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ABSTRACT
In this work, we have studied hydrogen generation via photocatalytic water splitting
using commercially available titania (P25) as semiconductor and various co-catalyst
systems. To explore most active metal, different photocatalysts were synthesized by
depositing 1 wt.% of Pt, Pd, Au, Ag, Cu and Ni at P25 surface via PVA-assisted sodium
borohydride chemical reduction method. As-synthesized photocatalysts (M@P25) were
characterized using UV-vis DRS, XRD, TEM, and XPS techniques. H2 evolution
activities were determined on GC-TCD (Shimadzu 2014) using Hg-lamp (100W, 365nm)
as light source and 5 vol% ethanol as sacrificial reagent. The photocatalytic activities of
photocatalysts were found 17.92, 20.61, 13.92, 1.24, 5.0 and 0.61 mmol g−1h−1
respectively. The results revealed that Pd@P25 exhibits the highest H2 generation activity
as compared to Pt, Au, Cu, Ni, and Ag deposited over P25. In order to further enhance
the photocatalytic efficiency of Pd/P25 system, the effect of addition of alkaline earth
metal oxide (AEMO) was studied. In this study, various photocatalysts i.e. Pd/SrO@P25,
Pd/BaO@P25 and Pd/CaO@P25 were synthesized by depositing different wt.% ratio of
Pd/Sr, Pd/Ba and Pd/Ca (overall 2 wt.%), respectively

at P25 surface via in-situ

reduction by NaBH4. The effect of different wt. ratio of Pd/AEMO on the photocatalytic
activity was studied. The results revealed that Pd1.8Ba0.2/P25, Pd1.8Sr0.2/P25 and
Pd1.0Ca1.0/P25 were found most active photocatalysts amongst each respective series,
exhibiting activity of 29.2, 24.5 and 22.57 mmol g−1h−1, respectively. Thus, following
activity trend; Pd:BaO/P25 > Pd:SrO/P25 > Pd:CaO/P25 was obtained. Finally, we have
explored that activity of Ag@P25; a very low active photocatalyst can also be promoted
via addition of SrO. In this series, the photocatalyst with different wt.% ratio of
Ag/Sr@P25 were synthesized and the most active catalyst Ag2.0Sr0.5/P25 showed
hydrogen generation value of 8.77 mmol g−1h−1. Overall, a better strategy which could
add a better e−/h+ separation to acknowledge higher photocatalytic H2 generation activity
has been demonstrated in this study.
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Chapter-1

Introduction

An era, when fossil fuels used for electricity generation, transportation and chemical
synthesis will be replaced by hydrogen (H2) is a long viewed dream. The fulfillment of
this dream demands more technological advancement in hydrogen generation,
distribution and storage [1-4]. Scale up of hydrogen production to meet the current and
future demands is a sizeable goal for ever growing human population; predicted to
increase up to 9 billion by 2048. Hydrogen as a fuel has the potential to contribute in
large scale energy generation. It is a perfect consuming fuel, which is almost four times
more powerful than gasoline and water is the only byproduct of its burning in internal
combustion engine [5, 6]. The hydrogen economy is a proposed economy where the
hydrogen will replace customary non-renewable energy sources. Currently, hydrogen is
predominately produced using non-renewable energy sources, i.e. 90 % is originating
from the steam reforming of hydrocarbons which is also an energy escalated process.
Moreover, generation of hydrogen from these sources is not a valuable approach and
environment friendly [7, 8]. On the other hand, generation of hydrogen from renewable
i.e. water using sunlight would be perfect solution of the problem. Thus, H2 generation
via photocatalytic water splitting would be a way to go for future energy economy [9].
Fujishima and Honda reportedly, exploited the water splitting reaction for the first time in
1972 [10-13]. Water splitting utilizing semiconductor material is one of the valuable
prospects of sustainable energy reaction [14]. It utilizes sunlight based photon energy to
produce hydrogen from water and there is no emission of dangerous side products [10,
15].

1.1. Semiconductor photocatalysts
To act as a photocatalyst, a material must have the capability to response a photons of
light and utilize it to start a photoreaction. Semiconductors and their electronic properties
assume a fundamental part in any photoreaction [9, 16]. In a semiconductor, valance band
is separated from conduction band by the energy difference, called band gap. In certain
semiconducting materials, upon light exposure, the electron present in valance band can
absorb a photon and jump into higher energy level conduction band. This create an extra
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electrons and holes in the conduction and valence bands respectively, which is important
for beginning the water splitting reactions during the photoreaction [14]. The measure of
the band position is critical for water splitting reaction. For better water splitting results,
conduction band level of semiconductor should exist more negative than the reduction
potential of water (0 V versus NHE) whereas, the position of valance band level must
located more positive than oxidation potential of water (1.23 eV). So, the theoretically
calculated energy required for the photoresponse is equal to ca. 70% of all the photons
coming from solar light [17]. However due to the primary limitations for charge loss
between the water and semiconductor (photocatalyst), higher energy than the band gap is
needed. It has been reported that, to split water, it require minimum energy of ~2.4 eV,
which is similar to ~250 kJ mol-1 or 500 nm that lies in visible spectrum range [18-20].
Figure 1 demonstrates the band gap positions of different semiconductors and their
association with the redox potential.

Figure 1.1 Band gaps assortment of different semiconductor systems and their
association with redox potential suitable for photocatalytic water splitting [9, 21].
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1.2 Thermodynamic perspectives for water splitting
From thermodynamic point of view, band gap of a photocatalyst ought to be sufficiently
wide (>1.23 eV) with proper band position to overcome energy barrier to drive H2O
reduction and oxidation [22]. Also it needs to be sufficient narrow to absorb in wider
wavelength region and readily available spectrum of sunlight. Overall, water splitting
reaction occur on the semiconductor system can be represent as under;
hν ≥ E

bg
SC 
→ e− + h+

−
𝟐𝟐𝟐𝟐𝟐𝟐 𝐎𝐎 + 𝟐𝟐𝟐𝟐−
𝐂𝐂𝐂𝐂 → 𝐇𝐇𝟐𝟐 + 𝟐𝟐𝟐𝟐𝐇𝐇

𝟏𝟏
2𝐎𝐎𝐇𝐇 − + 𝟐𝟐𝟐𝟐+
𝐕𝐕𝐕𝐕 → �𝟐𝟐 𝐎𝐎𝟐𝟐 + 𝐇𝐇𝟐𝟐 𝐎𝐎
hν ≥ E

bg
H 2O 
→ H 2 + 1 O2
2

(1.1)
Eo = 0.0 V

(1.2)

Eo = 1.23 V

(1.3)

ΔG = 237 KJ mol-1

(1.4)

Theoretically, water splitting will be obtained if conduction band of semiconductor lies to
more negative values to the water reduction i.e. Eo (H+/H2) (0.0 V versus NHE), and the
valance band must exist to more positive than oxidation potential i.e. Eo (O2/H2O) (1.23
V sversus NHE) [9, 23]. Thermodynamically it is uphill reaction (see Fig. 1.2)

Figure 1.2 Schematic descriptions of the thermodynamic prospective of photocatalytic
water splitting [24, 25].
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Band edge position can theoretically be determined using following equations [26, 27].
ECB =χ − E e − 1 Eg
2

(1.5)

EVB = ECB + Eg

(1.6)

Where ECB and EVB represents the conduction band and valence band respectively, χ
represents the electronegativity of semiconductor system, indicative geometric mean of
constituent atoms or ions, which usually define first ionization energy and the arithmetic
mean of electron affinity [28].

1.3 Titanium dioxide (TiO2)
Titania has been extensively investigated in the past few decades; this is due to its
potential and positive perspectives in photocatalysis. After the revelation of the
generation of H2 using TiO2 in UV-light, much better reports has been suggested, that
further extended the utilization of titanium dioxide to various new applications [29]. This
is due to its potential properties, strong refractive index, stable crystalline and nonhazardous nature [30, 31]. It has major applications in photocatalysis science and
sunscreens [32]. With various applications, TiO2 extend its use over a broad range of
sizes (from micro to nanometers) [10, 33]. In spite of the fact that these applications
represent the most worldwide utilization, its application in photocatalytic material has
basically emphasized on its stable semiconductor structure and properties [34].

Figure 1.3 H2 production from water splitting reaction at TiO2 photocatalyst [9, 21].

Various reviews have been reported on TiO2 and its applications in different fields,
studied over the years [21, 35-37]. TiO2 absorbs in the UV region (~3.2 eV or ~385 nm)
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and consequently, have insufficient photoresponse to daylight. The valance band
electrons in TiO2 are included full O 2p orbital’s (on an O2-) with the conduction band
involved the Ti3d (on a Ti4+) states. Water splitting reaction using TiO2 photocatalyst is
illustrated in Figure 1.3. TiO2 exhibit the three different morphs; anatase, rutile and
brookite keeping the geometry tetragonal, tetragonal, and orthorhombic, respectively [3840]. Rutile is considered much stable crystalline phase of TiO2, while brookite and
anatase are viewed comparatively less stable that change to rutile when warmed above
650°C or above. Manufacturing of pure brookite phase is quite difficult that’s why less
studied. The band gap energy (Eg) of each phase is barely remarkable with rutile being
3.0 eV, anatase being 3.2 eV and brookite ~3.1 eV [41, 42].
For photocatalytic applications, anatase is thought to be the most dynamic phase,
regardless of the fact that the rutile mostly show band gap (3.0 eV contradicted to 3.2
eV). Considering all with different morphs, six oxygen atoms coordinated with Ti+4
responsible to establish TiO6 octahedral, these octahedral then allocate or distribute their
corners along (001) planes results in tetragonal geometry, see Figure 1.4a, whereas in
rutile phase the octahedral contribute edges with (001) planes give rise to tetragonal
geometry (i.e. Figure 1.4b), similarly in brookite the both corners and the edges mostly
shared and produce orthorhombic geometry (Figure 1.4c) [43-45].

(a) Anatase bulk and (b) unit cell.
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(a) Rutile phase in bulk and (b) its unit cell.

(a) Brookite TiO2 in bulk (b) unit cell.
Figure 1.4 Various crystal phases TiO2 (a) rutile (tetragonal), (b) anatase (tetragonal) and
(c) brookite TiO2 (orthorhombic) [40].
In current work, we have used the commercial TiO2 (Degussa P25 with surface area
50m2g−1). It is actually a mixture of two different phases (anatase and rutile) with the
ratio of 80:20, respectively and is conventionally used as a support in materials used for
photocatalysis [46, 47]. The rutile-anatase heterojunctions are close enough; the excited
e- can flow starting with one phase then onto the next which favors the long lifetime of
the e-/h+. Recent reports and density functional theory (DFT) suggest that the
photogenerated electrons move and migrate from the rutile to anatase phase in P25
mixture, whilst the h+ move in the opposite way [41].

1.4 Drawbacks associated with TiO2
The photocatalytic behavior of titania can be elevated via optimizing crystalline phase,
improving structure morphology and surface area, moderating the chemical and physical
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properties. However, practically there are still some issues in particular related with
photocatalytic H2 generation from water splitting. Some of these are listed below [48-50];
 Large overpotential for H2 evolution at TiO2 surface.
 Rapid recombination of photogenerated charges prior moving to their reaction
sites.
 Rapid thermal back recombination reaction to produce H2O, because splitting of
water is uphill energy demand reaction, so favour backward reaction.
 Due to large band gap, making its limited use of visible light.

1.5 Various approaches to cope with TiO2 problems
Various approaches and attempts have been committed to improve the catalytic activity
of TiO2 semiconductor photocatalysts for water splitting [36]. Most effective approaches
include; noble metal loading, addition of sacrificial reagents as a hole (h+) scavenger and
heterogeneous coupling of semiconductors with appropriate band positions to decrease
the reverse reaction of charges. For further increasing the TiO2 photoactivity, dye
sensitization is also a widely studied approach to extend their photoresponse in visible
light but their effectiveness is limited due to photo-leaching of the dye. It has been
suggested that, loading of most stable transition metals (Pd, Pt, Au, Ag, and Cu) on
semiconductor materials and addition of sacrificial reagents are two most widely
investigated strategies to defeat charge recombination factor. The details of some
approaches used for photocatalytic water splitting are demonstrated here [36, 51-53].

1.5.1 Photocatalyst processing
As mentioned above, the physical and chemical characteristics of a photocatalyst, for
example, crystallinity, phase structure, and surface design, rely upon the preparation
method. Nanomaterials with controlled morphologies, [54, 55] for example, nanosheets,
nanotubes, and nanodiscs are created with the expectation that a specific shape or size
favor the materials with interesting properties. Macro as well as mesoporous TiO2 is
reportedly represented to extend the surface area and enhance light harvesting [33, 56].

1.5.2 Metal loading at the surface of TiO2
The main disadvantage associated with TiO2 utilization is that it gives poor response to
daylight, and poor synergist effectiveness because of recombination of e-/h+ pairs.
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Depositing/loading metal nanoparticles (M- NPs) to the surface of TiO2 can essentially
build and enhance the rate of photocatalytic H2 generation [57, 58]. Sato et al. in the 1980
found that the Pt-TiO2 incredibly improved the photoconversion of water to hydrogen and
oxygen. Various metals, for instance, Pd, Pt, Au, Ag, and Cu have been conventionally
utilized to enhanced H2 generation activities [59, 60].
The fermi level of above metals is lower than the conduction band of TiO2, that’s why
photogenerated electron can transfer effectively to the metal (active sites) [61-63]. At the
metal/semiconductor interfaces; two types of contacts originate; an Ohmic contact and
Schottky barrier. The interface of TiO2 with Au, Pt, Ag, Cu and Pd, a Schottky barrier is
governed where distinction between Fermi level (FE) and conduction band of
semiconductor extended to the area of contact, whereas in case of Ohmic contact, this
contradiction is diminished by the direct contact. By use of Pd, Au, Ag, and Pt as a
cocatalyst, Schottky barrier will help trapping the electrons thus increase the life time of
these reactive electrons and exhibit photocatalytic action [64-67].

1.5.3. Use of sacrificial reagents
One main disadvantage of photocatalytic water splitting is a reverse reaction
(recombination of hydrogen and oxygen). One of the strategy for overcoming this is to
use sacrificial agents which basically react with the O2, removing the probability of
recombination [36, 68]. Such type of reagents are used to vanish one kind of charge
bearers (h+) at significantly higher rate and leaving the others to react with H2O [69].
Commonly used reagents are methanol [70] and ethanol [71, 72] that are also essentially
chosen for current work. Other promising electron suppliers are EDTA [73], CN-[74],
lactic acid [75, 76], Na2S, Na2SO3 [77], S2-/SO32-, Ce4+/Ce3+ [78] and IO-3/I-, Br2/Br- [7982]. Sometimes, carbonate salts, like Na2CO3 and NaHCO3, are also added to the aqueous
solution to suppress the back reaction and increase the hydrogen production [83, 84]. It
has been reported that methanol and ethanol are better choices for water splitting
reactions because they directly quench the holes from the valence band of the TiO2 and
hydroxyl ion is also believed to transfer its electrons directly to semiconductor support
[36]. Electrons (e-) acceptors like Ag+, Fe3+, and Ce4+ can be used to improve the
oxidization of water on the catalyst surface. Electron acceptors reagents consume the
electrons, whereas electron donors reagents consume the holes (see Figure 1.5) and thus
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increase the lifetime of photogenerated electrons, that increase the availability of these
electrons to drive the water splitting reaction on the catalyst surface [85, 86].

Figure 1.5 Role of electron donor and acceptor reagents at TiO2 photocatalyst.
Many studies revealed that for longer chain alcohols, diffusion is restricted due to the
bulkier structure [68, 87, 88] and the competing dehydration in the presence of Pd [89,
90]. In the current research; we used ethanol as sacrificial reagent for photocatalytic
reactions. The overall process of the ethanol oxidation at semiconductor surface can be
described [91, 92]. The use of alcohol as a sacrificial electron donor has great potential
because of the possibility to obtain them from renewable resources and hydrogen is
generated not only from water, it could also be expected from alcohol [93-96].

1.5.4 Structural modification of TiO2
Another or alternative method for extending the photoresponse and activity of TiO2 is by
doping with anions to restrain or limit the bandgap and allowed/permit the excitations by
photon with longer wavelength. Some cases with anion doped TiO2 reported in literature
are N-TiO2 [97], P-TiO2 [98], S-TiO2 [99, 100] and B-TiO2 [101] which have been
assembled by different strategies. Conceivably the best of these dopants has wounded up
being nitrogen as most suitable. This causes the narrowing of band gap, allowing
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photoexcitation in visible region compared to the un-doped TiO2. Li et al. reported the
N-doped TiO2 nanocatalyst with the revealed facets and has a H2 generation rate of 14.75
μmol h-1g-1 [102].

1.5.5. Surface plasmon approach
Surface plasmon resonance depicted total excitation of valence electrons of metal
influencing with the energy of nuclei or positive centers when the repeat of impinging
photons matches native frequencies of these electrons. Surface plasmon impact is
appeared by metals just in their zero oxidation states [103]. SPR strategy can increase the
charge carrier concentration in the metal/semiconductor system and the photocatalytic
reactions on the surface are occurred by these two mechanisms (1) hot electron injection
mechanism (2) energy transfer mechanism (see Figure1.6).

Figure 1.6 Diagrammatic demonstration of SPR phenomenon in the spherical
nanoparticles of metals (Au, Ag, Cu) originate via electric field transferred component of
visible-light [104-106].
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Movement of hot electron from metal to semiconductor (M→SC) happens when
plasmonic metal and semiconductor surface are in absolute in contact; this segment is
equivalent to dye sensitization [107-109]. Near field electromagnetic mechanism or
energy transfer mechanism is operated when plasmonic metal are large enough having
diameter greater than 50 nm in size to produce the powerful local electric field. As a
result, the rate of photogeneration of charges at semiconductor surface increased to some
extent, the photocatalytic performance then build up and enhanced [110-113].
Wavelength of the resonating photon is different for various metals [114, 115].
Metals like Au, Ag, Pd, Pt and Cu exhibit resonance in range of visible light [116],
among these Au and Ag are generally studied as strong plasmonic metals while Pd and Pt
exhibit weak or poor surface plasmon outcome [110]. Cu is also a good SPR metal, but
less stable [117, 118]. Recently Chin and co-workers reported that a SPR maximum is
influenced by Au-NPs size, shape, bonding complement and refractive index of
semiconductor support [119]. In SPR, the photogenerated electrons move from the
deposited metals i.e. Au, Ag nanoparticles to support surface by the compensation of
electron of sacrificial reagents. This illustration specifies that system like, Au/TiO2, or
Ag/TiO2 could potentially work to generate photocatalytic hydrogen. (see figure. 1.7)

Figure 1.7 A diagrammatic representation of the mechanism for H2 generation over
Au/TiO2 in solar or visible-light [107].

1.5.6. Schottky barrier formation approach
It is well known that Schottky barrier built at the surface contact/junction among
deposited metal particle and TiO2 particle surely improves the charge separation [120].
This Schottky barrier is constructed or established via energy difference between noble
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metal and semiconductor support (see Figure 1.7). The height of Schottky barrier (qɸb)
can be explained via following equation [121, 122].

q=
φb qφm − q χ

(1.7)

Where qФm is work function of metal and qX is electron affinity of semiconductor
support. It has been reported that if fermi level of metal lies lower than that of the
conduction band of semiconductor; the electron could easily quenched by deposited
metal [36, 123]. Due to the comparative deference of potentials, the electron transfer
from support to metal active centers increased significantly. Due to different work
functions of deposited metals, the Schottky barrier with different height would appear
during irradiation or photoreaction [122]. This energy barrier difference hold promise one
way dragging of electrons from TiO2 to metal active sites. [16, 124, 125].

Figure 1.8 A mechanism of Schottky barrier formation over Metal/TiO2 photocatalysts,
where M = Pt, Pd, Au, and Ag [14, 24, 48, 105, 126, 127].
It has been demonstrated that, during photoreaction primarily established thermodynamic
equilibrium eliminate and destroy, thus the electrons make continuum flow to active
centers. This Schottky barrier remarkably reduces the overpotential of TiO2 via efficient
charge separation. In most of the studies, the Schottky barrier height has been
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demonstrated comparatively greater for deposited metal with larger work function. In
most of the studies, the reported work functions of few metals like Pd, Pt, Au, Ag and Cu
are 5.2, 5.6, 5.1, 4.26, and 4.65 eV respectively., the work function of TiO2 is 4.2 eV
which is less than work function of above metals. The hydrogen generation efficiencies
or photocatalytic performances of metals like Pt, Au, Pd and Cu, are higher than other
metals; this is due to capability of larger work function of these noble metals [128].
Consequently, metal with larger values of work function can easily promote or transfer
the electron from TiO2 semiconductor system to metal active centers; hence contribute
higher photocatalytic water splitting activities.

