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INTRODUCTION

As the most spectacular 1D TiO2 nanostructure, TiO2 nano-

tube arrays (TNTAs) that have large surface area and great

adsorption capacity, exhibit high photocatalytic properties and

photoelectric conversion efficiency1-5. They have a great poten-

tial in many applications, especially for photocatalysis1-13.

Recently, TiO2 nanotube arrays fabricated by the electro-

chemical anodization method have attracted special attention

due to the facile fabrication process, fast charge transport

properties and fabrication opportunity as well as a cost-effec-

tive scale-up process1-5. However, the inherent defects of TiO2

materials, such as the wide band gap (3.1-3.2 eV), make TiO2

nanotube arrays absorb only UV light, limiting the possibility

of employing visible light that occupies the major part of solar

light. Furthermore, the high rate of recombination of photo-

generated electron/hole pairs often results in poor photocata-

lytic performance. To improve the photocatalytic efficiency,

some methods have been developed, such as doping TiO2

nanotube arrays with metal/nonmetal ions in order to induce red

shift of the band gap1-4,14-19 and coupling TiO2 nanotube arrays

with a low band gap semiconductor material, e.g., CdS1-4,20-23.

CdS is a relatively low band gap (2.4 eV) semiconductor which

can be excited by visible light to produce photogenerated

electrons and holes. Some scholars have reported that the

photoactivity of TiO2 nanotube arrays can be enhanced by
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sensitizing TiO2 nanotubes with CdS20-23, suggesting CdS-

sensitized TiO2 nanotube arrays (CdS-TNTAs) as promising

systems for photocatalysis.

In the present work, CdS-TNTAs were prepared by depo-

siting CdS into the crystallized anodic TiO2 nanotubes via

sequential chemical bath deposition (S-CBD) method24, which

is more facile and less cost-effective than the commonly used

deposition methods of CdS, e.g., electrochemical method25,26,

bifunctional linker coupling method20,21. The composition,

morphology, UV-visible absorption features and photocatalytic

activities in pollutant degradation of CdS-TNTAs are

investigated. Specially, the effects of the immersion time and

cycles of S-CBD treatment on the physical and chemical

properties of CdS-TNTAs are studied.

EXPERIMENTAL

All chemicals (analytical grade; from Sinopharm Chemical

Reagent Co., Ltd. Shanghai, PR China) were used as received,

without further purification process. All solutions were pre-

pared with deionized water.

Preparation of CdS-sensitized TiO2 nanotube arrays:

Titanium foils (99.4 % purity; 0.2 mm thickness) were obtained

from Yunjie Metal Co., Ltd. (Baoji, P.R. China). Prior to

anodization, the Ti foils were first mechanically polished with

different abrasive papers and rinsed with deionized water. Then
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they were chemically etched in a HF/HNO3/H2O (1:5:4 in

mass) mixture for 30 s and rinsed with deionized water. After

that, they were ultrasonically degreased in acetone, isopro-

panol, methanol respectively for 5 min and finally rinsed with

deionized water and dried in air. Anodization was performed

at room temperature in a two-electrode bath, with the pre-

treated Ti foil as the working electrode and a platinum plate as

the counter electrode. The anodization was conducted in

0.085M H2C2O4·2H2O + 0.5 wt. % NH4F electrolyte at 20 V for

2 h. The voltage was applied using a DC power supply

(DH1719A-5, Beijing Dahua Electronic Co., P.R. China). After

anodization, the sample was rinsed with deionized water, dried

in air and then annealed at 450 °C for 3 h to convert from the

amorphous tubes to a defined anatase structure12.

The CdS nanoparticles were deposited into the above

crystallized TiO2 nanotubes by sequential chemical bath depo-

sition (S-CBD) method24. Typically, the sample was succe-

ssively immersed in four different beakers for certain time in

each beaker. One beaker contained 0.10 M Cd(NO3)2 aqueous

solution, another contained 0.10 M Na2S and the other two

contained deionized water to rinse the samples from the excess

of each precursor solution. Such an immersion cycle was

repeated several times. Finally, the as-prepared samples were

dried in air. To investigate the effects of the immersion time

and cycles of S-CBD treatment (while keeping the whole S-

CBD treatment duration as 40 min) on the physical and

chemical properties of CdS-TNTAs, four types of samples were

prepared. The corresponding S-CBD treatment conditions for

the samples are listed in Table-1.

