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Abstract: In this work, a layered double hydroxide support modified with cadmium was synthesized
by a one-pot coprecipitation method. Then, it was sulfured in different percentages by a solvothermal
method. Next, the samples were analyzed using various characterization techniques like XRD, DRS,
FTIR, N2 physisorption, PL spectroscopy, TEM, and SEM. Finally, the synthesized and uncalcined
materials were assessed in hydrogen production from water and a methanol-water solution under
UV-light irradiation. The results showed that the sulphuration improves the photocatalytic activity,
reaching a maximum rate constant of hydrogen production of 7403 µmol/g·h in a methanol-water
solution and 1326 µmol/g·h in water.

Keywords: hydrogen production; photocatalysis; ZnS; LDH; sacrificial reagent

1. Introduction

Nowadays, a critical environmental issue affecting both developed and developing
countries, meaning an elevated risk for living human beings, is air pollution originated
by several manufactural emissions. Some of the air pollutants with a high presence in the
atmosphere are lead, carbon monoxide, sulfur oxides, nitrogen oxides, and hydrocarbons.
Their principal origin sources are sectors such as transport, energy waste management,
construction, and agriculture. Moreover, these manufacturing and service sectors have
in common the use of hydrocarbons as the principal energy generator, representing the
world’s first cause of air pollution. In this sense, it becomes a primary task to replace the
use of fossil fuels and take action to reduce the concentration of pollutants in the air.

Hydrogen is the most abundant element; it can be found in 75% of the matter forming
the universe, commonly obtained in gaseous form. Its use to produce energy is considered
an ecologic alternative because it only emits water steam in a combustion reaction. Thus,
the harmful emissions in the air are reduced. However, unfortunately, hydrogen is not the
principal energy source; these are the hydrocarbons.

A benefit of using hydrogen is that this gas can be produced from renewable and
non-renewable resources. Moreover, it has a high heating power of 120.011 kJ/kg, which is
2.7 times higher than the gasoline value (43.950 kJ/kg) [1].

Currently, one of the cheapest techniques for hydrogen production is photocatalysis.
Although photocatalytic processes must have basic requirements to carry out, an advantage
is that non-drastic conditions are necessary, which makes photocatalysis an attractive
option to produce hydrogen. In the photocatalysis technique, a semiconductor material
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must be irradiated with UV, visible, or NIR light to promote the formation of highly reactive
species, such as free radicals, originating oxidation and reduction reactions [2].

Unlike other techniques employed for hydrogen production, such as chemical re-
forming, the photocatalytic processes reduce the emitted carbon dioxide amount. Thus,
pollutant emissions are diminished in the hydrogen combustion process to generate energy
and in hydrogen production. This critical reduction of the air pollutants in hydrogen
production is due to the soft operational conditions not requiring elevated temperatures to
carry out the process; in photocatalysis, it is possible to obtain hydrogen under environ-
mental conditions, even under sunlight irradiation. An additional benefit is a relatively
easy way to modify the photocatalysts’ structure, texture, morphology, and composition,
increasing the photocatalytic efficiency.

The basic requirements for a photocatalyst to produce hydrogen are that the valence
band value must be higher than the water oxidation potential (EO2/H2O, V vs. NHE) and
the conduction band value lower than the hydrogen reduction potential (EH2/H2O, V vs.
NHE) [3]. Nevertheless, other factors must also be studied, such as the kind of material,
the possible scavenger reagents employed in the reaction, the photocatalyst load, and the
pH value in the reaction media, among others.

A current challenge in photocatalysis is to slow the charge carrier recombination
(photogenerated species hole/electron) because a fast recombination results in deficient
hydrogen production. To obtain a significant amount of hydrogen, various researchers
have studied systems in which the following arrangements are favored: heterojunctions, Z
scheme, oxides, and layered double hydroxides, among others.

Layered double hydroxides (LDHs), called clays or hydrotalcites, present at least two
types of metallic cations. Layers constitute these kinds of materials, and they can present
anionic species in the interlaminar hollow, or anionic species can interchange some species
from the structure [4].

