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For a long-term and sustainable energy system, hydrogen has been considered as one of the ideal and
carbon-free fuels. A significant advantage is that it exists abundantly in the form of water, natural gas and
biomass. However, the drawback is that it exists in the form of compounds and is not available in a free
state. Current study was designed to produce hydrogen via catalytic water-splitting reactions. The
advantage of the catalytic water-splitting approach is that it is an economical, controllable and more
feasible technology. The efficiency of water-splitting reactions can be enhanced by various factors, such
as (i) the use of more selective and effective catalysts, (ii) extending the photon absorption capability, (iii)
optimizing or predicting the ideal conditions where hydrogen production rates should be maximum, (iv)
controlling the charge transfer and (v) increasing the surface active sites by employing metal cocatalysts.
For this purpose, stable metal oxides, such as TiO,, were used as semiconductor supports to promote
catalytic hydrogen generation. TiO, surfaces were tuned with Pd-cocatalysts via controlled hydrothermal
reactions, followed by chemical reduction. Catalysts synthesized by this method were found to be more
effective in term of water-splitting. The structural and optical properties of the catalysts were assessed via
XRD, UV-Vis/DRS, SEM, TEM, AFM, Raman, FTIR, PL, and EIS analytical tools. The phase purity and
elemental compositions of the catalysts were confirmed by EDX and XPS techniques. Under similar
conditions, photoreactions were performed in a quartz reactor (MICQ/US-150 mL). Hydrogen evolution
activities and catalytic performances revealed that the Pd/r-TiO, catalyst delivers almost ten times higher
hydrogen (i.e., 23.19 mmol g~ h™Y) compared to pristine r-TiO,, which delivers only 2.15 mmol g~ h™* of
hydrogen. The higher catalytic performance of Pd/r-TiO, were attributed to the development of Schottky
junctions that escalate and rectify the charge transfer on active sites (ie., Pd-cocatalysts). Based on the
results, it is concluded that the catalysts reported herein hold potential to replace the conventional
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environment. The world is facing number of environmental
issues associated with the excessive use of fossil fuels. To

Introduction

To date, fossil fuels have been the main sources of energy.
Although their usage is more prominent in automobiles, con-
ventional power sources and industries, they have several
drawbacks.! Consumption of fossil fuels is the main source
of greenhouse gas emissions. These greenhouse gases are
poisonous and unacceptable to our atmosphere and healthy
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reduce the aforementioned problems more quickly, there is
an urgent need to develop alternative fuels. Among all the
alternative sources/options, the use of hydrogen is more eco-
nomical and feasible for green energy technologies. Solar light
and catalysts can play an important role in the transformation
of chemical energy into sustainable energy (i.e., hydrogen).>
The significant advantage is that hydrogen has high energy
density and can potentially replace costly and conventional
fuels.® The use of hydrogen can significantly protect our atmo-
sphere and fulfill energy demands, along with achieving the
goal of zero emissions. Although there are many approaches to
produce hydrogen, getting it from water-splitting reactions is a
more reliable and cheaper option.*
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Due to excellent stability and suitable band potentials, tita-
nium dioxide (TiO,) has been widely used as a photocatalyst.
Although it appears black in mineral form, it is a white and
highly crystalline solid insoluble in water. Notably, It exists in
three crystalline forms, i.e., rutile, anatase and brookite.® Among
all phases, rutile TiO, (r-TiO,) is most favourable due to its high
chemical resistance, thermal stability, and suitable band gap
(ie., 2.9 eV).” It can be coupled with other semiconductor
systems to enhance the catalytic efficiencies. For example, the
synthesis of r-TiO, heterojunctions with g-C;N,/r-TiO,, CdS/TiO,,
MXene/TiO,, rGO/TiO,, and Cu,O/TiO, have been found to be
effective for water-splitting reactions.®** Another advantage is
that r-TiO, can be potentially tuned with metal cocatalysts (i.e.,
Pd in the current work) in order to escalate and rectify the
photoinduced charges (e /h").

