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TiO2 and Ag-TiO2/Ti-nanotubes were synthesized by electrochemical anodization and UV-light
illumination photoreduction methods respectively. Scanning electron microscopy, X-ray diffraction
and UV–vis spectrometry were used to characterize the nanotubes. Compared with pure TiO2, Ag
loaded TiO2 showed higher visible light absorption activity. The characterization results indicate that
the surface of the TiO2 nanotubes partially coated with Ag nanoparticles with an average size of about
50-80 nm. The behavior of phenol at the Ag-TiO2/Ti nanotubes array photoanode was characterized by
linear voltammetry. We have investigated the effect of oxygen pressure to photoelectrocatalytic
oxidation of phenol on Ag loaded TiO2 nanotubes under luminescent light irradiation. Results show
that the initial rate of oxidation increases with increasing oxygen pressure. Raising the oxygen pressure
in the system from 0.1 to 0.6 MPa caused the initial rate of the photoelectrocatalytic phenol oxidation
to increase nearly 1.4 times.
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1. INTRODUCTION
Since the beginning of the 1990-s, the photoelectrocatalysis has attracted increasing attention as
one of the most effective methods in the field of environmental protection for remediation of the
environment-degrading organic pollutants [1–4]. TiO2 has been widely used among the variety of
semiconducting metal oxides as the photocatalyst. TiO2 is the most useful photocatalyst due to its low
cost, non-toxicity, large stability and high activity during the oxidation of organic compounds [5–9].
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It is well known that nanoscale materials have the physical and chemical properties which vary
in dependence on the size and geometry of nanomaterials and therefore nanotubes are of great interest.
The application of nanostructured materials, such as nanotubes, in photocatalytic degradation of
organic pollutants and the mechanisms which involve these processes, have also been discussed in the
literature [10–15]. TiO2 nanotubes have attracted a lot of attention due to their high surface area and
extraordinary characteristics for application in photocatalysis, photoelectrolysis and
photoelectrocatalysis [16,17].
However, the wide band-gap of anatase TiO2 (3.2 eV) restricts its photocatalytic applications to
the visible-light range [18]. The relatively high rate of electron-hole recombination often results in a
low quantum yield and poor efficiency of photocatalytic reactions [19,20]. Most of the studies have
been focused on the modification of TiO2 nanotubes loaded by metal ions, especially transition metal
ions, which makes possible for TiO2 to absorb visible light by increasing the charge separation [21–
25].
Silver is often used for TiO2 modification to increase photocatalytic efficiency [26–31]. The
silver nanoparticles, fixed on TiO2 nanotubes, can act as electron traps and limit the recombination of
electrons and holes. Silver has also other advantages including relatively low cost in comparison to
other noble metals, bactericidal properties and high oxygen adsorption [25, 26]. Recently, some studies
reported the Ag/TiO2 composites on photocatalytic processes and demonstrated that it is more efficient
in comparison to the pure TiO2 [32]. The silver modification of highly oriented TiO2 nanotube arrays
and their application in photocatalysis and photoelectrocatalysis have also been studied [33–37].
This paper discusses the photoelectrocatalytic activity of silver modified TiO2 nanotube array
photoanode for oxidation of phenol. The influence of oxygen pressure on the efficiency of
photoelectrocatalytic oxidation of phenol is investigated.

