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Abstract

Researches on sustainable processes for efficient converting of solar energy to fuels
have recently received enormous efforts. The main issue facing solar-assisted reactions is
insufficient light harvesting by photocatalysts in the visible light regions. The objective of this
project was photoreduction of CO> with water (known as artificial photosynthesis) using
visible light. The full architecture of the leaf photosystem was successfully replicated at both
the nano and micro levels using biotemplating with TiO. Recently, bio-inspired materials have
emerged as a potential area of research for developing advanced functional systems. Our multi-
step chemical replication method resulted in a unique TiO: architecture with highly porous
network. This improved biotemplating method could address the issues in controlling the
morphology of final product associated with conventional procedures of synthesis of titania
platforms. Scanning and transmission electron microscopy images of the final products
confirmed that the detailed microscale framework and nanostructures, such as the chloroplast
and the thylakoids were well replicated. In our preliminary tests of photocatalytic activity, the
biotemplated artificial TiO> leaves outperformed well-known P25 TiO2 in photocatalytic
degradation of methylene blue dye under visible light. The artificial titania leaf and P25
achieved 13+£1.5% and 7£0.9% of methylene blue conversion, respectively, under blue light
(440 nm). Under green light irradiation (515 nm), the methylene blue conversion given by the
biotemplated photocatalyst (9+1.2%) is also higher than that achieved by P25 (6.3£0.8%). The
enhanced visible light activity of the bio-mimicked titania catalyst could be attributed to several
key factors given by the 3-dimensional interconnected nanosheets structure (the thylakoid
replicas), including enhance reactant-catalyst contact and high efficiency of the light

absorption.



The novel porous TiO: architecture was used to catalyse the photoreduction of CO;
with H20. The artificial TiO> leaves showed higher selectivity to methane (CH4) in CO>
photoreduction compared to non-porous commercial titania catalysts. The CO2 photoreduction
reactions catalysed by artificial TiO. leaves and P25, after 20 h under UV light (370 nm),
produced 3.8+0.6 and 2.7+0.5 umol/g-cat. of CH4, respectively. The chloroplast-like 3-D TiO>
materials also outperformed the product yields of P25 titania under visible light. The CO
(0.5+0.1 umol/g-cat.) and CH4 (2.2+0.35 umol/g-cat.) were yielded by the biotemplated titania
photocatalyst, after 30 h under green light (515 nm), compared to the CO (2+0.5 umol/g-cat.)
given by P25. We hypothesised that there is a strong correlation between the morphology of
the inorganic artificial leaves made of TiO2 and their superior photocatalytic performance.
Moreover, the advantages of the surface chemical modification of titania photocatalysts with
the ruthenium dioxide were demonstrated. The RuO2/artificial leaf materials possessed a
substantially higher efficiency of the CO photoreduction compared to the neat artificial TiO>
leaves in the case of visible light. The CO2 photoreduction reactions catalysed by neat and
RuOy/artificial TiO2 leaves, after 30 h under green light (515 nm), produced 2.2+0.35 and
3.15+0.35 umol/g-cat. of CHa, respectively. Finally, two kinetic models for photocatalytic
reduction of CO> with H2O, were validated with the products concentration profiles. The
experimental data have obtained a very good fit to the kinetic model developed based on Eley-
Rideal mechanism. The understanding of the morphological contribution of the photocatalyst
provided in this study, could help to augment the efficiency and selectivity of the CO>

photoreduction.
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Chapter 1 - Introduction

1.1 The energy challenge

Along with global population growth, global primary energy consumption is projected
to increase dramatically by 2050. Thus, shifting energy production toward abundant, clean,
secure and renewable sources is one of the key technological challenges facing mankind. A
wide range of energy sources, including nuclear power, wind, solar energy, biomass,
geothermal energy, hydroelectric power and wave power have been investigated for future use
but several issues still need to be addressed, such as, restrictions on plant-based biomass growth
in terms of land and climate requirements, slow growth, weather contingencies, pests, and so

on (Corma et al., 2011; Huber & Corma, 2007).

In this regard, solar energy is almost infinite, nonpolluting, free, and available on all
continents. Sunlight is responsible for life on earth where an hour of solar radiation represents
nearly the world’s total annual energy consumption and natural photosynthesis is responsible
for the survival of nearly all life forms. However, the daily solar cycle limits its direct use when
high levels of energy are required during non-daytime hours. If it were easy to capture solar
radiation and store the energy efficiently, there would be no global scarcity of renewable and
clean energy. Hence, researches on sustainable processes for efficient converting of solar
energy to fuels have recently received enormous efforts (Abbott, 2010; Roy et al., 2010;

Youngblood et al., 2009).
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1.2 The environmental challenge

All energy technologies involve an environmental impact, with the most important
environmental concern being the emission of greenhouse gases that contribute to global
warming. A persistent greenhouse gas originating from all combusted fuels is carbon dioxide
(CO2) that is not currently being captured or removed from stack emissions. Current reports
indicate that there is an excess of approximately 4% CO> with respect to the natural “carbon
cycle” which the atmosphere may contain by 2100 according to Intergovernmental Panel on
Climate Change (IPCC) predictions, causing a rise in the mean global temperature of
approximately 2°C accompanied by increased desertification, and species extinction (Maginn,
2010). In this context, the conversion of CO> to clean fuels and useful chemicals such as
methanol has recently been studied intensely. This attractive solution not only does address the
energy crisis issue, but also overcomes concerns on pollutant removal and environmental
impact by optimizing the carbon cycle. However, current processes utilizing CO> as chemical
feedstock needs substantial consumption of energy causing leakage of greenhouse gases back

into the environment (Mikkelsen et al., 2010; Yang et al., 2008a).

1.3 Solar-assisted recycling of carbon dioxide to fuels

Based on the foregoing, the process of reducing CO2 using sunlight is considered to be
zero- or even negative-cost sources to supply sustainable alternatives to conventional energy
sources. Natural photosynthesis, which plays a fundamental role in the life cycle of nature,
provides a promising blueprint for such systems design. A less-explored approach for
converting carbon dioxide (CO2) into fuel and chemicals is the reduction of CO2 in the
presence of water, known as artificial photosynthesis. Natural green leaves capture CO> and
convert it into chemicals through photosynthesis using solar energy. In chemical terminology,

artificial photosynthesis is the conversion of water and CO: into carbohydrates and oxygen
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under ambient temperature and pressure (Nelson & Ben-Shem, 2004). The overall reaction of

the artificial photosynthesis is illustrated in Figure 1-1.

((WATER + LIGHT = CHEMICAL ENERGY )

(( CHEMICAL ENERGY + CARBON DIOXIDE = SUGAR ) | H,04C0,+Light ——— Hydrocarbon fuels |

Photosynthesis Photosynthesis

Figure 1-1. Analogy of photosynthesis using solar energy by natural leaves (Zhou et

al., 2011).

The indirect application of solar energy by generation of electricity for the reduction of
carbon dioxide has been reviewed over the past few decades. Many studies have been
conducted on the electrochemical reduction of CO.. While the details of the reaction
mechanism is still a matter of debate, the main products reported are CO, H», formic acid, and
methane, as well as trace amounts of C» hydrocarbons. However, the main issue confronting
the use of an aqueous solution is the low solubility of carbon dioxide in water at room
temperature and pressure, which results in there being very small amounts of CO; available at
the surface of the electrode enabling the reaction to proceed. Rapid deactivation also often

occurs in this approach (Centi & Perathoner, 2009; Corma & Garcia, 2013).
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Photocatalytic reaction is an alternative method that is feasible for CO> reduction. The
ultimate goal of it is to combine the water splitting and CO»-reduction reactions into a single
step, using the hydrogen atoms and electrons released during the water splitting to drive the
CO2 reduction and thereby produce fuels. The reaction can be catalyzed by the semiconductors
with a band structure which splits water by using solar light. Semiconductors possess a band
structure in which the conduction band is separated from the valence band by a band gap with
a suitable width for the absorption of photons. When the energy from incident light is greater
than that of the band gap, electron-hole pairs are formed (Abbott, 2010; Corma & Garcia, 2013;
Roy et al., 2010; Stechel & Miller, 2013). The initial step of the process involves the absorption
of photons and excitation of the semiconductor so that the latter becomes photocatalytically
active. Subsequently, water molecules are oxidized by the holes (h+) at valence bands to
produce O and reduced by the electrons at conduction bands to generate H. During the final
stage, yielded hydrogen cations could utilize CO2 and produce hydrocarbons (Figure 1-2). The
efficiency of this artificial photosynthesis process requires a catalyst structure that is able to
harvest solar light effectively. The current issue facing this approach is that there is insufficient
light harvesting in the visible light regions and inefficient charge transfer in the photocatalyst

(Dey, 2007; Indrakanti et al., 2009).
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CO, CH4, CH30H, ...

CO,, H*
H*, O,
w H,O

Figure 1-2. Reaction scheme for the photocatalytic reduction of carbon dioxide with water.

In this project, we aimed to develop a novel TiO> photocatalyst with enhanced visible
light activity. Our main objective was to capture CO> and convert it into fuels using visible
(solar) light. This dissertation is constructed with six chapters, the descriptions of the chapters

are;

Chapter 1. A brief introduction of the motivations of this study, the general

backgrounds, and the overview of the whole dissertation were explained in this chapter.

Chapter 2: The background knowledge of photocatalytic reduction of carbon dioxide
with water, the development progress of the titanium dioxide (TiO2) photocatalysts, and the

application of bio-mimicked materials for sustainability.

Chapter 3: The synthesis methods and characterization results of various biotemplated
photocatalysts were described in this chapter. After considering the photocatalytic performance
of the synthesized materials in degradation of methylene blue dye, the artificial TiO> leaves

were selected to catalyse the photo-reduction of CO,. The results of this chapter has been
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submitted as a full paper to the “RSC Advances” journal (IF: 3.108). Also, this chapter was
partially presented as a conference paper in Chemeca2016 25-28 September in Adelaide,

Australia.

Chapter 4: The performance of the artificial TiO> leaves for the photocatalytic
reduction of CO» with water was demonstrated. The improvements of the efficiency and
selectivity of the photoreduction reactions catalysed by biotemplated materials compared to
commercial titania photocatalysts were presented. The relationship between the morphology
of the photocatalysts and the photocatalytic performance was highlighted. The results from this
chapter would be presented as a conference paper to APCChE2017 23-27 August in Hong

Kong and is invited for publication as a full paper in “Catalysis Today” journal (IF: 4.636).

Chapter 5: The modification methods to enhance visible light activity of the bio-
mimicked catalyst were presented in this chapter. The advantages of the chemical surface

modification of titania materials with ruthenium dioxide (RuO2) were demonstrated.

Chapter 6: The key findings of the present study were concluded. Based on the

knowledge obtained from this study, we made the recommendations to the future work on

photoreduction of CO2 and other solar-assisted reactions.

25



Chapter 2 - Literature review

2.1 Photocatalytic reduction of CO2 with H20

Slurry CO2 photoreduction systems are stirred batch reactors with a suspension of
catalyst. The reaction phases involve the photocatalysis with participation of both gas and
liquid phases. The formation of hydrocarbons from CO: photocatalytic reduction via
irradiation of semiconductors powder suspended solutions was first reported by Fujishima and
Honda (Inoue et al., 1979). Halmann summarised the pioneering works about the
photoreduction of CO2> on semiconductors in aqueous suspension (Halmann, 1983). The
wavelength and/or intensity of light source, reactor configuration and the reaction media affect
the efficiency and selectivity of the reaction. The influence of the reaction variables have been

investigated in many studies (Aresta et al., 2016; Habisreutinger et al., 2013; Ni et al., 2007).

The optimization of reaction conditions are significant but the efficiency and selectivity
of solar-assisted reactions strongly depend on the performance of the photocatalysts. The free
charge carriers in the semiconductors could be formed upon absorption of photons (Figure 1-
2). The electron-hole pairs are spatially separated in an illuminated semiconductors. The
carriers may migrate to the surface of the photocatalyst leading to desired oxidation and
reduction reactions. Alternatively, the carriers may recombine in the bulk of the semiconductor
(Furube et al., 1999). The number of carriers collected by acceptor molecules versus those

optically induced is defined as quantum yield of the photocatalytic reactions (Krishnan, 2007).

The semiconductor materials tend to return to the equilibrium by recombination of the

electron-hole pairs. The de-excitaion may follow different pathways; if the carriers which
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recombine are both free, this is called band to band recombination. Alternatively, the carriers
may be captured on a localized state. If the captured carrier recombines with an opposite sign
carrier on the same capture centre, the annihilation process is called recombination on localized
states. If the captured carrier is released into the band, the capture centre is called a trap and

the release process is called detrapping (Adachi, 1999). These different situations are illustrated

in Figure 2-1.
(a) (b) (c) e
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Figure 2-1. The annihilation process of photoinduced -electron-hole pairs in bulk
semiconductors: a) band to band recombination. b) recombination on localized states. c)
detrapping process (Adachi, 1999).

Currently, more than 130 materials and derivatives are known to catalyse hydrogen
generation via splitting of water, including simple metal oxides, niobates, tantalates, metal
nitrides, metal sulphides and covalent network solids such as C3N4 (Corma & Garcia, 2013).
The sulphide semiconductors have initially been at the centre of interest for CO:
photoreduction. Many metal sulphides have a narrow band gap enabling light absorption in the
visible region. ZnS and CdS were the most studied sulphides for photocatalytic reduction of
CO2. The major disadvantage is that sulphides are not stable under irradiation in an aqueous

dispersion because of oxidation of lattice S> ions (Dey, 2007; Liu et al., 2010). The ability of
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several metal phosphides have also been studied in regard to photochemical CO> reduction.
The phosphide semiconductors possess a highly reducing conduction band with a reasonably
narrow band gap. It has been shown that GaP and InP semiconductors photoreduce CO:> to
methanol more efficiently than other groups of semiconductors. However, the position of
valence band in metal phosphides are not suitable for the oxidative water splitting (Dey, 2007;

Liu et al., 2010).

The metal oxides are the most used semiconductors to catalyse CO2 photoreduction. In
contrast to sulphides, most of oxides do not suffer from photooxidation under illumination. The
photogenerated holes in valence band of metal oxides has a strong oxidizing power and their
wide band gap make them thermodynamically capable of CO; reduction (Habisreutinger et al.,
2013). Conduction band and valence band potentials of various semiconductors relative to the

redox potentials involved in CO photoreduction with water are shown in Figure 2-2.

Fe,0, WO, TiO, S CuO TaON CdSe ZnO0 SnO, CdS

2
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zZ I F=— CH,0H/CO, (-0.38V)
. 00- . = F N CH.I CO, (0.24)
> E 5\7 24
= — # L 0,/H0 (082V)
%
i ] I
] 2.0 ev i
3.0- = s

Figure 2-2. Conduction band, valence band potentials, and band gap energies of various
semiconductor photocatalysts relative to the redox potentials of compounds involved in CO>
reduction (Habisreutinger et al., 2013).
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Two main groups of metal oxides with closed-shell electronic configurations have
received a lot of attention in regard to the photocatalytic CO2 reduction. The first group
contains transition metal ions (Ti*", Zr**, Ta®", W%, and etc) that have an empty d orbital. The
second group contains main metal oxides (Ga, Ge, In, Sn, or Sh) with a fully occupied d orbital
(Mori et al., 2012). Among all of these materials, titanium dioxide (TiO2)-based photocatalysts
have been considered as one of the best materials due to their wide availability, low toxicity,
good durability, high stability and, most importantly, the energy of photoinduced electron-hole
pairs matches the potential of the water oxidation and the CO; reduction (Habisreutinger et al.,

2013).

The potential of oxidation or reduction is the tendency of the molecular orbital of the
reactants to donate or accept electrons, respectively. The ability of the semiconductor to
transfer photoinduced electron-hole pairs to adsorbed species is governed by the position of
the valence and conduction band edges (Kisch, 2013). For the reduction process, the
conduction band edge of TiO> photocatalysts is located above the lowest unoccupied molecular
orbital of the acceptor molecules. For the water oxidation, the energy level of the highest
occupied molecular orbital of the H>O molecule lies above the valence band edge of titania

(Colombo & Bowman, 1996; Mori et al., 2012).

The literature has suggested two possible reaction schemes for the photocatalytic
reduction of CO2 with H>O on TiO> catalysts (Habisreutinger et al., 2013). The different
products could be yielded depending on the specific pathway of C — O bonds cleavage and
formation of C — H bonds. The pathways differ according to the bonding mode of CO:

molecules to the surface of the catalyst. The monodentate binding may occur through one of
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the oxygen atoms to a titanium atom or the carbon atom to a surface bridging oxygen atom
(Gattrell et al., 2006). Alternatively, the carbon dioxide radicals could bond via bidentate

binding of both oxygen atoms to two Ti atoms (He et al., 2012).

