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ABSTRACT

The CdS/TiO,, PbS/TiO,, and Cu,S/TiO, nanocomposites were synthesized via the photocatalytic reduction
of sulfur on the surface of nanocrystalline TiO, films. The photocatalytic synthesis produced smaller CdS
nanoparticles in the comparison with the conventional chemical deposition of cadmium sulfide. The
mean size of CdS nanoparticles can be varied by changing the illumination intensity and the TiO, film
calcination temperature.

An AFM study of the surface structure of CdS/TiO, and PbS/TiO, nanocomposites showed that the pho-
tocatalytic deposition results in formation of the polycrystalline 7-80 nm (CdS) or 20-30 nm (PbS) long
nanorods. Spatial separation of the photogenerated charge carriers in CdS/TiO, and PbS/TiO, nanocom-
posites was assumed to be the driving force of the formation of such elongated metal sulfide nanoparticle
agglomerates.

Titanium dioxide
Cadmium sulfide
Lead sulfide
Copper sulfide
Nanocomposites
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1. Introduction

Large-scale fundamental and applied studies of nanocrystalline
titanium dioxide films deposited on the surface of glass, metals,
wood, fabric, organic polymers and other materials are stimulated
by wide perspectives of the application of such composite materials
in various modern technologies [1-5]. These include superhy-
drophilization of the surfaces and production of self-cleaning
materials, formation of the photosensitive coatings on glass ele-
ments of living and industrial buildings, production of the highly
efficient photoelectro-chemical cells for solar energy storage, the
gas sensors technology, etc.

Among the various applications of nanocrystalline TiO, films
of special interest are those based on the photoinduced processes
[1-5]. High chemical activity of radical intermediates produced
at the light absorption by TiO, nanoparticles (NPs) is the reason
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under their unparalleled photocatalytic activity in the oxidation of
volatile organic compounds as well as the redox-conversion of small
molecules (CO, NOy, H3S, etc.) [6,7].

Further advancement of the photocatalytic systems based on
thin porous nanocrystalline TiO, films is usually associated with
their sensitization to the visible light as well as reduction of the
undesirable recombinational losses of photogenerated charge car-
riers [1,2,4]. A combined solution of the two tasks can be provided
by the utilization of binary systems containing, along with the
nanocrystalline titania, a second light-sensitive component—a dye-
sensitizer or a narrow-band-gap semiconductor, the latter having
more negative, than TiO,, conduction band edge potential.

In the first case, a photoexcited dye molecule can extremely fast
(as fast as ~10~15 to 10~13 s) inject an electron into the conduction
band of TiO, NPs [2,3]. The back electron transfer usually takes place
in the inverted Marcus region [2,3] and is therefore considerably
retarded (~10-6 to 10> s), making the charge carriers separation
almost irreversible.

Spatial charge carriers separation in the composite systems of
the second type is achieved through the interfacial transfer of a
photogenerated electron from the narrow-band-gap component
into the conduction band of titanium dioxide. The most promis-
ing results have been achieved with metal-sulfide semiconductors
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MS-CdS, PbS, Bi,S3, MoS,, Bi,Ss, as sensitizers for TiO,. For exam-
ple, the visible light photoexcitation of binary systems composed of
CdS and TiO; NPs results in the fast (~10712 to 10-11 s [8-11]) elec-
tron transfer from cadmium sulfide to the TiO, conduction band,
the process successfully competing with the radiative electron-hole
recombination (~10-10 to 109 s for CdS NPs [10]), which is clearly
demonstrated by the quenching of CdS luminescence in CdS-TiO,
binary systems [8,11-14]. According to [13], the quantum efficiency
of interfacial electron transfer from CdS to TiO5 is close to 100%.

