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ABSTRACT

Photocatalytic oxidation of alcohols in the presence of plasmonic metals using
oxygen as oxidizing agent is considered as a promising approach for efficient and green
chemical transformations under mild conditions. In this direction, this Thesis
demonstrates the synthesis of commercially valuable products such as benzaldehyde via
the development of plasmonic-based nanomaterials as photocatalysts, along with design
of continuous flow reactor, enabling high reaction rate and high selectivity of formed
carbonyl compounds.

Initially, the current state of photocatalytic oxidation of alcohols is summarized, the
importance and fundamentals of plasmonic metal nanoparticles is presented while
challenges and research gaps of the field are highlighted. Three experimental strategies
were adopted in the Thesis. The first experimental part of the thesis focused on
understanding the plasmonic heating effect generated by Au nanoparticles and
particularly the surface plasmon resonance of Au nanoparticles by performing a well-
controlled experiment using a continuous flow system. The results revealed a significant
temperature rise of Au-based nanofluids, with different Au loadings, compared to bare
TiO2 nanofluid or pure water, which arise from the localized surface plasmon resonance
effect of Au nanoparticles.

The second experimental part of the thesis aimed to investigate the performance of
plasmonic Au nanoparticles decorated on Cr.Os microspheres towards the
photocatalytic oxidation of benzyl alcohol. It has been shown that the amount of Au
loading affected significantly the reaction efficiency, with 1.18 wt.% of Au loaded
photocatalyst converting 81.4% of benzyl alcohol to benzaldehyde with a selectivity of
98.3% after 3 hours of laser irradiation. Additionally the plasmonic heating effect of Au
nanoparticles contributed to a 26% oxidation rate enhancement using 1.18 wt.% Au.

In the third experimental part, the effect of incorporating a second noble metal like
Ag as well as the fabrication of a continuous flow reactor for comparison with a typical
batch reactor were demonstrated. Bimetallic 0.34Ag-1.21Au/Cr,03 photocatalyst
converted 92.4% of benzyl alcohol to benzaldehyde with 98.8 % selectivity, which is
4.5 times that of pure Cr.Oz and 1.3 times of monometallic 1.18Au/Cr20s. The results
showed that the reaction rate under continuous flow conditions was almost an order of
magnitude superior to the values achieved using batch reactor. Therefore, the findings
of this Thesis highlight the need for development and optimization of continuous flow
synthesis of carbonyl compounds in the presence of plasmonic metals, which can favour
the conversion of alcohols in terms of reaction rate and selectivity.
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Chapter 1 — Introduction

1.1  Photocatalysis in chemical industry

In the chemical industry, transformation of organic compounds is of great
importance, as high-value pharmaceuticals, cosmetics, food and fragrance products can
be formed. However, the chemical industry tends to rely on increasing temperature,
pressure, concentration of reactants and residence time to improve the production [1, 2].
While these industrial processes increase reaction rate, they are unsustainable, energy
inefficient and involve use and formation of unwanted toxic and hazardous compounds.
Therefore, an increasing research interest has been devoted in the development of low-
cost and environmentally friendly approaches using light harvesting energy
technologies for a large variety of chemical transformations. Photocatalysis is
considered an attractive process to drive effectively chemical transformations under
mild conditions, free of hazardous compounds as well as improve their spatial and
temporal control [3, 4]. Light harvesting energy conversion by means of photocatalytic
processes has attracted significant interest since Fujishima and Honda reported for the
first-time hydrogen production via photoelectrochemical water-splitting using TiO as
photoanode [5]. TiO. is a benchmark photocatalyst with a wide band gap
semiconductor, which benefits from its low-cost, lack of toxicity, chemical resistance
and excellent stability [6]. Subsequently, a large variety of semiconductor
photocatalysts (ZnO, SiO2, CeO2, Cu20, WOs, Fe 03, etc.) have been used in several
photocatalytic applications such as water splitting, CO2 reduction, environmental

pollution and formation of valuable chemicals in the pharmaceutical industry [7-10].

1.2 Green chemistry and alcohol oxidation

The development of high-value carbonyl compounds such as aldehydes and ketones,
through selective oxidation of alcohols, holds great importance in the pharmaceutical
industries [11, 12]. Among various carbonyl compounds, benzaldehyde (CeHsCHO) is
one of the most important aromatic molecules used as valuable intermediate in
pharmaceuticals, fragrances and food industry [2, 13, 14]. Particularly, benzaldehyde is
an important fine chemical to produce antibiotics to treat bacterial infections
(chloramphenicol, ampicillin), pharmaceuticals guarding against high blood pressure
(ephedrine), anti-seizure medication (diphenylhydantoin), and amino acids (e.g.,
phenylglycine used in antibiotics and pseudoephedrine, which is the active ingredient in
most cough syrups). Industrially, benzaldehyde is synthesized by hydrolysis of benzyl

1



chloride derived from toluene chlorination, producing a large amount of toxic waste
(Reaction 1.1) [15]. Particularly, this process is carried out at high temperatures (110-
180 °C), and involves the production of hazardous intermediates, while the formation of
by-products reveals poor selectivity decreasing the profits [16].

CoHsCHCl, + Hy,0 — CoHsCHO + 2HCI (1.1)

Therefore, it is of great interest to develop environmentally benign processes to
produce the corresponding aldehydes with high selectivity. Heterogeneous
photocatalytic oxidation of alcohols using semiconducting photocatalysts and oxygen as
oxidant has been proposed as a more sustainable process under mild conditions for
organic synthesis of carbonyl compounds in which the benzaldehyde is the desired
product and the benzoic acid is the by-product (Reaction 1.2) [17-19]. Benzyl alcohol is
a natural component of many fruits and teas and can be found in the essential oils of
plants such as jasmine and hyacinth. Benzyl alcohol is manufactured industrially via the
hydrolysis of benzyl chloride and sodium hydroxide and through toluene oxidation
process, releasing chlorine and consuming solvents with the inclusion of toxic
substances [20]. It can also be produced from benzyl acetate by hydrolysis or by
transesterification with methanol, where useful acetic acid can be formed as the by-
product without discharging waste water, thus being economical and of low
environmental load. It should be noted here that there is an urgent need to develop a
sustainable path of energy for industrial production of benzyl alcohol, which is the
proposed source of benzaldehyde formation, and research efforts should be devoted
towards this direction. In this work, we focus on the oxidation of benzyl alcohol to

benzaldehyde via photocatalysis, which is an environmentally friendly route.

o]

Ao atSe gl

benzyl alcohol benzaldehyde benzoic acid

Photocatalytic oxidation of alcohols to the corresponding aldehydes has been
extensively investigated using several photocatalysts over a decade with significant
improvements. However, it is crucial to further investigate and optimize the
photocatalytic oxidation of alcohols in terms of reaction rate and selectivity, before

industry can proceed to large-scale production of carbonyl compounds. A deep
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understanding of the parameters that affect the photocatalytic oxidation of alcohols
including efficient photocatalysts, reactor configuration and light source is needed to
further optimize yields. A review on the parameters affecting the photocatalytic

performance and the current challenges in photocatalysis field is presented in Chapter 2.

1.3 Aims and objectives of the Thesis

While many studies have explored the photocatalytic oxidation of benzyl alcohol, the
development of efficient photocatalytic processes under mild conditions in terms of
reaction rate and selectivity remains a significant challenge. The aim of this Thesis is to
investigate batch and continuous flow synthesis of commercially valuable products such
as benzaldehyde using plasmonic nano-photocatalysts. Different approaches were
adopted to increase the sustainability of the process by enhancing the photocatalytic

performance with respect to reaction rate and selectivity.
To achieve this the following objectives will be accomplished:

1. Investigate the surface plasmon resonance and particularly the plasmonic
heating effect of Au nanoparticles using visible laser light under continuous flow
conditions. Chapter 4 explores thoroughly the influence of Au loading,
AU/TiO2 NPs concentration and laser intensity versus flow rate on the optical

and photothermal properties of Au/TiO2 nanofluids.

2. Explore the performance of plasmonic Au nanoparticles (NPs) decorated on
Cro03 microspheres as efficient photocatalysts for the photocatalytic oxidation
of benzyl alcohol under visible laser irradiation. Having confirmed the surface
plasmon resonance effect of Au NPs decorated on metal oxides through the
concept of continuous flow based plasmonic heating, Chapter 5 evaluates the
production of benzaldehyde by investigating the effect of Au loading on Cr203
with respect to the amount of Au, highlighting the importance of optimised
metal loading. A series of scavenging experiments were performed to explore

the photocatalytic mechanism of Au/Cr.Os microspheres.

3. Study the activity of bimetallic Au and Ag nanoparticles decorated on
hydrothermally synthesized Cr.Os microspheres over their monometallic

counterparts for batch and continuous flow synthesis of benzaldehyde. Based on
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the successful application of monometallic Au nanoparticles decorated on Cr203
microspheres for the photo-oxidation of benzyl alcohol to benzaldehyde,
Chapter 6 presents the effect of incorporating a second metal like Ag and the
significance of Ag/Au ratio in the photocatalytic oxidation of benzyl alcohol.
Further to the batch testing in the presence of bimetallic NPs, Chapter 6
investigates the continuous flow synthesis of benzaldehyde in the presence of
bimetallic nanoparticles. A continuous flow reactor with the merits of high heat
and mass transfer and good control of residence time was developed to better
evaluate the effect of substrate residence time with the catalyst. Using pure
Cr203 and optimized mono- and bi- metallic photocatalysts obtained from batch
type reactions, different parameters such as concentration of metal nanoparticles,
flow rate and laser intensity that affected significantly the photocatalytic

performance were studied.

The main metrics used to evaluate the photocatalytic activity in both batch and
continuous flow cells were conversion of benzyl alcohol, selectivity of benzaldehyde
and reaction rate. In addition, physicochemical characterizations such as Scanning
electron microscopy (SEM), Transmission electron microscopy (TEM), Energy-
dispersive X-Ray spectroscopy (EDX), X-Ray diffraction (XRD), Raman spectroscopy,
UV-Vis spectroscopy and electrochemical characterization such as chronoamperometry
of the photocatalysts were performed.

The ground-breaking aspects of this study lie in:

e Use of novel mono- and bi- metallic Ag/Au NPs supported on Cr20s3
microspheres as efficient plasmonic nano-photocatalysts for the selective
oxidation of benzyl alcohol to benzaldehyde and evaluation of the
photothermal effect on the photocatalytic activity.

e Optimization of photocatalytic oxidation of benzyl alcohol in terms of
reaction rate via the development of a continuous flow reactor. The
continuous flow system benefits from improved heat and mass transfer and

allows control of operating conditions over fluids.
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Chapter 2 - Literature Review

The aim of this Chapter is to provide the necessary background for understanding the
research work presented in this Thesis. Initially, principles of photocatalysis and current
challenges are summarized. The fundamentals of plasmonic metal nanoparticles and the
possible mechanisms of plasmonic photocatalysis are discussed. Then, the influence of
reactor configuration in the photocatalytic performance and the importance of light
irradiation and particularly the benefits of using laser as source of photons are
identified. Finally, the progress that has been made so far in photocatalytic oxidation of
benzyl alcohol in the presence of plasmonic metal nanoparticles is reviewed while the

effect of metal particle size, preparation method and catalyst support is evaluated.

2.1 Semiconductor Photocatalysis: principles and challenges

Photocatalysis is known as the process where light is utilized to accelerate a chemical
reaction via activation of a photocatalyst, which remains unchanged [1, 2]. A
photocatalytic reaction can be either homogeneous or heterogeneous depending on
whether the photocatalyst and the reactants are in the same phase or not. Homogeneous
photocatalysis is a process where reactants and photocatalyst are in the same phase,
while in heterogeneous photocatalysis reactants exist in different phase of that of the
photocatalyst. Homogeneous photocatalysts are known for their ability to work at mild
conditions (room temperature, ambient pressure). However, they contain expensive
elements and the difficulty in the separation process of the photocatalyst from reactants
and products is deterrent for their reusability. On the other hand, heterogeneous
photocatalysts are usually made of abundant elements and benefit from facile separation
from the reaction mixture. For these reasons, heterogeneous photocatalysis is
considered as a safe and sustainable technology in industrial applications.
Heterogeneous photocatalysis is of significant importance for the world’s economy and
it has been widely used in several chemical transformations, including pharmaceuticals,
fragrances, fuels and food industry.

In principle, when a semiconductor photocatalyst absorbs photons of energy equal or
greater than the band gap of the photocatalyst, electrons are excited from the valence
band (VB) to the conduction band (CB) of the semiconductor [3]. This results in leaving
a positive hole in the valence band and a negative electron in the conduction band,
creating electron-hole pairs [4]. VB is the highest occupied energy band filled with
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electrons while CB is the lowest empty band with no electrons at the ground state. The
photo-excited electron-hole pairs can undergo two different routes: i) recombine in the
surface or bulk of the semiconductor just in a few nanoseconds causing a negative effect
on the efficiency of the photocatalytic reaction; or ii) travel to the surface of the
semiconductor photocatalyst given the long-enough charge carrier lifetime. In the latter
case, the photo-generated electrons and holes can initiate reduction or oxidation (redox)
reactions, respectively, on the surface of the photocatalyst [5]. Fig. 2.1 illustrates the
mechanism of electron-hole pair formation in a semiconductor during a photocatalytic
process. The photo-excited electrons participate in reduction reactions to form
superoxide radicals (O2"), while positive holes participate in oxidation reactions to

produce hydroxyl radicals ("OH).
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Figure 2.1. Schematic representation of photoactivated semiconductor mechanism [6].

Nevertheless, from a thermodynamic point of view, the conduction and valence band-
edge position of the semiconductor photocatalyst should be compatible with the redox
potentials of the targeted chemical compounds. Particularly, the conduction band-edge
should lie at a higher (more negative) position, while the valence band-edge should be
at a lower (more positive) position than the electrode potential of electron acceptor or
donor to initiate reduction or oxidation reaction respectively [7]. Fig. 2.2 depicts the
conduction band and valence band positions of typical semiconducting photocatalysts

with respect to the reduction-oxidation potentials for water-splitting reaction.
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Figure 2.2. Band-edge positions of some semiconductors relative to the energy levels of several redox

couples in water [5].

As it can be seen from Fig. 2.2, semiconductors with wide band gap such as TiO> and
ZnO can form both "OH and O radicals, while narrow band gap semiconductors can
produce only one type of radical. However, wide band gap semiconductors such as
TiO2, which has been widely employed as photocatalyst, face problems such as limited
absorption in the visible region and high recombination of photogenerated charge
carriers, resulting in low product selectivity and low reaction rate [8]. In this direction,
many efforts including semiconductors heterostructure and doping semiconductors with
metal and non-metal elements have been made to enhance light utilization, and thus,
promote the efficiency of photocatalytic processes [9]. The deposition of plasmonic
metals on semiconductor surface is another promising approach to increase the activity
of metal oxide semiconductors and subsequently the efficiency of photocatalytic
processes [10, 11]. Plasmonic metal NPs that benefit from enhanced light absorption
and interfacial electron transfer will be discussed in detail in section 2.2. In addition to
the importance of the photocatalysts, the efficiency of a photocatalytic process is greatly
influenced by parameters such as mass transfer and light utilization. In this case,
attention should be focused on photoreactor design to maximize mass transfer and light
utilization. Photoreactor design is a significant factor affecting these parameters and so
far, it has been shown that the conventional batch type reactors that have been mainly
utilized in several photocatalytic reactions suffer from poor mass transfer and non-
uniform light distribution [12]. Furthermore, the type of light source has a great impact
on the efficiency of photocatalytic applications. So far, problems such as long reaction
time, long-term power instability and increased energy consumption were identified

when conventional lamps employed as irradiation source to drive photocatalytic



reactions [13, 14]. The development of cost-efficient photocatalytic process under mild
conditions with high reaction rate and high selectivity remains a significant challenge.
Therefore, intensive research efforts have been devoted to overcoming these challenges

in order to enhance the photocatalytic efficiency.

2.2 Plasmonic metal nanoparticles

Plasmonic metal nanoparticles (NPs) have been used and demonstrated to be a
promising material in selective organic transformations under mild conditions [15]. The
deposition of nanostructured plasmonic metals (i.e., Au, Ag, Pd and Cu) on
semiconductors could enhance the photocatalytic activities by facilitating the transfer of
photo-induced carriers through localized surface plasmon resonance (LSPR), and
therefore, inhibiting the recombination of the photogenerated electron hole pairs [16,
17]. LSPR is the coherent resonant oscillation of free conduction electrons confined on
the surface of plasmonic metal NPs, which is induced by the interaction with the
electromagnetic field of the incident light (Fig. 2.3) [18]. At resonance, when the
frequency of metal surface electrons oscillating against the restoring force matches the
frequency of incident light, the near-field region of plasmonic NPs is amplified. LSPR
is an optical phenomenon, which occurs when the size of metal NPs is smaller than the

wavelength of the incident light.
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Figure 2.3. Schematic illustration of LSPR excitation on metal NPs [19].

In terms of intense visible light absorption, Au, Ag and Cu are suitable candidates
[17, 20, 21]. For instance, the LSPR absorption peaks of Ag, Au and Cu spheres with
diameters of 38, 25 and 133 nm are located at approximately 420, 520 and 610 nm
respectively [16]. Among the noble metals, Au nanoparticles are the most attractive
metal used in photocatalytic processes due to their chemical stability, in addition to their

high absorption and scattering properties [22].
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Relevant studies have shown that apart from the nature of metals, their size, shape,
interparticle distance and surrounding media have significant effect on the LSPR
properties (wavelength and intensity), resulting in different photocatalytic activity [16,
23-26]. Particularly, as the size of nanoparticles increases, the intensity of the produced
electromagnetic field alters causing a red-shift (longer wavelength) in the LSPR
frequency (Fig. 2.4c). In addition, by changing the shape of NPs from spheres to cubes
or wires, not only the LSPR wavelength shifts, but also the number of LSPR peaks
increase (Fig. 2.4b) [16]. Furthermore, different surrounding media cause blue or red
shift of the LSPR absorbance of Ag depending on the refractive index of the solvent
(Fig. 2.4d ) [24]. Therefore, LSPR wavelength can be designed and controlled for
specific applications.
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Figure 2.4. The plasmonic wavelength dependence of metal nano-structures on their (a) metal
species (b) shapes and (c) sizes. (d) The effect of the surrounding media on the plasmonic

wavelength of Ag nanocubes [16] [24].
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Generally, energetic electrons are generated at the surface of metal NPs in 5-100 fs
via LSPR excitation and remain in hot state for 0.5-1 ps before travelling back to lower
energy levels [27]. If electrons manage to be transferred to the reactant molecule
adsorbed on the surface of metal NPs during this time, then chemical transformations
can be induced under visible light irradiation [28, 29].

The photocatalytic route via SPR can be explained through four possible
mechanisms: 1) injection of hot electrons, 2) electric field amplification, known as
Plasmon Resonance Energy Transfer, 3) scattering of resonant photons and 4)
plasmonic heating process [30]. Hot electron mechanism and electric field amplification
are near field effects, which can be controlled by engineering the interface between the
metal and semiconductors while light scattering is a far field effect that increases the
effective optical path length of incident light and therefore enhances the photon
absorption of semiconductors. Additionally, the plasmonic metal nanoparticles can
generate plasmonic heating, known as photothermal effect, to drive photocatalytic
reactions due to their strong localized surface plasmon resonance effect.

2.2.1 Photo-induced charge transfer

Generally, plasmonic metal NPs can improve the photocatalytic activity of
semiconductors under both UV and visible light irradiation through photo-induced
charged mechanism via electron transfer either from semiconductor to metal or from
metal to semiconductor, reducing electron-hole pair recombination. When the metal and
semiconductor come in contact, a potential energy barrier that prevents electrons
passing through them is formed at the metal-semiconductor junction known as Schottky
junction [30]. Fig. 2.5 illustrates the energy band diagram of a typical n-type
semiconductor-metal Schottky junction. The height (®g) of the potential Schottky

barrier is given from the following equation:

D = Dy — Xsm

where @y is the working function of the metal, described as the required energy to
transfer an electron from the metallic Fermi energy (Er) to the vaccum Energy (Evac)

and Xswm is the electron affinity, defined as the energy difference between the minimum
conduction band (CB) and the Evac.
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Figure 2.5. Formation of the Schottky barrier between n-type semiconductors and metals (a) before
contact and (b) after contact [30].

Upon light illumination, photogenerated electrons are transferred from the
semiconductor to the contacting metal through the Schottky junction, leading to a shift
of the Fermi level of the metal towards that of the semiconductor, until the Fermi level
of the semiconductor reaches equilibrium with that of the metal.

The Schottky barrier acts as an effective electron trap where the electron is not able to
travel back to the semiconductor. In this manner, metal serves as an electron sink
preventing electron-hole pair recombination and prolonging electron lifespan for the
photocatalytic reaction. The Fermi level of the metal should be sufficiently lower than
the semiconductor CB to obtain efficient electron transfer across the Schottky barrier.
For this reason, metals with large work function values such as Pt (5.93 eV), Au (5.31
eV) and Ag (4.74 eV) are mainly utilised to form heterojunctions with semiconductors.

For example, Hirakawa et al. explored the electron transfer in the presence of
Ag/TiO2 nanostructure using UV irradiation [31]. The authors reported a shift in the
plasmon peak position due to accumulation of electron density of metal through charge
transfer from TiO2 to Ag under UV irradiation. It has been concluded that the
improvement of the photo-activity of TiO2 by coupling with plasmonic metal under UV
irradiation stems from the electron transfer from the semiconductor to the metal, leading
to efficient separation of charge carriers between TiO2 and Ag NPs.

In the case of visible light excitation, the enhancement in the photocatalytic activity
can be attributed to the injection of hot electrons from the metal to the semiconductor
(Fig. 2.6). Particularly, upon visible light irradiation, high-energy electrons are
produced in plasmonic NPs by LSPR excitation. Subsequently, the generated hot
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electrons are injected into the conduction band of the semiconductor photocatalyst
leaving the plasmonic metal positively charged resulting in generation of holes in the
plasmonic metal [32, 33]. The electrons in the semiconductor’s conduction band and the
holes left in the metal participate in reduction and oxidation reactions respectively. Tian
and Tatsuma demonstrated for the first time the hot electron injection mechanism to
explain the photoactivity of Au/TiOz in an electrochemical cell [33]. Since then, many
research groups such as Zheng et al. and Wang et al. interpreted the photocatalytic
activity of metal-based semiconductors through this mechanism [34, 35].

()

Electron Donor

Figure 2.6. Mechanism of hot electron transfer [33].

