and 533.0 eV which are assigned to metal oxide, sulfates, and SiO2 respectively[189]. The 

Cd 3d3/2 peak of the spin-orbit split peak shown in Fig. 4.61(d) was fitted into peaks with 

positions at 405.0 eV, 405.1 eV, and 405.7 eV which are attributed to the presence of CdO, 
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CdCO3 and Cd2+ in CdS [217] respectively. The Sulfur peak in Fig. 4.61(e) located at 160.9 

eV and 168.5 eV were attributed to the presence of S2- state in CdS and the presence of 

Sulphate (SO4
2-) in the sample which explains the reaction between the cat-ions of CdS 

and ZnO/TiO2 interface [37].  The Si 2p spectrum shown in figure 4.61(f) obtained was 

fitted into three characteristic peaks of Silicon state at 101.1eV, 101.89 eV and 102.84 eV 

which correspond to SiC[186], SiC-O [187]and TiO2-SiO2 [188]respectively. The high-

resolution spectrum of C1s spectrum in fig. 4.61 (g) shows three small fraction peaks at 

283.4eV,284.8 eV, 286.45 eV and 289.35 eV which are associated with carbide (SiC)[190], 

C-C(The adventitious carbon C1s main peak used to calibrate the peak positions),  C with 

S bond[189] and carbonate respectively. 

4.6.7 Photovoltaic performance analysis 

The photocurrent-voltage (J-V) curves of the DSSC assembled using ZnO and 

ZnO/TiO2/CdS/G (G= graphene) as photoanode measured under solar irradiation is shown 

in figure 4.62. The incident light was 30 mW/cm2. The effective area of the cell is ≤ 0.25 

cm2.The open circuit voltage, short circuit current density, Fill factor and power conversion 

efficiency known as the performance parameters of the DSSC obtained from fig 4.62. The 

ZnO-based DSSC shows a power conversion efficiency of 3.47 % with a short circuit 

current density value of 4.25 mA/cm2 and an open circuit voltage value of 0.55 V. In 

comparison, It was observed that DSSC based on ZnO/TiO2/CdS/G photoanode shows a 

power conversion efficiency of 9.47 % with a short circuit current density value of 14.4 

mA/cm2 and an open circuit voltage value of 0.51 V. As compared with ZnO NR, The Jsc 

of ZnO/TiO2/CdS/G was increased by ~3.4 times due to improvement in surface area 

caused by the presence of TiO2, improvement in optical absorbance by the presence of CdS 
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or acceleration of electron permeation due to the presence of graphene sheet and interfacial 

connection between the TiO2-NP, ZnO-NR, CdS-NP, and graphene sheet reducing charge 

recombination also improves electron transfer and hole trapping. However, the efficiency 

of ZnO NR was increased by ~3 times in the ZnO/TiO2/CdS/G. Interestingly, It is observed 

that DSSC based on ZnO/TiO2/CdS/SiC photoanode shows a power conversion efficiency 

of 14.6 % with a short circuit current density value of 19.2 mA/cm2 and an open circuit 

voltage value of 0.57 V. As compared with ZnO NR and ZnO/TiO2/CdS/G the JSC was 

increased by ~6.8 and 2 times respectively.  

                 

Figure 4.62 Photocurrent- voltage curve of ZnO NR, P-25 TiO2, 

ZnO/TiO2/CdS/graphene and ZnO/TiO2/CdS/SiC 

This explains the effect of material negative impact cancellation. This means in 

ZnO/TiO2/CdS/SiC composite, the self-oxidation undergone by the visible light active CdS 

is cancelled by the oxidation resistant SiC Hence, excellent separation of photogenerated 
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charge carriers is accompanied with excellent electron generation and transport in the 

nanocomposite. Therefore, electron generation and conduction will be tremendously 

improved. Further comparison was done with DSSC based on P-25 photoanode which 

shows a power conversion efficiency of 7.81 % with a short circuit current density value 

of 9.4 mA/cm2 and an open circuit voltage value of 0.51 V. This shows that the quaternary 

composites (ZnO/TiO2/CdS/G and ZnO/TiO2/CdS/SiC) have a better performance than the 

well-known bi-phase P-25 TiO2 which has been reported the best in the fabrication of dye-

sensitized solar cell due to the excellent reduced charge recombination and surface area for 

dye adsorption. The electrochemical impedance spectroscopy (EIS) measurements were 

carried out to evaluate the charge transfer resistance processes in the DSSC.  

