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1. Introduction 
Metal oxides have applications in a range of fields including electronics, fuel cells, 

chemical sensors, advanced ceramics, anticorrosion, agriculture, biomedicine, photocatalysis and 

environmental protection processes [1–4] In addition, coupling metal oxides can significantly 

improve the functional properties of these materials. As well, scaling the metal oxides to nano 

scale has a great impact on their optical, chemical, magnetic, electrical and mechanical properties 

due to increase in surface area to volume ratio   [5–8] 

The significant interest in preparation and characterization of TiO2 followed reports of 

photocatalytic splitting of water by TiO2 under UV light by Fujishima in 1969 [9,10]. However, 

major setbacks in application of TiO2 are the high band gap that makes it absorb only UV light 

and faster recombination of charge carriers during photocatalysis that decrease its efficiency. 

These setbacks have increased the need to develop simple and scalable techniques for synthesis 

of composite materials containing TiO2.  

Water based electrospinning process is a versatile technique for preparation of 

nanofibers, however there are no reports of preparation of TiO2 based nanocomposite fibres 

using this approach because commonly used Ti precursors hydrolyse in water while precursors 

for other metal oxides like WO3 are water soluble.  

I prepared TiO2 nanofibers using water-based electrospinning process followed by 

annealing. I optimized the parameters for preparing anatase TiO2 nanofibers using titanium (IV) 

bis(ammonium lactato) dihydroxide (TiBALDH) a water soluble TiO2 precursor. Further, I 

investigated how the properties of the fibres could be controlled using different concentration of 

the precursor the thermal decomposition and fragmentation of TiBALDH using TGA-MS. The 

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

because it creates the possibility of preparing TiO2 based composite nanofibers using 

electrospinning. 

I prepared TiO2-WO3 composite nanofibres using TiBALDH and ammonium 

metangastate as precursors by electrospinning. I investigated how the properties of the 

electrospun fibres changed when different volume ratios of precursor solutions were used. I 

studied the photocatalytic degradation of methyl orange fibres in UV and visible light. In 

addition, I synthesized TiO2/WO3/C/N composite fibres prepared by electrospinning and 

annealing in argon. By heating the as-spun inert atmosphere, the polymer component and the 

precursors do not decompose completely, and a carbon matrix containing nitrogen was formed. 

The presence of carbon and nitrogen enhances sensitivity of the fibres to visible light and this 

improves the photocatalytic activity of the fibres. 
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I also prepared TiO2-MoO3 using 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 x-ray photoelectron spectroscopy (XPS), scanning 

electron microscopy (SEM) coupled with energy dispersive X-ray (EDX) and transmission 

electron microscopy (TEM). The fibres were also characterised by Attenuated total reflection 

Fourier transform infrared spectroscopy (ATR-FTIR) and x-ray diffraction (XRD). I investigated 

the application of the fibres in photocatalysis. 

 

2. Literature background 
 

Electrospinning 

Electrospinning is the most versatile, cost effective technique with ease of scalability to 

industrial level among other techniques for preparing 1D nanomaterials [11–13]. Moreover, a 

large variety of polymers can be electrospun to produce long continuous nanofibers with varied 

dimensions depending on the intended applications [14]. In electrospinning, nanofibers are 

formed from electrically charged jet of polymer solutions or melts. The nanofibers produced 

form non-woven 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 1. 

 

Figure 1. Schematic diagram of horizontal set up for electrospinning [15] 

Synthesis of TiO2 nanofibers 

The different methods of synthesis of 1D TiO2 and its composite compounds largely 

depend on the precursor. Until now, there has been established range of precursors for obtaining 

titanium oxide nanofibers by electrospinning. However, most of the precursors are metal halides 



4 
 

and metal alkoxides which are not soluble in water [16]. 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. The use of a water 

soluble precursor for TiO2 allows for coupling of TiO2 with other semiconductor oxides in a 

single step synthesis; hence, extending application areas of the fibres [17]. 

 

Synthesis of TiO2/WO3 and TiO2/MoO3 nanofibers 

There has been tremendous growth in the fabrication of 1D composite materials such as 

TiO2/WO3 and TiO2/MoO3 nanofibers [18]. 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 and have applications in several fields including photocatalysis, energy and 

optics [19]. The precursors of these semiconductor metal oxides have different characteristics 

such as solubility in common solvents. Therefore, these composite nanofibers have been 

prepared by combining electrospinning with other techniques such as  hydrothermal, sol-gel and 

atomic layer deposition [20]. The drawback of using a combination of techniques to prepare 

TiO2 based composite nanofibers is high cost and complicated procedure. In my study, I 

optimized the parameters for synthesis of pure and composite TiO2/WO3 and TiO2/MoO3 

nanofibers by electrospinning using water soluble precursors. 
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3.0 Experimental section 

 

The first goal of my study was to prepare TiO2 nanofibers by electrospinning using a 

water-soluble titanium precursor. To achieve this goal, I investigated in detail the thermal 

degradation steps of TiBALDH using TG/DTA-MS to establish the annealing conditions 

suitable for synthesis of anatase 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 home-made set up. The feeding rate was 1 mL h-1, while the 

applied voltage was 25 kV. The fibers were collected on an Al foil screen covered by a 

polyethylene sheet.   

