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Abstract
We prepared sole TiO2 nanotube arrays (NAs) using one-step and two-step anodic oxidation followed by annealing. These TiO2

NAs were characterized by X-ray diffraction (XRD), Raman spectrum, scanning electron microscopy (SEM), X-ray photoelec-
tron spectroscopy (XPS), UV-Vis absorption spectrum, photoluminescence spectrum (PL), and contact angle measurement. The
XRD and Raman spectra results suggest only anatase TiO2 phase formed after anodic oxidation followed by annealing. The XPS
spectra showed that the surface electron density change in the TiO2 NAs prepared by one-step anodic oxidation compared to
those prepared by two-step one. Therefore, the former could absorb visible light more intensely. The PL and photocurrent
measurement proved that the recombination rate of electron-hole pairs was suppressed in the sample prepared by two-step anodic
oxidation followed by annealing as the degree of crystallinity increased and crystal defects decreased compared with the sample
prepared by one-step anodic oxidation followed by annealing. However, the latter possessed better wettability to water and oil
and thereby more active sites. The combined action made the sole TiO2 NAs prepared by one-step anodic oxidation exhibited
rather similar high photocatalytic activity in RhB degradation under the irradiation of simulated solar light to those prepared by
two-step one. Therefore, solar-responsive sole TiO2 NAs with high photocatalytic activity were possible to be prepared.
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Introduction

Photocatalysis has been investigated extensively for more
than 45 years since Fukushima [1] discovered water splitting
and following hydrogen generation from the electrolysis sys-
tem composed of TiO2 as anode and Pt cathode as under UV

irradiation. Some breakthroughs have also been made [2, 3].
Recently, most works are focusing on the photocatalytic
mechanism clarification [4, 5] and the photocatalytic activity
improvement of photocatalyst nanoparticles under irradiation
of visible light [6–8]. However, the recycling difficulty raised
their running costs and therefore obstructed the photocatalysis
applications in sewage degradation although the nanoparticles
always show excellent photocatalytic activity [9]. Therefore,
immobilization of photocatalyst nanoarchitecture seems to be
particularly urgent. The immobilization in the form of films
or coatings should be one of the most facile methods [10].
Furthermore, photocatalyst films and coatings show a great
application potential in air purification, sterilization, and
sensor [11–13].

Among the methods to prepare TiO2 coatings, anodic oxi-
dation exhibits advantages such as simple procedure, com-
mercial feasibility, and relatively high efficiency. More impor-
tantly, the as-prepared TiO2 nanotube (NT) coatings possess
excellent photocatalytic activity in the degradation of organic
dyes after the following crystallization since TiO2 NTcoatings
have large specific area [14], great sunlight harvest ability
[15], and fast charge-transfer [16]. However, we still cannot
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use TiO2 NT coatings into practical applications due to its
relative low visible-light-responsive photocatalytic activity
derived from its large band gap and fast hole-electron recom-
bination [4]. Therefore, people have attempted to narrow the
band gap by doping them with metallic ions including Zr4+

[17], Fe3+ [18], Ti3+ [19] or with non-metallic ions such as B
[20], N [20, 21], and C [21, 22] and among others. In addition,
coupling with semiconductors including Cu2O [23], Ag2O
[24], La2O3 [25], or with noble metallic nanoparticles such
as Ag [26], Pt [27], and Au [28] is also an effective method.
However, the enhancement on photocatalytic activity always
accompanied by complicated procedure, and thereby high
producing cost. In addition, scientists and engineers have tried
their best to prepare perfect morphologies of TiO2 NTs coat-
ings through two-step anodic oxidation [29–31]. The two-step
anodic oxidation also increases the preparation cost. We have
to prepare TiO2 coatings with high photocatalytic activity
through facile anodic oxidation at the lowest possible cost
before we could use them practically. One-step anodic oxida-
tion becomes an inevitable choice without doubt.

In the present work, we prepared sole TiO2 NT coatings
with facile one-step anodic oxidation and compared the pho-
tocatalytic activities of the TiO2 NTcoatings prepared by one-
step and two-step anodic oxidation under the irradiation of a
weak simulated solar light. The research findings can guide
the preparation of solar light-responsive TiO2 NT coatings
with high photocatalytic activity and their practical applica-
tions in organic pollutants.

