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Abstract

We studied how calcination parameters such as temperature and duration influence the phase
composition and corrosion resistance of anodized titanium dioxide (TiO,) coatings. We synthesized
TiO, anatase and rutile phases on titanium surfaces via anodization at 40 V followed by calcination
at 350°C and 450°C, respectively. We used electrochemical impedance spectroscopy (EIS) to
assess these properties and behaviors. Our results indicated that longer calcination times and higher
temperatures favored the rutile phase and shorter times resulted in coatings with a mixture of
anatase and rutile. The rutile phase exhibited superior corrosion resistance due to its more complete
crystallization and reduced structural defects. These results underscore the importance of optimizing
calcination parameters to achieve desired crystalline phases and enhance corrosion resistance, with
promising implications for applications in corrosive and mechanically challenging environments.

Keywords: Rutile; Anatase; Anodizing; Electrochemical impedance spectroscopy (EIS).

Resumen

Estudiamos aqui como parametros de calcinacion como la temperatura y la duracion influyen
en la composicion de fases y la resistencia a la corrosion de los recubrimientos de didxido de
titanio (TiO,) anodizados. Se sintetizaron las fases de anatasa y rutilo del TiO, en supertficies de
titanio mediante anodizacion a 40 V, seguida de calcinacién a 350 °C y 450 °C, respectivamente.
Se utilizod la espectroscopia de impedancia electroquimica (EIS) para evaluar estas propiedades
y comportamientos. Los resultados indicaron que los tiempos de calcinacion mas largos y las
temperaturas mas altas favorecieron la fase rutilo, en tanto que los tiempos mas cortos resultaron
en recubrimientos con una mezcla de anatasa y rutilo. La fase rutilo mostr6 una resistencia superior
a la corrosion debido a una cristalizacion mas completa y la reduccion de defectos estructurales. El
estudio subraya la importancia de optimizar los parametros de calcinacion para alcanzar las fases
cristalinas deseadas y mejorar propiedades como la resistencia a la corrosion, con implicaciones
prometedoras para aplicaciones en entornos corrosivos y sujetos a desgaste mecanico.

Palabras clave: Rutilo; Anatasa; Anodizacion; Espectroscopia de impedancia electroquimica (EIS).

Introduction

Due to their versatility and wide range of applications in modern science and technology,
nanostructured materials, especially TiO,, are crucial research topics (Mansfeldova, 2021;
Manut, 2020). Their use in various commercial products, from cosmetics to solar cells,
highlights their importance across multiple fields. Nanocrystalline TiO, synthesis focuses
on its role as a photocatalyst (Lin, 2014; Seul, 2022) in environmental applications such
as hydrogen production using solar energy. Titanium dioxide (TiO,) is widely used for
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energy conversion and storage, sensors, cosmetics, paints, and electronics. TiO, exists
naturally in several polymorphic forms (Seul, 2022), the most common being rutile,
brookite, and anatase. Anatase TiO, stands out for its superior charge separation and
ion storage capabilities compared to other polymorphs. This is useful in nanocrystalline
solar cells, photocatalysis, and lithium-ion batteries (Baram, 2010; Li, 2019). However,
thermodynamically, rutile TiO, is the most stable polymorphic form under ambient
conditions (Seul, 2022; Quitério, 2015).

Catalysts utilizing TiO, continue to find widespread use in photocatalysis and
H, production through water photoelectrolysis (Sanoja, 2024). The anodic oxidation
technique of titanium sheets has become increasingly popular for fabricating TiO, films
with a nanostructured morphology. Research has aimed to enhance the performance of these
materials as photoanodes in visible light-driven H, generation, exploring heterojunction
formation or cocatalyst incorporation to tune their catalytic activity (Pasquale, 2023;
Parambil, 2023). In the quest for efficient photocatalysts, the importance of an organized
three-dimensional arrangement of TiO, nanotubes on a mesh stands out, leveraging
their extensive internal and external surface areas. This facilitates light absorption from
various directions resulting in enhanced efficacy in water photoelectrolysis. Studies have
demonstrated that nanotubes grown on titanium wires can effectively capture light reducing
liquid scattering effects and improving photocatalytic activity (Pasquale, 2023).

