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ARTICLE INFO ABSTRACT

Keywords: CdS/TiOz 1/n (n = 4, 8 and 32) composite materials are synthesized maintaining constant the amount of CdS and
CdS/TiO, composites varying the amount of TiO2. XRD, HRTEM, FESEM/EDS analysis point out that both CdS and TiO, maintain their
Heterojunctions

original crystalline structure but are in intimate interconnection. BET and porosity analysis evidence that SSA are
similar in all cases, with CdS/TiO2 1/32 showing also mesoporosity in addition to microporosity. Microcalori-
metric analysis demonstrates that all composite materials are hydrophilic in nature, but CdS/TiOz 1/8 and CdS/
TiO2 1/32 show a larger number of sites interacting with water molecules. Photoelectrochemical investigation
showed that the intimate contact between CdS and TiO,, allows electrons injection from CdS to TiO; increasing
the lifetimes of separated charges. Cyclic voltammetry experiments demonstrate that both CdS and TiO; can
reduce benzaldehyde with electrons residing in their conduction bands, whereas the surface features of the
composite favor the photocatalyst/substrate interactions. The understanding of how to combine energetics,
heterojunctions, morphology and surface characteristics of the photoactive materials opens the way towards an
efficient design of CdS/TiOz 1/n composite systems, which show significant advances over the use of the two
separate components: i) the presence of TiO2 modifies the characteristics of the CdS surface, favouring the
approach of organic molecules, such as benzaldehyde and its reaction intermediates; ii) CdS, activated by
irradiation with visible light, can inject electrons onto TiO2 which is in turn activated without using UV light.
This paves the way for the application of more sustainable experimental conditions to achieve reductive
transformations in the presence of TiOx.

Surface properties
Band energetics
Aldehyde photocatalytic reduction

1. Introduction more on its pronounced oxidizing properties fuelling knowledge in the

field of environmental remediation and oxidation of pollutant and non-

[lumination of suspended semiconductors has emerged to be an
option available technology for photocatalytic reactions, such as
wastewater treatment [1], fuel production (e.g. Hy) through water
splitting [2] and redox (i.e. oxidative and reductive) chemical trans-
formations [3]. What keeps research interest in photocatalysis high is
the possibility to use solar energy, which is the purest, most abundant
and completely renewable source of energy.

Titanium dioxide (TiOy) is the most popular semiconductor in het-
erogeneous photocatalysis, and it has been extensively investigated
[4-6]. The reasons for its tremendous success are its high photocatalytic
efficiency, robustness, chemical stability, low toxicity, low cost and
environmental friendliness. Although research on TiO2 has focused
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pollutant molecules [7], TiOy has also attracted interest as a photo-
catalyst in reduction processes carried out in the absence of oxygen. In
fact, by UV light excitation, it is able to reduce nitro-aromatic com-
pounds to the corresponding anilines [8-15], to catalyse the reductive
cleavage of N=N bonds in azodyes [16] and to transform aromatic al-
dehydes into alcohols [17-20].

Despite the extensive research on TiOz-based photocatalysis, it is
necessary to recall the two main disadvantages of this semiconductor,
that limit its use in photocatalysis and in solar photocatalysis [21]: first,
because of its very wide band gap (3.2 eV), photoactivation of TiOg
occurs with UV light, which accounts for about 5 % of the solar spec-
trum. Second, photogenerated electrons and holes in the bulk of TiO,
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coexist in the same particle, and their migration to the surface to initiate
a redox process competes with recombination, which remains a high
probability reaction. As a result, the number of desired chemical events
is significantly smaller than that expected considering the light energy
absorbed.

To overcome these limitations, several approaches have been pro-
posed and put into the field in the research literature. To increase solar
energy utilization by extending the wavelength of TiO5 photoactivation
into the visible region of the spectrum, photosensitization, grafting of
metal complexes, doping with metal ions and non-metal elements are
the most studied strategies [22-26]. In addition, electron/hole recom-
bination can be lowered by the fabrication of appropriate hetero-
junctions between two semiconductors in intimate contact: lifetimes of
separated charges are longer, thus allowing more charge carriers to
diffuse to the surface [27-30].

Cadmium sulfide (CdS), with a band gap of only 2.4 eV, is a material
that responds to visible light. It is characterized by good charge mobility,
which allows photogenerated electrons and holes to reach the surface in
a timely manner, promoting redox reactions on its surface. However,
CdS suffers from poor photostability and undergoes severe photo-
corrosion that limits its efficiency [31].