The early proposed reaction scheme is known as the formaldehyde pathway due to its
unique intermediate. The production of methanol before methane formation would be expected
in this mechanism (Sasirekha et al., 2006; Subrahmanyam et al., 1999). The early methanol
formation has not been verified by products concentration profiles in experimental data
(Habisreutinger et al., 2013; Tan et al., 2008). According to the other reaction scheme, called
the carbene mechanism, the pathway starts with an immediate cleavage of the oxygen atom
and the carbon atom bonds. This results in dissociation of CO2 and formation of CO. The
methanol is a side product, not an intermediate in this pathway, and the formaldehyde is not
produced (Anpo et al., 1995). The carbene reaction pathway leads to a common set of products
that are reported in many experiments (lkeue et al., 2002; Ikeue et al., 2001; Varghese et al.,

2009). The details of the pathways are illustrated in the Table 2-1.
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Table 2-1. Proposed elemental steps in photocatalytic reduction of CO, with H,O:
formaldehyde and carbene pathways.
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Carbene pathway

2.2 TiOz photocatalysts for reduction of CO2
Three crystal structures of titanium dioxide (TiO>) are brookite, anatase, and rutile. The
brookite is seldom studied because it is difficult to synthesis (Beltran et al., 2006). The rutile
is the stable phase whereas the anatase is metastable. The Ti — O distances are larger in rutile,
while the Ti — Ti distances are shorter than those in anatase. The different lattice structures
cause different band structures of the two forms of titania. The band gap of the anatase and

rutile TiO2 are 3.2 and 3 eV, respectively (Hanaor & Sorrell, 2011).
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The potential for the application of the TiO»-based photocatalysts has attracted
considerable interest over the last three decades. The photocatalytic effects in titania materials
are shown to be applicable in a range of important energy and environment areas, including:
electrochemical and photochemical oxidation of water to produce hydrogen, solar cells, water

treatment, and self-cleaning coatings (Hanaor & Sorrell, 2011).

The electronic properties of TiO. are a function of the local structure of the
photocatalyst, particularly the the crystalline phase composition and particle size and shape
(Cheng et al., 2014; Schiavello, 1997; Testino et al., 2007). Recent researches have suggested
the TiO2 nanostructures to more efficiently harvest light (Chen & Mao, 2007; Teoh et al.,
2012). A vast range of TiO architectures, including nanorods (Lei et al., 2004; Liu et al.,
2016), nanosheets (Ohwada et al., 2013; Sasaki et al., 2001), nanowires (Wen et al., 2005g;
Zhang et al., 2002), nanotubes (Kar et al., 2016; Yao et al., 2003), aerogels (Fort et al., 2014;
Zhao et al., 2009), opal and photonic materials (Cheng et al., 2012; Waterhouse & Waterland,

2007), and etc, have been developed to enhance the activity.

Commonly studied nanoscale TiO> materials can be synthesised via a number of
different methods, including sol-gel, micellar and solvothermal syntheses, direct oxidation,
chemical or physical vapour deposition, electrodeposition, and microwave synthesis (Chen &
Mao, 2007). TiO2 nanostructures can be produced by hydrothermal treatment of peptized
precipitates of a titanium precursor with water. The temperature can be elevated above the
boiling point of water, reaching the pressure of vapour saturation. The solvothermal method is
almost identical to the hydrothermal method except that the solvent used here is nonagqueous.

The temperature can be elevated much higher than that in hydrothermal method, since a variety
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of organic solvents with high boiling points can be chosen. The hydrothermal and solvothermal
methods are widely used in the ceramic industry (Teoh et al., 2012). Titania nanoparticles could
also be obtained by direct oxidation of titanium metal using oxidants or under anodization. At
high temperature, acetone can be used as a good oxygen source for the preparation of TiO»
nanomaterials via direct oxidation (Lei et al., 2004; Liu et al., 2016). The promising synthesis
of TiO2 nanowires have been reported using electrodeposition. The substrate to be coated is
used as cathode and immersed into a solution which contains a salt of the metal to be deposited.
The metallic ions are attracted to the cathode and reduced to metallic form (Chen & Mao, 2007,

Teoh et al., 2012).

Recently, vapour deposition processes have been widely explored to fabricate various
nanomaterials. VVapour deposition refers to any process in which materials in a vapour state are
condensed to form a solid-phase material. They usually take place within a vacuum chamber.
If no chemical reaction occurs, this process is called physical vapor deposition (Wen et al.,
2005a; Zhang et al., 2002). Microwave radiation is also applied to prepare various TiO>
nanomaterials. The major advantages of using microwaves for industrial processing are rapid

heat transfer, and volumetric and selective heating (Chen & Mao, 2007).

The sol-gel method is widely used to produce small, well-defined particles even at
relatively low temperatures. This method also enables the introduction of secondary
components (e.g., active metals) into the reaction mixture, which allows the synthesis of
application-oriented TiO2-based materials. Although titanium tetrachloride (TiCls) was used
as a precursor in the initial studies of TiO2 synthesis, this approach resulted in the formation

of chloride ions as impurities in the product. Recent synthetic methods have focused on the use
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of titanium alkoxides, Ti(OR)4, where R is an alkyl group, as precursors. The precursor is
dissolved in water or in a mixture of solvents and is hydrolysed to give Ti(OH)xRax, which
subsequently undergoes condensation through either substitution or addition reactions to

produce TiO2 (MacWan et al., 2011).

Both halide and alkoxide compounds of titanium hydrolyse rapidly in the presence of
water, causing difficulty in controlling the end product. Thus, post-synthesis modifications are
necessary for tuning the properties of the end product. The most common technique is to use a
solution containing acids and alcohol, in which the former serve as a catalyst and peptising
agent. The use of alcohol as a solvent, on the other hand, can substantially reduce the
temperature required in the TiO2 synthesis process (Chen et al., 2013a; Mutin & Vioux, 2009).
However, using structural facilitating agents to control the shape, size and crystallinity of the
end product still remains as a challenge. For example, the use of fluoride and other fluorine-
containing ions to control the particle shape of TiO> often results in surface-bound fluorine in
the end product, which negatively influences the photocatalytic properties of TiO2 (Ruzicka et

al., 2014; Yang et al., 2008b).

2.3 Bio-mimicked materials for sustainable energy and environment
Recently, bio-inspired materials have emerged as a potential area of research for
developing advanced functional systems with a higher standard of environmental
compatibility, recyclability and energy efficiency (Sanchez et al., 2005). Natural materials offer
a combination of advantageous properties, such as sophistication, miniaturization, hierarchical
organization, hybridization, resistance and adaptability, which have evolved through billions

of years of the natural selection processes. The morphologies of the biological structures
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ranging from the nanometre to the millimetre scale inspire the design of artificial materials that
aim at advanced applications, such as energy capture, storage and conversion (Lu & Schiith,
2006; Xia & Jiang, 2008). Table 2-2 summarizes some typical examples on unique structures

and corresponding specific functions of biological systems.

Many bio-mimicking methods have recently been developed, including the following

approaches:

a) replication, which involves use of biological templates to replicate the morphology

via chemical transformations or physical processes, such as nanocasting and nanolithography;

b) self-assembly, which relies on using biological systems (usually at the nanoscale) as
building blocks for a controllable assembly into complex structures through electrostatic,

metal-ligand and inter-biomolecular interactions;

c) encapsulation, whereby biomolecules or living cells are isolated from their
superstructures and encapsulated into manmade matrices with complex structures to form

bioreactors (Lu & Schiith, 2006; Zhou et al., 2011).
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Table 2-2: Typical examples of biological systems with unique structures and corresponding

specific functions (Zhou et al., 2011).

Biology Structures Functions
Biomolecules DNA Nanostructures Miniaturization
Virus, Bacteria, S
] Nanostructures Self-assembly, Miniaturization
Fungi, Yeats
Microorganism Periodic porous . .
. . Chemical energy conversion,
Algae structures / hierarchical . . .
. Particular optical functions
micro-nanostructures
Wood Hierarchical porous High mechanical strength
structures
Plants Chemical )
Leaves Hierarchical structures emical energy conversion,
Superhydrophobicity self-cleaning
Periodic structures/ -
Insects hierarchical structures Structural colour, Superhydrophobicity
Compound eyes  Periodic structures Anti-reflection
Feathers Periodic structures Structural colour, Superhydrophobicity
) Seashells, Teeth  Periodic structures Structural colour, High mechanical
Animals strength

Marine animals
Gecko feet
Mosquito’s legs

Fur and skin of
polar bear

Periodic structures
Hierarchical structures

Hierarchical structures

Hollow structures

Particular optical functions
Strong adhesive force

Water-supporting ability

Thermal insulation
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Chapter 3 - Bio-mimicked TiO: architectures for enhanced

photocatalytic activity under UV/visible light

3.1 Introduction

The templating method has recently emerged as an effective approach to overcome the
difficulty in controlling the morphology of the end product (Cheng et al., 2012; Li et al., 2005;
Waterhouse & Waterland, 2007). The main advantage of this technique is that the final
structure can be easily tuned through selection of a template with an appropriate morphology.
By contrast, the conventional sol-gel synthesis is strongly affected by the conditions of the
synthesis, including the pH of the solution, drying, subsequent thermal treatments etc, while
controlled assembly of the primary nanoparticulate building blocks into larger-scale structures
being a major challenge. In efforts to develop TiO»-based photocatalysts with improved light-
harvesting functions, researches have recently proposed a few bio-templating techniques for
reproduction of the natural hierarchical structures (Chen et al., 2013a,b; Li et al., 2009; Ye et
al., 2014). However, further research on the details of the bio-templating process and the
relationship between the morphology of obtained product and its photocatalytic performance

is required.

The photosystem of the green leaves naturally evolved both at the molecular level and
the structural level of nanoscale and microscale frameworks, making it overall a superior light-
harvesting structure (Niinemets & Sack, 2006; Zhou et al., 2011). The lens-like epidermal cells
focus incident light, and cylinder cells of palisade parenchyma serve as channels for the focused
light, where the channels are arranged parallel to the incident light direction. The less-regular

arrangement of spongy mesophyll leads to light scattering and long effective light path lengths
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in the intercellular air spaces of the leaf.(Bone et al., 1985; Poulson & Vogelmann, 1990;
Vogelmann et al., 1996; Vogelmann & Martin, 1993) Although such complex porous
architectures trap sunlight within the leaves, the main antenna of plants’ photosystem is the
chloroplast. The thylakoid cylindrical stacks (granum) inside the chloroplast are 3-dimensional
constructions made of interconnected nanolayers. These structures harvest the light efficiently
by directing the sunlight to the chlorophyll molecules which are the reactive centres of the plant
photochemical machine.(Mustardy, 1996; Ruban et al., 2011; Rumak et al., 2010) The overall

structure of the leaf photosystem is illustrated in Figure 3-1.
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Figure 3-1. The microscale-to-nanoscale structures of leaf photosystem.

In this chapter, the structure of Camellia sinensis tree leaves from the family Theaceae,
belonging to C4 plants possessing the Kranz anatomy, has been replicated using TiO> from the
microscale to the nanoscale. The photocatalytic activity of the artificial TiO> leaves at different
level of biomimicked structures was studied through methylene blue degradation and the

photocatalytic oxidation of ethanol under UV and visible light irradiation. The advantages of
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possessing structures analogous to the stack-layered nanostructures and mesoporous
architecture in natural leaves, offer a unique opportunity for TiO2 and semiconductors to be

used under visible light.

3.2 Methodology

3.2.1 Materials
All reagents were of analytical grade and were purchased from Sigma-Aldrich.

Methylene Blue was supplied by Sekolah Tinggi Teknologi Tekstil, Indonesia. All reagents
were used as received. All glassware was oven dried and experiments were performed using

Schlenk line technique to avoid contact with ambient air when required.

3.2.2 Synthesis procedure of bio-mimicked TiO2 architectures
The replication of nano- to micro-architectures of leaf photosystem was done by ion-

exchange method to mimic the natural chlorophyll breakdown process. Fresh leaves were first
washed with MilliQ water, dried and cut into ca. 5 by 5 mm pieces. Then, 6 g of cut leaves was
acid treated with a 5 v/v% HCI solution under inert atmosphere (Schlenk line technique) with
vigorous stirring (250 rpm) using magnetic stirrer at room temperature overnight until the
leaves changed the colour to yellow-brown. lon-exchange was subsequently carried out ina 5
vIiv% TiCls solution in water with stirring (250 rpm) under inert atmosphere at ambient
temperature for 24 hours. The Ti** exchanged leaves were then coated with titania using a sol-
gel approach modified from the previously reported method (He et al., 2013). The treated
leaves were collected on the Biichner funnel, washed with MilliQ water (3 x 50 mL) and dried
in the vacuum desiccator over P20s. Resulting dry leaves were suspended with stirring (250
rpm) in dry isopropanol (200 mL) and the mixture was stirred for 24 h to ensure

soaking/exchange. After water exchange or soaking step, the leaves were filtered off and

39



quickly cut into smaller pieces (ca. 1 x 1 mm) to allow more efficient diffusion of titanium
isopropoxide within the leaf structure. Titanium isopropoxide (4 mL, 14.5 mmol) was then
added using a syringe to the suspension of dry leaves (stirred at 250 rpm) in dry isopropanol
(240 mL) as sol-gel precursor. The mixture was kept stirring at room temperature for another
24 h. Finally, the mixture was refluxed with stirring for 6 h, cooled and the product was filtered
off, washed with isopropanol (10 mL), and dried in an aerated oven at 353 K for 12 h. The
sample was then heat treated under static air at 773 K for 2 h (ramping rate of 1 K/min to avoid

thermal shock damage) to remove all organic components and to crystalize the TiO> leaves.

Intact chloroplasts were isolated from Spinacia oleracea leaves using the method
proposed by Robinson et al. (Robinson, 1983) as described in Scheme 3-1. The resulted
chloroplast cells were used as biotemplates for the replication of the nanostructure of leaf
photosystem using the abovementioned Ti** exchange method with no cutting of leaves
required. The product was filtered off, washed with isopropoxide, dried and heat treated at 773

K for 2 h (ramping rate of 1 K/min) under static air.

3.2.3 Characterizations
The morphology of the TiO> architectures synthesized via the bio-templating method

was imaged using a JEOL 7000F scanning electron microscope (SEM). The samples were
sputtered with carbon, and the working distance was varied between 10 mm and 4 mm to give

the best image quality; the accelerating voltage was maintained at 10 kV.
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Removal of the veins of 30 g of prewashed Spinacia oleracea and cutting of
the leaves into small (2-3 cm) pieces

|

Homogenization of the leaves with 120 mL of ice-cooled isolation buffer (0.33
M Sorbitol, 0.1 M Tris-Cl, pH 7.8, 5 mM MgCl,, 10 mM NaCl, 2 mM EDTA)
with 0.1% w/v bovine serum albumin (BSA)

|

Filtration of the homogenate through 6 layers of muslin cloth, followed by
centrifugation for 3 min at 200xg and at 2-4°C

|

Centrifugation of the supernatant for 7 min at 1000xg at 2-4°C, followed by
suspension of the obtained green pellets in 2 mL of isolation buffer

|

Separation of intact chloroplasts via centrifugation for 6 min at 1700xg and at
2-4°C with 10 mL of 40% Percoll layer (40% Percoll in isolation buffer with
BSA)

Scheme 3-1. Chloroplast isolation procedure; all steps were performed at 2-4°C.

Transmission electron microscopy (TEM) images were recorded using a Philips CM-
200 transmission electron microscope operating at 200 kV. The samples were prepared by
sonication in ethanol until fully dispersed followed by drop-casting onto a 150 square mesh

copper TEM grid coated with carbon film.

The crystal phase of TiO, was identified by X-ray diffraction (XRD) on a Bruker
APEXIIl X-ray diffractometer equipped with a Mo Ko radiation source and a graphite

monochromator.
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The surface area was estimated by nitrogen adsorption measurements using the BET
equation. The measurements were conducted at 77 K using a Micromeritics Gemini VI 2385-
C Surface Area Analyser. All of the samples were degassed at 473 K under vacuum overnight

before the measurements.

The surface compositions were measured by X-ray photoelectron spectroscopy (XPS)
using a Thermo Scientific ESCALAB250Xi probe with monochromated Al Ko radiation (hv =
1486.68 eV). The binding energy was calibrated using the C 1s peak at 284.8 eV as reference.
Measured spot was defined as a 500 um square. The survey scans and the high-resolution (HR)
XPS spectra were collected at the pass energy of 100 eV and 20 eV, respectively, and the
photoelectron take off angle at 90° with respect to the surface plane. The XPS data was

analysed using the Avantage software.

