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ube arrays fabricated by
electrochemical self-doping and their
photoelectrochemical performance
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and Xiaoli Dong

Herein, black TiO2 nanotube arrays (NTAs) were fabricated using electrochemical self-doping approaches,

and characterized systemically by scanning electronmicroscopy (SEM), powder X-ray diffraction (XRD), UV-

visible absorption spectroscopy and photoluminescence spectroscopy (PL). The as-obtained black TiO2

nanotube arrays (NTAs) exhibited stronger absorption in the visible-light region, a better separation rate

of light-induced carriers, and higher electrical conductivity than TiO2 nanotube arrays (NTAs). These

characteristics cause black TiO2 nanotube array (NTA) electrodes to have higher photoelectrocatalytic

activity for degrading anthraquinone dye (reactive brilliant blue KN-R) than the TiO2 nanotube array

(NTA) electrode. Furthermore, a synergetic action between photocatalysis and electrocatalysis was also

observed. The black TiO2 nanotube array (NTA) electrode is considered to be a promising photoanode

for the treatment of organic pollutants.
1. Introduction

Recently, TiO2-based active materials (especially, TiO2 nanotube
arrays (NTAs)) have attracted a great deal of attention for the
photocatalytic/photoelectrocatalytic degradation of organic
pollutants, and energy storage, because their ordered nanotube
architecture can provide a unidirectional electric channel for
the photogenerated electrons, a large internal surface area, and
high ion changeability.1–7 However, some problems associated
with their wide band gap (3.0–3.2 eV) and the fast recombina-
tion of photogenerated carriers still needs to be solved to enable
practical application of TiO2 NTAs.

More effort has been made to enhance the light absorption,
and to suppress the recombination of electron/hole pairs, such
as, doping (non-metal and metal elements),8–12 noble metal
particle decoration,13–18 and heterostructure construction.19–21

Other than the above strategies, photoelectrocatalysis (PEC) has
received the most attention as a facile and efficient route to
overcome the fast recombination between the photoinduced
carriers in TiO2 NTAs.22,23 During the PEC process, a low positive
bias was applied to the TiO2 NTAs, which signicantly facili-
tated the transfer of photocarriers and improved the separation
of the photoinduced carriers. However, it should be noted that
the electrooxidation features of TiO2 NTAs for the degradation
ring, Dalian Polytechnic University, No. 1

P. R. China. E-mail: m-h-c@sohu.com;

3736; Tel: (+86)-411-86323508

rial, Dalian Polytechnic University, No.
n 116034, P. R. China.

0

of organic pollutants have not attracted more attention, which
may be attributed to their semiconducting nature and poor
electronic conductivity. Thus, the development of methods to
improve the electrocatalytic performance of TiO2 NTAs, to
achieve synergy between photocatalysis and electrocatalysis,
and to enhance the photoelectrocatalytic ability of TiO2 NTAs
has become a signicant challenge in the eld of environmental
remediation.

In recent years, reduced titanium oxide (or black TiO2) has
attracted increasing attention for use in photovoltaics and
photocatalysis, due to its narrower bandgap and higher elec-
trical conductivity.24–26 Some reports indicated that reduced
TiO2 NTAs not only exhibited excellent photocatalytic activity,
but also demonstrated capacitive/oxidant generating properties
due to the self-doping of TiO2 with Ti3+/oxygen vacancies.27–30

Therefore, reduced TiO2 NTAs are considered to be a promising
photoanode material to achieve synergetic photo-
electrochemical action in the PEC process. Nevertheless, thus
far no information has been reported regarding their electro-
oxidation or PEC properties in the degradation of organic
pollutants. Previous reports have mainly focused on electro-
assisted photocatalytic processes of photocatalysts, in which
electro-oxidation does not occur; only a few have focused on the
electrooxidation processes during the PEC process. Thus, the
aim of present work was to integrate the photooxidation and
electrooxidation for black TiO2 NTAs as photoanode in the PEC
degradation of organic pollutants. Our results indicated that
the efficient removal of organic pollutants over the black TiO2

NTAs photoanode can be ascribed to the synergetic action
between photocatalysis and electrocatalysis in the PEC process.
This journal is © The Royal Society of Chemistry 2018
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2. Experimental section
2.1 Materials