Experimental

Preparation of TiO2 NAs

TiO2 NAs are prepared by a facile anodic oxidation method.
The preparation process is described as follows. Firstly, Ti
foils (30 mm× 20 mm× 0.127 mm, 99.7%, Alfa Aesar) are
cleaned in HCl (5 mol/L), ethanol, and deionized water se-
quentially and separately for 10min using ultrasonic bath. The
cleaned Ti foils are then dried in air at room temperature.
Secondly, anodic oxidation is performed in a home-made elec-
trolytic cell with the cleaned Ti foil as the anode and Pt foil
(20 mm × 20 mm × 0.025 mm, 99.9%, Alfa Aesar) as the
cathode. The electrolyte is composed of ammonium fluoride
(1.078 g), deionized water (6 mL), and ethylene glycol
(194 mL). The anodic oxidation is conducted at 50 V for
20 min. Finally, the as-prepared samples are immersed in eth-
anol for 2 h and then dried in air at room temperature. The as-
prepared samples need further annealing to drive amorphous
TiO2 NAs crystallization. The samples before and after an-
nealing at 723 K for 2 h with a heating rate of 2 K/min are
named as sample A and sample A +H, separately. To investi-
gate the coupling influence of Ag3PO4 on photocatalytic

activity of TiO2 NAs, the loading of Ag3PO4 nanoparticles
on TiO2 NAs is also conducted by immersing sample A +H
into NaH2PO4 solution (0.03 mol/L) for 5 min and then trans-
ferring to AgNO3 solution (0.05 mol/L) holding for 5 min.
The dipping-treated samples are then washed with deionized
water. The above dipping treatment is repeated for five times.
The as-prepared sample is denoted as A +H + I.

To compare the photocatalytic activity of TiO2 NAs pre-
pared by one-step and two-step anodic oxidation, we also
performed two-step anodic oxidation to make the morphology
of TiO2 NAs perfect. The detailed process is as follows. The
Ti foil coated with TiO2 NAs prepared by one-step anodic
oxidation is immersed into deionized water immediately after
the first anodic oxidation, and then it is cleaned in ultrasonic
bath to peel the formed TiO2 NAs. One-second-step anodic
oxidation was conducted in the same electrolyte at 50 V for
30 min. The as-prepared sample after the above annealing is
labeled 2A +H. All the as-received chemical reagents were
analytical grade ones.

Characterization

The crystal information of the as-prepared samples A, A +H,
A +H + I, and 2A +H is given by X-ray diffraction (XRD, D8
Advance, Bruker, Germany) and Raman spectrometer (DXR
Microscope, Thermo Fisher Scientific, USA). The surface
morphologies and cross sections of the as-prepared samples
are observed using scanning electron microscopy (SEM,
Sigma 300, Zeiss, Germany). The surface element analysis
is performed with X-ray photoelectron spectroscopy (XPS,
Escalab 250Xi, Thermo Fisher Scientific, USA). The UV-
Vis absorption spectroscopy is recorded using an UV-Vis
spectrophotometer (UV 3600 Plus, Shimadzu, Japan) in the
wavelength range of 300~900 nm. The recombination of
light-induced electron-hole pairs is examined by
photoluminescence spectrometer (PL, iHR320, Horiba,
Japan). Photocurrent density was measured with an electro-
chemical workstation (CHI 650E, Chenhua Co. Ltd., China)
using 0.1 mol/L Na2SO4 as the electrolyte. The contact angle
measurement of the as-prepared samples to water and oil (vac-
uum pump oil) is performed using contact angle meter
(DSA30, Krüss, Germany).

Evaluation of photocatalytic activity

Before photocatalytic activity evaluation of the as-prepared
samples, all the samples are cleaned in deionized water and
dried in air. The as-prepared samples are then irradiated with
UV light for 1 h to degrade residual organic pollutants. A
commercially available organic dye rhodamine B (RhB) is
chosen as the target pollutant. The photocatalytic RhB degra-
dation is performed under the irradiation of a simulated solar
light (CEL-HXF 300, Aulight Co. Ltd., China) with the
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optical power density of 45 mW/cm2, which is smaller than
half the AM1.5 of 100 mW/cm2. RhB molecular adsorption-
desorption equilibrium is achieved through the placement in
the darkness for 30 min before the evaluation. The concentra-
tion of RhB solution is monitored using a UV-Vis spectropho-
tometer (DR3900, Hach, USA).

