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3.3 The characterization of Ti02 nanotubes 

A nwnber of analytical techniques can be employed to study the morphology 

and characterization of the coatings produced under different deposition conditions. 

However, Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD) and Atomic 

Force Microscopy (AFM) were used in this work. 

3.3.1 Scanning Electron Microscopy Analysis (SEM) 
Ti02 nanotubes morphologies were studied by Scanning Electron 

Microscopy. SEM analysis was carried out in a JEOL JSM-S41O Scanning Electron 

Microscopy with EDS attachment for quantitative elemental analysis. Figure 3.3 shows 

JEOL JSM-S410 Scanning Electron Microscopy. 

Figure 3.3 A JEOL JSM-541 0 Scanning Electron Microscopy. 
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3.3.2 X-ray Diffraction Analysis (XRD) 

X-ray diffraction is a useful technique for orientation analysis of bulk 

materials and thin films. XRD analysis was perfonned in a PHILIPS X'Pert MPD 

X-RAY diffractometer using Cu leu radiation ofa wavelength of 0.154 nm is shown in 

Figure 3.4. The A PHILIPS X'Pert MPD can be used for nonnal6 - 26 scans, grazing 

incidence and high temperature scans. All three methods were employed to characterize 

the properties of the thin films. Scans of 6 - 26 and high temperature scans were done at 

40 kV and 30 mAo The peaks search for matching was carried out by Philips X' Pert 

High Score. 

Figure 3.4  A PHILIPS X'Pert MPD diffractometer using Cu leu radiation of 

a wavelength of0.154 nm. 
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The degree of preferred orientation or more commonly referred to as 

texture was determined by normalizing the highest integrated intensity peak with the 

various (hkl) diffraction lines observed. Calculations of the area under the peaks, was 

performed using Philips PANalytical an X-ray fitting program called X' Pert Plus, 

developed by Philips P ANalytical. 

The XRD intensity profIles provide valuable information on the 

crystallite size. Small crystallite exhibit broad diffraction peaks. As the crystallite size 

increases the peak intensity becomes more intense and narrower. The crystallite size (D) 

is determined by measuring the full width half maximum (8) of the diffracted peak and 

using the Scherrer equation [49]: 

k'\D (3.1)- pcos8 

Where: K is the shape factor (Scherrer constant) which is commonly equal to 0.9 

8 is the full width at half maximum (FWHM) 
A. is the wavelength of the X-ray source (0.154 nm)  

9 is the Bragg angle for the most prominent diffraction peak  

The most prominent diffraction peak for this study was the (101) for Ti 

and other titanium. Crystallite calculations were performed using the X' Pert Plus 

program. It should be noted, that the X' Pert Plus program did not separate the 

contnbutions to the FWHM from crystallite size and strain. Consequently, the program 

can cause the crystallite sizes in the films to be slightly underestimated. 
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Once the Miller indices of each reflection have been determined from the 

XRD pattern, the lattice parameter (a, b and c) value for cubic phases for every 

re:Oection line on the XRD pattern can be calculated by employing the following 

equation: 

- (3.2)  

Where (hld) are the Miller indices for the particular plane, and: 

- nA. (3.3)
2sinB 

Consequently, the lattice parameter equation is: 

dMd x.J(h2 + 12 + 12)- (3.4)
2sinB 

The lattice parameter values computed in this way are found to vary from 

one reflection to another, the variations being of two kinds, random and systematic. 

The random errors decrease in magnitude as the diffraction angle (9) increases, with a 

striking effect as 9 approaches 90°. Systemic errors manifest a definite dependence 

upon 9, and they also tend to a minimum as 9 approaches 90°. Consequently, by plotting 

the lattice parameter for each reflection against cot 9 a linear fit should be obtained, 

with the intercept at zero corresponding to the true lattice parameter for that sample. 

This method is known as the "extrapolation method", 
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3.3.3 Atomic Force Microscopy Analysis (AFM) 

The AFM operates by scanning the surface of the coatings with a probe, 

which consists ofa sharp tip attached to a cantilever. The movement of the cantilevertip 

is detected by a diode laser focused on the tip and reflected to a photodiode (Figure 3.5). 

