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Abstract  

The in-situ crystallization of anatase and rutile on chemically-treated Ti-foils in the temperature range 20-900ºC has 

been investigated using synchrotron radiation diffraction and x-ray diffraction. The processing methodology has a 

profound influence on the morphology, crystallite size and growth rate of nanostructured TiO2. The anatase formed 

was metastable and transformed to rutile at ~800ºC. Increasing the temperature from 400 to 900ºC caused the 

sharpening of anatase (101) peaks and resulted in a concomitant coarsening in crystallite size. The surface of 

annealed samples exhibited TiO2 nanorods, nanowires or nanotubes depending on the processing method. Ion-beam 

analysis has indicated the existence of composition gradation within the annealed TiO2 samples at the near-surface. 
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INTRODUCTION  

TiO2 is currently used in a number of fascinating 

applications, including as photocatalysts. In 

particular, there is great interest in using TiO2 

nanotubes because of the added surface areas 

available. Due to its high photoactivity, 

photodurability, chemical and biological inertness, 

mechanical robustness and low cost, nanostructured 

semiconducting TiO2 has attracted much more 

attention for its potential applications in diverse fields 

such as photocatalysis of pollutant [1], photo-splitting 

of water [2-4] and transparent conducting electrodes 

for dye-sensitized solar cells [5]. Since photocatalytic 

reactions mainly take place on the surface of the 

catalyst, a high surface-to-volume ratio is of great 

significance for increasing the decomposition rate. 

Very high photocatalytic activity has already been 

demonstrated for nanostructured TiO2 with various 

morphologies such as nano-powders [1-5], nano-rods 

[6], nano-wires [7], nano-fibers [8-9], nano-belts [10], 

nano-tubes [11], thin films [12], and porous 

nanostructures [13-15]. Although a lot of progress has 

been achieved in these forms of TiO2, the poor 

recuperability and reutilization limitation for nano-

powders and processing difficulty for nano-fibres or 

nano-tubes are still challenges for their commercial 

applications. 

Hitherto, various processes of materials synthesis 

have been developed for nanostructured TiO2 and 

these include the sol-gel method [16], micelles and 

inverse micelles method [17], hydrothermal method 

[18], and the solvothermal method [19]. Using 

indirect oxidation methods, nanorod arrays have been 

prepared on the surface of Ti substrates by oxidizing 

titanium with (CH3)2CO [20], H2O2 solution [21],
 
and 

KOH [22]. However, few literature sources have 

reported the growth of aligned TiO2 nanostructures on 

the substrate by electrochemical anodization of Ti 

metal and subsequent annealing in air. In this paper, 

we have described four methodologies to synthesize 

nanostructured TiO2 with various morphologies. The 

effect of processing methodology on the 
morphologies of TiO2 and their structure-

property relations are discussed.  
 

 

EXPERIMENTAL METHODS  

 

Sample Preparation 

Four methods were used to synthesize TiO2 of various 

nanostructured morphologies from chemical 

treatments of Ti foils (99.7% purity). These methods 

were (a) Ti foil was initially cleaned using 2M HCl 
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and deionised water. The cleaned foil was then 

oxidized in 30% H2O2, followed by annealing in an 

oven at 80°C for 72 h; (b) The cleaned foil was 

etched with 2M HF; (c) The cleaned foil was etched 

with 2M HCl. After etching, samples were annealed 

for 6 hours at 450°C, 500°C, 550°C, 600°C and 

650°C; and (d) the cleaned foil was anodized in an 

electrolyte of H3PO4/NH4F [23]. The process of 

potentiostatic anodization was performed in a 

standard two-electrode electrochemical cell, with Ti 

as the working electrode and platinum as the counter 

electrode. The anodization process was performed 

under an applied voltage of 20 V for 3.0 h. Both as-

etched and as-anodized Ti-foils were used for the in-

situ study of phase transformation at elevated 

temperature using either synchrotron radiation 

diffraction or laboratory x-ray diffraction.  

 

The morphologies of the as-prepared and heat-treated 

Ti foils were characterized using a field emission 

scanning electron microscope (FESEM SUPRA 35VP 

ZEISS) operating at working distances of 5 mm with 

an accelerating voltage of 5 kV. 

 

In Situ High-Temperature X-Ray Diffraction 

In this study, the in-situ oxidation behaviour of as-

etched and anodized Ti-foils was characterised using 

high-temperature laboratory x–ray (XRD) or 

synchrotron radiation diffraction (SRD) up to 900 
º
C 

in air. These measurements were conducted at 

ANSTO and the Australian Synchrotron respectively. 

The high-temperature diffraction data were collected 

using an Anton Parr HTK20 furnace and the Mythen 

II microstrip detector. The XRD and SRD data were 

collected at a wavelength of 0.15407 nm and 0.11267 

nm respectively. 