2.2.2 Near-field enhancement mechanism

Another mechanism to explain the enhanced photocatalytic performance over
plasmonic metals supported on metal oxides can be ascribed to the plasmon induced
electromagnetic field enhancement near the surface of metal NPs in the semiconductor,
which increased the generation rate of the photoexcited electron holes at the
semiconductor. Plasmon Energy Resonance Transfer (PRET) mechanism is utilised to
interpret the enhanced photocatalytic reaction via the presence of an intense electric
field near the metal [30]. Particularly, plasmon energy is transferred to the
semiconductor through the intense electric field created near the metal by incident
irradiation, promoting the generation of electron hole pairs near the surface of the
semiconductor via the dipole-dipole interaction between the metal and the
semiconductor. PRET can amplify the electric field in small well-defined locations,
named as hot spots. Based on Fine Difference Time Domain (FDTD) simulation study
of Hou et al. (Fig. 2.7), the electric field in the hot spots shows up to 1000-fold
enhancement compared to the incident electric field on the semiconductor surface,
resulting to 1000 times more electron-hole generation rate and photoabsorption

compared to that under normal incident light [36].
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Figure 2.7. a), b) Electric field intensities at the Au-TiO; interface calculated using the FDTD

simulation method [36].

According to the literature, the overlap of LSPR band of the metal with the band gap
of the semiconductor and the light source spectrum is required to initiate the PRET
mechanism and this overlap is related to the photoactivity of a reaction. Fig. 2.8
illustrates the proposed overlapping model defined using FDTD optical simulations by
Ingram et al [37]. The authors reported that the overlap for Ag/N-TiO. absorbance is
larger in comparison to that of Au/N-TiO, leading to a higher degradation of methylene
blue than that of Au/N-TiOs..
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Figure 2.8. The optical overlap of the building block for the prediction of photocatalytic activity. (a)

Source x N-TiO»/Ag cube absorbance overlap. (b) Source x N-TiO»/Au sphere absorbance overlap [38].
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2.2.3 Photon scattering

Plasmonic NPs show excellent scattering properties due to the SPR excitation. Upon
light illumination on the plasmonic metal, incident resonant photons can be spread out,
leading to an increase in their optical path length. In this way, the plasmonic metal
serves as a nano mirror. A number of photons which are not absorbed by the
semiconductor, could be scattered by the plasmonic metal providing them the ability to
travel through the semiconductor [39, 40]. As a result, the light absorption is improved
causing a subsequent enhancement in the photocatalytic efficiency. Generally, light
scattering depends on particle size and increases with larger particles. This means that
plasmonic NPs should have a size large enough to cause intense light scattering [41].
For example, Christopher et al. investigated the enhancement of methylene blue
degradation due to photon scattering from Ag to TiO2[42]. The authors reported that Ag
cubic-shaped particles presented higher methylene blue degradation than that of Ag
spheres because cubic particles could scatter light in a more efficient way. Fig 2.9
illustrates the effect of size and shape of the metal on the scattering efficiency
calculated using FDTD method. As it can be seen, by increasing the size of Ag from 30
to 100 nm, scattering of photons is more efficient. Additionally, Warren and co-workers
claimed that a metal size of at least 100 nm is required to maximize the possibility of

scattering over the other effects [43].
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Figure 2.9. The relationship between the characteristic length of the sphere and cube shaped particles
and their scattering efficiency calculated using a Finite-Difference Time-Domain (FDTD) method at 365
nm [42].
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2.2.4 Plasmonic heating effect

The generation of SPR in plasmonic metal nanoparticles under light irradiation can
result in alteration of the temperature of the surrounding medium of plasmon metals.
When the hot electrons do not have sufficient energy to jump into the semiconductors
and participate in the photocatalytic process they remain inside the metal [44]. In this
case, the hot electrons undergo relaxation processes by a series of electron-electron (10-
100 fs) and electron-phonon (100 fs — 1ps) interactions converting the absorbed light
into heat [45]. The produced heat, known as plasmonic heating effect, is localized in the
near vicinity of the NPs surface, resulting in photothermal conversion. Research has
shown that metal NPs, such as Au, Ag and Cu with very low NPs concentration exhibit
considerable photothermal performance due to their unique characteristics such as
absorption of photons [46]. Metal nanoparticles convert the absorbed photons to heat
energy, which is then transferred to surrounded medium, increasing the temperature. It
should be noted that inter-particle distance, which depends on distribution of NPs, plays
a significant role in the photothermal behavior of plasmonic NPs due to the presence of
two different effects: thermal superposition effect and plasmonic coupling effect. The
improved thermal accumulation caused by the heat which is transferred from nearby hot
NPs can be described as the thermal superposition effect while the effect of plasmonic
coupling can be considered as the thermal accumulation related to the plasmonic
coupling of nearby NPs, which can enhance the local electromagnetic field and
production of heat. In case of low NPs concentration, where the average inter-particle
distance is larger, the two effects can be considered as negligible [47-49]. The effect of
plasmonic heating on photocatalytic activity of metal NPs can be identified by
measuring the local temperature near the surface of the metal. Many studies reported
that plasmonic heating of plasmonic metals can promote the photocatalytic performance
because the temperature rise can contribute to the reaction rate enhancement. For
instance, Kim et al. demonstrated the use of Au NPs as efficient photothermal heating
materials to catalyze the 4-nitrophenol under solar light irradiation [50]. The authors
reported that the Au loaded filter papers exhibited an improved catalytic activity in 4-
nitrophenol reduction caused by the photothermal effect of loaded Au NPs. In another
study, Yen and co-workers determined that the rate of the catalytic reaction between
hexacyanoferrate (I11) and thiosulfate increased in the presence of Au NPs which act as

photothermal heaters [51].
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2.3 The role of light irradiation in photocatalysis

The type of light irradiation is one of the most important parameters affecting the
overall efficiency of the photocatalytic process [52]. Photocatalysis can be carried out
using either solar or artificial light such as mercury lamps, halogen lamps, light-emitting
diodes (LEDs) and light amplification by stimulated emission of radiation (laser).

To date, most of the research work reported on photocatalysis mainly focuses on light
sources that emit over a broad spectral range. Solar light is a clean, abundant and green
energy source. Although solar photocatalysis has been demonstrated to be an effective
technology for many applications, including CO2 photoreduction, hydrogen production
and water purification, there are still challenges to overcome in order to enhance the
overall efficiency. For instance, the most common based photocatalysts including TiO>
and ZnO absorb light only in the UV region, which means that most of the solar light
lies outside of their band gap [18, 22].

Over the past twenty years, artificial light sources have attracted much attention in the
field of photocatalysis due to their high intensity, around the clock availability and
appropriate range of wavelength. However, conventional lamps with broad spectrum,
such as mercury and halogen lamps, have high-energy consumption, include high toxic
substances and they are not effective in terms of photon utilization for chemical
processes [53]. More recently, LEDs producing light in a narrow spectrum and having
low operating temperature, have been used as a safer competitive source of light to
conventional lamps [54]. Nevertheless, the utilization of LEDs still hinder many
limitations in terms of high cost of experimental set up as well as light harvesting
efficiency. Particularly, the light output of an LED comes from spontaneous emission,
which means the produced photons travel in different directions and disperse their
power over a large area resulting in an energy loss.

Several studies have revealed the need to utilize more energy efficient light sources as
an alternative to the existing conventional lamps in order to develop commercially
feasible chemical processes for a large number of applications. Recent research has
shown that the use of monochromatic laser source in chemical reactions can address
several challenging issues including low reaction rate and low photonic efficiency [14].
Lasers gained interest quickly, resulting in a fast progress of laser technology due to
their special properties, such as monochromaticity, coherence, directionality and high
intensity that traditional artificial light sources do not possess. In particular, these

properties make laser light suitable for a great variety of applications offering high
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selectivity of the desired product, localized heating with low operating temperature

avoiding huge energy consumption and high reaction rate.

2.3.1 Natural and artificial light sources

In this section, a detailed description and comparison of the different light sources is
presented. The optimal use of solar or artificial light depends on the specific application
and the different requirements needed.

¢ Natural light sources

Sunlight is a renewable and free energy source, with a broad spectrum that gives the
opportunity to use a large variety of photocatalysts with different band gaps for several
photocatalytic applications. Many studies reported the utilization of solar light as
primary energy source to catalyse CO. reduction and split water into hydrogen and
oxygen under ambient conditions, without the need of using high cost artificial light
[55]. Both photocatalytic CO. reduction and water splitting are uphill energy reactions
that need a significant input of energy. Thus, solar light can be employed as an effective
source to produce clean hydrogen and low-cost hydrocarbon fuels known as solar fuels
through photocatalytic water splitting and CO- photoreduction, respectively [56, 57]. In
this way, solar energy is harvested and stored directly in chemical bonds.

o Artificial light sources

Several studies have reported the efficient use of artificial light sources, such as
mercury and halogen lamps, LEDs and lasers compared to direct sunlight processes in
photocatalytic reactions. Particularly, applications such as photocatalytic degradation of
organic pollutants, oxidation processes, drug formation and medical therapy require a
continuous light source with relatively high intensity, characteristics that can be easily
provided by artificial light [58-60]. In contrast, solar light provides low energy density
and its availability depends on weather and seasonal conditions which may not be in
accordance with the required energy demands [55].

Another crucial parameter affecting significantly the chemical process is the light
wavelength. Photocatalysts require light emitted within a particular wavelength of
radiation in order to generate active species and drive the chemical reaction. Artificial
light sources are capable of supplying a quite narrow wavelength (LEDs ~50 nm), a
very narrow wavelength (Lasers ~5 nm) or a suitable range of either UV (~200-400 nm)

or visible (~400-800 nm) irradiation using conventional lamps (mercury/halogen). The
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light wavelength emitted by artificial lamps can match the absorption spectra of the
photocatalyst contrary to the wide spectrum of light emitted by sun, which is mostly
located outside the band gap of semiconducting photocatalysts. A comparison of the
main characteristics between laser, LED and conventional lamps employed as light

source in photocatalytic applications is illustrated in Table 2.1

Table 2.1. Comparison of the main characteristics between Laser, LED and conventional lamps
employed as light source in photocatalytic applications.

Conventional lamps LED Laser
(mercury/halogen)

Wavelength Broad band Narrow Monochromatic
~200-400 nm (UV) ~50nm ~5nm

~400-800nm (Visible)

Coherence No No Yes
Directionality No No Yes
Intensity Up to 250 mW/cm? (Xe Up to 150 Up to 10 W/cm?
arc lamp: several hundred mW/cm?
mwW/cm?)
Lifetime ~500-2000 h ~50000-100000 >70000h
h

i) Conventional lamps

Contrary to solar irradiation, conventional lamps emit light in a narrower spectrum,
which, however, is very broad compared to LEDs and lasers. Mercury and Halogen
lamps with continuous output range from UV to near Infrared (IR) wavelengths are the
most common artificial light sources to study the photocatalytic degradation of organic
pollutants. Bhaktende et al. reported a much faster degradation of nitrobenzene using
artificial UV lamp instead of solar light because of the higher percentage of UV [61].
However, long reaction time, long-term power instability and increased energy
consumption have been observed using conventional lamps, resulting in low overall
efficiency [62, 63]. For example, a 4-fold decrease of methanol production reported by
Gondal and co-workers under Xenon mercury (XeHg) lamp compared to UV laser

irradiation [64].
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ii) Light Emitting Diodes (LEDs)

Recently, there has been growing interest in the development of LEDs, which is a
solid-state light source based on p-n junction semiconductor with a forward bias applied
[54]. LED, being a reliable and environmentally friendly light source represents an
alternative to traditional lamps in terms of energy efficiency for photocatalytic
applications. Additionally, LEDs have a rising power output, produce a relatively
narrow range of wavelength within the UV, visible or infrared region and benefit from
low operating temperature, low energy consumption and quite longer lifetime compared
to conventional lamps [65]. UV LEDs have been utilized successfully for the
photocatalytic degradation of organic compounds in water and air. For instance,
Johnson carried out the first purification of organic compounds in air under UV LED

irradiation achieving 80% of acetaldehyde and 95% decomposition after 20min [66].

iii) Light Amplification by Stimulated Emission of Irradiation (laser)

Laser light operates either in continuous or pulsed mode and consists of an optical
spectrum with a very narrow width. The spectrum emitted by laser can range from UV
to mid IR wavelengths. Energy, environmental and medical processes have been
conducted in the presence of monochromatic laser light, achieving high selectivity,
faster reaction rate and enhanced overall efficiency attributed to its unique properties.

Lasers emit light in a very narrow band centered around a single wavelength, which
means that radiation emitted by laser is monochromatic [67]. In contrast, LEDs tend to
produce a narrow range of wavelength and conventional lamps have a wide spectral
output. Lasers produce light in a coherent manner, which asserts that the emitted
photons are all of the same frequency and in phase with each other while LEDs and
conventional lamps produce photons that travel in different time and phase [68].
Additionally, laser light is traveling only in one direction, thus it can transfer energy
that remains efficiently concentrated, on a small region with minimum loss by
dispersion [67]. On the other hand, LEDs and conventional lamps emit photons in many
directions, and distribute their power over a large area causing waste of energy [69]. It
should be noted that coherent light is much more concentrated and powerful even
though the same quantity of energy is derived from both coherent and incoherent light.

Finally, since the beam emitted from a laser has small divergence angle, the light
energy is centered on a very small region which means that the light beam is highly

collimated [67]. This concentration of the beam results to a much higher intensity for
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the laser light (up to 10 W/cm?) compared to the ordinary light sources (LEDs ~ up to
150 mW/cm?, conventional lamps ~ up to 250 mW/cm?).

Considering the unique properties of laser light, it is important to point out that the
use of an effective irradiation source such as laser can lead to a better control of the
experimental conditions while at the same time offers the possibility to make the

photocatalytic process more efficient in a wide range of applications.

2.3.2 Benefits of using laser as irradiation source in photocatalysis

The unique properties described above enable laser a promising irradiation source for
several applications in terms of achieving localized heating, high selectivity of the
desired product and high reaction rate, as will be described below.

2.3.2.1  Localized heating

The effect of localized heat generation under laser light in combination with
plasmonic nanoparticles such as metals has been investigated over the last ten years
[70]. The novel aspect of this process is that the directionality and high intensity of laser
light allow localized heating in space and time, which could result in high-energy
chemical process. Plasmonic localized heating can be achieved either by pulsed or
continuous wave lasers (CW). Although it has been reported that CW lasers can supply
better controllability of the heating process, it has been showed that high intensity CW
laser might damage both nanoparticles and supporting material [68].

Laser interaction of plasmonic nanoparticles occurs in the following stages [71]:
Plasmonic nanoparticles absorb incident laser light resulting in heating them up
instantaneously. This heating can be rapidly transferred to the surrounding medium. The
heating of nanoparticles can be explained by electron dynamics and lattice vibrations
generated from incident light. Upon laser irradiation, the nanostructures perform as
nanolenses (metal nanoparticle chains of different sized particles), causing
electromagnetic field improvement in their surroundings which are several orders of
magnitude stronger in comparison to that of the incident field. Nanolenses are self-
similar arrangements of at least three nanoparticles, where there would be plasmon
modes with a very strong field localization in the gap between the two smallest particles
(Fig. 2.10) [72].
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a)

Figure 2.10. a) SEM image of Au nanolenses and b) Electrical field enhancement plot of gold

nanolenses (gold nanoparticles with different particle radii) [72].

The quantity of produced heat can be controlled by altering several parameters, such
as particle shape and size and at the same time laser intensity, wavelength and pulse
duration [71]. In this way, the interaction of laser light with plasmonic metals, besides
the enhancement in the electromagnetic field, permits the temporal and spatial control
of localized heating. The important effect of this interplay on light manipulation, heat
control and nanofabrication was reviewed thoroughly by Hashimoto and co-workers
[71].

Femtosecond and nanosecond lasers can operate as tools to explore the dynamics and
processes induced by the excitation of plasmon nanoparticles. In this regard, many
studies investigated the reshape of Au nanorods to spherical particles in aqueous
solution under nanosecond pulsed laser irradiation, which was attributed to a photo
annealing process [73]. Additionally, the mechanism of nanosecond laser-induced size
reduction and fragmentation of plasmonic nanoparticles was presented by Caupin and
co-workers [74]. The effect of the interaction of laser with plasmon nanoparticles on the
surface modification [75] or the deposition of Au nanoparticles [76] on glass substrate
employing pulsed laser irradiation was reported. Finally, Zhou et al. showed that laser
on a timescale of femtoseconds can be used to characterize spatial heating associated
with plasmonic excitation [77].

2.3.2.2  Selectivity

In chemical processes, selectivity is one of the most important factors, as it is directly
related to the yield and generally to the conversion efficiency of the reaction. The term

selectivity can be defined as follows:

Selectivity — moles of the desired product formed 2.1)
Y = Toles of other compounds formed
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One of the most significant advantages using laser light in photocatalytic processes
such as COz conversion into fuels or drug production is the enhancement of the
selectivity of the product formed which is mainly ascribed to the monochromatic
characteristic of laser light. It is interesting to note that adjusting the light wavelength,
affects the selectivity of the chemical process by possibly erasing the formation of side
products at a specific wavelength with higher energy that can be provided to activate the
photocatalyst. In this direction, Gondal et al. showed that methanol was the only
obtained product during CO: reduction process in the presence of laser light [64, 78].
The authors proposed that the monochromatic light could contribute to the production
of photogenerated electrons with centred reduction energy, which strongly supports the
formation of one specific compound while under broad band irradiation source with
many wavelengths, electrons with different energies might be photogenerated, resulting
in the generation of different hydrocarbon products. The same research group carried
out additional studies using laser in the presence of different photocatalysts and
concluded that monochromatic irradiation photogenerates electrons with a centered
reduction energy that favors the production of a specific chemical product, enabling
high selectivity of the desired product.

Additionally, many research groups have shown that the use of plasmonic
nanostructures, known for their unique surface catalytic properties and strong light-
matter interactions can further assist reaction selectivity for laser irradiation
photocatalytic processes. In this regard, Luque and co-workers reported the amidation
of benzaldehyde and morpholine for the production of 4-benzoylmorpholine using
Au/SiO; as catalyst under laser irradiation [59]. By selectively activating Au
nanoparticles, the desired product named 4-benzoylmorpholine was formed after 4h of
laser irradiation with an impressive 99% selectivity. It was suggested that the increased
selectivity was due to the localized heating effect achieved under laser irradiation,
which might provoked the fast desorption and spreading of the intermediates in the
surrounding medium deterring them to react further [59, 79].
2.3.2.3  Reaction rate

Many groups have reported that the utilization of a high photon flux source like laser
could be a promising alternative light source to accelerate the rate of a chemical
reaction. Gondal et al. suggested that by employing a high photon flux irradiation
source like laser, more photons of particular wavelength of the incoming light are

absorbed by the photocatalyst in a shorter time causing the excitation of more active
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catalyst particles [80]. In contrast, broadband light can deliver low average power to the
reaction compared to that of laser light possibly related to its high divergence [81].

In order to have a better understanding of the influence of laser energy, the impact of
laser light in the production of methanol in comparison with XeHg lamp irradiation is
illustrated in Fig. 2.11a-b [64]. Maximum methanol concentration (1.252 mM) was
reached after 90 min laser irradiation, which was 4 times higher compared to the 0.375
mM methanol produced under XeHg lamp even after 120 min. According to the
authors, the high conversion is attributed to the monochromaticity and high intensity of
laser beam as the increased number of photons (5.364x10%° photons/min under 40
mJ/pulse of 355nm laser and 1.39x10*° photons/min under 500W XeHg lamp) could

lead to a rise in the production of methanol molecules.
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Figure 2.11. a) Methanol concentration and b) conversion efficiency versus time using laser and XeHg

lamp irradiation [64], ¢) photo of drop before (resazurin) and during laser excitation (resorufin) [82].

Additionally, many efforts have been conducted to accelerate gas [83] and liquid [82]
catalytic processes at room temperature through cooperative effect of intense laser
excitation on plasmonic nanoparticles, which is mainly attributed to the localized
heating process achieved. In this way, Trammer et al. reported a 2-fold increase in the
catalytic rate of hydrolysis of methyl parathion by excitation of the plasmon absorption
band of Au nanoparticles under green laser irradiation [84]. Additionally, Scaiano and

co-workers observed the dramatic acceleration of the reduction reaction from resazurin
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to resorufin under laser excitation employing Au NPs (Fig 2.11c) [82]. Particularly, an
impressive 80% conversion was achieved under laser pulsed irradiation (10 J mL™?, 50
mJ per pulse, ~ 10 pL drop) within a few nanoseconds, while under LED irradiation
(500 J mL?) only 50% conversion was observed. It should be noted that in plasmon
assisted chemical reactions under laser irradiation the highly dependence of reaction
rate on laser power and wavelength was ascribed to the electromagnetic enhancement
and the higher amount of hot electrons generated on the surface of plasmonic
nanoparticles respectively.

To summarize, lasers produce monochromatic, coherent, high-intensity light with low
beam divergence, properties which are of critical importance for an efficient light
source in photocatalytic applications. However, it should be noted that the use of laser
light in heterogeneous photocatalysis has been limited so far due to high cost of lasers,
small illuminated area that requires a specific reactor design and safety concerns
associated with the use of lasers, issues that should be taken under consideration [65].

2.4 Reactor design

In photocatalytic processes another significant engineering challenge is the
photoreactor design which can influence the overall photocatalytic efficiency. One key
parameter which determines the types of photoreactors that can be used in
photocatalytic processes is the mode of operation (batch, semi-batch or continuous
flow).

So far, the most common approaches for chemical transformations in pharmaceutical
industry and particularly for the selective oxidation of aromatic alcohols are based on
the utilization of batch reactors [85, 86]. For example, Tao et al. investigated the
photocatalytic oxidation of benzyl alcohol in the presence of Pd/BiVOa4 under 300 W
Xenon lamp (A= 360-780 nm) [87]. The authors reported benzyl alcohol conversion
(71.8%) with 99% benzaldehyde selectivity after 8 h irradiation. While batch reactors
are used in synthetic chemistry due to their versatility, they are mainly favored when a
process is conducted in small scales. Batch processes have high cost of labor per unit of
production due to non-productive operations and low mass and heat transfer rates,
resulting in long reaction time and decreased product yield, which are limiting factors
for scalability. Additionally, the presence of hazardous compounds in large volumes
arises safety issues and environmental concerns.

In this direction, many research efforts are devoted to design and fabricate continuous
flow reactors with significant processing advantages that satisfy the demands for a
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photocatalytic reaction with high conversion [12, 88]. For instance, Singh et al. studied
the photocatalytic degradation of Rhodamine B in the presence of AgsPO4 nanoparticles
using a continuous flow microreactor [89]. The authors reported an efficient dye
degradation of 97% within just 15 min of visible light irradiation.