Titanium sheets (99.7% pure) were obtained from Yunjie Metal
Company (China). The ethylene glycol, acetone, ethanol,
sodium sulfate, NH4F, and reactive brilliant blue KN-R (from
Tianjin Chemical Reagents Company) were of analytical grade.
Deionized water was used as a solvent to prepare all solutions.
2.2 Preparation of pristine TiO2 nanotube arrays

First, Ti sheets (10 mm � 10 mm � 1 mm in size) were cleaned
in acetone and ethanol under ultrasonication, subsequently
immersed in an aqueous oxalic acid solution (10%, 80 �C) for
2 h, and then washed using deionized water. A pretreated Ti
sheet was used as the anode and an untreated Ti sheet was used
as the cathode. The electrode sheets were placed vertically with
a separation of 30 mm in an ethylene glycol electrolyte con-
taining H2O (5 wt%) and NH4F (0.27 wt%) under a constant
potential (40 V) for 2 h at room temperature (25 �C). Subse-
quently, the as-anodized TiO2 NTAs were washed in ethanol for
10min and calcined at 400 �C for 2 h under ambient conditions.
2.3 Preparation of black TiO2 nanotube arrays

Preparation of black TiO2 was performed using the electro-
chemical doping procedure suggested in ref. 31. In a typical
procedure, the as-obtained pristine TiO2 NTAs were used as the
cathode, and a Ti sheet with the same area was selected as the
counter electrode. To obtain the black TiO2 NTAs, electro-
chemical reduction was performed at a set voltage (�30, �35,
�40, �45 and �50 V) for a certain time (15, 20, 30, 60 and 120
min) in an ethylene glycol solution containing H2O (5 wt%) and
NH4F (0.27 wt%).
2.4 Activity test

The degradation of reactive brilliant blue KN-R in an aqueous
solution with a concentration of 60 mg L�1 (200 mL of solution
with 0.1 M Na2SO4 as a supporting electrolyte) in a quartz
reactor was used to evaluate the photo-electrocatalytic activity of
the electrodes. The black TiO2 NTAs anode and the titanium
sheet cathode were immersed vertically in the solution, with
a distance of 3 cm between the electrodes. Before the experi-
ments, an adsorption–desorption equilibrium of the dye on the
surface of the electrodes was established by magnetic stirring
for 30 min under dark conditions. Electrochemical degradation
was performed using a DC power supply, and a 175 W xenon
lamp was selected as the light-source for the photocatalytic
procedure. The xenon lamp was placed in a circulating water
jacket to cool the reaction vessel. The reaction solution was
sampled at given time intervals and centrifuged to remove the
photocatalyst particles. A UV-visible spectrophotometer (UV-
1800PC, MAPADA, China) was used for measuring the absor-
bance of solution and the degradation rate (R0) of KN-R was
estimated by the following equation:

R0 ¼ (A0 � At)/A0 � 100%
This journal is © The Royal Society of Chemistry 2018
A0 was the absorbance of initial solution of reactive brilliant
blue KN-R and At was the absorbance of the solution of KN-R at
time t.
2.5 Characterizations

Electrochemical tests were carried out using a CHI 660E
potentiostat/galvanostat (ChenHua Instruments Co. Shanghai,
China) with a standard three-electrode system. A platinum
sheet and a saturated calomel electrode were selected as
counter and reference electrodes. The morphologies of the
samples were observed using a Hitachi-1510 scanning electron
microscope (SEM) (Hitachi, Japan). X-Ray Diffraction (XRD) of
the electrodes was performed using a SHIMADZU XRD-6100 X-
ray diffractometer with Cu Ka radiation (l ¼ 0.15406 nm) at 40
kV and 30 mA. X-Ray photoelectron spectroscopy (XPS) experi-
ments were carried out using a VG EscaLab 250 electron spec-
trometer (Thermo VG) with Al Ka X-ray radiation (1486.6 eV).
The calibration of the binding energies was performed using
the C 1s peak (284.6 eV). The UV-vis absorption spectra of the
electrodes were obtained using a spectrophotometer (Varian
Cary-100) with BaSO4 as a standard. In this work, the uores-
cence spectrophotometry was used to measure the amount of
hydroxyl radical (cOH) originating from the photo-
electrocatalytic process.32–34 The uorescence experiments were
carried out using a uorescence spectrophotometer (Hitachi F-
7000, Japan).
3. Results and discussion