As indicated in the literature, pristine r-TiO, is a direct band
gap semiconductor, and charge recombination is relatively
high due to overpotential."* Thus, different strategies can be
utilized to reduce its overpotential. These strategies include
(i) metal or non-metal doping, (ii) noble metal loading, (iii)
surface modifications, (iv) alteration in band potentials, (v) for-
mation of heterojunctions and (vi) extending the absorption
capability of the photon."® The deposition of catalytically active
metals, ie., Pt, Ni, Cu, Au, and Ag, can be successfully achieved to
reduce and mimic charge recombination. Many reports have
indicated that catalytic performances can be enhanced by loading
metal cocatalysts, ie., Au@Zn;V,05, Cu@CdS, Pd@gC;N,, and
metal-loaded CeVO,."*"® Additionally, metal or non-metal doping
can also improve catalytic performances. It has been reported that
the presence of cocatalysts on r-TiO, lattices alter its optical and
structural characteristics."”"

1t is worth mentioning that the presence of palladium (Pd) on
the r-TiO, surfaces increases catalytic performances during the
photoreaction. Another important factor is that the dispersion of
Pd-cocatalysts on the surface is quite important for water-splitting
reactions.’®*! It has been predicted that a high dispersion of
metal particles can be successfully achieved via the chemical
reduction approach.”” Catalysts that have been developed via
the chemical reduction approach exhibit higher catalytic perfor-
mances than those prepared by other methods.** Normally, r-TiO,
absorbs UV radiation, but its absorbance is shifted to the visible
region after Pd loading. It has been reported that r-TiO, exhibits a
higher refractive index and scatters more light, promoting photon
absorption.”*** Another significant advantage is that r-TiO, has
excellent commercial potential due to its non-hazardous nature.

Currently, hydrogen fuel is receiving much interest as a
sustainable energy source.?® Several methods, such as thermal
combustion, biomass, photocatalysis and steam reforming, can
be used for hydrogen generation. However, all the aforemen-
tioned approaches have numerous drawbacks, for example, (i)
less stability and photocorrosion, (ii) low quantum yield and
efficiencies, (iii) relatively higher costs, (iv) excessive use of land
and labour, (v) storage and transportation, and (vi) extra burden
of expert engineers.”” However, obtaining hydrogen via catalytic
water splitting is the most suitable and reliable method to
carry out the reaction on sunlight.*® Challenges associated with
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water-splitting reactions can be successfully overcome by devel-
oping Schottky junctions via metal cocatalysts. Thus, developing
the Schottky barrier at the interface, rectifies the charge transfer
to the active centres (metal cocatalysts).>**°

In the current work, we designed Pd/r-TiO, catalysts (i.e.,
having various Pd ratios on r-TiO,), which were assessed for the
hydrogen generation reactions. Results indicated that the
hydrogen generation rates of Pd-loaded catalysts were quite
higher than that of pristine r-TiO,. The catalytic activities and
performances are discussed in the latter section. It is found
that higher activities were due to the Schottky junctions and
relatively higher active sites in the case of Pd/r-TiO,. Various
factors, such as the pH, temperature, light intensity, and
photocatalyst dose, affecting the hydrogen generation perfor-
mances were assessed and discussed.

Experimental
Chemicals

Chemicals used in this work are listed in the ESL.}

Synthesis of photocatalysts

In the current study, r-TiO, was synthesized using a recently
reported approach.®’ However, to produce Pd/r-TiO,, 200 mg of
r-TiO, was added to 40 mL of distilled water and magnetically
stirred for 30 min to obtain a homogeneous slurry. To deposit
the Pd-cocatalyst on r-TiO, surfaces, nominal amounts of the
Pd precursor were used to prepare a series of photocatalysts.
For this purpose, the solution precursor of palladium (Pd) was
transferred to the above slurry. After 10 min sonication, metal
ions were reduced using the freshly prepared cold sodium
borohydride solution. The reaction mixture was stirred for
1 h and sonicated for about 20 minutes. Subsequently, the
reaction mixture was transferred into the Teflon vessel, which
was placed in the stainless steel autoclave reactor for hydro-
thermal reactions and treatments.>> Upon completion of the
hydrothermal reaction, the catalyst precipitates were collected
via a vacuum filtration assembly. The protocol and synthesis
schematic are illustrated in Fig. 1. The as-synthesized catalysts
were dried directly in sunlight to evaporate/eliminate the
moisture contents. A similar procedure was adapted for the
synthesis of other catalysts of the series with various Pd/r-TiO,
(i.e. 0.4 to 1%) metal contents on the r-TiO, support.