The general chemical composition of the LDHs is [M2+
(1−x) M3+

(x) (OH)2]x+ (An−)x/n.
mH2O, where M2+ and M3+ are divalent and trivalent ions with a positive charge; An−

represents the ions with a negative charge, and they are placed in an intercalated arrange-
ment between the brucite layers (positively charged); x is the charge density of the layer
[M3+/(M2+ + M3+)], which is approximately 0.2–0.33; finally m is the number of water
molecules in the interlaminar region plus the anions present in this area. Figure 1 shows a
typical structural scheme for hydrotalcite materials.
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LDHs have been employed as heterogeneous photocatalysts in the absorption of
pharmaceutical compounds, pollutants photodegradation [6], water splitting [7], and
chromium reduction [8], among others.
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LDH materials have been successfully synthesized using several techniques such as
hydrothermal synthesis, sol-gel, electrosynthesis, anion interchange, and coprecipitation.

Numerous authors prefer this last synthesis method because it allows a straightfor-
ward modification of the structural parameters, the molar ratio MII/MIII, and the metal
cations and interlayer anion nature. Moreover, it permits the acquisition of substantial
amounts of material at viable costs.

Some studied hydrotalcite materials are Zn-Al, Mg-Al, and Co-Al. However, these
can be modified when Al is substituted by another cation, such as in the Zn-Al-Cr system.
This has been used in the photochemical oxidation of NO [9]. Another strategy aimed at
toluene remotion is focused on O substitution by Mn [10].

Noteworthy, there are many advantages to the LDHs use. For example, they are
materials of low cost, they present null toxicity, the synthesis is fast and easy, and the
modification by ionic interchange is feasible [11].

Cadmium is a metal with high toxicity for soil and water; it can affect the environment
and human health. Nevertheless, cadmium (Cd) has several uses in the industry and is
indispensable. In this sense, it is necessary to devise strategies to reduce cadmium concen-
tration in the environment. An interesting alternative is to use the metal in photocatalysts
for a second use; some studies have shown that CdS is efficient in pollutant photodegrada-
tion and water splitting. The Eg value, the conduction band, and the valence band positions
lend the use of CdS for both processes. Furthermore, cadmium’s high stability makes its
elimination difficult in the environment, and it can be an advantage for photocatalysts
because it would provide this quality to the material.

On the other hand, it has been shown that the sulfur addition in the hydrotalcite
photocatalyst improves the photocatalytic activity in the hydrogen production, reaching a
hydrogen production rate of 1599 µmol h−1 g−1 under UV light irradiation and using a
methanol-water solution (50-50 vol%) [12].

In this work, layered double hydroxides ZnAlCd were synthesized by the chemical
coprecipitation method. Next, these were modified through sulfur addition (S2−) by the
solvothermal method. Then, the materials were characterized by several techniques. Finally,
the synthesized materials were assessed in hydrogen production under UV light irradiation
from a methanol-water solution (50-50 vol%) without sacrificial reagent.

2. Results
2.1. X-Ray Diffraction

As shown in Figure 2, X-Ray Diffraction patterns show good crystallinity for the
materials. The samples ZAC, ZAC-60S, and ZAC-80S exhibited diffraction peaks in the
planes (003), (006), (012), (015), (018), (110), and (113), indicating the presence of ZnAl
LDHs (COD ID: 9015034). Additionally, the samples showed at 12◦ of 2 Theta the plane
(200) of hydrozincite (COD-ID: 9007481), which is labeled as HZT (N). The presence of
both materials is possible because the samples were synthesized at 98 ◦C and dried at 80
◦C. Then, the generated amount of the LDH material depends on the limiting reactant
Al(NO3)3, and the formation of hydrozincite occurs because Zn(NO3)3 is an excess reactant
that reacts with urea in excess too.

The presence of sulfur in the samples ZAC-60S and ZAC-80S was confirmed by the
broad diffraction signal exhibited at 29◦ of 2 Theta; this matches the plane (111) of zinc
sulfide (COD ID: 1100043), which is labeled as ZnS (�). For the sample ZAC-100S, a
complete change in the material’s structure was observed; the obtained diffractogram
suggests that most of the Zn2+ cations reacted with sulfur to get ZnS in a high percentage.
Nevertheless, the plane (003) remains visible with a weak signal at 11◦ of 2 Theta, confirming
the presence of the ZnAl-LDH material in a minor percentage.
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Figure 2. X-ray Diffraction patterns of the ZnAl LDH samples modified with cadmium and sulfur.

