
INTRODUCTION

In the last decades, heterogeneous photocatalysis has been

paid lots of attention as it is low-cost, environmentally friendly

and sustainable treatment technology in environmental mana-

gement1. Titanium dioxide (TiO2) has been proven as one of the

most promising candidates in heterogeneous photocatalysis.

However, TiO2 can only be excited by ultraviolet light less

than 387 nm owing to its wide band gap (3.2 eV). In order to

extend the absorption wavelength range to visible light range,

various methods have been investigated to develop TiO2 based

visible light response photocatalysts, such as impurity doping

(C, N, etc.)2-4 and decorating TiO2 with organic dyes5 or narrow-

gap semiconductors quantum dots (QDs)6-9. It is well known

that quantum dots sensitized TiO2 have been widely applied

in the quantum dot sensitized solar cell and photocatalytic

hydrogen generation10. Peng and co-workers have obtained a

quantum dot sensitized solar cell efficiency of 4.15 % via

utilizing of the as-modified CdS-TiO2 nanotube film11. Due to

the high conversion efficiency, quantum dots sensitized TiO2

has a promising application in environmental treatment. How-

ever, for quantum dots sensitized TiO2 served as photocatalyst,

one of the major obstacles is that it suffers from the drawback

of photocorrosion. Recently, several attempts have been made

to prevent CdS nanoparticles from photocorrosion, such as
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building a layer of ZnO nanorods on the TiO2 nanotube/CdS

surface12 or building a layer of TiO2 on the ZnO nanorode/

CdS surface13. By introducing a protection layer, the CdS sensi-

tized TiO2 or ZnO shows improved photocatalytic stability12,13.

The geometry of photocatalyst also has an influence on

its photocatalytic performance. Recently, the anodized Ti mesh

has been studied as the photoanode in DSSCs14,15, wastewater

treatment16 and water photolysis17 for its inherent unique

geometry. The TiO2 nanotubes growing on the Ti mesh form a

three-dimensional (3-D) structure14-17. The anodized Ti mesh

with eyelets can improve light penetration and harvesting. Lin

and co-workers16 have reported that comparing with the TiO2/

Ti foil electrode for the degradation efficiency of methyl orange

under UV illumination, the anodized TiO2/Ti mesh electrode

with three-dimensional arrays of nanotubes shows about 38 %

enhancement per area. However, the CdS sensitized TiO2 nanotubes/

Ti mesh photoelectrocatalyst has not been reported yet.

In this work, a CdS modified TiO2 nanotubes/Ti mesh

electrode with a TiO2 protection layer (TiO2/CdS/TiO2 nanotube/

Ti mesh electrode) was prepared. The photoelectrocatalytic

performance was evaluated in a photoelectrocatalytic cell

system for degradation of methylene blue under visible light

illumination. The role of TiO2 protection layer and the effect

of the unique geometry of Ti mesh were also investigated.
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EXPERIMENTAL

All reagents used in this work are of analytical grade.

Ammonium fluoride (NH4F), ammonium sulfate [(NH4)2SO4],

chromium trichloride (CdCl2), sodium sulphide (Na2S), ethanol,

diethanolamine (C4H11NO2), nitric acid (HNO3), hydrogen

fluoride (HF), sodium sulphate (Na2SO4) and methylene blue

are obtained from Guangzhou Chemical Reagent Factory.

Tetraisopropyl titanate (C12H28O4Ti) is purchased from Aladdin

Reagent (Shanghai) Co. Ltd.

