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Abstract. By electrochemical anodization to titanium sheets, titanium dioxide nanostructures 
were sintered for 10	V and 20	V and times of 3 hours and 5 hours. For the electrolytic solution, 
0.3	g of ammonium fluoride, 97	mL of ethylene glycol and 3	mL of distilled water were used. 
The sheets (51	mm× 21	mm× 0.4	mm) were treated using abrasive paper and cleaned with a 
1:1 solution of ethanol water by means of ultrasound and dried using hot air. A stirring frequency 
of 300	rpm was used during anodizing. For the sintering of the titanium dioxide anatase phase, 
heat treatment was applied at 550	°C for 3 hours by means of an electric muffle, with heating 
speed of 10	°C/min. The crystallinity index, and the quantification of the sintered phases was 
carried out by means of X-ray diffraction, while the nanoporosities and their distribution were 
carried out using imageJ software to the images taken by means of scanning electron microscopy. 
For the photocatalytic treatment of the methylene blue dye in water, the titanium dioxide 
nanostructures that reported the highest anatase phase were used, where ultraviolet C radiation 
from a led lamp was applied for 4 direct hours. The efficiency in the removal of the dye was 
studied by UV-Vis spectrophotometry, finding the highest degradation of the dye for the 
wavelength of 644	nm. 

1. Introduction 
In 1971, William Gregor discovered titanium (Ti), a metal that has been widely used in biomedical, 
metallurgical, and environmental applications among others [1-3]. Titanium dioxide (TiO2) has mainly 
three crystalline phases (rutile, anatase and brookite), where nanoparticles or nanostructures (NP) of 
anatase are the most active and used in cytotoxic and photocatalytic applications [4]. 

Different experimental techniques have been used for the synthesis of TiO2 NPs, where the most 
common are sol-gel, chemical vapor deposition (CVD) and hydrothermal methods, which use high 
pressures and temperatures, as well as highly toxic chemicals where the cost benefit ratio is unfavorable 
for scale production [5]. Ecological methods for TiO2 NPs synthesis have recently been proposed using 
biological reducing agents for example Verbascum Thapsus plant extracts, which are reproducible on a 
large scale [6]. There are also numerous low-cost investigations where TiO2 NPs have been sintered by 
electrochemical anodization, using Ti and platinum (Pt) electrodes, different electrolytes, and high-
potential differences (greater than 30	V), allowing to sinter nanotubes with different morphologies and 
thicknesses of hundreds of nanometers [7-10]. The application of TiO2 NPs in photocatalysis using 
ultraviolet (UV) radiation for the removal of contaminants in water, air and surfaces has been widely 
used [11-14]. 
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In this work it is presented the TiO2 NPs synthesis for low voltages, 10	V and 20	V, and times of 3 
hours and 5 hours, then the photocatalytic degradation of the dye methylene blue (MB) in water is 
carried out using the TiO2 NPs that reported the highest concentration of anatase and the highest 
crystallinity index. 

2. Methodology and materials 
For the electrochemical anodization, Ti grade 2 sheets (Ti000233 Goodfellow®) with dimensions of 
51	mm × 21	mm × 0.4	mm	were used, which were polished using abrasive paper No. 400, 600, 1200 
and 1500, later they were cleaned using ultrasound and solution 1:1 of ethanol-distilled water for 180 
seconds and dried using hot air. A 100	mL electrolyte was used, consisting of 97	mL of ethylene glycol 
(EG), 3	mL of distilled water and 0.3	g of ammonium fluoride (NH4F), which was subjected to magnetic 
stirring at 500	rpm using the Stirrer plate. Labinco Model L-81 for one hour, the above to homogenize 
the electrolyte, especially the integration of NH4F with EG and water. For the determination of the pH, 
TDS, EC of the electrolyte, the Si-Analytics LB 850 multiparameter was used. 

The separation of the electrodes was 1	cm, and magnetic stirring was used at 300	rpm for the time 
of anodization, likewise the electrodes were connected to power source (UNIT-T® UTP3315TFL) for 
supplying the potential difference of 10	V for 3 hours and 20	V for 5 hours respectively. After the 
anodizing process, the samples were washed with distilled water, and sonicated through the ultrasound 
cuvette with the same solution (1:1 ethanol distilled water) for 30 seconds, then they were dried using 
hot air, and placed in a desiccator with silica gel. Subsequently, the samples were subjected to heat 
treatment using NEY Vulcan® Model A-550 electric muffle, at 550	°C for 3 hours, with a temperature 
ramp rate of 10	°C/min. 

The structural characterization has been done using X-ray diffraction (XRD) (Malvern-PANalytical 
Empyean Model, CoKα (λ = 1.78901	Å), 40	KV, range of 20° to 75° of scale 2θ, step of 0.05° and a 
step time of 0.5 seconds) and the surface morphology by scanning electron microscopy (SEM) (ZEISS 
RA-ZEI-001 EVO MA 10). In total, ten samples were prepared for each defined voltage and time. 