Results and discussion

Identification of crystal phases

The XRD patterns of the as-prepared samples are illustrated as
shown in Fig. 1. We can observe the diffraction peaks of Ti
(marked with symbol T), while the diffraction peaks of ana-
tase or rutile TiO2 cannot seen in the sample after the anodic
oxidation (Fig. 1a). The intensive peaks of anatase TiO2 ap-
peared in sample A + H (Fig. 1b), which means that amor-
phous TiO2 formed in the anodic oxidation and amorphous
TiO2 transferred to anatase TiO2 in the following annealing.
The result is consisted with the reported works [32–34].
Furthermore, the (210) plane diffraction peak of Ag3PO4

was also observed in sample A +H + I, which indicates that
the dipping method made Ag3PO4 particles adhered to TiO2

NAs. In addition, we can also see that more intensive (101)
plane diffraction peak of anatase TiO2 in sample 2A +H. It
suggests that anatase TiO2 crystals with higher crystallinity
degree formed in the sample prepared by two-step anodic
oxidation followed by annealing. Figure 2 shows the Raman
spectroscopy of the as-prepared samples. Any peak cannot be
found in sample A, while intensive peaks at 144, 394, 516,
and 635 cm−1 are observed in the other samples. According to
references [35, 36], the peaks correspond to four Raman active
modes of anatase TiO2 Eg, B1g, A1g, and Eg, respectively. The
result confirmed the conclusion obtained from Fig. 1.

Morphologies and cross sections

Figure 3 shows the morphologies and cross sections of the as-
prepared samples. We can see that TiO2 NAs decorated with
some nanoparticles have formed in sample A (Fig. 3a), and the
average thickness of the coatings is about 4 μm (Fig. 3c). With
energy dispersive spectrometer (EDS) analysis, the decorated
nanoparticles is determined to be TiO2 ones, which peeled off
after ultrasonic cleaning. We also noted that the morphology
and cross section of the TiO2 NAs hardly changed after an-
nealing at 723 K except the disappearance of TiO2 nanoparti-
cles (Fig. 3b, d). With further dipping treatment in AgNO3 and
NaH2PO4 solution, Ag3PO4 nanoparticles formed and ad-
hered to the TiO2 NAs and they still reserved even experi-
enced ultrasonic cleaning (Fig. 3e, g). It indicates the adhesion
of Ag3PO4 nanoparticles to the coatings should be firm
enough. The SEM images of the morphology and cross sec-
tion of the sample prepared by two-step anodic oxidation
followed by annealing (sample 2A + H) are shown in Fig.
3f, h, respectively. The cracking of the formed TiO2 NAs is
rather evident, and the thickness of the coatings should be a bit
greater than sample A +H since the duration of anodic oxida-
tion prolonged.

Photocatalytic activity

Photocatalytic degradation of RhB under the irradiation of
weak simulated solar light (45 mW/cm2) was monitored with
the results shown in Fig. 4. With the increase in irradiation
time, the concentration of RhB aqueous solution decreased
except the one without TiO2 NAs (blank). It indicates that
RhB does not degrade under the irradiation of simulated solar
light. For all the RhB aqueous solutions with TiO2 NAs, their
concentrations decreased to an almost same value after

Fig. 1 XRD patterns of the as-prepared samples: aA, bA+H, cA+H +
I, and d 2A+H

Fig. 2 Raman spectroscopy of the as-prepared samples: a A, b A+H, c
A+H+ I, and d 2A +H
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irradiation of 60 min. It suggests sample A + H, A + H + I
and 2A + H exhibited similar photocatalytic performance
in the photocatalytic degradation of RhB. However, the
photocatalytic activity of sample A + H + I began to drop
as the simulated solar irradiation continued although the
other two samples A + H and 2A + H still showed high
photocatalytic activity during the whole irradiation. The
concentration of RhB aqueous solution decreased to
2.2 mg/L, which was about 44% of the initial concentra-
tion. What is more, the samples A + H and 2A + H pos-
sessed rather similar photocatalytic activity during the
whole process. In other words, the TiO2 NAs prepared by
one-step anodic oxidation and two-step anodic oxidation
showed the similar photocatalytic activity. Therefore, one-

step anodic oxidation method is capable of preparing solar-
responsive TiO2 NAs with high photocatalytic activity.