Characterization of catalysts

For the structural, optical and electrical assessment of catalysts,
various advanced techniques like XRD, FTIR, Raman, TGA, SEM,
EDX, AFM, XPS, PL, UV-Vis/DRS and EIS were used. The detailed
descriptions of these analytical tools are given in the ESL{

Hydrogen generation experiment

To generate hydrogen, the photoreaction was carried out in a
MICQ/US-150 mL vessel and UV lamp (100 W, 360 nm) that was
used as an irradiation source. About 6.5 mW c¢cm > of photon flux,
which is comparable to the UV flux in daylight, was used for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis scheme for the preparation of Pd/r-TiO, catalysts.

exposure on reactor walls. 6 mg of the catalyst was added to 30 mL
of distilled water in the reactor, along with 5% ethanol as a
sacrificial reagent. In order to eliminate the dissolved oxygen
contents, nitrogen gas was continuously bubbled through the
reaction mixture at a flow rate of 10 mL min " for 30 minutes. To
evaluate the hydrogen production, 0.5 mL of gas from the head-
space of the reactor was taken at various intervals and injected
into a gas chromatograph (GC-Shimadzu 2014), which was out-
fitted with a thermal conductivity detector (TCD). Ar gas was used
as the carrier gas in the gas chromatography. The amount of H,
generated via the photoreaction was measured in relation to an
internal calibration curve. For each of the as-synthesized catalysts,
the photocatalytic experiments were repeated thrice. The H, gas
evolution rate was measured in both mmol g~ and mmol g " h ™"
units, allowing for a quantifiable comparison of various activities
of the Pd/r-TiO, catalysts. The quantum efficiencies of hydrogen
generation were calculated using the following equation:

_ Total no. of hydogen produced
" Total no. of photons consumed by catalysts

QE 100 (i)

Results and discussion
XRD analyses

The XRD patterns of r-TiO, and Pd/r-TiO, are shown in Fig. 2a.
The results indicated that the XRD peaks appeared at the two
theta (20) values of 27.43°, 36.07°, 41.23°, 44.04°, 54.31°, 56.62°,
62.75°%, 64.04°, 69.00° and 69.80°, corresponding to the (110),
(101), (111), (210), (211), (220), (002), (310), (301) and (112)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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crystal planes. These results prove the purity of catalysts, as per
our synthesis protocol. The XRD pattern can be justified by
comparing it with the JCPDS card (PDF#75-1748). The XRD
patterns of Pd/r-TiO, remained unchanged; however, a small
characteristic diffraction peak appeared at 39.18° (200), corres-
ponding to the Pd-cocatalysts present on the r-TiO, surface. The
JCPDS card PDF#87-0641 provides further evidence for this.*?

Raman analyses

In the catalysts, namely r-TiO, and Pd/r-TiO,, intermolecular bond-
ing and rotational and vibrational modes were investigated using
Raman spectroscopy.>* These analyses provide valuable information
on the chemical structure and composition of the material. Results
indicated that TiO, exhibits distinct vibrational modes at 148 cm™*
(Big)y 243 cm™ ', 450 cm ™' (E,), and 610 cm ™! (Ayy), corresponding
to the O-Ti-O vibrations in the rutile phase of TiO,, as depicted in
Fig. 2b. The 450 cm ' E, vibrational mode corresponds to the
oxygen bond vibrations in O-Ti-O, whereas the vibrations at
148 cm ' and 610 cm ' correspond to the By, and A, symmetric
and anti-symmetric vibration modes, respectively. A vibration at
243 cm™ " was due to the typical multiple phonon scattering.® It is
worth mentioning that a slight shift was observed in the Raman
spectrum of Pd/r-TiO, catalysts. This minute shift was indicated in
the 610 cm ' to 609 cm ' range due to the presence of Pd-
cocatalysts (low metal contents) on the r-TiO, surfaces.*®

Fourier transform infrared (FTIR) analyses

The FTIR results of r-TiO, and Pd/r-TiO, are illustrated in
Fig. 2c. The range for identification of functional groups on

Mater. Adv., 2025, 6, 2677-2690 | 2679
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Fig. 2 (a) XRD patterns (inset: zoomed view of Pd diffraction), (b) Raman spectrum, (c) FTIR results r-TiO, and Pd/r-TiO, and (d) TGA analysis of Pd/r-TiO5.

the catalyst is 4000 cm ™" to 500 cm ™. In the FTIR results of Pd/
r-TiO,, no obvious change was observed due to the low metal
loading. A strong peak was observed at 503 cm ™' due to the
O-Ti bond in the r-TiO,. Two peaks at 1600 cm ' and
3400 ecm™" were attributed to the bending and stretching
vibrations of the -OH group, respectively.®”*® Hydroxyl groups
were detected due to the presence of moisture content in the
interstices of the ascribed catalysts.