Fig. 1 shows the XRD patterns of the black TiO2-NTAs as
a function of electrochemical reduction times and voltages. For
reference, the XRD pattern of the TiO2-NTAs is also included. As
shown in Fig. 1, all the diffraction peaks of the TiO2-NTAs
matched well with the anatase phase of TiO2 (JCPDS le no 21-
1272) and with metallic Ti (JCPDS le no. 44-1294). No obvious
change to the diffraction peaks of the pristine TiO2-NTAs was
observed aer electrochemical reduction. The crystal structure
of the pristine TiO2-NTAs (crystalline anatase TiO2) was also
unchanged by the electrochemical reduction. Nevertheless, the
XPS spectra of the pristine TiO2 NTAs and black TiO2 NTAs (see
Fig. 1c) exhibited visible differences. The positions of the Ti 2p
and O 1s peaks for the black TiO2 NTAs are shied to lower
binding energy than that of the pristine TiO2 NTAs. The nega-
tive shi in binding energy of the black TiO2 NTAs can be
attributed to the increased presence of Ti3+ and oxygen vacan-
cies compared with pristine TiO2 NTAs.29,35 Fig. 1d shows the
UV-Vis absorption spectra of the TiO2 NTAs and black TiO2

NTAs samples. The inset of Fig. 1d showed that the pristine
TiO2 NTAs is gray color, and its corresponding coloration is
blue-black color aer cathodic polarization. The pristine TiO2

NTAs showed intrinsic absorption of TiO2 at wavelengths below
400 nm. The visible-light absorption of the TiO2 NTAs may be
ascribed to the light scattering caused by pores or cracks in the
nanotube arrays.36–38 In contrast, the black TiO2 NTAs sample
exhibited stronger light-absorption than the pristine TiO2 NTAs
over the entire ultraviolet-visible region. Additionally, a notable
RSC Adv., 2018, 8, 18992–19000 | 18993
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Fig. 1 XRD patterns of black TiO2 NTAs prepared by electrochemical reduction under various reducing potential (a) and time (b); XPS (c) and UV-
visible absorption spectra (d) of the pristine TiO2 NTAs and black TiO2 NTAs samples.
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red shi was observed for the black TiO2 NTAs. The absorption
edge of the black TiO2 NTAs was shied to 396 nm, whereas the
TiO2 NTAs exhibited an absorption edge of 376 nm. The black
TiO2 NTAs also showed an additional absorption peak from
400 nm to the near-infrared region. Obviously, the distinct
differences between optical absorption behavior of the TiO2

NTAs and black TiO2 NTAs samples may be correlated with the
presence of vacancies (Ti3+ sites formed by cathodic polariza-
tion39,40) as a result of a trap state.41,42 These results are also in
agreement with those of previous studies.27,43–45 Nevertheless,
the strong light-absorption of the black TiO2 NTAs is benecial
to improve their photocatalytic performance.

In order to identify the effect of electrochemical reduction on
the morphology and structure of the TiO2-NTAs, SEM
measurement was performed (see Fig. 2). Fig. 2 shows that the
TiO2 NTAs had a regular nanotube-structure with a pore
diameter of ca. 100 nm, and a length and wall thickness of
about 20 nm and 1.0 mm, respectively. The diameter and length
of the TiO2 nanotubes did not change aer electrochemical
reduction. However, apparent damage to the pore structure of
the TiO2 NTAs was observed when the reduction time and
18994 | RSC Adv., 2018, 8, 18992–19000
potential were increased to 20 min at �50 V and 60 min at
�40 V. The damage to the pore structure should result in
a decrease of electrocatalytic performance for the TiO2 NTAs
due to their reduced electrochemically active areas. The
composition of each TiO2 NTA was determined using energy-
dispersive X-ray spectroscopy (EDX), and the results are also
shown in Fig. 2. As can be seen the Ti/O ratio gradually
increased as the time and voltage of the electrochemical
reduction were increased. This result implied that electro-
chemical reduction should change the conductive properties of
TiO2 and inuence the PEC activity of the TiO2 NTAs.

