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Abstract

Titanium dioxide is broadly used as a catalyst for photochemical reactions. In this work, nanometric particles of CdS (a narrow band gap
semiconducting material) were used to impregnate TiO, in order to optimize its photocatalytic properties. CdS/TiO, semiconductor composites
were obtained in 1, 3, 5 and 20 mol% proportion and characterized by differential thermogravimetric analysis (DTG), X-ray diffraction (XRD),
laser-induced fluorescence (LIF) and resonance Raman spectroscopy. The results identified the CdS in hexagonal geometry and the TiO, in anatase
form. Resonance Raman spectroscopy data revealed a lattice softening of the TiO,-anatase phase due to electronic interaction between TiO, and
CdS in the CdS/TiO, catalyst. The effect of modifying the proportion of CdS in the catalyst electronic properties and efficiency was also studied.
The photocatalytic activity of the CdS/TiO, was investigated using artificial UV light for degradation of the textile azo-dye Drimaren red. The
photocatalytic analysis revealed better efficiency for the CdS/TiO, 5% composite as compared with other CdS/TiO, proportions and with TiO,

alone.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous photocatalysis using the semiconductor tita-
nium dioxide (TiO,) is a general and efficient method for
destroying organic pollutants in aqueous media, and its use
has been increasing for the treatment of a number of indus-
trial residues [1]. For instance, photocatalytic transformations
of pesticides in aqueous TiO, suspensions using solar light
were recently reviewed by Konstantinou and Albanis [2]. Such
processes are based on the incidence of radiation on the semi-
conducting material. If the energy of the incident radiation is
higher than the semiconducting band gap electrons are promoted
from the valence band to the conduction band in other words,
an electron—hole pair is produced. The catalytic effect on the
degradation of organic compounds can be explained by the pres-
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ence of this electron-hole pair in the semiconducting material.
A disadvantage of the use of TiO, as a photocatalyst is due to
its relatively large band gap (E; =3.2 ¢V for anatase phase): its
efficiency depends on the presence of radiation with relatively
low wavelength, in the ultra-violet spectral region. Due to this
limitation, the preparation of photocatalysts that can be excited
in the visible range is of great interest for the development of
photocatalytic processes that use solar radiation for the degra-
dation of organic pollutants. One promising approach is based
on the association of TiO, with other semiconducting materi-
als with lower band gaps. The preparation of many composite
materials involving TiO, may be found in the recent literature,
aiming at enhancement or modulation its catalytic properties.
Some examples include the modification of TiO, with silver
ions or oxides [3-5]. The capacity of coupled CdSe/TiO, for
photocatalytic degradation of 4-chlorophenol has already been
reported in the literature [6].

In this work, we associated TiO; with cadmium sulfide
(CdS), a semiconductor material with a band gap in the vis-
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ible range (2.42¢eV) [7,8]. Coupled TiO,-based semiconduc-
tor systems have attracted much interest, partly because of
synergistic effects on photoelectrochemical properties [8,9]
and photocatalytic activity [10]. Recent literature includes
several examples of studies of coupled CdS/TiO, systems.
CdS/TiO; colloids have been studied in photoelectrochem-
istry and water splitting systems [11,12]. Photocatalytic
properties of CdS/TiO, heterojunctions prepared by direct
mixture of both constituents and by precipitation of the sen-
sitizer with commercial TiO, were demonstrated under UV
and visible light [13]. Bulk CdS mixed with TiO; particles
was also developed for visible light photocatalysis [14]. Taka-
hashi et al. [15] described photocatalytic activities and the mor-
phology of particulate assemblies of CdS and TiO, prepared
by Langmuir—Blodgett technique. It was verified that alternate
CdS/TiO; particulate layer is less active for the oxidative decom-
position. The possibility of transferring photoexcited electrons
of CdS nanocrystals to the conduction band of TiO, was sug-
gested by photocurrent studies of highly porous TiO, electrodes
sensitized by quantum-sized CdS [16]. Photosensitization of
titanium compounds (such as ion-exchangeable hollow titanate
nanotubes and crystalline TiO;) by CdS was also reported
[17,18].

