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Abstract—The Ag/N-TiO2 nanotube arrays photocatalyst have been successfully fabricated by in-situ anodization method and
followed by calcining at 450oC under N2 atmospheric condition. The inner diameter, wall thickness, and length of the nanotube arrays
are approximately 65 nm, 15 nm, and 900 nm, respectively. Ag nanoparticles with diameter around 20-30 nm are deposited on the
surface of the N-TiO2 by an electrochemical deposition method. Compared with the TiO2 nanotube arrays, the Ag/N-doped TiO2
showed a significant enhancement of photoelectrocatalytic (PEC) degradation on methylene blue (MB), was about 92% for 240 min
under visible light irradiation. The kinetic constant of Ag/N-doped TiO2 electrode was about 9 times higher than TiO2. The enhanced
photocatalytic activity under visible light irradiation of Ag/N-doped TiO2 is a synergistic effect of N-doping and Ag nanoparticles
deposited. Furthermore, the kinetic constant PEC degradation of MB is a contribution of photo-generated electron-hole separation
efficiency, due to bias potential which was applied to the surface of the electrode. The Ag/N- TiO2 is a promising photocatalyst for
organic pollutant degradation which is visible light responsive.
Keywords— nanotube arrays; anodization; electrochemical deposition; bias potential; photoelectrocatalytic

synthesized via in situ anodization method, and it was found
that N doping into TiO2 nanotube arrays lattice contributed
to reduce the band gap of TiO2 and improve the
photocatalytic degradation of the methylene blue under
visible light irradiation [15]. However, it is still not
sufficient for the photocatalytic application, because of low
photocatalytic efficiency due to high recombination
photogenerated carrier. Recently, co-modification of TiO2
using N doping and metal loading have been reported to be
an efficient attempt for the photocatalytic enhancement
activity [16], [17]. Decorating N-doped TiO2 surface with a
noble metal, such as Fe, Pt and Ag provide a potential to
improve photocatalytic activities with high efficiency under
visible light irradiation [18]. The noble metal with
nanoparticles is deposited on the N-doped TiO2 surface act
as a mediator for the interfacial charge transfer and prevent
the photogenerated electron-hole pairs recombination [19].
Among of the noble metals, Ag is the most preferred
element because it matches with N-doped TiO2 owing to the
favorable energy level [20].
The deposition of Ag
nanoparticles onto the surface of N-doped TiO2 can
markedly broaden the absorption edge to visible light region
due to surface plasmon resonance (SPR) [21]. The local
plasmonic resonance in Ag nanoparticles can enhance the
electric fields, facilitating photogenerated electron-hole