Fast spatial separation of opposite charge carriers in CdS/TiO,
nanostructures is one of the reasons for their advanced photocat-
alytic activity in various reactions: water reduction to hydrogen
[15-17], the decomposition of organic dyes [18-21] and tetra-
chlorobenzene [22], reduction of methylviologen [13,23], oxidation
of indole [24], etc. Considerable photocatalytic activity in water
reduction was also reported for CdyZn;_,S/TiO, nanostructures
[25]. Composite Bi;S3/TiO, nanostructures were found to possess
photocatalytic activity in the visible-light-driven destruction of
organic dyes [20]. The deposition of CdS [26-32], WS, [33], PbS
[29,34-37], Bi;S3 [29,38], Sb,S3 and Ag, S [29], CulnS, [39] NPs both
inside the pores and on the outer surface of nanocrystalline TiO,
films produces visible-light-sensitive photoelectrodes for solar cell
applications.

Along with the traditional synthesis of MS/TiO, nanocompos-
ites such as the chemical bath deposition, new photochemical
approaches are being currently developed exploiting the capability
of TiO, NPs to photocatalytically transform sulfur-containing com-
pounds [25,40,41]. Photosynthesized MS/TiO, nanostructures are
generally characterized by a smaller sulfide NP size and a better
electronic contact between the components of the nanocompos-
ite favoring their application as binary photocatalysts. For example,

MoS, /TiO, and WS, /TiO, nanostructures prepared at the photo-
catalytic decomposition of MoS42~ and WS42~ on the surface of
TiO, demonstrate high photocatalytic activity in 4-chlorophenol
and methylene blue oxidation [40], as well as hydrogen evolu-
tion from aqueous sodium sulfide/sodium sulfite solutions [41].
Ternary CdS/Au®/TiO, nanocomposites produced at the photocat-
alytic sulfur reduction over composite Au®/TiO, NPs in the presence
of Cd" possess remarkable photocatalytic activity in methylviolo-
gen reduction [42].

Here we report on the utilization of photocatalytic reduction
of Sg by ethanol on the surface of nanocrystalline titanium diox-
ide films for the preparation of binary MS/TiO, nanocomposites,
where MS=CdS, PbS, Cu,S. It was shown that favorable condi-
tions for the spatial charge carriers separation in CdS/TiO, and
PbS/TiO, nanostructures can lead to the formation of metal-sulfide
nanoagglomerates with anisotropic shape. In case of CdS/TiO,
nanocomposite the basic factors determining the size and optical
properties of photoproduced CdS NPs were examined.

2. Experimental

Titanium(IV) tetraisopropoxide, Pluronic 123, acetylacetone,
concentrated HCl (36.6wt.%), sulfur, thiourea, Cd(CH3COO),,
Pb(CH3COO0);, and CuCl; of reagent grade purity were purchased
from Aldrich and used without additional purification.

Nanocrystalline TiO, films on glass substrates were prepared
similarly to [43], using titanium(IV) tetraisopropoxide, triblock-
copolymer Pluronic 123 as a template and hydrochloric acid as a
sol-gel transition catalyst. The primary films were deposited onto
glass plates from a colloidal solution by the “dip-coating” method
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Fig. 1. (a) Absorption spectra of a nanocrystalline TiO,-6 film (curve 1) as well as CdS/TiO; films produced by the photocatalytic (curve 2) and chemical (curve 3) deposition
of CdS. In the inset: the first-order derivative of the curve 2. (b and c) Absorption spectra of the PbS/TiO,-6 (b) and Cu,S/TiO,-6 (c) nanostructures after 2 (1), 6 (2), and 6 min
(3) illumination. In the insets: the spectral curves (3) presented as (hv x D(1))%> — hv dependences, where hv and D(A) are the light quantum energy and the optical density

of the film on the wavelength A, respectively.
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and dried at 100 °C. The procedure was repeated several (up to six)
times to produce titania coatings of increasing thickness. The corre-
sponding films are hereinafter referred to as TiO,-x (x = 1-6), where
x is a number of “dip-coating” cycles. The dried films were calcined
at 350, 400 or 500°C.

The chemical synthesis of composite CdS/TiO, films can be
summarized as follows. A TiO, film was immersed in an aque-
ous solution of cadmium(Il) acetate and thiourea and then pH
was raised to 12-13 with ammonia. Cadmium sulfide NPs were
deposited onto the surface of a nanocrystalline TiO, film as a result
of the reaction between Cd! and HS-, the latter releasing at the
basic hydrolysis of thiourea.