1.6. Role of cocatalyst
In photocatalytic water splitting, usually the metal or metal oxide is used as a cocatalyst
in conjunction with semiconducting material. These hydrogen and/or oxygen evolution
cocatalysts perform important role for enhancing, the activity and reliability of
semiconductor-based photocatalyst [116, 129-136]. For example;
•

Cocatalysts could bring down the overpotential and activation barrier for
hydrogen generation on the surface of semiconductor.

•

Cocatalysts are much effective and capable for serving in e-/h+ separation at
cocatalyst/semiconductor interfaces.

•

Formation of a proper contact and junction between metal cocatalyst as well as
semiconductor consider key factor for to promote charge transfer and separation.

•

The correlative energy levels at hetero junctions at interface dictate the overall
charge separation.

•

Photocatalysts having intimate contact between cocatalyst and semiconductor
could deplete charge transfer distance, enhance overall efficiency by inhibiting
bulk recombination

•

Cocatalyst increases the stability and suppresses the photo-corrosion of
semiconductor based photocatalysts.

Numerous features could affect H2 generation ability of cocatalysts especially using
semiconductor-based photocatalysts for water splitting for example, the amount of
cocatalysts, stability and structure and particle size. Figure 1.9 illustrates a volcano type
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volcano-type trend of deposited cocatalyst amount and catalytic activity regardless the
type of photocatalysts. By employing the cocatalyst on to the surface of semiconductor
could consistently enhance photocatalytic activity by separating charge carrier (e-/h+)
during photoreaction.
When loading of metal cocatalyst reaches to optimal value, the system exhibit highest
hydrogen generation activities, but excessive loading of cocatalyst decrease the catalytic
activity due to following features [53, 137-141];
•

Excessive amount of cocatalyst at the semiconductor could block the penetration
of light, and hider the charge generation in system.

•

High or excessive loading amount of cocatalyst could result banned the surface
active sites, hinder the contact of sacrificial reagent or water molecules.

•

Larger particles or agglomeration of cocatalyst lead to vanishing of surface active
centers.

•

Higher loading could increase the surface recombination centers in bulks.

In fact, various investigations demonstrate that high dispersion, smaller size of cocatalyst
lead to remarkable enhanced the catalytic efficiency [28, 139, 142]. Cocatalysts with
core-shell structures play significant role to contribute in achieving overall higher
photocatalytic activity from water splitting [139, 143, 144]. Some stable metal can
improve the efficiency of catalysts [145-149].
The proper design and fabrication of photocatalysts is mandatory for photocatalytic H2
generation [149]. As a cocatalyst, noble metals have been extensively used owing to their
chemical inertness and enhanced activity. It is now well established that certain metals,
for example, Pd, Pt, Au, and Ag can absorbed in visible light due to their unique chemical
nature. In this manner, the deposition or loading of noble metal nanoparticles on TiO2 at
optimal value is considered as an extremely suitable way to extend photocatalytic
response [150-153].
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Figure 1.9 Volcano-type relationship between the cocatalyst amount and the
photocatalytic activity at semiconductor surface [24, 53, 64, 150, 154].
To date, various methods/strategies have been reported to synthesize noble metaldecorated TiO2 including the conventional wet impregnation, photodeposition,
deposition-precipitation and sol-gel methods. Detail study and description of widely
utilized noble metals supported on TiO2 are given below;

1.6.1 Palladium (Pd)
Very recently, we and other have reported that Pd could be best cocatalyst among others
for photocatalytic reaction [155-159]. For example, it has been demonstrated in some
studies that the deposition of palladium at TiO2 (P25) support by means of an incipient
wetness strategy indicated impressive the activity of methanol reforming using visible
light. The simple strategy for manufacturing the palladium deposited photocatalysts i.e.
Pd/TiO2 is photodeposition of palladium (Pd) nanoparticles on TiO2 support. In other
study, Ilive with coworkers used this strategy to prepare Pd/P25 composite using 0.5 and
1.0 (atom%) of palladium [160]. These studies indicate enhanced photocatalytic activities
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for dye degradation under UV-irradation. To further improve, Sayed and his coworkers,
recently introduced N-doped visible light active palladium titania composite [161, 162].
This photocatalyst indicate enhanced hydrogen generation in contrast to a catalyst with
just Pd deposition. To expand the efficiency of the Pd/TiO2 photocatalysts, impressive
improvements have been proposed to rationalize the design to upgrade performance of
photocatalysts. In the recent decades, many attempts have been made particularly to
synthesis Pd/TiO2 core-shell nanomaterials. Recently, Zhang et al., prepared Pd/TiO2
core shell particles via reducing the palladium first, followed by the hydrothermal
treatment after adding the TiF4 precursor [163-165].

1.6.2 Platinum (Pt)
Since with approved reports of H2 generation from water by Honda and Fujishima;
platinum (Pt) has been entwined with titanium dioxide (TiO2) [10]. Many researchers
demonstrated the enhanced photocatalytic activities utilizing Pt on TiO2 nanosheets
specifically with exposed facet (100) [166]. Similarly, Kiwi and his coworkers recently
demonstrated the photolysis approach to generate hydrogen and oxygen on Pt/RuO2/TiO2
composite [167, 168]. From these investigations and many other reports, photocatalytic
generation of H2 by Pt@TiO2 composites has consistently exhibit the increment in
photocatalytic water splitting research [169-171]. Moreover, many researchers utilize the
Pt/TiO2 photocatalyst for many other photocatalytic applications with the advances in
synthesis of materials and controlling the physical and chemical properties [172]. In spite
of the fact that Pt/TiO2 photocatalyst have been preferably used for hydrogen generation
from water splitting or other renewables; there are many significant drawbacks that limit
its use. It is reported in many investigations that, a Pt/TiO2 composite not only catalyze
the production of hydrogen and oxygen from water, but it also favor and catalyze the
back reaction as well [68, 173-175]. Sayama and Arakawa, demonstrated that addition of
alkali metal’s carbonate solution to a Pt/TiO2 system that adequately suppresses the back
reaction, thus enhance generation of H2 efficiency [176]. The addition of carbonate
species can traps the holes by making peroxocabonates which could converted into CO2
and O2, thus favor water splitting. Moreover, iodide solutions also considered being much
beneficial for generation of photocatalytic hydrogen. Many researcher discovered that
addition of iodide can bind to the Pt surface and make an iodine layer which can suppress
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recombination of H2 and O2 at the Pt surface [177]. However, more recently the focus of
reaction system has been on hydrogen generation instead of oxygen evolution, and
consequently generation of hydrogen that could be supplemented by addition of alcohols,
for example, methanol or as a sacrificial reagent or hole acceptor [71, 178].

1.6.3 Gold (Au)
Gold has advantageous characteristics if compared with, platinum and silver [179, 180].
Similar to platinum (Pt), gold (Au) has a high work function, (5.1 to 5.3 eV). Generally
Au/TiO2 composites have higher photoactivity due to better charge separation and the
higher work function of gold. In most of the reports, the photocatalytic efficiency is lower
than the efficiency of both Pd/TiO2 and Pt/TiO2 bases systems [66, 180-182]. Sastre et al.
demonstrate the systematic approach where they compared different noble metal
deposited photocatalysts having fixed and a similar loading on P25 for the photocatalytic
hydrogen generation under solar simulation [158]. More importantly, these Au/P25 based
photocatalysts can also be utilized in visible-light irradiation to promote the
photocatalytic activity [183, 184]. Recently, solid grinded powdered or grinding-derived
Au/TiO2 efficient photocatalysts for solar hydrogen generation from water/methanol
mixture was reported by Marchal Clement et al [69].

1.6.4 Silver (Ag)
Due to its low cost and intense surface plasmon resonance (ISPR) compared to other
noble metals, silver nanoparticles have been extensively utilized as an efficient
composites with TiO2 to enhance photocatalytic activities. Silver nanoparticles with TiO2
have been used generally to prepare composites for photocatalytic degradation of organic
moieties or trace organic molecules [185-189], and many other applications [190, 191].
Albeit silver can't effectively catalyze the H+ ions into hydrogen generation, but due its
higher work function than TiO2 (4.7 and 4.2 eV for Ag and TiO2 respectively), It has
potential and capability to quench the photogenerated electrons from TiO2, thus it can
help to improve the charge separation from the surface of titania and enhanced the
photocatalytic activity. It has been recently reported that, the direct contact between TiO2
and silver is not fundamental to enhance the photocatalytic activity. It would be due to
the role of local electromagnetic field (LSPR) by the Ag [112]. Ag/TiO2 nanocomposites
have been suggested to be very effective and reliable for hydrogen production in sun17

light [192]. In addition, the study of hydrogen production using noble metals and other
cocatalysts at TiO2 is evaluated in Table 1.1
Table 1.1 Reported studies of various cocatalysts loaded at TiO2 for photocatalytic
hydrogen generation.
Photocatalyst

Cocatalyst

Loading method

Light source

Sacrificial
reagent

H2 evolution
µ molg-1h-1

Ref.

TiO2 P25

Au

Precipitation

UV-Vis, 365nm (Hg)

Ethanol

33400

[193]

TiO2

Pt

Precipitation

UV-Vis, 365nm (Hg)

Methanol

17400

[194]

TiO2

Pd

Precipitation

UV-Vis, 365nm (Hg)

Methanol

31300

[194]

TiO2 P25

Ag

Precipitation

UV-Vis, 365nm (Hg)

Ethanol

3074

[193]

TiO2 P25

Pd

Precipitation

UV-Vis, 365nm (Hg)

Ethanol

33800

[195]

TiO2 P25

Pt

Precipitation

UV-Vis, 365nm (Hg)

Ethanol

28500

[195]

TiO2

Cu

Precipitation

365nm (LED)

Et-glycol

3418

[28]

TiO2

Ni

Solvo-thermal

UV-Vis (Xe)

Lactic acid

698

[196]

TiO2

Ni

Precipitation

365nm (LED)

Methanol

3056

[197]

TiO2

Cu

Hyd. thermal

UV-Vis, 365nm (Hg)

Methanol

14940

[198]

TiO2

Ni

Sol-gel

UV-Vis, 365nm (Hg)

Methanol

813

[199]

TiO2

Co

Chem. reduction

UV-Vis (He)

TEOA

1160

[200]

TiO2

Pt

Chem. reduction

UV-Vis (He)

TEOA

3667

[200]

TiO2

Cu

Impregnation

Solar light

Glycerol

99823

[201]

TiO2

Pd

Solgel

UV-Vis, 365nm (Hg)

Methanol

1800

[155]

TiO2

Au

Solgel

UV-Vis, 365nm (Hg)

Methanol

2785

[155]

TiO2

Cu2O

Chem. reduction

UV-Vis, 365nm (Hg)

Methanol

20000

[202]

TiO2

Cu

Photo-reduction

UV-Vis,365nm (Hg)

Methanol

9000

[202]

TiO2

rGO

Hyd. thermal

UV-Vis (Xe)

Methanol

740

[203]

Continue……
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TiO2

rGO-Cu

Photodeposition

UV-Vis, 365nm (Hg)

Methanol

6375

[204]

TiO2

MoS2-rGO

Hyd. thermal

UV-Vis (Xe)

Ethanol

20660

[205]

TiO2

Pt

Chem. reduction

400 W (Hg)

NaI
solution

180

[206]

TiO2

Pt

Precipitation

UV-Vis, 365nm (Hg)

Ethanol

18200

[194]

TiO2 P25

Au

Precipitation

UV-Vis, 365nm (Hg)

Methanol

13500

[207]

TiO2

Pd

Precipitation

UV-Vis, 365nm (Hg)

Ethanol

26400

[194]

TiO2

Au

Precipitation

UV-Vis, 365nm (Hg)

Methanol

17600

[194]

TiO2

Au

Precipitation

UV-Vis, 365nm (Hg)

Ethanol

15100

[194]

TiO2 P25

Au

Precipitation

UV-Vis, 365nm (Hg)

Ethanol

9800

[207]

TiO2 (anatase)

Au

Precipitation

UV-Vis, 365nm (Hg)

Ethanol

8500

[207]

TiO2 P25

Ni

Photoreduction

UV-Vis (Hg)

Methanol

3390

[208]

TiO2 P25

Ni

H2 reduction

UV-Vis, 365nm (Hg)

Ethanol

11600

[209]

TiO2 P25

Pt

Photoreduction

UV-Vis (Hg)

Methanol

20000

[208]

TiO2 P25

Ni

Precipitation

365nm UV-LED

Methanol

3056

[197]

TiO2 P25

Cu

Photoreduction

UV, 365nm (Hg)

Methanol

1748

[210]

1.7 Group II metal oxide promoted TiO2 Photocatalysts
Because of the high oxidation potential, and instability in aqueous solution, alkali and
alkaline earth metals (Group I &II) are mostly exist in oxide form. Group I &II metals
have been frequently utilized for the synthesis of materials like metal-titanates or mixed
metal-oxide composites. For example, potassium oxide (K2O) has been reported as key
constituent of composites utilized in catalytic process [211, 212]. Salinas and his
coworkers recently reported the production of biodiesel at K2O/TiO2 [213], MgO/TiO2
photocatalysts [214-216]. Development of dye-sensitized solar cells for H2 generation
was also considered to contribute higher hydrogen evolution with MgO-TiO2
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photocatalyst [217]. Some reports also hint towards use of CaO combine with TiO2,
where a basic oxide is required for catalytic reaction applications [218, 219].
SrO/TiO2 core-shell nanowires have been recently developed and their catalytic activities
were investigated specifically for dye degradation. This composite was synthesized by
dip coating strategy of TiO2 nanowires by aqueous strontium nitrate solution. The SrO
coating, however, demonstrates no significant SrO peaks by X-ray diffraction which
appeared to be amorphous under given conditions, higher calcination temperature may
result to form strontium titanates rather than strontium oxide [220]. Few recent reports
suggest that the improved catalytic activities prompted by alkaline earth metal oxides
(AEMO) rely upon the increment of TiO2 fermi level. This order was found as TiO2-BaO,
> TiO2-SrO, > TiO2-CaO, > TiO2-MgO [221, 222]. This information forced us to work
further on the exploration of AEMO promoted photocatalysts and to develop new TiO2
based materials for hydrogen production from water.

Figure 1.10 Diagrammatic illustration of electron promotion between Au and TiO2
support (Au/TiO2-AEMO system) [221].
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1.8 Aims and Objectives
The main goal of current research is to increase the photocatalytic performance towards
hydrogen production via loading dual cocatalysts (whereby, a mixture of metal and
AEMO) which could favor to lower, the activation energy barrier for the two half
reactions (reduction as well as oxidation).
hv
→ e− + h+
SC 

H 2O + 2h + → 1 O2 + 2 H +
2
+
−
2 H + 2e → H 2

Our research emphasize the main objectives as follows
1. Development of highly efficient photocatalysts for water splitting.
2. Replacement of highly expensive metals (Pt and Au) bases systems with cheaper
options i.e Pd based photocatalysts.
3. To enhance the efficiency of photocatalysts via alkaline earth metal oxide
promoters.
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Chapter-2

Experimental

2.1 Synthesis of transition metal/TiO2 photocatalysts
In this study, the chemicals used were; P25 (Degussa, Evonik Germany) with a surface
area of ca. 50 m2g-1 including two phases (anatase 80% and rutile 20%), palladium(II)
acetate 99.98% (Sigma-Aldrich CAS Number 3375-313), gold(III) chloride trihydrate
99.9% (Sigma-Aldrich, CAS Number 27988-77-8), platinum(IV) chloride 99.8% (SigmaAldrich, CAS Number 26023-84-7), silver nitrate 99.0% (Sigma-Aldrich, CAS Number
7761-88-8), copper nitrate 99.9% (Sigma-Aldrich, CAS Number 13778-31-9), nickel
nitrate hexahydrate 99.9% (Sigma-Aldrich, CAS Number 13478-00-7), calcium chloride
99.99% (Sigma-Aldrich, CAS Number 10043-52-4), strontium chloride hexahydrate 99%
(Sigma-Aldrich, CAS Number 10025-70-4), barium chloride dihydrate 99.99% (SigmaAldrich, CAS Number 10326-27-9), sodium borohydride 99% (Sigma-Aldrich, CAS
Number 16940-66-2), ethanol absolute 99.8% (Sigma-Aldrich, CAS Number 64-17-5),
and distilled water (99.99%, PAEC PK). All above reagents are of high purity grade, thus
used without further purification.
The efficiency of TiO2 can be effectively improved by a proper selection of metal
nanoparticles (particularly noble metal) on its surface and hole scavenger species like
alcohols as sacrificial agents [36, 223]. Precious metals generally are more stable,
resisting against oxidation, and this property makes them effective catalysts for the
photocatalytic water splitting. In contrast, metals in their oxidized state are expected to be
less active due to loss of metallic photocatalytic properties [89, 224]. In order to check
the comparative behavior under similar conditions, various metals (Pt, Pd, Au, Cu, Ag)
were deposited over P25 (TiO2) and to optimize the nature of metal for further studies.
All the metals were deposited in 1 wt.% on the surface of TiO2. All the photocatalysts
were synthesized by a polyvinyl alcohol (PVA) assisted NaBH4 reduction method. In
typical synthesis, 250 mg of P25 (TiO2 80% anatase + 20% rutile) was transferred into a
three-neck round bottom flask having exact 30 mL of deionized water. This was followed
with continual stirring (for 1h) to obtain homogenous slurry. In a separate beaker,
calculated amount of polyvinyl alcohol (PVA) was dissolved in 15 ml deionized and
double distilled water at 100°C, followed by drop wise addition of calculated amount of
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respective metal salt solution (metal/PVA ratio = 1:2) over a period of 30 min and stirred
further for 1 h. The corresponding metal salt solution was then mixed dropwise to above
mentioned titania (P25) slurry. The encapsulated ions of corresponding metal in PVA
surfactant, were then reduced with cold sodium borohydride solution by keeping
metal/NaBH4 = 1:10 ratio. After reducing the metal ions with NaBH4, the resulting
solution was again stirred and fixed for further 3 h. and the precipitates were filtered
using vacuum assembly. After washing several times with double distilled and deionized
water, the precipitates were dried in an oven at 80°C for 12 h. Finally, the product MNPs/P25 was obtained by calcination the material (composites) at 350°C for 5 h. The
same procedure was followed for the synthesis of all as-prepared different photocatalysts
with 1 wt.% overall loading mentioned in Table 2.1 (Scheme 2.1) and evaluated for
hydrogen generation from water ethanol mixture using UV-light (100 W, 365 nm Hg
lamp).

Scheme 2.1 A schematic representation of stepwise synthesis of various M-NPs/P25
photocatalysts. Overall 1 wt.% loading was fixed for each metal over P25.
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Table 2.1 List of various transition metal deposited TiO2 photocatalysts and their
hydrogen production activities.
Sr. No

Photocatalysts

Water/ethanol
(ratio)

H2 generation
(mmol h−1g−1

1

1% Pd-PVA/P25

95:5

20.61

2

1% Pt-PVA/P25

95:5

17.92

3

1% Au-PVA/P25

95:5

13.92

4

1% Ag-PVA/P25

95:5

1.24

5

1% Cu-PVA/P25

95:5

5.0

6

1% Ni-PVA/P25

95:5

061

Catalyst amount = 5mg, irradiation source = UV-light (100W, 365 nm Hg-lamp

Because, the palladium (Pd) deposited TiO2 photocatalyst was found most active under
similar conditions in all the synthesized catalysts, further studies were carried out with Pd
metal based photocatalysts. In order to optimize the percentage loading of the metal,
different wt.% Pd supported titania-based photocatalysts were synthesized for the
evaluation of hydrogen generation activities. To synthesize these catalysts, same
procedure mentioned earlier (Scheme 2.1) was adopted except different percentages of Pd
solutions were used to load (0.5 %, 1 %, 1.5 % and 2 %) Pd over titania surface (table
2.2).
Table 2.2 List of palladium deposited (different wt. %) TiO2 based photocatalysts and
their hydrogen production activities.

