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Abstract: The TiO2 nanotube arrays were prepared by anodization, and the crystal 
structure was changed by calcination at different temperatures. The photocatalytic 
performance of the samples was measured by the degradation of rhodamine B under 
visible light. The TiO2 nanotubes calcined at 600 °C showed higher photocatalytic activity 
than other samples. The prepared catalyst is characterized by a variety of techniques, 
including X-ray diffraction, scanning electron microscopy, ultraviolet-visible diffuse 
reflectance spectroscopy, Raman, photoluminescence spectroscopy and electrochemical 
testing. The reasons for improving the catalytic activity were studied from the aspects 
of crystal structure, surface morphology, and photoelectric properties, and the catalytic 
mechanism was studied. The results show that the TiO2 nanotubes calcined at 600°C 
contain two phases of anatase and rutile. Compared with pure phase TiO2, the charge 
transfer resistance is reduced and the electron-hole reorganization is well suppressed. 
In addition, it affects the band structure and improves the absorption of visible light. 
At the same time, studies have found that the main active substances in the catalytic 
process are h+ and •OH.

Key words: TiO2 nanotube arrays, rhodamine B, anatase; rutile, active substances.

INTRODUCTION
The study found that TiO2 semiconductor is an 
n-type semiconductor, which is widely used in 
gas sensors (Sun et al. 2019, Duy et al. 2008, 
Morris et al. 2001), solar cells (Liu et al. 2018, Fitra 
et al. 2013, Adawiya et al. 2017) and photocatalysis 
(Tieng et al. 2011, Pham et al. 2016, Gao et al. 2014) 
because of its non-toxicity, low cost, high activity 
and good stability. However, TiO2 also suffffers 
from a limited photocatalytic application due to 
its weak adsorptive property, easy aggregation 
and recycling problems which would cause the 
secondary pollution after degradation process. 
The researchers used different methods to 
change the morphology, particle size and crystal 
phase of TiO2 to improve its photocatalytic 
activity (Chiarello et al. 2005). At present, the 
preparation methods of TiO2 mainly include 
hydrothermal method (Sugimoto et al. 2002), 

anodic oxidation (Liang et al. 2011), flame spray 
pyrolysis (Macak et al. 2007, Mohamed & Rohani 
2011) and sol-gel method (Hwang et al. 2013). 
Among these the TiO2 nanotube arrays (TNTs) 
prepared by the anodic oxidation method is 
likely to recover, not easy to agglomerate, and 
has no secondary pollution. And compared to 
nanoparticles, vertically oriented structures of 
TNTs provide especially high energy conversion 
efficiencies by providing direct electron diffusion 
pathways at interfaces.

Although these advances, the photocatalytic 
efficiency of TNTs is still greatly limited due to 
its wide band gap and high photo-generated 
electron-hole recombination rate (Zeng et 
al. 2015). In order to reduce the band gap and 
improve the visible light catalytic activity, 
the predecessors improved the catalytic 
performance of TiO2 by changing the crystal 
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form (Qian et al. 2018, Ghayeb & Ghonchegi 
2015), metal ion doping (Tian et al. 2009, Choi 
et al. 2016), semiconductor composite (Li et 
al. 2013, Qamar et al. 2015) and noble metal 
deposition (Wang et al. 2015). Among the many 
methods, it is much simpler to change the 
crystal phase structure. TiO2 has three crystal 
forms of anatase, rutile and brookite. The 
photocatalytic effects of different crystal types 
are particularly different, and the composite 
materials of different crystal phases have better 
photocatalytic activity (Barnard & Curtiss 2005, 
Dicesare & Lakowicz 2001, Wiley et al. 2001). 
Thus, predecessors have done a lot of research 
in this area. Aref Mamakhel et al. (2013) used 
hydrothermal method to synthesize a single 
rutile nanometer TiO2 with a particle size of less 
than 10 nm, which provided a new method for 
obtaining rutile TiO2 at low temperature. Zhang 
et al. (2009) has synthesized an anatase TiO2 
single crystal photocatalyst with high activity 
by microwave-assisted hydrothermal method. 
Li et al. (2017) prepared g-C3N4/rutile TiO2 and 
g-C3N4/brookite TiO2 composites by a simple 
solvothermal method, and studied the effect 
of rutile phase TiO2 and brookite TiO2 on the 
photocatalytic activity of g-C3N4. Mi et al. (2012) 
studied the formation mechanism and crystal 
growth of TiO2 in high temperature and high 
pressure fluid. When HCl is used as an additive, 
pure rutile TiO2 nanoparticles can be formed, 
while using H2SO4 can obtain pure anatase 
TiO2. According to previous studies, there are 
few studies on the preparation of TiO2 with 
different crystal phases on the titanium mesh 
by anodization.