Erosion-corrosion, a phenomenon characterized by the rapid degradation of metals
due to chemical interactions and mechanical wear from fluid-solid particle motion, is
prevalent in corrosive industrial settings (Thakur, 2024; Sarngan, 2022). Conversely,
anodizing is an electrochemical technique that enhances the surface properties of materials
like titanium, forming a protective oxide layer that boosts corrosion resistance and other
desirable traits. While erosion-corrosion results from combined chemical and mechanical
factors, anodizing is a controlled method to create a protective oxide layer. Here, we
initially employed the anodizing process (Suhadolnik, 2020; Gabellini, 2023). However,
recent research underscores challenges in reproducibility within the titanium anodization
process, particularly in fluoride solutions, highlighting the need for further exploration
of electrolyte compositions to consistently produce high-quality TiO, films unaffected
by electrolyte aging (Arzaee, 2023; Yu, 2023). Titanium dioxide (TiO,) is a widely used
material in several fields, its most common forms being rutile, brookite, and anatase.
Anatase TiO, stands out for its ability to separate charges and ion storage properties,
making it ideal for nanocrystalline solar cells, photocatalysis, and lithium-ion batteries
(Kim, 2022; Ali, 2018; Eddy, 2023). However, rutile TiO, is the most thermodynamically
stable polymorphic form under ambient conditions for which there is interest in its large-
scale and cost-effective production (Kim, 2022).

The difference in surface energy between the rutile and anatase forms plays a crucial
role in their stability, especially in smaller particles. Although in its rutile form, TiO, is
more stable, wet methods often produce anatase due to its lower surface energy. Here we
transformed rutile particles to anatase through an anodization process resulting in the rutile
phase and a mixture of anatase and rutile phases. Our main objective was to study the
behavior of anodized TiO, through electrochemical EIS studies and discuss its crystalline
properties and response to corrosion.

Materials and methods

The electrochemical anodization of 2 cm2 Ti foils (99.99% high purity and 0.12 mm thick)
was done in a homemade setup as previously detailed (Mateus, 2019; Bautista, 2018), at
room temperature using a 50 V power supply. The electrolyte consisted of an ethylene
glycol solution containing NH,F (0.2% by weight) and H,O (2% by weight). All samples
were subjected to a potential of 40 V for 30 minutes (Mateus, 2019; Bautista, 2018).
Sample 1 was anodized at 40 V and subsequently calcined at 350 °C for five hours.
Sample 2 underwent anodization at 40 V and a two-hour calcination at 350 °C. Sample
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3 was anodized at 40 V and calcined at 450 °C for two hours. Each sample was then
sequentially rinsed with ethanol and deionized water. To obtain the X-ray diffraction
(XRD) patterns of the anodized Ti foil, a Panalytical Empyrean device was used in a
continuous beam configuration with a scintillation detector and a parallel plate collimator.
Measurements were taken from 10 to 90° at a 20 angle with a sampling time of 0.02
seconds and a step size of 0.0040°/s using cobalt radiation with a wavelength of Kal =
1.78900 A. The atomic force microscopy images were obtained on a Bruker Dimension
Technology KIT equipment. The electrochemical study was conducted using a potentiostat
(Gamry PCI4300) equipped with Gamry framework (version 4.21/EIS 300 software),
employing electrochemical impedance spectroscopy (EIS). The impedance curves were
obtained at room temperature using a cell housing a working electrode within an exposed
area (1 cm?), a reference electrode (Ag/AgCl), and a graphite counter electrode ina 0.5 M
NaCl solution with distilled water. The open-circuit potential was measured for 30 minutes
(Aperador, 2012). We analyzed the electrochemical behavior of the electrolyte via EIS at
open-circuit potential for 30 minutes to establish its stable values that served as the starting
point for the EIS measurements.

Results and discussion

The TiO, crystalline structure of titanium dioxide is of great interest for its multiple
polymorphic forms, prominently rutile and anatase. Rutile exhibits a tetragonal crystalline
structure, offering superior stability at elevated temperatures and a high density. Its
applications span from white pigments to optical coatings and high-temperature applications
owing to its stability. Conversely, anatase showcases a tetragonal crystalline structure akin
to rutile but with a slightly different atomic arrangement. Its properties render it more
active than rutile in photocatalytic reactions, attributed to its energy band structure making
it an optimal choice for photocatalysis, solar cells, self-cleaning coatings, and biomedical
applications, leveraging its photocatalytic properties.

