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Abstract

Despite our efforts, the concentration of CO2 in the atmosphere is constantly rising at an
alarming rate. It is of paramount importance to develop technologies that will expedite the
reduction of the rate that CO- is released into the atmosphere. CO- utilisation technologies
consider CO; as a valuable carbon building block in a circular carbon economy approach,
where the released CO: is captured, and utilised to produce valuable chemicals. One of these
technologies is the photocatalytic utilisation of CO> for the production of solar fuels and value
added chemicals, which has the added advantage of utilising light with mild reaction
conditions. However, photocatalysis is limited to the absorbed light energy and CO: is a very
stable molecule which requires a large amount of energy for its conversion. Therefore,

designing highly efficient materials as photocatalysts becomes a very important task.

The current thesis is concerned with the growth of titania 1-3D hierarchical hyperbranched
nanorods (HBNS) on fluorine-doped tin oxide (FTO) conductive glass as thin films to be used
as photocatalysts for CO reduction reactions. This thesis is focused on investigating the
capabilities and photocatalytic behaviour of the titania HBNs material. The HBNs were found
to have improved light harvesting when compared to Degussa P25 TiO> (48.2 to 28.6 umol m’
25, attributed to their 1-3D morphology. P25 is a blend of mainly anatase and traces of rutile
phase TiO2, commonly used as a benchmark for photocatalytic applications. P25 was supported
on FTO glass and its performance was compared with that of FTO supported HBNs. This
thesis is presented as a collection of published bodies of work, where the HBNs are
characterised, modified and tested in photocatalytic reactions. In more detail, two reactions are
presented, firstly the CO2 photoreduction to produce solar fuels such as CHs4 and CO. The
HBNs were found to have superior conversion rates (up to 8.7 umol gear* h™*) compared to P25
(6.9 umol geart h™) but, more importantly, offer the ability to shift the selectivity of the reaction
product from CO to CHa, utilising a facile phase altering treatment. Additionally, the HBNs
were loaded with CuO and RuO: and their performance was investigated and compared. CuO
has shown the ability to improve the optical properties of the material, while RuO> exhibited
improved charge separation and suppressed the recombination rate, which led to further

improvement in the photocatalytic performance. The second reaction is the CO> cycloaddition



to epoxides, for the photogeneration of cyclic carbonates, which are primarily used as
electrolytes in Li-ion batteries amongst others. In the current thesis it is demonstrated that a
photocatalytic approach is possible for this reaction. Additionally, RuO>-HBNs are shown to
be the best performing photocatalyst in terms of conversion. The main appeal of the
photocatalytic approach is the significantly milder reaction conditions (below 55 °C and 200
kPa) when compared to the conditions currently being used in the industry (100-200 °C and 5-
10 MPa).
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Chapter 1

Introduction

11 Energy sector overview
The increasing concentration of anthropogenic CO> and other greenhouse gases (GHG)
in the atmosphere is a great concern due to their detrimental effects on our climate.
Annual global CO2 emissions show that in the year of 2000 the CO2 emitted was 25.12
billion metric tonnes while the latest pre-pandemic data of 2019 show a significant
increase to 36.44 billion metric tonnes. The energy demand is constantly rising due to
the increasing population and our high energy-demanding lifestyles. The global energy
sector and industry remain heavily reliant on fossil fuels despite the efforts made towards
more sustainable energy sources.[1] It is important to note, for a comprehensive
understanding of the issue, that the largest contribution of CO2 emissions comes from
power generation, electricity and heat production derived from fossil fuels. On the other
hand, relatively mature technologies such as hydrothermal, wind, solar energy amongst
others provide alternative ways of tapping into large energy reserves without the harmful
side effects to the environment, enabling a more sustainable future. The challenge
remains, to develop new technologies that are both economically viable and

environmentally sustainable, in a relatively short timeframe.

TOTAL ENERGY CONSUMPTION

Figure 1.1 - Scottish energy sector breakdown for 2019 [2]



In Scotland, heat energy has the highest demand of approximately 50% of the
entire energy sector, followed by transport energy at 25% and electrical energy at 22%
(Figure 1.1). Heat and transport energy which account for 75% of the entire energy
requirements according to government reports for 2019[2] remain heavily fossil fuel
based sources, while noteworthy advances have been achieved for renewable electrical
energy sources.[3] The more challenging energy sources for heat and transport need to
be addressed as they account for a significantly larger percentage of the total energy
requirement. As can be seen in Figure 1.2, out of 23.8% total renewable energy sources,
only 3.2 % and 1.3 % are heat and transport energy sources respectively, while 19.4 %
accounts for the renewable electricity sources. Unfortunately, the idea of complete
electrification of the heat and transport energy sources is practically very unlikely as it
would require unrealistic multiplication of the current renewable electricity infrastructure
as well as solving very challenging electricity storage and transport issues. It is therefore

paramount that researchers focus their attention on renewable heat and transport energy.

Figure 1.2 - Renewable energy breakdown of Scottish energy sector in 2019 [3]

1.2 Carbon Capture Utilisation and Storage technology
Carbon Capture Utilisation and Storage (CCUS) aims to capture CO2 primarily from high
emitting sources or hubs, utilise the captured CO> as feedstock in industrial processes

producing valuable chemicals or fuels, and storing the remaining (not utilised) CO under
2



impermeable rock formation or large reservoirs underground. There are numerous
sources of anthropogenic CO2, either large scale sources such as power generation
industry, steel and cement industries, or medium scale sources related to commercial and
industrial buildings as well as small scale sources like the transportation sector. The
largest contributor is considered to be the fossil-fuel combustion process mainly related
to power generation and oil refining processes. According to literature reports, the coal
boiler fossil fuel power production process is responsible for 59.69% of the total CO-
anthropogenic emissions globally, followed by cement, iron and steel production at
6.97%.[4-6]

The UK government has adopted emission targets in line with the Paris agreement
which would require a 63 % reduction of carbon emissions from the year 2019 to 2035,
in order to achieve the net zero target, set for the year of 2050. Some of the headline
actions set by the UK government as (mid-way) targets for the year 2030, include plans
regarding offshore wind, electric vehicles, emissions reductions in manufacturing and
refining sectors, tree planting, peatland restoration, nuclear power and CCUS as outlined
in the Climate Change Committee (CCC) report of 2021.[6] In more detail the target set
for CCUS, was developing infrastructure capable of capturing and storing 10 MtCO>
annually, across four industrial clusters. However, under the review of CCC it is
suggested that the target should be revised to 22 MtCO- across at least 5 industrial clusters
to be in line with the 2050 net zero target, under the legally binding commitment of
Climate Change Act (2008).[6] CCUS has the potential to suppress CO2 concentration
in our existing industrial and power generation infrastructures, thus providing a path
towards the decarbonisation of the industrial and energy sector. Additionally, suggestions
of CCC include that all Energy from Waste (EfW) plants are retrofitted with CCUS from
the late 2020s, as well as introducing policy for new plants to be constructed with CCUS
or be CCUS ready.[7]

The UK government has also committed to reducing carbon concentration while
maintaining a rising economic sector with their “Clean Growth Strategy” program. In
October 2017, the government has made a commitment in using CCUS approach and low
carbon technologies to decarbonise the industry sector which falls in agreement with the
“European Green Deal communication” program to achieve the global climate goals. The
goal of the UK government is to demonstrate international leadership in CCUS with
global partner collaborations investing up to £100 million in CCUS and work closely with
the industry sector to deploy CCUS at scale in the UK.[8]

3



Despite all the plans and targets that were mentioned above, to this date no CCUS
unit is operational in the UK to the best of the authors knowledge. This raises concerns
regarding the genuine intentions of the UK government to achieve the targets that were
set. CO. utilisation can be part of CCUS but can also be applied as a standalone
technology. The lack of any operational CCUS units to date, might suggest the need to
focus our efforts on technologies of smaller scale but easily applicable, such as CO>
utilisation techniques. CO> Utilisation is discussed in more detail in the following section.

1.3 COq2 utilisation
CO. utilisation attempts to shift the current perspective towards CO,, where CO, will be
considered as a valuable feedstock and source of carbon, rather than an environmentally
harmful waste chemical. The utilisation approach has the potential to utilise
approximately 500 million metric tonnes (out of 35-36 billion metric tonnes) per year

globally and can be divided into five sections as shown in Figure 1.3.

The five utilisation divisions are briefly discussed below. Mineralisation is the
reaction of CO. with minerals to form carbonates, which are most commonly applied in

cement and steel industries with a large potential of CO2 sequestration.

Enhanced Oil Recovery (EOR) is by far the largest CO- utilisation technology,
where CO:> is injected into oil reservoirs is used to enhance the oil extraction. It is
important to note that EOR does not chemically convert CO2 and is used to extract fossil

fuels, consequently releasing more CO> in the atmosphere.

The biological conversion of CO> follows the photosynthetic route where algae
directly absorb CO2 from the atmosphere and produce biofuel. Various industries are
utilising CO2 directly, commonly used in carbonation of beverages, food preservatives

and as a refrigerant.[9]

Lastly, the chemical conversion of CO: approach can produce important
chemicals such as urea, formic acid, organic carbonates, cyclic carbonates and
polycarbonates amongst others. These chemicals have important applications in the
industry, for example urea has significant applications mainly as a fertiliser amongst
others and formic acid is primarily used as preservative in livestock feed. Carbonates are

used by the cement industry and cyclic carbonates (CCs) are implemented as electrolytes



in lithium-ion battery technology. Additionally, CO> can be chemically converted to

produce hydrocarbons used as fuels, mainly methane (CH4) and carbon monoxide (CO).

The current thesis is concerned with the photocatalytic conversion of CO2 and
more specifically with the photocatalytic reduction of CO> to produce CO and CHg, as
well as CO- photocatalytic conversion to CCs. Photocatalysis is an attractive approach
as it has the potential to produce valuable chemicals and solar fuels utilising solar
irradiation as the energy input resulting in mild reaction conditions (55 °C and 200 kPa
as opposed to 100-200 °C and 5-10 MPa). Photocatalysis is discussed further in the

following section 1.4.
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Figure 1.3 - CO2 Source Capture and Utilisation processes.[9]



1.4 Underlying principles of photochemistry

1.4.1 Light absorption

Axiomatically, absorption of light must precede for photochemistry processes to occur
and this known as the first law of photochemistry. When there is interaction of
electromagnetic irradiation with a material three different things might occur. The light
can be transmitted through the material, or reflected off of its surface, and light can also
be absorbed by the material.[10] If we assume the incident light intensity to be I, then
the transmitted, reflected and absorbed light intensities would be I, I, and I,

respectively.[11] Experimental observations have shown that:

Iy + Ir < I (1.1)
This is attributed to the absorbed light. It can then be derived that:

Iy = Ig+ 1 + 1, (1.2)

Given Eq.1.2, dimensionless coefficients can be implemented with values from 0-1 that
refer to (T) transmittance, (R) reflectance and (A) absorbance. These coefficients can be
defined as follows, i.e for (R) reflectance, the ratio of the Reflected light (Iz) to the

overall incident light (I).

I, = Al (1.3c)

Light absorption is essentially a transfer of energy from an electromagnetic field
to a molecule, or more specifically the transfer of photon energy into the energy of
electronic excitation (see section 1.4.3). Given the conservation of energy, we can derive

the conclusion that:

R+T+A=1 (1.4)

1.4.2  Electromagnetic radiation
Electromagnetic radiation consists of electromagnetic waves. An electromagnetic wave
consists of an electric and magnetic field travelling through space at right angles to each

other and there is a wide spectrum of electromagnetic waves with varying wavelengths



from 108 m down to 10"®*m. There is an inverse relationship of wavelength to frequency
as shown in Eq.1.5:

c=2v (1.5)

Where ¢ is a constant and represents the speed of light (~3x108 m/s), A is the wavelength
(m) and v is the frequency (Hz). Higher frequency waves have more energy as described

by the Planck-Einstein relation Eq.1.6.
E =hv (1.6)

Where E = energy (J) and h is Planck’s constant (6.626x103* J s).[11] Consequently,
longer wavelengths possess lower energy as electromagnetic waves. For photochemistry
applications typically infrared (IR), visible (VIS) and ultraviolet (UV) radiation are
commonly used. Longer wavelengths like far-infrared tend to cause vibrational excitation
to molecules which results in heat, and shorter wavelengths like X-rays cause ionization

of atoms.

Electromagnetic radiation has the ability to be absorbed or reflected, which is a
property of waves. However, in certain situations electromagnetic radiation was found
to behave as particles with properties of matter. The quantum theory of light suggests
that light travels in bundles of waves (quanta), and each of these bundles, behaves as a
particle, a photon. Each photon contains a packet of energy which is accurately calculated
with the Planck-Einstein relation mentioned above. Photons have been found to have
mass upon interaction with matter, (particle behaviour), this is explained with the

relativity equation (Eq.1.7).[12]
E = mc? 1.7

Also, light has been proven to interfere, diffract and reflect which are all characteristics
of waves. This wave and particle behaviour of light is often called the duality of light
and it was first introduced with the discovery of the photoelectric effect. The
photoelectric effect describes the observation that when electromagnetic irradiation with
certain energy (hv) or higher, collides with a material surface, electrons are emitted. For
each material the energy threshold in which electrons are released is different. This
behaviour suggests that light comes in discrete amounts of energy rather than waves.[13]
This discovery explained the quantized nature of light and introduced the concept of
photons. Additionally, it was observed that when the incident electromagnetic irradiation
was of higher energy than the energy threshold required for the specific material, the
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excess energy was converted into kinetic energy of the photoexcited electron. Therefore,
increasing the irradiation frequency resulted in higher kinetic energies of the same amount
of photoexcited electrons. When the irradiation energy (frequency) was kept constant,
but a higher amount of light of that same energy (wavelength) was shown on the material,
a higher number of electrons were released. This discovery was awarded with a Nobel
prize for Prof. A. Einstein and it marked the beginning of quantum physics.

1.4.3 Energy levels, Excitation and Relaxation processes

As the second law of photochemistry states, one molecule can absorb one photon. The
energy of the photon absorbed is transferred into the electron which is then excited from
the ground state to a higher energy level. This is referred to as excitation. So refers to the
ground state while Si, Sy etc refers to higher excited singlet states where Egy < Eg; <
Es,.[11] A singlet state is defined as the electronic state that has no unpaired electrons,
meaning that its electrons possess opposite spins, or more accurately, intrinsic angular
momentum, and their net angular momentum equals zero.[14] The main difference of a
triplet to a singlet state is that in a singlet state the electrons are of opposite spin while in
a triplet state the electrons possess a similar spin direction and their net angular
momentum value is 1. A singlet, doublet and triplet state have 0, 1 and 2 unpaired

electrons respectively.

Each atom has excitation states with discrete energy levels that electrons can be
excited to. The incident photon has to have a certain frequency which matches the
absorption spectrum of the irradiated atom in order for the photon to be absorbed and
excite the electron. If the Epnoton > Es1 then the incident photon can be absorbed, and the
electron is excited to the S; excited state. The excited electron will then attempt to return
to its equilibrium state the ground state So.[10] This process can happen very rapidly via
non-radiative relaxation called internal conversion (102 sec), or via radiative relaxation
by emitting a photon of less energy compared to the absorbed energy due to internal
collisions.[15] These processes are shown in detail in the Jablonski diagram in Figure
1.4.[15] The main process of radiative relaxation is called fluorescence and is a fast
process (10° to 107 seconds). The internal collisions that occur moving through the
vibrational levels will reduce the fluorescence intensity, such processes are often called
guenching effects. Another radiative relaxation process that the electron can follow to

relax back to So is phosphorescence which involves two steps.[10] First step is the



intersystem crossing of the electron from the Si (singlet) excitation level to the first triplet
excitation level T1 which is slightly lower in energy and only then it emits a photon to
release back to the ground state So similarly to fluorescence process. This process takes
longer to occur, 10 to 10 seconds. This causes the material to continue emitting light,
shortly after there are not incident photons to be absorbed. These are the basic processes
that an excited electron can return to its ground state.[15]

Each electronic excitation level has several vibrational levels that are responsible
for the internal conversion energy mentioned earlier. An excitation of an electron from
So to S1 can happen from any vibrational level of the ground state, with different
probability to one another as shown in Figure 1.4.[16] Similarly, the photoexcited
electron can be excited to any vibrational level of the S; electronic energy level.
However, immediately after the absorption of a photon, there are several processes that
might occur, the most common being the relaxation to the lowest vibrational energy level
of the S1 excited state (internal conversion). The excess vibrational energy is dissipated

into heat which is transferred to neighbouring molecules though collisions.

Internal
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Figure 1.4 Schematic representation of excitation and relaxation
processes (Jablonski Diagram). [16]



1.4.4 Photocatalysis

A photocatalytic reaction can be defined as the chemical reaction induced by the
absorption of electromagnetic radiation of a material which remains chemically
unchanged after the reaction. Therefore, the term photocatalysis, refers to a group of
photocatalytic reactions where the primary reaction is initiated by the absorbance of
photons from electromagnetic irradiation. The material exhibits a catalytic behaviour
without any changes to its chemical compositions and structure and is therefore referred

to as a photocatalyst.[17]

As discussed in the previous section 1.4.3, when light is absorbed by a
semiconductive material, electrons are excited from the valence band to the conduction
band. These excitons (excited particles) are referred to as photogenerated electron-hole
pairs. At that moment the conduction and valence band possess reduction and oxidation
potential respectively. The recombination of these photogenerated excitons via the
processes mentioned in section 1.4.3, be it radiative (photoluminescence) or non-radiative
(internal conversion), is something that works against the quantum efficiency of a
photocatalyst and is desired to be reduced when designing a material for photocatalysis
application.[18] Recombination of photoexcited charge carriers mainly occurs in the bulk
of the catalyst and typically the process takes 10-100 nanoseconds, however, it can be
prolonged if the charge carrier species are separated. The recombination effect can also
be reduced by introducing electron trap sites such as defects or by incorporating suitable
metal nanoparticles to act as scavengers which could provide a better chance for the
charge carriers to migrate to the surface of the photocatalyst and be utilised to drive

chemical reaction.[19]

1.45 CO2 Photoreduction

One promising CO: utilisation technology is CO> photoreduction which has received a
lot of attention from the academic community.[20] It is a particularly attractive reaction
due to its potential to produce solar fuels and chemicals such as CH4 and CO using light
as the sole energy input and H20 as an electron donor.[21] As mentioned in section 1.1,
developing ways of producing renewable heat sources is paramount for a sustainable
future. CO2 photoreduction could provide a pathway towards that goal. While CO>
photoreduction has been studied for the last four decades, research for a detailed
understanding of the CO> photoreduction mechanism is still ongoing. The process

involves complex sequential multi-electron processes occurring at varying timescales
10



from fs to s, which makes investigation a challenging task. However significant
advancements have been made which provide an understanding of the underlining
mechanisms. In general, when light is absorbed by the photocatalyst, an electron is
excited from the occupied valence band (VB) to the empty conduction band (CB),
generating an e/h* pair. Subsequently, the photoexcited charges migrate to the surface
of the photocatalyst to reduction and oxidation sites respectively. The adsorbed CO; and
H20O molecules on the surface of the photocatalyst are reduced and oxidized respectively

via electron exchange with the photoexcited semiconductor surface.

When the CO2 molecule is adsorbed on the surface of the semiconductor, the
molecule is activated due to the bend (CO2*) that is introduced to its otherwise linear
structure.[22] The CO2* is capable for charge transfer from the material leading to a
partially charged CO,™® (activated) which is thermodynamically favourable for electron
injection into the CO2 molecule.[23] The discussed mechanism is illustrated in Figure
1.5.[24] Fourier transform infrared spectroscopy (FT-IR) studies have shown the
presence of carboxylated groups such as CO2* and has been able to identify the increase
under illumination conditions.[24-26] Oxygen vacancies have been shown to be able to
adsorb the CO2 molecule and liberating the CO by Scanning Tunnelling Microscopy
(STM) studies, which could explain the CO production observed in the reaction.[18, 27,
28]

V vs NHE @ pH=7 co, CH,
-1.5-] CO,*°
-1 (0{0]
-0.5- + CB
0_
0.5
1
1.5
25 H,O
2
2.5 Ve
@6
TiO,
“OH + H*
O 0,

Figure 1.5 — CO2 photoreduction mechanism diagram [23, 24]

Reduction is only possible when the potential of the photoexcited e is more
negative than the reduction potential and similarly the oxidation occurs when the h* has
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a more positive potential than the oxidation potential. It is therefore important that the
VB and CB of the semiconductor used as a photocatalyst, are positioned at a
thermodynamically beneficial position in relation to the redox potentials of the
reaction.[19] The electrochemical potentials for CO> reduction and H>O oxidation are
shown in Table 1.1 with reference to normal hydrogen electrode (NHE) at pH 7 in
aqueous solution, °25 C, and 1 atm gas pressure. COz is a stable non-polar molecule due
to its double carbon oxygen bonds with high energy requirements for bond cleavage to
affect its conversion (C=0, bond enthalpy AH° = 805 kJ.mol™?). The conversion of CO;
to solar fuels is a series of uphill or non-spontaneous reactions. For example, to convert
CO; to CO the Gibbs energy value is AG°= +257 kJ.mol™ while for CH4 the Gibbs energy
is AG°= +818 kJ.mol™1.[29] This high energy requirement is translated to low conversion
rates which is one of the main challenges of CO> photoreduction. Additionally, the most
widely used photocatalyst (TiO.) suffers from deactivation which then requires a re-
calcination step to re-activate the photocatalyst. Given the high energy requirements, in
addition to the reaction limitation of light as the only energy input source, highly efficient
photocatalyst design becomes a highly important task. Designing an efficient

photocatalyst material is the aim of the current thesis, as is discussed in section (1.6).

Table 1.1 — Electrochemical (Nernst) potentials for CO> reduction and H>O oxidation
reactions with reference to normal hydrogen electrode (NHE) at pH 7 in aqueous solution,
°25 C, and 1 atm gas pressure [30, 31].

_ E® (V) s
Reactions NHE at pH 7
1 2H,0 + 4h* - O, + 4H* +0.82
2 CO; +e > CO,, -1.9
3 CO2 + H"+ 2e" = HCO~, -0.49
4 COz + 2H* +2e" - CO + H,0 -0.51
5 2H*+2e > H, -0.41
6 CO; + 8H* +8e" = CHa + 2H,0 -0.24

12



1.4.6 Photo-generation of cyclic carbonates

The production of cyclic carbonates (CCs) by the coupling of CO. and epoxides is a
mature COg utilisation industrial application and it has been commercially available more
than six decades.[32] CCs are valuable monomers, polymers and fine chemical
intermediates. They also have applications in pharmaceuticals but arguably their most
important role in the industry is their use as electrolytes in Li-ion batteries. Li-ion
batteries are widely used in our modern lifestyle and their demand is constantly rising.
More importantly, with the emerging electric vehicle market, the projected future
demands for Li-ion batteries are dramatically increasing. The global market demand for
2020 was estimated at 215 GWh. The predicted demand one decade later reaches up to
1,515 GWh for the year 2030.[33]

Currently, in commercial production of CCs, homogeneous catalysts are being
used, such as quaternary ammonium[34] or phosphonium halides. Although these
homogeneous catalysts are cost-effective, they require harsh reaction conditions.[35]
More specifically, the reaction conditions were reported to be at 100-200 °C, and 5-10
MPa.[36] Furthermore, since these catalysts are corrosive, the reactor materials for the
particular reaction tend to be expensive. For these reasons, the generation of cyclic
carbonates has received a lot of attention in the literature.[37-39] Recently, new methods
have been proposed for the synthesis of CCs.[37, 40-42] Many researchers used other
homogeneous catalysts, for example (salen)Cr(I11) complexes[43], (salen)Co(lll),[44]
(salen)Mn(l11),[45] and supramolecular metal complexes.[46] However, they have been
reported to exhibit low catalyst stability and air sensitivity.[42, 47, 48] More importantly,
homogeneous catalysts require extensive recovery and purification steps which creates a

slow and expensive reaction process.

To mitigate the above issues mentioned regarding the homogeneous catalysts,
researchers have focused on heterogeneous catalysts for the synthesis of CCs.
Heterogeneous catalysts can offer an easier and cheaper separation step and convenient
handling. Researchers have reported Zn-ZIF-67 Metal Organic Frameworks (MOFs)[49]
Fe(I1[50] and bimetallic complexes[47] to catalyse the cycloaddition of the CO:
molecule to the open ring of epoxides at the C-O bond for the generation of cyclic
carbonates.[51] Co-catalysts are often used to facilitate the epoxide activation and ring
opening. This is achieved with a nucleophilic attack to the oxygen atom bond. Most
commonly used co-catalysts are DMAP (4-Dimethylaminopyridine)[36, 52] and TBAB
(tetrabutylammonium bromide)[53, 54]. The activated CO> can then attach to the opened
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ring forming a cyclic carbonate molecule.[55] Recently, Prajapati et al. revealed the first
photocatalytic generation of CCs using cobalt pthalocyanine grafted on TiO,. An
impressive 94.2% conversion was reported after 24 h of irradiation at 25 °C and 1 atm.
The reaction was monitored by thin layer chromatography (TLC). After the completion
of the reaction, the solvent was removed using the rotary evaporator and the crude product
was purified by column chromatography. The conversion and selectivity of the products
were determined using GC-FID.[56] It is important to note the dramatic decrease in both
temperature and pressure when comparing the photocatalytic route to the previously
mentioned existing industrial reaction. The photocatalytic approach has shown to have
the potential to be an environmentally friendly approach, with a significant cost reduction
in terms of energy expenditure, yet promising results.

1.5  Titania photocatalyst
As a photocatalyst, TiO2 has become one of the most popular materials for energy and
environmental applications such as solar fuels, photovoltaics and environmental
pollutants degradation.[57] The increase of scientific interest around TiO2 was fuelled
by the publication of Fujishima and Honda on the electrochemical photolysis of H2O
under UV irradiation back in 1972. Another important milestone was the invention of
commercially viable dye-sensitized solar cells (DSSCs) devices by Gratzel and O"Regan,
in 1991, where replacing bulk TiO2 with TiO2 nanoparticles a few nanometres in size,
allowed for high enough efficiency (light-to-energy 7.1 - 7.9 %) for commercially viable
device.[58] Since then, TiO2 nanostructures have been widely investigated by material

engineers and scientists.