The coupling of CdS with TiO; has attracted great interest because
this mixed system offers, at once, a possible solution to the main dis-
advantages of TiO», having the capacity of absorbing solar visible light
and the ability to separate photoexcited electrons and holes. In fact,
band structures of the two materials are matched: the conduction band
of CdS is located at potentials more negative than that of TiO, [32,33],
and visible irradiation of CdS allows electron injection from the chal-
cogenide to dark TiO2 while photogenerated holes remain in the valence
band of CdS. Some of us have recently demonstrated that spatially
separation of charges on two different materials causes an increase in the
lifetimes of electrons and holes, favouring their transfer to acceptors and
donors, so enhancing the photocatalytic activity with respect to the
single materials alone [34]. In addition, it is generally reported that the
presence of TiOy improves the photostability of CdS [35-40]. Based on
the above considerations of band energetics, it can be hypothesized that
the CdS/TiO, composite system is able of performing all the photo-
catalytic transformations previously explored for UV light-activated
TiO4 alone, with the advantage brought by the presence of CdS, that
the material can be activated with visible light.

In the present study, a series of CdS/TiOz 1/n composite materials
were synthesized, keeping the amount of CdS constant and varying that
of TiO,. Prepared materials were physico-chemically and spectroscopi-
cally characterized by XRD, HRTEM, FESEM/EDS, BET and BJH
method, adsorption microcalorimetry, IR, UV-vis spectroscopies and
used in the photocatalytic reduction of benzaldehyde to benzyl alcohol
with visible light. Despite favourable energetics, CdS was unable to
successfully carry out the reaction and the presence of TiO, was neces-
sary to restore the photocatalytic activity. We show that the amount of
TiO4 determines surface characteristics that are closely related to pho-
tocatalytic activity, demonstrating that band energetics is one of the
factors to be considered but not the only factor on which photocatalytic
activity depends, especially when dealing with surface redox processes
at the solid-liquid interface.

2. Materials and methods
2.1. Preparation of colloidal CdS nanoparticles

A stable aqueous colloidal solution of nanoparticles of cadmium
sulfide was obtained by the method of chemical condensation [36,41].
In brief, water solutions of CdCl, (12.5 mM), Na,S (12.5 mM), and EDTA
(12.5 mM) were prepared and then mixed in equal volumes (10 mL) by
shaking at room temperature for some minutes. When the overall solu-
tion was subjected to shaking, the EDTA-anions formed amphiphilic,
negatively charged shells that made CdS Quantum Dots (QDs) water-
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soluble. The solution obtained had a yellow colour. Stable colloidal
CdS QDs played the role of crystal seeds for nucleation and formation of
anatase TiO, and remained well dispersed.

2.1.1. Preparation of colloidal CdS/TiO2 1/n composites

In situ doping of amorphous TiOy by CdS QDs was carried out
following a reported direct hydrolysis route [36,41]. Specifically, to
aqueous colloidal solution of CdS (10 mL, 0.125 mmol) a measured
amount of Ti(OiPr)4 was slowly added (0.15, 0.3, and 1.2). Hydrolysis
occurs. Then, samples were heated up to 90 °C under continuous stirring
and aged at this temperature for 60'.

Later on, water slowly evaporated, and the recovered yellowish
powders were rinsed with ethanol and water and then dried in the oven
overnight under aerated conditions. Three different photocatalysts have
been prepared: CdS/TiO>-1/4 (0.15 mL), CdS/TiO»-1/8 (0.3 mL), and
CdS/TiO2-1/32 (1.2 mL). Commercial anatase TAA1 (Alfa Aesar) were
used as reference for characterization purposes.

2.2. Catalysts characterization

X-Ray diffraction was used to determine the crystalline phases of the
materials. The measurements were carried out using a X’Pert PRO MPD
from PANalytical in Bragg—Brentano geometry diffractometers, using
Cu Ka radiation (45 kV/40 mA) and a flat sample-holder. The XRD
pattern acquisition was performed in the 26 range of 20-80° with 0.03°
interval step and 20 s per step to improve the signal-to-noise ratio.

High-Resolution Transmission Electron Microscopy (HRTEM) and
Field Emission Scanning Electron Microscopy (FESEM) equipped with
Energy Dispersive Spectroscopy microprobe (EDS) were used to evi-
dence the presence and distribution of CdS and TiO; in the catalyst.
HRTEM was JEOL 300 kV, FESEM was Tescan S9000G microscope. For
FESEM/EDS analysis, the powder was metallized with a chromium layer
of about 15 nm thickness.

BET surface area and DFT pore size distribution curves were obtained
by N gas-volumetric adsorption at 77 K using ASAP2020 (Micro-
meritics). All samples were treated in vacuo (residual pressure of 1072
mbar) at 80 °C for several hours before the adsorption experiments to
remove atmospheric contaminants from the surface and inside the pores.
The treatment was long enough to maintain a good vacuum also in static
condition (without assistance of the pumping system).

