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ARTICLE INFO ABSTRACT

Keywords: The current energy crisis, in addition to the severe drought our planet is suffering, had led to the search for new
hydrogen generation alternatives to obtain green and sustainable fuel sources. Green hydrogen as an energy vector is one of the most
photocatalysis promising possibilities. In this context, emerging technologies, such as photocatalysis, that can be driven by solar
i;a;vater light, become especially challenging when using natural seawater (NSW) directly, avoiding previous purification
TiO, steps. The exploitation of this endless resource is key to tackle the climate and energy emergency, although it

faces questions derived from the presence of dissolved salts at significant concentrations. So far, some reports
attribute to the latter the catalyst deactivation and loss of performance, whereas other authors have compared
the results obtained with NSW and synthetic seawater and have reported higher rates of hydrogen generation
with NSW. To solve this controversy, further research is needed to assess both the viability of the photocatalytic
hydrogen generation from NSW and the conditions for the optimum process performance. Within this context,
this study has evaluated two easy to purchase photocatalysts, TiO2 as benchmark, and CdS, in a concentration
range from 50 to 150 mg L. Different sacrificial agents are used depending on the catalyst, 20% CH3OH for
TiO3 and 0-0.1 mol L™! NayS/Na,SO3 range for CdS. The experiments performed in batch mode gave promising
results and shed new light on the positive influence of the buffer capacity of NSW, providing information about
the mechanisms that take place during the process. Furthermore, this study fosters the advancement of hydrogen
production technologies based on abundant and inexpensive raw materials.

1. Introduction

With the relentless rise in global energy demand, the need for clean
and renewable fuel sources has become more apparent than ever. The
search for sustainable alternatives to meet these growing requirements
has led to exhaustive research on innovative technologies. In this
context, hydrogen has emerged as energy carrier and a promising
alternative due to its high efficiency properties and eco-friendly nature
[1-4], making it a potential game-changer in the transition to a greener
future. The versatility of hydrogen as energy carrier and its potential to
decarbonize various sectors has generated vast interest and motivated
extensive research on various hydrogen production technologies [5-7].
Several methods have been developed to produce hydrogen. Although
conventional approaches are promising, their dependence on fossil fuels
or high energy consumption increases concerns about their long-term

sustainability and environmental impact [8]. To the contrary, since
the discovery of photocatalytic water splitting with TiOy [9], photo-
catalytic hydrogen production, although at a low scale, offers a
compelling and sustainable alternative that harnesses the power of
visible light to drive the water splitting reaction, releasing hydrogen and
oxygen that is the only by-product (Egs. (1)-(2)) [10-15].

2H,0—4H" + 4¢™ + 0, (E° = 1.23V vs NHE) €h)

4H" +4e”—2H, (E" = OV vs NHE) (2

This reaction of water decomposition into Hp and O2 (Eq. (1)) is an
endothermic process with a Gibbs free energy of 237 kJ mol~!. It also
requires a potential of 1.23 eV to oxidize the water molecule and
therefore a photocatalyst to generate enough potential for the reaction
to occur (Eq. (3)). Hence, the band gap of the semiconductor

Abbreviations: CDs, Carbon dots; D.L, Detection limit; EDS, Energy dispersive spectroscopy; HPR, Hydrogen production rate; IEP, Isoelectric point; NHE, Normal
Hydrogen Electrode; NSW, Natural seawater; SEM, Scanning electron microscopy; SSW, Synthetic seawater; TCD, Thermal conductivity detector; UP, Ultrapure
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photocatalyst must be greater than 1.23 eV (<1000 nm) and less than
3.0 eV (>400 nm) to be operated under visible light and harness avail-
able solar light [16,17]. In particular, the energy level of the catalyst’s
conduction band (CB) should be more negative than the H"/H, reduc-
tion potential of Eq. (2) to produce hydrogen from water. When the
valence band (VB) energy level is more positive than the H0/0
oxidation potential from Eq. (1), oxygen can also be produced from
water. However, some semiconductors are more susceptible to photo-
corrosion rather than O, generation. For example, the oxidation of water
to form oxygen is not possible when working with cadmium sulfide
(CdS), because the $2- anion is more susceptible to oxidation than water
[18].