Surface analysis

The XPS spectra of the as-prepared samples are shown in
Fig. 5. Figure 5a shows the XPS spectrum of Ti 2p, in which
the BE values of Ti 2p3/2 and Ti 2p1/2 of the samples pre-
pared by one-step anodic oxidation located at 459.3 and
465.0 eV, respectively. They show a positive shift of 0.7 eV
compared to those of the sample prepared by two-step anodic
oxidation. It is reported that the BE values of Ti 2p3/2 and Ti
2p1/2 in TiO2 NAs usually appears at 458.5 ± 0.4 and 464.2 ±
0.4 eV [37–39]. The XPS information is in good agreement

Fig. 3 SEM images of the
morphologies and cross sections
of the as-prepared samples: a, c
A; b, d A +H; e, g A+H + I; f, h
2A+H
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with that prepared by two-step anodic oxidation. The shift of
the BE values for the samples prepared by one-step anodic
oxidation indicates the surface electron density reduce of
TiO2. Figure 5b shows the O 1 s spectra, in which the peak
at 529.9 eVof the sample prepared by two-step anodic oxida-
tion correspond to Ti-O. The result fits perfectly the reported
values [40, 41]. Three clear peaks at 530.5, 530.6, and
530.7 eV in the samples prepared by one-step anodic oxida-
tion are also confirmed as those of Ti-O bond in TiO2 [42].
Furthermore, some weak peaks around 532.0 eV are also de-
tected in the samples prepared by one-step anodic oxidation.
These peaks correspond to hydroxyl groups or H2O, which are
rather important for enhancing the photocatalytic activity of
TiO2 [43, 44].

Figure 6 shows the optical absorption spectra of the as-
prepared samples prepared by one-step and two-step anodic
oxidation followed by annealing. We can clearly see that all
the samples absorb all colors of light within the wavelength of

300~900 nm. The absorption thresholds of samples A +H,
A +H + I, and 2A +H are determined to be about 460, 495,
and 430 nm, respectively. From the above values, we calcu-
lated the band gaps of these samples to be 2.7, 2.5, and
2.88 eV, respectively. Therefore, the sample prepared by
one-step anodic oxidation (A + H) can absorb more visible
light than that prepared by two-step anodic oxidation (2A +
H). The combination of TiO2 NAs with Ag3PO4 nanoparticles
makes the band gap reduce to 2.5 eV and thereby they can
absorb visible light more intensively.

Photoluminescence (PL) analysis shown in Fig. 7 are also
performed as it could provide powerful information of
photogenerated charge carrier behavior of semiconductors
[45]. As shown in Fig. 7, all the samples exhibited single
obvious PL single peak at a wavelength of 582 nm, which
suggests that the annealing, two-step anodic oxidation and
the combination with Ag3PO4 nanoparticles were not enough
to generate a new PL signal. Generally, it is believed that

Fig. 5 XPS spectra of the as-prepared samples: a Ti 2p and b O 1 s

Fig. 4 Degradation of RhB in aqueous solution under the action of the as-
prepared samples and simulated solar light irradiation

Fig. 6 UV-Vis absorption spectra of the as-prepared samples
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lower PL intensity means an enhanced separation and transfer
of photogenerated electrons trapped in semiconductor
[45–48]. Therefore, we consider that the recombination rate
of photogenerated hole-electron pairs in samples 2A + H and
A +H + I is lower than that in sample A +H.

Figure 8 shows the transient photocurrent response of the
as-prepared samples under the irradiation of simulated solar
light. We noted that the photocurrent density of sample A +H
was rather faint even can be negligible. The faint photocurrent
density should ascribe to the high recombination rate of
photogenerated hole-electron pairs. After the coupling with
Ag3PO4 nanoparticles, the recombination of hole-electron
pairs were evidently suppressed which resulted in a great pho-
tocurrent density value as observed in Fig. 8. In addition, the
photocurrent density of sample 2A +H was also much greater
than that of sample A +H.

The absorption of dye molecules to the photocatalyst sur-
face is the first step of photocatalytic degradation. Therefore,
the wettability of TiO2 NAs to water and oil is rather important
to their photocatalytic degradation performance of RhB in

aqueous solution [49]. Table 1 shows the contact angles of
the as-prepared samples to water and oil. It can be clearly seen
that sample A +H shows smaller contact angles to water and
oil than samples 2A +H and A +H + I. It indicates that sample
A +H can absorb more water and RhB molecules than sam-
ples A +H + I and 2A +H.