TiO2 P25 Pure

Water/ethanol
(ratio)
95:5

H2 generation
(mmol h−1g−1
0.25

2

0.5% Pd-PVA/P25

95:5

11.32

3

1% Pd-PVA/P25

95:5

20.26

4

1.5% Pd-PVA/P25

95:5

18.80

5

2% Pd-PVA/P25

95:5

17.81

Sr. No

photocatalysts

1

Catalyst amount = 5 mg, irradiation source = UV-light (100 W, 365 nm)
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2.2 Synthesis of alkaline earth metal oxide promoted photocatalysts
In this study, we have studied the effect of selected alkaline earth metals; Ca, Sr and Ba
on the activity of Pd/TiO2 based photocatalysts. We decorated TiO2 (P25) surface with
Pd/SrO, Pd/BaO, Pd/CaO and Ag/SrO nanoparticles through a surfactant free in-situ
reduction method using sodium borohydride as a reducing agent. Following
photocatalysts series were synthesized with different wt.% of Pd and alkaline metals and
evaluated further for hydrogen generation reaction.
1. Pd-SrO/TiO2
2. Pd-BaO/TiO2
3. Pd-CaO/TiO2
4. Ag-SrO/TiO2

2.2.1 Synthesis of titania supported palladium/strontium nanoparticles
(Pd/Sr-NPs@P25) photocatalysts
For the preparation of Pd/Sr-NPs@P25 photocatalysts, titanium dioxide (P25 Degussa)
was used as the support. Most of the synthesized catalysts are monometallic and
bimetallic composites of the above metals. Photocatalysts were prepared and tuned with
different ratios of metal concentrations. For the preparation of the Pd-Sr series of
photocatalysts, typically 100 mg of P25 (Degussa) was dispersed in 25 mL of distilled
water (note: the distilled water was also purged with the high purity N2 for 15 min to
minimize the dissolved oxygen contents) to make a homogeneous slurry/solution in a 250
mL 2-neck round-bottom flask, and then the solution was left under stirring for ~ 3 h.
After that, the specified amounts of palladium acetate and strontium chloride solution
were added dropwise into the flask with vigorous stirring to give the desired metal
loading. After that, a 50 mL solution of NaBH4 (10 mg) was added dropwise to reduce
the above dispersed metal under continuous stirring at room temperature. The solution
was sonicated for 20 min, and then the catalyst was collected by filtration. This was
followed by the washing with distilled water until the silver nitrate test no longer showed
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the presence of residual chloride ions. The products were filtered and washed several
times with double-distilled water and dried at 80°C. Finally, the Pd/Sr- NPs@P25
photocatalysts were calcined and activated at 310°C with heating rate of 3°C min-1 in air
atmosphere for 2 h and labeled as Pd1.8-Sr0.2@P25, Pd1.4-Sr0.6@P25, Pd0.8-Sr1.2@P25,
Pd0.4-Sr1.6@P25, Pd0.2-Sr1.8@P25, and Pd2@P25. The subscripts indicate the nominal
wt.% loading of each metal. A schematic representation of synthetic protocol is
mentioned in scheme 2.2. A list of all the synthesized catalysts in this series is given in
table 2.3.

Scheme 2.2 A schematic representation of stepwise synthesis of Pdx/Sry-NPs@P25
photocatalysts.
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Table 2.3 A list of as-prepared Pd/Sr-NPs@P25 photocatalysts with different wt.% of
Pd/Sr.

Sr. No

Photocatalyst

Pd/Sr
(wt.% ratio)

1

Pd0.2-Sr1.8@P25

0.2 : 1.8

2

Pd0.4-Sr1.6@P25

0.4 : 1.6

3

Pd0.8-Sr1.2@P25

0.8 : 1.2

4

Pd1.4-Sr0.6@P25

1.4 : 0.6

5

Pd1.8-Sr0.2@P25

1.8 : 0.2

6

Pd1.8@P25

1.8 : 0

7

Pd2@P25

2 : 00

8

Pd0.2@P25

0.2 : 00

2.2.2 Synthesis of titania supported palladium/barium nanoparticles
(Pd/Ba-NPs/P25) photocatalysts
For the synthesis of Pd-BaO/TiO2 photocatalysts, titanium dioxide (P25 Degussa) was
used as the support. For the preparation of the Pd/BaO series of photocatalysts, typically
150 mg of TiO2 (P25) was dispersed in 35 mL of distilled water to make a uniform and
homogeneous slurry in a 250 mL three-neck round-bottom flask and solution was
continuously stirred for ~ 3h, (the distilled water was also purged with high purity argon
(Ar) for 20 minutes to reduce the dissolved O2 contents before use).
After that, required amounts of barium chloride and palladium acetate solutions were
introduced dropwise into the above TiO2 slurry with continuous stirring to give the
desired metal loadings. The mixture was stirred for further 3 h to attain maximum
saturation. Palladium metal nanoparticles were reduced by dropwise addition of freshly
prepared sodium borohydride solution (metal/NaBH4, mol/mol = 1/10) under vigorous
stirring. After in-situ reduction, this solution was sonicated for 30 min, and then the
product was collected by filtration. This was trailed by several times rinsing with distilled
water; until the AgNO3 test assured no longer existence of residual chloride ions,
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similarly dry heating test was conducted to ensure the absence of the residual acetate
ions. Finally the product was washed and dried at 80°C. The Pd-BaO/TiO2 photocatalysts
were calcined at 310°C for ~ 3h at a heating rate of 5°C min−1 in air. The nominal weight
percentages of Pd and Ba in the photocatalysts were labeled as Pd1.8-Ba0.2/P25, Pd1.4Ba0.6/P25, Pd1-Ba1/P25, Pd0.6-Ba1.4/P25, Pd0.2-Ba1.8/P25, Pd1.8/P25 and Pd2/P25 with
overall 2 wt.% loading. The subscripts in all photocatalysts demonstrate the nominal
wt.% loading of each metal deposited on the P25 support. A list of all the synthesized
catalyst in this series is given in table 2.4.
Table 2.4 A list of as-prepared Pd/Ba-NPs@P25 photocatalysts with different wt.% of Pd
and Ba.

Sr. No

Photocatalyst

Pd/Ba
(wt.% ratio)

1

TiO2 (P25)

00 : 00

2

Pd0.2/P25

0.2 : 00

3

Pd0.2-Ba1.8/P25

0.2 : 1.8

4

Pd0.6-Ba1.4/P25

0.6 : 1.4

5

Pd1-Ba1/P25

1.0 : 1.0

6

Pd1.4-Ba0.6/P25

1.4 : 0.6

7

Pd1.8-Ba0.2/P25

1.8 : 0.2

8

Pd1.8/P25

1.8 : 00

9

Pd2/P25

2.0 : 00

2.2.3 Synthesis of titania supported palladium/calcium nanoparticles
(Pd/Ca-NPs/P25) photocatalysts
For the synthesis of Pd-CaO/TiO2 photocatalysts, TiO2 (P25) was used as a
semiconductor support. For the preparation of Pd/CaO photocatalysts, normally one
hundred fifty mg (150 mg) of P25 was dispersed in 35 mL in distilled water in imitation
of perform a uniform and identical slurry in a 250 mL three-neck round-bottom flask and
leave this slurry at stirring consistently for ~ 2h, (note; the distilled water used to be also
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purged with excessive pure argon (Ar) for 20 minutes to limit the dissolved O2 contents
before use). After that, required quantities of calcium chloride and palladium acetate
solutions have been delivered dropwise among over the P25 slurry to give the desired
metal loadings. The mixture (slurry) was kept stirring for further three 1 h to reach most
saturation. Palladium metal ions was reduced by using dropwise addition of freshly
prepared sodium borohydride solution (metal/NaBH4, mol/mol = 1/10) under continuous
stirring.
After in-situ reduction, this solution was once sonicated for 30 min, and afterward the
product was collected through filtration. This was once trailed by a number of times
rinsing with distilled water; till the AgNO3 test confirm the no longer entity regarding
chloride ions. Finally the manufacture product was dried at 90°C till overnight. The PdCaO/TiO2 photocatalysts had been calcined at 310°C for ~ 3h at a heating rate of 5°C
min−1 in air. The nominal loading percentages of Pd and Ca at the photocatalysts were
labeled as like Pd0.5-Ca1.5/P25, Pd1.0-Ca1.0/P25, Pd1.5-Ca0.5/P25, and Pd2.0/P25 keeping 2
wt.% overall loading. The self-styled subscripts between every photocatalysts reveal the
nominal wt.% loading of each metal deposited on the P25 support. A list of all the
synthesized catalyst in this series is given in Table 2.5.
Table 2.5 A list of as-prepared Pd/Ca-NPs@P25 photocatalysts with different wt.% of Pd
and Ca.

Sr. No

Photocatalyst

Pd/Ca
(wt.% ratio)

1

TiO2 (P25)

00 : 00

2

Pd0.5-Ca1.5/P25

0.5 : 1.5

3

Pd1.0-Ca1.0/P25

1.0 : 1.0

4

Pd1.5-Ca0.5/P25

1.5 : 0.5

5

Pd2.0/P25

2.0 : 00
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2.2.4 Synthesis of titania supported silver/strontium nanoparticles
(Ag/Sr-NPs/P25) photocatalysts
For the synthesis concerning Ag-Sr/TiO2 photocatalysts, TiO2 (P25) was used as a
semiconductor support. Typically 200 mg of P25 was dispersed into 40 mL distilled
water to make TiO2 slurry in a 250 mL three-neck round-bottom flask and stirred
continuously for ~ 2h, After that, required amount of silver chloride salt and strontium
chloride solution have been added dropwise into the above P25 slurry. The mixture
having silver and strontium ions were set at further stirring for 3h. The metal ions were
in-situ reduced by adding sodium borohydride solution dropwise (metal/NaBH4, mol to
mol = 1/10) with continuous stirring. This solution was sonicated for 30 min, and then the
product was collected through filtration. This was completed by three times rinsing
precipitates with distilled water; till the AgNO3 confirm the no longer entity regarding
chloride ions. Finally the product was dried at 90°C till overnight. The Ag-Sr/TiO2
photocatalysts had been calcined at 350°C for ~ 3h at a heating rate of 10°C min−1 in air.
The nominal loading percentages of silver and strontium are labeled as; Ag2.0-Sr0.5/P25,
Ag1.5-Sr1.0/P25, Ag1.0-Sr1.5/P25, Ag0.5-Sr2.0/P25, Ag2.5/P25 keeping the overall 2.5 wt.%
metal loading. The subscripts represent the nominal wt.% loading of each metal deposited
on the P25 support. A list of all synthesized catalyst in this series is given in Table 2.6.
Table 2.6 A list of as-prepared Ag/Sr-NPs@P25 photocatalysts with different wt.% of
Ag and Sr.

Sr. No

Photocatalyst

Ag/Sr
(wt.% ratio)

1

TiO2 (P25)

00 : 00

2

Ag2.5/P25

2.5 : 00

3

Ag2.0-Sr0.5/P25

2.0 : 0.5

4

Ag1.5-Sr1.0/P25

1.5 : 1.0

5

Ag1.0-Sr1.5/P25

1.0 : 1.5

6

Ag0.5-Sr2.0/P25

0.5 : 2.0
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2.3 Hydrogen generation experiments
For photocatalytic hydrogen generation reaction, the photoreactions of all photocatalysts
were carried out in a Pyrex reactor (140 mL) using UV lamp (100 W, 365 nm).
Photocatalyst’s amount (5.0 mg) was dispersed in the reactor containing 25 mL water
ethanol mixture (ethanol 5% and water 95%). Prior to start the photoreaction, and
photocatalytic experiment, the reaction mixture in the reactor was persistently bubbled
with high purity nitrogen for 30 min to remove head space and dissolved oxygen contents
in the reactor.

Figure 2.1 Experimental set up for photoreaction (hydrogen evolution measurements).
Where, Carrier gas = N2, Column = molecular sieve, Detector = TCD, Sample syringe =
0.5 mL, Reactor (Quartz) = 140 mL, Lamp = 100 W (Hg) UV-365 nm.
For the UV-light, a Spectroline 100P/F-lamp (100 W, 365 nm) was adjusted at the 10 cm
distance to irradiate the photocatalyst. During photoreaction, the photon flux measured
was ca. 6.5 mW cm-2 that is comparable to the UV-flux in day-light. Hydrogen (H2)
evolution rate was monitored by taking head space gas from the reactor (0.5 mL syringe)
31

at different time intervals and injecting the syringe into the sample holder of the gas
chromatograph (Shimadzu 2014) provide or equipped with TCD detector and molecular
sieve capillary column (see figure 2.1).
H2 generation during photoreaction was calibrated against an internal calibration curve
standardized with pure hydrogen. The discovered photocatalytic activity for each sample
was repeated two times to confirm the activity. Under similar conditions, the rate of
hydrogen generation was calculated in units such as mmol g−1 as well as mmolg−1h−1 to
enable comparison between different M-NPs@P25 photocatalysts.

2.4 Characterization of synthesized photocatalysts
Various characterization techniques were used to determine the shape, size, phase,
structure, surface morphology and maximum absorption wavelength of as-prepared
material. These are described here:
1. Powder X-ray diffraction (PXRD)
2. UV-vis DRS (diffuse reflectance spectroscopy)
3. Raman spectroscopy (RS)
4. Photoluminescence (PL)
5. Transmission electron microscopy (TEM)
6. X-ray photon spectroscopy (XPS)
The detail of condition specifications and instrumental setup of these characterization
techniques is given below;

2.4.1 Powder X-ray diffraction (PXRD)
The powdered XRD patterns were determined using instrument, Siemens D5000
diffractometer, provided with curved graphite filter monochromator. The X-ray source is
Cu Kα (λ = 1.5418 Å, 40 mA, 40 kV). The 2θ range is from 20° to 70° (step 0.05°, scan
rate 2° min−1). Phase crystallite size (τ) was obtained via Scherrer formula where τ = 0.9
λ (at 2 cos θ) and rutile line width (110) reflection at 2θ of 27.4°, whereas for anatase
(101) phase reflection measured at 25.3° respectively.
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Principle: X-ray crystallography embraces the structural characterization of any
crystalline materials by means of X-ray energy source. When a wave with a length wave
of the same dimension of a slit passes through a slit, each point of the slit behaves as a
source of secondary waves. These secondary waves interfere with each other and
consider the Bragg's diffraction. It is basic and primary approach used mostly for the
identification and characterization of nanomaterials depending on their diffraction
patterns to evaluate their structural phases. A powder material of sample to be analyzed is
injected in sampler and illuminated with X-rays of constant wavelength. The intensity of
the reflected radiations is recorded using a goniometer. Finally the data is then examined
for the reflection angle to calculate the inter-atomic spacing Bragg’s law;
n.λ = 2d Sin θ. (2.1) Where,
λ = wavelength (incident X-ray)
d = Interplaner spacing of crystal
θ = angle existing between X-ray and the lattice plane
n = an integer

Figure 2.2 Diagrammatic representation of Bragg’s law

2.4.2 UV-vis diffused reflectance spectroscopy (UV-vis DRS)
UV-vis Diffused reflectance spectroscopy (UV−vis DRS) absorbance spectra of the
powder were collected over the wavelength range of 200−900 nm on a Thermo Fisher
Scientific UV−vis spectrophotometer equipped with diffuse reflectance accessory, Its
integrating sphere has 60 maternal diameter. The base-line correction was performed with
BaSO4 as the reference.
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Principle: Diffuse reflectance spectroscopy is a well-known scientific technique which
has to be applied in order to obtain the absorption spectrum of a particulate solid state or
powder material in the UV and visible. DRS study is performed for powder sample and is
corresponding to UV-Visible spectroscopy. In both these techniques, visible light is the
source to excite valence electrons to the empty orbitals. Mainly difference is, in the
UV-vis spectroscopy one can measure the relative change of the transmittance when
it passes through a solution, whereas in DRS we can measure the relative amount of
reflected or scattered light at the solid surface.

2.4.3 Raman spectroscopy
Raman spectroscopy has become important as an analytical technique in various
scientific areas of research and material development. Raman spectroscopy analysis was
carried out on a StellarNet Raman-HR Spectrometer. The excitation wavelength was 785
nm with a power of ca. 3 mW on the sample. The scanning range was kept between 200
cm−1 and 1000 cm−1 in air, and the resolution was ca. 4 cm−1. To obtain comparable data,
all the solid samples were measured in the same glass vial at room temperature.

Principle: In scientific way, Raman spectroscopy is actually a scattering technique. Its
main perspective is Raman Effect, where the frequency of a small fraction of scattered
light is different from the monochromatic incident light. This fundamental is due to the
inelastic scattering of the incident light or radiation when interact with vibrating
molecules.

2.4.4 Steady state photoluminescence (PL)
Steady-state photoluminescence of materials were obtained with the FT/300 spectrometer
(PicoQuant-DmbH, Germany/2010). The photoluminescence was measured following
pulsed LED laser excitation PLs-300, and centered at 305 nm with ~ 416 PS/FWHM
using pulse energy of 0.077pJ. The photoluminescence curves were built-in using Easy
Tau and FluoFit software. All samples were by dispersing the specified powder in ethanol
to make homogenous slurry. The fine layer of slurry was then deposited over glass slides
and dried at 60°C for 30 min.
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2.4.5 Transmission electron microscopy (TEM)
TEM analysis was performed using a Philips CM12/STEM electron microscope, PW
6030 (120 kV). Prior to analysis minimal amount of photocatalysts were suspended in
ethanol solvent followed by ultrasonic dispersion and subsequent immobilization onto the
copper measurement grids of 2mm diameter. For TEM analysis, standard grade copper
grids (Agar Scientific) were used for all samples.

Principle: In transmission electron microscopy (TEM), source for illumination is a
beam of high velocity electrons that are accelerated under vacuum and focused by
condenser lenses. Instead of glass lenses, electromagnetic lenses are used to focus
incident electrons into a thin beam, this beam then travels through the specimen where
we generate TEM microgram.

2.4.6 X-ray photon spectroscopy (XPS)
XPS analysis were performed at Kratos Axis UltraDLD having hemispherical electron
analyzer and chamber at base pressure ~ 1 × 10−9 Torr. Samples were excited with Al Kα
X-ray (1486.69 eV) operating at 150 W. For collecting data, samples were gently pressed
into thin pellets of ~ 0.1 mm thickness. The survey scans were obtained with the pass
energy of ~ 80 eV at 1200−0 eV binding energy range. The core level scans were
measured at 20 eV (pass energy). The obtained data (spectra) were calibrated against the
C1s signal at 285.0 eV.

Principle: X-ray photon spectroscopy uses X-ray source (1.5 kV, AlKa) to ionize the electrons
from the surface of solid or powder material. XPS is regarded as a quantitative
spectroscopic technique; which mostly analyze the surface chemistry of sample and could
measure up to depth of approximately 5 nm. Using this technique we can measure the
atomic concentrations, elemental compositions and the elemental states of the elements
present at samples surfaces.
XPS uses the same photoelectron principle to study materials. The minimum energy
needed for a photon to kick out an electron is,
hf = BE + F

(2.2)
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Where hf = Energy of photon
BE = binding energys
F = the work function.
The work function is the energy (eV) required to kick out an electron to the material
surface level. Therefore the Kinetic Energy of the kicked out electron will be:
KE = hf - BE - F (2.3)

Figure 2.3 Graphical representation of the photoelectron effect
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Chapter-3

Results, Discussion and Conclusions

3.1 Study of different transition metal nanoparticles loaded
over TiO2 (P25) support
3.1.1 Powder XRD results
Figure 3.1 demonstrate the powder XRD results of various 1 % loaded transition metal
catalysts. The results revealed that powder XRD pattern is similar to XRD pattern of pure
TiO2 (P25), which exhibits strong diffraction peaks of anatase and rutle phase of TiO2.