Dynamic light scattering (DLS) measurements were performed using a Microtrak
Zetatrak DLS instrument. The samples were homogeneously dispersed in Milli-Q water (1 g
L) via sonication for 15 min followed by 30 min of stirring (same conditions as used in the
dye degradation reaction before UV/visible light irradiation) in order to evaluate of the particle

size effect on the reaction.

3.2.4 Photocatalytic activity under UV/visible light
UV-Visible spectroscopy is a technique to study electronic transitions that occur in

material under ultra-violet (UV) and/or visible light illumination (Skoog et al., 2017). In UV-
vis experiment absorption of light as a function of wavelength is measured. UV-Vis

measurements are usually performed in either transmission (typically for liquid samples) or
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diffuse reflectance configuration (for solids). In transmission configuration, the sample is
placed in the path of collimated beam of light, which is partially absorbed at characteristic
wavelengths that correspond to electronic transitions of the sample (Figure 3-2). The
transmitted light, collected by spectrometer, is referenced to a baseline measurement, which
takes into account the absorbance by a sample holder (e.g. cuvette or glass slide). The spectra
in transmission configuration are plotted in coordinates absorbance A = — log(l/lo) versus

wavelength 4.

r\S\S\, Sample
//\\ Beam splitter

Monochromator _
slit V. —) —)

Cuvette
with solvent

Figure 3-2. Scheme of UV-vis measurement in transmission configuration.

In diffuse reflectance UV-vis spectroscopy (DR UV-vis), the spectrometer measures
the diffusely reflected light from the sample. Collection of diffuse reflected light could be
performed using mirror optics, fiber optics or integrating spheres. The latter is most widely
used and enables to capture photons that are reflected in all directions from the sample (Figure

3-3).
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After incident beam reaches the sample, two types of reflections occur: specular and
diffuse. In specular reflectance, incident beam reflects at an angle equal to the angle of
incidence. Because specularly reflected light does not undergo an absorption process it contains
little to no information about electronic states of material and only increases the noise. In
diffuse reflection, the incident beam penetrates the sample surface, gets partially absorbed and
then reemitted at various non-incident angles. Powders are typically diluted with non-absorbing
material, such as BaSOas, which increases diffuse reflectance and minimizes specular

reflectance.

Specular reflectance
plug

Incidence beam

Sample

Figure 3-3. Scheme of DR UV-vis configuration using integrating sphere. Rs — specularly
reflected light, Rq — diffuse reflected light.

Diffuse-reflectance UV-vis spectra were recorded using a Citra 4040
spectrophotometer equipped with an integrating sphere and operated in reflectance mode. The
catalyst samples were diluted with BaSO4, and the resulting mixture was uniformly mixed,

ground and loaded into the sample-holder. UV-vis spectra were recorded in reflectance mode,
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and the obtained reflectance values (R) were transformed to the Kubelka-Munk function F(R)

according to the equation 3-1:

(1-R)?

F(R) = 2R

(3-1)

The band gap was estimated by creating a Tauc plot of (AvF(R))'"" against v (where h
is Planck’s constant, v is the frequency of vibration and n = 1/2 for direct transitions) (Adachi,

1999).

Preliminary, the photocatalytic activity of the bio-mimicked TiO> architectures under
ultraviolet (UV) and visible light was studied in methylene blue degradation in a batch mode.
An enclosed photocatalytic chamber equipped with two 50 W LEDs with maximum intensities
at 370 nm (UV), 440 nm (blue) or 515 nm (green) was used in these experiments with remote
sampling performed using syringe equipped with a long needle. The light flux was monitored
to ensure that it was consistent across all experiments. The experimental conditions were set
according to the literature (Abu Bakar et al., 2015; Bae et al., 2014; Tayade et al., 2009; Yao
& Wang, 2010). The solution pH was maintained at 7 to exclude the effects of acidity and
alkalinity on the photocatalytic activity. The reaction solution was prepared by dispersing 15
mg of catalyst in 100 mL of dye solution (6.5 mg of methylene blue in 1 L deionised water) in
a clean, dry quartz tube. The slurry was sonicated for 15 min to ensure that the catalyst was
homogeneously dispersed before the reaction. The dye-catalyst slurry in the quartz tube was
placed into the sealed photolysis chamber and stirred for 30 min in the dark to reach adsorption
equilibrium. A 3-mL initial sample was collected before irradiation started. The reaction was
timed immediately after the irradiation began and the temperature of the solution increased

only marginally (up to 303 K maximum) during irradiation. Samples were collected at different
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reaction time and were centrifuged twice (13,000 rpm, 3 min) and analysed by UV-vis
spectroscopy within a wavelength range from 500 to 750 nm. The dye conversion was

determined by equation 3-2 on the basis of the maximum absorption.

Conversion% = (A‘)A;At) x 100 (3-2)
0

where Ao is the initial absorbance of dye and At is the absorbance at time t. The rate constants
of the decolourization reaction was estimated using a pseudo first-order kinetic (Abu Bakar et

al., 2015):

—In%t =kt (3-3)

0

where Co is the initial concentration of dye, C: is the concentration at time t, t is the irradiation

time and k is the apparent kinetic constant.

Control experiments without irradiation were performed to make sure that adsorption
equilibrium was established after 30 min. The result of the dark experiments are provided in
Figure 3-4. Blank reactions were also conducted to ensure that the decomposition of methylene
blue was due to the photocatalytic degradation. No significant dye conversion (< 3%) was
observed under UV and visible lights in the absence of photocatalyst. The result of blank

reactions are included in the dye conversion figures.
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Figure 3-4. Adsorption of methylene blue under dark on the MNAL (biotemplated TiO>

catalyst) and the reference P25. The experimental conditions are 6.5 ppm dye solution, a
catalyst loading of 150 mg cat./L, a pH of 7, 30°C.

The photocatalytic oxidation of ethanol was carried out in a stirred batch annular reactor
made from quartz with an internal volume of 150 ml and wall thickness of 0.5 cm. The catalyst
powder (50 mg) was suspended in 50 ml of 20 v/v% ethanol solution for typical batches. The
reaction slurry was stirred vigorously at 500 rpm for 60 min using magnetic stirrer to ensure
homogeneity before the reaction. The reactor was purged with an inert gas using Schlenk line
technique and was closed tightly. The reactor was placed inside an enclosed photolysis
chamber and the mixture was stirred at 250 rpm to prevent sedimentation of the catalyst. Green
LEDs with a maximum intensity at 515 nm were used to irradiate the reactor. The solution
temperature and the gas phase pressure were continuously monitored. A gas sample was
collected at the end of each reaction using a gas-tight syringe (10 ml). The samples were
immediately analysed using a gas chromatograph (SRI Instruments, methanizer FID and TCD
detectors, Haysep-D column). The photocatalytic performance in ethanol oxidation was
assessed by the CO2 yield.
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3.3 Results and discussion

3.3.1 Improved fabrication of the biotemplated TiO:2 leaf
The templated materials with micro- and nano-architecture of the leaf photosystem are

referred to as a “micro- and nano-structure templated artificial leaf” (MNAL). The natural
enzymatic reactions of chlorophyll breakdown generally include breakdown of the chlorophyll
chains by the chlorophyllase enzyme, followed by the Mg-dechelatase step and then oxidation
of pheophorbide (Hortensteiner & Krautler, 2011). In this study, the colour change of the acid
treated leaves to the yellow-brown indicates the conversion of chlorophyll into pheophorbide
(Drzewiecka-Matuszek et al., 2005; Kupper et al., 1998). The ion-exchange procedure was
performed under inert atmosphere to prevent Ti** ions from oxidizing. Energy-dispersive X-
ray spectroscopy (EDS) results in Table 3-1 clearly demonstrate that there are no detectable
metal contents of Mg?* and other metal ions present in the leaf template. This finding indicates
that the acid treatment was effective in extracting such metals during the artificial leaf synthesis
process. Trace amount of a vast range of metals including Mg, Zn, Fe, Pb etc was observed in
the non-treated samples. The extraction of metal ions is significant because the presence of
metals may affect the crystal phase formation of the final TiO2 catalyst. In addition, the
presence of metal ion impurities could make the final product composition difficult to control

because the leaf contents change over the seasons (Yuan et al., 2015).

In this research, an important improvement of the synthesis method was made by a
solvent exchange step using dry isopropanol. This step was introduced to exchange or extract
water present within leaves and replace it with isopropanol and also washing out any remaining
salts from ion-exchange procedure. Minimizing water content inside the leaves allows titanium
isopropoxide to diffuse deep inside the leaves, allowing better replication of the structure.

Attempts to perform extraction using Soxhlet technique resulted in visible structural
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deterioration of the leaves, most likely due to higher temperature of the process. It is well
known that water is critically important for the start of titanium isopropoxide hydrolysis.
Therefore, the sol-gel was carried out open to ambient air to allow very gradual diffusion of
water into the system which resulted in noticeable hydrolysis and formation of titania. When
this step was performed under inert dry atmosphere (Schlenk line) no visible signs of titania
sol formation can be detected, thus confirming success of the earlier water extraction step.
Noteworthy, the optimum size of leaf cuts accelerate infiltration of titanium ions through the
leaf structure. Preliminary experiments using larger sizes of leaf cuts (ca. 5 mm by 5 mm)
produced material which had titania structures formed only at the periphery of the leaf

fragments.

To investigate the relationship between the morphology of the bio-templated product
and its photocatalytic performance, Ti*" exchange step was excluded to produce templated
materials with only the microstructure of leaf photosystem. According to Li et al. (Li et al.,
2009), it is hypothesised that the Ti%* ions get trapped within the thylakoids via ion-exchange
with the hydrogen in the chlorophylls. During the heat treatment, the titania coat produced from
titanium isopropoxide hydrolysis act as seeding sites for crystallization of TiO2 to form the
nano-scale interconnected stacked-sheets structure. Hence, the sample synthesized via the sol-
gel method alone does not possess the nano-architecture of leaf photosystem and is referred to

as a “micro-structure mimicked artificial leaf” (MAL).

In our preliminary experiments, the sol-gel coating step of the Ti**-exchanged leaves
was omitted to replicate the nano-architecture of leaf photosystem alone. The produced

templated materials showed no photocatalytic activity for degradation of methylene blue under
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UV light which could be attributed to the titania crystalline phase. The XRD pattern of non-
coated sample showed that the crystalline phase is mostly rutile. These results show that
eliminating of sol-gel step favours the anatase-to-rutile phase transformation during
crystallization of the TiO» leaves. Therefore, intact chloroplast cells were isolated from
Spinacia oleracea leaves using the method involving mechanical breaking of the cell wall and
the plasma membrane, filtration of cell debris and unbroken leaf tissues, collection of
chloroplasts by centrifugation, and separation of the intact chloroplasts from the broken ones.
The resulted replicas of isolated chloroplast cells are referred to as “artificial chloroplast”

(AChI).

Several samples from different synthesis batches were used to repeat the catalyst
characterizations and photocatalytic activity experiments to ensure that the developed
replication approach is reproducible. All characterizations were in an acceptable criteria and
the photocatalytic activity results obtained from different batch of same catalysts under

UV/visible light are within the error bars.

3.3.2 Catalyst characterization
Figure 3-5 a-c shows the scanning electron microscopy images of the final catalysts

after calcination. These images demonstrate that the porous microstructures of the
photosystem, including the palisade and spongy layers of the mesophylls, are replicated and
the removal of the organic components of the leaves was successfully accomplished. The well-
replicated layered nanostructures of the thylakoids in the chloroplast are shown in the higher
resolution TEM images of the MNAL and AChl samples (Figure 3-5 d-f). The average length
of the bio-templated TiO> chloroplasts is 1.5-2 um, which is in a good agreement with the size

of natural chloroplast cells (Ellis & Leech, 1985; Rudowska et al., 2012; Shimoni et al., 2005).
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The results show that the developed method provides a reliable approach to synthesize TiO>
hierarchical architectures similar to natural materials. This improved templating method could
address the issues in controlling the morphology of final product associated with conventional

procedures of synthesis of TiO> structures.
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Figure 3-5. a-b) Cross-section SEM images of final catalysts, showing the well-replicated
microarchitecture of the leaf photosystem. Inset: (i) photos of natural camellia sinensis leaves
and (ii) TiO: artificial leaves. c) Top-view SEM image of final catalysts, illustrating that the
porous structure of the stomata is retained after the removal of the leaves. d-e) TEM images of
MNAL samples showing that the stack-layered nanostructures of the thylakoids in the
chloroplast are retained after the removal of the leaves. f) TEM images of AChl samples
illustrating the well-replicated nano-architecture of the thylakoid membranes.
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The results of energy-dispersive X-ray spectroscopy (EDS) measurements summarized
in Table 3-1 demonstrate that the templated materials are composed mostly from titanium and
oxygen. Given a minimum of 2 wt % nonmetal doping has been reported to be required to
influence the efficiency of TiO2 photocatalysts (Rehman et al., 2009), the trace amounts of
other elements (N, P and C) retained within the synthesized catalysts from the biotemplates are
considered insufficient to contribute to the photocatalytic performance of these materials. In
addition, lack of detectable C within the templated samples based on the EDS analysis confirms
the effective removal of the organic template which corroborates the observations made under

SEM.

Table 3-1. Energy-dispersive X-ray spectroscopy (EDS) results for the final catalysts.

Content (wt %) Ti 0 N P ct
MNAL 70.8 29.2
MAL 67.3 32.2 0.6
AChI 72.3 27.2 0.4 0.2

"No carbon dopant was detected by EDS for all three bio-templated samples.

Although a mixture of anatase and rutile phases has been commonly reported for the
room-temperature sol-gel synthesis of TiO followed by a heat treatment, the phase formation
strongly depends on several factors, including the nature and volume of the solution, the
reaction atmosphere and time, the presences of impurities, the morphology of the sample, and
also the rate and thermal homogeneity of the post-synthesis heat treatment (Sharma et al., 2006;
Smirnova et al., 2004; Takahashi & Matsuoka, 1988). The XRD patterns in Figure 3-6 show

that the MNAL and MAL consist predominantly of the anatase crystalline phase, whereas the
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AChI is a combination of anatase and rutile TiO. phases. The results show that our
biotemplating method generally favours the formation of a pure anatase phase (the MNAL and
MAL) after the samples underwent a heat treatment at 500°C for 2 h under static air. This is
consistent with the synthesis of TiO2 films in which the initial crystalline TiO2 phase formed
is usually anatase (Okada et al., 2001; Shin et al., 2005). On the other hand, mixed phases of
anatase and rutile in the AChl could be caused by a high ratio between the organic components
from natural cells and TiO2 during heat treatment. Many researches have attempted to study
the effects of impurities on the anatase-to-rutile phase transformation. A high content of
organic impurities can change the level of oxygen vacancies in the TiO lattice, thus favouring
the anatase to rutile phase transformation (Hanaor & Sorrell, 2011). In addition, the faster phase
transformation rate observed in the AChl also suggests that there are more potential nucleation
sites available for the anatase-to-rutile transformation at low temperatures compared with the

MNAL and MAL. As aresult, the AChl is finely crystalline with small crystallite sizes.
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Figure 3-6. XRD patterns of the final catalysts. Corresponding peaks of the anatase phase and
the rutile phase TiO are marked by “+” and *“*”, respectively.
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Nitrogen (N2) physisorption experiments show that the specific surface area of the
MAL and the MNAL are 29.9 m?/g and 66.1 m?/g, respectively (Figure 3-7). While both
samples exhibited mesoporosity in their structures according to the hysteresis observed in the
adsorption isotherms, MNAL specifically gave a H3 hysteresis loop indicating possible random
pore network and irregular pore shape such as the “ink-bottle” geometry (Sing & Williams,
2004). The stepwise desorption which occurred at the relative pressure of 0.55 suggests the
characteristic desorption mechanism via cavitation and, thereby, confirms the presence of pore
necks that are smaller than the critical size of N2 (ca. 5- 6 nm) at 77 K. In addition, the amount
of N2 adsorbed (mmol/g) on the MNAL is significantly higher than that adsorbed on the MAL
(approximately 2.5 and 2.6 times higher on the MNAL at P/Po of 0.3 and 0.9, respectively, as
shown in Figure 3-7), demonstrating that the biotemplated nano-architecture derived from the

thylakoid in chloroplasts present within the MNAL gives rise to a larger surface area.
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Figure 3-7. Nitrogen adsorption-desorption isotherm of the biotemplated TiO> catalysts.
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The general XPS spectrum of the MNAL sample is shown in Figure 3-8a. The P and
Ca peaks centred at the binding energy (BE) of 133.7 and 347.7 eV could be assigned to the
phosphate chemical state (Caporali et al., 2006) and the phosphate/carbonate state (Zhao et al.,
2012), respectively. The state of N at BE of 400.1 eV could be attributed to the metal nitrate
bonds (Battiston et al., 2000; Cong et al., 2007). The trace amount of phosphorus, calcium and
nitrogen detected in the MNAL sample presumably are residues remained from the original
biotemplate. The symmetric peak at the BE of 458.9 eV in the Ti 2p high resolution (HR)
spectrum (Figure 3-8b) is identified as TiO2 (Drnovsek et al., 2009; Gérska et al., 2008). The
BE for the Tizp peak is expected to decrease if chemical doping occurs, necessitating curve-
fitting using peaks corresponding to several complex species (Cong et al., 2007; Paszkiewicz
etal., 2016). In the MNAL sample, however, there are no complex peaks of Ti bonds recorded,
confirming that doping of other elements (N, C or P) are negligible. The HR spectrum of O 1s
was deconvoluted for three peaks (Figure 3-8c). From the reported TiO2> models (Gyorgy et
al., 2003; Yu et al., 2000), the first peak at the BE of 530.2 eV is related to the TiO2 crystal
lattice, the second at 531.6 eV is referred to the OH group and the third (BE = 532.8 eV)
represents Ti—O—N bond formation. The last peak can be also interpreted as the carbonate

state.
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Figure 3-8. a) General XPS spectrum of the MNAL and high resolution deconvoluted XPS
spectra of b) Ti 2p, ¢) O 1sand d) C 1s.

