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38200 La Laguna, Tenerife, Spain
cDepartamento de F́ısica, Universidad de L

Tenerife, Spain
dFunGlass, Alexander Dubcek University o

Slovakia

† Electronic supplementary information (E
(H2 production with and witho
https://doi.org/10.1039/d4ra05402d

Cite this: RSC Adv., 2024, 14, 37763

Received 25th July 2024
Accepted 30th October 2024

DOI: 10.1039/d4ra05402d

rsc.li/rsc-advances

© 2024 The Author(s). Published by
n1−xCdxS catalysts with sphalerite
structures synthesized via a novel greenmethod for
hydrogen production by water splitting†

M. González-Rodŕıguez, ab S. Dı́az-Coello, ab S. Dı́az-González, a

V. D. Rodŕıguez, c M. Žitňan, d G. Galleani, d J. J. Velázquez, d E. Pastor ab

and P. Núñez *ab

The present study focuses on the development of a photochemical reactor coupled with a mass

spectrometer for the in situ detection of the H2 generation rate of the photochemical water splitting

process. To do so, sphalerite-type Zn1−xCdxS catalysts were synthesized, characterized, and tested as

a proof-of-concept for the development of the equipment with applied materials. The sulphides were

obtained by means of a green synthetic method, which avoids the use of toxic non-aqueous solvents

and the application of high temperatures. The prepared Zn/Cd sulphide catalysts were physicochemically

characterized by XRD, TEM, diffuse reflectance spectroscopy and electrochemical impedance

spectroscopy. Afterwards, the catalytic performance of the materials towards hydrogen (photo)

production was studied by means of the photoreactor coupled with the mass spectrometer. On the one

hand, the results show the suitability of the photoreactor designed to measure the reaction rate under in

situ conditions, exhibiting clear changes in the scan rate upon increasing the light energy (from visible to

UV light). On the other hand, a high hydrogen production was achieved for Zn0.7Cd0.3S with a maximum

value of 29.5 mmol gcat
−1 after 100 minutes under visible light. This production is significantly higher

than those previously reported in the literature for other standard materials, indicating the high potential

of our materials for green hydrogen production.
1. Introduction

The end of the 20th century and the beginning of the new
millennium has been marked by the environmental and fuel
crisis,1 among other political problems. Therefore, in recent
decades, scientists and engineers have investigated new routes
to achieve clean and sustainable energy that does not depend
on fossil fuels.2 In this regard, hydrogen has been proposed as
a suitable alternative. However, it is hardly found in nature, and
therefore, it is desirable to develop better and cheaper ways to
produce it at high purity levels. Nowadays, hydrogen production
is based on the exploitation of non-renewable sources, such as
gas and coal (normally labelled as non-environmental or grey
Inorgánica, Universidad de La Laguna,

n. E-mail: pnunez@ull.es

Universidad de La Laguna, Apto. 456,

a Laguna, Apto. 456, 38200 La Laguna,

f Tencin, Studentska 2, 91150 Trencin,

SI) available: Fig. S1 (Tauc plot) and S2
ut sacricial agent). See DOI:

the Royal Society of Chemistry
hydrogen). The production of hydrogen through environmen-
tally renewable sources (also known as green hydrogen) is still
in its initial stages. Thus, the global production of green H2 was
lower than 2% of the total production in 2021.3 For this reason,
it is necessary to increase both research and investment in the
next years. Several alternative methods have been proposed for
producing green hydrogen, aiming to achieve higher produc-
tion rates, lower costs, and the use of renewable sources to
boost the procedure. In this sense, hydrogen photoproduction
through water splitting has become an interesting option to
full these necessities.4 Diverse sustainable strategies on the
green hydrogen production have been proposed. Among them,
photocatalysis is probably the cheapest and easiest method.5,6

In 1972, Honda and Fujishima7,8 reported that water could
be broken down into its elementary atoms (H2 and O2), by
means of the water splitting technique onto a TiO2 surface.9

This technique consists of breaking the water molecules into
molecular oxygen and hydrogen using UV and visible radia-
tion.10 However, the rapid recombination of the photoexcited
electrons and holes hinder this process, leading to an inefficient
exploitation of visible light, which is among the other limita-
tions of TiO2 in photocatalytic reactions.11 The current trend is
the use of co-catalysts to reduce the recombination of electrons
and holes and the activation energy. Instead, signicant
RSC Adv., 2024, 14, 37763–37773 | 37763
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research efforts have been devoted to the search of semi-
conductor materials for water splitting, such as metal-doped
and undoped oxides,12–14 (oxy)nitrides,15,16 suldes,17 etc., as
well as free-metal carbon materials (g-C3N4).18 The typical
metals5,19,20 used for doping are usually those with an electronic
conguration of d0 and d10.