The hydrophilicity of the samples was evaluated by means of
adsorption microcalorimetry using water vapor in contact with the
sample activated in vacuo at 30 °C and kept at 30 °C along the mea-
surement timespan. Adsorption microcalorimeter is equipped with a
vacuum line with known volumes allowing the activation of the sample
with a turbomolecular pump (residual pressure 10~ mbar) and the
contemporary admission of the vapor in the sample cell. In the vacuum
line the absolute pressures are measured with a capacitive gauge. As all
the volumes of the vacuum line are known, the reading of vapor pres-
sures and temperatures, before and after the interaction with the
adsorbing sample, allows to evaluate the adsorbed amounts by appli-
cation of the perfect gas law and to build up the adsorption isotherms. In
addition, the sample cell is inserted in the microcalorimeter together
with an empty reference cell to evaluate the heats of adsorption released
(which are exothermic) eliminating all the other thermal phenomena
not related to the adsorption process.

Infrared spectra were recorded by a Nicolet 510P FTIR instrument in
KBr, fitted with a Spectra-Tech collector diffuse reflectance accessory
(range 4000 to 200 em™ ). Powders were kept in the oven at 50 °C for a
couple of days before the recording of the spectra. Other IR measure-
ments were carried out on samples CdS/TiOz 1/4 and 1/32. The same
quantity of powders was suspended in CH3CN/EtOH (4/1) mixture
containing benzaldehyde (8 x 10~ M). The suspension was stirred in
the dark for five hours. Then, after centrifugation, the supernatant was
removed and the powder dried in the oven overnight before the
recording of the IR spectrum.
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Absorption spectra of CdS/TiO, powders were collected under
diffuse reflectance (R%) mode with a JASCO V 570 spectrophotometer
equipped with an integrating sphere. For the band gap calculation, Tauc
Plot analysis was applied according to (F(R) x hn)a = A x (hn - Eg)
where a =1/2 for an indirect band gap and o =2 for a direct band gap, (F
(R) = (1 — R)2/2R) is Kubelka-Munk function, A is a proportionality
coefficient and Eg is the semiconductor band gap.

Cyclic voltammetry experiments were carried out using a Metrohm
Autolab PGSTAT302N electrochemical workstation. For this type of
analysis, the semiconductor was supported on a conductive glass sub-
strate, specifically fluorine-doped tin oxide (FTO), following a previ-
ously reported procedure [12]. The measurements were performed in a
three-electrode cell consisting of a saturated calomel electrode (SCE) as
the reference electrode, a platinum wire as the counter electrode, and
either FTO/TiO: or glassy carbon as the working electrode. Benzalde-
hyde (1 x 102 M) was dissolved in a CH3CN/EtOH (4:1 v/v) mixture
containing TBAPFg (0.1 M) as the supporting electrolyte. The solution
was then transferred into the three-electrode electrochemical cell, which
was sealed, and nitrogen was bubbled through the solution to remove
dissolved oxygen.

2.3. Photocatalytic experiments

In a typical experiment, each CdS/TiO, 1/n powder (3 g/L) was
suspended in a CH3CN/EtOH (4/1) mixture containing benzaldehyde (8
x 1073M) into a spectroscopic cell. The cell was closed and degassed by
bubbling nitrogen for 30 min. The suspension is then illuminated for the
desired period using a Xe/Hg lamp and A > 420 nm cut-off filter. For
comparison, the irradiation was performed with both benchmark TiO5
(P25) and CdS. After irradiation the suspension was centrifuged twice,
and the evolution of the reaction was monitored by GC-FID analysis, by
using a HP-5 capillary column (30 m length, 0.32 mm internal diameter,
0.25 pm film thickness). The injection method was in gradient of tem-
perature as follows: initial temperature 50 °C for 3 min, then 5 °C/min
until 100 °C, and finally 100 °C for 10 min. The temperature of the
injector and of the detector was 300 °C and the nitrogen flux was 2.5
mL/min. Pure benzaldehyde and benzyl alcohol solutions were used for
qualitative and quantitative analysis. The conversion of aldehyde, the
yield of benzyl alcohol, and the selectivity for alcohol were defined as
follows:

(CO - Caldehyde)
0

Conversion (%) = x100

Yield (%) = %xmo
0

Calcohul

—F x100
(CO - Caldehyde)

Selectivity (%) =

where Co is the initial concentration of benzaldehyde, Cadenyde and
Calcohol are the concentrations of the substrate aldehyde and the corre-
sponding alcohol, respectively, at a certain time after the photocatalytic
reaction.