Four carbon states at 284.8 eV (A), 286.5 eV (B), 288.6 eV (C) and 290 eV (D) were
separated in the C 1s spectrum (Figure 3-8d). The states “A” and “B” could be assigned to CC
(aromatic and aliphatic) and C—O, respectively (Xue et al., 1988). These two states could be
attributed to the adventitious carbon contaminants which are commonly reported in samples
that have been exposed to the atmosphere (Gorska et al., 2008). The peaks “C” and “D” could

be characteristics for C=0 bond and O—C=0 group, respectively (Calliari et al., 2007
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Milczarek et al., 2011). These peaks are also observed in the C 1s spectra reported by Peng et
al. (Peng et al., 2014) for the activated carbon derived from pomelo peel. The carbon states
“C” and “D” are probably related to the remaining carbon from burning the leaf (Chen et al.,
2011; Langetal., 2012). No significant C content was detected in the bulk composition analysis
by EDS (Table 3-1), proving that the carbon states were mostly resulted from adventitious
carbon contamination. The surface composition of the MNAL was specifically characterized
because it exhibited the best photocatalytic performance among the three bio-templated
samples under UV (Figure 3-9) and blue (Figure 3-11) wavelengths. The elemental surface

composition (atom. %) of the MNAL is summarized in Table 3-2.
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Table 3-2. Elemental composition (in atomic %) of the surface of the MNAL sample measured by XPS analysis.

P Ca N @) Ti Cc

(133.7eV) (347.7eV) (400.1eV) (530.2eV) (531.6eV) (532.8eV) (458.9¢eV) (284.8eV) (286.5eV) (288.6eV) (290.0eV)

1.11% 2.57% 0.49 % 49.08 % 8.95 % 4.17 % 24.82% 427 % 1.38 % 0.51 % 1.38 %
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3.3.3 Superior photocatalytic performance under UV/visible light
The efficiency of a photocatalytic reaction is an overall outcome of various steps: light

absorption, the transport of photogenerated charge carriers, the electron/hole recombination
rate and mass transfer of the reactant(s) or reactive radical species to/from the catalyst surface.
The morphology of the photocatalyst, and particularly the particle size and shape, strongly
influences the aforementioned parameters (Cheng et al., 2014; Schiavello, 1997; Testino et al.,
2007). Figure 3-9 shows that the MNAL exhibited photocatalytic activity (80+8 %) comparable
to that of the commercial P25 catalyst (86+8.5 %) after 60 min of irradiation under UV light
(370 nm). The slightly higher conversion given by the commercial P25 (composed by
approximately 80 % anatase and 20 % rutile) could be mainly due to the enhanced charge
carrier transfer between anatase and rutile (preventing undesirable recombination) caused by
the energy difference between the conduction band edges of the two phases (Hurum et al.,
2003). On the other hand, nonporous TiO> catalysts are not capable of exhibiting favoured
excitation behaviour in parallel with a high specific surface area; thereby photogenerated pairs
of holes and electrons within the bulk mass of the semiconductor will recombine before being
transferred into the surface and collected by the external reactant, causing a low quantum yield
(Hao et al., 2002; Jiang et al., 2008; Lin et al., 2006). In contrast to the reference P25, the
prolonged residence time of methylene blue through internal interconnected nano-membrane
structures and unique hierarchical pore network within the MNAL significantly enhanced the
reactant-catalyst. This improved mass transport offsets the theoretically lower photocatalytic
activity in the MNAL due to its predominantly pure anatase phase (which is expected to have
higher e/h recombination rates compared to P-25). In addition, Howe and Grétzel suggested
that photo-induced charge carriers in TiO2 nanomaterials present at different sites in the bulk
defects and on the surface (Howe & Gratzel, 1985,1987). The electron hole recombination rate
could be reduced by providing charge traps in defect points located within the TiO2 hierarchical

structures (Krishnan, 2007; Macdonald et al., 2012; Nowotny et al., 2008), it is hypothesized
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that a lower recombination rate of the photogenerated electron-hole pairs is possible in the
MNAL. The structure that is responsible for the photocatalytic activity of the MNAL is the
stacked titania nano-sheets (thylakoid membranes replica) as the micro-architecture (palisade
and spongy layers of the mesophylls) of the leaf photosystem tends to disintegrate under
stirring. The DLS measurements showed that the synthesized MNAL and MAL catalysts break

down to the small particles with an average diameter of 2.3+0.2 um during the reaction.
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Figure 3-9. Conversion of methylene blue under UV light with a maximum intensity at 370
nm. The experimental conditions are 6.5 ppm dye solution, a catalyst loading of 150 mg-cat/L,
a pH of 7, 30°C. The accuracy of all experiments was verified by series of repeated
measurements and the relative error of less than 10% was determined.

The AChI structures gave a slightly lower photocatalytic activity (72+7 % methylene
blue conversion after 60 min) than the MNAL possibly due to insufficient mesoporous channels
for fast adsorption and desorption of the reactants and oxidized products, respectively. This
finding indicates that the porous structure, remaining from the broken mesophyll cells replica,
could improve the photocatalytic activity. However, the light harvesting by the artificial leaves

could not resemble that of the microscale frameworks of leaf photosystem in the slurry reaction
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system. Poor photocatalytic performance was observed in the case of using the MAL (only
202 % conversion) under UV light irradiation. This low activity in methylene blue
degradation probably is resulted from the low surface area of the MAL in which nano-
membrane structures (thylakoids replica) are absent and predominantly anatase crystalline
phase composition are present. Moreover, the dye degradation measured for MAL (20%) after
120 min is 4 times lower than that measured for MNAL (80%). The difference in dye
degradation efficiency is far greater than the 2.5-times factor of their surface area difference.
The normalized results of methylene blue degradation are presented in Table 3-3. Both the
MNAL and AChl catalysts exhibited photocatalytic dye degradation performance (34.7 and
31.2 mg/g-cat) similar to that of the P25 (37.3 mg/g-cat) with an ordinary particulate form
under UV light in contrast to the poor photocatalytic performance of the MAL (8.7 mg/g-cat).
Thus, the layered nanostructures replicated from the thylakoid nano-membranes could be
considered as the key contributing factor to the photocatalytic performance of the biotemplated

materials.

The proposed multi-steps chemical replication method for producing micro- and nano-
structure templated artificial leaves (MNAL) is more feasible for large-scale synthesis
compared with the intact chloroplast cells isolation procedure which only produces AChl at a
very low vyield (average yield ~ 40 mg chloroplasts/g spinach leaf (Nishimura et al., 1976;

Robinson, 1983) ). Thus, the AChl was not included in the study of visible light activity.
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Table 3-3. Normalized results of methylene blue dye degradation.

under under under

Sample BET UV (370 nm) Blue (440 nm) Green (515 nm)

name m?/

(m7e) mg/g-cat.®  mg/m*®  mg/g-cat®  mg/m*®  mg/g-cat® mg/m?®)

P25 53 37.3 0.700 3.1 0.058 2.7 0.052
MNAL 66 34.7 0.530 5.7 0.086 3.9 0.060

MAL 30 8.7 0.290 0.0 0.000 --- ---

AChl ---© 31.2 --- --- --- --- ---

@ Average dye conversion (mg) per gram of catalyst.

® Average dye conversion (mg) per m? of catalyst surface area.

© The surface area of the AChl was not measured because of the very low yield of the intact chloroplast cells isolation procedure.
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The diffuse-reflectance UV-vis spectra shown in Figure 3-10 demonstrate two
important features. Firstly, the MNAL exhibits greater absorption in the UV region over a
broad UV-vis wavelength (ca. 350 - 600 nm) compared to the reference P25 material. We
hypothesise that this is due to the improved light trapping and light scattering properties
through the layered nano-architectures. Interestingly, this is consistent with the excellent light
trapping properties of the parent biotemplating materials (i.e. natural chloroplasts) reported in
biological science literature (Mustardy, 1996; Ruban et al., 2011; Rumak et al., 2010), which
are capable of maximizing light scattering through the layered structures. Secondly, the
absorption efficiency has been improved in the visible light region (particularly between 400-
600 nm). Such improvement of the visible light absorbance can be attributed to the presence
of localized states within the TiO> compact layers in the MNAL. There are two types of trap
centres in TiO2 nanostructures: (1) the lattice defects, such as oxygen vacancies, that can form
localized Ti®* centres which may lead to additional electronic states within the TiO, band gap,
allowing sub-band gap transitions and thus light absorbance in the visible region; (2) the high
surface area of such materials (66.1 m?/g in MNAL) may offer a large number of surface atoms
which could act as trap centres (Abayev et al., 2007; Krishnan, 2007). These advanced optical
properties of titania nano-architectures have been observed and proved in many reports over
the past few years (Chen & Mao, 2007). For instance, Bavykin et al.(Bavykin et al., 2005)
revealed the improved optical properties in TiO2 nanotubes; Sato and Sakai et al. showed that
the effective wavelengthsforlight harvesting red shifted when titania is fabricated in the form

of nanosheets (Sakai et al., 2004; Sato et al., 2003).

The observed peak centred at ca. 500 nm in the spectrum of the MAL sample could be
due to the absorption of light by N content (Asahi et al., 2001; Yang et al., 2007). However,
the amount of N is insufficient to contribute to the photocatalytic efficiency of biotemplated
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catalyst as discussed earlier. There is no detectable absorption peak associated with N content
in the MNAL spectrum, suggesting the nitrogen in the bulk composition of the synthesized
catalyst retained from the leaf is negligible (same as the results in Table 3-1). This shows that
the extrinsic excitation behaviour of TiO2 photocatalyst can potentially be augmented by
modifying its morphology without changing its composition. The Tauc plot in Figure 3-10
(inset) allows to roughly estimate an energy band gap of 3.2 eV for the NM Art. Leaf, which
is lower than that of the reference P25 TiO> (Eg = 3.3 eV). Although only a minor reduction of
bandgap is evidenced by the Tauc plot, the result is in good agreement with reported band gap

narrowing by only 0.2 eV via structural modification for TiO> nanomaterials (Etacheri et al.,

2015).
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Figure 3-10. Diffuse-reflectance UV-Vis spectra of the MNAL, MAL and the reference P25
(Inset: Tauc plot showing fits used for the estimation of band gap values; The MNAL spectrum
was used to estimate the bandgap in order to exclude the effects from the nitrogen peak).
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The results of the methylene blue photodegradation in Figures 3-11 and 3-13a show
that the MNAL gave a significantly better photocatalytic activity than P25 under both visible
blue and green lights. MNAL and P25 achieved 13+1.5% and 7+0.9% of methylene blue
conversion, respectively, under blue light at 440 nm which is near the edge of the visible region
(Figure 3-11). Under green light irradiation at 515 nm (Figure 3-13a), the methylene blue
conversion achieved by MNAL (9+1.2%) is also higher than that achieved by P25 (6.3+0.8%).
In addition, the MAL exhibited no apparent photocatalytic activity in methylene blue

degradation under blue light, therefore it is not included in the results.
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Figure 3-11. Conversion of methylene blue under blue LEDs with a maximum intensity at 440
nm (the edge of the visible light region). The experimental conditions are 6.5 ppm dye solution,
a catalyst loading of 150 mg-cat/L, a pH of 7, 30°C. Notes: (i) the MAL exhibited no
photocatalytic activity under blue light (result not shown). (ii) a much lower conversion of
methylene blue was recorded here due to the use of a lower energy light source; (iii) lines are
guide to eyes.
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The apparent rate constants are estimated using data reported in Figure 3-12. The
MNAL catalyst gave a rate constant approximately 2.4 and 1.3 times higher than those
observed in the case of P25 under blue and green light irradiation, respectively (Figure 3-12 b-
c). Given that nitrogen species were evidenced by EDS and XPS analysis (Tables 3-1 and 3-
2), the estimated rate constants are also compared with the rate constant given by N-doped
TiO2 in the work of Burda et al. (2003). Burda et al. reported that the rate constants of
methylene blue photo-degradation by N-doped TiO> (8 atomic %) are approximately 3 and 1.5
times higher than those given by the benchmark P25 titania under near blue (390 nm) and green
(540 nm) light irradiation, respectively. The superior visible-light photocatalytic activity in
heavily N-doped TiO2 compared with the MNAL could be attributed to the band gap narrowing
of titania resulting from substitution of O for N in the TiO> lattice. As stated earlier in the
discussion of the XPS spectra, the amount of N dopant observed in this work is insufficient to
form localized centres by mixing N 1s states with O 1s states in the MNAL. Hence, the trace

amount of N dopant is less likely to have influence on the photocatalytic activity of the MNAL.
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Figure 3-12. Apparent rate constants of methylene blue photodegradation under a) UV LEDs
(370 nm), b) blue LEDs (440 nm) and c) green LEDs (515 nm). Notes: (i) The accuracy of all
experiments was verified and the relative error was less than 10%. (ii) The experimental data
reported by Burda et al.1% were used to estimate the apparent rate constants given by N-doped
TiO2" and P25" TiO».
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Photocatalytic oxidation of ethanol (Figure 3-13b) was also conducted as an alternative
probe reaction to verify the superior photocatalytic activity of MNAL under green light (515
nm). The results show that the yield of CO> generated by MNAL (360+25 umol/g-cat) is almost
1.3 times higher than the yield of CO2 given by P25 (290+15 pumol/g-cat.) under green light.
The MNAL was specifically tested against the reference TiO2 under green light because it gave
the best photocatalytic performance among the three bio-templated samples under UV and blue
wavelengths (as shown in Figure 3-9 and 3-11). Anatase is the most photocatalytically active
single crystalline phase of titania under wavelengths below 400 nm. However, crystals with a
diameter below a critical radius of approximately 10 nm may exhibit an increase of band gap,
which causes low efficiency of the system under the visible light region (Gupta & Tripathi,
2011; Kog¢i et al., 2009). The improved visible-light activity of the MNAL could be attributed
to several key factors, including large surface area and high efficiency of light absorption
provided by the morphology of the chloroplast-like structures. We hypothesise that the 3D
TiO2 nanocrystalline structure in the MNAL allows rapid injection of charge carriers from bulk
into both internal and external surfaces. One of the carriers is then captured on a localized state
at the surface while the other one is free for reaction. The net result is that the electron/hole
recombination rate is reduced significantly by both the 3D layered structure and the charge
trapping phenomena resulted from defect points located within the volume of the MNAL. The
3D construction of the interconnected nanolayers (replicated from thylakoids) in the MNAL
also allows efficient trapping of the incident light via multiple light scattering. Thus, a longer
optical path of light travelling through the MNAL could lead to the greater chance of the
eventual photoexcitation events during the photocatalytic reaction. This is consistent with other
reported results on the 3D crystalline materials (Paramasivam et al., 2012; Waterhouse et al.,
2008; Waterhouse & Waterland, 2007). For example, Cheng et al. (Cheng et al., 2012) showed

a high photocurrent density of 3D TiO> inverse opals under simulated solar-light illumination.
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The unique advantages of the layered TiO2 structure made from biotemplating method

are clearly manifested in the two model photocatalytic reactions under visible light. Given that

visible light with wavelengths longer than 400 nm makes up more than 95% of the solar

spectrum, the novel TiO2 structure obtained using biotemplating method could be extremely

attractive to catalyse the solar-assisted photo-reduction of CO».
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Figure 3-13. a) Conversion of methylene blue under green LEDs with a maximum intensity at
515 nm. The experimental conditions are 6.5 ppm dye solution, a catalyst loading of 150 mg-
cat/L, a pH of 7, 30°C (Note: lines are guide to eyes). b) Carbon dioxide yield of photocatalytic
oxidation of ethanol under green LEDs with a maximum intensity at 515 nm. The experimental
conditions are 20 v/v% ethanol solution, a catalyst loading of 1 g-cat/L, 30°C.
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3.4 Conclusions

In this chapter, we developed an improved multi-steps chemical replication method
using micro- to nano-architectures of the photosystem of green leaves as templates to prepare
an enhanced TiO2-based photocatalyst. We studied the relationship between its morphology
and photocatalytic performance. The new TiO, porous architecture produced from
biotemplating, referred to as MNAL in this work, exhibited photocatalytic dye degradation
performance similar to that of commercial P25 (in particle form) under UV light without a
mixed phase (anatase and rutile) composition. A substantially improved photocatalytic activity
was further observed with the MNAL under visible (blue and green) lights. The enhanced
photocatalytic performance of the MNAL was a result of overall morphological contribution
given by the 3D nanostructured light-harvesting system, the extensive pore network and the
high surface area resulted from the interconnected titania nanosheets derived from the
thylakoid membranes of the natural leaves. This work demonstrated that the extrinsic excitation
behaviour of TiO2 photocatalyst can be potentially augmented by modifying its morphology
alone. The reported synthesis method provides a reliable and promising procedure to synthesize
TiO2 hierarchical structures which could overcome the issues in controlling the structure and

crystallinity of end product associated with conventional procedures.
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Chapter 4 — Enhanced CHys yield by photocatalytic reduction

of CO2 with H20 using bio-mimicked TiOz architectures

4.1 Introduction
In spite of intense researches on developing more efficient TiO2 materials for producing
solar fuels, the effects of the morphology of the photocatalyst on the selectivity and yield of
CO2 photoreduction are less studied. The efficiency of the photocatalytic reactions is an overall
outcome of various steps: light absorption, the transport of photogenerated charges, the electron
hole recombination rate, and mass transfer to the catalyst surface. The local structure of the
photocatalyst, particularly the particle size and shape, strongly influences the aforementioned

parameters (Cheng et al., 2014; Etacheri et al., 2015; Krishnan, 2007).