Both CdS and ZnS show wurtzite (ICSD: #154187) and
sphalerite (ICSD: #81925) polymorphs. The latter is derived
from cubic closest packing, while the rst one comes from
hexagonal closest packing. That means both crystal structures
are quite close, and one can obtain wurtzite or sphalerite
depending on the synthesis conditions. Most of the existing
works on CdS for the sphalerite structure are heterojunctions of
the sphalerite and wurtzite structure.21–23 It has been
reported24–31 that the properties of CdS can be improved by
forming nanocomposite structures with other functional
nanomaterials, or by establishing heterojunctions between the
different polymorphs.32,33 In this sense, a good example is the
zinc sulphide structures doped with cadmium, Zn1−xCdxS,
which presents higher activity due to the change in the posi-
tions of the valence and conduction bands.34,35 However, few
authors have studied this compound under UV light
conditions,36–38 and no previous studies have been found for the
polymorph sphalerite under these conditions. This family of
compounds is controversial because the maximum hydrogen
production is not always obtained for the same composition.39

To explain this, several DFT-based theoretical calculations of
free energy have been reported for related reactions on ZnS and
CdS surfaces.40 Other studies suggest that the strength of this
family of compounds is directly related to the position of the
valence band, having enough redox power with an optimal band
gap value to allow it to absorb a large amount of radiation from
the visible spectrum onwards.32,36 This is mainly because the
addition of cadmium to the system reduces the band gap, but
maintains the conduction band at values close to 3 eV, which is
considered a suitable value for water splitting. It is well known
that noble metals such as rhodium, palladium and platinum
dramatically enhance the efficiency of hydrogen evolution for
CdS. However, platinum loading on ZnS shows limited
improvement. Moreover, the high cost of noble metals limits
their large-scale application.41,42 One signicant challenge is to
nd a high-performance non-noble metal cocatalyst.14,43–45

Transition metal co-catalysts, metal–organic frameworks, or
carbon-based nanocomposites are some promising options.46–48

For example, the addition of nickel or cobalt oxides signicantly
improves hydrogen production for CdZnS compounds.49,50 The
Zn1−xCdxS photocatalyst exhibited better stability in the pres-
ence of Na2S and Na2SO3 as the sacricial agent, whereas it
exhibited relatively poor stability in the presence of ethanol.51

When no sacricial agents are present, the reactions that take
place for CdS are as follows:52,53

hy �!CdS hþ þ e� (1)

CdS + 2h+ / Cd2+ + S (2)

2H2O + 2e− / H2 + 2OH− (3)
37764 | RSC Adv., 2024, 14, 37763–37773
The sacricial agent plays a fundamental role in preventing
the corrosion that occurs on the catalyst. This problem was
addressed by Ningzhong Bao et al.54 The photogenerated elec-
trons in eqn (1) are employed in eqn (3) to give rise to hydrogen
production. At the same time, the generated holes (eqn (1)) react
in two pathways: (a) sulphite ions (SO3

2−) are oxidized to sulfate
ions (SO4

2−); and (b) sulde ions (S2−) are oxidized to disulde
ions (S2

2−):

SO3
2− + 2OH− + 2h+ / SO4

2− + H2O (4)

2S2− + 2h+ / S2
2− (5)

The S2
2− ions present two problems: (a) they act as a light

lter due to its yellowish coloration; and (b) they compete in the
proton reduction reaction. However, with the presence of SO3

2−

ions in the medium, the following reaction takes place:

S2
2− + SO3

2− / S2O3
2− + S2− (6)

The presence of disulde ions, S2
2−, in solution stabilizes the

catalyst and inhibits the appearance of surface defects. This
phenomenon, together with the processes described in eqn (4)
and (5), help to stabilize and reduce the photocorrosion
produced in the catalyst.54

In this study, the Zn1−xCdxS solid solution has been
prepared in a facile and environmentally friendly way, and was
subsequently structurally and electrochemically characterized.
We combined two approaches to address the stability: doping
CdS with ZnS, and using a Na2S/Na2S2O3-based sacricial agent
by keeping the synthesis route simple and environmentally
friendly. We then studied the hydrogen production by water
splitting using the obtained catalysts.
2. Experimental
2.1 Reagents

The following reagents were purchased and used without
further purication steps: Cd(CH3COO)2$2H2O (Merck, 99.5%);
Zn(CH3COO)2$2H2O (Merck, 99%); Na2S$xH2O (Aldrich, >60%);
Na2SO3 (VWR-Chemicals, 98.1%), CdCl2 H2O (Aldrich, 98%);
ZnCl2 (Merck, 98%); CS2 (Merck, 99.5%); ethylenediamine
(Merck, synthesis grade); ethanol (Scharlau, 70%); butanol
(Panreac, 99.5%); Naon® (5%, Sigma-Aldrich); argon (Air
Products, 99.999%). TGA was carried out to determine the
number of water molecules in the hydrate compound,
Na2S$xH2O.
2.2 Preparation of Zn1−xCdxS

2.2.1 Zn1−xCdxS with sphalerite structure. A typical
synthesis was performed by dissolving 10 mmol of zinc/
cadmium acetate in 50 mL of distilled water to prepare
a 0.2 M solution in metal. Another solution of 25 mmol of Na2S
in 50 mL of distilled water was prepared (0.5 M in S2−). The rst
solution was added dropwise very slowly over the latter and with
stirring, which was maintained for 1 hour at room temperature.
The resulting solid was separated by centrifugation at 4200 rpm
© 2024 The Author(s). Published by the Royal Society of Chemistry
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for 10 minutes, washed twice with cold deionized water and
once with ethanol, with centrifugation each time. Subsequently,
it was dried overnight in an oven at 60 °C. A very ne yellowish
powder of Zn1−xCdxS was obtained, with x = 0.0; 0.2; 0.5; 0.7;
0.8; and 1.0.