The absorption spectra of films were recorded on the Specord
210 spectrophotometer. Atomic force microscopy (AFM) experi-
ments were carried out on the Nanoscope Illa setup. [llumination of
TiO, films dipped into ethanol solutions of a metal salt (1 x 10-3 M)
and Sg (1 x 1073 M in terms of atomic sulfur) was carried out in
cylindrical glass reactors after pumping out the air. A high-pressure
1000 W mercury lamp equipped with optical filters was used as a
light source with a narrow spectral window 310-370 nm with the
dominant wave length Amax =365 nm. The irradiation intensity was
measured by the ferrioxalate actinometer and used in the determi-
nation of the quantum yields of the photocatalytic reactions.

The rate (V) of the photocatalytic deposition of CdS was mea-
sured as an increase in the optical density of a film sample at
voluntarily chosen wavelength (410 nm) after 20 min illumination.

3. Results and discussion
3.1. Synthesis and optical properties of MS/TiO, nanocomposites

[llumination of the nanocrystalline TiO, films dipped into
evacuated alcohol solutions of a metal salt (Cd(CH3COO),,
Pb(CH3COO0), or CuCly) and sulfur results in a change in the
film color as the metal sulfide is deposited onto the film sur-
face. No photoinduced coloration changes were observed in
the absence of TiO, films or with the original glass plates,
indicating the sulfide deposition to be exclusively of pho-
tocatalytic character. Neither signs of the presence of metal
sulfides in the solution after the extraction of the TiO, films
were observed indicating that cadmium, lead, and copper sul-
fides were firmly attached to the surface of the photocatalyst
films.

Fig. 1a presents the absorption spectra of an original TiO,-6
film (curve 1) as well as the CdS/TiO, films (curves 2 and 3). The
long-wave edges of CdS/TiO, nanocomposites produced photocat-
alytically (curve 2) and chemically (curve 3) can be observed at
461-463 and 515-517 nm, implying the band gap Eg of CdS NPs
being 2.68-2.69 and 2.40-2.41 eV, respectively.

To evaluate from the optical data the size (2R) of CdS NPs
deposited a comparative analysis of the experimental data on the
correlation between Eg and 2R obtained by the transmission elec-
tronic microscopy [44-47] and X-rays diffraction [48,49], as well as
theoretical modelling of this correlation [50-56] was carried out. It
revealed that almost all the experimental data in a wide (3-20 nm)
range of the CdS NPs size can be described by the effective masses
approximation using the well-known expression (1) [51,53,57].

Rr2 [ 1 1
Ay = 2R2 [m;mo + m;‘lmo] (1)

where AEg = Eg — E2UK, EPulk js the band gap of bulk cubic cad-
mium sulfide (2.4 eV), i is the reduced Planck constant, mg (m}) is
the effective mass of conduction band electron e; (valence band
hole hy), mp is the electron rest mass. It should be noted that dif-
ferent values of mg (0.18 [52,58], 0.19 [51], 0.204 [59]) and m; (0.53

[52,55,58],0.70[59],0.80[51]) have been reported in the literature,
but the error of 2R determination induced by this scatter of val-
ues within the range of the most frequent Eg values (2.45-2.90 eV)
does not exceed 5% and can be therefore neglected when applying
equation (1) to estimate the size of CdS NPs.

It was shown that the size of chemically deposited CdS particles
is larger than 15-20 nm, their band gap being almost equal to that
of bulk cadmium sulfide. At the same time, the photocatalytic CdS
deposition results in the formation of smaller, 6.1-6.2 nm, CdS NPs.

It should be noted that estimations using the absorption thresh-
old of photochemically produced CdS NPs can give somewhat
overrated size values due to larger NPs contributing more substan-
tially into the absorption band edge of the CdS NPs ensemble as
compared with the smaller ones. More reasonable size value can be
obtained from the position of the first excitonic maximum of CdS
NPs, the latter appearing distinctly on the first-order derivative of
the absorption spectrum (see Inset in Fig. 1a). The average size of
CdS NPs estimated from the excitonic maximum at 438-440 nm is
5.1-5.2 nm. The difference between the size values derived from the
absorption threshold and the first excitonic maximum can be then
regarded as an estimate of the size dispersion of photocatalytically
produced CdS NPs (~20%).

