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Abstract In this paper, cadmium sulfide–titania nanocom-

posites were successfully synthesized by electrochemical

anodizing and successive ionic layer adsorption and reac-

tion (SILAR) methods. Cadmium sulfide was successfully

deposited on titania nanotubes with tunable loading

amounts by controlling deposition cycles of SILAR. The

morphology, crystal structure, elemental composition and

light absorption capability of samples were characterized by

FE-SEM, XRD, EDX and UV–Vis methods. Titania nan-

otubes with 90–220 nm in diameter and 15–30 nm in wall

thickness were prepared by one-step anodizing method and

then cadmium sulfide deposited onto titania to form cad-

mium sulfide–titania heterostructure. Characterization of

the cadmium sulfide–titania sample indicated that the

number of SILAR cycles significantly influenced the mor-

phology and photo catalytic activity of fabricated films. Rh

B and MO were adopted as the model dyes and the photo

catalytic tests were carried out in detail. Results showed that

the photo catalytic activity of cadmium sulfide–titania

samples is higher than that with bare titania sample. The

incorporation of cadmium sulfide on titania improves the

photo catalytic activity due to the synergetic effect. The

photo catalytic activity increase with the proper increase of

cadmium sulfide amount; however, the activity decreases

when the amount of cadmium sulfide is further increased

which may result in the formation of the compact films on

the surface and a decrease in surface area of samples.

Cadmium sulfide–titania sample prepared by SILAR

deposition with 5 cycles gives the highest degrading rate,

which can be attributed to appropriate cadmium sulfide

content. Cadmium sulfide–titania is easy to be recycled and

has good stability for repeated use. A mechanism is also

studied and an electron transfer route is provided and

accounts for the enhanced photo catalytic activity. With the

improved visible light degradation performance, cadmium

sulfide–titania samples would be expected to be used in

water purification.

1 Introduction

Titania nanotubes have attracted much attention due to

their unique structural and electronic properties and have

various applications in a lot of fields, such as solar cells,

lithium batteries, photo-detectors, light waveguides, gas

sensing and photo catalysis [1–4]. These one-dimensional

nanostructured possess high specific surface area and

nanotubular morphology, the nanotubular features of tita-

nia provide a large amount of channels for enhanced

electron transfer, which is important during photo catalytic

oxidation of organic compounds [1–4]. However, titania

nanotubes have the intrinsic drawbacks of poor visible-

light absorption (wide band gap semiconductor which can

only absorb UV light with the wavelength below 390 nm)

and fast charge carrier recombination (photo-generated

electrons and holes) which hinder its practical application

[5]. Many strategies have recently been devoted to modify

titania nanotubes by dye sensitization, doping with ions,

coating their surface with noble metal nanoparticles or

narrow band-gap semiconductor quantum dots and cou-

pling with low band gap semiconductors like PbS, CdTe,

CdSe, ZnFe2O4, Cu2O, CdS; which may overcome the
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above defects and improve the catalytic efficiency [6–22].

Among the low band gap semiconductors, cadmium sulfide

(CdS) has attracted much attention; it can be excited by

visible light to produce electrons and holes due to the

narrow band gap of 2.4 eV [22, 23]. Cadmium sulfide was

often deposited or coated on nanorod arrays of zinc oxide

and titanium dioxide, which were used as high surface area

templates to enhance solar absorption and as semiconduc-

tors to form a junction with cadmium sulfide [24–34].

Previous studies have shown that in the cadmium sulfide/

titania system, heterojunctions between titania and CdS are

formed and the conduction band (CB) of cadmium sulfide

is about 0.5 eV (more negative than that of titania). So no

holes generated in the CB of titania, and the recombination

of electrons–holes pairs is inhibited in the cadmium sulfide/

titania system. As a result, the coupled system can enhance

light-harvesting efficiency, thus improving the photo cat-

alytic performance of the catalyst [22]. In the present study,

hybrid cadmium sulfide–titania nanostructures were pre-

pared by using of electrochemical anodizing and succes-

sive ionic layer adsorption and reaction (SILAR) methods.