The capacitance of the TiO2 NTA and black TiO2 NTA elec-
trodes was determined using the Mott–Schottky equation:

1

c2
¼ 2

NDe303

�
E � EFB � kT

e

�

where c is the capacitance of the space charge layer for the
semiconductor, ND is the carrier density of the electrons, e is the
value of the elementary charge, 30 is the permittivity of the
vacuum, 3 is the relative permittivity of the semiconductor, E is
the applied bias, EFB is the atband potential, T is the
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 SEM observation and the corresponding EDX pattern for the
pristine TiO2 and black TiO2 NTAs samples.

Fig. 3 Mott–Schottky plots of TiO2 NTAs and black TiO2 NTAs
electrodes.

Fig. 4 Photocurrent–potential curves of the pristine TiO2 and black
TiO2 NTAs electrodes prepared using different electrochemical
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temperature, and k is the Boltzmann constant. As seen in Fig. 3,
the Mott–Schottky plots of the TiO2 NTAs and black TiO2 NTAs
electrodes exhibited a positive slope, which indicated that both
coated electrodes are n-type semiconductors. Furthermore,
a stronger dependence between the capacity and applied
potential was observed in the Mott–Schottky plot of the TiO2

NTAs electrode, which indicated that the capacity of TiO2 NTAs
This journal is © The Royal Society of Chemistry 2018
was controlled by the space charge layer.46 Nevertheless, the
black TiO2 NTAs electrode exhibited only a weak correlation
between the capacitance and applied potential, which may be
attributed to its metallic characteristics.46 The atband poten-
tials of the TiO2 NTAs and black TiO2 NTAs were determined to
be �0.34 V and �1.07 V, respectively. The more negative EFB of
the black TiO2 NTAs could be ascribed to the fact that the
presence of Ti3+ changed the surface properties of TiO2 due to
introducing reduction state,47,48 enhancing the electrical
conductivity of the black TiO2 NTAs.49 The more negative at-
band potential implied that the charge carriers had a high
separation rate, because the driving force would be consumed
at the atband potential when electrons are passed through the
electrode lm. Thus, the more negative EFB of the black TiO2

NTAs electrode is favorable to enhance its electrocatalytic
activity.46,50,51

Additionally, the ND value was calculated from the plots in
Fig. 3 to evaluate the semiconductor characteristic behavior
using the following equation:
reduction potentials and times.

RSC Adv., 2018, 8, 18992–19000 | 18995
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Fig. 5 Cyclic voltammograms of the pristine TiO2 and black TiO2 NTA
electrodes prepared using different electrochemical reduction
potentials and times.
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ND ¼ 2

e303

dE

d

�
1

c2

�
0
BB@

1
CCA

where e¼ 1.6 � 10�19 C, 30 ¼ 8.86 � 10�12 F m�1, and 3 ¼ 48 for
anatase TiO2. Thus, the ND values for the black TiO2-NTAs and
TiO2-NTAs were calculated to be 1.25 � 1023 cm�3 and 3.0 �
1021 cm�3, respectively. The TiO2-NTAs showed a low carrier
density due to their good semiconducting characteristics. The
higher carrier densities of the black TiO2-NTAs were attributed
to an increase in oxygen vacancy states, which act as electron
donors.51 Thus, the black TiO2 NTAs tend to exhibit higher PEC
activity because the higher ND would lead to lower resistance
and promote faster charge transfer.

To investigate the photoelectrochemical behavior of the
black TiO2 NTA electrodes prepared using various reduction
potentials and times, current–voltage measurements were
Fig. 6 Fluorescence spectra of the TiO2 NTA and black TiO2 NTA electro
acid and 0.5 mol L�1 Na2SO4 as a supporting electrolyte).