Preparation of TiO2 nanotube arrays on Ti mesh (TiO2

nanotube/Ti mesh): The TiO2 nanotube arrays on Ti mesh

(TiO2 nanotube/Ti mesh) were prepared by anodization in a

neutral electrolyte containing (NH4)2SO4 and NH4F according

to our previous work18. Before anodization, the Ti mesh (100

mesh, 0.1 mm thick) was cut into pieces of 3 cm × 6 cm and it

was polished in the chemical polishing solution (HF:HNO3:

H2O = 1:4:5 (v/v/v)) for 10 sec. Then it was fully rinsed with

deionized water and later dried in the air. The anodization was

operated in a two-electrode electrochemical cell with polished

Ti mesh as work electrode, pure copper plate (3 cm × 6 cm) as

counter electrode. And the electrolyte contained 0.2 M (NH4)2SO4

and 0.5 wt % NH4F solution. The two-electrode cell was con-

nected to a laboratory DC power supply (TPR-6405, LWDQGS)

and subjected to a constant 20 V anodic potential for 20 min

at room temperature with mild magnetic agitation. After

anodization, the samples were rinsed by deionized water and

then dried in the air. The resulted samples were heated with a

heating rate of 2 ºC min-1 and annealed at 450 ºC for 1 h in the

air to crystallize the TiO2 nanotube arrays and improve their

stoichiometry.

Deposition of CdS on TiO2 nanotube/Ti mesh via

successive ionic layer adsorption and reaction: The CdS

quantum dots into TiO2 nanotubes was prepared via successive

ionic layer adsorption and reaction. The TiO2 nanotube/Ti mesh

electrode was firstly immersed in the 0.1 M CdCl2 solution

for 5 min and subsequently dried at 80 ºC for 0.5 h. Then it

was immersed in the 0.1 M Na2S solution for 5 min and subse-

quently dried at 80 ºC for 0.5 h as well. This process was

repeated 10 times. After deposition of CdS, the prepared

samples were annealed at 350 ºC in N2 atmosphere for 0.5 h.

Preparation of TiO2/CdS/TiO2 nanotube/Ti mesh

electrode: The TiO2 layer coated on the CdS/TiO2 nanotube/

Ti mesh electrode was prepared via a vacuum dip-coating

process according to our previous work13. Precursor solutions

for TiO2 layer were prepared according to the process in the

literature19. The CdS/TiO2 nanotube/Ti mesh electrode was

dipped into the precursor solutions in the vacuum condition

for 10 min and then dried at 100 ºC for 20 min. Finally, the

prepared samples were heat-treated at 450 ºC for 0.5 h.

Catalyst characterization: X-ray diffraction (XRD)

analyses were performed on a X'Pert Pro MPD, PW3040/60

diffractometer operating at 40 kV and 40 mA, using CuKα

radiation (λ = 0.154056 nm). The patterns were recorded from

20º to 80º (2θ) with a resolution of 0.02º.

The morphology of the prepared catalysts was inspected

using a field emission scanning electron microscope (FE-SEM,

Hitachi S-4800) equipped with an X-ray energy dispersive

spectrometer (EDS). The acceleration voltage of FE-SEM and

EDS were 3 kV and 20 kV, respectively. The magnification of

EDS was 20000.

The UV-visible absorption spectra were recorded in the

range of 300-700 nm on a UV-visible spectrophotometer

(LAMBDA 750) equipped with an integrating sphere and with

BaSO4 as a reference. The width of slit was 2.0 nm and the

step was 0.5 nm.

Characterization of photoelectrochemical behaviours:

The photoelectrochemical behaviours of the samples were

carried out in a three-electrode electrochemical cell with a

quartz window of 20 mm × 20 mm under the illumination of a

300 W xenon lamp (with a visible band pass filter glass, 390-

770 nm) at room temperature. Transient photocurrent (iph) and

linear sweeping voltammetry was carried out in the three-elec-

trode system which was linked with a CHI660A electrochemical

workstation (CH Instruments, USA). The prepared electrode,

a platinum electrode and a saturated calomel electrode used

as working electrode, counter electrode and reference electrode,

respectively. A 0.1 M Na2SO4 solution was applied as suppor-

ting electrolyte.