2.2.2 ZnS/CdS with wurtzite structure. The synthesis was
performed following a modication of the method described
elsewhere.55 In a typical synthesis, 4 mmol of zinc/cadmium
chloride was dissolved in 5 mL of deionized water and 15 mL
of butanol. Then, 30 mL of ethylenediamine was added drop-
wise to this solution, followed by 0.5 g of CS2. This mixture was
heated by reux for 1 hour. The resulting powder was obtained
by centrifugation, washed twice with water and once with
ethanol, and dried at 60 °C overnight.
2.3 Characterization

The XRD patterns were performed with an Empyrean PAN-
alytical X-ray diffractometer using Cu Ka radiation (a =

1.54056 Å) in a 2q range from 10° to 80°. The phase identi-
cation was performed using the X'Pert HighScore Plus so-
ware with the PDF-4 database. For the transmission electron
microscopy study (TEM 200 kV, Jeol JEM 2100), the sample was
prepared by suspending 25 mg of catalyst in absolute ethanol
in an ultrasonic bath for 20 minutes. Subsequently, a portion
of the dispersion was taken, and a drop was deposited onto
carbon-coated copper TEM grids. The diffuse reectance
spectra (DRS) were recorded using a UV-visible spectropho-
tometer from Agilent Technologies, model Cary 5000. BaSO4

powder, used as the reference, was mixed in a mortar with the
photocatalyst. The Fluorolog FL3-21 uorescence spectro-
photometer (Jobin Yvon HORIBA) was used to record steady-
state luminescence spectra of the selected samples in the
VIS region at room temperature in front face mode (back-
scattering geometry) using an Xe lamp (450 W) as the excita-
tion light source. A photomultiplier tube R928 detector was
used to collect the signal.

Electrochemical impedance spectroscopy (EIS) was carried
out with an Autolab potentiostat/galvanostat equipped with
a frequency response analyser (Autolab-PGSTAT204-FRA32M) to
achieve the at-band potential (VFB) and an estimation of the
location of the conduction band. A glass three-electrode half-
cell was used to perform the EIS experiments with 0.1 M
Na2SO3 as the background electrolyte. The electrode setup
consisted of a reversible hydrogen electrode (RHE) in the sup-
porting electrolyte as the reference electrode and a glassy
carbon (GC) rod as the auxiliary electrode. The potentials in this
work are referred to the RHE. As the working electrode, several
catalyst inks were produced and drop-casted onto the surface of
a glassy carbon disk (geometric area = 0.0706 cm2). The inks
were achieved by sonication of 4 mg of photocatalyst in 15 mL of
Naon and 5 mL of ultrapure water, and then 10 mL of the ink
was immobilized onto the GC disk under argon ux. Aer the
immersion of the working electrode, the capacitance of the
system was recorded at 1000, 1500 and 2000 Hz in a potential
range between −0.7 and 0.0 V, applying potential steps of
50 mV. Aer the experiments, the validity of the Mott–Schottky
© 2024 The Author(s). Published by the Royal Society of Chemistry
plots was assessed56 and the value of the at-bands was
obtained.

Hydrogen photocatalytic production was studied by means
of a conguration designed and built in our laboratory, as
described previously.14,42 Briey, this system includes an
elliptical-based cylindrical reecting wall, which generates two
focal points. Thus, the reactor is placed in one of the focal
points of the ellipse and the radiation lamps in the other one.
Using this conguration, a homogeneous reection of the light
is produced and concentrating at the reactor focus through the
geometry of the ellipsis. The latter consists of a double-walled
borosilicate ask that allows a ow of water in the inner wall
for temperature control purposes during the experiment. UV
mercury (Philips, HPA Synergy 300 W) and visible (Leuci Classic
Halogen linear, 500 W) lamps were used as radiation sources.
Hydrogen photochemical production was monitored continu-
ously using an Omnistar mass spectrometer (Pfeiffer Vacuum)
connected to the reactor outlet by a PTFE capillary. Additionally,
a continuous nitrogen gas transport ow of 15 mL min−1 was
passed through the reactor set by a mass ow controller. To
quantify the amount of hydrogen produced, the H2 channel
signal provided by the mass spectrometer was previously cali-
brated with the carrier gas and different concentrations of pure
hydrogen.

In all experiments, 0.200 g of Zn1−xCdxS powder was added
to the reactor containing 200 mL of a solution with 0.35 M Na2S
and 0.25 M Na2SO3,47,57,58 which will act as a sacricial agent.
The measurements were carried out under visible light for 100
minutes, and switched to UV light for another 100 minutes. The
suspension was kept under continuous stirring and the reactor
temperature was maintained at 20 °C, using a water ow into
the reactor jacket from a thermostat bath (Selecta, model 382),
throughout the whole measurement processes.