Recent researches have revealed the the improved photocatalytic performance of TiO>
nanostructures. The enhance activity of the TiO2 3-dimensional nanomaterials is a result of
several key factors. These include large surface area, improved excitation behaviour and high
efficiency of light absorption. The advantages of TiO> nanostructures over conventional TiO»-
based flat platfroms could empower the efforts to address energy and environmental issues
(Gupta & Tripathi, 2011). On the other hand, surface chemical modification of TiO> materials
is a common approach to redshift the effective wavelength for photocurrent generation in the
visible light region. Transition metals, such as Cu (Colon et al., 2006; Ganesh et al., 2014), Fe
(Deng et al., 2009), Ru (Ohno et al., 1999; Sasirekha et al., 2006), Ag (Suwarnkar et al., 2014;
Wen et al., 2005b) and etc, have shown promising results on improving the optical properties
of TiO photocatalysts. The well-matched electronic structure of the metals to TiO2 enhances

the charge transfer and results in efficient charge separation.
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In this chapter, the morphological contribution of the stack-layered nanostructures of
bio-mimicked titania materials towards carbon dioxide photoreduction were studied under UV
and visible light irradiation. The advantages of new TiO. architecture offer a unique
opportunity to enhance CHs yield in photocatalytic CO> reduction. The strategies to enhance

the visible light activity of the TiO catalysts are further studied in chapter 5.

4.2  Methodology

4.2.1 Materials
All reagents were of analytical grade and were purchased from Sigma-Aldrich. All

reagents were used as received. All glassware was oven dried and experiments were performed
using Schlenk line technique to avoid contact with ambient air when required. The high purity

CO2 (> 99.995%) was used to avoid any hydrocarbon contamination.

4.2.2 Surface chemical modification of the photocatalysts with RuO2
In this chapter, the templated materials with micro- and nano-architecture of the leaf

photosystem are referred to as “artificial leaf” (AL). A previously employed procedure in the
preparation of supported ruthenium oxide (RuO:) catalysts was slightly modified to deposit
ruthenium oxide onto the artificial leaf and commercial P25 TiO2 (Ovoshchnikov et al., 2015).
The solution of RuClz-xH20 (6.5 mg) in deionized water (2 mL) was added dropwise to TiO>
(250 mgq) dispersed in deionized water (5 mL). Solution of NaOH (150 mg) in deionized water
(5 mL) was slowly added and the mixture was left stirring for 30 min. The solid was recovered
by centrifugation, washed twice with deionized water (15 mL) and, in order to facilitate drying,
with ethanol (15 mL) followed by diethyl ether (15 mL). The catalyst was dried under vacuum

at room temperature and then calcined in convection oven preheated to 150 °C for 30 min.
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Before each catalytic reaction, portions of the catalyst were additionally calcined under the

same conditions for 15 min.

The ruthenium content of the RuO2/P25 and RuO2/AL was measured using inductively
coupled plasma-mass spectroscopy (ICP-MS) via acid pretreatment. The samples were treated
with a mixture of HCI and HNO3 (6:1, v/v) at 80 °C for 48 h. Then, the solid was removed via
centrifugation, and the liquid, together with washings, was transferred to a volumetric flask
and topped off with Milli-Q water. Ruthenium loading was measured via a standard

measurement protocol using an ICP-MS Agilent 7500 cx.

4.2.3 Slurry system for photocatalytic reduction of CO2 with H20
The photocatalytic reduction of carbon dioxide was carried out in a stirred batch annular

reactor made from fused quartz with the internal volume of 155 ml and wall thickness of 5 mm
(Figure 4-1). The hoop stress applied to the quartz tube is approximately 1.8 x 10° Pa at
working pressure of 3 x 10° Pa. The equation 4-1 can approximate the hoop stress at ambient

temperature:

s=E (4-1)

t

where S is hoop stress (Pa), p is working pressure (Pa), r is inside radius (mm), and t is wall
thickness (mm). The practical maximum stress is approximately 7 x 10° Pa for fused quartz
with good surface quality. However, the equation 4-1 is not applicable when internal pressure

exceed 7 x 10° Pa in the blocked quartz vessels (Momentive).
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Figure 4-1. Annular photo-reactor made from fused quartz. Internal diameter = 60 mm, internal

height = 55 mm, and wall thickness =5 mm

An enclosed photocatalytic chamber equipped with two 50 W LEDs with maximum

intensities at 370 nm (UV) and 515 nm (Green) was used in these experiments. The figure 4-2
illustrates the transmission curve of fused quartz tubing. The percent transmission of the 5 mm

thick tubing is approximately 70% over a broad wavelengths (ca. 300 - 750 nm) using the

equation 4-2 (Momentive) :
(4-2)

T=(1-R)?e®

where T is percent transmission expressed as a decimal, R is surface reflection loss for one

surface, a is absorption coefficient (cm™), and t is the thickness (cm).
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Figure 4-2. Fused quartz average transmittance curves (Momentive) .

The influence of the CO> pressure on formation of the products of the photocatalytic
CO2 reduction have been studied in many investigations (Kaneco et al., 1998; Koc¢i et al., 2008;
Mizuno et al., 1996; Tseng et al., 2002). The solubility of CO in water is very poor (0.034
mol/L (Carroll et al., 1991) ), increasing the CO pressure accelerates the reaction via
increasing the concentration of dissolved CO.. Tseng et al. (Tseng et al., 2002) observed the
increase of the methane yield with increasing the CO> pressure. Mizuno et al. (Mizuno et al.,

1996) reported high rate of liquid products formation at 1 MPa and higher CO2 pressure.

The temperature can cause two effects in the CO» photoreduction slurry system. The
high temperatures may help to overcome the thermodynamic barriers of the reaction. On the
other hand, the high temperature determines the dissolved CO> equilibrium amount. Fox et al.

(Fox & Dulay, 1993) revealed that the reaction of photocatalytic CO> reduction with H2O is
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not sensitive to small temperature variation. The temperature effect were studied in our
preliminary experiments. The reaction medium was tempered to 323 K and then irradiated with

UV LEDs. The results were same as the experiments done at the room temperature of 299 K.

The sufficient mixing is one of the most important requirements in order to overcome
mass transfer limitations in slurry reactors. The volume of the reacting phase should be
optimized to fulfil perfect mixing (Ballari et al., 2008a; Ko¢i et al., 2011). The high
concentration of catalyst may cause the undesirable effects of light scattering, the catalyst
loading should be below 1 g/L in order to have an efficient length of the light penetration
(Ballari et al., 2008a,b). The use of NaOH solution as the reactant medium could increase the
amount of dissolved CO: since the caustic NaOH solution dissolves more CO2 than pure water
(Yoo et al., 2013). The mechanism of CO> absorption in NaOH aqueous solution is illustrated
in Table 4-1. In addition, the highly concentrated OH~ ions from NaOH in aqueous solution
could act as strong hole-scavengers. Formation of OH" radicals decreases the recombination
rate of photoinduced electron-hole pairs (Ko¢i et al., 2010; Liu et al., 2007; Tseng et al., 2002;
Zhao et al., 2007). The preliminary experiments were performed using 0.1, 0.2 and 0.3 M
NaOH solutions to investigate the effect of the hole-scavenger concentration. The amount of

photoreduced products was almost constant when the concentration exceeded 0.2 M.
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Table 4-1. The reactions of CO> absorption in NaOH aqueous solution. Subscripts (aq), (g),
and (I) present aqueous, gas and liquid, respectively.

Initial CO2 absorption 2NaOH(aq) + CO2(g) — Na2CO3z(aq) + H20(1)
Secondary CO; absorption Na2COs3(aq) + CO2(g) + H20(1) — 2NaHCO3(aq)

The net reaction NaOH(aq) + CO2(g) — NaHCOs3(aq)

The catalyst powder (50 mg) was suspended in 50 ml of 0.2 M NaOH solutions for
typical batches. The reaction solution was stirred (500 rpm) for 60 min to ensure that the
catalyst was homogeneously dispersed before the reaction. Prior to the illumination, CO2 was
bubbled with a constant flow through the stirred suspension for another 60 min to purge the air
and to saturate the solution. Saturation of liquid phase eliminates CO diffusion limitation from
the bulk through the reaction interface (Ballari et al., 2008a). The reactor was tightly closed
and the CO> pressure was maintained at 250 kPa. Then the irradiation was started at the sealed
photolysis chamber. The light flux was monitored to ensure that it was consistent across all
experiments. A magnetic stirrer (250 rpm) at the bottom agitated the catalyst-suspended
solution to prevent sedimentation of the catalyst. The temperature of the solution and the
pressure of the gas phase were continuously monitored. The temperature of the solution raised

up to 303 K during irradiation.

Gas sampling was performed using a gas-tight syringe (10 ml) and the samples were
immediately analyzed. The gas phase samples were analyzed using a gas chromatograph
equipped with methanizer FID and TCD detectors and Haysep-D column for hydrogen, carbon

monoxide, carbon dioxide, methane, ethylene, and ethane quantification. Blank reactions were
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performed to ensure that the hydrocarbons production was due to the photoreduction of CO».
The first blank was UV illumination without the catalyst, the second was in the dark with the
catalyst and CO2 under the same experimental conditions and the third was over the illuminated
photocatalyst in the absence of CO2 (under inert gas). No hydrocarbons were detected in the
above blank tests. Besides, the photocatalytic reforming of ethanol reactions were performed
following the abovementioned experimental procedure under inert gas and in the presence of
CO2 (250 kPa). The 20% ethanoic solutions were used as the media in ethanol reforming

reactions.

4.2.4 Kinetic modelling of the photocatalytic reduction of CO2 over TiO2
The details of the carbene pathway reactions (Scheme 4-1) for photocatalytic reduction

of CO2 with H2O are shown in Table 2-1. Tan et al. (Tan et al., 2008) and Ko¢i et al. (K. Koéi,
2010) proposed a kinetic model for the photocatalytic reduction of CO2 based on Langmuir-
Hinshelwood mechanism. The kinetic equations of carbon dioxide reduction with water and

the reverse reaction of oxidation of CO are inferred as equations 4-3 and 4-4, respectively:

accoz bcHzO (4_3)

T, =
red 1 (1+acc02+bcH20) 2

where rreq is the rate of reduction, k1 is the kinetic constant of reduction, a and b are the ratios

of rate constants for adsorption and desorption of CO> and H2O, respectively.

— mcco m (4_4)

Tox = k
ox 2 (1+mcco+ nco,) 2

where ro is the rate of oxidation, k> is the kinetic constant of oxidation, m and n are the ratios

of rate constants for adsorption and desorption of CO and O3, respectively.
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Scheme 4-1. The carbene pathway for photocatalytic reduction of CO2 with H20.

Assuming that the CO molecules are strongly bound to the catalyst surface (mCco >

1), the net rate of CO2 reduction (rnetred) could be expressed by:

acco, becp,o K /ncoz (4_5)
(mcco) 2 2 mcco

Thet red — K1

The concentration of carbon dioxide and water could be considered constant since they

are in excess through the reaction. Hence, the equation 4-5 could be simplified to:

1 Jnco,
Tnetrea = K3 Gro—3— ka2 (4-6)

where ks = acco, bcy,o- The concentration of reactants in equation could be replaced by any

given product according to the state of reduction. The equation 4-6 could be resolved as:

dc ks ks

Tat 2 Ve (4-7)
where ¢ is the concentration of the given product, ks = ks/m? and ks = kan®2)/m.
We have obtained the following equation after integration and resolving:

t = k6 ln(l - k7 C3/2) + k8C3/2 (4'8)

where Ke is the kinetic constant related to the experimental conditions, k7 = ks / k4 and kg = -2/

3ks. See the details of integration in the appendix.
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We also considered an alternative kinetic model based on the precondition that the
running reactions are pseudofirst order ones. The formation rates of CO and CHj4 are reported
to be pseudofirst order in several earlier studies (Ku et al., 2004; Lo et al., 2007). At low

concentrations of the reactants, the formation equations could be inferred to:
Tco = k9Ccoz — k10Cco — k11Cco (4-9)
TcH, = ki1cco (4-10)

Where, kg relates to the direct reaction of CO» reduction to CO, kig relates to the reverse

reaction of oxidation of CO, and ki1 relates to pathway where CO is converted to CHa.

Given that concentration of CO; is assumed constant, the following expressions could

be obtained after revision and integration:

coo = 1= (eth12 = 1) (4-12)
koxk 1
con, = = [ (e — 1) — (4-12)
where kg = kocco, and ki, = —kqo — kq1. See the details of integration in the appendix.

The kinetic models were validated by experimental data using a non-linear regression
method. The sum of squares of the yields of residual products (observed minus calculated) was
minimized (Press et al., 2007). The kinetic equations were processed under the form of y = f
(X1-a, @0-m). Where ao, a1, a2, ..., am are the regression parameters, xi, X2, ..., Xa are independent

variables and y is a dependent variable.

81



4.3 Results and discussion

4.3.1 Catalyst characterization
Figure 4-3 shows the XRD patterns indicating that Art. Leaf consists of the anatase

crystalline phase, whereas the P25 is a combination of anatase and rutile TiO> phases. See
chapter 3 for experimental details. Commercial P25 TiO: is crystalline material consists of 80
wt % anatase and 20 wt % rutile (Hanaor & Sorrell, 2011). The electronic properties of TiO>
are a function of the crystalline phase composition. Although antase is considered as the more
active phase of titania, mixed anatase and rutile polymorph composites are revealed to have a
better performance than any single-phase component. It has been proved that the synergistic
effect of these two phases improve the electronic properties of TiO2 significantly (Kho et al.,
2010; Su et al., 2011). The XRD results of the RuO2 deposited samples suggest that surface
chemical modification does not affect the crystalline phase of the AL. Further peaks included
in the pattern of the RuO2/AL samples could be attributed to the RuO2 content. The Scherrer
equation was used to determine the average size of crystallites (Harold P. Klug, 1974). The
average crystallites size of pure AL and the RuO2/AL materials are approximately 15 nm which
are smaller than the determined size of P25 TiO> crystallite (ca. 20 nm). The slightly larger
size of P25 TiO; crystallite could be due to its synthesis approach, commercial P25 are formed
by flame pyrolysis. The high temperature of combustion process favours the anatase to rutile

phase transformation (Hanaor & Sorrell, 2011; Skandan et al., 1999).

