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1 Introduction 
The field of metal oxides has stimulated a lot of research interest in recent years. These 

materials have demonstrated unique optical and semiconductor properties and redox chemistry 

[1,2]. Metal oxides have been applied in a wide range of fields including electronics, fuel cells, 

chemical sensors, advanced ceramics, anticorrosion, agriculture, biomedicine, catalysis, 

photocatalysis and environmental protection processes [3]. Furthermore, the functional 

properties of these materials can be significantly improved by coupling metal oxides with noble 

metals, non-metals, and compatible metal oxides. Scaling the metal oxides to nano scale has a 

great impact on their optical, chemical, magnetic, electrical and mechanical properties due to the 

increase in surface area to volume ratio [4]. Commonly studied metal oxides include TiO2, SiO2, 

WO3, ZnO, FexOy, MoO3, CuxOy, etc. [5]  

Among the metal oxides, TiO2 is the most widely investigated photocatalyst due to its 

high photoactivity, low cost, chemical inertness, high corrosion resistance, and mechanical 

robustness [6,7]. The significant interest in preparation and characterisation of TiO2 followed 

reports of photocatalytic splitting of water by TiO2 under UV light by Fujishima in 1969 [8,9]. 

TiO2 has numerous areas of application such as photocatalysis, pigment for paints, photovoltaic 

cells, photochromic activities [10]. However, major setbacks of application of TiO2 are the high 

bandgap that makes it absorb only UV light and faster recombination of charge carriers during 

photocatalysis that decrease its efficiency [11,12]. These setbacks have fuelled the need to 

prepare composite metal oxides. 

Synthesis of nanocomposite metal oxides is a challenging task since the materials to be 

prepared should be of specific composition and morphology among other characteristics, also the 

precursors have different properties such as solubility in common solvents which compound the 

challenge. Some of the methods of synthesis require high-end apparatus. [13] Methods of 

preparing metal oxide nanocomposites are solution-based , vapor and gas phase synthesis, they 

include electrospinning, atomic layer deposition (ALD), physical and chemical vapor deposition, 

sputtering, thermal evaporation, wet chemical deposition methods among others [14,15].  

Electrospinning is among the most popular methods of fibre synthesis because of its 

versatility and ease of scaling to industrial levels. However, preparation of TiO2 based 
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nanocomposite metal oxide nanofibers using electrospinning is a challenge because commonly 

used Ti precursors hydrolyse in water while precursors for other metal oxides like WO3 are water 

soluble. Therefore, preparation of such compounds has been done using a combination of 

techniques. The use of multiple techniques makes the synthesis process expensive and 

cumbersome. 

 In my PhD work, I prepared TiO2 nanofibers using a completely water-based 

electrospinning process. For that I used titanium (IV) bis(ammonium lactato) dihydroxide 

(TiBALDH), a water soluble Ti precursor. I optimized the parameters for preparing anatase TiO2 

nanofibers by electrospinning using TiBALDH. There were no previous reports of preparation of 

TiO2 nanofibers using TiBALDH. Also, there were no reports on the study of thermal 

decomposition of TiBALDH, therefore in my study I investigated the thermal decomposition and 

fragmentation of TiBALDH using TG/DTA-MS. I also investigated how the properties of the 

fibres could be controlled using different concentration of the precursor. Fibre diameter 

decreased by up to 80% when the precursor concentration was reduced from 50% to 10%. The 

successful synthesis of anatase TiO2 using a water-based electrospinning process was significant 

because it provides a simpler method of preparing TiO2 based composite nanofibers. 

Since the major drawback of TiO2 in photocatalytic application is high band gap that 

limits its light absorption to the UV region of the electromagnetic spectrum, I prepared TiO2-

WO3 composite nanofibres by electrospinning using water-based precursors. I used ultraviolet 

diffuse reflectance spectroscopy (UV-DRS) and demonstrated that coupling TiO2 with WO3 

extended the light absorption range of the fibres to higher wavelength. Previously, TiO2 based 

composite nanofibers were prepared using a combination of techniques which is cumbersome. 

By using TiBALDH TiO2-WO3 composite nanofibers can be synthesized by electrospinning in 

followed by annealing in air.  I investigated how the properties of the electrospun fibres changed 

when different volume ratios of precursor solutions were used. I characterized the fibres using 

scanning electron microscope (SEM) coupled with energy dispersive X-ray (EDX), Attenuated 

total reflection Fourier transform infrared spectroscopy (ATR-FTIR), X-ray diffraction (XRD) 

and Raman spectroscopy. I studied the photocatalytic degradation of methyl orange solution in 

UV and visible light. Furthermore, TiO2-WO3 composite fibres prepared by electrospinning were 

annealed in argon. By annealing the as-spun fibres in inert atmosphere, the polymer component 
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and the precursors did not decompose completely, and a carbon matrix containing nitrogen was 

formed. The presence of carbon and nitrogen sentizes the fibres to visible light and this improves 

the photocatalytic activity of the fibres. 

I also prepared TiO2-MoO3 using a water-based electrospinning technique. TiO2-MoO3 

nanofibers have been previously used as energy storage photocatalysts as well as antibacterial 

materials. However, preparation of TiO2-MoO3 composite nanofibers by electrospinning is a 

challenge because MoO3 precursors are insoluble in ethanol and have low solubility in water. I 

optimized the conditions for preparation of the fibres using electrospinning. The morphology and 

composition of the fibres were investigated by XPS, SEM-EDX, transmission electron 

microscopy (TEM). The fibres were also characterised by ATR-FTIR, XRD and Raman 

spectroscopy I investigated the application of the fibres in photocatalytic decomposition of 

methylene blue in visible light. 
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2.0 Literature review 
 

2.1 Metal oxide nanocomposites 

 

Semiconductor metal oxides and their derivates have demonstrated remarkable 

biological, electronic, optical, photocatalytic, and redox properties. Therefore, these materials 

have applications in a wide range of fields including catalysis, gas sensors, fuel cells, 

biomedicine among others [16–19]. Metal oxides offer effective, low-cost, and environmentally 

friendly solutions to industrial and environmental challenges. Furthermore, scaling down metal 

oxides from macro to nano size significantly affects  their functional properties, which can be 

attributed to increase in surface area to volume ratio as well as improvement on chemical and 

physical properties [20]. Drastic changes in properties of metal oxides at nano scale enhance 

their application in photocatalysis, energy conservation, gas sensing and biomedicine [21–23]. 

Some of the major fields of application of metal oxide nanomaterials are shown in Figure 1. 

 

Figure 1. Major fields of application for metal oxide nanomaterials 

Semiconductor nanomaterials have high chemical stability, continuous absorption bands 

and great functionality that have made them attract a lot of interest in recent decades. An 

important electronic property of these materials is generation of electron hole pairs by light 

illumination. The illumination causes excitation of electrons from the valence band to the 
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conduction band, creating electron-hole pairs in the conduction and valence bands respectively 

[24]. Electron and hole pairs in these materials are influenced by quantum confinement effects 

and are dependent on the geometry and size of the particles. The energy difference between the 

valence band and the conduction is referred to as the band gap. It is an important characteristic of 

semiconductors since this energy must be overcome to excite the electrons from the valence band 

to the conduction band [25]. Most widely investigated semiconductor metal oxides nanomaterials 

are TiO2, SiO2, WO3, ZnO, FexOy, MoO3, CuxOy, etc [26].  Furthermore, synthesizing 

composites of the oxides produces materials with unique electronic properties such as decreased 

band gaps which can improve their applications [27].  

 

2.2 TiO2 nanofibres  

 

TiO2 is an n-type semiconductor which exists naturally as a mineral in three crystalline 

forms, anatase, brookite and rutile. These structures consist of TiO6 octahedrons. In brookite and 

rutile the octahedrons have corner and edge sharing configurations while anatase polymorph 

exhibits edge sharing configuration as shown in Figure 2. Brookite has an orthorhombic structure 

whereas both anatase and rutile forms of TiO2 have tetragonal lattices. 

 

Figure 2. Crystalline structures of TiO2 polymorphs [28] 
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Rutile polymorph is the most abundant, it is stable and is formed at temperatures above 

800 ºC. Anatase TiO2 can be crystalised between 350-700 ºC while amorphous TiO2 is formed  

below 350 ºC,  [6,29]. Anatase and rutile TiO2 can be prepared readily from different TiO2 

precursors. The chemical. electrical, physical, and optical properties of TiO2 polymorphs are 

different, rutile has a band gap of 3.0 eV, while for anatase is 3.2 eV and brooklite is 3.4 eV [30]. 

Different morphologies of TiO2 such as nanoparticles, nanotubes, nanowires, nanobelts 

and nanofibers have been prepared through various processes. These nanostructures improve the 

functionalities of TiO2 due to the benefits of increased surface area [31]. Anatase TiO2 is a more 

photoactive polymorph of TiO2 with slow recombination of the photogenerated ions, this 

explains its suitability in fields such as catalysis, dye sensitized solar cells, sensors and 

optoelectronics[32]. 

The different methods of synthesis of composite TiO2 nano compounds largely depend on 

the precursor. Until now, a range of precursors for such titanium butoxide, titanium isopropoxide 

and titanium (IV) acetylacetonate have been used for preparation of titanium oxide nanoparticles. 

however, they are insoluble in water [33]. This creates a challenge in the synthesis of composites 

of TiO2 with other metal oxides such as WO3 and MoO3 whose precursors are water soluble by a 

single technique such as electrospinning since the mixture of the precursors forms a suspension 

which is not suitable for electrospinning. Therefore, it is important to optimize the procedures for 

preparation of TiO2 nanofibers from environmentally benign water-soluble precursors such as 

titanium (IV) bis (ammonium lactato) dihydroxide (Figure 3). The use of a water soluble 

precursor for preparation of  TiO2 nanofibres allows for coupling of TiO2 with other 

semiconductor oxides in a single synthesis step such as electrospinning instead of a combination 

of techniques which is cumbersome [34]. 

    

Figure 3. TiBALDH molecular structure [35] 
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TiBALDH is a water-soluble, non-hazardous titanium complex that is stable at near 

neutral pH and ambient conditions. Lately it is becoming more and more interesting with various 

routes of obtaining a metal oxide including electrospinning, biocatalytically templated synthesis, 

hydrothermal method etc. [36–38].  

Existing literature have demonstrated the use of TiBALDH in synthesis of TiO2 

nanoparticles by hydrothermal synthesis. Mockel et al reported that TiBALDH was utilized to 

produce almost monodispersed anatase nanocrystals by thermohydrolysis [39]. Mayya et al. 

reported a nanoscale coating of gold nanoparticles with titania based on TiBALDH by 

polyelectrolyte complexation [40]. Lee et al. prepared anatase TiO2 nanoparticles coupled with 

carbon nanotubes (CNTs) by controlled hydrolysis of TiBALDH in CNTs containing aqueous 

media [41]. Hongzhi et al. prepared TiO2 nanocrystals by hydrolysis and hydrothermal treatment 

of TiBALDH [42]. However, no studies have been reported about the use of TiBALDH as a 

precursor in the synthesis of TiO2 nanofibres by electrospinning. There are also no reports on 

thermal analysis of TiBALDH, 

TiO2 is one of the most intensively researched semiconductor photocatalyst since the 

discovery of the Honda-Fujishima effect in 1972 [43]. Anatase TiO2 is the most widely reported 

polymorph of TiO2 for photocatalytic applications due to its slower rate of electron hole pair 

recombination. TiO2 is eco-friendly has outstanding electrical and optical properties, high 

chemical stability, low cost, nontoxicity,  reusable and can be supported on numerous substates 

including glass, activated carbon, stainless steel, and inorganic materials [44]. These properties 

make TiO2 a promising material for commercial application.  Preparation of efficient TiO2 

photocatalyst is important in a variety of applications that require solar light conversion. Such 

materials can be achieved by synthesis of structured 1D- TiO2 nanomaterials [45]. 

Sung et al prepared TiO2 nanofibers by electrospinning a mixture of TiO2 powder in a 

solution of polyacrylonitrile in DMF followed by calcination [46]. The photocatalytic activity of 

the synthesized nanofibers were about three times better than the activity of TiO2 nanoparticles 

prepared by sol gel method. The nanofibers had diameters of about 500 nm with mesopores of 

between 3-4 nm in radius. They attributed the photocatalytic superiority of the TiO2 nanofibers, 
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to the mesoporosity of the nanofibers leading to efficient charge separation in the nanofiber 

network. 

Surawut et al reported fabricating TiO2 nanofibers using a combination of electrospinning 

and sol-gel technique [47]. They used titanium (IV) butoxide as the precursor, PVP polymer and 

acetylacetone in methanol as the electrospinning solution. The resulting fibers were calcined at 

different temperatures between 300 ºC to 700 ºC. The fibers were utilized as photocatalyst for 

hydrogen evolution. The nanofibers had a diameter range of 260 – 355 nm and the fibers 

calcined at 450 ºC had the highest photocatalytic activity. They observed that 1D TiO2 

nanomaterials with well aligned nanofibrils have enhanced crystallinity, surface area and higher 

photocatalytic activity. 

Hollow mesoporous ID-TiO2 nanofibers were synthesized by Zang et al for photovoltaic 

and photocatalytic applications using coaxial electrospinning [48]. Titanium tetraisopropoxide 

was used as the precursor for TiO2 with two immiscible polymers: polyethylene oxide and PVP. 

The solvents used were DMF, ethanol and acetic acid. After annealing, the mesoporous TiO2 

nanofibers had hollow structures with an average diameter of 130 nm. The photocatalytic activity 

of the fibres in visible light was investigated using rhodamine B dye and compared with P25 

TiO2 nanoparticles. Dye sensitized solar cell was used to investigate the photovoltaic activity of 

the nanofibers. They reported that the hollow mesoporous nanofibers showed higher rate of 

degradation of rhodamine B and greater photovoltaic activity than P25 TiO2 nanoparticles, the 

efficiency in the performance of the hollow mesoporous TiO2 nanofibers was attributed to 

increased surface area. 

Doh et al used electrospinning method to develop TiO2 nanofibers for photocatalytic 

degradation of organic pollutants [49].  They optimized electrospinning conditions for 

preparation of TiO2 nanofibers using titanium tetraisopropoxide precursor, polyvinyl acetate, 

ethanol, and acetic acid solutions. The optimum electrospinning conditions were a voltage of 0.9 

kV and flow rate of 50 µL min-1. The aspun fibers were annealed at 550 ºC for 30 minutes to 

form anatase TiO2 nanofibers with average diameter of 236 nm. The also used sol gel to coat the 

nanofibers with TiO2 nanoparticles and form composite of TiO2 nanofiber/nanoparticles. The 

composite TiO2 nanomaterials demonstrated higher photocatalytic activity in degradation of 

organic pollutant than nanofibers and nanoparticles. 
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2.3 WO3 nanofibres  

 

Tungsten (VI) oxide (WO3) is a n-type semiconductor oxide with great physical and 

chemical properties which enable it to be widely applied in electrochemical, catalytic, 

photocatalytic, gas sensing, and photochromic fields [50]. A band gap of between 2.4-3.2V 

enables it absorb light above 400 nm and makes WO3 a suitable material in synthesis of 

composite photocatalyst [51]. Tungsten oxides consist of WO6 octahedra arranged in different 

patterns that share corners planes, and edges leading to different crystalline forms including 

orthorhombic, monoclinic, hexagonal. The phases are stable at different temperature ranges, 

tetragonal is stable above 700 °C, orthorhombic about 300-700 °C, monoclinic around 20-300 

°C. The monoclinic polymorph shows the highest photocatalytic activity [52]. 

Tungsten oxides occur naturally in hydrate minerals such as WO3.2H2O, however, there 

are numerous ways to obtain WO3. The most popular is the wet-chemical technique that is 

widely used in material synthesis [53]. The sol-gel process uses mostly precursors of the oxide-

peroxotungstic acid solutions. The precursor is typically obtained by dissolution of tungsten 

metal in concentrated hydrogen peroxide solution, followed by gelation of peroxotungstic acid 

during which time WO3·nH2O is formed, after which  WO3 1D nanostructures were obtained  by  

annealing in air [54]. 

Hydrothermal synthesis is another method used to prepare WO3 1D nanostructures. It is a 

facile, cost-effective, and well-studied liquid-phase technique, where a tungstic acid solution 

(H2WO4) acts as a precursor. The process of nucleation and growth of crystals happens at 

elevated temperatures (120-300 ºC) for a definite time producing layered WO3·nH2O particles, 

flakes, fibers. [54]. 