Thermogravimetric analysis (TGA) assessment

Thermogravimetric analysis was conducted to ensure the
catalyst stability at higher temperatures.®® TGA calculates the
sample mass changes in relation to temperature and time.*’
The thermal breakdown of catalyst particles was determined
from the information provided by TGA. TGA is not suitable to
directly identify the gases released from the sample when it is
heated in a controlled furnace. Up to 150 °C thermal tempera-
ture, a 1.5% weight loss was attributed to the loss of water
contents. Similarly, up to 240 °C, another 2.7% weight loss was
due to residual oxides, as shown in Fig. 2d. After this tempera-
ture, catalysts remained stable and no further weight loss was
observed even at higher temperatures. The TGA results revealed
that the as-synthesized catalysts, i.e., Pd/r-TiO,, exhibit enough

2680 | Mater. Adv, 2025, 6, 2677-2690

stability and have the potential for application under extreme
conditions.

SEM and EDX analysis

SEM is a widely used technique in which an electron beam scans a
sample and provides a magnified image. This technique is highly
useful for the morphological studies of solid inorganic materials.
Catalyst morphology has a significant influence on the perfor-
mance of the catalysts for photoreactions.** The surface morphol-
ogy of Pd/r-TiO, catalysts was assessed by SEM analysis, and the
results are presented in Fig. 3(a) and (b). The SEM images of
r-TiO, confirm the spherical homogeneous morphology. As indi-
cated in Fig. 3b, at 500 nm resolution, Pd-cocatalysts were clearly
observed on the r-TiO, surfaces. Cocatalysts (ie., Pd) at the
semiconductor support interface showed that the loading of
cocatalysts is successfully achieved. According to Fig. 3(a) and
(b), 1-TiO, particles have spherical morphology with uniform size
and shape. The homogeneous deposition of Pd over the r-TiO,
surface is not discernible as independent entities due to the low
concentration of the metal. Furthermore, the purity and elemental
composition of the as-prepared catalysts were determined by EDX
analysis.*” All essential elements of the catalysts, such as Ti, O and
Pd, were detected in the EDX spectrum, as shown in Fig. 3e. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM results (a) 5 um and (b) 500 nm. (c) TEM results at 100 nm and (d) 50 nm. (e) EDX of Pd/r-TiO, catalysts.

analysis also revealed the presence of other elements, such as
carbon from the instrument grid and Au from the gold coating.

TEM analysis

TEM results demonstrate the dispersion of Pd nanoparticles over
the r-TiO, catalyst. As illustrated in Fig. 3(c) and (d), these results
indicate a low concentration of Pd particles dispersed on r-TiO,
surfaces. The presence of low metal contents is attributed to the
low metal loading. Thus, it can be seen that Pd nanoparticles are
stable and cannot be converted into oxides.*'

Atomic force microscopy (AFM)

In the current study, atomic force microscopy (AFM) is used to
investigate the surface topography, precise sizes and texture

© 2025 The Author(s). Published by the Royal Society of Chemistry

morphology of catalysts.*® The analysis was carried out on an
atomic scale, and images of the catalysts are displayed in Fig. 4.
The AFM images revealed a uniform distribution of Pd/r-TiO,
catalyst particles, as presented in the 2D and 3D images in
Fig. 4(a), (b) and (d), (e), respectively. The scanning area for the
measurement of thickness was 2 x 2 pm, and the catalyst
height was 44.8 nm. The average particle size of the catalyst was
noted to be 44.5 nm, as shown in Fig. 4c.