CONTROl UNrr 

REF. PaD h,___S...WEEP•." I I GENERATOR .. 

PHOTO 
DIOOE 

Figure 3.5 Schematic of AFM operation. 

The AFM can work in two modes, namely contact and non-contact 

modes. In contact mode the repUlsive van der Waals forces are measured between the 

atoms in the tip and the atoms of the materials surface. Consequently the tip is in 

physical contact with the surface during the analysis and can cause physical damage to 

soft materials. In non-contact mode the attractive van der Waals is measured by 

oscillating the cantilever at its resonant frequency with small amplitude some 50 to 100 

angstroms from the sample surface (Figure 3.5). Because non-contact mode measures 

the weaker attractive forces the lateral resolution is less than that achieved with contact 

mode. 
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The wall thicknesses of TiO:z nanotubes were investigated using Atomic 

FOICe Microscope. Figure 4.4 shows Atomic Force Microscope of TiO:z nanotube arrays 

with different anodizing times. The wall thickness of TiO:z nanotubes were 

approximately 113 nm, 122 nm, 130 nm, 136 DID, 98 nm and 174 nm for anodizing 

times 30 min, 1 h, 2 h, 4 h, 6 h and 12 h respectively. The wall thickness of TICh 

nanotubes increase with increasing the anodizing times. The wall thickness also 

depends on anodization parameters such as NH..tF and H20 containing ethalene glycol. 

Tube diameter and the wall thickness can be tailored [54]. For longer anodizing times, 

the wall thickness of TiO:z nanotubes are likely to be bigger because low current density 

reduces the hydrolytic ability of the electrolysis. Subsequently, this results in lower 

concentration of oxygen, which plays an essential role in formation of thicknesses of 

TI<>a nanotubes. 
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4.4 The efficiencies of dye-sensitized solar ceDs 
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Figure 4.5 I-V characteristic of the dye-sensitized solar cells on the Ti02 nanotube 

arrays with different anodizing times: 30 min, 1 h, 2 h, 4 h, 6 hand 12 h. 

The efficiencies of dye-sensitized solar cells were measured by current 

voltage curves. The current-voltage curves were showed in Figure 4.5. The efficiencies 

of dye sensitized solar cells increase with increasing anodization times. Increase in 

anodization times will result in increase length tubes [55]. Electron transfer will be fast 

for longer tubes than for shorter tubes. The electrons were excited by the incident light 

and then injected into the conduction band of the Ti02. The electrons diffuse rather than 

the electron drift that dominates the transport of the electrons from the to the 

transparent electrode in dye-sensitized solar cells [56]. As a result, the efficiencies of 

dye-sensitized solar cells increase with increasing the anodization times. 
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Table 4.1 The efficiencies of dye-sensitized solar cells. 

Aaodizing times 
(h) 

Power In 
(mW/em:; 

Power out 

maximum 
(mW/cm:; 

Emdency 

(%) 

0.5 70 2.93 4.19 

1.0 70 2.84 4.06 

2.0 70 3.90 5.57 

4.0 70 4.02 5.74 

6.0 70 3.85 5.50 

12.0 70 5.54 7.92 

The table 4.1 shows efficiencies of dye-sensitized solar cells. When the 

anodization times increases from 30 :min, 1 h, 2 h, 4 h, 6 h and 12 h, the efficiencies of 

dye-sensitized solar cells are 4.19 %, 4.06 %, 5.57 %, 5.74 %, 5.50 % and 7.92 % 

respectively. The efficiencies of dye-sensitized solar cells of anodizing times 4 h is 

5.74 % which is more than that at 6 h because the nanotube surface after 4 h is more 

than that at 6 h in the figure for SEM. The electrons transfer to nanotubes at 4 h is better 

than at 6 h [57]. As a result, efficiencies of dye-sensitized solar cells at 4 h more than 

that at 6 h. The maximum efficiency for the dye-sensitized solar cell was 7.92 % for 

anodizing times of 12 h. 
