In this research, simple anodic oxidation 
method was used to prepare amorphous 
TNTs. The TNTs crystal phase was changed by 
calcination at different temperatures, and 
the effect of different crystalline TNTs on the 
photocatalytic activity was investigated. In 

experiment, titanium mesh is used as the 
matrix, but titanium does not participate in 
the catalysis, so it will not interfere with the 
results of the catalysis. Since the TNTs uniformly 
cover the substrate and the titanium has not 
yet entered the TiO2 lattice, it will not form a 
heterostructure with TNTs.

MATERIALS AND METHODS
Materials
The raw materials used include hydrofluoric 
acid (HF, 40.0%, CAS: 7664-39-3), nitric acid 
(HNO3, 65.0-68.0%, CAS: 7697-37-2), isopropanol 
(C2H6OH, 99.7%, CAS: 67-63-0) and titanium 
mesh (99%). All raw materials were purchased 
from Sinopharm Chemical Reagent Network 
without further purification.

Synthesis
Before anodization, the titanium mesh (2×4 
cm) was sequentially sonicated in acetone and 
pure ethanol for 15 min, followed by etching 
in a mixture of HF/HNO3/H2O (1:4:5 in volume) 
for 30 s to remove the oil and oxide layer on 
the surface, rinsing with deionized water, and 
drying under flowing N2. The titanium mesh after 
the above treatment is used as the anode, and 
the graphite plate is the cathode (2×4 cm). The 
electrolyte is an aqueous solution containing 
1 % HF. Anodization was performed at 15 V for 
1 hour, then washed with deionized water and 
dried. Under a protective atmosphere of argon 
gas, the obtained sample was calcined for 2 h in 
a tube furnace, and the calcining temperatures 
were 300 °C, 400 °C, 500 °C, 600 °C, and 700 °C 
(heating rates of 5°C/min), respectively.

Catalyst characterizations
The crystal phase structure of the sample was 
determined using an X’Pert PRO MRD type X-ray 
diffractometer. The SEM was performed using 
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a JSM-7200 field emission scanning electron 
microscope. The PL spectrum was measured with 
a F-7000 type fluorescence spectrophotometer, 
using a Xe lamp (excitation wavelength is 365 nm) 
as light source. The DRS spectrum was measured 
using a U-3900 UV-Vis spectrophotometer and 
BaSO4 was used as the reference sample. 

Photocurrent response (PR) tests were 
performed using a CS130 electrochemical 
workstation. A three-electrode system was used, 
and the corresponding three electrodes are a 
working electrode, a reference electrode (Ag/
AgCl saturated KCl), and a counter electrode (Pt 
rod). The titanium mesh was cut into 1 cm×1.5 cm, 
and the anodized area was 1 cm2. An alternating 
current voltage of 10 mV was applied, and the 
initial potential was 0 V. The photocurrent 
response diagram was measured using a 350 
W Xe lamp as the light source and an aqueous 
solution of Na2SO4 (0.3 M) as the electrolyte in 
the frequency range of 105 Hz to 10-2 Hz.

Photocatalytic reaction
The photocatalytic activities of TNTs were tested 
by RhB (10 mg/L) degradation under visible-
light irradiation. The light source is a 250 W 
high-pressure mercury lamp (7.0 mW/cm2), and 
the wavelength below 420 nm is filtered by a 
filtering device. The photocatalytic performance 
of TNTs calcined at different temperatures 
was tested. Place a piece of titanium mesh in 
75 ml of the prepared RhB solution for 20 min 
in the dark, and then transfer the solution to 
the light source for photodegradation reaction. 
After centrifuging all the catalyzed solutions 
twice, the supernatant was taken and the 
absorbance was measured at 554nm with a 752 
spectrophotometer. The sample was catalyzed 
several times to test its stability.