Due to the high energy requirements for CO. conversion associated with the
double carbon-oxygen bonds and linear formation, the photocatalyst material is required
to perform well in maximising light harvesting, have a negative enough conduction band
potential to effectively reduce CO,, and selectivity towards the target products of the
reaction (see Table 1.1). TiO and titania based photocatalysts are widely researched in
photocatalytic applications for CO: utilisation reactions. The main advantages of TiO>
are its chemical and thermal stability, low cost, good photoactivity with high charge
transfer potential and an effective redox potential for CO2 reduction. On the other hand,
its photoactivity is limited to the UV light range which is attributed to its wide band gap

energy of 3.2 eV and 3 eV for the anatase and rutile crystal structure respectively. The
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3.2 eV band gap energy corresponds to a wavelength of 375nm which falls into the UV
light spectrum, which limits the solar light absorbance to 5 % of the entire solar spectrum.

There is a broad range of modifications that can be implemented to alter the
optical and electronic properties of TiO. to modify its behaviour to the desired effect.
The incorporation of foreign elements as dopants in the crystal lattice, or the construction
of heterojunctions using other oxides or noble metal particles have been widely applied
to achieve better performance. In this thesis, the use of titania hyper-branched nanorods
(HBNs) thin film is presented and proposed as a photocatalytic material for CO>
utilisation applications. The HBNs have a 1-3D hierarchical nanostructure composed of
1D nanorods (lower dimension building blocks) growing in all directions. Their
morphology allows for improved light harvesting and enhanced charge mobility.[56]
During the last decades there is an increasing number of scientific studies concerned with
the investigation of more complex morphological alterations as a way to further improve
the photocatalyst performance in terms of light absorbance and conversion yields.[29]
These are discussed in detail in the following Chapter 2, which is dedicated to various
modifications techniques and morphological alterations that researchers have
implemented to affect the photocatalytic behaviour.

1.6 Research aim and objectives
As was discussed earlier in previous section 1.4.5 and 1.5, designing an efficient
photocatalyst for CO> utilisation applications is an important and challenging task. An
efficient photocatalyst must have primarily enhanced light absorption, favourable
electrochemical potential (reaction specific), high charge transfer and mobility and
product selectivity. The aim of the current thesis is the fabrication of a novel
photocatalyst material for CO> utilisation reactions, particularly, CO photoreduction and
photocatalytic CO- cycloaddition to epoxides. The titania HBNs have been developed as
part of this process. To effectively achieve this goal, four main areas of focus were
pursued. These main areas of focus are outlined as the objectives listed below followed

by a brief description:

1) Enhance the electronic properties of the titania HBNs photocatalyst.

To affect the electronic properties of the photocatalyst material several properties were

considered. These include thermodynamically favourable electrochemical potentials,
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photoexcited charge recombination rate and charge mobility & migration. This objective
was addressed in the research presented in Chapters 4 and 5 of this Thesis.

2) Improve the optical properties of the titania HBNs photocatalyst.
The optical properties of a photocatalyst are essential for efficient photocatalytic
behaviour. Attention was directed mainly to light harvesting capability and wavelength
absorption range. This objective was addressed in the research presented in Chapters 4
and 6 of this Thesis.

3) Introduce tuneability and control.
Tuneability and control refers to modification techniques which could offer an element
of control over the performance of the photocatalyst. These modifications could affect
selectivity, conversion rates, light wavelength absorption range, recombination rate etc.
This objective was addressed in the research presented in Chapter 4.

4) Consider ease of use & ease of fabrication.
Lastly, ease of use and fabrication would include ease of use in both liquid and gaseous
systems without the need for complex separation/purification techniques and use of
simple fabrication techniques without many or difficult steps. This objective was
addressed in the research presented in Chapter 6 of this research.

1.7  Thesis structure
Designing efficient purpose-build photocatalyst material involves careful consideration
of the requirements of the reaction and reaction conditions the photocatalyst is designed
for, as well as applying appropriate modification techniques to affect the optical and
electronic properties of the fabricated photocatalyst. Chapter 2 is concerned with the
modifications that can be used to affect the optical and electronic properties of the
photocatalytic material. Namely, these include morphological alterations, thin-film
immobilisation techniques, elemental doping, heterostructure formation and fabrication
techniques such as hydrothermal and solvothermal. A detailed analysis of modification
and fabrication techniques as well as relevant studies from the available literature are

presented. Moving on in Chapter 3 the process of developing the hierarchical 1-3D titania
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HBNs morphology synthesis recipe is described. Additionally, a review of the analytical
techniques that were used in the current thesis is included.

The experimental part of this thesis is presented as published articles in the
following chapters (Chapters 4-6). Each publication is preceded by 4 and followed by 1
additional section. The 4 preceding sections are listed below.

1) Aim and objectives
2) Highlights and key findings
3) Research impact

4) Personal development

After these 4 sections the published article is presented. Following the publication there

is 1 more following section as listed below.
5) Further research (Not published work)

The aim and objectives section describes what the study was trying to achieve (aim) and
how the study was structured (objectives). Highlights and key findings is a summary of
the important outcomes of the study. The Research impact section discusses the study
and its value into context within the field of photocatalytic CO utilisation. Additionally,
Personal development is discussed as a result of the study. Lastly, the further research
section which comes after the publication describes any work that has been done after the
article was published and presents complimentary research work. At the end of each

chapter there is a reference section.
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Chapter 2

Material design and morphology

The current thesis is concerned with the fabrication of purpose-built photocatalyst
material for CO utilisation reactions. There is a plethora of material fabrication and
modification techniques available in the literature. This chapter reviews the fabrication
and modification techniques that were effectively used for the photocatalysts produced as
product of the research presented in this thesis. The aim of this chapter is to provide
insight and context for the techniques applied for the fabrication of the hyper-branched

nanorods (HBNSs) thin films as photocatalyst for CO, utilisation reactions.

2.1  Material design
In pursuit of designing highly efficient photocatalyst materials, there is a wide range of
material fabrication techniques and modifications that can be applied. These
modifications will affect the properties of the materials, and therefore, influence their
photocatalytic behaviour. Consequently, it is important to understand the possible effects
of each modification approach in order to design advanced materials that are purposely
fabricated to perform specific tasks.[1] Fabrication and modification techniques can
affect both optical and electronic properties, for example light absorption, band gap
narrowing, light harvesting, redox potential and charge transfer, charge separation etc.
Some of these fabrication techniques and modifications that are relevant to the current
thesis are discussed in the following sections. Initially, the effects of morphological
alterations are discussed in section 2.1.1. Photocatalyst immobilisation is discussed next
as a method of altering the photocatalytic behaviour of materials in section 2.1.2. In the
following photocatalyst modification section the effect of elemental doping (section
2.2.1) and heterojunction formation (section 2.2.2) are analysed. Lastly, a section
regarding the synthesis of photocatalyst using hydrothermal and solvothermal treatment
is discussed (section 2.3). The discussion in this chapter involves relevant studies drawn

from the literature.

2.1.1 Morphology
One of the most impactful properties of a material is its morphology and morphological

features, as they can alter the behaviour of a photocatalyst material in numerous ways.
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This is partly because morphology encapsulates various properties, such as particle size,
shape, architecture, texture and porosity. Advanced material design studies heavily rely
on morphological alterations to create highly efficient purpose-built task specific
materials.[1, 2] There is a plethora of various morphological architectures available in
the literature, from simple spherical nanoparticles (NPs), nanorods[3], to dendritic
nanowires[4], and more complex architectures, such as hollow double shell and core-shell
materials[5] each exhibiting individualised behaviour. The primary role of a functional
photocatalyst semiconductor material is to efficiently harvest light in order to stimulate

the production of photoexcited charges for the subsequent photocatalytic reactions.

3D hierarchical nanostructured TiO. photocatalysts have been widely reported
exhibiting enhanced light absorption through multiple reflections as a result of their
morphological features. Particularly 1-3D nanostructures have been reported as more
appealing than nanoparticle spheres (also referred to as 0D NPs or quantum dots) as they
effectively scatter light, and therefore, enhance the overall light absorption of the
photocatalyst.[6] However, while morphology can increase the amount of light absorbed,
it is unable to widen the wavelength absorption range of the material. The limited
wavelength absorption range is one of the main disadvantages of TiO2 because it absorbs
light only in the UV range due to its wide band gap. To overcome this shortcoming of
TiO, researchers have implemented other techniques, such as elemental doping (section

2.2.1) to extend the wavelength range of TiO into visible light.

Another important property of an effective photocatalyst is the ability to transfer
the photogenerated charge to the surface of the material where any photocatalytic reaction
would take place. Therefore, introducing internal electric fields (IEF) can induce charge
separation to avoid the recombination of the photoexcited charges and promoting charge
mobility become desired attributes for a photocatalytic material. 1D nanostructure
building blocks have shown to have enhanced charge mobility, and thus, reducing charge
recombination.[7] 3D hierarchical nanostructures are built up using lower dimensional
building blocks like spheres, sheets, wires, rods, tubes, etc. The resulting 3D hierarchical
structures retain the benefits of their lower dimensional components, whilst they benefit
from the advantages of the 3D structure in a synergistic manner.[6] For example, a hyper-
branched superstructure that consists of 1D nanorods, retains the improved charge
mobility associated with the 1D components yet benefit from the improved light
harvesting associated with the superstructure as discussed above. Relevant studies with

hierarchical structures are reviewed in the next paragraph.
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Nguyen-Phan et al. designed a 3D sea-urchin like TiO> doped with ruthenium, which was
composed of 1D nanorods, to stimulate the visible-light driven Hz production. The
fabricated 3D sea-urchin like TiO2 exhibited improved light absorption and charge
separation while the ruthenium doping allowed the photocatalytic reaction to take place
under visible light by introducing defect impurity levels, such as oxygen vacancies. It
was found that the optimally doped Ru-TiO sea urchin material produced 15 times more
H> when compared to the undoped TiO2 under visible light.[6] Wang et al. fabricated
microspheres composed of 2D anatase TiO2 nano-sheets for dye-sensitized solar cells.
The material was reported to exhibit enhanced light scattering and enlarged surface area
compared to P25. Also, the 2D nanosheet lower-dimension components of the
microspheres superstructures exposed the high surface energy facet [001], and it was able
to outperform P25 TiO, by producing 36% higher current density (11 mA/cm? for P25
TiO; as opposed to 15 mA/cm? for as-prepared 2D nanosheets TiO spheres).[8] Kong
et al. achieved a similar morphological structure composed of rutile nanoneedles
decorated with TiO2 nanoparticles (NPs) as the support for a quantum-dot-sensitised solar
cells (QDSSCs). The material demonstrated enhanced light harvesting efficiency due to
internal light scattering and charge collection as a result of reduced recombination rate
and was able produce 20% higher current density.[9] Fang et al. demonstrated that the
microspheres composed of 2D nanosheets, due to their large surface area for dye loading
in addition to the light scattering properties, provide higher current density and have

enhanced incident photon-to-current conversion efficiency for DSSCs.[10]

As mentioned earlier (section 2.1.1), porosity is another important and impactful
morphological feature. Porosity typically enhances surface area and shortens the distance
the photo-excited charge that is required to reach to the surface of the photocatalyst and
therefore inhibits bulk recombination and enhances conversion rates. It should be
mentioned at this point that the work presented for CO2 photoreduction refers to a gaseous
system which could benefit from porosity as mentioned above. However, in agueous
systems porosity might cause some hinderance due to bubble trapping which could block
the reactants from reaching the photocatalytic sites. Zhang and Yu fabricated hierarchical
porous titania (HPT) spheres. Mesoporous frameworks were aggregated to form meso-
and macro-porous hierarchical structure and was reported to have 50% higher
photocatalytic activity when compared to non-porous P25 in the reaction of
photodegrading n-pentane in air.[11] Apart from the enhanced conversion rates due to
reduced recombination, porosity has also been used as a trapping site for CO2 molecules.
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Crake et al. fabricated composites of titanate or titania with metal-organic frameworks
(MOFs) as photocatalysts for CO> photoreduction.[12] The MOFs were grown on both
titanate and anatase phase titania nanowires. Anatase phase was found to perform better
than the titanate counterpart in CO, photoreduction. The porous MOFs were used as CO>
trapping sites bringing CO2 molecules close to the surface of the titania nanowires.
Particular attention was given to the morphology of the composites, as it was
hypothesized that maximum contact of the MOFs to the titania nanowires can impact
charge transfer and provide a synergistic effect between the two materials. This study
confirmed that morphology had a positive effect on charge separation and that the

composites benefited from interfacial charge transfer across the heterojunction.

2.1.2  Thin-film immobilisation
The most common form for heterogeneous photocatalyst is powder form. However,
many researchers have fabricated or coated their photocatalyst material on substrates such
as thin-films. Common substrates used as supports for thin-film deposition are
conductive glasses such as fluorine doped tin oxide (FTO) glass, silicon wafer, alumina
beads or porous structures (e.g., alumina substrates).[13-15] Thin films offer a certain set
of advantages over their powder counterparts, including the former often offer short
diffusion distances of photoexcited charges to the surface and short spatial separation of
reducing and oxidising sites compared to the latter one.[14] Additionally, thin films offer
high surface to volume ratio due to their 2D layout and can inhibit severe agglomeration.
Moreover, for liquid-based reactions, separation from the reaction solution is significantly
easier and could potentially offer noteworthy economic benefits for industrial
exploitation.[13] Studies with immobilised photocatalysts are reviewed in the following

paragraph.

Yasumori et al. fabricated a TiO> thin film supported on porous alumina by spin-
coating a TiOz sol on the alumina substrate.[14] A platinum electrode was sputter-coated
on the porous substrate to be used for hydrogen generation from ethanol aqueous solution
under UV irradiation. The synthesized thin film demonstrated improved photocatalytic
activity when compared to its powder counterpart, platinised fine TiO2 particles. Its
increased photocatalytic activity was attributed to the shortened diffusion distances of the
photoexcited charge carriers from the surface and the separation of the redox reaction
sites. Lei et al. supported small amounts of titania on a porous alumina substrate and

demonstrated similar photocatalytic conversion as Degussa P25 with lower TiO> content,
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while maintaining the benefit of easy separation from the aqueous solution.[16] The
enhanced photocatalytic activity was attributed to the dispersion of the active phase of
TiO2 on the porous alumina substrate which offered a higher surface area compared to
powder P25. Wau et al. fabricated arrays of anatase cactus-like branched TiO, (CBT),
vertically aligned supported on FTO glass.[15] Thin films have demonstrated an
impressive power conversion efficiency of 6.43% for DSSCs application. The CBTs are
composed of nanowires and nanosheets and their impressive performance was attributed
to the increased light scattering and harvesting ability attributed to their hierarchical
morphology and increased surface area of the synthesised thin films. Thin films offer
their own set of unique advantages and provide alternative options for presenting a
photocatalyst material to the reaction.

2.2  Photocatalyst modification

2.2.1 Elemental doping

As mentioned previously (section 2.1.1), the greatest disadvantage of TiO> as a
photocatalytic material is its limited visible light wavelengths absorption, as it absorbs
mostly in the UV light range which accounts for roughly 5% of solar irradiation.
Morphological alterations can increase the amount of light harvested, but it does not
extend the absorption range of a material into the visible range. To overcome this
drawback, doping TiO2 with foreign atoms can induce band gap modifications to the
semiconductor that would allow for light absorption in longer wavelengths compared to
UV (>400 nm). Additionally, doping allows for manipulation of the optical and electrical
properties of the semiconductor. More specifically, doping can modify valence and
conduction band and promote photoexcited charge carriers excitation and separation.[17]
For this reason, doping is one of the most widely applied modification on TiO; for CO>

photoreduction.[18]

The insertion of foreign atoms can either occur within the crystal lattice,
commonly referred to as interstitial doping, or by substitution of a metal atom from the
semiconductor crystal lattice, referred to as substitutional doping (Figure 2.1).[19] The
intrinsic properties of the foreign atom will determine the dominant charge carrier within
the doped semiconductor, resulting as positive (p-type) or negative (n-type)
semiconductor. A p-type semiconductor can be seen as having mobile holes in its valence

band, which tend to stack towards the edge of the valence band over time. An n-type
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semiconductor material has an abundance of electrons in its conduction band that tend to
accumulate at the edge of the conduction band. This phenomenon is due to vibrational
relaxation as explained in section 1.4.3 (see Figure 1.4). The incorporation of dopants,
either substitutional or interstitial, in the titania lattice, is able to modify the band gap by
creating electron trap energy levels. Before any modification, the energy required for an
electron to be excited into the conduction band follows Eq.(2.1). After doping, shallow
energy levels could be introduced that can function as traps and hinder the recombination
rate, consequently increasing the photocatalytic activity of the semiconductor. These trap
energy levels could be stacked below the conduction band or above the valence band.
After the introduction of shallow energy levels the energy requirement for an electron to
be excited follows Eq.(2.2). However, dopants could also act as recombination centres
which would considerably reduce the photocatalytic activity.[19] This generally occurs
when deep energy levels are created within the band gap where there is an approximately
equal probability for electrons and holes to reach the deep energy level. The
recombination probability is higher in the bulk of the crystal lattice. This explains why

2D or 1D structures show great potential for advanced photocatalyst materials.

Ey < hv (2.1)

(Eg—E) < hv (2.2)

E;:Edge of the electron trap band (])
E4:band gap energy (J)
h: Plank’s constant (J-S)

v: frequency (Hz)
a) b) C)

Q Titanium
© Oxygen

Foreign atom

Figure 2.1 — Graphical representation of various types of crystal lattice of a)
un-doped, b) substitutional, and c) Interstitial doped TiO2.[19]
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Elemental doping can be implemented using metal or non-metal elements. Hou
et al. demonstrated the synthesis of anatase TiO, nanotube arrays (TNASs) with
nanotube/nanoworms by submerging amorphous TNAs in hot ammonia solution for 8
h.[20] Additionally, the resulted material was doped with N atoms that produced an
isolated localised state of N 2p band at 0.75 eV above the valence band. It was also
reported that the N doping introduced oxygen vacancies (Ti%* sites) on the surface of the
crystal lattice that formed localised donor states located at 0.75 — 1.18 eV below the
conduction band. The resulting N doped TNAs hierarchical anatase structures benefited
from large surface area, higher electrical conductivity and the reduced band gap increased
their visible light absorption leading to significantly improved photocatalytic
performance. Other researchers have reported similar findings with N-doped titania.[21,
22] Indium (In) doped 0D nanoparticles were synthesized using a facile controlled sol-
gel method by Tahir and Amin.[23] It was reported that the presence of In inhibited the
growth of crystal growth and produced anatase phase mesoporous nanoparticles. After
Brunauer-Emmett-Teller (BET) characterisation it was found that In doping increased the
surface area, and the band gap was enlarged with increasing In loading under UV-vis
analysis. At 20% of In loading, the band gap was shifted from 3.1 (without In loading)
to 3.7 eV, which allows for a UV active semiconductor with reduced recombination rate
of the photoexcited charges. Under CO: photoreduction, the In-doped TiO2 0D
nanostructures at their optimum loading (10%) produced 7.9 times more CH4 than bare
TiO2 and has shown a remarkable increase in photocatalytic activity under UV light
irradiation. The increased activity was attributed to the interfacial charge transfer which
caused effective charge separation. Sood et al. synthesized Fe-doped TiO2 nanoparticles
for the photodegradation of the toxic pollutant paranitrophenol.[24] It was determined
that the Fe (I11) ions substituted Ti** ions into the crystal lattice. Fe®" ions possessed a
similar ionic radius to Ti** ions (0.69 to 0.745A). Maximum surface area was found on
the sample with 0.05 mol% of Fe. The recombination rate was reduced when the sample
was doped up to 0.075 mol% of Fe, while samples with higher loading, such as 0.1 mol%
Fe, showed increased recombination which suggested that Fe ions acted as recombination
sites. The best performing sample (0.05 mol % Fe ions) achieved a 92% degradation of
the target pollutant in 5 h under visible light irradiation (400 to 520 nm), which was much

more efficient compared to the undoped TiO> (i.e., 42% degradation in 5 h).
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2.2.2 Heterojunction formation

Forming heterojunctions is a widely employed modification technique as it can offer
significant advantages to the synthesized material. Heterojunctions could effectively
improve charge carrier separation, as well as widen the absorption range of the material.
The most common approaches to induce heterojunction formation are semiconductor
coupling, and noble metal incorporation. When a suitable semiconductor material is
chosen, according to the desired effect (band positioning), heterojunctions can be greatly
beneficial to the photocatalytic behaviour of TiO2, which suffers from limited light
absorption range and fast recombination rate. In a coupled semiconductor material both
semiconductors could be excited by irradiation, producing electron-hole pairs. The
movement of those charges strongly depends on the relative positioning of the valence
band (VB) and conduction band (CB) of the two semiconductor materials.[19] For
example, when the CB and VB of semiconductor A is lower than the CB and VB of
semiconductor B respectively, then the photoexcited electrons will flow towards the CB
of semiconductor A while the holes will flow towards the VB of semiconductor B. This
essentially creates a highly effective charge separation mechanism, in which there is high
concentration of electrons in semiconductor A and high concentration of holes in
semiconductor B as shown in Figure 2.2a. If the CB and VB of the coupled
semiconductors are positioned as shown in Figure 2.2b, both photoexcited charges,

electrons and holes, are accumulated on semiconductor A.[18]

a) b)
CB 4+ CB
CB CB
VB
VB B15) VB
VB OO SC-A ®
®© SC-B SC-B
SC-A

Figure 2.2 — Schematic diagram of the two main types of

semiconductor coupling.[19]

Yuan et al. fabricated a multi-laminated ZnO/TiO heterojunction thin film on
conductive substrates using a layer-by-layer (LBL) self-assembly method.[25] This
synthesis technique allowed for improved surface contact between the p-type ZnO and n-

type TiO- that was used as the working electrode in a 3-electrode photoelectrochemical
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cell (PEC). The photocurrent density measured during a light on-light off experiment has
shown that the ZnO/TiO3 thin film has managed to produce 5 times more current density
when compared to an LBL thin film of TiO2 with similar thickness. The remarkably
improved photoactivity was attributed to the improved separation efficiency of the well-
connected heterojunction. The ZnO/TiO2 heterojunction has been reported by other
researchers.[26-28] Guo and Yin fabricated SrTiOs/TiO2 heterostructures nanosheets
using a facile hydrothermal approach to be used in DSSCs. The synthesized
heterostructures have been reported to provide high surface area and porosity which
improved dye loading. The beneficial positioning of the CB and VB of the materials
allow for efficient charge separation, as was confirmed by photoluminescence (PL) and
incident photon-to-electron conversion efficiency (IPCE) measurements. The material
exhibited reduced recombination rate and longer electron lifetime compared to each
individual photocatalyst. Five variations of Sr/Ti molar ratio were synthesized and the
optimal ratio was found to be Sr/Ti: 2/4 producing 12.55 mA/cm™ as opposed to 9.17
mA/cm for TiO,. Higher concentrations of Sr resulted in reduced surface area, and
therefore, significantly reduced current density. Other researchers reported SrTiO3/TiO>
heterojunctions with similar observations concerning reduced recombination and

effective charge separation.[29-31]

The addition of non-chemically bonded noble metals to semiconductors has also
been widely applied in the field of photocatalysis as an effective semiconductor
modification technique. The incorporation of metal NPs on TiO2 surface can act as
electron traps, effectively separating electron-hole pairs, increasing the life span of
photoexcited charges leading to potentially higher photocatalytic conversion (Figure 3a).
When the metal and semiconductor come in contact, the fermi levels will reach
equilibrium by the diffusion of electrons from the semiconductor to the metal.[32] This
diffusion current creates an upward band bend of the semiconductor which essentially
creates a potential barrier known as Schottky barrier (Figure 2.3a). The Schottky barrier
acts as an electron trap preventing the electrons from the metal to transfer back into the
semiconductor.[18, 19] However, high concentration of metallic islands on the
semiconductor surface, or increased particle size can yield negative impact to the photo-
reactivity as a result of reduced illumination of the semiconductor surface, also known as
shading effects.[19, 33] Noble metal deposition has also been reported to increase visible
light activation through the surface plasmon resonance (SPR) effect (Figure 2.3Db).
Essentially, collective oscillations of energised electrons are able to transfer to the
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conduction band of the semiconductor by visible light activation. Krejcikova et al.
prepared Ag enriched TiO2 with various loading concentrations using a sol-gel approach.
The material was tested for CO> photoreduction and increased yield of methane was
observed with higher loading of Ag under 254 nm irradiation. The synthesized materials
were compared with commercial Degussa P25 and synthesized TiO2 without the addition
of Ag. The highest performance of methane yield was observed in the sample with the
highest Ag loading (i.e., 5.2 wt%), under 254 nm irradiation. The increased performance
was assigned to the Schottky barrier formed at the metal-semiconductor interface,
creating a charge separation effect (electron trap) and increasing photocatalytic activity
of TiO2.[34] Fang et al. synthesized mesoporous plasmonic Au-TiO2 nanocomposites
via co-polymer assisted sol-gel method.[35] The nanocomposites were characterized and
Au nanoparticles of the range of 10-14 nm were found embedded in the mesoporous TiO>
matrix. Remarkable visible light activity was observed for H. evolution from
photocatalytic water reduction using ascorbic acid as the electron donor. The improved
performance was attributed to three main reasons. The weak visible light absorption due
to defect and impurity states induced by the co-polymer synthesis. The plasmon-
excitation of Au nanoparticles which enhances the weak visible light absorptions through
strong localised electric field. Lastly, to sufficiently high energy plasmon-excited
electrons that could transfer to the conduction band of TiO. and reduce H.. Liu et al.
deposited plasmonic Ag nanoparticles on TiO2 nano-wire films (NWFs) using a
hydrothermal route and microwave assisted chemical reduction route.[36] The material

was used for CO2 photoreduction in aqueous phase. The Ag nanoparticles were well
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Figure 2.3 - Schematic representation of a) Schottky junction working as an
electron trap, b) Surface Plasmon Resonance induced by visible light
absorption.[19]
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dispersed on the mixed phase anatase/rutile NWFs and under UV-Vis examination it was
found that Ag loading significantly improved the light absorption of the NWFs at the 413
nm wavelength, due to SPR absorption of Ag nanoparticles. The methanol yield was
increased with higher concentration of Ag loading up to 0.6 mM concentration while
further increase to 0.7mM produced the similar methanol yield (8.3 umol.cm™). The
AQ/TiO2 nanocomposites produced 10 times more methanol than pure TiO> NWFs and
the improved performance was attributed to enhanced charge transfer and visible light

harvesting of the plasmonic Ag nanoparticles.

2.3 Synthesis of photocatalysts

2.3.1  Hydrothermal and solvothermal methods

Hydrothermal and solvothermal methods are used to synthetise materials in a sealed and
heated aqueous (hydrothermal) solution or organic solvent solution (solvothermal) at
temperatures ranging from 100 — 1000 °C and pressures from 1 — 100 MPa. Typically,
these methods require a strong and sealed container that can withstand high pressures like
an autoclave vessel (Figure 2.4). The main difference of hydrothermal and solvothermal
methods compared to other solid state material preparation methods (e.g., sintering
process) lies in the reactivity of the reactants, since the method promotes their reaction in
solution under high temperature and pressure; whereas solid state methods rely on
diffusion of raw materials at the interface.[37] In most cases of material synthesis,
hydrothermal or solvothermal approaches do not exceed 200 °C, especially when volatile
solvents are being used, which offers an alternative milder synthetic method to solid state
reactions which typically require higher temperatures.