When the semiconductor absorbs sufficient energy to overcome the
band gap, the electrons (e”) from the VB migrate to the CB, leaving holes
(h™) in the VB, (Eq. (3)) [14,15]. Then, the electrons contribute to the
photocatalytic water splitting (Eq. (4)) [18].

hv > E,—Photocatalyst (egy + hiy) 3)

2H,0+2e¢ —H, +20H™ “4)

The hydrogen production via water splitting using TiOy semi-
conductor photocatalyst has been widely studied because of its
simplicity of operation and significant results. For instance, Deep-
anPrakash et al. [19] obtained 6.1-10* pmol h! g{alt with TiO3 in
30 minutes. Nevertheless, TiO5 has a wide band gap (3.2 eV approxi-
mately), with a conduction band potential of ca. —0.3 V and a valence
band potential of ca. 3.0 V (vs. NHE at pH = 0) [14,15,20], which allows
light to be absorbed only in the ultraviolet spectrum, making its effi-
ciency under solar light limited, as sunlight only contains less than 5% of
ultraviolet wavelength [21,22]. The band gap value of TiO, was calcu-
lated using the Tauc method based on the optical absorption spectrum
[23]. Another drawback is the fast electron-hole recombination of TiOo,
reducing its hydrogen evolution rate [24]. Therefore, subsequent studies
synthesized composites with TiO, and other photocatalysts or used some
co-catalysts to be active in the visible wavelength and improve the
hydrogen production rate, HPR. Gao et al. [25] developed SiO2/Ag@-
TiOj core-shell nanocomposites, reaching a HPR of 1.5-10° pmol h ! gzt
in a solar thermal collector. Guo et al. [26] fabricated MoS;@TiO-,
which achieved a HPR of 2.0-10° pmol h ™! gg; under visible light. When
TiOs is used, sacrificial agents with alcohol groups need to be present to
prevent some of the fast charge recombination, even when hetero-
junctions or co-catalysts are used, to enhance the photocatalytic effi-
ciency. The alcohol groups are needed because as the catalyst is an
oxide, it needs to replace the OH groups. To this end, methanol has been
widely used [10,27-30], but other alcohols such as glycerol [28] have
been also used in previous studies. Working with methanol as sacrificial
agent in the experiments with TiO,, the reactions that take place in the
medium are detailed below, Eq. (5) to Eq. (9), with Eq. (10) being the
overall reaction [28].

H,O+h"—-OH+H" (5)
CH;0H +-OH--CH,O0H + H,0 (6)
CH,OH—HCHO+H" +e¢~ @
2H" +2¢ —H, (€)]
HCHO + H,0—~HCOOH + H, (©)]
HCOOH—CO, +H, (10)

Even though composites and co-catalysts have demonstrated
competent performance at lab-scale, for the future deployment and
process scale-up it is key to consider commercially available, cost-
effective and environmentally sustainable photocatalysts active under
visible light.
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CdS is one of the best materials used so far for the photocatalytic
production of Hy under visible light along with other applications [31,
32]. It has a narrow band gap of 2.4 eV (512 nm of wavelength) [13],
with ca. —0.5 V vs NHE of conduction band potential and ca. 1.7 V vs
NHE of valence band potential [14,15,20]. The band gap value was
determined using the Tauc method in the same way as for TiO5 [33]. The
high activity of CdS has been attributed to its crystal structure, specific
surface area and particle size, which can also be modified to improve the
HPR [8]. Although limited by its photocorrosion and rapid recombina-
tion of photogenerated electron-hole pairs, there are strategies to inhibit
these effects. In recent years, interesting reviews about photocatalytic
hydrogen production have been published collecting the best improve-
ments and future perspectives on the topic. Most of them have focused
on heterojunctions of CdS with different semiconductors to improve the
photocatalytic efficiency and stability of the materials [14,15,31,
34-39]. For instance, Li et al. [31] reported improvements in the HPR of
more than 8-fold with CdS-MoS; with respect to CdS. Zhang et al. [15]
compiled the main advances achieved with heterostructures and syn-
thesis methods to improve hydrogen productions; they reported a
28-fold improvement with CdS/ZnS relative to CdS.

However, to shed light on the photocatalytic hydrogen production
with bare CdS (without the addition of another semiconductor) the use
of a sacrificial agent can mitigate the photo-corrosion effect as well as
increase its efficiency [16]. Most of the previous studies with CdS or its
composites used NayS/NaySOs as sacrificial agent [40-44], but alcohols
[45] or lactic acid [46] have been employed as well. The NapS/NaySO3
combination appears as the most appropriate reagent for regenerating
CdS, because when Nay$ partially dissociates in water, $2- and HS" are
formed, and the photocatalyst holes oxidize NayS avoiding photo-
corrosion of the catalyst [28,29].