The photocatalysis process was carried out using sintered TiO2 NPs at	20	V for 5 hours, since they 
were the ones that reported the highest percentage of crystallinity index and anatase phase of TiO2, the 
above was carried out to quantify the removal of the blue dye of MB for a concentration of 20	ppm in 
water. The direct radiation time was 4 hours, then it was left to rest for 4 days in the photocatalysis cell 
without the lamp on, to avoid the passage of UV light from a source other than the one used [15]. 

The Led lamp used was Sylvania (T8, 15	W, λ = 288	nm) which was placed in a cylindrical PVC 
cell of 3 inches in diameter and 20	cm in height. For the photocatalysis process, 20	mL of water at 
20	ppm with MB deposited in a glass container type Petri dish were used, later two sheets with sintered 
TiO2 NPs are immersed on which the radiation cell that the lamp has is placed, and thus start the 
photocatalysis process. The removal percentage of the MB dye from the waters was studied by the 
absorbance of the samples before and after the photo-catalytic process, for which the UV-VIS absorption 
spectrum was recorded using the Thermo Scientific Genesys 10S spectrophotometer, for a wavelength 
range between 200	nm and 800	nm. 

3. Results and discussions 
The quantification of the crystalline phases was determined by the Rietveld refinement using the 
HighScore Plus® software, to the measured XRD pattern. Figure 1 shows the diffraction patterns of the 
samples with the phases identified as a product of the refinement carried out, where M1 corresponds to 
the sample sintered at 10	V − 3	hours, M2 at 10	V − 5	hours, M3 the one treated at 20	V − 3	hours 
and M4 at 20	V − 5	hours. It is observed that the TiO2 phases formed were anatase and rutile, as well 
as the titanium phase (Ti2) and finally the iron oxide phase (Fe3O4) was also found. 

The previous results are consistent with those reported in the literature, where it is established that 
between 25° to 30° in 2θ is the reflection of the plane (101) of anatase which corresponds to the 
preferential orientation along this plane of the α-Ti phase, as well as the maximum intensity reflection 
corresponding to Ti2, is due to the substrate or sheet of Ti [16]. On the other hand, it is observed that as 
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the potential difference and time increase in the anodizing process, the peak corresponding to the anatase 
phase increases its intensity, while the peak corresponding to Ti2 remains practically constant. 

The observed in Figure 1 is consistent with the reported by [17], who studied the growth behavior of 
TiO2 nanotubes by electrochemical anodizing, confirming that during the first 30 minutes of heat 
treatment, the initial nucleation of small amounts of anatase is formed, and that after this time the rutile 
is sintered, likewise that after the first hour, an evolution of the reflection peaks appears in the range of 
2θ = 38° to 2θ = 45°, which in fact corresponds to the superposition of the anatase and Ti2 peaks, after 
this time the thickness of the layer increases and the nanometric tubular structures are formed. On the 
other hand, it is observed that the mean width of the reflection peaks is narrow, which indicates that the 
oxide layer formed is polycrystalline. 
 

 
Figure 1. XRD diffraction patterns of the samples. 

 
To determine the percentage of the crystallinity index (%CI), the method reported by [18] were used, 

which consists of taking the intensity of the crystalline plane of greatest reflection (I!"#) corresponding 
to the crystalline phase of interest, and the intensity of the amorphous part of said plane of reflection 
(I!$%), both measured with respect to a horizontal line at the base of the reflection peak under study. 
Then, %CI is determined by applying Equation (1). 
 

%CI = G&!"#'&!$%
&!"#

H ∗ 100. (1) 
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The %CI is presented in Table 1, in this the sample with the highest %CI is M4, which corresponds 
to the sample that reported the highest concentration of the anatase phase of TiO2. Initially during the 
anodization process a TiO2 barrier grows formed by the interaction of the metal with the OH- or O2- 
ions, product of the electric field existing between the electrodes [19], later when the growth rate of the 
titanium dioxide layer on the anode surface is balanced with the dissolution rate of the oxide formed in 
the TiO2/electrolyte interface, the thickness of the layer practically remains constant [20]. 
 

Table 1. %	CI of the samples. 
Samples %CI 
M1  42.57 
M2 56.06	 
M3 66.03 
M4 67.33 

 

Table 2. Percentage of discoloration and 
efficiency of the water samples with dye MB. 
λ (nm) Absbefore Absafter % Disc. % Efficiency 
664	 1.451	 0.404	 72.15	 41.1 
613	 0.811	 0.225	 72.25	 - 
292	 0.743	 0.346	 53.43	 - 

 

 

  
(a) (b) 

  
(c) (d) 

Figure 2. SEM images at 50 KX for sintered samples. (a) M1; (b) M2; (c) M3; (d) M4. 
 

The morphology of the sintered nanostructures using SEM for a magnification at 50 KX is presented 
in Figure 2, which an irregular topography of nano-cracks that furrow nanostructures in a tubular shape 
can be seen; on the other hand, it is evidenced for the sintered sample at 10	V and 5 hours that the 
morphology is very heterogeneous and amorphous, showing that for a voltage of 10	V the best formation 
time of the TiO2 NPs was 3 hours, which is consistent because at shorter times the surface current density 
is higher, allowing the organized formation of the nanostructures [21]. 