3. Results and discussion
3.1. Structural features of the samples

The diffractograms of the analyzed samples (Fig. 1) evidence the
main signals of TiO, anatase phase in the expected intensity ratio re-
ported for reference material (JCPDS card n. 00-021-1272, ref. [36] and
Fig. S1). The width of the signals indicates the size of crystalline domains
are very limited, as for nanocrystalline systems, but the half height
width decreases while increasing the amount of TiO; in the composite
material for the growth of anatase crystallites. The Debye-Scherrer
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Fig. 1. X-Ray diffractograms of samples CdS-TiOz 1/4, CdS-TiO; 1/8 and CdS-
TiOz 1/32 compared with the main signals of CdS hawleyite in blue (reference
card 00-010-0454) and TiO, anatase in red (reference card 00-021-1272). The
diffractograms are shifted along the vertical axis for the sake of clarity. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

calculation applied to the principal signal of anatase (20 = 25.3°) in
the three samples under investigation gives a size of the crystalline do-
mains in the range 4-6 nm [XRD Crystallite (grain) Size Calculator
(Scherrer Equation) - InstaNANO. https://instanano.com/all/character
ization/xrd/crystallite-size/ (accessed May 7th, 2025)].

Only one signal at 20 ~ 31° reveals the presence of CdS, assignable to
cubic hawleyite phase (JCPDS card n. 00-010-0454) which possesses an
intense reflection in that position. However, the weak intensity of the
peak suggests that the amount of CdS system is low in comparison with
TiO; or that the CdS component is almost amorphous.

No traces of other phases are observable, indicating that CdS and
TiO2 maintain their original nature without forming other crystalline
products. The shape of the curves and the width of the signals suggest
the two compounds are not separated from each other but rather in
intimate interconnection.

The intimate connection between the two compounds was also
studied using the electron microscopy techniques HRTEM and FESEM
hyphenated with an EDS probe. Fig. 2A reports the HRTEM images of
CdS-TiOz 1/32, i.e. the system that contains the largest amount of TiO5
with the largest size of crystalline domains, as resulted from XRD
investigation. The fringe pattern of 3.52 A, observed in the micrographs,
is in a very good agreement with anatase djo;, but unexpectedly the
pattern of 3.36 A is not assignable to TiO, and is, instead, in a good
agreement with hawleyite d;;; = 3.35 10%, indicating that also CdS is
crystalline although the crystalline domains are very small. The nano-
particles, both CdS and TiO,, are probably spherical, as there is no ev-
idence of corners/edges or acicular shapes, and their size, corresponding
to the size of the crystalline domains, does not overcome 10 nm.

The crystallites are mixed together, and the FESEM-EDS investiga-
tion evidences a homogeneous distribution of Ti, O, Cd and S elements in
the materials (Fig. 2B). In addition, the molar ratio between the ele-
ments does not reflect the stoichiometry of the compounds: Ti/O ratio
and Cd/S ratio results different than expected (1.152 rather than 0.5 for
TiO4 and 0.294 rather than 1 for CdS) confirming the intimate mixing of
the two compounds, situation which is probably facilitated by the unit
cell of the crystals, cubic for CdS hawleyite and tetragonal for TiOg
anatase, and that should be highly beneficial for the photocatalytic ac-
tivity of the systems.

3.2. Textural features of the samples

All the samples were tested for evaluating their specific surface area
and porosity. These characteristics are very important when dealing
with a heterogeneous photocatalyst, as in most parts of the cases the
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Fig. 2. A - HRTEM image of CdS-TiO2 1/32 evidencing the dyy values.
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B - FESEM image of CdS-TiO, 1/32, EDS elements mapping and relative amount of the elements.

photocatalytic activity is actuated at the level of the interface solid
material/substrate. In fact, the irradiated solid material is expected to
generate reactive species (electrons in the conduction band and positive
vacancies in the valence band of the material) that need to be in intimate
contact with the substrates to provoke their reaction. The specific sur-
face area of materials can be enlarged if particles are porous, and in
particular the presence of large size pores (at least in the range of
mesopores, i.e. 2-50 nm of width) can promote the interaction material/
substrate and the consequent reaction of the substrate.

The main results of Ny adsorption at 77 K on the examined materials
are reported in Fig. 3A (adsorption isotherms), 3B (pore size distribution
curves) and Table 1 (specific surface area and pores volume). Table 1
and Fig. S2 also report the principal results related to reference com-
mercial CdS and anatase TAA1 in order to evidence how the textural
features of the two components are modified in the composite materials.

All isotherms are of the mixed type I-IV of the IUPAC classification,
showing both a steep increase of the adsorbed amounts at very small
values of relative pressures (typical of the presence of micropores) and a
hysteresis loop (typical of mesoporous systems). The shape of the curves

showing the change of slope at the beginning of the isotherms indicates
that all the samples possess similar specific surface areas (a little smaller
for the sample CdS-TiO2 1/8). Otherwise, the width and height of the
loops indicate that the sample CdS-TiO2 1/32 shows the largest number
of large pores which are the most interesting for a real application of the
materials, as substrates can be attracted and stably interact with the
materials surface inside the pores improving the efficiency of the
photocatalyst.