Egs. (11)-(17) show the effect of the sacrificial agent NapS/NaySO3
on the photocatalyst, where two holes are involved, corresponding to
the two electrons of Eq. (4). First, NayS, the hole scavenger, is dissoci-
ated in the aqueous solution (Eq. (11)) into SZ‘, which subsequently
forms S%‘ and HS™ (Egs. (12)-(13)). S%‘ is an optical filter that may hinder
hydrogen production by competing with the main reaction of water
splitting [18]. Because of this effect, Na,SO3 is added to the sacrificial
agent pair, that helps capture more holes. When Na,SOs is dissolved in
water, it forms SO%‘, which enables the conversion of S3- back to S
(Egs. (14)-(16)). Additionally, the presence of thiosulfate can prevent
sulfur deposition on the catalyst, which could lead to its deactivation.
Then, the overall reaction of water splitting in presence of the sacrificial
agent NayS/NapSO3 is summarized in Eq. (17) [18]. It is worth noting
that when using a hole scavenger, the mechanism leading to hydrogen
generation is given by reactions (11)-(17), that substitute reaction (1) to
(12) [8].

Na,S + H,0—2Na" + 8>~ an
28%" + H,0—~HS™ + OH"~ (12)
287 42K —S82” 13
Na,SO; + H,0—2Na™ + 8O3~ a9
SOy +20H +2h*—>S0; +2H* @15)
SO3 + 85 803 +5 (16)
2H,0 + S*~ + SO —(2hv)—H, +20H™ + 5,03~ a7

Chang et al. [47] found that pH = 9.0 was the optimal pH value for
the reaction of water splitting with CdS and NayS/NaySOs as sacrificial
agent, out of the experimental values of pH: 3, 6, 9, 12. This phenom-
enon was attributed to the increased dissociation of HS- and S*- at higher
pH values (pKj,na2s = 3.09 [48]). However, excessive hydroxide ions at
extreme alkaline pH can react with the hydrogen ions to form water,
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thus reducing the hydrogen production efficiency [47].

Specifically, the use of seawater as the reaction medium in photo-
catalytic hydrogen production is key for further implementation.
Seawater is abundant and readily available, although a priori, the
presence of ionic components and impurities could affect the stability of
the hydrogen production process. So far, only a few studies have eval-
uated the use of natural seawater for the photocatalytic water splitting
with photocatalysts such as Pt-CdS/TiOs, SiO2/Ag@TiO», Pt/TiO,, Pt-o-
g-C3N4, CDs/CdS, TiO2/Pt/Cdg gZng 2S, and ZnO/Pt/Cdg gsZng 2S (25,46,
49-52] (Table S.1). For instance, Zhu et al. [46] used CdS with carbon
dots (CDs) and lactic acid as sacrificial reagent in the photocatalysis of
natural seawater and reported worse results compared to ultrapure
water. A similar trend was observed by other authors, such as Ayyub
et al. [52] with TiOy/Pt/Cdg gZng oS, and ZnO/Pt/Cdg gZng 2S compos-
ites using benzyl alcohol/acetic acid as sacrificial agent. In the work of Ji
et al. [49], the hydrogen production results are slightly improved when
natural seawater is used compared to ultrapure water experiments,
Pt/CdS/TiO, composite as photocatalyst and NayS/NaySOs as sacrificial
agent. As shown in Table S.1, most of published works used complex
composites or co-catalysts to achieve satisfactory results, that required
complex synthesis, high cost and low environmental sustainability. In
addition, inconsistent results have been reported regarding the use of
natural seawater (NSW) for hydrogen production by photocatalysis. In
this article, to shed light on the phenomena involved in the photo-
catalytic water splitting using CdS as photocatalyst, experiments with
different water media, synthetic seawater, SSW, with different NaCl
concentrations (0-35 g L™1), and NSW have been performed with pho-
tocatalyst concentrations from 25 to 150 mg L™ and sacrificial agent
concentrations from 0 to 0.1 mol L™,

2. Materials and methods
2.1. Materials

Sodium sulfide hydrate (NayS-xH30), cadmium chloride hemi(penta-
hydrate) (CdCly-2 '5 H20), and thiourea (CH4N3S) were purchased from
Sigma-Aldrich. Sodium sulfite anhydrous (NazSO3) 98+ % was provided
by Thermo Scientific. Titanium dioxide (TiO,) Aeroxide® P25 was
supplied by Evonik Degussa. Commercial CdS nanoparticles were pro-
vided by Chemazone. Nevertheless, to assess the influence of the impu-
rities of the commercial product, CdS particles were also synthesized in
our laboratory. Sodium chloride (NaCl) 99.5% and pure methanol
(CH30H) from Fisher Scientific were used. Pure argon (Ar) was pur-
chased from Nippon Gases.