3. Results and discussion
3.1 X-ray patterns and morphological analysis

Fig. 1 shows the X-ray diffraction patterns of the synthesized
CdS particles with both crystalline structures: wurtzite (Fig. 1A)
and sphalerite (Fig. 1B). These patterns were compared with the
references from the ICSD database: #81925 (sphalerite)59 and
#154187 (wurtzite).60 The XRD patterns for the synthesized
target materials (Zn1−xCdxS, see Fig. 1C) present the charac-
teristic Bragg peak features corresponding to metal sulphides
with a sphalerite structure. For the pure sphalerite-type
sulphide structures, the patterns reveal the F�43m space group
(#216), presenting a cell parameter a of 5.80 Å for the CdS. The
latter decreases to 5.36 Å for the ZnS, as it has been already
reported for similar materials (5.77 Å and 5.33 Å, respectively).
Upon increasing the amount of cadmium content in the
Zn1−xCdxS sphalerite phase, the main Bragg peaks of the zinc
sulphide remain. However, the peak positions are slightly
shied towards smaller angles. This reveals the complete
formation of a solid solution of the two metal cations without
the existence of any other secondary phases. Considering that
both share a tetrahedral coordination, the downshiing of the
mixed sulphide peaks in comparison with ZnS arises since the
RSC Adv., 2024, 14, 37763–37773 | 37765
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Fig. 1 X-ray diffraction patterns for (A) experimental (black) and reference (red) (ICSD #81925) CdS with sphalerite structure. (B) Experimental
(black) and reference (red) CdS wurtzite structure (ICSD #154187) (C) X-ray diffraction patterns of the synthesized Zn1−xCdxS, with x values
ranging from 0 to 1.
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radius of Zn2+ (0.74 Å) is smaller than the radius of Cd2+ (0.94
Å).61,62 Additionally, all experimental patterns display very wide
Bragg peaks, proving that sulphide crystallites were obtained at
the nanometric scale.57,58,63 The latter was corroborated by
means of transmission electron microscopy, as shown in Fig. 2.
As shown in Fig. 2A, the Zn1−xCdxS solid solution prepared in
the present work does not exhibit the typical needle morphology
of the metal sulphide with wurtzite structure.64 Instead, small
and rather spherical particles (8.5 nm) have been obtained. In
addition, Fig. 2B reveals the atomic domains of the different
nanoparticles along with the identication of the (111) crystal-
line planes, presenting an interplanar distance of 0.331 nm.

3.2 Determination of bandgaps

As the materials described above were designed for testing our
home-made in situ mass spectrometer photocatalytic reactor,
further insights about the semiconductor features of the
materials are needed. Thus, the band gap energy, as well as the
conduction and valence band positions, were estimated by both
Fig. 2 (a) TEM image and (b) HRTEM image showing the domains within a
Zn0.7Cd0.3S.

37766 | RSC Adv., 2024, 14, 37763–37773
spectroscopic and electrochemical methods, respectively.
Firstly, the band gap was estimated by means of UV-vis diffuse
reectance spectroscopy (see Fig. 3A) and the Tauc plots were
subsequently obtained by applying the following equation:

C(hn − Eg) = (ahn)1/n (7)

Where h is the Planck constant; n is the frequency; Eg is the
bandgap energy, C is a constant, n is 2 (as the materials present
a direct allowed transition semiconductor behaviour), and a is
the absorption coefficient of the semiconductor, calculated
from the reectance spectra by using the Kubelka–Munk
model.65–67 The results for the band gap energy determination
are depicted in Fig. 3B. For the sake of clarity, only the ZnS,
Zn0.7Cd0.3S and CdS values are given. All values are presented in
Fig. S1, ESI.† In this way, the value of the latter can be obtained
from the extrapolation of the slope at the place where it cuts the
abscissa axis. In the case of CdS and ZnS, the bandgaps are
2.55 eV and 3.60 eV, respectively. These values are close to the
particle corresponding to the (111) diffraction plane. Both images are of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Diffuse reflectance spectra of the Zn1−xCdxS solid-state photocatalysts, with x = 0 to 1. (B) Tauc plot for determining the bandgap for
Zn0.7Cd0.3S, CdS and ZnS. (C) Photoluminescence spectra for Zn0.7Cd0.3S (green dots) and Zn0.8Cd0.2S (purple dots) samples obtained under
excitation at 440 nm, corresponding to the mean bandgap separation energy of both samples.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

5 
1:

11
:1

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2.4 eV value reported by Ullah et al.68 for CdS, and 3.6 eV re-
ported by D'Amico et al.69 for ZnS. In addition, a value of 2.98 eV
was determined for the band gap of Zn0.7Cd0.3S (i.e., the mate-
rial presenting the highest H2 rate photochemical production in
the next section). It can be clearly observed that the bandgap
increases with the increasing content of Zn in the solid solution.
Thus, the target material possesses a band gap value located
between that of the pure CdS and pure ZnS (2.98 eV). Although
the band gap energy is a fundamental parameter that can be
modulated to achieve good photocatalytic activity,32,33 the
absolute position of the latter is not the only descriptor to be
considered in semiconductor chemistry. Thus, to achieve a clear
picture about the semiconductor behaviour, further descriptors
must be studied, such as the electron–hole recombination
© 2024 The Author(s). Published by the Royal Society of Chemistry
rate70,71 or the position of both the VB and the CB. The latter was
achieved by an electrochemical impedance study of the
materials.