Mechanism exploration
In order to confirm the mechanism of this catalytic 
reaction, benzophenone (BQ), triethanolamine 
(TEOA) and tert-butanol (TBA) were used as 
scavengers for superoxide radicals (O2

-), holes 
(h+) and hydroxyl radicals (•OH). These three 
kinds of scavengers (0.01 mol/L) were added to 
three same RhB solutions respectively before 
dark adsorption, and the rest of the process 
was consistent with the degradation experiment 
(Hong et al. 2016).

RESULTS AND DISCUSSION
XRD analysis
All samples were checked using XRD to 
determine the crystal phase structure of the 
TNTs material (Figure 1). The XRD pattern of 
the titanium mesh is the peak of pure titanium 
without any other impurities. The titanium mesh 
after anodization does not show the peak of TiO2, 
but it shows the peak of TiO2 after calcination 
under the protection of argon atmosphere, 
which can indicate that TiO2 can be prepared by 
anodization, and the TiO2 is amorphous state. 
The samples after calcination at 300 °C, 400 °C 
and 500 °C all shows anatase-type TiO2 peaks. 
The two main diffraction peaks are located at 2θ 

Figure 1. XRD patterns of TNTs calcined at different 
temperatures.
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of 25.28 ° and 48.05 °, which correspond to the 
characteristic peaks of the anatase phase (101) 
and (200) crystal planes, respectively. And the 
peak strength increases slightly with increasing 
temperature, indicating that anatase TiO2 has 
increased. The peak strength of the anatase-type 
TiO2 of the sample calcined at 600 °C weakened, 
and a peak of rutile-type TiO2 appeared. The 
diffraction peak of the sample calcined to 700 
°C was completely transformed into rutile TiO2. 
Diffraction peaks at 27.4°, 36.1°, 41.2°, 44.1°, 54.3°, 
56.6°, 64.0°, 69.0°and 69.8° were observed in 
all cases, corresponding to the crystal faces 
of rutile TiO2, which are (110), (101), (111), (210), 
(211), (220), (310), (301) and (112), respectively. It 
can be concluded from the above that TiO2 was 
prepared after anodization, and the crystalline 
phase can be changed after roasting at different 
temperatures. With the increase of temperature, 
the crystalline phase of TiO2 gradually changes 
from anatase to rutile.

Characterization of morphology and structure
SEM was performed to investigate the 
morphologies of the prepared samples (Figure 
2). The TiO2 prepared by anodizing is a tubular 
structure with a flat surface and uniform 
diameter, an inner diameter of about 100 nm, 
a wall thickness of about 8 nm and length is 
about 350 nm (Figure 2a). After calcining at 
300 °C, 400 °C and 500 °C, the sample did not 
change the nanotube structure and the length 
has not changed significantly, but the wall 
thickness increased. The wall thickness of the 
nanotubes calcined at 500 °C could reach 15 nm 
(Figure 2b-d). After calcining at 600 °C, the wall 
thickness of nanotubes increased greatly and 
cracked severely, and only a small amount of 
nanotubes still maintained a tubular structure. 
The ruptured tube wall is spherically stacked 
(Figure 2e). However, almost all nanotubes 
were ruptured after calcination at 700 °C and 

the length also becomes shorter, about 310 nm 
(Figure 2f).

Raman spectroscopy
Raman scattering is more sensitive to the 
detection of the short-range structure of 
crystals, which makes it easier to research the 
crystal phase structure and quality of nano-sized 
crystals. The anatase TiO2 nanocrystals have six 
Raman active modes (A1g + 2B1g + 3Eg), which are 
located at 145cm-1 [Eg(1)], 197cm-1 [Eg(2)], 399 cm-1 
[B1g(1)], 513 cm-1 [A1g], 519 cm-1 [B1g(2)], and 639 cm-1 
[Eg(3)]. Four characteristic peaks were observed 
in the measured Raman spectrum (Figure 3), 
at 145 cm-1, 399 cm-1, 513 cm-1, and 639 cm-1. And 
rutile TiO2 nanocrystals have four Raman active 
mode (A1g, B1g, B2g, Eg), two characteristic peaks 
of 443 cm-1 (Eg) and 610 cm-1(A1g) were observed. 
The broad peak at 232 cm-1 is a composite peak 
and a characteristic Raman peak of rutile TiO2. 
The samples calcined at 300°C, 400°C and 
500°C are anatase TiO2, and there is no rutile 

Figure 2. SEM images of (a) uncalcined TNTs and (b-f) 
300 °C, 400 °C, 500 °C, 600 °C and 700 °C calcined 
TNTs.
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Raman peak. As the temperature rises to 500°C 
the characteristic peak of anatase increases. 
The sample calcined at 600°C began to show 
the characteristic peak of rutile TiO2, but the 
characteristic peak of corresponding anatase 
TiO2 still exists, so it is a mixed crystal form of 
anatase and rutile. After calcination at 700°C, 
only a small amount of anatase TiO2 is present 
in the sample.