TABLE-1 
CORRESPONDING S-CBD TREATMENT 

CONDITIONS FOR THE SAMPLES 

Sample name 

Immersion 
time in every 

solution 
during one 
cycle (min) 

Cycle 
number 

Whole S-CBD 
treatment 

duration (min) 

CdS0.5min/20C-TNTAs 0.5 20 40 

CdS1min/10C-TNTAs 1 10 40 

CdS5min/2C-TNTAs 5 2 40 

CdS10min/1C-TNTAs 10 1 40 

 
FE-SEM, XPS and DRS characterization: The chemical

composition of the sample was analyzed by X-ray photo-

electron spectroscopy (XPS, Thermoelectron ESCALAB 250,

USA) using MgKα radiation as the X-ray source. The sample

morphology was characterized using a field-emission scanning

electron microscope (FESEM, FEI Nova 400, Holland). The

cracked samples for cross-sectional observation were obtained

by mechanically scraping. UV-visible absorption spectroscopy

measurements were performed over the wavelength range of

λ = 200-800 nm using a PUXI TU-1901 spectrophotometer

(Beijing, PR China) equipped with a diffuse reflectance

integration sphere attachment.

Photocatalytic activity measurements: The photocata-

lytic activities of the TiO2 nanotubes samples were measured

by the degradation test of an azo compound, methyl orange

(MO). The photodegradation experiments were performed in

a single-compartment photoreactor. The initial concentration

of methyl orange was 10 mg/L. The photoirradiation was

carried out with a 125-W blended fluorescent high pressure

mercury lamp. Before the photocatalytic degradation, the

samples were immerged into the target methyl orange solution

for 0.5 h to establish the adsorption/desorption equilibrium.

The methyl orange solution periodically taken from the reactor

was analyzed with a UV-visible spectrophotometer (PUXI TU-

1810, Beijing, PR China). The analytical wavelength selected

for the optical absorbance measurements was 464 nm.

RESULTS AND DISCUSSION

Photocatalytic activities: Fig. 1 illustrates the photocata-

lytic degradation of methyl orange using TiO2 nanotubes and

CdS-TNTAs. As for the pristine TiO2 nanotube arrays, the

degradation efficiency of methyl orange after 3 h test period

is only 7.03 %, which is relatively low. The photocatalytic

efficiencies for CdS0.5 min/20C-TNTAs, CdS1min/10C-TNTAs,

CdS5min/2C-TNTAs and CdS10 min/1C-TNTAs are improved to

12.06, 12.56, 23.73 and 24.87 %, respectively, which demons-

trates that CdS- sensitization can enhance the photodegradation

efficiency. The kinetics of the degradation process can be

evaluated by the following equation7,

0 0
C A

ln ln kt
C A

= =

where C0 and C are the concentrations of methyl orange

solution before and after degradation tests, A0 is the absorbance

of methyl orange solution at a wavelength of 464 nm measured

before degradation tests, A is the absorbance after degradation

for a period of time t and k is the degradation rate constant.

The reaction kinetics is undergone by linear fit and the corres-

ponding kinetic constants as using TiO2 nanotubes, CdS0.5min/20C-

TNTAs, CdS1min/10C-TNTAs, CdS5min/2C-TNTAs and CdS10min/1C-

TNTAs are approximately 0.024, 0.043, 0.048, 0.090 and 0.095

h-1, respectively, which are listed in Table-2. Clearly, the

degradation using CdS-TNTAs as photocatalysts is much faster

than that using the pristine TiO2 nanotubes.

TABLE-2 
KINETIC CONSTANTS k AND REGRESSION COEFFICIENTS 

(R) OF METHYL ORANGE DEGRADATION USING TIO2 
NANOTUBES AND CdS-TNTAs 

Photocatalysts k (h-1) R2 

TiO2 nanotubes 0.024 0.995 

CdS0.5min/20C-TNTAs 0.043 0.997 

CdS1min/10C-TNTAs 0.048 0.996 

CdS5min/2C-TNTAs 0.090 0.996 

CdS10min/1C-TNTAs 0.095 0.998 

 
It is noted that besides the degradation using CdS-TNTAs

as photocatalysts is much faster than that using the pristine

TiO2 nanotube arrays, the degradation rates and efficiencies

using CdS5 min/2C-TNTAs and CdS10 min/1C-TNTAs as

photocatalysts are much higher than those using CdS0.5min/20C-

TNTAs and CdS1min/10C-TNTAs. To elucidate such phenomena,

the characterization on the composition, morphology and UV-

visible absorption of the samples were performed as follows.