Fig. 3c shows the photoluminescence (PL) spectra of the
spherical nanocrystals obtained in this work. The curve displays
a broad emission, which shis to a longer wavelength with
higher cadmium content. The broad peak centered at ∼640 nm
and ∼700 nm for Zn0.8Cd0.2S and Zn0.7Cd0.3S, respectively,
come from a trapped emission ascribed to the sulfur- and zinc-
related vacancies and surface states.72 The decrease in the
photoluminescence intensity is due to the decrease in the
number of point defects and suppressed recombination of
photogenerated electron–hole pairs.73 As was stablished in the
literature, the electron recombination is directly related to the
RSC Adv., 2024, 14, 37763–37773 | 37767
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PL intensity, as lower intensity indicates a reduced recombi-
nation rate and longer carrier lifetime.74 These results explain
the signicant hydrogen production rate shown by the
Zn0.7Cd0.3S catalyst.
Fig. 5 Energy diagram of the valence and conduction bands of the
synthesized semiconductors. The position of the conduction band has
been estimated from Mott–Schottky analysis, and the value of the
band gap was obtained from the diffuse reflectance spectra.
3.3 Mott–Schottky analysis

As the photocatalysts studied in this work are n-type semi-
conductors, the position of the valence at band potential (VFB) is
estimated to be close to the conduction band. Thus, to estimate
the former, several EIS experiments have been carried out in
0.1 M Na2SO3 and the Mott–Schottky analysis was performed
(Fig. 4). The Mott–Schottky technique scans the electrochemical
impedance response of the material in the region where no
complete (electro)chemical reactions take place. Thus, the
addition of the sacricial agent is not needed to carry this
measurement, as no hydrogen is photochemically generated
during the measurement. Since the calculation of the at-band
potential allows the position of the conduction band to be esti-
mated, the position of the valence band has been solved by
applying the direct subtraction of the band gap calculated in the
previous section from the VFB. An energy diagram of the semi-
conductors is depicted in Fig. 5. Indeed, the position of the
bands with respect to the redox couples for water splitting proves
that the whole process is expected to take place while using these
materials as photocatalytic suspensions in a photoreactor for
water splitting. The value obtained for the conduction band of
CdS was determined to be 6.2 eV, which is in agreement with that
estimated by Kindig and Spicer (6.4 eV).75 Similarly, the value of
the conduction band for ZnS synthesized in this work is similar
to that calculated by Yuhong Huang et al. (−8.62 eV to −6.04
eV).76 On the other hand, the values for the CB obtained for the
Zn0.7Cd0.3S (−3.5 eV) in our work is higher than those obtained
by other authors77 for polycrystalline samples of similar compo-
sition (−4.3 eV). This change may have mainly resulted from the
sample prepared by Arriaga et al.77 being a mixture of wurtzite
and sphalerite phases.
Fig. 4 Mott–Schottky obtained by measuring the capacitance at 1000, 1
and (C) Zn0.7Cd0.3S.

37768 | RSC Adv., 2024, 14, 37763–37773
It is important to note that the catalysts must meet three
different requirements for hydrogen production: (i) maintain
adequate band edge energy for the overall water splitting; (ii)
present band gap energy values lower than 3 eV;33 and (iii) show
high stability towards the photocatalytic reaction. Moreover, for
those catalysts, it is also desirable to maintain the edge of the
CB as close as possible to 3 eV vs.NHE (−7.5 eV).77 By taking this
into consideration, the CB of the ZnS is closer to 3 eV vs. NHE
than the rest of the materials, however its band gap is too large
to carry the photo water splitting (3.60 eV). CdS presents a good
value for the band gap (2.55 eV), but the conduction band is too
far from 3 eV vs. NHE. Thus, the Zn0.7Cd0.3S is in a situation
where all the requirements are fullled, with a band gap slightly
lower than 3 eV (2.98 eV) and a conduction band that is closer to
3 eV vs.NHE than that of the CdS. These features, along with the
role of the sacricial agent and the decrease of electron–hole
recombination enhanced by the small particle size,78 boost the
photocatalytic activity of Zn0.7Cd0.3S towards water splitting.
500 and 2000 Hz in a 0.1 M Na2SO3 solution by EIS for (A) ZnS, (B) CdS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.4 Hydrogen production

Hydrogen production tests were performed using the home-
made system42 described in Section 2.4. To the best of our
knowledge, this conguration has not been previously reported
in the photochemistry eld. Thus, it is important to mention its
advantages, especially for the study of water splitting. Most of the
research studies devoted to the photochemical production of
hydrogen by water splitting use gas chromatography to charac-
terize the catalytic activity of the materials. Thus, the experi-
ments are carried in batch regime. This means that gas
chromatography allows the detection of the accumulated
hydrogen production at several times. Thus, aer several
batches, one can divide the generated hydrogen (normally
expressed in mmol gcat

−1) by the time (normally expressed in h)
to achieve a value of the average rate production units in mmol
gcat

−1 h−1. However, the conguration presented in this work
allows us to do the opposite. Here, the H2 production rate is
measured at everymoment, and the integration of the area under
de curve allows to solve the amount of total hydrogen generated
during the process. This concept may be interesting as a starting
point to study under in situ conditions how the hydrogen
production rate is affected by different parameters (i.e., changes
in the wavelength of the irradiation light or in its intensity,
addition of different concentrations of the sacricial agent, etc.).