Photoluminescence spectroscopy 
The recombination ratio of electron-hole 
pairs is an important factor for measuring 
the performance of photocatalysts. The 
photoluminescence spectra (Figure 4) of 
the samples were tested to compare the 
recombination ratios of electron-hole pairs 
of TNTs baked at different temperatures. 
Generally, the lower the fluorescence intensity, 
the lower the recombination efficiency of the 
photoinduced electron-hole pair, and therefore 
the higher the photocatalytic activity. Figure 4 
shows the PL spectral excitation wavelength at 
365 nm. The PL spectra of TNTs exhibits a strong 
emission band centered at about 440 nm, which 
was attributed to the recombination process 
of self-trapped excitations (Luo et al. 2015, 
Tonda et al. 2015). Obviously, the PL strength of 
uncalcined TNTs is significantly higher than that 

of TNTs treated at high temperature, indicating 
amorphous TNTs has the highest electron-hole 
pair recombination rate, which reduces the 
photodegradation efficiency. The fluorescence 
intensity of the calcined TiO2 material is greatly 
suppressed. The fluorescence quenching degree 
of TiO2 calcined at 300 °C, 400 °C, 500 °C and 
700 °C is almost the same. However, the strength 
was especially reduced after firing at 600 °C. The 
results show that the recombination efficiency 
of electron-hole pairs of TiO2 composites 
containing both anatase and rutile phases is 
much lower than that of single crystal phase of 
TNTs.

Electrochemical test
In order to further verify the conclusions obtained 
from the PL spectrum, a transient photocurrent 
response was further performed on the sample 
(Figure 5). It can be seen that uncalcined TNTs can 
be excited in visible light, but the photocurrent 
response is weak, indicating that the inferior 
photocatalytic activity. After calcination, TNTs 
can be strongly excited in visible light, and the 
photocurrent response is particularly enhanced. 
As the temperature increases, the photocurrent 
response increases first and then decreases. 
The TNTs calcined at 600 °C have the strongest 

Figure 3. Raman spectra of TNTs. Figure 4. PL spectra of TNTs calcined at different 
temperatures.
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response to visible light, indicating that TNTs 
with a certain proportion of anatase and rutile 
mixed phase have the highest photocatalytic 
activity. This is consistent with the results 
obtained with the PL spectrum.

Optical performance studies
The UV-vis DRS of TNTs calcined at different 
temperatures is shown in Figure 6a. Pure TiO2 
nanotube arrays showed strong light absorption 
in the ultraviolet region below 385 nm and 
showed weak light absorption in the wavelength 
range of 400-600 nm, which is due to light 
scattering caused by cracks or pores in the 
nanotube arrays (Zhang et al. 2015). In contrast, 
the absorption performance of the samples after 
calcination in the visible light range of 550 nm-
800 nm was significantly improved. The samples 
calcined at 300 °C, 400 °C, and 500 °C were red-
shifted compared to the non-calcined samples, 
which also showed that the absorption of visible 
light was improved. After sintering at 600 °C, 
the sample has a strong absorption of visible 
light, indicating the TNTs of two mixed crystal 
phases effectively improves the light absorption 
capacity. Due to the different Fermi energy levels 
of the two crystalline forms of TiO2 (Bickley 
et al. 1991), a potential barrier can be created 
between the two-phase interfaces, which can 

promote the transfer, separation and migration 
of electrons and holes to the surface of the 
catalyst, all of which greatly enhance the visible 
light absorption performance. However, the 
samples after calcining at 700 °C did not improve 
the visible light absorption performance, but 
greatly reduced the ultraviolet light absorption 
performance, indicating that the single rutile 
TiO2 has a poor response to ultraviolet-visible 
light. In addition, it can be seen from the figure 
that the absorption edges of the uncalcined 
TNTs, 500 °C TNTs and 600 °C TNTs are 412 nm, 
426 nm and 445 nm, respectively. Substitute the 
wavelength corresponding to the absorption 
edge into the formula Eg(eV)=1240/λ (nm)(Feng 
et al. 2018, Wu et al. 2019). The calculated band 
gaps of the samples are 3.06 eV, 2.91 eV and 2.78 
eV, respectively. This also explains that the TNTs 
calcined at 600 °C have better light absorption 
properties than other samples.