2.2. Synthesis of CdS

CdS photocatalyst was prepared by a hydrothermal method. First,
0.13 M of CdCl, was stirred in a water solution for 10 min. Then, an
aqueous solution of 0.73 M of CH4N5S was added to the previous solu-
tion and stirred for 1 h. Later, the mixture was transferred to a 50 mL
Teflon autoclave, sealed, and heated at 180°C for 24 h. After the auto-
clave was cooled to room temperature, the product was collected and
washed three times with deionized water and two times with ethanol
and centrifuged for 3 min. Finally, it was dried at 80°C for 12 h.

2.3. Photocatalysts characterization

The photocatalyst morphology was studied by scanning electron
microscopy (SEM) using a Carl Zeiss, model EVO MA 15 microscope,
implemented with energy dispersive spectroscopy (EDS) microanalysis
system from the brand Oxford. Raman spectra were obtained using a
Jasco 4500 spectrophotometer equipped with a green diode laser exci-
tation source (531.9 nm). X-ray photoelectron spectroscopy (XPS) was
performed in a XPS Spectrometer Kratos AXIS Supra obtained from a
monochromatic Al Ka source applying 15 kV and 75 W. Zeta potential of
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the photocatalyst particles was measured in a Zetasizer Nano ZS from
Malvern at pH range 2-12. The hydroxyl radical quantification was
performed following the methodology described by Tai et al. [53].

2.4. Photocatalytic activity

The photocatalytic activity was assessed with different aqueous
media that contained the photocatalyst and the sacrificial agent in
absence of air, that were continuously stirred. The photocatalysts stud-
ied were TiO5 and CdS. TiO,, that has well-established photocatalytic
properties and extensive literature data, has been experimentally tested
to provide a reliable benchmark and ensure a consistent and rigorous
evaluation of the photocatalytic generation of hydrogen from seawater.
Different sacrificial agents have been used according to the catalysts,
CH30H for TiO3 and NayS/NaySOs3 for CdS. The aqueous media evalu-
ated were ultra-pure water (UP) with 18.2 MQ.cm of resistivity, SSW
which is a 35 g L™ NaCl solution, and NSW. The photocatalytic exper-
iments were carried out in a lab-scale photo-reactor (Apria Systems, S.
L.) operating in batch mode. It is a cylindrical borosilicate glass flask
with a capacity of 300 mL and it is provided with two outlets to allow
sample collection and argon inertization, which is performed prior to the
photocatalytic experiment. The photo-reactor has an illuminated surface
of 290 cm?, and the gas volume is 50 mL. It is surrounded by four
fluorescent lamps (UV or visible, depending on the catalyst used) ar-
ranged in a cross pattern (Fig. 1). The UV lamps, with 12.5 W m 2
irradiance each and 9 W of power consumption, were purchased from
Philips. The visible lamps have 48.3 W m~2 of irradiance, 9 W, and they
were purchased from Osram Dulux®.

The experimental time was 24 h, and every hour gas aliquots were
taken from the top of the photo-reactor with a 2.5 mL syringe with PTFE
plunger tip and removable luer-lock needle, purchased from Agilent.
The hydrogen production was measured in a gas chromatograph GC-
2010 Plus provided with thermal conductivity detector (TCD) from
Shimadzu, with a Shin Carbon ST 80/100 column and a detection limit
of 7.5 umol using argon as a carrier gas. All experiments were performed
in duplicate, and the average values with standard deviations are
reported.

3. Results and discussion
3.1. Hydrogen generation from synthetic seawater (SSW)

The performance of the synthesized CdS was compared with the
commercial semiconductor. Figure S.1 shows the hydrogen production
using commercial CdS nanoparticles and those synthesized in the labo-
ratory by the hydrothermal method. The results are very similar;
therefore, the experimental analysis was done with the synthesized
material for economic reasons.

In Figure S.2, SEM images showed a feather-like morphology of the
synthesized CdS, with a particle size of 4-8 um, slightly bigger than

Fig. 1. Lab-scale photo-reactor.
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other CdS feathers-like shapes reported in the literature [54,55]. This
difference is attributed to the synthesis method. The porous structure of
CdS with feather-like morphology and 3 um of particle size was analyzed
by Bajorowicz et al. [54] achieving 1.2 m? g~* of BET surface area and
0.0006 cm® g~ of pore volume. EDS spectroscopy was used to evaluate
the homogeneity of Cd and S in the synthesized CdS, which is confirmed
in Figure S.2d-e, no impurities were observed in the material. On the
other hand, SEM and EDS analysis revealed heterogeneous morphology
of commercial CdS, with a mixture of CdS nanoparticles and SiO, par-
ticles of 10-12 ym (Figure S.3). This can be observed in the Raman
spectra as well, with the two characteristic peaks of CdS at 300 and
600 cm ™! in the synthesized CdS, whereas the commercial particles
showed a third peak at 450 cm™!, which corresponds to SiO,
(Figure S.4). Moreover, the presence of these impurities supported the
selection of the synthesized CdS in the experiments of hydrogen
production.