Nanometric particles of CdS were obtained from a single-
source molecular precursor—cadmium thiourea [19,20]. The
CdS/TiO; semiconductor composites were prepared in different
mass proportions by the thermal decomposition of cadmium
thiourea impregnated on TiO;. Its photocatalytic activity was
studied in the decomposition of a reactive textile dye Drimaren
red (Clariant), and its performance was compared to pure
TiO,. The photocatalyst material was also characterized in
terms of its structure (by means of thermogravimetric and
X-ray diffractometry (XRD) techniques) and in terms of
the electronic interaction between both semiconductors by
resonance Raman spectroscopy and laser-induced fluorescence
(LIF) techniques. Resonance Raman spectroscopy was partic-
ularly useful here, since it allows to investigate molecular or
solid-state vibrations that are coupled to electronic transitions,
and is a well-established probe of semiconductor materials
[21].

2. Experimental
2.1. Materials and instrumentation

CdS/TiO, composites were characterized by differential ther-
mogravimetric analysis (DTG), X-ray diffractometry, Raman
spectroscopy and laser-induced fluorescence. The Raman spec-
tra were acquired on a Renishaw Raman System 3000 equipped
with a CCD detector and coupled to an Olympus microscope
(BTH2) that allows a rapid accumulation of Raman spectra with
a spatial resolution of about 1 wm (micro-Raman technique).
The laser beam was focused on the sample by a x80 lens.
Laser power was always kept below 0.7mW at the sample to
avoid laser-induced sample degradation. The experiments were
performed at ambient conditions using a back-scattering geom-
etry. The samples were irradiated with the 632.8 nm line of a

He—Ne laser (Spectra Physics) or 514.5 nm line of an Ar* laser.
FT-Raman spectra of solid samples were recorded at room tem-
perature in a RFS 100 FT-Raman Bruker spectrometer using the
1064.0 nm radiation from a Nd:YAG laser. The photolumines-
cence (PL) spectra were taken with the samples under vacuum
inside an immersion cryostat. We have used a CW Ar-ion laser
emitting at 488 nm as the excitation source. The PL emission
was collected from the samples at 45° configuration, focused
into a SPEX 0.75 m monochromator, and detected by a gallium
arsenide (GaAs) photomultiplier tube. X-ray power diffraction
patterns were recorded on a Rigaku Geigerflex equipment using
nickel-filtered Cu Ko radiation (A =1.5418 A) and a graphite
monochromator in the diffracted beam. A scan rate of 4° min~!
was applied to record a pattern in the 26 range of 26 =8-60°.
Thermogravimetric analysis (TG and DTG) were carried out
in a Shimadzu TGA 50H in nitrogen flow and heating rate of
10°Cmin~".

Degussa P25 TiO, was used in this work. The other
chemicals and solvents were supplied by Aldrich and Merck.
All chemicals were analytical grade and were used as
received without any further purification. The working solu-
tions were prepared using analytical grade chemicals and dou-
ble distilled water. The organic solvents were spectroscopic
grade.

2.2. CdS/TiO; nanocomposite preparation

Initially, a precursor compound was prepared by the reac-
tion of thiourea (SC(NH,),) with cadmium nitrate (Cd(NO3);,-
4H,0) in methanol in 2:1 proportion according to the reaction:
2SC(NH3), + Cd(NO3),-4H,O — Cd[SC(NH»),12(NO3)>] [9].

Preparation of mixed composites was performed by impreg-
nating the precursor compound in methanol onto the surface
of TiO,. The mole ratios Cd/Ti=0.2, 0.05, 0.03 and 0.01
were prepared. Each sample was mixed for 30 min in methanol
medium, followed by solvent evaporation under vacuum. After
the impregnation, the precursor/TiO; composites were thermally
treated in a tube under N» flow (30 mL min~—!) at 10 °C min~! up
to 300 °C for 1 h. After thermal treatment the composites were
cooled down to room temperature. BET (N) surface areas of the
samples were 45.00m? g~ for pristine TiO;, 24.25m? g~ ! for
CdS/TiO, 1% composite and 23.57m? g~! for CdS/TiO, 5%
composite.