As a proof-of-principle of both the materials synthesized and
the MS-coupled photochemical reactor developed in this work,
the hydrogen photo-production rate was determined for pure
CdS with sphalerite and wurtzite structural types (Fig. 6). Firstly,
a fast response of the system towards a change in the wave-
length was demonstrated. In this case, aer 100 minutes of
measuring under visible conditions, the light source was
changed to UV, and thus an increase in the H2 production rate
was immediately detected (i.e., a very fast response time of the
MS conguration). This corroborates the capacity of the system
to record changes in the production rate under in situ condi-
tions. Moreover, this experiment also proves that the sphalerite
structure presents slightly better photoactivity than the wurtzite
one for hydrogen production under both visible and UV radia-
tion. An analogous plot can be seen in Fig. 7 for Zn1−xCdxS
Fig. 6 Comparison of the hydrogen production rate for CdS with
wurtzite and sphalerite structures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
semiconductors synthesized in this work with sphalerite
structure. Hydrogen production measurements were performed
and monitored until the concentration of hydrogen production
remained stable (100 min) under visible light irradiation. The
light source was then changed to an ultraviolet lamp, and the
samples were irradiated for another 100 minutes (the results
have been separated into two different plots to better under-
stand the integration of the signal and its mathematical limits).

As the values are easier to compare with the existing litera-
ture on H2 production with suldes, the accumulative hydrogen
aer ca. 2 h of production was resolved by integration of Fig. 7A
for all the materials studied in this work. The values obtained
for the visible light show that all the materials present the same
production rate during the rst 15 min upon illumination with
visible light. However, from this point, the H2 production rate
varies for every material. Indeed, it is clear that both small or
large amounts of Zn at the solid solution maintain photo-
catalytic behavior that is similar to those of the pure ZnS/CdS
phases. Nevertheless, those materials with Zn content
between 0.5 < x < 0.8, particularly the Zn0.7Cd0.3S, have shown
the fastest response towards photochemical H2 generation.
Fig. S2, ESI,† shows the H2 production with and without
a sacricial agent for Zn0.7Cd0.3S and Zn0.8Cd0.2S and for the
sacricial agent alone, conrming that the high values of H2

production are mainly due to our catalysts. As the results ob-
tained by this method should be comparable with the existing
literature, the data depicted in Fig. 7A have been integrated to
achieve the amount of hydrogen generated during the 100
minutes of illumination with visible light (the total amount of
Fig. 7 Hydrogen production rate vs. time for the Zn1−xCdxS catalysts
with different zinc contents using (A) visible and (B) UV light. (C)
Maximum hydrogen production rate of Zn1−xCdxS vs. zinc content,
using UV radiation.
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Table 1 Hydrogen production for various catalysts based on the Zn1−xCdxS composition without cocatalyst. Sacrificial agents and their
concentration used are also included

Catalyst Cocatalyst H2 production (mmol gcat
−1) Sacricial agent Year/reference

Zn0.56Cd0.44S — 0.6 0.35 M Na2SO3 + 0.25 M Na2S 2010 (ref. 53)
Zn0.7Cd0.3S — 1.7 0.30 M Na2SO3 + 0.25 M Na2S 2017 (ref. 79)
Zn0.5Cd0.5S Fe0.3Pt0.7 4.5 0.35 M Na2SO3 + 0.25 M Na2S 2017 (ref. 80)
Zn0.7Cd0.3S — 29.5 0.35 M Na2SO3 + 0.25 M Na2S This work
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H2 over a specic period is the most common descriptor of
a photochemical catalyst in literature). The results are pre-
sented in Fig. 7C. Hydrogen production obtained with
Zn0.7Cd0.3S attained a value of 29.5 mmol of H2 per gcat under
visible radiation, which is higher than those reported by other
authors studying zinc/cadmium sulphide-based composites. To
prove this, some literature results are summarized in Table 1. In
particular, Shu et al.80 achieved lower production than those
reported in the present work (4.5 mmol of H2 per gcat), but also
used zinc/cadmium sulphide-based composites with sphalerite
structures. On the other hand, a short survey of the production
rates of similar catalyst compositions synthesized through
different methods shows relatively low H2 production compare
with our material, with values between 0.6 and 1.7 mmol gcat

−1

(ref. 81) under visible light. It should be noted that the catalysts
synthesized in this work have not been optimized. Furthermore,
both noble metal and other co-catalysts have not been used yet,
so further improvement in the activity is expected in future
research for our materials.

4. Conclusions

In this work, a reactor has been coupled to a mass spectrometer
detector as a method to measure the rate of a photochemical
reaction under in situ conditions. The conguration allows us to
directly measure the impact of experimental changes (e.g., energy
of the irradiated light) during the photochemical process. This
conguration allowed for the photochemical characterization of
the H2 production with Zn/Cd sulphide catalysts as a proof of
concept. The physicochemical characterization of the catalysts
indicates the formation of nanometric size powders, where the
addition of Cd to the cubic structure of ZnS produces: (i)
a signicant reduction of the bandgap energy and (ii) an increase
of the valence band energy. These two features, along with the
lower recombination rate proved by photoluminescence
measurements, propose that the Zn0.7Cd0.3S material is the one
with higher activity towards the photochemical water splitting.
This was corroborated in the MS-coupled photochemical reactor,
which showed a total production yield of 29.5 mmolH2

gcat
−1 over

100 min, along with a maximum production rate of 0.6 mmol
gcat

−1 h−1. Altogether, the setup presented in this work has been
successfully proved as an innovative technique to achieve in situ
information of the photocatalytic system.
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methodology, Gustavo Galleani: methodology; Jose Joaqúın
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TiO2(M = Fe, Co, Ni, Cu, Zn) catalysts for photocatalytic
hydrogen production under UV and visible light
irradiation, Inorg. Chem. Front., 2021, 8, 3491, DOI:
10.1039/d0qi01311k.