In this study, ammonium metatungstate - (NH4)6H2W12O40·H2O (AMT) was used as a 

precursor for tungsten oxide [55]. Ammonium tungstates are important members of 

isopolytungstates. They have three forms, i.e. ammonium paratungstate (APT), 

(NH4)10[H2W12O42]∙xH2O (X=4,7,10); AMT, (NH4)6[H2W12O40]∙nH2O (n=1-22); and 

ammonium orthotungstate (AT), (NH4)2WO4 [56]. AMT is a white odourless powder soluble in 

water and insoluble in alcohol. It is suitable for use as a precursor for tungstate oxide because it 
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is the most water-soluble polytungstate [57]. It was previously reported that WO3 nanofibers 

with excellent morphology with diameter in nano range  have been synthesised from AMT using 

electrospinning and annealing [55,58,59]. 

Though WO3 nanofibers have been extensively used for electrochromic and gas sensing 

applications, recent reports indicate that WO3 has a range of bandgap values that make enable it 

absorb light in the visible  of the electromagnetic spectrum, as such synthesis of WO3 nanofibres 

for photocatalytic activity is an important steps in addressing challenges of environmental 

pollution [60,61].  

Ofori et al prepared orthorhombic WO3 nanofibres with diameter range of 80-100 nm 

electrospinning. They used tungstic acid as a precursor and PVP was the polymer content, the 

electrospinning solution was dissolved in citric acid and stirred for a day. The solution was 

electrospun at 30 kV voltage at a rate of 0.2 mL min-1. The resulting fibres were annealed at 500 

ºC for 2 hours for form WO3 nanofibers. The fibres demonstrated two fold efficiency in 

photocatalytic degradation of methylene blue as compared to commercial WO3 nanoparticles in 

visible light [62].  

Wang et al prepared WO3 nanowires for photocatalytic degradation of rhodamine blue 

using water-based electrospinning processes. They used ammonium tungstate as the precursor 

while polyvinyl alcohol was the polymer component. The electrospinning voltage was 16 kV and 

the fibres were collected on a silicon substrate then annealed at 500 ºC. The fibres decomposed 

rhodamine blue in visible light. They demonstrated that the photocatalytic activity of the fibres 

improved by decreasing the fibre diameter. This was achieved by lowering the precursor 

concentration [63]. 

 

2.4 MoO3 nanofibres 

 

Molybdenum oxide is one of the most promising n-type semiconductor metal oxides that 

shows excellent intercalation chemistry with unique electronic and catalytic properties [64]. The 

unique properties of MoO3 make it suitable for application in a large number of fields including 

gas sensing, photocatalysis,  and electrochromism [65]. Furthermore, MoO3 has been recently 
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investigated for antibacterial activity due to its extra stability, non-toxic nature and surface 

acidity [66]. 

MoO3 exists in different crystalline phases based on the MoO6 octahedra linking in their 

structures. Most common polymorphs are orthorhombic (α-MoO3), hexagonal (h-MoO3) and 

monoclinic (-MoO3). In m-MoO3, corner sharing of MoO6 octahedra in three directions results 

in a 3-dimensional crystalline structure. α-MoO3 has a unique 2-dimensional structure in which 

the MoO6 octahedra share corners and edges leading to formation of bilayer crystalline phase. 

The 1D structure of h-MoO3 is composed of MoO6 octahedra joined together in cis positions. 

While α-MoO3 is thermodynamically stable, h-MoO3 and -MoO3 forms are metastable [67]. 

The most common precursor for synthesis of MoO3 is ammonium molybdate which 

exists in several hydrate forms such as ammonium orthomolybdate (NH4)2MoO4, ammonium 

heptamolybdate (NH4)6Mo7O24, ammonium tetrathiomolybdate (NH4)2MoS4 and ammonium 

phosphomolydate (NH4)3PMo12O40. In most synthesis processes, (NH4)6Mo7O24 is preferred as a 

precursor due to its high solubility, stability, and non-toxicity. Various synthesis routes have 

been used to prepare MoO3 nanofibres. Han et al prepared α-MoO3 nanofibers with controlled 

morphology through electrospinning and calcination. They used ammonium molybdate mixed 

with citric acid as a precursor, while the polymer was 3% of PVP in ethanol. They added 

surfactant BYK-377 to improve the surface tension of the electrospinning solution, the flow rate 

during electrospinning was 0.5 ml/h, applied voltage 8 kV and the distance from the needle to the 

collection plate 12cm. The fibres were annealed at 300 °C [68]. Nagy et al prepared monoclinic 

MoO3 nanosheets for gas sensing application using hydrothermal synthesis [69]. Neha and Mali 

prepared h-MoO3 nanorods for antibacterial investigations using chemical bath deposition [67]. 

MoO3 has unique structural and optical properties with a wide band gap range of 2.75-

3.25 eV that make it a desirable material for photocatalytic applications [70]. Thangappan 

reported synthesis of MoO3 nanofibres and rods for degradation of methylene orange by 

electrospinning and annealing in air. They used ammonium molybdate as molybdenum precursor 

and PVP as the polymer. Fibres calcined at 550 ºC showed better activity in degrading the dye in 

visible light than the fibres calcined at 350 ºC [71]. 
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2.5 Methods of composite nanofibre synthesis 

  

Nanofibers are one dimensional materials with a diameter of 10-100nm. They are 

characterised by high surface area to volume ratio, porosity, flexibility in surface functionalities. 

These characteristics imply application of nanofibers in several fields including material science, 

tissue engineering, energy storage, photocatalysis, optics among others. Increased interest in 

nanotechnology has led to researchers exploring different methods of preparing nanofibers with 

unique characteristics for applications in different fields. There are several methods of 

preparation of composite nanofibers. These methods can be broadly classified as mechanical or 

chemical and include template synthesis, bicomponent extrusion, phase separation, self-

assembly, drawing, chemical vapor deposition, hydrothermal, electrospinning  etc [72,73].  

In template synthesis nanofibres are formed by casting a melt of the inorganic material 

into a membrane with nanosized membrane pores. The extrusion of the polymer is done using 

water pressure and nanofibers of desired diameter obtained by use of solidifying solution. This 

process has been used to obtain polyacrylonitrile nanofibers [74]. Fibres of different diameter 

can be prepared depending on the membrane pores. Template synthesis can also be achieved 

through an electrochemical process in which a conducting membrane is used as an anode and the 

polymer electrochemically synthesized within the membrane pores. The process is suitable for 

laboratory scale and difficult to upscale. Composite nanofibers can also be synthesized through 

bicomponent extrusion. In this method, two polymers are fed into a spinneret hole with a blade 

or septum that produce fibres with the polymers arranged side by side [75]. The setup can also be 

adjusted to produce fibres where one polymer envelopes the other polymer. 

Thermal-phase separation involves thermodynamic demixing of a homogenous polymer 

solvent solution into two immiscible layers of high polymer and low polymer concentration. The 

procedure is easy, flexible and results into well organized and uniform polymer matrix. The 

polymer solution is then cooled below the freezing point of the solvent to obtain the nanofiber 

matrix from the mixture. The major steps in phase separation include polymer dissolution, 

gelation, solvent extraction, freezing, and freeze drying [76]. Different nanofiber matrices can be 

prepared by varying the thermodynamic and kinetic conditions during synthesis. Lei et al 
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prepared gelatin/silica composite nanofibre scaffolds using thermal-phase separation for 

application in tissue engineering [77]. 

  Self-assembly method is a procedure in which polymers join up in concentric manner to 

form nanofibers [78]. It involves stretching the molecules in a normal plane to form longitudinal 

axes of the nanofibers. Some of the polymer configurations that have been assembled into 

nanofiber structures include diblock copolymers and triblock copolymers. Often the self-

assembly involves a process named convergent synthesis. However, this process is feasible in a 

laboratory scale and only suitable for certain polymers. Masuda et al, prepared by bolaform 

glucosamide nanofibers using self-assembly technique [79].  

Drawing is a procedure applied to convert long strands of nanofibers into one and 

requires a silica surface, micropipette and micromanipulator to produce nanofibers. It involves 

contacting a polymeric solution droplet with a micropipette and drawing it as a fluid which later 

solidifies due to instant vaporization of the solvent because of increased surface area. Polymers 

such as polycaprolactone, polyvinyl alcohol and polymethyl methacrylate are used for 

fabrication of nanofibers using the drawing method. This technique requires that the materials 

that are viscoelastic and can experience a high level of deformation but remain sufficiently solid 

to hold up the stress generated during the pulling [75]. 

Chemical vapor deposition (CVD) is a technique mostly used for synthesis of carbon 

nanotubes of very high purity. In this process carbon is deposited on a substrate in the presence 

of a metal catalyst at high temperature [80]. Volatile carbon precursors react at elevated 

temperatures to form nanolayer of carbon deposited around the catalyst.  Due to the high 

temperatures, volatile by-products which maybe toxic are also produced during the deposition, 

these are removed by gas flow through the chamber. In atypical tube furnace CVD system 

regulated gasses are introduced into a heated reactor where chemical vapor deposition takes 

place. 

Among the techniques for synthesis nanofibres, electrospinning is the most versatile, 

cost-effective technique with ease of scalability to industrial level. Moreover, a large variety of 

polymers can be electrospun to produce long continuous nanofibers with varied dimensions 

depending on the intended applications [81]. In electrospinning, nanofibres are formed from 

electrically charged jet of polymer solutions or melts. The nanofibers produced form non-woven 
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mats. The set up for electrospinning consists of a syringe to hold the polymers solution and 

attached to an electrode, a high voltage power source and a grounded collector attached to an 

electrode as shown in Figure 4. 

 

Figure 4. Schematic diagram of horizontal set up for electrospinning [82] 

The electrospinning process involves application of voltage to a polymer solution in the 

syringe which creates a charge on the surface of the solution. As the electric field increases, the 

hemispherical surface of the liquid at the needle converts into a Taylor cone (Figure 5). When 

the electric field reaches a critical value, the electrostatic repulsion force breaks the surface 

tension, and the liquid ejects from the needle tip as an electric jet. The charged polymer solution 

becomes stretched, thin and unstable, the solvent evaporates, and this further reduces the 

diameter of the fibres to nano scale. The dry polymer fibres are collected on the grounded 

collector [72].  

 

Figure 5. Formation of Taylor cone (a) droplet created at the needle tip, (b) Taylor cone forms 

(c) jet ejection [83]. 
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The primary goal of electrospinning process is to produce collectable and continuous 

single nanofibres with a uniform and controllable diameter, and surface. These goals are not 

easily attainable, therefore optimisation of a new recipe for synthesis of mixed semiconductor 

metal oxide nanofibers by electrospinning is important. The factors that greatly determine the 

achievement of the goal of electrospinning process can broadly be classified into solution, 

process and ambient parameters. 

Solution parameters refer to the properties of the solution to be electrospun that 

determine the outcome of the process. These properties are polymer concentration, viscosity, 

dielectric constant, and surface tension. Polymer concentration directly affects fibre diameter. 

Furthermore, at low concentration there is reduced surface tension which leads to formation of 

smooth fibres. Polymer concentration also affects conductivity of the solution which is important 

for electrical charge transfer from the electrode to the needle. Conductivity decreases with an 

increase in polymer concentration. Solution viscosity is important for fibre formation and is also 

affected by polymer concentration. At high viscosity, electrical charges cannot generate 

sufficient force to generate fibres and it is difficult to maintain the flowrate of the solution, while 

at low viscosity continuous fibres cannot be produced because the liquid jet breaks during its 

trajectory leading to formation of polymer droplets. Reported optimum electrospinning 

viscosities range from 1-20 poise depending on the molecular weight of the polymer and the 

nature of the solvent used  [84]. 

The dielectric constant of the solvent used in the preparation of fibre solution affects the 

morphology of the electrospun fibres. Higher dielectric constant increases the bending instability 

of the electrospinning jet path and this leads to formation of fibres with smaller diameter and 

without beads. Solvents such as acetonitrile, acetic acid, dimethylformamide, ethanol are widely 

used in electrospinning because they have high dielectric constant [81]. The surface tension of 

the solution depends on the solvent choice. To eject the fibre jet from the needle tip, surface 

tension of the solution should be overcome by the electrostatic forces, therefore low surface 

tension favours fibre formation. At low surface tension, there is more interaction between 

polymer and solvent molecules, this makes the solvent molecules to spread throughout the 

polymer leading to formation of fibres with smaller diameter. 
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Process parameters that influence electrospinning include applied voltage, flow rate, type 

of collector and distance between needle tip and collector. Fibre formation occurs only when 

applied voltage is greater than threshold voltage, hence for electrospinning to occur voltage in 

kilo volt range is required. Applied voltage determines the solution flow rate and provides the 

surface charge on the electrospinning jet and leads instability and stretching of the jet, hence 

increase in applied voltage leads to decrease in fibre diameter [85]. Flow rate of the solution to 

be electrospun also influences the diameter, porosity, and moisture content. Fibre diameter and 

porosity are directly proportional to flow rate [78]. Conducting collector plates are most 

preferred for electrospinning because they create potential difference between the spinnert and 

the collector leading to accumulation of closely packed fibres with higher packing density. The 

distance between the needle tip and the collector plate determines the time for the solvent to 

evaporate before the fibres reach the collector. This can also affect the morphology of the fibres 

though not to a greater extent as other parameters [81]. 

Ambient parameters in electrospinning include temperature and humidity. Though not 

key determinants of fibre morphology, ambient parameters directly affect other parameters 

during electrospinning. Rate of solvent evaporation decreases with increase in temperature 

therefore charged jet takes a longer time to solidify. Also, solution viscosity decreases with 

increase in ambient temperature, this causes formation of thinner fibres due to increased 

stretching of the jet solution. Low humidity increases the rate of solvent evaporation hence 

formation of thinner fibres [86]. 

 

2.6.0 Synthesis of TiO2 based nanofibres  

 

There has been tremendous growth in the fabrication of functional heterostructures that 

are TiO2 based nanofibers and contain other semiconductor metal oxides [87]. Diverse properties 

of such composite materials can be integrated by using methods of preparation that produce pure 

and composite nanofibers with desired composition and morphology. These novel 

heterostructures are more attractive in nanoscale range. The precursors of these semiconductor 

metal oxides have different characteristics such as solubility in common solvents; therefore, 

several techniques have been used together with electrospinning to prepare composite nanofibers 
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The strategies include e.g. hydrothermal, sol-gel and atomic layer deposition [88]. However, the 

drawbacks of using a combination of techniques to prepare TiO2 based composite nanofibers are 

high cost and complicated procedure. Hence, there is need to explore other precursors that allow 

for synthesis of composite TiO2 nanofibres using a single technique. 

Zhang et al fabricated TiO2-WO3 heterostructural nanofibers via two-step process, 

electrospinning, and hydrothermal synthesis for application in fast and selective xylene detection 

[89]. Using tetrabutyl titanate as TiO2 precursor, PVP polymer, glacial acetic acid and ethanol as 

the solvents, they prepared TiO2 nanofibers using electrospinning technique followed by 

annealing at 500 ºC in air. TiO2 nanofibers were later dispersed into a mixture of sodium 

tungstate, water, hydrochloric and tartaric acids, loaded into a Teflon lined autoclave and heated 

hydrothermally at 120 ºC for 24 hours. The resulting mixture was centrifuged and TiO2-WO3 

composite nanofibers obtained by annealing the fibres at 300 ºC for 2 hours. 

Szilagyi et al prepared WO3/TiO2 nanofibers for photocatalytic degradation of methylene 

blue using electrospinning and atomic layer deposition. They prepared core WO3 nanofibers by a 

water-based electrospinning process using ammonium metatungstate as precursor and PVP, the 

electrospun fibres were annealed in air at 550 ºC to obtain WO3 nanofibers. TiO2 nanofilms were 

grown on the nanofibers by atomic layer deposition at 250 ºC using titanium chloride as the 

precursor. They reported that WO3/TiO2 degraded methylene blue better than pure WO3 and P25 

TiO2 in visible light [59].  

2.6.1 Preparation of TiO2 nanofibres by electrospinning 

 

Electrospinning is one of the most widely reported methods for synthesis of pure TiO2 

nanofibers. The method produces fibres whose diameter range from tens to hundreds of 

nanometer  [1,90]. In most of the reported studies, tetrabutyl titanate, titanium tetraisopropoxide 

and titanium (IV) acetylacetonate are the commonly used precursors. These precursors are 

insoluble in water and make it challenging to synthesize composite nanofibers containing TiO2 

and other semiconductor metal oxides with water soluble precursors such as WO3 nanofibers 

[87]. Therefore, there is need to develop a synthesis route for preparation TiO2 nanofibres by 

electrospinning using water soluble TiO2 precursor.  
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Pan et al prepared TiO2 nanofibres of uniform diameter of about 200 nm by 

electrospinning. They used tetrabutyl titanate as the precursor and the polymer component was 

PVP while the solvent was a mixture of ethanol and acetic acid. The fibres were annealed at 400 

ºC to form anatase TiO2 nanofibers which degraded rhodamine B solution in UV light [91]. Chen 

et al fabricated bio active TiO2 nanofibers by electrospinning using tetrabutyl titanate, PVP in 

acetic acid and ethanol solvents. They demonstrated that the fibre diameter could be controlled 

by changing the electrospinning feeding rate. The study also reports that fibre structure was key 

for the bioactivity of the TiO2 fibres. The study demonstrated the significance of optimizing 

electrospinning parameters for preparation of nanofibres [92]. Figure 6 shows the SEM images 

of TiO2 nanofibres prepared by electrospinning using water insoluble titanium precursors. 

