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Unveiling the potential of Cu—Pd/CdS catalysts
to supply and rectify electron transfer for H,
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As a future fuel, obtaining hydrogen from water could be a game changer for the renewable energy
sector, because it has the potential to be used as an alternative to fossil fuels. The current project has
been designed to develop catalysts that can produce hydrogen from water on irradiation by sunlight. For
this purpose, CdS, Cu/CdS, Pd/CdS, and Cu—Pd/CdS catalysts were successfully synthesised and utilized
for hydrogen generation. The catalytic activity of pristine CdS has potentially been enhanced with Cu and
Pd cocatalysts that were deposited via a chemical reduction strategy. The morphology and optical charac-
teristics were assessed via XRD, Raman, UV-Vis/DRS, PL, SEM, HRTEM and AFM techniques. The phase
purity, composition and charge transfer were confirmed by EDX, XPS and EIS studies. Under similar con-
ditions, photoreactions and H, evolution experiments were performed in a quartz reactor (UK/Velp-Sci)
and GC-TCD (Shimadzu, 2014), respectively. Overall, a Cu—Pd/CdS catalyst (0.2% Cu and 0.8% Pd) was
found to be the most active, potentially delivering 33.71 mmol g~ h™ of hydrogen. Higher efficiencies
were attributed to the existence of Cu and Pd on CdS surfaces. It has been predicted that Cu cocatalysts
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increase the electron densities on CdS surfaces (i.e. active sites), while Pd cocatalysts reduce the back
reactions (higher charge transportation) by forming Schottky junctions. Various factors like pH, tempera-
ture, intensity of light and catalyst dose are evaluated and discussed. Based on the results and activities, it
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Introduction

Escalation in population, urbanization and industrialization
have all contributed to a significant increase in energy demand.
Over the entire world, the cost and consumption of fossil fuels
have risen to the extent that they have become unaffordable by
undeveloped countries. On the other hand, sources of fossil
fuels are finite and non-renewable. Moreover, these resources
are specifically limited for developing countries where 70 to 75%
of energy demand is covered by these fuels." Another problem is
that burning of these fuels produces greenhouse gases. The dis-
advantage of greenhouse gases is that they are constantly
causing global warming. It is understood that a consistent incre-
ment in global warming could erase life on Earth.> Due to the

“Institute of Chemistry, Inorganic Materials Laboratory 528, The Islamia University
of Bahawalpur-63100, Pakistan. E-mail: ejaz. hussain@iub.edu.pk,
khezina.rafig@iub.eu.pk

bDepartment of Mechanical Engineering, College of Engineering in Al-Kharj, Prince
Sattam Bin Abdulaziz University, Al-Kharj, 11942, Saudi Arabia

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr03381g

3436 | Nanoscale, 2025, 17, 3436-3450

has been concluded that the described approach shows potential to replace fossil fuels.

aforementioned issues and perspectives, alternative fuels have
become an urgent necessity for the world. The most promising
non-traditional energy source is hydrogen, which does not exist
naturally in the free state.® Hydrogen is eco-friendly and can be
readily used in fuel cells to scale up green energy. Another sig-
nificant advantage is that it can deliver 2.75 times more energy
(ie. 122 kJ g7') than other traditional fuels.* Thus, obtaining
hydrogen as a renewable source would be an effective solution to
reducing the energy crises.” Hydrogen is the most promising
fuel to get rid of the excessive use of fossil fuels that are pollut-
ing our atmosphere day by day.° On planet earth, hydrogen
widely exists in the form of water, hydrides, hydrocarbons and
biomass. It is the fuel being burnt in the sun as well as in other
stars in the universe.

Historically, the first successful attempt at photocatalytic
water splitting was achieved by Fujishima and Honda in 1972.”
After this successful attempt, significant research has been con-
ducted for sunlight-driven catalytic water splitting. Recently,
hydrogen has been accepted as an alternative fuel (Energy Policy
Act of 1992/USA).% Due to its potential for higher energy content,
its demand for commercial use has increased surprisingly.’
However, a main drawback associated with hydrogen is that,

This journal is © The Royal Society of Chemistry 2025
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relative to fossil fuels, it does not exist in the free state.'®™*?
Generally, hydrogen has been produced via steam reforming,
biomass, and the electrolysis of water. It is worth mentioning
that its supply to gas stations needs extra care.™