Some gas samples from the experiments were analyzed in a micro gas
chromatograph (micro-GC 990) with a MS5A SS column, purchased
from Agilent, calibrated to measure the concentration of Hy, O2+Nj, CO,
CHy4, and CO;. As the aliquots only showed hydrogen and air (the
combination of O3 and N») peaks, in the following experiments all the
samples were measured in the gas chromatograph GC-2010 Plus from
Section 2.4.

Preliminary experiments were carried out with SSW and TiO2 by
systematically varying the NaCl concentration from 0 g L™ to 35 g L2,
the salt concentration of NSW, detailed in Fig. 2. These experiments
were carried out with 170 mg L1 of TiO, (catalyst concentration based
on previous results) [30]. It was revealed that as the NaCl concentration
increased a slight reduction on hydrogen production took place; overall
the HPR remained in the range from 7 to 10 pmol h™! ggi, Fig. 2. These
results agree with previous data reported in literature working with TiOy
and SSW with different NaCl concentrations (0 g L1 and 35 g L [19,
56,571].

Fig. 3 delves into the influence of NaCl concentration on SSW split-
ting using CdS with a concentration from 50 to 150 mg L™}, to discern
distinctive kinetics and ascertain its difference from TiO,. It was
revealed that photocatalysis was favored at lower concentrations of
NaCl in SSW for CdS due to the interference of NaCl with the catalyst and
the sacrificial agent NayS/NaySOs. The sacrificial agent forms NayO, that
turns into NaOH in aqueous solution, which causes an increase in pH up
to 13.0 + 0.2 and a decrease in the hydrogen production rate. Figure S.5
shows the XPS spectra of CdS in different media, and Figure S.6 to S.9
show the deconvolutions of XPS spectra of synthesized CdS in different
aqueous media. These figures illustrate the most probable states and
bonds of each element. Figure S.6 shows the deconvolutions of synthe-
sized CdS prior to be used: Cd 3d and S 2p. Both peaks of Figure S.6a, at
412.1 and 405.4 eV, are the typical signals for Cd?* state in hexagonal
CdS, Cd 3ds,2 and Cd 3d3,2 [59-62]. In Figure S.6b, both peaks, at 162.3
and 161.2 eV, are typical signals for S>- state of CdS, S 2p1 2, and S 2ps/»
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Fig. 3. Influence of NaCl concentration and catalyst concentration in the
hydrogen production in SSW with visible light (48.3 Wm™2) and 0.1 M of
Na,S/Na,yS03, with a pH value of 12.7 + 0.2.

[58,61-63]. Regarding Figure S.7, the CdS had been used in an experi-
ment with UP water and the sacrificial agent (NasS/NaySO3) and, thus,
Figure S.7c shows Na 1 s spectra, at 1071 eV, the characteristic energy
for NaySO4 [64]. Moreover, Figure S.7b displays the same spectra of S 2p
as Figure S.6b but two small peaks appear at 167.8 and 169.0 eV, which
correspond to SO%~ and SO7, respectively [65]. This same spectrum is
obtained with the synthesized CdS used with SSW and the sacrificial
agent (Figure S.8), with the only difference of a new small peak at
1072.2 eV, corresponding to NayO [66]. As previously mentioned, NaO
in aqueous media forms NaOH, increasing the pH to 12.7 £+ 0.2. Even
though alkaline pHs are beneficial for the water splitting reaction, this
extreme alkaline pH is detrimental for the hydrogen production, because
excessive hydroxide ions can react with hydrogen ions from water
splitting [47].

