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A TiO2 coating with regular pore parameters was fabricated on the surface of pure titanium metal. The 

pore size and crystalline structure of the coating were modified by combining anodizing and micro arc 

oxidation technology. The cross-section and micro-surface of the anodic coating were observed by SEM, 

which suggested that the pore size of the anodic coating can be adjusted to 81 nm by using sulfuric-

phosphoric acid as the electrolyte. The micro-surface of the coatings was characterized by SEM after 

MAO treatment, and ImageJ software was used to study the porosity of the coating. The results proved 

that when the current density was 30 mA/cm2, the porosity of the coating was 20.12 %, and few 

microcracks were found on the surface of the coating. The crystalline structure of the coating was studied 

by XRD, and the results proved that anatase can be transformed into a rutile crystalline structure by 

MAO technology. The absorbance of the coating was tested and compared with that of TiO2 powder by 

UV-vis spectroscopy; the results proved that the absorption wavelength range of the coating became 

wider after it had been treated by anodizing and MAO technology. The activity and stability of the 

photocatalyst was studied by measuring the absorbance of a methyl orange solution before and after 

treatment with the coating, and the results proved that the coating had better activity in the degradation 

of methyl orange. After the photocatalyst had been used 5 times, the specific activity of the coating 

exceeded 85 % of that of the new photocatalyst. 
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1. INTRODUCTION 

 

Every year, billions of tons of municipal wastewater and industrial water are discharged to 

sewers, rivers, lakes, and the sea every year. Therefore, there is an increasing demand for more efficient 

and economic wastewater treatment technology to remove recalcitrant compounds, including pollutants 

of emerging concern[1]. TiO2 is non-toxic and chemically stable, it has a low-cost, optical, electronic 
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and physiochemical properties[2], and it has become a multifunctional material with a wide variety of 

potential applications, including solar cells[3], photocatalysts[4][5][6], water splitting[7], and gas 

sensors[8]. Homogeneous[9] and heterogeneous[10] photocatalytic oxidation is useful for oxidizing 

nonbiodegradable compounds. The principles and kinetic models of these reactions are described in the 

literature[11][12][13]. Many plants have been set up to treat industrial wastewater with powdered TiO2 

(P25) as a photocatalyst[14][15]. However, it is difficult to separate wastewater and powdered 

photocatalysts. In addition, it is difficult to design continuous water treatment processes that use 

nanocrystalline TiO2 suspensions in fluidized bed reactors due to the necessary separation step when the 

water exits the reactor. Another disadvantage of TiO2 suspensions is the scattering of incident light that 

occurs on small TiO2 particles, which leads to high attenuation of light energy and consequently small 

penetration depths. TiO2 has three crystalline structures: rutile (stable), anatase (metastable) and brookite 

(metastable). Although there is a debate in the literature, the common opinion is that when the 

photocatalyst has a crystalline composition of 75 wt % anatase and 25 wt % rutile, it has higher 

photocatalytic activity. The wide bandgap of TiO2 (3.2 eV for the anatase phase and 3.0 eV for the rutile 

phase) requires ultraviolet (UV) light for electron-hole separation, which makes up only 5 % of natural 

solar light. It is of great significance to develop photocatalysts that can be used in both UV and visible 

light irradiation to improve photocatalytic efficiency. To improve the photocatalyst efficiency of TiO2, 

in the last few years, TiO2 has been doped with various alkaline earth metal ions (Ca2+, Sr2+, 

Ba2+)[16][17], transition metal ions (Fe3+, Cr6+, Co3+, Mo5+)[18][19], and rare earth cations (La3+, Ce3+, 

Er3+, Pr3+, Gd3+, Nd3+, Sm3+)[20][21] induce a redshift by decreasing the bandgap or introducing band 

gap states. Although this approach was able to reduce the bandgap of TiO2, it suffers from the presence 

of a carrier recombination centre and the formation of strongly localized states within the band gap, 

which significantly reduce carrier mobility. 