For reactor development, many factors should be taken under consideration including
reactor geometry, material of construction and flow rate. Flow reactors, being an
alternative approach to batch type reactors, benefit from high heat and mass transfer and
good control of residence time, enabling high throughput with excellent selectivity and
precise reaction control [90, 91]. Continuous flow conditions allow unprecedentedly
high degree of control over reaction for the production of high-value chemicals. These
merits create unique opportunities to enhance the existing chemical routes in terms of
safety, waste minimization and efficiency and enable a large variety of green chemical

syntheses using efficient synthetic protocols.

2.5 Photocatalytic oxidation of alcohols using plasmonic metals

Selective oxidation of alcohols represents one of the most significant transformations
in the chemical industry with aldehydes and ketones being the most valuable targets. As
discussed in section 1.2, Chapter 1, benzaldehyde (CeHsCHO) is one of the most
important aromatic molecules used as valuable intermediate in pharmaceuticals,
fragrances and food industry. Photocatalytic oxidation of benzyl alcohol to
benzaldehyde has been extensively investigated using several photocatalysts with
significant improvements. Plasmonic metal NPs have been found to be effective and
selective photocatalysts to catalyze the oxidation of alcohols to aldehydes under light
irradiation. The anchoring of noble metals (Au, Ag, Pt, Pd, Cu) on semiconductors
extends the light absorption to the visible region, promoting the formation of
photoexcited electrons or plasmonic hot electrons and facilitates the separation of
photoinduced charge carriers at the interface between metal and semiconductor [92].

In 2011, Kominami developed a green route for benzyl alcohol oxidation in the
presence of Au@CeO> achieving 99% conversion and 99% selectivity after 20 h
reaction [93]. This study ignited the interest of many researchers to explore the activity
of supported noble metals. For instance, Chen and co-workers investigated the
photocatalytic oxidation of benzyl alcohol over Au/TiO2/SBA-15 under Xe lamp, A>
420 nm [94]. After 4 h of reaction, 91.1% vyield of benzaldehyde was obtained using
AU/TiO2/SBA-15, which is 3.3 times greater than that of TiO2/SBA-15 (27.1% yield),
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revealing the presence of Au could improve the photocatalytic activity remarkably. The
authors concluded that Au loading is a crucial parameter that determines the efficiency
of the photo-oxidation process. In another study, Tao and co-workers demonstrated that
the utilization of Pd decorated on the BiVO4 nanoflakes resulted in an enhanced activity
for the photo-oxidation of benzyl alcohol under 300 W Xe lamp illumination for 8 h
(53% conversion with 99% selectivity) compared to pure BiVOs4 nanoflakes (12%
conversion) [87].

Interestingly, bimetallic NPs show enhanced photocatalytic performance over their
monometallic counterparts due to the synergistic effects between the metals [95, 96].
The synergistic effects could arise from the efficient charge transfer and interfacial
collaboration by the two metals [97]. The optical properties of bimetallic NPs depend
on their morphological structure. Particularly, core-shell structure shows two different
SPR peaks which stem from the two different monometallic NPs, while a single SPR
peak placed between the two monometallic SPR peaks is defined for the bimetallic
structure of alloy NPs.

In this direction, Li et al. evaluated the photocatalytic activity of Au decorated BiOCI-
OV (oxygen vacancies) via benzyl alcohol oxidation after 8 h visible light irradiation,
achieving 75.6% benzyl alcohol conversion and >99% benzaldehyde selectivity [98]. In
another study, Shao et al. investigated the photocatalytic oxidation of benzyl alcohol in
the presence of Au/Pd/BiVO4 under 300 W Xenon lamp (A= 360-780 nm) [87]. The
authors reported that the incorporation of the second metal like Au resulted in a 71.8 %
benzyl alcohol conversion with 99% benzaldehyde selectivity after 8 h irradiation,
which is almost 1.35 times higher compared to that of monometallic Pd/BiVO4 and 4.5
times higher compared to that of pure BiVO4. The enhancement can be attributed to the
synergistic effect between the two metals. In a collaborative study, Xu and co-workers
and Liu and co-workers suggested a mechanism for the photocatalytic oxidation of
benzyl alcohol in the presence of bimetallic AuPd/TiO2 nanobelts [85]. The suggested
mechanism, which involves three steps is similar to that of aerobic dehydrogenation
(Fig. 2.12). Generally, several attempts have been made to explore the mechanism of
alcohol oxidation in the presence of supported noble metals using oxygen as oxidant.
Finally, different parameters such as effect of support, particle size and catalyst
preparation method that affect the photocatalytic activity of plasmonic metals should be
taken under consideration.

It should be noted here that different studies have used photocatalysts decorated with
plasmonic NPs to drive reactions thermally. For instance, Wang et al. reported the
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efficient use of photocatalysts such SiO2, Al>O3z, TiO2, ZrO, and CeO, decorated with
Au NPs for the dehydrogenation of benzyl alcohol to benzaldehyde, achieving
conversion from 2.1 to 89 % depending on the support after 6 h reaction at 120 °C [99].
However, compared to thermal catalysis, both photocatalysis and photothermal catalysis
can offer opportunities for reducing the energy input, altering the catalytic selectivity,

and increasing the reaction efficiency.

H20,

Figure 2.12. The mechanism for the aerobic oxidation of benzyl alcohol over the Au—-Pd/TiO; NB

nanostructures by using visible light irradiation [85].

2.5.1 Effect of support

Although free-standing plasmonic metal NPs present considerable photocatalytic
activity in oxidation of alcohols under visible light irradiation, they are not considered
suitable catalysts for practical applications due to the fact that they are vulnerable to
aggregation and suffer from low stability [100]. Therefore, several materials including
metal oxides, carbon and zeolites have been utilized as supports to stabilize metal NPs.
The role of the support involves easy separation and recycling of the catalyst, control of
particle growth and reduction of particles agglomeration [101-102].

Metal oxides are highly porous supports with high surface area and offer high
chemical and thermal stability, properties that meet the requirements in most
photocatalytic applications. They also benefit from their facile synthesis and easy
separation capabilities. The most common metal oxides employed as supports are TiOg,
Ce0», SiO2, Al203 and Fe>Os. Based on their chemical reactivity, metal oxides can
participate in the photocatalytic reaction rather than acting only as support for the

deposition of active metals. TiO2 decorated with plasmonic metal NPs has been widely
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studied due to its efficient visible light activity in the photocatalytic oxidation of
alcohols. For instance, Tsukamoto et al. assessed the photocatalytic activity of Au NPs
decorated on commercial TiO2 (P25) with visible illumination (>450 nm), achieving
79% of benzaldehyde after 4 h of reaction [103]. In another study, Tapley et al. used
Al;O3 as support for Au NPs towards the selective oxidation of benzyl alcohol to
benzaldehyde upon 530 nm LED irradiation [104].

Carbon materials are abundant elements that exhibit a large surface area and present
high electronic conductivity [105, 106]. Carbon nanotubes and two dimensional
graphene, which possess excellent electrical, optical and mechanical properties have
been mainly used as supports for noble metals in heterogeneous catalysis [107-109].
Metal NPs supported on carbon materials have demonstrated efficient activity via the
photocatalytic oxidation of alcohols. Sahoo et al. reported the photocatalytic superiority
of AuAg nanoalloys deposited on layered double hydroxide (LDH)/ graphene oxide
(GO) via oxidation of benzyl alcohol. Particularly, AUAg/LDH/GO presented 2.5 times
higher performance (82.7% benzaldehyde yield and 90% selectivity) than LDH/GO
after 3 h visible irradiation without any indication of activity loss after 5 cycles [95].

Zeolites have been utilized as supports mainly due to their crystalline nature, high
thermal stability and high ability of absorption. Zeolites benefit from their large internal
surface area and high porosity, characteristics that enable them as suitable supports for
metal NPs [101]. Zhu et al. synthesized Au NPs supported on zeolites (Au@zeolites)
using impregnation method and tested their catalytic activity for the oxidation of benzyl
alcohol, reporting 23% benzyl alcohol conversion and 100% selectivity. The authors
concluded that the use of NaOH increased remarkably the photocatalytic activity [110].
In a similar study, Ke et al. demonstrated the photocatalytic oxidation of benzyl alcohol
to benzaldehyde driven by sunlight at ambient temperature in the presence Au/zeolites,
reporting a high benzaldehyde selectivity of 99% [111].

2.5.2 Effect of particle size

The size of NPs affects remarkably the overall efficiency of the photocatalytic
process. Particularly, a decrease in the size of NPs results in an increase in the surface
area to volume ratio. The available surface area of NPs is of significant importance as
the contact between the catalytic sites and reactant molecules increases [101]. Shape,
size and morphology are characteristics that can be high controllable enabling a
successful catalyst for selective oxidation of alcohols. Many studies reported that Au
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NPs with small size with low loading act as more effective and selective catalysts for
photocatalytic oxidation reactions compared to Au NPs with larger size [112]. For
instance, Jiang et al. reported that the size of Au NPs affected the photocatalytic
performance of benzyl alcohol oxidation in terms of benzaldehyde production (Fig.
2.13) [85]. The amount of benzaldehyde formed increased by increasing Au loading up
to 3.5 wt.% Au loading on TiO., while decreased at higher loading due to an increased
particle size, implying that large Au NPs with size > 5 nm are less active in the reaction.
Size of Au NPs for Aui/T-2, Auzs/T-2 and Auss/T-2 were 2.8, 4.0 and 5.5 nm,
respectively. In another study, Xheng et al. studied the influence of Au NPs size on
CeO2 nanorods for photocatalytic oxidation of propylene. They found that outgrown Au
NPs (>10 nm) led to a decrease of the photocatalytic activity. The authors reported that
the increase of Au NPs size resulted in saturation of exposed active sites for reactive
species adsorption [113].
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Figure 2.13. Amount of benzaldehyde formed during the benzyl alcohol oxidation in the dark (grey)
and under visible light irradiation (shadow) over Au/TiO2-NB photocatalysts with different Au loadings
[113].

Similar results have been reported by many studies and it can be concluded that the
activity of noble metals is directly correlated to their size, which controls the number of

Au atoms and the coverage of the support surface.

2.5.3 Effect of catalyst preparation

The synthesis method of noble metals is of a strategic importance for controlling the
catalyst activity and selectivity in photocatalytic oxidation of alcohols. The most

common methods include chemical reduction, photodeposition, wet-impregnation and
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deposition-precipitation. TEM and STEM images of Au NPs synthesized using the
above methods are presented in Fig. 2.14.

Chemical reduction is one of the simplest methods to load noble metals onto the
surface of metal oxides (Fig. 2.14d). Typically, this synthesis method includes the
immersion of the as-synthesized support, which serves as template for the growth of
metal NPs into a noble metal precursor solution. Subsequently, the metal precursor is
adsorbed on the surface of the support followed by a chemical reduction using a
reducing agent. The choice of the reducing agent affects remarkably the effectiveness of
this synthesis method. Many reducing agents including sodium citrate and ascorbic acid
have been used [114].

Another common preparation method is the photo-deposition, where light irradiation
is used for the anchoring of noble metals on supports (Fig. 2.14b) [115]. In photo-
deposition, electrons are excited upon light illumination from the conduction to the
valence band of the semiconductor. The photoinduced electrons participate in the
reduction of the adsorbed noble metal precursors into metal NPs decorated on the
surface of the support. This method benefits from the fact that no addition of reducing
or stabilizing agent is required, which enables the possibility to synthesize pure
nanostructures free of any impurities [116]. The size of metal NPs can be controlled by
altering the time and intensity of light irradiation as well as the concentration metal
precursors. The desirable metal loading on the support can be achieved via multi-step
photoreduction, repeating the addition of metal precursor and photoreduction many

times.
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Figure 2.14. a) TEM micrographs and particle size distribution (insets) of Au/ TiO, prepared using
deposition-precipitation [117], b) STEM micrographs of Au supported octahedral anatase particles
prepared using photo-deposition [118], c) TEM micrographs of Au/TiO- prepared using wet impregnation
[119] and d) TEM image of AuNPs prepared via citrate-based reduction process [120].

Wet-impregnation is a simple method for synthesizing metal NPs (Fig. 2.14c) [121].
Typically, the salt of a metal is dispersed in an aqueous solution and added onto a
powdered solid support and subsequently stirred until a homogeneous solution is
formed. After impregnation, the water is slowly evaporated from the powder at a
desired temperature and the slurry is then dried, typically followed by calcination [122].
The rate of drying procedure influences the deposition of metal on the support. At high
temperatures, the water evaporates from the solution fast without giving sufficient time
to the metal to deposit on the support.

Deposition-precipitation (DP) is the most widely utilized method for the deposition
of noble metals and particularly Au NPs on semiconductors (Fig. 2.14a) [123].
Typically, the as-synthesized support is dispersed into an aqueous HAUCI4 precursor
solution to form a slurry. The pH of the solution is adjusted to the desired value by the
addition of precipitation agent [124, 125]. As precipitation agents, NaOH and urea are
mainly used, with NaOH being the most common approach. The pH value of the
preparation solution determines the particle size and yield deposition of metal NPs and
therefore the catalytic activity. Then, the obtained slurry is washed repeatedly to remove
any chloride ions left, dried and calcined in air to obtain metallic gold. This method

benefits from the synthesis of small metal NPs increasing the active sites for reactants
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adsorption and produces a well-defined coupling between the metal NPs and the

semiconductor improving the separation of the photogenerated electrons.

Summary

Despite the significant advances made in the photo-oxidation of benzyl alcohol by
decorating metal oxides with noble metals, there are still limitations in terms of reaction
rate and photonic efficiency. In this Chapter, the challenges in the photocatalytic
oxidation of alcohols and the research strategies that have been employed to achieve
higher benzaldehyde yield were highlighted while the research gaps of the field were
identified. The existing studies have been devoted to enhancing the photocatalytic
performance without efficient use of light energy resulting in long reaction time with
limited vyield. Additionally, since the photoreactor affects significantly the
photocatalytic performance, a continuous flow reactor that makes efficient use of light
irradiation will be designed and tested in the Thesis. The preparation method and the
support of plasmonic metals are also crucial factors to achieve high performance and
remain a subject of significant interest. The deposition-precipitation method will be
used as synthesis technique in this Thesis because it favours the formation of small
metal nanoparticles, which is essential in combination with laser irradiation for the
effective oxidation of benzyl alcohol. At the same time, a catalyst support with
absorption in UV-Vis region can act as catalytic active site, boosting the photocatalytic
oxidation process. Finally, the photothermal effect of plasmonic metal nanoparticles has
a key auxiliary role in the enhancement of photocatalytic performance and should be
investigated during the reaction process. The literature review in this Chapter allowed to
evaluate the criteria need to be considered with regards to the enhancement of
photocatalytic performance. Therefore, this chapter will serve as a foundation for the
following experimental and results chapters.
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Chapter 3 — Experimental Methodology

In Chapter 2, a review of the fundamentals and properties of plasmonic metal NPs as
well as their photocatalytic activity allowed to evaluate the methodology that will be
used in photocatalytic oxidation advancements. For nanomaterials, characteristics such
as particle size, morphology and surface composition are of key importance. Evaluation
of physicochemical properties such as content, absorption and crystallinity is vital to
understand the parameters which affect the catalytic performance and explore possible
routes for optimization. The experimental design of this Chapter includes materials
synthesis techniques, physicochemical and photo-electrochemical characterization,
design and setup of continuous flow system, conditions of plasmonic heating
experiment and benzyl alcohol photo-oxidation and finally product identification and
analysis. The fundamental theories of physicochemical and electrochemical
characterization techniques are presented.

3.1 Materials synthesis

3.1.1 Materials

Potassium dichromate (K2Cr207, 99.99%), acrylamide solution (CH,CHCONH>, 40%
in H20), gold (111) chloride trihydrate (HAUCI4-3H20 >99.9 % trace metals basis) and
P25 Titanium (IV) oxide (particle size 21 nm, >99.5% trace metals basis)
nanopowders were supplied from Sigma Aldrich. Ethanol (>99.8 %) and sodium
hydroxide (Pellets, > 98.5%) were obtained from Fischer Scientific and Acros Organics,
respectively. All chemicals were utilized as received. All aqueous solutions were

prepared utilizing Milli-Q water type I with resistivity 18.2 MQ-cm.

3.1.2 Synthesis of Cr203 microspheres

Cr203 microspheres, as shown in Fig. 3.1a, were synthesized using a hydrothermal
approach [1]. Firstly, K2Cr207 (0.05 mmol) was dissolved into milli-Q water (456 mL).
Then, 1.0 mmol acrylamide were added and stirred for 30 min until a homogeneous
solution, orange in colour, was formed. The prepared solution was transferred into the
Teflon-lined autoclave (100 mL) for hydrothermal treatment at 180 °C for 12 h. Upon
cooling down to room temperature, the green coloured powder was collected and

sequentially washed with water and then ethanol three times each. The powder was then
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dried in an oven at 75 °C overnight. To improve the crystallization of the obtained

powder, the dried Cr,O3 was calcined under air at 900 °C for 1 h.

3.1.3 Synthesis of Au/TiO2 nanoparticles and Au/Cr203 microspheres

Monometallic Au nanoparticles (1, 3 & 5 wt.%) were decorated on TiO;
nanoparticles and Cr.Os microspheres using deposition-precipitation (DP) method with
NaOH (Fig. 3.1b) [2]. Commercial Degussa P25-TiO2 and Cr.O3 powder were dried in
an oven for 24 h before use. Different concentrations of AuCls-3H20 (1, 3 & 5 wt.%
Au) were dissolved in 25 mL milli-Q water and the pH of the solution was controlled at
9 by adding a certain amount of NaOH. Then, 150mg of commercial P25-TiO, or
synthesized Cr.O3 powder were added to the solution and the pH was re-adjusted at 9.
DP was performed at 80 °C under 2 hrs vigorous stirring keeping the pH constant at 9
and then the solution was stirred overnight. After the DP procedure, the obtained
powders were collected by centrifuge, rinsed thoroughly with ethanol and milli-Q water
and air-dried at 80 °C overnight. Finally, Au/TiO2 and Au/Cr.0s powders were calcined
under air atmosphere at 300 °C for 4 h with a ramp rate of 5 °C/min. For photocatalytic
experiments, 2 & 4 wt.% Au loadings on Cr.03 microspheres were prepared and tested
as well (Fig. A1-2, APPENDIX A) while 1, 3 & 5 wt.% Au loadings were discussed in

detail in Chapter 5 showing a specific trend.

3.1.4 Synthesis of Ag-Au/TiO2 nanoparticles and Ag-Au/Cr203 microspheres

Monometallic Ag nanoparticles were decorated on Cr.Os microspheres using wet
impregnation method [3]. Different concentrations of AgNO3 (with loadings 0.5 — 2
wt.%) were dispersed in an aqueous solution (10 mL) in a round bottom flask. Then, the
obtained solution was added onto 150 mg of Cr,Os powder and stirred until a
homogeneous solution was formed. After impregnation, the water was slowly
evaporated from the powder at 60 °C (60 rpm) using a rotary evaporator. The produced
Ag/Cr.03 powders were collected by centrifugation and washed thoroughly with
ethanol and water. The as-synthesized samples were dried in an oven at 75 °C overnight
and calcined at 400 °C for 4 h with a ramping rate of 5 °C/min. Monometallic 1 wt.%
Ag/P25-TiO, nanoparticles were synthesized as a reference for comparison with Cr203
supported Ag NPs.

For synthesis of bimetallic NPs, Au loading was kept constant at 3 wt.% based on the

highest obtained photocatalytic activity as demonstrated in Chapter 5, while Ag loading
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was varied between 0.5-3 wt.% to investigate the effect of Ag-Au ratio. Bimetallic Ag-
AuU/Cr203 photocatalysts were synthesized as follows: Initially, 3 wt.% Au/Cr.0O3
photocatalysts were prepared by deposition precipitation method and then Ag-Au/Cr203
samples were loaded via wet impregnation deposition of Ag NPs on 3 wt.% Au/Cr203
support (Fig. 3.1c). The obtained bimetallic photocatalysts Ag (0.5 wt.%) — Au (3
wt.%)/Cr203, Ag (1 wt.%) - Au (3 wt.%)/Cr203, Ag (2 wt.%) — Au (3 wt.%)/Cr.0z and
Ag (3 wt.%) — Au (3 wt.%)/Cr.03 (where wt.% represents the weight percentage of
metal) were designated as 0.5Ag-3Au/Cr203, 1Ag-3Au/Cr203, 2Ag-3Au/Cr203 and 3Ag-
3AU/Cr20s, respectively. Bimetallic Ag (0.5 wt.%)-Au (3 wt.%)/TiO2 were synthesized

as a reference for comparison with Cr.Oz supported Ag-Au NPs.

K,Cr,0, ) acrylamide
(a) T

Hydrothermal synthesis B - Dried at 100 °C
at 180°C for 12 h

overnight

(™ AuCl,3H,0 (™ Cr,0; powder

100 °C

DP method Dried at 100 °C Annealed at
at80°C for2 h overnight 300°C for4 h
( AgNO; (" Au-Cr,0,
(c) — —
— e S .
. =)
Milli-Q T ‘!‘
H0 3 m i
- 100 °C
Rotary evaporator Dried at 100 °C Annealed at

overnight 400 °C for4 h

Figure 3.1. Schematic illustration of a) hydrothermal synthesis of Cr,Os; microspheres, b) DP method
of Au nanoparticles loaded on Cr,0O3 microspheres and ¢) wet impregnation method of Ag nanoparticles

loaded on Au/Cr,0O3 microspheres.
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3.2 Physicochemical characterization techniques

3.2.1 Scanning electron microscopy (SEM)
3.2.1.1 Background

Scanning electron microscopy (SEM) is an imaging technique which investigates the
morphology of the samples. In this microscopic technique, the surface of the sample is
scanned with a high-energy electron beam to produce an image. Particularly, electrons
are produced by an electron source at the top of the column, accelerated down and
travelled through a set of lenses and apertures in the vacuum chamber to generate a
focused beam of electrons which eventually strikes the surface of the sample. When the
electron beam interacts with the sample, many signals like secondary and backscattered
electrons are produced [4]. Subsequently, these signals are collected from a detector to
form images that can be displayed on a computer monitor.

3.2.1.2 Experimental

The morphology of the samples was examined using a Focused lon Beam (FIB)
Emission Scanning Electron Microscope (SEM, FEI Quanta 3D FEG) operated at an
accelerated voltage of 10 kV. Samples were prepared by dispersing 1 mg of
nanopowder in 400 pL ethanol and the solution was sonicated for 5 minutes.
Subsequently, a drop of the suspension was deposited on a silicon wafer and allowed to

dry before placed on the SEM specimen.