Figure 3.1 XRD Spectra of various photocatalysts represented as 1% Pt@P25, 1%
Pd@P25, 1% Ag@P25, 1% Cu@P25, 1% Ni@P25 and Pure P25 (TiO2) support.
The XRD pattern observed at 2θ with the 25.2°, 37.7°,48.1°, 53.9° and 55.1° relates to
the (101), (004), (200), (105) and (211) respectively, and are due to the characteristics
crystal planes of anatase of titania (P25) respectively [225] with minor XRD peaks
observed at 27.4° and 41.2° assigned to the (110) and (200) pattern plane of rutile phase
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of P25. Diffraction patterns of metals are not detected; this is due to low metal loading at
surface of TiO2 (P25) support (overall 1% metal loading) in all as-synthesised
photocatalyst in this initial work. These photocatalysts are represented as 1% Pt@P25,
1% Pd@P25, 1% Au@P25, 1% Ag@P25, 1% Cu@P25, 1% Ni@P25. It has been widely
accepted that, in the study of P25, The PXRD detection limit is above 5 wt.% metal
deposition.

3.1.2 Diffuse reflectance spectroscopy (DRS) studies
The light absorption capacity of synthesized photocatalysts was checked via UVVis/DRS studies. The pure titanium dioxide exhibit a strong absorption band below 400
nm assigned to a band gap 3.2 eV of pure P25 support. Solid state UV-vis DRS spectra
of metal nanoparticles supported at TiO2 P25 (M-NPs/P25) photocatalysts are shown in
Figure 3.2 (a) and (b). M-NPs/P25, absorbs strongly in visible region as compared to
pure P25, this is due to existence SPR phenomenon. Surface plasmon resonance
characteristics appear mostly metals like, Au, Ag, and Cu in their zero-oxidation states.
Due to existence of SPR, Cu metal absorbs in the 400-800 nm wavelengths, and the
absorption attributed between 400 and 600 nm is of Cu+1. Similarly depending upon the
support, Cu+2 mostly show the absorbance at 600-800 nm. This absorption could be
appear mostly due to Cu+2 d-d transitions [226].
Au, Pt and Pd exhibit strong absorbance in 550-600 nm, 400-800 nm and 400-560 nm
respectively. Figure 3.2b illustrate the solid state UV-visible spectra of only titania
supported (Pd@P25), photocatalysts and were prepared by depositing different wt.% of
palladium metal at P25 support. All the UV-vis DRS results of as-prepared different
photocatalysts are accordance with photocatalytic activities. The figure 3.2b clearly
indicates that the absorbance increases with increase the palladium (Pd) contents in the
photocatalyst. It has been demonstrated in many studies that, the absorbance in visible
region depends upon the particle size; shape and its extent of dispersion at the support.
With increasing the metal contents or at excessive loading, the particle size increases
and hence absorption also increases (Figure 3.2).
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Figure 3.2 (a) UV-vis DRS Spectra of 1 wt.% M@P25, where M = Au, Pd, Pt and Cu
photocatalysts; (b) UV-vis (DRS) spectra of pure P25 and, different concentrations of
palladium (i.e. 0.5 %, 1 %, 1.5% and 2 % overall) at P25 support.

3.1.3 Transmission electron microscopy (TEM) study
For transmission electron micrographs i.e. TEM images were taken to predict and
demonstrate the surface morphology and the particle size estimation of as-synthesized
photocatalytic material. Figure 3.3 demonstrate the TEM image of overall 1% Pd
deposited at TiO2 (P25) prepared via NaBH4 chemical reduction method. In the images,
the particles with larger diameters are of P25 particles whereas smaller particles are of
loaded palladium (Pd) metal nanoparticles. It has been observed that by reducing the
metal ions with NaBH4 in the absence of surfactant, the metal particles agglomerate at the
support rather than finally dispersed on the surface.
To overcome the agglomeration, the surfactant PVA is used as capping agent for metal
particles to prevent or stop the agglomeration when insitu-reduction of the metal ions at
P25 (TiO2) support. The surfactant PVA uses their polar part to protect metals from
agglomeration. Due to PVA, the deposited particles are finely dispersed at P25 support. It
has been observed; highly dispersed Pd metal nanoparticles are found in 5-7 nanometer
range and can be clearly identify from these images, see Figure 3.3.
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Figure 3.3 TEM images corresponding to 1% Pd-NPs@P25, The particle size ranges are
about 2-6 nm in all as-prepared photocatalysts. The particle size ranges are about 5-7 nm
estimated.

3.1.4 Photocatalytic activities
The hydrogen generation or photocatalytic activities of 1% Pt/P25, 1% Pd/P25, 1%
Au/P25 and 1% Cu/P25 are indicated in Figure 3.4. It has been observed that titania
supported Pd metal based photocatalyst has highest hydrogen generation followed by Pt,
Au, Cu, Ni, whereas, Ag is least active out of all. In this study 1 wt.% amount of various
metals deposition is fixed in this initial study, the main focus of this preliminary study
was to explore the most active metal for H2 generation.
The H2 generation activity depends upon the work function and its dispersion on the
support. The reported work function of various metal is [67];
Pt = 5.71 eV, Pd = 5.55, Au = 5.3 eV, Ag = 5.1 Cu = 4.96 eV, and for TiO2 is 4.2 eV
It has been theoretically predicted that, the height of Schottky barrier will be larger at
metal/P25 interfaces if there is larger difference of the work function between metal and
P25 support. General activity order as found in literature is;
Pt-P25 > Pd-P25 > Au-P25 > Cu-P25 > Ni-P25 > Ag-P25
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But in this study, the reactivity order that we found with 1 wt.% metal loading is;
Pd/P25 > Pt/P25 > Au/P25 > Cu/P25 > Ag/P25
It has been observed that, the formation of Schottky barrier is crucial to contribute
higher photocatalytic activities; the metal which could form an optimized barrier height
(like Pd in this study) will be more active at the same conditions and parameters.

Figure 3.4 Comparison of hydrogen generation activities of various 1% M@P25
photocatalysts where M = Pd, Pt, Au, Cu, Ni and Ag with overall 1% metal loading.
It has been observed attentively, palladium exhibit higher activity as compared to
platinum, gold specifically for hydrogen generation from water splitting, because the
density of the states in the vicinity of fermi level is comparatively higher for palladium
than platinum with the difference of 0.2 eV [227]. The other reason is that, the Pd metal
also has lower electronic affinity, hence higher electron promoting capability, so it enable
more facile electron available for water reduction [228]. The bar graph in Figure 3.4
illustrates that out of all investigated metals, the Pd metal exhibit highest hydrogen
generation rate i.e. 20.29 mmol g−1h−1.
Moreover, in order to sort-out the loading amount of the palladium cocatalyst, the
photocatalysts were prepared with different amount (0.5 to 2%) of palladium at P25
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support. It has been noted that, 1% amount of palladium metal loading gives higher
photocatalytic activity. Figure 3.5 shows hydrogen production with different wt.%
loading amounts of Pd cocatalyst at P25.

Figure 3.5 Comparison of H2 generation activities of 0.5% Pd@P25, 1%Pd@P25,
1.5%Pd@P25 and 2%Pd@P25 photocatalysts using 5 % ethanol water mixture.

3.1.5 Hydrogen production mechanism
Both the TEM and the UV-Vis DRS results strongly confirm the presence and role of
metal nano particles at P25 support. As we know P25 (having anatase, major crystal
phase of TiO2) has an optical band gap of 3.15 eV which lies in UV-region and it need
radiation having photon energy greater than 3.2 eV whereas rutile has band gap 3.1 eV
and it need photon of less energy as compared to anatase, so it extend absorption
approximately up 410 nm. During photoreaction or UV-irradiation, valence band’s
electrons in TiO2 are transferred to the conduction band, where these photo generated
electrons are scavenged by deposited metal nano particles (metal sinks active sites).
These electrons when transferred to metal center from the conduction band level of P25
semiconductor, they shift fermi level to the more negative value (0.09 eV to 0.0.2 eV). It
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has been reported in many studies that, a negative shift in the fermi level is an indication
of better charge separation with more reductive power. Fermi level of TiO2 (P25) lies
above compared to the deposited noble metals i.e. Pd, Pt, Au, Ag and Cu. In
photoreaction, the Schottky barrier allows the migration of electrons from P25 support to
metal active sites [14, 122]. Throughout under UV radiation, the fermi level of titania
support shifts to make a new quasi fermi level, this is due to shifting of the photo-induced
electrons at active surfaces [16]. Meanwhile, the thermodynamic state for electron
transfer eradicates and allows the more facile electrons to the metal where they can react
to produce hydrogen (see Figure.3.6). The photoinduced holes are then free to diffuse to
the surface of P25 where they consumed with the electrons by the sacrificial agent (i.e.
methanol or ethanol) [14, 16].

Figure 3.6 Hydrogen production mechanism over P25 supported 1% metal (where metal
= Pt, Pd, Au, Ag and Cu. Sacrificial reagent amount was fixed 5 vol% ethanol. All
photoreaction were carried out at room temperature using UV-light (365 Hg, 100 W).
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3.1.6 Conclusions
Various metal nanoparticles were deposited over titania i.e. P25 by PVA assisted NaBH4
chemical reduction. Metal with best performing photocatalytic activity results for
photocatalytic water splitting was optimized, and it was found that Pd deposited over P25
exhibit the highest H2 generation activity as compared to Pt, Au, Cu, Ni, and Ag. The
reason behind higher activity of Pd is that, the density of states of the fermi level is higher
for palladium than for Pt or other corresponding above mention metals. The Pd metal also
exhibit lower electron affinity that’s why the electron trapping and transfer is higher in
case of Pd as compared to other metals. All hydrogen generation experiments and
activities for evaluation of all photocatalysts were measured on gas chromatograph (GCTCD, Shimadzu 2014) using 5 % ethanol as a sacrificial reagent and Hg-lamp for UVirradiation. For the further investigation, the active photocatalyst were characterized
with PXRD, UV-vis DRS, and TEM. To further enhance the photocatalytic activities
palladium metal was suggested and selected.

3.2 Study of Alkaline Earth Metal Oxide (AEMO) Promoted
Photocatalysts
3.2.1 H2 production over titania supported palladium/strontium
nanoparticles (Pd/Sr-NPs@P25) photocatalysts
3.2.1.1 Powder XRD studies
The powder XRD pattern of pure P25 and as-synthesized photocatalysts i.e. Pd1.8Sr0.2@P25, Pd1.4-Sr0.6@P25, Pd1.0-Sr1.0@P25, Pd0.6-Sr1.4@P25, and Pd0.2-Sr1.8@P25 is
shown in Figure 3.8. The XRD pattern for all as-prepared photocatalysts is dominated by
peaks of anatase and rutile (typical components of the P25 support). No deformation of
TiO2 crystal lattice by Pd−Sr deposition occurred. The absence of any obvious change in
the diffraction peak positions of anatase and rutile suggests that neither is the deposited
strontium and palladium incorporated into the TiO2 lattice nor is there any phase
transition from anatase to rutile or vice versa (see Figure 3.7). The anatase and rutile
crystallite sizes were determined to be ~20 nm and ~26 nm, respectively, this was
calculated by using powder XRD data and Scherrer equation and line widths of the
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anatase (101) reflection at 2θ = 25.3° and rutile (110) reflection at 2θ = 27.4°. These sizes
of anatase and rutile are typical of P25. Moreover, neither the characteristic peaks of SrO
nor that of Pd was found, which can be ascribed due to the low metal loading and high
dispersion of metal on the surface of TiO2.

Figure 3.7 Powder XRD pattern of pure P25, Pd0.2-Sr1.8@P25, Pd0.6-Sr1.4@P25, Pd1.0Sr1.0@P25, Pd1.4-Sr0.6@P25and Pd1.8-Sr0.2@P25 (calcined at 310°C). Characteristic
anatase and rutile peaks are labeled A and R, respectively.

3.2.1.2 Optical absorption studies
The UV−vis diffuse reflectance spectra (UV−vis DRS) of the catalysts were measured
(Figure 3.8). TiO2 showed almost zero absorption in the visible region; however, the
deposition of Pd/Sr-NPs led to an increase of absorption in the visible region due to metal
and defects, thus indicating the shifting of Fermi level. It has been reported that Pd
particles smaller than 10 nm are only able to absorb in the UV region [229]. However,
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our study shows that the optical absorption of Pd nanoparticles less than 10 nm extends
into the visible region. Figure 3.8 clearly illustrates the broad absorption between 410 and
650 nm observed in Pd−Sr@P25 with different ratios of palladium to strontium, which
should be responsible for enhancing the photocatalytic activity. The average particle size
estimated by using the Scherrer formula (d = 0.9λ/(2 cos θ)) is in good agreement with
the TEM investigations. All catalysts showed intense absorption below 400 nm, which
corresponds to the intrinsic band gap absorption of TiO2 P25 support (Eg = 3.15eV). The
absorption edge of metal-deposited photocatalysts was found to shift toward the visible
region, indicating good contact between metal nanoparticles (M-NPs) and P25 support.

Figure 3.8 UV-Vis (DRS) absorption spectra of Pd/Sr-NPs@P25 photocatalysts of
different wt.% deposited TiO2 (P25) as indicated.

3.2.1.3 Morphology and crystal structure
Figure 3.9 shows typical TEM images of various Pd/Sr-NPs@P25 photocatalysts, from
which one can see that Pd nanoparticles of ca. 3−5 nm are highly dispersed on the surface
of P25 for all the samples, including samples A (Pd1.8-Sr0.2@P25), B (Pd1.4-Sr0.6@P25), C
(Pd0.8-Sr1.2@P25), D (Pd0.4-Sr1.6@P25), E (Pd0.2-Sr1.8@P25), and F (Pd2@P25). Of note,
metal Sr nanoparticles are not stable and readily converted to SrO on the P25 surface; the
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mean size of SrO particles (or SrO-coated TiO2) is about 14−25 nm. Figures 3.9A and
3.9B provide evidence for higher concentration of metal nanoparticles due to higher wt.%
loading of Pd metal as compared to strontium, and this is according to the synthesis
procedure where Pd loading was kept at 1.8% and 1.4% and Sr was kept 0.2% and 0.6%,
respectively.
TEM micrographs of Figures 3.9C and 3.9D show relatively low concentrations of Pd
nanoparticles as compared to figures 3.9A to 3.9B because here Pd metal loading is 0.8%
and 0.4% and Sr metal loading is 1.2% and 1.6%, respectively. In comparison to figures
3.9A to 3.9D, the TEM micrograph of Figure 3.9F (2%Pd@P25) shows a poor
distribution of Pd nanoparticles due to the absence of strontium (Sr). These results
highlight the significant role of strontium in metal nanoparticle dispersion on the oxide
support (TiO2) during the synthesis. From the XRD analysis (Figure 3.7), it is seen that
the samples are mixed phases of anatase and rutile of TiO2.
Besides the peaks of TiO2, no other peaks are found, implying very small particles (hence
weak diffraction) and low loading of Pd/Sr particles on the P25. The as-synthesized
Pd/Sr-NPs@P25 catalysts can be easily dispersed in aqueous solutions for photocatalytic
hydrogen production applications.
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Figure 3.9 TEM images and corresponding metal particle size distributions of Pd/SrNPs@P25 photocatalysts: (A) Pd1.8-Sr0.2@P25, (B) Pd1.4-Sr0.6@P25, (C) Pd0.8-Sr1.2@P25,
(D) Pd0.4-Sr1.6@P25, (E) Pd0.2-Sr1.8@P25, and (F) Pd2@P25, respectively. The particle
size ranges are about 2−6 nm for Pd and 14−25 nm for SrO.

3.2.1.4 X-ray photon spectroscopy (XPS) studies
The photocatalytic activity is largely influenced by the chemical state of the deposited
metal. Therefore, we performed X-ray photoelectron spectroscopy (XPS) to determine
the chemical composition and oxidation state of as-prepared Pd/Sr-NPs@P25
photocatalysts. In Figure 3.10C, the two peaks at binding energies of 457.81 and 464.4
eV correspond to Ti 2p3/2 and Ti 2p1/2 peaks for pure anatase TiO2 (P25), and the peak at
binding energy of 529.04 eV confirmed the O 1s in metal oxide (Figure 3.10D). These
results indicate the presence of Ti4+ in the samples. The presence of Pd NPs is indicated
by two peaks at binding energies of 335.58 and 340.92 eV, which are from Pd 3d5/2 and
Pd 3d3/2, respectively (Figure 3.10A). The XPS analysis confirmed the predominant
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metallic form of palladium. XPS spectra of Sr 3d5/2 at 133.55 eV and 3d3/2 at 135.32 eV
verified that strontium is present in the Sr2+ oxidation state (Figure 3.10B) [230-234],
Thus, it indicates that the as-prepared photocatalysts of Pd/Sr-NPs@P25 possess wellstabilized Pd0 nanoparticles, which is important for the high photocatalytic activity (vide
infra).

Figure 3.10 Core level XPS spectra of A) Pd 3d, (B) Sr 3d, (C) Ti 2p, and (D) O 1s of
photocatalyst (Pd0.2-Sr1.8@P25).

3.2.1.5 Raman spectroscopy analysis
The Raman spectra of the samples are shown in Figure 3.11. Raman analysis shows no
obvious shift due to attribution of low metal loading. Three peaks were detected at 412
cm−1 (B1g), 520 cm−1 (A1g + B1g), and 642 cm−1 (Eg) that are attributed to the pristine
anatase as well as rutile phase of the P25 (Degussa). The coexistence of rutile TiO2
(P42/mnm, D144h) is evident from the weak shoulder ~ 451 cm−1 (Eg). These results match
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with the XRD analyses where the samples are with 80% anatase and 20% rutile phase
[229, 235].

Figure 3.11 Raman spectra of pure P25 and Pd0.2-Sr1.8@P25, Pd1.4-Sr0.6@P25,Pd1.8Sr0.2@P25, and Pd2@P25.

3.2.1.6 Hydrogen (H2) production activities
Photocatalytic H2 production on all photocatalysts under UV irradiation was evaluated
using 5% ethanol sacrificial agent, and the total reaction time for photocatalytic activities
was optimized and fixed (6 h for all photocatalysts) [207]. No hydrogen production was
observed in the absence of either photocatalyst or irradiation, suggesting that hydrogen
was produced only by photocatalytic reactions. Due to large overpotential of Degussa
P25, no noticeable activity was observed, because rapid recombination of electrons and
holes occurs in P25.
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The effect of metal loading was studied by increasing the Pd loading from 0.2 to 1.8
wt.% while keeping the Pd/Sr overall loading at 2 wt.%. The hydrogen production rate
was found to increase with increasing Pd wt.% in the catalyst, with Pd1.8-Sr0.2@P25 being
the most active photocatalyst. Specifically, the hydrogen production activity of Pd0.2Sr1.8@P25, Pd0.4-Sr1.6@P25, Pd0.8-Sr1.2@P25, Pd1.4-Sr0.6@P25, and Pd1.8-Sr0.2@P25 is
91.32 mmol g−1, 97.93 mmol g−1, 112.50 mmol g−1, 133.39 mmol g−1, and 146.94 mmol
g−1, respectively (see Table 3.1 and Figure 3.12).
Table 3.1 Comparison of photocatalytic activities of as-prepared Pd/Sr-NPs@P25
photocatalysts. UV irritation using Spectroline model SB-100P/F lamp, 100 W, 365 nm.

Photocatalyst*

Pd/Sr
(wt.% ratio)

H2production
mmol g−1

H2 production
mmol g−1h−1 **

Pd0.2-Sr1.8@P25

0.2 : 1.8

91.3

15.2

Pd0.4-Sr1.6@P25

0.4 : 1.6

97.9

16.5

Pd0.8-Sr1.2@P25

0.8 : 1.2

112.5

18.7

Pd1.4-Sr0.6@P25

1.4 : 0.6

133.4

22.2

Pd1.8-Sr0.2@P25

1.8 : 0.2

146.9

24.5

Pd1.8@P25

1.8 : 0

99.4

16.3

Pd2@P25

2 : 00

105.5

17.5

Pd0.2@P25

0.2 : 00

54.69

9.11

* All photocatalysts have overall 98 wt.% of TiO2 and were calcined at 300°C for two h.
** 5% sacrificial reagent (Ethanol) and 5 mg of photocatalyst were fixed during the photo reaction.
It is worth noting that the hydrogen production activity of Pd2@P25 photocatalyst is
105.5 mmol g−1 and this activity is less than the activity of Pd0.8-Sr1.2@P25, albeit the
former has an even higher loading of palladium (Pd). This distinct contrast highlights the
important role of strontium in the as-prepared photocatalysts, for this see Figure 3.12.
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Figure 3.12 Comparison of photocatalytic activity results of Pd1.8-Sr0.2@P25, Pd1.4Sr0.6@P25, Pd0.8-Sr1.2@P25, Pd0.4-Sr1.6@P25, Pd0.2-Sr1.8@P25, and Pd2@P25. Calcined
at 300oC for 2 h; sacrificial reagent, 5% ethanol in water mixture, reaction time: 6 h.