X-ray Diffraction did not confirm the cadmium presence, possibly because ZnS and
CdS have similar reflection planes. Table 1 registers the lattice parameters for the synthe-
sized samples. The interplanar spacing “d”, the crystal size, and the parameters “a” and
“c” were determined for ZnAl-LDH in the plane (003). The parameters were determined
for a hexagonal lattice; they correspond well with the values published in previous papers,
in which a molar ratio of Zn:Al 3:1 was used [13,14]. The average values for the lattice
parameters were d = 7.53 ± 3 Å, a = 3.06 Å, and c = 22.60 ± 0.08 Å.

Table 1. Crystalline information for the samples, types ZnAl-LDH and ZAC-XS.

Material
Lattice Parameters (Å) Crystal Size (nm)

d(003) a = 2 × d(110) c = 3 × d(003)

ZAC 7.55 3.06 22.65 27.58
ZAC-60S 7.55 3.06 22.65 31.59
ZAC-80S 7.56 3.06 22.68 25.47
ZAC-100S 7.50 — 22.52 11.39

Material d(111) a = (4 × r/20.5) a = b = c Crystal size (nm)

ZAC-100S 3.1 5.6 5.6 37.8

Additionally, the lattice parameters for the sample ZAC-100S were determined in
the plane (111) for a face-centered cubic structure of ZnS, and an atomic radius (r) of
0.100 nm for ion sulfur was used. The cubic lattice exhibited an interplanar spacing
d = 3.1 Å and a = 5.6 Å; the results agree with the literature [15]. This information is
presented because diffractograms in Figure 2 show that ZnS has a major presence in the
sample than ZnAl-LDH material.

The crystallographic parameters in Table 1 show that in the ZAC-60S and ZAC-80S,
the lattice did not exhibit substantial changes when sulfur was added; the lattice kept its
structure. Nevertheless, for the sample ZAC-100S, the ZnAl-LDH material in the plane



Catalysts 2023, 13, 593 5 of 16

(111) showed a minor distance in the interlaminar spacing, d = 7.50 Å, the same as that
of the parameter “c” with 22.52 Å. These indicate that some layers in ZnAl-LDH have
collapsed by the loss of hydroxyl groups responsible for the laminar arrangement.

Regarding the crystal size, the largest crystallite size (31.59 nm) for the materials
ZnAl-LDH was observed in the sample with the lowest amount of S2− (ZAC-60S), and the
smallest crystallite size (11.39 nm) was obtained in the sample with the highest amount of
S2− (ZAC-100S). This suggests that the sample ZAC-60S has the smallest superficial area
for photocatalytic reaction, whereas the ZAC-100S has the largest.

2.2. Diffuse Reflectance Spectroscopy (DRS)

Figure 3 shows DRS spectra for the synthesized materials. As can be observed, the bare
sample ZAC showed an absorption edge at 190 nm. On the other hand, for the sulfured
samples ZAC-60S, ZAC-80S, and ZAC-100S, it was observed that a higher intensity of
reflectance and the absorption edges shifted at higher wavelengths (~310 nm). This behavior
suggests that the sulfured materials have a stronger light absorption.
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Figure 3. Diffuse reflectance spectra and band gap energy determination of the ZnAl-LHD type
materials and ZAC-100S.

The band gap energy for the samples was determined by Tauc-plot from a modified
Kulbelka–Munk equation (Equation (1)), where Eg is the band gap energy (eV), h is the
Planck constant, B is the absorption constant, ν is the frequency of the electromagnetic
radiation (s−1), and α is the extinction coefficient that is proportional to F(R). Data for the
Tauc-plot were determined considering an indirect allowed transition where n = 2.

