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PHYSICAL AND CHEMICAL PROPERTIES AND PHOTOCATALYTIC ACTIVITY 
OF NANOSTRUCTURED TiO2/CdS FILMS
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Mesoporous titanium dioxide fi lms obtained by the sol/gel template method are used as supports for making TiO2/CdS 
nanoheterostructures. We show that the photocatalytic method results in formation of smaller CdS nanoparticles than 
chemical deposition. Photoelectrochemical measurements show more effi cient spatial separation of photogenerated 
charges between components of the photocatalytically produced TiO2/CdS fi lms, and consequently their participation 
in redox transformation of the xanthene dye Rose Bengal when exposed to UV light leads to higher quantum yields.
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Introduction. Intensive basic and applied research on nanostructured titanium dioxide fi lms, deposited on the 
surface of glass, metals, organic polymers, and other materials, has been stimulated by the wide-ranging prospects for their 
application in modern technologies for solar energy conversion [1–3]. The solution to the problem of improving the effi ciency 
of photosensitive systems based on porous nanostructured TiO2 fi lms is mainly associated with expansion of the range of their 
photosensitivity into the visible spectral region and reducing undesirable losses of photogenerated charges in recombination 
processes. One promising route for comprehensive solution of this problem is to design binary systems consisting of titanium 
dioxide and another photosensitive component, such as for example a narrow-band semiconductor with the conduction band at 
higher energy than in TiO2, or metal nanoparticles. The most impressive results have been achieved when using metal sulfi de 
(MS) semiconductors (CdS, PbS, Bi2S3) as sensitizers of titanium dioxide in photoanodes of photoelectrochemical cells 
[4, 5]. Along with conventional "chemical" synthesis methods for MS/TiO2 nanocomposites, photochemical approaches can 
be used that are based on the capability of TiO2 nanoparticles for photocatalytic conversions of sulfur-containing compounds [6–8].

The high rate of spatial separation of unlike photogenerated charges between components of CdS/TiO2 nanostructures 
results in their elevated activity in reactions of evolution of hydrogen from aqueous solutions of electron donors, degradation 
of organic dyes, tetrachlorobenzene, reduction of methyl viologen, and oxidation of indole [9–12]. It was established earlier 
by pulsed laser photolysis [13] that spatial separation of photogenerated charges between components of photocatalytically 
produced TiO2/CdS nanostructures occurs an order of magnitude more effi ciently than in nanostructures of analogous 
composition obtained chemically (3–5 μs) and their recombination occurs signifi cantly more slowly (>100 μs) [13].

This paper focuses on study of the effect of the synthesis method for TiO2/CdS nanoheterojunctions on their structure, 
photoelectrochemical characteristics, and photocatalytic activity in the reaction of oxidation of the xanthene dye Rose Bengal (RB):
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Experimental Section. Mesoporous titanium dioxide fi lms were prepared by the sol/gel method: hydrolysis of 
titanium isopropoxide Ti ( )iso

4OPr  in the presence of Pluronic P123 (triblock copolymer of ethylene and propylene oxides) 
as the template and acetylacetone as the chelating agent to slow down the rate of hydrolysis of the titanium alkoxide [14]. 
We used the dip-coating method to deposit the fi lms on glass substrates for the photocatalytic studies and on titanium foil for 
the photoelectrochemical studies. We used six-layer coatings obtained by successive deposition of the fi lms six times, after 
drying each layer in air. After deposition, the fi lms were hydrolyzed in air and calcined in a muffl e furnace at 400°C.

The TiO2/CdS structures were obtained by chemical (chem) and photochemical (photo) deposition. In order to obtain 
composite TiO2/CdS(chem) fi lms, the original titanium dioxide fi lms were dipped in an aqueous solution containing cadmium 
acetate and thiourea, after which the pH of the solution was raised with ammonia to pH 12–13. The process of cadmium 
sulfi de deposition is based on slow release of Cd2+ ions from the Cd ( ) +2

3 4NH  complex, which are adsorbed on the titanium 
dioxide fi lm, and S2– ions formed in decomposition of thiourea [15]. This process can be represented schematically as:

 Cd(NH3)4
2+ → Cd2+ + 4NH3  

 SC(NH2)2 + 3OH– → 2NH3 + C −2
3O  + SH– 

 SH– + OH – → S2– + H2O 

 Cd2+ + S2–→ CdS 

 Cd ( ) +2
3 4NH  + SC(NH2)2 + 4OH– → CdS + 6NH3 + C −2

3O  + H2O 

Photochemical deposition of CdS was carried out with exposure to UV light (λ = 310–370 nm) of TiO2 fi lms dipped 
in a solution of sulfur (S8) and Cd(CH3COO)2 in anhydrous ethanol in an evacuated glass reactor:

 TiO2 + hv → TiO2 + −
CBe  + +

VBh  

 2 −
CBe  + Sx (x = 1–8) → S2– + Sx–1 

 Cd2+ + S2– → CdS 

Electron micrographs of the surface of the mesoporous fi lms were obtained using a LEO-1530 scanning electron 
microscope (SEM) with accelerating voltage 100 kV.