Although several methods like photolysis, thermolysis, com-
bustion, biomass, photo-fermentation and the electrolysis of
water have been reported for hydrogen production, they all
suffer a number of drawbacks:'* for example, (i) excessive
requirement for electricity, (ii) extra burden of expertise and
labour, (iii) cost and accessibility, (iv) impurities and low yield."®
However, obtaining hydrogen by photocatalytic water splitting is
the most promising due to the following advantages: (i) quick
and simultaneous delivery, (ii) no need for electricity, (iii) high
purity yield, (iv) low cost and renewability.'"®!” Another advan-
tage is that the water splitting reaction can be driven on sunlight
without the supply of electricity. But for successful water split-
ting, the catalysts must have suitable band potentials with
regard to the reduction/oxidation potentials of water. To date,
several catalysts, for example, TiO,, ZnO, SrTiOz, ZnzV,Os,
CuFe,0,, BiVO,4, metal and non-metal doped, g-C;N,, graphene,
COFs, MOFs and MOF-derived catalysts and MXene-supported
catalysts, have been successfully used.'*'®” The problem is
that all these catalysts have failed due to a number of limit-
ations, including stability, low response in the visible spectrum,
structural defects and unsuitable band gaps. The aforemen-
tioned catalysts are specifically rejected due to over-potential and
charge recombination for an aqueous system. For example, the
hydrogen generation activity of bare TiO, is limited due to its
larger band gap (3.20 €V).”®*° Relative to TiO,, CdS is more
efficient and can produce hydrogen in the visible spectrum (2.40
€V).’® It has been confirmed that CdS has enormous catalytic
properties, such as a suitable band gap, excellent absorbance
and higher photoconductivity.>’ Thus, CdS progressively con-
verts the photon energy of sunlight into active charges (e/h") on
its surfaces during photoreaction.*? CdS suffers only the draw-
back of photocorrosion, that can be successfully suppressed by
structural modification and metal cocatalysts.**

Metal sites serve as a co-catalyst when they exist in a semi-
conductor system (e.g., CdS). They deliver multiple functions:
(i) redox sites/active centres, (ii) surface plasmon effect, (iii) an
extended optical response, (iv) suppressing charge recombina-
tion/back reactions by making Schottky junctions, (v) promot-
ing electron transfer due to the alignment of the conduction
band with the metal Fermi level.**** The catalyst performance
can be enhanced by the transfer of plasmonic electrons from
metal Fermi levels to the surface of the semiconductor system,
where hot electrons oscillate to achieve equilibrium for hydro-
gen liberation.?®

Metals like Au, Ag, and Pd progressively contribute plas-
monic oscillations that lead to localized electrons on the
semiconductor system.>”’®® In recent years, attention has
been aroused for a Cu/Pd system to induce plasmonic elec-
trons on sunlight irradiation.®® However, palladium con-
tributes a relatively higher work function and generates
surplus redox sites on CdS, whereas Cu contributes excess
surface plasmon electrons.®® It has been confirmed that the
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efficiency of the CdS system can be boosted via bimetallic co-
catalysts that deliver a combined impact for a photocatalytic
reaction.”

In order to harness the advantages of SPR supplementation
and active sites, the current project was designed to develop a
Cu-Pd/CdS catalyst system for hydrogen evolution. Successful
synthesis of the catalysts has been achieved by a hydrothermal
and chemical reduction approach. Higher hydrogen pro-
duction activities are attributed to the synergy of SPR electrons
contributed by copper and surplus redox sites generated by
palladium cocatalysts. It is believed that Cu promotes SPR elec-
trons that lead to an increase in electron density on CdS sur-
faces, while Pd cocatalysts suppress charge recombination via
Schottky junctions.

Methodology
Chemicals

The chemicals used in this work are discussed in the ESL.}

Catalyst synthesis

To synthesize pristine CdS, an optimal concentration (35 mL)
of Cd(NO;), (0.1 M) was transferred to a 100 mL 3-neck round-
bottom flask. 17.5 mL of Na,S (0.2 M) solution was added drop
by drop to the above precursor. For optimal dispersion and
homogeneity, the mixture was sonicated for 0.5 h. Note: to
remove the dissolved oxygen, high-purity argon (Ar) gas was
used as a purging agent before further treatment. This mixed
solution was poured into an autoclave reactor for hydro-
thermal reactions at 160 °C for 5 h reaction time. After com-
pletion of the hydrothermal reaction, the product was soni-
cated for 30 minutes.*" A yellow precipitate of pristine CdS was
recovered via vacuum filtration. The precipitate was rinsed
with deionized water and dried at 90 °C using a scientific oven
(DHG-9030). Pristine CdS was ground into a fine powder and
calcined at 350 °C. To prepare Cu-Pd/CdS catalysts, as-calcined
CdS was used as a support. Catalysts with different metal
ratios (i.e. Cug—Pdgg, Cug4—Pdgs, Cuge—Pdo 4 and Cugg-Pdy )
were successfully synthesized wvia chemical reduction.
Typically, 250 mg of calcined CdS and 25 mL of distilled water
were transferred into a 3-neck round-bottom reaction flask
(RBRF). After 20 min of sonication, metal precursor solutions
of Cu and Pd were added to the RBRF. After that, the reaction
mixture was stirred for 2 h to ensure the homogeneous dis-
persion of metals in the CdS precursor. Metal ions were then
reduced via super-cooled NaBH,. The reduction of Cu/Pd
metal ions was confirmed by a change in the color of the
mixture (from yellow to black). To achieve maximum dis-
persion, the precipitate was then sonicated for 30 min. The cat-
alysts, i.e. Cu-Pd/CdS, were thoroughly washed and recovered
by vacuum filtration. To enhance surface rigidity and crystalli-
nity, the catalysts were annealed at 410 °C. The as-prepared
catalysts were preserved for characterization and photocatalytic
reactions (Fig. 1).
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Fig. 1 Schematic representation for the synthesis protocol of the catalysts.

