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Abstract

In order to obtain TiO, electrode with high photoelectrocatalytic activity, a novel N-F-codoped TiO, nanotubes electrode was prepared by
electrochemical anodization of Ti in C;H,04-2H,0 + NH4F electrolyte. The prepared electrode had a highly self-organized structure with high-
specific surface area, and N and F were successfully doped into the lattice of TiO,. When voltage during anodization was 20 V, annealing temperature
was 673 K and anodic bias potential in the photoelectrocatalytic degradation was 0.25 V, N-F-codoped TiO, nanotubes electrode showed the higher
catalytic activity. In addition, there was an obvious synergetic effect between the electrochemical and photocatalytic processes, and the synergetic
factor R reached 8.7. This high-synergetic effect was attributed to the advantages of photoelectrocatalytic technique using high-aspect-ratio TiO,
nanotubes and the promoting effect of N-F-codoping on the catalytic activity. Moreover, N-F-codoped TiO, nanotubes electrode showed good
stability and after five times the photoelectrocatalytic efficiencies of MO still kept above 97% within 80 min.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

TiO, is considered to be the most attractive photocatalyst
due to its high oxidative power, photostability, low cost and
nontoxicity [1]. However, a major problem baffling the appli-
cation of TiO», not yet fully overcome, is the recombination
of the photogenerated charge carriers during the photocatalytic
process. Two important approaches were studied to solve this
problem. One promising strategy is the application of elec-
trical bias, using an external counter electrode, to inhibit the
recombination of electrons and holes and the lifetime of pho-
togenerated carriers remains long. This photoelectrocatalytic
technique combines UV illumination with the application of a
controlled potential through a supported catalyst, thus its effi-
ciency is much higher than that of the single photocatalytic
process [2-5]. The other approach is nonmetal doping such as
F-doping [6,7] and Cl-Br-codoping [8] of TiO,. For example,
the doped F atoms can convert Ti** to Ti** by charge com-
pensation and that the presence of a certain amount of Ti**
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reduces the electron—hole recombination rate and thus enhances
the photocatalytic activity [7]. Consequently, developing a
novel nonmetal-doped TiO, photoelectrode has a significant
interest.

Since the first TiO, photoelectrocatalytic oxidation study for
degrading 4-chlorophenol in aqueous solutions was carried out
by Vinodgopal et al. [2], numerous studies were carried out for
organic pollutants by photoelectrocatalytic technology, such as
chlorophenols, dyes, detergent and organic acids under UV light
irradiation [2,9—12]. Generally, in these studies, photoanodes
were TiO; film electrodes. However, the specific surface area of
TiO, film electrodes was commonly low and as a result, their
photoelectrocatalytic activity was low. In fact, it is on the TiO»
surface that different types of radicals are formed to promote the
degradation reaction. Therefore, the specific surface area has a
significant effect on the catalytic activity of TiO; electrode.

Presently, TiO, nanotubes are gaining extraordinary interest
for their high-specific surface area. This novel supported tubu-
lar structure of TiO, is a promising electrode for application
in photoelectrocatalytic process. TiO, nanotubes of different
geometrical shapes and microstructures in powder forms have
been prepared by different techniques such as sol—gel synthesis
[13], freeze-drying [14], electrodeposition [15], sonochemical
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deposition [16] and chemical treatments of fine titania particles
[17,18]. However, TiO> nanotubes obtained by these methods
are unfit for being used as working electrodes in photoelec-
trocatalytic degradation of pollutants because of their powder
forms.

As an effective preparation technology, the electrochemical
anodization method shows its advantage on preparing an integra-
tive electrode with an immobilization TiO, nanotubes [19-21],
which possesses good mechanical adhesion strength and elec-
tronic conductivity because it is directly grown from titanium
metal substrate. Moreover, the thickness and morphology of
such TiO» nanotubes are easily controlled by regulating the elec-
trolyzing conditions such as anodization time and electrolyte
composition [22,23].