Catalytic performance evaluation
The photocatalytic activity of TNTs calcined at 
different temperatures was measured by the 
degradation of RhB under visible light. Figure 
7a-g are absorption spectra of RhB at different 
times during catalytic degradation. In the 
absorption spectrum of the degraded RhB of the 

Figure 5. transient photocurrent responses of TNTs 
calcined at different temperatures. Figure 6.  UV-vis spectra of TNTs calcined at different 

temperatures. 
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blank sample, it can be seen that RhB is basically 
not degraded, and its maximum absorption 
wavelength is 554 nm (Figure 7a). Figure 7b-g 
shows that all TNTs samples do not have much 
influence on the absorption wavelength of RhB. 
Compared with uncalcined TNTs, the degradation 
rate of RhB by TNTs after heat treatment is greatly 
increased. With the increase of heat treatment 
temperature, the degradation rate first increases 
and then decreases and the sample calcined at 
600°C has the best catalytic effect. It can be seen 
from the Figure 7h that the direct degradation of 
RhB can be neglected (<5%). Uncalcined TNTs 
also has degradability, and the final degradation 
rate can only reach 52.5%. However, the catalytic 
effect of TNTs calcined at 300 °C and 400 °C was 

not significantly enhanced, probably because 
there was only a small amount of anatase TiO2. 
After 500 °C calcination, the catalytic effect was 
greatly enhanced, and finally reached 92.7%. 
And after calcination at 600 °C, the degradation 
rate is further increased, and can finally reach 
96%. The results show that the TNTs mixed 
with anatase and rutile has the best catalytic 
effect and the highest photocatalytic activity. 
It shows that TNTs with a certain proportion of 
anatase and rutile have the best catalytic effect 
and the highest photocatalytic activity. The 
photocatalytic degradation rate of TNTs calcined 
at 700 °C decreased obviously, indicating that 
the single rutile TNTs has low catalytic activity 
and is lower than that of single anatase. The 

Figure 7. UV-Vis absorption spectra of photocatalytic RhB degradation over (a) blank, (b) uncalcined TNTs, (c) 300 
°C TNTs, (d) 400 °C TNTs, (e) 500 °C TNTs, (f) 600 °C TNTs, (g) 700 °C TNTs, (h) photodegradation efficiency toward 
RhB measured at 554 nm and (i) the photocatalytic rate curves and corresponding fitted kinetics curves.
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photocatalytic degradation rate of TNTs calcined 
at 700 °C decreased obviously, indicating that 
the single rutile TNTs has low catalytic activity 
and is lower than that of single anatase. From 
the photocatalytic degradation rate chart in 
Figure 7i, it can be seen that the degradation 
rates from high to low are 600 °C > 500 °C > 300 
°C > 400 °C> uncalcined > blank. The degradation 
rate of TNTs calcined at 600 °C can reach 0.0186 
min-1, which is four times that of uncalcined 
TNTs (0.00472 min-1). The degradation rate can 
also indicate that TNTs with a certain proportion 
of anatase and rutile have the highest activity. 
Compared with the TiO2 materials prepared in 
other articles, although the degradation rate of 
the TiO2 nanotubes prepared in this article is not 
the best, it has surpassed some modified TiO2 
nanomaterials and far exceeds that of pure TiO2 
(P25) as shown in Table I. The standard error of 
Figure7(i) is calculated as shown in Table II, and 
all errors are within the acceptable range.

Cycle performance and catalytic mechanism
For photocatalytic materials, high catalytic 
efficiency and high stability are required, which 
can be reused without losing activity. Therefore, 
TNTs calcined at 600 °C were recycled and 
tested for stability. The sample was catalyzed 
six times and the final degradation rate was 
recorded each time (Figure 8a and Table III). It 
can be seen that after six cycles of use, the final 
catalytic effect of the sample did not obviously 
decrease. This shows that TNTs are stable and 
can be reused without losing activity. As shown 
in Figure 8b and Table IV, the photocatalytic 
activity did not decrease significantly after the 
addition of p-benzoquinone (BQ) to the TNTs 
system. The addition of tert-butanol (TBA) and 
triethanolamine (TEOA) significantly reduced 
the degradation rate, indicating that h+ and •OH 
are the main active substances. The standard 
error calculation of each catalytic result shows 
that it is within the allowable range of error.