The visible light absorption by lead (Fig. 1b) and copper (Fig. 1¢)
sulfides increases gradually in the course of the illumination and
originates from the indirect interband electronic transitions [57,59].
This type of transitions is characterized by structureless absorption
bands descending smoothly towards the long-wave side of the spec-
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Fig. 2. (a) The AFM image of a 5 um x 5 um surface area of a TiO,-6 film. The film
calcination temperature is 400°C. The vertical scale is 100 nm. (b) The TiO; NPs
height distribution chart (plotted after 100 separate measurements).



140 M.A. Zhukovskiy et al. / Journal of Photochemistry and Photobiology A: Chemistry 203 (2009) 137-144

trum, the fact making it impossible to determine E; directly from
the optical spectra. Absorption coefficient « of indirect semicon-
ductors (proportional to the optical density of a sample D) can be
expressed as a function (2) of the light energy hv [57]
(hv — Ein)’

™ (2)
where Ej, is an energy of indirect transition equal to Eg + Et, Egis a
phonon energy, A is a constant. As the values of E; do not usually
exceed 102 eV [57,59], the condition Eg>> E; is valid allowing to
neglect E¢ and assume Ej, ~Eg.

The insets in Fig. 1b and c¢ show the absorption spectra
of PbS/TiO,-6 and Cu,S/TiO,-6 nanocomposites presented as
(D x hv)%5 —hv dependences. Extending linear sections of the
spectra to the abscissae axis one can obtain the band gaps of the sul-
fide NPs Eg(PbS)=1.63-1.64 eV and Eg(CuxS) = 1.82-1.83 eV. Gradual
growth of the near-IR absorption tail in case of CuxS/TiO; nanocom-
posite (Fig. 1, curve 4) is typical for non-stoichiometric CuyS NPs
with 1<x<2 [60-63].

An analysis of the reported experimental [64-66] and theoret-
ical [64,67-69] data concerning the correlation between the size
and the band gap of PbS NPs showed that the equation (1), though
being quite valid for CdS NPs, cannot be applied for the correct
determination of the size of PbS NPs. At the same time, the latter
can be reliably determined from the optical data using alternative
theoretical models, such as a hyperbolic bands model [64], a four-
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Fig.3. (a)The AFMimage of a5 wm x 5 wm surface area of the CdS/TiO,-6 nanocom-
posite, prepared by the chemical deposition of cadmium sulfide. The vertical scale
is 100 nm. (b) The CdS NPs height distribution chart (plotted after 100 separate
measurements).

band-envelope formalism [67], or the effective mass approximation
with the finite-depth potential well [69], which give good agree-
ment with the experimental results in the range Eg =0.5-2.5eV. The
average size of the photocatalytically deposited PbS NPs calculated
using the above-mentioned theoretical correlations was found to
be 2R=3.7-3.8 nm.

No reliable data were found concerning the Eg-2R correlations
for copper sulfide materials. In this view, to estimate the size of the
photocatalytically deposited CuxS NPs an Eg—R correlation obtained
by an indirect method [63] was applied. The average size of CuxS
NPs was found to be 8—10 nm. This value should however be treated
cautiously due to the fact that the band gap of CuxS NPs can be
affected not only by size effects but also by the phase composition
of non-stoichiometric copper sulfide, some of the phases having
comparatively large Eg (for example, 2.3 eV for CuygS [59]).