I. INTRODUCTION
Highly ordered TiO2 nanotube arrays have received
considerable attention because of their large specific surface
area to adsorptive capacity, good photocatalytic activity and
chemical stability that can be exploited in applications such
as solar cell [1], [2], water splitting [3], biological process [4]
and environmental purification [5]. The main advantages of
the unique its nanotube arrays architecture with wall
thickness, which enhances the charge transport in the TiO2electrolyte interface [2] and extensive applications in solar
light conversion. Unfortunately, TiO2 nanotube arrays with
a wide band gap (3,2 eV) can only respond to UV light
irradiation, which limits their application because UV light
possesses about 5% of the solar spectrum. Another problem
impeding application of TiO2 photocatalyst is that the
photogenerated electron-hole pairs are easily recombined
results in low photocatalytic efficiency [6].
Several attempts have been tried to improve its visible
light response by nonmetal doping, such as B [7], [8], S [9],
C [10] or N [11]-[13]. Among these elements, N doping into
TiO2 lattice has been demonstrated the red shift of
absorption edge to the visible light region [14]. In our
previous work, N-doped TiO2 nanotube arrays were
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of TiO2 nanotube arrays. Finally, N-TiO2 can be prepared
successfully.
The Ag-decorated on N-TiO2 surface were prepared by
electrochemical deposition methods in a two-electrode cell
comprised of N-TiO2 and Pt foil used as the working and
counter electrode, respectively. The working electrode was
immersed in the electrolyte solution containing AgNO3
solution 2.0 g.L-1 and EDTA 0.1 g.L-1 for 10 min in the dark
before electrochemical deposition processes. The
electrochemical deposition was carried out at room
temperature using a potentiostat eDaQ. The deposition
potential was controlled at -1.0 V and the deposition time
varied for 5 to 25 s. The as-prepared samples were dried at
60oC overnight until results the Ag/N-TiO2.
The morphology of the obtained samples were
characterized by field emission scanning electron
microscope (FESEM, FEI-Inspect F50) with accelerating
voltage of 20 kV.
The crystalline structure of the samples was identified by
X-ray diffraction (XRD-PHILIPS PW 1710) using Cu Kα as
a radiation source in the range 10-80°(2θ). The elemental
composition was determined using EDX, and chemical states
were analyzed by X-ray photoelectron spectroscopy (XPS,
K-alpha Thermo Scientific) using a monochromatic Al Kα
radiation source (15 mA, 14 kV). Diffuse reflectance
spectra (DRS) of the samples were recorded by a
spectrophotometer with software UV Probe (DRS-8000
Shimadzu).
The photoelectrochemical measurement was performed in
0.1 g.L-1 KOH solution as the electrolyte using a threeelectrode with the obtained samples as the working electrode,
an Ag/AgCl electrode as the reference, and a platinum foil as
the counter electrode. A 150 W Hollolite lamp (wavelength
425 nm, contain UV light a portion of ~10%) which
provided an irradiation intensity of 37 mWcm−2 was used as
the visible light source. The photocurrent density of the
sample was measured with a scanning potentiostat (eDAQ
version 9.1) by linear sweep voltammogram from -1.0 V to
1.0 V at a rate of 100 mVS−1 under visible light irradiation.
The photocatalytic (PC) and photo electrocatalytic (PEC)
activities of the obtained electrodes were evaluated by
degradation of methylene blue (MB) aqueous solution with
an initial concentration of 10 mg.L-1 containing KOH 0.1
g.L-1 as the electrolyte. The PEC process was performed in a
semi-cylindrical quartz reactor (3.0 cm x 6.0 cm) using the
Ag/N-TiO2 (1.5 cm x 1.5 cm) as photoanode, Pt foil as
cathode and an Ag/AgCl as the reference electrode with bias
potential applied 0.5 V, and a 150 W Hollolite lamp (Philip,
China) was employed as the visible light source.
The distance between the PEC reactor with the visible
light source was 20 cm (intensity of 37 mWcm−2). Prior to
PEC degradation, the electrode was soaked in MB solution
(10 mg L−1) in the dark for 30 min to establish the
adsorption-desorption equilibrium. During the PEC process,
the MB concentration was analyzed at a time interval of
every 10 min by measuring the absorbance using a UVvisible spectrophotometer (Shimadzu 2450). The reaction
solution (~2.0 mL) was quickly withdrawn at given reaction
intervals and was returned to the reactor after being analyzed.