 

The diffraction patterns were acquired in steps of 100 
º
C from 200 

º
C to 400 

º
C and thereafter every 50 

º
C 

from 200 
º
C  to 900 

º
C. The collected diffraction data 

were analysed to compute the relative phase 

abundances of oxides formed at each temperature. 

The mean crystallite size (L) of TiO2 was calculated 

from (101) reflections of anatase using the Scherrer 

equation [24]: 

 

 




cos

K
L                                               (1) 

where K is the shape factor, λ is the x-ray wavelength, 

β is the line broadening at half the maximum intensity 

(FWHM) in radians, and θ is the Bragg angle. 

 

Ion-Beam Analysis (IBA) 

Ion beam analysis is a procedure where a focussed  

beam of ions (typically He+ ions) is shot at a sample 

surface. In doing so, particles from the bombarded 

surface interact with the incoming ions. Rutherford 

backscattering spectrometry (RBS) uses the ion beam 

interaction to provide information on the 

concentration versus depth for elements. Depending 

on the sample atomic structure, the He
+
 ions are 

backscattered from the surface due to repulsion from 

the nuclei of larger atoms (e.g. Ti). By measuring the 

energy of the repelled ions, information on the 

composition of the elements and their depth within 

the sample can be collected. Using this procedure the 

depth of the surface oxide layer can be studied by 

comparing the relative concentrations of Titanium 

and Oxygen versus depth. This work conducted at the 

Australian Nuclear Science & Technology 

Organisation (ANSTO) using 1.8MeV He
1+

 ions on 

the 2MV tandem accelerator.  

 

 

RESULTS AND DISCUSSION 

 

In-Situ Formation of TiO2 at Elevated 

Temperature 

Fig. 1 shows the formation of anatase on Ti-foil 

etched in H2O2 followed by annealing at 80C for 72 

h. The ability of H2O2 to readily oxidize Ti is evident. 

However, when the Ti-foil was etched by either HF or 

HCl, no anatase formed at all and rutile only 

crystallized at 700C (see Fig. 2).   

 

Fig. 3 shows the initial formation of metastable 

anatase in as-anodized Ti-foil at room temperature 

which eventually transformed to rutile after  thermal 

annealing in air at 900C. The as-anodized TiO2 

nanotube arrays were crystalline in nature rather than 

amorphous and the metastable anatase formed during 

anodization did not transform to rutile until 800C 

[see Fig. 4.] The corresponding variations of phase 

abundances in titanium, anatase and ruile as a 

function of temperature are shown in Fig. 5. It is 

interesting to note that the formation of rutile resulted 

in the concomitant reduction in the phase abundance 

of anatase and titanium. 

 

However, it is well-known that anatase undergoes a 

phase transformation to rutile at ~500-550 C [25-27]. 

However, the much higher temperature of anatase to 

rutile transition observed in this study can be 

attributed to the thickness of Ti-foil being too thick 

for efficient heat-transfer, resulting in the undesirable 

thermal gradient on the sample.  

 

Although anatase was observed up to 900C, there 

was a distinct narrowing and sharpening in the (101) 

peak, resulting in a corresponding decrease in the 

values of full-width half-maximum (FWHM) as the 

temperature increased. From the Scherrer equation 

[24], a decrease in the value of FWHM implies an 
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increase in the mean crystallite size for anatase. Fig. 6 

shows the influence of annealing temperature on 

crystallite size for anatase formed by different 

processing methodologies. In the case of anodized 

TiO2, the crystallite size of anatase was about 32 nm 

at 400 C and increased very gradually with 

temperature to 40 nm at 900 C. Faster growth rates 

were observed for anatase synthesized from treatment 

with HF and H2O2 although their crystallite sizes 

were much smaller, especially for the latter. Another 

feature worth-noting in Figs. 2 & 3 is the lack of line-

shifts in the peaks as the temperature increases due to 

thermal expansion. This may imply that the 

nanostructured TiO2 formed have a very low 

coefficient of thermal expansion due to their high 

porous microstructure.   

 

 
Fig. 1: SRD pattern of Ti-foil etched with H2O2 and 

annealed at 80°C for 72 h.  

 

 
Fig. 2: In-situ high-temperature XRD patterns of Ti-

foil etched with 2M HF. 

 

 

 
(a) 

 

 
(b) 

Fig. 3: Synchrotron radiation diffraction plots of as-

anodized TiO2 (a) before annealing at 20ºC and (b) 

after annealing at 900ºC. 

 

 
Fig. 4: Synchrotron radiation diffraction plots 

showing phase transitions during in-situ annealing of 

as-anodized TiO2 in the temperature range 20-900 ºC. 
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Fig. 5: Phase abundances of Ti, anatase and rutile in 

anodized TiO2 as a function of temperature. 