15 K. Maeda, D. Lu and K. Domen, Direct water splitting into
hydrogen and oxygen under visible light by using modied
TaON photocatalysts with d0 electronic conguration,
Chem.–Eur. J., 2013, 19, 4986, DOI: 10.1002/
chem.201300158.

16 K. Maeda, T. Takata, M. Hara, et al., GaN:ZnO solid solution
as a photocatalyst for visible-light-driven overall water
splitting, J. Am. Chem. Soc., 2005, 127, 8286, DOI: 10.1021/
ja0518777.

17 J. A. Nasir, Z. U. Rehman, S. N. A. Shah, A. Khan, I. S. Butler
and C. R. A. Catlow, Recent developments and perspectives
in CdS-based photocatalysts for water splitting, J. Mater.
Chem. A, 2020, 8, 20752–20780, DOI: 10.1039/d0ta05834c.

18 G. Zuo, Y. Wang, W. L. Teo, et al., Ultrathin ZnIn2S4
Nanosheets Anchored on Ti3C2TX MXene for
Photocatalytic H2 Evolution, Angew. Chem., Int. Ed., 2020,
59, 11287, DOI: 10.1002/anie.202002136.
© 2024 The Author(s). Published by the Royal Society of Chemistry
19 X. Chen, S. Shen, L. Guo and S. S. Mao, Semiconductor-
based photocatalytic hydrogen generation, Chem. Rev.,
2010, 110, 6503, DOI: 10.1021/cr1001645.

20 A. Kudo and Y. Miseki, Heterogeneous photocatalyst
materials for water splitting, Chem. Soc. Rev., 2009, 38, 253,
DOI: 10.1039/b800489g.

21 H. Du, K. Liang, C. Z. Yuan, et al., Bare Cd1-xZnxS ZB/WZ
Heterophase Nanojunctions for Visible Light Photocatalytic
Hydrogen Production with High Efficiency, ACS Appl.
Mater. Interfaces, 2016, 8, 24550, DOI: 10.1021/
acsami.6b06182.

22 M. Liu, D. Jing, Z. Zhou and L. Guo, Twin-induced one-
dimensional homojunctions yield high quantum efficiency
for solar hydrogen generation, Nat. Commun., 2013, 4,
2278, DOI: 10.1038/ncomms3278.

23 M. Huang, Z. Kong, Z. Ai, et al., Twin Zn1−xCdxS Solid
Solution: Highly Efficient Photocatalyst for Water Splitting,
Nano–Micro Small, 2023, 20, 2304784, DOI: 10.1002/
smll.202304784.

24 W. Zhang, Z. Zhong, Y. Wang and R. Xu, Doped solid
solution: (Zn0.95Cu0.05)1-xCdxS nanocrystals with high
activity for H2 evolution from aqueous solutions under
visible light, J. Phys. Chem. C, 2008, 112, 17635, DOI:
10.1021/jp8059008.

25 L. Shang, B. Tong, H. Yu, et al., CdS Nanoparticle-Decorated
Cd Nanosheets for Efficient Visible Light-Driven
Photocatalytic Hydrogen Evolution, Adv. Energy Mater.,
2016, 6, 1501241, DOI: 10.1002/aenm.201501241.

26 J. A. Villoria, R. M. Navarro-Yerga, S. M. Al-Zahrani and
J. L. G. Fierro, Photocatalytic hydrogen production on Cd1-
xZnxS solid solutions under visible light: Inuence of
thermal treatment, Ind. Eng. Chem. Res., 2010, 49, 6854,
DOI: 10.1021/ie901718r.

27 F. del Valle, A. Ishikawa, K. Domen, et al., Inuence of Zn
concentration in the activity of Cd1-xZnxS solid solutions
for water splitting under visible light, Catal. Today, 2009,
143, 51, DOI: 10.1016/j.cattod.2008.09.024.

28 M. Liu, L. Wang, G. Lu, X. Yao and L. Guo, Twins in Cd1-
xZnxS solid solution: Highly efficient photocatalyst for
hydrogen generation from water, Energy Environ. Sci., 2011,
4, 1372, DOI: 10.1039/c0ee00604a.

29 C. Xing, Y. Zhang, W. Yan and L. Guo, Band structure-
controlled solid solution of Cd1-xZnxS photocatalyst for
hydrogen production by water splitting, Int. J. Hydrogen
Energy, 2006, 31, 2018, DOI: 10.1016/j.ijhydene.2006.02.003.

30 F. Kurnia, J. A. Scott, H. Valanoor and J. N. Hart, A review of
non-oxide semiconductors for photoelectrochemical water
splitting, J. Mater. Chem. C, 2022, 11, 802–826, DOI:
10.1039/d2tc02533g.