In addition, it was reported that N-doped TiO, nanotubes
can be obtained by using heat treatment in ammonia [24] or
by ion implantation [25], and they showed some photoresponse
under visible light. However, ammonia gas is hazardous, and
ion implantation process is complicated and leads to a certain
decrease of photoresponse in the UV range [25]. Consequently,
it is in need of developing a novel nonmetal-doping approach
to avoid decrease of photoresponse in the UV range. In fact,
the introduction of fluorine atoms into TiO, is also effective for
enhancing the photocatalytic activity of TiO, under UV irradia-
tion [6]. Moreover, N-F-codoping of TiO, presented an obvious
synergetic effect and further enhanced its photocatalytic activ-
ity. This seems to be a consequence of the perfect combination
of some beneficial effects induced by both N and F dopants.
N-doping into TiO; resulted in the creation of surface oxy-
gen vacancies, and F-doping produced several beneficial effects,
including the creation of surface oxygen vacancies, the enhance-
ment of surface acidity and the Ti** ions [7]. This synergetic
effect can promote the separation of photogenerated carriers,
and thus the photocatalytic reaction under UV irradiation can be
accelerated. Therefore, it is interesting to explore the possibility
to prepare N-F-codoped TiO; nanotubes electrode by a sim-
ple and efficient process, and its photoelectrochemical activity
needs research.

In the present work, the objective was to prepare N—F-
codoped TiO, nanotubes electrode with high efficiency under
UV irradiation by one-step anodization process, integrating
preparation with doping by adjusting the electrolyte compo-
sition. NH4F is beneficial to obtain high-aspect-ratio TiO;
nanotubes as buffered species [26]. Organic solvents can
avoid nanotubes breakdown caused by high current den-
sity due to their high resistivity [27]. Therefore, oxalic
acid (CaH>04-2H;0) + NH4F electrolyte was selected in this
work to prepare N-F-codoped TiO, nanotubes electrode by
anodization. C;H704-2H;0 was ever successfully used to fab-
ricate nanoporous anodic aluminum oxide by electrochemical
anodization [28]. And in this work, the other more important
role of NH4F is that this species can offer N and F to dope TiO»
nanotubes [6]. The N-F-codoped TiO» nanotubes electrode was
characterized and its formation mechanism and process of N-
and F-doping was discussed. Finally, its photoelectrocatalytic
activity was evaluated by the photoelectrodegradation of an azo
compound, methyl orange (MO).

2. Experimental
2.1. Sample preparation

The high purity titanium sheet (99.60% purity) was obtained
from Haiji Ltd. for Titanium & Nickel (Shannxi, China.). NH4F
and CoH>04-2H,0 were of analytical grade. All compounds
were used as received without further purification. The tita-
nium sheet was first mechanically polished with abrasive papers,
washed in an ultrasonic bath with distilled water and acetone, and
then dried in air at room temperature. Electrochemical experi-
ments were conducted using a direct current (dc) power supply
(QJ3003A, Zhongce Electronical Co. Ltd., Hangzhou, China).
Titanium sheet served as anodic electrode and nickel sheet as the
cathode. The electrolyte was 1/12M C,H,04-2H,0 + 0.5 wt.%
NH4F aqueous solution, and anodization voltages of 10V, 20V
and 30V were respectively used in the present work. All the
anodization experiments were carried out at room temperature
with magnetic agitation. After the anodization, the color of
the titanium sheet surface was yellowish and the samples were
rinsed in deionized water and dried.

2.2. Characterization

For a morphology characterization of N—F-codoped TiO»
nanotubes electrode, a field-emission scanning electron
microscopy (FE-SEM, JSM-5600LV) was used.

The crystal structure of the samples was identified by X-ray
diffraction (XRD, Rigaku, D/max-rA) using a diffractome-
ter with Cu Ka radiation, performed over angular ranges of
260 =20-80°, scanned at a speed of 0.02°/s and steps of 0.02°.
The equipment was operated at 40kV and 80 mA.

The elemental composition of N-F-codoped TiO, nanotubes
electrode was determined by X-ray photoelectron spectroscopy
(XPS, Perkin-Elmer, a RBD upgraded PHI-5000C ESCA sys-
tem) with Mg Ka radiation (hv=1253.6eV), the X-ray anode
was run at 250 W and the high voltage was kept at 14.0kV with
a detection angle at 54°.

For investigating the mechanism of the formation of N-F-
codoped TiO» nanotubes electrode, current—time transient of Ti
in electrolyte was recorded by electrochemical station (Shanghai
ChenHua, CHI600B).