Comparison of the results represented in Figs. 2 and 3 reveal the
detrimental influence of the concentration of NaCl for both photo-
catalysts, being more pronounced when using CdS although this mate-
rial is more effective in the production of hydrogen. Influence of NaCl on
the TiO5 can be explained by the superficial charges of the photocatalyst,
as represented by the zeta potential in Figure S.10. The TiO5 solution
with methanol as sacrificial agent has an initial pH value of 5.9 + 0.2,
and as can be observed in Figure S.10, the TiOy surface is positively
charged at the studied pH value. Therefore, chloride anions can be
electrostatically attracted by the catalyst [67], acting as hole scavenger,
contributing to a better performance of the process [3], when low NaCl

T 14t (b) 0gL™"NaCl
. 8.75g L™ NaCl
S12r m17.5gL" NaCl
—_— -1
S 10 f 35gL™" NaCl
H I
e 87
©
c 6 I
il
S 4t
©
e}
& 2t
T
0

NaCl concentration (g L™)

Fig. 2. Influence of NaCl concentration in the hydrogen production with SSW, 170 mg L7! of TiO,, 20% of methanol and UV radiation (12.5 W m~2), with a pH
value of 5.9 + 0.2. (a) Hydrogen production during the first 8 h of experiment, and (b) hydrogen production rate.
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concentrations are used, as observed in Fig. 2. Nevertheless, at higher
NaCl concentrations, an inhibition effect may occur, since chloride ions
might be adsorbed on the surface of the catalyst, occupying the active
sites where the sacrificial agent acts. Considering this issue, the most
probable mechanism of inhibition is due to the competition of two active
species, sacrificial agent and photocatalyst [67]. DeepanPrakash et al.
[19] observed a similar trend, with a 1.6-fold improvement when SSW
was used. And Guo et al. [26] observed similar hydrogen production of
about 10 pmol h™!. On the other hand, the suspension of CdS with
NayS/NayS03 has an initial pH value of 12.7 + 0.2, and the catalyst is
negatively charged (Figure S.10). Hence, chloride anions cannot be
electrostatically attracted by the surface of CdS. Similar trend was also
reported by other authors [21,46,68]. For instance, Liu et al. [21]
observed a 1.5-fold improvement when working with pure water with
respect to SSW for CdS, with maximum production of 300 ymol gg.

3.2. Hydrogen generation from natural seawater (NSW) photocatalytic
splitting

Subsequently, a comprehensive evaluation of the real-world poten-
tial of the photocatalytic system was carried out by assessing its per-
formance with NSW under similar conditions previously studied with
SSW. The NSW ionic characterization is detailed in Table S.2. Fig. 4
below reveals the high photocatalytic potential for hydrogen production
with NSW for both high concentrations of TiO3 and CdS semiconductors.
It can be noted that y-axis of Fig. 4b is 2-fold the y-axis of Fig. 4a.

Furthermore, it is noteworthy that in the blank experiments carried
out without catalyst (TiO3 or CdS), without sacrificial agent (CH3OH or
NayS/NayS03), or without light (ultraviolet or visible), no hydrogen
production was observed, or it was below the detection limit (D.L.) of
7.5-10~2 pmol.

The transition from SSW to NSW as the reaction medium in our
photocatalytic hydrogen production experiments yielded a significant
leap in performance. The utilization of NSW, with its complex matrix of
salts and dissolved ions, enabled a more accurate representation of
environmental factors faced in practical applications. The use of NSW
could affect the stability of the hydrogen production process due to the
presence of ionic components, as observed in Figure S.5 and S.9, where
XPS spectra of synthesized CdS after experiments with NSW and NayS/
NaySOs are detailed. It reveals the effect of NSW with the sacrificial
agent on the surface of the catalyst, which appears with interferences:
Cd 3d and S 2p spectra are distorted. Na 1 s and Mg 2p spectra are seen
clearer as they are on the surface of the semiconductor, which may be
detrimental to the seawater splitting as they could potentially block the
active sites of the photocatalysts [3]. Figure S.9c depicts a similar
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spectrum to Figure S.8c, where characteristic energies of Na;SO4 and
NayO are presented. Figure S.9d illustrates the Mg 2p spectrum, eluci-
dating its presence in NSW. For instance, energies of 51.6, 50.4, and
49.3 eV correspond to MgSO4, MgO, and Mg(OH),, respectively, com-
pounds that can precipitate from NSW at alkaline conditions.

The use of NayS/NaySOs3 as sacrificial agent in SSW experiments
contributed significantly to increase the solution pH to highly alkaline
values around 12.7 + 0.2. Although alkaline conditions could benefit
the water splitting reaction, excessive alkaline environment is not ad-
vantageous, because excessive hydroxide ions can react with hydrogen
ions from water splitting reducing the hydrogen production efficiency
[47]. However, as observed in Fig. 4, using NSW enhanced the photo-
catalytic activity due to the buffer capacity of the carbonate/bicarbonate
pair that keeps the pH around 10.0 + 0.2, which is more suitable for the
photocatalytic reaction.