 

Figure 6. SEM images of electrospun TiO2 nanofibres from water insoluble precursors [91,92] 

Kiennork et al synthesized rutile TiO2 nanofibres with a diameter range of 190-250 nm 

using electrospinning. They used titanium isopropoxide, PVP and acetic acid/methanol mixture 

as the solvents for preparing the electrospinning solution, The distance between the needle and 

the collector place was 15 cm and the voltage used was 8kV. The electrospun fibres were 

calcined at 600 ºC to obtain the nanofibres. They demonstrated that fibre diameter increased with 

increase in precursor concentration and applied voltage [93]. 

2.6.2 Modification of photocatalytic activity of TiO2 nanofibres 

 

The major drawback in the application of TiO2 in photocatalysis related fields is that 

TiO2 has a large band gap that requires photons with wavelength of below 387 nm for 

photoexcitation of the electrons. Therefore, TiO2 nanofiber photocatalysts absorbs UV light 

which accounts only for about 5% of the electromagnetic spectrum. Extending the absorption 
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range of TiO2 nanofibers to a wavelength greater than 400 nm would make the fibers absorb 

visible light and therefore utilize the main part of the solar spectrum. Another factor that 

decreases efficiency of TiO2 nanofiber photocatalysts is the fast recombination of charge carriers 

[94,95]. These drawbacks explain the high number of research interest in modification of TiO2 

nanofibers. 

Several approaches of improving photocatalytic efficiency of TiO2 have been reported. 

These include- controlling morphology, combining TiO2 with other semiconductor metal oxides 

such as WO3, ZnO, MoO3, etc, doping TiO2 with transition metals such as Au, Ag, Pt etc and 

doping TiO2 with non-metals such as C, N, S, P etc. These strategies improve the efficiency of 

TiO2 nanomaterials in photocatalysis by introducing an energy level between the valence and 

conduction band of TiO2, hence reducing the band gap. The dopants, also create oxygen 

vacancies in the lattice of TiO2, these vacancies improve the efficiency of the catalyst by 

preventing reoxidation of the charge carriers [96,97]. However, preparation of the TiO2 based 

composite fibres in nanoscale is a challenging task due complexity of controlling the crystal 

growth of the nanomaterials. The preparation methods reported use a number of steps to prepare 

such composite materials making the procedure cumbersome and costly. 

Zhang et al fabricated TiO2/WO3 nanocomposite fibres for photocatalytic degradation of 

toluene using electrospinning and hydrothermal synthesis. They first prepared bare TiO2 

nanofibers by electrospinning using tetrabutyl titanate, PVP, acetic acid and ethanol. The fibres 

were then treated with tungstic acid at 95 ºC then loaded into a Teflon lined autoclave 

maintained at 180 ºC for 10 hrs. TiO2/WO3 nanocomposite fibres formed were washed with 

water and dried at 60 ºC. The composite fibres demonstrated enhanced visible light absorption 

and greater efficiency in photocatalytic decomposition of tolune as compared to the pure fibres 

of TiO2 and WO3 [98]. 

Zhouli et al fabricated TiO2/WO3 nanofibers by self-assembly technique and 

electrospinning a blend solution containing a copolymer and titanium isopropoxide and 

hexaphenoxide tungsten as precursors. The block copolymer was polystyrene-block-

polyethylene oxide. The calcined fibres demonstrated superior photocatalytic activity than P25 

TiO2 in degrading acetaldehyde in visible light [99]. 
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Pant et al prepared ZnO-TiO2/C composite fibers for improved photocatalytic 

performance using electrospinning and hydrothermal synthesis [5]. They prepared TiO2 

nanoparticles embedded with carbon nanofibers using electrospinning and carbonization process. 

During electrospinning, the polymer was PVP and Titanium tetraisoprooxide was used as the 

precursor and the solvents used were acetic acid and ethanol. The carbonization process was 

done by slowly heating the as spun fibers in argon atmosphere. TiO2-carbon nanofibres obtained 

were used as substrate to grow ZnO via hydrothermal synthesis, the precursor for ZnO was zinc 

nitrate hexahydrate. The composite fibers demonstrated higher rate of photocatalytic degradation 

of methylene blue more than the TiO2 nanofibers which was attributed to reduced electron-hole 

recombination. 

Yang et al synthesized TiO2-Au composite nanofibers using electrospinning and 

calcination for application in photocatalytic evolution of hydrogen gas [100].They prepared 

composite nanofibres of about 160 mm diameter using titanium isopropoxide and chloroauric 

acid as TiO2 and Au precursors respectively while the solvent was PVP, ethanol and acetic acid 

were the solvents. The as spun fibres were calcined at 500 ºC in air for 2 hours. The Au 

nanoparticles were homogeneously dispersed in the TiO2 nanofiber matrix. The study showed 

that the Au cocatalyst decreased the band gap from about 3.18 eV to 2.75 eV, hence the 

composite nanofibers absorbed visible light. The TiO2-Au composite nanofibers showed 10 

times efficiency in photocatalytic production of H2 compared to P25 TiO2 nanoparticles. 

Elder et al. prepared nanocrystalline TiO2–MoO3 core-shell materials for solar energy 

conversion by co-nucleating metal oxide clusters on surfactant micelles. The energy bandgap of 

the materials was significantly reduced to from 3.2 eV to 2.60 eV [101]. Shouli et al. used the 

sol-gel process and calcination at 500 ºC to make a composite TiO2/MoO3 to increase TiO2's 

photocatalytic performance under visible light. They used titanium (IV) butoxide and ammonium 

molybdate as TiO2 and MoO3 precursors, while ethanol and iso-propanol mixed in the ratio of 

8:2 were used as solvents. The composite fibres degraded Rhodamine B dye faster than pure 

TiO2 invisible light [102]. 
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2.7 Photocatalysis 

 

Photocatalysis refers to the acceleration in the rate of reduction and oxidation processes 

in the presence of a catalyst under the influence of light. Photocatalysis provides a wide range of 

applications notably degradation of organic pollutants in the environment, water splitting and 

photoreduction of CO2 [103]. Semiconductor metal oxides are frequently used as catalysts due to 

their favourable band gaps (Eg) and band edge positions. In semiconductors, the valence band 

(VB) is the highest range of electrical energies in which electrons are mostly present and 

absolute temperatures while the conduction band (CB) is the lowest range of vacant electronic 

state. When a semiconductor absorbs a photon with an energy equivalent to its band gap, an 

electron form the VB is excited and promoted to the CB, this creates a hole (h+) in the VB and an 

excited electron (e-) in the CB [29]. The e- and h+ are the charge careers in a semiconductor. A 

semiconductor in which electrons are the charge careers is classified as n-type whereas in a p-

type, h+ are the charge careers. 

The ability of a semiconductor to be photoexcited is an important characteristic of a 

photocatalyst and depends on its band gap. Different semiconductors have varying band gaps 

energies based on their electronic structures. The band gap of common semiconductor catalysts 

is shown in Table 1. 

Semiconductor photocatalyst Band gap energy (eV) 

ZrO2 5.0 

ZnS 3.6 

Rutile TiO2 3.0 

Anatase TiO2 3.2 

Brooklite TiO2 3.4 

WO3 2.8 

V2O5 2.6 

SnO2 2.5 

Table 1. Band gap energy of common semiconductor catalysts [103] 

The resulting electron-hole pairs formed after photoexcitation of a catalyst combine with 

available oxidants and reactants to form free reacting radicals (·OH) and (·O2
-) that degrade 

organic pollutants in a series of complex reactions. The redox reactions take place on the surface 
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of semiconductor materials. Equations below represent a simplification of the reactions that lead 

to the formation of the radicals. The mechanism is illustrated in Figure 7. 

Semiconductor + hν                        e-
CB + h+

VB 

H2O + h+
VB                                      ·OH + H+ 

O2 + e-
CB                                     ·O2

- 

 

 

Figure 7. General mechanism for free radical formation [29] 

Factors that affect the efficiency of a catalyst include the material properties of the 

photocatalyst and reaction conditions. Surface morphology of the catalyst is the most significant 

material property because the shape and particle size of a photocatalyst determines the quantity 

of photons absorbed on its surface, which influences the extent of photoexcitation of the catalyst. 

Furthermore, the particle size and aggregation of the particles affect the number of active sites 

available for the redox reactions. The morphology of the catalyst also determines the rate of 

transfer of the charge carriers and the speed of their recombination [104]. The significance of 

surface morphology of a catalyst explains the numerous studies on fabrication of photocatalysts. 

Reaction conditions include temperature, light intensity and pH. Higher light intensity improves 

photocatalytic efficiency by enhancing charge separation, while increase in temperature leads to 

recombination of electron hole pairs hence decreasing the efficiency of a photocatalyst. 
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3.0 Experimental section 

 

3.1 Aim of the experiment 

The major goal of my study was to prepare TiO2 nanofibres by electrospinning using a 

water-soluble titanium precursor. I developed a new electrospinning method for preparation of 

anatase TiO2 nanofibers using titanium (IV) bis (ammonium lactato) dihydroxide (TiBALDH). I 

prepared electrospinning solutions with different polymer and precursor concentrations to 

determine the concentrations that produced fibres that had smooth morphologies. To successfully 

determine conditions for annealing temperature of the electrospun fibres I investigated thermal 

decomposition of TiBADH in detail using TG/DTA–MS. 

I prepared TiO2/WO3, TiO2/WO3/C/N and TiO2/MoO3 composite nanofibres via single 

technique of electrospinning using water-soluble precursors. Preparation of composite TiO2 

nanofibres is a method to address the shortcoming of TiO2 nanofibres in photocatalysis of large 

band gap. I demonstrated using UV-Vis DRS that the composite TiO2 nanofibres had lower band 

gaps than pure anatase TiO2. I investigated the application of the composite fibres in 

photocatalytic decomposition of methyl orange and methylene blue dyes. I further investigated 

the reusability of TiO2-MoO3 nanofibres in photocatalysis to demonstrate the photostability of 

the nanofibres. 

3.2 Materials 

Polyvinylpyrrolidone [PVP, (C6H9NO)n, K-90], TiBALDH, ammonium metatungstate, 

ammonium molybdate tetrahydrate, pure ethyl alcohol, DMF and  glacial acetic acid were 

obtained from Sigma-Aldrich and used as received. The percentage purity of the materials was 

99.9% and the molecular weight for PVP was 90,000.  

3.3 Thermal analysis of TiBALDH 

 

A 50 wt% solution of TiBALDH was carefully dried to obtain solid TiBALDH. 

TG/DTA–MS measurements for solid TiBALDH, PVP and as-spun fibre containing 50% wt 

TiBALDH were carried out using the TA Instruments’ Q600 simultaneous TG/DSC setup 

coupled to a Hiden Analytical HPR-20/QIC mass spectrometer. The measurements were done in 

flowing argon (flow rate = 50 cm3 min–1) in an alumina crucible and empty crucible as a 
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reference. The sample mass was ca. 7 mg. Selected ions between m/z = 1–125 were monitored in 

multiple ion detection mode (MID) at a heating rate of 10 °C min-1.   

3.4 Synthesis of TiO2 nanofibres  

 

I prepared a polymer solution containing 20 wt% PVP dissolved in 1:1 mixture of acetic 

acid and ethyl alcohol. 2 mL of the polymer solution was mixed with 2 mL of an aqueous 

solution containing 50, 30, 25 and 10 wt% TiBALDH respectively. The mixture was stirred for 6 

hours at room temperature. The electrospinning was done on a custom built set up shown in 

Figure 8. The feeding rate was 1 mL h-1, while the applied voltage was 25 kV. The fibres were 

collected on an Al foil screen covered by a polyethylene sheet.   

 

Figure 8. Electrospinning setup, (1) PLUS SEP-1105 syringe pump, (2) T-65/P direct current 

power supply, (3) needle and (4) grounded collector 

 

The as-spun fibres were characterized by TG/DTA in air and nitrogen.  The as-spun and 

annealed fibres were characterized by SEM-EDX, FTIR and XRD. 
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3.5 Synthesis of TiO2/WO3 based composite nanofibres 

 

I prepared TiO2-WO3 composite nanofibres by electrospinning, an aqueous solution of PVP, 

TiBALDH, and ammonium metatungstate (AMT) followed by annealing in air at 600°C. I 

further investigated how the morphological properties of the electrospun fibres changed when 

different volume ratios of precursor solutions were used. I prepared an aqueous solution of AMT 

containing 1 g of AMT in 1 mL of ion exchanged water and the polymer solution was prepared 

by dissolving 20 wt % PVP in a 1:1 mixture of acetic acid and ethyl alcohol. The solution for 

electrospinning was prepared by adding 2 mL of the polymer solution to 2 mL of an aqueous 

solution containing different TiBALDH:AMT volume ratios (100:0, 90:10, 50:50, 10:90 and 

0:100). The solution was magnetically stirred at 25 °C for 6 h. For the electrospinning procedure, 

the solution was transferred into a 10 mL plastic syringe fitted with a needle. The voltage used 

was 20 kV, the flow rate was 1 mLh−1, and the distance between the needle and the collecting 

plate was 15 cm. 

TG/DTA of the electrospun fibers was done in air and nitrogen to determine the annealing 

temperatures and the influence of the annealing environment on fiber composition. By annealing 

the electrospun fibers at 600 °C in air, the polymer was removed, and the precursors decomposed 

to form TiO2/WO3 nanofibres. The fibers were studied by FTIR, SEM-EDX. The specific surface 

area of the annealed fibers was studied by the Bruneauer–Emmett–Teller (BET) method. The 

annealed nanofibers were XRD, Raman spectroscopy and UV-Vis diffuse reflectance 

spectroscopy as well. I determined the bandgap of the annealed fibres using Kubelka-Munka 

function. The photocatalytic activity of the fibers in UV and visible light was investigated using 

methyl orange dye. 

 

3.6 TiO2/WO3/C/N composite nanofibres 

 

I prepared TiO2-WO3 nanofibres containing carbon and nitrogen atoms by annealing the as-

spun TiO2-WO3 composite nanofibres in argon at 60 °C per hour till 600 °C. By annealing the 

fibers in argon, the polymer component decomposed without undergoing combustion leading to 

the formation of a carbon matrix that contains nitrogen within TiO2/WO3. The fibers were 

studied by XPS, SEM-EDX, TEM, FTIR, XRD Raman spectroscopy, and diffuse reflectance 
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UV–VIS spectroscopy. The rate of the fibers to catalytically degrade methylene blue in visible 

light was investigated. 

 

3.7 TiO2/MoO3 composite nanofibres 

 

I prepared TiO2-MoO3 composite nanofibres via electrospinning and annealing in air. An 

aqueous solution of ammonium molybdate tetrahydrate containing 1 g of ammonium molybdate 

in 3 mL of distilled water was mixed with different volumes of titanium (IV) bis (ammonium 

lactato) dihydroxide (TiBALDH) to obtain a mixture with varying ratios of volume (100 %, 50 

%, and 0 %). 2 mL of this mixture was added to 2 mL of 20% PVP solution in N-N 

dimethylformamide (DMF). The mixture was stirred overnight at room temperature before 

electrospinning using a voltage of 20 kV and a flow rate of 1 mLh-1. The distance between the 

needle tip and aluminium foil screen covered by a polyethylene sheet was 12 cm. The 

electrospun fibres were annealed in air. The resulting fibers were characterized by TG/DTA, 

XPS, SEM-EDX, TEM, FTIR, XRD and Raman spectroscopy. The photocatalytic activity of the 

fibres in visible light was established using methylene blue dye. 

 

3.8.0 Fibre characterization 

 

3.8.1 Thermal analysis (TG/DTA) 

 

The thermal decomposition of the electrospun fibres in was investigated in an SDT 2960 

Simultaneous DTA/TGA (TA Instruments Inc.) thermal analyzer. The samples were heated up to 

600 °C using a heating rate of 10 °C min–1 and analysed both in air and nitrogen   

 

3.8.2 Scanning electron microscopy and energy dispersive x-ray analysis (SEM-EDX) 

 

The morphology of the as-spun fibres was studied by scanning electron microscopy 

(SEM) in a JEOL JSM-5500LV scanning electron microscope in a high vacuum mode at 20 kV 

acceleration voltage. The nanofibers were coated with a thin Au/Pd layer in a sputter coater to 

make them conductive. For the annealed samples, the SEM images were observed by a LEO 
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1440 XB electron microscope with accelerating voltage of 5 kV in a high vacuum mode with 

secondary electron detector. The EDX analysis of the annealed fibres was done using JEOL 

JSM-5500LV electron microscope with EDS detector, average elemental analysis was 

determined from five different points for each sample.  