2.3. Photoelectrocatalytic degradation of MO solution

The effectiveness of N-F-codoped TiO, nanotubes electrode
was evaluated by the degradation of MO solution. The chemical
structure of methyl orange is:

@ NN@ SO;Na

The experiment was performed in a 1.5L cylindrical glass
reactor, with an ultraviolet (UV) irradiation (a 300 W high-
pressure mercury lamp from Shanghai YaMing Light with a
maximum wavelength of 365 nm, Ip=0.6 mW/cm?), vertically
inserted in a central quartz glass cannula, as shown in Fig. 1. The
initial concentration of MO was 10 mg/L, adding 0.1 M sodium

(CH;),N
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Fig. 1. Schematic diagram of photoelectrocatalytic reactor ((1) air compressor;
(2) MO solution; (3) working electrode (TiO,/Ti); (4) reference electrode; (5)
inlet of cooling water; (6) outlet of cooling water; (7) high-pressure mercury
lamp; (8) counter electrode (nickel sheet); (9) potentiostat).

sulfate as electrolyte. The counter electrode was nickel sheet.
The concentration of MO was monitored by a TECHCOMP
8500 spectrophotometer (463 nm). The removal (within 80 min)
is calculated as [1 — (C/Cy) x 100%], where Cy is the initial
concentration of MO and C is the concentration of MO during
reaction. Moreover, the synergetic factor R was introduced to
evaluate the synergetic effect by comparing the apparent rate

constants (kypp) of degradation of MO in photoelectrocatalytic
(PEC), photocatalytic (PC) and electrochemical (EC) processes.

kapp of MO degradation in PEC process

- kapp of MO degradation in PC process
+kapp of MO degradation in EC process

3. Results and discussion

3.1. Characterization of N-F-codoped TiO; nanotubes
electrode

Fig. 2a—c shows SEM images of N-F-codoped TiO, nan-
otubes electrode formed at 10V, 20V and 30V for 0.5h,
respectively, in 1/12M CyH>04-2H,0 + 0.5 wt.% NH4F elec-
trolyte. It was obvious that the inner diameter of N-F-codoped
TiO, nanotubes electrode formed at 10V was approximately
28 nm, and that of the sample formed at 20 V was in the range
of 35-55 nm. However, the nanotubular structure of the sample
formed at 10 V was not such visible and self-organized as that
of the sample formed at 20 V. In addition, a sponge-like porous
structure was formed at 30 V, and the pore size was larger and no
obvious nanotubular structure appeared. This revealed that the
diameter of N-F-codoped TiO; nanotubes electrode increased
with the anodization voltage, and its surface morphology were

pot Magn  Det 500 nm

150000x TLD Zhejiang University

Fig. 2. SEM images of N-F-codoped TiO, nanotubes electrode anodized in 1/12M C,H;04-2H,0 + 0.5 wt.% NH4F at anodization voltages of 10V (a), 20V (b),

30V (c) and cross-sectional images of the sample anodized at 20 V (d).
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Fig. 3. XRD patterns of N-F-codoped TiO, nanotubes electrode before anneal-
ing (a), after annealing at 673 K (b), 773 K (c¢) and 873 K (d), respectively, for
2hin an air atmosphere.

also greatly depend on the anodization voltage. Fig. 2d pre-
sented the cross-sectional image of the sample anodized at 20 V
for 0.5 h. It was clear that the length of the nanotubes was in the
range of 800-900 nm. It should be noted that the nanotubes in
this work had the smaller inner diameter and the longer length
than the nanotubes prepared in HF electrolyte [29]. This was
possible for the lower current density in CoH,O4-2HO solution
with high resistivity.

Fig. 3 depicts XRD patterns of TiO, nanotubes electrode
before and after annealing at 673 K, 773 K and 873K for 2h
in an air atmosphere, respectively. It was seen that the amor-
phous phase was dominant before annealing, and anatase TiO»
(260=25.3°) was obtained after annealing at 673 K and a mix-
ture of rutile (20=27.3°) and anatase phase appeared after
annealing at 773K and 873 K. The peak at 25.3° was the
diffraction of (101) of anatase and the peak at 27.5° was the
diffraction of (110) of rutile. This indicated that the anneal-
ing temperature had a great effect on the phase composition
of TiO, nanotubes electrode. However, it should be noted
that the intensity of diffraction peak corresponding to rutile
TiO, appeared in the sample annealed at 773 K was obvi-
ously stronger than that appeared in the sample annealed at
873 K, indicating the larger amount of rutile phase. In addi-
tion, there are no diffraction peaks corresponding to other TiO»
crystals.