Generally, hydrothermal and solvothermal methods are very effective and widely
used to synthesise nanostructured materials. It can be used to efficiently and relatively
easy fabricate a wide variety of morphologies such as nanoparticles, nanospheres, -wires,
-rods, -tubes, -sheets and so on. However, it is not only used for the fabrication of simple
nanomaterials, but more complex morphological nanocomposites with great control over
their shape and size.[38] Additionally, hydrothermal and solvothermal method can
process almost all advanced materials, metals, oxides, silicates, sulfides, titanates, carbon,
zeolites, ceramics, thin-films, membranes and more. It is therefore apparent why it has

been an effective tool for advanced material synthesis.[38]
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In short, the main advantages of hydrothermal and solvothermal methods are that
the applied heat and pressure of the system can induce solubility of most materials.
Moreover, solvothermal method significantly enhances the chemical activity of the
reactants. Hydrothermal and solvothermal methods also allows for material synthesis not
possible with solid state synthesis techniques, such as intermediate state or metastable
phases, allowing exploration of novel materials not easily achieved otherwise.[37] Last
but not least, it is the simplified yet precise control over size and shape as well as
homogeneity and crystallinity of the resulting material. Easily adjusted external
parameters, such as temperature and reaction time as well as internal parameters, such as

solvents, precursors, polarity, density, structure-directing agents, templating etc.[37]

However, hydrothermal and solvothermal methods have certain disadvantages.
The main disadvantage from a material synthesis standpoint would be the fact that
hydrothermal and solvothermal methods are essentially a black box process, which means
it is impossible to observe the reaction process while its happening.[38] Some practical
considerations are also important, such as the need for specialised equipment, like
autoclaves. Additionally, safety considerations are very important, as high pressures are
developed during the synthesis and the autoclaves are typically heavy thick-walled
stainless-steel containers, and therefore, careful consideration and risk assessment are

paramount.

Stainless-steel autoclave

Teflon insert
Precursor solution

Optional support (thin films)

Heat

Figure 2.4 - Schematic representation of an autoclave

vessel and its components

2.4 Conclusion

In summary, this chapter discussed material design techniques for purpose-build

photocatalysts. Emphasis was given to morphology, photocatalyst immobilisation and

photocatalyst modification techniques, specifically elemental doping and heterojunction

formation. Lastly, the hydrothermal and solvothermal fabrication method was reviewed.
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The topics discussed in this chapter are applied to the photocatalysts presented in the
following experimental chapters (Chapter 4,5,6). Each chapter is concerned with one

published article produced in the current Ph.D project.
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Chapter 3

Methods and analytical techniques

3.1 Introduction

In the present chapter, the experimental work and screening process that was conducted
to develop the 1-3D hierarchical titania HBN thin films is presented. The resulting
material of this work served as the base titania HBNs with no further modifications unless
otherwise specified (sections 3.1 - 3.2). It was used as a photocatalyst in the following
chapters of this thesis. After the experimental work that was conducted to develop the
HBNSs synthesis protocol, a review of the analytical techniques that were used to
characterise the HBNs as part of the work presented in the following chapters are
discussed (sections 3.3 - 3.12).

3.2  Recipe development and screening process

3.2.1 Materials & preliminary work

Fluorine-doped tin oxide (FTO) glass TEC-15 was purchased from Ossila (dimensions
2.5 cm x 2.5 cm, roughness of 12.5 nm, FTO layer thickness of 200 nm, 83.5%
transmission and resistivity of 12-14 Q.cm™). FTO glass TEC-8 was also purchased from
Ossila (dimensions 2.5 cm x 2.5 cm, roughness of 34.8 nm, FTO layer thickness of 600
nm, 76.4% transmission and resistivity of 6-9 Q.cm™). Potassium titanium oxide oxalate
dihydrate (PTO, >98.0%), diethylene glycol (DEG, 99.0%). Isopropanol (IPA, 99.5%),
acetone (>95.0%) and ethanol (99.0%) were procured from Fisher Scientific. All
chemicals were used without any further purification. All aqueous solutions were
prepared using Milli-Q ultrapure type 1 water (18.2 MQ.cm) collected from a Millipore

system.

The FTO glass was cleaned prior to use with a solution of H2O, IPA, and Acetone in a

ratio of 1:1:1, for 1 h in the sonicator and air dried at 75 °C for 30 mins.
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Synthesis of 1:7 TiO- thin film recipe

The TiOz thin-film was fabricated using the hydrothermal approach. Certain molar
concentration of PTO (0.05M, 0.03M, 0.01M) was dissolved in a mixture of H.O and
DEG with a ratio of 1 : 7 respectively. After 1h of vigorous stirring the mixture is
transferred into the 100ml Teflon-lined autoclave along with a piece of FTO glass resting
against the Teflon-liner’s walls with the conductive face down. The autoclave is then
tightened and transferred into the oven at 180 °C for 9 h. After completing the reaction
time, the autoclave was allowed to cool down to room temperature. The TiOz thin film
was rinsed several times with Milli-Q Type 1 water and ethanol, and then calcined at

atmospheric conditions at 550 °C for 1 h.

Synthesis of 1:1.5:1.5 TiOz thin film recipe

The TiO; thin-film was fabricated using the hydrothermal approach. Certain molar
percentage of PTO (0.05M, 0.03M, 0.01M) was dissolved in H20, IPA and DEG in aratio
of 1:1,5: 1,5 respectively. After 1h of vigorous stirring the mixture is transferred into
the 100ml Teflon-lined autoclave along with a piece of FTO glass resting against the
Teflon-liner’s walls with the conductive face down. The autoclave is then tightened and
transferred into the oven at 180 °C for 9 h. After completing the reaction time, the
autoclave was allowed to cool down to room temperature. The TiO thin film was rinsed
several times with Milli-Q Type 1 water and ethanol, and then calcined at atmospheric
conditions at 550 °C for 1 h.

Synthesis of finalised hyper-branched nanorods (HBNs) TiO2 thin-film recipe

HBNs were fabricated using a hydrothermal approach. PTO was dissolved in a
mixture of H>O and DEG with a ratio of 1:7. The concentration of PTO was 0.05
M. After 30 minutes of vigorous stirring, the precursor solution was transferred to
a 100 mL Teflon-lined autoclave along with the FTO glass. The FTO glass was
positioned resting against the Teflon-liner walls with the conductive side facing
down at approximately 60°. The hydrothermal synthesis was carried out at 180 °C
for 9 h. After completing the reaction time, the autoclave was allowed to cool down

to room temperature. The TiO2 nanorods were rinsed several times with milli-Q
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Type 1 water and ethanol, and then calcined at atmospheric conditions at 550 °C
for 1 h.

3.2.2 Screening process for the development of hyper-branched TiO2 nanorods
Initially, two recipes were investigated in parallel (referredtoas1:7and 1:1.5: 1.5).
For each recipe, three different molar concentrations of titania precursor (PTO) were
synthesized in an attempt to identify the required molar concentration for the desired
morphology. The three different molar concentrations used are 0.05 M, 0.03 M and 0.01
M. Additionally, the initial experiments were conducted on stock-FTO glass, which was
available in the laboratory, created by a previous PhD student. However, since this was a
limited source and limited information regarding specifications were available, FTO glass
was outsourced. TEC-8 FTO glass was ordered from Ossila, of the highest available
conductivity (resistivity 6-9 Q.cm™), with an FTO thickness of 600nm, roughness of
34.8nm and 76.4% transmission. The best performing recipe samples were reproduced
using TEC-8 FTO glass and compared to the stock FTO samples, however the results
were significantly altered. This sparked an investigation for the FTO specifications,
mainly resistivity and roughness of the FTO glass. Therefore, more FTO glasses were
ordered from Ossila, TEC-15, of the lowest roughness, 12.5 nm, FTO thickness of 200nm,
83.5% transmission and resistivity of 12-14 Q.cm™ therefore, significantly reduced
conductivity compared to the TEC-8 FTO glass.

The samples produced are code-named using the FTO-type glass used, followed by recipe

name and molar concentration of precursor solution.

Using the stock FTO glass, the 1 : 7 precursor formula was investigated in producing
TiOz thin layer FTO nanostructures with varied concentrations of PTO precursor at 0.01
M, 0.03 M and 0.05 M. At the lowest concentration of 0.01 M, under SEM investigation
there were no nanorods formed. Instead, the nucleation sites were visible forming a
seeding layer on the surface of the FTO glass Figure 3.1d. The band gap was measured
with Kubelka Munk function to be 3.7 eV. The band gap measurements depend on the
FTO surface (FTO coating band gap 3.7 eV) and the grown thin-film. At 0.03 M
concentration, there were nanowire hyper-branched structures forming, visible under
SEM. Interestingly nucleation sites were also spotted on the grown nanowires leading in
the formation of a complex network of nanowires. The band gap that was measured at 3.4

eV (narrowed compared to previously measured 3.7 eV) which indicates the presence of
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titania on the FTO layer Figure 3.1c. The 0.05 M concentration produced a structure
resembling the desired dendritic hyper-branched nanorod morphology with a band gap of
3.4 eV Figure 3.1a.

Using stock FTO glass, The precursor solution recipe 1 : 1.5 : 1.5 was investigated with
a PTO concentration of 0.05 M and produced a dense hyper-branched nanowire structure
with a band gap of 3.4 eV Figure 3.1b. Similar to the stock FTO 1:7 0.03 M sample,
nucleation sites were observed on the grown nanowires resulting in a dense and complex
network of nanowires. These nanowire structures did not resemble the dendritic hyper-
branched morphology as well as the stock FTO 1:7 0.05 M sample. The 0.03 M
concentration of the 1 : 1.5 : 1.5 recipe have produced thin nanowires and the 0.01 M did
not produce any visible nanostructures hence they were excluded from further

investigation.

During the investigation mentioned earlier regarding the various types of FTO glass

further experiments where conducted.

While using the TEC-8 glass, at 0.05 M concentration, the 1 : 1.5 : 1.5 formula produced
thick nanopillars with a cross-shaped cross-section Figure 3.1f instead of the nanowires
that were observed with the stock glass. While the 0.05 M 1:7 formula, produced a spider-

web over-layer on top of the hyper-branched nanorods Figure 3.1e. These significant
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Figure 3.1 - SEM micrographs of samples with different concentrations, precursor
formula and different FTO glass (a) stock FTO 1:7 0.05M (b) stock FTO 1:1,5:1,5
0.05M (c) stock FTO 1:7 0.03M (d) stock FTO 1:7 0.01M (e) TEC-8 FTO 1:7 0.05M
(f) TEC-8 FTO 1:15:15 0.05M
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differences are attributed to the higher conductivity and lower roughness of the substrate
compared to the stock FTO glass.

A comparison study was conducted with all three FTO glasses, stock FTO, TEC-8 and
TEC 15 which showed that the TEC-15 produced HBNs without eliminating the
overgrown layer. All three glasses produced nanostructures, however their structure
differs dramatically, with the TEC-8 producing fine hyper-branched nanowires, and TEC-
15 producing the dendritic hyper-branched nanorods while the stock FTO produced
HBNSs with significant overlayer and fine nanowires as shown in Figure 3.2. From these
experiments the best performing recipe was 1:7 at 0.05 M using TEC-15. However, the

overlayer issues continued to exist, and further investigation was required.

A 4 i i B, e

Figure 3.2 - (a) stock FTO 1:7 0.05 M, (b) TEC-8 FTO 1:7 0.05 M, (c) TEC-15 FTO

In an attempt to expand the understanding of the effects of concentration and help
decrease the overlayer on the surface of the HBNs, the precursor solution level within the
Teflon liner was investigated.

For all the previously mentioned samples, the FTO glass was fully covered with the
precursor liquid in the teflon holder (25 ml of precursor solution), however after reducing
the coverage of the FTO glass, the solution to FTO surface area ratio is altered, thus
altering the relative concentration as shown in Figure 3.3. The results that were obtained
after the solution level reduction are shown in Figure 3.4. It is hypothesised that reducing
the solution level increases the relative concentration of the precursor to the specific FTO
surface area ratio, which produced slightly more overlayer when compared to the previous
experiments. Therefore, for future experiments the solution was kept at 100% level fully
covering the FTO glass.
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Figure 3.3 - FTO surface area to precursor

solution ratio

Figure 3.4 - (a) stock FTO 1:7 0.05 M, 50% full, (b) TEC-8 FTO 1:7 0.05 M 50% full, (c)
TEC-15 FTO 1:7 0.05 M 50% full

The ramp up rate of the calcination temperature effects were also investigated using these
samples. As previously mentioned, the calcination temperature was set to 550 °C for 9 h.
The ramping rate for the previous results was set to 10 °C min™. Another experiment was
conducted with the ramping set at 1 °C min* to investigate the effects of the ramping rate.
It was shown that the slow ramping rate preserves the structure and the nano-hairs of the
nanorods are intact Figure 3.5. As an attempt to reduce the overlayer on the samples, the

ramping rate was kept at 10 °C min™,

T

Figure 3.5 - Ramp up calcination rate comprison (a) TEC-8 0.04
M 1:7 10°C/min (b) TEC-8 0.04 M 1:7 1°C/min
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The overgrown layer on top of the hyper-branched nanorods was still an unresolved issue.
It was at first hypothesized to be attributed to the higher concentration of precursor in the
solution during the hydrothermal reaction, or to the greater conductivity of the FTO glass.
However, over time and since many of the samples were reproduced many times during
the above experiments, it was observed that while keeping concentration and FTO glass
constant in identical conditions the results were inconsistent in terms of the overgrown
layer. While the concentration can impact the structure and potentially contribute to an
overgrown layer, it was hypothesized that the reaction might be starting the moment the
precursor solution is mixed together, before it is placed in the oven. It is possible that the
nucleation starts without any heat or pressure applied. Therefore, the time elapsed
between the moment of mixing the chemicals until the time it is placed in the oven was
now monitored and investigated. It was observed that in the “30 minutes” samples the
resulted nanorods were free of any overgrown layer as shown below. For the best
performing sample, TEC-15 FTO glass was used at 100 % full coverage of the glass with
precursor solution of 0.05 M concentration in the oven at 180 °C for 9 h. This sample
consistently exhibited fully developed HBNs without any traces of an overlayer Figure
3.6.

Figure 3.6 - 30-minute TEC-15, 1:7, 0.05 M,
100% coverage at 180°C for 9 hours

The angle experiment was set to investigate the effect of the angle that the FTO glass rests
within the Teflon holder while in the oven. In order have accurate angle positioning, a

holder was designed using Autodesk Fusion 360 and produced out of Teflon material
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using a laser cutter machine Figure 3.7. The holders were used to stabilize the glass inside
the Teflon holder at the specific angle. Three different holders were made for 60, 45 and
30 degrees. The resulting samples showed that the higher angles produce a denser

population of nanorods, while there is no effect on the nanostructure Figure 3.8.

Figure 3.8 - (a) sample with the 60 degree FTO glass holder, (b) 45 degree FTO glass
holder, (c) 30 degree FTO glass holder

A synthesis mechanism study was performed to gather more information on the process
of the formation of these Hyper-branched nanorods. One of the disadvantages of
hydrothermal synthesis, is that it is impossible to observe in situ the synthesis of the
material as opposed to other synthesis methods. Five autoclaves were prepared at the
same time using the optimised synthesis parameters which were TEC-15 FTO glass at
100 % full coverage of the glass of 0.05M concentration precursor liquid in the oven at
180 °C. One autoclave was pulled out of the oven at 30 minutes, 1 h, 3 h, 6 h, 9 h
respectively. The samples were washed with H>O and ethanol multiple times and calcined
at 550 °C for 1 h. The first two samples of 30 minutes and 1 hour have shown no sign of
grown nanostructures on the FTO layer so they were excluded from the figure. The
samples 3 h 6 h and 9 h demonstrate the nucleation and growth of the nanorods on the

FTO layer and can be seen on Figure 3.9. The 9 h sample (Figure 3.9a,d) shows the fully
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grown hyper branched nanorods. In the high magnification image it can be observed that
no nucleation sites are shown and the branches are fully developed. Regarding the 6 h
sample (Figure 3.9b,e), the main shafts of the nanorods seem to be fully grown however,
the majority of the branches are still under-developed and the nucleation sites are clearly
seen in the high magnification image Figure 3.9e. Some branches are shown to be
developed at 6 h. The 3 h sample (Figure 3.9c,f) shows the development process of the
bases of the nanorod shafts, while no branches developed. This synthesis mechanism
study leads to the conclusion that the synthesis of the hyper-branched nanorods follows a
pattern where the nucleation and growth of the nanorods shafts forms first, and as the
nanorods are fully developed, and only then the nucleation sites around the main nanorod
shaft start growing the branches until they reach a point of a fully developed hyper-
branched nanorod. The finalised recipe produced an overlayer-free dendritic hierarchical
1-3D hyper-branched nanorods thin film which was used as a base for the titania HBNs
photocatalysts developed as part of the research conducted in the following chapters. The
as-prepared photocatalysts were characterised and analysed in detail in the following
chapters, the most important analytical techniques that were used are discussed below.
The HBNs, due to the fact that they are grown and not deposited on FTO glass, but also
due to their complex 1-3D morphology were unable to be characterised to acquire a
quantifiable surface area. BET measurements could not occur due to the HBNs being

Figure 3.9 — Synthesis Mechanism study for the synthesis of TiO2 hyper-branched
nanorods. Low magnification SEM micrographs on top and high magnification on the

bottom row for the samples 9 h,6 h, and 3 h respectively.
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attached to the FTO glass slide and scraping the HBNs off the glass slide was shown
under TEM microscopy that will produce heavily entangled agglomerated clusters that
would compromise the surface area. Ellipsometry measurements were then attempted
where due to the low reflectance of the surface and surface roughness created by the 1-
3D morphology, no signal was produced. Further investigation on Surface acoustic waves
measurements required the HBNs to be supported on other substrates which was
interfering with the synthesis protocol of the HBNs and therefore a quantified surface
area measurement was not achieved. The following sections present the main analytical

techniques that were used to characterise the HBNSs.
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3.3  X-ray diffraction (XRD) analysis

XRD is a characterisation technique that allows the identification of crystalline materials
and unit cell dimensions. It was developed after the observation that crystalline materials
act as three-dimensional diffraction gratings for X-ray wavelengths due to their similar

size of atomic scale spacing in a crystal lattice.

XRD makes use of the Bragg's law. The Bragg's law is the observation that when
two monochromatic X-ray beams are incident on the crystal lattice, at a certain angle 9,
constructive interference occurs, only when the extra distance covered by the X-ray is
equal to the wavelength of the X-ray.[1] This constructive interference is referred to as
diffracted ray. The additional distance covered is the interplanar distance d of atoms and
can be calculated using geometric equations. The diffracted ray which occurs when
conditions satisfy Bragg's Law (n/ = 2d sin6), sends a signal through the detector which
allows for further analysis. The principle described above can be seen in Figure 3.10.
Bragg's law correlates the incident ray angle with the d spacing (interplanar distance) of
the crystal lattice. The sample is exposed to X-rays in a range of 20 angles which then
produce all the possible diffraction directions. The d spacing is then calculated and the
mineral is identified through standard reference databases, since each mineral has its own

set of unique d-spacings in the lattice[2].

Through XRD we can determine the average interplanar spacing between layers
or rows of atoms. Determine the phase and orientation as well as the lattice parameters
(a,b and c), grain or particle size of the substance.[3] In the current research XRD was
used to identify the phase of the photocatalyst and as an indicator of the degree of
crystallinity of the photocatalyst. However, since the particular (hyperbranched nanorod)
HBN morphology allows for X-ray penetration to the FTO glass support which produced

overpowering signals, XRD was unable to consistently produce tangible results and was
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used as a complimentary method along with more sensitive techniques like Raman and
XPS.

Bragg's Law
nA = 2d sin®

-
\N 7

V" 2dsind

d spacing

Figure 3.10 - Bragg's Law diagram indicating the correlation of interplanar spacing
with the diffracted ray.[1]

3.4 UV-Vis spectroscopy

Radiation of ultraviolet and visible range interacts with semiconductor material exciting
electrons from ground state to higher energy states by absorbing certain wavelengths of
the radiation. This takes place only upon collision of irradiation of certain wavelengths
with the semiconductor, which have sufficient energy to excite electrons to a higher state.
This allows for monitoring the behaviour of the examined matter under irradiation of a
range of wavelengths and draw information regarding its electronic structure.[4]
Additionally, this allows for identifying the range of wavelengths in which the sample
matter absorbs the most (Amax) of the incident irradiation. This information could be used
to increase the materials reactivity when exposed to the appropriate wavelengths of
irradiation for application purposes where photoexcitation is important or, which
wavelengths should be avoided when photodegradation is a problem. The UV range falls
between 190-380nm, where the visible range in the range of 380 — 750 nm.
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UV-Vis spectroscopy utilises the Beer-Lambert Law, which is a relationship
between the attenuation of light through the examined matter or substance. Beer-Lambert

Law is shown below (Eq.3.1).
A = ecl (3.1)

Where A, ¢, ¢ and |, correspond to the absorbance, molar absorption coefficient
[M2cm™], molar concentration [M] and optical path length [cm] respectively.
Transmittance and Absorbance is discussed since absorbance appears in the Beer-
Lambert law and it is calculated using transmittance measurements. Transmittance (T) is
defined as the ratio of the transmitted intensity | over the incident intensity lo and takes
values from 0 to 1 (Eq.3.2). However, transmittance is often expressed as a percentage
(T%) (Eq.3.3). The absorbance of the examined sample is found to be a logarithmic

relationship to the transmittance as shown in Eq.3.4.

1

T=21 (3.2)
Iy
T(%) = 10011 (3.3)
0

Molar absorption coefficient (g) is a sample dependant property that measures
how strong of an absorber is the sample to a specific wavelength of radiation. The molar
concentration is the moles of the sample dissolved in the solution, and the length
corresponds to the length that the beam travels through the sample before reaching the
detector.[5]

A typical UV-Vis set up consists of the light source, typically use D2 and
Tungsten lamp, the light passes through a monochromator, a prism, isolating wavelengths
of light, then through a beam splitter. The two beams pass through the reference sample
and examined sample respectively, to the detector where the signal is processed and

shown on the monitor as shown in Figure 3.11.[6]

Kubelka Munk function is a model that allows the estimation of the band gap
energy using the UV-Vis measurements. The diffuse reflectance R.. is given by Eq.3.5
where s is the scattering coefficient and k is the absorption coefficient of the sample.

Eqg.3.5 is then solved for k/s producing the K-M function (Eq.3.6).[7]
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R = 1+ /§(2+§) (3.5)

k _ (1-Rw)?

F(R) =% =" (3.6)

In this research UV-Vis is an important characterisation technique as it allows for
measurements of light absorption wavelengths, band gap energy calculations using the
Kubelka Munk function but also to identify changes occurred with loading foreign
materials on the TiO2 HBN photocatalyst.

A Tungsten and D2 Lamp

vay
- B>
» v 4 Reference
Mirror
. ’ Detector
Data Spect
Processing pecium
Monochromator
Beam Sample
— splitter
. ’ Detector
R

Figure 3.11 — Typical UV-Vis spectroscopy configuration and internal components.[6]

3.5 Infrared Spectroscopy

Most molecules have the ability to absorb radiation in the infrared region of the
electromagnetic spectrum. The infrared spectrum includes wavelengths from the edge of
the visible light spectrum, 700 nm, up to 1 mm. When a molecule absorbs infrared
radiation (IR), it is converted into molecular vibrations to the bonds of the molecule. The
vibrational energy levels change from ground to excited state, and the vibrational gap is
what is used to determine the absorption peaks frequency. The degree of freedom of the
molecule is determined from the number of absorption peaks. With IR spectroscopy a
molecular fingerprint can be acquired to identify molecules. The IR spectra are usually

plotted as absorbance vs wavenumber. The wavenumbers most commonly examined are
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from 4000 to 400 cm™. A wavelength can be converted to wavenumber using the
following equation (Eq.3.7) [8].

k=== (3.7)

Fourier-transformed infrared spectroscopy (FT-IR) is often used because it allows
for more accurate results, due to increased signal to noise ratio, but is also faster. FT-IR
differs from the conventional IR because all IR wavelengths are examined at the same
time which makes FT-IR faster than conventional IR. The signals acquired from this

method are then Fourier-transformed to produce the accustomed IR plot.[9]

A common FT-IR consists of a IR source, interferometer, a sample compartment
and a detector, a beam splitter, and one fixed and one moving mirror as in the
configuration shown in Figure 3.12.[8] In this thesis, FT-IR was used to identify organic
substances such as products and by products in the reaction solution for the cyclic

carbonates experiments.

Fixed Mirror
A
Beam
IR Source splitter
> < < Moving Mirror

Sample

’ Detector

FFT
Interferogram Spectrum

Figure 3.12 — FT-IR spectroscopy configuration and internal
components.[8]
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3.6 Raman spectroscopy

When light interacts with materials different processes can occur. Light can be absorbed
by the material or reflected. It can also be transmitted through the material, or it can be
scattered off. The wavelength of the incident light as well as the material plays a crucial
role to this phenomenon. When a material scatters off light, the wavelength of the light
is typically unchanged, in other words the energy of the incident light is equal to the
energy of the scattered light and therefore elastic scattering occurs. This is known as
Rayleigh scattering. However, a fraction of the scattered light has slightly altered energy
level which is attributed to inelastic scattering, where the photon loses energy donating
to the internal energy of the matter. This process is referred to as Raman scattering as
shown in Figure 3.13.[10] This phenomenon is attributed to the interaction between the

oscillation of light and molecular vibration.[11]

Due to the frequency modulation which is specific to molecular vibrations and
phonon in crystals, it is possible to analyse the composition of crystal lattice using Raman
spectroscopy since it produces a fingerprint signal specific to the crystal lattice. For
Raman spectroscopy, monochromatic laser in the visible, near infrared or near ultraviolet
is used. The shift in the energy from the Raman scattered signals gives information about
the vibrational modes of the sample. Raman spectra are plotted as Raman intensity vs
Raman shift measured in (cm™). Raman shift is basically wavenumber and can be
calculated using the EQ.3.7. From intensity, information on the concentration of the
specific substance can be acquired, while from the width of the peak, crystallinity of the
material can be determined. Peak shifts are common also and express stress within the
crystal lattice.[12, 13]

Raman has been very helpful for this thesis due to its localised sensitivity where
the laser beam is focused, which can overcome the issues that occurred with the XRD
characterisation. Therefore, the HBN morphology was no longer an obstacle in

identifying the composition, crystallinity, and phase of the photocatalyst.
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Figure 3.13 — Elastic and inelastic scattering mechanics

upon incident irradiation.[10]

3.7 Scanning electron microscopy (SEM)

Scanning electron microscopy is an imaging technique that produces an image of the
material making use of a beam of electrons rather than light. The surface of the sample
is scanned and the intensity along with the beam-atom interaction depth and position of
the beam provides information capable of producing an image. Electrons are used rather
than light in an optical microscope, the reason being that the electrons have much shorter
wavelengths and therefore allow for a much greater resolution image. These microscopes
are capable of producing images at resolutions of 1 nm. Typically, the samples are
observed in high vacuum conditions, however alternatives exists such as low vacuum or

wet conditions[14]. The generic configuration of SEM is shown in Figure 3.14.[15]

Some SEM machines are equipped with back scattered electron microscopes
which are signals from higher depths into the sample. This is useful in analytical
techniques when trying to identify different elements inside a material such as doped
elements, because the intensity of the back scattered beam is strongly related to the atomic
number of the element[16-18].