In order to further reveal the photocatalytic 
mechanism of TNTs, the following formulas are 

Table I. Some TiO2 materials and degradation rate table. 

Sample Ag-TiO2[Liu et al. 
2020]

AgI/TiO2[Li et al. 
2008]

TiO2 NTA/Ag-AgBr 
[Cao et al. 2019]

TiO2(P25)[Xiao et al. 
2018]

Degradation rate/
min-1 0.0052 0.011 0.025 0.000139

Table II. Standard error table of all samples.

Samples
Intercept Slope

Value Standard error Value Standard error

300°CTNTs -0.09874 0.06238 0.00585 6.55124×10-4

400°CTNTs 0.14441 0.03619 0.00536 3.58338×10-4

500°CTNTs -0.22808 0.11252 0.01679 0.00118

600°CTNTs -0.09978 0.12071 0.0184 0.00127

700°CTNTs -0.01189 0.02554 0.00436 2.68182×10-4

Uncalcined 0.04345 0.02695 0.00472 2.83033×10-4

Blank 0.01574 0.00781  4.9471×10-4  8.20603×10-5
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used to calculate the valence and conduction 
band values (Tonda et al. 2015).

X is absolute electronegativity, and the X 
value of TiO2 is 5.8 Ev (Chen et al. 2014). Ee is a 
constant relative to the standard H electrode (Ee 
value is 4.5 eV), Eg is the band gap (Chen et al. 
2014, Huang et al. 2016). EVB values of TNTs were 
calculated to be 2.69 eV, and ECB values were 
-0.09 eV. The potential of the valence band edge 
(2.69 eV) is more positive than the oxidation 
potentials of OH−/•OH (1.99 eV) and H2O/•OH 
(2.34 eV). Thus, the photogenerated holes of 
TNTs can react with OH− or H2O to generate •OH. 
The potential of O2/•O2

- is -0.33 eV, which is 
lower than the ECB value of TiO2 nanotubes, so 
O2 cannot be reduced to •O2

-, and •O2
- is not an 

active species in the system. Therefore, only h+ 
and •O2

- can play a role in the catalytic process, 
and a redox reaction occurs with the pollutants, 
thereby achieving the effect of degrading the 
pollutants. TNTs containing both anatase and 
rutile can effectively improve the separation 
of photogenerated electron-hole pairs, greatly 
reduce the possibility of charge recombination, 

and thus improve the photocatalytic activity of 
the material. From the above PL, photocurrent 
and catalytic properties, it can be seen that 
the recombination of electron-hole pairs is 
suppressed, and the direct oxidation ability of 
holes is greatly improved, so that h+ and •OH 
become active species in TNTs. Figure 9 shows 
the mechanism of catalytic degradation of RhB. 
The specific process of catalytic degradation of 
RhB by TNTs as follows:

Figure 8. (a) Photocatalytic cycle performance of TNTs calcined at 600 °C and (b). reactant capture diagram.

Table IV. Standard error table of mechanism test.

Scavengers Average value Standard error

Blank 0.965 0.00973

BQ 0.912 0.00986

TEOA 0.529 0.01120

TBA 0.392 0.01324

Table III. Standard error table of cycle performance 
test.

Cycle times Average value Standard error
1 0.966 0.00728

2 0.960 0.00839

3 0.958 0.00947

4 0.952 0.0104

5 0.949 0.00749

6 0.943 0.00802
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CONCLUSIONS
TiO2 nanotubes are prepared by anodization, 
and samples with different crystal phases can 
be obtained by calcination. The TiO2 nanotubes 
calcined at 600 °C contained two phases of 
anatase and rutile, and showed the highest RhB 
degradation rate under visible light. The final 
catalytic efficiency can reach 96%. This is because 
the combination of the anatase and rutile 
phases reduces the charge transfer resistance 
and effectively inhibits the recombination of 
electron-hole pairs, thereby improving the 
photocatalytic activity. At the same time, cyclic 
tests show that the prepared catalyst has good 
stability and can be reused many times, so it 
has broad application prospects in solving 
environmental pollution.
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