UV-Vis/DRS and photoluminescence (PL)

UV-Vis/DRS is a useful technique for examining the optical
characteristics of catalysts. In Fig. 5a, the UV-Vis/DRS results of
r-TiO, and Pd/r-TiO, are illustrated. Due to its large band gap
(i.e., 3.03 eV), r-TiO, exhibits absorption in the ultraviolet

Mater. Adv., 2025, 6, 2677-2690 | 2681
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region.*® It has been found that Pd metal loaded over the r-TiO,
surfaces enhances the absorption and affects the band edge.
Thus, Pd/r-TiO, catalysts exhibit extended absorption (redshift)
and exhibit promising absorption in the visible region. More-
over, Pd-cocatalysts exhibit absorption at 545 nm due to the d-d
transitions of electrons. The band gap energy diagrams of r-
TiO, and Pd/r-TiO, are illustrated in the inset of Fig. 5a.
Pristine r-TiO, exhibits a band gap of 3.03 eV, whereas Pd/r-
TiO, exhibits a reduced band gap, i.e., 2.98 eV.

Photoluminescence reveals insights into the excitations, charge
transfer and recombination during the photoreaction.*® Fig. 5b
illustrates the PL emission because of de-excitation in the r-TiO,
and Pd/r-TiO,. The results reveal that a back reaction or charge
recombination is high in the case of pristine r-TiO, due to its
overpotential. However, in the case of Pd/r-TiO, catalysts, charge
recombination is suppressed due to the transfer of electrons to the
active sites. Thus, as per synthesis, Pd-cocatalysts enhance the
charge transportation and contribute to higher hydrogen genera-
tion activities during the photoreactions. Hence, the low intensity
of Pd/r-TiO, is due to a relatively higher charge transfer. These
results support the XRD, Raman and UV-Vis/DRS results.

Electron impedance spectroscopy (EIS)

To assess the charge transfer and charge resistance dynamics,
the EIS analysis of pristine r-TiO, and Pd/r-TiO, was conducted
and discussed. In accordance with the PL analysis, the Pd/r-
TiO, sample has a smaller diameter than r-TiO,, suggesting a
minimal charge transfer resistance and reasonably quick
charge transfer kinetics. Fig. 5c displays the EIS results. It is
worth mentioning that the presence of Pd-cocatalysts on the

2682 | Mater. Adv,, 2025, 6, 2677-2690
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(a) and (b) 2D AFM images, (c) average height and (d) and (e) 3D AFM images of Pd/r-TiO, catalysts.

r-TiO, surfaces accelerates the charge transfer to active sites.
Moreover, a higher work function of Pd-cocatalysts suppresses
the charge recombination by developing Schottky junctions.
These Schottky junctions promote the catalytic performances
by rectifying the charges.*®

BET

The surface area and pore sizes of r-TiO, and Pd/r-TiO, catalysts
were examined by the nitrogen gas adsorption and desorption
studies. For both catalysts, the H;-type hysteresis loop and type-
IV isotherm were observed (Fig. 5d). These results indicate the
mesoporous nature of the catalysts. On the other hand, using
the standard multi-point BET method, the surface area of
r-TiO, and Pd/r-TiO, was determined to be 15.12 m* g~ ' and
18.26 m” g~ ', respectively. The inset diagram of Fig. 5d con-
firmed the narrow pore-size distribution centred at 4.29 nm for
both catalysts.

X-ray photon spectroscopy (XPS)

To assess the oxidation states of the constituents and composi-
tion of r-TiO, and Pd/r-TiO, catalysts, the XPS technique was
employed.”” The XPS results are shown in Fig. 6. The survey
scan (see Fig. 6a) exhibited all essential elements (i.e., Pd, Ti
and O), which are the main constituents of the catalyst. How-
ever, carbon was detected as an adventitious element com-
monly from instrumental grids. XPS results also support the
EDX results. Fig. 6b presents the XPS results of Pd metal, with
two major peaks appearing at the binding energies of 335.61 eV
and 340.91 eV, corresponding to Pd 3ds, and Pd 3d;p,
respectively.*® The Ti 2p XPS results were compared for pristine

© 2025 The Author(s). Published by the Royal Society of Chemistry
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r-TiO, and Pd/r-TiO,.

r-TiO, and Pd/r-TiO,. In the case of pristine r-TiO,, two Ti peaks
appeared at the binding energies of 459.46 eV and 465.16 eV,
corresponding to Ti 2ps, and Ti 2p,,, respectively.’® However,
after loading Pd over r-TiO,, a small shift towards higher binding
energies was observed, as shown in Fig. 6c. This shift is
attributed to the electron transfer between Pd and r-TiO,.
Similarly, two peaks for oxygen appeared at 529.05 eV and
532.25, corresponding to the 0>~ and —~OH of r-TiO, structures.
However, after the incorporation of Pd, the peaks shifted
towards lower binding energies, as shown in Fig. 6d.>° The
binding energies and peak positions of O 1s and Ti 2p slightly
changed after Pd deposition. Furthermore, the XPS results of
pristine r-TiO, or Pd/r-TiO, revealed the purity and crystalline
morphology that is important for the photoreactions.