3.2.2 Transmission electron microscopy (TEM)
3.2.2.1 Background

Transmission electron microscopy (TEM) is an imaging technique which operates in
a similar way to that of light microscope using electrons instead of light. Similar to
SEM, high-energy electrons travel through a sequence of lenses under vacuum to
produce the desired focused beam of electrons which hit the surface of the sample [5].
The interaction of the electrons with the sample generates X-Rays that is recorded on
high-resolution fluorescent screen acquiring information about morphology,
crystallization and composition of the tested material. A TEM sample should be thin
enough to allow sufficient electrons to pass through in order to obtain an image with
minimum loss energy. Therefore, sample preparation is of significant importance for

TEM analysis.
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3.2.2.2  Experimental

TEM was performed using a high-resolution transmission electron microscope (HR-
TEM FEI Titan Themis 200) equipped with an energy dispersive X-Ray (EDX) detector
operated at 200 kV for identification of chemical composition. Crystallographic nature
of the samples was identified using Selected Area Electron Diffraction (SAED)
technique in the transmission electron microscope. Samples were prepared by
dispersing 1 mg of nanopowder in 400 pL ethanol and depositing a drop of the

suspension on a carbon coated Cu grid.

3.2.3 Energy Dispersive X-Ray Analysis (EDX)

Energy dispersive X-Ray spectroscopy (EDX) is an analytical technique coupled with
SEM or TEM for identification of elemental composition of the nanomaterials.
Electrons beam hits the surface of the sample causing excitation of the atoms in discrete
orbitals. When the electrons vacancies are filled by higher-state electrons, X-Rays are
emitted which have characteristic energy for each element. The identification and
quantification of the elemental composition of the sample can be done by measuring the

peak energy of the emitted X-Rays.

3.2.4 X-Ray diffraction spectroscopy (XRD)
3.24.1 Background

X-Ray diffraction (XRD) is a technique which is used to identify the crystal structure,
crystallite size and lattice parameters of nanomaterials [6]. XRD is based on diffraction
of X-Ray beams as a function of the angle of the incident beam. These X-Rays are
produced from targeted metal, which is bombarded by high energy electrons (usually
Cu or Mo), and then are filtered and concentrated into monochromatic radiation which
is directed towards the sample. The interaction of X-Ray beam with the surface of the
sample generates reflected rays from constructive interference when conditions of

Bragg’s law are satisfied:

2dsin@=nA (3.1)

where d represents the planar spacing, 6 is the angle between incident and normal to

the lattice plane, n is the order of reflection and A corresponds to X-Ray wavelength.
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Additionally, from the diffraction data, the crystallite size of the material can be

estimated using Scherrer’s equation:

. kA
" Bcos#

(3.2)

where Kk is a dimensionless shape factor, A is X-Ray wavelength, B is full width of
half maximum of the peak and 0 is the angle.

3.24.2 Experimental

XRD measurements were carried out using a D8 Advance (Bruker AXS) X-Ray
diffractometer with Cu Ka radiation (A=1.5418 A) and a nickel beta filter (20 = 10-80°).

Powder samples were mounted onto sample holder and placed into the equipment.

3.2.5 Raman spectroscopy
3.25.1 Background

Raman spectroscopy is a technique utilized to provide information about vibrational,
rotational and other low-frequency modes of molecules [7]. Raman spectroscopy is
based on inelastic scattering of photons from a laser light source. In this scattering
process, incident photons interact with the sample resulting in a change of the frequency
of the photons towards red or blue. The shift in energy gives information about
vibrational modes of molecules. Typically, scattered light is collected with lens and
passes through a monochromator to acquire Raman spectrum. A Raman spectrum
consists of a number of peaks featuring wavelength position and intensity of scattered
light. Each peak corresponds to characteristic chemical fingerprint that can be used to

distinguish a material from others.

3.25.2 Experimental

Raman spectroscopy measurements were conducted on a Renishaw microscope
equipped with 785 nm as source of exciting light. Powder samples were loaded onto a
microscope glass and spread to obtain a thin layer. Prior to measurements, silicon wafer

was used for background correction.
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3.2.6 Diffuse reflectance spectroscopy
3.2.6.1 Background

The optical properties of nanostructures such as absorption coefficient, absorption
and reflectance spectra and energy bandgap can be investigated using UV-Vis
spectroscopy [8]. The electromagnetic radiation employed in UV-Vis spectroscopy is in
the range of ultraviolet (185-400 nm) to visible (400-800 nm). The basic principle of a
spectrophotometer is based on Beer-Lambert law. As described by the Beer-Lambert

law, the absorbance of a sample is directly proportional to its thickness (optical path).
A=¢-cl (3.3
Transmittance of a sample can be defined as:

L (3.4)

lo

where |, and lo represent the intensities of transmitted and incident light, respectively.

For measurement of solid samples, a spectrophotometer with an integrated sphere is
used. Integrating sphere is an optical arrangement consisting of a cavity whose inner
surface is homogeneously coated with highly reflective material such as barium sulfate.
Integrating spheres have small holes (aperture) that act as inlet and outlet ports so that
radiation passes through the sample, enters the sphere and then is collected by the

detector.
3.26.2 Experimental

UV-Vis Diffuse reflectance spectra (DRS) of the prepared samples were collected
using a Perkin Elmer Lamda 950 spectrophotometer equipped with a 150 mm
integrating sphere using BaSO4 for background correction. Powder samples were loaded
onto a quartz cell sample holder which was placed inside the spectrophotometer. The

band gap energy was calculated using Kubelka-Muck function:

(1-R)’

F(R) =—5z¢

(3.5)

in which R is the reflectance.

53



3.3 Photoelectrochemical performance measurements
3.3.1.1 Background

Chronoamperometry is a well-established electrochemical characterization technique
which can provide information about catalyst stability and reaction Kkinetics. In
chronoamperometry measurements, a fixed potential is applied to the working
electrode, while current density response, resulting from faradaic processes occurring at
the electrode, is recorded as a function of time [9]. Changes in the current density are
related to a rise or decrease in the diffusion layers of the analyte at the surface of the
working electrode. Generally, a stable photocurrent density reveals the stability of
photoelectrodes while a photocurrent density drop is observed in case of unstable
photoelectrodes. Additionally, chronoamperometric techniques enable the identification

of any corrosion and degradation of the photocatalyst.

3.3.1.2 Experimental

Photoelectrochemical measurements (Chronoamperometry) of all catalysts were
carried out in a three-electrode home-made cell [10], consisting of a sample-coated
electrode as working electrode with an active area of 1 cm?, Pt wire as counter electrode
and Ag/AgCI (KCI 1M) as reference electrode while 0.5 M Na>SO4 aqueous solution
served as electrolyte. The working electrode was prepared by electrophoresis
deposition, as follows: 16 mg/mL of Au/Cr.Os powder were dispersed in 250 mL
acetonitrile solution containing 4 mg/mL iodine (making the particles positively
charged). For the electrophoresis procedure, a Fluorine doped Tin Oxide (FTO) glass
(sample-coated electrode) and an auxiliary FTO glass were placed in parallel (1 cm
distance) and 10 V was applied between the two electrodes for 60 sec to obtain a
uniform layer of Au/Cr203 deposited on FTO glass. The bottom part of the FTO glasses
were immersed into the suspension (1 cm x 1 cm). All the prepared electrodes (3 x
coated electrodes per sample) were measured and found to have a similar coating film
after electrophoresis deposition. Then, the prepared films were dried in air and calcined
at 300 °C for 1 h. Chronoamperometry experiments were performed using an Autolab
PGSTAT 302N electrochemical workstation in the presence of a solar simulator
(Newport 92250A, AM 1.5G, 100 mW-cm™), illuminating the electrodes with an
active area of 1 cm? (optical window of the reactor).
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3.4 Reactor design

Initially, polymethyl methacrylate (PMMA) sheets were cut and engraved in different
dimensions using Trotec Speedy laser cutter/engraver. The fabrication of these parts
allowed the most effective use of the laser cutting and engraving process and therefore
optimization of reactor design parameters. In order to ensure maximization of the
illuminated surface area of dispersed plasmonic NPs in the water or toluene based
solutions, the dimensions of the cell were minimized to the desired values. In this
direction, the flow cell has been designed in such a way that the nanofluid is irradiated
for the longest possible period of time. A longer irradiation time of NPs increases the
duration of LSPR effect of each nanoparticle resulting in enhanced
photothermal/photocatalytic process. The fluids were irradiated with laser light
traveling in and against flow direction showing similar results in the temperature
change. However, when high concentration of NPs was used, irradiation in the direction
of flow affected negatively the uniform flow of Au/TiO2 and Au/Cr,03 fluids due to

precipitation.

3.4.1 Fabrication of continuous flow container for laser induced plasmonic

heating experiment

A Trotec Speedy 300 laser cutter/engraver was used to fabricate a continuous flow
container made of PMMA sheet as described in earlier publication [2]. A sandwich type
container was fabricated by sealing two PMMA sheets as shown in Fig. 3.2. The
fabricated container consisted of an inlet and outlet to allow the continuous flow of the
nanofluids (Fig. 3.2). The total volume of the cell was 2 mL (2 cm x 1 cm x 1cm). The
different nanofluids were supplied to the PMMA container utilising a syringe pump
(Genie Touch, Kent Scientific Corporation) with flow rate ranging from 0.05 to 0.4

mL-mint.
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Figure 3.2. PMMA parts of continuous flow container used for laser induced plasmonic heating.

3.4.2 Fabrication of continuous flow reactor for photocatalytic oxidation of

benzyl alcohol

A continuous flow reactor made of Teflon sheet was designed and fabricated using a
Trotec Speedy 300 laser cutter/engraver following the design presented in section 3.4.1.
Two Teflon sheets were cut/engraved in the desired dimensions and placed in such a
way to seal a sandwich type reactor. Teflon sheets were used since PMMA sheets are
not resistance to toluene, which used as solvent in the subsequent experiments. The
continuous flow reactor consisted of an inlet and outlet to allow the flow of the
electrolyte containing the dispersed as-synthesized photocatalysts. The total volume of
the reactor chamber was 2 mL (2 cm x 1 cm x 1cm). A syringe pump (Genie Touch,
Kent Scientific Corporation) was utilized to supply the O.-purged solution to the reactor
with flow rates in the range between 0.05 to 0.2 mL-min™. A schematic illustration of

the continuous flow reactor made by Teflon sheets is shown in Fig. 3.3.
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Figure 3.3. Schematic representation of Teflon parts of continuous flow reactor for photocatalytic

oxidation of benzyl alcohol.

3.5 Materials testing

3.5.1 Laser induced plasmonic heating using Au/TiO2 nanoparticles

A schematic illustration of the experimental set-up is presented in Fig. 3.4 [11]. The
continuous flow container was irradiated from the top using 532 nm laser light while the
top was covered with quartz glass. Two k-type thermocouples were installed to the data
acquisition unit plugged in a computer and were placed after the inlet (before
illumination) and before the outlet (after laser illumination) of the container to monitor
the temperature (Fig. 3.4). Temperature measurements were recorded with PicoLog
thermocouple data logger (TC-08) until a thermal steady state has been reached. The
starting temperature of TiO2 and Au/TiO> water-based nanofluids was 20.3°C and the

error bar was estimated at +0.1 °C.
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Figure 3.4. Schematic representation of experimental set-up for laser induced plasmonic heating under

continuous flow conditions.

3.5.2 Photocatalytic oxidation of benzyl alcohol

The photocatalytic performance of monometallic Au/Cr203, Ag/Cr.03 and bimetallic
Ag-Au/Cr,03 microspheres was evaluated by benzyl alcohol photo-oxidation under 500
mW, 532 nm laser irradiation using two different types of reactor: A batch type reactor
(5 mL round bottom flask, Fig. 3.5) and the fabricated continuous flow reactor (Fig.
3.6). 1 mg/mL of photocatalyst was dispersed in toluene (solvent) containing 0.1M
benzyl alcohol (reactant) and then the suspension was ultrasonicated and purged with
O2. The top of the reactors was covered with quartz glass to allow the light source
inside. The temperature of the systems was controlled by a water bath at 21 °C running
through the outer case of the reactors to avoid light induced heating. Two k-type
thermocouples were installed to the data acquisition unit plugged in a computer and
were placed after the inlet (before illumination) and before the outlet (after laser
illumination) of the continuous flow reactor to monitor the temperature. In case of
continuous flow experiments, the O»-purged solution was supplied to the reactor using a
syringe pump with different flow rates in the range between 0.05 to 0.2 mL-min™ (Fig.
3.6). The photocatalytic oxidation of benzyl alcohol was carried out under 532 nm laser

irradiation at room temperature.
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Figure 3.5. Schematic representation of experimental set-up for for photocatalytic oxidation of benzyl
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Figure 3.6. Schematic representation of experimental set-up for photocatalytic oxidation of benzyl

alcohol under continuous flow conditions.
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Blank experiments were conducted in the absence of photocatalyst and light.
Controlled experiments were performed to explore the mechanism of benzyl alcohol
photo-oxidation utilising different trapping agents such as tert-butyl alcohol (TBA),
ammonium oxalate (AO), AgNOs and 1,4-benzoquinone (BQ), which served as the
hydroxyl radical (OH’), hole (h*), electron (e)) and superoxide radicals (‘O2")
scavengers respectively. For controlled experiments, 50 umol of radical scavengers
were added to the above photocatalytic oxidation reaction system. To test the
recyclability of Au/Cr,0s3, after completion of the reaction, the catalyst was collected by
filtration, air-dried at 75 °C overnight and re-used for the subsequent reaction cycles.
Benzyl alcohol conversion and benzaldehyde selectivity of aldehyde were defined using

the equations as follows:

Conversion (%) = [ Cy — Caiconor)/Col x 100% (3.6)
Selectivity (%) = [Ccafﬂ] x100% (3.7)
0~ %alcohol

where Co is the concentration of alcohol prior to reaction initiation, Caiconol iS the
remaining concentration of alcohol after 3 h irradiation and Caigenyde IS the concentration

of formed benzaldehyde after 3 h irradiation.

3.5.3 Photocatalytic degradation of methyl orange using peristaltic pump

Photocatalytic degradation of methyl orange (MO) was carried out using 0.84 wt.%
Au/TiO2 NPs as photocatalyst in a commercial photochemical flow reactor equipped
with an LED lamp with emission at 530 nm (easy-Photochem from Vapourtec) as
described above. Fig. 3.7a illustrates the experimental setup used for the MO
degradation. 5 mg of Au/TiO> NPs were dispersed into a 10 mL aqueous solution
containing 10 mg/L MO. The suspension was then pumped into the reactor circularly
using a peristaltic pump at a flow rate of 1 mL/min employing 1 mm PTFE tubing. The
dispersion was cycled for the required time and 0.2 mL samples were collected at
regular interval times and analysed using UV-Vis spectrophotometer. The use of
peristaltic pump enables the heterogeneous mixture to pass easily through the system
and offers consistent light penetrations and controlled exposure times. Fig. 3.7b shows
the UV-Vis absorption spectra of the pristine MO solution (before irradiation) and that

of the decomposed dye solutions in the presence of Au/TiO. photocatalyst, which
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clearly indicate decomposition of MO along with decrease in absorbance over

irradiation time.
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Figure 3.7. (a) Experimental set-up of the Photochem flow reactor from Vapourtec and (b) UV-Vis

spectra of MO under LED irradiation.

3.6 Analytical techniques

3.6.1 Background

Gas chromatography (GC) is a widely used analytic technique for separation and
quantification of chemical compounds [12]. A gas chromatograph consists of an
injector, a column and a detector. A small amount of sample is introduced to the
injector, which has a dual mode of sample vaporization and mixing with the carrier gas.
Then, the injected sample passes through a column with controlled temperature where it
takes place the separation of the different analytes. At the end of the column the carrier
gas passes through the detector prior to atmosphere exposure. High purity hydrogen,

helium and nitrogen are the most common carrier gases.

3.6.2 Experimental

The starting materials and reaction mixture were analyzed by a gas chromatograph
equipped with flame ionization detector (FID) using DB-624 capillary column and He
as carrier gas. Particularly, 2 uL of the testing sample were injected in the GC with the
following operating conditions: Initially, oven temperature was set at 40 °C and hold for
2 min. Then, a raise from 40 °C to 200 °C was conducted at a heating rate of 5 °C/min
and hold for 20 min. Total run time was 35 min while Helium was used as a carrier gas.

GC peak area can be used to identify and quantify the benzyl alcohol (reactant) and
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benzaldehyde (expected product) concentration. For this purpose, two calibration curves
with known concentrations (mol/mL) of benzyl alcohol and benzaldehyde which permit
the quantification of concentration in tested samples were developed. Benzyl alcohol
and benzaldehyde were diluted in toluene solutions in different concentrations to set up
the desired calibration tables. As it can be seen, (Fig. 3.8-3.9) both calibration curves
exhibit a linear trend with correlation R?>0.99. From the calibration curves, the
qualitative and quantitative analysis of the reactants consumed over irradiation time and

products formed was established.
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Figure 3.8. Calibration curve for benzyl alcohol.
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Figure 3.9. Calibration curve for benzaldehyde.
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Each time a blank run was conducted before injecting the samples into GC to ensure
that no impurities were left in the column. Gas chromatographic peaks of pure toluene,
benzyl alcohol and benzaldehyde were identified at 6.7, 20.1 and 18.6 min retention

time respectively.
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Chapter 4- Continuous Flow-Based Laser-Assisted Plasmonic Heating:
A New Approach for Photothermal Energy Conversion and

Utilization

4.1 Introduction

As described in Chapter 2, metal NPs such as Au, Ag and Cu exhibit considerable
photothermal performance due to their unique characteristics such as absorption of
photons and scattering [1]. Metal nanoparticles convert the absorbed photons to heat
energy, which is then transferred to surrounded medium, increasing the temperature.
Plasmonic metal nanoparticles have been used in different applications including
industrial and residential process heat, biomedical applications and photocatalytic
processes, due to their significant improvement of optical absorption and photothermal
effect, which is attributed to the LSPR effect on the surface of plasmonic nanoparticles.
For instance, Chen and co-workers performed several experimental studies on the
optical properties of metal NPs (Au NPs size — 25, 33 and 40 nm, Au NPs size — 10 nm
and Ag NPs size — 30 nm)) and the photothermal conversion efficiency of thermal
collectors [2-4]. The results indicated that nanofluids containing Au and Ag obtained
the highest photothermal conversion efficiency. Qin and co-workers investigated the
heat generation of gold nanoparticles (10 -100 nm) for photothermal therapy under laser
irradiation [5]. In another study, Wang et al. reported that the photothermal effect
generated by Au nanorods (1.4, 1.9, 2.3 and 3.7 wt% Au loading, width and length of
Au nanorods were 12 nm and 34 nm with an aspect ratio of 2.9) supported on TiO>
microspheres promoted the RhB degradation rate [6].

Among the noble metals, Au NPs have higher chemical stability to oxidation
compared to Ag and Cu and relatively high absorption and scattering properties, which
enable them more attractive metals for photothermal applications [3, 7, 8]. Although
plasmonic metal NPs have shown a good activity in photochemical processes they are
not considered as ideal materials for large-scale applications due to aggregation, low
stability and high-cost. For this reason, metal oxide materials are used as supports to
further enhance the functionality and stability of metal NPs by providing a large surface
area to enable a uniform dispersion of metal [7, 9]. TiOz is one of the most promising
semiconductors that favours from its chemical and thermal stability and has been

employed as an efficient support for particularly low Au loadings under visible light to
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promote effectively several plasmonic photocatalytic and photoelectrocatalytic
processes [10, 11].

So far, as described in Chapter 2, many studies have investigated the feasibility of
using plasmonic metals in photothermal processes. Although there have been many
approaches in photothermal heat generation from plasmonic nanoparticles, these studies
mainly investigated the optical properties of the nanoparticles with limited photothermal
experiments and evaluation of the parameters that affect significantly the efficiency of
photothermal conversion.

Additionally, the existing technology of batch-type systems that have been mainly
used in photothermal processes has limitations in large-scale applications due to long
time-scale of operation hours [3, 4]. Development of a continuous-flow system is a
promising approach to deal with the required needs of designing a system that
comprises advanced light harvesting and reduction of photon loss, characteristics that
can ensure a photothermal process with high conversion efficiency [12-14].

The objective of this Chapter was to systematically investigate the surface plasmon
resonance and particularly the plasmonic heating effect of Au NPs evaluating their
potential use in photocatalytic processes. Herein, plasmonic heating experiments of Au
NPs decorated on TiO. were performed under continuous flow conditions using visible
laser irradiation. The developed flow system benefits from improved heat and mass
transfer, enhanced light utilization and allows control of operating conditions over
fluids. The optical and physical properties of Au/TiO2 NPs with various Au loadings
were characterized. Additionally, the effect of Au loading, flow rate, Au/TiO, NP
concentration and laser intensity versus flow rate on the photothermal properties of
nanofluids was explored by measuring the temperature change.

4.2 Results and discussion

4.2.1 Characterization of Au/TiO2 NPs

The structural properties of the plasmonic NPs were identified by X-Ray diffraction,
as shown in Fig. 4.1. The presence of anatase and rutile phases of TiO2-P25 was
confirmed by the XRD patterns. The diffraction peaks detected at 20 = 25°, 38° and 48°
were indexed to lattice planes (101), (004) and (200) of anatase phase while the
diffraction peaks at 20 = 27°, 41°, 54° and 63 ° were assigned to (110), (111), (220) and
(002) lattice planes of rutile phase of TiO> respectively. No characteristic peaks
associated to Au were observed in the Au loaded TiO> samples. This can probably be

attributed to the small particle size of Au NPs in accordance with TEM analysis (NPs, <
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5 nm) and low Au concentration. Additionally, overlap of expected Au (111, 200)
reflection peaks with TiO, anatase (004) and TiO> rutile (111) makes it difficult to
identify Au particles.
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Figure 4.1. XRD pattern of pure TiO; anatase (*) and rutile (0) and Au/TiO2 samples.

Further investigation of the crystal structure of Au/TiO2 nanopowders was performed
using Raman spectroscopy. Raman spectra of the different samples are shown in Fig.
4.2. The characteristic bands of anatase phase positioned at 142, 395, 515 and 638 cm™,
which correspond to Eg(1), Big(1l), Ay + Big(2) and Eg(2) vibrational modes
respectively, are present in all tested samples. After Au loading, no characteristic peak
corresponding to Au nanoparticles was detected. However, for Au/TiO; samples, by
increasing Au loading, the intensity of the main anatase peak at 142 cm™ was slightly
decreased as well as shifted to 145 and 147 cm™ for 3 and 5 wt.% Au content
respectively. This indicates that the Au loading created lattice distortions, known as
crystalline defects within TiO2, which increased by increasing Au content. As a result,
the characteristic vibrational frequency of TiO2 was affected [15, 16]. A further increase

of Au content to 5 wt.%, led to a decrease of the intensity of 395, 515 and 638 cm™

68



peaks of TiO2 which revealed the increased crystalline defects. This observation is in

agreement with the large nanoparticles identified in TEM images.
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Figure 4.2. Raman spectra of pure TiO, anatase (*) and rutile (0) and Au/TiO, samples.