Characterization

The techniques employed for characterization of the catalysts
are discussed in the ESL.{

H, generation experiments

Hydrogen generation experiments were carried out in a
reactor (quartz 140 mL; China). A broadband lamp equipped
with UV cut-off filters and IR liquid filters was used to assess
the wavelength-dependent performance. For each photoreac-
tion, 6 mg of catalyst (the optimized amount) was dispersed
in 50 mL of pure water. Note: prior to the photoreaction,
the reaction mixture present in the reactor was purged
with high-purity argon (Ar) to remove the dissolved oxygen
content. Sunlight was used as an irradiation source. At
different time intervals, a gas sample was extracted from the
headspace of the reactor using a 0.5 mL syringe. The gas
sample was then injected into a GC-TCD/Shimadzu-2014
installed with a molecular sieve capillary column. To achieve
maximum accuracy, each photoreaction was repeated three
times consecutively. The production rate of H, gas was calcu-
lated using the units mmol g~ and mmol g™ h™'. The
activities obtained for various catalysts, i.e., CdS, Cu/CdS,
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Pd/CdS and Cu-Pd/CdS, are compared and discussed.
The following equations have been used to calculate the
quantum efficiencies:

2 x No. of H, evolved .
AQE (%) = x 100 (i)

" No. of incident photons

Ry, (mols™) x t(s) x 2
Na(mol ™) x ny,

AQE (%) = X 100 (ii)

where, Ry, is rate of H, production, ¢ is total reaction time, N
is Avogadro’s number and 7, corresponds to the total number
of photons. Sunlight with a photon flux approximately equal
to 550 W m™> was employed for the photoreaction. The
number of photons was computed with the formula:

_Im(Wem™? =Js 'em™2) x A(m) x A(em?) x £(s) ...
= c(ms=1) x h(Js) (i)

where Irr. represents the incident source, 4 is wavelength, A is
the area of the reactor irradiated, ¢ is the speed of light and &
corresponds to Planck’s constant.
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Results and discussion

Structural assessment of catalysts

X-ray diffraction (XRD) analyses of pristine CdS, Cu/CdsS, Pd/
CdS and Cu-Pd/CdS catalysts were performed to determine
their crystallinity and phase purity.

The XRD results of the aforementioned catalysts are
represented in Fig. 2a. The results indicate that the XRD
pattern of pristine CdS is well matched with JCPDS card no.
80-0019, confirming the high purity of the catalyst. Dominant
peaks of CdS appear at 26.56°, 44.76°, 52.89° and 71.94°,
corresponding to hkl values (111), (220), (311) and (331),
respectively. The crystal structure of CdS has been confirmed
as tetragonal, which is the preferred phase for photoreac-
tions.*” In the XRD pattern, two minor peaks of Cu metal
were observed at 43.31° and 50.44°, corresponding to (111)
and (200) Akl values, whereas peaks of Pd were perceived at
40.00° and 46.53°. It is worth mentioning that Cu and Pd
exhibit quite low intensities. This is due to the low concen-
trations of metal content (0.2 to 0.8% overall). However, the
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presence of Cu and Pd was confirmed by the EDX and XPS
studies.

To determine intermolecular bonding, FTIR analyses of all
catalysts, i.e. pristine CdS, Cu/CdS, Pd/CdS and Cu-Pd/CdS cat-
alysts, were performed and assessed. The results for all cata-
lysts were found to be almost the same, and no change in
intermolecular bonding was observed. See FTIR results in
Fig. 2b. In the FTIR pattern, no distinct peaks of Cu and Pd
were observed because of their extremely low percentage and
physical attachment. A wide stretching vibration was observed
at 517 cm™* that corresponds to Cd and S bonding whereas
bending vibration appeared at 1383 cm™". However, two major
wide peaks observed at 1618 cm™" and 3427 cm ™" correspond
to the stretching and bending vibration of hydroxyl group of
moisture content existing in the catalysts.*?

Raman analyses of the catalysts were also performed to
determine the vibrational modes of bonds developed between
the constituents of the catalysts. Absorption peaks that
appeared at 301 cm™" and 602 cm™" were attributed to 1LO and
210 modes,** respectively. For clarification, see the results in
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Fig. 2 (a) XRD patterns, (b) FTIR analyses, (c) Raman analyses and (d) TGA analysis of pristine Cu—Pd/CdS catalysts.
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Fig. 2c. The results indicate that a slight red shift was observed
due to the Pd metal phonon confinement effect.*> The appear-
ance of a red shift in the Raman analyses confirms the success-
ful loading of Cu/Pd cocatalysts over CdS surfaces.*®

Thermogravimetric analysis of Cu-Pd/CdS catalysts was per-
formed to check the thermal stability of the catalysts. A
gradual decrease in mass was observed due to the increase in
temperature. However, out of 4.1% overall loss, 1.6% loss of
mass is due to removal of moisture content (see Fig. 2d),
whereas 2.5% decrease in mass is due to removal of oxides.*’
Beyond 225 °C, there was no further loss in the mass of the
catalysts, confirming their stability.