The morphology and structure were characterized by

scanning electron microscopy, energy dispersive X-ray

spectroscopy and X-ray diffraction. Optical properties were

investigated by UV–visible diffuse reflectance spectra. In

addition, photo catalytic activity of different hybrid cad-

mium sulfide–titania nanostructure samples was investi-

gated and compared by degradation of some dyes. Results

show that the presence of cadmium sulfide significantly

improved the photo catalytic performance of samples.

2 Experimental

All chemicals were obtained as analytical reagent grade

and used without further purification. The solutions were

prepared with distilled water. Titanium foils (purity

[99.99 %, 1 mm thickness) were used.

Titanium plates were cut into desired dimensions and

were employed as substrate for the preparation of the

titania nanotubes/Ti working electrode with only one face

exposed to solution. They were mechanically polished with

different abrasive papers (with the following grades:

80,180, 400, 600, 1200 and 2000), rinsed in a bath of

distilled water, then chemically etched by immersion in a

HF/HNO3/H2O (1:4:5 in volume) mixed solution, and

finally rinsed with distilled water. They were then dried in

air at room temperature. Pretreatment by this procedure

ensures a good adhesion of the deposit to the substrate.

After cleaning, anodic films were grown from titanium by

anodizing of this foil in a solution of ethylene glycol

(98 mL) containing 0.13 M NH4F and 2 mL distilled water

at a constant voltage of 60 V for 6 h at room temperature

using a graphite foil with about 12 cm2 geometric areas as

cathode. Anodizing was carried out using a controlled DC

power supply source (ADAK, PS405). A schematic rep-

resentation of the anodizing setup is shown in Fig. 1. After

anodizing, the as-formed samples were annealed in air

atmosphere at 400 �C for 2 h with a ramp of 2 �C/min to

obtain crystalline samples.

Cadmium sulfide was deposited on the titania nanotubes

by separately SILAR method. Titania nanotubes were

dipped into 0.5 M Cd(NO3)2 in ethanol for 10 min, rinsed

with ethanol, dried in air, dipped for another 10 min into a

0.5 M Na2S aqueous solution and rinsed again with dis-

tilled water and dried at 150 �C for 10 min, which was

defined as one SILAR cycle. The deposition of CdS was

repeated for 6 cycles. In order to investigate the influence

of deposition conditions on samples property, we changed

the deposition cycle (1, 2, 3, 4, 5 and 6 cycles) into carry

out the CdS/TiO2 samples (CdST). The as prepared sam-

ples were named respectively CdST-1, CdST-2, CdST-3,

CdST-4, CdST-5 and CdST-6, that terminal number is the

number of SILAR cycles.

The surface morphology of all samples was character-

ized by field emission scanning electron microscopy (FE-

SEM, Hitachi S-4160, Japan), and the elemental compo-

sition was estimated by energy dispersive X-ray spec-

troscopy (EDX). Elemental mapping was conducted by

energy dispersive spectroscopy (EDS). The crystalline

phases were identified by XRD (Philips X’Pert). Diffrac-

tion patterns were recorded in the 2h range from 20� to 80�
at room temperature. The optical absorption of the samples

was determined using a diffuse reflectance UV–visible

spectrophotometer (JASCO V-570).

Photo catalytic activities of all the samples were evalu-

ated by degradation of rhodamine B (Rh B) and methyl

orange (MO) under visible light irradiation. The photo

catalytic reaction was carried in a single-compartment

cylindrical quartz reactor. A 200 W xenon lamp accompa-

nied with a UV cutoff filter was used as a light source to

provide visible light. The luminous intensity of the xenon

lamp was 100 mW Cm-2. The actual experiments were

performed at room temperature. Prior to illumination, the

photo catalyst sample was immersed in quartz reactor

containing Rh B or MO, magnetically stirred for 120 min in

the dark to ensure the establishment of an adsorption–des-

orption equilibrium between the photo catalyst and these

dyes. Then the solution was exposed to visible light irra-

diation under magnetic stirring. At certain time intervals,

specific amount of the solution was withdrawn and the

changes in concentration of dye were observed using a UV–

Vis spectrophotometer. The maximum absorption wave-

lengths of MO and Rh B are 462 and 554 nm, respectively.
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3 Results and discussion

The SILAR method, introduced by Nicolau, is a unique

method in which thin films of compound semiconductors

can be deposited by alternate dipping of a substrate into the

aqueous solutions containing ions of each component. The

SILAR technique is a solution phase method to grow thin

films at room temperature and ambient pressure. The

SILAR method resembles CBD but deposition control of

the growth is easier since the precursors for the cation and

anion constituents of the thin film are in different vessels.