Due to the importance of nanoscale morphology in the current research for the
HBN photocatalyst, SEM imaging was extremely important to achieve the desired
morphology results and optimise the synthesis method. Additionally, any foreign
material introduced to the HBN photocatalyst could be observed using SEM. However,
some foreign materials were too small to be observed even with SEM magnification,

therefore Transmission electron microscopy (TEM) was incorporated for further analysis.
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Figure 3.14 — SEM microscope configuration with basic

components.[15]

3.8 Transmission electron microscopy (TEM)

Similarly, to SEM, TEM uses a beam of electrons to produce an image of the sample
material instead of light. However, TEM has the potential to produce the highest possible
resolution image, up to atomic level, due to the use of electrons which offer a very small
wavelength, but also the way matter is presented to the microscope and magnification
process. The sample is presented as a thin film suspended on a grid. The limitation in
terms of sample preparation is that the thin film must be below 100 nm in thickness
because the electrons travel through the material in order to reach the detector placed
underneath the sample grid. This way the alterations of the electron beam reaching the
detector are producing the image of the sample which is magnified.[19] This technique
allows for a closer inspection due to the electron beam passing through the entire sample
which can provide information that the SEM (surface examination of the sample) cannot
provide. For example elemental composition is more accurate on TEM examination since
the intensity of the signal can be correlated to the atomic number of the element. This
instruments usually have a vertical configuration where the electron source is on top
where the beam of electrons is accelerated and passes through a condenser lens, straight
through the suspended sample grid, and through a set of lenses that magnify and project
the beam on a fluorescent screen placed at the bottom of the instrument.[20, 21] The

configuration of a TEM microscope is shown in Figure 3.15.[22]
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TEM had a significant contribution to the current research which allowed for clear
observation of the foreign elements added to the HBNSs in the form of nanospheres, but
also, identifying elements using elemental composition (EDX). Additionally, TEM
provided accurate measurements of d-spacing in the lattice to identify whether the foreign

metals were loaded or doped into the crystal lattice.
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Figure 3.15 — TEM microscope configuration and internal components.[22]

3.9  Nuclear magnetic resonance spectroscopy (NMR)

NMR is an analytical technique that is most commonly use to definitively identify organic
compounds. It is considered one of the most accurate analytical techniques to identify
complex molecules and it is a standard procedure of modern organic chemistry. The most
common NMR types are proton and carbon 13 NMR but can be applied to any nuclei that
contains an odd number of protons or neutrons which posses a spin (or more accurately,
intrinsic angular momentum). These atoms have a certain spin which acts as a magnet,
creating a magnetic field around it. NMR is the technique where an external magnetic
field is applied to the sample forcing the orientation of the nuclei to a-spin state, which is
the lower energy state. Then radiation is applied, hence the name spectroscopy, which

will bring the nuclei in the state of resonance, the B- spin state, which is the higher energy
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state. When the external energy source is removed, radiation, the nuclei returns to the a-
spin state producing a radio wave signal which is then used to produce the NMR
spectrum.[23] The concept described above is illustrated in Figure 3.16 along with a
typical NMR configuration and internal components.[24] The NMR spectra is a highly
detailed technique that not only provides definitive signals for functional groups but also
provides distinguishable signals for identical functional groups when they are in varying
chemical environments, to the point where the molecule can be fully described from
information acquired only by a successful NMR spectrum. Highly purified and relatively
large amounts of products are required for a successful NMR characterisation. However,

it is a non-destructive analytical technique.[25, 26]

In the current research, NMR was the identification method for the molecular
structure of reaction products of the cyclic carbonates reaction to confirm the FT-IR

observations.
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Figure 3.16 — NMR principles and internal components configuration. [24]

3.10 X-ray photoelectron spectroscopy (XPS)

XPS is based on the photoelectric effect. The photoelectric effect describes the
observation that when electromagnetic irradiation with certain energy (hv) collides with
a material, electrons are emitted from the atom. For each material the energy threshold in
which electrons are released is different. More importantly it explained the quantized

nature of light and introduced the concept of photons. Additionally, it was observed that
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when the incident electromagnetic irradiation was of higher energy than the energy
threshold required for the specific material, the excess energy was converted into kinetic
energy of the photoexcited electron. It is based in this effect that the XPS characterisation
works. XPS is an accurate and useful surface analytical technique. The surface atoms are
not surrounded by other atoms on all sides as atoms found in the bulk which makes them
more reactive, and these are the atoms XPS is analysing. The sample is irradiated with
monochromatic X-rays, usually Al Ka, which emit electrons from the surface of the
sample.[27] The kinetic energy of the emitted electrons is measured and from the kinetic
energy signals the element but also its chemical state and the orbital it was emitted from
can be determined as shown in Figure 3.17.[28] Different elements give different kinetic
energy signals which are characteristic to the individual elements. From the Kinetic
energy of the electron, the binding energy is determined from which the chemical state of

the sample can be acquired because each chemical state alters the binding energy.[27, 29]

XPS was incorporated as an identification of the elements contained in each

sample, but also provided information about the oxidation states of these elements.
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Figure 3.17 — Schematic representation of the emitted electrons upon X-ray irradiation
and XPS device.[28]

3.11 Chronoamperometry (CA)
Chronoamperometry (CA) is an electrochemical technique frequently used to monitor the

resulting current when the working electrode is subjected to a stepped voltage. CA is often
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used to monitor the kinetics of chemical reactions, diffusion processes, adsorption of
products and generally provides insight on the electrochemical response of the working
electrode through the response waveform. The resulting current (due to the potential step)
is plotted as a function of time and the potential step can be a single or a double potential
step which provides is used to investigate the reversibility of a reaction. This experiment
requires the use of an electrochemical workstation (potentiostat) to apply the potential
step or steps and monitor the current response at the working electrode.[30]

The three-electrode configuration system is commonly used for this experiment
where a reference electrode (RE), a counter electrode (CE), and the working electrode
(WE) are submerged in an electrolyte solution as shown in Figure 3.18. The external
voltage is applied (using potentiostat) between the RE and the WE. The CE should be
placed close to the WE in order to minimise ohmic losses, yet it must not interfere with
the reactions taking place at the WE. The 3-electrode system provides a better control and
more accurate measurement of the potential and current going through the system as

opposed to a 2-electrode system.

In the current research, an Autolab (AUT84966) electrochemical workstation was
used with 0.1M NaOH as an electrolyte, the reference electrode was made of Ag/AgCI
and CE was made of Pt. The working electrode was the examined sample coated on FTO
glass as thin-film with an area of 1x1 cm?2. Chronoamperometry was used to measure the
photocurrent response of the examined sample by 60 s on-off cycles of irradiation. The

resulting photocurrent response was plotted against time.

/ >/ ( Potentiostat
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Counter Electrode (CE)
Reference Electrode (RE)
Working Electrode (WE)

Electrolyte solution

Figure 3.18 — Schematic diagram of the three-electrode system configuration.[30]
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3.12 Gas chromatography (GC)

Gas chromatography allows for the separation, identification and quantification of
compounds within a gaseous or liquid sample. Generally, A GC consists of a sample
injector port (for gaseous and liquid samples), a column (thin tube), a column oven, and
a detector or multiple detectors. The vapourised sample passes through the column with
the help of a carrier gas (inert). Depending on the compounds of the sample they pass
through the column at different rates and upon exiting the column the detectors can
provide information (regarding identification and quantification) through signals.
Commonly GCs are fitted with flame ionisation detectors (FID) and thermal conductivity
detectors. Each detector can identify different group of compounds, or has a different
sensitivity to certain compounds, depending on their physical and chemical properties.
FID detectors can identify hydrocarbons with good sensitivity such as CH4, as well as CO
after a methanation step, while a TCD detector will identify CO,, Oz, H2 and N2 with
good sensitivity.[31]

Gas chromatography was used in the current research to analyse the products of CO>
photoreduction reaction. The GC was connected to a prototype continuous flow reactor
setup, developed by Dr. Warren Thompson, which included a CO> mass flow controller
and a temperature-controlled saturator providing vapourised H20. The CO> flow rate was
set to 0.35 mL min?, to maintain a steady atmospheric pressure throughout the
experiments. The reactants then passed through the irradiated custom made photoreactor
leading to the GC for product analysis. A continuous flow reactor was favoured over a
batch reactor as it allows for a uniform temperature and improved mixing that inhibit the
formation of gradients withing the photoreactor. In addition, in-line analysis is possible
with continuous flow reactors which provides better insight of the reaction process. The
photoreactor was designed to increase the ratio of reagent gas volume to illuminated
photocatalyst and provide uniform light distribution, with direct illumination above the
quartz glass window of the photoreactor. The entire system was kept at 40 °C with the
help of a hotplate under the photoreactor and heated lines, to prevent condensation, and a
water trap was used to protect the GC from humidity related damage. A detailed

description of the photoreduction rig can be found in section 4.8.
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Chapter 4

Hierarchical hyper-branched titania nanorods with tuneable selectivity

for COz photoreduction
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4.1  Aim and objectives
The chapter presents a published study on the fabrication of hierarchical hyper-branched
nanostructured titania material (HBNs) as a photocatalyst for CO. photoreduction.[1]
The nanostructures were grown on Fluorine-doped Tin Oxide (FTO) glass slides as thin
films with a hyper-branched morphology designed to enhance light harvesting. The
HBNs optical properties and light absorption were examined and evaluated by UV-Vis
spectroscopy and spectroradiometry.  Additionally, morphological and chemical
composition was investigated by conducting SEM, HR-TEM, EDX, XRD, Raman, SAED
and XPS studies. The aim of this work was to investigate the potential of fabricating a
high performing photocatalyst in terms of conversion with easily tuneable selectivity for
CO2 photoreduction. Therefore, the HBNs were subjected to a facile protonation
treatment which has shown successful selectivity shifts, while maintaining high
conversion rates.[1] During this facile treatment, potassium ions are replaced with

hydrogen ions and the subsequent re-calcination step forces a re-organisation takes place
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which successfully shifts the titania phase. A photocatalyst which allows for tuneable
selectivity provides a higher level of control to the products of the reaction and becomes
more appealing for industrial applications. To further investigate the potential of the
HBNSs material, RuO.-HBNs and CuO-HBNs compounds were fabricated. The literature
benchmark Degussa P25 (TiO2) was used to evaluate the HBNs performance in CO>
photoreduction. The CO: photoreduction was performed in a custom-made flow
photoreactor to accommodate FTO glass slide samples in a CO, and H>O vapour
atmosphere under constant irradiation of visible light (300-600 nm, 150 mW cm). The

product analysis was performed using the in-line gas chromatographer (GC).

The objectives of this work are:

e Develop a facile treatment for the HBNs to facilitate the desired
selectivity shift for the CO2 photoreduction products, from CO to CHa.

e Preservation of the hyper-branched morphology of the HBNs
nanostructures and consequently their highly efficient light harvesting
capabilities throughout the facile treatment for selectivity shifts
mentioned above.

e Investigate the potential charge separation enhancement and CO>
photoreduction performance of the fabricated compound RuO2-HBNS.

¢ Investigate the potential light absorption enhancement and CO
photoreduction performance of the fabricated CuO-HBNs compound.

4.2  Highlights and key findings

4.2.1 Hierarchical morphology and its light absorption performance

The HBNs were grown on FTO glass slides during a hydrothermal treatment, which
revealed numerous dendritic microstructures of (3-5 um) decorated with a plethora of
nanobranches growing at all direction. The HBNs were then subjected to a facile
protonation treatment as mentioned earlier to facilitate the desired selectivity shift.
Therefore, two samples were analysed, HBNs BP, which stands for HBNs before
protonation, and HBNs AP, which stands for HBNs after protonation. The HBNs BP
have shown a 3.7 eV band gap while the HBNs AP exhibited a reduced band gap of 3.4
eV. The band gap for Degussa P25 (used as a benchmark) is known to be at 3.2 eV.
Further discussion on what caused the band gap narrowing follows on section 3.2.2.
Under the spectroradiometry examination performed, the benchmark P25 demonstrated a

photon flux of 28.6 umol m2s-L. In comparison, the photon flux was measured at 39.8
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and 48.2 pmol m2 s for HBNs BP and HBNs AP, respectively. Despite the significantly
narrower band gap of P25, and therefore wider wavelength light absorption range, both
HBNs structures have shown the ability to absorb a significantly higher amount of light
which is attributed to the light harvesting capabilities of the hyper-branched morphology
of the HBNs. The improved performance of HBNs AP when compared to that of the
HBNs BP is attributed to the added benefit of the band gap narrowing that was observed
under UV-Vis. Essentially, the HBNs AP has a reduced band gap, while maintaining the

hyper-branched morphology which increases its light absorption capabilities.

4.2.2 Phase altering treatment — product selectivity shift

The HBNs are composed mainly of potassium titanates, and the anatase phase of TiOa.
The HBNs BP has shown an estimated 7:1 potassium titanates to anatase phase ratio.
With the incorporation of the facile protonation treatment, a phase shift was observed
where the ratio of potassium titanates to anatase was shifted to 1:10. Therefore the HBNs
AP have a dominant anatase phase. These observations were acquired from peak intensity
comparisons of Raman spectra. Further investigation has shown that during the treatment
an ionic exchange takes place and the potassium titanates become protonated titanates.
During the subsequent calcination, a re-organisation takes place where the anatase phase
emerges leaving pores in the structure of the HBNs. More information on the experiments
conducted to derive to this hypothesis can be found in section 3.9. This phase-altering
protonation treatment affects light absorption, as discussed in the previous section, but
more importantly has significantly affected the CO2 photoreduction product selectivity.
The selectivity of the HBNs BP towards CO was 91% and 9% for CHa, while the HBNs
AP dramatically shifted to 33% towards CO and 67% for CH4, while maintaining very
good conversion rates in relation to P25. P25 demonstrated a selectivity of 44% towards
CO and 56% towards CHs. The HBNs where able to outperform P25 in both selectivity

and conversion rates with the incorporation of the protonation treatment (Table 1).

4.2.3 Performance of RuO2-HBNs and CuO-HBNs in CO2 photoreduction

The HBNs AP have been the best performing photocatalyst material in the initial
comparison between HBNs BP, HBNs AP and P25 in terms of overall CO2 conversion
and light absorption as described above. Therefore, HBNs AP was used to fabricate the
RuO2-HBNs and CuO-HBNs samples. For the RuO2-HBNs sample, Ru** particles were
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found decorating the HBNs microstructures when examined under HR-TEM, EDX and
XPS analysis. The material exhibited a slightly reduced photon flux of 45 umol m? s
as opposed to 48.2 umol m2 s for the HBNs AP which explains the slight conversion
penalty observed. However, the RuO2-HBNs have shown a further increase in CHs
selectivity, up to 74 % compared to 67 % for the HBNs AP which was attributed to the
effective photoexcited charge separation and suppressed recombination rate. The CuO-
HBNs synthesis revealed an interesting morphology where CuO particles (100-300 nm)
were found decorating the tips of the nano-branches of the HBNs. The CuO-HBNs have
demonstrated increased optical performance with a photon flux of 54.2 umol m2 s, yet
a selectivity profile similar to P25 and a modest CO> conversion. The CuO particles are
likely acting as recombination centers prohibiting the reaction flow.

4.3  Research impact
The current study presents a novel nanostructured photocatalyst material with the ability
to alter its selectivity of the reaction products of CO> photoreduction utilising a simple
protonation treatment. Such material has not been reported in the literature before, to the
best of the author's knowledge. The HBNs have demonstrated superior performance in
terms of light absorption, conversion and selectivity when compared to the benchmark
P25. Furthermore, with the compound RuO2-HBNs material a further CHs selectivity
boost was achieved while the CuO-HBNs material exhibited improved optical
performance. Overall, the study presents a photocatalyst with simple and uniquely
tuneable selectivity control over the products of CO2 photoreduction which was absent

from the existing literature.

4.4  Personal development
Most of the skills required for characterisation, synthesis and reaction were acquired from
previous work (refer to Chapter 5 & 6). However, the body of work reported in this
chapter was conducted under strict time frames and had to be scheduled extremely
carefully due to constraints resulting from the global pandemic restrictions of COVID-
19. Significant scheduling and planning was required to ensure that the time-frames were
met by accounting for unexpected delays such as Covid-19 lock-down or outsourced
characterisations delays. One example would be when the XPS instrument from Harwell

facility required a service (part replacement) and the required spare part shipping was
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significantly delayed, due to reasons related to Covid-19. The samples have also been
tested in another XPS facility, at St-Andrews University in order to keep the research
progressing on schedule, accounting for unexpected delays. The delayed results from
Harwell XPS facility were used as a confirmation of the initial analysis. Such contingency
plans had to be made all throughout the entire research planning. Furthermore, ensuring
adequate chemical supply and sufficient lab-time (restricted access due to university
policy regarding Covid-19) was another consideration. For example, a plan was made
identifying all consumables and chemicals that might have been required in the future
research and their quantities. All these consumables and chemicals were pre-ordered
creating a safety stock. Careful consideration of possible outcomes and anticipation of
the next step, in regard to research, was required to overcome these challenges and was

certainly a valuable lesson for future project planning.
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Abstract

Utilising captured CO> and converting it into solar fuels can be extremely beneficial in
reducing the constantly rising CO. concentration in the atmosphere while simultaneously
addressing energy crisis issues. Hence, many researchers have focused their work on the
CO. photoreduction reaction for the last 4 decades. Herein, the titania hyper-branched
nanorods (HBNSs) thin films, with a novel hierarchical dendritic morphology, revealed
enhanced CO: photoreduction performance.  The HBNs exhibited enhanced
photogenerated charge production (66%), in comparison with P25 (39%), due to the
unique hyper-branched morphology. Furthermore, the proposed HBNs thin films
exhibited high degree of control over the product selectivity, by undergoing a facile
phase-altering treatment. The selectivity was shifted from 91% towards CO, to 67%
towards CHs. Additionally, the HBNs samples showed the potential to surpass the
conversion rates of the benchmark P25 TiO in both CO and CH4 production. To further
enhance the selectivity and overall performance of the HBNs, RuO2 was incorporated
into the synthesis, which enhanced the CHa selectivity from 67% to 74%; whereas the
incorporation of CuO revealed a selectivity profile comparative to P25.

4.5 Introduction

CO2 photoreduction is one of the promising carbon neutral energy sources, which has the
potential to produce solar fuels, such as CHs and CO, by using water as an electron donor
and light as the input of energy.[2, 3] However, CO. photoreduction is a
thermodynamically unfavourable process, which requires large energy input to stimulate
the occurrence of the reduction reaction.[4] The main challenge for CO2 photoreduction
is the limited light energy absorbance in addition to the high stability of the CO2 molecule,
and thus high energy input is required for this conversion (1498 kJ mol™).[5]
Consequently, the fabrication of highly efficient photocatalysts becomes a very important
task.

TiO2 is the most extensively used photocatalyst for photocatalysis as well as CO>
photoreduction, accounting for roughly 40% of the publications on CO:
photoreduction.[6-12] The main advantages of TiO are its chemical and thermal
stability, high charge transfer potential, abundance, non-toxicity and cost.[13-15] TiO:
has a relatively wide band gap, which allows for an effective redox potential for CO>

photoreduction, but at the same time limits the range of electromagnetic radiation
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wavelengths that it can absorb. Hence, the wide band gap and the consequent wavelength
absorption limitation is considered the main challenge for Ti0..[13, 16] Foreign element
doping, semiconductor coupling, and photosensitisation are amongst the most popular
methods implemented to expand the light absorbance and improve the photocatalytic
performance of TiO2.[17] Despite the fact that morphological alterations wouldn’t widen
the range of wavelengths that can be absorbed by the photocatalyst, morphology still is
an important parameter and it has the potential to improve the amount of light absorbed,

increase the surface area and thereby expose more active sites.

The morphological alterations of 3D hierarchical TiO2 nanostructures have
received considerable attention as they were found to enhance the photocatalytic
performance.[18] This was attributed to the synergistic benefits of their complex
structure, which is composed from basic nanoscale building blocks that preserve their
unique individual properties (i.e., OD spheres, 1D nanorods, 2D sheets, etc.). Such 3D
hierarchical structures, which consists of 1D building blocks that are combined to form
3D super-structures, have been reported to enhance light harvesting due to light scattering

effects, increase surface area and improved charge transport.[19-23]

The effects of morphological design for CO2 photoreduction is demonstrated
herein using hierarchical 1-3D TiO, Hyper-Branched Nanorod (HBNs) grown on
Fluorine-Tin Oxide (FTO) conductive glass. The unique morphology of the HBNs
microstructures revealed a significant increase of light absorption due to increased
number of exposed active sites and light scattering effects. Hence, the fabricated HBNs
showed high photocatalytic performance in CH4 and CO production under visible light
irradiation. Interestingly, the fabricated HBNs demonstrated the ability to shift and
increase the product selectivity through a facile protonation treatment. The best

performing sample has demonstrated an internal quantum efficiency of @, y,=0.3%.

4.6 Experimental procedure
Materials & Synthesis
Potassium titanium oxide oxalate dihydrate (PTO, >98.0%), diethylene glycol (DEG,
99.0%), bis(cyclopentadienyl)ruthenium ((CsHs)2Ru, 98.0%), Copper (Il) acetate
(Aldrich, 98%), n-hexane (CsH14, 95.0%). Isopropanol (IPA, 99.5%), acetone (>95.0%)
and ethanol (99.0%) were procured from Fisher Scientific. All chemicals were used

without any further purification. All aqueous solutions were prepared using milli-Q
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ultrapure type 1 water (18.2 MQ.cm) collected from a Millipore system. Fluorine-doped
tin oxide (FTO) TEC-15 glass was purchased from Ossila (2.5 cm x 2.5 cm, roughness of
12.5 nm, FTO layer thickness of 200 nm, 83.5% transmission and resistivity of 12-14 Q

cm™). Degussa P25 TiO; was purchased from Sigma Aldrich.

Before the use of the FTO glass slides, they were cleaned using a solution of H2O, IPA,
and Acetone in a ratio of 1:1:1. The glass was submerged into the solution and sonicated
for 1 h. The glass was then dried at 75 °C for 30 mins.

Titania hyper-branched nanorods (HBNs BP) were fabricated using a hydrothermal
approach. Similar synthesis has been performed in our previous studies.[24] Potassium
titanate oxide oxalate dihydrate (PTO) was dissolved in a mixture of H,O and DEG in a
1:7 ratio. The concentration of PTO was 0.05 M. The precursor solution was stirred for
30 minutes before it was transferred to a 100 mL Teflon-lined autoclave along with the
FTO glass. The FTO glass was resting against the Teflon-liner walls with the conductive
side facing down at approximately 60°. The hydrothermal synthesis was carried out at
180 °C for 9 h. The autoclave was allowed to cool down to room temperature and the
titania HBNs were rinsed several times altering between Milli-Q (18 m Q) water and
ethanol. The rinsed samples were then calcined at atmospheric conditions at 550 °C for

1 h. This sample will be depicted as HBNs BP which stands for “before protonation”.

Hyper-branched nanorods (HBNs) protonation treatment was performed after the
calcination of the previous step. The as-prepared Titania HBNs BP were allowed to
naturally cool down to room temperature and were then submerged in ethanolic HCI
(0.04M) for 3 h and aqueous HCI (0.02M) for another 3 h, with mild agitation. The HCI
solution was replaced with fresh HCI solution every 1 h. Following this procedure, the
as-prepared thin-films were rinsed with both ethanol and DI water several times and were
submerged in ethanol for another 1 h in mild agitation. They were then dried in the oven
at 70 °C overnight before another calcination at atmospheric conditions at 400 °C for 2
h. Samples that had undergone this protonation treatment will be depicted as HBNs AP.

Synthesis of RuO2 loaded HBN (RuO2-HBNs) was synthesized under dry nitrogen
atmosphere, in a custom-made glove box. Bis(cyclopentadienyl)ruthenium (CsHs)2Ru,
was dissolved in n-hexane (CeH14) to achieve a molar concentration of 0.005M and stirred
vigorously at atmospheric temperature for 1.5 h until a clear solution was obtained. The
HBNSs AP loaded glass-slide was then placed into the teflon liner resting against its walls

at 60 ° as described before, with the coated surface facing down. The ruthenium precursor
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liquid was added to the Teflon-liner to cover the entire FTO glass surface (25 ml). The
Teflon liner was then transferred into the autoclave and was placed in the oven at 180 °C
for 30 h. The Ru-TiO2 FTO glass was then rinsed with n-hexane and calcined to 400 °C

for 10 h with a ramp rate of 10 °C min™.

Synthesis of CuO loaded TiO2 (CuO-HBNs) Copper (I1) acetate was dissolved in 50
mL of ethanol at a concentration of 0.005 M. The solution was stirred for 30 minutes.
Then 2 mL of NaOH was added drop-wise and stirred for another 60 min, obtaining the
final solution that was used to fabricate the CuO-HBNSs thin film. The Cu precursor
solution was transferred to a 100 mL Teflon-lined autoclave along with the HBNs AP
loaded FTO glass. The glass was positioned resting against the Teflon-liner walls with
the coated side facing down at approximately 60°. The solvothermal treatment was
carried out at 150 °C for 5 h. The autoclave was allowed to cool down to room
temperature, and the CuO-HBNSs slides were rinsed with ethanol and then calcined to 400
°C for 10 h with a ramp rate of 10 °C min™.