α(hν) ≈ B(h− Eg)
n (1)

The values of Eg were determined by plot α(hν)2 vs. hv and extrapolating linearly
the absorption edge toward the abscissa’s axis. Figure 3 shows that the bare sample ZAC
exhibited the highest band gap energy at 5.66 eV; according to the literature, ZnAl-LDH
material exhibits a band gap energy at 3.1–3.8 eV [7,12]. The wide band gap energy for ZAC
is explained by hydrozincite presence; the band gap energy reported by hydrozincite is
~5 eV [16]. Sulfured samples ZAC-60S, ZAC-80S, and ZAC-100S exhibited the energy band
gap values of 3.57, 3.59, and 3.68 eV, respectively; those agree with the values reported for
ZnAl-LDH and ZnS [17]. A benefit to low band gap energy materials is that the electrons
are promoted more easily to the conduction band, and thus the probability for electron-hole
pair formation is higher.
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2.3. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 4 shows the IR spectra of the synthesized materials. The samples presented
characteristic vibrations at 3399 cm−1 corresponding to the hydroxyl group [18].
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The sample ZAC-100S showed the weakest signal at 3999 cm−1; this was attributed to
a minor concentration of the hydroxyl group in that sample that lead to the slight lattice
contraction observed in XRD (Table 1). Thus, it is confirmed that the specie is responsible
for keeping the laminar arrangement.

The bands observed at 1362, 1069, and 835 cm−1 correspond to different vibrational
modes of carbonate ions [3]. As can be seen, the sample ZAC shows a major presence
of these species. The hydrozincite has the same laminar arrangement as the ZnAl-LDH
materials with a slight difference; for hydrozincite, the carbonate ions are responsible for
keeping the laminar arrangement. In this sense, for the sample ZAC, the XRD, FTIR, and
DRS results show that hydrozincite is present in this sample. In contrast, the FTIR spectra
for the samples ZAC-60S and ZAC-80S show carbonate ions with lower percentages of
transmittance in their bands. For the sample ZAC-100S, the carbonate ions presence was
not observed. This implies that hydrozincite formation is inhibited when S2− is added.

The vibrations observed between 500–600 cm−1 are matched to metal-oxygen-metal
bonds in the ZnAl-LDH, which confirms the presence of Zn-Al bonds [19]. On the other
hand, the bands at 761 and 633 cm−1 correspond to the Al-OH and Zn-OH bonds, respec-
tively [14]. For the sample ZAC-100S, the bands at 761 cm−1 are not visible because the
ZnAl-LDH formation is not favored, as revealed by the XRD technique.

2.4. Photoluminescence

Figure 5 shows the photoluminescence spectra; they were recorded for an excitation
wavelength of 299 nm. As can be seen, the sample ZAC exhibited the highest photolumines-
cence intensity, indicating the high electron/hole rate recombination. The absorption bands
observed at 469 nm correspond to vacancy formation. The scale modification in the XY-axes
showed that the sample ZAC-100S has the slowest rate of electron-hole recombination;
this is attributed to a high percentage of vacancies in the material, which can improve
photocatalytic performance [20].
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Figure 5. Photoluminescence spectra of the sulfured ZnAlCd materials.

2.5. N2 Physisorption

The N2 adsorption-desorption study exhibited isotherms type IV (Figure 6), which
correspond to mesoporous materials with an H3 hysteresis loop associated with laminar
materials; this agrees with a previous report for materials ZnAl-LDH [6]. Table 2 shows the
synthesized materials’ specific surface area (SBET). As can be seen, the sulfur addition to
the samples makes the available specific surface area larger. Although XRD explains this,
the crystal size of the ZnAl-LDH material is smaller in the samples ZAC-80S (25.47 nm) and
ZAC-100S (11.37 nm) than in ZAC (27.58 nm). On the other hand, the sample ZAC-60S has
a larger crystal size than ZAC; therefore, a minor specific surface area was expected, but it
was larger. Thus, although for ZAC-60S, the area contributed by the ZnAl-LDH material
will be smaller, the area contributed by the ZnS must be considered. This is the reason why
the sample shows a large specific surface area.
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Table 2. Determinant parameters for photocatalytic performance.