The elemental composition of N-F-codoped TiO, nanotubes
electrode was determined by XPS. The sample was anodized at
20V for 0.5hin 1/12M CyH;04-2H>0 + 0.5 wt.% NH4F elec-
trolyte, and annealed at 673K for 2h in an air atmosphere.
Fig. 4a shows that the prepared electrode consists of Ti, O,
C, N and F. The atomic concentration of Ti, O and C was
21.10 at.%, 51.65 at.% and 25.25 at.%, respectively. The atomic
ratio of Ti/O was above 1:2. It is very much likely that the
oxygen excess is associated with the carbon. The C element
was mainly ascribed to the adventitious hydrocarbon from XPS
itself. The residual carbon from electrolyte and adventitious

element carbon may also cause the presence of C element
[30]. It should be noted that the concentrations of total-N and
total-F in TiO, nanotubes were 0.72 at.% and 1.28 at.%, respec-
tively. The chemical forms of the N/F atoms in TiO; nanotubes
were investigated from the analysis of the high-resolution XPS
spectra.

Fig. 4b depicts two peaks of binding energy of N Is of
396.25eV and 401.9eV, respectively. The peak at 396.25eV
was generally considered as the evidence for the presence Ti—-N
bonds formed when N atoms replace the oxygen in TiO; crystal
lattice. Here, these N atoms are called site-N. This is possi-
ble because N 2p states can mix with O 2p states, and thus N
atoms substitute O atoms in the TiO; crystal lattice. The peak at
401.9 eV could pertain to N atoms from adventitious N, or NH3
adsorbed on the surface of TiO, [31].

Fig. 4c shows the high-resolution XPS spectra of F Is. It
was observed that an unsymmetrical F 1s peak. This means that
different chemical forms of F atoms might exist in TiO, nan-
otubes electrode. Therefore, the F 1s peak was deconvoluted
into two separated peaks with Gaussian distributions. The peak
at 686.4eV of F 1s was originated from the F atoms of the
TiOF, [7]. The peak at 688.5eV could pertain to Ti—F bonds
[32,33], that is, the substitutional F atoms that occupied oxy-
gen sites in the TiOy crystal lattice, and the position of this
peak was close to the value reported by Yu for the substitu-
tional F atoms in TiO, [6]. These results indicated that the F
atoms were also doped into TiO; nanotubes electrode. This is
understandable because the ionic radius of 0.136 nm for F~ is
equal to that of 0.140 nm for O?~, resulting in F~ to substitute
0.

Fig. 4d shows that the XPS spectra of Ti 2p3 in TiO,. It
could be fitted as one peak at 460.4 eV, indicating that Ti ions
were mainly in an octahedral environment and its valence state
was not influenced by a small amount of doping, and a trace
of Ti** was not detected. Meanwhile, the binding energy of
Ti 2p3/p of 460.4 eV was larger than that of the standard value
(458 £ 0.1 eV) [34], which meant that the surface acidity of TiO,
was enhanced, and thus it was easy for the polar organic pol-
lutants to be adsorbed on the catalyst surface. The XPS spectra
of the O 1s region were also taken, as shown in Fig. 4e. The
O 1s region could be fitted by four peaks at 530.9 eV, 531.8¢eV,
533.0eV and 534.6 eV, corresponding to the Ti—O bond in TiO»,
hydroxyl groups on the surface, oxygen chemically adsorbed
on the surface and H>O molecule adsorbed on the surface
[35,36].

3.2. Formation mechanism of N-F-codoped TiO»
nanotubes electrode

3.2.1. Formation of TiO nanotubes electrode

For investigating into the formation mechanism of N-F-
codoped TiO, nanotubes electrode, current—time transient of
Ti in electrolyte was recorded. Fig. 5 shows that during the
anodization, N-F-codoped TiO;, nanotubes are formed through
three phases. In comparison with the result reported by Lai
et al. [37], the current—time transient in this work was much
slower. This can be attributed to the higher resistivity in
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Fig. 4. The whole XPS spectra (a), N 1s XPS spectra (b), F 1s XPS spectra (c), Ti 2p XPS spectra (d) and O 1s XPS spectra (e) of N-F-codoped TiO, nanotubes

electrode.