4.7 Characterization
Crystallinity and phase identification of the synthesized products were conducted using
powder X-ray diffraction XRD (Bruker D8 Advanced Diffractormeter) equipped with Cu
Ka radiation (A= 1.5418 A) and compared with the ICDD-JCPDS powder diffraction file
database. The morphological features of the synthesized samples were examined by a
field emission scanning electron microscope (FE-SEM, FEI Quanta 200 F). Further
investigation on the morphology at higher magnification and the element composition of
the samples was carried out using a high-resolution transmission electron microscope
(HR-TEM, FEI Titan Themis 200) equipped with an energy dispersive X-ray
spectroscope (EDX) detector operated at 200 kV. The sample for HR-TEM analysis was
prepared by gently removing the coating off the FTO glass surface. And then, the powder
obtained was suspended in ethanol shaken vigorously for 5 minutes until a cloudy solution
was achieved, then a few drops of the solution were placed on a carbon-coated nickel
TEM grid and was left to dry in atmospheric conditions. Crystallinity and phase
identification of the synthesized products were performed using Raman, which were
recorded using a Renishaw inVia Raman Microscope with 785 nm excitation source. The
diffuse reflectance was measured using a Perkin Elmer Lambda 950 UV-vis equipped
with an integrating sphere (150 mm) and the band gap energy was estimated using the

Kubelka Munk function. X-ray photoelectron spectroscopy (XPS) was performed on
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Scienta 300 XPS machine incorporating with a rotating Al Ko X-ray source operating at
13 kV x 333 mA (4.33 kW). Electron analysis was performed using a 300 cm radius
hemispherical analyser and lens system. The electron counting system consist of a
multichannel plate, phosphorescent screen and CCD camera. All multichannel detection
counting is done using proprietary Scienta software. The elements present were
determined via a wide energy range survey scan (200 mW step, 20 ms dwell time, 150
eV pass energy and summed over 3 scans). The high-resolution scans were performed at
a similar pass energy (150 eV), but a step size of 20 mV. A dwell time of 533 ms was
used and accumulated over 3 scans. The instrument operated at a base pressure of 1 x 10
® mbar; the energy scale is calibrated using the Au 4f, Ag 3d and Cu 2p emission lines,
where the half width of the Au 4f; emission line is approximately 1.0 eV. All data
analysis and peak fitting were performed using the CaseXPS software. The photon flux
was measured by using the spectroradiometer (Apogee-200 from Apogee Instruments),
at a set distance of 20 cm from the light source (OmniCure S2000) that was used in the
CO2 photoreduction reaction. The blank measurement was performed using a blank FTO
glass. The quantum efficiency measurement of CO and CH4 were calculated using
equations (4.1) and (4.2) accounting for the electrons needed for the conversion of each
compound, respectively. The average production value was used for the internal quantum
efficiency measurement of each product.

8 x CHyyield
photons absorbed

2 x CO yield
photons absorbed

Do (%) =

100 (4.2)

4.8 CO2 Photoreduction
The CO; photoreduction were performed using the experimental set-up as described in
previous work.[25] Briefly, the FTO glass samples were inserted into the cut-out slot of
the photoreactor as shown on Figure 4.1. Before each photocatalytic test, a purge and
equilibration regime was followed, where the system was placed under vacuum (-100
kPa) and then the vacuum was released with CO2 (99.995%) until it reached 100 kPa of
pressure. The pressure was then released through the injection port of the gas
chromatograph (GC, Agilent, Model 7890B series). This process was repeated three
times and on the final repetition the system was left with a CO> flow rate of 0.35 mL min°
! passing through a temperature-controlled saturator for at least 16 h (overnight) to allow

the system to equilibrate. Relative humidity (£1.8% RH) was measured using an inline
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Sensirion SHT75 humidity sensor embedded (MG Chemicals 832HD) nested into a
Swagelok 1/4" T-piece. Relative humidity is expressed as a percentage of the water vapor
relative to the temperature of the air and therefore it’s the percentage of the actual water
vapor compared with the total amount of water vapor that can exist in the air at the current
temperature. The temperature of the photoreactor (40 °C) was controlled using a hot plate
and the surface of the photocatalyst measured using a Radley’s pyrometer (£2.0 °C). The
temperature was chosen as the lowest temperature that would allow the H2O to remain in
gaseous form. An OmniCure S2000 light source (300-600 nm wavelength) was placed 30
mm above the surface of the investigated sample. Irradiance (150 mW cm) at the end of
the fiber optic light guide was measured before each experiment using an OmniCure
R2000 radiometer (£5%). An inline GC with a Hayesep Q column (1.5 m), 1/16 inch
OD, 1 mm OD), Molecular Sieve 13X (1.2 m), 1/16-inch OD, 1 mm ID), thermal
conductivity detector (TCD), nickel catalyzed methanizer, and flame ionization detector
(FID) was used to analyze the output of the photoreactor every four min. The GC was
calibrated using 1000 ppm calibration gas (Hz, CO, Oz and CH4 in Ar balance). It was
then further diluted with Ar (99.995%) using mass flow controllers to 17.04, 4.62 and 1
ppm using the FID detector for CH4 and CO, respectively, and 69.49, 34.72 and 17.04
ppm using the TCD detector for Hz and Oo.
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Figure 4.1 — Photoreduction rig set-up diagram including 3D rendering of the custom

photoreactor and thin film HBN photocatalyst. (Not to scale)

Control experiments were carried using all the fabricated samples to investigate the

genuine production of carbonaceous products from CO..

1. CO, was replaced with N2;
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2. Light source was turned off.

Other experimenting parameters were unchanged.

4.9 Results and discussion
The titania HBNs were fabricated using a facile hydrothermal treatment on conductive
FTO glass slides. The XRD pattern of HBNs BP evidenced the presence of anatase and
K2TisOg (Figure 4.2a). After the protonation treatment, K>Ti4O9 was removed, leaving
only anatase phase within the sample HBNs AP. Due to the weak signal in XRD, Raman
spectroscopy was utilised to investigate the crystallinity and crystal phase of the samples
(Figure 4.2b). Raman signal responds to spatial order, associated with crystalline
structures, with a sharp peak and narrow bands, whereas amorphous solids and their lack
of spatial order in the crystal lattice translates to broad peak signals.[26] The as-prepared
HBNs BP sample exhibited mainly potassium titanate features shown at 188, 279, 441
and 652 cm™.[27] Meanwhile, a weak signal of the anatase phase feature was observed
at 143, 395, 517, and 638 cm™ associated with the Eg, Big, A1g, and Eg4 vibrations,
respectively.[24] Potassium titanate was the dominant phase and the relative ratio of

potassium titanate to anatase was estimated at 7:1.

The HBNs BP was treated with a facile protonation treatment forming HBNs AP.
As a result, a phase shift was observed, in which the anatase phase (i.e., 143, 395, 517,
and 638 cm™, Figure 4.2) was shown the dominant phase. The relative ratio of potassium
titanate to anatase was reduced to 1:10. Additionally, traces of rutile phase were spotted
at 442 and 631 cm, attributing to the use of HCI acid.[27] Degussa P25, which is used
as the benchmark sample in this study was also characterised as shown in Figure 4.2.

Degussa P25 was suspended in water and deposited on an FTO glass.

The as-prepared HBNs samples showed homogeneous and full coverage of
coating on the surface of the FTO glass (Figure 4.3a-c). A dendritic microstructure (3-5
um in height) was revealed, decorated with numerous nano-branches growing along the
dendrites. The growth orientation was generally upwards with a chaotic directionality of
the nano-branches. The width and length of the nano-branches were ~5-20 and 50-350
nm, respectively (Figure 4.3d-g).[24, 28, 29]
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Figure 4.2 — X-ray diffraction pattern for the as prepared HBNs BP and
HBNs AP (a), Raman spectra of the fabricated samples with potassium

titanates (blue), anatase (red) and rutile (green) components (b).

After the protonation treatment, no significant changes were observed in the morphology
of the HBNs structure (Figure 4.3g) and the thin film remained intact. Prior to the
subsequent calcination, the titanate phase of the thin film remained as the dominant phase
(Figure B.1) and exhibited a polycrystalline structure under SAED examination (Figure
4.4a). After the calcination, the polycrystalline titanate phase was significantly reduced
and a highly crystallised c-axis elongated anatase phase emerged (Figure 4.4b). As a
result of protonation treatment and calcination processes, the formation of pores was
observed on the nano-branches and dendrites (Figure 4.4c, d). Hence, the mechanism of
protonation was proposed. During the protonation treatment, ionic exchange reaction

took place, in which potassium titanate converted to protonated-titanate. Then, the
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subsequent calcination treatment resulted the protonated titanate to re-organise into
anatase phase of TiO2 as observed in the Raman spectra (Figure A.1) and the re-

organisation created the observed porosity (Figure 4.4d).[27, 30]

Figure 4.3 - Different magnification of the same area of the HBNs BP sample under
SEM (a-c) and TEM (d-f), The top view (g) and cross-section (h and i) of HBNs
AP sample.

Figure 4.4 - SAED pattern and TEM imaging of HBNs

BP (a and c, respectively) and HBNs AP (b and d,
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The optical properties of the HBNs were analysed using UV-vis and
spectroradiometry. The HBNs BP sample showed higher reflectance compared to the
HBN AP, indicating the latter possessed higher optical properties than the former (Figure
4.5). Moreover, the cut-off wavelength of the HBNs AP was longer than HBNs BP,
implying a band gap narrowing after the protonation treatment. The band gap of the
HBNs BP was estimated at 3.7 eV; whereas after protonation treatment, the band gap was
reduced to 3.4 eV. This was attributed to the shift from titanates to anatase phase. The
photon-flux of HBNs AP increased from 39.8 (i.e., HBNs BP sample) to 48.2 umol m™
st under irradiation of visible light in the range of 300 — 600 nm. The increase of photon-
flux could be explained by the band gap narrowing as shown in the UV-vis results.
Meanwhile, the benchmark P25 showed a photon-flux of 28.6 umol m2 s, Hence, the
effective photon flux for the photocatalytic reaction obtained from the HBNs BP, HBNs
AP and P25 samples were 54, 66 and 39%, respectively. As expected, the amount of light
absorbed by the HBNs microstructures was significantly higher than P25 due to the large
surface area of the HBNs even though P25 possessed a narrower band gap.
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Figure 4.5 - Diffuse reflectance spectra with a Kubelka-

Munk inset for band gap calculation.

The CO2 photoreduction reaction was performed using a custom-made reactor
designed for the FTO glass and was connected and analysed using GC (Figure 4.1).[25,
31, 32] The HBNs BP exhibited a cumulative conversion of CO at 7.9 umol gear* hY).
On the other hand, it exhibited a very low selectivity towards CHa4 (9%) and produced
only 0.4 umol gear? h'fof CHa in contrast to 6.9 pmol gear h for P25. Although the
overall conversion of HBNs BP was the lowest among the samples, the superior
selectivity towards CO resulted the highest production of CO. HBNs AP displayed a

selectivity shift towards CH4 (67%), producing the highest cumulative conversion of CHs
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(8.7 pmol gear* 2, Table 4.1) surpassing both the P25 and HBNs BP sample. Therefore,
the HBNs had shown great flexibility in adjusting the product selectivity by treating the
sample using a facile protonation step. It is worth noting that the HBNs AP with
dominating anatase phase had shown significantly higher photocatalytic activity
compared to the titanate rich HBNs BP. This was attributed to the higher charge transfer
potential associated with the anatase phase of TiO- as well as the porosity formed which
provides easy access to the surface of the material.[33] To the best of the authors
knowledge, the utilisation of a simple protonation step to alter the selectivity of the HBN

material for CO2 photoreduction has not been reported in the literature

To further investigate the potential of the already modified selectivity and
performance of the as-prepared photocatalyst, the HBNs microstructures were loaded
with RuOz and CuO, respectively and the photoreduction results are shown in Table 4.1.
The best performing HBNs AP sample (i.e., in terms of cumulative overall conversion),
was employed for the synthesis of the RuO2-HBNs and CuO-HBNs samples. HBNs AP,
RuO.-HBNs and CuO-HBNs were examined under Raman and revealed very similar
peaks of predominantly anatase, weak signals of potassium titanate and traces of rutile.
However, no Ru or Cu related peaks could be identified (Figure A.2). This could be
attributed to the low concentration of the RuO, and CuO as well as highly dispersed
clusters of these foreign elements.[24, 34] The microstructure of RuO2-HBNs and CuO-

HBNs did not show significant changes after the loading of RuO, and CuO.

The CuO-HBNs samples revealed some dangling nanoparticles (50-150 nm)

attached to the tips of the nano-branches of the HBNs (Figure 4.6a, b). These particles

Table 4.2 — Results of CO> photoreduction for HBNs BP, HBNs AP Degussa P25,
RuO2-HBNs and CuO-HBNs. Unprocessed GC data is available in Figure A.4.

Selectivity calculations take into consideration only CH4 and CO production values.

Sample name CHa4 CHa4 cum. (6{0) CO cum.
selectivity conversion selectivity conversion
(%) (umol gearth?) (%) (umol gearth?)
HBNs BP 9 0.4 91 7.9
HBNs AP 67 8.7 33 4.3
P25 TiO2 56 6.9 44 5.1
RuO2-HBNs 74 5.2 26 1.8
CuO-HBNs 53 2.5 47 2.2
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were evidenced as Cu nanoparticles under the elemental analysis of HR-TEM (Figure
4.6¢, ). Upon closer inspection of RuO2-HBNs under HR-TEM, some nanoparticles (50-
60 nm) were found loaded on the HBNs structures (Figure 4.6g-i). Elemental analysis
was performed to identify the elemental composition of the observed nanoparticles on the
sample. Ru element was spotted and identified on the HBNs while Ti and O were
identified as the dominant elements of the HBN structure (Figure 4.6i-1).

Further insight regarding elemental composition was acquired utilising XPS. The
XPS results showed that the loaded Cu and Ru was 3 and 1 at%, respectively. The Ru
3ds/2 peak was found at 280.7 eV, which is associated to Ru**, evidencing the presence
of RuO2 nano-particles on the RuO2-HBNs sample (Figure 4.7b).[35, 36] Regarding the
CuO-HBNs sample, the Cu 2ps2 peak emerged at 932.9 eV and was attributed to Cu?*,
which led to the conclusion that the observed dangling particles were CuO nanoparticles
(Figure 4.7c). The Ti 2p with 5.7 eV of spacing between Ti 2p1» and 2p2/3 evidenced the
presence of TiO2. The Ti 2p, Ols as well as the adventitious carbon C1s peaks were
found in all samples as expected under X-ray photoelectron spectroscopy.[37] A weak
signal of K 2p was observed even after the protonation treatment on the survey scan for
both samples, (Figure A.3) showing some amount of potassium was still present in the
sample as it was also confirmed by the Raman investigation.[38]

The optical properties were examined using UV-Vis and spectroradiometer
measurements. The RuO2-HBNs exhibited a very similar reflectance to the HBN-AP,
possibly because of the very low concentration of RuO; on the sample. However, CuO-

HBNs has shown increased light absorption in the 350 — 800 nm range (Figure 4.5). The

band gap energy of was estimated at 3.4 eV for all the samples as can be seen in the inset

Figure 4.6 — Microscopy morphology investigation and elemental mapping EDX. a,b) SEM
imaging for CuO-HBNs, c,d,e,f) EDX analysis for CuO-HBNSs. g) SEM imaging with
zoomed inset for RuO2-HBNSs, h) TEM imaging for RuO2-HBN:S, i,j,k,I) EDX analysis for
RuO2-HBNS.
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CPS

of Figure 4.5. The spectroradiometer measurements have shown the RuO2-HBNSs to have
slightly reduced photon flux 45 umol m st when compared to the HBNs AP 48.2 umol
m2 st However, the CuO-HBNSs exhibited increased photon flux at 54.2 umol m2 s,
The results acquired from the GC for RuO2-HBNs and CuO-HBNSs are shown in Table
4.1. The RuO2-HBNs sample has shown further increase on the CHa selectivity to 74%
compared to HBNs AP sample (67%). However, a reduction in conversion yield was
observed in RuO2-HBNSs (i.e., from 8.7 umol gear* h™ t0 5.2 pmol gear*h™ in HBNs AP).
This was attributed to the reduced photon flux observed under the spectroradiometer
measurements when compared with HBNs AP. The improved product selectivity towards
CHjs as exhibited in RuO2-HBNs was attributed to the effective charge separation, and
suppressed electron-hole recombination, allowing more photogenerated electrons to
participate in CO2 photoreduction reaction, consequently amplifying the multi-electron

conversion of CH4 as opposed to the 2-electron conversion of CO.[39-42]

An altered selectivity profile was observed with the incorporation of CuO for
CuO-HBNs where CHs selectivity was decreased compared to HBNs AP. The
incorporation of CuO have been reported to improve optical performance and to have the
potential to facilitate charge migration.[43] Despite the improved optical performance
observed, the CuO-HBNs exhibited a modest overall conversion even though the loading
composition was higher than RuO2-HBNs. This was attributed to the CuO functioning
as a recombination centre thereby prohibiting the reaction flow most likely due to the
agglomerated relatively large ~300 nm CuO particles observed in Figure 4.6a-c, f.
Researchers have previously reported CuO loading acting as a recombination centre
resulting in reduced conversion rates.[17, 34, 44, 45] It has also been reported that
excessive CuO loading could result in masking the illuminated TiO2 surface therefore

reducing conversion rates.!®3 Control experiments were conducted as described in the
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Figure 4.7 - XPS analysis, magnification of the peaks a) Ti 2p of HBNs AP, b) Ru 3ds2
of RuO2-HBNSs and c) Cu 2pa/. of CuO-HBNs samples.

81



experimental procedure section and no or only trace amount of products was observed on
the GC.

4.10 Conclusions
A facile protonation treatment has demonstrated the ability to tune the product selectivity
of CO2 photoreduction under 300-600 nm of light irradiation. The hierarchical 1-3D
nanostructured HBNs had significantly improved the optical properties of TiOz2, in which
the HBNs possessed 66% of photon flux while P25 only showed 39% under 300-600 hm
of irradiation. The proposed protonation treatment was able to manipulate the product
selectivity of the as-prepared HBNs from 91% towards CO to 67% towards CH4. As a
result, as-prepared HBNs exhibited the highest production of CO, whereas the HBNs AP
had the highest production of CH4. Additionally, the overall conversion of HBNs AP was
the highest amongst other samples and achieved an overall quantum efficiency of 0.3%.
The RuO: loaded HBNs AP managed to further increase the CHj selectivity to 74%. CuO
loaded HBNs showed drastic increased in light absorption with comparative selectivity
performance as P25. Overall, the titania HBN thin films have shown to be a high
performing and highly versatile nanostructured material with great flexibility in terms of

selectivity for CO2 photoreduction.
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4.11 Further research (not published work)
To further investigate the fabricated photocatalysts electrical response to light, an
experiment was conducted using an Autolab electrochemical workstation with a 3
electrode system. For detailed information on how the experiment was conducted refer to
section 3.11. During this experiment a series of light on, light off experiments were
performed and the materials response to light was recorded, measuring the photocurrent
produced in relation to time (Figure 4.8). The RuO, HBNs shows the highest
photocurrent values when irradiated, which is in agreement with the photoreduction
results where the highest CHa4 selectivity was achieved. This could be attributed to the
higher density of photoexcited charges which could promote the multi-electron
conversion of CO; to CHs. HBNs AP have produced a higher current than HBNs BP
which can be expected given the narrowed band gap and improved charge transport
associated with the anatase phase, while CuO-HBNs exhibited a modest photocurrent,
despite its high light absorption properties. This is attributed to the CuO clusters forming
recombination centres for the photoexcited charges. Lastly P25 has shown a poor
performance when compared to the HBNs which is largely attributed to their morphology

and light harvesting capabilities.
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Figure 4.8 — Chronoamperometry measurements for the fabricated
samples using the autolab electrochemical workstation in a 3-

electrode system in a series of light on/off experiments.
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Chapter 5

Comparative study of CO. photoreduction using different

conformations of CuO photocatalyst

CO, H,O
A CO

5.1  Aims and objectives
Various conformations of CuO have been proposed in the literature for CO:2
photoreduction; however, the comparison of published results becomes difficult due to
the varying experimental conditions, reactor geometry and set-ups. Hence, this study
aims to serve as a uniform platform to ascertain the effect of different configurations of
CuO on photocatalytic performance and determine the most significant factors for the
synthesis of photocatalysts. In this study several conformations of CuO are prepared and
tested for CO2 photoreduction. CuO is examined as a sole photocatalyst and as a co-
catalyst supported on titania HBNs. Two general configurations (i.e., powder and
coating) were prepared in this study. The powder samples were prepared using
precipitation, sonochemical and microwave assisted hydrothermal approaches; whereas
the coating samples were prepared on a fiber glass mesh substrate and FTO conductive
glass. The FTO samples included titania HBNs, CuO thin film, and CuO-HBNs. These
samples were characterised by XRD, Raman, UV-Vis, SEM and XPS to investigate their

physical properties.
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The publication presented in this chapter is a collaborative work (with other PhD
candidates from Heriot-Watt University, UK and the Autonomous University of Nuevo
Leon, Mexico), which includes an experimental and a modelling approach. However,
this Thesis is focused on the experimental research. Consequently, the modelling section
falls out of the scope of this Thesis and will not be included in this chapter. The full
version of the paper (along with the supporting information) is available in appendix B.
Additionally, since this is a multifaceted comparative study for CuO utilisation with a
large number of samples prepared with various synthesis methods and configurations, the
titania HBNs sections were removed from the publication for the sake of simplicity and
in favour of a straightforward and cohesive narrative for this publication, as requested by
the journal reviewer. However, those are important parts for the aim and objectives of
this Thesis and consequently the removed parts were added in section 5.11 “Further

research (Not published work)” towards the end of the chapter.

The objectives of this work are:

e Fabricate CuO photocatalysts in various conformations and through
characterisation study their chemical composition, morphology, and
optical properties.

e Through the systematic study establish the most impactful parameters
responsible for the performance of the fabricated photocatalysts on CO>
photoreduction.

e Examine the synergistic behaviour of CuO-HBN and compare with the
sole CuO and HBNSs photocatalysts.

5.2 Highlights and key findings

5.2.1 Morphological variations and impacts

This chapter examines a series of CuO samples with various conformations. The
morphology of the three powder samples, which were synthesized using precipitation,
ultrasonication and microwave assisted methods, labelled as CuO P, CuO US, and CuO
MW, respectively, were examined using SEM. It was observed that all three samples
presented similar morphology consisting of a mixture of nanorods/nanoshards and
agglomerated nanoparticles. However, the degree of agglomeration seems higher in CuO
P, while CuO MW seems to have the least amount of agglomeration formed and a more

predominant concentration of nanorods formed. The three examined samples have
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identical chemical composition, as shown in XPS analysis, yet their CH4 production was
significantly impacted by the morphological aspects observed under SEM. CuO P
produced only 1 umol geart h™ while CuO US and CuO MW produced 1.5 and 2.6 pumol
geart hL, respectively. These observations indicated that the reduction of agglomerated
nanoparticles and the presence of predominant nanorod 1D morphological features of the
CuO MW has benefited the CO> photoreduction conversion rates.

Similarly to the CuO powder samples, the sample coated on glass fiber mesh and
the sample grown as thin film on FTO conductive glass slide were labelled as CuO coat
and CuO TF, respectively. The samples demonstrated significant morphological
differences when examined under SEM imaging. The CuO coating on the glass fiber
mesh exhibited a homogeneous coverage of nanorods growing in random chaotic
orientation forming 1-3D nanostructures, with large gaps for light penetration throughout
the material. The CuO TF sample demonstrated a different morphology, in which the
FTO glass surface was covered by a thin layer of numerous agglomerated 0D
nanoparticles forming a 2D overlayer. The overlayer was not homogeneous enough, as
cracks were observed under SEM, forming a “patchy” overlayer. Under SEM imaging
the FTO coating could be observed through the cracks. Both coated samples (CuO coat
and CuO TF) significantly outperformed the powder samples in terms of CO2 conversion.
Nonetheless, the CuO coat sample with the homogeneous 1-3D nanorod structure
produced significantly higher CH4 production (56.3 pmol gear* h™t) compared to the CuO
TF sample (12.7 pmol geart ). The superior performance of the CuO coat sample was
attributed to the reduced agglomeration, likely due to its immobilisation on the glass fiber
mesh when compared to the powder counterparts. Additionally, Na2O originating from
the mesh substrate was found and this is believed to have enhanced the CO; adsorption

leading to higher conversion rates.

5.2.2 CuO-HBNs compound thin film performance in CO2 photoreduction

As mentioned above, CuO TF produced 12.7 pmol gear* h™t of CH4 which was the sole
product of the reaction. The pristine titania HBNs were also examined under these
experimental conditions and showed a 669 pumol gear* h™? production of CO, and 15.5
umol gear* h™t of CHa, exhibiting a high conversion rate and ~ 98% selectivity towards
CO. The high photocatalytic performance of the titania HBNs was largely attributed to
the 1-3D nanorod microstructure, and the benefits it provides (light harvesting, charge

separation etc.), as described in detail in Chapter 4. However, the CuO-HBNs sample
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demonstrated a significantly reduced conversion rate (compared to titania HBNS),
producing only 7.3 and 3.8 pumol gt ht of CO and CHa, respectively. This reduced
conversion rate was attributed to the shading effects of the CuO overlayer that was
developed on the HBNs surface during the CuO deposition step. Briefly, due to the CuO
being deposited on top of the HBNSs using the spin coating technique, an overlayer of
CuO was formed. The overlayer resulted in shading large sections of the HBNs, therefore
hindering the photocatalytic reaction. Additionally, the HBNs were believed to provide
a substrate that could help with CuO dispersion, however under SEM examination the
CuO particles seemed to have agglomerated in clusters on the HBNs hindering the
materials performance. The CO production observed, was attributed to the partially
exposed HBNs. More information can be found in section 5.11. However, the addition
of CuO to the HBNs material has shown to increase the CHa selectivity of the material
from ~2% to ~31% when compared to titania HBNs. Additionally, after the incorporation
of CuO onto the HBNs synthesis, band gap narrowing was observed, which reduced the
band gap energy from 3.6 to 3.3 eV, thus, improving the light wavelength absorption
range of the CuO-HBNs material. As a result of this observations, CuO was deposited
using the solvothermal approach in future research as described in Chapter 3, in an

attempt to remedy the issues observed with this material synthesis.

5.3  Research impact
Through comparisons drawn from this study it was found that morphological variations,
photocatalyst immobilisation and the combination of morphology and immobilisation can
greatly affect the photocatalytic behaviour of a photocatalyst of the same chemical
compound, specifically CuO. It was found that the powder CuO conformations
synthesised with 3 different synthesis methods presented significantly varying
photocatalytic activity.  Through further characterisation it was deducted that
morphological alterations such as the ratio of 1D nanorods features to agglomerated
nanoparticles can have an impact on the photocatalytic behaviour (CuO P: 1 pmol gear
h? to CuO MW: 2.6 umol gear h). An even greater impact in conversion rates was
observed when the CuO photocatalyst was prepared as thin-film (CuO-TF: 12.7 umol gcat”
1 h1) and the synergistic effects when both morphological features and immobilisation
was applied produced the best performing photocatalyst (CuO coat: 56.3 pmol geart h™2).
It was also found that the presence of Na>O can enhance the adsorption of CO> leading to
higher conversion values. Additionally, comparisons and observations were made
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regarding the use of CuO, titania HBNs and the compound CuO-HBNs for CO>
photoreduction to investigate the synergistic effects of the two materials.