Material Eg (eV) Crystal Size (nm) SBET (m2 g−1) Vpore (m3 g−1)

ZAC 5.66 27.58 18 0.12
ZAC-60S 3.57 31.59 40 0.16
ZAC-80S 3.58 25.47 43 0.16

ZAC-100S 3.67 11.37(003)
37.8(111)

105 0.30

Figure 6 shows a variation in the width of the hysteresis loop. The literature refers to
the width decreasing when the specific area and adsorption capacity decrease too [21], and
the results of N2 physisorption supported it. The sample ZAC-100S showed a larger width
and higher adsorption capacity.

The coexistence of two materials origins the formation of heterojunctions that can
modify the material’s morphology and increase the presence of structural defects such as
vacancies. “Those are sites where an atom should be, and it is not there.” An increment of
“empty sites” results in larger pore volumes. The sample ZAC-100S in N2 physisorption
exhibited the largest pore volume (0.30 m3 g−1) and agreed with the photoluminescence
study, which suggested that this sample has a major percentage of vacancies. In addition,
the increment in pore volume can be originated from the ZnS growth between the layers of
ZnAl-LDH material.

2.6. Rietveld Analysis and Energy Dispersive Spectrometry (EDS)

Rietveld analysis and EDS for selected samples were carried out to confirm the exis-
tence of species such as hydrozincite and cadmium, whose presence has not been confirmed
through the characterization techniques used until now. Rietveld analysis was performed
for the sample ZAC and ZAC-100S. For Rietveld analysis, the software X’Pert HighScore-
Plus was used to identify phases, and Fullprof Suite was used to determine the percentage
of each phase. In the supplementary materials section (Figure S1), the sample ZAC showed
the crystalline phases of ZnAl-LDH, hydrozincite (HZT), and aluminum hydride (AlH3)
with percentages of 86, 5, and 9%, respectively. Figure 7 shows the Rietveld analysis for the
sample ZAC-100S exhibiting the phases ZnS, CdSO4, and ZnAl-LDH at 96.64, 1.71, and
1.65%, respectively. The reliability factors obtained from the Rietveld refinement are the
Rwp(%) = 10.7, Rexp(%) = 8.6, RB(%) = 4.0, and Chi2 = 1.53.
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The Rietveld analysis confirmed the presence of hydrozincite in ZAC and cadmium
in ZAC-100S. However, the cadmium percentage is extremely low. The EDS technique
can explain this (see Figure 8); where it is exhibited, that cadmium is highly dispersed
in comparison to Zn, Al, and S. Figure 8 for the sample ZAC-100S shows that Al, Zn, S,
and Cd are distributed uniformly in the material, which verifies that a composite material
was obtained.
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2.7. Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)

Figure 9a,b show the morphology of ZAC-100S. Amorphous particles are observed,
constituted by the agglomeration of other small spherical particles with a nominal radius
of 3.6 µm. The largest particles show a nominal diameter of about 500 nm. Amorphous
particles originate from poor crystallization, where the infinitesimal atomic arrangement
occurs in limited zones. According to Figure 9c, it is confirmed the ZAC-100S is a composite
material with different zones in which the atomic arrangements are too short.

Figure 9c also shows the electron diffraction pattern for the analyzed sample. This
result points to the material being polycrystalline. The reflection planes (300), (111), and
(20–2) were identified and matched with ZnAl-LDH, ZnS, and CdSO4, respectively. The
interplanar distances were measured with Gatan Microscopy Suite Software; Figure 9d–f
show the results for each identified zone. The interplanar distance for the plane (20–2)
corresponding to CdSO4 was 1.8 Å, for the plane (300) of ZnAl-LDH was 7.5 Å, and the
(111) for ZnS was 3.05 Å. The correct identification of the zones and their planes was
corroborated by plotting the characteristic crystalline structure of each material through
VESTA software (Visualization for Electronic and Structural Analysis) and comparing them
with each other.