2. EXPERIMENTAL
TiO2/Ti nanotube array electrode was prepared by a synthetic procedure which has been
described by us in detail previously [38]. The Ag nanoparticles were deposited on the surface of TiO2
nanotube array electrode by UV-light illumination photoreduction from an aqueous solution containing
5 mM AgNO3. The TiO2 nanotube array electrode kept into the AgNO3 solution for 12 h in dark at
vacuum. Then the TiO2 nanotube array electrode was illuminated under a UV-lamp for 30 min to carry
the photoreduction. Then the Ag-TiO2/Ti nanotube array electrode was annealed in a muffle furnace at
500◦C for 1 h [34].
Characteristics of obtained nanotubes were performed using electron microscopy and X-ray
analysis. X-ray diffraction (XRD) studies of synthesized catalysts were carried out at 25◦C using
diffractometer Empyrean series 2 firms PANalytical with Cu K1 radiation (k = 0.15406 nm). The
operating voltage and current were 40 kV and 30 mA, respectively. The diffraction patterns were
measured in the 2 range of 5-900 with step size and the step time of 0.0260 and 197 s was used for
data collection. Image of the surface of the synthesized sample was prepared using a scanning electron
microscope LEO 1450 with analyzer ISYS and EDX system (Leica Micro-systems Wetzlar GmbH,
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Germany). The absorption spectra in the UV and visible ranges were recorded on a UV 3600
Shimadzu (Japan) spectrophotometer.
The voltammetric experiments were performed in an autoclave-reactor using a three-electrode
system with a platinum foil counter electrode (5), a saturated Ag/AgCl reference electrode (6) and a
TiO2 nanotube array work electrode (4) (Fig. 1). The prepared samples served as the working
electrodes with a geometric area of 0,25 cm2. The supply bias and work current were controlled using
an IPC-pro MF potentiostat-galvanostat (Volta-Prom, Russia). The working electrode (4) was
illuminated by the light from the luminescent lamp (10) through a quartz window (7) of one side of the
cell. The quartz glass fixed with Teflon cover (3). For the supply of oxygen and measuring the pressure
in the cell were respectively a valve (2) and a manometer (1). The autoclave is equipped with lead
wires for current supply (9). The potential scanning rate was 100 mV/s. The voltammograms obtained
and photoelectrocatalytic activity was studied in aqueous 0.1 M Na2SO4 electrolyte solution.

Figure 1. Schematic representation of the autoclave-electrolyser: 1 – manometer, 2 – gate, 3 – cover, 4
– TiO2 nanotube work electrode, 5 – platinum foil counter electrode, 6 – reference electrode, 7
– quartz glass, 8 – Teflon body, 9 – lead wires, 10 – luminescent lamp, 11 – magnetic stirrer.

Photoelectrocatalytic activity of Ag-TiO2/Ti nanotube array electrode was evaluated by
degradation of phenol. Photoelectrocatalytic oxidation of phenol occurs at the expense of irradiation
generated photocurrent without the supply bias to the cell [39]. The concentration of phenol in the
solution was measured by the fluorimetric method in spectrofluorimeter Model “Fluorat 02 Panorama”
(Russia).

3. RESULTS AND DISCUSSION
The SEM images and XRD patterns of Ag-TiO2/Ti photoanode are shown in Fig. 2. From the
SEM images (Fig. 2 (A)) the particle size of Ag deposited on TiO2 nanotube varies from 50 to 80 nm.
This could be due to agglomeration of some number of particles. The parameters of nanotubes of
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titanium dioxide are not changed. However, it shows that their surface partially coated with
nanoparticles. The amount of deposited silver was approximately 5%. The partial surface coating of
Ag nanoparticles does not lead to any decrease in the absorption of light by the surface of the titanium
dioxide. From the XRD patterns: the peak at 2θ = 44.3о and 64.21о is characteristic to Ag metal, which
confirms the deposition of Ag on the TiO2 nanotube surface. The strongest peak in the Ag (111) plane
is not observed, which perhaps could be masked by the Ti substrate peak 2θ = 38.41о.

B

A

Figure 2. SEM image (A) and XRD pattern (B) for a sample of Ag-TiO2/Ti nanotubes array
photoanode.
Fig. 3 shows the UV-visible absorption spectra of pure TiO2 nanotubes and Ag-TiO2/Ti
nanotubes array photoanode. Pure TiO2 nanotubes photoanode shows absorption at UV region (100200 nm). The Ag loaded TiO2 nanotubes array photoanode showed the absorption corresponding to
pure TiO2 and also absorption between 320 and 450 nm. We estimated the band-gap energy of pure
TiO2 and Ag-TiO2 nanotubes by the Kubelka–Munk relations (Fig. 3 (B). Band-gap energy of pure
TiO2 nanotubes was 3,2 eV. Ag loaded TiO2 nanotubes showed a reduced band-gap of 2,1 eV.