The growth of thin films in the SILAR method occurs only

heterogeneously on the solid–solution interface due to the

intermediate rinsing step between the cation and anion

immersions. Therefore, the thickness of the film can be

controlled simply by the number of growth cycles.

Between each precursor treatment, the surface is rinsed

with purified water or ethanol so that only the tightly

adsorbed layer stays on the substrate. Hence, the reaction

producing a thin film occurs only on the surface of the

substrate. The equipment for the SILAR technique can be

very simple and inexpensive due to the ambient growth

conditions used [35, 36]. In SILAR method, the growth

mechanism involves three most important steps:

1. Specific adsorption of the most strongly adsorbed ions

of the compound to be grown by substrate immersion

in a solution of one of its salts

2. Water or ethanol rinsing of the excess solution still

adhering to the substrate

3. Chemical reaction between the most strongly specif-

ically adsorbed ions and the less strongly adsorbed

ones by the subsequent substrate immersion in a

solution containing the latter, entailing the growth.

The schematic diagram of a single SILAR cycle for CdS

deposited on TiO2 nanotubes is presented in Fig. 2.

The morphology of prepared samples were observed by

SEM. Figure 3a shows FE-SEM images of bare titania

sample, which clearly shows formation of nanotube–

nonoporous films on the surface of titanium that the surface

of them was open. It can be seen that their diameter is in

the range of 90–220 nm and wall thickness of 15–30 nm.

The FE-SEM of the as-prepared cadmium sulfide–titania

samples was illustrated in Fig. 3b–g. In Fig. 3b–f, cad-

mium sulfide–titania samples displayed nonoporous that

the surface of them was open. By increasing the cycle

number of SILAR, more amounts of cadmium sulfide have

been deposited on the surface. In Fig. 3g, nanostructure

films can not be seen on the surface. Compact films,

without porosity, were formed on the surface of samples. It

can be said that when the number of SILAR cycles

increased to 6 cycles, surface is covered with a compact

layer of cadmium sulfide.

The analysis of the films surface by energy dispersive

X-ray spectroscopy (EDX) taking measurements on top

and results present in Fig. 4. It was seen that the films

mainly consisted of Ti, O, Cd and S; the contents of each

sample were inserted in the corresponding figure. The EDX

data of cadmium sulfide–titania samples show two peaks

around 4.5 and 4.9 keV for Ti. The peaks due to cadmium

are clearly distinct at 0.4, 3.1 and 3.3 keV. Also peaks due

to sulfur were appeared at 0.1 and 2.3 keV. These results

confirm that Ti, O, Cd and S exist in these samples. The

occurrences of traces of contaminants such as N, F and Na

from precursors are also observed. The composition of the

cadmium sulfide–titania sample was confirmed by energy-

dispersive X-ray mapping (Fig. 5). This test shows the

presence of Cd, O, Ti, S, Na, F and N in these samples. The

elemental maps demonstrated that O, Ti, Cd and S are

homogeneously distributed on the surface of samples.

The phase structures of samples were determined by

X-ray diffraction (XRD). The XRD patterns of the bare

Fig. 1 Schematic presentation

of the pretreatment method of

titanium sheets and producing

process of TiO2 nanotube films

on titanium foils
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titania and cadmium sulfide–titania samples are shown in