Composition: The chemical composition of the CdS-

TNTAs sample is investigated by XPS. The existence of

elements Ti, O, Cd, S and also C is confirmed from the spectrum
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Fig.1. Photocatalytic degradation of methyl orange using TiO2 nanotube

arrays and CdS-TNTAs

of the sample. Fig. 2a and b show the high resolution XPS

spectra of Cd3d and S2p, respectively. The Cd3d XPS spectrum

(Fig. 2a) has two peaks at 405.6 eV (3d5/2) and 412.3 eV (3d3/2),

in good agreement with the published values for CdS25,27. The

S2p XPS spectrum shown in Fig. 2b indicates that the sulfur

element exists as two chemically distinct species in the sample.

The low and broad peak centered at 168.6 eV is assigned to

sulfur in sulfate, for reaction with humid environments causes

the sample surface of sulfide to oxidize and form sulfate25,28.

The peak with a split that is near 1 e V and the area ration is 2:1,
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Fig. 2. XPS (a) Cd3d spectrum, (b) S2p spectrum of the CdS-TNTAs sample

is for sulfide, which occurs because of the split between S2p3/

2 (161.7 eV) and S2p1/2 (162.7 eV), in consistent with the

published values of the S2p signal for CdS25,27. Thus CdS is

identified not only from the peaks at 405.6 eV of Cd 3d5/2 and

412.3 eV of Cd 3d3/2, but also from the peaks at 161.7 eV of

S2p3/2 and 162.7 eV of S2p1/2.

Morphology: Fig. 3 shows the FE-SEM images of TiO2

nanotubes (a, b), CdS0.5min/20C-TNTAs (c, d) and CdS5min/2C-

TNTAs (e, f). The pristine TiO2 nanotubes (Fig. 3a: top-view,

Fig. 3b: cross-sectional view) have an average diameter of 95

nm and with a length of approximate 1.1 µm. The top surface

view of CdS0.5min/20C-TNTAs (Fig. 3c) illustrates that TiO2

nanotubes have been extensively covered with a layer of CdS

nanoparticles in diameter from 20 to 30 nm with some degree

of aggregation, implying a high degree of CdS loading. Fig. 3d

is the cross-sectional view of CdS0.5min/20C-TNTAs, which

indicates that some CdS nanoparticles reside within the TiO2

nanaotubes. While for the CdS5min/2C-TNTAs sample (Fig. 3e:

top-view, Fig. 3f: cross-sectional view), the well-ordered

nanotube structure is obvious and the CdS nanoparticles

randomly distribute on TiO2 nanotubes, indicating a low degree

of CdS loading.

Fig. 3. FE-SEM micrographs of (a, b) TiO2 nanotube arrays, (c, d) CdS0.5min/20C-

TNTAs and (e, f) CdS5min/2C-TNTAs

UV-visible absorption: Fig. 4 shows the UV-visible

absorption spectra of TiO2 nanotubes, CdS0.5min/20C-TNTAs and

CdS5min/2C-TNTAs. Clearly, TiO2 nanotubes have a strong band

edge absorption at 75 nm, which limits their use as a hetero-

geneous catalyst operating with excitation in the visible range.

The deposition of CdS makes the band edge absorption red-
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shifted to 400 nm for the CdS0.5min/20C-TNTAs sample and to

515 nm for the CdS5min/2C-TNTAs sample, which implies that

CdS-TNTAs can be used under excitation in the violet-blue

region of the electromagnetic spectrum. The red shift in the

band edge absorption reflects the change of the band gap

energy29. The calculated band gap energies are 3.30 eV for

TiO2 nanotubes, 3.10 eV for CdS5min/2C-TNTAs and 2.40 eV

for CdS0.5min/20C-TNTAs. The CdS0.5min/20C-TNTAs have a typical

band gap energy value for bulk CdS25, which suggests that

deposition of CdS under the condition of immersion time 0.5

min and cycles 20 led to a very high degree of CdS loading

just as that observed from FE-SEM images in Fig. 3c.
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Fig. 4. Diffuse reflectance UV-visible spectra of the TiO2 nanotubes,

CdS0.5min/20C-TNTAs, and CdS5min/2C-TNTAs samples

In combination of all the above results, the achieved high

photocatalytic efficiency of CdS-TNTAs can be well under-

stood. TiO2 is an n-type semiconductor with wide band gap,

which only has absorption in UV light region. When the

pristine TiO2 nanotubes is activated under UV light, the excited

electrons will immediately transfer from its valence band (VB)

to conduction band (CB), leaving the holes in VB. However,

the lifetime of the photogenerated electrons and holes is very

short and they will recombine rapidly1-4. The band gap of CdS

(2.4 eV) is lower than that of TiO2, so when illuminated by

light source, CdS is excited first and the electron/hole pairs

are generated. Since the CB of CdS is more negative than that

of TiO2, excited electrons from CdS can quickly transfer to

TiO2 nanotubes, whereas holes can accumulated in CdS20-26.