C>H,04-2H,0 + NH4F electrolyte than that in HF electrolyte.
In the initial phase, titanium dissolved rapidly in electrolyte and
thus anode current was very large. Then large numbers of Ti**
came into being and immediately reacted with ions contain-
ing oxygen to form a compact barrier layer of TiO, film, and

current decreased sharply. An oxide layer initially formed via
the following reactions [38]:

2H,0 — O, +4e” +4HT 6))

Ti + Oy — TiO, 2)
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Fig. 5. Current-time transient of Ti in 1/12M C,H204-2H,0 + 0.5 wt.% NH4F
electrolyte.

Then the second phase began, electric field intensity
increased rapidly with the formation of oxide layer. Under the
combined effect of electric field and electrolyte, the barrier layer
of TiO; film dissolved to form cores of porous layer, which grad-
ually became to form pores distributed highly self-organized.
The pores were the result of the localized chemical dissolution
of the oxide by F~. In this phase, Ti** could easily traverse the
barrier layer to go into the solution, and ions containing oxygen
in the solution could also easily traverse the barrier layer to react
with Ti*". Therefore, a new barrier layer was formed and current
rose.

In the third phase, porous layer grew steadily. Current was
generated from ions transferring in both sides of the barrier
layer and kept a steady-state value. The oxide layer in the bot-
tom of pores grew continuously toward inside of the titanium
sheet. When the growing speed at barrier—titanium interface
was equal to the dissolved speed of the oxide layer in the
bottom, the barrier layer stopped growing inside. Finally, N—F-
doped TiO» nanotubes electrode with a constant length were
formed.

3.2.2. Processes of N- and F-doping of TiO; nanotubes
electrode

Different processes of the N- and F-doping were considered.
The N-doping into the TiO, crystal lattice occurred following
the NH4F decomposition into NH3; and proceeded through the
following reaction:

TiO + NH3 — TiO,_ (N, + HO 3)

The process of F-doping into the TiO» crystal lattice is pre-
sented by reactions (4) and (5). First, TiO, reacted with F—, from
dissolution of NH4F, to form TiFg>~. Then during the TiFg>~
hydrolysis, part of the Ti—F bonds did not break and directly
remained in the TiO; crystal lattice:

TiO, + 6F~ +4HT — TiFg2~ +2H,0 )

TiF¢*~ 4+ 2H,0 — TiO,—,F, +HF + NH; (5)

3.3. Photoelectrocatalytic activity evaluation

3.3.1. Effect of voltages during anodization

N-F-codoped TiO, nanotubes electrodes anodized at dif-
ferent anodization voltages were tested to compare their
photoelectrocatalytic efficiencies by MO degradation. All sam-
ples were annealed at 673K after anodization and 0.25V
(versus SCE) of anodic bias potential was applied. It is
well recognized that the photoreaction generally fits with the
Langmuir—Hinshlwood kinetics expression with the rate being
proportional to the coverage 6 [39]:

_ kKC
T 14+ KC

where k is the true rate constant which includes various param-
eters such as the mass of catalyst, the flux of efficient photons,
the coverage in oxygen, etc., and K is the adsorption constant.
When the initial concentration is very low (10 mg/L), the term
KC in the denominator can be neglected with respect to unity
and the rate becomes, apparently, first order:

dC

r= = =kKC = kupC

where kypp is the apparent rate constants of pseudo-first-order.
The integral form of the rate equation is

Co
C
The apparent rate constants (kapp) was calculated from
the slopes of In(concentration versus time). In this research,
pseudo-first-order kinetics was also confirmed in the photo-
electrocatalytic process of MO. The apparent rate constants and
regression coefficients are presented in Table 1. It was seen that
the sample anodized 20 V had the higher apparent rate constant
(kapp), indicating the higher photoelectrocatalytic activity. In
fact, these SEM images indicated that N-F-codoped TiO, nan-
otubes anodized at 20 V had a more distinct and self-organized
tubular structure, and thus had the higher specific surface area
than that anodized at 10 V and 30V, which could adsorb more
MO molecules to be excited by UV irradiation to produce more
activated states for degradation.