Fig. 6. Figure 6 shows XRD patterns of (a) as-prepared

bare titania, (b) bare titania annealed at 400 �C and

(c) cadmium sulfide–titania samples. Diffractions that are

attributable to anatase TiO2 are clearly observed in the

annealed sample. The Ti peaks were due to the titanium

substrate. As shown in this figure, the peaks at 2h = 25.3�,
37.9�, 38.6�, 54.0�, 55.2�, 62.9�, 75.3� and 76.2� were

assigned to the TiO2 anatase phase (JCPD card no. 01-073-

1764). Comparing the XRD patterns of b and c show that

apart from the existed diffraction peaks in b and c spectra

which are related with the characteristic diffraction peaks

of TiO2, other specific diffraction peaks at 24.8�, 26.5�,
28.2�, 43.7�, 47.8�, 50.9�, 52.8�, 58.2� and 69.2� also

appear in c spectrum. According to the standard PDF

(JCPD card no. 01-075-1545) of CdS, the nine extra

Fig. 2 Schematic presentation

of single SILAR cycle for CdS

deposited on TiO2 and

preparation of CdS/TiO2

nanocomposite electrodes

Fig. 3 a SEM top-view image of different samples; a as-prepared TiO2 nanotubes; b CdST-1, c CdST-2, d CdST-3, e CdST-4, f CdST-5 and

g CdST-6
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specific diffraction peaks in c spectrum correspond with

(100), (002), (101), (110), (103), (200), (201), (202) and

(210) of crystal planes of cadmium sulfide. The XRD data

further confirms the successful preparation of cadmium

sulfide–titania photo catalysts.

The band gap in a semiconductor material is closely

related to the wavelength range absorbed, where the band

gap decreases with increasing absorption wavelength.

Consequently, a material with a narrow band gap can be

extended readily to utilize visible light, whereas a narrow

band gap can reduce photo catalytic activity by increasing

the recombination rate between the electrons and holes.

Figure 7 shows the UV–Vis absorption spectra of bare

titania nanotube and different cadmium sulfide–titania

samples prepared with different cycles of SILAR pro-

cesses. An absorption in UV region (\400 nm) was

observed for all the samples, which can be assigned to the

intrinsic band gap absorption of TiO2. Compared with bare

titania, cadmium sulfide–titania samples show the same

absorption edge, indicating that cadmium sulfide was not

incorporated into the lattice of TiO2, but only deposited on

its surface. Moreover, the absorption wavelength range of

titania samples is extended greatly toward visible light, and

the wide visible-light absorption becomes stronger with

increasing cadmium sulfide content.

Photo catalytic activity of different samples was fol-

lowed through degradation of rhodamine B and methyl

orange as a function of irradiation time with visible light.

To get the response of photo catalytic activities of bare

titania and cadmium sulfide–titania samples, the absorption

spectra of exposed samples at various time intervals were

recorded and the rate of color degradation was observed in

terms of change in intensity at kmax of these dyes. In

practice, the first, dyes degradation experiments were

Fig. 4 EDX spectrum of

different samples; a CdST-2 and
b CdST-6 sample
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conducted under light irradiation to evaluate direct pho-

tolysis without the addition of any catalyst. The concen-

tration of dyes remained nearly constant after irradiation.

Thus, no obvious degradation of these dyes was observed

in this time period. In addition, a dark control experiment

was conducted, indicating that the adsorption of these dyes

onto the surface of the catalyst in the absence of light

radiation was negligible. The photo catalysis results indi-

cated that the photo catalytic process was very effective in

the removal of these dyes and it was observed that the

degradation of dyes was enhanced using cadmium sulfide–

titania samples.

Figure 8a shows the photo degradation rate of Rh B

under visible light in presence of different samples. Under

the irradiation of visible light, bare titania (T) sample

showed almost no photo catalytic activity, but cadmium

sulfide–titania (CdST) samples showed photo catalytic

activity. Figure 8a show that the CdST-5 sample exhibited

better photo catalytic activity than other samples under

visible light illumination. The photo catalytic performances

of different samples were in the following order:

CdST-5[CdST-4[CdST-3[CdST-2[CdST1

[CdST-6[T

Figure 8b shows the photo degradation rate of MO

under visible light in presence of different samples.

Because of its stabilization and low photosensitized prop-

erty, MO solution was more difficult to be decolorized

Fig. 5 Elemental EDX mapping of Ti, O, Cd and S obtained from CdST-6 sample
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compared to Rh B. However, as can be seen in Fig. 8b,

CdST-5 presented highest photo catalytic activity under

visible light irradiation among all samples, and the decol-

oration efficiency of MO solution was 91 % under visible

light irradiation for 300 min. This further confirmed that

CdST-5 exhibited excellent visible light photo catalytic

activity. As can be seen, the decoloration of Rh B and MO

over different samples shows similar trends: CdST-5 pos-

sess the highest photo catalytic activity under visible light

irradiation among all the samples. The excellent crys-

tallinity, the improvement of visible-light absorption (ca-

pability to absorb visible light and higher light absorption,

compared to bare titania), larger surface area, the unique

morphologies and nanostructures of cadmium sulfide–tita-

nia (CdST) samples, the intimate contact and the syner-

gistic effect within the heterojunctions between cadmium

sulfide and titania, were supposed to be responsible for the

highly efficient photo catalytic activity of CdST.