3.3. Hydrophilicity of the samples

The efficiency of a catalyst can be affected by the strength of the
interaction catalyst/substrate and the nature of the surface is a key
factor in determining the extent and ease of this interaction. As known, a
polar substrate prefers a polar material; therefore, the polarity of the
systems CdS-TiOz 1/n was measured considering the number of water
molecules (polar probe) adsorbed at the surface of the catalysts and the
related energies of interaction as a function of coverage.

Fig. 4A reports the adsorption isotherms related to the three samples
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Fig. 3. — Section A: Adsorption-desorption N, isotherms carried out at 77 K on
samples CdS-TiO, 1/4 (squares), CdS-TiO, 1/8 (triangles) and CdS-TiO, 1/32
(circles) activated in vacuo at 80 °C. Section B: DFT pore size distribution
curves related to the samples CdS-TiO, 1/4 (squares), CdS-TiO2 1/8 (triangles)
and CdS-TiO, 1/32 (circles) activated in vacuo at 80 °C. The broken vertical line
represents the threshold value between micro and mesopores.

Table 1

BET specific surface area and pore volume of the samples CdS-TiO, 1/4, CdS-
TiO5 1/8 and CdS-TiO, 1/32 and of the reference commercial CdS and anatase
TAA1.

Sample BET DFT Total DFT Micropore DFT Large
Surface Pore Volume Volume (cm®/ pore Volume
Area (m*/  (cm®/g) g) (cm®/g)
g)
CdS-TiO, 1/4 236 0.13 0.06 0.07
CdS-TiO; 1/8 210 0.13 0.05 0.08
CdS-TiO 1/ 237 0.26 0.03 0.23
32
Commercial ~1 < 0.01 - < 0.01
cds
Commercial 220 0.33 0.03 0.30
TAA1

under investigation. The curves are expressed in pmol/m? i.e. consid-
ering the specific surface area of the samples and therefore expressing
the affinity of water vapor for the sample surface eliminating the
contribution of variable specific surface area of the compared samples.
The data suggest a sharp change of the system behaviour increasing the
ratio CdS-TiO5 from 1/4 to 1/8, as the adsorbed amounts curves increase
deeply for samples CdS-TiOz 1/8 and 1/32.

Although this modification of the surface properties is clear consid-
ering the adsorbed amounts, the heats of adsorption curves for all the
materials remain in the same range, i.e. between 120 and 50 kJ/mol,
and this suggests that the increase of hydrophilicity is only due to an
increase of the number of the surface adsorbing sites than to a real

Results in Chemistry 19 (2026) 102914

10
—&-CdS-Ti02 1/4

——CdS-Ti02 1/8
| —e—CdS-Ti02 1/32

Na (umol/m?)

Pe (mbar)

140
120 &
100
80
60
40

—8-CdS-Ti02 1/4 B
——CdS-Ti02 1/8

—o—CdS-Ti02 1/32

g% (kJ/mol)

AH =44 kJ/mol

condensation

20 -

0 1 1 1 1
0 2 4 6 8 10
Na (umol/m?)

Fig. 4. — Adsorption isotherms (section A) and molar heats of adsorption curves
(section B) related to the samples CdS-TiO, 1/4 (squares), CdS-TiO, 1/8 (tri-
angles) and CdS-TiO, 1/32 (circles) activated in vacuo at 30 °C. All the mea-
surements were carried out keeping the samples at the constant temperature of
30 °C. The horizontal broken line in section B indicates the standard water
condensation enthalpy considered as the threshold value between a hydrophilic
and hydrophobic surface.

increase of the probe-surface interaction energy. In all samples the heats
of adsorption are higher than the reference value of 44 kJ/mol (the
water molar enthalpy of condensation), indicating that water molecules
can interact with the materials surface with more than two H-bonds/
molecule and therefore indicating that all the materials are strongly
hydrophilic. The trend of the curves reported in Fig. 4B witnesses the
heterogeneity of the adsorbing surfaces.

3.4. IR analysis

Fig. 5 reports IR spectra of the investigated composite powders CdS-

1

Intensity (a.u.)

= CdS Comm
= CdS/TiO, 1/4
—— CdS/TiO, 1/8
= CdS/TiO, 1/32
—TiO,

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 5. FTIR spectra of CdS-TiO, 1/4, CdS-TiO, 1/8 and CdS-TiO, 1/32. IR
spectra of commercial CdS and of TiO, are reported for easy comparison. All the
samples are dried in the oven at 50 °C for a couple of days before the recording
of the spectrum.
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TiO2 1/4, CdS-TiO2 1/8 and CdS-TiO2 1/32, in comparison with com-
mercial CdS and reference TiO,. The spectra of pure CdS and TiO, are
similar to those reported in the literature for similar materials and all the
three composite samples have a spectrum profile relatable to that of
TiO,. Briefly, stretching vibrations of surface hydroxyl (-OH) groups
interacting with each other and interacting with adsorbed water mole-
cules via H-bonds are responsible for the broad peak at 3600-2000
cm L. The bending mode of water molecules adsorbed on the surface of
the catalyst is responsible for the peak at 1628 cm ! [42-44]. This signal
seems to be over-imposed on other absorptions visible in the range
1800-1200 cm ™! assignable to the presence of carbonate/bicarbonate-
like signals formed by interaction of the basic oxide with atmospheric
CO», also involving -OH groups in the coordination sphere [45]. The
strong absorption below 1000 cm™ is related to the signal of Ti-O-Ti
vibrations. The signal at 1100 cm™!, characteristic of CdS material
[46], is not visible in any of the composite systems, as the spectroscopic
features of TiO, prevail on those of CdS.