Fig. 4.3 shows the UV-Vis diffuse reflectance spectra (DRS) of bare TiO. and
Au/TiO2 samples. The pure TiO2-P25 powder showed intense absorption below 400 nm.
Contrary to pure TiO2, Au/TiO2 nanoparticles demonstrated a significant absorption in
the visible region, particularly in the range 500-550 nm. This effect can be ascribed to
the localised surface plasmon resonance (LSPR) of Au nanoparticles [17]. Additionally,
an enhanced intensity of LSPR band at 532 nm was observed by increasing Au loading
from 1 to 5 wt.%, which was also indicated by the color change of Au/TiO2 powders
from light to dark purple. This happens because the surface plasmon resonance

wavelength is dependent on the metal content and particle size of noble metal [18].
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Figure 4.3. UV-Vis diffuse reflectance spectra of the as-prepared samples.

The energy bandgap of the synthesized samples was estimated (Fig. 4.4) utilizing the
Kubelka-Munk function [19]:

F(R) = % (3.5)

The bandgap for P25-TiO> was estimated at 3.2 eV, which is in agreement with the
literature. In case of Au loaded TiO> nanoparticles, an increase in the Au content from 1
to 5 wt.% led to a decrease of the band gap of TiO.. Specifically, the band gap values
were found at 3.07, 2.88 and 2.96 eV for 1, 3 and 5 wt.% Au, respectively. The decrease
of TiO. bandgap stems from increased crystalline defects within TiO2 by increasing Au
loading. It has been reported that the electrons transferred from TiO2 to Au cause
shifting of the Fermi level closer to the conduction band of TiO2 until the two systems
reach an equilibirum [20, 21]. Therfore, the involved band edge energy in the electron

transfer between metal and semiconductor is lower than that of bare TiO».
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Figure 4.4. Plots of transformed Kubelka—Munk function versus the energy of absorbed light of the as-

prepared samples.

The morphology of the samples with different Au loading (1, 3 and 5 wt. %) was
studied by HR-TEM. It should be mentioned that no significant alternation was
observed in the morphology of TiO. sample when Au NPs with different concentration
were loaded. TEM images (Fig. 4.5a-c) showed that the surface of TiO, was uniformly
decorated by a significant amount of small Au NPs. The concentration of Au increased
by increasing the Au content to 3 and 5 wt.%. However, the average size of Au NPs
enlarged with higher distribution upon further increasing the gold content and a few Au
NPs tended to agglomerate in case of 5 wt.% (Fig. 4.5c). Specifically, nanoparticle size
was calculated at 3.3, 3.6 and 8.1 nm for 1, 3 and 5 wt.% respectively. The crystalline
structure of Au and TiO2 NPs was confirmed from the ring pattern as it can be seen
from the selected area electron diffraction (SAED) pattern (Fig 4.5d). The lattice
spacing of 0.325 nm and 0.169 nm correspond to (110) and (211) crystal plane of rutile
phase of TiO2 while 0.235 nm correspond to (111) lattice fringe of Au.
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Figure 4.5. TEM images for a) 1 wt.% Au/TiO2, b) 3 wt.% AuU/TiOy, ¢) 5 wt.% Au/TiO,, d) TEM
image of 3 wt.% Au/TiO; NPs and e) the selected area electron diffraction (SAED) pattern.

The presence of homogeneously distributed Au, Ti and O elements was confirmed
using EDX elemental mapping (Fig. 4.6). Au NPs deposited on the surface of TiO> were
clearly detected in the elemental mapping. EDX analysis showed that the amount of Au
attached on TiO> surface during the synthesis process was lower than the nominal one.
Approximately 40% reduction of the actual gold was observed, which is in agreement
with the literature [10, 11]. More specifically, the nominal gold content was found to be
0.56, 0.84 and 1.89% for 1, 3 and 5 wt.%, respectively. This trend is highly related to
the fact that the number of TiO2 adsorption sites is reduced due to high pH values of
synthesis solution leading to limited Au deposition [11]. It should be also noted that the
deposition efficiency of this method decreases by increasing the amount of the gold in
the synthesis solution. From this point, Au loaded photocatalysts will be named with
their actual amount based on EDX measurments, 0.56 for 1 wt.%, 0.84 for 3 wt.% and

1.86% for 5 wt.%.
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Figure 4.6. TEM-EDX mapping for 3 wt. % Au/TiO, sample.

4.2.2 Laser induced plasmonic heating
4.2.2.1  Photothermal effect

An experimental exploration of the effect of localized plasmonic heat produced by
Au NPs was performed using 532 nm laser irradiation. Fig. 4.7 shows the recorded
temperature profile of the different TiO2 and Au/TiO. water-based nanofluids (0.6 mg
mL?Y) under 532 nm laser excitation using a flow rate of 0.1 mL min?. The inlet
temperature for the different nanofluids including pure water was 20.4 + 0.1 °C. All
nanofluids presented higher temperature under laser irradiation compared to pure milli-
Q water, in which temperature raised just ~ 0.5 °C. A remarkable increase in
temperature of Au nanofluid under laser irradiation can be seen in Fig. 4.7. It should be
mentioned that the temperature of all Au/TiO. nanofluids was significantly higher
compared to pure TiO2 nanofluid (22.3 °C), indicating a higher optical absorption of the
nanoparticles. As expected, the different Au loading affected significantly the
temperature profile. More specifically, the temperature reached up to 28.6 °C when 0.84
wt.% Au/TiO2 nanofluid was used instead of 0.56 wt.% Au/TiO2. However, a further
increase of Au loading to 1.89 wt.% resulted in lower temperature compared to 0.84
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wt.%. Generally, by changing the Au loading, parameters like Au particle size,
morphology of the sample as well as the metal dispersion can be altered. The
temperature decrease for higher Au loading is related to the increase of the mean size of
Au NPs and to the formation of Au agglomerates, as can be seen from TEM images
(Fig. 4.5). In case of excess Au loading, particles tend to agglomerate, resulting in
limited conversion of the absorbed energy to thermal energy and thus the temperature
increase is reduced. This phenomenon is attributed to the plasmonic coupling effect
caused by particle interaction [22]. Additionally, nanofluids with small metal NPs have
higher thermal conductivity compared to nanofluids consisting of larger NPs, which
results to faster temperature increase of the nanofluid containing smaller NPs [23]. As a
result, the temperature of the nanofluid containing smaller NPs increases faster in
comparison with that of larger NPs.
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Figure 4.7. Temperature of pure milli-Q water, TiO, nanofluid and 0.56, 0.84 and 1.89 wt.% of
Au/TiO, nanofluids for 0.6 mg mL* concentration 0.1 mL min-* flow rate.

4222 Effect of flow rate

The performance of different nanofluids at flow rates ranging from 0.05 to 0.4 mL
min? was investigated (Fig. 4.8). For milli-Q water solution, no significant change of
temperature was observed with different flow rates. In the case of nanofluids, the same
trend was observed. By increasing the flow rate from 0.05 to 0.1 mL min™ a higher

temperature was achieved while a further increase of the flow rate up to 0.4 mL min*
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led to the lowering of the temperature. At large residence time, the lower temperature
observed is attributed to mass transfer limitations of the nanofluid due to low flow rate
(< 0.1 mL min') [24, 25]. Particularly, blocking effect was observed from the dispersed
NPs in the fluid in flow rates lower than 0.1 mL min™. Under fast flow rates, mass
transport is improved but the nanofluid doesn’t remain under illumination for sufficient
time to obtain the maximum temperature increase. All the different nanofluids, achieved
the maximum temperature when an optimal flow rate was set at 0.1 mL min™. The
highest recorded temperature for 0.84 wt.% Au loading using 0.1 mL min flow rate

was 28.6 °C, while 1.8 °C decrease was noticed when the flow rate was set at 0.4 mL
1

min™.
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Figure 4.8. Temperature of pure milli-Q water, TiO, nanofluid and 0.56, 0.84 and 1.89 wt.% of
AU/TiO2 nanofluids for 0.6 mg mL* concentration and flow rates 0.05, 0.1, 0.2, 0.3 and 0.4 mL min.

4.2.2.3 Effect of concentration

The effect of concentration on temperature performance using 0.84 wt.% Au/TiO>
was further evaluated (Fig. 4.9). Four different nanofluids of 0.84 wt.% Au/TiO>, with
concentrations varied from 0.2 to 1.4 mg mL™, were prepared and tested under the same
conditions as described above using flow rates between 0.05 and 0.4 mL min™*. Fig. 4.9
shows a significant temperature rise by increasing Au NPs concentration up to 1 mg
mL™. Among the tested nanofluids, the sample with 1 mg mL™ concentration exhibited
the highest temperature up to 31.5 'C with flow rate 0.1 mL min. According to Beer-

Lambert law, when the concentration of Au/TiO2> NPs increased, the amount of
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suspended nanoparticles in milli-Q water was higher, so more light was confined in the
nanofluid, resulting in higher temperature [4]. However, upon further increasing the
concentration to 1.4 mg mL™, the temperature significantly decreased to 26.3 'C. This
phenomenon can be ascribed to a possible saturation of the absorption of light caused

by a further increase of the concentration [26].
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Figure 4.9. Temperature of 0.84 wt % Au/TiO; for 0.1 mL min* flow rate using 0.2, 0.6, 1.0 and 1.4

mg mL concentration.

Fig. 4.10 shows that the optical absorption of Au/TiO2 nanofluid increases up to 1 mg
mL concentration, while a further increase up to 1.4 mg mL is causing a saturation in
the optical absorption of the nanofluid, which can be attributed to a non-uniform
distribution of NPs causing precipitation. For high concentration of nanofluid, laser
light is mostly absorbed by the upper layer close to the surface while the lower layers of
the nanofluid will not receive enough irradiation, resulting in increased heat loss from
the surface to the walls of the reactor (low thermal conductivity but still possible to
enable a small amount heat loss) [2]. Additionally, in case of high concentration, the
interaction between the particles of the nanofluid should be considered. Particularly, the

presence of both thermal superposition effect and plasmonic coupling with other NPs
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increases the number of resonant clusters and therefore the probability of aggregations
of NPs. In this way, plasmonic coupling affects negatively the photothermal
performance by reducing the increase in the temperature [27].
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Figure 4.10. Absorbance of 0.84 wt.% nanofluid for different concentrations.
4.2.2.4  Effect of light intensity

Fig. 4.11 shows the temperature of the different nanofluids under laser irradiation at
different power densities while the concentration of Au/TiO> and the flow rate were set
to 1 mg mL? and 0.1 mL mint and respectively. As it can be seen, by increasing the
laser power intensity, the Au nanofluid’s temperature presented a remarkable rise.
Specifically, a temperature increase of 11.5 C caused by Au nanoparticles laser
intensity of 63.3 W/cm? is the highest value obtained. The main reason for this
phenomenon is that higher laser power density leads to higher light density, and thus,
the heat generated by Au nanoparticles will subsequently increase. In this way, by

increasing the laser intensity, a temperature rise of the heated medium can be achieved

[8].
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Figure 4.11. Temperature of 0.84 wt % Au/TiO; vs laser power intensity for 0.1 mL min flow rate
and 1 mg mL concentration.

Finally, the stability of the samples was evaluated before and after the photothermal
experiments using UV-Vis spectroscopy. UV-Vis absorbance spectra showed excellent
stability of Au/TiO2 nanofluids with a slight decrease of the absorption of 0.84 wt.%
Au/TiO2 sample as it can be seen in Fig. 4.12. Additionally, the TEM images unveiled

no obvious change in the morphology and the size of Au NPs on TiO..
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Figure 4.12. Absorbance of 0.84 wt.% nanofluid before and after photothermal experiment.

4.3 Conclusions

The work outlined in this Chapter met the objectives given to explore the plasmonic
heating effect of Au nanoparticles under continuous flow conditions using 532 nm laser
irradiation. Au nanoparticles were decorated on TiO2 surface utilising deposition-
precipitation method and the optical properties of Au/TiO. nanoparticles were
investigated, indicating that plasmonic nanoparticles exhibited a remarkable absorption
in the region 500-550 nm, attributed to the LSPR effect excited on Au NPs’ surface.
Regarding photothermal experiments it can be concluded that all the different
nanofluids containing Au presented higher temperature compared to TiO2 nanofluid and
pure water showing the importance of plasmonic nanofluids. A further investigation of
Au loading on the photothermal performance revealed the importance of Au content
without excessive amounts to optimize plasmonic heating effect. From the tested
samples, 0.84 wt.% Au/TiO2 achieved the highest temperature (28.5 °C) while TiO:
nanofluid reached 28.5 °C. However, a further increase of Au content to 1.89 wt.% led
to a decrease in temperature (26 °C), indicating an excessive Au loading. Additionally,
the influence of residence time of the fluid under laser irradiation was investigated. It

was confirmed that the optimal flow rate was 0.1 mL min* for all nanofluids, while the
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generation of plasmonic heating for 0.84 wt.% Au loading sample was further
investigated by studying the effect of nanoparticle concentration and laser intensity. The
results showed that temperature reached 31.5 °C upon increasing concentration to 1 mg
mL? with laser intensity 500 mW, after which decreased significantly. It can be
concluded that the presence of plasmonic nanoparticles and particularly NPs size and
concentration affect remarkably the efficiency of photothermal processes.

This study offered an enhanced understanding of the fundamental aspects of plasmon-
based photothermal performance under well-controlled continuous flow conditions.
This work contributed to the overall aim of this thesis by demonstrating the surface
plasmon resonance and particularly the photothermal effect of Au NPs. The concept of
continuous-flow plasmonic heating of Au/TiO2 nanofluid, enabled the research work in
Chapters 5 and 6 by extending the use of plasmonic metals, which benefit from

considerable optical and photothermal properties, in photocatalytic applications.
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Chapter 5 - High Performing Au-decorated Cr.Osz Microspheres for

Laser Induced Photo-oxidation of Benzyl Alcohol to Benzaldehyde

5.1 Introduction

In Chapter 4, the plasmonic heating effect of Au NPs decorated on TiO, was
evaluated under continuous flow conditions using visible laser irradiation and the
surface plasmon resonance of Au NPs was confirmed. The concept of continuous-flow
based plasmonic heating of Au/TiO2 nanofluid could be promising in assisting
photocatalytic oxidation reactions.

As explained in Chapter 2 (Section 2.4), coupling semiconductors with plasmonic
metal nanoparticles (NPs) is an efficient approach to obtain high-efficient
semiconductor photocatalysts [1-3]. So far, many studies have reported the utilisation of
noble metals decorated on semiconducting metal oxides for the selective oxidation of
aromatic alcohols. For instance, Tsukamoto et al. assessed the photocatalytic activity of
Au NPs decorated on the commercial TiO, (P25) through benzyl alcohol oxidation with
visible illumination (>450 nm), achieving 79% of benzaldehyde after 4 h of reaction [4].
In another study, Tao and co-workers demonstrated that the utilisation of Pd decorated
on the BiVO4 nanoflakes exhibited an enhanced activity for the photo-oxidation of
benzyl alcohol under 300 W Xe lamp illumination for 8 h (53% conversion with 99%
selectivity) compared to pure BiVO4 nanoflakes (12% conversion) [5]. However, these
photocatalysts mainly absorb light in the UV region with limited absorption to visible
irradiation and have high recombination rate of the excited electron-hole pairs,
restricting the overall photo-oxidation performance. Therefore, despite the significant
advances made in the photo-oxidation of benzyl alcohol by decorating metal oxides
with noble metals, there are still limitations in terms of reaction rate and photonic
efficiency. Additionally, the existing studies have been devoted to enhancing the
photocatalytic performance without efficient use of light energy resulting in long
reaction time with limited yield.

Cr,03, a p-type semiconductor known for its unique optical properties with a
remarkable absorption both in the UV and visible region with absorption bands at 380,
460 and 600 nm, offers an alternative approach as support [6, 7]. Moreover, it is a
chemically stable material with corrosion resistance and has been successfully used as a
catalyst in different applications, including water oxidation, toluene oxidation, methyl

orange degradation and H> production [8-11]. To the best of our knowledge, Au/Cr203
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has not been used as the photocatalyst in the photocatalytic oxidation of aromatic
compounds.

So far, most of the research work reported on photo-oxidation processes mainly
focuses on solar irradiation and conventional artificial light sources. Several studies
revealed that the use of monochromatic laser light offers a solution to overcome several
demanding issues, including low reaction rate and low photonic efficiency [12-14].
Laser light benefits from its characteristic properties, including monochromaticity,
coherence, directionality and high intensity. Particularly, the unique properties of laser
light allow unprecedentedly high degree of control over reaction conditions for the
production of high-value chemicals, resulting in enhancement of photocatalytic
processes with high selectivity towards the desired product [15]. In addition, localized
heating due to the LSRP allows low operating temperature, reducing energy
consumption [16] and high reaction rate [17]. However, laser-assisted heterogeneously
catalyzed oxidation of benzyl alcohol has not yet been performed.

The objective of Chapter 5 was to investigate the performance of Au NPs decorated
on the surface of Cr.Os microspheres via photocatalytic oxidation of benzyl alcohol to
benzaldehyde under monochromatic visible laser irradiation as an efficient source of
light. CroO3 microspheres were hydrothermally-synthesized and Au NPs were decorated
on the surface of Cr.Os using deposition-precipitation (DP) method and their optical
and physical properties were explored. The production of benzaldehyde was evaluated
by investigating the effect of Au loading, indicating the importance of optimised metal
loading. Finally, the photothermal effect of Au NPs on the photocatalytic oxidation of

benzyl alcohol to benzaldehyde was explored.

5.2 Results and discussion

5.2.1 Characterization of the fabricated Au/Cr203 photocatalysts

The crystal structure of CrO0s microspheres was characterised using X-Ray
Diffraction (XRD) spectroscopy. Before annealing, amorphous trivalent chromium,
Cr(OHzs), was observed in the XRD pattern (Fig. 5.1a). After annealing at 900 °C,
crystallized structure of Cr.O3 (JCPDS: 38-1479) corresponding to rhombohedral phase
was obtained (Fig. 5.1b). The diffraction peaks at 26= 24.4°, 33.7°, 36.3°, 41.5°, 50.3°,
54.9°, 63.5° and 65.2 are indexed to (012), (104), (110), (113), (024), (116), (214), and
(300) crystal planes of Cr20s3, respectively. No diffraction peaks associated to Au (Fig.
5.1c-e) were identified for all Au-loaded sample due to low Au concentration and small

particle size of Au NPs (<10 nm, see TEM images, Fig. 5.6).
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Figure 5.1. XRD pattern of (a) amorphous and (b) crystallized Cr,Os, (¢) 1, (d) 3 and (e) 5 wt.%
AU/Cr,03 samples.

Raman spectroscopy was used to further investigate the crystal structure of Au/Cr,03
(Fig. 5.2a). The peaks positioned at 308, 348, 548 and 607 cm™ are assigned to the
Eq(2), Eq(3), Ag(2) and Egy(5) vibrational modes of Cr20s, respectively. The highest
band located at 548 cm™ corresponds to Aig symmetry, which agrees with the reported
literature [28]. For Au loaded Cr,03 samples, no characteristic Raman peaks of Au NPs
were detected. However, slight changes in line intensity and position of the main Cr.03
peak were observed after Au loading (Fig. 5.2b). Particularly, when the Au content
gradually increased up to 5 wt.%, the intensity of Cr.Oz peak positioned at 548 cm™
showed a significant decrease. In addition, the Eq peak at 548 cm™ slightly shifted to
higher wavenumbers 550, 551 and 553 cm™ (Fig. 5.2b) for 1, 3 and 5 wt.% Au loading,
respectively. The shifting of the main peak of Au/Cr.Os samples compared to the
pristine Cr203 can be attributed to the lattice distortions generation within Cr,O3 after
Au loading. The formation of crystalline defects within Cr,O3 affected the vibrational

frequency of Cr20s3, shifting the main peak to higher wavenumbers [10, 18].
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Figure 5.2. (a) Raman spectra and (b) zoomed in main peak of pure Cr,O; and 1, 3 and 5 wt.%
AuU/Cr,03 samples of Cr,0s.

The optical properties of pure Cr0Os and Au/Cr203 photocatalysts were investigated
using diffuse reflectance UV-Vis spectroscopy (Fig. 5.3). Cr.Oz microspheres presented
a band in the UV region located at 380 nm and a significant absorption in the visible
region with two well-defined absorption bands at 460 and 600 nm [11]. The absorption
bands at 460 and 600 nm originate from the *Axq = *T1g and *Azg = “Tg electronic
transitions of Cr,Os respectively. The former is characteristic of Cr3* ions in an
octahedral environment and the latter implies d-d transition of Cr* in octahedral
symmetry. As it can be seen from Fig. 5.3b, the synthesized Cr,Oz microspheres
showed a green color with bandgap energy estimated using Kubelka-Munk function at
2.3 eV corresponding to the significant absorption in the visible region and a second
band gap of 2.96 eV corresponding to the UV region. It should be noted that Au
decorated Cr.0s microspheres presented an enhanced absorption in the visible region,
with a more intense broad band between 500-600 nm [19]. The absorption enhancement
in the visible region was attributed to the LSPR induced electric field amplification of
Au nanoparticles [20]. Plasmon band of Au NPs overlaps with the absorption of Cr20s,
which makes it difficult to identify clearly the strong visible absorption of Au NPs.
However, upon increasing Au content to 5 wt.%, the intensity of LSPR band slightly
increased. The Au deposition on Cr203 can be also confirmed with a slight change in
the colour of the powder, in which the powder turned darker with increasing of Au

content.
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Figure 5.3. (a) UV-Vis diffuse reflectance spectra of Cr,O3 and 1,3 and 5 wt.% Au/Cr,03 samples and
(b) plots of transformed Kubelka—Munk function versus the energy of absorbed light of Cr,O3 sample.

The morphology of the prepared Cr.Os and Au/Cr.0s samples was studied using
SEM and TEM. Fig. 5.4 shows SEM images of well-shaped Cr.Os microspheres
prepared by hydrothermal synthesis before and after calcination at 900 °C. The average
diameter of the microspheres composed of smaller nanoparticles is approximately 0.5

um.

Figure 5.4. SEM images of Cr,Os microspheres (a) before and (b) after calcination.

Raspberry-like structured microspheres were obtained after calcination. The spherical
shape and particles size were maintained, indicating the stability of the microspheres at
900 °C (Fig 5.4b). Under closer examination (Fig 5.5), it can be seen that the annealed
Cr203 microspheres are composed of smaller nanoparticles. Au nanoparticles with
different loadings (1, 3, and 5 wt.%) were uniformly decorated on the surface of the
Cr203 microspheres used as support (Fig. 5.5b-d). When the Au content increased from
1 to 5 wt.%, the concentration of Au NPs was significantly increased. Nevertheless, for
Au loadings higher than 3 wt.%, larger Au NPs were formed while agglomeration of a
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few Au NPs was also observed. The average size of Au NPs for 1, 3 and 5 wt.% was

estimated at 3.5, 4.2 and 10.8 nm, respectively.