3.2. The surface morphology of CdS/TiO», PbS/TiO, and CuxS/TiO,
nano-composites

Fig. 2 presents an AFM image of the surface of a nanocrystalline
TiO,-6 film (a) and the NPs height distribution diagram (b) derived
from the image (a). The average roughness of the surface area stud-
ied was found to be 2-3 nm, with some TiO, NPs being as high as
6 nm. Fig. 3a shows that the film retains the relief uniformity after
the chemical deposition of cadmium sulfide, its average roughness
increasing to 3-5 nm (Fig. 3b).
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Fig. 4. (a) The AFM image of a 5 um x 5 m surface are of the CdS/TiO, nanocom-
posite, prepared by the photocatalytic deposition of cadmium sulfide on the surface
of a TiO,-6 film in the presence of Cd(CH3COO);. The vertical scale is 100 nm. (b) The
CdS NPs height distribution chart (plotted after 100 separate measurements).
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The surface morphology of the photocatalytically produced
CdS/TiO, films is drastically different (Fig. 4a). The figure shows
that the photocatalytic reduction of sulfur in the presence of
Cd(CH3C00); on a TiO,-6 film results in the formation of elon-
gated rod-like CdS nanoagglomerates with the height ranging from
10 to 75 nm (Fig. 4b). In places not occupied by the agglomerates
the average height of CdS NPs is 3-6 nm. The average roughness of
these areas was found to be 2-3 nm, similarly to the original TiO,
film. It can be therefore concluded that the bulk of cadmium sulfide
is photodeposited as the rod-like nanoagglomerates, not affecting
the rest of the film surface.

It has been shown recently [70] that the photocatalytic CdS
deposition in similar systems containing ZnO nanorods with the
length 100-350nm and the diameter 20-150 nm produces poly-
crystalline CdS nanotubes being as long as 0.5-0.8 pum with the
inner diameter 15-110 nm replicating the diameter of original ZnO
nanorods. The mechanism of the process has been proposed, con-
sidering the spatial charge carriers separation between the ZnO
nanorod tips and attached CdS NPs as a driving force behind the
formation of CdS nanotubes. The CdS nanorods formation in the
systems presently under study can be accounted for by a similar
mechanism.

Light absorption by a nanocrystalline TiO, film produces (at
hv>Eg) conduction band electrons and valence band holes. The
electrons react with the adsorbed sulfur [42], while the holes oxi-
dize ethanol molecules to CH3C*HOH radicals (Fig. 5, step I). The
alcohol radical can readily inject the second electron into the TiO,
conduction band while being oxidized to acetaldehyde [1].

Not only TiO, but also CdS/TiO, composite NPs can partici-
pate in the photocatalytic process after the primary CdS NPs being
deposited onto the TiO, film (Fig. 5, step II). The energy dia-
gram given in Fig. 5 describes the bulk CdS/TiO, system using
the well-known values ERUK(CdS) = 2.4 eV, E2UIK(TiO,) = 3.2 eV, as

well as the conduction band potentials E24'%(CdS) = —0.8V vs nor-

VAN

CH,CHO ¢
C:H;0H

mal hydrogen electrode (NHE) and E24%(TiO, ) = —0.3 V vs NHE (pH
7) [1,11]. The diagram shows that even in the bulk system, i.e. irre-
spective of possible quantum size effects in the photodeposited
CdS NPs, there exist very favorable conditions for the photoin-
duced spatial charge carriers separation. Substantial energy gap
between the edges of the corresponding bands in CdS and TiO,
(AEcg=0.5eV, AEyg=13eV) favors to fast and irreversible sepa-
ration of the electrons and holes between the components of the
CdS/TiO, composite. The reductive and oxidative branches of the
photocatalytic reaction appear therefore spatially separated, the
sulfur reduction and CdS formation proceeding predominantly on
the TiO, surface, while the ethanol oxidation taking place on CdS
NPs (Fig. 5, step II). The Coulomb interaction between the electron
and hole is expected to keep them close to the CdS-TiO, interface,
thus enabling the photocatalytic Sg reduction and cadmium sulfide
deposition exactly at the site of the contact between CdS NPs and
TiO, film. Such a mechanism can account for the formation of rode-
like agglomerates consisting of separate CdS NPs (Fig. 5, step III). It
should be noted that the proposed mechanism has similar features
with the mechanism of catalytic formation of carbon nanotubes,
where the nanotube growth proceeds on the interface between the
carbon nanotube and a catalyst nanocrystal at the expense of the
oxidation of a gaseous substrate [71].