 

3.8.3 Fourier transform infrared spectroscopy (FTIR) 

 

FTIR spectra of the electrospun and annealed pure TiO2 nanofibres were recorded using a 

Nicolet 6700 apparatus in 4000–400 cm-1 range in transmittance mode. About 1 mg of the 

sample was added to 300 mg of oven dried potassium bromide and the mixture pelleted prior to 

the measurement. of the as spun and annealed composite fibers were recorded in the attenuated 

total reflection (ATR) mode on a Bruker Alpha IR spectrometer and a BioRad-Digilab FTS-30-

FIR spectrometer in the 4000–400 cm-1 range with 2 cm-1 resolution. ATR had a diamond head. 

The spectra were evaluated with OPUS-BUCKER and the spectra plotted with Origin Pro19. 

 

 

3.8.4 X-ray diffraction (XRD) 

 

XRD analyses were performed on a PANanalytical X’Pert Pro MPD X- ray 

diffractometer using Cu Kα radiation. The scans were recorded using a wavelength of 

0.15418 nm (Cu source) for 2 range between 5o and 65o with a step size of 0.025o for 

25 minutes with a divergent slit of (About 1 mg of the sample was spread uniformly on 

the sample holder before starting the measurement. 

 

3.8.5 Raman spectroscopy  

 

The Raman spectra of the fibres were obtained using a Horiba Jobin–Yvon 

LabRAM-type microspectrometer with an Olympus BX-40 optical microscope and 532 

nm green Nd-YAG laser source. The laser beam was focused by an objective of 20x, and 

D0.3 intensity filters were used to decrease the laser power, in order to avoid the thermal 
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degradation of the sample. The spectral range of 100–1800 cm-1 was detected with 3 cm-1 

resolution. To obtain intensive peaks, the exposure time was 15 seconds. 

 

3.8.6 Specific surface area analysis 

 

The surface area analysis of the annealed fibres was done by a multipoint Brunauer–

Emmett–Teller (BET) method, using nitrogen adsorption/desorption isotherm measurements 

obtained from an automated volumetric nitrogen gas adsorption device (NOVA 2000e) at -196 

°C after outgassing the samples 25 °C. 

 

3.8.7 X-ray photon electron spectroscopy (XPS) 

 

The XPS spectra of the annealed fibres were obtained using a SPECS XPS instrument 

with an XR-50 dual anode X-ray and a Phoibos 150 energy analyzer. For the measurements, the 

AI Kα X-ray source was operated at 150W, and the powdered samples were pressed onto an 

indium foil. The survey spectra were acquired with a 1eV step size and a pass energy of 40eV; 

high-resolution spectra were obtained with a 0.1eV step size and 20eV pass energy. The scan's 

number ranged between 10 to 25. 

 

3.8.8 Transmission electron spectroscopy (TEM) 

 

TEM measurements of the annealed fibres were done by sonicating the fibers in ethanol 

for 10 min, and then the liquids containing the fibers dropped onto a C-coated TEM grid. JEOL 

200 FX-II transmission electron microscope was used for producing bright-field images from the 

different fibers.  

 

3.8.9 Diffuse reflectance spectroscopy (UV-Vis DRS) 

 

UV-Vis DRS of the fibres were measured by Avaspec 2048 spectrophotometer with fibre 

optic and CCD detector. Light source was a combination of deuterium and halogen lamps, and 
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the measurement range was between 250 nm and 800 nm with a resolution of 2.4 nm. The 

reflectance measurements were done on a white background The indirect band gaps were 

calculated by extrapolating the linear portions of Tauc plots based on Kubelka-Munk function 

[25]. 

 

3.9 Photocatalytic activity measurements 

 

The measurements were model tests and not the main aim of the study. The tests were 

done to demonstrate that the fibres could decompose methyl orange and methyl blue dyes after 

irradiation with UV and visible light. The measurements were done alongside P25 TiO2 for 

comparison purposes.  

 1.0 mg of the annealed fibre were put into 3 mL of an aqueous solution of methyl orange 

(4 × 10−5 M) and methylene blue (2 × 10−5 M) dyes in quartz cuvettes. The samples were kept in 

the dark overnight for the adsorption equilibrium. A series of measurements were done for 1 

hour to confirm that adsorption equilibrium had been achieved. After that, the samples were 

subjected to a UV radiation from Osram 18 W blacklight lamps while for visible light Osram 

light tubes of 230W were used. The cuvettes were placed 5.5 cm from each lamp (Figure 9) and 

the absorbance was measured every 30 min during four hours by a Jasco V-550 UV-VIS 

spectroscope with a resolution of 0.1 nm and wavelength range of 190-900 nm. The relative 

absorbance values of the most intensive peaks for methyl orange (464 nm) and methylene blue 

(664 nm), below and above their pKa value, were considered to evaluate the catalysts' activity in 

the degradation of dyes.  
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Figure 9. A mixture of the annealed fibres and methylene blue after 12 hours, b) samples 

irradiated with visible light 

 

 

 

3.5 Measurement performed by doctoral candidate with the help of collaborators 

 

I developed the synthesis route for preparation of pure TiO2 nanofibers and prepared the 

solutions for electrospinning, which was done by a BSc student Edina Csáki. TiO2/WO3 

composite nanofibers were electrospun by a BSc student Ayzat Onga while TiO2/WO3/C/N 

composite nanofibers were prepared by Chra Rasool, an MSc student. I characterized the pure 

and composite fibres using SEM-EDX, FTIR, XRD and UV-Vis DRS. I carried out 

photocatalytic investigation of pure the nanofibers. I prepared and characterized TiO2/MoO3 

nanofibers.  The students worked under my supervision and that of Dr. Imre Miklós Szilágyi, my 

Phd supervisor.  

TG/DTA-MS of the dried TiBALDH, PVP and nanofibers containing 50% TiBALDH 

was done by Prof. Katalin Mészáros Szécsényi of the Department of Chemistry, Biochemistry 

and Environmental Protection, Univeristy of Novi Sad, SERBIA. SEM measurements for 
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annealed pure TiO2 nanofibers were carried out by Dr. István Endre Lukács of Institute for 

Technical Physics and Materials Science, EKLH. Raman measurements were done by Tamas 

Igricz of the Department of Organic Chemistry and Technology, Budapest University of 

Technology and Economics, I evaluated the measurement results of TG/DTA-MS, SEM and 

Raman. Specific area measurements for TiO2/WO3 composite nanofibres were done by Prof. 

Krisztina László of the Department of Physical Chemistry and Materials Science, Budapest 

University of Technology and Economics 

TEM measurements were done by Prof. Zoltán Erdélyi and Csaba Cserháti of the 

Department of Solid-State Physics, Faculty of Sciences and Technology University of Debrecen. 

I evaluated the TEM results. XPS analysis of the annealed composite nanofibres was done by 

Prof. Zoltán Kónya of the Department of Applied and Environmental Chemistry, University of 

Szeged.  

 

 

 

 

 

 

 

4.0 Results and analysis 

 

4.1 Thermal analysis of TiBALDH and a mixture of PVP and TiBALDH 

 

A solution of TiBALDH was left in an oven for 24 hours at 100 °C and the resulting solid 

was investigated using TG/DTA-MS. The decomposition steps of TiBALDH, PVP and a mixture 

of TiBALDH and PVP in argon were investigated to determine the annealing conditions required 

to obtain pure TiO2 fibres.  The TG curves obtained are presented in Figure 10. 

 

https://www.ch.bme.hu/page/377
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Figure 10. TG curves for PVP, TiBALDH and PVP-TiBALDH mixture 

As shown in Figure 10, while PVP decomposed in one large step, TiBALDH 

decomposed in 2 major steps after the loss of water. The greatest decomposition step occurred 

between 250 oC and 350 oC. There was no further decomposition after 450 oC. This is significant 

because beyond 600 oC anatase TiO2 to the rutile polymorph. The mixture of PVP and 

TiBALDH had three main decomposition steps, furthermore the decomposition steps appeared 

earlier than the ones for the pure TiBALDH and PVP, possibly because mixing the two 

compounds catalyzes their decomposition. The DTG-MS curves for the decomposition of 

TiBALDH are shown in Figures 11 and 12. 
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Figure 11. DTG-MS curves for thermal decomposition of TiBALDH (m/z 14-18) 

 

Figure 12. TG curves for PVP, TiBALDH and PVP-TiBALDH mixture (29-46) 
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Figures 11 and 12 show that courses of the m/z signals followed very well the course of 

the DTG signal. Only signals up to m/z = 46 ratio were detected during the decomposition. Ions 

with m/z = 18 (H2O
+and NH4

+), 29 (C2H5
+) and 31 (C2HO+) had the most intense signals. Most 

of the MS signals were also observed around 100 oC, this confirmed that the onset of the 

decomposition of TiBADLH is much earlier and therefore when electrospinning solutions 

prepared from TiBADLH should be prepared at room temperature.  

 

4.2 Synthesis of TiO2 nanofibres by electrospinning using water soluble precursor 

 

I prepared TiO2 nanofibres using different concentrations of TiBADLH to demonstrate 

the effect of concentration on fibre diameter. For each concentration of TiBALDH 5 separate 

SEM images were obtained. SEM images of the as-spun fibres are shown in Figure 13. 

  

 

Figure 13. SEM images of a) As-spun fibers 50 wt% TiBALDH, b) As-spun fibers 30 wt% 

TiBALDH, c) As-spun fibers 25 wt% TiBALDH, d) As-spun fibers 10 wt% TiBALDH. 

The SEM images showed that the as-spun fibers were long and continuous with 

diameters in the nanometres range The diameters of the fibres increased with increasing on the 

concentration of TiBALDH, increase in precursor concentration causes the viscosity of the 
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electrospinning solution to increase and this causes fibre diameter to increase [105]. Table 2 

shows the diameter of the fibres. 

 

 

 

 

Table 2. Diameter of the as-spun fibres 

(N=25). 

As shown in Table 2, fibres with 

the lowest concentration of TiBALDH had the smallest diameter, as was expected. At low 

concentration, surface tension is reduced while conductivity of the solution is increased,  this 

leads to formation of thinner fibres [106]. 

Based on the thermal studies of TiBALDH and PVP, the fibres were annealed in air at a 

heating rate of 1oC min-1 up to 600 oC. During annealing the polymer component decomposes 

and the precursor degrades to form pure fibres. The slow heating rate was used to avoid 

disintegration of the oxide fibres. SEM-EDX was used to investigate the morphology of the 

resulting fibres and their composition. The SEM images of the annealed fibres is shown in Figure 

14.  

 

 

 

 

 

 

 

TiBALDH  wt/ % as-spun fibers d/ nm 

50 600-800 

30 480-610 

25 400-450 

10 300-360 



36 
 

 

Figure 14. SEM images of pure TiO2 a) 50 wt% TiBALDH, b) 30 wt% TiBALDH, c), 25 wt% 

TiBALDH, d) 10 wt% TiBALDH. 

Figure 13 shows the SEM images of the annealed fibres. During annealing the polymer is 

decomposed and the precursor degraded to form pure TiO2 fibers. The fibers formed from 50 

wt% and 30 wt% TiBALDH were smooth while those from 25 wt% and 10 wt% had beads. 

Table 3. 

TiBALDH 

wt/ % 

Diameter of fibers (nm) Atomic % 

Ti O 

50 130-170 35.8 64.2 

30 60-80 38.9 61.1 

25 40-70 35.5 64.5 

10 20-60 34.5 65.5 

 

Table 3. Diameter and atomic composition of the pure TiO2 fibers (N=25) 

Table 3 shows the diameter of the pure fibers obtained after annealing. The diameter of 

the fibers decreased after annealing due to the loss of the polymer component and degradation of 

TiBALDH. Atomic composition was confirmed from EDX measurements showed that the 

average ratio of Ti to O atoms in the annealed fibres is 1:2.  
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The FTIR measurements results for the as-spun and annealed fibres are presented in 

Figure 15. Several peaks belonging to the functional groups in the PVP and TiBALDH were 

observed in the as-spun fibres. The peak around 3500 cm-1 was assigned to N-H stretching 

vibrations while vibrations due to O-H stretching was observed around 3400 cm-1. Asymmetric 

and symmetric -CH stretching vibrations were observed around 2850-3000 cm-1. The sharp peak 

around 1650 cm-1 was attributed to C=O stretching vibrations. -CH deformation vibrations led to 

the peak around 1400 cm-1 while the peak around 1290 cm-1 could be because of C-N bending 

vibrations [93,107,108]. After annealing most of the peaks disappeared as due to the 

decomposition of the polymer and degradation of the precursor. The spectra for the annealed 

fibres showed a peak around 600 cm-1 which could be assigned to Ti-O-Ti vibrations [93]. 

 

 

 

 

 

 

 

 

 



38 
 

 

 

Figure 15. FTIR spectra of a) as-spun fibers and b) annealed fibres 

 

Figure 16 shows the X-ray diffraction patterns of the fibres after annealing. The fibres 

had strong diffraction peaks 25.5º, 38.1º, 48.4º, 54.0º, 55.2º, and 62.9º corresponding to (101), 

(004), (200) , (105), (211), and (204) planes, characteristic for anatase TiO2  [109]. The 

diffraction patterns were indexed to ICDD 04-016-2837. 
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Figure 16. XRD spectra of annealed fibres 

 

4.3 Synthesis of TiO2-WO3 composite nanofibres by electrospinning  
 

I prepared TiO2-WO3 composite nanofibres in a one-step process by electrospinning a 

mixture of polyvinylpyrrolidone (PVP), titanium (IV) bis(ammonium lactato)dihydroxide 

(TiBALDH) and ammonium metatungstate (AMT). By using different amounts of the 

precursors, composite fibres of varying ratios were prepared. The as-spun fibres were then 

heated in air at 1 °C min-1 until 600 °C to form TiO2/WO3 composite nanofibers. Fibre 

characterization was done using TG/DTA, SEM–EDX, FTIR, XRD, and Raman. The 

photocatalytic property of the fibers was also checked for methyl orange degradation in visible 

and UV light. The photocatalytic measurements were model tests and not the main aim of the 

study.   

Figure 17 shows the TG/DTA curves when the as-spun fibres are annealed in air and 

nitrogen. The samples decomposed continuously. When annealed in air, the curves showed an 

initial loss of mass of about 5% around 100 °C, which is due to loss of water. Afterwards the 

sample decomposed in continuous steps characterized by exothermic DTA peaks. As observed in 
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previous study, TiBALDH degradation started around 100-200 °C, as shown by a small peak in 

DTA curves observed in Figures 17c-e. This peak was not observed in Figure 17b due to low 

TiBALDH concentration and Figure 17a that had no TiBADLH. The most pronounced peak 

appeared around 300-350 °C for all the samples annealed in air. This was attributed to the 

decomposition and combustion of PVP as well as continued decomposition of TiBALDH, for 

composite fibres AMT also begins to decompose at this stage. Between 400-490°C is due to the 

degradation TiBALDH and AMT. Carbon residue from PVP undergo combustion between 500-

560 °C, for the composite fibres there is transformation of  h-WO3 into m-WO3 during this step 

[110]. The was no further change in mass beyond 560 °C, implying the polymer component was 

completely decomposed and the precursors degraded to form TiO2, WO3 and the composite 

fibres. The fibers showed a significant increase in diameter with an increase in the concentration 

of AMT because about 94.1% AMT is WO3 by mass and only 27.2% of TiBALDH is TiO2 by 

mass. 

Thermal degradation of the fibres in nitrogen was also continuous as shown in Figure 17. 

The degradation steps were accompanied by small endothermic peaks in DTA curves since the 

inert environment made the polymer and precursors to decompose without undergoing complete 

combustion. This explains the higher residual mass when compared to fibres annealed in air. 

This is significant since presence of unburnt carbon in the fibres can enhance visible light 

sensitization which can improve the photocatalytic activity of the fibres.  
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Figure 17. TG/DTA curves of as-spun fibers annealed in air and nitrogen a) 0% TiBALDH, b) 

10% TiBALDH, c) 50% TiBALDH, d) 90% TiBALDH and e) 1000% TiBALDH 

Figure 18 shows SEM images of the as-spun and annealed fibres. The diameter of the 

fibres increased with an increase in the AMT ratio. During annealing, the polymer component of 

the fibre is decomposed, and the precursors degrade leading to a decrease in fibre diameter. 

Table 4 shows fibre diameter, elemental composition, and surface area of fibres annealed in air. 