 

 
 

Fig. 6: Variations of crystallite size as a function of 

temperature for anatase synthesized from (a) 

anodization in H3PO4/NH4F, (b) HF etching, and (c) 

H2O2 oxidation.  

 

Microstructures of Nanostructured TiO2 

Figure 7 shows the profound influence of processing 

methodologies on the morphologies of the 

synthesized TiO2. Fine nanorods can be observed for 

the sample prepared by H2O2 oxidation whereas wire-

like nanostructures are formed the sample etched by 

HF (Fig. 7b). In contrast, vertically oriented and 

highly ordered arrays of anatase nanotubes with 

diameter of ~80 nm and wall thickness of 20 nm 

formed in the sample anodized in H3PO4/NH4F (Fig. 

7c) for 3 h. These results are in good agreement with 

similar studies reported for anodized TiO2 [28-32].  

 

Three simultaneously occurring processes can be 

ascribed to the formation of the nanotube arrays in 

fluoride containing electrolyte [31]. The first involves 

the field-assisted oxidation of Ti metal to form TiO2, 

which is followed by field-assisted dissolution of Ti 

metal ions in the electrolyte, and finally the chemical 

dissolution of Ti and TiO2 in the presence of 

hydrogen and fluoride ions. Plausible pathways of 

chemical reaction occurring during anodization are as 

follows: 

 

Ti (s) →
4+

 (aq) + 4e
-  

 

Ti
4+

 (aq) + 4F
-
 (aq) → 4 (aq) 

TiF4 (aq) + 2H2O (aq) → 2 (s) + 4HF (aq) 

  

 
(a) Nanorods 

 

 
 

(b) Nanowires 

 

 
(c) Nanotubes 

Fig. 7: Scanning electron micrographs showing the 

microstructure of nanostructured TiO2 synthesized 

from (a) H2O2 oxidation, (b) HF etching and (c) 

anodization in H3PO4/NH4F. 
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Composition Depth-Profiles 

The typical composition depth profiles of oxygen and 

titanium at the near-surface of samples prepared by 

different methodologies are shown in Fig. 8. As 

would be expected, a large graded concentration of 

oxygen existed on all the samples at the near-surface 

as a result of chemical solution treatment and 

subsequent oxidation by thermal annealing. 

 

 
                                      (a) 

 
                                          (b)  
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Fig. 8: Depth-profiling results obtained from ion-

beam analyses of samples synthesized by (a) HF, (b) 

HCl, and (c) anodization in H3PO4/NH4F 

 

It is quite reasonable to assume that the point at which 

the titanium content exceeded the oxygen content 

corresponds to the depth of the TiO2 layer formed on 

the sample. Based on this assumption, the depths of 

the graded TiO2 layers formed from HF and HCl 

etching are very similar but a thinner oxide layer 

formed in the anodized sample. This difference in 

thickness of oxide layers may be attributed to higher 

annealing temperature (i.e. 600ºC versus 400ºC) used. 

Since the processes of oxidation and growth of oxides 

are diffusion-controlled, a higher annealing 

temperature will result in much faster growth of TiO2 

and thus the thickness of the graded oxide layer. 

 

The effect of annealing temperature on the growth 

and thickness of oxide layers in samples prepared by 

HF and HCl etching is shown in Figure 9. Initially the 

oxide layers in both samples appeared to show very 

similar growth rates or thickness at 450-500ºC but as 

the annealing temperature increased beyond 500ºC 

the oxide layer from HF-etching appeared to grow 

faster than the HCl-etched sample.  

 

Fig. 9: Effect of annealing temperature on the depth 

of oxide layer formed in samples etched with HF(♦) 

and HCl (■). 

 

 

CONCLUSIONS 

Nanostructured TiO2 with various  morphologies have 

been modified from Ti foils processed by four 

different methodologies. The surface of samples 

exhibited TiO2 nanorods, nanowires or nanotubes 

depending on the processing method used. The 

processing methodology has a profound influence on 

the morphology, crystallite size and growth rate of 

nanostructured TiO2. The in-situ crystallization of 

anatase and rutile in the temperature range 20-900ºC 

was investigated using synchrotron radiation 

diffraction and x-ray diffraction. Metastable anatase 

formed in samples prepared by H2O2 oxidation and 

anodozation but not in the HF or HCl-etched samples. 

Transformation from anatase to rutile occurred at 

~800ºC. Increasing the temperature from 400 to 
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900ºC caused the sharpening of anatase (101) peaks 

and resulted in a concomitant coarsening in crystallite 

size. Ion-beam analysis has indicated the existence of 

composition gradation within the annealed TiO2 

samples at the near-surface. 
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