               

Figure 4.63 Nyquist curve of ZnO NR, P-25 TiO2, ZnO/TiO2/CdS/graphene and    

ZnO/TiO2/CdS/SiC 

The Nyquist plot of EIS spectra described by semicircles is shown in figure 4.63.  The 

semicircle represented with R2 is the electron transfer resistance at the 

photoelectrode/dye/electrolyte interface. The R2 value of ZnO/TiO2/CdS/SiC (~23 Ω) is 
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tremendously lower than the charge transfer resistance of ZnO (~173.7 Ω), 

ZnO/TiO2/CdS/G (~153 Ω) and P-25 TiO2 (~80 Ω). This indicates a reduction in the 

electron–hole recombination which is in good agreement with the observed increase in VOC 

value as compared with other photoanodes. P-25 TiO2 has shown an RCT value lower than 

the value of ZnO/TiO2/CdS/G which is not consistent with the JSC and efficiency value. 

This shows that improved performance of ZnO/TiO2/CdS/G over P-25 TiO2 was not due 

to improved charge transfer generation but improved charge generation from CdS and 

graphene.  

Table 4.5 Parameters of the DSSCs with ZnO NR, P-25 TiO2, ZnO/TiO2/CdS/G and 

ZnO/TiO2/CdS/SiC 

  JSC (mA/cm2) Voc (V) FF  Ƞ (%)    Rct (kΩ) 

ZnO NR 4.25 0.55 0.43 3.47 173 

P-25 TiO2 9.38 0.51 0.49 7.81 80 

ZnO/TiO2/CdS/G 14.30 0.51 0.40 9.47 153 

ZnO/TiO2/CdS/SiC 19.20 0.57 0.40 14.59 23 

 

4.6.8 Charge transfer mechanism in the DSSC  

i. ZnO/TiO2/CdS/G based DSSC 

The charge transfer mechanism in the DSSC is shown in figure 4.64. Under Solar 

irradiation, the CdS and N719 dye are excited and the photogenerated electrons migrate to 

the conduction band of TiO2, which could be subsequently collected by the ZnO. The 

photo-induced holes migrating away to recombine with the electrons in the conduction 

band are therefore trapped by the valence band of ZnO and TiO2. The graphene captures 

and improve the rate of transfer of photo-generated electrons between 
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graphene/CdS/TiO2/ZnO Nanohybrid interfaces hence reducing the rate of photogenerated 

electron-hole pair recombination. The electrons in the conduction band finally migrate to 

the FTO substrate. On the other hand, the redox electrolyte (I2 based electrolyte) 

regenerates the lost electrons in CdS and N719 Dye. At the counter electrode, the lost 

electron in the electrolyte is regenerated. The circuit is completed by transferring the 

electrons to the external load (Autolab potentiostat) through the electrode.  

         

Figure 4.64 Charge injection mechanism diagram of the DSSC 

ii. ZnO/TiO2/CdS/SiC based DSSC 

The Kinetics of electron transfer in the DSSC is shown in figure 4.65. Under Solar 

irradiation, the CdS and N719 dye are excited and the photogenerated electrons migrate to 

the conduction band of SiC, which is transferred TiO2 CB. The photo-induced holes 

procreated in the CdS are trapped at the valence band of CdS by the SiC. This assists in 

charge transport separation. The electrons in TiO2 CB and excited electrons from N719 

dye converge at the FTO substrate. On the other hand, the lost electrons in CdS and N719 
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Dye is replaced by the redox electrolyte (I2 based electrolyte). Since the counter electrode 

has a contact with the liquid electrolyte within the DSSC, the platinum catalyst coated 

counter substrate regenerates the electron lost by the electrolyte. The connection of an 

external load (Autolab potentiostat) through the electrode is used to complete the circuit.  

                         

Figure 4.65 Charge transfer mechanism of ZnO/TiO2/CdS/SiC based DSSC 
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CHAPTER FIVE 

CONCLUSION AND FUTURE PROSPECTS 

5.1 Conclusion. 

So far in this work the following has been successfully achieved.  