Hydrogen generation activities

The photoreactions were carried out in a quartz reactor, and the
comparative performances of catalysts are illustrated in Table 1
and Fig. 7. Results revealed that pristine r-TiO, delivers
2.15 mmol g~' h™" of hydrogen. This activity is lower than
the catalysts having Pd-cocatalysts on r-TiO,. The significant
reason for the lower activity is the overpotential of r-TiO, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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relatively higher charge recombination. However, catalysts hav-
ing Pd-cocatalysts over the r-TiO, surfaces deliver more hydro-
gen under similar conditions. Thus, the existence of Pd-
cocatalysts on the surfaces of the r-TiO, semiconductor creates
a Schottky junction at the point of contact between the semi-
conductor and cocatalysts.”® The Schottky junctions act as a
barrier and stop the back flow of electrons.”® Moreover, the
high metallic character of Pd-cocatalysts makes the semicon-
ductor more conducive to the promotion of electrons to the
active centres.”® For the sake of convenience, a series of
catalysts were prepared to optimize the Pd loading onto the r-
TiO, surfaces. Pd with different ratios, i.e., 0.2, 0.4, 0.6, 0.8 and
1.0 wt%, was deposited on r-TiO, and evaluated for catalytic
performances. The catalytic performances indicated that Pd, ,/
I-TiO,, Pdg.4/1-TiO,, Pdg ¢/1-TiO,, Pdy ¢/r-TiO, and Pd, o/r-TiO,
deliver 6.08, 10.19, 14.12, 19.22 and 23.19 mmol g~ " h™" of
hydrogen, respectively. It can be clearly seen that the Pd, ¢/r-
TiO, catalyst is the most active catalyst of the series that
delivers relatively higher hydrogen (i.e., 23.19 mmol g * h™)
than the other catalysts in this study. Overall, 1.0 wt% loading
over the r-TiO, surfaces was found to be the optimum; however,
increasing the Pd content beyond the optimized ratio was not
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Table 1 Comparison of H, evolution and optimization Pd wt% on r-TiO, surfaces

Sr. no. Catalysts

Pd/r-TiO, ratio (wt%) Water/ethanol ratio Photon flux (mW cm ™) Volume® M/H

H, evolution

mmol g' mmol g 'h™' QE (%)

1 Pristine r-TiO, 0.0:100 95:5 6.5
2 Pd,,/r-TiO,  0.2:99.80 95:5 6.5
3 Pd, ,/r-TiO,  0.4:99.60 95:5 6.5
4 Pdye/r-TiO,  0.6:99.40 95:5 6.5
5 Pdyg/r-TiO,  0.8:99.20 95:5 6.5
6 Pd, o/r-TiO,  1.0:99.00 95:5 6.5
7 Pd,,/r-TiO,  1.2:98.80 95:5 6.5

“ Represents the ratio of mixture to headspace volume of the reactor.

very effective for hydrogen generation.> This is because the
higher metal contents enhance the shadowing effect that
blocks the exposure/penetration of photons onto the semicon-
ductor system.”® Fig. S2 (ESI{) compares the hydrogen genera-
tion activities of a Pd/r-TiO, catalyst with ethanol and methanol
as sacrificial reagents. The results show the relative effective-
ness of ethanol and methanol as sacrificial reagents in this
catalytic hydrogen production system. It is worth mentioning
that using methanol gives slightly higher activities than

2684 | Mater. Adv, 2025, 6, 2677-2690

30:120 12.92 2.15 0.633
30:120 36.53 6.08 1.790
30:120 61.58 10.19 3.001
30:120 84.74 14.12 4.159
30:120 115.33 19.22 5.662
30:120 139.14 23.19 6.831
30:120 145.55 24.25 7.140

ethanol.® A comparison of the H, generation activities of
different reported photocatalysts is shown in Table 2.