To study the photocatalytic activity of the samples, we used the test reaction of Rose Bengal degradation. 
Photooxidation of Rose Bengal with concentration Cm = 1·10–5 mol/L in aqueous solutions was carried out in a water-
cooled 20 mL quartz reactor with vigorous stirring and free access of air. The aqueous solutions of the dye were irradiated 
in the presence of the photocatalysts by near-UV light (λ = 310–390 nm) from a DRSh-1000 high pressure mercury lamp at 
pH 6–7. The Rose Bengal concentration was monitored from the change in the intensity of the absorption spectrum at λ = 529 nm 
during irradiation using a Lambda 35 UV-Vis spectrophotometer (Perkin Elmer).

Results and Discussion. As we see from micrographs of the surface of TiO2/CdS fi lms, in photocatalytic deposition 
of cadmium sulfi de, islands are formed on the surface of nanocrystalline titanium dioxide fi lms which consist of CdS 
aggregates of length 100–200 nm (Fig. 1a). With chemical deposition, CdS is uniformly distributed over the entire surface 
of the fi lm as bulk particles of size up to 1 μm (Fig. 1b). These data are consistent with the results obtained previously by 
atomic force microscopy [14], which suggest that during photocatalytic reduction of sulfur on the surface of TiO2 fi lms in the 
presence of cadmium(II) acetate, elongated nanoaggregates of cadmium sulfi de are formed that consist of CdS nanoparticles 
that are smaller (5–6 nm) than for conventional chemical deposition (>20 nm) of cadmium sulfi de.

In the Raman spectra of TiO2/CdS(chem) samples, we see characteristic bands at ~300 and ~600 cm–1 (Fig. 2), 
which correspond to a longitudinal optical phonon (LO) and its second order mode (2LO) in CdS [16]. In the spectrum of 
the sample synthesized photocatalytically, an additional weak peak can be assigned to a transverse optical phonon (TO) or 
a surface optical phonon (SO). Its presence may indicate somewhat smaller CdS particles in the TiO2/CdS (photo) sample 
compared with the product of conventional chemical synthesis, and also more signifi cant structural disordering (high degree 
of amorphization) of the cadmium sulfi de formed during photocatalytic reduction of sulfur by ethanol on the surface of 
mesoporous TiO2. The TiO2 fi lms deposited on a titanium plate, as is consistent with the bandgap width ∆Eg > 3.2 eV 
characteristic for titanium dioxide (anatase), exhibits photosensitivity in the region λ < 400 nm.
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Deposition on the TiO2 surface of cadmium sulfi de particles (∆Eg > 2.4 eV) leads to an increase in the photocurrent 
quantum yield in the UV region and appearance of photosensitivity to light in the visible region of the spectrum (λ > 400 nm). 
In this case, the composite TiO2/CdS(photo) is characterized by a higher quantum yield than for TiO2/CdS(chem) (Fig. 3a). 
The increase in the photocurrent quantum yield in the UV region may suggest more effi cient separation of photogenerated 
charges due to CdS particles accumulating holes from the TiO2 nanoparticles (suppression of recombination processes). The 
reason for the high effi ciency of TiO2/CdS(photo) electrodes is their formation by photodeposition of cadmium sulfi de directly 
on the active sites of titanium dioxide, which provides electronic contact between the components of the heterostructure and 
prevents recombination processes. In contrast to nanocomposites obtained photochemically, in TiO2/CdS(chem) electrodes 
the cadmium sulfi de is randomly deposited on the TiO2 surface, where both separation of unlike charges and recombination 
processes occur between particles of such a structure.

For these systems, we observe an extremal dependence of the photocurrent quantum yield with a shift of the 
maximum toward higher energies (Fig. 3a). The shift of the maximum is the result of the balance between absorption and 
recombination processes and is due to the decrease in recombination losses of charge carriers, also including a decrease in 
the cathode photocurrent, and consequently the photosensitivity of the heterostructure increases in the UV region [17]. The 
drop in photocurrent in the long-wavelength region of the spectrum is due to the decrease in the absorption coeffi cient near 
the intrinsic absorption band edge of TiO2 and CdS. The drop in photocurrent in the short-wavelength region of the spectrum 
may be the result of recombination losses of photogenerated charge carriers and the effect of photocathode processes [17].

Fig. 1. SEM image of the surface of TiO2/CdS fi lms synthesized by photochemical (a) 
and chemical (b) deposition of cadmium sulfi de.