Photocalytic degradation of methylene blue under

visible light via a photoelectrocatalytic cell system: The

layout and working principle of the photoelectrocatalytic cell

system are shown in Fig. 1. The photoelectrocatalytic cell was

constructed in a rectangular reactor (35 mm × 25 mm × 40

mm) with a quartz window of 20 mm × 20 mm. The prepared

electrode and a Pt-black/Pt electrode were applied as photo-

electrode and cathode, respectively. The methylene blue solu-

tions were prepared with 0.1 M Na2SO4 solution. The initial

concentration of methylene blue solution was 5 mg/L and 40

mL of methylene blue solution was injected in the reactor for

every test. All the tests were carried out under the illumination

of a 300 W xenon lamp (with a visible band pass filter glass,

390-770 nm) at room temperature. The methylene blue solutions

were taken out from the cell to collect their UV-visible absor-

bance data once every 10 min during the operation.

Fig. 1. Schematic diagram of the working principle of the photoelectro-

catalytic

RESULTS AND DISCUSSION

Morphologies and structures: The morphologies of

prepared samples are shown in Fig. 2. The typical low-magni-

fication FE-SEM images of the anodized Ti mesh and the

Ti wire which constitutes Ti mesh are shown in Fig. 2a. The
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anodized Ti mesh is about 9 openings/mm2 and the diameter

of each Ti wire is about 90 µm. Fig. 2b shows the fine structure

of the anodized film on Ti mesh. It can be clearly observed

that the TiO2 nanotubes are highly ordered and vertical to the

Ti wires with an inner diameter of 110 nm and a length of 650

nm. Fig. 2c provides the FE-SEM image of CdS/TiO2

nanotube/Ti mesh and Fig. 2d is the corresponding cross-

section image. As shown in Fig. 2c and d, relatively uniform

CdS nanoparticles with approximate 10 nm in diameter have

been well coated on the wall of the TiO2 nanotube.

Fig. 2. Morphologies of prepared samples under FE-SEM. (a) The low-

magnification FE-SEM images of the anodized Ti mesh and the Ti

wire. The high-magnification FE-SEM images of (b) TiO2 nanotube

(TNT) arrays and its cross-section, (c) the surface of CdS/TiO2

nanotube/Ti mesh and (d) the cross-section image of the film on

CdS/TiO2 nanotube/Ti mesh

Fig. 3 shows the FE-SEM image and the EDS spectrum

of CdS/TiO2 nanotube/Ti mesh coated by a TiO2 protection

layer. The TiO2 layer is coated on the top and the wall of the

nanotube arrays. The EDS spectrum is employed to analyze

the element composition of the sample. The Lα peaks of Cd

and the Kα peak of S can be clearly seen at 3.32, 3.95 and 2.31

keV, respectively. In addition, the Kα peak of Ti at 0.4, 4.51

and 4.93 keV, a moderate Kα peak of O can also be observed

at 0.52 keV. Furthermore, the quantitative analysis of the EDS

spectrum indicates that the molar ratio of Cd to S is approximate

to 1:1, which further confirms the stoichiometric formation of

CdS.
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Fig. 3. FE-SEM images and EDS spectrum of TiO2/CdS/TiO2 nanotube/Ti

mesh electrode

Fig. 4 shows the XRD spectrums of the samples. Fig. 4b-

4d reveal that all the TiO2 on Ti mesh are anatase, as the corres-

ponding characteristic peaks can be clearly observed at 25.28º

and 48.1º. The hawleyite CdS on the CdS/TiO2 nanotube/Ti

mesh sample can also be seen by the XRD result shown in

Fig. 4c, as the characteristic peaks at 26.55º, 44.05º and 52.17º.

Moreover, those CdS peaks can also be observed after coating

with TiO2 protection layer, as shown by Fig. 4d. The XRD

results confirm that the CdS nanoparticles are successfully

combined with the TiO2 nanotubes on Ti mesh via successive

ionic layer adsorption and reaction process.
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Fig. 4. XRD spectrums of (a) Ti mesh, (b) TiO2 nanotube/Ti mesh, (c) CdS/