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

TiBALDH, and ammonium metatangstate (AMT) followed by annealing in air. I further 

investigated how the morphological properties of the electrospun fibers changed when different 

volume ratios of precursor solution as well as the photocatalytic activity of the different fibers in 

visible light. 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. I prepared 

TiO2/WO3/C/N nanofibers by annealing the as-spun TiO2-WO3 composite nanofibers in argon at 

60 °C per hour till 600 °C 

I prepared TiO2-MoO3 composite nanofibers 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 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. 
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The distance between the needle tip and aluminium foil screen covered by a polyethylene sheet 

was 12 cm. The electrospun fibers were annealed in air.  

The fibers were characterized by TG/DTA, XPS, SEM-EDX, TEM, FTIR, XRD and 

Raman spectroscopy. The photocatalytic activity of the fibers in visible light was established 

using methyl orange and methylene blue dyes. 
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4.0 Results 

4.1 Thermal analysis of TiBALDH 

 

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

decomposition steps of the resulting solid was investigated using TG/DTA-MS. The DTG and MS 

curves obtained are shown in Figure 2. 

 

 

Figure 2. DTG and (a and b) DTG-MS curves for TiBALDH 

The DTG curve shows that the decomposition of TiBALDH is continuous and occurs in 

two steps after the loss of water, the first step is observed around 225 oC, while the next step is 

around 285 oC. From DTG-MS curve of TiBALDH 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. The decomposition is complete by 450 oC. 

4.2 Synthesis of TiO2 nanofibers by electrospinning using water soluble precursor 

I successfully prepared anatase TiO2 nanofibers with diameter range of between 50-

150nm. After electrospinning, the fibres were annealed in air at 600 °C to decompose the 

polymer and degrade the precursor 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. EDX 

measurements showed that the average ratio of Ti to O atoms in the annealed fibres is 1:2. FTIR 

spectra of the fibres obtained before and after annealing confirmed that the annealing process 

was successful. X-ray diffraction patterns of the fibers after annealing showed that the fibers had 
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strong diffraction peaks at 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  [21]. The diffraction 

patterns were indexed to ICDD 04-016-2837. composition. The SEM images of the annealed 

fibers is shown in Figure 3.  

 

Figure 3. SEM images of pure TiO2 a) 50 wt% TiBALDH, b) 30 wt% TiBALDH, c), 25 wt% 

TiBALDH, d) 10 wt% TiBALDH 

 

4.3 Synthesis of TiO2/WO3 nanofibers  

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

mixture of polyvinylpyrrolidone PVP, TiBALDH and ammonium metatungstate (AMT). By 

using different amounts of the precursors, composite fibers of varying ratios were prepared. 

Fibre diameter for the composite fibres increased with increase in concentration of AMT. Fibre 

diameter before and after annealing as well as the elemental composition and surface area are 

shown in Table 1 

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

fibres 

The UV-Vis DRS spectra of the annealed fibres are shown in Figure 4, 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 
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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 [22]. 

 

Figure 4. UV-Vis DRS spectra of TiO2/WO3 nanofibres 

 

4.4 Synthesis of TiO2/WO3/C/N nanofibers  

 

I prepared TiO2/WO3/C/N composite nanofibers by electrospinning a mixture of 

polyvinylpyrrolidone PVP, TiBALDH and AMT followed by annealing in argon in gas at 600 

°C. SEM and TEM images of the fibres are shown in Figure 5. 

 

 

Figure 5 (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 

Photocatalytic degradation of methylene blue by the fibers in visible light was measured and 

results shown in Figure 6.  Fibers prepared from 90% TiBALDH had the greatest degradation effect on 
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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 fibers have ability to absorb visible light 

which enhance efficiency of the excitation of electrons from the valence band of TiO2. 

Figure 6. Photocatalytic degradation of methylene blue in visible light by TiO2/WO3/C/N nanofibres 

 

4.5 Synthesis of TiO2/MoO3 nanofibers  

 

I prepared TiO2/MO3 composite nanofibers by electrospinning a solution of PVP in N-N 

dimethylformamide mixed with ammonium molybdate tetrahydrate and TiBALDH solutions. The 

TG/DTA curves obtained when the fibers were annealed in air are shown in Figure 7.  The fibers 

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 fibers. 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 decompose in this step. There was no further 

change in residue mass beyond 600 ºC. XRD measurements showed the composites fibres contained 

orthorhombic MoO3 and anatase TiO2, the XRD patterns are shown in Figure 7. 
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Figure 7 (a-c) TG/DTA curves (d-f) XRD patterns of MoO3, TiO2/MoO3 and TiO2 nanofibres 
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5.0 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 

composite nanofibers. After three cycles, the relative photocatalytic activity of the fibres in 

degrading methylene blue dye dropped by only 3% [1]. 
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