Generally, the TiO2 NAs prepared by two-step anodic ox-
idation followed by annealing possess more perfect morphol-
ogies, higher specific area, and greater crystallinity, thereby
better photocatalytic performance [50–52]. Therefore, people
have tried their best to prepare TiO2 NT coatings with perfect
morphologies through two-step anodic oxidation although it
takes more cost and complicated procedure. In this work, the
TiO2 NAs prepared by one-step anodic oxidation followed by
annealing (sample A +H) showed an extremely similar pho-
tocatalytic activity in the degradation of RhB under the irra-
diation of weak simulated solar light comparing to those pre-
pared by two-step anodic oxidation (sample 2A + H). It
means we can prepare TiO2 NAs with higher photocatalyt-
ic performance at lower cost, which can greatly promote
their practical applications in industrial sewage treatment,
air purification, and among others. As for the similar pho-
tocatalytic performance of the samples prepared by one-
step and two-step anodic oxidation, we present some anal-
ysis and discussion as follows.

The photogenerated holes and electrons produce some
chemical species including H2O, OH

− and O2 to produce
•OH, O2

•- and H2O2 [53]. However, the contribution of O2
•-

in oxidation reactions such as RhB photocatalytic degradation
is quite smaller than that of •OH and holes as the amounts of
the former are rather small [53, 54]. Therefore, we believe
that the amounts of the escaped holes and resulting •OH
determine the photocatalytic activity of TiO2 NT coatings
in oxidizing RhB molecules. In other words, all the factors
promoting to produce holes and •OH radicals could en-
hance the photocatalytic activity of TiO2 NT coatings in
degrading RhB. From the results presented by the PL spec-
tra (Fig. 7), the recombination rate of hole-electron pairs in
sample A + H was greater than those in samples A + H + I
and 2A + H. Therefore, we can safely conclude that the
amounts of active oxidizing species to mineralize RhB
molecules on the surface of sample A + H is smaller than
those of samples A + H + I and 2A + H. The photocurrent
response in Fig. 8 also proved our deduction.

Fig. 8 Transient photocurrent response of the as-prepared samples under
simulated solar light irradiation

Fig. 7 PL spectra of the as-prepared samples

Table 1 Contact angles
of the as-prepared sam-
ples to water and oil

Media

sample

Water Oil

A +H 6.4° 26.3°

A +H + I 18.7° 32.3°

2A +H 13.4° 44.4°
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On the other hand, sample A +H could absorb more visible
light compared to sample 2A + H in Fig. 6. The enhanced
visible light absorption should relate to the surface state
change of TiO2 NAs. From the results in XPS, the positive
shift of Ti 2p and O 1 s corresponds to the surface electron
density change. It results in more surface defects, which en-
hanced the visible light absorption. The further enhancement
in visible light absorption of sample A +H + I should attribute
to the coupling with Ag3PO4 nanoparticle [55]. Furthermore,
the wettabilities of sample A + H to water and oil are better
than those of sample 2A +H (Fig. 8), which means that the
surface of sample A + H could absorb more RhB molecules
and thereby more active sites.

The above positive factors, such as intensive visible light
absorption and better wettabilities to water and oil, and nega-
tive factors, including greater recombination rate of hole-
electron pairs, and high degree of crystallinity, made sample
A +H possess rather similar photocatalytic degradation per-
formance of RhB compared with sample 2A +H.

Conclusions

Sole TiO2 nanotube arrays (NAs) are prepared by one-step
and two-step anodic oxidation followed by annealing. The
comprehensive analysis revealed that anatase TiO2 NAs were
formed by anodic oxidation followed by annealing no matter
one-step or two-step anodic oxidation. Two-step anodic oxi-
dation increased the degree of crystallinity of TiO2 and there-
fore decreased the recombination rate of photogenerated
electron-hole pairs compared to one-step anodic oxidation.
On the other hand, TiO2 NAs prepared by one-step anodic
oxidation possessed more surface defects and thereby
absorbed visible light more intensely compared to the TiO2

NAs prepared by two-step anodic oxidation. More important-
ly, the TiO2 NAs prepared by one-step anodic oxidation ex-
hibited better wettability to water and oil than those prepared
by two-step anodic oxidation. The combined action of surface
defects, degree of crystallinity, visible light absorption, and
wettability to water and oil made the sole TiO2 NAs prepared
by one-step anodic oxidation followed by annealing had rather
similar excellent photocatalytic activity in RhB degradation
under the irradiation of simulated solar light compared to
those prepared by two-step anodic oxidation. Therefore,
one-step anodic oxidation is a facile and economic method
to prepare solar-responsive TiO2 NAs with high performance.
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