2.8. Photocatalysis Assessment

Figure 10a shows the photocatalytic assessment; it was carried out under UV light
(λ = 270 nm, I = 6.0 mW/m2) using 20 milligrams of photocatalyst and 250 mL of a
methanol-water solution (50-50 vol%). As can be observed, the photocatalysts showed high
photoactivity, except for ZAC, which showed almost the same production as photolysis.
The efficacy of the materials to produce hydrogen is attributed to the sulfur presence and
the sacrificial reagent (methanol); it was observed that the activity is enhanced when the
sulfur content is increased. This means that the formation of ZnS and CdSO4 is important
in hydrogen production. Figure 10a illustrates that the sample ZAC-100S with the highest
sulfur content showed the best hydrogen production, reaching 733 µmol after 5 h of
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reaction time and obtaining 10× the amount of hydrogen produced in the methanol-water
photolysis, 73 µmol.
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Figure 10c shows the hydrogen production per gram of the photocatalyst in the
methanol-water solution. These data are important to reactor scale design, where more
hydrogen can be obtained when the mass load is greater. Nevertheless, the reactor char-
acteristic should also be modified most of the time. The standardized values indicated
that 1 g of the sample ZAC can produce ~4200 µmol at 5 h, whereas the sample ZAC-100S
reaches a value of ~37,000 µmol at 5 h. Finally, Figure 10e reveals the standardized rate
constants reached for each sample in the hydrogen production; according to this, 1 g of
the photocatalyst ZAC produces 808 µmol of hydrogen at 1 h, and 1 g of the photocatalyst
ZAC-100S produces 7404 µmol of hydrogen at 1 h.

Figure 10b shows a further photocatalytic assessment; it was carried out under UV
light (λ = 270 nm, I = 6.0 mW/m2) using 20 milligrams of photocatalyst and 250 mL of
bidistilled water. As can be observed, the materials can produce hydrogen in the absence
of methanol. The amount of hydrogen produced by the sample ZAC-100S was ~131 µmol
at 5 h; this is ~8× the amount of hydrogen produced in the water photolysis, 17 µmol at
5 h. Figure 10d,f shows the production per gram of photocatalyst and production per gram
of the photocatalyst at 1 h, respectively. Figure 10d shows that 1 g of the photocatalyst
ZAC-100S produced ~6600 µmol at 5 h, whereas Figure 10f indicates that 1 g of the sample
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had an average value of 1326 µmol at 1 h. The results suggest that the synthesized materials
can be an excellent option for producing hydrogen. Furthermore, costs can be reduced
since sacrificial reagents such as methanol can be avoided.

2.9. Reaction Mechanism
2.9.1. Charge Carriers’ Formation

Figure 11 shows the possible reaction mechanism. The energy of the conduction
bands (ECB) and valence bands (EVB) was illustrated according to the values reported in the
literature. The materials constituting the composite sample ZAC-100S show the following
values of Eg, ECB, and EVB. For ZnAl-LDH ~(3.5 eV, 1.5 eV, −2.0 eV) [22], ZnS ~(3.68 eV,
2.56 eV, −1.12 eV) [23], and CdSO4 ~(3.05 eV, 0.77 eV, 3.82 eV) [24]. A photocatalytic
reaction runs when UV light is irradiated over the sample ZAC-100S. First, the material
absorbs the photons from UV light; then, they transfer its entire energy to atomic electrons.
The incident photon energy (4.6 eV) is higher than the binding energy of certain orbital
electrons. Hence, these last will be liberated (e−) from high-energy orbits, leaving vacancies
(h+) behind. A neighboring electron will occupy the h+ with lower energy. Thus, the
motion of holes through the material is generated, and electrons will be emitted. These
electrons have a kinetic energy equal to the incident photon energy minus the binding
energy (BE) [25].
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The kinetic energy of the photogenerated electrons (~4.6–BE eV) in Figure 11 is enough
to overcome the bandgap energy of the semiconductors CdSO4 (3.05 eV), ZnS (3.68 eV),
and ZnAl-LDH (3.50 eV). Therefore, the bandgap in photocatalysis must be understood
as the energy required for a photogenerated electron that is bonded in the photocatalyst
to become free, and it can participate in oxidation reactions. In this case, the condition
is fulfilled.

