nanomaterials
Article

Dynamic Diffraction Studies on the Crystallization,
Phase Transformation, and Activation Energies in
Anodized Titania Nanotubes
Hani Albetran 1, *, Victor Vega 2 , Victor M. Prida 2
1
2
3

*

ID

and It-Meng Low 3

ID

Department of Basic Sciences, College of Education, Imam Abdulrahman Bin Faisal University, P. O. Box
2375, Dammam 31451, Saudi Arabia.
Department of Physics, University of Oviedo, C/Federico Garcia Lorca No. 18, 33007 Oviedo, Asturias, Spain;
vegavictor@uniovi.es (V.V.); vmpp@uniovi.es (V.M.P.)
Department of Physics and Astronomy, Curtin University, GPO Box U1987, Perth, WA 6845, Australia;
j.low@curtin.edu.au (I.M.L.)
Correspondence: halbatran@iau.edu.sa; Tel.: +966-13-827-4155; Fax: +966-13-826-9936

Received: 8 January 2018; Accepted: 21 February 2018; Published: 23 February 2018

Abstract: The influence of calcination time on the phase transformation and crystallization kinetics
of anodized titania nanotube arrays was studied using in-situ isothermal and non-isothermal
synchrotron radiation diffraction from room temperature to 900 ◦ C. Anatase first crystallized at
400 ◦ C, while rutile crystallized at 550 ◦ C. Isothermal heating of the anodized titania nanotubes
by an increase in the calcination time at 400, 450, 500, 550, 600, and 650 ◦ C resulted in a
slight reduction in anatase abundance, but an increase in the abundance of rutile because of an
anatase-to-rutile transformation. The Avrami equation was used to model the titania crystallization
mechanism and the Arrhenius equation was used to estimate the activation energies of the
titania phase transformation. Activation energies of 22 (10) kJ/mol for the titanium-to-anatase
transformation, and 207 (17) kJ/mol for the anatase-to-rutile transformation were estimated.
Keywords: titania; anatase; rutile; anodization; synchrotron radiation diffraction