Powdered TiO2 has been immobilized in films to simplify the separation process. In addition, it 

has been reported that using nonmetal ions (C, N, F, and S)[22][23] is more appropriate for extending 

the photocatalytic activity of TiO2 into the visible region than metal cation-doped catalysts. At present, 

TiO2 nanotubes (TNTs) display high-performance levels for their potential in improving photocatalytic 

activity because of their large surface area. There are many methods of preparing heterogeneous 

immobilized catalysts, such as those immobilized on TiO2 nanotubes; these methods include 

anodizing[24], MAO[25], CVD[26], PVD[27], sol-gel[28], liquid deposition[29] and magnetron 

sputter[30] technologies. Among the simplest, cheapest, and most straightforward approaches that lead 

to ordered nanostructures of TiO2 are anodizing and MAO techniques, which can be used to prepare 

highly ordered porous TiO2 coatings on the surface of titanium or its alloys. Additionally, the 

photocatalytic activity of TiO2 nanotubes is related to their size, specific surface area, and preparation 

technology[31]. TiO2 coatings with ordered pore parameters can be obtained on the surface of titanium 

metal or its alloys by anodizing technology; however, the crystalline composition of the anodic coating 

is amorphous and anatase. Although the coating composition can be transformed into rutile at a high 

temperature of 400-500 ℃ via hydrothermal treatment, the adhesion between the coating and substrate 

is low, and the stability of the photocatalyst is limited[32]. TiO2 with a rutile crystalline structure can be 

obtained on the surface of titanium metal or its alloys by MAO technology. During MAO, a rutile TiO2 

coating with good adhesion and a smooth surface can be obtained[33]. However, the crystalline structure 
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of the coating mainly consists of rutile, and the photocatalytic activity is low. In addition, the coating 

has many microcracks[34], which decrease the specific surface area of the coating. 

If anodizing and MAO technology are combined, a titanium oxide coating can be prepared on 

the surface of titanium metal or its alloys. The pore size and pore distance of the anodized coating can 

be modified easily. Then, amorphous and anatase titanium oxide can be transformed into rutile through 

MAO. To improve the photocatalytic activity of the TiO2 coating, based on the composition of P25, the 

composition of the coating should be 75 % anatase and 25 % rutile. The transformation rate of amorphous 

and anatase TiO2 can be regulated by adjusting the energy density, which is determined by supply power 

parameters. For a pulse supply power, many parameters affect the plasma discharge. Among them, the 

current density directly affects plasma discharge. Thus, in our research, the influence of current density 

on the transformation of amorphous anatase into rutile was studied by X-ray diffraction. The 

microstructure of the coating was observed by scanning electron microscopy, the porosity of the coating 

was analysed by ImageJ software, the absorbance wavelength of the photocatalyst was measured by UV-

vis spectrophotometry, and the photocatalytic activity and stability of the coating were studied by 

determining the absorbance of methyl orange solution before and after photocatalytic treatment. 

 

 

 

2. EXPERIMENTAL 

2.1 The preparation of catalyst TiO2/Ti. 

Each of our experimental reagents was provided by Tianjin Kemiou Chemical Reagent Co. Ltd. 

Commercially pure titanium (20 × 20 × 1 mm3) was used as the specimen, and the anodizing procedure 

was conducted with a stirring speed of 60 r/min and a current density of 50 mA/cm2 at 4 ℃ for 40 min. 

Thereafter, the coatings subjected to anodizing treatment were prepared with electrolytes consisting of 

sulfuric (110 g/L) and phosphoric acids with concentrations of 0, 9.5, 19, and 28.5 g/L. When the anodic 

coatings reached 50 μm, each specimen was rinsed with deionized water before immersion within the 

stirred electrolyte containing 15 g/L Na2SiO3, 5 g/L (NaPO3)6, and 5 g/L KOH. The MAO procedure 

was conducted with a duty cycle of 10 % and a pulse frequency of 20 kHz for 15 min at current densities 

of 10 mA/cm2, 30 mA/cm2, and 50 mA/cm2. 

 

2.2 Characterization and photocatalytic performance test 

An X-ray diffractometer (XRD; D/max-RB, RICOH, Japan) containing CuKa sources was 

employed to examine the phase compositions of different coatings. The accelerating voltage and applied 

current were 40 kV and 30 mA, respectively. Scanning electron microscopy (SEM; S-4700, Hitachi, 

Japan) was adopted to investigate the coating’s cross-sectional microstructure and surface 

microstructure. The porosity and the average pore size of the coatings were statistically analysed by 

ImageJ software. 

Methylene orange (MO) solutions were prepared with distilled water without pH adjustment. 

The absorbance of a stock solution of MO at concentrations of 10 mg/L, 20 mg/L, 30 mg/L and 40 mg/L 
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was determined by UV-vis spectroscopy (HACH, DR 5000). Scans were performed in the range of 200 

to 700 nm and at a scan rate of 1 nm/s-1. Formula (1) was applied to determine the absorbance before 

and after the photocatalytic treatment. 