Fig. 2. Raman spectra of TiO2/CdS samples synthesized by chemical (1) and photocatalytic 
(2) deposition of cadmium sulfi de on the surface of mesoporous titanium dioxide; 
3) Raman spectrum of the original TiO2.
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To estimate the energy parameters of the studied systems from the dependences of the photocurrent quantum yield 
h on the potential of the TiO2, TiO2/CdS(chem), and TiO2/CdS(photo) electrodes, we determined the fl at-band potentials 
(Efb) given in Table 1. We plotted the energy diagrams (the position of the levels is represented relative to the standard 
hydrogen electrode (SHE)), which let us estimate the effi ciency of these systems in photochemical processes (Fig. 3b). For 
TiO2/CdS(photo) fi lms, we note an anode shift of the valence band energy by 0.1 V, which suggests enhanced oxidizability of 
photogenerated holes in the valence band and increased catalytic activity of these materials compared with TiO2/CdS(chem) 
during photooxidation processes.

Photocatalytic oxidation of Rose Bengal dye in the presence of TiO2/CdS fi lms. Reactions of photocatalytic 
oxidation/reduction of the dyes are used as typical test reactions for comparison of the photocatalytic properties of different 
types of semiconductor materials. The synthesized TiO2/CdS nanostructures were tested using the reaction of oxidation of 
the halogenated fl uorescein Rose Bengal. The oxidation potential of the excited state of Rose Bengal calculated in [18] is 
–1.33 V (relative to the SHE), which makes electron transfer from the dye to the conduction band of TiO2 and TiO2/CdS 
nanostructures thermodynamically favorable (Fig. 3b). The course of the photochemical processes was observed from the 
decrease in the intensity of absorption by the dye (Fig. 4a and c); the kinetic curves for photodecomposition are shown in 
Fig. 4b, d and the quantum yields of the reaction are given in Table 1.

On exposure to UV light, the greatest photocatalytic activity in the reaction of Rose Bengal degradation is demonstrated 
by TiO2/CdS(photo) nanoheterostructures. Conversion of the dye after 60 minutes of exposure is 25–30% higher than for the 
analogous nanoheterostructure formed chemically, and 70–80% higher than for the original nanocrystalline titanium dioxide 
fi lm (Fig. 4b).

When aqueous solutions of Rose Bengal are exposed to visible light, we observe their gradual decolorization due to 
photochemical degradation of the dye. In the presence of nanocrystalline titanium dioxide fi lms, this process occurs several 
times faster (Fig. 4c and d). Acceleration of photodegradation of the dye in this case is probably due to electron transfer from 
its singlet-excited molecules to TiO2 nanoparticles [18]. Thus Rose Bengal can act as a sensitizer for oxidation/reduction 
processes with participation of titanium dioxide fi lms for visible light.

Fig. 3. Photocurrent quantum yield (a) and energy diagram for TiO2, TiO2/CdS(chem), 
and TiO2/CdS(photo) electrodes (b).

TABLE 1. Quantum Yield (Φ) for Photooxidation of Rose Bengal Dye in the Presence of TiO2 and TiO2/CdS Films

Photocatalyst λirr, nm Φ·10–5 λirr, nm Φ·10–5

No photocatalyst

310–390

1.11

> 460

1.19

TiO2 1.59 1.74

TiO2/CdS(chem) 1.86 1.85

TiO2/CdS(photo) 2.44 1.80
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Deposition of CdS nanoparticles on the surface of mesoporous TiO2 fi lms has practically no effect on the rate and 
extent of Rose Bengal degradation, possibly due to competitive absorption of light in the same spectral range by both the 
semiconductor and the dye. It was previously noted [19] that photodecomposition of rhodamine B adsorbed on CdS occurs 
mainly as a result of absorption of light by the dye itself, and to a lesser extent by excitation to the absorption band of CdS, 
and practically does not involve the dye in solution. Evidence that the process occurs through a photoinduced electron 
transfer step when exposed to visible light in the presence of both TiO2 and TiO2/CdS nanocomposites comes from the 
gradual formation of an absorption band in the spectrum that is characteristic for the completely dehalogenated form of the 
dye, fl uorescein (Fig. 5c). We know that dehalogenation of fl uorescein derivatives occurs through an intermediate step of 
formation of the triplet-excited form of the dye, followed by cleavage of the halogen groups [19], similar to the process of 
de-ethylation of rhodamine dyes when exposed to visible light in the presence of cadmium sulfi de [20] or TiO2 [21].

Conclusions. We have established that the higher effi ciency of TiO2/CdS electrodes fabricated by photochemical 
deposition, compared with chemical deposition, for obtaining a photocurrent is due to chemical contact between the components 
of the heterostructure, which signifi cantly decreases the losses of charge carriers in recombination processes. Redox 
conversions of the dye Rose Bengal when exposed to UV light in the presence of TiO2/CdS(photo) fi lm nanoheterostructures 
occur with higher quantum yields than for TiO2/CdS(chem), due to the more effi cient separation of photogenerated charges.
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