Confirmation of surface morphology

The morphology of the Cu-Pd/CdS catalysts was determined by
scanning electron microscopy (SEM) with an EDX accessory and
high resolution transmission electron microscopy (HRTEM).*®
SEM images of Cu-Pd/CdS catalysts are illustrated in Fig. 3(a

x27,000 10.0kV LED
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and b) that reveal a tetragonal morphology along with the pres-
ence of some voids. Upon careful examination, some stacked
CdS particles were noticed in the image at 1 pm. For clarifica-
tion, see the results in Fig. 3a. The results confirmed that tetra-
gonal particles of CdS were piled on each other; hence they
appeared stacked. In the stacked structures, the presence of
voids or gaps accommodate the photo-induced charges involved
in hydrogen evolution reactions.*® To investigate the existence
of Cu and Pd, HRTEM analysis was performed and it was con-
firmed. See the results in Fig. 3(c & d). In the HRTEM images,
crossed lattice fringes confirm the crystalline planes (111) of Pd
and (110) of Cu on CdS. The interplanar spacings (d spacing)
were measured by Bragg’s law to be 0.36 nm, 0.22 nm and
0.205 nm for CdS, Pd and Cu, respectively.’® EDX analysis
emphasized the elemental composition. All essential elements
of the catalysts, i.e. Cd, S, Cu, and Pd, have been detected in the
EDX spectrum; see Fig. 3e. Confirmation of the presence of Cu
and Pd cocatalysts anticipated the successful synthesis and
novelty of the work.

1/1/2020
10:39:21

Fig. 3 Scanning electron microscopic images of catalysts: (a) 1 pm image, (b) 100 nm image. (c & d) HRTEM images and (e) EDX analysis of Cu—Pd/

CdS catalysts.
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Fig. 4 AFM images: (a and b) 2D images, (c) height scale, (d & e) 3D images of Cu—Pd/CdS catalysts.

Confirmation of required surfaces and topography

Atomic force microscopy (AFM) is a wonderful analytical tech-
nique that is commonly used to determine the surface pro-
perties of catalysts.”® AFM was employed to assess the surface
properties of the Cu-Pd/CdS catalysts. Fig. 4(a and b) rep-
resent 2D images of the catalyst surface. The results revealed
that Cu and Pd particles are widely dispersed on the smooth
planes/surfaces of CdS. The height scale was used to measure
the elevation and it was found that the average height of the
catalysts was 4.06 nm. See the results in Fig. 4c. To confirm
the height, length and surface area, 3D images of the cata-
lysts were also assessed and discussed. For the results, see
Fig. 4(d & e).

Assessment of composition and oxidation states

The composition and chemical states of the elements present
in Cu-Pd/CdS were investigated by X-ray photon spectroscopy
(XPS), and the results obtained from the XPS analysis of the
catalysts are shown in Fig. 5(a-e). All essential elements of the
catalysts were detected in the XPS survey scan spectrum.’” Cd
and S were detected in the survey scan spectrum as a semi-
conductor, where Cu and Pd exist as cocatalysts. See Fig. 5a.
The results reveal that Cu 2p showed two binding energies,
i.e.,, 933.07 eV and 952.47 eV, corresponding to Cu 2p;/, and
Cu 2py, respectively, indicating copper in both metallic and
oxidized states.'®® See the results in Fig. 5b. Similarly, the
XPS spectrum of Pd presented in Fig. 5¢ revealed two peaks at
binding energies of 335.67 eV and 340.87 €V assigned to the
characteristic states of Pd 3ds/, and Pd 3d;,, respectively. It is

This journal is © The Royal Society of Chemistry 2025

worth mentioning that Pd exists in the metallic state (i.e. Pd°),
which is quite important for quenching electrons for water
reduction.” Fig. 5d presents the XPS spectrum of Cd, where
two major multiples were observed at 405.07 eV and 411.87 eV,
agreeing with Cd 3ds,, and Cd 3dj,, respectively. The binding
energy of Cd suggests that it exists in the divalent state (Cd*").
The XPS spectrum of S is shown in Fig. 5e, exhibiting the
characteristic binding energies of S 2p;z,, and S 2p;,, at 160.97
eV & 162.27 eV, respectively. The results revealed that sulfur
exists in the >~ oxidation state.