The elemental composition of the annealed fibres was determined using EDX. The apparent 

surface area of the annealed fibers was done by a multipoint Brunauer–Emmett–Teller (BET) 
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method, using nitrogen adsorption/desorption isotherm measurements at -196 °C. The composite 

nanofibers had larger surface area than pure TiO2 and WO3 fibres.  

 

Figure 18. SEM images of as-spun fibres a-e) 100%, 90%, 50%, 10% and 0% TiBALDH, and 

annealed fibres (f-j) 100%, 90%, 50%, 10% and 0% TiBALDH 
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Fibres 
              Diameter 

                  (d/nm) 

Elemental composition 

        (wt %) 

Surface Area 

(m2/g) 

 as-spun fibres annealed fibres Ti W O  

100% TiBALDH 630–800 130–170 35.8  64.2 1.5 

90% TiBALDH 720–1050 420–480 32.2 6.0 61.8 49.4 

50% TiBALDH 920–1170 700–740 12.1 23.1 64.7 25.8 

10% TiBALDH 980–1200 780–1020 7.3 28.8 63.9 11.3 

0% TiBALDH 1930–2950 1610–1940  36.8 63.2 9.3 

Table 4. Diameter of as-spun and annealed fibres, elemental composition and surface area of 

fibres annealed in air (N=25) 

The FTIR spectra of the fibers before and after annealing in air are shown in Figure 19. 

Peaks present in composite fibers were similar and some of the characteristic peaks are labelled 

in Figure 19c. The as-spun fibers had numerous peaks that could be attributed to the functional 

groups in the precursors and PVP.  The peak around 3200 cm−1 is due to the stretching vibration 

of -OH from water and -NH functional groups from AMT [111]. The C-H bonds present lactato 

ligands of TiBALDH undergo stretching vibrations that results in peaks around 2950-2870 cm−1.  

The peak at 1700 cm−1 is characteristic of carbonyl bond stretching vibrations. Peaks around 

1430 cm−1 and 1470 cm−1 correspond to -CH bending vibrations as well as deformation mode of 

the NH4
+ ion in AMT. C-O and C-N stretching bands of PVP are observed in the region around 

1260–1220 cm−1. Peaks at 1550 cm−1 and 980 cm−1 can be attributed to stretching and bending 

motions of C=C [112]. The peaks attributed to the functional groups present in the polymer and 

the precursors were not present in the annealed fibres, this demonstrated the success of the 

annealing process was successful. In the annealed fibres peaks around 800 cm−1 and 550 cm−1 

can be assigned to W-O and Ti-O stretching vibrations respectively [113]. 
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Figure 19. FTIR spectra of the as-spun and annealed fibres 

Figure 20 shows the XRD patterns of the fibers after annealing in air, the sharp peaks 

show the crystalline nature of the fibres. The XRD pattern of 100% TiBALDH fibers had 

diffraction peaks at 25.3°, 28.6°, 48.1°, 55.1° and 62.7° corresponding to (101), (112), (200), 

(105) and (204) planes, characteristic of anatase TiO2 [30,31].  The pattern was indexed to ICDD 

04-022-6651. The XRD pattern of 0% TIBALDH had strong diffraction peaks characteristic of 

monoclinic form of WO3 at 23.1°, 23.6°, 24.4°, and 34.2°, as the peaks correspond to (002), 

(020), (200) and (202) planes of monoclinic WO3 [116]. The composite fibers had peaks 

corresponding to both anatase TiO2 and monoclinic WO3, this confirmed that the composite 

fibers were successfully synthesized.  
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Figure 20. XRD patterns of the fibres annealed in air 

 

The Raman spectra of the annealed fibres are shown in Figure 21.  100% TiBALDH 

showed Raman active modes characteristic of anatase TiO2.  The sharp and intense Eg peaks for 

anatase TiO2 were observed at 144 cm−1 and 197 cm−1 while B1g, A1g and Eg modes were 

recorded at 399 cm−1, 515 cm−1 (A1g) and 630 cm−1 respectively.  For 0% TiBALDH, the two 

intense Raman active bands were observed at 720 cm−1 and 805 cm−1 characteristic of 

monoclinic WO3 [59,117]. The composite fibres showed bands for both anatase TiO2 and 

monoclinic WO3.  
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Figure 21. Raman spectra of the fibres annealed in air 

The diffuse reflectance spectra of the fibres after annealing in air are shown in Figure 22, 

from the diagram the absorption edge of 100% TiBALDH fibers was below 400 nm while the 

composite fibers showed an increase in the absorption edge with an increase in the concentration 

of AMT. The increase in the absorption edge enables the fibers to absorb light in the visible 

region of the electromagnetic spectrum. Therefore, they can utilize light more efficiently during 

the process of photocatalysis [118]. The indirect bandgaps of the annealed fibres are shown in 
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Table 5. The bandgaps were calculated using Kubelka-Munk theory by extrapolating the straight 

edge of the Tauc plots (Appendix A). The bandgap of pure TiO2 was decreased by coupling with 

WO3 and the decrease corresponded to an increase in the ratio of WO3.  

 

Figure 22. UV-VIS DRS spectra of the fibres annealed in air 

 

 

Fibers 

100% 

TiBALDH 

90% 

TiBALDH 

50% 

TiBALDH 

10%  

TiBALDH 

0%  

TiBALDH 

Bandgap [eV]     3.1    2.9    2.7    2.6    2.5 

Table 5. Band gap energies for TiO2/WO3 fibres annealed in air 

 

 

 

 

4.3.1 Photocatalytic activity of TiO2-WO3 composite nanofibres in UV and Visible light 
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Absorption measurements were done for an hour before the start of photocatalytic 

degradation to confirm that absorption had reached equilibrium. Table 6 shows the equilibrium 

adsorption measurement results for the 50% TiBADLH samples. After one hour the relative 

absorbance decreased by only 0.33%, this confirmed that equilibrium adsorption had been 

reached and therefore photoactivity measurements were done 

 

Time (Minutes) Absorbance Relative absorbance (%) 

0 1.13472 100 

10 1.13381 99.92 

20 1.13358 99.9 

30 1.13267 99.82 

40 1.13188 99.75 

50 1.13131 99.7 

60 1.13098 99.67 

 

Table 6. Absorbance measurements for adsorption equilibrium degradation of methyl orange by 

TiO2/WO3 fibres in UV light 

The rate of photocatalytic degradation of methyl orange in UV light by the annealed 

fibres is shown in Figure 23. The photolysis graph shows there was very little degradation of the 

fibres in absence of catalyst. For the as-prepared fibers, 50% TiBALDH fibers showed the 

highest photocatalytic activity after 240 min, and its activity was very close to that of P25. This 

can result from the combination of TiO2 and WO3, which decreased the rate of recombination of 

photogenerated electron and hole pairs during the photocatalytic process. The absorbance 

measurement results are shown in appendix C. 

 The apparent rate constants for the degradation of methyl orange were obtained using a 

pseudo first-order kinetics model. A plot of −ln(A/Ao) against time (appendix D) gave a straight 

line and the slope represented the apparent rate constant (kapp) for the photocatalytic reactions, as 

shown in Table 7. The composite fibre containing 50% TiBALDH had a larger kapp value about 2 

times the value for the pure fibres. This demonstrates the significance of coupling TiO2 with 

WO3. 
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Figure 23.  Rate of photocatalytic degradation of methyl orange dye by TiO2/WO3 fibres in UV 

light 

Sample kapp (min−1) r2
 

100% TiBALDH 0.0009 99.6 

90% TiBALDH 0.0007 99.8 

50% TiBALDH 0.0009 98.9 

10% TiBALDH 0.0003 82.7 

0% TiBALDH 0.0002 98.4 

Bare Methyl Orange 0.00006 86.6 

P25 0.001 99.8 

Table 7. Reaction rate constant and r2 values for the photocatalytic degradation of methyl orange 

in UV light 

Results for absorption equilibrium measurements for the 10% TiBADLH sample are 

presented in Table 8. After one hour a decrease of 0.36% in relative absorbance was observed, 

therefore adsorption equilibrium was achieved by allowing the fibres to stand overnight.  

 

 

 

Time (Minutes) Absorbance Relative absorbance (%) 

0 1.02890 100 



50 
 

10 1.02797 99.91 

20 1.02725 99.84 

30 1.02674 99.79 

40 1.02622 99.74 

50 1.02561 99.68 

60 1.02519 99.64 

Table 8. Absorbance measurements for adsorption equilibrium for photocatalytic degradation of 

methyl orange by TiO2/WO3 fibres in visible light 

 

Figure 24 shows the rate of degradation of methyl orange dye in presence of the annealed 

fibres under visible light irradiation. The graph shows that the composite fibres absorb visible 

light hence generating charge carriers that lead to decomposition of the dye. For the composite 

fibers, prepared from 10% TiBALDH had the highest photocatalytic activity after 4 hours. 

Coupling TiO2 with WO3 results in a decrease in bandgap energy of the fibers and this allows the 

fibres to absorb visible light. The absorbance measurement results are presented in appendix E. 

 

The gradient for the graph of −ln(A/Ao) against time is shown in appendix F was used to 

determine the apparent rate constant (kapp) for the photocatalytic degradation of methyl orange in 

visible light. The results are shown in Table 9, the kapp values showed that the composite fibres 

had higher photocatalytic activity than pure TiO2 fibres.  
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Figure 24. Rate of photocatalytic degradation of methyl orange by TiO2/WO3 fibres in visible 

light 

Sample kapp (min−1) r2
 

100% TiBALDH 0.0001 86.1 

90% TiBALDH 0.0002 91.4 

50% TiBALDH 0.0001 87.2 

10% TiBALDH 0.0002 78.1 

0% TiBALDH 0.0002 92.0 

Bare Methyl Orange 0.00006 86.0 

Table 9. Reaction rate constant and r2 values for the photocatalytic degradation of methyl orange 

in visible light 

 

 

4.4 Synthesis of TiO2/WO3/C/N composite nanofibres by electrospinning  
 

I prepared TiO2/WO3/C/N composite nanofibres by electrospinning and annealing in 

argon gas at 600 °C. Titanium (IV) bis(ammonium lactato)dihydroxide (TiBALDH) and 

ammonium metatungstate (AMT) were used as the precursor for TiO2 and WO3. A range of 

volume ratios of the precursor solutions were used. The polymer was PVP while ethanol and 
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acetic acid used as solvents. The fibers were characterized SEM-EDX, TEM, XPS, ATR-FTIR, 

XRD), Raman spectroscopy and UV–Vis DRS. Methylene blue degradation in visible light was 

used to investigate the photocatalytic activity of the fibres. 

SEM and TEM photograph of the fibres after annealing in argon at 600 °C are shown in 

Figure 25. The images show that the samples were fibrous. The EDX spectra and elemental 

composition of the samples are shown in Figure 26. The spectra shows that the composite fibers 

have C, N, O, Ti and W atoms. The Ti:W based on the atomic weight percent was different from 

the volume ratios of the precursors, 90% TiBALDH had Ti/W of 6.3, 50% TiBALDH had Ti/W 

of 0.66 and 10% TiBALDH had Ti/W of 0.04. This is because, Ti precursor contains only 16 % 

titanium while, AMT contains 30% tungsten.  90% TiBALDH had the highest nitrogen and 

carbon by atomic weight among the fibres after annealing. 

 

 

Figure 25. (a-e) SEM photos of annealed fibres 100%, 90%, 50%, 10% and 0% TiBALDH, (f-j) 

TEM photos of annealed fibres 100%, 90%, 50%, 10% and 0% TiBALDH 
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Figure 26. EDX spectra and elemental composition of fibres annealed in oxygen 

Figure 27 shows the XPS spectrum of the fibres annealed in argon. Ti3P spectrum for 

100% TiBALDH fibres showed a binding energy peak at 37.0 eV. For the composite fibres, 

Ti2P1/2 and Ti2P3/2 binding energy peaks were observed around 464.3 eV and 458.7 eV, these 

signals are characteristic of Ti4+ [119,120].  In addition, the spectra for composite fibres showed 

W4f7/2 and W4f5/2 peaks with binding energies of about 35.3 eV and 37.5 eV respectively attributed 

to W6+ [59].  XPS analysis confirmed that C, N, O, Ti and W atoms were present in the fibres 

after annealing in argon at 600 °C 
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Figure 27. XPS spectra of fibres after annealing in argon a) Ti 3p XPS spectrum of 100% 

TiBALDH, b) survey spectrum of 50% TiBALDH, c) Ti 2p XPS spectra of 10%, 50% and 90% 

TiBALDH fibres and d) W 4f spectra of 10%, 50% and 90% TiBALDH fibres 

 

The FTIR spectra of the fibres before and after annealing in argon is shown in Figure 28. 

In the as-spun fibres, peaks from the precursors and PVP are observed, O-H stretching bonds 

results into peaks around 3500 cm−1 while N-H stretching bonds peaks are observed around 3200 

cm−1, vibrations from carbonyl bonds resent in TiBALDH and PVP yield peaks at 1700 cm−1. 

The sharp peaks around 1400 and 1300 can be attributed to vibrations of -CH and C-O bonds 

[121,122].  The spectra of the annealed fibres showed peaks due to partial decomposition of the 

polymer, C-N and N-O stretching vibrations results into peaks around 2300 cm−1 and 1600 cm−1 

respectively. Interference from the diamond head of the ATR compartment could also lead to an 

interference in the region around 2400 cm-1. Peaks between 700 cm−1 and 630 cm−1 can be 

attributed to O-W and Ti-O bonds. 
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Figure 28. FTIR spectra a) as-spun and b) after annealing in argon at 600 °C 

 

Figure 29 shows the XRD patterns of the fibres after annealing in argon at 600 °C. The 

fibers were less crystalline than those annealed in air. This can be attributed to the incomplete 

combustion of the polymers and precursors during annealing in inert environment. Presence of 

nitrogen and carbon atoms in the fiber matrix can also lower the crystallinity of the fibers.  Fibers 

containing 100% TiBALDH showed diffraction peaks at 25.5°, 39.0°, 48.1°, 54.0°, and 63.0° 

assigned to (101), (112), (200), (105), and (204) planes, that correspond to anatase form of TiO2 

respectively [123,124]. Also, fibers from 0% TIBALDH had peaks at 23.1°, 23.5°, 24.4°, and 

33.4° corresponding to (002), (020), (200), and (022) planes respectively. These peaks are 

characteristic of monoclinic WO3 [117].  
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Figure 29. XRD patterns of the fibres after annealing in argon at 600 °C 

 

Figure 30 shows Raman spectra of the fibers after annealing in argon at 600 °C. Fibres 

prepared from 100% TiBALDH had characteristic high intensity peak Raman active mode at 144 

cm−1, together with low intensity peaks at 399, 515, and 630 cm−1 typical of anatase TiO2 [125]. 

Fibers containing 0% TiBALDH, Raman active vibration modes resulted into peaks around 710 

and 801 cm−1 attributed to the O–W–O stretching vibrations in monoclinic form of WO3. [126].  

Composite fibers containing both TiBALDH and AMT has broad peaks around 1350 cm−1  and 

1600 cm−1 characteristic of D and G bands caused by vibrations of sp2 bonded carbon atoms 

[127]. Furthermore, peaks associated with C-N stretching vibration were observed around 2300 

cm−1 in the composite fibers [128].  
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Figure 30. Raman spectra of fibres after annealing in argon at 600 °C 

 

The diffuse reflectance UV–VIS spectra of the fibres are shown in Figure 31. The spectra 

show how the absorption edge of TiO2 fibers change because of addition of WO3, N and C. The 

absorption edge of the composite fibers increased to the visible light region of the 

electromagnetic spectrum. C and nitrogen atoms in TiO2/WO3 fibers allow valence electrons in 

the TiO2 band gap to be excited at a wavelength greater than 370 nm. The increase in absorption 

wavelength enables the fibers to use light efficiently during processes such as photocatalysis.  
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Fibers prepared from 50% TiBALDH did not yield an absorbance spectrum because they 

absorbed most of the light due to their black surface. The shift in absorption edge is corroborated 

by the decrease in the indirect band gap of the fibers as shown in Table 9. The Tau plots are 

shown in Appendix B.  

 

Figure 31. UV-Vis Diffuse Reflectance spectra of fibres after annealing in argon at 600 °C 

 

Fibres 
100% 

TiBALDH 

90% 

TiBALDH 

10% 

TiBALDH 

0% 

TiBALDH 

Band gap (eV) 2.9 2.7 2.6 2.4 

 

Table 10. Band gap energies for fibres annealed in argon at 600 °C 

             The band gap energies for the TiO2/WO3/C/N fibres were slightly lower than the values 

obtained for TiO2/WO3 fibres, this was attributed to the C/N phase. Lower band energies can lead 

to higher efficiency in visible light absorption can lead to increased and improve photocatalytic 

performance. 
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4.4.1 Photocatalytic activity of TiO2/WO3/C/N composite nanofibres in visible light 

 

The photocatalytic activity of the fibres was investigated by determining the rate of 

degradation of methylene blue in visible light. Adsorption equilibrium was confirmed by 

measuring the absorbance of the samples every 10 minutes for one hour before the photocatalytic 

activity measurements. Results for absorption equilibrium measurements for the 90% TiBADLH 

sample are presented in Table 11. After one-hour relative absorbance decreased by 0.42% was, 

therefore adsorption equilibrium was attained by allowing the fibres to stand overnight.  