20 30 40 50 60 70 80
2Theta (degree)

In
te

ns
ity

(a
.u

.)

T
i(1

00
)

A: Anatase
Ti: Titanium

A
(1

01
) A

(0
04

)

T
i(1

01
)

A
(2

11
)

A
(3

01
)

A
(2

04
) T

i (1
10

)

T
i(1

03
)

A
(1

05
)

T
i(1

12
)

T
i(2

01
)A

(1
12

)T
i(0

02
)

T
i(1

02
)

A
(2

15
)

C
dS

(1
00

)

C
dS

(0
02

)

C
dS

(1
01

)

C
dS

(1
10

)

C
dS

(1
03

)
C

dS
(2

00
)

C
dS

( 2
01

)

C
dS

(2
02

)

C
dS

(2
10

)

a

b
c

Fig. 6 XRD patterns of prepared samples, a as-prepared bare TiO2,

b bare TiO2 annealed at 400 �C for 2 h and c CdST-6 sample

250 350 450 550 650 750 850
Wavelength ( nm)

A
bs

or
ba

nc
e 

(a
.u

.)

a

a: CdST-6
b: CdST-5
c: CdST-4
d: CdST-3
e: CdST-2
f:  CdST-1
g: Bare titania

b

c
d
e
f
g

Fig. 7 Diffuse reflectance UV–Vis absorption spectra of different

samples

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200
Irradiation time (min)

C
t/C

0

I

II

III

IV

a

I:Bare T
II: CdST-6
III: CdST-1
IV: CdST-2
V: CdST-3
VI: CdST-4
VII: CdST-5

V
VI
VII

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200 250 300 350
Irradiation time (min)

C
t/C

0

I

II
III

IV

b

V
VI
VII

I:Bare T
II: CdST-6
III: CdST-1
IV: CdST-2
V: CdST-3
VI: CdST-4
VII: CdST-5

0

20

40

60

80

100

D
eg

ra
da

tio
n 

ef
fic

ie
nc

y 
(%

)  

1 2 3 4 5
 Number of catalytic cycles

c

Fi
rs

t

Se
co

nd

T
hi

rd Fo
ur

th

Fig. 8 The photo catalytic degradation of Rh B solution (a) and MO

solution (b) by the different samples under visible light irradiation.