Thus, the interfacial electron transfer from CdS to TiO2 nano-

tubes can effectively separate the electrons and holes, inhibiting

the recombination of electron/hole pairs. Electrons will react

with oxygen absorbed on the surface of TiO2 nanotubes to

form super-oxide radicals, •O2
–. A positive charged hole will

react with OH- or H2O to generate •OH. The super-oxide radical

ion •O2
– and hydroxyl radical •OH are responsible for the

degradation of methyl orange. The above degradation process

can be illustrated as follows22,30,31:

CdS + hν → CdS (e–) + CdS (h+) (1)

CdS (e–) + TiO2 → CdS + TiO2 (e
–) (2)

TiO2 (e
–) + O2 → TiO2 + •O2

– (3)

CdS (h+) + H2O → H+ + •OH + CdS (4)

CdS (h+) + OH– → •OH + CdS (5)
•O2

– (•OH) + MO → degradated products (6)

Moreover, the effects of the immersion time and cycles

of S-CBD treatment on the photocatalytic activities of CdS-

TNTAs can be explained. The photocatalytic performance of

CdS-TNTAs is speculated to result from a compromise bet-

ween a larger amount of light absorption and a lower efficiency

of charge separation, as well as limited diffusion by channel

blocking at a higher degree of CdS loading23. As the whole S-

CBD treatment duration keeps constant, the shorter immersion

time in every solution and more cycles can cause higher degree

of CdS loading. Hence, though CdS0.5min/20C-TNTAs in the present

work have very narrow band gap (2.40 eV) that facilitate light

absorption, the high degree of CdS loading results in agglo-

meration of CdS nanoparticles (Fig. 3c) which decreases the

charge separation efficiency and baffles the charge diffusion

by blocking the channels. Thus, the photocatalytic performance

of CdS0.5min/20C-TNTAs is poorest as compared with those of

CdS1min/10C-TNTAs, CdS5min/2C-TNTAs and CdS10min/1C-TNTAs.

Therefore, optimizing the deposition condition, such as the

immersion time and cycles of S-CBD treatment, to achieve an

ideal compromise between light absorption and charge

separation/diffusion, is important for improving the photo-

catalytic ability of CdS-TNTAs. In the present work, CdS5min/2C-

TNTAs and CdS10min/1C-TNTAs samples have much better

photocatalytic performance, whose rate constants of degrading

methyl orange are about 4 times higher than that using the

pristine TiO2 nanotubes.

Conclusion

CdS-TNTAs were prepared by depositing CdS into the

crystallized anodic TiO2 nanotubes via sequential chemical

bath deposition (S-CBD) method. The CdS nanoparticles,

approximately 20-30 nm in diameter, were deposited on TiO2

nanotube arrays. CdS-sensitization extended the absorption

response of TiO2 nanotubes into the visible region. The photo-

catalytic efficiency of CdS-TNTAs was significantly enhanced

as compared to the pristine TiO2 nanotubes, which could be

attributed to the deposition of CdS effectively stimulating

charge separation and thus hindering the recombination of

electron/hole pairs of TiO2 nanotubes. Moreover, the immer-

sion time and cycles of S-CBD treatment were found to have

important impacts on the photocatalysis efficiencies of CdS-

TNTAs. The appropriate immersion time and cycles of S-CBD

process benefit the photocatalysis. CdS5min/2C-TNTAs and

CdS10min/1C-TNTAs samples prepared in the present work

exhibited much better photocatalytic performance, whose rate

constants of degrading methyl orange are about 4 times higher

than that using TiO2 nanotubes. Taking the advantage of

efficient charge separation, CdS-TNTAs fabricated in the

present work can be used not only as the important photo-

catalysts in degradation of organic compounds but also as the

promising photoelectrodes for photoelectrocatalysis or solar

cell applications.
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