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Experimental section 

Materials

All reagents were purchased from common commercial sources and used without any further 
purification, unless otherwise stated. The TiO2 nanoparticles in this work are commercially 
available Titanium(IV) oxide – nanopowder, 21 nm primary particle size (TEM), ≥99.5% trace  
basis. 

Instrumentation 

X-ray Photoelectron Spectroscopy (XPS): XPS was performed on a Kratos Axis Ultra 
spectrophotometers using a monochromatic Al Kα X-ray source (hν = 1486.6 eV) set at 20 mA 
and 15 kV, with a spot size of 700 x 300 μm², in an analysis chamber with a pressure kept 
below 3*10-9 mbar. The wide spectra were obtained using a pass energy of 80 eV with a step 
of 0.5 eV. The high-resolution core level spectra of O 1s, Ti 2p, and Cd 3d were recorded with 
a pass energy of 40 eV, and a measurement step of 0.1 eV. The valence band region was also 
measured with XPS with a similar pass energy but a lower measurement step (0.05 eV), and a 
higher dwell time (1500 ms). Five spectra were recorded, we verified the absence of 
degradation under X-ray or binding energy shift of the spectra due to the charging effect, and 
then we summed the spectra to maximize their signal/noise ratio. 
Machine calibration was performed with sputter-cleaned Au, Cu and Ag films. The energy scale 
was calibrated using Au 4f7/2 at 83.96 eV and Cu 2p3/2 peaks at 932.63 eV. The overall energy 
resolution, as determined from the Fermi edge of an Ag reference, was 0.53 ± 0.02 eV at 40 
eV pass energy. Charge neutralizer were applied on all samples. Spectra were calibrated using 
the Ti 2p main emission line at 458.5 eV according to a previous work.1 The C 1s emission line 
from the contamination was measured at 284.9 ± 0.1 eV supporting the accuracy of our 
calibration method. 

Data were treated using CasaXPS software.2 A U2 Tougaard background was applied to the 
core levels and the area under the curves were subsequently treated with the CasaXPS_ Kratos 
library. For the valence band edge determination, the « edge down » background type has 
been used. Such mathematical function is based on the usual linear extrapolation method. To 
extract the CdS energy levels, we used the so-called vectorial method to our XPS spectra, 
described in detail.3 The Casa XPS software has the required tools. The vectorial method is 
applied to the oxide (TiO2) spectrum (Si) and the core shell (CdS-TiO2) one (Sf). The deduced 
spectra (Xj) follow the equation Xj = (1-cj)Si - cjSf with cj varying between 0 to 100 by 0.1 step 
scan. X78.2 has been identified as the pure CdS spectra deduced for the TiO2 series. A reference 
CdS powder (CERAC, 99.99 % purity) has been used to compare the VB spectra with the one 
mathematically deduced with the vectorial method. 

Scanning/Transmission electron microscopy (S/TEM): Scanning/Transmission electron 
microscopy (S/TEM) was performed on a probe corrected S/TEM Themis Z G3 (Thermo Fisher 
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Scientific). The Sample was dispersed in ethanol and then deposited on a holey carbon film 
coated copper grid before insertion in the S/TEM. High-angle annular dark-field (HAADF-
STEM) images were acquired at 300 kV, with 22 mrad convergence angle and 41-200 mrad 
collection angles. The Super-X system (4 Energy Dispersive X-Ray detectors) allowed acquiring 
elemental maps. 

X-ray powder diffraction (P-XRD)
The samples were analyzed using a D8 Advance diffractometer (Bragg-Brentano geometry 

mode /2), equipped with a tube fitted with a copper anode. The diffractometer is equipped 
with a monochromator selecting the Cu Kα1 radiation (wavelength: 0.1540593 nm) and a fast 
silicon strip detector that simultaneously collects X-rays over a wide angular range of 3.7° in 
2θ. The measurements were performed under the following conditions: X-ray tube at 40 kV 
voltage and 40 mA current, 3 hours per diagram, ranging from 10°2θ to 100°2θ with a step 
size of approximately 0.016° 2θ.

For Rietveld refinements, we used the Jana2020 program,4 with profile functions calculated 
using the fundamental parameters method.5 We used a pseudo-Voigt function for the profiles, 
with a Lorentzian function for broadening due to crystallite size (CSizeL parameter, in nm) and 
a Gaussian function for microstrains (StrainG parameter, a proportion without unity). In 
addition to the parameters presented in the tables, we refined the sample displacement 
parameter (sycos), as well as the lattice parameters of anatase and rutile (those of the CdS 
phases were kept fixed). To model the X-ray scattering background, we used Legendre 
polynomials (20 parameters, which are part of the fitting)

Gas Chromatography (GC): The gaseous reduction product, (H2) was detected by GC analysis. 
In detail, using a gas-tight syringe 250 µL from the reaction headspace were injected into an 
Agilent 6890N GC, which was equipped with a CARBOPLOT P7 capillary column (25 m × 0.53 
mm × 25 µm) and a thermal conductivity detector (TCD). The carrier gas was Argon, and a 
calibration curve was initially established for H2. Noteworthy, all the samples were also tested 
for aqueous products (respective aldehyde), using GC analysis as well. However, the samples 
were injected into Agilent 7820A GC, which was equipped with a HP-5 capillary column (30 m 
× 0.32 mm × 0.25 µm). The carrier gas for the latter GC was nitrogen, and a calibration curve 
was established for the whole set of aldehydes screened throughout this work.
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Calculation of H2 evolution production
In every photocatalytic experiment the final amount of CdS-TiO2 is 0.01 g. The H2 evolution 
rate was calculated according to the equation:

H2 evolution mmol (H2) g(cat)-1 h-1= 

𝑛(𝐻2)
𝑚(𝐶𝐴𝑇) 𝑥 𝑡

Where: 
n(H2) is the total amount of the produced H2 (in mmol)
m(CAT) is the total amount of CdS-TiO2 (in grams)
t is the irradiation time in hours (t = 6 h)
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Synthesis and Characterizations

Preparation and characterization of CdS-TiO2 NPs

The commercially available titanium dioxide nanoparticles (TiO2 NPs) were immersed into a 
solution of Cd(NO3)2 0.5 M in EtOH and stirred for 5 minutes at room temperature. Then, the 
particles were dipped into a solution of Na2S 0.20 M in methanol/water (7:3/v:v) for additional 
5 minutes under stirring. Upon each immersion, the NPs were filtered, rinsed with ethanol or 
methanol respectively, and dried at room temperature using a high vacuum pump. The 
immersion cycle was repeated four times forming the final CdS-TiO2 NPs.

Diffuse reflectance absorption

Figure S1. Kubelka-Munk transformed reflection spectra of TiO2 and CdS-TiO2 nanoparticles.

Emission studies 

Figure S2. Emission spectra of CdS-TiO2 (red) and CdS-SiO2 (black) upon excitation at 410nm.
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X-ray powder diffraction (P-XRD)

Figure S3. A) Experimental powder diffraction diagrams of of bare TiO2 sample (black), and 
CdS-TiO2 sample (yellow) with stick diagrams of Hewleyite (cubic CdS, sphalerite structure) 
shown in green, and those of the hexagonal CdS (wurtzite structure) shown in red and B) 

Rietveld refinement of CdS-TiO2 sample, assuming that the CdS is a mixture of the cubic form 
(sphalerite structure) and the hexagonal form (wurtzite structure).

A)

B)
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Table S1. Parameters from the refinement of CdS-TiO2, assuming that the CdS is a mixture of 
the cubic form (sphalerite structure) and the hexagonal form (wurtzite structure). The error 
bar corresponds to 3*sigma multiplied by the Bérar and Lelann parameter.6 GOF: goodness of 
fit. Rwp: weighted reliability factor.

Phase Name
Phase mass 
percentage Size (nm) StrainG Rwp GOF

Anatase 58 +/-2 % 30 +/- 2 0.46 +/- 0.11 12.5% 1.12%
Rutile 8 +/- 1 % 49 +/- 12 0.33 (fixed)

CdS-Spha-C 20 +/- 2 % 3.4 +/- 0.2 0.001 (fixed)
CdS-Wu-H 14 +/- 2 % 3.7 +/- 0.5 0.001 (fixed)
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X-ray photoelectron spectroscopy (XPS)

Figure S4. XPS survey spectra of TiO2 and CdS-TiO2 and the deduced atomic concentration

Figure S5. Core levels and valence band spectra measured by XPS for TiO2 (black) and CdS-TiO2 
(red). 

Figure S6. Valence band spectra of CdS nanopowders: the reference CdS powder (green), the 
spectrum obtained with the vectorial method from CdS-TiO2 (red). Spectra were calibrated 
using the Cd 4d emission line at 10.8 eV and their intensity has been normalized. 
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Photocatalysis

DSP experiments

The experiments were performed in glass vials (20.73 mL), sealed with a rubber septum, 
at ambient temperature and pressure. Before each experiment, a borate buffer solution at pH 
= 8 was prepared, which contained 50 mM of the respective alcohol. The CdS-TiO2 NPs (10 
mg) were added in the glass vial together with 4 mL of the above-mentioned solution. The 
samples were degassed with Argon while being sonicated in water for 10 minutes. Finally, the 
samples were irradiated for 6 hours using the commercially available EvoluChem 
PhotoRedOxBox blue LED irradiation at 450 nm (34 mW/cm²). The amount of H2 and aldehyde 
for each sample was determined using in both cases a GC instrument. In all cases, both the 
reported aldehyde, and H2 values as well as the Turn Over Numbers (TONs) are the average of 
three independent experiments.

CdS vs. CdS-SiO2 vs. CdS-TiO2

We have also prepared CdS nanoparticles and compared their photocatalytic activity 
under the same conditions as the CdS-TiO2 nanocomposites. For the preparation of CdS 
nanoparticles the hot injection method was used method.7 The results indicate that the CdS 
nanoparticles do not exhibit any photocatalytic activity in these conditions. However, it is 
important to note that the structural and catalytic properties of CdS nanoparticles can 
significantly vary depending on the preparation method (e.g., SILAR vs. hot injection), due to 
differences in size, shape, and band levels. 

To further clarify the role of CdS, we also developed CdS-SiO2 nanoparticles, where SiO2 
serves as an inert support. The catalytic performances were again very low compared to those 
obtained with CdS-TiO2.These studies confirmed that CdS acts primarily as a photosensitizer 
rather than as a photocatalyst.

Recycling experiments

The recycling experiment is illustrated in Figure 5, and described in the respective part of 
the manuscript. However, it is worth explaining why another cycle of photocatalysis (4th day) 
could not be performed. Following the mentioned protocol (filtration, drying, etc.) 
approximately ~80% of the CdS-TiO2 NPs were recovered in each cycle. Thus, at the end of the 
3rd cycle, we isolated approximately ~ 5 mg of the re-used CdS-TiO2 NPs, from the initial 10 mg 
ones.
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