To further confirm the effect of Sr addition, the H2 production experiments were
conducted on a series of monometallic Pd1@P25, Pd1.8@P25, Pd0.5@P25, Pd0.2@P25,
and Sr2.0@P25 photocatalysts, and results are compared with our best performing Pd1.8Sr0.2@P25 photocatalyst (Figure 3.13), which clearly indicates the synergistic role of SrO
in enhancing the activity of Pd1.8-Sr0.2@P25 photocatalyst. In this study it has been
justified that strontium in the form of SrO plays three key roles: (i) it improve the
crystallinity of TiO2 (P25) in the synthetic procedure, (ii) strontium enhances the
dispersion of Pd NPs on the surface of TiO2 (evidenced by TEM and XRD results), and
(iii) strontium oxide suppresses the recombination rate of the e−/h+ pair on the surface of
semiconductor and facilitates the flow of electrons toward the reduction centers.
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Figure 3.13 Comparison of photocatalytic activities of a series of monometallic
Sr0.2@P25 Pd0.2@P25, Pd0.5@P25, Pd1.8@P25, Pd1@P25 and photocatalysts with
Pd1.8-Sr0.2@P25. Calcined at 300oC for 2 hrs, sacrificial reagent: 5% ethanol in water
mixture, reaction time: 6 hrs.
The performance of Pd1.8-Sr0.2@P25 has been compared with that of some other metalsupported photocatalysts reported in the literature (Table 3.2). The quantum efficiencies
(QE) were measured using following formula [236];
QE(%) =
=

Number of reacted electrons
× 100
Number of incidient photons

Number of evolved H2 molecules × 2
× 100
Number of incidient photons
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Table 3.2 Comparison of quantum efficiency (Q.E.) of Pd1.8-Sr0.2@P25 with other metal
supported P25 photocatalysts reported in previous studies.
Catalyst

Metal loading

Sacrificial reagent

H2 production
(mmol g−1h−1)

QE%

Ref.

Pd-Sr@P25

2 wt.%

5 vol. % ethanol

24.5

18.5%

Present
study [87]

Au/TiO2

0.25 wt.%

25 vol. % methanol
+ 0.02M EDTA

1.25

7.5%

2010 [237]

Au/P25

0.4 wt.%

25 vol. % methanol

0.36

4.14%

2014 [238]

CuO/P25

10 wt.%

10 vol. % ethanol

0.20

5.1%

2013 [239]

Ni(OH)2/P25

0.23 (mol %)

20 vol.% methanol

0.30

12.4%

2011 [197]

Cu(OH)2/P25

0.29 (mol %)

0.09M ethylene
glycol

3.41

13.9 %

2011 [28]

Pt/N-TiO2

1 wt.%

25 vol. % ethanol

2.25

12.3%

2011 [240]

3.2.1.7 Mechanism of photocatalytic water splitting
The Gibbs free energy of splitting water is 237.2 kJ mol−1, and the occurrence of this
reaction is essentially determined by the band structure of the photocatalyst [241-243].
For the half-reaction of water reduction, the conduction band (CB) potential should be
more negative than the H+/H2 reduction potential (i.e., 0.0V vs the normal hydrogen
electrode (NHE) at pH = 0) [9]. Similarly, for the oxidation half-reaction of water by
holes (h+), the valence band (VB) edge must be more positive than the O2/H2O potential
(1.23 V vs NHE, pH = 0). Thus, the theoretical minimal band gap (Eg) is 1.23 eV for
water splitting. It is well-known that the particle size [122, 241] changes the Eg and other
physical and chemical properties.
It should be noted that water splitting does not always generate O2 together with H2; for
example, when a sacrificial reagent (electron donor) is present, the photogenerated holes
are consumed by the sacrificial reagent at the semiconductor surface [242, 243]. In our
current work, loading dual cocatalysts (Pd/Sr-NPs) onto P25 is to lower the activation
energy barriers for the two half-reactions and thus increase the performance of hydrogen
54

production. On the basis of the previous reports on photocatalytic reduction of water, we
propose the mechanism of catalytic water reduction over Pd/Sr-NPs@P25 under UV
light, as shown in figure 3.14.

Figure 3.14: Water splitting on the Pd@P25 photocatalyst [87].
In this study, high photocatalytic activity of hydrogen production indicates that the
reverse reaction between H2 and O2 has been suppressed significantly due to the
formation of a Schottky barrier. Yamauchi et al. found that the hydrogen evolution rate
can be significantly increased by coating with a liquid electrolyte layer that can prevent
the back reaction on the support surface [244]. In our case, the reduced back reaction is
attributed to the reduced overpotential and formation of Schottky barrier by Pd/Sr-NPs on
the surface of semiconductor (P25).
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3.2.1.8 Electron transfer from support to Pd cocatalyst
The work function of Pd is 5.55 eV, which is larger than that of TiO2 (4.2 eV). In this
study, it is proposed that a Schottky barrier can form at the metal/P25 interface. In the
Pd/Sr-NPs@P25 photocatalyst, the Schottky barrier will drive electron migration from
P25 to the Pd metal until a thermodynamic equilibrium is reached, at which time the
Fermi levels (EF) of the semiconductor and the metal are aligned [16]. Under the action
of UV light, the photoinduced electrons can shift the EF of P25 to form a new quasiFermi level (EF*) [221, 241]. In the meantime, the prior thermodynamic equilibrium
state for electron transfer is altered, thus the electrons can now migrate from the P25 to
the Pd metal to produce H2 at the active surfaces.
The Schottky barrier at the Pd metal/P25 interface decreases the recombination rate of
e−/h+ pairs by making a continuum electron flow toward the active sites (sinks) of Pd
metal. A noble metal with a larger work function relative to the semiconductor can result
in a stronger Schottky barrier effect, and therefore a higher activity for hydrogen
evolution [125, 221, 245]. Figure 3.15 shows a schematic illustration of electron transfer
between Pd and SrO-assisted P25. Here, Pd has a higher work function (i.e., 5.55 eV)
than that of P25 or P25-SrO (4.2 eV), and can easily transfer electron from support to Pd
until equilibrium state is reached, thus result to the formation Schottky barrier. The flat
band potential and bandgap energies of alkaline earth metal oxides reported in recent
study are demonstrated in Table 3.3 (see the energy levels in study [221].
Table 3.3 Flat band potentials and band gap values of TiO2 with various alkaline earth
metal oxides (AEMO) reported in literature [221].
Support samples

The flat band potential (V)

Band gap (eV)

TiO2
MgO–TiO2
CaO–TiO2
SrO–TiO2
BaO–TiO2

-0.32
-0.33
-0.37
-0.38
-0.40

3.17
3.19
3.22
3.24
3.27
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It has been observed that in-situ photoreaction, SrO can enhance the Fermi level of P25
(from EF to EF*) and the conduction band level (from ECB to ECB*). Consequently,
more electrons of P25-SrO will migrate across the interface to Pd-NPs where water is
reduced to H2, resulting in enhanced hydrogen production on Pd sites.

Figure 3.15 Schematic illustration of electron transfer between Pd and SrO-assisted P25
over the well dispersed Pd/Sr-NPs@P25 [87].
Yang et al. found that the electron-donating ability of TiO2/alkaline earth metal oxide
enhances with the elevation of its Fermi level [221]. It has been noted that the
Pd/Sr@P25 photocatalyst contributes higher photocatalytic activity for hydrogen
production, because the SrO nanoparticles play a significant role to promote charges (e−)
from TiO2 to Pd0 nanoparticles dispersed on the surface of TiO2. The charge transfer to
Pd-NPs can be confirmed from the activities of hydrogen production at Pd sites because
the hydrogen production activity of Pd1.8-Sr0.2@P25 is higher than that of Pd2@P25,
indicating the important role of strontium [87]. This indicates that the introduction of
AEMO to the P25 surface increase the surface electron densities of metal sites. Thus, it
transfer the charges from the support to the Pd cocatalyst and prove be a factor for the
enhanced hydrogen production over Pd/Sr-NPs on TiO2 support [87, 221, 246]. XPS can
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analyze the charge transfer between metal and P25 support [222]. Pd/Sr-NPs supported
on P25 are more negatively shifted than the Pd-NPs supported on P25 having no Sr, thus
it suggested additional contribution to transfer electron from TiO2 (P25) to Pd-NPs. A
negative shift of potential for SrO/TiO2 means a significant electronic effect of SrO in
promoting electrons from the P25 surface to active sites of the Pd metal cocatalyst, hence
increasing the hydrogen production by creating more feasibility for water reduction on
the semiconductor surface. The increased photocatalytic activities for hydrogen
production induced by SrO can be the main consequence of the electronic effect between
Pd and the support, as also clearly indicated by the UV−vis (DRS), XPS, and activity
results. Increasing Pd addition in the presence of Sr causes a significant decrease in
activation energy of the water reduction with the as-prepared photocatalyst [85, 212].
Measured electrode potentials of support material confirm the enhancement in the Fermi
energy (EF) of modified alkaline earth metal oxide TiO2 [221]. To gain detailed insight
into the nature of the electronic behavior, the optical absorption studies are demonstrated
in figure 3.8 and photocatalytic activities in Table 3.1. In Figure 3.8, one can see a
systematic shift in the visible region with the increase in the wt.% loading of cocatalyst.

3.2.1.9 Role of the sacrificial reagent
Electron acceptors consume the electrons whereas electron donors consumes holes from
the conduction band and valence band respectively, thus enhance the lifetime of available
electrons to derive water splitting or photocatalytic reaction [85, 86]. Many studies have
revealed that the rate of hydrogen production from water is extremely slow due to the
high rate of recombination of photogenerated charge carriers and the rapid reverse
reaction (H2 + O2 → H2O) [247]. These reagents are employed to utilize/consume one
type of charge carrier at a higher rate, thus leaving the other types of carriers to react with
H2O [87]. Electron donors like ethanol, methanol, triethanolamine, EDTA, [248] Na2S,
Na2SO3, [245] S2−/SO32−, Ce4+/Ce3+, and IO3−/I−and some biomass-derived carbohydrates
are used for H2 generation from H2O reduction reaction. Methanol and ethanol are better
choices for water splitting reactions because they directly quench the holes from the
valence band of the TiO2 and alkoxide ion is also believed to inject electrons directly into
the conduction band of titania semiconductor support. For longer chain alcohols,
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diffusion is restricted due to the bulkier structure [87], and the competing dehydration in
the presence of Pd [89, 90]. In the current research; we use ethanol as sacrificial reagent
for photocatalytic reactions. The overall process of the ethanol oxidation at
semiconductor surface can be described elsewhere [91, 92]. The use of alcohol as a
sacrificial electron donor has great potential because of the possibility to obtain them
from renewable resources and hydrogen is generated not only from water but also from
alcohol [93-96].

3.2.1.10 H2 evolution at various amount % of sacrificial reagent
This study has been performed in order to determine and evaluate the role different
amount of sacrificial reagent with water on most active photocatalyst (i.e. Pd1.8Sr0.2@P25). The results of hydrogen generation (H2) at various amount of sacrificial
reagent are demonstrated in Table 3.4 and Figure 3.16.
Table 3.4 H2 generation at different amount % of sacrificial reagent
Photocatalyst*
Pd1.8Sr0.2/P25

⸗
⸗
⸗
⸗
⸗
⸗
⸗
⸗

Amount of Sacrificial reagent
Water/Ethanol (Vol %)
Water
Ethanol
90
10

H2 Evolution
(mmol g−1h−1)
26.0

80

20

29.0

70

30

33.5

60

40

39.2

50

50

44.0

40

60

47.2

30

70

48.1

20

80

47.0

*= 5 mg of photocatalyst was fixed during photoreaction.
It has been observed that by increasing the amount and concentration of sacrificial
reagent, the hydrogen evolution rate also increased up to 70 vol% ethanol with 30 vol%
of pure water, after this the hydrogen evolution start to decrease due to the saturation of
active sites. With 70% ethanol (i.e. 70 vol% ethanol and 30 vol% pure water), hydrogen
production rate was 48.1 mmolg−1h−1 whereas with 80% ethanol water mixture, the
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hydrogen evolution rate was 47.0mmol g−1h−1. All photoreactions were run at room
temperature.

Figure 3.16 Hydrogen (H2) evolution at various % of sacrificial reagent on the most
active photocatalyst (i.e. Pd1.8-Sr0.2@P25). Photocatalyst amount 5 mg, UV-light 100 W,
365 nm.

3.2.1.11 Recyclability test
The photocatalytic hydrogen production activity and stability of most active catalyst of
this study (i.e. Pd1.8-Sr0.2@P25) was investigated in water-electrolyte mixture (5%
ethanol + 95% pure water at pH = 7.2 at room temperature). For the second and third run
the prier hydrogen was completely removed and reaction mixture was again purged with
high purity N2 gas for removal of dissolved contents. As can be seen from Figure 3.17, a
reasonable photocatalytic H2 production was observed over the perpetual duration of
experiment (18 h). The slight decrease in rate with passage of time (<5% for second or
third run) was due to the adhesion of particles on reactor wall (Quartz), thus result to
block the penetration of incoming radiation or light. The decrease in sacrificial reagents
concentration by ca. 50–60% , result to enhance the surface corrosion and recombination
of electron hole pairs [48, 249].
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Table 3.5 Recyclability test for most active photocatalyst (Pd1.8Sr0.2@P25).
Time (h)

Photocatalyst
(Pd1.8Sr0.2@P25)

1

2

3

4

5

6

1st run

24.5

47.9

72.8

96.3

120.2

144.8

mmol g-1

2nd run

20.1

44.3

67.2

90.6

114.2

138.9

⸗

3rd run

18.4

40.1

62.5

84.3

106.2

130.6

⸗

H2 generation

Catalyst amount = 5 mg
Sacrificial reagent = 5 vol% ethanol

Figure 3.17 Cyclic hydrogen (H2) evolution on the most active sample (i.e. Pd1.8Sr0.2@P25)photocatalysts using ethanol water-electrolyte mixtures (5 vol% ethanol and
95 vol% water) at room temperature.
The other reason is that with the passage of time, the agglomeration of metal nano
particles [250] at the semiconductor surface could result decrease the surface area of
active sites, hence decrease the overall hydrogen generation efficiency. Moreover, the
oxidized products of sacrificial reagents also hinder the hydrogen reduction reactions at
metal active sites [36, 251]. However, by maintaining the concentration of sacrificial
reagent, no considerable drop or fall in photocatalytic activities were observed on its
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reuse. Note: the recyclability test was performed only for most active catalyst (i.e.
Pd1.8Sr0.2/P25).

3.2.1.12 Conclusions
Overall, the Pd/Sr-NPs@P25 photocatalysts exhibit much higher photocatalytic activity
for hydrogen production than the Pd@P25 photocatalyst due to the major effect of
strontium oxide, which is attributed to the electronic promotion from the support’s
surface to metal active sites by increasing the Fermi energy of the P25 support. The
photocatalyst discussed in this work provides a new design of nanomaterials for
photocatalytic hydrogen production with high efficiency. Photocatalysts that can function
in visible light would have major applications in solar energy utilization. The method of
preparation, loading amount, particle size, and chemical state of the metal are important
factors for improving the photocatalytic activity of TiO2 in hydrogen production.
Although there are still many challenges ahead in the area, nanomaterial research holds
promise in the eventual transition into a renewable solar and hydrogen based economy.

3.2.2 H2 generation over titania supported palladium/barium
nanoparticles (Pd/Ba-NPs/P25) photocatalysts.
3.2.2.1 Powder XRD results
Powder X-ray diffraction analysis (PXRD) is most widely used X-ray based analytical
techniques for crystal phase identification of materials. Powder XRD patterns for pure
TiO2 (P25) and as synthesized Pd1.8-Ba0.2/P25, Pd1.4-Ba0.6/P25, Pd1.0-Ba1.0/P25, Pd0.6Ba1.4/P25 and Pd0.2-Ba1.8/P25 photocatalysts are shown in the Figure 3.18. There is no
distinct peak for palladium, probably as a result of the very small particles size and high
dispersion of metal nanoparticles on the P25 surface. The XRD peaks of barium
crystallites can be observed at different theta values specifically in the photocatalysts
having higher wt.% of barium, the presence of these peaks attribute due to the larger
crystallite size of barium oxide (BaO). All other diffraction peaks are matching well with
the crystal structure of the anatase and rutile phases of TiO2 (P25). No clear change in
anatase or rutile diffraction peaks has been observed suggesting that neither the deposited
palladium nor barium is incorporated into the TiO2 lattice, nor there any phase transition
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from anatase to rutile. From the powder XRD data, the anatase and rutile crystallite sizes
were calculated to be ~25 nm and ~37 nm respectively. The crystallite sizes were
justified using the Scherer’s equation, where line-widths of the anatase (101) reflection at
2θ = 25.2o and rutile (110) reflection at 2θ = 27.4o. These sizes of anatase and rutile are
typical of P25.

Figure 3.18 Powder XRD pattern of pure P25 and as synthesized Pd-Ba/P25
photocatalysts with different Pd/Ba ratio at Titania support. Characteristic anatase and
rutile peaks are labeled A and R respectively.

3.2.2.2 Optical absorption studies
The UV−vis DRS (diffuse reflectance spectra) of the mono and bimetallic photocatalysts
is shown in Figure 3.19. TiO2 (P25) showed almost negligible absorption in the visible
region. All photocatalysts including Pd1.8/P25, Pd0.6-Ba1.4/P25, Pd1-Ba1/P25, Pd1.463

Ba0.6/P25 and Pd1.8-Ba0.2/P25 indicate intense absorption below 400 nm that corresponds
to the inherent band gap absorption of P25 support (Eg ≈ 3.2 eV). However, the
deposition of Pd/BaO nanoparticles led to an increase of absorption in the visible region
due to positive charge transfer synergism among metal nanoparticles and TiO2 support.
Figure 3.19 clearly demonstrate that after loading bimetallic particles, absorption extend
from 380 up to 550 nm due to positive shift in primary Fermi level of TiO2 support. The
shifting of absorption edge of as-prepared Pd-BaO/TiO2 photocatalysts into the visible
region, suggest excellent contact between P25 support and deposited metal nanoparticles.

Figure 3.19 UV−vis absorption spectra of Pd/Ba-NPs@P25 photocatalysts of different
wt.% deposited TiO2 (P25) as indicated.

3.2.2.3 Morphology and crystal structure
Figure 3.20(A-C) emphasize the TEM images of as prepared photocatalyst Pd1.8Ba0.2/TiO2. Both palladium and barium nanoparticles are uniformly distributed at the
surface of TiO2 support. There are two types of uniformly distributed particles at the TiO2
surface. The larger particles appeared as amorphous, having an average diameter of
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10−15 nm are of barium oxide (BaO), whereas the fine dispersed smaller nanoparticles
with approximately 2−4 nm diameter are of Pd metal. These TEM images also predict
that, particles are dispersed rather than agglomerate, thus TEM images are supportive to
data obtained from powder XRD. Highly dispersed palladium nanoparticles develop an
intimate contact with P25 thus facilitating the electron flow form semiconductor to Pd
metal.

Figure 3.20 TEM image and corresponding metal particle size distributions of Pd/BaNPs/P25 photocatalysts: The particle size ranges are about 3-5 nm for Pd and 10-15 nm
for BaO.
The high dispersion of palladium metal nanoparticles is clearly shown by selective area
diffraction TEM micrographs. If palladium nanoparticles are deposited without alkaline
earth metal they tend to be agglomerated. These results imply that the barium
significantly contributes in dispersion of palladium nanoparticles and prevent their
agglomeration on the oxide support (TiO2) during the synthesis. The particle sizes of
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anatase and rutile TiO2 are consistent as evaluated in PXRD investigations using Scherer
formula d = 0.9λ/(2 cosθ). Figure 3.20(D-F) represents the selective area diffraction of
high resolution TEM images (i.e. HR-TEM).