Assessment of optical properties

The ultraviolet diffuse reflectance spectra of pristine CdS, Cu/
CdsS, Pd/CdS and Cu-Pd/CdS catalysts are illustrated in Fig. 6a.
Remarkably, these catalysts exhibit similar absorption profiles
with a step absorption edge in visible range that corresponds
to the band gap energy of the catalysts. Comparative analysis
indicates that CdS exhibits absorption in the visible range of
the solar spectrum, i.e., 540 nm, whereas Cu-Pd/CdS catalysts
exhibit extended absorption at 548 nm. Cu/CdS and Pd/CdS
absorption lies in the 540-548 nm range of the visible region.
The bandgap energy of the catalysts was calculated using the
Tauc plot method (Fig. S2t). Thus, the UV-Vis/DRS results con-
firmed that the extended absorption and decreased bandgap
energy (from 2.42 to 2.39 eV) are due to the presence of Cu
and Pd cocatalysts.>® It is believed that the extra absorption
around 600 nm is due to the SPR impact of the cocatalysts.
This SPR effect was confirmed by wavelength-dependent
experiments (Fig. S51).%°

Nanoscale, 2025, 17, 3436-3450 | 3441
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Fig. 5 XPS results: (a) XPS survey scan, (b) Cu 2p spectrum, (c) Pd 3d spectrum, (d) Cd 3d spectrum and (e) rS 2p spectrum.

Photoluminescence studies were performed to evaluate
the charge recombination and charge transfer rates. The PL
results of CdS, Cu/CdS, Pd/CdS and Cu-Pd/CdS catalysts are
illustrated in Fig. 6b. The results indicated that CdS exhibits
high-intensity PL emission due to fast recombination of
photogenerated charges.”” However, the Pd/CdS catalysts
exhibit lower intensity PL emission than pristine CdsS,
because Pd metal creates a Schottky barrier that acts as recti-
fying points on the semiconductor system to suppress the
recombination of charges. The as-synthesized Cu-Pd/CdS cat-
alysts exhibit the lowest PL emission, confirming higher
transfer to the active sites.’® The rate of photogenerated
charge recombination, defects/traps, and charge transfer in
CdS, Cu/CdS, Pd/CdS and Cu-Pd/CdS catalysts was assessed
using the TRPL technique. The obtained results (Fig. S37)

3442 | Nanoscale, 2025, 17, 3436-3450

illustrate effective charge transfer from CdS to the Cu and Pd
cocatalysts. The lifetime of the Cu-Pd/CdS catalysts (4.1 ns),
is significantly higher than that of pure CdS (0.6 ns) or mono-
metallic catalysts.®”

Furthermore, to evaluate the interface charge transfer resis-
tance of the semiconductor, electron impedance spectroscopic
(EIS) analysis was performed. Resistance to the transfer of
charges can be determined by the arc radius of EIS analysis;
see the EIS results in Fig. 6¢. Pristine CdS exhibits a large arc
radius that means resistance to the transfer of charges is high.
Cu-Pd/CdS catalysts exhibit a lower arc radius than the other
catalysts in this work. This is evidence that resistance to the
transfer of charges is minimum, emphasizing more charge
transfer to the active sites.”® Moreover, photocurrent studies
were also carried out to reassess the separation and transfer of

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) UV-Vis/DRS spectrum, (b) PL analysis, (c) EIS measurements and (d) photocurrent analysis of the catalysts.

these charges. Fig. 6d illustrates the photocurrent responses of
the catalysts with light on/off cycles. The results indicate that
CdS exhibits the lowest current density response compared to
the other catalysts.”® Whereas the Cu-Pd/CdS catalysts exhibit
a high current density response that ensures relatively more
charges transfer on active centres, which is the main reason
for their excellent activities.

The Mott-Schottky approach was used to determine the
locations of the CBs of the Cu-Pd/CdS and CdS catalysts
(Fig. S4t). The obtained results show the CB potential of CdS
was around —0.72 eV, while that of Cu-Pd/CdS was approxi-
mately —0.81 eV. The valence band locations were determined
using UV-VIS/DRS and eqn (iv):*°

Eyg = Ecg + Eg (IV)

The VB and CB potentials are denoted by Eyg and Ecg,
respectively. The Cu-Pd/CdS and CdS catalysts were found to
have Eyp values of 1.58 and 1.70 eV, respectively.

This journal is © The Royal Society of Chemistry 2025

Assessment of H, production activities

The hydrogen generation activities of all the synthesized cata-
lysts, pristine CdS, Cu/CdS, Pd/CdS and Cu-Pd/CdS, were
assessed and are presented in Fig. 7(a and b) and Table 1. It is
important to declare that the photoreactions for each catalyst
were carried out for 6 h and 6 mg of each catalyst was the opti-
mized amount for the photoreaction. Comparative catalytic H,
generation activities were evaluated for pristine CdS, Cu/CdS,
Pd/CdS and Cu-Pd/CdS catalysts. Comparative activities are
exhibited in Table 1. It is worth mentioning that no hydrogen
evolution was observed in the absence of light or catalyst.
However, the photoreaction of pristine CdS delivers 4.41 mmol
¢™" h™" of hydrogen. The low yield of hydrogen for pristine
CdS is due to higher charge recombination and catalyst
decomposition.®® Note: The individual impacts of Cu and Pd
cocatalysts were evaluated. Various concentrations of % Cu
and % Pd on CdS were utilised to evaluate the optimised con-
centration. It was observed that Cu,,/CdS and Pd,,/CdS
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Table 1 Comparison of H, production rates of all photocatalysts