 

Time (Minutes) Absorbance Relative absorbance (%) 

0 1.22575 100 

10 1.22489 99.93 

20 1.22415 99.87 

30 1.22280 99.76 

40 1.22231 99.72 

50 1.22195 99.69 

60 1.22060 99.58 

 

Table 11. Absorbance measurements for adsorption equilibrium for photocatalytic degradation of 

methylene blue by TiO2/WO3/C/N fibres in visible light 

 

Figure 32 shows the extent of photocatalytic degradation of methylene blue by the fibres 

in visible light. There was no degradation within the first hour in the setup without the fibres 

(photolysis) while the setups that had fibres showed degradation.  Fibres prepared from 90% 

TiBALDH had the greatest degradation effect on methylene blue after 4 hours, with a 

photocatalytic activity about two times greater than P25 TiO2. When TiO2 is combined with 

WO3, C and N, the resultant fibres have ability to absorb visible light which enhance efficiency 

of the excitation of electrons from the valence band of TiO2. The table for the absorbance 

measurement data in shown in appendix G. 
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Figure 32. Photocatalytic degradation of methylene blue in visible light 

 

4.5 Synthesis of TiO2/MoO3 composite nanofibres by electrospinning  

 

I prepared TiO2 /MO3 composite nanofibres by electrospinning a solution of PVP in N-N 

dimethylformamide mixed with ammonium molybdate tetrahydrate and titanium (IV) bis 

(ammonium lactato) dihydroxide solutions. The as-spun fibres were annealed in air at 600 ºC. 

The fibres were characterized by TG/DTA, SEM-EDX, TEM, XPS, ATR-FTIR, XRD, Raman 

spectroscopy and UV–Vis DRS. The application of the fibres in photocatalysis was investigated 

using methylene blue degradation in visible light.  

The TG/DTA curves obtained when the fibres were annealed in air are shown in Figure 

33.  The fibres decomposed continuously in three steps. The initial change in mass of about 8% 

around 100 ºC is due to loss of the solvents from the fibres. The decomposition of the polymer 

occurs between 300 ºC and 400 ºC, this accompanied by an exothermic peak in the DTA. The 

salt precursors degrade around 400 ºC and 550 ºC, also, carbon residues from the polymer are 

decomposed in this step. There was no further change in residue mass beyond 600 ºC, therefore, 

the fibres were annealed until 600 ºC to form the TiO2, MoO3 and TiO2-MoO3 composite fibres. 
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Figure 33. TG/DTA curves of MoO3, TiO2 and TiO2-MoO3 nanofibres annealed in air 

 

 Figure 34 shows SEM and TEM images of TiO2, MoO3, and TiO2-MoO3 composite 

nanofibers after annealing in air. The fibres had smooth surfaces free of beads. The diameter of 

the samples decreased after annealing due to the degradation of the polymer component of the 

fibres and decomposition of the precursors. Table 12 presents diameter of the fibres before and 

after annealing and results of EDX analysis of the annealed fibres. The EDX analysis confirmed 

the presence of Ti and Mo in the composite fibres, the ratio of TiO2 to MoO3 was greater than 

1:1, this can be because TiBALDH is more soluble in water than AMT. 
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Figure 34. (a-c) SEM images of TiO2, TiO2-MoO3 and MoO3 nanofibres, (d-f) TEM images of 

TiO2, TiO2-MoO3 and MoO3 nanofibres 

 

          Fibre diameter (nm) Elemental composition (at wt%)   

 Before annealing After annealing Ti Mo O 

TiO2 600-800 90-200 34.9 - 65.1 

TiO2-MoO3 300-500 70-110 19.5 13.1 67.4 

MoO3 100-300 20-50  29.2 70.8 

Table 12. Fibre diameter and elemental composition after annealing in air 

 

Figure 35 shows FTIR spectra of the fibres before and after annealing in air. In the as-

spun fibres the broad peak at 3500 cm-1 is due to stretching vibrations of O-H group present on 

the precursor. Other peaks associated with functional groups present in the precursors include -

CH, C=O and C-OH stretching vibrations observed around 3150 cm-1, 1650 cm-1 and 1200 cm-1, 

respectively. The peaks associated with the functional groups in the polymer were absent in the 

annealed fibres due to the thermal decomposition of the fibres. In the annealed fibres, peaks 
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around 1060 cm-1 can be attributed to Mo=O stretching vibrations while vibrations of oxygen 

atoms in MoO3 lattice led to the peak at 820 cm-1 [129,130]. Ti-O vibrations were responsible for 

the peak around 600 cm-1 [93].  

 

 

Figure 35. FTIR spectra of MoO3, TiO2-MoO3 and TiO2 nanofibres before and after annealing 

 

The XRD patterns of the fibres after annealing in air are shown in Figure 36. MoO3 

diffraction peaks were indexed to ICDD 01-075-0912. The diffraction pattern is characteristic of 

orthorhombic MoO3 with peaks occurring at 12.7º, 23.5º, 26.0º, 27.4º, and 33.8º assigned to 

(020), (110), (040), (021), and (101) crystallographic planes [131]. TiO2 fibres had diffraction 

peaks characteristic of anatase form of TiO2. The peaks at 25.5º, 38.1º, 48.4º, 54.0º, 55.2º, and 

62.9º correspond to (101), (004), (200) , (105), (211), and (204) planes [109]. The diffraction 

patterns were indexed to ICDD 04-016-2837. TiO2–MoO3 fibres showed peaks belonging to both 

anatase TiO2 and orthorhombic MoO3. 
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Figure 36. XRD diffraction peaks for annealed MoO3, TiO2-MoO3 and TiO2 fibres. 

 

The Raman spectra of the fibres after annealing in air at 600 °C are shown in Figure 37. 

The bending vibration modes of orthorhombic MoO3 showed peaks at 288 and 666 cm-1 which 

are typical of Mo=O bending vibration modes. Furthermore, Raman active Mo–O stretching 

vibrations were observed in MoO3 nanofibres with significant peaks at 817 and 994 cm-1 [132]. 

Peaks associated with Raman active modes, 2Eg (144 cm-1 and 640 cm-1), B1g (400 cm-1), and 

A1g (509 cm-1), were seen in TiO2 fibers [133]. Peaks in the composite fibres corresponded to 

anatase TiO2 and orthorhombic MoO3. 

 

 

 

. 
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Figure 37. Raman spectra for annealed fibres a) MoO3, b) TiO2-MoO3 and c) TiO2. 

 

Figure 38 shows the UV-visible diffuse reflectance spectra obtained after annealing the 

fibres. TiO2-MoO3 fibres showed stronger optical response in the visible region of the spectrum 

than pure MoO3 and TiO2 fibres. The shift in the light absorption range can increase the 

photocatalytic activity of the synthesized fibres. The band gaps energies for the fibres were 

determined using Kubelka-Munk theory and are shown in Table 13. Coupling TiO2 with MoO3 

reduced its band gap making it absorb visible light. The bandgaps were calculated using by 

extrapolating the straight edge of the Tauc plots (appendix H). 
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Figure 38. UV-VIS diffuse reflectance spectra for annealed fibres 

 

Fibres TiO2 MoO3 TiO2-MoO3 

Band gap (eV) 3.1 3.0 2.7 

 

Table 13. Band gaps energies for TiO2, MoO3 and TiO2-MoO3 fibres 

 

4.5.1 Photocatalytic activity of TiO2-MoO3 composite nanofibers in visible light 

 

The photocatalytic activity of the fibres in visible light was evaluated using methylene 

blue indicator. As shown in Table 14, absorption equilibrium was achieved when the samples 

were left to overnight. Relative absorbance decreased by 0.52%.  
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Time (Minutes) Absorbance Relative absorbance (%) 

0 1.16080 100 

10 1.5781 99.74 

20 1.15671 99.65 

30 1.15642 99.62 

40 1.15547 99.54 

50 1.15480 99.48 

60 1.15474 99.48 

 

Table 14. Absorbance measurements for adsorption equilibrium for photocatalytic degradation of 

methylene blue by TiO2/MoO3 fibres in visible light 

 

Photocatalytic degradation of methylene blue by the fibres in visible light is shown in 

Figure 39. After 4 hours the percentage dye degradation was 33, 23, 19 and 17% respectively in 

TiO2-MoO3, P25 TiO2, TiO2 and MoO3 nanofibers. Combining TiO2 with MoO3 significantly 

increases its photocatalytic activity in visible light. This can be attributed to the reduction band 

gap energy. Also, the heterostructure of composite nanofibres promotes separation of the charge 

carriers much better than the pure fibres leading to improved photocatalytic activity [134]. Table 

15 shows the rate constants of the catalytic reactions, the rate of the reaction activity of TiO2–

MoO3 fibers was twice that of pure TiO2 and MoO3. Absorbance measurement data in shown in 

appendix I. 

Sample kapp (min−1) r2
 

TiO2 0.0009 0.986 

TiO2–MoO3 0.0018 0.988 

MoO3 0.0008 0.954 

P25 0.0008 0.954 

Bare methylene blue 0.0003 0.896 

 

Table 15.  Rate constant and r2 values for the photocatalytic activity of the fibers in visible light 
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Figure 39. Photocatalytic degradation of methylene blue in visible light 

 

Figure 40 shows the reusability of the TiO2-MoO3 fibres in photocatalytic decomposition 

of methylene blue dye after three successive cycles of the degradation procedure in visible light. 

After each cycle, the fibers were washed, fresh MB dye added, and the absorbance of the mixture 

measured at 664 nm after every half hour. The activity of the fibres remained the same after the 

second cycle and decreased by only 3% after the third cycle, this showed the reusability of the 

composite fibres. Reusability absorbance measurement data is presented in appendix J 

 

Figure 40. Reusability of the TiO2-MoO3 fibres in photocatalytic decomposition of methylene 

blue dye 
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5.0 Conclusion 

 

The study provides a novel route for the preparation of anatase TiO2 nanofibres of 

diameter of about 50 nm by electrospinning using a water-soluble Titanium precursor 

(TiBALDH). This presents the possibility of preparing composite fibres containing TiO2. 

Polyvinylpyrrolidone and different concentrations of TiBALDH were dissolved in a mixture of 

water, ethyl alcohol and acetic acid followed by electrospinning at 20kV to obtain nanofibers. 

The as-spun fibres were studied by TG/DTA-MS to establish annealing temperatures. The data 

of TGA-MS measurements revealed that TiBALDH catalyzes the decomposition of the as-spun 

fibers. During its decomposition only fragments with m/z < 32 were evolved. The fibres were 

annealed in air at 1 °C min–1 until 600 °C to form anatase TiO2 nanofibers. The fibres prepared 

from 50 wt % concentration of TiBALDH were smooth and therefore this concentration was 

used for preparation of composite fibres containing TiO2 to extend the light absorption ability of 

the fibres to the visible region of the spectrum 

The challenge of preparing composite TiO2-WO3 nanofibres is that most TiO2 precursors 

are insoluble in water. In this study, composite TiO2-WO3 nanofibers were successfully 

synthesized by electrospinning using aqueous TiBALDH and AMT followed by annealing of the 

electrospun fibres. The fibres were characterized by TG/DTA, SEM-EDX, FTIR, XRD, and 

Raman. Annealed fibres had the anatase form of TiO2 and monoclinic form of WO3. Different 

precursor ratios were used to investigate how the concentration of the precursors affected 

different properties of the fibres and the application of the fibres in photocatalysis. 

  The diameter of the fibres depended on the precursor ratio and increased with increasing 

concentration of AMT. Composite fibres with 50% TiBALDH had higher photocatalytic activity 

in UV light than pure fibres. This can be because of the reduction in the rate of recombination of 

the charge carriers. The photocatalytic activity of the fibres in visible light increased with an 

increasing ratio of AMT. Coupling TiO2 with WO3 can increase the absorption edge of the fibres 

hence making the fibres absorb light at a higher wavelength of the spectrum, thereby improving 

the photocatalytic property of TiO2. 
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TiO2/WO3/C/N composite nanofibres were prepared by electrospinning followed by 

annealing in argon. The polymer component of the fiber pyrolyzes during the annealing process 

in an inert atmosphere to form a residue made of carbon and nitrogen. Characterization by XPS, 

SEM-EDX confirmed that C, N, Ti, and W were present in the composite fibers in different 

proportions. The UV-Vis DRS showed that the absorbed light at a higher wavelength than the 

values reported for pure TiO2 fibers. The decrease in the fibers’ band gaps showed the 

photocatalytic activity of TiO2 could be improved by coupling TiO2 with WO3 and non-metals 

such as carbon and nitrogen. The fiber's C/N phase can sensitize the system to visible light and 

enhance the charge separation during photocatalysis. The degradation of methylene blue by the 

annealed fibers in visible light was studied. Fibers containing 90% TiBALDH had the highest C 

and N content, and they showed the most significant photocatalytic activity.  

MoO3 is one of the semi oxide conductors that can be coupled with TiO2 to improve its 

application in photochromism, energy storage and photocatalysis. MoO3 precursors are insoluble 

in ethanol while most TiO2 precursors are insoluble in water. In this study, composite TiO2–

MoO3 nanofibers were successfully synthesized via a simple and versatile process. Using a 

water-soluble TiO2 precursor and DMF as the polymer solvent provided a route for preparing 

TiO2–MoO3 nanofibers via electrospinning for various applications. The characterization of the 

annealed fibres using XPS, XRD, and Raman techniques confirmed the presence of anatase TiO2 

and orthorhombic MoO3. DRS UV-Vis spectroscopy showed that light absorption range of TiO2 

was increased by combining it with MoO3.  The composite fibres significantly outperformed the 

pure fibers and P25 TiO2 in terms of photocatalytic activity during methylene blue degradation in 

visible light. Coupling TiO2 with MoO3 decreases the rate of recombination of charge carriers 

during photocatalysis. This improves the photocatalytic activity of TiO2. The synthesis route 

employed in this study allows for the fabrication of TiO2–MoO3-based nanofibres for various 

applications. 
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6.0 Thesis points 

 

(1) I was the first to investigate the thermal decomposition of TiBADLH, a water-soluble Ti 

precursor in detail using TG/DTA-MS. The results indicated that the thermal degradation of 

TiBALDH was continuous, it began around 100°C and had two major peaks at 225 °C and 285 

°C and no further decomposition occurred beyond 450 °C. This is significant in the synthesis of 

anatase TiO2 which transforms to rutile TiO2 beyond 600°C [4]. 

(2) I successfully developed a new synthesis route for preparing anatase TiO2 nanofibres using a 

water-based electrospinning process. I was the first to optimize the electrospinning parameters 

for synthesis of TiO2 nanofibres using TiBALDH. Synthesis of anatase TiO2 using a water-based 

electrospinning process is significant because it creates the possibility of preparing TiO2 based 

composite nanofibers using a simple process of electrospinning [4]. 

(3) I prepared TiO2/WO3 composite nanofibres via a single technique, electrospinning using 

water soluble precursors. XRD measurements showed that the composite fibres contained 

anatase TiO2 and monoclinic WO3. The band gap energy of TiO2/WO3 composite nanofibres was 

2.7 eV. This demonstrated that coupling TiO2 extended the light absorption range of the fibres to 

visible region of the electromagnetic spectrum. TiO2/WO3 composite nanofibres degraded 

methyl orange dye in visible light [3].  

(4) I was the first to report successful synthesis of TiO2/WO3/C/N composite nanofibres by 

electrospinning and annealing in argon at 600 °C. By annealing the as-spun fibres in inert 

atmosphere, the polymer component and the precursors do not decompose completely, and a 

carbon matrix containing nitrogen is formed. Carbon and nitrogen sensitize TiO2/WO3 to visible 

light, this improves the photocatalytic activity of the fibres. The band gap energy of the 

composite fibres decreased to 2.6 keV hence extending light absorption range of the fibres 

beyond 380 nm [2]. 