Also, when comparing the morphology of the samples sintered at 10	V with those anodized at 20	V, 
it is evidenced that by increasing the voltage the morphology is better, and the nano-porosities are better 
resolved, which is consistent with what has been reported, where they state that for potential differences 



5 + 1 IMRMPT
Journal of Physics: Conference Series 2046 (2021) 012041

IOP Publishing
doi:10.1088/1742-6596/2046/1/012041

5

greater than 20	V, both the diameter and the length of the nanostructures depend linearly with the 
potential difference, presenting self-assembled morphologies [21]. 

In general, it can be affirmed that the samples that present a better morphology are those sintered at 
20	V for 5 hours, which according to the XRD analysis, are those that present the best crystallinity index 
and the highest anatase phase formation, finding an average size of the porosities of 39.05	nm, it was 
also evidenced that as the time increased from 3 hours to 5 hours, the size of the porosities decreased 
by approximately 33%, and that these values are found in the ranges reported by the literature [22-23]. 

However, a tubular morphology was not observed, due to the low potential difference used during 
anodization. The thicknesses of the sintered NPs were found using Mitutoyo digital micrometer, where 
the thickness of the Ti sheet was measured before and after the anodization process, finding for M1 it 
was 7.916 ± 0.134	µm; for M2 it was 15.225 ± 0.456	µm; for M3 it was 448.750 ± 14.567	µm and 
for M4 it was 953.752 ± 23.438	µm. From the above, it can be inferred that as the potential difference 
and the anodization time increase, the thickness of the anodized oxide layer increases [24]. 

In Figure 3, the UV/VIS absorption spectrum is presented for a wavelength range of 200	nm to 
800	nm of the water samples with dye MB before and after the photocatalytic process, in this the 
characteristic peaks of dye MB are observed (λ = 613	nm, λ = 664	nm and λ = 292	nm) [25]; on the 
other hand, it is evidenced that the maximum absorbance occurs for λ = 664	nm, being consistent with 
that reported in the literature [26-28]. 

The maximum absorbance corresponds to the monomers present in the dye MB, through the aromatic 
rings that can be replaced by sulfur or nitrogen according to the molecular structure of the dye MB, 
likewise the shoulder present at λ = 613	nm is due to the dye attenuation, while the absorbance due to 
benzene rings is observed for λ = 292	nm. To perform the calibration of the dye MB concentration, 
samples with concentrations of 20	mg/L, 40	mg/L, 50	mg/L and 60	mg/L were prepared, and the 
absorbances were measured for λ = 664	nm, in the Figure 4, the best linear adjustment to the 
experimental data of the absorbances (y) versus concentration (x) of dye MB is presented. 

In Table 2, the discoloration percentages (% Disc.) are presented using the absorbances for the three 
peaks of the absorption spectrum, which were found using linear fit (see Figure 4); from these it is 
observed that the photocatalytic oxidation for wavelength of λ = 664	nm, λ = 613	nm corresponding 
to the monomers present in MB [29], the percentage of discoloration (% Disc.) was practically the same 
(~72%), while for wavelength λ = 292	nm, which corresponds to the benzene rings, this percentage 
decreases in 53.43%. 
 

  
Figure 3. UV-VIS absorption spectrum for the 
MB water sample before and after the 
photocatalytic treatment. 

Figure 4. Best linear fit to the absorbance vs. 
concentration data (λ = 664	nm), for the dye 
MB. 
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On the other hand, to calculate the percentage of efficiency (% Efficiency) in the remotion of dye 
MB, the data of the linear adjustment was used (see Figure 4), which was carried out for the wavelength 
of 664	nm, finding an efficiency in removal of dye MB of the 41.1%, which are greater than those 
found using TiO2 nanotubes anodized at greater potential differences [15,19]. In general, it is evident 
from the results presented that the TiO2 NPs sintered by anodization with a potential difference of 20	V 
at 5 hours are efficient in the photocatalytic removal of dye MB in water. 

4. Conclusions 
It was possible to sinter titanium dioxide nanoparticles by electrochemical anodization of titanium grade 
2 sheets using an electrolyte based on ethylene glycol and ammonium fluoride for low potential 
differences 10	V and 20	V and times of 3 hours and 5 hours, finding that the samples sintered at 20	V 
and 5 hours were those that presented the highest percentage of the crystallinity index, and the highest 
anatase phase concentration, with a morphology formed by nano-porosities with thicknesses of hundreds 
of microns that increase with increasing potential difference and anodization time. The study by UV/VIS 
absorption spectrophotometry in the removal of methylene blue in water for a concentration of 20	ppm 
using ultraviolet C photocatalysis (λ = 288	nm), and the titanium dioxide nanostructures sintered at 20	V 
for 5 hours, reported an efficiency in the degradation of the colorant of the order of 72%, and a decrease 
in the concentration of dye methylene blue around 41.1%. 
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