3.2.2.4 X-ray photon spectroscopy (XPS) studies
The photocatalytic activity is mainly affected by the surface chemical state of the
photocatalysts. Therefore, X-ray photon spectroscopy (XPS) was performed to determine,
the expected oxidation state and chemical composition of the as-synthesized Pd/BaNPs/P25 photocatalysts. In Figure 3.21C, the two peaks at the binding energies of 457.75
and 463.9 eV correspond to Ti 2p3/2 and Ti 2p1/2 peaks for pure TiO2 (P25), and the peak
at binding energy of 529.31 eV and 530.92 eV are originated due to O1s in metal oxide
(TiO2) [252], similarly peak at binding energy 532.09 eV corresponds to oxygen in BaO
(Figure 3.21D). These results declare the presence of Ti4+ in the sample [253].
The existence of Pd-NPs is indicated by the two peaks at binding energies of 335.87 and
341.12 eV, which originate from Pd 3d5/2 and Pd 3d3/2 of metallic Pd(0) (Figure 3.21A).
The XPS analysis confirms that palladium is exclusively present as metallic form due to
the co-presence of BaO. The presence of BaO is confirmed by Ba2+ 3d5/2 peaks at 779.76
eV (Figure 3.21B) which ruled out the leaching of Ba2+ ions during catalyst synthesis
[254, 255]. The XPS results indicates well-stabilized Pd metal nanoparticles with close
proximity to BaO, which is important for the high photocatalytic activity (vide infra).
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Figure 3.21 Core level XPS spectra of A) Pd 3d,B) Ba3d, C) Ti 2p, and D) O1s of
photocatalyst (Pd1.8-Ba0.2/P25 wt.%).

3.2.2.5 Photoluminescence (PL) analyses
The photoluminescence characteristics of any photocatalytic material direct valuable
information regarding the fate of excitations and the efficiency of catalyst to trap and
transfer the photoexcited carriers (e-/h+). The reported literature demonstrates that, the
higher emission intensity of PL signal is indicative of higher recombination of photoexcited electrons with holes. In this study, the PL analyses were performed in order to
further justify and understand the electron promotional effect of barium oxide (BaO). For
this purpose, four samples namely, Pure P25, Ba1.8/P25, Pd1.8/P25 and Pd1.8Ba0.2/P25
were selected for the comparison study. The PL results of all samples excited in the
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wavelength range of 350 nm to 750 nm are shown in Figure 3.22. The PL emissions in
the 380 nm to 480 nm range are due to de-excitations from valence band to conduction
band of TiO2 (P25) semiconductor, where dotted arrow represents the decrease in PL
intensity. Different maxima of intensities correspond to different crystalline morph of
Titania (anatase 80% and rutile 20%). The PL spectra arise from pure P25 indicate the
higher recombination of photo-excited electron and holes, whereas catalyst Pd1.8Ba0.2/P25
show the lowest charge recombination (i.e. lowest PL signal) due to higher trap and
transfer of electrons to Pd metal sites.

Figure 3.22 Photoluminescence spectra for Pure P25, Ba1.8/P25, Pd1.8/P25 and
Pd1.8Ba0.2/P25
The lower PL intensity of Ba1.8/P25 as compared to pure P25, suggest that by loading
barium metal, recombination of charges also decreased due to oxygen vacancies in P25
lattice. If we compare the PL results of Pd1.8/P25 which has no barium with the catalyst
Pd1.8Ba0.2/P25, it could be clearly seen and concluded that charge separation (i.e. electron
transfer) is higher in case of Pd1.8Ba0.2/P25 due to the electron promoting role of Ba in the
form of barium oxide by shifting Fermi level of P25 more close to reduction potential.
These results are good agreement with the photocatalytic activities, make assure the
evidence that BaO promote the electron transfer to Pd metal active sites.
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3.2.2.6 H2 generation activities
Photocatalytic H2 production on all photocatalysts under UV irradiation was evaluated
using water ethanol mixtures ( 95% water and 5% ethanol as a sacrificial agent) [87,
105], and the total reaction time for photocatalytic activities was optimized and fixed (6 h
for all photocatalysts). No hydrogen evolution was seen in the absence of either light or
photocatalyst, which suggested that hydrogen was generated only due to photocatalytic
reactions. In case of TiO2 (P25), very low activity was observed due to large
overpotential and rapid recombination rate of electrons and holes. The effect of Pd
loading amount was studied by extending the palladium loading from 0.2‒2.0 wt.% while
keeping the overall Pd/Ba loading at 2 wt.% as we reported in our previous work [87].
Hydrogen production rate was found to increase with increasing the palladium wt.% in
the photocatalyst, with Pd1.8-Ba0.2/P25 being the most active photocatalyst. The H2
production activity of all photocatalyst pure P25, Pd0.2/P25, Pd0.2-Ba1.8/P25, Pd0.6Ba1.4/P25, Pd1-Ba1/P25, Pd1.4-Ba0.6/P25, Pd1.8-Ba0.2/P25, Pd1.8/P25 and Pd2/P25 is
represented in mmol g−1 and mmol g−1h−1 respectively (see Table 3.6 and Figure 3.23).
Table 3.6 Comparison of photocatalytic activities of as-synthesized Pd/Ba-NPs/P25
photocatalysts using UV light, (Hg-lamp 100 W, 365 nm).
Photocatalyst*

Pd/Ba
(wt.% ratio)

H2 evolution
(mmol g−1)

H2 evolution
mmol g−1h−1 **

TiO2 (P25)

00 : 00

4.0

0.6

Pd0.2/P25

0.2 : 00

75.6

12.6

Pd0.2-Ba1.8/P25

0.2 : 1.8

87.6

14.6

Pd0.6-Ba1.4/P25

0.6 : 1.4

99.9

16.6

Pd1-Ba1/P25

1.0 : 1.0

114.5

19.0

Pd1.4-Ba0.6/P25

1.4 : 0.6

153.9

25.6

Pd1.8-Ba0.2/P25

1.8 : 0.2

175.6

29.2

Pd1.8/P25

1.8 : 0

126.4

21.1

Pd2/P25

2.0 : 00

120.2

20.0
o

* All photocatalysts have overall 98 wt.% of TiO2 and were calcined at 310 C for 3 h.
** 5 vol. % sacrificial reagent (Ethanol) and 5 mg of photocatalyst were used during the photoreaction.
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Figure 3.23 Comparison of photocatalytic activity results of TiO2 (P25), Pd0.2/P25, Pd0.2Ba1.8/P25, Pd0.6-Ba1.4/P25, Pd1-Ba1/P25, Pd1.4-Ba0.6/P25, Pd1.8-Ba0.2/P25, Pd1.8/P25,
Pd2/P25, and all samples were calcined at 310°C for 2 h, sacrificial reagent: 5 vol %
ethanol water mixture, reaction time: 6 h.
It is worth noting that the hydrogen evolution activity of Pd2/P25 photocatalyst is 120.2
mmol g−1 and this activity is less than the activity of Pd1.4-Ba0.6/P25 (see Table 3.6),
although the former has a higher loading of palladium metal (2 wt.%). This distinct
contrast highlights the important role of the presence of barium in the as-prepared
photocatalysts (discussed later). To further confirm the effect of Ba addition, the H2
production experiments were conducted on a monometallic Pd1.8/P25, photocatalysts, and
results are compared with Pd1.8-Ba0.2/P25 photocatalyst, which clearly indicates the
synergistic role of BaO in enhancing the activity of Pd1.8-Ba0.2/P25 photocatalyst. In this
study, barium in the form of BaO plays three key roles: (i) enhances the dispersion of PdNPs on the surface of TiO2 (evidenced by TEM and XRD results), (ii) enhanced electron
donating ability of SrO-TiO2 support to active Pd centers by effectively raising the fermi
energy level of TiO2 conduction band electrons [9, 256-260], (iii) keeping the palladium
exclusively in zero oxidation sate. The photocatalytic activity of Pd1.8-Ba0.2/P25 has been
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compared with that of some other metal-supported photocatalysts reported in the
literature (see Table 3.7).
Table 3.7: Comparison of quantum efficiency (QE) of as-synthesized Pd1.8-Ba0.2/P25
with other metal-supported P25 photocatalysts reported in the literature.

Catalyst

Metal loading

Sacrificial reagent

H2 generation
(mmol g−1h−1)

QE%

Ref.

Pd-Ba/P25

2 wt.%

5 vol. % ethanol

29.2

19.8%

Present
study

Pd-Sr/P25

2 wt.%

5 vol. % ethanol

24.5

18.5%

[87]

Pt/N-TiO2

1 wt.%

25 vol. % ethanol

2.25

12.3%

[240]

Ni(OH)2/P25

0.23 (mol %)

20 vol.% methanol

0.30

12.4%

[197]

Au/P25

0.4 wt.%

25 vol. % methanol

0.36

4.14%

[238]

Cu(OH)2/P25

0.29 (mol %)

0.09M ethylene
glycol

3.41

13.9 %

[28]

CuO/P25

10 wt.%

10 vol. % ethanol

0.20

5.1%

[239]

Au/TiO2

0.25 wt.%

25 vol. % methanol

1.25

7.5%

[237]

3.2.2.7 Mechanism of photocatalytic water splitting
The mechanism of photocatalytic H2 production through water splitting reactions mainly
depends on the charge carrier generation and its migration to the surface active sites. It
has been reported that photogenerated charge carriers (e-/h+) tend to recombine if there
are no active sites for electron quenching is available on the surface of the semiconductor
[24, 87]. These charge carrier migrations pathways depend on the conduction band
potential of semiconductor (photocatalyst) materials [261]. Many literature studies
demonstrate that the water splitting reaction requires a very high Gibbs free energy
of237.2 kJ mol−1. The possibility of any photocatalytic water splitting reaction extremely
depends on the band structure of the semiconductor [241, 243]. In case of reduction halfreaction, the conduction band potential should exist more negative to water reduction
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level i.e. (0.0 V vs NHE). Contrarily, for the oxidation half-reaction, the valence band
edge should lie more positive than oxidation potential of water (1.23 eV). Hence
theoretically, the minimum band gap energy required for water splitting is 1.23 eV. It is
well-known that due to electron donating ability of sacrificial reagent, the photogenerated
holes (h+) at the semiconductor surface are consumed [242].
The performance of hydrogen generation is also increased due to loading of metal
cocatalysts over semiconductor surface which drops the activation energy barriers for the
two half-reactions. Photocatalysts having both anatase and rutile phases show relatively
high hydrogen production activity due to synergistic effect between large proportion of
anatase phase and low proportion of rutile phase [262]. This combination has been
proposed to take advantage of the suitable band positions of the both phases by
decreasing the recombination rate of photogenerated charge carriers by carrier transfer
from one to the other phase [263-267]. The most widely used form of TiO2 (P25) consists
of a mixed phase of anatase and rutile in ca. 4:1 ratio. It has a surface area of ca. 50
±15m2 g−1 [268] and is one of the best photocatalysts for water splitting among currently
available commercial TiO2 photocatalysts. As discussed earlier, Figure 3.14 represents
the simplified hydrogen production form water splitting over noble metal supported P25.

3.2.2.8 Electron transfer from BaO-TiO2 support to Pd cocatalyst
Naturally different metals exhibit different work function. Metal with a work function
(Φ) higher relative to the semiconductor can evolve powerful Schottky barrier impact at
the interface which allows one way trafficking of electrons form semiconductor to metal.
The work function of P25 (4.2 eV) which is less than that of Pd (5.55 eV) [87].
Considering the case of as-prepared Pd-BaO/P25 photocatalyst a powerful Schottky
barrier will develop which will shuttle electrons rapidly from semiconductor to the
palladium metal active sites until a dynamic equilibrium is established (i.e. accompanied
by the generation of depletion layer), as a result of which Fermi levels of the metal and
semiconductor are aligned [122]. Under continuous exposure to UV irradiation, the
photoinduced carriers (excited electrons) can shift the Fermi energy state EF of composite
photocatalyst to set a new quasi-Fermi state EF* [16], this is further augmented by barium
oxide nanoparticles dispersed on the P25 support. Meanwhile, the primary equilibrium
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state for charge transfer is altered, thus the electrons can now migrate from the
semiconductor surface to the Pd metal and generate hydrogen at the active surfaces.
Higher H2 generation rate suggest that recombination rate of e-/h+ pairs can be suppressed
due to formation of strong Schottky barrier at metal/support interfaces via making a
persistence electron drift (charge shuttling) toward the active sites (sinks) of palladium
metal [87].
It is important and more interesting that electron donating aptitude of TiO2/alkaline earth
metal oxide (TiO2/AEMO) reinforced with the elevation of its Fermi level [221]. The
scenario of electron transfer mechanism is well described earlier in Figure 3.15. It has
been noted that the Pd-BaO/P25 photocatalyst contributes higher photocatalytic activity
for hydrogen production, because the BaO nanoparticles play a pivotal role to promote
charges (e−) from TiO2 to Pd0 nanoparticles dispersed on the surface of TiO2. The
significant role of alkaline earth metal oxide (BaO) in charge transfer is supported by the
fact that H2 evolution activity of Pd1.8-Ba0.2/P25 is higher than that of Pd2/P25 [246]. This
indicates that the introduction of alkaline earth metal oxide to TiO2 can increase the
surface electron densities of metal sites. Thus, the charge transfer from the BaO/P25
support to the Pd cocatalysts considered to be an important factor for the enhanced
hydrogen production activity of Pd-Ba nanoparticles supported TiO2.
In the present study, the Pd is exclusively present in zero oxidation state which is the
prime evidence of charge transfer from BaO/P25 to Pd metal. In many studies palladium
is deposited over TiO2 but oxide formation is inevitable along with Pd0 [67, 269, 270].
There are many instrumental techniques such as, X-ray photoelectron spectroscopy
(XPS), photoluminescence (PL), UV-vis (DRS) that can be used to investigate the charge
(e-) transfer between metal and the support [222]. A more negative potential for BaO/P25
semiconductor assure an important electronic influence of BaO in hiking electrons from
the surface of support to Pd metal’s active sites, thus making more feasibility for water
reduction on the P25 surface, consequently more H2 evolution. Overall higher H2
production activities on as-prepared Pd-BaO/P25 photocatalysts are due to the major
contribution of palladium metal in the existence of barium oxide on P25 support, thus Ba
in the form of BaO is suggested be the main cause of charge (e-) promoter from support
to Pd metal active sites, as evident by the XPS, UV−vis (DRS), and photocatalytic
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activities. In fact addition of Pd in the presence of Ba causes an obvious drop in
activation energy of the water reduction [85, 212]. It has been reported that calculated
potentials of support clarify the elevation in the Fermi energy (EF) of alkaline earth metal
oxide (AEMO) deposited TiO2 [221]. Gain deep insight into the charge transfer,
photocatalytic activities are indicated in Table 3.6 and the optical absorption studies are
demonstrated in Figure 3.20 that clearly indicates a regular shift in the visible region.

3.2.2.9 H2 generation at various amount % of sacrificial reagent
This study has been performed in order to determine and evaluate the role of different
amount of sacrificial reagent with water on selective and most active photocatalyst (i.e.
Pd1.8-Ba0.2/P25). It has been observed that by increasing the amount and concentration of
sacrificial reagent the hydrogen evolution rate also increased up to 60 % ethanol (vol%)
with 40% of pure water, after this the hydrogen evolution start to decrease due to the
saturation of active sites.
Table 3.8 H2 generation at different amount % of sacrificial reagent
Photocatalyst*
Pd1.8Ba0.2/P25

⸗
⸗
⸗
⸗
⸗
⸗
⸗
⸗

Amount of Sacrificial reagent
Water/Ethanol (Vol %)

H2 Evolution
( mmol g−1h−1)

Water

Ethanol

90

10

26.5

80

20

32.2

70

30

38.0

60

40

43.7

50

50

48.3

40

60

51.0

30

70

50.5

20

80

49.5

*= 5 mg of photocatalyst was fixed during photoreaction.
With 60 % ethanol hydrogen production rate was 51.0 mmol g−1h−1 whereas with 80%
ethanol water mixture (80 vol% ethanol, and 20 vol% pure water) the hydrogen evolution
rate was 49.5mmol g−1h−1. All photoreactions were run at room temperature under UV

74

irradiation. The results of hydrogen generation (H2) at various amount of sacrificial
reagent are demonstrated in Table 3.8 and Figure 3.24.

Figure 3.24 Hydrogen (H2) generation at different amount % of sacrificial reagent using
5 mg of most active photocatalyst (Pd1.8Ba0.2/P25).

3.2.2.10 Recyclability test
The photocatalytic hydrogen production activity and stability of most active catalyst of
this study (i.e. Pd1.8-Ba0.2@P25) was investigated in water-electrolyte mixture (5%
ethanol + 95% pure water at pH = 7.2 and room temperature). It could be clealy seen
from the Figure 3.25, a stable hydrogen generation was observed over the duration of
consistent 18 h. it has been observed that slightly decrease in the H2 generation rate with
time was due to the deposition of photocatalysts particles on reactor walls (Quartz,
(MERK), thus effecting the incoming radiations and a decrease in sacrificial reagents
concentration by ca. 60–80% which in turn may result to enhance the surface corrosion
and recombination of electron hole pairs [48, 249].
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Table 3.9 Recyclability test for most active photocatalyst (Pd1.8Ba0.2@P25)
Photocatalyst
(Pd1.8Ba0.2/P25)
1st run
2nd run
3rd run

1
29.1
27.2
25.6

2
58.0
55.1
52.4

Time (h)
3
4
87.5
116.7
82.8
110.2
76.7
102.2

5
145.3
136.7
127.8

6
174.6
163.5
154.7

H2 generation
mmol g-1
⸗
⸗

Catalyst amount = 5 mg,
Sacrificial agent =5 vol% ethanol

Figure 3.25 Cyclic hydrogen (H2) evolution on the most active sample (i.e. Pd1.8Ba0.2/P25) photocatalysts using ethanol water-electrolyte mixtures (5 vol% ethanol and
95 vol% water) at room temperature.
The other reason is that with the passage of time, the agglomeration of metal nano
particles at the semiconductor surface expected could decrease the surface area during
irradiation [250], hence decrease the overall hydrogen generation efficiency. Moreover,
the oxidized products of sacrificial reagents also hinder the hydrogen reduction reactions
at metal active sites [36]. However, it is found that if the amount of sacrificial reagent is
maintained, no considerable change in catalytic activity is noticed on its reuse.
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3.2.2.11 Conclusions
The electron promotional effect of BaO on the Pd/TiO2 (P25) photocatalyst for hydrogen
evolution performances were investigated in this work. The results show that Pd exists
exclusively in metallic state and Ba, exists in oxidized states. Hydrogen is mainly
produced at Pd metal active sites where as Ba in the form of BaO helps to promote
electron transfer from semiconductor surface to Pd (reduction centers) by increasing
Fermi level of the BaO-P25 support. Overall, much higher photocatalytic activity for H2
evolution was obtained in case of Pd1.8-Ba0.2/P25 photocatalysts than the Pd2/P25
photocatalyst was due to highly synergistic charge transfer between Pd, BaO and TiO2
support. The introduction of alkaline earth metal oxides investigated in this work offer a
new strategy to enhancement the hydrogen production efficiencies over noble metal TiO2
photocatalysts. The design of photocatalyst preparation, particle size, chemical state and
loading of the metal are important factors to enhance the photocatalytic activity (i.e.
hydrogen evolution). Albeit there are still various challenges in this area, nanomaterial
research sustain potential in the ultimate conversion into a renewable based energy.

3.2.3 H2 generation over titania-supported palladium/calcium
nanoparticles (Pd/Ca-NPs/P25) photocatalysts
3.2.3.1 Powder XRD results
Powder X-ray diffraction analysis (PXRD) is regarded as widely used analytical
technique for crystal phase identification of materials and composite materials. Powder
XRD patterns for P25 and as synthesized Pd0.5-Ca1.5/P25, Pd1.0-Ca1.0/P25, Pd1.5-Ca0.5/P25,
and Pd2.0/P25 photocatalysts are shown in the Figure 3.26. From powder XRD, we
observed no distinct peaks for palladium or calcium probably due to the very small
particles size and high dispersion of metal nanoparticles on the surface of P25 surface.
All diffraction peaks are matching well with the crystal structure of the anatase and rutile
phases of P25. No distinct change in anatase or rutile diffraction peaks were observed,
indicating that neither the deposited palladium nor calcium is incorporated into the P25
lattice, nor there any phase transition from anatase to rutile. From the powder XRD data
the anatase and rutile crystallite sizes were calculated to be ~24 nm and ~28 nm,
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respectively, line-widths of the anatase (101) reflection at 2θ = 25.2o and rutile (110)
reflection at 2θ = 27.5o were estimated using the Scherrer’s equation,. These sizes of
anatase and rutile are typical of TiO2 (P25) support.