Figure 1a shows sample 3 after the anodization process and calcination at 450 °C,
resulting in the formation of the rutile phase. Figure 1b shows samples 1 and 2 also
subjected to anodization using the same procedure as sample 3 and calcined at 350 °C;
sample 1 was calcined for 5 hours and sample 2 for 2 hours. This anodization process is
crucial to form an oxide layer that facilitates the attainment of the desired phases without
the need for prolonged times or high calcination temperatures, unlike literature reports
(Comakl, 2015; Jiaguo, 2010) suggesting temperatures of 500-700 °C for the anatase
phase and 900 °C for the rutile phase. This underscores the significant role of anodization
prior to calcination in achieving the desired phases. Figure 1 also reveals a broad peak at
approximately 15°, 20, corresponding to titanium (Ti), attributed to the formation of a very

Figure 1. XRD patterns: a. Sample 3, calcined at 450 °C for two hours. b Samples 1 and 2 calcined
at 350 °C for two hours (sample 2) and five hours (sample 1)
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thin layer of titanium oxide during the anodization process on the foil leaving the titanium
visible beneath this oxide layer. The calcination process of the samples and the duration of
this process play a crucial role in the formation of the rutile and anatase phases.

Figure 1 illustrates the three samples post-anodization and calcination at varying
temperatures. Rutile, characterized by a tetragonal structure with six atoms per unit cell,
emerges as the most stable, featuring a slight orthorhombic distortion in the TiO, octahedron.
Within the rutile unit cell, four oxygen atoms create a partial octahedron around Ti, while
two titanium atoms (at positions [0, 0, 0] and [1/2, 1/2, 1/2]) are individually positioned
(Reference code: 01-088-1175) (Kim, 2021). Conversely, the distortion of the TiO,
octahedron is notably more pronounced in the anatase phase that possesses a tetragonal
structure (Kim, 2021; Gongalves, 2018). Consequently, the symmetry of anatase is inferior
to orthorhombic. The anatase unit cells comprise four titanium atoms at [1/2, 1/2, 1/2], [0, 0,
01, [1/4,0,-1/4], and [0, 1/2, 1/4], and eight oxygen atoms shaping a partial TiO, octahedron
around Ti, with each octahedron edge divided into four (Reference code: 96-101-0943).

Rutile arranges into a linear chain, whereas anatase adopts zigzag chains with a helical
axis where each octahedron connects to eight other octahedra (four through shared edges
and four through corners). Compared to rutile, Ti-Ti distances in anatase are larger and
Ti-O distances are smaller. A slight orthorhombic distortion is observed in rutile, more
pronounced in anatase. These structural disparities yield different densities and electronic
band configurations. At elevated temperatures, phase transformations occur, occasionally
converting anatase into rutile. Under certain experimental conditions such as high-energy
milling operations, anatase may transform into amorphous phases rather than rutile. At
macro and microscopic scales, rutile is deemed the thermodynamically stable phase
under ambient conditions, despite anatase crystallizing first (Gong¢alves, 2018). Here,
we obtained the rutile phase through an anodization process followed by rapid high-
temperature calcination.

In TiO, photocatalysis applications, the significance of the structure, whether in the
form of rutile or anatase, lies in its direct influence on the photocatalytic activity of the
material. This activity is affected by various factors: phase structure, crystallite size,
specific surface area, and pore structure, among others. Although rutile has a smaller
energy gap than anatase, its photocatalytic activity is lower due to faster electron and hole
recombination rates, larger grain size, and smaller specific surface area (Ali, 2018). These
findings suggest that both the crystalline structure and the physical properties of TiO, play
a crucial role in its ability to catalyze photocatalytic reactions with significant implications
for applications such as the decomposition of organic pollutants in the environment and
solar energy generation. Table 1 summarizes the phases we identified, namely rutile and
anatase, and their characteristics.

The sample in figure 1a exhibits a rutile structure after undergoing anodization and
calcination at 450 °C. Conversely, figure 1b shows the coexistence of both anatase and
rutile phases alongside titanium. These findings underscore how minor adjustments in
the anodization process or calcination temperature can significantly impact the structural
phase of the samples.