When TiO; is present in SSW or UP, the initial pH value is 5.9 + 0.2.
However, the use of NSW increases the pH to 8.4 + 0.2 due to its buffer
capacity, which is also advantageous for photocatalytic water splitting.

This increase in the HPR was also observed by Sakurai et al. [50]
using Pt-TiO, with glycerol as sacrificial agent, achieving 3000 pmol h~!
g{alt in NSW and 1400 pmol h! g{alt in UP, due to the flocculation of the
granules. But the trend observed in Fig. 4 differed to that reported by
other authors, such as Zhu et al. [46], who worked with CdS/CDs, and
lactic acid as sacrificial agent instead of NayS/NapSOs. They observed
worse photocatalytic activity in NSW compared to UP water and
attributed the results to the ionic components of NSW, even though they
did not mention the pH values. Ayyub et al. [52] reported worse per-
formance for TiO5/Pt/Cdg gZng S, and ZnO/Pt/Cdg gZng »S in NSW with
respect to UP when benzyl alcohol/acetic acid was used as sacrificial
agent but the performance improved when NayS/NaySOs was used as
sacrificial agent. Ji et al. [49] did not observe a significant difference
between NSW and UP, achieving 1860 and 1660 pmol h! g{alt with
Pt-CdS/TiOg, respectively. Similar observations were reported by Spel-
tini et al. [51] with Pt-0-g-C3N4, which obtained 840 pmol h! gc_alt in
both water media (NSW and UP).

The deep improvement observed in this work working with NSW
underscores the critical role of considering operating conditions of real
scenarios when designing and optimizing photocatalytic systems for
sustainable hydrogen generation. Therefore, the hydrogen production
using CdS as photocatalyst was analyzed under different operation
conditions: as catalyst concentration, and sacrificial agent
concentration.

Fig. 5 depicts the influence of the catalyst concentration. As seen in
Fig. 5b, the accumulated hydrogen production is quite similar for con-
centrations of CdS from 25 to 150 mg L™}, disclosing no need for high
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catalyst, and (b) accumulated hydrogen production.

catalyst concentrations to improve the results. Using 50 mg L™! of CdS
leads to the best performance for hydrogen production, with 0.1 M
NayS/NaySO0s as sacrificial agent and natural seawater. This is explained
due to the shield effect that high CdS concentrations create in combi-
nation with the sacrificial agent in NSW (Figure S.11), which prevents
light from reaching the surface of every particle of catalyst [46]. How-
ever, the blank experiment (Fig. 5b) without the addition of CdS
revealed its necessity for photocatalytic hydrogen production. Negli-
gible hydrogen production was observed without catalyst (Fig. 5b) and
in dark conditions.

It is already known that the catalyst loading in the suspension could
affect the physicochemical properties, such as adsorption and desorp-
tion with the reaction medium. Some authors have reported similar
trends with respect to catalyst concentration. According to Lakshmana
Reddy et al. [69], the optimal catalyst concentration for TiO, nanotubes
was found to be 5 mg within the range of 3-100 mg. The same trend was
observed for CuyO catalyst, with optimal concentration of 0.05 g within
the range of 0.1-1 g. This was due to the shield effect of the suspended
particles, which reduced the light absorption of the photocatalyst above
the optimal concentration. Rao et al. [4] showed that CuO/NiO@TiO,
nanocomposite exhibited the highest hydrogen production with 20 mg
of catalyst within a studied range from 5 to 100 mg.

In addition, the stability and the life-time of the photocatalyst are
crucial in photocatalytic reactions. Therefore, five cycles of 5h each
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with CdS as catalyst were carried out to assess the catalyst stability
(Fig. 6a). After every run, the reaction medium was purged with argon to
remove the remaining air and the hydrogen produced in the experiment.
As shown in Fig. 6a, the photocatalyst needs a few hours to activate
before reaching its maximum hydrogen production, but afterwards the
photocatalytic production rate is kept constant. Moreover, Fig. 6b shows
results obtained in an experiment that lasted for almost one week. It is
worth noting that the hydrogen production rate was 3.9-10% pmol h™?
g{alt until 70 h, but decreased to 2.7-10° umol h! g{alt when the exper-
iment was extended up to 152 h. These results reveal the potential of the
proposed system.

Fig. 7 illustrates the effect of the sacrificial agent concentration. It
shows that concentrations of NajsS/Na;SOs below 0.025 M are not
enough, observing low rate of hydrogen production. A trade-off between
the hydrogen production rate and the concentration of sacrificial agent
is needed. Moreover, an increase in the concentration of sacrificial agent
leads to an undesirable increase of the pH because it contributes to the
formation of alkaline precipitates. Hence, in the studied range of sacri-
ficial agent concentrations, 0.025 M of NapS/NaySOs is the most suitable
concentration to achieve high hydrogen production rates. The hydrogen
production is negligible when no sacrificial agent is used.