(a) CdS was successfully prepared from Cadmium acetate dihydrate by temperature 

controlled precipitation method. 

(b) Transparent deionized water suspended Graphene sheets was successfully prepared 

by chemical vapor technique. 

(c) Pulsed laser ablation technique was successfully used to prepare the following: 

i. ZnO NR/TiO2 NP nanocomposite 

ii. TiO2/CdS nanocomposite 

iii. TiO2/SiC nanocomposite 

iv. TiO2/graphene nanohybrid 

v. ZnO/TiO2/CdS/graphene nanocomposite 

vi. ZnO/TiO2/CdS/SiC nanocomposite 

(d) The structural property and morphology of the nanocomposite were studied using 

XRD, Raman spectroscopy, SEM, and TEM. 

(e) The optical property of the nanocomposite was investigated using UV-Vis 

spectrophotometry and FTIR. 

(f) The elemental composition of the nanocomposite was confirmed using XPS. 

(g) The photocatalytic and photovoltaic performance of the nanocomposite and 

nanohybrid were successfully investigated for the first time. 



115 

 

(h) The Photocatalytic performance of the nanocomposite was successfully 

investigated in the photodegradation of methyl orange (MO) under UV-Vis solar 

spectrum. 

(i) The photovoltaic performance of the nanocomposite was obtained successfully 

when applied as photoanode in a DSSC. 

(j) The photocatalytic performance of the nanocomposite follow the following trend: 

i. ZnO/TiO2 nanocomposite: ZnO/TiO2 @ (9:1) > ZnO/TiO2 @ (5:5) >ZnO NR> 

ZnO/TiO2@ (3:7)>TiO2 > ZnO/TiO2@ (7:3) 

ii. TiO2/CdS nanocomposite: T-ox-CdS-20<CdS<T-ox-CdS-40<TiO2<T-ox-CdS-10 

iii. TiO2/SiC nanocomposite: T-SiC-10 > T-SiC-20>TiO2>T-SiC-40 

(k) The trend of the photovoltaic performance of the nanocomposite is in the order: 

i. ZnO/TiO2 nanocomposite: ZnO/TiO2@ (9:1)>ZnO NR >ZnO/TiO2@ (7:3)> TiO2 

>ZnO/TiO2@ (5:5)> ZnO/TiO2@ (3:7) 

ii. TiO2/CdS nanocomposite: T-ox-CdS-10> T-ox-CdS-40>TiO2> CdS > T-ox-CdS-

20 

iii. TiO2/SiC nanocomposite: T-SiC-10> T-SiC-20>TiO2>T-SiC-40 

iv. TiO2/graphene nanocomposite: G@ (50%)-TiO2 < TiO2 < G@ (16%)-TiO2 <G@ 

(3%)-TiO2 

Therefore, the following conclusions can be derived from this work. 

i. Moderate amount of SiC, CdS and graphene are needed for photocatalytic and 

photovoltaic enhancement. 

ii. Computation is necessary when combining binary nanocomposite. 
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iii. Pulsed Laser Ablation technique is a useful technique in providing entanglement 

between nanoparticles by ion exchange. 

iv. Quaternary nanocomposite can provide a breakthrough to semiconductors 

heterostructures with reduced setbacks. 

v. The photocatalytic and photovoltaic applications are almost similar when less 

oxidizing catalysts are taken into consideration. 

vi. The problem of low efficiency in DSSC still lies in the setback faced by the 

photoanode. 

5.2 Future Prospects 

The following recommendations can be made after successful completion of this work. 

 Other visible light sensitive catalyst chalcogenide may be used in place of CdS 

 Noble metals like silver and gold may be tried in place of the chalcogenides 

 Another metal oxide may be used to replace TiO2 and ZnO 

 Nobel metal doped quaternary  or pentenary composite can be synthesized 

 Catalysts produced by PLAL can also be used applied for CO2 conversion. 

 With PLAL, there is no limitation to the number of semiconductor catalyst that can 

 be combined to form heterostructure. 

 Computation may be used as a tool ternary and quaternary nanocomposites  

 Other carbon-based materials like carbon nanotube, fullerene may also be used to 

replace graphene in the quaternary composite. 
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