5.4  Personal development
The current research required the synthesis of seven different samples, including powder
form and coatings supported on substrates. Apart from the large variety of synthesis
techniques used, choosing the correct characterisation techniques that are applicable to
all samples, or finding ways to modify the samples/sample-holders in order to fit certain
characterisation techniques was required. One example of such modification would be
the custom-made powder loading sample holder that was designed and developed by the
team with support from the workshop (manufacturing process) for the UV-Vis
characterisation of the powder samples. This holder allowed for the UV-Vis
characterisation of powder samples and coated material on substrates or thin-films. Also,
the custom-made photo-reactor, which was designed to fit all the samples, glass fiber
mesh, FTO glass slides and powder, while maintaining the same inner volume within the
closed system for the results to be comparable. These parts were manufactured by the
workshop, yet the design was entirely up to the research team. The parts had to be very
accurately designed to allow for efficient operation of the characterisation machine or
reaction while accommodating the various samples. Choosing the suitable material was
also a very important parameter as well as the capabilities of the workshop to achieve the
desired accuracy with each material. Close collaboration and constant communication
was maintained with the workshop in the manufacturing process to ensure the parts where
accurately manufactured. Overcoming such issues and finding viable practical solutions

was a challenging and stimulating process.

As mentioned earlier, the publication presented in this chapter was a collaboration
project, which comes with its own set of challenges. The most important challenge was
maintaining effective communication between all the researchers involved. Things like
overseas communication due to time zone differences (Mexico-UK) and language
barriers were all challenges that required a careful approach. This experience has
certainly provided plenty opportunities for personal development for working in a
collaborative research project.
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Abstract

The use of CuO-based photocatalysts for CO2 photoreduction has been extensively
reported in the literature. However, the comparison of the photocatalytic activity and
selectivity from the published results becomes difficult due to different experiment
conditions (i.e., synthesis method, configuration of photocatalyst, flow rate of gas, water
content, light intensity) and reactor geometry employed. Hence, in this work different
conformations of CuO-based photocatalyst, namely powder (i.e., synthesized using
precipitation, sonochemical and hydrothermal-microwave treatment), coating on glass
fiber mesh, and thin film, were tested using the same photoreactor and experimental
conditions. All CuO photocatalysts exhibited 100% product selectivity towards CH4 over
CO and the CuO coating on the glass fiber mesh exhibited the highest production of CH4
(56.3 pmol gear hY). The morphology, particle size, particle dispersity, and presence of
impurities/defects within the CuO photocatalysts had a significant effect on
photocatalytic activity. A numerical model, which was built using COMSOL, revealed
that the experimental data obtained in this simulated photocatalytic activity study fitted

well, however, further optimization was needed.

4.5 Introduction
CO. is the most abundant anthropogenic greenhouse gas responsible for global
warming.[1, 2] Various mitigation approaches have been proposed to decrease CO>
emissions, including CO> conversion and utilization (CCU).[3-5] Solar energy to drive
the photoreduction of CO> into chemicals and fuels provides an interesting approach for
the production of syngas (CO and H>), CH3OH, CH4, HCOOH and HCOH amongst others
[6-12]

Photocatalyst requirements, including a high affinity towards CO2, rapid
adsorption/desorption kinetics, high thermal and mechanical stability and high specific
surface area with active sites, have been proposed to enhance the photocatalytic
conversion of CO: into value-added products.[13] In view of this, transition metal oxides
represent an excellent option since they can desorb the adsorbed gas at a relatively low
temperature (<200°C) compared to alkali metals and alkaline metal oxides.[13] In
addition, they are non-toxic and abundantly available. Among the transition metal oxides,
copper-based metal oxides (i.e., Cu20, CuO, Cu metal) are the most widely reported
materials for CO; photoreduction.[14, 15] This is because CuO possesses the highest

electronegativity and highest number of basic sites for CO, adsorption and a more
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favorable CO. adsorption capability (AH= -45 kJ mol™) compared to other transition
metal oxides.[16, 17]

Many studies have demonstrated the use of CuO as photocatalyst for CO>
reduction,[8, 18-23] , as summarized in Table B.S1. However, the comparison of the
results from the literature is challenging due to different synthesis approaches,
experimental conditions, and geometry of photoreactor employed. Hence, in this study,
the comparison of CuO photocatalyst in different conformations (i.e., powder, thin film,
and coatings on glass fiber mesh) is investigated under the same experimental conditions.
Moreover, three commonly used synthesis methods, including precipitation,

sonochemical, and microwave synthesis are employed to fabricate powder samples.

In addition to the development of photocatalysts for CO. photoreduction,
significant work has been devoted to developing advanced photoreactors in an attempt to
improve the current very low conversions.[24, 25] To address these engineering
challenges, a validated Multiphysics model for CO> photoreduction under UV-vis light
irradiation was developed herein. The model developed was coupled with computation
fluid dynamics, mass transport, reaction kinetic and light transport in a continuous flow
reactor. Three essential factors (e.g., CO2 flow rate, inlet HO mole fraction and light
intensity) in the CO2 photoreduction were simulated. This numerical modelling is also
expected to improve our understanding of the CO2 photoreduction mechanism, and
thereby, provide a useful tool to optimize the reaction process.

5.6 Experimental procedure
Materials synthesis
Powder
a. Precipitation method
5.98 g of Cu(CH3COO0)2-H-0 (Fermont, 99%) was dissolved in 40 mL of deionized water
(DI). Then, 10 mL of 0.6 M of NaOH (Fermont, 99%) was added dropwise into the
solution. The solution was then heated for 3 h at 80 °C under vigorous stirring. The dark
brown precipitate was washed with sufficient DI water, for remove all the possible
residual precursor. The collected powder was dried in the oven at 80 °C overnight and the
sample obtained was denoted as CuO P.

b. Sonochemical method
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The CuO powder sample was synthesized following a procedure reported
previously.[26] Briefly, 0.38 M of Cu(CH3COO)2-H-20 solution was dissolved in DI
water. Then, 0.6 M of NaOH was added dropwise into the first solution with vigorous
stirring at 50 °C. The resulted solution was exposed to sonochemical energy for 25 min
using an equipment Hielscher’s UP200Ht at 100 W, with capacitance and an amperage
of 50 and 20%, respectively. After the sonication treatment, the resulted brown
suspension was washed with DI water for three times. Finally, the dark brown powder

obtained, which denoted as CuO US, was dried in the oven at 80 °C overnight.

c. Microwave-hydrothermal method

An aqgueous solution of 0.6 M of Cu(CHsCOO),-H,O was prepared under
vigorous stirring for 30 minutes. Then, 0.6 M of NaOH was added dropwise. After that,
the mixture was treated in a microwave reactor (Mars 6) at 80 °C with 300 W for 60 min.
The resulted precipitate was washed with DI water and centrifuged a few times until the
water was clear. Finally, the powder obtained was dried at 80°C for 12 h and the resultant
sample was denoted as CuO MW.

Coating

A glass fiber mesh with a grit slit of 2.7 nm was used as the substrate for CuO
coating fabrication. Firstly, the glass fiber substrate was cleaned with acetone, methanol,
and then DI water under sonication for 20 min and then dried at 80 °C overnight. Then,
the cleaned glass fiber mesh substrates were placed in an autoclave that was filled with
0.06 M of Cu(CH3COO),-H20 solution. After that, 0.6 M of NaOH was added dropwise
into the solution under vigorous stirring. Next, the autoclave was placed in the microwave
reactor at 80 °C with 300 W for 60 min. The resulting brown coating on the glass fiber
mesh was washed with DI water and centrifuged a few times until the water was clear

and then dried at 80 °C overnight and the sample denoted as CuO Coat.

Thin film

Fluorine-doped tin oxide (FTO) TEC-15 glass was purchased from Ossila (2.5 cm
x 2.5 cm, roughness of 12.5 nm, FTO layer thickness of 200 nm, 83.5% transmission and
resistivity of 12-14 Q cm™). The FTO substrate was cleaned before use using a mixture
of isopropanol, water, and acetone with a 1:1:1 ratio. The FTO glass was submerged into
the solution and placed in a sonication bath for 1 h. The FTO glass was then removed
and dried in air for 30 min at 75 °C on a hot plate.

96



Copper (Il) acetate (Aldrich, 98%) solution was prepared using 2.742 g in 50 mL of
ethanol, forming solution A. Then, solution A was stirred for 30 minutes. After that, 12
pL of diethanolamine (C4H1:NO2, Aldrich >98%) and 25 pg of ethylene glycol (C2HeOz,
Alfa Aesar >99%) were added into solution A and stirred for 30 and 60 min, respectively,
obtaining solution B that was used to fabricate CuO thin film using a spin coater (Model
P6700). Solution B was added drop by drop onto a cleaned FTO glass, which was placed
on the sample stage of the spin coater spinning at 3000 rpm. After that, the FTO coated
was dried in air at 100 °C for 10 min and then calcined at 400 °C (ramp rate: 10 °C min-
1y for 1 h, with the resulting sample labelled as CuO TF.

5.7 Characterization
The samples morphology was analyzed using Scanning Electron Microscopy (SEM,
JEOL 6490). To investigate the crystallinity and phase identification, X-ray diffraction
(XRD) patterns were obtained using a Bruker D8 Advanced Diffractometer equipped
with Cu Ko radiation (A= 1.5418 A) and compared with the ICDD-JCPDS powder
diffraction file database; and Raman spectra were collected using a Renishaw inVia
Raman Microscope with 785 nm excitation source. Diffuse reflectance of all the samples
was measured using a Perkin Elmer Lambda 950 UV-vis equipped with an integrating
sphere (150 mm). X-ray photoelectron spectrum (XPS) analysis were performed using a
Thermo Fisher Scientific NEXSA spectrometer. The samples were analysed using a
micro-focused monochromatic Al X-ray source (19.2 W) over an area of approximately
100 microns. Data were recorded at pass energies of 200 eV for survey scans and 50 eV
for high resolution scan with 1 eV and 0.1 eV step sizes, respectively. Charge
neutralisation of the sample was achieved using a combination of both low energy
electrons and argon ions. C 1s electron at 284.8 eV was used as standard reference to
calibrate the photoelectron energy shift. All the data analysis was performed on the
CasaXPS software (version: 2.3.20rev1.0). Fourier Transform Infrared spectroscopy
(FTIR), which was performed on Thermo Nicolet iS50 (1000-4000 cm), was used to
characterize the surface of the materials. Operando Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS) experiments were conducted on Agilent Cary 600
series spectrometer equipped with Harrick Praying Mantis reaction cell. The gas inlet of
the cell was directly connected to a flow system equipped with mass flow controllers and
a temperature controller. The cell outlet was connected to the mass spectrometer Hiden

QGA MS. In each experiment, 20 mg of crushed powder was placed in the cell. Before
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reaction, the KBr background was collected in presence of CO, which was flowing
through bubbler. 64 scans were collected per spectrum with a spectral resolution of 4
cm ! and in the spectral range of 4000-400 cm™. The experiment was performed under
UV-vis irradiation at 24 and 40 °C and dark (24 °C) conditions to simulate the
experimental conditions within the photocatalytic reactor.

5.8 CO2 Photoreduction tests

The CO:2 photocatalytic reduction tests were performed under UV-visible light irradiation
using the experimental set-up and procedure as described in the authors published
work.[27] Briefly, the sample was loaded in the middle of the photoreactor. To purge
the system, three repetitive steps of placing the system under vacuum to -1 bar and the
vacuum released with CO2 (99.995%) to 1 bar were performed. The CO> was then
released through the injection port of the gas chromatograph (GC, Agilent, Model 7890B
series), leaving a positive pressure of 0.2 bar, before the system was sealed and placed
under vacuum overnight before each measurement. The flow rate of CO> was set to 0.35
mL min? and passed through the temperature controlled (0.1 °C) aluminium body
saturator for at least 16 h to allow the system to equilibrate. Relative humidity (£1.8%
RH) was measured using an inline Sensirion SHT75 humidity sensor potted (MG
Chemicals 832HD) into a Swagelok 1/4" T-piece. The temperature of the photoreactor
(40 °C) was controlled using a hotplate and the surface of the coated photocatalyst
measured using a Radley’s pyrometer (£2.0 °C). An OmniCure S2000 with 300-600 nm
wavelength was used as the light source was placed 30 mm above the surface of the
investigated sample. The light source produced an Irradiance (150 mWcm™2) at the exit of
the fiber optic light guide was measured before each experiment using an OmniCure
R2000 radiometer (£5%). The fiber optic was inserted into a lens and the entire
photoreactor surface was illuminated. An inline GC) with a Hayesep Q column (1.5 m),
1/16 inch OD, 1 mm OD), Molecular Sieve 13X (1.2 m), 1/16-inch OD, 1 mm ID),
thermal conductivity detector (TCD), nickel catalyzed methanizer and flame ionization
detector (FID) was used to analyze the output of the photoreactor every four minutes.
The GC was calibrated using 1000 ppm calibration gas (Hz, CO, Oz and CHa) in a balance
of Ar gas) that was further diluted with Ar (99.995%) using mass flow controllers to
17.04, 4.62 and 1 ppm using the FID detector for CH4 and CO, respectively, and 69.49,
34.72 and 17.04 ppm using the TCD detector for H2 and Oa.
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The CO; utilization rate was determined by taking the molar percentage of CO>
inlet: CO- outlet as the amount of CO. consumed. The cycling test (i.e., 3 runs) was
performed using the optimized sample, which was cleaned with DI water and dried on a
hotplate at 100 °C for 2 h before each run.

The quantum yield (¢) was measured under similar photocatalytic reaction
conditions using the same light source (OmniCure S2000 with 300-600 nm wavelength).
The incident flux was determined by a Laboratory Spectroradiometer (Apogee
Instruments). The ¢ values of CH4 evolution for the CO2 photoreduction reaction were

calculated according to the following equation Eq. 5.1:

amount of product formed Eq. 5.1
amount of photons adsorbed in the range of 300—600 nm q '

$CH. (300-600 nm) =

5.9 Simulation studies
(missing part of text, for the full version see Appendix:B)

5.10 Results and discussion
Crystal phase
The powder samples synthesized using different approaches (i.e., precipitation,
ultrasonication and microwave synthesis) exhibited the monoclinic phase of CuO
(JCPDS: 45-0937, Figure 5.1a-c). The peaks at 32.5, 35.8 and 38.6° corresponded to the
(110), (-111) and (111) planes, respectively. The most intense peak at 26 = 38.6° was

used to estimate the crystallite size of the samples, which was 10-12 nm.
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The crystal phase of CuO Coat also exhibited monoclinic phase (JCPDS: 45-0937,
Figure 5.1d). However, the signal-to-noise of the XRD pattern in CuO Coat was much
lower than that for CuO P, CuO US and CuO MW due to the low thickness of the coating
on the glass fiber mesh. The XRD pattern of sample CuO TF (Figure 5.1f) only revealed
a strong diffraction at 20 = 37°, corresponding to the FTO conductive thin film (Figure
5.1e). This was due to the overshadow of the diffraction pattern of the conductive thin
film. Hence, Raman spectroscopy, which is much more sensitive towards the vibration
of the crystal lattice, was employed.[28] Three bands centered at 287, 341, and 615 cm™,
which were attributed to Ag, B1g, and, B2g modes of CuO, respectively, were observed in
samples CuO TF (Figure B.S1a).[29-32] However, these CuO peaks were broadened and
slightly red-shifted, attributing to different sizes of the CuO particles (further discussed
in the next section).[30] Sample CuO Coat also exhibited CuO characteristic bands.
Additional bands, including POs* (v1) (960 cm™),[33] Si-N-Si (870 cm™), vibration

M*jk e)

d)

Intensity (a. u.)
> =

CuO JCPDS 045-0937

30 | 35 40 45 50
260"

Figure 5.1. XRD patterns of a) CuO P, b) CuO US, c)
CuO MW, d) CuO Coat, e) FTO, and f) CuO TF.

100



outside the plane C-H (760 cm™), deformation outside the ring C-H (690 cm™),[34] P-O-
P (620 cm™) were identified originated from the glass fiber mesh substrate (Figure B.S1b

and c).

Morphology

The morphology of the fabricated samples was investigated using SEM. Samples CuO P,
CuO US and CuO MW possessed a mixture of nanorods and agglomerated nanoparticles
(Figure 5.2a-c). The length of the nanorods observed in the sample CuO US (~580 nm,
Figure 5.2b) was longer than that in CuO P (~400 nm, Figure 5.2a) and CuO MW (~408
nm, Figure 5.2c). Very similar observation was also obtained on sample CuO Coat, but
a more homogeneous nanorods coated on the surface of the glass fiber mesh was observed
(~445 nm in length, Figure 5.2d). The CuO TF fabricated revealed a patchy

microstructure resulted the broadening and red-shifted of the Raman spectrum in this

sample (Figure 5.2f).

Figure 5.2 - SEM of the a) CuO P, b) CuO US, ¢) CuO MW, d) CuO Coat, and e) CuO TF.

Optical Properties

The optical properties of the fabricated samples were investigated and analyzed using
UV-vis spectroscopy, as shown in Figure 5.3. The band gap energy of was derived using
the Kubelka-Munk function from diffuse reflectance. All the fabricated samples showed
a band gap of around 1.4-1.5 eV using the (Figure 5.3).
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Figure 5.3 - Kubelka-Munk spectra of a) CuO P, b) CuO
US, c¢) CuO MW, d) CuO Coat, and ) CuO TF.

Surface properties
To investigate the surface chemistry of the samples, XPS was performed (Figure 5.4).
The XPS survey spectra of samples CuO P, CuO US, CuO MW and CuO TF revealed no
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Figure 5.4 - XPS spectra of Cu 2p for a) CuO P, b) CuO US, c¢) CuO
MW, d) CuO Coat, and e) CuO TF.
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contamination from the precursors nor substrates, whereas CuO Coat revealed the
presence of Na, which was originated from the glass fiber mesh (Figure B.S2).

The Cu 2p spectra of all the samples were deconvoluted into two components.
Specifically, the Cu 2pz/2 (934.5 eV for CuO P and CuO MW; 934.9 eV for CuO US) and
Cu 2p1s2 species (954.7 eV for CuO P and CuO US; 954.6 eV for CuO MW, Figure 5.4a-
c). In addition, these components were accompanied by their respective satellite peaks
positioning at 961.0-963.9 eV, which are characteristic of Cu?*. Furthermore, the
difference between the Cu 2pi2 and Cu 2ps2 peaks was ~20 eV, which evidenced the
oxidation state of the fabricated samples as Cu?*.[35, 36] The presence of Cu* on the
surface of the fabricated materials was revealed in the peaks centered at 933.1 and 953.1
eV for CuO P; 933.6 and 953.2 eV for CuO US; and 933.1, and 953.0 eV for CuO MW
(Figure 5.4a-c).[37] Meanwhile, CuO Coat had the Cu 2ps/ peak centered at 934.5 and
934.2 eV and Cu 2p12 peak located at 953.8 eV. Similarly, the difference of Cu 2p1and
Cu 2p32 in CuO Coat remained ~20 eV, confirming the fabricated CuO Coat sample
contained Cu (II) (Figure 5.4d). This sample also contained Cu* as exhibited in the peak
positioned at 933.1 eV (Figure 5.4d) but absent in CuO TF (Figure 5.4e). CuO TF
exhibited only the Cu 2ps/2, Cu 2p12 and Cu satellite peaks at 932.7, 952.4 and 962.1 eV,
respectively (Figure 5.4e), confirming the presence of CuO on the thin films.

The high-resolution of O 1s spectrum were deconvoluted into four components
(Figure B.S3). The peak centered at 529.5-529.9, were attributed to the O% in O-
Cu0.[38, 39] Meanwhile, the presence of peak centered at 531.1 (i.e., samples CuO US,
and CuO Coat) and 530.2 eV (i.e., sample CuO P and CuO MW) was attributed to
Vos,[40-42] evidencing the presence of Vos in these samples. Other peaks located at
531.9-532.3 eV were attributed to the oxygen adsorbed on the surface with low
coordination.[43, 44]

Photocatalytic activity
The fabricated CuO samples in different conformations were evaluated for the
photocatalytic reduction of CO> under the light irradiation (300-600 nm) and the quantity

of the gaseous products produced (CO and CH4) were monitored (Table 5.1). In general,
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CH4 was the main product produced by all the fabricated CuO samples in the
photocatalytic reduction of CO2, whereas CO was generated in very low quantities.

Vv ViNHE @ pH=7
CH, 4

DA
CB 2
i ] - oy

= -0.53 (€0,/C0)

4 * = -0.48 (CO,/HCHO)

2 \ \‘ T -0.41(H/H,)
- 1 -0.38(C0O,/CH,OH)
Eg . ' Cu0 -0.24 (CO,/CH,)
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0.9 o +0.82(H,0/0,)
=== H*, O,

Energy Level (eV) Oxidation

Scheme 5.1 - Schematic illustration of CO> photocatalytic reduction with H>O using
CuO under visible light irradiation.

Table 5.3 - Average products obtained in 4 h from CO2 photoreduction using different
configurations of photocatalyst.

Sample name CHa (umol gear 1 h)
CuOP 1.0
CuO US 1.5
CuO MW 2.6
CuO Coat 56.3
CuO TF 12.7

The CH4 production of the powder samples declined in the order of CuO MW (2.6
umol gear* ) > CuO US (1.5 pmol geart ht) > CuO P (1.0 pmol geart h). This could

be due to the homogeneity of the particles of the samples fabricated using the microwave-
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hydrothermal approach. The action spectra of the CO» photoreduction for the fabricated
samples is shown in Figure B.S4.

Regarding to the photocatalytic activity of the immobilized photocatalysts, sample
CuO TF, which contained only CuO, exhibited 100% selectivity towards CH4, producing
12.7 pmol gear* h under visible light irradiation. Sample CuO Coat showed the highest
production of CH4 (56.3 pmol geart h't), which was approximately 18 times higher than
that of CuO MW (i.e., highest among the fabricated powdered samples). The superior
performance of CuO Coat ($CH4 = 0.882) was due to the reduction of agglomeration and
the presence of Na2O originated from the mesh substrate as shown in the FTIR (Figure
5.5).[45, 46] The presence of Na2O had significantly enhance the CO. adsorption (further
discussed in the next paragraph). The CuO Coat, which has the highest CH4 production
was implemented for cycling test (Figure B.S5). The sample was tested for 3 runs and
did not show significant reduction in CH4 production.
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Figure 5.5 - FTIR pattern of CuO Coat upon the exposure of CO>

The mechanistic study of the best performing sample (i.e., CuO Coat) was
conducted using FTIR in the presence of CO> (Figure 5.5). A series of bands at 1560 and
1410 cm, which could be associated with C—O stretching and symmetry O—C—O
vibrational modes, was assigned to monodentate species (linear coordination or carbon
coordination).[47, 48] In addition, C—O stretching and symmetry O—C—O vibrational

modes, which were shown at 1340 and 1020 cm* corresponded to the bidentate
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carbonate.[49] Based on the results obtained, the CO2 adsorption and conversion
mechanisms in CuO Coat sample was proposed and shown in Scheme 5.2. Briefly, the
O and Cu on the surface of CuO Coat acts as a Lewis base site — an active site for CO>
adsorption and conversion. Then, electrons were transferred to the C and/or O of the CO;
molecules resulted in the formation of monodentate and bidentate configurations at the
surface of CuO Coat. The hole-electron pairs, which were generated upon light
irradiation, traveled to the surface of the photocatalyst and underwent the subsequent
oxidation-reduction reactions. CO> was reduced to CH4 and H20 was oxidized to Oz and
H*.

o

Monodentate
coordination

) "? Bidentate
_-o_a coordination

Scheme 5.2 - Schematic illustration of CO, adsorption and conversion on the surface of
CuO Coat sample.

The CuO coat was analyzed with operando DRIFTS to confirm the formation of
carbonate species (Figure B.S6). The coating presented a strong adsorption band at 2348
cmt, which assigns to CO2 physiosorbed in the surface of the coating, when CO, was fed
into the reactor and put in contact with the photocatalyst at 24°C in the dark. On the other
hand, the bands at around 1620, 1420 and 1296 cm™ were assigned to the asymmetric
COs stretching vibration [vas(CO3)], symmetric COs stretching vibration [vs(CO3)] and O-
H deformation vibration [5(O-H)] of monodentate bicarbonate species (m-HCOs?),
respectively, were observed upon CO: interaction with the coating in the dark.[3, 50]
When the coating was irradiated with UV-vis light, the intensity of these bands lowered
.The bands at around 1540 and 1384 cm corresponds to the [vas(CO2)] and [vs(CO2)] of
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the bidendate formate species (b-HCO2?).[51] These results suggested that the CO;
molecules adsorbed on the surface of CuO coat were mainly m-HCOs? and converted to
b-HCO,? through the reaction with OH- on the surface or OVs CuO coating. When the
reaction temperature increased to 40°C (to emulate the reaction conditions), the bands of
m-HCO3? continued to decrease, whereas b-HCO,?" increased steadily. In other words,
adsorption of CO, and conversion of m-HCOs? to b-HCO* were enhanced at elevated
temperature, which could favor the formation of CHs. Therefore, operando DRIFT
results suggested that the mechanism for the photocatalytic CO> reduction route of CuO

coat was through the carbene pathway[46, 51].

Simulation study

(Missing part of text, for the full version see Appendix:B)

5.11 Conclusions
CuO photocatalysts with different configurations (powder, thin film, and coatings on
glass fiber mesh) were fabricated and their CO2 photoreduction activity was investigated.
Sample CuO Coat with highly dispersed nanorod structure coated on the glass fiber mesh
showed the highest CH4 production from CO2 (56.3 pmol geat h?), which was
approximately 18 times higher than the powder sample synthesized using the similar
method (CuO MW). Combining the experimental and simulated results, the use of highly
dispersive nanostructured photocatalyst operated at ~6.0 x 10 ppm and <2 SCCM of

water content and CO- flow rate, respectively, could achieve the maximum yield of CO>
photoreduction at 40 °C.
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5.12  Further research (not published work)

The research sections that were originally included in the above manuscript regarding the
titania HBN thin film and CuO-HBNs compound thin film are illustrated in the following
section as was previously mentioned in section 5.1. These parts are essential for the
narrative of this chapter, as one of its main objectives is to examine the use of HBNs as a
substrate for CuO and also potential synergistic effects of the composite CuO-HBNSs in
CO: photoreduction. The research presented here is part of the preceding and preliminary
work that was presented in Chapter 4. Including this research, helps provide a cohesive

understanding of the research presented in this Thesis as a whole.