2.3. Photocatalitic procedure

The degradations were carried out using the textile reac-
tive dye Drimaren red (color index 18286). Briefly, 100 mL
of aqueous Drimaren red solution (50 mg L™") was exposed to
ultra-violet radiation in the presence of 30 mg of TiO; (for pure
TiO, or CdS/TiO; catalysts). The photocatalytic reactor used has
asurfaceareaca. 155 cm? illuminated by a low-pressure mercury
lamp (output at 254 nm, 15 W) kept at 10 cm distant from the
solution. The value of light irradiance was 161 wW cm™2. The
reaction was monitored by discoloration measurements with an
UV-vis spectrophotometer.
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Fig. 1. Thermogravimetric analyzes (TG and DTG) curves of decomposition of
Cd[SC(NH2)2]2(NO3),.

3. Results and discussion
3.1. Thermogravimetric and XRD analysis

Thermogravimetric analysis were carried out in Ny atmo-
sphere to investigate the thermal decomposition of the
Cd[(SC(NH2)2)2]1(NO3), precursor; results are shown in Fig. 1.
For the pure precursor a weight loss of 45% in the temper-
ature range 34-317°C and of 17% in the 317-741°C range
were observed. The weight loss for the conversion of the pre-
cursor compound Cd[SC(NH>2)2]>(NO3), to CdS is 63%, which
is consistent with the two main thermogravimetry features, that
correspond to 62% weight loss. Similar thermal decompositions,
i.e. temperature range, were observed for the precursor/TiO»
composites with a proportional weight loss relative to the pure
precursor. These results indicate that no significant effect is pro-
duced by the presence of TiO; on the thermal decomposition of
the Cd[(SC(NH3)2)2](NO3)> compound. Based on these results
we choose the temperature of 300 °C for carrying out the thermal
decomposition of the precursor/TiO, composites and preparing
the catalyst material.
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Fig. 2. Powder X-ray diffraction (XRD) pattern of TiO;, CdS obtained by ther-
mal decomposition of Cd[SC(NH3)2]2(NO3); and of CdS/TiO; 20% catalyst.

The CdS and CdS/TiO, composites were also subjected to
X-ray powder diffraction analysis. The XRD profile for TiO;,
CdS and CdS/TiO; 20% samples are shown in Fig. 2. The XRD
profile for the composite provide typical diffraction patterns of
hexagonal CdS (26 =27°, 44° and 52°) along with peaks due to
anatase-TiO, (26 = 25°,38°,48° and 54°). Similar patterns were
obtained for 1, 3 and 5% CdS/TiO, composites. The average size
of the CdS/TiO; catalyst particles was estimated by analysis of
XRD data (considering the anatase-TiO, peak) using the Scher-
rer equation as ranging from 20.7 to 25.2 nm.

3.2. Resonance Raman and laser-induced fluorescence

Resonance Raman scattering can be used to probe the
electronic structure of semiconductors due to the strong
electron—phonon interaction in these materials [7,22,23]. When
studying the behavior of some semiconducting materials such
as CdS by means of Raman spectroscopy techniques, one can
benefit from the resonance Raman enhancement, which results
in more sensitive spectra, when the Raman spectrum is excited
with a laser energy resonant to an electronic transition of the
material (Egap).