Simamora et al. [56] studied the influence of oxalic acid as sacrificial
agent with CuO/nano-TiOz photocatalyst on the water and seawater
splitting, and reported almost no influence in the range of
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Fig. 7. Influence of the sacrificial agent concentration in the hydrogen production with NSW, visible light, and (a) 50 mg L™}, (b) 150 mg L™* of CdS.

0-50 mmol L ™! of oxalic acid, and the negative influence of using excess
of sacrificial agent. Ayyub et al. [52] evaluated the influence of different
sacrificial agents in NSW with TiOy/Pt/CdygZngoS, and
ZnO/Pt/Cdy gZng S composites, observing different trends depending
on the sacrificial agent. With NayS/NaySO3 they observed better per-
formance in NSW, and with benzyl alcohol/acetic acid in UP (Table S.1).

Based on the above experiments and analysis, it is concluded that the
use of CdS as photocatalyst with NayS/NaySOs as sacrificial agent gives
higher rates of hydrogen generation when working with NSW, compared
to SSW. The carbonate/bicarbonate equilibrium, from NSW, acts as
buffer making it possible to keep the pH around 10.0 + 0.2, maximizing
hydrogen production, besides the advantages of not working at an
extreme alkaline pH.

This increase in the hydrogen production was also favored due to the
regeneration of the photocatalyst by the sacrificial agent, following the
Egs. (18)-(22) [8].

8,05 + H">HSO3 + S 18)
S+2e =8 19)
CdS+2ht—Cd*" +§ (20)
Cd*" +8* —Cds 1
Cd*" +S+2e"—CdS (22)

The sacrificial agent, NayS/NapSOs3, acts as hole scavenger in the
catalyst’s surface, being oxidized to SZO%‘, as shown in Eq. (18).

Following the generation of hydroxyl radicals in the reaction me-
dium helps understanding the mechanism of hydrogen production. It is
noteworthy that the redox potential of H,O/-OH is ca. 2.3 V vs NHE.
Therefore, only the VB of TiO, is more positive than the potential to
generate -OH, as demonstrated experimentally in Figure S.12.

The synergy between the use of NayS/NaSO3 and NSW opens the
door to new horizons where hydrogen can be obtained from CdS-based
composites using an unlimited resource. The results obtained in batch
mode of operation must be assessed in a continuous operation mode
where the influence of variables and catalyst deactivation with time are
analyzed.

4. Conclusions
This study contributes to create essential knowledge towards har-

nessing photocatalytic hydrogen production in natural seawater, paving
the way for the development of sustainable and efficient energy

conversion technologies. Previous articles referred to the use of
seawater, both natural and simulated, for photocatalytic hydrogen
generation show inconsistent data with no reliable conclusions, mainly
attributed to the interactions of NaCl, which is the major salt, with the
photocatalytic system. However, in this research, after having evaluated
synthetic and natural seawater as water source, other compounds are
found to be key to hydrogen production. This is the case of the car-
bonate/bicarbonate pair, whose chemical equilibrium causes a buffer
effect that maintains the pH around 10.0 + 0.2 when NayS/NaySOs is
used as sacrificial agent, thus achieving higher hydrogen production
compared to a similar system using synthetic seawater water.

Besides, this research assesses the influence of different operating
parameters in the production of hydrogen. This investigation deter-
mined the influence of the CdS concentration, revealing no influence for
concentrations above 50 mg L™ due to the shield effect exerted by the
catalyst particles. The analysis of the influence of the concentration of
the sacrificial agent demonstrated that it can be reduced down to
0.025 mol L™ without affecting the hydrogen production.

Furthermore, SEM and EDS analysis revealed the homogeneity of
synthesized CdS versus commercial CdS. XPS analysis on the used ma-
terials confirmed the presence of the salts that precipitate on the surface
of the photocatalyst due to the alkaline conditions, explaining the effect
of different salts and ions contained in NSW. The improvement observed
with CdS in NSW underscores the critical role of considering real sce-
narios operating conditions when designing and optimizing photo-
catalytic systems for sustainable hydrogen generation based on
abundant and inexpensive raw materials. As it continues to unlock the
tremendous promise of natural seawater, this advancement propels
closer to realizing a greener and more environmentally friendly future
powered by hydrogen energy.
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