TiO2 nanotube/Ti mesh and (d) TiO2/CdS/TiO2 nanotube/Ti mesh

UV-visible diffuse reflectance spectra: Fig. 5 shows the

UV-visible diffuse reflection spectra of TiO2 nanotube/Ti mesh,

CdS/TiO2 nanotube/Ti mesh and TiO2/CdS/TiO2 nanotube/Ti

mesh. The anodized TiO2 nanotube/Ti mesh has no remarkable

light absorption in visible region. However, when decorated

with CdS nanoparticles, the absorption spectrum is obviously

extended to the visible range. As the UV-visible absorption
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edge reflects the energy gap (Eg) of the semiconductor, the

absorption band edge of CdS/TiO2 nanotube/Ti mesh is about

550 nm which indicates that the energy gap of prepared CdS

nanoparticles is about 2.25 eV. This result is bigger than that

of bulk CdS (2.1 eV) which indicates the quantum size effect

of CdS nanocrystallites of CdS/TiO2 nanotube/Ti mesh. The

absorption intensity of TiO2/CdS/TiO2 nanotube/Ti mesh

decreases slightly in the range from 300 to 500 nm due to the

presence of TiO2 protection layer.

300 350 400 450 500 550 600 650 700
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A
b
so

rp
ti

o
n

Wavelenght (nm)

TiO  nanotube/Ti mesh2

 CdS/TiO  nanotube/Ti mesh2

TiO /CdS/TiO  nanotube/Ti mesh2 2

Fig. 5. UV-visible absorption spectra of the TiO2 nanotube/Ti mesh, CdS/

TiO2 nanotube/Ti mesh and TiO2/CdS/TiO2 nanotube/Ti mesh

Characterization of photoelectrochemical behaviours:

The iph is employed for investigating the effect of TiO2 protec-

tion layer of TiO2/CdS/TiO2 nanotube/Ti mesh. Fig. 6 shows

the difference of iph results between the CdS/TiO2 nanotube/Ti

mesh electrode and TiO2/CdS/TiO2 nanotube/Ti mesh electrode

under visible light illumination. At the initial stage of illumi-

nation, the iph of the CdS/TiO2 nanotube/Ti mesh electrode is

larger than that of TiO2/CdS/TiO2 nanotube/Ti mesh electrode.

Then it decreases gradually as the increasing of the on/off

cycles for illumination. Finally, it is even lower than that of

the TiO2/CdS/TiO2 nanotube/Ti mesh electrode. This result

indicates that the TiO2 layer on the CdS/TiO2 nanotube/Ti mesh

works as a protection layer can effectively prevent CdS from

photocorrosion.
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Fig. 6. Transient photocurrent of the CdS/TiO2 nanotube/Ti mesh electrode

and TiO2/CdS/TiO2 nanotube/Ti mesh electrode in the three-

electrode electrochemical cell with 0.1 M Na2SO4 electrolyte under

visible light illumination

The Ti mesh has a complex geometry which is composed

by series of Ti wires and eyelets (Fig. 2a). Therefore, the

anodized Ti mesh with eyelets can improve light penetration

and harvesting. The linear sweeping voltammetry of superim-

posed TiO2/CdS/TiO2 nanotube/Ti mesh electrodes are investi-

gated in the three-electrode electrochemical cell under visible

light illumination. As shown in Fig. 7, no evident photocurrent

for TiO2 nanotube/Ti mesh electrode is tested, which indicates

that no typical optical absorption at the surface of TiO2 nanotube/

Ti mesh electrode under visible light illumination. However,

when combined with CdS nanoparticles, a typical linear sweeping

voltammetry curve is obtained for TiO2/CdS/TiO2 nanotube/

Ti mesh electrode. As the increase of the superimposed layers,

the short-circuit current (Isc) improves gradually, 1.16 mA/

cm2 for one layer, 1.75 mA/cm2 for two layers, 1.96 mA/cm2

for three layer and 2.01 mA/cm2 for four layers. However,

comparing with the Isc of three layers, the Isc of four layers

improves slightly, which suggests that the light absorption

almost reaches the maximum for superimposed three layers.
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Fig. 7. LSV plots of (a) TiO2 nanotube/Ti mesh electrode and varied