Figure 3.26 Powder XRD pattern of P25 and as synthesized Pd-CaO/P25 photocatalysts
with different Pa/Ca ratio at P25 support. Characteristic anatase and rutile peaks are
labeled A and R respectively.

3.2.3.2 Morphology and crystal structure
Figure 3.27(a-c) demonstrate the TEM images of prepared photocatalyst Pd1.0-Ca1.0/TiO2.
Both palladium and calcium nanoparticles are uniformly distributed on the TiO2 support
surface. These images confirm the two types of uniformly distributed particles over the
TiO2 surface. Larger particles that are looking to be amorphous, and have average
diameter of 10−16 nm are of calcium oxide, and well dispersed smaller particles having
the average diameter approximately 2−4 nm are of Pd metal. These TEM micrographs
also suggest that, a very less number of particles agglomerated. TEM images are
supportive to data obtained from powder XRD. Highly dispersed palladium nanoparticles
develop an intimate contact with the support thus facilitating the electron flow from
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semiconductor to metal. The high dispersion of palladium metal nanoparticles is clearly
shown by selective high resolution TEM micrographs, i.e. see Figure 3.27c. If palladium
nanoparticles are deposited without alkaline earth metal they tend to be agglomerated.
These results imply that the calcium significantly contributes in dispersion of palladium
nanoparticles at P25 support. The particle sizes of anatase and rutile TiO2 are consistent
as evaluated in PXRD investigations using Scherer formula d = 0.9λ/(2 cosθ). Energy
dispersive X-ray spectroscopy (EDS) confirmation results of the titanium, palladium, and
calcium are represented in Figure 3.27d). EDS is a well-known analytical technique
widely used for the elemental analysis and chemical composition.

Figure 3.27 TEM images (a-c) of Pd/CaO-NPs/P25 photocatalysts, whereas (d) represent
the EDS results and confirmation.
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3.2.3.3 Hydrogen (H2) evolution activities
Photocatalytic H2 production on all photocatalysts under UV irradiation was evaluated
using water ethanol mixtures (95% water and 5% ethanol as a sacrificial agent), and the
total reaction time for photocatalytic activities was optimized and fixed (6 h for all
photocatalysts). No hydrogen evolution was seen in the absence of either light or
photocatalyst, which suggested that hydrogen was generated only due to photocatalytic
reactions. In case of P25, very low activity was observed due to large overpotential and
rapid recombination of photoinduced charges. The effect of Pd loading amount was
studied by extending the Pd loading from 0.5‒2.0 wt. % while keeping the overall Pd/Ca
loading at 2.5wt % (note; in this study we have fixed overall metal loading 2 wt.% as we
already reported in our previous work. Hydrogen production rate was found to increase
with increasing the Pd wt.% in the photocatalyst, with Pd1.0-Ca1.0@P25 being the most
active photocatalyst. In case of Pd/Ca@P25 study, less hydrogen generation rate was
observed by further Pd loading i.e. 1.5 wt.% or 2.0 wt.% metal loading. This is due to
metal shadowing effect which block light absorption at semiconductor i.e. P25 surface.
The H2 production activity of all photocatalyst P25, Pd0.5-Ca1.5@P25, Pd1.0-Ca1.0@P25,
Pd1.5-Ca0.5@P25, and Pd2.0@P25 represented in mmol g−1 and mmol g−1h−1 respectively
(see Table 3.10 and Figure 3.28).
Table 3.10 Comparison of photocatalytic activities of Pd/Ca-NPs/P25 photocatalysts
under UV light, (Hg-lamp, 100 W, 365 nm).
Photocatalyst*
P25
Pd0.5-Ca1.5@P25
Pd1.0-Ca1.0@P25
Pd1.5-Ca0.5@P25
Pd2.0@P25

Pd/Ca
(wt.% ratio)
00 : 00
0.5 : 1.5
1.0 : 1.0
1.5 : 0.5
2.0 : 0.0

H2 evolution
(mmol g−1)
9.4
96.66
135.45
119.32
111.85

H2 evolution
mmol g−1h−1 **
1.57
16.11
22.57
19.88
18.65

* All photocatalysts have overall 98 wt.% of TiO2 and were calcined at 310°C for two h.
** 5 vol. % sacrificial reagent (Ethanol) and 5 mg of photocatalyst were used during the
photoreaction.
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Figure 3.28 Photocatalytic activity results of TiO2(P25), Pd0.5-Ca1.5@P25, Pd1.0Ca1.0@P25, Pd1.5-Ca0.5@P25, and Pd2.0@P25. All samples were calcined at 310oC for 2
h, sacrificial reagent: 5 vol. % ethanol water mixture, reaction time: 6 h.
It has been observed that pure P25 show extremely less hydrogen evolution activity
without cocatalyst. This is due to the high recombination of charges (e-/h+) in the TiO2
semiconductor. This recombination of electron hole pairs can be remarkably suppressed
by deposition of Pd that enhances the fermi level of semiconductor by making Schottky
barrier. Meanwhile calcium in the form of CaO promotes the electron transfer from the
conduction band level to palladium active sites where reduction half reaction takes place.
Comparative study of hydrogen evolution at different wt.% loading of palladium and
calcium is also demonstrated in Table 3.10 and Figure 3.28. It has been observed that the
hydrogen evolution activity of Pd2.0@P25 photocatalyst is 18.65 mmolg−1 and this
activity is less than the activity of Pd1.0-Ca1.0@P25, i.e. 22.57 mmolg−1 although the
former has a higher loading of Pd metal. To further confirm the effect of calcium
addition, the H2 production experiment was conducted on a monometallic Pd1.0@P25 and
compared the hydrogen production activity with our best performing Pd1.0-Ca1.0@P25
photocatalyst, (note: activity of Pd1.0@P25 is not included in Table 3.10). It has been
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observed that Pd1.0-Ca1.0@P25 exhibit higher H2 generation than Pd1.0@P25 with the
difference of 2.1 mmolg−1h−1, which clearly indicates the significant role of CaO in
enhancing the activity of Pd1.0-Ca1.0@P25 photocatalyst. In this study, it has been
justified that calcium in the form of CaO also enhances the dispersion of Pd-NPs on the
surface of TiO2 (evidenced by TEM and XRD results), secondly calcium oxide
suppresses the recombination rate of the e−/h+ pair on the surface of semiconductor and
facilitates the flow of electrons toward the reduction centers i.e. Pd metal active sites.

Figure 3.29 Comparison of photocatalytic activity in mmolg-1h-1 of pure P25, Pd0.5-Ca1.5@P25,

Pd1.0-Ca1.0@P25, Pd1.5-Ca0.5@P25, and Pd2.0@P25, 5 vol. % sacrificial reagent (Ethanol) and
5 mg of photocatalyst were used during the photoreaction.

3.2.3.4 Mechanism of photocatalytic water splitting
As we discussed in earlier sections, the mechanism of photocatalytic H2 production
through water splitting reactions mainly depends on the charge carrier generation and its
migration to the surface active sites (i.e. metal centers). It has been demonstrated in many
studies that photogenerated charge carriers (e-/h+) tend to recombine if there are no active
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sites for electron quenching available on the surface of the semiconductor [24, 87]. These
charge carrier migration tracks depend on the conduction band potential of
semiconductor (photocatalyst) materials [261].
In case of P25 there is positive synergism between anatase and rutile phases that’s why
P25 (80% anatase + 20% rutile) is more active than the bare TiO2 having only anatase.
Many literature studies demonstrate that the water splitting reaction requires a very high
Gibbs free energy that is approximately 237.2 kJ mol−1. The possibility of any
photocatalytic water splitting reaction extremely depends on the band structure of the
semiconductor [122, 241, 243]. It has been reported in many studies that due to electron
donating ability of sacrificial reagent, the photogenerated holes (h+) are eaten up or
consumed at TiO2 surfaces [122, 242].
The performance of hydrogen generation dramatically boosted up due to loading of metal
cocatalysts over P25 surface which drops the activation energy barriers for the reduction
half-reactions. Photocatalysts having both anatase and rutile phases show relatively high
hydrogen production activity due to synergistic effect between large proportion of
anatase phase and low proportion of rutile phase [262]. This combination has been
proposed to take advantage of the suitable band positions of the both phases by
decreasing the recombination rate of photogenerated charge carriers by carrier transfer
from one to the other phase [263-267]. The most widely used form of TiO2 P25 consists
of a mixed phase of anatase and rutile in ca. 4:1 ratio. It has a surface area of ca. 50
±15m2 g−1 [268], and considered one of best responsive and stable photocatalysts
specifically for water splitting. As discussed earlier, Figure 3.14 representing simplified
hydrogen production form water splitting over metal supported P25 (TiO2). In this study,
Pd metal is with Ca where later is electron promoter. It is important and more interesting
that electron donating aptitude of TiO2/alkaline earth metal oxide (TiO2/AEMO)
reinforced with the elevation of its Fermi level [221]. It has been observed that the PdCaO/P25 photocatalyst contributes higher photocatalytic activity for hydrogen production
than the catalyst having no calcium (i.e. Pd2.0/P25), because the calcium nanoparticles
also play role to promote charges (e−) from P25 to palladium (Pd) nanoparticles dispersed
on the surface of P25. The significant role of alkaline earth metal oxide in charge transfer
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is supported by the fact that H2 evolution activity of Pd1.0-Ca1.0@P25 is higher than that
of Pd2.0@P25 [246]. This indicates that the introduction of alkaline earth metal oxide to
P25 can increase the surface electron densities of metal sites. Thus, the charge transfer
from the CaO/P25 support to the Pd cocatalysts considered to be an important factor for
the enhanced hydrogen production activity of Pd-Ca nanoparticles supported P25. We
have observed that Pd is present almost in zero oxidation state which is the prime
evidence of charge transfer from CaO/P25 to Pd metal cocatalyst.
In many studies palladium is deposited over TiO2 but oxide formation is inevitable along
with Pd0 [67, 159, 269-271]. There are many instrumental techniques such as, X-ray
photoelectron spectroscopy (XPS), photoluminescence (PL), UV-vis (DRS) that can be
used to investigate the charge (e-) transfer between metal and the support [222]. A more
negative potential for CaO/P25 semiconductor assure an important electronic influence of
CaO in hiking electrons from the surface of support to Ag metal active sites, thus making
more feasibility for water reduction on the P25 surface, consequently more H2 evolution
during photo reaction. Overall higher H2 production activities on as-prepared PdCaO/P25 photocatalysts are due to the major contribution of metallic Pd0 in the existence
of calcium oxide on P25 support, thus following similar fashion like SrO, or BaO,
calcium in the form of CaO also suggested to be the main cause of charge (e-) promoter
from support to Pd metal active sites, as evident by photocatalytic activities.
In fact, addition of Pd in the presence of CaO causes an obvious drop in activation energy
of the water reduction [85, 212, 272]. It has been reported that calculated potentials of
support clarify the elevation in the Fermi energy (EF) of alkaline earth metal oxide
(AEMO) deposited on TiO2 [221]. To gain deep insight into the charge transfer,
photocatalytic activities are indicated in Table 3.10.

3.2.3.5 H2 evolution at various amount % of sacrificial reagent
This study has been executed in order to determine and evaluate the role of different
amount of sacrificial reagent with water on most active photocatalyst (i.e. Pd1.0Ca1.0@P25). It has been observed that by increasing the amount and concentration of
sacrificial reagent, the hydrogen evolution rate also increased up to 70 vol % ethanol with
84

30 vol % of pure water, after this the hydrogen evolution start to decrease due to the
saturation of active sites. With 70 vol % ethanol (i.e. 70 vol % ethanol and 30 vol % pure
water), hydrogen production rate was 40.8 mmol g-1h-1 whereas with 80% ethanol water
mixture the hydrogen evolution rate was 40.1 mmol g-1h-1. All photoreactions were run
at room temperature. The results of hydrogen generation (H2) at various amount of
sacrificial reagent are demonstrated in Table 3.11 and Figure 3.30, (note: these results are
good agreement with our previous work, i.e. Pd-Sr@P25 study).
Table 3.11 H2 generation at different amount % of sacrificial reagent
Photocatalyst*
Pd1.0Ca1.0@P25

⸗
⸗
⸗
⸗
⸗
⸗
⸗
⸗

Amount of Sacrificial reagent
Water/Ethanol (Vol %)

H2 Evolution
(mmol g-1h-1)

Water

Ethanol

90

10

23.1

80

20

25.8

70

30

29.6

60

40

34.4

50

50

38.3

40

60

40.4

30

70

40.8

20

80

40.1

*= 5 mg of photocatalyst was fixed during photoreaction.
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Figure 3.30: Hydrogen (H2) generation at different amount % of sacrificial reagent using
5 mg of most active photocatalyst (Pd1.0Ca1.0@P25).

3.2.3.6 Recyclability test
The photocatalytic hydrogen production activity and stability of most active catalyst of
this study (i.e. Pd1.0-Ca1.0@P25) was investigated in water-electrolyte mixture (5%
ethanol + 95% pure water at pH = 7.2 at room temperature). As can be seen from Table
3.12 and Figure 3.31, a stable photocatalytic hydrogen production was observed over the
duration of the experiments (18 h). The slight decrease in rate with time (<10% for
second or third run) was due to the deposition of photocatalysts particles on reactor walls
(Quartz), thus effecting the incoming radiations and a decrease in sacrificial reagents
concentration by ca. 60–80% which in turn may enhance the surface corrosion and
recombination of electron hole pairs [48, 249]. The other reason is that with the passage
of time, the agglomeration of metal nano particles at the semiconductor surface could be
expected to decrease the surface area during irradiation [250], hence decrease the overall
hydrogen generation efficiency [36]. However, if the concentration of the sacrificial
reagents is maintained, no considerable change in catalytic activity is noticed on its reuse.
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Table 3.12 Recyclability Test of most active photocatalyst (Pd1.0Ca1.0@P25)
Photocatalyst
(Pd1.0Ca1.0@P25)
1st run
2nd run
3rd run

Time (h)
1
22.5
21.3
19.6

2
44.0
42.4
39.2

3
67.3
63.1
59.9

4
89.2
85.2
79.8

H2 generation
5
111.9
106.5
99.9

6
135.2
127.8
120.6

mmol g-1
⸗
⸗

Catalyst amount = 5 mg
Sacrificial agent = 5 vol % ethanol

Figure 3.31: Cyclic hydrogen (H2) evolution on the most active sample (i.e. Pd1.0Ca1.0@P25) photocatalysts using ethanol water-electrolyte mixtures (5 vol% ethanol and
95 vol% water) at room temperature.

3.2.3.7 Conclusions
The electron promotional effect of CaO on the Pd/TiO2 (P25) photocatalyst for hydrogen
evolution performances were investigated in this study. The results show that Pd exists in
metallic state whereas Ca exists in oxidized states (CaO). Hydrogen is mainly produced
at Pd metal active sites where as Ca in the form of CaO helps to promote electron transfer
from the semiconductor surface to Pd reduction centers by increasing fermi level of the
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CaO-P25 support. Overall, higher photocatalytic activity for H2 evolution was obtained in
case of Pd1.0-Ca1.0/P25 photocatalyst than the Pd2.0/P25 photocatalyst due to highly
charge transfer between P25 support and Pd cocatalyst. The introduction of alkaline earth
metal oxides (AEMO) investigated in this work offer a new strategy to enhancement the
hydrogen production efficiencies by loading Pd metal at P25 semiconductor system. The
recyclability tests illustrate the good stability of the photocatalysts. The design of
photocatalyst preparation, particle size, chemical state and loading of the metal are
important factors to enhance the photocatalytic hydrogen generation. Although, there are
still many challenges in area of photocatalytic water splitting, this research sustains
potential and ultimate application into a renewable energy.

3.2.4 H2 generation over titania-supported silver/strontium
nanoparticles (Ag/Sr-NPs/P25) photocatalysts:
3.2.4.1 Powder XRD results
Powder X-ray diffraction analysis (PXRD) is widely used X-ray based analytical
techniques for crystal phase identification of materials and composite materials. Powder
XRD patterns for pure P25 and as synthesized Ag0.5-Sr2.0/P25, Ag1.0-Sr1.5/P25, Ag1.5Sr1.0/P25, Ag2.0-Sr0.5/P25and Ag2.5/P25 photocatalysts are shown in the Figure 3.32. No
distinct peak for silver or strontium is observed, probably as a result of the very small
particles size and high dispersion of metal nanoparticles on the P25 surface. All
diffraction peaks are matching well with the crystal structure of the anatase and rutile
phases of P25.
No clear change in anatase or rutile diffraction peaks clearly suggest that neither the
deposited silver nor strontium is incorporated into the P25 lattice, nor there any phase
transition from anatase to rutile. From the powder XRD data the anatase and rutile
crystallite sizes were calculated to be ~27 nm and ~35 nm, respectively, and with the
Scherrer’s equation, the line-widths of anatase (101) reflection at 2θ = 25.2o and rutile
(110) reflection at 2θ = 27.5o. These sizes of anatase and rutile are typical of TiO2 (P25)
support.
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Figure 3.32 Powder XRD pattern of pure P25 and as synthesized Ag-SrO/P25
photocatalysts with different Ag/Sr ratio at P25 support. Characteristic anatase and rutile
peaks are labeled A and R respectively.

3.2.4.2 Optical absorption studies
The UV−vis diffuse reflectance spectra (UV−vis/DRS) of the mono and bimetallic
photocatalysts is shown in Figure 3.33. It has been observed that P25 showed almost
negligible absorption in the visible region. All photocatalysts namely, Ag0.5-Sr2.0/P25,
Ag1.0-Sr1.5/P25, Ag1.5-Sr1.0/P25, Ag2.0-Sr0.5/P25and Ag2.5/P25 indicate intense absorption
below 400 nm that corresponds to the inherent band gap absorption of P25 support (Eg≈
3.2 eV), however, the deposition of Ag/SrO nanoparticles led to an increase of absorption
in the visible region due to positive charge transfer synergism among metal nanoparticles
and TiO2P25 support. Figure 3.33 clearly demonstrate that after loading Ag/SrO particles
absorption extend from 410 up to 650 nm due to promotional positive shift in primary
Fermi level of semiconductor material i.e. P25 support. The shifting of absorption edge of
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as-prepared Ag-SrO/TiO2 photocatalysts into the visible region, suggest excellent contact
between P25 support and deposited metal nanoparticles.

Figure 3.33 UV−vis DRS absorption spectra of Ag/SrO-NPs@P25 photocatalysts.
Different wt.% of deposited metal nanoparticles at P25 support as indicated. Results are
further magnified as indicated in inset to more highlight the respective absorbance.
It must be noted that Ag nanoparticles of similar size as observed in this study exhibit
SPR at 410-480 nm, nevertheless, it can shift over wide range of wavelength relying upon
their size, shape and refractive index of surrounding medium. In the present study instead
of strong plasmon peak of silver nanoparticle an extended absorption in visible region is
observed. This could be justifying that the absence of XRD peak for silver nanoparticles
strongly confirmed that Ag particles are small and uniformly dispersed at P25 support.
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3.2.4.3 Transmission electron microscopy (TEM) studies
Figure 3.34(A-D) illustrate the TEM images of most active catalyst photocatalyst namely,
Ag2.0Sr0.5/P25 (note: subscripts indicate the nominal wt.% loading of respective metal).
Both silver and strontium nanoparticles are uniformly distributed on the surface of
TiO2P25 support. Two types of uniformly distributed particles have been observed at the
TiO2 surface. Larger particles that appear to be amorphous having an average diameter of
11−16 nm are of strontium oxide, whereas the smaller particles showing an average
diameter (2−3) nm are of deposited silver metal.