production. Furthermore, interactions between the TiO2 and
Ag have been recognized Schottky barriers, which can
facilitate to separate the photogenerated electron-hole pairs
promotes interfacial electron transfer process [22].
Mingxuan et al. [23] were reported that Ag-N co-doped TiO2
prepared by in situ calcination process. The
photoelectrochemical performance is associated with an
enhanced visible light response and high photogenerated
electron-hole separation efficiency, due to the synergetic
effect of N-doping and Ag-loading. Shenseng et al.[24]
prepared Ag loaded N-doped TiO2 by the electrochemical
anodization followed electrodeposition method and found a
high photocatalytic degradation efficiency for the
degradation of Acid orange. Jiqing et al. [25] fabricated
Ag/N-doped TiO2 by electrochemical deposition. They
suggest that the Ag nanoparticles were deposited on Ndoped TiO2 surface increasing electron transfer, which
enhanced the photoelectrochemistry performance.
Most of the previously reported methods for synthesis of
Ag/N co-doped TiO2 involved multiple steps, in which the
preparation of TiO2 and N doping are occurred at different
stages [23]-[25], which is complex and time-consuming.
Ammonia or NH3 as N dopant source for preparation of the
N-doped TiO2 is not environmental friendly. Furthermore,
the kinetics of photocatalytic process under visible light
irradiation not reported.
In this paper, we report on synthesis N-doped TiO2
nanotube arrays by in-situ anodization followed calcining at
450oC under N2 atmosphere. The N-doped TiO2 surface has
been decorated with Ag nanoparticles by electrochemical
deposition. The Ag/N co-doped TiO2 are investigated by
XRD, FESEM, EDX, XPS and UV-visible absorption
spectra.
The photocurrent response was investigated the
photoelectrochemical behaviour performance, and then
photocatalytic activities are evaluated using the
photoelectrocatalytic degradation of methylene blue under
visible light irradiation. The effect of N-doping and Agdecorating into TiO2 nanotube arrays on the
photoelectrocatalytic kinetics was also investigated.
II. MATERIALS AND METHODS
The N-doped TiO2 nanotube arrays (denoted N-TiO2)
were synthesized by in-situ anodization process according to
our previous report [15]. Briefly, Ti foil (from Baoji
Jinsheng Metal Material Co, purity 99.6%, the thickness of
0.3 mm) with the square area (1.0 cm x 3.0 cm) were
mechanically polished with sandpapers and then degreased
by sonication in acetone, ethanol and deionized water for 10
min, respectively and dried in nitrogen stream. Then the
cleaned Ti substrates were anodized in the electrolyte
ethylene glycol consisted of the NH4F (0.3 wt%), deionized
water (2.0 wt%) and 0.2 wt% triethylamine (1.5 mol.L-1), in
the two-electrode electrochemical cell (Ti foil as the anode
and Pt foil as the cathode). The potential was controlled
about 40 V for 1 h using a DC power supply. The asprepared sample was rinsed with deionized water and
subsequently calcined at 450oC for 3 h with a heating and
cooling rate of 5.0oC min-1 under a nitrogen atmosphere (5.0
mL.min-1) to induce anatase crystallization. This simple
method comprised simultaneously N doping and fabricated
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the Ag/N-TiO2 sample consist of five elements, with an
atomic ratio (%) of O, Ti, N, C, and Ag are 63.41, 27.61,
3.35, 3.36 and 2.15 %, respectively. It is clear that the Ag
nanoparticles deposited on the surface of N-TiO2 nanotube
arrays.
The overall chemical composition of the as-prepared TiO2
and Ag/N-TiO2 were determined by XPS, as shown in Fig.
4a-d. Fig. 4a shows that the XPS spectrum of N 1s region for
Ag/N-TiO2 appears at 400.6 eV is typical for N-TiO2 [11].

III. RESULTS AND DISCUSSION
The XRD patterns of TiO2, N-TiO2 and Ag/N-TiO2 are
shown in Fig. 1. The crystal structures for all samples gave
peaks the diffraction of the field (110), (004), (200) and
(204), indicating that all samples exhibit the crystalline
phase of anatase, consistent with TiO2 standards (JCPDS
No.21-1272).

Fig. 1 XRD patterns for samples of TiO2 (a), N-TiO2 (b) and Ag/N-TiO2
(c)

The peaks belonging to Ti substrate can be clearly found
for all samples, which confirms that synthesis of nanotube
arrays TiO2 on the Ti substrate was successful. For the
Ag/N-TiO2 after electrochemical deposition treatment for 10
s, two weak peaks at 44.3o and 77.2o, attributed to the
characteristic peaks of Ag (200) and (220) are observed
(Fig.1c), indicating that the N-TiO2 nanotube arrays surface
was deposited with Ag nanoparticles, which is consistent
with early reported [21]. For all samples gave similar peaks,
which may be implied that the crystalline structure are not
altered after N doping into TiO2 lattice, and Ag-deposit on
the nanotubes arrays surface.
The FESEM images of the top view and the crosssectional (inset image) of N-TiO2, respectively are shown in
Fig. 2a. As shown in Fig. 2a, the morphology of N-TiO2 are
opened at the top with an average diameter of 65 nm and
wall thickness to be 15 nm. The cross-sectional image of the
N-TiO2 shown the nanotube arrays are vertical to the Ti
substrate and its tube length is approximated to 900 nm.
The as-prepared N-TiO2 nanotube arrays would be further
modified by Ag deposition. Fig. 2b shows the top views of
Ag/N-TiO2 with the deposition time of 10 s at a constant
direct potential of 1.0 V. Some Ag nanoparticles on the top
of N-TiO2 nanotubes are observed. However, the size of Ag
nanoparticles is not clearly seen in the FESEM image. The
detailed information of Ag is determined by TEM
measurement. The TEM image of N-TiO2 decorated with Ag
is illustrated in Fig.2c. It is clear that the deposited Ag
nanoparticles with the diameter of around 20-30 nm (shown
in circles) dispersed uniformly over the surface of N-TiO2
nanotube arrays.
The composition (atomic %) of the N-TiO2 and Ag/NTiO2 are investigated by energy dispersive X-ray
spectroscopy (EDX), as shown in Fig. 3. It can be seen that