H, production
Sr. wt% of Q.E

no.  Catalyst® Cu:Pd mmol g™ mmol g™* h™* (%)
1 Cds 0.0:0.0 24.62 4.21 4.2
2 Cu/CdS 1.0:0.0 50.81 9.46 9.6
3 Pd/CdS 0.0:1.0 106.42 18.33 18.5
4 Cu-Pd/CdS 0.2:0.8 194.32 33.71 34.3

%6 mg of catalyst was used for each photoreaction.

deliver hydrogen at 9.46 mmol ¢ h™' and 18.33 mmol g™*
h™'; the results are illustrated in Fig. S6 and S7,} respectively.
The activities clearly indicate that the Pd, ,/CdS catalyst deli-
vers more hydrogen than the Cu, o/CdS system. The reason is
that Pd creates a Schottky junction and contributes a higher
work function to promote fast electron transfer on active sites.
Whereas Cu exhibits a relatively low work function that is not

3444 | Nanoscale, 2025,17, 3436-3450

very effective for charge transfer.'® However, the role of Cu
becomes significant when it works alongside Pd cocatalysts,
because Cu contributes inherent SPR electrons that ensure an
extra supply of electrons at the semiconductor surface. To cope
the combined advanaged of Cu and Pd cocatalysts, Pd, Cu-Pd/
CdS catalysts were synthesised and assessed for hydrogen evol-
ution experiments. However, wavelength-dependent activities
were employed to confirm the role of SPR electrons for hydro-
gen evolution; see the results in Fig. S5.1 It is quite important
to indicate the loading of cocatalysts: i.e., Cu/Pd was fixed up
to 1.0% overall on CdS surfaces. Catalysts with various Cu to
Pd ratios, ie., Cuyg-Pd,,/CdS, Cugye-Pdy.4/CdS, Cugy,—Pdge/
CdS, and Cug,-Pd, ¢/CdS, were evaluated (Fig. S8t) to predict
the ideal ratio (i.e., optimized amounts). The activities indi-
cated that among them, Cu,,-Pd,g/CdS was the most active
catalyst of the series, potentially delivering 33.71 mmol g™* h™*
of hydrogen. The study emphasized that catalysts with higher
Cu contents relative to Pd were less effective, because the

This journal is © The Royal Society of Chemistry 2025
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Table 2 Comparison of H, evolution with recent reports

Catalyst Light source Catalyst amount (mg) Sacrificial reagent H, mmol g™ h™" Ref.
Cu-Pd/CdS Sunlight 6 — 33.71 This study
Au-BaO@TiO,/CdS Xe lamp 10 — 13.54 64
Au@TiO,/CdS Hg lamp 10 Ethanol 19.15 65
CDs/CdS Sunlight 40 Lactic acid 6.70 66
Cu/Ni@Cds Sunlight 5 Ethanol 14.16 16
CdCO,/Cds Xe lamp — — 1.93 67
Cu/Ag@CdSs Sunlight 5 Ethanol 18.93 53

Ni doped CdS Xe lamp 4 Ethanol 3.86 68
CdS@a-CN Xe lamp 10 Na,S/Na,S0, 0.244 69
Ni/S@CdS Xe lamp 10 Na,S/Na,S0; 2.56 70

higher amount causes a shadowing effect (i.e., less penetration
of photons on the CdS surface)."®®> However, by increasing
the Pd content, the rate of hydrogen production is enhanced,
confirming the electron quenching ability of Pd cocatalysts.®®
Table 2 shows the comparative activities of the current work
with reported studies.

Recyclability experiment

Cyclic experiments were performed to assess the reusability
and stability of Cu-Pd/CdS. Five consecutive experiments were
carried out to confirm the stability of the catalysts. These
experiments were conducted under 550 W m™2 light intensity.
The pH was adjusted to 10, and 6 mg of catalyst was used in
50 mL of water. The temperature of the reaction mixture was
maintained at 55 °C. The results of the recyclability test are
presented in Fig. 7c.

In the first run of the recyclability test, the catalysts deliver
the highest amount of hydrogen. However, when it was
applied for the fourth and fifth runs, a minor decrease in the
hydrogen production rate was observed. The decrease in
activity was attributed to the loss of catalyst particles during
the washing and recovery process.”" Thus, cyclic experiments
confirm that the catalysts sustain their stability during the
photoreaction and can be reused after proper recovery.
Furthermore, XRD and SEM analyses of the used catalysts were
performed to confirm the structural, morphological and
chemical stability of the catalysts. The XRD results revealed
that after photoreaction, the catalysts maintained their stabi-
lity, because no significant alteration in the XRD patterns of
the used catalysts was witnessed (see Fig. 7d). The SEM results
(Fig. S1t) confirmed the stable morphology of the catalysts.