Strong adsorptions due to the presence of OH groups and adsorbed
water molecules confirm that the composite materials, as well as pure
TiOs, have a marked hydrophilic character, in accordance with micro-
calorimetric measurement suggestions. Also, the strong signals related
to the interaction COy-surface indicate the presence of basic oxygen
atoms at the surface of the materials and therefore confirm the polar
nature of their surface.

In summary, the composite materials CdS-TiO, 1/4, CdS-TiO, 1/8
and CdS-TiO, 1/32 show the physico-chemical features of the principal
component titania anatase, whereas the presence of CdS in cubic
arrangement (hawleyite phase) can be partially assessed by XRD results
but surely proved by HRTEM images. Among all the composite mate-
rials, CdS-TiO» 1/32 is the most similar to pure anatase, being charac-
terized by the strongest hydrophilicity and by the largest amount of
mesopores.

3.5. Optical and photoelectrochemical properties

UV-vis diffuse reflectance spectra of TiO3, CdS and the composite
materials are shown in Fig. S3. As expected, the absorption of TiO:
anatase ends at around 400 nm, while that of CdS extends deep into the
visible region and ends at around 600 nm. Composite CdS-TiOz 1/n show
a significant absorption in the visible light range. Recorded spectra of
the composite materials allowed the estimation of the band gap values of
the two semiconductors by using the baseline method, as proposed by
Macyk for multicomponent systems (in Fig. S4) [47]. Obtained values
are reported in Table 2. The values are similar between samples, ranging
between 3.2 and 3.3 eV for TiO5 and 2.2-2.3 eV for CdS, confirming (like
X-rays) that the intrinsic nature of the two components is intact.

From these data, it can be stated that the photoexcitation of CdS/
TiO2 1/n with visible light (A > 420 nm) involves only the CdS compo-
nent, in which charge separation occurs. The subsequent removal and
transfer of photogenerated charges could take place in the
heterojunction.

To improve understanding of this aspect, the key results obtained
from previous photoelectrochemical investigations on FTO/TiO3/CdS
electrodes are summarized in the following [34,36].

A comparison between the emission spectra of FTO/CdS and FTO/

Table 2
Band gap values of CdS and TiO, estimated in the composite materials CdS-TiO2
1/4, CdS-TiO2 1/8 and CdS-TiO, 1/32.

Sample CdS (eV) TiO, (eV)
CdS/TiO» 1/4 2.33 3.37
CdS/TiO, 1/8 2.29 3.32
CdS/TiO5 1/32 2.29 3.28
TiO, / 3.27

CdS 2.31 /
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TiO9/CdS films shows that the latter displays a broadened spectrum,
with a red shift of about 20 nm, that has been ascribed to some stabi-
lizing interaction between CdS and TiO,, which lowers the emission
energy (Fig. S5).

Photovoltage decay experiments provide insights into the recombi-
nation dynamics of charge carriers obtained from the illumination of
FTO/CdS and FTO/TiO2/CdS systems (Fig. S6). In the case of FTO/CdS,
turning off the light leads to a very rapid decay of the photovoltage,
whereas with the FTO/TiOy/CdS system, the decay occurs more slowly
when dark conditions are restored. This indicates that electron transfer
takes place between CdS and TiOy, slowing down the charge recombi-
nation process [34,48].

A time-resolved fluorescence analysis of CdS/TiO, composite sys-
tems with different degrees of crystallinity was recently published [36].
To facilitate the collection of useful information, we report the main
conclusions of this investigation (Fig. S7): the decay analysis revealed a
distribution of sites from which radiative recombination of charges
occurred with different rate constants and, in particular, a long-lived
amplitude was observed, with a decay on a nanosecond timescale.
Moreover, the emission tail observed with the more crystalline CdS/
TiO4 was attributed to the radiative recombination of electrons injected
into TiO,, with holes remaining in CdS. This indicates that intimate
contact between CdS and TiO; should favor the dynamics of electron
transfer.

In summary, visible light excitation of CdS in CdS/TiO, 1/n systems
causes charge separation and electron injection into the conduction
band or trap states of dark TiO,.