A=lg(It/I0) (1) 

In formula (1), A represents the absorbance, It represents the transmitted light intensity, and I0 

represents the incident light intensity. According to formula (2), the catalytic activity of TiO2 is 

determined by the degradation rate of MO. 
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In formula (2), η represents the degradation rate of MO (%), C0 and Ct represent the MO 

concentration (mg/L) before and after photocatalytic degradation, respectively, and A0 and At represent 

the absorbance of the MO before and after treatment. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Pore size of the anodic coatings 

 

 

Figure 1. Pore size of the anodic coating at a sulfuric acid concentration of 110 g/L and a current density 

of 50 mA/cm2 at 4 ℃ for 40 min; phosphoric acid concentration of (a) 0 g/L; (b) 9.5 g/L; (c) 19 

g/L and (d) 28.5 g/L, respectively 

 

 



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210945 

 

5 

Enlarging the pore size of the coating favours the transfer of degradation products in and out of 

the pore, but it decreases the specific surface area. To degrade the polymer, a suitable pore size should 

not be smaller than 70 nm. The pore size of the TiO2 coating obtained in sulfuric acid is approximately 

20-40 nm, while that in phosphorous acid is approximately 500 nm[35]. To adjust the pore size of the 

TiO2 coating, sulfuric-phosphoric acid was mixed as the electrolyte, and the influence of the phosphoric 

acid concentration on the pore size of the anodic coating was studied and is illustrated in Fig. 1. Fig. 1 

shows that with the increase in phosphoric acid concentration from 0 g/L to 28.5 g/L, the pore size of 

the TiO2 coating increased from 34 nm to 81 nm. These data were consistent with the expected pore size 

of the photocatalyst. 

To further analyse the microstructure of the anodic TiO2 coating, its micro-surface morphology 

was observed by SEM, and its porosity was analysed by ImageJ software. The results are shown in Fig. 

2 and Fig. 3, respectively. 

 

 

 
 

Figure 2. Micro-surface morphology of the anodic coating at a sulfuric acid concentration of 110 g/L 

and a current density of 50 mA/cm2 at 4 ℃ for 40 min. Phosphoric acid concentrations of (a) 0 

g/L, (b) 9.5 g/L, (c) 19 g/L and (d) 28.5 g/L. 

 

 

Fig. 2 shows that with increasing phosphoric acid concentration, the pore size of the coating 

increased[36]. The results confirmed the conclusion drawn from Fig. 1. In addition, with increasing pore 

size, the pore distance increased while the pore quantity decreased. Additionally, the distribution of the 

pore sizes became inhomogeneous, and the quantity of inhomogeneous pores increased. The active sites 
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of the catalyst were related to the specific surface area of the coating, and the specific surface area of the 

coating decreased with increasing pore size and pore distance. Therefore, the phosphoric acid 

concentration should not be higher than 28.5 g/L. 

 

 

 
 

Figure 3. Porosity of the anodic coating at a sulfuric acid concentration of 110 g/L and a current density 

of 50 mA/cm2 at 4 ℃ for 40 min. Phosphoric acid concentrations of (a) 0 g/L; (b) 9.5 g/L; (c) 19 

g/L and (d) 28.5 g/L. 

 

 

The porosity of the coating was analysed by ImageJ software. With increasing phosphoric acid 

concentration, the porosity of the coating increased, and holes with homogeneous pore sizes were evenly 

distributed in the coating, which was beneficial for improving the photocatalytic activity of the TiO2 

coating. 

 

3.2 Crystallization of the coatings 

During MAO, as the plasma discharged, the in situ temperature could reach 103-104 K. Due to 

the high temperature generated by the plasma discharge, the Ti metal was melted and ejected into the 

coating. Thus, there were characteristic peaks of Ti metal in the XRD patterns. The anatase in the anodic 

TiO2 coating could be transformed into rutile TiO2. The crystalline structure of the coating can be 

adjusted by this method. The XRD patterns of the anodic coating before and after treatment by MAO 

technology at current densities of 10, 30, and 50 mA/cm2 were obtained, and the results are shown in 

Fig. 4. 
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Figure 4. X-ray diffraction (XRD) patterns of (a) anodic TiO2 treated by MAO technology in electrolytes 

containing 15 g/L Na2SiO3, 5 g/L (NaPO3)6, and 5 g/L KOH. The MAO procedure was conducted 

with a duty cycle of 10 %, a pulse frequency of 20 kHz for 15 min and a current density of (b) 

10 mA/cm2 and (c) 50 mA/cm2. 