The surface morphology, which is close to that of the photosyn-
thesized CdS/TiO, nanocomposites, can be also observed in case of
nanocrystalline PbS/TiO,, films (Fig. 6). The height of the elongated
PbS NP aggregates was found to be 20-30 nm. The mechanism of
the formation of anisotropic PbS NP nanoaggregates on the surface
of a TiO, film is apparently the same as in the case of cadmium sul-
fide. Lead sulfide NPs, similarly to CdS NPs, were shown to possess
photocatalytic properties [65,72,73]. There are also examples of effi-
cient spatial charge separation resulting in increased photocurrent
and spectral sensitization of a TiO, substrate in the photovoltaic
systems based on PbS/TiO, nanocomposites [29,34-37].
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Fig. 5. A scheme illustrating the photocatalytic formation of polycrystalline CdS nanorods on the surface of TiO, films and the photoinduced charge separation between

cadmium sulfide and titanium oxide.
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Mm

Fig. 6. The AFM images of 5 x 5 (a) and 2.5 x 2.5 wm (b) surface areas of a PbS/TiO,
nanocomposite produced by the photocatalytic sulfur reduction on the surface of
a TiO,-6 film in the presence of Pb(CH3COO),. The vertical scales are 100 (a) and
50 nm (b).

Smaller height of PbS NPs and the average surface roughness
of PbS/TiO, nanocomposites increased to 6-7 nm as compared to
the original TiO,-6 film, indicate more uniform, than CdS, depo-
sition of lead sulfide NPs onto the surface of TiO,. The fact can
be accounted for by the lower photocatalytic activity of PbS/TiO,
nanoheterostructure in the comparison with that of CdS/TiO,
nanocomposite.

Fig. 7 shows that copper sulfide is deposited on the TiO, sur-
face in a substantially agglomerated form. The mean roughness
of composite CuyS/TiO, films was found to be as high as 60 nm,
the lateral dimensions of separate agglomerates reaching 250 nm.
The lack of directional growth of CuyS NPs may reflect unfavorable
conditions for the spatial separation of the photogenerated charge
carriers in CuyS/TiO, nanostructure. The results are in accordance
with the reported data on the photochemical inactivity of CuxS NPs
and low efficiency of the charge carriers separation in Cu,S/TiO,
nanocomposites.

3.3. Factors affecting the average size of CdS NPs and the rate of
photocatalytic formation of CdS/TiO, nanocomposites

Among the nanocomposites under discussion, CdS/TiO, has
apparently the greatest potential of application as a photocatalyst of
various redox-reactions. As arule, the effectiveness of the interfacial

(@)

pm

Fig. 7. The AFM images of 5 x 5 (a) and 1 x 1 wm (b) surface areas of a Cu,S/TiO;
nanocomposite prepared by the photocatalytic sulfur reduction on the surface of a
TiO,-6 film in the presence of CuCl,. The vertical scales are 100 (a) and 50 nm (b).

electron transfer from cadmium sulfide to TiO, increases as CdS NPs
size decreases, due to an expansion of the energy gap between the
conduction band edges of both semiconductors and more intimate
electronic contact between the TiO, surface and size-quantized CdS
NPs. In this connection, of special interest are the means of tailor-
ing the size of CdS NPs and, therefore, of controlling the electronic
parameters of CdS/TiO, nanocontacts. An analysis of spectral prop-
erties of nanocrystalline CdS/TiO, films produced under different
conditions of the photocatalytic experiment as well as from TiO,
films of different history showed that the basic parameters allow-
ing size variation of the photodeposited CdS NPs are the irradiation
intensity and the temperature of TiO, films calcination.