Fig. 2 (a) FESEM images of N-TiO2 , (b) Ag/N-TiO2 and (c) TEM
image of top view of Ag/N-TiO2 after deposition time for 10 s with
potential of 1 V
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According to the earlier studies [12], [15], [25], this N 1s
peak at around 400.0 eV can be attributed to the oxidized
nitrogen in the form of N-Ti-O linkage, namely interstitial N.
The electronegativity of N doped into TiO2 lattice is lower
than O element, leading to reducing of electron density on
the N [26]. This result indicates that calcining process
indeed leads to substitution of N atoms for O sites in TiO2
lattice. This deduction can be further investigated by Ti 2p
spectra. In Fig. 3b, the Ti 2p3/2 and 2p1/2 core level peaks of
Ag/N-TiO2 appear at 458.9 eV and 464.9 eV, respectively.
They shift to lower binding energy by 0.3 eV compared with
TiO2.The redshift may be implied a higher electron density
and might be attributed to the doping of N into TiO2 lattice
[18], [24], [26]. The O 1s XPS spectrum in Fig. 3c can be
separated to two peaks at 530.2 and 531.6 eV, respectively,
further confirming the formation of the N-Ti-O structure,
which is consistent with the early reported N-doped TiO2
[12], [24], [26]. These results suggest that the TiO2 lattice is
considerably modified by interstitial N for the prepared
Ag/N-TiO2 nanotube arrays. Fig. 4d shows the XPS
spectrum of Ag 3d consist of two peaks at around 368.6 eV
and 374.6 eV, respectively attributed to Ag 3d5/2 and 3d3/2
region, consistent with reported by Sun et al. [18]. The
splitting of 3d orbital of Ag with energy separation of 6.0 eV,
indicates that the deposited Ag mainly exists in the Ago state
on the N-TiO2 nanotube surface [24], [27].

Fig. 3 EDX spectra of N-TiO2 and Ag/N-TiO2 obtained after deposition
for 10 s and inserted table of atomic composition
Fig. 4 (a) High-resolution XPS spectra of N 1s region; (b) Ti 2p; (c) O 1s
and (d) Ag 3d of the Ag/N-TiO2 obtained

Fig. 5 shows the UV-visible absorption spectra of TiO2,
N-TiO2 and Ag/N-TiO2 samples. For the undoped TiO2
exhibits absorption in a wavelength region below 400 nm is
due to the intrinsic interband transition absorption of anatase
TiO2 (curve a), while the absorption edge of N-TiO2 is red
shift toward visible light region around 400 nm (curve b). It
indicates that the doping of N into the TiO2 lattice have been
successful. Compared with the TiO2 and N-TiO2, the optical
absorption edge of Ag-TiO2 and Ag/N-TiO2 extend to the
visible light region.
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orbitals with O 2p [11]. In comparison with TiO2 and N-TiO2,
the Ag-TiO2 shows higher photocurrent responses of 0.58
mA.cm-2

Fig. 5 Absorption UV-visible spectra of TiO2, N-TiO2, Ag-TiO2 and
Ag/N-TiO2 after deposition Ag for (5-25 s)
Fig. 6 Linear sweep voltamograms of: (a) TiO2, (b) N-TiO2, (c) Ag-TiO2,
(d) Ag/N-TiO2 electrode after deposited for 5 s, (e) 10 s, (f)15 s, (g) 20 s
and (h) 25 s, in KOH 0.1 M under visible light irradiation