(5) I synthesized TiO2/MoO3 nanofibres by electrospinning using TiBALDH and ammonium 

molybdate as precursors. Coupling TiO2 with MoO3 lowered the band energy of TiO2 to 2.7 keV 

hence the composite fibre absorbed visible light. In addition, I studied the reusability property of 

TiO2/MoO3 during photocatalysis and provided new results on the stability of TiO2/MoO3 
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composite nanofibers. After three cycles, the relative photocatalytic activity of the fibres in 

degrading methylene blue dye dropped by only 3% [1]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



73 
 

7.0 References 
[1]  Zhai T, Fang X, Liao M, Xu X, Zeng H, Yoshio B and Golberg D 2009 A comprehensive 

review of one-dimensional metal-oxide nanostructure photodetectors Sensors 9 6504–29 

[2]  Han S A, Bhatia R and Kim S W 2015 Synthesis, properties and potential applications of 

two-dimensional transition metal dichalcogenides Nano Converg. 2 

[3]  Mallakpour S, Azadi E and Mustansar Hussain C 2020 Environmentally benign 

production of cupric oxide nanoparticles and various utilizations of their polymeric 

hybrids in different technologies Coord. Chem. Rev. 419 

[4]  Lu J G, Chang P and Fan Z 2006 Quasi-one-dimensional metal oxide materials-Synthesis, 

properties and applications Mater. Sci. Eng. R Reports 52 49–91 

[5]  Pant B, Ojha G P, Kuk Y S, Kwon O H, Wan Park Y and Park M 2020 Synthesis and 

characterization of ZnO2-TiO2/carbon fiber composite with enhanced photocatalytic 

properties Nanomaterials 10 1–12 

[6]  Tang Z S, Bolong N, Saad I and Ayog J L 2016 The morphology of electrospun titanium 

dioxide nanofibers and its influencing factors MATEC Web Conf. 47 1–7 

[7]  Gautam S, Agrawal H, Thakur M, Akbari A, Sharda H, Kaur R and Amini M 2020 Metal 

oxides and metal organic frameworks for the photocatalytic degradation: A review J. 

Environ. Chem. Eng. 8 103726 

[8]  Li Y, Lu G and Li S 2001 Photocatalytic hydrogen generation and decomposition of 

oxalic acid over platinized TiO2 Appl. Catal. A Gen. 214 179–85 

[9]  Parayil S K, Kibombo H S, Wu C M, Peng R, Baltrusaitis J and Koodali R T 2012 

Enhanced photocatalytic water splitting activity of carbon-modified TiO2 composite 

materials synthesized by a green synthetic approach Int. J. Hydrogen Energy 37 8257–67 

[10]  Dahl M, Liu Y and Yin Y 2014 Composite Titanium Dioxide Nanomaterials Chem. Rev. 

114 9853–89 

[11]  Kumar S G and Devi L G 2011 Review on modified TiO2 photocatalysis under 

UV/visible light: Selected results and related mechanisms on interfacial charge carrier 

transfer dynamics J. Phys. Chem. A 115 13211–41 

[12]  Ijaz M and Zafar M 2021 Titanium dioxide nanostructures as efficient photocatalyst: 

Progress, challenges and perspective Int. J. Energy Res. 45 3569–89 

[13]  Miller D R, Akbar S A and Morris P A 2014 Nanoscale metal oxide-based 

heterojunctions for gas sensing: A review Sensors Actuators, B Chem. 204 250–72 

[14]  Khan M, Tahir M N, Adil S F, Khan H U, Siddiqui M R H, Al-Warthan A A and Tremel 

W 2015 Graphene based metal and metal oxide nanocomposites: synthesis, properties and 

their applications J. Mater. Chem. A 3 18753–808 

[15]  Ray C and Pal T 2017 Recent advances of metal-metal oxide nanocomposites and their 

tailored nanostructures in numerous catalytic applications J. Mater. Chem. A 5 9465–87 

[16]  Kannan K, Radhika D, Sadasivuni K K, Reddy K R and Raghu A V. 2020 



74 
 

Nanostructured metal oxides and its hybrids for photocatalytic and biomedical 

applications Adv. Colloid Interface Sci. 281 102178 

[17]  Gautam S, Agrawal H, Thakur M, Akbari A, Sharda H, Kaur R and Amini M 2020 Metal 

oxides and metal organic frameworks for the photocatalytic degradation: A review J. 

Environ. Chem. Eng. 8 103726 

[18]  Jiang J, Pi J and Cai J 2018 The Advancing of Zinc Oxide Nanoparticles for Biomedical 

Applications[1] J. Jiang, J. Pi, and J. Cai, “The Advancing of Zinc Oxide Nanoparticles 

for Biomedical Applications,” vol. 2018, 2018. Bioinorg. Chem. Appl. 2018 18 

[19]  Carpenter M A, Mathur S and Kolmakov A 2013 Metal Oxide Nanomaterials for 

Chemical Sensors ed M A Carpenter, S Mathur and A Kolmakov (New York, NY: 

Springer New York) 

[20]  Tarafdar J C, Sharma S and Raliya R 2013 Nanotechnology: Interdisciplinary science of 

applications African J. Biotechnol. 12 219–26 

[21]  Yu X, Marks T J and Facchetti A 2016 Metal oxides for optoelectronic applications Nat. 

Mater. 15 383–96 

[22]  Devan R S, Patil R A, Lin J H and Ma Y R 2012 One-dimensional metal-oxide 

nanostructures: Recent developments in synthesis, characterization, and applications Adv. 

Funct. Mater. 

[23]  Ren Y, Ma Z and Bruce P G 2012 Ordered mesoporous metal oxides: synthesis and 

applications Chem. Soc. Rev. 41 4909 

[24]  Sturge M D 2020 Electrons and Holes in Semiconductors Stat. Therm. Phys. 269–90 

[25]  Makuła P, Pacia M and Macyk W 2018 How To Correctly Determine the Band Gap 

Energy of Modified Semiconductor Photocatalysts Based on UV-Vis Spectra J. Phys. 

Chem. Lett. 9 6814–7 

[26]  Prasanna S R V S, Balaji K, Pandey S and Rana S 2019 Metal Oxide Based 

Nanomaterials and Their Polymer Nanocomposites Nanomaterials and Polymer 

Nanocomposites (Elsevier) pp 123–44 

[27]  Juma A O, Arbab E A A, Muiva C M, Lepodise L M and Mola G T 2017 Synthesis and 

characterization of CuO-NiO-ZnO mixed metal oxide nanocomposite J. Alloys Compd. 

723 866–72 

[28]  Liao C, Li Y and Tjong S C 2020 Visible-light active titanium dioxide nanomaterials with 

bactericidal properties Nanomaterials 10 

[29]  Pawar M, Sendoǧdular S T and Gouma P 2018 A brief overview of TiO2 photocatalyst 

for organic dye remediation: Case study of reaction mechanisms involved in Ce-TiO2 

photocatalysts system J. Nanomater. 2018 

[30]  Morais L H, Pereira E A, Montanhera M A, Batista C S C, Terezo A J, de Souza G L C, 

Spada E R, de Paula F R and Freitas R G 2018 The structural and electronic properties of 

TiO2 polymorphs towards water splitting reaction J. Mater. Sci. Mater. Electron. 29 



75 
 

18282–9 

[31]  Someswararao M V, Dubey R S, Subbarao P S V and Singh S 2018 Electrospinning 

process parameters dependent investigation of TiO2 nanofibers Results Phys. 11 223–31 

[32]  El Fawal G F, Hassan H S, El-Aassar M R and Elkady M F 2019 Electrospun Polyvinyl 

Alcohol Nanofibers Containing Titanium Dioxide for Gas Sensor Applications Arab. J. 

f[1] El Fawal G F, Hassan H S, El-Aassar M R Elkady M F 2019 Electrospun Polyvinyl 

Alcohol Nanofibers Contain. Titan. Dioxide Gas Sens. Appl. Arab. J. Sci. Eng. 44 251–7or 

Sci. Eng. 44 251–7 

[33]  Atanasov S E, Kalanyan B and Parsons G N 2015  Inherent substrate-dependent growth 

initiation and selective-area atomic layer deposition of TiO2 using “water-free” metal-

halide/metal alkoxide reactants  J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 34 

01A148 

[34]  Truong Q D, Dien L X, Vo D V N and Le T S 2017 Controlled synthesis of titania using 

water-soluble titanium complexes: A review J. Solid State Chem. 251 143–63 

[35]  Database. P 2007 Titanium(IV) bis(ammonium lactato)dihydroxide solution, 50 wt. % in 

H2O Natl. Cent. Biotechnol. Information. 

[36]  Yang Z, Peng H, Wang W and Liu T 2010 Crystallization behavior of poly(ε-

caprolactone)/layered double hydroxide nanocomposites J. Appl. Polym. Sci. 116 2658–67 

[37]  Kinsinger N M, Wong A, Li D, Villalobos F and Kisailus D 2010 Nucleation and Crystal 

Growth of Nanocrystalline Anatase and Rutile Phase TiO2 from a Water-Soluble 

Precursor Cryst. Growth Des. 10 5254–61 

[38]  Sumerel J L, Yang W, Kisailus D, Weaver J C, Choi J H and Morse D E 2003 

Biocatalytically Templated Synthesis of Titanium Dioxide Chem. Mater. 15 4804–9 

[39]  Möckel H, Giersig M and Willig F 1999 Formation of uniform size anatase nanocrystals 

from bis(ammonium lactato)titanium dihydroxide by thermohydrolysis J. Mater. Chem. 9 

3051–6 

[40]  Mayya K S, Gittins D I and Caruso F 2001 Gold - Titania Core - Shell Nanoparticles by 

Polyelectrolyte Complexation with a Titania Precursor The nanoscale coating of colloid 

particles with materi- als of different composition is currently an active area proaches 

widely used for the surface modifi Chem. Mater. 13 3833–6 

[41]  Lee S and Sigmund W M 2003 Formation of anatase TiO2 nanoparticles on carbon 

nanotubes Chem. Commun. 780–1 

[42]  Hao Y, Rui Y, Li Y, Zhang Q and Wang H 2014 Size-tunable TiO2 nanocrystals from 

titanium (IV) bis (ammonium lactato) dihydroxide and towards enhance the performance 

of dye-sensitized solar cells Electrochim. Acta 117 268–75 

[43]  Hashimoto K, Irie H and Fujishima A 2005 TiO2 photocatalysis: A historical overview 

and future prospects Japanese J. Appl. Physics, Part 1 Regul. Pap. Short Notes Rev. Pap. 

44 8269–85 



76 
 

[44]  Albetran H, Dong Y and Low I M 2015 Characterization and optimization of electrospun 

TiO2/PVP nanofibers using Taguchi design of experiment method J. Asian Ceram. Soc. 3 

292–300 

[45]  Kim J, Lee J, Kim J and Kim S S 2018 Synthesis of Aligned TiO2 Nanofibers Using 

Electrospinning Appl. Sci. 

[46]  Choi S K, Kim S, Lim S K and Park H 2010 Photocatalytic Comparison of TiO2 

Nanoparticles and Electrospun TiO2 Nanofibers : Effects of Mesoporosity and 

Interparticle Charge Transfer J. Phys. Chem. Solids 3 16475–80 

[47]  Chuangchote S, Jitputti J, Sagawa T and Yoshikawa S 2009 Photocatalytic activity for 

hydrogen evolution of electrospun TiO2 nanofibers ACS Appl. Mater. Interfaces 1 1140–3 

[48]  Zhang X, Thavasi V, Mhaisalkar S G and Ramakrishna S 2012 Novel hollow mesoporous 

1D TiO2 nanofibers as photovoltaic and photocatalytic materials Nanoscale 4 1707 

[49]  Doh S J, Kim C, Lee S G, Lee S J and Kim H 2008 Development of photocatalytic TiO2 

nanofibers by electrospinning and its application to degradation of dye pollutants J. 

Hazard. Mater. 154 118–27 

[50]  Dong C, Zhao R, Yao L, Ran Y, Zhang X and Wang Y 2020 A review on WO3 based gas 

sensors: Morphology control and enhanced sensing properties J. Alloys Compd. 820 

153194 

[51]  Zhang Y, Zhang D, Xu X and Zhang B 2018 Morphology control and photocatalytic 

characterization of WO3 nanofiber bundles Chinese Chem. Lett. 29 1350–4 

[52]  Szilágyi I M, Fórizs B, Rosseler O, Szegedi Á, Németh P, Király P, Tárkányi G, Vajna B, 

Varga-Josepovits K, László K, Tóth A L, Baranyai P and Leskelä M 2012 WO3 

photocatalysts: Influence of structure and composition J. Catal. 294 119–27 

[53]  Hariharan V, Gnanavel B, Sathiyapriya R and Aroulmoji V 2021 A Review on Tungsten 

Oxide (WO3 ) and their Derivatives for Sensor Applications Int. J. Adv. Sci. 5 1163 

[54]  Zheng H, Ou J Z, Strano M S, Kaner R B and Mitchell A 2011 Nanostructured Tungsten 

Oxide – Properties , Synthesis , and Applications 2175–96 

[55]  Santala E, Heikkila M, Miklo I, Kemell M, Nikitin T, Khriachtchev L, Ritala M, Leskela 

M and Ra M 2011 Thermal study on electrospun polyvinylpyrrolidone / ammonium 

metatungstate nanofibers : optimising the annealing conditions for obtaining WO3 

nanofibers 73–81 

[56]  Lassner E and Schubert W Properties, Chemistry, Technology of the Element, Alloys, and 

Chemical Compounds Erik Lassner and Wolf-Dieter Schubert 

[57]  McCandlish L E, Kear B H and Kim B K 1992 Carbothermic reaction process for making 

nanophase WC-Co powders.pdf 

[58]  Wei S, Zhao G, Du W and Tian Q 2016 Synthesis and excellent acetone sensing 

properties of porous WO3 nanofibers Vacuum 124 32–9 

[59]  Szilágyi I M, Santala E, Heikkilä M, Pore V, Kemell M, Nikitin T, Teucher G, Firkala T, 



77 
 

Khriachtchev L, Räsänen M, Ritala M and Leskelä M 2013 Photocatalytic properties of 

WO3/TiO2 core/shell nanofibers prepared by electrospinning and atomic layer deposition 

Chem. Vap. Depos. 19 149–55 

[60]  Piperno S, Passacantando M, Santucci S, Lozzi L and La Rosa S 2007 WO3 nanofibers 

for gas sensing applications J. Appl. Phys. 101 

[61]  Wicaksana Y, Liu S, Scott J and Amal R 2014 Tungsten trioxide as a visible light 

photocatalyst for volatile organic carbon removal Molecules 19 17747–62 

[62]  Ofori F A, Sheikh F A, Appiah-Ntiamoah R, Yang X and Kim H 2015 A Simple Method 

of Electrospun Tungsten Trioxide Nanofibers with Enhanced Visible-Light Photocatalytic 

Activity Nano-Micro Lett. 7 291–7 

[63]  Chen Z, Wang W and Zhu K 2015 Controllable synthesis of WO3 nanowires by 

electrospinning and their photocatalytic properties under visible light irradiation Acta 

Metall. Sin. (English Lett. 28 1–6 

[64]  Li S, Shao C, Liu Y, Tang S and Mu R 2006 Nanofibers and nanoplatelets of MoO3 via 

an electrospinning technique J. Phys. Chem. Solids 67 1869–72 

[65]  Krishnamoorthy K, Veerapandian M, Yun K and Kim S J 2013 New function of 

molybdenum trioxide nanoplates: Toxicity towards pathogenic bacteria through 

membrane stress Colloids Surfaces B Biointerfaces 112 521–4 

[66]  Zollfrank C, Gutbrod K, Wechsler P and Guggenbichler J P 2012 Antimicrobial activity 

of transition metal acid MoO3 prevents microbial growth on material surfaces Mater. Sci. 

Eng. C 32 47–54 

[67]  Desai N and Mali S 2015 Chemically Grown MoO3 Nanorods for Antibacterial Activity 

Study J. Nanomed. Nanotechnol. 06 

[68]  Han Y, Rheem Y, Lee K-H, Kim H and Myung N V. 2018 Synthesis and characterization 

of orthorhombic-MoO3 nanofibers with controlled morphology and diameter J. Ind. Eng. 

Chem. 62 231–8 

[69]  Nagyné-Kovács T, Studnicka L, Lukács I E, László K, Pasierb P, Szilágyi I M and Pokol 

G 2020 Hydrothermal synthesis and gas sensing of monoclinic MoO3 nanosheets 

Nanomaterials 10 2–13 

[70]  Chithambararaj A, Sanjini N S, Velmathi S and Chandra Bose A 2013 Preparation of h-

MoO3 and α-MoO3 nanocrystals: Comparative study on photocatalytic degradation of 

methylene blue under visible light irradiation Phys. Chem. Chem. Phys. 15 14761–9 

[71]  Thangappan R, Dhinesh Kumar R and Jayavel R 2021 Facile Synthesis and 

Characterization of Molybdenum Oxide (MoO3) Nanofibers and Submicron Rods by 

Electrospinning Technique for Potential Application in Photocatalytic Activity J. Clust. 