Since it is known that the relative position of the CdS and TiO5 bands
is such that it can generate a type II heterojunction, as occurs also with
other couples of photoactive materials [49], we propose here a different
approach. In detail, visible light is used to improve the photoactivity of
CdS thanks to the characteristics of the composite system. We are well
aware that the phenomena observed on short time scales (e.g. radiative
recombination slowed down, injection of electrons from CdS to anatase,
increase of lifetimes) are simply an indication in favor of improved
photocatalysis, which often implies multielectron heterogeneous pro-
cesses that occur on much longer time scales (milliseconds/s).

3.6. Photocatalytic reduction of benzaldehyde

The reaction chosen as a probe to investigate the photocatalytic
properties of prepared CdS-TiOz 1/n systems is the reduction of benz-
aldehyde to benzyl alcohol.

Dark cyclic voltammetry (0 V/—2.0 V vs SCE) was performed using a
glassy carbon as working electrode in the presence of benzaldehyde (1
x 1072 M) dissolved in CH3CN/EtOH 4/1, with TBAPFg (0.1 M) as
supporting electrolyte in the absence of oxygen. The voltammogram
shows a main cathodic wave at —1.75 V, with an onset at a slightly less
negative potential value (around —1.55 V). This can be assigned to the
electrochemical reduction of benzaldehyde, considering that the wave is
not observable in the absence of the molecule (Fig. S8).

In Fig. 6 (black curve) it is reported the CV curve with FTO/TiO3 P25
as working electrode in the absence of benzaldehyde: the filling of trap
states of P25 occurs at around —1.4 V while a more intense process,
appearing at stronger negative polarization (—2.0 V), is assigned to
electron acceptor states, likely corresponding to the conduction band of
TiO,. Interestingly, when benzaldehyde is present in solution (red
curve), a shoulder at —1.75 V, likely relative to the aldehyde reduction,
is observable. Moreover, trap states of P25 shift to less negative potential
values, suggesting a possible interaction between benzaldehyde and
TiO4 surface. These results indicate that TiO5 can reduce benzaldehyde.

Regarding the photocatalytic process of reduction of benzaldehyde
to benzyl alcohol, we expect from the UV-vis absorption spectrum of
TiO, that the material is not activated upon visible light illumination (A
> 420 nm), but only upon UV radiation [10]. However, considering the
lower band gap of CdS (Table 2) and the relative position of its
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Fig. 6. Dark cyclic voltammetry in the presence (red line) or in the absence
(black line) of benzaldehyde (BA, 1 x 1072 M) in dearated CH;CN/EtOH 4/1
solution, containing TBAPFg (0.1 M), recorded in the 0 V/—2.0 V range vs. SCE,
using FTO/TiO, as the working electrode. The scan rate was set at 50 mV/s.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

conduction band with respect to that of TiO, [32,33], we predict that
under deaeration conditions, CdS would be able to catalyse this reaction,
just as it can catalyse other reductive processes under photoexcitation
with visible light [36,48,50].

For this, CdS was suspended in a CH3CN/EtOH 4/1 mixture con-
taining dissolved benzaldehyde. After deaeration, the suspension was
illuminated (300 min) with wavelengths higher than 420 nm. At the end
of the illumination period, the solution was separated from the photo-
catalyst, and the remaining benzaldehyde and the formed benzyl alcohol
were quantified. Table 3 (1st column) shows that, unexpectedly, any
conversion of benzaldehyde was obtained upon photoexcitation of CdS.

Analogous experiments were carried out with the composite CdS/
TiO5 1/4, CdS/TiO, 1/8 and CdS/TiO, 1/32. The results are collected in
Table 3. CdS/TiOz 1/4 has a very low activity. In contrast, CdS/TiO2 1/8
and CdS/TiOz 1/32 catalyse the reduction of benzaldehyde into the
corresponding alcohol with increasing efficiency.

In fact, conversion is strongly associated with TiO, content: it in-
creases by increasing the amount of TiO,. Considering that the amount
of CdS, which is the photoactive component, is kept constant in the
composite systems, the different photocatalytic performances could
depend on two factors, working in synergy: i) a more efficient charge
separation and ii) textural modifications of the material.

This result is particularly important because it clearly shows that the
reducing capability of a semiconductor depends on its conduction band
position and is related to the morphology of the material. The interac-
tion between the molecule to be transformed and the photocatalyst at
the surface level is important in heterogeneous photocatalysis, espe-
cially when multielectronic processes are involved.

ATR measurements carried out with CdS/TiO, 1/4 and CdS/TiO, 1/
32 before and after a period in contact with a benzaldehyde solution in

Table 3

Photocatalytic selective reduction of benzaldehyde into benzyl alcohol over
CdS/TiOz 1/n (n = 4, 8, 32) under visible light (A > 420 nm). (n.e. indicates not
evaluable).