For the composite system in Figure 11, the photonic absorption is carried out by each
compound’s most strongly bonded electrons (e.g., K energy shell) because those zones
have a high electron concentration. In addition, it is essential to mention that photonic
absorption is favored in atoms with a large atomic number [26]. So, it is expected that
CdSO4 has more photogenerated electrons and holes. However, it is not entirely true; the
presence of heterojunctions type II origins the transference of holes [27]. The vacancies (h+)
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in CdSO4 will be occupied by lower energy electrons present in the valence band of ZnS.
Consecutively, the holes in ZnS will be occupied by lower energy electrons in ZnAl-LDH.
This does not happen for ZnAl-LDH, since other lower energy electrons do not easily
compensate for the electronic deficit. Thus, the presence of the holes in ZnAl-LDH is higher
than in CdSO4. The accumulation of electrons in CdSO4 and holes in ZnAl-LDH takes
place. Water splitting and photocatalytic reforming have been studied and discussed well.
The mechanism for each is summarized below [28,29].

2.9.2. Water Splitting

The reactions performed for the sample ZAC-100S in water are the following. First,
holes and electrons photogenerated by UV-light irradiation reach the photocatalyst surface
(Equation (2)). Water is adsorbed on the photocatalyst surface and reacts with the pho-
togenerated holes (h+) to produce oxygen and hydrogen protons (H+) (Equation (3)).
The hydrogen protons react with the photogenerated electrons to produce hydrogen
(Equation (4)). It is also possible that the photogenerated electrons carry out the direct
reduction of water (Equation (5)). For the present case, the synthesis of a composite mate-
rial allowed an adequate charge carriers separation; the recombination between holes and
electrons was minimized, so many of them reached the surface to achieve a rate constant of
hydrogen production of 1326 µmol/g·h.

Hole and electron formation:

ZAC− 100S hν→ h+ + e− (2)

Oxidation:
2H2O(l) + 4h+ → 4H+

(aq) + O2 (g) (3)

Successive reaction of reduction:

4H+
(aq) + 4e− → 2H2 (g) (4)

Direct reaction of reduction:

2H2O(l) + 2e− → H2 (g) + OH−
(aq) (5)

2.9.3. Photocatalytic Reforming

The current study is partially a photocatalytic reforming because it used a methanol-
water solution (50-50 vol%). Here, the aim is for methanol, CH3OH, to act as a sacrifi-
cial reagent. The reaction mechanism in a methanol-water solution for experiments in
Figure 10a,b using the samples ZAC-XS% will now be described. Reactions (Equations (2)–(5))
are carried out like water splitting. However, the inverse reaction for oxidation can take
place in water splitting (Equation (6)). This is not desirable because the number of avail-
able electrons would be diminished to carry out the subsequent reaction (Equation (4)).
Equations (4) and (6) are competing reactions and can lead to the H+

(aq) depletion that
is reflected as a hydrogen production decrement. Adding CH3OH to the reaction media
minimizes the e−/h+ recombination. The holes, h+, participate in an oxidation process
to photodegrade the alcohol, allowing the “free performance” of the electrons in water
reduction. The photodegradation of CH3OH is an oxidative process and consumes oxygen;
the necessary process to perform Equation (6) takes place. Therefore, the probability of an
inverse reaction will be minor, and hydrogen production will be improved.

Inverse reaction:
4H+

(aq) + O2 (g) + 4e− → 2H2O(l) (6)



Catalysts 2023, 13, 593 14 of 16

3. Materials and Methods
3.1. Synthesis of the LDH Materials

The synthesis of the hydrotalcite ZnAlCd compound was obtained by the chemical
coprecipitation of the salts Zn(NO3)2, Al(NO3)3, and Cd(NO3)2. In a one-liter, flat-bottomed
flask with 800 mL of bidistilled water, the precursor salts were added in a mol ratio Zn:
Al, 3:1, keeping the mol percentages of ZnAl:Cd at 94:6. Urea was added to promote the
hydrolyzation reaction and an alkaline media of pH 8.5. Once the salts and urea were
dissolved, the solution in the flask was kept at 98 ◦C and 350 rpm (stirring rate). Under
previous conditions, the flask was connected to a condenser to avoid water evaporation
and kept thus for 72 h. After this time, the precipitated material was filtered and washed
several times with bidistilled water at 80 ◦C. Subsequently, the filtered material was dried
in a muffle furnace at 80 ◦C for 12 h. Finally, the support material was crushed in a mortar
and labeled as ZAC.