 

 

Fig. 4 shows that the anodic TiO2 coating had anatase, which was consistent with the conclusion 

of a prior study[37]. After MAO treatment, characteristic anatase, rutile, and titanium peaks appeared in 

the XRD pattern, which proved that anatase TiO2 could be transformed into rutile TiO2[38]. In addition, 

with increasing current density, the intensity of rutile and titanium characteristic peaks increased, 

proving that the crystalline transformation of anatase increased with increasing current density. 

According to the crystalline composition of P25, the suitable anatase and rutile ratio is 75:25; thus, 

crystalline transformation should be carried out at a lower current density. 

 

3.3 Porosity of the coatings 

 
 

Figure 5. Photograph of the anodic TiO2 coating before and after MAO treatment in an electrolyte 

containing 15 g/L Na2SiO3, 5 g/L (NaPO3)6, and 5 g/L KOH. The MAO procedure was conducted 

with a duty cycle of 10 %, a pulse frequency of 20 kHz for 15 min and a current density of (b) 

10 mA/cm2 and (c) 50 mA/cm2. 
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Fig. 5 illustrates a photograph of the TiO2 coating before and after treatment by MAO technology. 

The coating fabricated on the surface of Ti metal has a homogeneous structure. To further research the 

microstructure of the coating, the micro-surface morphology of the coating before and after MAO 

treatment was observed, and the results are shown in Fig. 6. 

 

 
 

Figure 6. Micro-surface morphology (a, c, e) and porosity (b, d, f) of the TiO2 coating treated by MAO 

technology in electrolytes containing 15 g/L Na2SiO3, 5 g/L (NaPO3)6, and 5 g/L KOH. The 

MAO procedure was conducted with a duty cycle of 10 %, a pulse frequency of 20 kHz for 15 

min, and current densities of 10 mA/cm2, 30 mA/cm2 and 50 mA/cm2. 
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It was reported that the quantity and size of the microcracks in the coating increased with 

increasing current density[39]. The results of Fig. 6 (a, c, e) proved this conclusion. Fig. 6 (b, d, f) shows 

that with increasing current density, the porosity of the coating decreased. The main reason was that 

after treatment by MAO technology, the pores of the anodic coating were sealed. The microcracks were 

caused by high temperature produced by plasma discharge, and the thermal stress increased with 

increasing current density, which led to an increase in the quantity and size of the microcracks. Because 

enhancing the porosity and reducing the size and quantity of microcracks are beneficial for increasing 

the specific surface area of the coating, to improve the activity of the photocatalyst, MAO should be 

carried out at a lower current density. 

 

3.4 Absorbance of the coatings 

 

 
 

Figure 7. UV-vis absorbance of TiO2 powder and anodic TiO2 coating before and after MAO treatment 

in electrolytes containing 15 g/L Na2SiO3, 5 g/L (NaPO3)6, and 5 g/L KOH. The MAO procedure 

was conducted with a duty cycle of 10 %, a pulse frequency of 20 kHz for 15 min, and current 

densities of 10 mA/cm2, 30 mA/cm2 and 50 mA/cm2. 

 

 

Fig. 7 illustrates the UV-vis absorbance of the anodic TiO2 coating before and after MAO 

treatment and compares it with the absorbance of TiO2 powder. Fig. 7 shows that at a wavelength of 260 

nm, the TiO2 powder had a strong absorption peak, and the absorbance decreased rapidly with increasing 

wavelength[40]. While the anodic coating had a weak absorption peak at 260 nm, the absorbance was 

maintained and slowly increased as the wavelength increased. It was gratifying that after the coating was 

treated by MAO technology, there was a strong absorption peak at 260 nm, and the absorbance decreased 

slowly as the wavelength increased. The results proved that the TiO2 coating had a wider absorption 

range than TiO2 powder, which was beneficial for improving the activity of the photocatalyst. 
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3.5 Photocatalytic activity of the TiO2 coatings 

Fig. 8 illustrates the absorbance of the MO solution before and after 120 min of TiO2 coating 

treatment. The untreated solution had two absorption peaks at 272 nm and 464 nm, representing the 

absorption of light caused by benzene and azo bonds, respectively. After it had been degraded by TiO2 

coating, the absorption peak at 272 nm disappeared, and the absorption peak at 464 nm decreased. When 

the current density was 30 mA/cm2, both of the absorption peaks disappeared. When the current density 

was 30 mA/cm2, the coating had better photocatalytic activity. In addition, there was a new absorption 

peak at 210 nm, which proved that an intermediate product was produced during the degradation process. 