18996 | RSC Adv., 2018, 8, 18992–19000
carried out in a 0.2 M Na2SO4 solution under solar-light illu-
mination. The LSV photocurrent responses of the different
photoelectrodes (see Fig. 4) indicated that the dark-current
response of the black TiO2 NTA electrodes was negligible,
which indicated that no electrochemical oxidation occurred.
However, a notable enhancement of the photocurrent was
observed for all photoelectrodes under illumination, and the
photocurrent was potential-dependent. The high photocurrent
of the semiconductor reected the high separation and transfer
efficiency of photogenerated charge carriers.52 As shown in
Fig. 4, the black TiO2 NTA electrodes showed higher photocur-
rent density than the TiO2 NTA reference. This result indicated
that the black TiO2 NTA electrodes have higher separation and
transfer efficiency of photogenerated carriers than the TiO2 NTA
reference.

To evaluate the electrochemical properties of the black TiO2

NTAs, cyclic voltammograms were recorded in a 0.5 M Na2SO4

aqueous solution. As shown in Fig. 5, the TiO2 NTA curve
showed a strong correlation between the current and potential
due to their n-type semiconductor properties. The high resis-
tances of the TiO2 NTAs at higher potentials led to a decrease in
the current, resulting in the pinched shape of the curve. In
contrast with the TiO2 NTAs, the black TiO2 NTA samples
exhibited capacitive curves with rectangular shapes.28,53 A large,
rectangular CV curve is clearly observed for the black TiO2 NTA
electrodes at higher current, which indicated that the black
TiO2 NTA samples had high conductivity.27 The enhanced
conductivity of the black TiO2 NTA can be attributed to the
trapped electrons at the Ti3+ sites generated by cathodic
polarization.39,40

As reported in the previous studies,32–34 amount of cOH (from
the electro-catalytic decomposition of water on the electrode
surface) could be detected using the analysis of the uorescence
spectra (benzoic acid had a known reaction with cOH in
aqueous media and the product is p-hydroxybenzoic acid (p-
HBA). The p-HBA could be detected using uorescence spec-
troscopy). To investigate amount of hydroxyl radical (cOH), the
des during the photoelectrolysis of benzoic acid (200 mg L�1 benzoic

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 (a and b) Decolorization efficiencies of KN-R over the black TiO2 NTA electrodes prepared using different electrochemical reduction
potentials and times (c) effect of the applied bias on the degradation rate of KN-R over the black TiO2 NTA electrodes (d) efficiencies of the
different degradation processes of KN-R over the TiO2 NTAs and black TiO2 NTA electrodes.

Fig. 8 Results of the recycling experiments for the black TiO2 NTA
electrodes for three cycles.
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electrolysis of benzoic acid solution was performed in present
work. Initial concentration of benzoic acid is 200 mg L�1 and
0.5 mol L�1 Na2SO4 was used as a supporting electrolyte. During
electrolysis, the sample was collected and analyzed at a desired
time interval. The uorescence intensity of solution was
measured at 440 nm with excitation at 325 nm by a uorescence
spectrophotometer. Fig. 6 shows the photoluminescence (PL)
spectra for the photoelectrolysis of the benzoic acid solution
over the TiO2 NTA and black TiO2 NTA electrodes. As seen in
Fig. 6, the uorescence intensity of the black TiO2 NTA elec-
trodes was higher than that of the TiO2 NTA electrode at all
times, indicating that the black TiO2 NTA electrodes generated
more cOH. The PL results demonstrated that the black TiO2

NTAs had better current efficiency for the generation of hydroxyl
radicals. Obviously, the higher efficiency for the generation of
hydroxyl radicals was favorable for the photoelectrocatalytic
degradation of organic pollutants.