Table 1. Comparing the crystal structures of TiO, nanostructures

Properties Rutile Anatase

Crystal structure Tetragonal Tetragonal

Space group P42/mnm 141/amd

Lattice constant (&) a, b=4.5170 a ,b=3.7300
¢=2.9400 c=9.3700

Density (g cm™) 4.42 4.07

Volume/molecule (A% ) 31.21 34.061 (Ali, 2018)
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According to roughness parameters, the coating of the structure that grew after
anodizing on the titanium surface generally exhibits a regular and homogeneous surface
(Figure 2a) and a tubular structure with some presence of voids or removal of peaks.
Figure 2b shows more voids and the sample is less homogeneous. In other words,
examining the surface profiles reveals that sample 1 exhibits a relatively smooth surface
(Figure 1a), whereas sample 3 appears much rougher with several defects visible. Several
researchers have noted that increased surface roughness typically leads to higher surface
hydrophilicity (Zhou, 2019).

The main parameter calculated from the Tafel polarization curves in figure 3 was
the corrosion rate of the anodic samples on the titanium substrate. Sample 1 exhibited
the lowest corrosion rate and sample 2 the highest. Additionally, the most negative Ecorr
value corresponded to sample 1 and the least negative to sample 3 (Table 2). These
electrochemical test results suggest that sample 1 has better anticorrosive properties and
sample 2 exhibits greater deterioration and less corrosion resistance (Camargo, 2009).

Figure 3 illustrates Tafel potentiodynamic curves with the rutile curve displaying the
lowest corrosion density among the samples. This suggests structural changes following
calcination likely influenced by mechanical and thermal factors. These alterations are
reflected in table 2 where sample 2 exhibits superior corrosion resistance indicating a
significant increase in corrosion density and velocity likely induced by microstructural
variations due to applied voltages (Lee, 2020; Li, 2019; Luttrell, 2014).

Figure 2. Atomic force microscopy (AFM) images of sample 1 calcined at 350 °C and sample 3
calcined at 450 °C for two hours

Figure 3. Tafel potentiodynamic curves of the anodized titanium samples obtained through the
friction-stir agitation process
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Table 2. Corrosion rate in the samples

Sample 1 Sample 2 Sample 3
Icorr 52.80 nA /cm? 1750 nA/cm? 105.0 nA/cm?
Ecorr -1.09 V vs Ag/AgCl -1.07 Vvs Ag/AgCl  -0.356 V vs Ag/AgCl
Corrosion Ra mpy 72.42 ¢ 2.403 144.1¢
Chi Squared 1.61 4.9 1.8¢e"!

Figure 4. Coating impedance data

A notable correlation emerges between the initial corrosion potential recorded in
each EIS measurement and the estimated values obtained from EIS data adjustments
(as listed in table 2). This correlation highlights an increase in Ecorr associated with a
reduction in the surface area occupied by anodic regions and the expansion of oxide-
protected areas.

Potentiodynamic polarization curves in figure 3 provide valuable insights into surface
changes. Figure 4 complements this with electrochemical impedance spectroscopy (EIS)
of charge transfer and recombination processes at the photoelectrode-electrolyte interfaces
(Monetta, 2017). EIS facilitates the comparison of structural properties and corrosion
resistance among samples with different TiO, crystalline phases (rutile and anatase)
correlating directly with the results of electrochemical tests. It also reveals how variations
in the process such as calcination times, calcination temperature, or the composition of
the anodizing electrolyte affect the structural properties and corrosion resistance of TiO,
coatings.Parte superior do formulério

Conclusions

Our results underscore the pivotal role of calcination parameters, specifically temperature
and time, in shaping the phase composition and corrosion resistance of anodized TiO,
coatings. By systematically varying the calcination conditions post-anodization, we
successfully synthesized both rutile and anatase phases of titanium dioxide. Our findings
highlight that even minor adjustments in the calcination process significantly influence
the observed structural phases. Furthermore, our electrochemical analyses, including
Tafel polarization curves and impedance spectroscopy, provided valuable insights
into the corrosion behavior of these coatings. Samples subjected to longer calcination
durations exhibited lower corrosion rates, indicative of enhanced corrosion resistance.
This correlation emphasizes the critical importance of optimizing calcination parameters
to achieve desired crystalline phases and enhance material properties such as corrosion
resistance. These results suggest promising applications in biocompatible coatings and
environments prone to mechanical wear and corrosive conditions.
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