Photocatalytic water splitting mechanism

Although water is a stable molecule and it requires 237 KkJ
mol ™" of Gibbs free energy to completely split into its constitu-
ents, its activation energy can be progressively decreased using
efficient catalysts. Thus photocatalytic water splitting has
become a promising approach to harvesting green and renew-
able energy.””> Unfortunately, in the last few decades, this
technology has not received proper attention from investors.
Another reason is that some international organizations,
OPEC, GECF, IEA etc., seem not to be serious due to financial

This journal is © The Royal Society of Chemistry 2025

constraints.®>”?

It is worth mentioning that the water splitting
reaction is completed in two half reactions: ie., oxidation
requiring 1.23 eV, and reduction that occurs at zero electrode
potential.”* Current work indicates that Cu-Pd/CdS catalysts
are stable and quite efficient for splitting water on sunlight
irradiation. The described catalysts exhibit several character-
istics, such as (i) excellent band potentials, (ii) stability for
recyclability, (iii) the contribution of SPR to supplying extra
electrons, (iv) a Schottky junction that promotes the transfer of
charges on active centres, (v) extended absorption in visible
light.®® Upon exposure to sunlight, Cu starts to induce SPR
electrons on the semiconductor surface (i.e., CdS), whereas Pd
metal develops a Schottky junctions that rectifies the SPR elec-
trons to reinforce water reduction. Due to its higher work func-
tion, Pd can progressively quench the electrons to promote
charge transfer on active sites."®”> It is worth mentioning that
electrons flow from a material with a low work function to one
with a higher work function. The work functions of the CdS
catalysts have been calculated utilizing UPS with a helium dis-
charge lamp with a photon energy of 21.21 eV and the cut-off
energy was measured to be 16.13 eV (Fig. S91). The work func-
tion (&) was calculated using eqn (v),”® and is 5.08 eV:

& =h—K - Fmax v)

The work functions of Cu (4.7 eV) and Pd (5.3 eV) are well
defined and reported. The lower work functions of Pd and CdS
suggest that the electrons flow from Cu to CdS and then
towards Pd (i.e., active sites). The difference in work functions
of Cu and Pd cocatalysts, contribute to the formation of
Schottky junctions. During photoreaction, H' is readily
reduced to hydrogen atoms that simultaneously react with
each other to produce H, molecules.””

Fig. 8 represents the mechanistic approach for water split-
ting in the presence of sunlight. It can clearly be seen that Cu
metal transfers its SPR charges to the surfaces, whereas Pd
quenches these electrons by rectification with Schottky bar-
riers. It is believed that due to presence of Cu/Pd, the Fermi
level of CdS is altered during the photoreaction and gets
shifted into the new potential to attain equilibrium.”

On the other hand, it is essential to utilize holes (h")
present on valence bands to restrict the back reaction.”® In the
current work, holes were consumed by the hydroxyl ions (OH")

Nanoscale, 2025,17, 3436-3450 | 3445
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produced during water oxidation. When hydroxyl ions react
with holes, they are readily converted into hydroxyl radicals:
i.e., "OH. These radicals further react with H' to promote redox
reactions.”® Here is a scheme that demonstrates the reactions
involved in the photoreaction:

hv>2.4eV
_—

Cu — Pd/CdS + hv (VB)h" 4 (CB) e~ (vi)

Photocatalyst + H,O — H" + OH~ AG° = 237.2 k] mol *
(vii)

(CB) 2¢” +2H' — H, (Reduction reaction) E = 0.0 eV
(viii)
(VB) h" + OH™ — ("OH) (Oxidation reaction) E, = 1.23 eV
(ix)
where CB and VB represent conduction and valence band,

respectively.

Factors influencing the rate of H, production

The activity or catalytic progress of hydrogen production can
be affected by several factors. In this study, we investigated the
effect of pH, temperature, catalyst dose and the intensity of
light for the photocatalytic hydrogen generation on Cu-Pd/
Cds.

pH

The pH of the reaction mixture has a considerable impact
on the photocatalytic hydrogen evolution rate. In this study,
hydrogen evolution experiments were carried out at different
pH values: pH values from 4 to 12 were used in the pres-
ence of most active Cu-Pd/CdS catalysts. The maximum
hydrogen evolution rate was observed in basic medium. At
pH 10, the activity of the catalysts was 33.10 mmol g”* h™,

3446 | Nanoscale, 2025, 17, 3436-3450

as shown in Fig. 9a and Table S1.f At high pH, more "OH
ions were present and served as hole scavengers to promote
the transfer of electrons for reduction reactions at the
surface of the catalysts.®” The results show that the stability
of the photocatalysts was reduced in both acidic and basic
media, resulting in a decrease in the hydrogen evolution
rate.®’