82



Intensity (a.u.)

20 30 40 50 60 70
26(°)
Figure 4-3. XRD patterns of the final catalysts. Corresponding peaks of the anatase phase and
the rutile phase TiO2 are marked by “+” and “*”, respectively.

Nitrogen (N2) physisorption measurements in Figure 4-4 show that the surface area of
the AL and the reference P25 TiO2 are 66.1 m?/g and 51.7 m?/g, respectively. The experimental
details for such measurements are reported in chapter 3. According to the hysteresis observed
in the adsorption isotherm, the artificial leaf sample possesses mesoporosity in its structure
while the type of isotherm obtained for P25 showed it to be non-porous. The AL exhibited a
H3 hysteresis loop indicating possible random pore network and irregular pore shape such as
the “ink-bottle” geometry (Sing & Williams, 2004). The stepwise desorption observed at P/Po
of 0.55 suggests the characteristic desorption mechanism via cavitation and, therefore, proves
the presence of pore necks which are smaller than the critical size of N2 (ca. 5- 6 nm) at 77 K.
The quantity of adsorbed N> (mmol/g) on the AL is much higher than that on the P25
(approximately 1.25 and 1.4 times higher at the relative pressures of 0.3 and 0.8, respectively).

We hypothesised that the biotemplated layered nano-architecture derived from the thylakoid
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membranes in chloroplasts present within the AL gives rise to the N2 adsorption. Whereas the
high surface area of the P25 TiO could be attributed to its nano sized particles (Suttiponparnit
et al., 2011; Viswanathan & Raj, 2009). Our measurements showed that the decoration of the
surface of the TiO2 by RuO2 does not alter the surface area and N2 physisorption so the data

of RuO2/AL and RuO,/P25 are not included in the Figure 4-4.
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Figure 4-4. Nitrogen adsorption-desorption isotherm of the artificial leaf and the reference P25
TiO; catalysts.

The diffuse-reflectance UV-vis spectra are shown in Figure 4-5, see chapter 3 for
experimental details. The absorption efficiency of pure TiO2 antase is limited to the UV region
whereas the smaller band gap of rutile phase in P25 catalyst extends the efficiency of light
absorption into the visible range. Hurum et al. (Hurum et al., 2003) revealed that the electron
transfer from rutile crystals to trapping sites of antase lattice leads to a stable charge separation
in mixed-phase P25 under visible light illumination. The artificial leaf exhibits greater

absorption efficiency over a broad UV-vis wavelength (ca. 350 - 600 nm) compared to the
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reference P25 material. Such improved visible light absorbance could be imparted by the
localized states within the compact layered nanostructure in the AL sample. Howe and Grétzel
showed that photoinduced charge carriers in TiO2 nanomaterials are present at different sites
of the bulk defects, such as oxygen vacancies, and on the surface. The resulted additional
electronic states within the TiO2 band gap allow sub-band gap transitions (Howe & Gratzel,

1985,1987).

This finding is consistent with the results of other recent researches reporting that the
effective wavelengths for light absorption red shifted in terms of titania nano-architectures
(Sakai et al., 2004; Sato et al., 2003). In the spectrum of P25 and AL catalysts modified with
the ruthenium oxide, the observed peak centred at ca. 450 nm could be attributed to RuO>
content (Ohno et al., 1999; Sasirekha et al., 2006). The ruthenium content of 1.2+0.1 and
1.3+0.1 wt % was established using ICP-MS for the P25 and Al samples, respectively. The
absorption of light by the RuO2 /TiO> materials in the visible range is due to surface plasmon

resonance.
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Figure 4-5. Diffuse-reflectance UV-Vis spectra of the final catalysts.

4.3.2 The morphological contribution of the bio-mimicked TiO2 architectures towards
photocatalytic reduction of CO2
The results of photoreduction of CO2 with water, after 20 h of irradiation under UV

light (370 nm), are presented in Figure 4-6. The data from the 20 h reactions were used for the
comparison because the yields of all products were the highest. The main product of the
reactions catalysed by the porous artificial leaf materials is methane (3.8£0.6 umol/g-cat.)
whereas the reference nonporous TiO2 commercial catalysts mostly yielded carbon monoxide
(5.1£0.5 umol/g-cat.). The multiple reduction is initiated by activation of carbon dioxide via
interaction with surface atoms, and involves the transfer of up to eight electrons and protons
(Habisreutinger et al., 2013). Although the AL possessed a slightly lower total conversion of
COg2, it shows higher selectivity to the CH4. The efficiency of the photocatalytic reduction of
CO2 process depends on the transfer of electrons to the adsorbed molecules. The key factor

which is responsible for the photocatalytic performance of the AL is their internal
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interconnected nano-membrane structures (thylakoid membrane replicas). We hypothesised
that prolonged residence time of the reactants within the unique hierarchical pore network of
the stacked titania nano-sheets enhance reactant-catalyst contact through the artificial leaf

photocatalyst body.

The high surface area of the AL (66.1 m?/g) may offer a large proportion of surface
atoms which could allow rapid transfer of the photogenerated electron/hole from bulk into both
internal and external surfaces (Krishnan, 2007; Macdonald et al., 2012; Nowotny et al., 2008).
One of the carriers is then captured on a localized state while the other one is free for reaction.
As the net result of that, injection of the charge carriers to/from the reactants or reactive radical
species is significantly accelerated by both the interface atoms and the defect points located
within the volume of the AL 3D structure. This is consistent with the literature reporting
improved mass transfer and superior charge transfer in titania nano-architectures (Chen & Mao,
2007). For example, Kar et al. (Kar et al., 2016) revealed the high adsorption capacity of CO>
through TiO2 nanotubes using temperature programmed desorption (TPD) experiments. Also,
Refiones et al. (Refiones et al., 2016) showed that lower e-h recombination rate in TiO>
nanofibres could give rise to higher selectivity to electron-demanding products of CO:
photoreduction, such as methane. On the other hand, the 3D construction of the AL materials
efficiently trap the incident light via multiple light scattering within the interconnected TiO>
nanolayers (Mustardy, 1996; Ruban et al., 2011; Rumak et al., 2010). Hence, the greater chance
of the eventual photoexcitation events is resulted by a longer optical path of light travelling
through the AL during the photocatalytic reaction. The improved light scattering properties and
excitation behaviour of the 3D TiO» crystalline materials are also reported in other researches
over the past few years (Cheng et al., 2012; Paramasivam et al., 2012; Waterhouse et al., 2008;

Waterhouse & Waterland, 2007). For instance, Cargnello et al. (Cargnello et al., 2016) revealed
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longer lifetimes of electron-hole pairs in TiO2 nanorods by means of ultrafast transient

absorption spectroscopy.

The slightly lower CO vyield given by the commercial TiO, anatase (4.5£0.4 umol/g-
cat.) compared to reference P25 could be because of interaction between anatase and rutile in
mixed phase P25 catalyst. Pure anatase phase is expected to have higher recombination rate of
holes and electrons. The photoinduced electron-hole pairs within the semiconductor will
recombine before being collected by the external reactants (Hao et al., 2002; Jiang et al., 2008;
Lin et al., 2006). Kho et al. (Kho et al., 2010) studied the effect of the titania crystalline phase
compositions on the photocatalytic evolution of hydrogen and observed higher activity of the
mixed anatase/rutile TiO2. The higher yield of CHs (4.3+0.35 pumol/g-cat.) given by the
RuO2/AL could be mainly due to the enhance charge transfer between metal-semiconductor
heterojunction. The efficient charge separation at the RuO2/TiO> heterostructures leads to
higher surface charge density (Farsinezhad et al., 2015; Tan et al., 2016b). In addition, the
ruthenium dioxide crystallites makes catalytic hot spots at the RuO2/TiO> interface that could
facilitate the charge injection to the reactants (Cargnello et al., 2013; Huang et al., 2014; Huang

etal., 2015).

In the case of reactions catalysed by the pure artificial leaf and the RuO2/AL samples
formation of traces of ethane (C2H4) was also observed. The yields of CoH4 were not possible
to quantify by our set up. Attempts to analyse liquid phase products failed because of the low
yields of the products. According to the literature, the methanol yields are one order of
magnitude lower than the yields of methane in slurry CO2 photoreduction systems (Aresta et

al., 2016; Hong et al., 2013). The results indicate that the RuO2/P25 catalysts also possess
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higher selectivity to the CH4. The lower photocatalytic activity given by the RuO2/P25 is

possibly because of lack of mesoporous channels for adsorption and desorption of the reactants.
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Figure 4-6. The product yields of the photocatalytic reduction of CO, with water under UV

LEDs with a maximum intensity at 370 nm. The experimental conditions are 0.2 M NaOH
solution, a catalyst loading of 1 g-cat/L, CO2 pressure of 250 kPa, 20 h of irradiation, 30°C.

Moreover, photocatalytic reforming of ethanol reactions, under irradiation of UV light
(370 nm) for 20 h, were employed to assist verifying photocatalytic performance of the
biotemplated materials. The results (Figure 4-7) show that the selectivity of the reactions
catalysed by the artificial leaf mesoporous catalysts differs from the reaction catalysed by the
reference commercial catalysts. The ethanol reactions on TiO catalysts are initiated by the
oxidation of the adsorbed alcohol molecules to acetaldehyde and the two main overall reactions
are (Chen et al., 2007; Muggli et al., 1998; Schneider & Bahnemann, 2013; Vaidya &

Rodrigues, 2006):

89



Dehydration
C2Hs0H > CoHs + H20

Decomposition
C2Hs0OH + H20 »>  CO2/CO+CH4+2H2 +%4 02

The observed product yields (umol/g-cat.) order of the AL was CO2 > H, > C2H4 >
CH4 > CO whereas the selectivity of the reference nonporous TiO2 catalysts (pure anatase and
P25) was H2 > CO2 > CO > CH4 > C2H4. The AL TiO2 materials increases the selectivity of
the dehydration reaction possibly due to abstraction of the reactants in the different reaction
sites on the surface of the catalyst (Nadeem et al., 2016). This finding and the results of CO>
reduction reactions indicate that the efficiency and selectivity of the photocatalytic reactions
can be potentially augmented by modifying the morphology of the photocatalyst without

changing its overall chemical composition.

The RuO2/AL produced the substantially higher carbon species (766.8+150 pumol/g-
cat.) and hydrogen (3661.3£200 umol/g-cat.) yields of the ethanol reforming. Tan et al. (Tan
etal., 2016a) showed that the transition metal oxides/TiO> frameworks could enhance cleaving
the C-C bond of ethanol. In addition, the presence of RuO2 could prevent partial deactivation
of the photocatalyst caused by stable byproduct formation on the catalyst surface. The 7.15+1
umol/g-cat. and 3.25+0.35 umol/g-cat. of ethane (C2Hs) yields were observed in the reactions
catalysed by RuO,/P25 and RuO2/AL samples, respectively. The C2He is likely produced via
further hydrogenation of ethylene by RuO2. The ruthenium dioxide is a well-known catalyst
for hydrogenation reactions due to its unique properties (e.g., the high electronic conductivity)
(Over, 2012). The C2Hs yield of RuO2/P25 catalyst is 2.2 times lower than that of the RuO2/AL
which is far greater than 1.3 times factor expected based on just surface area (the ruthenium wt

% of P25 and AL samples are 1.2+0.1 and 1.3£0.1, respectively).
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Figure 4-7. The product yields of the photocatalytic reforming of ethanol under UV LEDs with
a maximum intensity at 370 nm. The experimental conditions are 20 v/v% ethanoic solution, a
catalyst loading of 1 g-cat/L, 20 h of irradiation, 30°C.

Figure 4-8 shows the product yields of photoreduction of CO2 with 20 v/v% ethanoic
solution, after 20 h of irradiation under UV light (370 nm). The organic hole scavengers such
as alcohols and oxalic acid have been used in some reports (Baran et al., 2016; Kaneco et al.,
1998; Sasirekha et al., 2006). However, the exact reaction mechanism is still a matter of debate
because of the possible interference with the products. The reduction reactions compete with
the products formation by the sacrificial reagents oxidation. The results of the photocatalytic
reforming of ethanol (Figure 4-7) could help to verify the pathway of the reaction. We
hypothesised that the excess of CO could decrease the rate of the ethanol oxidation reactions.
For instance, the CO vyield (24.9+2.6 umol/g-cat.) given by the P25 is almost 2.5 times higher
than that in absence of the CO,. Attempts to analyse the yield of the CO. produced via

decomposition of the ethanol failed because of the low yield of the CO> compared to the

91



amount of CO: already present in the reactor. On the other hand, the yield of the H> formed by
the RuO2/AL is notably reduced possibly due to the reduction reactions competing with one
another on the reduction side. The 13C labeled carbon dioxide (**CO2) and isotope labeled

ethanol (CD3CD.0D) are required to verify the exact pathway of the reactions.
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Figure 4-8. The product yields of the photocatalytic reduction of CO2 with 20 v/v% ethanoic
solution under UV LEDs with a maximum intensity at 370 nm. The experimental conditions
are 20 v/v% ethanoic solution, a catalyst loading of 1 g-cat/L, CO2 pressure of 250 kPa, 20 h
of irradiation, 30°C. (i) the three catalysts that exhibited the best photocatalytic performance
for reduction of CO; and reforming of ethanol (Figures 4-6 and 4-7), were tested here.

As shown in Figure 4-9, the total CO (0.5+0.1 umol/g-cat.) and CH4 (2.2+0.35 umol/g-
cat.) yields of the AL, under green light (515 nm) after 30 h, is almost 1.35 times higher than
the yield of CO (2+0.5 umol/g-cat.) given by P25. The small amount of methane was also
formed by P25 the yield of which was not possible to quantify by our GC. In addition, the pure

TiO> anatase exhibited no apparent photocatalytic activity in CO2 reduction under green light
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(not shown here). These results corroborate the diffuse-reflectance UV-vis spectra shown in
Figure 4-5. The band gap of anatase crystals is 3.2 eV limiting the light absorption efficiency
to wavelengths below 400 nm. The unique advantages of the morphology of the chloroplast-
like structures in the AL samples clearly offset the theoretically low efficiency under the visible

light region due to its predominantly pure anatase phase.

There are two types of localized centres in the 3D TiO2 nanocrystalline which may lead
to visible light absorbance: (a) the oxygen vacancies that can form Ti* defects in the crystal
lattice. (b) the proportion of surface atoms in the AL is high relative to the total atoms due to
the high surface area of such materials. Most of the surface/interface atoms could act as capture
centres in the semiconductors (Abayev et al., 2007; Krishnan, 2007). These advanced optical
properties and improved visible light activity of titania fabricated in the form of
nanoplatfoprms, have been proved at many reports in recent years (Chen & Mao, 2007). The
RuO2/AL catalyst exhibited the significantly higher yield of CH4 (3.15+0.35 umol/g-cat.) than
neat titania materials. The RuO2 is capable of absorbing visible range wavelengths (=
400 nm) (Over, 2012). The photo-excited electrons of RuO, have sufficient energy to
overcome the Schottky barrier of TiO». The transfer of electrons from RuO> to conduction
band of titania accelerate visible light absorption (Dvoranova et al., 2002; Litter, 1999). In the
same manner, the RuO2/P25 catalysts exhibited overall carbon dioxide conversion similar to

that of the AL under visible light.
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Figure 4-9. The product yields of the photocatalytic reduction of CO, with water under green
LEDs with a maximum intensity at 515 nm. The experimental conditions are 0.2 M NaOH
solution, a catalyst loading of 1 g-cat/L, CO> pressure of 250 kPa, 30 h of irradiation, 30°C. (i)
much lower product yields were recorded here due to the use of a lower energy light source.
(ii) the small amount of methane was also yielded by P25 (not detectable by our GC). (iii) the
TiO> anatase exhibited no photocatalytic activity under green light (result not shown).

4.3.3 Mechanistic proposal for the CO2 photoreduction based on the kinetic study
The effect of irradiation time on photocatalytic reduction the of CO2 by the AL

catalysts, over a period of 25 h with intervals of 5 h under UV light (370 nm), are illustrated in
Figure 4-10. The formation of the products was negligible after the first 5 h of the reaction.
The yield of the products did sharply rise after 10 h of irradiation. The highest yields of both
CH4 (3.8£0.6 pumol/g-cat.) and CO (1.8+0.2 pumol/g-cat.) were obtained after 20 h of the
reaction. A steeper curve was recorded for the methane yields while the CO concentration
profile is more moderate. A drop in product yields is observed after 20 h of irradiation. The
reduction and oxidation half-reactions occur on similar or neighbouring sites on the surface of
the TiO2 (Dimitrijevic et al., 2012). The amount of the oxygen is expected to increase as

product of water splitting in long reaction time span. Tseng et al. (Tseng et al., 2002) studied
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the consequence of the oxygen generation for the CO> photoreduction. Their report showed

that the higher ratio of molecular O to the products could increase the risk of back reactions.