In = kappt

3.3.2. Effect of annealing temperature

The effect of annealing temperature on the photoelectrocat-
alytic efficiency was investigated. The apparent rate constants
and regression coefficients of N-F-codoped TiO; nanotubes
annealed at 673 K, 773 K and 873 K are also shown in Table 1.
Samples were anodized at 20V and 0.25V (versus SCE) of
anodic bias potential was applied. It was apparent that N-F-
codoped TiO; nanotubes (673 K) had the higher degradation
rate of MO among the samples. Actually, these results of XRD
patterns indicated anatase TiO, was entirely obtained after
annealing at 673 K, and a mixture of rutile and anatase phase
appeared after annealing at 773 K and 873 K. Generally, anatase
TiO, showed excellent photoactivity in photocatalytic reaction
due to its high-specific surface area, strong adsorption for oxy-
gen [2,9-12]. Meanwhile, some research revealed that rutile
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Table 1
The kinetic constants and regression coeffcients of the degradation of MO
Anodization Annealing Oxidation Anodic bias Kinetic constants Regression
voltage (V) temperature (K) process (vs. SCE) (V) kapp (min~ 1) coefficients R?
10% 673 PEC 0.25 0.04381 0.9938
20% 673 PEC 0.25 0.07066 0.9712
302 673 PEC 0.25 0.04798 0.9933
202 773 PEC 0.25 0.04745 0.9681
202 873 PEC 0.25 0.03245 0.9985
202 673 PC - 0.00782 0.9654
202 673 EC 0.25 0.00030 0.9658
- - DP - 0.00632 0.9922
200 673 PEC 0.25 0.04323 0.9449

2 The sample was anodized in C;H»04-2H>0 + NH4F electrolyte.
b The sample was anodized in HF electrolyte.

TiO, photoelectrode also showed photoactivity to a certain
extent [39—41]. In this study, anatase TiO, had a higher pho-
toelectrocatalytic activity, in accordance with the conclusions in
most published work.

3.3.3. Effect of anodic bias potential on MO degradation

In order to investigate the effect of anodic bias potential
on MO degradation, linear sweep voltammetry was conducted.
Fig. 6 shows the voltammograms of MO with and without UV
illumination. When the potential was below +0.25V, the rate
of photoelectron transport process was lower and controlled the
overall PEC oxidation. The applied bias resulted in the increase
of space charge layer and band bending, thus promoted the sep-
aration of photogenerated carriers and interface charge transfer
rate of TiOy/solution. Thus, the photocurrent increased in the
range of 0-0.25V. Once the anodic bias exceeded +0.50V,
under given light intensity, the photogenerated carriers were
fully separated, which leads to saturated photocurrent and the
rate increases slowly. Under this condition, the interfacial oxi-
dation became the rate-determining step of the overall process,
and its rate was slower than the photoelectron transport [41-43].

s (®)

Current (mA)

i T T T T T T o T
0.0 0.1 0.2 0.3 0.4 0.5
Potential (V vs SCE)

Fig. 6. Current—potential curves at N-F-codoped TiO, nanotubes electrode with
and without UV irradiation in 0.1 M Na;SOy4 containing 10 mg/L MO: (a) in
the dark and (b) under UV irradiation. The sample were anodized at 20 V and
annealed at 673 K.