Temperature

Temperature variation normally does not have a substantial
impact on the production of hydrogen thermodynamically.®?
However, it was noticed that temperature has an incredible
effect on the adsorption and desorption of hydrogen at the
surface of the photocatalysts. Temperature can alter the
overall effectiveness of the catalytic process by altering the
adsorption and desorption of hydrogen on the catalyst sur-
faces, even it is thermodynamically impossible to induce elec-
trons for hydrogen creation.®® It was observed that, as we
increased the temperature, the rate of hydrogen production
also increased gradually, because with the increase in temp-
erature, desorption of hydrogen gas increased from the cata-
lyst surface. High temperatures promote the formation of
charges and facilitate the transfer of electrons from the
valence band to the conduction band of the semiconductor.
Extremely high temperatures can lead to an increase in the
vapor pressure of the reaction mixture, which results in a
decrease in the efficiency of the photoreaction.®® It was
observed that a temperature of 55 °C and pH of 10 of the reac-
tion mixture are ideal for hydrogen evolution. Under these
conditions, the rate of hydrogen evolution was observed to be
33.17 mmol g~' h™" over most active Cu-Pd/CdS catalysts; see
Fig. 9b and Table S2.1 These studies demonstrate that optim-
ization of these factors maximizes the activity of the catalysts
for hydrogen production.

This journal is © The Royal Society of Chemistry 2025
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Photocatalyst dose

The rate of hydrogen production was also significantly
influenced by the concentration of photocatalyst.®® In this
work, 2-7 mg doses of Cu-Pd/CdS photocatalyst were used
in a 150 mL Pyrex reactor to evaluate the effect of photo-
catalyst concentration on the activity of the catalyst. It was
observed that, as the catalyst concentration was increased to
5 mg, the rate of H, production increased because more
photogenerated charges were available. However, beyond a
specific concentration of photocatalyst i.e. 5 mg, further
additions did not considerably improve the activity of the
catalyst for hydrogen production.®® The reduction in activity
was attributable to less exposure of the catalyst surface to
light due to aggregation of catalyst particles. A higher
photocatalyst concentration caused particle build-up, which
reduced the exposure of light to the active sites of the cata-
lysts.®” The highest hydrogen production was observed

This journal is © The Royal Society of Chemistry 2025

under optimized pH and temperature conditions (pH = 10,
temperature = 55 °C) with an optimized photocatalyst
dosage of 5 mg, and was 33.19 mmol g~' h™'; see Fig. 9¢
and Table S3.}

Intensity of light

It was observed that increasing the light intensity of the light
source increases the rate of hydrogen production from the water
splitting reaction.” Fig. 9d and Table S41 demonstrate that
under light exposure of 550 W m™, 33.14 mmol g~* h™" of
hydrogen was produced using Cu-Pd/CdS catalysts. This shows
that the catalyst was already generating the greatest amount of
charge during the photoreaction at this particular light intensity
(550 W m™?), leading to the highest rate of hydrogen production.
Beyond this limit, however, an increase in light intensity had no
discernible effect on the catalyst activity. This means that the
catalyst had achieved its saturation point, and was producing
charges for efficient hydrogen generation.®®

Nanoscale, 2025, 17, 3436-3450 | 3447
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Conclusions

In the current project, Cu/CdS, Pd/CdS and Cu-Pd/CdS cata-
lysts have been successfully prepared and assessed for cata-
lytic H, production on sunlight irradiation. All the catalysts
were synthesized by a hydrothermal and chemical reduction
approach under similar conditions. To extend their activity
and effectivity, the CdS surfaces were decorated with Cu and
Pd cocatalysts. The structural and surface morphology of cata-
lysts was assessed via FTIR, XRD, Raman, SEM, HRTEM and
AFM analytical techniques. Optical characteristics and elec-
trons transfer studies were evaluated by UV-Vis/DRS, EIS, PL
and photocurrent analyses, whereas the elemental compo-
sition and purity of the catalysts were confirmed by XPS and
EDX approaches. Photocatalytic activities revealed that Cug ,/
Pd, s@CdS is the most active catalyst, potentially delivering
33.71 mmol g ' h™" of H,, which is higher than the activity of
pristine CdS, Cu/CdS or Pd/CdS. Higher activities were attrib-
uted to the combined impact of Cu and Pd cocatalysts. Cu
cocatalysts induce SPR electrons, whereas Pd makes Schottky
junctions on CdS surfaces. Schottky junctions facilitate the
rectification of the transfer of electrons to the active sites.
Pd cocatalysts progressively quench the electrons from
the surfaces to be utilized for water reduction reactions.
Additionally, Schottky junctions effectively suppress charge
recombination (back reaction) by rectifying the charges onto
active sites. On the basis of the results and activities, it
has been concluded that the as-synthesised catalysts hold
promise for the eventual transition to renewable hydrogen
technologies.
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