A few researchers studied the effect of irritation time on the formation of CO:
photocatalytic reduction products in semiconductors powder suspended solutions (Indrakanti
et al., 2009). Similar trends of yield-time dependency are reported for the TiO> catalysts (Ko¢i
etal., 2010; Liu etal., 2007; Mizuno et al., 1996). However, it is difficult to compare the yields
of a photocatalytic reaction between research reports because of the different experimental
conditions. The efficiency of the reaction could be significantly changed under different UV

wavelength and/or intensity, different reactor configuration and different reaction media.
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Figure 4-10. Time dependence of the product yields of the photocatalytic reduction of CO>
with water over the TiO2 AL catalysts, under UV LEDs with a maximum intensity at 370 nm.
The experimental conditions are 0.2 M NaOH solution, a catalyst loading of 1 g-cat/L, CO>
pressure of 250 kPa, 30°C.

The obtained experimental data were compared with the data calculated using the both
model equations. The comparison is demonstrated in Figure 4-11 a-d. The kinetic model
developed based on pseudofirst order reactions fits well to the concentration profiles of CO
and CHa4. The complex kinetic constants in the rate equations (4-11 and 4-12) are independent
from the concentration of protons. This finding indicates that the formation of H* ions is not
the rate limiting step of the reaction (Bartholomew & Farrauto, 2005). The electrons injection
to CO2 is likely limiting step and a severe obstacle to the multiple reduction reaction. Carbon
dioxide molecules has a linear and symmetric geometry making them chemically stable with a
closed-shell electronic configuration. The introducing of a free electron to the CO, molecule
results in bending of the molecular structure. Therefore, the formation of CO, ™ species has a

very unfavourable energy balance of Eo =—1.90 V (Freund & Roberts, 1996). The dissociation
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of CO: (see the carbene pathway in Table 2-1) could proceed upon proton-assisted transfer of

electrons (Indrakanti et al., 2009);

v

CO2 + 2H" + 2¢~ CO + H20

The reduction potential of proton-assisted transfer of electron to CO: is less negative
(Eo = — 0.53 V). However, there is little evidence of this multi-electron transfer process in
literature (Habisreutinger et al., 2013). It is understood that the multiple reduction involves a

series of one-electron steps. The interaction of adsorbed CO> molecules with surface atoms

forms a partially charged C0O, %~ species. These adsorbates lose the linear symmetry of the free

6.—

CO2 molecules. Hence, the CO, radicals has lower barrier for accepting electrons

(Dimitrijevic et al., 2011; Shkrob et al., 2012).
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Figure 4-11. a-b) Comparison of the proposed kinetic model based on Langmuir-Hinshelwood
mechanism with the empirical profiles of CO and CH4 formation from photocatalytic reduction
of CO; over the AL materials. c-d) Comparison of the proposed kinetic model based on
pseudofirst order reactions with the experimental data of CO and CHs yields from
photocatalytic reduction of CO2 on the AL catalysts. The experimental conditions are 0.2 M
NaOH solution, a catalyst loading of 1 g-cat/L, CO. pressure of 250 kPa, 30°C. (i) the data at
10 h measured for carbon monoxide were close to the determinableness limit of our set up
(shown here but not included in model fitting).
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4.4 Conclusions

In this chapter, we investigated the photocatalytic reduction of CO with water in titania
catalysts powder suspended solutions. The bio-mimicked titania nanoarchitecture referred to
as the AL here, exhibited higher selectivity to methane under UV light. The artificial leaves
also changed the selectivity of the photocatalytic reforming of the ethanol to the dehydration
reaction. We hypothesised that the efficiency and selectivity of the photocatalytic reactions can
be potentially augmented by modifying the morphology of the photocatalyst alone. The AL
samples showed a greater visible light activity in photoreduction of CO2 without a mixed phase
(anatase and rutile) composition compared to the benchmark P25 titania. We attributed the
improved light harvesting properties of the chloroplast-like 3-dimensional TiO, materials to
its unique morphological contribution, such as enhance reactant-catalyst contact and the lattice
defects. The deposition of ruthenium dioxide on the surface of the titania catalysts enhanced
the photocatalytic activity in UV and visible wavelengths range. The highest products yield of
the CO2 photoreduction under UV and green lights have been obtained by the RuO2/AL
catalysts. Under UV light irritation, the charge transfer between RuO2/TiO, heterojunction
results in more efficient charge separation. In addition, the RuO: is capable of visible range
wavelengths (= 400 nm) absorption and electrons injection into TiO2. The experimental data
of the products concentration profiles have achieved an acceptable fit to the kinetic equations
based on pseudofirst order reactions. This finding indicates that the reaction rate is independent
from the rate of H* cations formation. The understanding of the morphological contribution of
the photocatalyst provided in this study, could help to augment the efficiency and selectivity

of the CO2 photoreduction.
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Chapter 5 — Enhancement of visible light activity of the bio-
mimicked TiO: architectures

5.1

Introduction

Given that visible light with wavelengths longer than 400 nm makes up more than 95%

of the solar spectrum, the visible light activity of photocatalysts could be extremely important

for solar-assisted chemical reactions. The titania photocatalysts are inefficient for the

utilization of sunlight because of their large band gap. VVarious methods are reported to broaden

the spectrum of utilised light of semiconductors. Generally, mechanisms of enhancing visible

light activity of TiO> photocatalysts could be categorized into two groups; (a) band gap

modification via doping in order to provide mid-gap states. Photons can excite electrons from

the valence band (VB) to mid-gap state or, from the mid-gap state to the conduction band (CB)

if it lies below the Fermi level (Figure 5-1a). (b) surface chemical modification via coupling a

sensitizer to TiO> materials. Such sensitizer absorbs visible light and injects electrons into the

CB of TiO2 (Figure 5-1b) (Rehman et al., 2009).
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Figure 5-1. (a) Introducing mid-gap states to TiO2 by doping. (b) Coupling a sensitizer TiO».
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Band gap modification by doping with nonmetals could proceed via substitution for
oxygen sites. The nonmetal atoms with a similar ionic radii (1.4 A) to the O could easily
substitute for O atoms (Chen et al., 2008; Etacheri et al., 2015). Doping with sulfur (Ohno et
al., 2004; Wang et al., 2008), nitrogen (Irie et al., 2003; Yang et al., 2007; Zhang et al., 2008),
halogens (Long et al., 2007; Todorova et al., 2008), and carbon (Ren et al., 2007; Xu et al.,
2006) in TiO2 has been reported. On the other hand, various transition metals have been
incorporated in titania lattice. The metal cations could substitute Ti** ions which are
coordinated with O in TiO> lattice. Fe, Ni, Cu, and etc have been doped into the bulk of TiO>
using chemical sol-gel and ion-implantation methods (Anpo & Takeuchi, 2003; Yamashita et

al., 2003). The metal/nonmetal dopants generate localized states in the mid-gap of TiO-.

The sensitizers include inorganic semiconductors with narrow band gap, metals, and
organic dyes. The well-matched electronic structure of the transition metals to TiO accelerates
the electron transfer into the conduction band of TiO» (Etacheri et al., 2015; Rehman et al.,
2009). Cu (Colon et al., 2006; Ganesh et al., 2014), Fe (Deng et al., 2009), Ru (Ohno et al.,
1999; Sasirekha et al., 2006), Ag (Suwarnkar et al., 2014; Wen et al., 2005b) and etc, have

shown promising results on increasing the visible light efficiency of TiO2 photocatalysts.

Recently, the applications of localized surface plasmon resonance have also been at the
centre of interest in regard to visible light absorption. Some metals cluster, e.g. gold
nanoparticles, exhibited distinctive visible-light absorption (Etacheri et al., 2015; Rehman et
al., 2009). The localized surface plasmon resonance is referred to interaction of the resonant
electromagnetic energy (in the form of electric fields) with the collective motion of free charge

carriers in a metallic nanoparticle. The energy is dissipated through the formation of energetic
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charge carriers at the nanoparticle surface. The plasmon-induced hot carriers (hot being defined
as having energy above the Fermi level) within optically excited plasmonic nanoparticles could

transfer to the chemically attached semiconductor or medium (Mathew & Pradeep, 2014).

Ruthenium is a transition metal from platinum group metals. Although Ru is a relatively
scarce metal, its price is still about 10 times lower than platinum. The ruthenium could adopt
various oxidation states in chemical compounds giving interesting properties to this chemical
element (Higgins, 2010). The ruthenium dioxide (RuO2) reveals a complex
oxidation/reduction surface chemistry, which makes it a versatile catalyst (Over, 2002). For
example, the ruthenium dioxide is very well-known as the excellent catalyst for hydrogenation
reactions. In recent years, various electrochemical reactions have been efficiently catalysed by
RuO2 (Over, 2012). The RuO; also possesses high metallic conductivity so can be coupled with

semiconductors to form photocatalytic systems (Ryden et al., 1970; Uddin et al., 2013).

The efficiency of metal-semiconductor heterostructures depends on an effective charge
carrier separation. The barrier heights of charge separation are governed by the work function
of the metal. RuO> has a high work function which is above the valence band of TiO:
(Mogyordsi et al., 2009). The RuO: is also very resistance to chemical attacks and poisoning
(Kotz & Stucki, 1987; Suoranta et al., 2014). In addition, CO molecules could be absorbed on
the surface of the RuO2 quite strongly (Seitsonen et al., 2001). The efficient adsorption of CO
is significant factor with respect to the mechanistic considerations of the CO» photoreduction

(see earlier discussion in chapter 4).
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In this chapter, the RuO> has been incorporated into the bulk of the bio-mimicked TiO>
materials. The photocatalytic activity of the modified artificial TiO2 leaves under visible light
was studied through photoreduction of CO» with H2O. The efficiency of band gap modification
method in improving visible light activity was verified compared to the surface chemical

modification strategy.

5.2 Incorporation of Ru into the bulk of bio-mimicked TiO2 architectures

The sol-gel step of the previously explained chemical replication method was slightly
modified to introduce the RuO: in titania lattice. The calculated amounts of RuClz-xH.0
(required to achieve target ruthenium content of 1.25, 2 and 3 wt %) were added to the sol-gel
precursor (the suspension of leaves and titanium isopropoxide in dry isopropanol) prior to
addition of titanium isopropoxide. The other processes were as described in chapter 3. The
artificial TiO2 leaves modified with Ru via the doping method is referred to as Ru/TiO2
artificial leaf (Ru/AL). The experimental results of the neat artificial titania leaf (AL) and the
surface decorated AL samples with RuO2 (RuO2/AL) from chapter 4 are used to assist the

discussion.

5.3 Results and discussion

5.3.1 Catalyst characterization
The XRD patterns in Figure 5-2 show that the 1.25 and 2 wt % Ru/AL samples consist

predominantly of the anatase, whereas the 3 wt % Ru/AL is a combination of anatase and rutile
TiO2 phases (see chapter 3 for experimental details). The relative concentrations of the
crystalline phases were determined by analysis of the anatase and rutile primary peaks, using
Spurr equation (Spurr & Myers, 1957). The 3 wt % Ru/AL is composed by approximately 90

% anatase and 10 % rutile. The results indicate that attempt to incorporate Ru into the lattice
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of the biotemplated titania materials does not affect the crystalline phase formation till 2 wt %
of ruthenium content. Mixed phases of anatase and rutile in the the 3 wt % Ru/AL could be
caused by a high ratio between the Ru and Ti during heat treatment. The effects of the cationic
dopants on the anatase to rutile transformation have been investigated in many studies (Hanaor
& Sorrell, 2011). Doping of the cations of low valence (<4) favours the anatase-to-rutile
transformation at low temperatures. Substitution of the cations for Ti** ions accelerates the
formation of Ti interstitials of lower valence (Hwang et al., 2006; Yang et al., 2004).
Alternatively, interstitial solid solubility may occur rather than substitution. The dispersion of
the cations in the structure results in the anatase-to-rutile transformation upon constriction of

the lattice (Shannon, 1976).
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Figure 5-2. XRD patterns of the modified artificial TiO> leaves with Ru via the doping method.
Corresponding peaks of the anatase phase and the rutile phase TiO» are marked by “+” and
“* respectively.
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Fourier transform infrared (FTIR) spectra were recorded on a Bruker Alpha FTIR
spectrometer. The Ru/AL samples containing whatever wt % of ruthenium exhibited the same
feature by FTIR spectroscopy as the neat artificial TiO2 leaf (Figure 5-3). This is consistent
with the literature that focused on tuning the optical properties of modified TiO2 with
ruthenium (Sasirekha et al., 2006; Uddin et al., 2013). The absence of the band of Ri-O
vibrations at 500 cm™ (Khorasani-Motlagh et al., 2011), is because of overlapping of the two
regions of the vibration frequencies of RuO2 and TiO2. The broad band at around 400 cm’
! corresponds to Ti—O vibrations and the band at ca. 1300 cm™ is attributed to Ti-O-Ti
vibrations (Sasirekha et al., 2006; Uddin et al., 2013). The weak band centred at ca. 1600 cm™
resulted by stretching vibration band of adsorbed water molecules (Sasirekha et al., 2006). The
band at around 2400 cm™ is due to adventitious CO; stretching (Zhuiykov, 2009). In the same

manner, the RuO2/AL showed very similar FTIR spectrum.
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Figure 5-3. Fourier transform infrared (FTIR) spectra of the final catalysts. (i) the 2 and 3 wt
% Ru/AL samples exhibited the same feature by FTIR spectroscopy as neat artificial TiO> leaf
(not shown here).

The diffuse-reflectance UV-vis spectra are shown in Figure 5-4. See chapter 3 for
experimental details. The peak centred at around 450 nm in the spectrum of the RuO2/AL could
be attributed to the role of RuO: (which is known to be plasmonic in some cases; see earlier
discussion of visible light activity in chapter 5). Earlier publications of plasmonic RuO:
reported similar bands observed around 450 nm (Ohno et al., 1999; Sasirekha et al., 2006).
Comparison of the diffuse reflectance spectra of the Ru doped samples (Ru/AL) with the
unmodified artificial TiO> leaf, showed that shape of the spectra remain almost unchanged.
However, the overall light absorbance increases with Ru loading. This finding suggests the
ultra fine dispersion of RuO: in the bulk of the Ru/AL materials. The metals with greater ionic

radii than that of Ti** could not easily substitute at Ti sites in TiO> lattice (Zhao et al., 2008).
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The ionic radii of Ti** and Ru** cations are 0.42 and 0.62 A, respectively (Shannon, 1976).
Doped Ru more likely was dispersed in the form of RuO2 nanoparticles within the volume of
the bulk TiO2 (Rehman et al., 2009). lon-implantation technique outclasses chemical sol-gel

technique for doping transition metals ions into titania lattice (Anpo & Takeuchi, 2003;

Yamashita et al., 2003).
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Figure 5-4. Diffuse-reflectance UV-Vis spectra of the modified and neat artificial TiO> leaf.

5.3.2 Enhanced product yields by photocatalytic reduction of CO2 under visible light
The results of photoreduction of CO2 with water, after 20 h of irradiation under UV

light (370 nm), are shown in Figure 5-5. See chapter 4 for experimental details. The
photoreduction reactions catalysed by the 1.25 wt % Ru/AL samples produced CO (1.75+0.2

umol/g-cat.) and CH4 (3.65+0.45 umol/g-cat.) yields similar to those obtained using the neat
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AL under UV light. In the same manner, the product yields of the 2 wt % Ru/AL were similar
to those observed when using pure AL (not shown here). The slightly lower product yields of
the 3 wt % Ru/AL could be caused by high loading of Ru. The photocatalytic activity of titania

materials doped with metals strongly depends on the doping ratio.

There is an optimal concentration of dopant for every transition metal (Bloh et al., 2012;
Choi et al., 1994). As discussed in section 4.3.2 of the previous chapter, the dopant reduces the
recombination rate under UV light via trapping the charge carriers. On the contrary, the
recombination centres occur at a high doping ratio. The high concentration of dopant may also
lead to blocking the active reaction sites of TiO2 (Etacheri et al., 2015; Rehman et al., 2009).
However, the highest product yields are resulted by the RuO2/AL (1.3 wt % of Ru content)
catalyst. We hypothesised that there is a correlation between the surface morphology of the
RuO2/AL photocatalyst and its better photocatalytic performance. The ruthenium dioxide
crystallites form catalytic hot spots on structural defects, e.g. corners and edges (Figure 5-5
inset), at the RuO2/TiO: interface (Cargnello et al., 2013; Huang et al., 2014; Huang et al.,

2015).
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Figure 5-5. The product yields of the photocatalytic reduction of CO, with water under UV
LEDs with a maximum intensity at 370 nm (Inset: Structural defects at the RuO2/TiO>
interface). The experimental conditions are 0.2 M NaOH solution, a catalyst loading of 1 g-
cat/L, CO2 pressure of 250 kPa, 20 h of irradiation, 30°C. (i) the photoreduction reactions

catalysed by the 2 wt % Ru/AL samples showed product yields similar to that of the neat AL
(not shown here).