After 300° CdS  CdS/TiO, CdS/TiO, CdS/TiO2 1/ TiO,
Irradiation 1/4 1/8 32

Conversion (%) n.e. <5 25.4 46.1 n.e.
Yield (%) n.e. <5 10.6 25.0 n.e.
Selectivity (%) n.e. n.e. 42 54.2 n.e.
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the dark are reported in Figs. 7 and 8, respectively. In the case of CdS/
TiO2 1/4, no evident spectral changes are observed in the ATR spectrum
after the contact. Probably, the weak interaction of benzaldehyde with
the surface is the main factor determining the low photocatalytic ac-
tivity obtained with this material (Table 3).

In contrast, the interaction of benzaldehyde with CdS/TiO, 1/32 is
strong, as demonstrated by the drastic modification of the spectrum in
the range 3250-750 cm ™! reported in Fig. 8. After benzaldehyde con-
tact, several vibrational modes appear along the entire range of the
spectrum, and several bands can be assigned to the vibrations of alde-
hydic and aromatic moieties (vcy in the range 3100-2800 em ™},
benzaldehyde vc_o at about 1700 cm ™! and vibrations of the ring with
several weak-medium intensity signals in the range 1450-1150 cm™}).
The position of the signals expected for the molecule in the liquid phase
shifts to lower wavenumbers, probably due to the interaction with the
catalyst surface.

From all these observations, we conclude that the amount of TiO5 in
the surface of the photocatalysts has a role in determining the degree of
interaction between benzaldehyde and the photocatalytic material CdS/
TiO2 1/n: in CdS/TiO2 1/4 the interaction is negligible, and this does not
favor the reaction. By contrast, the reaction yield and aldehyde con-
version clearly increased from CdS/TiO» 1/8 to CdS/TiO2 1/32,i.e. when
there was sufficient TiO to ensure good interaction with benzaldehyde.

According to the results reported here and with the band positions of
TiO4 and CdS reported in literature [32,33], we propose the following
mechanism for the reduction of benzaldehyde to benzyl alcohol with
CdS/TiOz 1/n systems (Scheme 1): upon visible light irradiation (1 >
420 nm) electron-hole pairs are separated only on CdS, while TiO; is
kept in the dark. Then, electrons can be injected from the CB of CdS to
the CB of TiO-, while holes remain localized on CdS. Ethanol acts as hole
scavenger, undergoing oxidation and providing protons. Electrons and
protons could carry out the multielectron reduction of benzaldehyde to
the corresponding alcohol.

4. Conclusions

A series of CdS/TiO» 1/n composite materials was synthesized by
keeping the amount of CdS constant while varying the amount of TiO,.
Structural and morphological analysis (XRD, HRTEM, FESEM/EDS)
point out that both CdS and TiO, maintain their original crystalline
structure while forming intimate interconnection. BET and porosity
analysis evidenced comparable surface areas across all samples, with
CdS/TiOz 1/32 showing mesoporosity in addition to microporosity.
Microcalorimetric analysis, using water as adsorbate, and IR

% T
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Fig. 7. ATR spectra of CdS/TiO, 1/4 before (red) and after (black) the contact
with benzaldehyde in the dark. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. ATR spectra of CdS/TiO2 1/32 before (red) and after (black) the contact
with benzaldehyde in the dark. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Scheme 1. Proposed photocatalytic mechanism occurring on CdS/TiO, 1/8
and 1/32

spectroscopy reveal that the three composite materials are hydrophilic
in nature, but CdS/TiO2 1/8 and CdS/TiO2 1/32 show a larger number of
interacting sites with respect to CdS/TiO2 1/4. ATR investigation dem-
onstrates that benzaldehyde interacts with the surface of CdS/TiO, 1/8
and CdS/TiO; 1/32. Furthermore, optical and photoelectrochemical
measurements demonstrated efficient electron injection from CdS to
TiOg, resulting in longer lifetimes of separated charge carriers.

A proper combination of textural and optical properties leads to CdS/
TiO2 1/n materials able to efficiently catalyse the visible-light-driven
reduction of benzaldehyde to benzyl alcohol. CdS/TiO, 1/8 and CdS/
TiO2 1/32 are photoactive, with a reaction yield that increases by
increasing TiO content in the composite system. By contrast, CdS/TiO,
1/4 shows very low activity, despite being a composite material,
consistent with its weak interaction with benzaldehyde as ATR analysis
shows.

Overall, the rational design of CdS/TiO2 1/n composite systems
demonstrates the following: i) the presence of TiOy modifies the surface
properties of CdS, increasing its hydrophilicity and facilitating interac-
tion with organic molecules such as benzaldehyde and its reaction in-
termediates; ii) CdS acts as the sole photoactive component and
subsequent electron transfer to TiO4 through the heterojunction enables
utilization of visible light instead of UV light. The combination of suit-
able morphological and optical properties paves the way for revisiting
TiOg-based reductive transformations performed using UV light but
under more sustainable (visible-light-driven) conditions.
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