A

B

Figure 3. UV-visible absorption spectra of pure TiO2 nanotubes and Ag-TiO2/Ti nanotubes array
photoanode (A) and its Kubelka-Munk plots (B).
The absorption edge at the wavelength of less than 320 nm can be attributed to self-absorption
anatase bandgap. Spectra of modified samples show a slight shift of absorption to the large
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wavelengths region. The similar effect for Pt, Pd, Ag and Au-Cu loaded TiO2 samples was found in
previous studies [18, 40–43]. The absorbance band in the visible range from 320 to 450 nm
corresponded to the effect of plasmon resonance of silver nanoparticles [45]. With the aid of plasmon
resonance effect, hot electrons were able to transfer from Ag nanocrystals into the conduction band of
TiO2 nanotubes [45, 46].
To evaluate the photoelectrocatalytic performance of Ag loaded TiO2 nanotubes and separation
of photoinduced charges when the fluorescent light irradiation the curves of the transient photocurrent
was obtained. Chronoamperometric curves with the transient photocurrent are recorded in Fig. 4. As
can be seen from the Fig. 4 the photocurrent under irradiation of fluorescent light for the Ag loaded
TiO2 photoanode drastically increases, due to the effect of plasmon resonance [46].

Figure 4. Photocurrent responses in the light on-off process under luminescent light irradiation.
The photogenerated electrons and holes on the surface of TiO2 nanotubes react with H2O and
O2 to form surface hydroxyl radical HO• and O2•−. The photogenerated electrons generate current in the
external circuit in the photoelectrocatalytic process [48–51].
The photoelectrocatalytic process of Ag-TiO2/Ti nanotubes anode can be described as follows
[40]:
h+ + HO- → HO•
(1)
•
HO + organics → intermediates → CO2 + H2O + ...
(2)
•
•
HO + HO → H2O2
(3)
+
h (TiO2) + organics → intermediates → CO2 + H2O +…
(4)
The behavior of phenol at the Ag-TiO2/Ti nanotubes array photoanode was characterized by
linear voltammetry. Fig. 5 shows linear voltammograms of Ag-TiO2/Ti nanotubes array photoanode at
luminescent light illumination. At 550 mV the phenol oxidation peaks were observed on the
voltammetric curve. It could be noted that no oxidation peaks were observed on the voltammetric
curves in the pure 0.1 M Na2SO4 solution. This demonstrates that Ag-TiO2 nanotubes photoanode was
stable under these conditions. Phenol was directly electrocatalytically oxidized on the surface of AgTiO2/Ti nanotubes.
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Figure 5. Linear voltammograms of Ag-TiO2/Ti nanotubes array photoanode: 1, 1’ – 0.1 M Na2SO4; 2,
2’ - 0.1 M Na2SO4 with 10 mg∙l-1 phenol (scan rate – 100 mV/s).
When phenol is added to a solution, by direct oxidation occurs the depletion layer of holes,
which leads to increase the photocurrent. (Fig. 5). The reaction (1) is electrochemical, which produced
the background photocurrent. The hydroxyl radicals react with each other lead to the production of
H2O2 during the photoelectrocatalytic process, as strong oxidizing agent for the degradation of phenol
(3). In addition, holes may directly oxidize phenol (4), adsorbed on the surface of TiO2.
On Ag loaded TiO2 nanotubes surface the photogenerated electrons flow toward Ag
nanoparticles and react with oxygen to form O2•−. The process can be used for decreasing
recombination of photogenerated electrons and holes [40].
O2 + e-(Me)  O2•−
(5)
•−
In the presence of molecular oxygen as surface acceptors of electrons, the radical O2 also
formed hydroxyl radicals (HO•) according to the reaction [52,53]:
O2•− + H+  HO•
(6)
This mechanism suggested that the presence of oxygen was essential for photoelectrocatalytic
oxidation of phenol. It allows an increase of hole lifetime by reaction with electron and the formation
of oxidizing species OH∙ radicals.
The electrons are captured by the silver nanoparticles can react with Ho∙ radicals produced by
reaction (1) and (6):
HO• + е-(Ме) → НО(7)
•
The reaction (7) leads to decrease the HO radicals in solution, therefore more phenol
molecules will be oxidized through direct oxidation by holes. This will be to increase the photocurrent
on the voltammetric curves of phenol oxidation on the Ag loaded TiO2 nanotubes.
In accordance to this, we have investigated the effect of oxygen pressure on
photoelectrocatalytic oxidation of phenol on Ag loaded TiO2 nanotubes.
When the oxygen pressure is increased, photoelectrocatalytic phenol oxidation rate,
corresponding to the peak height at 500 mV, has increased as shown in Fig. 6. This effect could be due
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to the increased electrocatalytic activity of Ag-TiO2/Ti nanotube array electrode, which in turn is
responsible for the oxidation of the phenol molecules.