superimposed layers ((b) 1 layer, (c) 2 layers, (d) 3 layers and (e) 4

layers) of TiO2/CdS/TiO2 nanotube/Ti mesh electrodes in the three-

electrode electrochemical cell with 0.1 M Na2SO4 electrolyte under

visible light illumination at a scan rate of 10 mV/s

Degradation of methylene blue with the photoelectro-

catalytic cell system: Fig. 8 shows the removal ratio of methylene

blue under different process. The adsorption ratio of methylene

blue is about 7 % for one hour under darkness. The photolysis

of methylene blue under visible light illumination alone results

in 8 % degradation. Under the photocatalytic degradation on

TiO2/CdS/TiO2 nanotube/Ti mesh electrode under visible light

illumination, the removal ratio is about 40 %. However, the

removal ratio increases to 52.7 % for the photoelectrocatalytic

degradation with the photoelectrocatalytic cell system under

visible light illumination. This remarkably improved removal

ratio of the photoelectrocatalytic process may be contributed

to the efficient restraint of the recombination of the photo-

generated electron-hole pairs via a self-built electric field.

Fig. 9 shows the variation of methylene blue concentration

in the photoelectrocatalytic cell system with superimposed

TiO2/CdS/TiO2 nanotube/Ti mesh electrodes worked as

photoanode under visible light illumination. From Fig. 9, the
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Fig. 8. Removal ratio of methylene blue under given process
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Fig. 9. Removal ratio of methylene blue in the PEC system with different

superimposed layers of TiO2/CdS/TiO2 nanotube/Ti mesh electrodes

worked as photoanode under visible light illumination

removal ratio is improved with the increase of superimposed

layers from the one to three (52.7% for one layer, 74.1% for

two layers and 85.4% for three layers). However, further

increasing the superimposed layers to four, the removal ratio

improves fractionally (87.3% for four layers). This result is

consistent with previous result of linear sweeping voltammetry

tests as shown by Fig. 7.

Stability of TiO2/CdS/TiO2 nanotube/Ti mesh electrode:

In order to further investigate the photoelectrocatalytic stability

of CdS/TiO2 nanotube/Ti mesh electrode and TiO2/CdS/TiO2

nanotube/Ti mesh electrode, they have been re-used in the

photoelectrocatalytic cell system for degradation methylene

blue under visible light illumination. As shown in Fig. 10a,

the removal ratio of methylene blue sharply decreases with

the increase of reuse times of CdS/TiO2 nanotube/Ti mesh elec-

trode, which indicates that the photoelectrocatalytic activity

of CdS/TiO2 nanotube/Ti mesh electrode decays rapidly. In

contrast, there is no remarkable decay for the TiO2/CdS/TiO2

nanotube/Ti mesh electrode photoelectrocatalytic degradation

of methylene blue (Fig. 10b). These results indicate that the

TiO2/CdS/TiO2 nanotube/Ti mesh electrode has a stable and

superior photoelectrocatalytic performance. By introducing
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Fig. 10. Comparison of the re-use performances of (a) CdS/TiO2 nanotube/

Ti mesh electrode (three layers) and (b) TiO2/CdS/TiO2 nanotube/

Ti mesh electrode (three layers) for the degradation of methylene

blue in the PEC system under visible light illumination. The initial

methylene blue concentration was 5 mg/L with 0.1 M Na2SO4

a TiO2 layer to prevent CdS from photocorrosion, the CdS

sensitized TiO2 nanotube/Ti mesh could be used as a potential

visible light photocatalyst.

Conclusion

In summary, a TiO2/CdS/TiO2 nanotube/Ti mesh compo-

site structure photocatalytic electrode has been fabricated by

decorating anodized TiO2 nanotubes on Ti mesh with CdS

nanoparticles via successive ionic layer adsorption and reaction

and subsequently coated with a TiO2 protection layer via a

vacuum dip-coating process. It exhibits a stable and superior

photoelectrocatalytic performance. The unique geometry of

Ti mesh endowed the electrode with an improved performance

by superimposing three Ti mesh electrodes together.
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