Mechanism and catalytic reactions

Understanding the photocatalytic water-splitting reaction
mechanism is crucial and important for researchers. Fig. 9
illustrates the mechanism of hydrogen evolution on the cata-
lysts reported herein. The water-splitting reaction occurs in
three steps: (i) photon absorption by the catalyst particles for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) and (b) H, generation activities of catalysts, (c) recyclability test and (d) XRD analysis of used catalysts.

the excitation of electrons, (ii) separation of charges and
transfer of these charges to the active sites, and (iii) utilization
of charges (electrons/holes) on the redox sites.®® It is worth
mentioning that the bandgap and redox potentials of the
catalysts are responsible for the photoreaction.®” For example,
to split water molecules, the oxidation potential of the catalyst
must be greater than 1.23 eV, whereas the reduction potential

must be lower than the redox potential of hydrogen (0.0 eV).®®
The major drawback associated with r-TiO, is its low charge
transfer ability due to overpotential. Hence, it cannot control
the backflow of electrons to recombine with holes. However,
this drawback can be successfully eliminated by the use of
cocatalysts with relatively higher work functions (i.e., Pd in this
work). Although r-TiO, has a 3.03 eV band gap, its band gap can

Table 2 Comparison of H, generation activities of catalysts reported in the literature

Catalyst Light source Catalyst amount (mg) Sacrificial reagent H, production (mmol g~ * h™") Ref.
Pd/r-TiO, Hg Lamp 7.5 5% Ethanol 23.15 Present study
Au-BaO@TiO,/ Xe Lamp 10 5% Ethanol 13.54 47
Cds

TiO,/CdS UV-LED 50 Na,SO0; 0.051 57
F-TiO,/CdS Visible light 5 EDTA 8.342 58
TiO,@BaTiO5/CdS Visible light 20 NaH,PO, 0.03 59
T-CZS NIR solar light 10 0.25 M Na,S/0.35 M Na,SO; 0.497 60
ZnS-CdS 300 W Xe lamp 100 0.1 M Na,SO3/Na,S 5.5 61
Ce-ZnCdS Microwave irradiation 50 0.1 Mol Na,S-9H,0 and Na,SO; 2.03 62
Ti,C,T,/TiO, (P25) 200 W Hg (285-325 nm) 30 25% Methanol 79.5 63
TiO,/C composite 300 W Xe arc (>420 nm) 50 10 vol% (TEOA) 0.863 64
MXene-TiO, 300 W xenon 50 10 vol% (TEOA) 390.92 65

© 2025 The Author(s). Published by the Royal Society of Chemistry
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be successfully decreased by using Pd-cocatalysts.®® The Mott
Schottky analysis of Pd/r-TiO, revealed the CB level at —0.12 eV
(Fig. S1, ESIt). The VB level was calculated using eqn (ii)’° and
was found to be 2.91 eV.

EVB = EG — ECB (ii)

Similarly, the light source must be of greater energy than the
energy required for the excitation of electrons.”* When photons
fall on the catalyst surface, charge carriers (e /h") are generated
and electrons absorb the energy and are transferred to the
conduction band of the semiconductor.”® It is worth noting that
the work function of r-TiO, is 4.2 eV, which is lower than that of
Pd metal (5.5 eV). Hence, the electrons can easily transfer to the
Pd-cocatalysts where they are consumed/utilized for the
reduction reaction.”? The other significant advantage is that
the Pd-cocatalysts generate Schottky junctions at the metal/
semiconductor interfaces that readily restrict the backflow of
electrons.”” Similarly, due to these Schottky junctions, the flow
of electrons to the active sites is easier and rationalized during
the photoreaction. On the active sites, the excited electrons are
progressively consumed by the aqueous H' ions to produce H,
on the reduction centres. Meanwhile, the sacrificial reagents
consume the holes on the semiconductor surfaces.”””* Ethanol
is oxidized by scavenging the holes and is readily converted into
oxidized products (H,O & CO,).”>’® The higher hydrogen gen-
eration rates were attributed to the development of the Schottky
junctions that suppress charge recombination by rectifying the
flow of electrons on the active sites. Excellent metallic character-
istics and relatively higher work function of Pd make the steady
flow of electrons to be utilized for hydrogen generation.””