The rate of the photocatalytic process (V) was found to grow in
the direct proportion to the intensity of the light flux (I) (Fig. 8).
The absorbance threshold of CdS NPs produced on the surface
of TiO,-6 films after 80 min irradiation with I=5.6 x 107 quanta
per min, 461-463 nm (Fig. 8, curve 1 in the inset) corresponds to
Eg=2.68-2.69eV and 2R=6.1-6.2 nm. At the same time, the pho-
tocatalytic deposition yields CdS NPs with Eg=2.51-2.52eV and
2R=9.2-9.4nm, when carried out at I=2.8 x 1017 quanta per min.
Lowering of the average size of NPs deposited on the surface of
TiO, samples with increasing the light intensity is often observed,
for example, at the photocatalytic deposition of metal NPs [74] and
is usually accounted for by the growth of primary nuclei number at
higher photon fluxes.
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Fig. 8. The rate of photocatalytic deposition of CdS NPs (V) on the surface of a TiO,-
6 film vs the irradiation intensity I. The inset: Normalized absorption spectra of the
CdS/TiO, nanocomposites prepared at [=5.6 x 107 (1) and 2.8 x 107 quanta per
min (2). [Cd(CH3C00),]=[S]=1 x 10-3 M, the TiO, film calcination temperature is
400°C.

The photocatalytic reaction rate was found to increase three-
fold with increasing the thickness and light absorbance of the
films from TiO,-1 to TiO,-6 samples (Fig. 9). Judging by the opti-
cal properties of CdS deposited, the average NPs size remains at
that quite constant, varying from 5 to 6 nm with the illumination
time.

The size and optical properties of CdS NPs were found to vary
along with the preparation history of the TiO, film used, the pri-
mary factor being the film calcination temperature T.. The average
size of CdS NPs produced after 20 min irradiation is 4.8-4.9 nm for
a TiO,-6 film calcined at T, =350°C, 5.5-5.6 nm for T =400°C, and
5.8-5.9 nm for T, =500 °C. The increase in the calcination tempera-
ture of TiO, films synthesized using Pluronic 123 had been earlier
found to promote elimination of the organic template out of the
film pores and the hydrophilization of the film surface, the wet-
ting angle of the film decreasing from 23° for T, =350°C to 10° for

=500°C [75]. The fact can be accounted for by an increase in
the number of structural defects promoting the dissociative water
adsorption with increasing T, [76,77]. Growth of the polarity of the
film surface can favor cadmium sulfide deposited in the course of
the photocatalytic reaction to form larger NPs, as is the case for col-
loidal semiconductor solutions when water is used instead of less
polar organic solvents [57].

Ti0,-6
0,09 ¢ |
TiO -3

2
0,06 ]

( Tio -1
0,031 1

Fig. 9. The rate of the photocatalytic CdS deposition vs the thickness of an original
TiO; film. The TiO, film calcination temperature is 400°C, I=5.6 x 107 quanta per
min, [Cd(CH3C00);]=[S]=1 x 10-3 M.

4. Conclusions

The photocatalytic reduction of sulfur by ethanol on the surface
of nanocrystalline TiO, films was found to lead to the formation
of CdS/TiO,, PbS/TiO,, and CuyS/TiO, nanocomposites incorpo-
rating 4-10 nm metal sulfide nanoparticles. Factors, affecting the
photodeposition rate and average size of CdS nanoparticles were
discussed.

It was shown that the photocatalytic approach proposed allows
to prepare CdS/TiO, with smaller cadmium sulfide nanoparticles in
the comparison with the chemical CdS deposition, as well as to vary
the nanoparticle size by changing the irradiation intensity and the
calcination temperature of a TiO; film.

An atomic force microscopy study of the surface of CdS/TiO-,
PbS/TiO,, and CuxS/TiO, nanocomposites showed the products of
the photocatalytic deposition of cadmium and lead sulfides to be
rod-like 75 nm (CdS) or 30 nm (PbS) nanoaggregates. The polycrys-
talline CdS and PbS nanorods are oriented normally to the surface of
TiO, films and consist of separate nanometer metal sulfide particles
manifesting pronounced quantum confinement effects.

A mechanism of the formation of CdS and PbS nanorods on the
surface of nanocrystalline TiO; films was proposed, assuming the
spatial separation of the photogenerated charge carriers between
the constituents of CdS/TiO, and PbS/TiO, nanocomposites to be
the driving force under the growth of elongated agglomerates of
metal sulfide nanoparticles.
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