31 M. M. Hoque, M. A. Zubair and R. N. Sajjad, Formation of
wide-bandgap, highly transparent and compact Cd1−xZnxS
lms with dynamically controlled pH in chemical bath
deposition, J. Mater. Chem. C, 2023, 13, 6360, DOI:
10.1039/d3tc00450c.

32 Z. Mei, M. Zhang, J. Schneider, et al., Hexagonal Zn1-xCdxS
(0.2 # x # 1) solid solution photocatalysts for H2
RSC Adv., 2024, 14, 37763–37773 | 37771

https://doi.org/10.1038/natrevmats.2017.50
https://doi.org/10.1038/nmat4589
https://doi.org/10.1038/238037a0
https://doi.org/10.1016/0047-2670(79)80037-4
https://doi.org/10.1039/d3ta00396e
https://doi.org/10.1016/j.watres.2015.04.038
https://doi.org/10.1016/j.watres.2015.04.038
https://doi.org/10.1039/c5ta04843e
https://doi.org/10.1021/jp049556p
https://doi.org/10.1039/d0qi01311k
https://doi.org/10.1002/chem.201300158
https://doi.org/10.1002/chem.201300158
https://doi.org/10.1021/ja0518777
https://doi.org/10.1021/ja0518777
https://doi.org/10.1039/d0ta05834c
https://doi.org/10.1002/anie.202002136
https://doi.org/10.1021/cr1001645
https://doi.org/10.1039/b800489g
https://doi.org/10.1021/acsami.6b06182
https://doi.org/10.1021/acsami.6b06182
https://doi.org/10.1038/ncomms3278
https://doi.org/10.1002/smll.202304784
https://doi.org/10.1002/smll.202304784
https://doi.org/10.1021/jp8059008
https://doi.org/10.1002/aenm.201501241
https://doi.org/10.1021/ie901718r
https://doi.org/10.1016/j.cattod.2008.09.024
https://doi.org/10.1039/c0ee00604a
https://doi.org/10.1016/j.ijhydene.2006.02.003
https://doi.org/10.1039/d2tc02533g
https://doi.org/10.1039/d3tc00450c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05402d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

5 
1:

11
:1

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
generation from water, Catal. Sci. Technol., 2017, 7, 982, DOI:
10.1039/c6cy02572b.

33 M. Huang, X. Luo, Z. Ai, et al., Band Structure–Controlled
Zn1−xCdxS Solid Solution for Photocatalytic Hydrogen
Production Improvement via Appropriately Enhancing
Oxidation Capacity, Sol. RRL, 2021, 5, 2000685, DOI:
10.1002/solr.202000685.

34 M. Matsumura, S. Furukawa, Y. Saho and H. Tsubomura,
Cadmium sulde photocatalyzed hydrogen production
from aqueous solutions of sulte: effect of crystal structure
and preparation method of the catalyst, J. Phys. Chem.,
1985, 89, 1327, DOI: 10.1021/j100254a001.

35 M. K. Arora, A. S. K. Sinha and S. N. Upadhyay, Active
Cadmium Sulde Photocatalysts for Hydrogen Production
from Water, Ind. Eng. Chem. Res., 1998, 37, 3950, DOI:
10.1021/ie970617y.

36 C. Xing, Y. Zhang, W. Yan and L. Guo, Band structure-
controlled solid solution of Cd1 - xZnx S photocatalyst for
hydrogen production by water splitting, Int. J. Hydrogen
Energy, 2006, 31, 2018, DOI: 10.1016/j.ijhydene.2006.02.003.

37 M. Liu, L. Wang, G. Lu, X. Yao and L. Guo, Twins in Cd1-
xZnxS solid solution: Highly efficient photocatalyst for
hydrogen generation from water, Energy Environ. Sci., 2011,
4, 1372, DOI: 10.1039/c0ee00604a.

38 J. Chen, Z. Shen, S. Lv, et al., Fabricating sandwich-shelled
ZnCdS/ZnO/ZnCdS dodecahedral cages with “one stone” as
Z-scheme photocatalysts for highly efficient hydrogen
production, J. Mater. Chem. A, 2018, 6, 19631, DOI:
10.1039/c8ta07362g.

39 Y. Liu, X. Zheng, Y. Yang, et al., Recent Advances in the
Hydrogen Evolution Reaction of ZnxCd1−xS-Based
Photocatalysts, Sol. RRL, 2022, 6, 2101061, DOI: 10.1002/
solr.202101061.

40 Z. Zhou, F. Han, L. Guo and O. V. Prezhdo, Understanding
divergent behaviors in the photocatalytic hydrogen
evolution reaction on CdS and ZnS: A DFT based study,
Phys. Chem. Chem. Phys., 2016, 18, 16862, DOI: 10.1039/
c6cp02599d.

41 H. Yan, J. Yang, G. Ma, et al., Visible-light-driven hydrogen
production with extremely high quantum efficiency on Pt-
PdS/CdS photocatalyst, J. Catal., 2009, 266, 165, DOI:
10.1016/j.jcat.2009.06.024.

42 J. J. Velázquez, R. Fernández-González, L. D́ıaz, E. Pulido-
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