Figure 6. Linear voltammetric curves phenol photoelectrocatalytic oxidation on Ag-TiO2/Ti nanotube
array electrode with different oxygen pressure (MPa): 1’ – 0.1; 2’ – 0.2; 3’ – 0.4; 4’ – 0.6; 1-4 –
0.1 М Na2SO4 (Cph = 10 mg∙l-1; Scan Speed – 100 mV/s).

A

B

Figure 7. Photoelectrocatalytic oxidation of phenol using pure TiO2 and Ag-loaded TiO2 nanotubes
(A) and its plot of ln C0/C versus irradiation time (B).
The increase current on the voltammetric curves is caused by reaction (5). The rate of this
reaction at high oxygen pressure increased which creates more holes. This leads to the preferential
occurrence of the electrochemical reaction (4).
Figure 7 shows the photoelectrocatalytic oxidation of phenol on pure TiO2 nanotubes and Agloaded TiO2 nanotubes electrodes under luminescent light illumination. After 60 min luminescent light
irradiation, the degradation rates of phenol on pure TiO2 nanotubes and Ag loaded TiO2 nanotubes
were 15 and 83 %, respectively. The degree of phenol oxidation is about 15% for the pure TiO2
nanotubes, apparently due to the oxidative adsorption of phenol on the surface photoanode [54,55].
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Photoelectrocatalytic degradation efficiency of phenol over Ag loaded TiO2 nanotubes was 83 %,
higher than that of pure TiO2 nanotubes sample.
In order to determine the order of the reaction, the photoelectrocatalytic oxidation reaction of
phenol (C=10 mg∙l-1) was carried out at pH=7.1. The rate constant for the photoelectrocatalytic
oxidation of phenol was obtained from the first order rate equation (Eq. 1).

 ln

C0
 kt
C

where C and C0 are the concentrations of the substrate at time t and time 0 in minutes, k is the
first order rate constant (min-1).
The plot of lnC0/C versus treatment time shows a straight line behavior and the rate constants
were determined from the slope of the straight line. The plot of lnC 0/C versus treatment time of
photoelectrocatalytic oxidation of phenol on pure TiO2 and Ag loaded TiO2 nanotubes is shown in Fig.
7 (B). It shows that the photoelectrocatalytic oxidation proceeds through first order kinetics. The rate
constants and the initial rate of phenol photoelectrocatalytic oxidation obtained for the pure TiO2 and
Ag loaded TiO2 nanotubes are given in table 1. These results also show that the photoelectrocatalytic
oxidation of phenol was faster on Ag loaded TiO2 nanotubes than on pure TiO2 nanotubes. Complete
oxidation takes place within 120 min on the Ag loaded TiO2 nanotubes photoanode. The initial rate of
phenol photoelectrocatalytic oxidation is nearly ten times greater on the Ag loaded TiO2 nanotubes
photoanode than on pure TiO2 nanotubes. A similar trend in the photoelectrocatalytic activity of pure
and modified TiO2 is observed in previous studies [56–58].
Table 1. Apparent rate constant kapp and initial rate for phenol photoelectrocatalytic oxidation
Photoanode

Rate constant, min-1

Initial rate, R, mg∙l-1∙min-1

Ti/TiO2

0.0027

0.027

Ag-TiO2/Ti

0.0282

0.282

Inserting the effect of oxygen pressure to the photo electrocatalytic oxidation initial rate and
degree of oxidation is important for developing the wastewater treatment at high pressure. The
photoelectocatalytic oxidation of phenol at the different pressure ranging from 0.1 – 0.6 MPa, at a
fixed concentration of phenol (10 mg∙l-1) and time, has been investigated on Ag loaded TiO2. Fig. 8 (A)
shows the effect of oxygen pressure on the initial rate of phenol oxidation. Results show that the initial
rate of oxidation increases with increasing oxygen pressure. The initial rate of photoelectrocatalytic
phenol oxidation increased nearly 1.4 times by raising the oxygen pressure in the system from 0.1 to
0.6 MPa.
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A

B

Figure 8. Effect of oxygen pressure on initial rate (A) and degree of photoelectrocatalytic oxidation of
phenol (B).