As can be seen, the absorption broad peaks around 450
nm (curve c-h). The red-shift might be related to the
interaction between TiO2 and Ag particles, which is
contributed to surface plasmon induced photoexcited
electrons of Ag nanoparticles [25], [28]-[29]. It was found
that the optical absorption of Ag/N-TiO2 is strongest after
deposition time for 10 s (curve e). However, as the deposited
time increases upper 10 s, the absorption band edges of
Ag/N-TiO2 are blue-shift (curve f-h). These may be
indicated that the Ag nanoparticles size increases. The
plasmonic of Ag nanoparticles have provided enhanced
property by scattering and hot electrons transfer process [29].
Generally, the scattering process would occur at
nanoparticles with a size of 100 nm [25], [30]. Among all
synthesized samples, the Ag/N-TiO2 after deposited for 10 s
exhibits the best visible light absorption, consistent with
FESEM image which is the Ag-nanoparticles with a
diameter of around 20-30 nm have been dispersed over the
surface of N-TiO2 nanotube arrays.
The Ag nanoparticles can strongly interact with visible
light owing to plasmonic resonance, which is enhanced the
light absorption and charge separation. Localized plasmon
resonance (LPR) effects of plasmonic Ag contribute to the
charge separation via the electrons and plasmon resonance
energy transfer [29].
The linear sweep photovoltammetry methods were carried
out to investigate the photoelectrochemical properties of
Ag/N TiO2 electrode. Fig. 6 shows the linear sweep
voltammograms (LSV) of different samples in KOH (0.1 M)
as electrolyte under visible light irradiation with the same
experimental conditions.
Generally, as well known that the TiO2 is not a response
to visible light, but in our work shows very low photocurrent
(curve b), because the halolite lamp as used as the visible
light source contains UV light a portion of 10%. The
photocurrent density of N-TiO2 is much higher than that of
TiO2, where arise to 0.52 and 0.02 mA.cm-2, respectively.
This is an indication that the formation of photogenerated
electron-hole pairs on the surface of N-TiO2 is easier to
occur than TiO2 when absorbing visible light because it has a
smaller band gap as a result of the mixing of the N 2p