Sci. 0123456789 

[72]  Krishnan Jayaraman, M. Kotaki, Yanzhong Zhang X M and S. R 2004 Recent Advances 

in Polymer Nanofibers J. Nanosci. Nanotechnol. 4 471–83 



78 
 

[73]  Frenot A and Chronakis I S 2003 Polymer nanofibers assembled by electrospinning Curr. 

Opin. Colloid Interface Sci. 8 64–75 

[74]  Feng L, Li S, Li H, Zhai J, Song Y, Jiang L and Zhu D 2002 Super-hydrophobic surface 

of aligned polyacrylonitrile nanofibers Angew. Chemie - Int. Ed. 41 1221–3 

[75]  Almetwally A A, El-Sakhawy M, Elshakankery M H and Kasem M H 2017 Technology 

of nano-fibers: Production techniques and properties - Critical review J. Text. Assoc. 78 5–

14 

[76]  Ma P X and Zhang R 1999 Synthetic nanoscale fibrous matrix J. Biomed. Mater. Res. - 

Part A 46 60–72 

[77]  Soltani S, Khanian N, Choong T S Y and Rashid U 2020 Recent progress in the design 

and synthesis of nanofibers with diverse synthetic methodologies: Characterization and 

potential applications New J. Chem. 44 9581–606 

[78]  Garg T, Rath G and Goyal A K 2015 Biomaterials-based nanofiber scaffold: Targeted 

and controlled carrier for cell and drug delivery J. Drug Target. 23 202–21 

[79]  Masuda M, Hanada T, Okada Y, Yase K and Shimizu T 2000 Polymerization in 

nanometer-sized fibers: molecular packing order and polymerizability Macromolecules 33 

9233–8 

[80]  Al-Saleh M H and Sundararaj U 2009 A review of vapor grown carbon 

nanofiber/polymer conductive composites Carbon N. Y. 47 2–22 

[81]  Islam M S, Ang B C, Andriyana A and Afifi A M 2019 A review on fabrication of 

nanofibers via electrospinning and their applications SN Appl. Sci. 1 1–16 

[82]  Asmatulu R 2016 Highly Hydrophilic Electrospun Polyacrylonitrile/ Polyvinypyrrolidone 

Nanofibers Incorporated with Gentamicin as Filter Medium for Dam Water and 

Wastewater Treatment J. Membr. Sep. Technol. 5 38–56 

[83]  Alghoraibi I and Alomari S 2019 Different Methods for Nanofiber Design and 

Fabrication 

[84]  Pillay V, Dott C, Choonara Y E, Tyagi C, Tomar L, Kumar P, Du Toit L C and Ndesendo 

V M K 2013 A review of the effect of processing variables on the fabrication of 

electrospun nanofibers for drug delivery applications J. Nanomater. 2013 

[85]  Oliva A I 2021 Morphological and Mechanical Properties of Electrospun 

Polycaprolactone Scaffolds : Effect of Applied Voltage Polymers (Basel). 13(4) 1–15 

[86]  Mit-uppatham C, Nithitanakul M and Supaphol P 2004 Ultrafine Electrospun Polyamide-

6 Fibers : Effect of Solution Conditions on Morphology and Average Fiber Diameter 

Macromol. Chem. Phys. 6 2327–38 

[87]  Reghunath S, Pinheiro D and KR S D 2021 A review of hierarchical nanostructures of 

TiO2: Advances and applications Appl. Surf. Sci. Adv. 3 100063 

[88]  Altaf A A, Ahmed M, Hamayun M, Kausar S, Waqar M, Badshah A, Altaf A A, Ahmed 

M, Hamayun M, Kausar S and Waqar M 2019 Titania Nano-fibers : A Review on 



79 
 

Synthesis and Inorganica Chim. Acta 119268 

[89]  Zhang N, Li F, Yin Y, Han J, Li X, Liu C, Zhou J, Wen S, Adimi S, Chen Y, Song X and 

Ruan S 2021 Materials Science & Engineering B Gas sensor based on TiO2 nanofibers 

decorated with monodispersed WO3 nanocubes for fast and selective xylene detection 

Mater. Sci. Eng. B 263 114901 

[90]  Xu F, Tan H, Fan J, Cheng B, Yu J and Xu J 2021 Electrospun TiO2 ‐Based 

Photocatalysts Sol. RRL 5 2000571 

[91]  Li H, Zhang W, Li B and Pan W 2010 Diameter-dependent photocatalytic activity of 

electrospun TiO2 nanofiber J. Am. Ceram. Soc. 93 2503–6 

[92]  Chen S J, Yu H Y and Yang B C 2013 Bioactive TiO2 fiber films prepared by 

electrospinning method J. Biomed. Mater. Res. - Part A 101 A 64–74 

[93]  Kiennork S, Nakhowong R and Chueachot R 2015 Preparation and Characterization of 

Electrospun TiO2 Nanofibers via Electrospinning Preparation and Characterization of 

Electrospun Integr. Ferroelectr. 4587 

[94]  Nagy D, Firkala T, Drotár E, Szegedi Á, László K and Szilágyi I M 2016 Photocatalytic 

WO3/TiO2 nanowires: WO 3 polymorphs influencing the atomic layer deposition of TiO2 

RSC Adv. 6 95369–77 

[95]  Nakata K, Liu B, Goto Y, Ochiai T, Sakai M, Sakai H, Murakami T, Abe M and 

Fujishima A 2011 Visible Light Responsive Electrospun TiO2 Fibers Embedded with WO3 

Nanoparticles Chem. Lett. 40 1161–2 

[96]  Zaleska A 2008 Doped-TiO2: A Review Recent Patents Eng. 2 157–64 

[97]  Jeon J, Kweon D H, Jang B J, Ju M J and Baek J 2020 Enhancing the Photocatalytic 

Activity of TiO2 Catalysts Adv. Sustain. Syst. 4 2000197 

[98]  Zhang L, Qin M, Yu W, Zhang Q, Xie H, Sun Z, Shao Q, Guo X, Hao L, Zheng Y and 

Guo Z 2017 Heterostructured TiO2/WO3 Nanocomposites for Photocatalytic Degradation 

of Toluene under Visible Light J. Electrochem. Soc. 164 1086–90 

[99]  Chen Z, Zhao J, Yang X, Ye Q, Huang K, Hou C, Zhao Z, You J and Li Y 2016 

Fabrication of TiO2/WO3 Composite Nanofibers by Electrospinning and Photocatalystic 

Performance of the Resultant Fabrics Ind. Eng. Chem. Res. 55 80–5 

[100]  Yang X, Wu X, Li J and Liu Y 2019 TiO2-Au composite nanofibers for photocatalytic 

hydrogen evolution RSC Adv. 9 29097–104 

[101]  Elder S H, Cot F M, Su Y, Heald S M, Tyryshkin A M, Bowman M K, Gao Y, Joly A G, 

Balmer M L, Kolwaite A C, Magrini K A and Blake D M 2000 The discovery and study 

of nanocrystalline TiO2-(MoO3) core-shelf materials J. Am. Chem. Soc. 122 5138–46 

[102]  Bai S, Liu H, Sun J, Tian Y, Chen S, Song J, Luo R, Li D, Chen A and Liu C C 2015 

Improvement of TiO2 photocatalytic properties under visible light by WO3/TiO2 and 

MoO3/TiO2 composites Appl. Surf. Sci. 338 61–8 

[103]  Zhou H, Qu Y and Duan X 2012 Environmental Science Towards highly efficient 



80 
 

photocatalysts using semiconductor nanoarchitectures Energy Environ. Sci. 5 6732–43 

[104]  Leung Y H, Man A and Ng C 2014 Materials Horizons Strategies for improving the e ffi 

ciency of semiconductor metal oxide photocatalysis Mater. Horizons 400–10 

[105]  Gomes D S, Da Silva A N R, Morimoto N I, Mendes L T F, Furlan R and Ramos I 2007 

Characterization of an electrospinning process using different PAN/DMF concentrations 

Polimeros 17 205–11 

[106]  Tarus B, Fadel N, Al-Oufy A and El-Messiry M 2016 Effect of polymer concentration on 

the morphology and mechanical characteristics of electrospun cellulose acetate and poly 

(vinyl chloride) nanofiber mats Alexandria Eng. J. 55 2975–84 

[107]  Kamaruddin, Edikresnha D, Sriyanti I, Munir M M and Khairurrijal 2017 Synthesis of 

Polyvinylpyrrolidone (PVP)-Green Tea Extract Composite Nanostructures using 

Electrohydrodynamic Spraying Technique IOP Conf. Ser. Mater. Sci. Eng. 202 

[108]  Song C and Dong X 2012 Preparation and characterization of tricomponent SiO2/SnO2/ 

TiO2 composite nanofibers by electrospinning Optoelectron. Adv. Mater. 6 225–9 

[109]  Bagheri S, Shameli K and Abd Hamid S B 2013 Synthesis and characterization of anatase 

titanium dioxide nanoparticles using egg white solution via Sol-Gel method J. Chem. 2013 

[110]  Szilágyi I M, Santala E, Heikkilä M, Kemell M, Nikitin T, Khriachtchev L, Räsänen M, 

Ritala M and Leskelä M 2011 Thermal study on electrospun 

polyvinylpyrrolidone/ammonium metatungstate nanofibers: optimising the annealing 

conditions for obtaining WO3 nanofibers J. Therm. Anal. Calorim. 105 73–81 

[111]  Zheng M, Gu M, Jin Y and Jin G 2000 Preparation, structure and properties of TiO2-PVP 

hybrid films Mater. Sci. Eng. B Solid-State Mater. Adv. Technol. 77 55–9 

[112]  Yang T L, Pan C T, Chen Y C, Lin L W, Wu I C, Hung K H, Lin Y R, Huang H L, Liu C 

F, Mao S W and Kuo S W 2015 Synthesis and fabrication of silver nanowires embedded 

in PVP fibers by near-field electrospinning process Opt. Mater. (Amst). 39 118–24 

[113]  Boga B, Székely I, Pap Z, Baia L and Baia M 2018 Detailed Spectroscopic and Structural 

Analysis of TiO2/WO3 Composite Semiconductors J. Spectrosc. 2018 

[114]  Lee J-S, Lee Y-I, Song H, Jang D-H and Choa Y-H 2011 Synthesis and characterization 

of TiO2 nanowires with controlled porosity and microstructure using electrospinning 

method Curr. Appl. Phys. 11 S210–4 

[115]  Jo M, Cho J, Wang X, Jin E, Jeong S and Kang D-W 2019 Improving of the Photovoltaic 

Characteristics of Dye-Sensitized Solar Cells Using a Photoelectrode with Electrospun 

Porous TiO2 Nanofibers Nanomaterials 9 95 

[116]  Lu R, Zhong X, Shang S, Wang S and Tang M 2018 Effects of sintering temperature on 

sensing properties of WO3 and Ag-WO3 electrode for NO2 sensor R. Soc. Open Sci. 5 

171691 

[117]  Thummavichai K, Wang N, Xu F, Rance G, Xia Y and Zhu Y 2018 In situ investigations 

of the phase change behaviour of tungsten oxide nanostructures R. Soc. Open Sci. 5 



81 
 

171932 

[118]  Liu R, Ye H, Xiong X and Liu H 2010 Fabrication of TiO2/ZnO composite nanofibers by 

electrospinning and their photocatalytic property Mater. Chem. Phys. 121 432–9 

[119]  Fu P, Luan Y and Dai X 2004 Preparation of activated carbon fibers supported TiO2 

photocatalyst and evaluation of its photocatalytic reactivity J. Mol. Catal. A Chem. 221 

81–8 

[120]  Tsumura T, Kojitani N, Izumi I, Iwashita N, Toyoda M and Inagaki M 2002 Carbon 

coating of anatase-type TiO2 and photoactivity J. Mater. Chem. 12 1391–6 

[121]  Branca C, D’Angelo G, Crupi C, Khouzami K, Rifici S, Ruello G and Wanderlingh U 

2016 Role of the OH and NH vibrational groups in polysaccharide-nanocomposite 

interactions: A FTIR-ATR study on chitosan and chitosan/clay films Polymer (Guildf). 99 

614–22 

[122]  Baganizi D R, Nyairo E, Duncan S A, Singh S R and Dennis V A 2017 Interleukin-10 

conjugation to carboxylated PVP-coated silver nanoparticles for improved stability and 

therapeutic efficacy Nanomaterials 7 

[123]  Mondal K, Bhattacharyya S and Sharma A 2014 Photocatalytic Degradation of 

Naphthalene by Electrospun Mesoporous Carbon-Doped Anatase TiO2 Nanofiber Mats 

Ind. Eng. Chem. Res. 53 18900–9 

[124]  Kumar A, Jose R, Fujihara K, Wang J and Ramakrishna S 2007 Structural and optical 

properties of electrospun TiO2 nanofibers Chem. Mater. 19 6536–42 

[125]  Frank O, Zukalova M, Laskova B, Kürti J, Koltai J and Kavan L 2012 Raman spectra of 

titanium dioxide (anatase, rutile) with identified oxygen isotopes (16, 17, 18) Phys. Chem. 

Chem. Phys. 14 14567–72 

[126]  Zou Y S, Zhang Y C, Lou D, Wang H P, Gu L, Dong Y H, Dou K, Song X F and Zeng H 

B 2014 Structural and optical properties of WO3 films deposited by pulsed laser 

deposition J. Alloys Compd. 583 465–70 

[127]  Bokobza L, Bruneel J-L and Couzi M 2015 Raman Spectra of Carbon-Based Materials 

(from Graphite to Carbon Black) and of Some Silicone Composites C 1 77–94 

[128]  Vijaya N, Selvasekarapandian S, Hirankumar G, Karthikeyan S, Nithya H, Ramya C S 

and Prabu M 2012 Structural, vibrational, thermal, and conductivity studies on proton-

conducting polymer electrolyte based on poly (N-vinylpyrrolidone) Ionics (Kiel). 18 91–9 

[129]  Alizadeh S and Hassanzadeh-Tabrizi S A 2015 MoO3 fibers and belts: Molten salt 

synthesis, characterization and optical properties Ceram. Int. 41 10839–43 

[130]  Chithambararaj A, Sanjini N S, Bose A C and Velmathi S 2013 Flower-like hierarchical 

h-MoO3: New findings of efficient visible light driven nano photocatalyst for methylene 

blue degradation Catal. Sci. Technol. 3 1405–14 

[131]  Klinbumrung A, Thongtem T and Thongtem S 2012 Characterization of Orthorhombic α 

-MoO3 Microplates Produced by a Microwave Plasma Process J. Nanomater. 2012 1–5 



82 
 

[132]  Ou J Z, Yaacob M H, Breedon M, Zheng H D, Campbell J L, Latham K, Plessis J Du, 

Wlodarski W and Kalantar-zadeh K 2011 In Situ Raman Spectroscopy of H2 Gas 

Interaction with Layered MoO3 Phys. Chem. Chem. Phys. 13 7330 

[133]  Zhang H, Yu M and Qin X 2019 Photocatalytic Activity of TiO2 Nanofibers: The Surface 

Crystalline Phase Matters Nanomaterials 9 535 

[134]  Karthik K V., Reddy C V, Reddy K R, Ravishankar R, Sanjeev G, Kulkarni R V., Shetti 

N P and Raghu A V. 2019 Barium titanate nanostructures for photocatalytic hydrogen 

generation and photodegradation of chemical pollutants J. Mater. Sci. Mater. Electron. 30 

20646–53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



83 
 

8.0 Appendix A 
 

 

 

Tauc plots for fibres annealed in air a) 100% TiBALDH b) 90% TiBALDH c) 50% TiBALDH d) 

10% TiBALDH e) 0% TiBALDH 
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8.1 Appendix B 
 

 

Tauc plots for fibres annealed in argon a) 100% TiBALDH b) 90% TiBALDH c) 50% 

TiBALDH d) 10% TiBALDH e) 0% TiBALDH 
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8.2 Appendix C 

 

Absorbance data for photocatalytic degradation of methyl orange by TiO2-WO3 nanofibres in 

UV light 

8.3 Appendix D 

 

 Apparent reaction constants for degradation of methyl orange by TiO2/WO3 fibres in UV light 
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8.4 Appendix E 

 

Absorbance data for photocatalytic degradation of methyl orange by TiO2-WO3 nanofibres in 

visible light 
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8.5 Appendix F 

Apparent reaction constants for degradation of methyl orange by TiO2/WO3 fibres in visible light 

 

8.6 Appendix G 
 

 

Absorbance data for photocatalytic degradation of methylene blue by TiO2/WO3/C/N nanofibres 

in visible light 
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8.7 Appendix H 

 

Tauc plots for (a) TiO2 (b) MoO3 (c) TiO2-MoO3 fibres 

8.8 Appendix I 

 

Absorbance data for photocatalytic degradation of methylene blue by TiO2/MoO3 nanofibres in 

visible light 
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8.9 Appendix J 

 

 

Absorbance data for repeatability measurements 
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