1. Introduction
Titania is a promising and attractive raw material for its use in various applications such as
hydrogen production, gas sensors, photoelectrochemical cells, and dye-sensitized solar cells because
of its stability, nontoxicity, photo-durability, affordability, and excellent photocatalytic activity [1–5].
Anatase, rutile, and brookite are three common naturally occurring titania crystal structures [6–9].
The thermal treatment of amorphous titania at elevated temperature yields, anatase, rutile, or a
mixture of these crystalline structures as the most common titania phases, whereas brookite formation
is rare [10]. Titania phase transformation is influenced by several conditions, such as calcining
temperature, heating rate, calcination time, synthesis method, dopants, the level of impurities, grain
size, and atmospheric condition and type [11–17].
The effect of calcination time on the titania phase transformation has not been investigated
intensively and is not yet clear and fully understood. Some studies of this effect exist in the literature,
for example, titanium dioxide nanotube arrays have been heated at 500 ◦ C/min and 10 ◦ C/min with
a calcination time of 1, 2, 4, 8, and 12 h [18]. The X-ray powder diffraction (XRD) patterns show
that only the (101) anatase peak of the crystallographic plane appears after one hour of calcination,
and (101) and (200) anatase crystallographic planes appear after two hours. An anatase-to-rutile phase
transformation was observed after four hours of calcination, and anatase transformed completely into
rutile after 12 h of calcination. This effect was studied by heating anatase in air at 950 ◦ C for 4, 24, and
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48 h [19]. Diffraction results show that an increase in calcination time increased the abundance of rutile
but decreased the anatase abundance. The abundances of rutile were 5 wt % for 4 h, 65 wt % for 24 h,
and 92 wt % for 48 h.
Due to their unique electronic characteristics, such as quantum-confinement effects, a high
surface-area-to-volume ratio, a high mechanical strength, and a high electron mobility [3,4,20,21],
one-dimensional titania nanostructures such as nanofibers, nanobelts, nanorods, nanowires, and
nanotubes have attacted much interest.
Various fabrication methods have been used to synthesize one-dimensional nanostructured
titania and these include the sol-gel, electrospinning, hydrothermal, and anodization methods.
Electrochemical anodization is currently one of the most common inexpensive, and simple methods that
is used to fabricate one-dimensional nanotube titania nanostructures [2,20,22,23]. At room temperature,
electrochemical anodization of the titanium-based alloy as a cathode in an electrolyte with a platinum
grid as an anode produced anodized titania nanotube arrays [2,24,25].
Previous XRD studies of as-synthesized anodized titania nanotubes showed only diffraction peaks
of titanium metal phase and no peak of any titania phases (anatase, or rutile) exists, which indicates that
the titania nanotubes are in the amorphous state before calcination [26–29]. Commonly, anatase phase
crystallizes from amorphous titania nanotubes arrays at relatively low temperatures and subsequently
transforms to rutile phase at higher temperatures. The crystalline phase transformation process
of amorphous-to-anatase in the titania nanotubes arrays can be observed by using a hydrothermal
treatment method under various reaction times, and at low temperature experimental conditions
(~180 ◦ C) [26,29].
In this study, the effect of calcination time on phase transformations, crystallization kinetics, and
activation energies of anodized titania nanotube arrays was investigated using isothermal in-situ
synchrotron radiation diffraction (SRD) from room temperature to 900 ◦ C. The sample was also
characterized using field emission scanning electron microscopy (FESEM), and associated energy
dispersive spectroscopy (EDS).
2. Materials and Methods
2.1. Sample Preparation
Details of the anodization technique are given in a preliminary study performed by the
authors [16,30]. In summary, the anode was a titanium foil (10 × 10 × 0.1 mm3 , 99.96% purity),
the cathode was a platinum mesh, and the electrochemical anodization was carried out at constant
pH = 6 electrolyte that consisted of a mixture of ammonium fluoride, ethylene glycol, and water at
room temperature. The anodizing conditions were set for 20 h at a constant applied voltage of 60 V.
After anodization process, the obtained samples of titania nanotube arrays were rinsed or washed
with ethanol, immersed in hexamethyldililazane (HMDS), and dried in air.
2.2. Field Emission Scanning Electron Microscopy
Anodized titania nanotubes array surface morphologies were studied by field emission scanning
electron microscope (FESEM, Zeiss, Neon, 40EsB, Oberkochen, Germany) with secondary electron at a
5-KV accelerating voltage. Samples were studied prior to and after the in-situ high-temperature SRD.
Charging was prevented by platinum sputter-coating the anodized titania nanotube arrays to a
3-nm thickness. FESEM images of the material and elemental compositions of the anodized titania
nanotube arrays were analyzed by energy dispersive X-ray spectroscopy (EDS) (Oxford Instruments,
Abingdon, Oxfordshire, UK).
2.3. Measurements and Data Analysis of in-situ Isothermal Synchrotron Radiation Diffraction (SRD)
In-situ isothermal high temperature SRD in air (powder diffraction beamline, Australian
Synchrotron, Melbourne, Australia; 3◦ incident angle, 0.1126-nm wavelength) was used to study
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the high temperature crystallization kinetics of the anodized titania nanotube arrays. The specimen
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2.4. Quantitative Analysis
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The Rietveld method (TOPAS software, Bruker AXS 4.2) was used for SRD patterns analysis.
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2.5 Crystallization Activation Energies
Results from the isothermal phase analysis were used to estimate the activation energies for the
transformations of Ti(α + β)-to-anatase and anatase-to-rutile.
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2.5. Crystallization Activation Energies
Results from the isothermal phase analysis were used to estimate the activation energies for the
transformations of Ti(α + β) -to-anatase and anatase-to-rutile.
The kinetics of isothermal crystallization of amorphous titania is described by the Avrami
expression for solid-state transformations [33]:
wt = 1 − e−(kt)

n

(1)

where wt is the transformed material weight fraction after time t. The kinetic exponent depends
on the growth mechanism and titania crystal dimensionality. The Arrhenius equation gives the
temperature-dependence of the reaction rate constant k [34]:
k = k o e−E/RT

(2)

where ko is a constant, E is the activation energy (kJ/mol), T is the temperature (K), and R is the gas
constant (8.3145 J/kmol). The activation energy can be determined from the gradient of the linear
Nanomaterials 2018, 8, x FOR PEER REVIEW
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3. Results and Discussion
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(2)

where ko is a constant, E is the activation energy (kJ/mol), T is the temperature (K), and R is the
gas constant (8.3145 J/kmol). The activation energy can be determined from the gradient of the linear
regression fit of the plot of ln[−ln(1 − wt)] versus 1/T. The activation energy of the titanium-to-anatase
transformation was calculated from the anatase-plus-rutile weight fraction at each temperature
assuming that amorphous titania crystallizes anatase, which is transformed to rutile. The activation
energy of transformation of the anatase to rutile was estimated from the weight fraction for rutile at
each temperature.
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Figure 2. FESEM micrographs for anodized titania nanotube arrays (a) after the anodization process
(60 V, 25 ◦ C, 20 h), and following SRD experiments and viewed with (b) low, and (c) high magnification.
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Relative analysis was used to calculate the relative phase levels of titanium-α, titanium-β,
crystalline anatase, and crystalline rutile in the anodized nanotube arrays. The residual values for the
Topas refinements Rwp and Rexp were ~9 and 2, respectively. The goodness-of-fit, X2 , ranged from
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