For Ag nanoparticles are deposited on the N-TiO2 surface
with deposition time for 5 s, and 10 s, the photocurrent
density of Ag/N-TiO2 increased 0.67 and 0.92 mA.cm-2,
respectively as shown in Fig.5 consistent with the absorption
spectra. However, the deposition time increased to 15, 20
and 25 s, the photocurrent density of Ag/N-TiO2 decrease to
0.79, 0.77 and 0.56 mA.cm-2, respectively. As can be seen,
the photocurrent densities of Ag/N-TiO2 with deposition
time for 10 s are highest all among electrodes. These results
indicate that lower recombination of photogenerated
electron-hole pairs due to the Schottky barriers formed at the
interface between Ag nanoparticles and N-TiO2 [31].
Furthermore, the photogenerated electron easily transfers
from Ag/N-TiO2 to counter electrode via external circuit
[23], [25].
It can be seen in Fig. 6 that the zero-current potential
(Ezcp) for the Ag/N-TiO2, N-TiO2, and TiO2 were -0.10 V, 0.86 V and -0.75 V, respectively. Compared to the TiO2, the
Ezcp for the Ag/N-TiO2 appears the negative shift about
0.25 V. It may be ascribed to the Ag/N-TiO2 need a lower
potential to transfer the photogenerated electrons to an
external circuit. These results are consistent with the
absorption spectra, thus contributing the synergistic effect of
N-doping and Ag nanoparticles. Obviously, the N-doping
into TiO2 lattice narrowed the band gap energy and
improved the optical absorption visible light. The Ag
nanoparticles are deposited on the N-TiO2 surface not only
extend the absorption range due to its SPR but also facilitate
the separation of photogenerated electron and hole, which is
beneficial to improve the photocatalytic efficiency under
visible light irradiation.
Degradation of methylene blue (MB) experiments were
carried out to evaluate the photocatalytic (PC) activities of
the obtained electrode, under visible light irradiation. The
effect of deposition time on PC activity was investigated, as
shown in Fig. 7a. After Ag nanoparticles deposited for 5 s
formed Ag/N-TiO2, the MB was degraded 54% under visible
light irradiation for 240 min. When deposition time increases
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to 10s, degradation ratio of MB increase about 69% and then
decreases with the further increase of the deposition time.
The optimum deposition time is 10 s that the Ag
nanoparticles with the diameter approximately of 20-30 nm
are dispersed uniformly on the top of N-TiO2 nanotube
arrays (as shown Fig. 2b). The increasing of the size of the
Ag nanoparticles is responsible for increasing degradation
efficiency. While the deposited time increases upper 10 s,
the degradation ratio of MB is decreased, which consistent
with FESEM and photocurrent response. It may be indicated
that a bigger Ag nanoparticle was deposited on the surface of
the N-TiO2. The optimum deposition time results in the
fastest degradation rate of MB, which consistent with the
absorption spectra and photocurrent response in the visible
light region. In addition, the conglomeration of Ag was
deposited on the N-TiO2 surface would decrease the active
site of N-TiO2 to contact with MB molecules and hinder of
the N-TiO2 surface from absorbing visible light [17].
The PC degradation of MB in aqueous solutions was
performed on TiO2, N-TiO2 and Ag/N-TiO2 electrode under
visible light irradiation, as shown in Fig. 7b. It can be seen
in Fig. 7b that the TiO2 have a low PC activity with only 9%
of the MB degraded within 240 min. The PC activity of the
N-TiO2 is higher than the TiO2 electrode, can degrade MB
about 48%. It may be ascribed to the improved the optical
absorption visible light by N-doping.
In contrast, the Ag/N-TiO2 electrode after deposition time
for 10 s demonstrated a highest PC activity than all
electrodes can degrade MB over 68%. This suggests that
simultaneous integration of N-doping and Ag-depositing due
to its SPR which is extended the absorption range can
synergistically improve the photocatalytic performance of
TiO2. Moreover, the interaction between N-TiO2 and Ag
nanoparticles interface formed barrier Schottky as trapped
photogenerated electron which beneficial to enhance the
photocatalytic efficiency.
Comparison of MB degradation by different PC and
photo-electro-catalytic (PEC) processes under visible light
irradiation is performed on the obtained electrodes, as shown
in Fig. 7b. For all PEC process was applied an external
anodic potential of 0.2 V and results in the MB degradation
ratio on TiO2, N-TiO2, and Ag/N-TiO2 electrodes about 14%,
57%, and 92%, respectively. The Degradation ratio (%) of
the MB showed noticeable differences, where the PC is
lower activity than PEC process.
The kinetic behavior of PC and PEC degradation of MB
can be explained by the following Langmuir-Hinshelwood
(L-H) equation [22], [32]:
ln

= − .

(1)

where Co is the initial concentration, Ct is the remaining
concentration of MB at the reaction time (t), and k is the
apparent rate constant of pseudo-first-order (min-1),
respectively.

Fig. 7 (a) The PC degradation of MB on the electrode of deposited Ag
by different time; (b) The PC and PEC process and (c) comparison of
kinetic curves of MB by different processes on TiO2, N-TiO2 and
Ag/N-TiO2 electrode under visible light irradiation and bias potential
applied 0.5 V

The comparison kinetic (ln Co/Ct) curves as a function of
the reaction time of PC and PEC degradation of MB are
performed on the different electrodes, are shown in Fig. 7c.
The PEC degradation of MB clearly followed the first-order
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photogenerated electron to form O2•-. Accumulation of
photogenerated holes on the surface electrode led to the
production of the •OH [22], which was responsible for the
PEC degradation of MB.
Overall, the enhancement of PEC activity of Ag/N-TiO2
electrode can be attributed to three aspects. Firstly, N-doping
into TiO2 lattice can improve the visible absorption light due
to decrease the band gap by mixing of N 2p states with O 2p
states [11]. Secondly, the Ag nanoparticles were decorated
on the N-TiO2 surface can extend the absorption edge to
visible light region due to its SPR. Moreover, interaction the
N-TiO2 and Ag nanoparticles interface formed barrier
Schottky as trapped photogenerated electron which inhibits
the of the photogenerated electron-hole pairs recombination
[22]. Thirdly, bias potential applied is forced to transfer the
photogenerated electron to the counter electrode via an
external circuit, which is beneficial to enhance the
photocatalytic efficiency.