3.2. ZAC Sulfuration

The variation of the sulfur amount was realized with respect to the nominal amount
of the Zn2+ cation; the added percentages of sulfur were 60, 80, and 100 mol% to Zn2+,
respectively. In a Parr reactor with 100 mL of ethanol and 0.5 mL of ethylenediamine, 1 g
of LDH support ZAC was added. Then, thiourea was added in the appropriate amounts.
Next, the reactor Parr was kept under 40 psi and 135 ◦C for 5 h. Once the aging period was
finished, the material was filtered and washed with bidistilled water at 80 ◦C. Finally, the
material was dried at 80 ◦C for 24 h, crushed in a mortar, and labeled as ZAC-60S, ZAC-80S,
and ZAC-100S.

3.3. Characterization of the Powder Photocatalysts

Diffuse Reflectance Spectroscopy UV-Vis (DRS). This was carried out in a Varian Cary
100 spectrometer (Mulgrave, Vic, Australia) equipped with an integrating sphere, and
BaSO4 was used as a reference sample. Fourier Transform Infrared Spectroscopy (FTIR).
The absorption spectra were recorded in an Affinity-1 Shimadzu IR-440 (Kyoto, Tapan)
from 500 to 4000 cm−1 with a resolution of 8.0 cm−1 and 250 scans. X-ray Diffraction
(XRD). A Bruker D2 (Billerica, MA, USA) was used with a radiation source of Cu Kα (50 kV
40 mA). The diffractograms were obtained at 0.3◦/s from 5 to 70◦ of 2θ, and a step size of
0.01◦. Photoluminescence (PL). The photoluminescence spectra were realized in a SCINCO
FS-2 Fluorescence Spectrometer (Seoul, Republic of Korea) with a wavelength of excitation
equal to 299 nm, a slit of 10 nm, and a scan speed of 300 nm/min. Physisorption of N2.
Isotherms were obtained using Quantachrome Autosorb-3B equipment (Boynton Beach,
FL, USA); before the analysis, the samples were degassed at 80 ◦C for 24 h, and the BET
method determined the surface area. Microscopies (SEM and TEM). The modification of
the morphology of the samples was studied with a JEOL JSM-7600f Scanning Electron
Microscope (Tokyo, Japan) operating at 20 kV and equipped with energy-dispersive X-ray
spectroscopy (Oxford X-Max). The atomic arrangement, several constituting compounds’
presence, and heterojunction formation were analyzed through Transmission Electron
Microscopy with a JEM2100 microscope (Tokyo, Japan) with LaB6 filament and 200 kV
acceleration voltage.

3.4. Photocatalysts Assessment

The reaction for hydrogen production was carried out in a glass batch reactor. For pho-
tocatalytic assessment, a heterogeneous solution was prepared with 200 mL of a methanol-
water solution (50-50 vol%) and a photocatalyst load of 20 mg. The reaction was performed
under UV light using a UV Pen-ray lamp (λ = 270 nm, I = 6.0 mW/m2). The lamp was
covered with a quartz tube that then was submerged in the heterogeneous solution and
centered. The reaction lasted 5 h with a stirring rate of 800 rpm. A Shimadzu G6-8A
gas chromatographer determined the hydrogen production with a thermal conductivity
detector (TDC) and a Shin-carbon column; N2 was used as a carrier gas.
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4. Conclusions

The composite samples ZAC-XS were successfully synthesized and assessed for hy-
drogen production. The materials were corroborated as heterogeneous nature where the
addition of sulfur modified the crystal growth of each constituting component and caused
a significant increment in the specific surface area, which resulted in improved absorption
and high photoactivity. The band gap energy was also reduced, making it adequate for
photon absorption. The simultaneous presence of CdSO4, ZnS, and ZnAl-LDH favored the
formation of heterojunctions, making the hole and electron transfer easier and allowing
the correct charge carrier separation. An ideal charge separation was demonstrated in
water splitting, even though hydrogen production is increased when methanol is used as
a sacrificial reagent. The results obtained in this paper encourages further research into
uncalcined samples and to look for an adequate composite system whose valence and
conduction bands allow hydrogen production without a sacrificial reagent.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13030593/s1, Figure S1: Rietveld Analysis for the sample ZAC.
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