c Photo catalyst stability test of prepared samples for degradation of

MO solution

10664 J Mater Sci: Mater Electron (2016) 27:10658–10666

123



In addition to the photo catalytic activity, the stability of

the photo catalysts is another important issue for practical

application, for it can be regenerated and reused. To

investigate the stability of prepared sample, four runs of

cycling photo degradation experiments under identical

conditions were performed (Fig. 8c). Before each experi-

ment, the used photo catalyst was cleaned through washing

with distilled water. Compared with the common catalysts

in the powder form that nanoparticles dispersed in the

reaction media, our samples prepared on the titanium

substrates are more conveniently separated and recycled

without any laborious centrifugation. As shown in Fig. 8c,

after a 4-cycle experiment, this catalyst exhibited similar

catalytic performance without significant deactivation,

indicating its high durability and stability. Therefore, the

recycling of CdST is possible, prepared samples in this

study should be a promising photo catalyst for treatment of

organic contamination

In here, a simple photo catalytic mechanism has been

investigated. Figure 9 shows the schematic diagram of the

separation of photo-generated electrons–holes pairs on the

interface of CdS/TiO2 under visible light irradiation. When

the CdS/TiO2 compound were irradiated by the visible

light with a photon energy higher or equal to the band gaps

of CdS (due to its narrow energy band gap that is

*2.4 eV), CdS is excited to yield electron–hole pairs

under visible light irradiation and electrons in their valence

band (VB) could be aroused to their corresponding con-

duction band (CB) with simultaneous generation of the

same amount of holes in their VB [Eq. (1)]. Then, the

photo-induced electrons and holes could be separated

under the influence of the electrostatic field induced by the

different work functions of the semiconductors their VB

[22]. The photo-induced electron transfer would occur

from the CB of CdS to the CB of TiO2 (because of the

matched CB potential position and the intimate contact

between CdS and TiO2), whereas the photo-induced holes

still remained in the VB of CdS, the photo-induced charge

carriers in CdS could be effectively separated [Eq. (2)].

Such an interfacial charge transfer will bring down

recombination of photo-generated charge carries. There-

fore the above results we presume the hetero-structures do

larger the absorption range to visible-light region. After

stimulation of CdS under visible light irradiation and cre-

ating electron–hole pairs, in the next step, the electrons in

the CB of TiO2 react with molecular oxygen to generate

superoxide radical (�O2
-) [Eq. (3)] and hydrogen peroxide

(H2O2) [Eq. (4)]. Then
�O2

- and H2O2 inter-react to form

hydroxyl radical �OH [Eq. (5)]. Then, dye molecules are

oxidized by these oxidants step by step [Eq. (6)]. In addi-

tion, the holes themselves can directly oxidize dye mole-

cules (Rh B or MO), and this is considered as the dominant

pathway, because it is the prerequisite step for the photo

catalytic reaction that dye molecules adsorbed on the sur-

face of CdS/TiO2 [Eq. (7)] [22]. In this study, it is thought

that both indirect oxidation by hydroxyl radical and direct

oxidation by holes simultaneously functioned to oxidize

dye molecules. By this token, the combination of CdS

contributes to enhance photo catalytic efficiency under

visible light irradiation owing to the photo-induced inter-

facial charge transfer.

CdS=TiO2 þ ht ! CdS e� þ hþð Þ=TiO2 ð1Þ

CdS e� þ hþð Þ=TiO2 ! CdS hþð Þ=TiO2 e�ð Þ ð2Þ

CdS hþð Þ=TiO2 e�ð Þ þ O2 ! CdS hþð Þ=TiO2 þ � O�
2 ð3Þ

CdS hþð Þ=TiO2 e�ð Þ þ O2 þ Hþ

! CdS hþð Þ=TiO2 þ H2O2 ð4Þ

H2O2 þ � O�
2 ! � OHþ OH� þ O2 ð5Þ

Dye Rh B or MOð Þ þ � O�
2 H2O2=

�
OHð Þ ! Products ð6Þ

CdS hþð Þ=TiO2þDyeads ! CdS=TiO2 þ Dye�þads
! CdS=TiO2þProducts ð7Þ

4 Conclusion

In summary, cadmium sulfide has been successfully

deposited on titania nanotubes by successive ionic layer

adsorption and reaction (SILAR) method for visible-light-

driven organic compound degradation. The morphology,

crystal structure, elemental composition and light absorp-

tion capability of samples were characterized by field

emission scanning electron microscope, X-ray diffraction,

energy dispersive X-ray spectrometer and ultraviolet–visi-

ble spectroscopy methods. Characterization of the cad-

mium sulfide–titania sample indicated that the number of

Fig. 9 Schematic diagram of charge transfer in CdS/TiO2 photo

catalyst for visible-light photo catalysis and proposed reaction

mechanism
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SILAR cycles significantly influenced the morphology and

photo catalytic activity of fabricated films. Rhodamine B

and methyl orange were adopted as the model dyes and the

photo catalytic tests were carried out in detail. The activity

of these samples through degradation of some dyes

revealed that the photo catalytic activity of cadmium sul-

fide–titania samples is higher than that with bare titania

sample. To further improve the photo catalytic efficiency

on visible light region, some factors should be considered,

including the light utilization efficiency, separation of the

light-induced charge carries, large surface and strong

interaction and structure matching between catalyst and

contamination. The recyclability of CdS/TiO2 samples

showed that these samples have high stability and do not

photo-corrode during this process. Such an important and

useful property for these samples would greatly promote

their practical application in a scale-up for industrial water

remediation.
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