(a)

Figure 5.5. (a) HRTEM image of Cr,Os microspheres after calcination and STEM images of (b) 1
wt.%, (c) 3 wt.% and d) 5 wt.% Au/Cr,03 samples.

The Au NPs were homogenously distributed on the surface of Cr.Oz microspheres
(Fig. 5.6). EDX analysis for elemental composition of Au, Cr and O revealed that the
total nominal Au content utilised during DP synthesis method was ~40% less than the
actual Au added. The actual Au content for 1, 3 and 5 wt.% samples was 0.64, 1.18 and
1.82%, respectively. The limited Au deposition can be ascribed to the high pH of the
solution during the synthesis, causing reduced number of Cr.O3z adsorption sites [21].
Additionally, the efficiency of Au deposition method diminishes by gradually
increasing Au content to 5 wt.%. From this point, Au loaded photocatalysts will be
named with their actual amount based on EDX measurments, 0.64 for 1 wt.%, 1.18 for
3 wt.% and 1.82% for 5 wt.%.
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Figure 5.6. EDX elemental mapping of 3 wt.% Au/Cr,03; sample.

5.2.2  Evaluation of photocatalytic performance using batch reactor

5.2.2.1  Effect of Au loading on Cr203 microspheres

The photocatalytic activities of the as-synthesized Cr.0O3 and Au/Cr.03 photocatalysts
were evaluated via photo-oxidation of benzyl alcohol under 532 nm of laser irradiation
using batch reactor. Control experiments demonstrated no detectable conversion
without a photocatalyst under irradiation. Fig. 5.7 shows the plots of benzaldehyde
formed under dark and after 3 h of laser irradiation for pure Cr203 and the effect of Au
loading (0.64-1.82 wt.%). Under dark conditions, benzaldehyde was barely formed
while upon visible light irradiation the catalytic performance of all synthesized catalysts
significantly enhanced. As shown in Fig. 5.7, under light irradiation, 10.1 pmol
benzaldehyde were formed using bare Cr.Os as a photocatalyst, achieving 21.2%

conversion of benzyl alcohol with an 88.2%, benzaldehyde selectivity (Fig. 5.8).

90



40

[ ] Dark
35 [ 532nm laser

30

25

20

15

Benzaldehyde (umol)

10

<V O <V
v R ¢ «

Figure 5.7. Amount of benzaldehyde produced during oxidation of benzyl alcohol in the dark and after
3 hours of 532 nm laser irradiation in the presence of 5 mg of catalyst and toluene as solvent under batch

conditions.

The deposition of Au NPs onto Cr.Os microspheres significantly enhanced
benzaldehyde production with high selectivity. Among the supported Au photocatalysts,
1.18 wt.% Au/Cr203 produced the highest amount of benzaldehyde (38.5 umol) with a
selectivity 98.3%, which is 3.8 times higher compared to bare Cr.Ozs. Initially, the
amount of produced benzaldehyde increased from 20.8 to 38.5 umol by increasing Au
content from 0.64 to 1.82 wt.%.
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The enhanced photocatalytic performance over Au/Cr.Os photocatalysts can be
ascribed to: 1) the suppression of photogenerated charge carriers recombination in
Cr203 due to the presence of Au NPs, prolonging the lifetime of the electrons participate
in the photoreaction and 2) the plasmon induced electromagnetic field enhancement
near the surface of Au NPs in the semiconductor, which increased the generation rate of
the photoexcited electron holes at Cr.Os [22]. Plasmon Resonance Energy Transfer
(PRET) mechanism is utilised to interpret the enhanced photocatalytic reaction via the
presence of an intense electric field near the metal [23]. Particularly, plasmon energy is
transferred to the semiconductor through the intense electric field created near the metal
by incident irradiation. As incident light is falling on the metal, generation of electron
hole pairs near the surface of the semiconductor is promoted via the dipole-dipole
interaction between the metal and the semiconductor. PRET can amplify the electric
field in small well-defined locations, named as hot spots. Based on Fine Difference
Time Domain (FDTD) simulation study, the electric field in the hot spots shows up to
1000-fold enhancement compared to the incident electric field on the semiconductor
surface, resulting to 1000 times more electron-hole generation rate and photoabsorption
compared to that under normal incident light [24]. According to the literature, the
overlap of LSPR band of the metal with the band gap of the semiconductor and the light
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source spectrum is required to initiate the PRET mechanism [25]. In this study, the
overlap between the LSPR of Au NPs with the absorbance of Cr.Os and the laser light
spectrum, allows the PRET mechanism (Fig. 5.9).
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Figure 5.9. Overlap of LSPR Au NPs, Cr,03 absorbance and laser light irradiation.

Nevertheless, when Au content was increased to 1.82 wt.%, a benzyl alcohol
conversion of 58.5% was obtained, which was lower compared to the 1.18 wt.% of
Au/Cr,03 (Fig. 5.8). It can be concluded that the excessive Au loading (additional 0.64
wt.%) resulted in approximately 22% less production of benzaldehyde. Excessive Au
NPs led to the formation of photogenerated charge carrier recombination centers that
resulted in reduced photocatalytic activity. It should be also noted that a further increase
of Au loading up to 1.82 wt.% led to an increased particle size of 10.8 nm, resulted in a
decrease in the reaction rate. This decrease can be attributed to a reduction in the
available metal-support sites where both metal and support are needed for the reaction
to occur. [26-28]. This can be evidenced by the fact that the average size of Au NPs
increases, as confirmed by TEM images (Fig. 5.5d) [29]. In order to further investigate
the effect of Au loading, Au loadings 0.64 wt.% <1.18 wt.% <1.82 wt.%, were
synthesized and their catalytic activity via benzyl alcohol oxidation was evaluated under

the same reaction conditions and the results are presented in Fig. A1-A2, APPENDIX
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A. The results presented a specific trend showing a decrease of benzaldehyde
production for Au loadings >1.18 wt.%.

Based on the above results it can be summarized that an impressive photocatalytic
activity in terms of benzyl alcohol conversion (81.4%) and benzaldehyde selectivity
(98.3%) was achieved in a short reaction time (3 h) using a small amount of Au/Cr,03
photocatalyst (1.18 wt.% Au loading). These findings allow a significant competitive
performance with relevant research studies reported in the literature, where much longer
reaction time (4-8 h) with higher amount of photocatalyst (20 mg) resulted in similar
conversion [4, 30].

5.2.2.2  Kinetic study of photocatalytic oxidation of benzyl alcohol

Reaction kinetics of the photo-oxidation of benzyl alcohol were investigated to
further evaluate the photocatalytic activity of the different samples. The kinetic profiles
plotted in Fig. 5.10, were fitted to the pseudo-first-order kinetic model and the rate
constant was estimated using the first order equation as follows:

In =k-t (5.1)

Co—x

where Co is the initial concentration, X is the concentration of formed benzaldehyde at
certain reaction time, t is the reaction time and k is the rate constant. The correlation
coefficients R? were determined 0.958, 0.992, 0.998 and 0.998 for Cr.O3 and 0.64, 1.18
and 1.82 wt.% Au/ Cr20s3, respectively. As shown in Fig. 5.10, the reaction rate
increased gradually over irradiation time for 3 h reaction. It should be noted that the
presence of Au remarkably improved the reaction rate. Initially, a significant increase in
the reaction rate was observed by increasing Au loading from 0.64 to 1.18 wt.%.
However, a further increase to 1.82 wt.% Au loading led to a decrease in the reaction

rate, implying an excessive loading.
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Figure 5.10. First-order Kinetic plots of pure Cr,O3 and Au loaded samples.

It could be clearly observed that 1.18 wt.% Au/Cr.03 photocatalyst possessed the
highest reaction rate with a constant rate of 0.00701 min™* which is 5.5 fold of bare
Cr203 photocatalyst. Correspondingly, the reaction rate constant k (Fig. 5.11) of 5 wt.%
AuU/Cr,03 was 0.00467 min, following that of 1 wt.% (0.00299 min) and lastly the
pure Cr.03 (0.00124 min™). Therefore, deposition of Au NPs on the surface of Cr,03
microspheres can significantly improve benzyl alcohol oxidation rate to benzaldehyde,
which can be attributed to the improved electron transfer processes and enhanced

charge carriers separation.
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Figure 5.11. Constant rate k in the presence of pure Cr,O3; and Au loaded samples.

5.2.2.3  Effect of nature of the support

According to the literature, the support of plasmonic NPs can play a significant role
in the activity of the photocatalyst as well as in the selectivity towards the products. To
investigate the influence of the support, a 0.84 wt.% Au/TiO, catalyst was synthesized
using deposition-precipitation method as described earlier in Chapter 3. The
photocatalytic activity of 0.84 wt.% Au/TiO> was evaluated via oxidation of benzyl
alcohol under the same experimental conditions of the Cr.Os-supported Au
nanoparticles. TiO2 was selected as support based on several studies that reported a high
performance in photocatalytic reduction and oxidation reactions. Commercial P25-TiO>
is a semiconductor with a band gap of 3.2 eV and has many advantages including high
stability, low cost and non-toxicity.

As revealed from UV-Vis absorption spectra (Fig. 5.12a), 0.84 wt.% Au/TiO;
nanoparticles exhibited absorption in the visible region with a plasmon peak located
around 540 nm, revealing the presence of Au nanoparticles. EDX elemental mapping
confirmed the homogeneous distribution of Au nanoparticles on the surface of TiO:
support, while the nominal Au content was found to be 0.84% indicating that a

complete Au deposition was not obtained (Fig. 5.12c¢).
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Figure 5.12. a) UV-Vis absorption spectra, b) TEM image and ¢) EDX mapping of 0.84 wt.%
Au/TiO..

Fig. 5.13 shows conversion and selectivity of Au NPs supported on TiO; after 3 h of
laser irradiation. Fig. 5.12 clearly shows that lower conversion was achieved using TiO>
supported Au NPs (39.1%) compared with Cr.O3 supported Au NPs (81.4%) towards
the photocatalytic oxidation of benzyl alcohol. The predominant reason for this trend is
related to the fact that Cr.Os microspheres not only play the role of support for Au NPs,
but also actively participate in the photocatalytic oxidation of benzyl alcohol as it will
be described below in the mechanism (section 5.2.2.6) due to their significant visible
light absorption compared to TiO> NPs which absorb light only in the UV region. It
should be noted that Cr.Os3 has a band gap of 2.96 eV, calculated from the peak based
on the absorption at the UV region and a second band gap of 2.3 eV corresponding to
the significant absorption in the visible region while TiO2 has a band gap of 3.2 eV.
Another possible reason that could assist this phenomenon is related to the higher actual
amount of Au NPs deposited on Cr,03 microspheres (1.18 wt.%) compared to that
deposited on TiO2 NPs (0.84 wt.%).
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Figure 5.13. Conversion of benzyl alcohol towards benzaldehyde and selectivity of benzaldehyde.

5.2.24 Recyclability of photocatalysts

The recyclability of the photocatalyst is demonstrated using 1.18 wt.% Au/Cr203 for
six reaction cycles (Fig. 5.14). The highest conversion (81.4%) and selectivity (98.3%)
were achieved using the fresh catalyst. From the first to fifth cycle, conversions of
78.1%, 77.5%, 76.8%, 75.8% and 75.1% were obtained, respectively. For the final
cycle, conversion and selectivity of greater than 74.5% and 96.1% respectively, were
still obtained. From the above results, it can be concluded that the photocatalyst

exhibited very good recyclability after the 6™ cycle without significant loss of activity.
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Figure 5.14. Recyclability test of 1.18 wt.% Au/Cr,03 photocatalyst.
5.2.25 Effect of plasmonic heating on the photocatalytic activity

In order to investigate the role of photothermal effect on the photocatalytic process,
the photocatalytic oxidation of benzyl alcohol was carried out under the same
conditions as described above, but in the absence of water bath, which kept the
temperature of the reaction constant at 21 °C. The temperature rise of the different
suspensions irradiated by laser light was monitored using PicoLog thermocouple data
logger (TC-08), as shown in Fig. 5.15. As it can be seen, the temperature of the
photocatalytic system increases remarkably upon exposure to laser irradiation, while a
steady state was observed after 25 min reaching a plateau due to equal heat dissipation
to the environment. The significant temperature rise can be attributed to the strong
photothermal effect of Au nanoparticles decorated on Cr.O3 microspheres. The
temperature of Au/Cr203 suspension was significantly higher compared to pure Cr.03,
revealing a higher optical absorption of Au nanoparticles. It should be noted that Au
loading influenced the temperature profile. Specifically, 1.18 wt.% Au/Cr.O3 presented

the higher temperature rise (~ 17 °C) compared with that of 0.64 wt.% Au/Cr20s3 (~ 9
°C) and 1.82 wt.% Au/Cr203 (~ 12 °C).
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Figure 5.15. Temperature profile of pure Cr,O3 and Au/Cr,0O3 toluene-based suspensions over time

under batch conditions using laser irradiation.

For understanding the photothermal effect on the photocatalytic process, the reaction
rate was plotted against time (Fig. 5.16) based on pseudo-first-order kinetic model and
the constant rate k was calculated. With respect to the operating temperature, the
contribution of the photothermal effect on the photoreaction is small at a temperature
lower than 29 °C. Particularly, the values of reaction rate constant obtained for pure
Cr203 (k=0.00133 min™?) and for 0.64 wt.% Au/Cr,03 (k=0.00326 min™) revealed an
7.2% and 9.1% rate enhancement respectively compared to that achieved when the
reaction performed at a constant temperature of 21 °C. In contrast, when the operating
temperature reached 32 °C, the photothermal-assisted reaction showed an enhanced
constant rate (k=0.00526 min'*) which provides a 11.2% rate enhancement compared to
that obtained at room temperature. The rate enhancement was more significant when the
temperature raised to 38 °C in case of 1.18 wt.% Au/Cr,0s; (k=0.00888 min™). The
contribution of the photothermal effect of 1.18 wt.% Au/Cr20sz on the total reaction was
26%. These findings reveal that the photothermal effect can assist significantly the

photocatalytic performance.
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Figure 5.16. Photocatalytic oxidation of benzyl alcohol assisted by photothermal effect. (a) First-order
kinetic plots of pure Cr,O3 and Au loaded samples and (b) constant rate k in the presence of pure Cr,0O3
and Au loaded samples.

5.2.2.6  Photoelectrochemical test of Au/Cr203 microspheres

A series of photoelectrochemical (PEC) tests were performed to further evaluate the
generation and transfer of photogenerated electrons for pure Cr.Os and Au/Cr20s3
samples. J-t curves corresponding to light on and off measured at zero bias are shown in
Fig. 5.17. Pure Cr203 produced a low photocurrent signal, whereas all Au loaded Cr203
samples exhibited improved photocurrent density, indicating an enhanced visible light
harvesting and higher charge transfer efficiency in Au loaded Cr,Os samples. The
increase in the photocurrent response can be ascribed to the amplification of the electric
field via SPR excitation of Au NPs [31]. 1.18 wt.% Au/Cr.O3 sample presented the
highest photocurrent density, suggesting an effective electron transfer between Cr203
microspheres and Au NPs. This demonstrates that 1.18 wt.% Au/Cr.0s photocatalyst
has significantly efficient separation and prolongs the lifetime of photogenerated charge
carriers upon light irradiation, which favors the photcatalytic activity. The photocurrent
density of the tested samples is in agreement with the photocatalytic oxidation rate of
the samples during the benzyl alcohol oxidation, indicating that SPR excitation of Au

NPs can promote the charge carrier formation near the surface of Cr.Os microspheres.
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Figure 5.17. Photocurrent response of (a) Cr20s, (b) 0.64, (c) 1.18 and (d) 1.82 wt.% Au/Cr,O3 in the
presence of a solar simulator (Newport 92250A, AM 1.5G, 100 mW-cm-2). Photoelectrochemical
measurements of all catalysts were carried out using an Autolab PGSTAT 302N electrochemical
workstation in a three-electrode home-made cell, consisting of a sample-coated electrode as working
electrode, Pt wire as counter electrode and Ag/AgCl (KCl 1M) as reference electrode while 0.5 M

Na;SO4 aqueous solution served as electrolyte, section 3.3.1.2.
5.2.2.7 Investigation of photo-oxidation mechanism

To gain insights into the reaction mechanism, controlled experiments were conducted
to detect the main oxidative species for the photocatalytic oxidation of benzyl alcohol in
the presence of 1.18 wt.% Au/Cr.0z using different radical scavengers (Fig. 5.18). The
presence of tert-butyl alcohol (TBA) had almost no significant effect in the reaction
process, implying that OH" were not the primary active species. However, upon adding
AO, AgNOsz and BQ scavengers the conversion decreased to 40.2%, 27.2% and 32.4%,
respectively. Under air atmosphere, the conversion of benzyl alcohol was higher
(61.5%) but still lower than that obtained using pure oxygen (81.4%), indicating that O>
is a crucial oxidizing agent in the photo-oxidation process. These findings revealed that
both "O2 and h* were the dominant active species in the photo-oxidation of benzyl
alcohol into the corresponding aldehyde. Based on these results, it can be concluded that
oxygen acts as a trap to capture photogenerated electrons, providing "O2~, which could

suspend the charge carrier recombination and promote the oxidation of benzyl alcohol.
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Figure 5.18. Photocatalytic oxidation process under O, and air atmosphere. Controlled experiments
utilizing trapping agents: tert-butyl alcohol (TBA), 1,4-benzoquinone (BQ), ammonium oxalate (AO) and
AgNOs. Capture experiments were carried out using 1.21 wt.% Au/Cr,O3 sample.

Based on the above results, a mechanism for the photocatalytic oxidation of benzyl
alcohol into benzaldehyde using Au/Cr203 is suggested (Fig. 5.19). Under visible light
illumination, incident photons are absorbed by Cr.Oz microspheres (2.3 eV band gap
corresponding to the absorption in the visible region) producing electron-hole pairs.
Meanwhile, the local electric field enhancement around Au NPs and nearby the Cr.0O3
microspheres, caused by excitation of Au NPs, promotes the electron-hole pair
formation on Cr20s surface with higher rate compared to normal incident light.
Subsequently, electrons migrate from the conduction band of Cr.O3 to Au across the
Schottky barrier. The oxygen molecules function as a trap to capture the electrons on
Au NPs, providing superoxide radical species ('O2") [Eq. 5.2], which could suspend the
charge carrier recombination and promote the oxidation of benzyl alcohol [4, 32].
Meanwhile, the holes on the surface of Cr.Os contributed to the activation of aromatic
alcohol following the pathway in Eq. 5.3. Then, 'Oz radicals could in turn trap two
protons from the activated aromatic alcohol adsorbed at the neighbor sites to produce
benzaldehyde [Eq 5.4]. It should be noted here that in the case of photothermal-assisted
photocatalytic process, plasmonic NPs act as photothermal conversion medium and
photocatalysts simultaneously. During the photothermal process, metal nanoparticles
convert the absorbed photons to thermal energy, which is then transferred to surrounded

medium, increasing the temperature. In turn, the increased temperature of plasmonic

103



NPs promotes carriers mobility, enabling carriers in the particles to be transferred faster

at higher temperatures.
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Figure 5.19. Proposed mechanism for formation of benzaldehyde from benzyl alcohol over Au/Cr,03

under 532 nm laser irradiation.

5.3 Conclusions

The work outlined in this Chapter met the objective set in the thesis by showing that
Au/Cr203 microspheres were used as efficient photocatalysts for the selective oxidation
of benzyl alcohol to benzaldehyde, achieving high benzyl alcohol conversion with high
benzaldehyde selectivity. A facile DP method has been applied to deposit Au NPs onto
the surface of the hydrothermally-synthesized Cr,Os microspheres. Au/Cr.03
photocatalysts showed a remarkably absorption in the visible region, matching with the
wavelength of laser employed as light source. It can be concluded that all Au loaded
photocatalysts exhibited improved photocatalytic performance in benzyl alcohol photo-
oxidation compared to pure Cr20s. The enhanced photocatalytic activity can be ascribed
to the improved formation rate of photogenerated charge carriers near the surface of
Cro03 induced by LSPR of Au NPs and the efficient separation of photogenerated
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electron hole pairs when Cr203 is decorated with Au NPs. Additionally, the effect of Au
loading on the photocatalytic performance was investigated. It was confirmed that Au
loading is very important to optimize yield towards benzaldehyde. From the tested
samples, 1.18 wt.% Au/Cr.O3 achieved the highest benzyl alcohol conversion (81.4%)
with benzaldehyde selectivity (98.3%) after 3 h under monochromatic laser irradiation
(532 nm). However, a further increase of Au content to 1.82 wt.% led to a decrease in
the reaction rate, indicating an excessive Au loading. The mechanistic studies of benzyl
alcohol reaction indicated that the presence of O is of crucial importance for the photo-
oxidation reaction process. Finally, the role of photothermal effect on photocatalytic
oxidation of benzyl alcohol was investigated and the results revealed an oxidation rate
enhancement of 26% using 1.18 wt% Au/Cr203 photocatalyst.

The successful application of monometallic Au nanoparticles decorated on Cr20s
microspheres for the photo-oxidation of benzyl alcohol to benzaldehyde inspired the
work in Chapter 6 by investigating the effect of incorporating a second metal like Ag

and particularly the significance of Ag/Au ratio.
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Chapter 6 - Continuous Flow Photocatalytic Synthesis of Benzaldehyde
with Ag-Au Bimetallic Nanoparticles Supported on Cr0s

Microspheres

6.1 Introduction

In Chapter 5, the successful application of monometallic Au nanoparticles decorated
on Cr.03 microspheres for the photo-oxidation of benzyl alcohol to benzaldehyde was
demonstrated. The anchoring of noble metals on semiconductors extends the light
absorption to the visible region, promoting the formation of photoexcited electrons or
plasmonic hot electrons and facilitates the separation of photoinduced charge carriers at
the interface between metal and semiconductor [1]. As explained in Chapter 2,
bimetallic NPs, composed of two different metal elements, show enhanced
photocatalytic performance over their monometallic counterparts due to the synergistic
effects between the metals [2, 3]. The synergistic effects could arise from the efficient
charge transfer and interfacial collaboration by the two metals [4].