The photo-electrocatalytic (PEC) degradation efficiency of
KN-R over the black TiO2 NTA electrodes prepared using
different reduction potentials and times was investigated, as
shown in Fig. 7a and b. The degradation rate of KN-R over the
black TiO2 NTA electrodes depended on the reduction voltage
and time; and the black TiO2 NTA electrode prepared at �40 V
This journal is © The Royal Society of Chemistry 2018
for 20 min exhibited the highest KN-R removal ability. However,
excessive electrochemical reduction treatment markedly
damaged the pore structure of the TiO2 NTAs, which resulted in
a decline in the catalytic performance of the TiO2 NTA elec-
trodes. The effect of the anodic potential on the PEC
RSC Adv., 2018, 8, 18992–19000 | 18997
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Scheme 1 Diagram of the PEC process over the black TiO2 NTA electrode under solar light irradiation.
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performance of the black TiO2 NTAs for the degradation of KN-R
was also investigated. As shown in Fig. 8c, the PEC degradation
rate increased gradually with increasing anodic bias in the
potential range of 0–6.0 V. Furthermore, to explore the effect of
electro-oxidation on the KN-R removal, a set of pure electro-
oxidation measurements were carried out by applying an
anodic bias (0–6.0 V) in dark conditions. The electrochemical
oxidation of KN-R was not observed when the anodic potential
was lower than 3.0 V. However, the electrochemical oxidation of
KN-R was non-negligible when the anodic potential was greater
than 3.0 V, and KN-R degradation was signicantly enhanced at
higher potentials. A similar phenomenon was observed in
previous work.54 Fig. 7d shows the degradation rates under
various degradation conditions (the electrocatalytic (EC), pho-
tocatalytic (PC) and photo-electrocatalytic (PEC) processes) for
the black TiO2 NTAs prepared at �40 V for 20 min. As shown in
Fig. 7d, the PEC degradation rate of KN-R over the black TiO2

NTAs electrode was larger than the sum of both the EC and PC
rates, which suggested that an obvious synergetic effect
occurred during the PEC process for the black TiO2 NTAs elec-
trode. The black TiO2 NTAs electrode exhibited considerable
electrocatalytic oxidation of KN-R due to the excellent electro-
chemical characteristics of the black TiO2 NTAs. For compar-
ison, the degradation rate of the TiO2 NTAs electrode was also
measured under PEC, EC and PC conditions. Fig. 7 shows that
a signicant synergetic effect also existed in the PEC process for
the TiO2 NTAs electrode. However, the TiO2 NTAs electrode did
not demonstrate electrocatalytic degradation of KN-R at an
anodic potential of 6.0 V. Based on the above results, it can be
demonstrated that the black TiO2 NTAs exhibited better PEC,
EC and PC performances than the TiO2 NTAs.

Based on the above results, a schematic of the PEC process
on the black TiO2 NTAs is illustrated in Scheme 1. When anodic
potential is lower than 3.0 V (greater than the atband potential
of the black TiO2 NTAs), only photocatalytic degradation
occurred during the PEC process. Thus, the enhancement of
KN-R degradation under these conditions was mainly a result of
charge separation by the electric eld (electro-assisted
18998 | RSC Adv., 2018, 8, 18992–19000
photocatalysis). When the anodic potential was increased above
3.0 V, both photocatalytic and electrochemical degradation for
KN-R occurred during the PEC process. In this case, the
enhancement of KN-R degradation resulted mainly from the
combination of electro-oxidation and electro-photocatalysis.

The service life of electrodes is a signicant factor for their
practical application. To estimate the electrochemical stability
of black TiO2 NTA electrodes, recycling tests of the degradation
of KN-R were carried out under solar light radiation, as shown
in Fig. 8. The black TiO2 NTA electrode still exhibited a consid-
erable removal rate (about 78%) for reactive brilliant blue KN-R
aer three cycles. The above results indicated that the black
TiO2 NTAs can be used as an excellent PEC electrode.
4. Conclusions

In summary, highly oriented black TiO2 NTA photoanodes were
fabricated using an anodization-electrochemical reduction
approach. The as-obtained photoanodes showed stronger light
absorption throughout the entire UV-Vis region, a more nega-
tive atband potential, and better separation and transfer effi-
ciency of photoinduced carriers than a conventional TiO2 NTA
electrode. It was found that the photo-electrocatalytic removal
of KN-R on black TiO2 NTA electrodes can be divided into two
regimes, namely, electro-assisted photocatalysis at low bias and
a combination of electro-assisted photocatalysis and electro-
chemical oxidation at high bias. The black TiO2 NTA electrode
prepared by electrochemical reducing at �40 V for 20 min,
exhibited a highest rate of KN-R degradation. This may be
ascribed to the compromise action of conductivity and pore
structure for black TiO2 NTAs under electrochemical reduction.
Obviously, the black TiO2 NTAs can be suggested as a potential
cost effective anode material in the eld for treatment organic
wastewater.
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