Improving photocatalytic activity under visible light (cf. UV only) is one of the main
areas of interest in this field. As shown in Figure 5-6, the total CO (1.1+0.2 umol/g-cat.) and
CHg (3.15+0.35 pmol/g-cat.) yields of the RuO2/AL, under green light (515 nm) after 30 h, are
almost 1.4 times higher than the total yields of CO (0.6+0.1 umol/g-cat.) and CH4 (2.5+0.35
umol/g-cat.) given by 1.25 wt % Ru/AL. See chapter 4 for experimental details. The product
yields of the 2 wt % Ru/AL were similar to those obtained using the 1.25 wt % Ru/AL (not
shown here). This is consistent with the photocatalytic performance of the 1.25 and 2 wt %
Ru/AL materials under UV light. In addition, the 3 wt % Ru/AL exhibited no apparent
photocatalytic activity in CO> reduction under green light (not shown here). In the Ru/AL

109



materials, the RuO: nanoparticles are dispersed within the bulk of TiO2 forming
heterostructures. The localized states may act as recombination centres in case of deep doping
(Etacheri et al., 2015; Rehman et al., 2009). The photocatalytic efficiency is determined by the
competition between the photoinduced electron-hole pairs transfer rate to surface and the
recombination rate. The charge carriers could not engage in the redox reactions on the surface
if the recombination rate is high. However, the Ru/AL samples with up to 2 wt % of Ru content
possessed a slightly higher total conversion of CO2 under green light compared to that given

by the neat AL.

On the other hand, the charge carriers are potogenerated at the surface of the RuO2/AL
coupled system. Under green light illumination, the hot electrons of RuO2 tend to move to
conduction band of TiO2 and leave the holes behind in RuO2 (Uddin et al., 2013). Hence, the
photoinduced charge carriers could be separated effectively due Schottky barrier. This stable
charges separation could result in higher surface charge density of the RuO2/AL. The superior
visible light activity of the surface decorated artificial TiO2 leaf with RuO2 (RuO2/AL) could
be attributed to the higher surface charge density. Higher recombination rate of the
photoinduced electron-hole pairs is expected in the materials modified via incorporation of
RuO: into the bulk of titania (Ru/AL). Noteworthy, the difference in CO2 photoreduction
yields of the 1.25 wt % Ru/AL and 1.3 wt % RuO2/AL photocatalysts is far greater than the

dopant contents difference of these materials.
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Figure 5-6. The product yields of the photocatalytic reduction of CO, with water under green
LEDs with a maximum intensity at 515 nm. The experimental conditions are 0.2 M NaOH
solution, a catalyst loading of 1 g-cat/L, CO> pressure of 250 kPa, 30 h of irradiation, 30°C. (i)
much lower product yields were recorded here due to the use of a lower energy light source.
(ii) the product yields of the 2 wt % Ru/AL were similar to that of the 1.25 wt % Ru/AL. The
3 wt % Ru/AL exhibited no photocatalytic activity under green light (results not shown).

5.4 Conclusions

In this chapter, the two most reported strategies in literature were used to enhance the
visible light activity of the biotemplated TiO> photocatalyst. The previously explained sol-gel
step was slightly modified to intercorporate the RuO2 into bulk of the titania. On the other
hand, the surface of the artificial TiO» leaf were modified with RuO, using a previously
reported method in literature. We hypothesised that the Ru** cations could not substitute in
TiO; lattice because of the much greater ionic radii compared to Ti**. We conclude that the Ru
is likely to be dispersed in the form of ultra small RuO, nanoparticles within the volume of the
Ru/AL photocatalysts. The Ru/AL samples exhibited lower efficiency in photoreduction of

CO2 under UV and visible lights compared to that of the RuO2/AL. This finding could be
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attributed to the high recombination rate of the electron-hole pairs within the bulk of the Ru/AL.
We demonstrated the advantage of the surface modification strategy (on example of RuO2/AL)
for improving the visible light activity of the titania materials. The photocatalytic efficiency
under wavelengths longer than 400 nm, which makes up more than 95% of the solar spectrum,

could be extremely attractive for solar-assisted reduction of CO2 with H2O.
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Chapter 6 - Conclusion, recommendations and future study

6.1 Summary of the work
In this thesis, a systematic study was carried out on the effects of the reaction variables
on the photocatalytic reduction of CO2 with H20. The main findings of the study are generally

detailed as:

Firstly, an improved chemical replication method was developed to replicate the full
architecture of the leaf photosystem with TiO2. Scanning and transmission electron microscopy
images of the final products confirmed that the detailed microscale framework and
nanostructures, such as the chloroplast and the thylakoids were well replicated. The novel TiO>
architecture produced from biotemplating, has highly porous network. The synthesis method
reported in this work provides a reliable and promising procedure to synthesize TiO2
hierarchical structures which could overcome the issues in controlling the structure and

crystallinity of end product associated with conventional procedures.

Secondly, the biotemplated titania materials, referred to as artificial leaf in this work,
exhibited a substantially improved photocatalytic activity under visible light. The unique
advantages of the layered TiO> nanostructure were confirmed in the preliminary photocatalytic
tests. The improved visible light photocatalytic performance could be a result of overall
morphological contribution given by the 3-D nanostructured light-harvesting system, derived
from the thylakoid membranes of the natural leaves. This finding is consistent with the

literature reporting the advanced optical properties of other titania nano-architectures. We
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hypothesised that the extrinsic excitation behaviour of TiO2 photocatalyst can potentially be

augmented by modifying its morphology without changing its composition.

Later on, the biotemplated photocatalyst with the unique pore network was employed
to catalyse the photocatalytic reduction of CO2 with water. The non-porous commercial titania
catalysts, pure anatase and well-known P25, were used as benchmark. Although the artificial
TiO2 leaves showed a slightly lower product yields of CO2 photoreduction compared to
commercial catalysts under UV light (370 nm), it increases the selectivity of the methane. The
bio-mimicked nanostructured framework also showed a higher selectivity to dehydration
reaction in the photocatalytic reforming of ethanol under UV light. Moreover, the chloroplast-
like 3-D TiO> materials leaves outperformed the product yields of P25 titania under visible
light (515 nm) more than 1.35 times. These results confirm that there is a strong correlation
between the morphology of the inorganic artificial leaves made of TiO2 and their
photocatalytic performance. We hypothesised that modifying the morphology of the
photocatalysts could alter the pathway and selectivity of the photocatalytic reactions. The
understanding of morphological contribution of the photocatalyst provided in this study, could

help to augment the efficiency and selectivity of the CO, photoreduction.

Two Kkinetic models, that incorporate the coupled reduction and oxidation effect of the
adsorptive photocatalytic reduction of CO» with water, were also validated by the products
concentration profiles. The experimental data have obtained a very good fit to the kinetic model
developed based on pseudofirst order reactions. The rate equations are independent from the
concentration of hydrogen. This finding indicates that the formation of H* cations is not the

rate limiting step of the reaction.
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Finally, the effects of modification of titania catalysts with the ruthenium dioxide were
investigated. The surface modified artificial leaves, referred to as RuO>/artificial leaf in this
work, possessed the highest activity in the reduction of CO2 under UV and visible lights. The
lower photocatalytic efficiency of bulk modified biotemplated materials could be assigned to
the high recombination rate of the electron-hole pairs within their volume. We demonstrated
the advantage of the surface modification strategy for improving the visible light activity of the
titania materials. Given that visible light with wavelengths longer than 400 nm makes up more
than 95% of the solar spectrum, the superior photocatalytic efficiency under visible light could

be extremely attractive for solar assisted chemical reactions.

6.2 Recommendations and future study

6.2.1 TiO2 photocatalysts
The study of the trapping phenomena is essential for semiconductor materials. The spin-

dependent recombination (SDR) method is suitable to obtain information about the trap centres
of the nanostructured semiconductors (Adams et al.,, 2003). Electron paramagnetic
resonance (EPR) spectroscopy could be used to investigate the trapping-detrapping phenomena
in the artificial titania leaf. In addition, stability and recyclability of the catalyst is a key
requirement for possible industrial applications. Further work on the reported new
biotemplated photocatalyst could be the cycling reuse experiments. The artificial TiO2 leaf

should be recycled and reused several times without significant loss of efficiency.

This study demonstrated the importance of the morphological contribution of the 3-D
layered nanostructure of the bio-mimicked TiO2 photocatalysts in the catalytic performance.
The advantages of TiO2 nanostructures over conventional TiO2-based flat platfroms would

promote the efforts to address energy and environmental issues. The high surface/volume ratio
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of the number of atoms in TiO2 nanomaterials play a major role in their superior light
harvesting features. Among TiO2 nanostructures, the highest surface area has been recorded
from titania aerogels (Malinowska et al., 2003; Shao et al., 2013). Yang et al. (Yang et al.,
1999) reported TiO- aerogels with a BET surface area of >200 m?/g (Figure 6-1). The large
specific surface area increases the number of surface/interface atoms. A similar systematic
study could be performed on the photocatalytic performance of the TiO> aerogels. The results

should corroborate the findings of our research.

Figure 6-1. TEM images of cubic mesoporous TiO2, reprinted from Yang et al., 1999.
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The effects of modification of the TiO, materials with RuO2 were investigated in
previous chapter. Further work in this area could focus on the decoration of the surface of the
artificial titania leaf with the noble metals cluster. Some metals cluster, e.g. gold nanoparticles,
exhibit distinctive visible-light absorption due to surface plasmon resonance. However, the
effects of metal cluster strongly depend upon the particle size. The main issue facing the
deposition methods of metal cluster is controlling the particles size and distribution on the

surface of the semiconductor materials (Mathew & Pradeep, 2014).

6.2.2 Photocatalytic reduction of CO2 with H20
The CO; photoreduction is thought to proceed through several intermediate reactions.

An understanding of underlying mechanism could help to increase the overall efficiency of
CO2 reduction via minimizing the relevant barriers of intermediate reactions. Many analytical
developments have been carried out in the area of in-situ analysis of photocatalytic reactions
in recent years. Diffuse Reflection Infrared Spectroscopy (DRIFTS) technique, is extremely
useful for identifying and quantifying intermediate species formation (Armaroli et al., 2004).
The in-situ DRIFTS analysis approach could be used to probe the surface of the photocatalysts
so as to achieve a detailed description of the exact mechanism pertaining photoreduction of

CO; on the titania semiconductors.

As discussed in the section 4.3.2 of chapter 4, interference of the products may occur
in case of photoreduction of CO2 with organic hole scavengers. Hence, the 13C labeled carbon
dioxide (**CO) and isotope labeled ethanol (CD3CD20D) should be used to investigate the
detailed underlying mechanism. On the other hand, the efficiency of photocatalytic reforming
of ethanol using TiO2 suspensions was demonstrated in this study. We recommend the

application of the proposed slurry system for photocatalytic oxidation of other alcohols in the

117



area of green chemistry and engineering. The selective oxidation of glycerol is worthy of
special mention. The commercial use of biodiesel has been rapidly expanding over the last 10
years. Glycerol plays a very important role as the major by-product (produced at a rate of about
10 wt. % of total biodiesel) toward the price trend of biodiesel. Thus, research attempts for the
conversion of glycerol into value-added substances have received enormous efforts (Ayoub &

Abdullah, 2012).

The slurry reactor is the most straightforward set up for photocatalytic reduction of CO»
with H20. However, the formation rate of CO. photoreduction products in semiconductors
powder suspended solutions is still far away from commercial application. The main issue
facing the photocatalytic reduction of CO2 in slurry system is the mass transfer limitations of
the three-phase systems. The gas phase reaction has been investigated to improve the efficiency
of CO; photoreduction (Refiones et al., 2016; Zhao et al., 2016). Although higher product
yields are reported for photoreduction of CO» with water vapour, the photocatalysts have to be
immobilized for gas-solid interface reactions. This may decrease the accessible area for both
photons and reactants (Habisreutinger et al., 2013). A less-explored approach is using
fluidized-bed photoreactor (Figure 6-2). The fluidized-bed set up significantly facilitates tuning
up of the reactants, products and photocatalyst materials. The external and internal mass
transfer limitations of photocatalyst particles could be eliminated in the fluidized-bed reactor

operated under fully developed turbulent flow (Jing et al., 2013).
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Figure 6-2. The recommended fluidized-bed photoreactor for photocatalytic reduction of CO>
with water vapour.
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Appendix

Kinetic models integrations

The equation 4-7 could be resolved as follows:

2

Cc
—dt= ———d
ey — kgc?2 O

CZ
dt=— | —= 4
f fk4—k5c3/2 ¢

Let u=+/c, ks=a and ks=b. Then du = —=dc and we have that & = 2du. Integral can
2Vc Ve

be rewritten as:

f - 2f v
ky — ksc3/2 €= —a+ bz

Simplify integrand:

zf usd—zf usd—zf aw’ “
a — bu3 u= a — bu3 w= b(a—bu3) b u

Integrate term by term:

[ [P [
bla—bud) b M7 p b(a — bu?)
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Apply constant multiple rule:

zfuzd +2f au? = zlfzd +2af u
p ¢ ba—bud) b)) ML) a=bud)

. _ uTL+1 . Al
Applying power rule [ u" du = — (h#-)withn=2:

zaf u? p Zf 2 4 _Zaf u? p 2u3
b)) abu®) ™M b )M Ty ) @b M 30

Let v = a-bu® and then we have that u?du = — ‘;—Z ,
2a f u? p 2u’ _ 2a (1 p 2u’
b)) a—bu) ™ 30" 32 )5 30
Integral of f% dv is In (v):
2a j‘ld 2u3_ 2a n () 2u?
32 J v T 3p T T3z W T 3
Recall, that v = a-bu®:
2a 2u’ 2a 2u?
_Lt _es A _hy3) 2
3p2 In (v) 3 3p2 In (a — bu>) 3
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Recall, that u=+/c, ka=a and ks=b:

c? 2k, 2c3/?
—_  dc=-— In(k, — k=c3/?) —
fk4—k503/2 T (ke = lese™®) = 3

Therefore:

c c? Co 2k4 2c3/2
t = — —dc=f - In (k, — kgc3/?) —
fco k, — ksc3/2 . 3k52 ( 4 5 ) 3ks

Given that co = 0 the integration could be resolved as follows:

2k, 2c3?2 2k,
t=— In (k, — ksc3/?) — +—Ink
Simplify:
2k4 k4 - k5C3/2> 2C3/2 2k4
t=— Ink — Ink
k> 4( k., 3ks = 3ks?
ApplyingInab=Ina+ Inb:
2k, ks 2c32 2k, 2k,
t= -2 gy <1——c3/2> - N ik —2 Ik
3ks? ks 3ks  3ks® ¢ 3k

2k k 2¢3/2
t=——2=In (1——503/2> -
3k5 k4 3k5
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The above expression could be rewritten as equation 4-8:
t = k6 ln(l - k7 C3/2) + k8C3/2

where ks = - 2k4/3k52 ,k7 = ks / ks and kg = -2/ 3ks.
On the other hand, the equation 4-9 could be rewritten as:
Tco = ko + kiz¢co

Where kg* = k9CC02 and k12 = _k10 - kll'

Therefore:

Let cco = X, kg = b and k12 = a. Integral can be rewritten as:

j dc _j dx
ki +kizcco Jax+b

Integral of fa:% dv is% In (ax+b):

] de L (ks + kiyeeg)
o c
kg + kiz2¢c0 ks ? 1270
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Therefore:

c 1 Co 1
t = — f k—ln(k; + kiz¢c0) = f k—ln(k; + k12¢co)
¢ K12 ¢ k12

Given that co = 0 the integration could be resolved as follows:

In(kg + kizcc0) — In(ks)
ks

1 1
t = —In(ks + kiycco) — —In(ks) =
k12 k12

kit = In(ks + kixcco) — In(ky)

ApplyingIna/b=Ina-Inb:

(kg + kqz2¢c0)

klzt = lTl k;

Simplify:
phizt — (ks + kiz2¢c0)
kg
m + 1 = ekazt

ks

Therefore, the formation rate of CO could be expressed as equation 4-11:

*

Cco = k_g (eff12 — 1)
12
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Replacing equation the 4-11 in equation 4-10, the formation rate of CH4 could be

expressed as equation 4-12.
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