As discussed in section 2.5, Chapter 2, many studies have reported the loading of
bimetallic NPs on semiconducting materials for the oxidation of aromatic alcohols. For
example, Tao et al. reported a benzyl alcohol conversion of 71.8% with 99%
benzaldehyde selectivity after 8 h irradiation in the presence of Au/Pd/BiVOa, which is
6 times higher compared to that of pure BiVO4 and 1.35 times that of monometallic
Pd/BiVOs, revealing the synergistic effect between the two metals [5]. Sahoo et al.
reported the photocatalytic superiority of AuAg/Graphene oxide (GO)/ Layered double
hydroxide (LDH) via oxidation of benzyl alcohol which presented 2.5 times higher
performance (82.7% benzaldehyde yield and 90% selectivity) than GO/LDH after 3 h
visible irradiation without any indication of activity loss after 5 cycles [2]. In another
study, Wang and co-workers showed that the loading of bimetallic Au/Pd NPs on
BiWOs enhanced the photocatalytic performance, after 5 h irradiation, obtaining 80%
benzyl alcohol conversion with 86% benzaldehyde selectivity [6]. According to the
authors, the optimum Au/Pd ratio plays a significant role in the conversion efficiency of
the photocatalytic oxidation of benzyl alcohol. Although many studies reported the
photocatalytic oxidation of alcohols in the presence of noble metals, the conversion
efficiency is still low in terms of yield and selectivity. It is imperative to explore
advanced photocatalysts combined with noble metals to improve the efficiency of

photocatalytic oxidation of benzyl alcohol. Chromium (I11) oxide (Cr203), which is a p-
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type semiconductor with absorption bands at UV region (380 nm) and Visible region
(460 and 600 nm), with bandgap energy estimated using Kubelka-Munk function at 2.3
eV corresponding to the significant absorption in the visible region and a second band
gap of 2.96 eV [7]. Cr.O3 microspheres decorated with bimetallic AuAg NPs has not
been used as photocatalyst in the photocatalytic oxidation of aromatic compounds.

So far, the most common approaches for selective oxidation of aromatic alcohols are
based on the utilization of batch reactors [8, 9]. While batch reactors are used in a wide
variety of reactions due to their versatility, the long reacton times are major barrier for
large scale applications. The slow reaction rates are attributed mainly to insufficient
mass and photon transfer in the reaction system [10]. As described in section 2.4,
Chapter 2, continuous flow reactors offer many advantages due to the enhanced mass
and heat transfer while at the same time improve the safety and sustainability for fine
chemicals and pharma industries [11, 12]. Flow reactors enable the synthesis of fine
chemical and drugs with high yields at a very short time while solvent and energy waste
can be decreased up to 90%. [13, 14].

The objective of Chapter 6 was to investigate the stability and activity of bimetallic
Ag-Au NPs supported on CrOs microspheres via photocatalytic oxidation of benzyl
alcohol under batch and continuous flow conditions. Au and Ag nanoparticles were
uniformly decorated on hydrothermally synthesized Cr.Os microspheres by deposition
precipitation and wet impregnation method respectively. The optical and physical
properties of the as-prepared photocatalysts were characterized by SEM, TEM, EDX,
DRS and XRD. Under batch conditions, the effect of different ratio of Ag/Au was
explored, indicating the importance of optimized Ag/Au ratio on the performance of
selective alcohol oxidation. In terms of continuous flow synthesis of benzaldehyde, the
influence of flow rate, catalyst concentration and laser intensity on benzaldehyde
production was evaluated. Finally, the photothermal effect of Ag and Au NPs on the

reaction rate under continuous flow conditions was studied.
6.2 Results and discussion

6.2.1 Characterization of synthesized photocatalysts

The crystallinity and phase identification of the as-prepared photocatalysts was
identified by XRD patterns (Fig. 6.1). As revealed from Fig. 6.1a, Cr.O3 showed a high
crystallinity corresponding to the crystallographic phase of JCPDS: 38-1479. The
diffraction peaks detected at 26= 24.4°, 33.7°, 36.3°, 41.5°, 50.3°, 54.9°, 63.5° and 65.2

were assigned to (012), (104), (110), (113), (024), (116), (214), and (300) crystal planes
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of Cr.03, respectively [15]. After the deposition of noble metals, no characteristic
diffraction peaks of Au or Ag were observed due to the low content and small particle

size of the metal nanoparticles as confirmed from TEM images (Fig. 6.5).
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Figure 6.1. XRD pattern of (a) crystallized Cr,0s, (b) 1Ag/Cr.0s, (c) 3Au/Cr,0sz, (d) 0.5Ag-
3AU/Cr,03, (e) 1Ag-3AU/Cr,03, (f) 2Ag-3AuU/Cr,03 and (g) 3Ag-3Au/Cr20s3,

The UV-Vis diffuse reflectance spectra of bare Cr.Oz microspheres, monometallic
Au, Ag and bimetallic Ag-Au/Cr20s photocatalysts are shown in Fig. 6.2. Cr.0O3
microspheres exhibited two defined absorption peaks in the visible region located at 460
and 600 nm, which were consistent with these reported in the literature [16]. The band
gap energy of Cr0Oz was calculated at 2.3 eV corresponding to the significant
absorption in the visible region and a second band gap of 2.96 eV [17]. Monometallic
Au and Ag NPs decorated on Cr,O3 exhibited a more intense absorption especially in
the wavelength range of 500-600 nm and 430-530 nm respectively, which can be

ascribed to the surface plasmon resonance of metal NPs [18, 19]. In the case of
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bimetallic NPs, 0.5Ag-3Au/Cr.03 microspheres have an enhanced absorption between
530-600 nm with a SPR peak shifted to 591 nm, which is close to the peak of
3AuU/Cr03. By increasing Ag content in Ag/Au ratio, the SPR peak blue-shifted
towards that of Ag NPs. Particularly, the peak shifted to 583, 572 and 559 nm for 1Ag-
3AU/Cr03, 2Ag-3Au/Cr03 and 3Ag-3Au/Cr.03 respectively [20, 21]. The sample
slightly changed colour with different Ag/Au ratio, indicating the successful deposition
of Au and Ag. It can be concluded that the SPR peak of Ag-Au NPs can be altered by
changing the content of Au and Ag NPs.
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—3 Au/Cr,0O,
—— 0.5 Ag-3 Au/Cr,O,
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——2 Ag-3 Au/Cr, 0,4
—— 3 Ag-3 Au/Cr,0,4
— 1 Ag/Cr, O,

0.8

0.6

Absorbance

0.4

0.2+

0.0

T J T i I A I E I >
450 500 550 600 650 700
Wavelength (nm)

Figure 6.2. Diffuse reflectance spectra of Cr,0s, 3 Au/Cr;03,0.5Ag-3Au/Cr,03, 1Ag-3AU/Cr,03, 2Ag-
3AU/Cr,03, 3Ag-3AU/Cr,03 and 1Ag/Cr,0s.

The morphology of as-synthesized Cr.O3 and bimetallic Au and Ag NPs with
different molar ratio was studied using SEM and TEM. Fig. 6.3a,b show SEM and TEM
images of hydrothermally synthesized raspberry-like structured Cr.Os microspheres
with average diameter of 500 nm. Bimetallic nanoparticles appear to have similar
morphologies compared to that of monometallic Ag and Au. Particularly, Ag and Au
NPs with a spherical shape were homogeneously distributed on the surface of Cr.0O3
microspheres (Fig. 6.3c-h). By increasing Ag content from 0.5 to 3 wt.%, a slight

increase of Ag particle size (3.3 — 5.8 nm) was observed.
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Figure 6.3. (a) SEM and (b) TEM images of Cr,O3; microspheres. STEM images of (¢) 1Ag/Cr,0s, (d)
3AU/Cr03, (e) 0.5Ag-3AU/Cr,03, (f) LAg-3AU/Cr203, (g) 2Ag-3AU/Cr,03 and (h) 3Ag-3Au/Cr20s.

EDX elemental mapping confirmed the uniform distribution of the elements Au, Ag,
Cr and O. (Fig. 6.4). Au and Ag NPs decorated on Cr.O3 microspheres were clearly
identified in the mapping data. EDX analysis showed that the actual Au content for 3
wt.% was 1.21%, which can be attributed to the high pH of the solution during the
deposition-precipitation method, resulting in limited number of Cr.Os adsorption sites
[22]. The nominal and actual loading of Au and Ag NPs are listed in Table 6.1. From
this point, Au-Ag loaded photocatalysts will be named with their actual amount based
on EDX measurments, 0.34Ag-1.21Au for 0.5% Ag — 3% Au wt.%, 0.78Ag-1.22Au for
1% Ag — 3% Au, 1.48Ag-1.18Au for 2% Ag — 3% Au, 2.24Ag-1.22Au for 3% Ag — 3%
Au, 0.82Ag for 1 wt.% Ag and 1.18Au for 3 wt.% Au.
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Figure 6.4. EDX elemental mapping of 0.5Ag-3Au/Cr,03 photocatalyst.

Table 6.1. Nominal and actual loading of Ag and Au NPs estimated using EDX.

Nominal loading of Actual Ag (wt.%6) Actual Au (wt.%0)
photocatalysts
0.5% Ag — 3% Au 0.34 1.21
1% Ag — 3% Au 0.78 1.28
2% Ag — 3% Au 1.48 1.18
3% Ag— 3% Au 2.24 1.22
1% Ag 0.82 -
3% Au - 1.18

6.2.2 Batch experiments
6.2.2.1  Effect of Ag-Au ratio

The photocatalytic performance of pure Cr.Os, mono- and bi- metallic Ag-Au/Cr203
photocatalysts was investigated via the photocatalytic oxidation of benzyl alcohol. The
conversion of benzyl alcohol and produced benzaldehyde after 3 h reaction under 532

nm laser irradiation are illustrated in Fig. 6.5-6.6. By introducing plasmonic metals, the
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photocatalytic performance towards selective oxidation of benzyl alcohol was

promoted.
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Figure 6.5. Amount of benzaldehyde produced during photo-oxidation of benzyl alcohol.

Monometallic Au or Ag NPs decorated on Cr.O3 exhibited an enhanced conversion
(81.4 % and 39.1 % respectively) along with high selectivity of formed benzaldehyde
compared to pure CroOs microspheres (21.2%). The improved photo-oxidation of
benzyl alcohol can be attributed to the increased generation rate of the photoexcited
electron holes at Cr.Oz and the suppression of photogenerated charge carriers
recombination due to the presence of metal [23-25]. It should be noted that 1.18 wt.%
Au loading (Fig. 5.7-5.8, Chapter 5) and 1 wt.% Ag loading (Fig. A3-A4, APPENDIX
A) were selected as the samples with the highest photocatalytic activity for comparison

with bimetallic photocatalysts with different Ag-Au ratio.
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Figure 6.6. Conversion of benzyl alcohol to benzaldehyde and selectivity of benzaldehyde.

Based on the highest benzyl alcohol conversion achieved using 1.18 wt.% Au/Cr203
as demonstrated in Chapter 5, herein the effect of bimetallic AuAg NPs was explored
using different Ag/Au ratio by keeping constant Au content to 1.18 wt.%. Fig. 6.6
shows that a significant photocatalytic performance for all bimetallic Ag-Au/Cr.03 was
obtained. The results revealed that Ag/Au ratio plays an important role in the
photocatalytic activity. 0.34Ag-1.21Au/Cr203 photocatalyst showed the highest light-
enhanced activity by converting 92.4% of benzyl alcohol, producing 45.7 umol of
benzaldehyde with 98.8 % selectivity, which is 4.5 times that of pure Cr.Oz and 1.3
times of 1.18Au/Cr20s. The enhanced photocatalytic performance of bimetallic Ag-Au
NPs can be attributed to the synergistic effect of Ag and Au, leading to efficient charge
transfer and separation of the photogenerated electron-hole pairs between bimetallic
NPs [26, 27]. TEM images (Fig. 6.3) evidently demonstrate that the AuAg NPs are
spherical and uniformly dispersed on the surface of Cr.Os microspheres, which proves
the stability of the AuAg alloyed NPs. This can offer advanced properties with respect
to the photocatalytic activity. Photoluminescence (PL) studies (Fig. 6.7) of pure Cr20s,
Au/Cr03 and Ag-Au/Cr.0O3 were undertaken to investigate the efficiency of charge
carrier traping and transfer in order to evaluate the recombination rate of charge carriers.
Fig. 6.7 depicts the Photoluminescence (PL) spectra of pure Cr.Os, 1.18Au/Cr.03 and
0.34Ag-1.21Au/Cr203 in the wavelength range of 300-800 nm. The first peak, around
400 nm, can be assigned to the contribution of the band to band recombination process.
The intensity of PL signal indicates the recombination rate of photo-generated electron—

hole pairs. PL spectra shows significantly smaller band to band PL amplitude for Ag-
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Au/Cr203 compared to Au/Cr203 and Cr.03 suggesting a suppression in the rate of

electron/hole recombination when the semiconductor is functionalized with metal NPs.
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Figure 6.7. The fluorescence of the powder samples was measured employing a Fluorescence
Spectrometer Perkin Elmer LS 55, using 300 nm as excitation wavelength and a cut-off filter at 350nm.

Nevertheless, a slight decrease of benzyl alcohol conversion was observed by further
increasing Ag loading under the same Au content. Particularly, 86.8 %, 65.1 % and 42.1
% of benzyl alcohol was converted for 0.78Ag-1.22Au/Cr,03, 1.48Ag-1.18Au/Cr203
and 2.24Ag-1.22Au/Cr,03 photocatalysts respectively, indicating the superior activity
of Au NPs in Ag-Au for enhancing the photocatalytic activity. The different
photocatalytic performance due to metal NPs loading can be explained from a structural
point of view. It should be noted that the presence of Au in the Au-Ag alloyed NPs is
predominant, which means that for Ag loadings > 0.78 wt.% where the actual amount of
Ag NPs is higher compared to that of Au (1.18 wt%), the Au active sites would be
limited resulting in reduced photocatalytic activity [6]. Additionally, by increasing Ag
loading, larger Ag NPs were acquired from TEM images (Fig. 6.3), which can induce
the formation of new charge carrier recombination centers and thereby reduce the
efficiency of charge separation. This behaviour agrees with other studies reported the
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size-dependency of metal NPs in the photocatalytic performance, showing that catalysts

with small NPs are moe active due to the more reductive character of the composite

6.2.2.2  Kinetic study of photocatalytic oxidation of benzyl alcohol

In order to further assess the effect of Ag/Au ratio on the photocatalytic oxidation of
benzyl alcohol, reaction kinetics were investigated. Fig. 6.8 shows that the reaction rates

fitted the pseudo-first-order kinetic model according to the following equation:

Co
Co—x

In

where Cy is the initial concentration, x is the concentration of formed benzaldehyde at
certain reaction time, t is the reaction time and k is the rate constant. As it can be seen
in Fig. 6.8, the reaction rate increased gradually over irradiation time for 3 h reaction. It
should be noted that the reaction rate of benzyl alcohol oxidation was significantly
affected by Ag/Au ratio. Particularly, by gradually increasing Ag content from 0.34 to
2.24 wt.% a decrease in the reaction rate was observed indicating that an excessive Ag

loading could weaken charge transfer at the interfaces of bimetallic NPs.
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Figure 6.8. First-order kinetic plots of pure Cr,Os, monometallic and bimetallic photocatalysts.

The corresponding rate constants (k) for all photocatalysts were calculated and
depicted in Fig. 6.9 with correlation coefficients R%>0.99. It could be clearly seen that
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0.34Ag-1.21Au/Cr,03 photocatalyst possessed the highest reaction rate with a constant
rate of 0.0143 min* which is 11.5 folds of bare Cr.Os; photocatalyst, following by
0.78Ag-1.22Au/Cr,03 (0.0112 min?), 1.18Au/Cr,0s3 (0.00701 min?), 1.48Ag-
1.18Au/Cr.03 (0.00567 min™), 2.24Ag-1.22Au/Cr,03 (0.00322 min™), 0.82Ag/Cr,03
(0.00272 min™) and Cr.03 (0.00124 min). Therefore, the synergistic effect of Ag and
Au NPs decorated on the surface of Cr.0s microspheres with an optimized Ag/Au ratio
can significantly improve benzyl alcohol oxidation rate to benzaldehyde, implying

improved electron transfer processes and enhanced charge carriers separation.
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Figure 6.9. Constant rate k in the presence of pure Cr,0s;, monometallic and bimetallic photocatalysts.

6.2.2.3  Photoelectrochemical test of Ag-Au/Cr203 microspheres

Fig. 6.10 shows the photocurrent responses of pure Cr203, 1Ag/Cr203, 3Au/Cr203
and bimetallic 0.34Ag-1.18Au/Cr.0s photoelectrodes, which could evaluate the
generation and transfer of photogenerated charge carriers. The photocurrent density is
greatly improved over all metal-loaded Cr.Os photocatalysts compared to pure Cr20s.
The periodic on/off photocurrents follow the order of 0.34Ag-1.21Au/Cr,03 >
1.18Au/Cr203 > 0.82Ag/Cr.03 > Cr203. This enhancement can be attributed to the
efficient separation of the photogenerated electron-hole pairs due to the interaction

between metal NPs and Cr,Os microspheres [28]. The highest photocurrent response
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was achieved using 0.34Ag-1.21Au/Cr203, which is consistent with the activity during
photo-oxidation of benzyl alcohol, revealing the promoted generation of charge carriers
near the surface of Cr,O3 due to the SPR excitation of metal NPs.
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Figure 6.10. Photocurrent response of (a) Cr20s, (b) 0.82Ag/Cr20s3, (¢) 1.18Au/Cr,03 and (d) 0.34Ag-
1.21Au/Cr,0s.

6.2.3 Continuous flow experiments
6.2.3.1  Effect of flow rate

The photocatalytic performance of pure Cr.03, monometallic and bimetallic NPs with
optimized Ag/Au ratio was further investigated under continuous flow conditions. For
continuous flow experiments, a flow reactor was designed and fabricated, as described
earlier in section 3.4.2. The effect of flow rate in the photocatalytic oxidation of benzyl
alcohol was investigated and the results are illustrated in Fig. 6.11. All photocatalysts
presented the same trend by increasing the flow rate from 0.05 to 0.2 mL min™.
Initially, an increase in the flow rate from 0.05 to 0.1 mL min led to a higher benzyl
alcohol conversion of 88.5% with 98.9 % benzaldehyde selectivity. At large residence
time, the lower benzyl alcohol conversion is attributed to mass transfer limitations in
terms of transfer capability of the fluid due to low flow rate (< 0.1 mL mint) [29, 30].
Especially, at very low flow rates (< 0.1 mL min), blocking effect was observed from
the dispersed NPs in the fluid. Upon further increasing the flow rate to 0.2 mL min?,
only 58.5 % of benzyl alcohol was converted, indicating a decrease of the photocatalytic
performance. It should be noted that the flow rate is associated with the effective
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residence time. At high flow rates (> 0.15 mL min™?), an enhancement in the mass
transport is obtained but at the same time the interaction time between the reaction
mixture containing the photocatalyst and laser irradiation is limited, leading in a
decrease of the reaction rate to complete the desired photocatalytic reaction [31]. The

highest benzyl alcohol conversion of 88.5 % was achieved using a flow rate of 0.1 mL

min.
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Figure 6.11. Conversion of benzyl alcohol for pure Cr,03, 0.82Ag/Cr,03, 1.18Au/Cr,03 and 0.34Ag-
1.21Au/Cr,05 for 0.5 mg mL"* catalyst concentration and flow rates 0.05, 0.1, 0.15 and 0.2 mLmin-L.

6.2.3.2  Effect of catalyst concentration

In addition to the influence of flow rate, the effect of photocatalyst concentration on
benzaldehyde production was studied. Photocatalytic oxidation experiments were
carried out with concentrations ranging from 0.2 to 1.5 mg mL™ and the change of
benzyl alcohol conversion with concentration is depicted in Fig. 6.12. Benzaldehyde
production was significantly enhanced by increasing concentration to 1 mg mL*
converting 93.7% of benzyl alcohol, while a further increase of concentration at 1.5 mg
mL? led to a decrease of the converted benzyl alcohol to 84.1%. In line with the Beer-
Lambert law, more photons are confined in the fluid due to the higher number of NPs in
the reaction mixture, offering more active sites, resulting in enhanced benzaldehyde
production [32]. The main cause of the decreased benzaldehyde for 1.5 mg mL™*

concentration is associated with a possible saturation of light absorption. For high
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concentrations, laser light could be mainly absorbed by the upper layer close to the
surface of the solution, resulting in a non-uniform distribution of light and therefore loss
of photons [2]. Another possible cause for the decreased photocatalytic oxidation
efficiency at high concentration of photocatalyst could be the existence of mass transfer

limitations.
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Figure 6.12. Conversion of benzyl alcohol for pure Cr,03, 0.82Ag/Cr,03, 1.18Au/Cr,03 and 0.34Ag-
1.21Au/Cr,03 for 0.1 mL min-t flow rate using 0.2, 0.5, 1.0 and 1.5 mg mL catalyst concentration.

6.2.3.3  Effect of light intensity

Light intensity plays a significant role on the photocatalytic oxidation rate of benzyl
alcohol. Fig. 6.13 shows benzyl alcohol conversion as a function of laser intensity
varying from 12.7 to 63.3 W/cm?, while flow rate and catalyst amount were set at 0.1
mL min? and 1 mg mL?, respectively. Benzaldehyde production for 0.34Ag-
1.21Au/Cr,03 photocatalyst was remarkably increased by increasing incident laser
power intensity and the highest conversion of 93.7% benzyl alcohol was obtained at 500
mW. Generally, an increase of light intensity results in higher photon production with a
strong electromagnetic field formed around the NPs, affecting accordingly the oxidation
rate of the reaction [33].
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Figure 6.13. Conversion of benzyl alcohol vs laser power intensity using 0.34Ag-1.21Au/Cr,03
photocatalyst for 0.1 mL min! flow rate and 1 mg mL! concentration.