Table 2. Comparison of the photoelectrocatalytic phenol degradation obtained in this study with the
findings in the literature.
N

Photoanode

Conditions

Light Source

1

TiO2/Ni thinfilm electrode

Phenol – 100 mg·l−1
Time 3 h

2

Multi-walled
carbon
nanotubedoped TiO2
Ti/TiO2 doped
with Ga3+

Phenol – 20 ppm
0.1 M NaClO4

300 W
medium
pressure
mercury lamp
300 W UVfree Xe light
system

Phenol –15,9 mg·l−1
Time 3 h

Ag loaded
Ti/TiO2

Phenol –10 mg·l−1
Time – 4 h

3

4

Phenol
degradation
degree, %
85

Reference

58

[60]

_

100

[61]

Luminescent
lamp

96

This study

[59]

The mechanisms of photoelectrocatalytic phenol degradation on TiO2 photoanodes have been
discussed in papers [59–61]. Some research findings of various photoanode use for the degradation of
phenol were compared and the result is tabulated in Table 2. It can be clearly observed that
photoelectrocatalytic oxidation of phenol at high pressure is quite comparable to other results. The
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photoelectrocatalytic oxidation of phenol on Ag-TiO2/Ti photoanode gave higher degradation
percentages but required a high pressure and necessary appropriate equipment.
When photoelectrocatalytic oxidation of phenol at high oxygen pressure, in addition where
molecular oxygen is used as an electron acceptor to trap and remove electrons from the surface of the
titania, dissolved oxygen may be reduced directly on the cathode surface with the generation of
hydrogen peroxide [62]. Increasing the molecular oxygen reduction reaction rate will increase the
efficiency of photoelectrocatalytic oxidation of phenol. If the adsorbed oxygen is in excess on the
cathode surface the rate of the electrochemical generation of hydrogen peroxide will be maximized
[63]. Under these conditions the H2O2 is electrogenerated by a two-electron reduction of molecular
oxygen [64].
This can be rationalized by considering the following: when the oxygen pressure is high, a rise
of oxygen concentration in solution occurs and results in oxygen electroreduction, generating H 2O2,
HO2-, O2•− and other oxygen containing active species [65–67].
The oxygen reductions up to the hydrogen peroxide play an important role in an increased rate
of photoelectrocatalytic oxidation of phenol, since hydrogen peroxide is electron acceptor and can
decompose with the formation of a powerful oxidant, HO∙ radicals according to the reaction [68].
TiO2 (e−) + H2O2 → TiO2 + OH− + HO•
(8)
Since hydrogen peroxide is a better electron acceptor than molecular oxygen, it could act as an
alternate for oxygen and hence enhanced degradation will be observed.
Fig. 8 (B) shows that percentage of phenol oxidation increases as the oxygen pressure increases
under luminescent light illumination. This figure depicts the influence of oxygen pressure on phenol
removal during the photoelectrocatalytic process using Ag loadedTiO2 nanotube anode and platinum
cathode in 0.1 M Na2SO4 electrolyte. The oxidation degree is directly proportional to the oxygen
pressure and the phenol removal efficiency increases when the oxygen pressure of 0,6 MPa was used.
This corresponds not only an increase the rate of the trap and removes electrons from the surface of the
titania, but also increase the electrogenerated of H2O2 [69].

4. CONCLUSION
The results of our study show the role of the silver dopant in enhancing photoelectrocatalytic
activity of TiO2 nanotubes under visible light irradiations. Surface modification of nanoparticles of
TiO2 nanotubes by Ag also promotes efficient charge separation in the system. In this case, it is shown
that by combining of the modification of TiO2 nanotubes surface by Ag nanoparticles, the pressurized
oxygen can provide efficient photoelectrocatalytic oxidation of phenol. The increased oxygen pressure
intensifies the photoelectrocatalytic oxidation of phenol, since oxygen is the electron acceptor, it
captures one or two of photogenerated electrons from the surface of the photocatalyst, as a result, holes
can freely diffuse to the semiconductor surface and oxidize the adsorbed phenol. Increase the
efficiency photoelectrocatalytic oxidation of phenol under oxygen pressure caused by the participation
of dissolved oxygen in photocatalytic and electrochemical processes. The participation of oxygen on
the surface of Ag loaded TiO2 nanotubes in the photocatalytic process decreases the rate of electron-
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hole recombination. In addition, the dissolved oxygen is reduced to the hydrogen peroxide at the
cathode surface, which also improves the efficiency of the process.
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