 

 

 
Figure 8. Absorbance of the MO solution before and after degradation by TiO2 coating in an electrolyte 

containing 15 g/L Na2SiO3, 5 g/L (NaPO3)6, and 5 g/L KOH. The MAO procedure was conducted 

with a duty cycle of 10 %, a pulse frequency of 20 kHz for 15 min, and current densities of 10 

mA/cm2, 30 mA/cm2 and 50 mA/cm2.   

 

 

 
 

Figure 9. Degradation of MO at treatment times of 20 min, 40 min, 60 min, 80 min, 100 min, 120 min, 

and 140 min and concentrations of 10 mg/L, 20 mg/L, 30 mg/L and 40 mg/L 
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For the photocatalyst fabricated on the surface of titanium metal, it is difficult to evaluate the 

relationship between the contaminant concentration and the titanium oxide dosage; thus, a catalyst 

sample of the same size (20 × 20 × 1 mm3) was used to degrade MO solutions with concentrations of 10 

mg/L, 20 mg/L, 30 mg/L, and 40 mg/L. The influence of MO concentration and treatment time on the 

degradation was studied and is illustrated in Fig. 9. MO was easily degraded at a longer treatment times 

and lower concentrations, and similar results were reported in other studies[41]. It can also be seen that 

in the early stage of the photocatalytic reaction, the MO was degraded rapidly until the treatment time 

reached 60 min. When the treatment time reached 100 min and 120 min, the solutions with MO 

concentrations of 10 mg/L and 20 mg/L had degraded thoroughly, while it took 140 min to degrade the 

solutions with concentrations of 30 mg/L and 40 mg/L. The results proved that longer treatment times 

and lower MO concentrations were easier to degrade. 

 

3.6 Stability of the coatings 

 

 
 

Figure 10. Influence of the photocatalyst used (a) 1, (b) 2, (c) 3, (d) 4 and (e) 5 times on the degradation 

of MO at a treatment time of 60 min and MO concentration of 20 mg/L 
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used 1, 2, 3, 4, and 5 times was determined and is illustrated in Fig. 10. The specific activity of the 

catalyst was calculated and recorded in Table 1. Fig. 10 and Table 1 show that when the solution was 

treated with a new photocatalyst, the degradation of MO was 56.3 %, and with increasing reuse time, 

the degradation of MO decreased to 53.2 %, 51.1 %, 50.9 %, and 48.3 %, respectively. The specific 
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slowly with increasing use time, but after the catalyst was used 5 times, the specific activity exceeded 

85 %, proving that the TiO2 coating had better stability. 

 

 

Table 1. The degradation of MO and the specific activity of the photocatalyst at a treatment time of 60 

min and MO concentration of 20 mg/L after 1, 2, 3, 4, and 5 cycles 

 

Use times Degradation of MO (%) Specific activity (%) 

1 56.3 100 

2 53.2 94.49 

3 51.1 90.76 

4 50.9 90.41 

5 48.3 85.80 

 

 

 

 

4. CONCLUSION 

1) A TiO2 coating was fabricated on the surface of Ti metal by combining anodizing and MAO 

technology. The pore size of the coating was observed by SEM, which proved that the pore size can be 

adjusted by using sulfuric-phosphoric acid as a mixed electrolyte in the anodizing process. The 

crystalline structure of the coating was characterized by XRD, which proved that its anatase and rutile 

ratio can be modified through the MAO process. The micro-surface of the coating was observed, and its 

porosity was calculated by ImageJ software, proving that the porosity of the coating can be improved. 

The suitable sulfuric-phosphoric acid concentrations were 110 g/L and 28.5 g/L in the anodizing process. 

The suitable current density was 30 mA/cm2 during the MAO process. 

2) The absorbance of the coating was measured and compared with that of TiO2 powder by UV-

vis spectroscopy, which proved that the coating had a wider absorption range. The photocatalytic activity 

of the coating on the MO solution was measured, which proved that prolonging the treatment time and 

decreasing the concentration of MO was helpful to increase the activity of the photocatalyst. In addition, 

even when the concentration of MO reached 40 mg/L, it could be degraded within 140 min. Additionally, 

the specific activity of the coating exceeded 85 % after it had been used 5 times. 
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