Raman spectra excited at 514.5nm (2.41eV) of TiO,, CdS
and CdS/TiO, composites prepared at different proportions are
displayed in Fig. 3. Strong resonance effect for the CdS phase
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Fig. 3. Raman spectra for TiO;, CdS and CdS/TiO, composites in the
200-800 cm ™! range. Laser excitation wavelength at 514.5 nm (Ejgser =2.41 V).
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is expected, since the band gap for bulk CdS — 2.42eV — is
very close to the excitation laser energy. Raman spectrum for
CdS particles is dominated by an intense band at 300cm™',
assigned to the first-order longitudinal optic phonon (1 LO) and
the second-order LO phonon peak at 600cm™! [24,25]. The
spectra of strongly coupled systems such as CdS are charac-
terized by a vibronic progression in the optical phonon modes,
especially at close resonant condition [22]. The TiO; spectrum
in the 200-800 cm™~! region is dominated by the 395, 516 and
637 cm™! bands, characteristic of the TiO,-anatase phase. A
weak feature can be seen at 443 cm ™!, indicating the presence of
a small amount of rutile modification of TiO; [26]. Raman spec-
tra of the composites show a combination of the two semicon-
ducting characteristic bands. With increasing the CdS ratio in the
composites, the intensity of the bands assigned to CdS increase
proportionally, while the TiO; bands decrease progressively.
Fig. 4 shows the resonance Raman effect for the CdS/TiO,
5% composite. While for TiO, modes, no significant spectral
changes can be seen upon variation of the laser wavelength,
marked changes in relative intensities of Raman features of CdS
as a function of excitation wavelength occur. The FT-Raman
spectrum (excited at 1064 nm or 1.16 eV) exhibits only promi-
nent peaks due to titania anatase phase. No Raman lines due
to CdS are observed. This laser energy is smaller than CdS or
TiO, bulk band gaps and no significant contribution from reso-
nance Raman effect is expected. At 632.8 nm (Ejyser = 1.96 V),
a strong fluorescent behavior due to CdS occurs. In spite of
the fluorescence, Raman lines from the composite are still vis-
ible. Spectrum excited at 514.5nm (2.41eV) shows a strong
contribution form Raman lines associated to CdS relative to
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Fig. 4. Raman spectra for CdS/TiO, 5% catalyst at different laser excitation
wavelengths.

143

610

CAS/TIO, 5%

Raman Intensity

200 400 600 800 1000
Raman Shift (cm™)

Fig. 5. Raman spectra for TiO, and CdS/TiO; 5% catalyst. Laser excitation
wavelength at 632.8 nm (Ejzser = 1.96 V).

TiO, modes due to strong resonant Raman effect at this laser
wavelength.

Fig. 5 compares the Raman spectra of the TiO, and CdS/TiO,
5% samples excited at 632.8 nm (Ejaser =1.96€V). It is very
interesting to observe that each TiO, phonon mode between
300 and 700 cm™! is split into two components: one at the same
frequency as for TiO; and a second one at lower wavenum-
ber. The observed frequency separation between split peaks is
about 20-30cm™!: upon interaction with CdS, characteristic
TiO, bands show a rather large phonon softening from 395 to
366cm~!, 516 to 487cm~! and from 637 to 610cm™!. The
phonon modes softening observed for the CdS/TiO, composites
may be related to a charge transfer between CdS and TiO, con-
ductions bands: CdS gives extra electrons to the TiO» conduction
band (which corresponds to antibonding states). The increase in
charge density in the TiO, conduction band is reflected in lower
energy phonon vibrations for such doped phase. In fact, direct
electron transfer between excited CdS and TiO, particles has
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Fig. 6. Laser-induced fluorescence spectra of CdS and CdS/TiO, at different
molar proportions.
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been observed by Sant and Kamat [8] using emission and tran-
sient absorption spectroscopy.

Fig. 6 presents the laser-induced fluorescence spectra of CdS
and CdS/TiO; composites. An intense broad band related to CdS
Egyp transition is seen at ca. 550 nm. An additional band at lower
energies is evident for the CdS/TiO; 5% catalyst, and probably
results from the electronic interaction between TiO; and CdS as
revealed by the resonance Raman data.

The electronic properties of quantum-sized CdS are depen-
dent on the size of the particles [8]. Thus, absorption or emission
spectra may vary depending on specific characteristics of the
sample. If a distribution of sizes exists, this may cause a broad-
ening in emission or absorption bands. This could be related to
the fact that 632.8 nm laser strongly induces CdS photolumines-
cent behavior.

3.3. Photocatalityc activity

As the TiO, P25 shows a relatively high surface area the
reactive dye will significantly adsorb on the photocatalyst sur-
face. To account for this adsorption, before the catalytic tests the
dye solution was left in contact with the photocatalyst for 1 h in
the dark to reach the adsorption equilibrium. It was observed
that the pure TiO, can adsorb approximately 8% of the ini-
tial dye which was similar to the other composites with 1, 3,
5 and 20%. The color removal of the dye solution by UV irra-
diation as a function of time was monitored by the absorbance
value at the maximum of the absorption spectrum of the dye
(523nm, =14 x 10*mol~! Lecm™"). Although the photooxi-
dation of molecules such as textile dyes are quite complex, the
discoloration is directly related to the initial steps of the oxida-
tion process (Eq. (1)) which is followed by consecutive reactions
leading to the mineralization of the dye (Eq. (2)):

dye — non-colored intermediate (discoloration) @))

non-colored intermediate — CO; 4+ H,O (mineralization) (2)