3.3.4. Comparison among EC, PC and PEC processes of
MO

The apparent rate constants and regression coefficients of
the electrochemical (EC), photocatalytic (PC), photoelectro-
catalytic (PEC) and direct photolysis (DP) processes of MO
were presented in Table 1. For comparison, the photoelectro-
catalytic activity of the only-F-doped TiO, nanotubes electrode
prepared in HF electrolyte was tested. In this work, note that
only-N-doped and un-doped TiO; nanotubes electrodes were
not prepared because generally the electrolyte should contain
F~ during anodization. All samples were anodized 20V and
annealed 673 K and 0.25'V of anodic bias potential was applied
in electrochemical and photoelectrocatalytic processes. It was
seen from Table 1 that the direct photolysis of MO under UV
illumination was proven to be present. Comparing with N-F-
codoped TiO> nanotubes electrode, the photoelectrocatalytic
activity of only-F-doped electrode was lower, indicating the pro-
moting effect of N and F on the separation of photogenerated
carriers, which accelerated the photocatalytic reaction under UV
irradiation. Moreover, these results indicated that there was an
obvious synergetic effect between the EC and PC processes, and
the synergetic factor R in this work reached 8.7. As we know,
under UV excitation, anodic bias potential can drive the photo-
generated electrons to the counter compartment via the external
circuit, and the photogenerated holes quickly move in opposite
directions of the electrons to accumulate on TiO, nanotubes sur-
face, thus their recombination is greatly suppressed. The holes
that remain on the TiO; nanotubes are efficiently utilized in the
oxidation of the dye molecules and the photocatalytic efficiency
is improved [2]. Moreover, the higher specific surface area of
TiO, nanotubes favors adsorbing more dye molecules to be oxi-
dized. In addition, the promoting effect of N-F-codoping has
also a contribution to the higher synergetic effect in this study. As
above mentioned, N-doping into TiO; resulted in the creation of
surface oxygen vacancies, and F-doping produced several bene-
ficial effects, including the creation of surface oxygen vacancies,
the enhancement of surface acidity and the Ti** ions. As a
result, the promoting effect was induced by both N and F
dopants [7]. The presence of Ti>* ions reduces the electron—hole
recombination rate and thus enhances the photocatalytic
activity [6].
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Fig. 7. MO photoelectrocatalytic degradation efficiencies of five repeated exper-
iments with N-F-codoped TiO; nanotubes electrode (20 V, 673 K) (experiment
condition: 10 mg/L initial concentration of MO, 0.1 M Na;SQOy4, 0.25 V anodic
bias potential, 80 min irradiation time).

3.3.5. Stability of N-F-codoped TiO; nanotubes electrode

The stability of N-F-codoped TiO, nanotubes electrode
was investigated five times by repeating photoelectrocatalysis
degradation of MO, as shown in Fig. 7. N-F-codoped TiO,
nanotubes electrode was cleaned with ultrasonication after each
experiment. It was interesting to find that after five repeated
experiments for photoelectrocatalytic degradation of MO for
80 min, the degradation efficiencies were rather stable and still
kept above 97%.

4. Conclusions

The high efficient photoelectrode of N-F-codoped TiO»
nanotubes electrode was prepared by electrochemical anodiza-
tion of Ti in CoH204-2H,>0 + NH4F electrolyte. The diameter
of N-F-codoped TiO; nanotubes electrode increased with the
anodization voltage, and its surface morphology of nanotubes
electrode were also greatly depend on the anodization voltage.
The optimum value of anodization voltage was 20 V.

During anodization, nitrogen and fluorine was successfully
doped TiO; nanotubes electrode by one-step process, integrat-
ing preparation with doping. N-F-codoped TiO; nanotubes are
formed through three phases: the formation of TiO; film oxide
layer; the formation of porous layer; the stead growth of porous
layer. Meanwhile, the N-doping into the TiO, crystal lattice
occurred following the NH4F decomposition into NH3; and the
process of F-doping into the TiO; crystal lattice undergo two
steps: TiO; first reacted with F~ to form TiFg2~, then during
the TiFs2~ hydrolysis, part of the Ti—F bonds did not break and
directly remained in the TiO; crystal lattice.

N-F-codoped TiO, nanotubes electrode showed the higher
photoelectrocatalytic activity under the following conditions:
voltage during anodization was 20 V, annealing temperature was
673 K and anodic bias potential was 0.25 V. It was worthy to
be noted that there was an obvious synergetic effect between
the electrochemical process and the photocatalytic process. The
synergetic factor R reached 8.7. The obvious synergetic effect

was attributed to the advantages of photoelectrocatalytic tech-
nique using high-aspect-ratio TiO; nanotubes and the promoting
effect of N-F-codoping on the catalytic activity. Moreover, N—F-
codoped TiO; nanotubes electrode showed good stability and
after five repeated experiments the photoelectrocatalytic effi-
ciencies of MO still kept above 97% within 80 min.
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