reaction kinetics. The corresponding kinetic constants (k) of
MB degradation are given in Table 1.
TABLE I
THE KINETIC CONSTANTS OF MB DEGRADATION BY DIFFERENT
PROCESS ON TIO2, N-TIO2 AND AG/N-TIO2 ELECTRODE UNDER VISIBLE
LIGHT IRRADIATION

Degradation
Process
PC
PEC

Apparent rate constant, k (min-1)
TiO2
N-TiO2
Ag/N-TiO2-10s
5x10-4
1x10-3

3x10-3
4.5x10-3

6x10-3
9x10-3

It can be seen that the PEC degradation MB are faster
kinetics than PC for all electrodes because the bias potential
is driving photogenerated electron to counter electrode via
an external circuit. When the bias potential of 0.5 V is
applied to TiO2 electrode, PEC degradation rate of MB is
approximately 2.0 times of PC degradation rate using the
same electrode. For N-TiO2 electrode, PC and PEC
degradation rate of MB are 6.0 and 4.5 times of that the TiO2.
Obviously, the Ag/N-TiO2 electrode shows the highest PEC
degradation rate, being 9 times and 2 times larger than that
the TiO2 and N-TiO2 electrode, respectively. These results
ascribe that bias potential to the more effective separation of
the photogenerated electron-hole pairs, which improved the
photocatalytic efficiency [32].
We suggest that the N-doping into the TiO2 lattice is more
effective to improve the optical absorption visible light due
to its narrowed the band gap, promote the excitation of
electron-hole [11], [24]. The Ag nanoparticles decorated on
the N-TiO2 surface can extend the absorption edge to the
visible light region due to its SPR leads to the improvement
of photocatalytic activity.
When the surface of the Ag/N-TiO2 electrode irradiated
with visible light, the valence band electron (e-) of N-doping
are excited to the conduction band of TiO2. After Ag
nanoparticles are decorated on the TiO2 surface, and the
Schottky barriers are formed in the interface region between
Ag nanoparticles and N-TiO2 [22]. The photogenerated
electrons are trapped by Schottky barriers and then rapidly
transferring them to the adsorbed O2 on the surface of TiO2
to form highly oxidative species such as O2•-, which can
further initiate the degradation reaction of MB [23].
Simultaneously, the photogenerated hole (h+) could either
recombine with electron or react with OH- or H2O to form
radical hydroxyl radical •OH [22], [24]. The generated •OH
and O2•- are responsible for the degradation of MB. In this
work, the recombination of the photogenerated electron and
hole pairs are depressed by the external electric field. The
lower recombination rate of photogenerated electron and
hole of Ag/N-TiO2 leads to the enhancement PEC
degradation of MB. The photogenerated electrons are forced
to transfer to the counter electrode via external circuit by
applying an anodic bias potential about 0.5 V to the Ag/NTiO2 surface as the working electrode. While. the Schottky
barriers in the interface region of the N-TiO2 and Ag
nanoparticles and potential gradient both can efficiently
promote the separation of photogenerated electrons and
holes,
resulting
in
the
enhancement
of
the
photoelectrocatalytic activity. The oxygen absorbed on the
surface of the counter electrode was reduced by a

IV. CONCLUSIONS
Highly dispersed Ag nanoparticles with a diameter of 2030 nm were successfully deposited on the N-TiO2 nanotube
arrays by an electrochemical deposition method. The
average inner diameter of the Ag/N-TiO2 nanotubes was
about 65 nm, the wall thickness of 15 nm and its length is
approximately 900 nm. Compared with the TiO2 nanotube
arrays electrode, the Ag/N-TiO2 electrode showed a
significant enhancement PEC degradation of MB, was about
92% for 240 min under visible light irradiation. The kinetic
constant of Ag/N-doped TiO2 electrode was about 9 times
higher than TiO2. The enhanced photocatalytic activities
under visible light irradiation of Ag/N-TiO2 is a synergistic
effect of N-doping and Ag nanoparticles. Furthermore, the
kinetic constant PEC degradation of MB is contributed with
photogenerated electron-hole separation efficiency, due to
bias potential was applied to the surface electrode.
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