Figure 3.34 TEM images of Ag/SrO-NPs/P25 photocatalysts: The particle size ranges are
about 3-5 nm for Ag and 10-15 nm for SrO.
These TEM micrographs clearly suggest that, a very little number of particles are
agglomerated on the support surface. These images are supportive and accordance to the
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data obtained from powder-XRD. Highly dispersed silver nanoparticles develop an
intimate contact with P25 support’s surface, thus facilitating the electron flow form
semiconductor to metal cocatalyst. The high dispersion of silver metal nanoparticles is
clearly shown by selective area diffraction TEM micrographs. If silver nanoparticles are
deposited without alkaline earth metal they tend to be agglomerated. These results imply
that the strontium significantly contributes in dispersion of silver nanoparticles and
prevent their agglomeration on the oxide support (TiO2) during the synthesis. The particle
sizes of anatase and rutile TiO2 are consistent as evaluated in powder XRD investigations
using Scherer formula d = 0.9λ/(2 cosθ).

3.2.4.4 X-ray photon spectroscopy (XPS) studies
The photocatalytic activity is mainly affected by the surface chemical state of the
photocatalysts. Therefore, X-ray photoelectron spectroscopy (XPS) was performed to
determine the chemical state of the elements in as-synthesized Ag/Sr-NPs/P25
photocatalysts. In Figure 3.35C, the two peaks at binding energies of 458.48 and 464.29
eV correspond to Ti 2p3/2 and Ti 2p1/2 peaks for pure TiO2 (P25), additional two peaks
with binding energies 571.74 eV and 459.52 eV are attributed due to defects states in
P25. The peak at binding energy of 529.63 eV originated due to O1s in metal oxide
(TiO2) [252], similarly peak at binding energy 530.73 eV corresponds to oxygen in SrO
(Figure 3.35D). These results indicate the presence of Ti4+ in the samples [253].
The presence of Ag-NPs is indicated by the two peaks with the binding energies of
368.36 eV and 374.39 eV originate from Ag 3d5/2 and Ag 3d3/2 of metallic Ag(0) (Figure
3.35A). The XPS analysis confirms that silver is exclusively present as metallic form due
to the co-presence of strontium oxide. The presence of strontium oxide (Sr+2) is
confirmed by Sr 3d5/2 peaks at 133.61 and Sr 3d3/2 peak at 135.23.76 eV (Figure 3.35B)
which ruled out the leaching of Sr2+ ions during catalyst synthesis.
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Figure 3.35 Core level XPS spectra of A) Ag 3d, (B) Sr 3d, (C) Ti 2p, and (D) O 1s of
photocatalyst (Ag2.0-Sr0.5/P25).

3.2.4.5 Hydrogen (H2) evolution activities
Photocatalytic H2 production on all photocatalysts under UV irradiation was evaluated
using water ethanol mixtures (95% water and 5% ethanol as a sacrificial agent), and the
total reaction time for photocatalytic activities was optimized and fixed (6 h for all
photocatalysts). No hydrogen evolution was seen in the absence of either light or
photocatalyst, which suggested that hydrogen was generated only due to photocatalytic
reactions. In case of TiO2 (P25), very low activity was observed due to large
overpotential and rapid recombination of photogenerated charges. The effect of Ag
loading amount was studied by extending the silver loading from 0.5‒2.5 wt.% while
keeping the overall Ag/Sr loading at 2.5 wt.% (note; in this study we have fixed overall
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metal loading 2.5 wt.% as compared to our previous work where overall loading was
fixed 2 %). Hydrogen production rate was found to increase with increasing the Ag wt.%
in the photocatalyst, with Ag2.0-Sr0.5/P25 being the most active photocatalyst. The H2
production activity of all photocatalyst P25, Ag2.5/P25, Ag1.5-Sr1.0/P25, Ag1.0-Sr1.5/P25,
and Ag0.5-Sr2.0/P25 is represented in mmol g−1 and mmol g−1h−1 respectively (see Table
3.13 and figure 3.36).
Table 3.13 Comparison of photocatalytic activities of as-synthesized Ag/Sr-NPs/P25
photocatalysts under UV irradiations (Hg-lamp, 100 W, 365 nm)

Photocatalyst*

Ag/Sr
(wt.% ratio)

H2 evolution
(mmol g−1)

H2 evolution
mmol g−1h−1 **

TiO2 (P25)

00 : 00

1.9

0.33

Ag2.5/P25

2.5 : 00

17.64

2.94

Ag2.0-Sr0.5/P25

2.0 : 0.5

52.62

8.77

Ag1.5-Sr1.0/P25

1.5 : 1.0

40.22

6.70

Ag1.0-Sr1.5/P25

1.0 : 1.5

34.68

5.78

Ag0.5-Sr2.0/P25

1.4 : 0.6

26.06

4.34

* All photocatalysts have overall 97.5 wt.% of TiO2 and were calcined at 310°C for two hrs.
** 5 vol. % sacrificial reagent (Ethanol) and 5 mg of photocatalyst were used during the
photoreaction.
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Figure 3.36 Photocatalytic activity results of Ag2.5/P25, Ag1.5-Sr1.0/P25, Ag1.0-Sr1.5/P25,
and Ag0.5-Sr2.0/P25. The activity of pure TiO2 P25 is very low, hence not included in this
graph. All samples were calcined at 310 oC for 2 h, sacrificial reagent: 5 vol. % ethanol
water mixture, reaction time: 6 h.
In case of silver strontium study, it has been observed that silver without strontium
exhibit less hydrogen evolution activity. This is due to high recombination of
photogeneration of charges (e-/h+) at the surface of TiO2 semiconductor, this
recombination of electron hole pairs can be suppressed by addition of strontium which
enhance the fermi level by making Schottky barrier of semiconductor and promote
electron transfer from the conduction band level to silver active sites where reduction half
reaction take place. Comparative study of hydrogen evolution at different wt.% loadings
of silver and strontium is also demonstrated in Figure 3.36. It has been justified that the
hydrogen evolution activity of Ag2.5/P25 photocatalyst is 17.64 mmol g-1 and this activity
is less than the activity of Ag2.-Sr0.5/P25, although the former has a higher loading of
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silver metal (2.5 wt.%). This distinct contrast highlights the important role of the
presence of strontium in the as-prepared photocatalysts. To further confirm the effect of
strontium addition, the H2 production experiments were conducted on with different
concentration of silver to strontium and results are compared, which clearly indicates the
synergistic role of SrO in enhancing the activity of photocatalyst. In this study, strontium
in the form of strontium oxide plays three key roles: (i) enhances the dispersion of AgNPs on the surface of TiO2 (evidenced by TEM and XRD results), (ii) enhanced electron
donating ability of SrO-TiO2 support to active Ag centers by effectively raising the Fermi
energy level of TiO2 conduction band electrons towards more close to reduction
potential, (iii) keeping the silver exclusively in almost metallic sate (i.e. evidence from
XPS). Comparisons of hydrogen evolution activities given in mmol g-1h-1 with and
without strontium with silver metal can be estimated from Figure 3.37.

Figure 3.37 Comparison of photocatalytic activity in mmol g-1h-1 of pure TiO2 (P25), Ag2.5/P25,

Ag0.5-Sr2.0/P25, Ag1.0-Sr1.5/P25, Ag1.5-Sr1.0/P25 and Ag2.0-Sr0.5/P25. All samples were
calcined at 310 oC for 2 h, sacrificial reagent: 5 vol. % ethanol water mixtures, reaction time was
fixed 6 h.
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3.2.4.6 Mechanism of photocatalytic water splitting
As we discussed in earlier sections, the mechanism of photocatalytic H2 production
through water splitting reactions mainly depends on the charge carrier generation and its
migration to the surface active sites (i.e. metal centers). It has been demonstrated in many
literatures that photogenerated charge carriers (e-/h+) tend to recombine if there are no
active sites for electron quenching available on the surface of the semiconductor [24, 87].
These charge carrier migrations pathways depend on the conduction band potential of
semiconductor (photocatalyst) materials [261]. In case of P25 there is positive synergism
between anatase and rutile phases that’s why P25 (80% anatase + 20% rutile) is more
active than the bare TiO2 having only anatase. Many literature studies demonstrate that
the water splitting reaction requires a very high Gibbs free energy that is approximately
237.2 kJ mol−1. The possibility of any photocatalytic water splitting reaction extremely
depends on the band structure of the semiconductor [241, 243].
For better photocatalytic water splitting, for reduction half-reaction, the CB level of
semiconductor must exist more negative than the reduction potential of H2O (i.e., 0.0 V
vs NHE at pH = 0), and for oxidation half-reaction, the VB level should be more positive
than the water oxidation potential (1.23 V vs. NHE, pH = 0). The minimum band gap
energy required for water splitting is 1.23 eV. Many researcher reported that, due to
electron donating ability of sacrificial reagent, the photogenerated holes (h+) at the
semiconductor surface are consumed [122, 242]. The performance of hydrogen
generation is also increased due to loading of metal cocatalysts over semiconductor
surface which drops the activation energy barriers for the two half-reactions.
Photocatalysts having both anatase and rutile phases show relatively high hydrogen
production activity due to synergistic effect [262]. This combination has been proposed
to take advantage of the suitable band positions of the both phases by decreasing the
recombination rate of photogenerated charge carriers by carrier transfer from one to the
other phase [263-267]. The most widely used form of TiO2 P25 consists of a mixed phase
of anatase and rutile in ca. 4:1 ratio. It has a surface area of ca. 50 ±15m2 g−1 [268], and is
one of the best photocatalysts for water splitting among currently available commercial
TiO2 photocatalysts. As discussed earlier, Figure 3.14 representing simplified hydrogen
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production from water splitting over metal supported P25 (TiO2). In this case metal will
be Ag rather than Pd.
It is important and more interesting that electron donating aptitude of TiO2/alkaline earth
metal oxide (TiO2/AEMO) reinforced with the elevation of its Fermi level [221]. It has
been noted that the Ag-SrO/P25 photocatalyst contributes higher photocatalytic activity
for hydrogen production than the catalyst having no strontium (Ag2.5/P25), because the
strontium nanoparticles play a pivotal role to promote charges (e−) from TiO2 to silver
(Ag) nanoparticles dispersed on the surface of P25. The significant role of alkaline earth
metal oxide in charge transfer is supported by the fact that H2 evolution activity of Ag2.0Sr0.5/P25 is higher than that of Ag2.5/P25. This indicates that the introduction of alkaline
earth metal oxide to P25 can increase the surface electron densities of metal sites [273,
274]. Thus, the charge transfer from the SrO/P25 support to the Ag cocatalysts
considered to be an important factor for the enhanced hydrogen production activity of
Ag-Sr nanoparticles supported TiO2. We have observed that silver is present almost in
zero oxidation state which is the prime evidence of charge transfer from SrO/P25 to Ag
metal. In many studies silver is deposited over TiO2 but oxide formation is inevitable
along with metallic silver Ag0 [112, 190, 275]. There are many instrumental techniques
such as, X-ray photoelectron spectroscopy (XPS), photoluminescence (PL), UV-vis
(DRS) that can be used to investigate the charge (e-) transfer between metal and the
support [222]. A more negative potential for SrO/P25 semiconductor assure an important
electronic influence of SrO in hiking electrons from the surface of support to Ag metal’s
active sites, thus making more feasibility for water reduction on the P25 surface,
consequently more H2 evolution during photo reaction [110, 276].
Overall, higher H2 production activities on as-prepared Ag-SrO/P25 photocatalysts are
due to the major contribution of metallic silver [112, 277] in the presence of strontium
oxide on P25 support, thus Sr in the form of SrO is suggested be the main cause of charge
(e-) promoter from support to Ag metal active sites, as evident by the XPS, UV−vis
(DRS), and photocatalytic activities. In fact addition of Ag in the presence of Sr causes
an obvious drop in activation energy of the water reduction [85, 212]. It has been
reported that calculated potentials of support clarify the elevation in the Fermi energy
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(EF) of alkaline earth metal oxide (AEMO) deposited TiO2 [221]. To gain deep insight
into the charge transfer, photocatalytic activities are indicated in Table 3.13 and the
optical absorption studies are demonstrated in Figure 3.33 that clearly indicates a regular
shift in the visible region.

3.2.4.7 H2 evolution at various amount % of sacrificial reagent
This study was performed in order to determine and evaluate the role of different
sacrificial reagent amount with water on most active photocatalyst (i.e. Ag2.0-Sr0.5/P25). It
has been observed that by increasing the amount and concentration of sacrificial reagent
the hydrogen production rate increased consecutively up to 60 % ethanol (vol %) with
40% of pure water. After this concentration, the hydrogen generation rate starts to
decrease slightly due to the saturation of active sites. With 60 % ethanol hydrogen
production rate was 17.8 mmol g−1h−1 whereas with 80% ethanol water mixture (80 vol%
ethanol and 20 vol% pure water) the hydrogen evolution rate was 17.1 mmol g−1h−1. All
photoreactions were run at room temperature under UV irradiation. Results are
mentioned in Table 3.14 and Figure 3.38.
Table 3.14 H2 generation activities at different amount % of sacrificial reagent
Photocatalyst*
Ag2.0Sr0.5/P25

⸗
⸗
⸗
⸗
⸗
⸗
⸗
⸗

Amount of Sacrificial reagent
Water/Ethanol (Vol %)
Water
Ethanol

H2 Evolution
( mmol g−1h−1)

90

10

10.5

80

20

12.5

70

30

14.5

60

40

16.2

50

50

17.3

40

60

17.8

30

70

17.6

20

80

17.1

*= 5 mg of photocatalyst was fixed during photoreaction
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Figure 3.38 Hydrogen (H2) generation at different amount % of sacrificial reagent using
5 mg of most active photocatalyst (Ag2.0Sr0.5/P25).

3.2.4.8 Recyclability test
The photocatalytic hydrogen production activity and stability of most active catalyst of
this study (i.e. Ag2.0-Sr0.5/P25) was investigated in water-electrolyte mixture (5% ethanol
+ 95% pure water at pH = 7.2 and room temperature). As can be seen from Table 3.15
and Figure 3.39, a consistent H2 generation was observed over the duration of the
experiments (18 h). The slight decrease in rate with time (<10% for second or third run)
was due to the deposition of photocatalysts particles on reactor walls (Quartz (MERK),
thus effecting the incoming radiations and a decrease in sacrificial reagents amount by ca.
60–80% which may result in increasing the surface corrosion and recombination of
electron hole pairs [48, 249]. The other reason is that with the passage of time, the
agglomeration of metal nano particles at the semiconductor surface could be expected to
decreases the surface area during irradiation [250], hence decrease the overall hydrogen
generation efficiency.
Moreover, the oxidized products of sacrificial reagents also hinder the hydrogen
reduction reactions at metal active sites [36]. However, if the concentration of the
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sacrificial reagents is maintained, no considerable change in catalytic activity is noticed
on its reuse.
Table 3.15 Recyclability Test of most active photocatalyst (Ag2.0Sr0.5@P25)
Photocatalyst
(Ag2.0Sr0.5/P25)
1st run
2nd run
3rd run

Time (h)
1
8.7
7.7
7.1

2
17.3
15.4
14.3

3
26.2
23.5
21.4

4
35.2
31.3
28.5

H2 generation
5
43.5
38.8
35.8

6
52.2
46.5
42.6

mmol g-1
⸗
⸗

Catalyst amount = 5 mg
Sacrificial agent = 5 vol% ethanol

Figure 3.39 Cyclic hydrogen (H2) evolutions on the most active sample (i.e. Ag2.0Sr0.5/P25) photocatalysts using ethanol water-electrolyte mixtures (5 vol% ethanol and 95
vol% water) at room temperature
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3.2.4.9 Conclusions
The electron promotional effect of SrO on the Ag/TiO2 (P25) photocatalyst for hydrogen
evolution performances were investigated in this study. The results show that Ag exists in
metallic state and Sr, exists in oxidized states. Hydrogen is mainly produced at Ag metal
active sites where as Sr in the form of SrO helps to promote electron transfer from the
semiconductor surface to Ag reduction centers by increasing Fermi level of the SrO-P25
support. Overall, much higher photocatalytic activity for H2 evolution was obtained in
case of Ag2.0-Sr0.5/P25 photocatalysts than the Ag2.5/P25 photocatalyst was due to highly
synergistic charge transfer between Ag, SrO and P25 support. The introduction of
alkaline earth metal oxides investigated in this work offer a new strategy to enhance the
hydrogen production efficiencies by loading silver metal at TiO2 photocatalysts. The
recyclability tests illustrate the good stability of the photocatalysts. The design of
photocatalyst preparation, particle size, chemical state and loading of the metal are
important factors to enhance the photocatalytic activity (i.e. hydrogen evolution). Albeit
there are still various challenges in this area, nanomaterial research sustain potential in
the ultimate conversion into a renewable based energy. The striking impact of this study
is that a low active metal i.e. Ag for photocatalytic studies has been made very much
active via addition of SrO in the photocatalyst.
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SUMMARY OF THE WORK
The main focus of this study was to synthesized stable and efficient photocatalysts for
hydrogen production from water and other renewable. In this work, commercially
available TiO2 i.e. Degussa P25 was used as semiconductor support. In order to check the
comparative behavior under similar conditions, various metals (i.e. Pt, Pd, Au, Cu, Ni and
Ag were investigated to optimized the nature of metal for further studies. Different
photocatalysts were synthesized; overall 1 wt.% of above metals was deposited on the
surface of P25 via PVA-assisted NaBH4 reduction. All catalysts were calcined at 310°C
(optimized). The prepared photocatalysts were subjected to photoreaction for the
comparison of photocatalytic activities. Prior to start of each photoreaction, the reactor
was continuously bubbled with nitrogen for 15 min to remove dissolved and head space
oxygen in reactor. Hydrogen evolution activities of all photocatalysts were determined on
GC-TCD (Shimadzu 2014) using Hg-lamp as light source and 5% ethanol as sacrificial
reagent. Photocatalytic H2 generation activities of photocatalysts with overall 1% metal
loading at P25 were compared. Results (H2 production activities) were represented in
mmolg−1 and mmolg−1h−1. Metal showing best results for photocatalytic H2 generation
was sort out and it was found that Pd/P25 showed the highest hydrogen production
activity.
In order to further enhance the photocatalytic activity on Pd/P25 system, we decorated
the P25 surface with alkaline earth metal oxide. In this study, catalysts were prepared
with depositing different wt.% of Pd/Sr, Pd/Ba, Pd/Ca, (with overall 2 wt.%) over P25
via surfactant-free in-situ reduction by NaBH4. Photocatalytic H2 generation activities
were compared. It has been observed that Pd-AEMO@P25 photocatalysts contribute
higher photocatalytic activities than Pd/P25 catalysts, because the AEMO plays a
significant role to promote charges (e−) from P25 to Pd nanoparticles dispersed on the
surface of P25. Comparing photocatalytic activities with Pd cocatalyst, we observed
hydrogen evolution with the trend; BaO/P25 > SrO/P25 > CaO/P25. This study supports
the electron transfer mechanism from semiconductor to metal active centers. Due to
alkaline earth metal oxide the Fermi level of semiconductor TiO2 P25 lies above the
Fermi level of supported Pd metal. The Schottky barrier allows the migration of electrons
from P25 to the metal active centers where they can react with adsorbed H+ to convert
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them to atomic hydrogen. The addition of more concentration of sacrificial reagent
(ethanol) further increased the hydrogen generation rate. Critical finding of this study is
that palladium (Pd) is exclusively in zero oxidation state due to the close proximity of
alkaline earth metal oxides. This is justified and in accordance with many reported
studies that noble metals show higher catalytic activities in their zero oxidation state. The
recyclability tests illustrate the good stability of the synthesize photocatalysts.
It could be concluded that alkaline earth metal oxides with noble metal investigated in
this work offer a new strategy to enhance the H2 production efficiencies of P25 (TiO2)
photocatalyst. Moreover, the strategy of catalyst preparation, particle size, and chemical
state of metal nanoparticles are important factors to enhance the photocatalytic activity
(i.e. hydrogen evolution). Overall, Pd1.8Ba0.2@P25, Pd1.8Sr0.2@P25, Pd1.0Ca1.0@P25 and
Ag2.0Sr0.5@P25 are relatively most active and best performing photocatalysts as
compared to other members of the series. The striking impact of this study is that a low
active metal i.e. Ag has been made efficient for photocatalytic H2 generation via addition
of SrO. Albeit there are still various challenges in this area, this research sustain potential
to contribute the ultimate solution of renewable based energy.
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