Fig. 6.14 shows the reaction rate constants (k) versus residence time in the presence
of 0.34Ag-1.21Au/Cr,03 photocatalyst for concentration 1 mg mL™* and light intensity
63.3 W/cm?. Generally, an increase in the residence time up to 20 min led to an increase
in the reaction rate constant from 0.079 to 0.113 mint. However, increasing further the
residence time to 40 min resulted in lower reaction rate constant (0.028 min‘t), which is
consistent with the conversion efficiency results versus flow rate as described in section
6.2.3.1. Benzaldehyde production was compared under batch and continuous flow
conditions and the reaction rate constant was calculated based on pseudo-first order
model for both batch and continuous flow system. It should be noted that the reaction
rate constant of the photocatalytic oxidation using continuous flow cell with 0.1 mL
min! flow rate was 7.9 times higher (0.113 min™) than that achieved using batch type
reactor (0.0143 mint), implying the superior photocatalytic performance using
continuous flow system.
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Figure 6.14. Reaction rate constant versus residence time. Photocatalyst concentration 1 mg mL* and

laser intensity 63.3 W/cm?,
6.2.3.4  Recyclability of photocatalysts

In terms of practical applications, stability and recyclability of a catalyst is of high
importance. The re-usability study of 0.34Ag-1.21Au/Cr203 catalyst was carried out by
the photocatalytic oxidation of benzyl alcohol under 532 nm laser irradiation and the
results are presented in Fig. 6.15. After five consecutive cycles, the conversion
efficiency of 0.34Ag-1.21Au/Cr203 photocatalyst presented a slight decrease from 93.7
to 89.1% with no loss of benzaldehyde selectivity, which could possibly arise from the
mass loss during the recovery of the catalyst. These results revealed a negligible loss of
activity after prolonged irradiation time, indicating the good stability of the

photocatalyst.
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Figure 6.15. Recyclability test of 0.34Ag-1.21Au/Cr,0O3 photocatalyst.
6.2.3.5 Role of photothermal effect on photocatalytic activity

As previously reported, operating temperature is critical to the photocatalytic
oxidation of benzyl alcohol. For understanding the role of photothermal effect in the
photocatalytic process, the photocatalytic oxidation of benzyl alcohol was conducted
under the same conditions as described in section 3.5.2, Chapter 3, but in the absence of
water to keep the temperature of the reaction constant at 21 °C. Fig. 6.16 presents the
temperature increase of the different suspensions irradiated by laser light. As it can be
seen, 0.34Ag-1.21Au/Cr.03 presented the higher temperature rise (~27.5 °C) indicating
a higher optical absorption of Ag-Au nanoparticles compared with that of pure Cr,03 (~
5 °C), 0.82Ag/Cr,03 (~ 6.5 °C) and 1.18Au/Cr;0O3 (~ 17.5°C). The significant
temperature rise can be attributed to the strong photothermal effect of Ag-Au

nanoparticles decorated on Cr2Os microspheres.
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Figure 6.16. Temperature profile of pure Cr,Oz and Ag-Au/Cr,03 under laser irradiation.

For understanding the photothermal effect on the photocatalytic process, the
photocatalytic rate constant k was calculated (Fig. 6.17) based on pseudo-first-order
kinetic model. For temperatures below 29 °C, the contribution of the photothermal
effect on the total reaction was just 7.3% for Cr.Os; (k=0.0095 min™) and 8.7 % for
0.82Ag/Cr,0; (k=0.0212 min?). With respect to the operating temperature, the
photothermal effect on the photoreaction is significant for temperatures above 37 °C.
The value of rate constant k obtained for 1.18Au/Cr.0Oz was 0.065 min, which is 1.27
times higher compared to that reported at controlled temperature (21 °C) by a water
bath (0.051 min?). For bimetallic 0.34Ag-1.21Au/Cr.03 (k=0.168 min™?) the
temperature raised to 48.6 °C, revealing a remarkable rate improvement. In this case,
the photothermal-assisted reaction provides a rate enhancement of 48% compared to the
controlled temperature system (k=0.113 min™). These findings reveal that the

photothermal effect can accelerate significantly the photocatalytic reaction rates.

126



0.18

0.16

controlled
0.14 4 —e— photothermal effect

0.12 4

0.10

0.08

0.06

0.04 4

Constant rate k (min™!)

0.02 4

0.00

Figure 6.17. Constant rate k in the presence of pure Cr,Oz and Ag - Au loaded samples at flow rate 0.2
mLmin-1, photocatalyst concentration 1 mg mL-1 and laser intensity 63.3 W/cm?, by controlling
temperature at 21°C (black line) and without controlling temperature revealing the photothermal effect
(red line).

6.2.3.6  Investigation of the photo-oxidation mechanism

To understand the photocatalytic reaction mechanism of 0.34Ag-1.21Au/Cr.03, a
series of controlled experiments were carried out to reveal the contribution of oxidative
species by adding radical scavengers (Fig. 6.18). The photocatalytic conversion of
benzyl alcohol slightly decreased (81.2 %) using tert-butyl alcohol (TBA) for trapping
hydroxyl radicals (OH"), indicating that OH" were not involved in the oxidation of
benzyl alcohol. Whereas, the addition of AO, AgNOs and BQ to capture hole (h"),
electron (e") and superoxide radicals (‘O2") scavengers, remarkably affected the
photocatalytic performance resulting in significant decrease of benzyl alcohol
conversion. Particularly, the conversion suppressed to 45.3 %, 29.8 % and 38.6 % in the
presence of AO, AgNOszand BQ respectively. Additionally, the photocatalytic oxidation
reaction performed under air atmosphere converted 70.1 benzyl alcohol, demonstrating
that molecular oxygen was a significant oxidizing agent for the photo-oxidation process.
From the above results, it can be concluded that "O2™ and h* were the dominant active

species in the oxidation of benzyl alcohol into benzaldehyde.
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Figure 6.18. Photocatalytic oxidation process under O, and air atmosphere. Controlled experiments
utilizing trapping agents: tert-butyl alcohol (TBA), 1,4-benzoquinone (BQ), ammonium oxalate (AO) and
AgNOs;. Capture experiments were carried out using 0.34Ag-1.21Au/Cr,03 photocatalyst.

The following mechanism for the photo-oxidation of benzyl alcohol into
benzaldehyde using Ag-Au/Cr,0s is proposed. Under visible light illumination, Cr203
microspheres could be excited producing electron-hole pairs. Subsequently, electrons
migrate from the conduction band of Cr.Oz to Au and Ag across the Schottky barrier.
Meanwhile, the local electric field enhancement around AgAu NPs and nearby the
Cr203 microspheres, caused by excitation of AgAu NPs, promotes the electron-hole pair
formation on Cr.03 surface with higher rate compared to normal incident light. The
electrons accumulated on AgAu NPs surface participate in the reduction of O to
produce superoxide radical species (‘O27) [Eqg. 6.1], while the holes on the surface of
Cr203 contribute to the activation of aromatic alcohol following the pathway in Eq. 6.2.
Subsequently, "O2™ radicals could in turn trap two protons from the activated aromatic
alcohol adsorbed at the neighbor sites to generate benzaldehyde as the product [Eq 6.3].

0,5 05 (6.1)
nt +
Ph— CH, — OH — Ph — CH, — OH (6.2)
+- .02—
Ph— CH, — OH — Ph— CH = 0 + H,0, (6.3)
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6.3 Conclusions

The work outlined in this Chapter met the objective set in the thesis to explore the
capability of bimetallic Ag/Au NPs to catalyze selective oxidation of benzyl alcohol to
benzaldehyde under laser light irradiation. Bimetallic Ag/Au NPs were successfully
deposited on the surface of hydrothermally synthesized Cr.Os microspheres and their
performance for batch and continuous flow synthesis of benzaldehyde was evaluated. It
can be concluded that all monometallic and bimetallic photocatalysts showed an
improved conversion of benzyl alcohol, compared to pure Cr.Os, For batch reaction
conditions, among the tested photocatalysts, 0.34Ag-1.21Au/Cr.O3 exhibited the
highest benzyl alcohol conversion (92.4 %) with high selectivity after 3 h of laser
irradiation, which is 4.5 times that of pure Cr20s, 1.3 times that of 1.18Au/Cr.O3 and
2.5 times that of 0.84Ag/Cr.03 photocatalyst. Ag/Au ratio is of key importance in the
development of effective photocatalysts for photocatalytic oxidation systems. The
enhanced photocatalytic performance of bimetallic Ag-Au NPs can be ascribed to the
intense photo-absorption and efficient separation of photogenerated charge carriers,
which arise from the coupling of plasmonic metals with Cr.Os, in addition to the
synergistic effect between bimetallic Ag-Au NPs and CrOs microspheres. Under
continuous flow conditions, the effect of flow rate, catalyst concentration and laser
power intensity were investigated. It was confirmed that under optimized conditions
(flow rate: 0.1 mL min™, photocatalyst concentration: 1 mg mL™, laser intensity: 500
mW), a highest benzyl alcohol conversion of 93.7 % with 98.9 % benzaldehyde
selectivity was achieved using 0.34Ag-1.21Au/Cr,0O3 after approximately 20 min of
laser irradiation. It should be noted that a maximum reaction rate constant of 0.138 min°
! was obtained using continuous flow reactor, which was almost an order of magnitude
superior to the values achieved using batch reactor for photocatalytic oxidation of
benzyl alcohol to benzaldehyde. The investigation of the photothermal effect on the
photocatalytic performance revealed an enhancement of rate constant up to 48% for
0.34Ag-1.21Au/Cr203, which is encouraging with regards to assisting the photocatalytic
activity via the photothermal effect. Finally, the mechanistic studies of benzyl alcohol
reaction demonstrated that ‘Oz~ and h* were the dominant active species in the oxidation
of benzyl alcohol into benzaldehyde while O> was an important oxidizing agent for the
photo-oxidation process.

This work is relevant to the overall aim of this thesis as it was demonstrated that high
performing bimetallic Ag/Au NPs with optimized Ag/Au ratio behave as efficient

photocatalysts for the selective benzyl alcohol oxidation to benzaldehyde. The use of
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Ag/Au NPs decorated on the surface of Cr.Oz microspheres for continuous flow
synthesis of benzaldehyde has not been previously reported, so extends the knowledge
of this research area.
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Chapter 7 - Conclusions and Future work

7.1 Conclusions

This Thesis demonstrated the efficient use of plasmonic nano-photocatalysts for the
selective oxidation of benzyl alcohol to benzaldehyde initiated by visible light, by
conducting an extensive investigation of the parameters that are of key importance.
Research investigations were carried out from the study of physicochemical and
photothermal properties of plasmonic nano-photocatalysts to the exploration of
plasmonic metals loading, ratio of bimetallic NPs (Ag/Au), photocatalyst concentration,
light intensity as well as evaluate the effect of performing the reaction under continuous
flow conditions.

So far, Au/Cr.03 and Ag-Au/Cr203 have not been used as photocatalysts for batch
and continuous flow synthesis of benzaldehyde and generally for the photocatalytic
oxidation of benzyl alcohols. The different supports used so far (TiO2, BiVOa, CeOy,
SiO2, GO and Bi2WOs) decorated with mono- and bi-metallic NPs (Au, Ag, Pt and Pd)
achieved up to 82% benzyl alcohol conversion with 99% benzaldehyde selectivity under
several hours of irradiation (8 hours). Detailed values of benzyl alcohol conversion
obtained used the above supports are described in Literature review section 2.5. Benzyl
alcohol conversion achieved in this Thesis (93.7% conversion with 99% benzaldehyde
selectivity using Ag-Au/Cr203) is much higher at a shorter reaction time (3 hours laser
irradiation) than the reported values in the literature using other semiconductors as
supports for noble metals, implying the importance of supports that absorb light
throughout the UV-Vis region. A more fair comparison between the data obtained from
this thesis and literure would require reaction rate data but the results reported in the
literature mainly stem from benzyl alcohol conversion or benzaldehyde production. In
case of photothermal heating of plasmonic NPs, different studies performed
photothermal experiments to investigate photothermal effect on assisting catalytically 4-
nitrophenol reduction or degradation of RhB using Au NPs and degradation of
nitropehnol using Ag NPs. The authors reported a temperature increase of 35 °C for Au
NPs and 5 °C for Ag NPs. In this Thesis, the phothermal experiments revealed a
temperature increase of 18 °C for Au NPs, 7 °C for Ag NPs and 27 °C for Ag-Au NPs,
which contributed to a significant rate enhancement of 26%, 8.7% and 48%
respectively. It should be mentioned here that the existing studies for photocatalytic
oxidation of benzyl alcohol used water bath solutions to drive the reaction at room
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temperature without exploring how the photothermal effect of plasmonic nanoparticles
could assist catalytic process.

The following conclusions of each chapter can be made from the experimental
investigations reported in this Thesis. The connectivity between the different chapters of
this thesis highlight how the objectives contribute to the overall aim.

The objective of Chapter 4 was to investigate the surface plasmon resonance and
particularly the photothermal effect of Au NPs by conducting a well-controlled
experiment under continuous flow conditions using 532 nm laser irradiation. Initially,
the optical properties of Au/TiO, nanoparticles were investigated, showing that
plasmonic nanoparticles exhibited a remarkable absorption in the region 500-550 nm,
attributed to the LSPR effect excited on Au NPs’ surface. From photothermal
experiments it can be concluded that the temperature of the nanofluids was remarkably
increased in the presence of Au NPs. This phenomenon is related to the enhanced
absorption of Au NPs in the visible region, which can be ascribed to the localized
surface plasmon resonance effect on the surface of Au nanoparticles. Particularly, 0.84
wt.% Au nanofluid exhibited a significant higher temperature achieving up to 32°C
compared to that of TiO2 nanofluid (22.5 °C) and water-based fluid (20.5 °C). It should
be noted that Au loading influenced remarkably the temperature profile. By increasing
Au loading from 0.56 to 1.18 wt.%, a temperature rise of 4°C was observed which is
related to higher absorption of Au NPs and the small particle size resulting in higher
thermal conductivity. However, a further increase of Au loading to 1.86 wt.% led to a
temperature decrease which can be caused by the excessive Au loading resulting in the
increase of the mean size of Au NPs and to the formation of Au agglomerates, as was
confirmed from TEM images. Then, the effect of flow rate on temperature profile was
explored and the results revealed that the higher temperature increase was obtained
using an optimized flow rate of 0.1 mL min™. By increasing the flow rate from 0.05 to
0.1 mL mint a higher temperature was achieved while a further increase of the flow rate
up to 0.4 mL min led to the lowering of the temperature. At large residence time (> 20
min) mass transfer limitations of nanofluids were observed leading to lower
temperature. Despite the fact that mass transport (> 0.1 mL min) was improved using
higher flow rates, temperature was still lower because the nanofluid does not remain
under illumination for sufficient time. After optimizing Au loading and flow rate,
parameters such concentration of nanoparticles and laser intensity were studied. An
initial increase of concentration from 0.2 to 1 mg mL™ resulted in achieving the highest
temperature up to 31.5 'C, which is related to the fact that the amount of suspended
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nanoparticles in milli-Q water was higher, so more light was confined in the nanofluid.
Conversely, the temperature decreased to 26.3 'C upon further increasing the
concentration to 1.4 mg mL™. This phenomenon can be ascribed to saturation of the
absorption of light caused by a non-uniform distribution of NPs causing precipitation as
confirmed from UV-Vis spectra.

The work in Chapter 4 enhanced our understanding on the parameters that affect the
optical and photothermal properties of plasmonic Au nanoparticles under continuous
flow conditions. The concept of continuous-flow plasmonic heating of Au/TiO>
nanofluid, enabled the research work in Chapters 5 and 6 by extending the use of
plasmonic metals such as Au, which benefit from considerable optical and photothermal
properties, in photocatalytic applications.

Having established the surface plasmon resonance effect of Au NPs decorated on
metal oxides, the objective of Chapter 5 was to investigate the photocatalytic oxidation
of benzyl alcohol using Au loaded raspberry-like Cr,Oz microspheres under
monochromatic 532 nm laser irradiation. The amount of loaded Au nanoparticles
significantly affected the efficiency of photocatalytic oxidation of benzyl alcohol to
benzaldehyde. It could be clearly observed that by increasing Au content from 0.64 to
1.18 wt.%, the highest reaction rate was obtained with a constant rate of 0.00701 min™,
which is 2.3 fold of 0.64 wt.% Au. The improved reaction rate over 1.18 wt.%
Au/Cr,03 photocatalysts can be ascribed to the plasmon induced electromagnetic field
enhancement near the surface of Au NPs in the semiconductor, which increased the
generation rate of the photoexcited electron holes at Cr.O3. However, a further increase
of Au loading to 1.82 wt.% led to a decrease in the reaction rate, suggesting that an
optimised loading is very important to obtain high yield and selectivity towards
benzaldehyde. In case of excessive Au content, photogenerated charge carrier
recombination centers were formed that resulted in reduced photocatalytic activity. The
effect of support on the photocatalytic activity was studied by using TiO2 NPs as
support. The results revealed that Au/TiO. photocatalysts showed only 39.1%
conversion of benzyl alcohol compared with Cr.03 supported Au NPs which converted
81.4%. The predominant reason for this trend is related to the fact that Cr.0s
microspheres not only play the role of support for Au NPs, but also participate actively
in the photocatalytic oxidation of benzyl alcohol due to their significant visible light
absorption compared to TiO> NPs which absorb light only in the UV region.
Photothermal-assisted experiments showed an enhanced constant rate (k=0.00888 min™)
which provides a 26% rate enhancement compared to that obtained at room
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temperature. It can be concluded that the photothermal effect that stems from plasmonic
Au NPs can boost the photocatalytic performance depending on the temperature change.
Finally, a series of scavenging experiments were performed to explore the
photocatalytic mechanism of Au-Cr.Os microspheres. It can be concluded that oxygen
acts as a trap to capture photogenerated electrons, providing Oz, which could suspend
the charge carrier recombination and promote the oxidation of benzyl alcohol.

High performing monometallic Au nanoparticles decorated on Cr.O3 microspheres
for the photo-oxidation of benzyl alcohol to benzaldehyde inspired the work in Chapter
6 to study the activity of bimetallic nanoparticles over their monometallic counterparts
by investigating the significance of Ag/Au ratio. Raspberry-like Cr.Oz microspheres
were decorated with Au and Ag NPs and their performance was investigated via benzyl
alcohol oxidation under 532 nm laser irradiation using batch and continuous flow
system. It was concluded that the photocatalytic oxidation of benzyl alcohol to
benzaldehyde is directly related to Ag/Au ratio, indicating the importance of optimized
loading of Au and Ag NPs. Bimetallic 0.34Ag-1.21Au/Cr,03z microspheres exhibited
synergistically enhanced activity and stability for catalyzing aerobic oxidation of benzyl
alcohol under visible laser irradiation achieving 93.7% conversion of benzyl alcohol
with an impressive 98.9% benzaldehyde selectivity. The enhanced photocatalytic
performance of bimetallic Ag-Au NPs can be ascribed to the intense photo-absorption
and efficient separation of photogenerated charge carriers, which arise from the
coupling of plasmonic metals with Cr.Oz, in addition to the synergistic effect between
bimetallic AuAg NPs and Cr.Os microspheres. However, by gradually increasing Ag
content from 0.34 to 2.24 wt.%, only 42% of benzyl alcohol was converted indicating
the superior activity of Au NPs in Au-Ag for enhancing the photocatalytic
activityUnder continuous flow conditions, different parameters, such as concentration of
metal nanoparticles, flow rate and laser intensity that affected significantly the
photocatalytic performance were studied thoroughly. The importance of optimized flow
rate in terms of efficient mass transfer and the sufficient interaction time between the
reaction mixture containing the photocatalyst and laser irradiation was underlined.
Additionally, concentration of NPs was investigated showing that a higher number of
NPs in the reaction mixture, offering more active sites, results in enhanced
benzaldehyde production while a high concentration of NPs can lead to saturation of
light absorption and mass transfer limitations. The reaction rate constant using
continuous flow system was almost an order of magnitude higher compared to that of
batch system for the photocatalytic oxidation of benzyl alcohol to benzaldehyde.
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Finally, photothermal effect on the photocatalytic performance was explored indicating
a 48% rate constant enhancement for 0.34Ag-1.21Au/Cr.Q03, revealing that plasmonic
heating effect can boost the photocatalytic performance.

The work in this Thesis meets all the objectives that have been set and contribute to
the principal aim of investigating the batch and continuous flow synthesis of
commercially valuable products such as benzaldehyde using plasmonic metal

nanoparticles decorated on metal oxides as photocatalysts.

7.2 Future work

Based on the outcomes of this Thesis, further investigations are proposed to address
the existing challenges in terms of reaction rate and optimize the photocatalytic
performance enabling a viable system. The suggested routes that follow on from the

work presented in this Thesis are discussed below:

7.2.1 Design of advanced optofluidic reactor

As described in Chapters 4 and 6, a continuous flow system is a promising route to
deal with the required needs of designing a system with high photothermal and/or
photocatalytic conversion efficiency. Inspired by the above findings, development of an
optofluidic reactor is proposed in order to enhance the overall efficiency and reaction
rate. Optofluidics is a technology that integrates optics and fluids on the micro or
nanoscale and exploits their interaction to provide enhanced function and performance.
This approach can offer low energy consumption, increased heat and mass transfer,
large surface area to volume ratio, and precise control over fluids and light at small
scales. Reactor development process is a significant engineering challenge where many
factors should be taken under consideration including reactor geometry, material of
construction and flow rate. This suggestion enables kinetic studies and optimization of

key parameters to boost the photothermal and photocatalytic performance.

7.2.2 Development of efficient photocatalysts

As concluded in Chapter 6, the bimetallic Ag and Au NPs were found to show a
remarkable photocatalytic response at an optimized Ag:Au ratio. It is suggested that the
presence of other noble metals such as Pt, Pd and Cu could be favourable in the design
of efficient photocatalysts for the selective oxidation of benzyl alcohol to benzaldehyde.
Finally, as it has been shown in Chapter 5 the support plays a significant role in the

photocatalytic performance. In this direction, further investigation on the effect of
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different supports is proposed to promote higher reaction rates along with the

suppression of by-products generation.

7.2.3 Effect of different solvents and activity of synthesized photocatalysts for the
selective oxidation of several aromatic alcohols

As established in Chapters 5 and 6, toluene as solvent promotes the selective
oxidation of benzyl alcohol to benzaldehyde in the presence of mono- and bi-metallic
nanoparticles decorated on the surface of Cr.Os microspheres. Further work requires
verifying the versatility of Ag/Au/Cr.Os microspheres in the production of
benzaldehyde using different solvents (e.g. chloroform, acetonitrile) under the same
experimental set-up. Particularly, green solvents such as water and dimethylcarbonate
(DMC) should be examined demonstrating the potential to replace environmentally
harmful solvents. Additionally, further investigation on the photocatalytic oxidation of
various aromatic alcohols in the presence of Ag/Au/Cr.03 microspheres is suggested. In
this way, the synthesized Ag/Au/Cr.Os microspheres will be validated as efficient
photocatalysts for the selective oxidation of alcohols to corresponding aldehydes e.g by
substitution of para-substituted benzylic alcohols with —CI or electron releasing group
such as —OCH3s and —CHs.

7.2.4 Investigation of benzyl alcohol oxidation mechanism

In Chapters 5 and 6, mechanistic studies were performed using different radical
scavengers to detect the main oxidative species for the photocatalytic oxidation of
benzyl alcohol into benzaldehyde in the presence of mono- and bi-metallic NPs.
Validation of the proposed mechanism requires the development of advanced in
situ/operando characterization techniques such as gas chromatography — mass
spectroscopy and Raman spectroscopy to observe at real time the intermediate species
as well as changes of the material crystal or morphological structure. Finally, theoretical
calculations such as density functional theory (DFT) and Fine Difference Time Domain
(FDTD) can elucidate molecular level mechanistic information in terms of

reactant/surface dynamics and the nature of the transition-state.
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Figure A.1. Benzaldehyde production for pure Cr.O3 and Au-Cr,03 photocatalysts.
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