The scheme that represents the photoreaction for hydrogen
evolution reactions is as follows:

A

may o | Firw

0 s 30.00 kV 152mm 6000 x  69.1 ym

View Article Online

Materials Advances

Pd/r-TiO, + hv — (VB) + (CB)e" (iif)

Pd/r-TiO, + H,0 - H" + OH™ AG° = 237.2 k] mol™*

(iv)
(CB)2e” +2H" —» H, Ecg=0.0 €V W)
(VB)h" + OH™ — (OH®) Eyp=1.23 eV (vi)

CB and VB represent the conduction and valence bands,
respectively.

Recyclability test

The catalyst stability during photoreaction is an important
factor that affects the activity of the catalyst for hydrogen
generation.”® In this work, a recyclability test was conducted
to check the stability or reusability of the catalyst. For this
purpose, the most active catalyst of the series (Pd/r-TiO,) was
chosen for the recyclability test, and four consecutive runs were
performed. It was found that the Pd/r-TiO, catalysts exhibit no
significant loss in the activity of the catalyst for H, generation.
Results obtained from the recyclability test revealed that our as-
synthesized catalysts are highly stable for the photoreaction, as
shown in Fig. 7c. To examine the structural changes in the
catalysts after photoreaction, XRD and SEM equipped with
elemental maps for Pd/r-TiO, catalysts were performed. In the
XRD results (see Fig. 7d), no major change was observed,
implying that catalysts remain stable after the photoreaction.
Fig. 8 illustrates the SEM results with EDX maps of the used Pd/
r-TiO, catalyst. Fig. 8(a) and (b) reveals the catalyst morphology,
showing a rough, textured surface with potential porosity,
indicative of a high surface area, and bright, dispersed particles
of Pd on the r-TiO, support. The EDX maps in Fig. 8(c)-(e)
confirm the distribution of Ti, O, and Pd.”® Pd is distributed

well v WD mag O HFW
.00 ps 30.00 kv 9.0019 mm 100 000 x 4.14 ym

=51m—

Fig. 8 SEM results of the used Pd/r-TiO, catalysts, (a) 10 um, (b) 1 um, elementals maps (c) Ti-K (d) O-K and (e) Pd-K.
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evenly on the catalysts even after being used four times.
Based on these results, Pd is highly dispersed on the r-TiO,
support, maximizing the active sites for hydrogen production
reactions.

Factors affecting the H, generation activities

To evaluate the efficiency of the photoreaction (catalytic
activities), various factors have been investigated to predict
the ideal conditions for hydrogen generation on the most active
catalysts, ie., Pd; ¢/1-TiO,. The results obtained for various
factors, ie., pH, temperature, dose of catalysts and intensity
of light, are exhibited in Fig. 10a-d, whereas the details and
description of these factors are given in the ESL

Conclusion

In this study, various catalysts, namely Pd/r-TiO, (where Pd =
0.2-1.2%), were prepared and evaluated for hydrogen genera-
tion reactions/activities. The deposition of Pd-cocatalysts on
the r-TiO, surfaces was achieved by chemical reduction and
hydrothermal treatments. The morphology, optical character-
istics and compositions were examined via XRD, FTIR, Raman,
UV-Vis/DRS, PL, SEM, TEM, AFM, EDX and XPS analytical
approaches. Photoreactions were conducted using the quartz
photoreactor MICQ/US-150 mL and a UV lamp (100 W, 360 nm)
for the UV source, whereas hydrogen activities were monitored
using GC-TCD (Shimadzu/Japan). The results revealed the
superior performances of catalysts with Pd-cocatalysts on
r-TiO, surfaces. To get more insights, various factors, such as
the pH, temperature, catalyst dose, and light intensity, were
optimized and discussed. It was observed that Pd/r-TiO, cata-
lysts deliver 23.19 mmol g~* h™" hydrogen under the optimized
conditions, 10 times higher than that of the pristine r-TiO,. The
higher hydrogen generation activities were accredited to the
presence of Pd-cocatalysts that restrict charge recombination
by developing Schottky junctions. It is worth mentioning that
the higher work function of Pd relative to the pristine r-TiO,
facilitates more electron transfer to the active sites. Thus,
higher charge transfer results in more hydrogen evolution
efficiencies. Based on the results and catalytic performances,
it has been concluded that the ascribed approach holds
promise to replace the costly and conventional approaches
used for hydrogen production.

Data availability

The data and necessary protocols for this study are included in
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