5.12.1 Material synthesis

FTO Thin film pre-treatment

Fluorine-doped tin oxide (FTO) TEC-15 glass was purchased from Ossila (2.5 cm x 2.5
cm, roughness of 12.5 nm, FTO layer thickness of 200 nm, 83.5% transmission and
resistivity of 12-14 Q cm™). The FTO substrate was cleaned before use using a mixture
of isopropanol, water, and acetone with a 1:1:1 ratio. The FTO glass was submerged into
the solution and placed in a sonication bath for 1 h. The FTO glass was then removed

and dried in air for 30 min at 75 °C on a hot plate.

Fabrication of CuO and titania HBNs and CuO-HBNs thin film

Copper (1) acetate (Aldrich, 98%) solution was prepared using 2.742 g in 50 mL of
ethanol, forming solution A. Then, solution A was stirred for 30 minutes. After that, 12
pL of diethanolamine (C4sH11NO2, Aldrich >98%) and 25 ug of ethylene glycol (C2HsO2,
Alfa Aesar >99%) were added into solution A and stirred for 30 and 60 min, respectively,
obtaining solution B that was used to fabricate CuO thin film using a spin coater (Model
P6700). Solution B was added drop by drop onto a cleaned FTO glass, which was placed
on the sample stage of the spin coater spinning at 3000 rpm. After that, the coated FTO
was dried in air at 100 °C for 10 min and then calcined at 400 °C (ramp rate: 10 °C min-

Y for 1 h, resulting in the CuO thin film sample.

Hyper-branched titania nanorods (HBNs) were fabricated using a hydrothermal
approach. Potassium titanate oxide oxalate (PTO) was dissolved in a mixture of H.O and

Diethylene glycol (DEG) with a ratio of 1:7. The concentration of PTO was 0.05 M. After
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30 minutes of vigorous stirring, the precursor solution was transferred to a 100 mL
Teflon-lined autoclave along with the FTO glass. The FTO glass was positioned resting
against the Teflon-liner walls with the conductive side facing down at approximately 60°.
The hydrothermal synthesis was carried out at 180 °C for 9 h. After completing the
reaction time, the autoclave was allowed to cool down to room temperature. The titania
nanorods were rinsed several times with Milli-Q Type 1 water and ethanol, and then
calcined at atmospheric conditions at 550 °C for 1 h.

The fabrication of CuO-HBNs sample followed the synthesis procedure of HBNs
synthesis and then followed the CuO synthesis procedure which resulted in the final CuO-

HBNs compound material.

5.12.2 Results and Discussion

The XRD pattern samples CuO, HBNs, and CuO-HBNs only revealed the strong
diffraction (at 26 = 37°) of the FTO conductive thin film (Figure 5.6). This was due to
the overshadow of the diffraction pattern of the conductive thin film as well as the unique
morphology of the HBNSs that allowed the penetration of the X-ray onto FTO coating of
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Figure 5.6 - XRD patterns of thin film samples a) blank FTO glass, b)
titania HBNSs, ¢) CuO, d) CuO-HBN:E.
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Since XRD characterization was not conclusive for the thin film samples, due to the
overpowering effects of the FTO, Raman spectroscopy was employed. This
characterization technique is much more sensitive towards the vibration of the crystal
lattice.[28] The Raman bands associated with the anatase phase were revealed at 143,
395, 517, and 638 cm™ in both HBNs containing samples (Figure 5.7a,c).[52-55] In
addition, three bands centered at 287, 341, and 615 cm™*, which were attributed to Ag, B1g,
and, Bzg modes of CuO, respectively, were observed in CuO and CuO-HBNs
samples.[30-32, 55] However, these CuO peaks were broadened and slightly red-shifted,

attributing to different sizes of the CuO particles (discussed below).

Intensity (a.u)

200 400 600 800 1000
Raman shift (cm™)

Figure 5.7 - Raman spectra for the thin film samples a)
titania HBNs, b) CuO, and ¢) CuO-HBNSs.

Morphology

The fabricated titania HBNs thin-film was coated evenly on the FTO glass. Taking a
closer observation, the thin film contained nanorod structures with a highly branched
morphology in a 3D orientation (Figure 5.8a). The vertical nanorods were
perpendicularly oriented to the FTO glass substrate (Figure 5.8d) and the dimensions of
the nanorods were measured as shown in Figure 5.9. The highly branched morphology
of the titania HBNs exhibits a nanorod structure with enough space that could promote
light penetration through the material and could potentially be a beneficial support for
CuO loading to promote dispersion and to prevent the agglomeration of CuO

nanoparticles. After the deposition of CuO onto HBNS, a thin over layer on the top of the
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HBN nanorods was observed without agglomeration. Furthermore, nano-bridges were
formed, linking the HBNs and formed into a 3D network within the sample (Figure 5.8c).
However, in the absence of the HBNSs, the CuO thin film was agglomerated resulting in

a patchy microstructure on the FTO (Figure 5.8b).

Figure 5.8 - SEM imaging of a) titania HBNs, b) CuO, ¢) CuO-HBNs,

and the cross-section view of d) titania HBNs.

Figure 5.9 - Cross-section view of T1 under a) TEM and
b) SEM.
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The optical properties of the fabricated samples were investigated and analyzed
using UV-Vis spectroscopy, as shown in Figure 5.10. Interestingly the band gap for the
titania HBNSs is shown to be narrowed after the incorporation of CuO, from 3.6 to 3.3 eV.

—— Titania HBNs

— CuO
- CuO-HBNs
3
s
S
=
=

15 20 25 30 35 4.0

Photon energy (eV)

Figure 5.10 - Kubelka-Munk function for the thin film samples.

Surface properties

The CuO-HBNSs thin film presented Ti, O and Cu elements in the survey scan. The Ti 2p
peak was deconvoluted into two components, in which Ti 2p1, was centered at 471.3 eV
and Ti 2ps» was centered at 458.5 eV, indicating Ti** oxidation state (Figure 5.11). In
addition, both Cu containing samples CuO and CuO-HBNs exhibited the Cu 2ps/2, Cu
2p12 and Cu satellite peaks at 932.7, 952.4 and 962.1 eV, respectively (shown in Figure
5.4e, section 5.10). These observations indicated an oxidation state of Cu?* and
confirmed the presence of CuO on the thin films. High resolution XPS spectra at low
binding energy region were also collected to investigate the position of the valence band.
The valence band of samples CuO and CuO-HBNSs was positioned at +1.6 eV, whereas
the valence band of titania HBNs was located +2.0 eV. These results indicate that samples
CuO and CuO-HBNs may have higher selectivity towards CHs than titania HBNS, due to
the higher potential to reduce CO> to CHa4.?’
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Figure 5.11 - High resolution Ti2p peaks XPS analysis and overall
survey scan for CuO-HBNSs.

Photoelectrochemical properties

To investigate the photoelectrochemical properties of the fabricated samples,
chronoamperometry was carried out (Figure 5.12). The photocurrent generated by titania
HBNs and CuO-HBNs samples was 3.3 x 107 and -3.2 x 10° pA cm?, respectively
(Figure 5.12). The positive photocurrent value of titania HBNs indicated that it is an n-
type semiconductor. However, when CuO was loaded, CuO-HBNSs revealed a negative
photocurrent, exhibiting the characteristic p-type semiconductor. Furthermore, the
photocurrent response to the light (i.e., the difference in the current density when the light
is on and off) of CuO-HBNs was also improved when compared to the titania HBNs
sample. This indicated a surplus of holes available in the valence band of the
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photocatalyst that could interact with the water molecule to generate -OH radicals and

release H* during the CO; photoreduction.
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Figure 5.12 - Chronoamperometric pattern of the thin film

samples.

Photocatalytic activity

The fabricated samples were evaluated for the photocatalytic reduction of CO2 under the
light irradiation (300-600 nm) and the quantity of the gaseous products produced (CO and
CHa) were monitored (Table 5.2). Titania HBNs produced 668.8 and 15.5 pumol gear* ht
of CO and CHyg, respectively. The high production of CO was attributed to the unique
morphology of the titania HBNs that could increase the light absorbance and active site
exposure. Sample CuO exhibited a 100% selectivity towards CHa, producing 12.7 pumol
geat * W't When CuO was loaded on the HBNs, the production of CH4 and CO continued
to reduce to only 3.8 and 8.7 pmol gea™* h%, respectively. The production of CO in CuO-
HBNs was probably attributed to the uncoated titania HBNs with CuO. Interestingly,

while the production was reduced, CuO-HBNs showed a significant increase in selectivity
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towards CH4 compared to titania HBNs, from 2.26 to 30.37%. The reduced production
could be partially attributed to shading effects of the CuO over layer on the titania HBNs,
as observed in the SEM analysis (Figure 5.8c).

Table 5.2 - Gas products obtained after 4 h from CO> photoreduction using different

configurations of photocatalyst.

Sample name CO (umol geatt ht) CHa (umol geatt h)
Titania HBNs 669 15.5
CuO - 12.7
CuO-HBNs 7.30 3.80
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Chapter 6

Photo-generation of cyclic carbonates using hyper-branched Ru-TiO-

O0=C= O"\ O
NG ~i

6.1  Aim and objectives
The production of cyclic carbonates (CCs) using CO2 and epoxides has been industrially
available for over 60 years.[1] However, with the shift towards more sustainable and
environmentally friendly processes, many researchers have attempted to improve upon
the existing homogeneous catalyst. The currently used homogeneous catalysts require
high temperatures and pressures, and their corrosive properties necessitate exotic and
expensive materials for their reactors.[2, 3] A lot of research has been directed towards
heterogeneous catalysts, which provides the added benefit of reduced separation and
purification costs in the production line.[1, 4-9] The presented publication’s aim is to
investigate the underexplored photocatalytic approach, towards the photo-generation of
cyclic carbonates using RuO2-HBNs as photocatalyst. The CO- cyclo-addition reaction
was performed using mild reaction conditions ~55 °C and 200 kPa for 6 h under solar
simulator irradiation as opposed to 100-200 °C and 5000-10000 kPa used in industrial
processes with homogeneous catalysts.[10] Following the publication, towards the end
of the current chapter is section 6.11 “Further research” which contains unpublished work
that followed the research work presented in the publication. In this section, further
examination of various photocatalysts take place and valuable comparison are made with

the limited amount of research available on the photo-generation of cyclic carbonates.
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The objectives of this work are:

e Fabricate a suitable photocatalyst with appropriate modifications to
achieve the photocatalytic generation of cyclic carbonates under visible
light.

e Perform sufficient experiments to validate that the reaction follows a
photocatalytic pathway.

e Aim towards milder reaction conditions compared to the ones currently
being used in the industry.

e Consider ease of use of the photocatalyst to avoid complex photocatalyst
regeneration and purification steps.

6.2  Highlights and key findings

6.2.1 Fabrication of HBN and visible light absorption

Due to the versatility and enhanced photocatalytic performance of the titania-based
hyper-branched nanorods (HBN), as discussed in Chapter 4 and 5, it is worth exploring
their utilisation in different photocatalytic reactions. Although HBN morphology had
shown to have increased light harvesting, the as-prepared HBNs showed poor visible light
performance, due to their wide band gap of 3.6 eV as was shown under UV-Vis
examination. To modify the wavelength absorption range of the fabricated HBNs, Ru
was incorporated into the synthesis using solvothermal treatment after the fabrication of
the HBNs. The resulting Ru-TiO2 HBNs have shown increased visible light absorption
which was attributed to the RuO. nanoparticles found decorating the dendritic
microstructures. Furthermore, additional absorption was observed in the range of 350 —
500 nm which was attributed to Ru** particles doped into the crystal lattice of the TiO.
The above modifications allowed the Ru-TiO2 HBNs to perform under the solar simulator
irradiation and successfully facilitate the CO2 cycloaddition reaction.

6.2.2 Photocatalytic approach and control experiments

The photocatalytic performance was evaluated by the conversion of propylene oxide
(PO), as the epoxide source, into propylene carbonate (PC). FT-IR was performed using
the solution obtained after the reaction before any purification, and a following FT-IR
analysis was acquired after the filtration and evaporation steps to purify the product. To

ensure the reaction follows a photocatalytic route, two control experiments were
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conducted: (i) First, heat and pressure were applied, without a light source nor a
photocatalyst. This control experiment aims to investigate if the applied heat and pressure
were able to stimulate the CO- cycloaddition. In this experiment, no residual product was
observed in the evaporation process; (ii) The second control experiment included the best
performing RuO.-TiO>, HBN photocatalyst, in the absence of the solar simulator
irradiation. This control experiment aims to investigate if the reaction follows a photo-
catalytic path. The FT-IR spectrum of this experiment showed no residual product
produced (Figure 6.8a). The reactions solution for these experiments was prepared using
dichloromethane (DCM) to PO ratio of 1:8 and 1.022 mg of DMAP was added per mL of

solution. The reaction solution was kept in dark conditions at room temperature.

6.2.3 Effects of Ru concentration and stability

As mentioned in section 5.2.1, the as prepared TiO2, HBNs showed inferior PC conversion
as shown in Figure 6.8 (a,b) (see Publication 3 below). Three variations of Ru loading
concentration (0.05, 0.01 and 0.005 M) were used to fabricate Ru-HBNs. When the Ru
element was introduced into the photo-catalyst synthesis, the PC conversion improved.
It was observed that with lower Ru concentration, the intensity of the trough positioned
at 1792 cm™ associated with PC was increased (Figure 6.8a). When Ru concentration
was increased from 0.005 to 0.01 M, it was observed that the PC production was almost
halved. No significant further product formation was observed when the concentration
of Ru was further increased to 0.05 M. The best performing photocatalyst was Ruoos-
TiO2 HBN, which had a Ru atomic percentage of 1.11% relative to titania, as determined
from the XPS studies.

6.3  Research impact
The contribution in this study lies in that it discusses the underexplored photocatalytic
approach for the CO- cycloaddition to epoxides for the generation of cyclic carbonates.
Prior 2021, there are only 3 publications available discussing the photogeneration of
cyclic carbonates, including the current study, to the best of the authors knowledge.[11,
12] It is also the first study to demonstrate the effectiveness of Ru element in the
photogeneration of cyclic carbonates. Additionally, this study presents a different
reaction solution which does not involve high amounts of solvents as opposed to the other
two available publications. In more detail, the reactant (propylene oxide) to solvent ratio
for this study is 8:1, while the alternative reaction solution mentioned in the other two

available publications has a reactant to solvent ratio of 1:225. The fabricated Ru-TiO:
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HBNs provides an easy catalyst recovery step due to the FTO glass support, which could
potentially reduce the cost of the expensive catalyst separation step required with current
homogeneous catalysts used in the industry. However, it is important to mention that the
conversion rates are not yet comparable with the homogeneous catalysts currently being

used in the industry.

6.4  Personal development
The current work was conducted during the first year of this PhD project, and therefore,
skills for the challenging synthesis, characterisation techniques, and reactor design and
engineering were developed during this study. More importantly, this study was
published in the Faraday Discussions 2019 for artificial photosynthesis. Along with this
publication, there was a conference oral presentation requirement for the published paper
where the research was read beforehand by the audience and discussed at the conference
held at Cambridge University. For a first year PhD student to present his work amongst
leading researchers in the photocatalysis field in this prestigious conference was both a

challenging yet an invaluable experience.
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Abstract

Anthropogenic CO; is the main contributor to the increased concentration of greenhouse
gases in the atmosphere, and thus utilising waste CO> for the production of valuable
chemicals is a very appealing strategy for reducing CO2 emissions. The catalytic fixation
of CO. with epoxides to produce cyclic carbonates has gained increasing attention from
the research community in search of an alternative to the homogeneous catalytic routes,
which are currently being used in industry. A novel photocatalytic heterogeneous
approach to generate cyclic carbonates is demonstrated in this work. Hyper-branched
microstructured Ru modified TiO2 nanorods decorated with RuO2 nanoparticles,
supported on fluorine-doped tin oxide (FTO) glass were fabricated for the first time and
were used to catalyse the photo-generation of propylene carbonates from propylene
oxides. Propylene carbonate was used as a reference for cyclic carbonates. The photo-
generation of cyclic carbonates from epoxides and CO, was carried out at a maximum
temperature of 55 °C and 200 kPa in a stainless steel photoreactor with a quartz window,
under solar irradiation. The best performing photocatalyst exhibited an estimated
selectivity of 83% towards propylene carbonates under the irradiation of solar simulator.

5.5 Introduction

Humankind relies heavily on fossil fuels as the primary energy source, producing CO> as
a by-product, which is released into the atmosphere. The increased level of anthropogenic
CO- emissions is one of the most vital contributors to climate change. In this regard, the
research community has been trying to address this challenge by developing alternative
energy sources, increasing efficiency and carbon capture, utilisation and storage
(CCUS).[13] Utilising CO2 in the production of commercially valuable chemicals and
fuels has recently attracted much attention.[14] CO, is often a good source of C-building
blocks for various organic synthesis, as it is abundant and low-cost.[15] Using waste CO>
as a feedstock for chemical reactions not only offers a more sustainable route to generate
value-added products, but also contributes to CO; fixation.[13, 16]

The synthesis of cyclic carbonates (CCs) through the coupling of CO. and
epoxides has been commercially available for over 60 years and is one of the most
promising CO; utilisation industrial applications.[13] CCs are valuable as monomers,
small molecules[17] and polymer intermediates,[18] pharmaceuticals[19], and fine
chemical intermediates.[15] In addition, the most important and rapidly growing

application of CCs lies in Li-ion batteries, in which CCs are used as electrolytes.[20]
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Nowadays, Li-ion batteries power most of the portable electronic devices and their
application in electronic vehicles is becoming very popular.[20] Due to the future
projected demands for Li-ion batteries, the current industrial production of Li-ion is

rapidly increasing.

Current commercial process for CCs synthesis uses homogeneous catalysts, such
as quaternary ammonium[2] or phosphonium halides. Although these catalysts are
inexpensive, they suffer from low efficiencies and require high temperature and
pressure.[21] More specifically, the reaction conditions were reported to be at 100-200
°C, and 50-100 bar.[22] Additionally, due to their corrosive nature, special reactor
materials are necessary, which further increases the production cost. Hence, in recent
decades, new approaches have been developed for the production of CCs.[4-6, 23] Many
researchers used homogeneous catalysts, such as (salen)Cr(I1l) complexes[15],
(salen)Co(l11),[24] (salen)Mn(l11),[25] and supramolecular metal complexes[26] to
catalyse the production of CCs. However, several drawbacks were detected have been
reported for these developed homogeneous catalysts, including low catalyst stability,
reactivity and air sensitivity.[15, 20] Furthermore, the recovery of these homogeneous
catalysts, and the purification of the product is challenging, expensive and time-
consuming.[13]

Recently, heterogeneous catalysts for the synthesis of CCs have been developed
because of the easy separation of fluids from the solid catalyst, convenient handling and
catalyst regeneration.[7, 13] For example, Zn-ZIF-67-MOFs,[8] Fe(111)[9] and bimetallic
complexes[27] have been developed to catalyse the production of CCs from CO; and

epoxide.

Photocatalysis has received much attention from the research community in the
recent years due to its sustainability aspect and its high performance in a variety of
applications, including photo-generation of Hz,[28-31] photoreduction of CO, for the
production of fine chemicals and solar fuels,[32-34] and air and water purification.[35-
37] TiO2 is the most widely used photo-catalyst for these applications because it is non-
toxic, thermally and chemically very stable, abundantly available and has good photo-

response under UV light irradiation.[11, 38]

Very recently, Prajapati et al. demonstrated the first photocatalytic synthesis of
CCs using cobalt phtalocyanine grafted on TiO2. The synthesized photocatalyst revealed
94.2% of conversion after 24 h of irradiation at 25 °C and 1 atm. Additionally, the
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photocatalysis route has shown promising performance and provides a safer route with
milder reaction conditions, compared to other heterogeneous catalysts, which were
reported to require temperatures up to 80-150 °C and pressure of 10 - 30 bar.[7]

To further explore the photogeneration of CCs using TiO.-based heterogeneous
photocatalysts, the use of a thin film photocatalyst is proposed here to eliminate the need
of separation step to recycle the catalyst, as well as to ease the handling of photocatalyst.
To the best of the authors’ knowledge, the photo-generation of CCs using a thin film
photocatalyst has not been reported in the literature. TiO2 is a wide band gap
semiconductor, and thus, it is photo-active predominantly in the UV range. To address
this issue, the addition of foreign elements that are active in the visible light region are
employed. RuO- decorating the TiO> are known to increase the overall absorbance of the
RuO,/TiO, material in the visible light region.[39] Therefore, the combination of Ru**
doping and RuO: decoration on the TiO> can greatly increase the absorbance in the visible
light region, and in turn making the use of solar light viable.[40] Furthermore, RuO; has
high chemical stability, and electrical conductivity. The combination of RuO, with TiO»
has been reported to improve charge separation, hindering the recombination process
which should enhance the photocatalytic activity of the material.[39] This effect is
attributed to the position of RuO> valence and conduction band relative to those of TiOa.
Therefore, in this work, Rux-TiOz thin film supported on the fluorine-doped tin oxide

(FTO) glass is proposed for photogeneration of CCs.

Moreover, in order to provide large surface area with more exposed active sites
and superior light scattering capability, fast electron transport and efficient charge
collection, the hyper-branched nanorods (HBN), are synthesized. These HBN have been
reported to exhibit improved optical and photoelectrical properties which resulted in
improved photo-conversion reactions.[41] Hence, the HBN were modified with Ru to be

used as a novel Rux-TiO2 photocatalyst for the photogeneration of CCs.

6.6 Experimental procedure
Materials & synthesis
Fluorine-doped tin oxide (FTO) glass TEC-15 was purchased from Ossila (dimensions
2.5 cm x 2.5 cm, roughness of 12.5 nm, FTO layer thickness of 200 nm, 83.5%
transmission and resistivity of 12-14 Q.cm™). Potassium titanium oxide oxalate dihydrate
(PTO, >98.0%), diethylene glycol (DEG, 99.0%), bis(cyclopentadienyl)ruthenium
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((CsHs)2Ru, 98.0%), n-hexane (CeHis, 95.0%), propylene oxide (PO, 99.0%),
dichloromethane (DCM, CHClz, 99.8%), 4-(dimethylamino)pyridine (DMAP, 99.0%),
propylene carbonate (PC, 99.7% anhydrous) and polyethylene glove Atmosbag were
purchased from Sigma-Aldrich. Isopropanol (IPA, 99.5%), acetone (>95.0%) and
ethanol (99.0%) were procured from Fisher Scientific. All chemicals were used without
any further purification. All aqueous solutions were prepared using Milli-Q ultrapure

type 1 water (18.2 MQ.cm) collected from a Millipore system.

The FTO glass was cleaned prior to use with a solution of H20, IPA, and Acetone
in a ratio of 1:1:1, for 1 h in the sonicator and air dried at 75 °C for 30 mins.

Hyper-branched nanorods (HBNs) of TiO2 were fabricated using a hydrothermal
approach. PTO was dissolved in a mixture of H,O and DEG with a ratio of 1:7. The
concentration of PTO was 0.05 M. After 30 minutes of vigorous stirring, the precursor
solution was transferred to a 100 mL Teflon-lined autoclave along with the FTO glass.
The FTO glass was positioned resting against the Teflon-liner walls with the conductive
side facing down at approximately 60°. The hydrothermal synthesis was carried out at
180 °C for 9 h. After completing the reaction time, the autoclave was allowed to cool
down to room temperature. The TiO2 nanorods were rinsed several times with Milli-Q

Type 1 water and ethanol, and then calcined at atmospheric conditions at 550 °C for 1 h.

The Ru loaded TiO2 (Rux-TiO2) was synthesized under dry nitrogen atmosphere, in a
polyethylene Atmos glove bag. A known amount of bis(cyclopentadienyl)ruthenium
(CsHs)2Ru, was dissolved in n-hexane (CsHa4) and stirred vigorously at 40 °C until a clear
solution was obtained. Three different concentrations of Ru precursor were synthesised,
namely 0.05 M, 0.01 M, and 0.005 M that are denoted as Rues-TiO2, Ruo:-TiO2, and
Ruoos-TiO», respectively. The TiO2 loaded FTO glass was heated to 150 °C for 1 h to
remove adsorbed water and was then allowed to cool to room temperature in dry air. The
TiO> loaded FTO glass was then placed into the teflon liner resting against its walls at
roughly 60 ° with the coated surface facing down. The ruthenium precursor liquid was
added to the Teflon-liner to cover the entire FTO surface (25 ml). The Teflon liner was
then transferred into the autoclave and was placed in the oven at 180 °C for 30 h. The
Rux-TiO2 FTO glass was then rinsed with n-hexane in dry nitrogen. It was then calcined
to 400 °C for 10 h under dry air atmosphere with a ramp rate of 10 °C min™.
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6.7 Characterization

The morphology of the synthesized products was examined by a field emission scanning
electron microscope (FE-SEM, FEI Quanta 200 F). Further investigation on the
morphology and the element composition of the samples was carried out using a
transmission electron microscope (TEM) and high resolution HR-TEM (FEI Titan
Themis 200) equipped with an energy dispersive X-ray spectroscope (EDX) detector
operated at 200 kV. The samples were sonicated in ethanol for 5 min and then a few
drops of the solution were placed on a carbon-coated copper TEM grid. Crystallinity and
phase identification of the synthesized products were performed using powder X-ray
diffraction (XRD, Bruker D8 Advanced Diffractometer) equipped with Cu Ka radiation
(A=1.5418 A). Raman spectra were collected using a Renishaw inVia Raman Microscope
with 785 nm excitation source. The diffuse reflectance was measured using a Perkin
Elmer Lambda 950 UV-vis equipped with an integrating sphere (150 mm) and the band
gap energy was estimated using the Kubelka Munk function. X-ray photoelectron
spectroscopy (XPS) was performed on a Scienta 300 XPS machine incorporating with a
rotating AlKo X-ray source operating at 13 kV x 333 mA (4.33 kW). Electron analysis
was performed using a 300 cm radius hemispherical analyser and lens system. The
electron counting system consist of a multichannel plate, phosphorescent screen and CCD
camera. All multichannel detection counting is done using proprietary Scienta software.
The elements present were determined via a wide energy range survey scan (200 mwW
step, 20 ms dwell time, 150 eV pass energy and summed over 3 scans). The high
resolution scans were performed at a similar pass energy (150 eV), but a step size of 20
mV. A dwell time of 533 ms was used and accumulated over 3 scans. The instrument
operated at a base pressure of 1 x 10 mbar; the energy scale is calibrated using the Au
4f, Ag 3d and Cu 2p emission lines, where the half width of the Au 4f; emission line is
approximately 1.0 eV. All data analysis and peak fitting were performed using the
CaseXPS software.