0,5
0.0 B CdS/Ti0, 1%
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Fig. 7. Photodegradation reaction of organic dye Drimaren red (shown in the
insert) in aqueous solution (50 mg L) in the presence of TiO; and CdS/TiO;
composites monitored by UV—vis spectroscopy. The TiO5 loading was 30 g L™!
in every case.

Table 1
Comparison of the rate constants (k) for Drimaren red photodegradation reac-
tion in the presence of different catalysts

Catalyst ky £0.001 (min~")
CdS/TiOy 1% 0.0184
CdS/TiO 3% 0.0163
CdS/TiO 5% 0.0200
CdS/TiO, 20% 0.0122
TiO, 0.0152

Therefore, the discoloration rate can be used to obtain kinetic
information on the photocatalytic process. Fig. 7 shows a plot of
In A;/Ag (A = absorbance at 523 nm) versus reaction time; to rea-
sonable approximation, its slope equals the apparent first-order
rate constant [2,27,28]. From the plot (Fig. 7), it can be detected
that the composites present a more complex kinetic behavior
than the TiO,, from which we derive two velocity constants k|
and ky. The reaction starts with a latency period dictated by the
velocity constant k1, followed by the increase in the velocity of
the dye degrading reaction, this one characterized by the con-
stant k». We considered k; for reaction time until 60 min, and kp
after that. As the dye absorbs in the visible and especially near
the Egyp of CdS, the sensitization mechanism of photocataly-
sis is possible in this case. Such a mechanism could explain
the complex degradation kinetics (two reaction constants) in the
case of CdS/TiO, materials. Similar behavior at discoloration
rate of Drimaren red at similar experimental conditions was
observed for catalysts composites SnS/TiO; recently investi-
gated by our group [29]. For the comparison to the degrading
rate of pure TiO,, we have used the k; constants. Kinetic param-
eters are shown in Table 1, and indicate that CdS/TiO» 1, 3 and
5% composites present a better performance than TiO; in the
photodegradation reaction of the model dye. On the other hand,
in the case of the CdS/TiO; 20% catalyst, a decrease in the rate
constant as compared to plain TiO; is observed. It is likely that
the sorption of the dye on the catalyst surface is an important
step in the decomposition reaction. At higher CdS proportions,
affinity between catalyst and dye may decrease, thus affecting
the photooxidation reaction rate.

4. Conclusions

A mixed catalyst was prepared aiming to improve photocat-
alytic properties of TiO,. CdS/TiO, composites were prepared
by amethod not yet described in the literature, that is, the thermal
decomposition of cadmium thiourea impregnated on TiO; sur-
face. The obtained material was studied by XRD, laser-induced
fluorescence and resonance Raman spectroscopy, which gave
information about the structural and electronic characteristics of
the nanosized CdS/TiO, mixed catalysts. In addition, the capa-
bility of coupled CdS/TiO, for photocatalytic degradation of an
organic textile dye was investigated. In those tests, several com-
posites with different CdS/TiO, proportions were compared in
terms of their efficiency as catalysts.

Raman spectra are sensitive to variations in charge density
which results from chemical interactions, and allowed the study
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of electronic interaction between the two associated materials.
Presented results point to a lattice softening of the TiO,-anatase
phase due to electronic interaction with CdS in the CdS/TiO»
catalyst, showing that the composite is not constituted of a mere
physical mixture of both components. Moreover, resonance
Raman and laser-induced fluorescence experiments clearly show
that the electronic interaction is stronger for 5% CdS/TiO; pro-
portion.

The obtained results suggested that the most efficient photo-
catalyst is the CdS/TiO; 5% composite, since kinetic parameters
show that the decomposition rate depends on the CdS load and
reaches a maximum at a 5% CdS/TiO; proportion. A connection
between this fact and the abovementioned electronic interaction
between both semiconductors is to be further investigated.
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