6.8 Photocatalysis
The reaction solution was prepared with DCM and PO in a 1:8 ratio, adding 1.022 mg of
DMAP per mL of solution, and was kept in the dark at room temperature. The solution
was then transferred to the stainless-steel Teflon-lined pressurized photo-reactor (Scheme
1) along with the photocatalyst. Two control experiments were performed, one with the
absence of photocatalyst and light, and one with the absence of light, keeping all the rest
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reaction conditions the same. The temperature throughout the experiment was measured
using a pyrometer from the outside of the reactor that ranged between 40-55 °C. For the
experiments incorporating photocatalysts, four pieces of Rux-TiO, coated FTO glasses
were supported on a custom-made photocatalyst stage, as shown in Scheme 6.1. The
stage was positioned directly below the quartz glass to be irradiated with the AM1.5G
solar simulator directly (1 sun equivalent, 100 Wm2, 92250 A Newport, USA) while
being submerged in the reaction solution. The reaction solution was bubbled with CO;
and pressurised in CO2 atmosphere, throughout the experiment. The 500 mL photo-
reactor was supplied with continuous CO> and the pressure was maintained at 200 kPa
using a bubbler. The reaction was conducted under the solar simulator for 6 h. After the
reaction time was completed, the unreacted substrate and solvent were removed in vacuo
and the products were then isolated using a rotary evaporator. The products were then

identified using a FTIR spectrometer Perkin Elmer Frontier.

Solar simulator

~
DVQ

Quartz glass Pressure

release valve

CO, bubbler—_____ ool Teflon-lined stainless
. — e i steel photo-reactor

co,

Photocatalyst
stage

Scheme 6.3 - Schematic diagram of the photocatalysis setup and

photocatalytic stage.

6.9 Results and discussion
The as-prepared TiO: and the fabricated Rux-TiO2 thin film samples synthesized using
solvothermal treatment followed by calcination exhibited homogeneous coating on the
FTO glass. All the prepared samples were examined using XRD. In addition to the XRD
pattern of the FTO coating on the glass, the crystallinity of anatase TiO2 was also
observed in all the samples (Figure 6.1). The peaks positioned at 25.4 and 48.1° were
assigned to the (101) and (200) planes of anatase. No ruthenium related peak was

observed in the XRD patterns of the fabricated Rux-TiO2 samples. This was probably due
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to the low concentration of Ru deposited on the glass. However, it is observed that with
higher concentration of Ru loading the crystallinity of the sample is steadily decreasing
suggesting that the Ru particles have been doped into the crystal lattice of the TiO, HBNs.

Raman spectroscopy is more sensitive and capable of characterising the crystal
structure,[42] therefore, it was used in to further investigate the crystal phases present on
the TiO2-based thin film samples. The Raman patterns of the as-prepared TiO2 and Rux-
TiO2 samples are shown in Figure 6.2. The Raman feature of the anatase phase,
positioned at 143, 395, 517, and 638 cm™ are associated with the Eg, Big, Aig, and Eg
vibrations, respectively, was present in all the fabricated sample.[43-47] Under close
inspection, the main anatase peak of sample Ruos-TiO2 positioned at 143 cm™ was shifted
to 149 cm™, whereas the peak positioned at 638 cm™ was shifted to 621 cm™. When the
concentration of Ru was lowered down to 0.01 and 0.005 M, these shifts were reduced.
These shifts are speculated to be attributed to lattice substitution of Ru into TiO2.[48]
Additionally, Raman feature of potassium titanate (PT) positioned at 285 and 444 cm™?,
was also observed, indicating potassium contamination from the titania precursor, PTO
(Figure 6.2).[49] The PT and anatase peak intensities seem to have an inverse
relationship, where one increases, while the other one decreases. However, a general
trend can be observed, where PT peaks are found to increase in the Rux-TiO2 samples.
This corresponds to the loss of crystallinity observed in the XRD patterns (Figure 6.1)
due to lattice substitution of Ti with Ru, which lowers the intensity of the anatase phase
peaks No ruthenium related peak was found on the Raman spectra of the Rux-TiO>
samples. This is probably due to the small particle size of RuO> (discussed in the next

+ Anatase

*FTO . Rugs-TiO,
I Rug¢-TiO,
I Ruggs-TiO,

Intenisty (a.u)

2 Theta (Degree)
Figure 6.1 - XRD pattern of the as prepared TiO> and

Rux-TiO2 samples.
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section) and low concentration, along with the low intensity Raman excitation source
(785 nm).

RugsTiO,

Rug, TiO,

/\'w

TiO,

Intenisty (a.u)

200 400 600 800 1000
Raman shift (cm™)

Figure 6.2 - Raman pattern of the as-prepared TiO2 and

Rux-TiO2 samples.

The morphology of the HBN structure of the titania was examined using SEM (Figure
6.3). The microstructured as-prepared TiO. was evenly coated on the FTO (Figure 6.3a).
Each nanorod exhibited a vertically oriented spine with a highly branched nanostructure
(inset of Figure 6.3a). When different concentration of Ru was loaded onto the TiO2 HBN
via solvothermal treatment, no significant alteration was observed in the Rux-TiO>

samples (Figure 6.3b-d). However, there were noticeable nanoparticles deposited on the

Figure 6.3 - SEM images, with high magnification inserts indicated by the red
border, of (a) as-prepared TiO2, (b) Ruoos-TiO2, (¢) Ruo:-TiO2, and (d) Ruos-TiOz.



spine and the nano-branches of TiO, HBNs, which could be attributed to the

agglomeration of the RuO2 nanoparticles (inset of Figure 6.3b-d).

The cross-section view of the as-prepared TiO> coating revealed the morphology
of the HBNs attaching to the FTO glass (Figure 6.4a). The growth of nano-branches of
TiO2 HBNs was perpendicular to the FTO and was supported on a base layer of TiO> with
1-2 um of thickness, which had dense and thick structures. The base layer was attached
on the FTO coating on the glass. Taking a closer look at the tip of the TiO2 nanorods, the
length of the nanorod spine was measured between 1-5 pum (Figure 6.4b), whereas the
nano-branches grown on the spine were ranged from 50-300 nm (Figure 6.4c). The nano-
branches structure was proposed to provide high surface area exposing more active sites

for the photocatalytic reaction and the loading of Ru element.[41]

Base layer

FTO layer
Glass

Figure 6.4 - SEM cross-section view of the as-prepared TiO2 sample (a, b).
TEM image of a single Ruo1-TiO2 HBN with thickness measurements (c).

Low (d) and high (e) magnification of HR-TEM images of Rugs-TiO2 sample.

The thickness of the HBN spine and nano-branches as well as the diameter of the loaded
RuO- nanoparticles were ~60.1, 20.9, 11.2 nm, respectively (Figure 6.4c). The size of
the loaded RuO2 nanoparticles in Rues-TiO2 sample was ~11.5 nm (Figure 6.4d).

Furthermore, numerous nanoparticles of a much smaller size compared to the vicinity
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RuO:z nanoparticles, were observed in the Ruos-TiO2 sample (Figure 6.4e). These highly
dispersed nanoparticles present on the TiO, HBNs were ranged 1-4 nm in diameter. The
EDX mapping on HR-TEM evidenced the presence of RuO2 nanoparticles distributed
along the TiO2 HBNSs. It can also be observed that Ru particles are detected in the lattice
of the HBNs (Figure 6.5).

B

o

£y

Figure 6.5 - HR-TEM EDX mapping for Rues-TiO2 sample.

X-ray photoelectron spectroscopy (XPS) was performed to investigate the surface
properties of the fabricated TiO2 and Rux-TiO; thin films and to estimate the amount of
Ru loaded on the TiO2 thin film (Figure 6.6). The Ru 3ds/2, and 3ds/, peaks (dark shaded
area in Figure 6.6), which centred at 281.0 and 285.4 eV, respectively, were present in all
the Rux-TiO, samples. These peaks were attributed to Ru**, indicating RuO, NPs were
loaded onto TiO2.[50, 51] Ru** particles seem to have replaced Ti*" in the HBN lattice as
shown from the EDX studies (Figure 6.6), as well as Raman peak shifts (Figure 6.2) and
XRD crystallisation decrease (Figure 6.1). The area was analysed and the concentration
of Ru was estimated to be 2.82, 1.45, and 1.11 at% for the Ruos-TiO2, Rugi-TiO2, and
Ruoos-TiO2, respectively. As expected, no Ru peak was observed in the as-prepared TiO>
sample. Nevertheless, the XPS spectra revealed the peak for K centred at 293.0 eV (data
not shown), confirming the presence of potassium titanate in all of the thin film samples,

as observed in the Raman pattern (Figure 6.2).[52] The C1s peaks shown centred at 283
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eV, 286 eV, and 288 eV (not shaded) are ascribed to adventitious carbon contamination
due to atmosphere exposure of the samples[53].

200 .
Ruggs-TiO,
150 1
Rug,-TiO|

100

ﬁ Rugs-TiO,
50

i j TiO,

T T
290 285 280

Intensity (a.u.)

Binding Energy (eV)
Figure 6.6 - XPS spectra of the as-prepared TiO2 and Rux-TiO2

samples. The shaded area represented the Ru area under the curve.

The optical properties of the synthesized thin films were investigated using UV-Vis
spectroscopy. Diffuse reflectance of the as-prepared TiO2 and Rux-TiO2 samples was
measured and the band gap energy was estimated using the Kubelka-munk function
(Figure 6.7a). The band gap energy of the as prepared TiO> was ~3.6 eV, which is larger
than the anatase phase of TiO2 (~3.2 eV). The band gap widening is attributed to the
qguantum confinement effect of the nanostructures.[54-56] The band gap energy for the
Ruoos-TiO2, Ruoi-TiO2, and Ruos-TiO2, was ~3.54, 3.53 and 3.49 eV, respectively.
Although the shift of the band gap energy observed in the Rux-TiO2 samples was not
significant, the band gap energy decreased with increasing Ru concentration. This
phenomenon is very likely due to the Ru*" present in the crystal lattice of the titania,
matching the observations made earlier from EDX, XRD and in the Raman pattern of
Ruos-TiO2 (Figures 6.1,6.2 and 6.6 respectively).[57] As confirmed by the XPS , Ru*
was doped into the crystal lattice replacing Ti**, which explains the increased absorbance
in the region of 350-500 nm that is observed in Figure 6.7(a,b).[57-60] Another
observation is that the overall absorbance increased with the Ru loading concentration.
The overall increase in absorbance, for wavelengths longer than 500nm, is attributed to
the RuO> decorated on the surface of the TiO2 HBNs.[39] The synergistic effects of the
Ru* doping and RuO; decoration on the TiO; are shown to greatly enhance the visible
light absorption of the Rux-TiO> samples, making the use of a solar simulator for the

photo-generation of cyclic carbonates a viable option.
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Figure 6.7 - Diffuse reflectance (a) and absorbance (b) of
the as-prepared TiO2 and the Rux-TiO2 samples.

Photocatalysis studies

The photocatalytic activity of the fabricated samples was evaluated with the photo-
conversion of PO into PC under the irradiation of a simulated solar lamp. PC was used
as a reference for CCs. A control experiment performed in the absence of photocatalyst
and light was conducted. No PC was obtained as revealed in the FTIR pattern of the
control experiment (Figure 6.8a). Only the tertiary —CH and anti-symmetry of -CH3 and
—CH,, positioned at 2847.4, 2921.2 and 2953.1 cm™, respectively, were observed, and
these were attributed to the PO moiety.[61] The as-prepared TiO2 HBN catalyst, which
was placed into the PO solution for 6 h under irradiation of the simulated solar lamp,
showed no conversion. In contrast, for the fabricated Rux-TiO2 photocatalyst, the trough
positioned at 1792 cm™ was observed, which corresponds to one of the characteristic
peaks of the cyclic carbonate group.[61] The intensity of this trough increased with
decreased Ru concentration. This phenomenon indicated that higher amount of PC was
photo-generated with lower amount of Ru loading (Figure 6.8a). When the Ru loading
was increased from 0.005 to 0.01 M, the photo-generation of PC was reduced to ~50%
compared to that of Ruoos-TiO2 sample. Further increasing the Ru loading, however, did

not reduce the photo-generation of PC significantly.
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Figure 6.8 - (a) FTIR pattern of the solution obtained before evaporation
from the fabricated Rux-TiO. and the control experiment without light and
photocatalyst; (b) evaporated products with the fabricated Rux-TiO>

photocatalysts and pure cyclic propylene carbonate as reference.

To further investigate the selectivity and purity of the photo-generation of PC, the
solution was purified through evaporation to remove the DCM and unreacted PO. Then,
the residue solution was analysed using FTIR (Figure 6.8b). The intensity of the trough,
which positioned at 1792 cm™, for all the Rux-TiO2 samples was enhanced in the purified
solutions. The as prepared TiO2 HBN photocatalyst presented a weak trough at 1792 cm-
! indicating small amount of CCs were produced. This confirms that the reaction is
possible without the Ru doping on the TiO2> HBNs photocatalyst; however, the doping
greatly enhances its performance based on the intensity of the trough evident in Figure
8b. On the other hand, the control experiment solution when evaporated had no residual
solution left, as expected. The Ruoos-TiO2 sample exhibited the highest intensity among
the Rux-TiO2 samples, indicating a high selectivity towards PC. Relatively to the intensity
of the pure PC trough, the selectivity of each sample towards PC were estimated to be 83,
62 and 57 % for Ruoos-TiO2, Ruo1-TiO2, and Rues-TiO2 samples, respectively. Moreover,
another trough centred at 1048 cm™, which was assigned to another characteristic peak

of the CC group (C-O-C), was present in the pure PC solution. The same trough was
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observed in the solution after the photocatalytic reaction with Rux-TiO2 samples,
confirming PC was photo-generated by the Rux-TiO> samples. An additional peak
centred at 1598 cm, which is attributed to the C=N bond, presented in all the solution
after the photocatalytic reaction with Rux-TiO2 samples but was absent in the pure PC
solution.[62] The emergence of this peak was very likely due to the dissolution of DMAP
that was used as an additive in the reacting solution.

6.10 Conclusions
TiO2 HBN thin films have been synthesised via a 2-step hydrothermal method, doped
with Ru** and decorated with different amount of RuO2 nanoparticles. These novel
hyper-branch microstructured TiO. thin films doped and loaded with Ru**/RuQ;
exhibited enhanced visible light absorption when compared to the pristine TiOz thin film.
The size of the loaded RuO2 nanoparticles ranged from 10 to 15 nm. The best performing
amount of Ru loaded onto TiO2 herein was 0.005 M, which was 1.11 at% Ru relative to
TiO2 as shown in the XPS analysis. The photo-generation of PC using Ruoos-TiO2 sample
had an estimated selectivity of 83% towards the CC. Further quantification of the
selectivity measurements will be determined using gas chromatography (GC). In the
absence of Rux-TiOz photocatalyst and light, no product was obtained. These novel FTO
supported photocatalysts, which eliminate the need of a catalyst separation step, are the
first to be reported so far. The photocatalytic approach is a newly proposed concept for
the generation of CCs. Compared to the heterogeneous counterparts, which typically
require temperatures up to 80-150 °C and pressure of 10-30 bar, as well as the
homogeneous catalysts that currently used in industry, at 100-200 °C, and 50-100 bar, the
photocatalytic approach requires temperatures up to 55 °C and 2 bar. Therefore, this

approach could potentially become a significant advantage for industrial applications.
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6.11 Further research (not published work)

In the following section complimentary research is initially discussed (6.11.1) in order to
validate assumptions made in Publication 3. In more detail NMR analysis was performed
to validate the assumption that the observed FT-IR trough at 1792 cm™ was correctly
attributed to photogenerated cyclic propylene carbonate and was not generated from other
carbonate species. In the following section 6.11.2, further research took place
incorporating the findings from Chapter 4, to the photogeneration of cyclic carbonates.
The fabricated photocatalysts HBNs BP, HBNs AP, RuO2-HBNs and CuO-HBNs were
tested and their performance was recorded for the photogeneration of cyclic carbonates.
Lastly, in section 6.11.3 a comparison is drawn between photocatalysts and reaction
setups with Prajapati et al. research. Prajapati et al. was the first publication to
demonstrate the photocatalytic conversion of cyclic carbonates while publication 3 shown
in this chapter, followed a few months later. Interestingly, these two publications use
significantly different reaction setups, meaning different photoreactors, reaction
solutions, reaction conditions and photocatalysts. Since there is a limited literature
available on the photogeneration of cyclic carbonates, constructive comparisons are
drawn between the two studies. Initially, the photocatalyst used in Prajapati et al. study
is re-produced and tested in the reaction setup of Publication 3. Then the reaction setup
of Prajapati et al. study is reproduced (with certain differentiations to fit the existing
photoreactor as discussed in section 6.11.3) and the RuO2-HBNs photocatalyst is tested
in that reaction setup.

6.11.1 Complimentary research (NMR analysis)

In the above publication, the compound attributed to the 1792 cm™ trough in the FT-IR
analysis was assumed to be propylene carbonate (PC). However, it is possible that
polypropylene carbonate or other non-cyclic carbonates could have produced the trough
observed at 1792 cm™ in the FT-IR analysis (Figure 6.8a,b). To verify the genuine
product of the reaction was cyclic propylene carbonate, NMR analysis were conducted.
The purified solution (50 ul) was dissolved in 1.0 ml of Chloroform-D and then examined
under both *H and 3C NMR (AV400 Bruker). The *H NMR has shown a doubleted
signal at 1.5 ppm (Figure 6.9a). This upfield signal is associated with the CH3 group far
away from oxygen atoms, and the doubleted signal splitting is explained by the

neighbouring CH group. The triplet signals associated with the CH: group are found at
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3.95 and 4.5 ppm, respectively. Lastly, the most downfield signal at 4.81 ppm, associated
with the CH group which is closer to the oxygen atoms causing a de-shielding effect, and
is split into 6 peaks by the five neighbouring hydrogen atoms. Signals from the CHs,
CHa, and CH group were identified as well as the C=0 functional group in the *C NMR
spectrum as shown in Figure 6.9b. Similar spectra of cyclic PC for both H and $3C NMR
are found in the supporting information of Prajapati et al. publication.[11]

140



(@)

(b)

TH 400.1MHz Job 37296 Gavriali
Prolon rosct i

des Stelios H143 CDCI3 25.0°C
on resull purified

eRGRER

= -
[ o [ T&[
. N — S —— SN .. N —— S — S—
75 7.0 [-E-} 8.0 55 50 4.5 4.0 35 3.0 25 20 1.5 1.0 05 0.0 -05 o
13C 100.6MHz Job 37311 Gavrielides Stelios C143 CDCI3 25.6°C O howr 20 min
carbon reaction solution purilied s:a{?
paoy
[ 1 W
o T
0 X (@
o
8] o)
\/
I
&)
I
[
‘I I I L A ) ‘J | JJ

180 170 60 50 140 130 120 10 100 90 80 0 &0 50 40 30 20 10 pam
Seak: 5 pamiem, 503.1 Hziem

Figure 6.9 - (a) *H NMR and (b) **C NMR spectra of purified reaction solution using
Rueos-TiO2 HBNs for photogeneration of cyclic carbonates indicating signals

associated with cyclic propylene carbonate.

141



6.11.2 Incorporation of findings of Chapter 4

Effects of protonation treatment

After the findings of the research conducted in the 1 publication (Chapter 4), and the
positive optical and electrical effects that were observed utilising the protonation
treatment on the HBN samples, it was intriguing to investigate the protonated HBNs
performance on the photogeneration of cyclic carbonates. Therefore, the synthesis
procedure that was described in section 4.6 was followed and the HBNs BP and HBNs
AP samples were synthesized and tested in the CCs reaction utilising the same
experimental conditions presented in publication 3. The conversion calculations were
done by weight comparison, as shown in Table 6.1. The HBNs AP have outperformed
the HBNs BP with a conversion of 1.41% as opposed to 1.14%. These results agreed
with previous characterisation observations regarding increased optical performance and

enhanced electron transfer for HBNs AP, as discussed in Chapter 4.

Effects of RuO, and CuO

The RuO2-HBNs and CuO-HBNs prepared in section 4.6 (Chapter 4) were also
synthesized and examined for the photogeneration of cyclic carbonates. According to the
findings on Chapter 4 (photocurrent experiment), the RuO2-HBNs have shown enhanced
electronic properties when compared to CuO-HBNs. On the other hand, CuO-HBNs have
shown improved optical properties yet yielded modest conversion rates due to charge
recombination.  When the RuO-HBNs and CuO-HBNs were tested on the
photogeneration of CCs, a similar performance was observed, where RuO2-HBNs
outperformed all the other fabricated photocatalyst with 1.65% conversion while CuO-

HBNSs have shown a 1.08% conversion, as shown in Table 6.1.

Control experiments

Two control experiments were performed to ensure the photocatalytic pathway of the
reaction and the contribution of the photocatalyst: (1) using the best performing RuO,-
HBNs photocatalyst in the absence of light, and (2) with light but without a photocatalyst.
The rest of the reaction conditions remained the same. The two control experiments have
shown a 0.32 and 0.24% conversion, respectively. The small amount of conversion
observed was expected, given than the cycloaddition of CO> to epoxides is a spontaneous
reaction (Table 6.1).

6.11.3 Constructive comparisons between studies

CoPc-TiO2 performance
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The cobalt phthalocyanine grafted on titanium dioxide (CoPc-TiO2) photocatalyst
reported in Prajapati et al. publication, was re-produced and examined in the same reactor
and reaction conditions as publication 3, to compare the performance of the photocatalyst
samples.[11] The CoPc-TiO2 powder was suspended in water and loaded on FTO slides
for the photocatalytic reaction. The CoPc-TiO: slides where tested in the photogeneration
of CCs reaction and have shown a modest performance of 0.66% conversion (Table 6.1).
Despite its modest performance in the current reactor and setup, this photocatalyst was
reported to have very high performance in Prajapati reaction setup.[11] This could be
attributed to the reaction configuration, which was are very different in terms of scale
(225 ml vs 15 ml as reported), solvent content (1:8 vs 225:1), photocatalyst presentation
(thin-films vs powder), reactor configurations and light sources. Therefore, this result of
modest performance can only be used as a comparison with the photocatalysts used in the

examined reaction system.

In the following Table 6.1 and 6.2 the quantification of the conversion yields is shown,
and the procedure is explained below. The conversion yield was measured as the weight
percentage of cyclic carbonates produced compared to the reaction solution recovered
(which accounts for the overall weight of CCs and unreacted PO). The “Empty Vessel”
column refers to the measured empty glass vial weight that will be used for the
quantification. The “Before evaporation” column refers to the measured weight of the
reaction solution out of the reactor when the reaction was finished, which includes the
glass vial's weight. “Impurified solution” is the “Before evaporation” column subtracting
the “Empty Vessel” weight, which leaves the reaction solution's calculated weight. To
remove the weight of the solvents included in the reaction solution and account only for
the unreacted PO and CCs, the percentage of the solvents is removed from the “Impurified
solution” weight, resulting in the calculated column “Impur. Sol. w/o solvent”. To find
the weight of the cyclic carbonates and divide it by the “Impur. Sol. w/o solvent”, the
recovered reaction solution was evaporated, and the measured weight of the remaining
solution was measured as column “After evaporation” which includes the weight of the
glass vial and the converted cyclic carbonates weight. The glass vial's weight was
removed to calculate the “Remaining solution” column by subtracting “Empty vessel”
measured weight. The conversion was the calculated using the “Remaining solution”
divided by “Impur. Sol w/o solvent” columns, presented as a weight percentage at the

“Conversion” column.
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Table 6.1 - Weight conversion rate measurements for cyclic carbonate reaction.
Explanations: *Impurified solution is “before evaporation” minus “empty vessel” weight.
*Impur. Sol. w/o solvent is “Impurified solution” minus the percentage of solvents in the

reaction system (1:8). *Remaining solution is “After evaporation” minus “Empty Vessel”.

Sample Empty Before Impurified  Impur. After Remaining Conversion
name Vessel evaporation  solution Sol. w/o  evaporation  solution
solvent
) ) ) ©); ©); C)) (%)

HBN bp 71.41 148.291 76.881 68.339 72.186 0.776 1.14%
HBN ap 71.41 164.141 92.731 82.428 72.575 1.165 1.41%
RuO; HBN  71.41 140.157 68.747 61.108 72.416 1.006 1.65%
CuOHBN 71414 135.961 64.547 57.375 72.033 0.619 1.08%

Ctrl 1 (o 7141 139.282 67.872 60.331 71.603 0.193 0.32%
light, Ru cat.)

Ctrl 2 (ight,  71.41 149.141 77.731 69.094 71.578 0.168 0.24%

no cat.)

CoPc-TiO, 7141 148.691 77.281 68.694 71.865 0.455 0.66%
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Figure 6.10 - FT-IR spectra of “not purified” and “purified” reaction solutions for
all the photocatalysts described above including control experiments.
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FT-IR spectra were acquired for all the above mentioned photocatalysts as well
as the control experiments. Two spectra were acquired for each material, the “not
purified”, and “purified” as can be seen in Figure 6.10. “Not purified” is the acquired
solution before it has passed through the rotary evaporator step, therefore containing
unreacted PO, reaction product PC, and solvents. The “purified” column is spectra
acquired after the evaporation step where only the product of the reaction is present. The
peaks related to the cyclic carbonate product are highlighted as was presented in

Publication 3 section 6.9.

Alternative reaction solution and conditions

Another experiment was conducted where the reaction solution and experimental
conditions mentioned in the literature were incorporated.[11] The reaction solution
described in Prajapati study is referred to as “alternative reaction solution” for purposes
of differentiation with the reaction solution described in Publication 3. The alternative
reaction solution was produced and the reaction was scaled from 15 ml up to 225 ml in
order to fit the existing reactor system. The examined alternative reaction solution
contained 150 ml of acentontrile, 75 ml of methanol, 1.5 mmol of tetrabutylammonium
bromide (TBAB) and 15 mmol of the reactant propylene oxide. It was prepared and
vigorously stirred for 30 minutes and kept in dark conditions. The performance of CoPc-
TiO2 and RuO2-HBNs samples was analysed using similar experimental conditions
described in literature from Prajapati et al.[11] No external heat was applied and the
reaction was irradiated with visible light for 24 h. The main difference from the reported
conditions is that in Prajapati et al's publication, a 20 W LED (Model No. HP-FL-20W-
F-Hope LED Opto-Electric Co., Ltd., A > 400 nm) was used in Prajapati et al. study
instead of the solar simulator AM1.5G (1 sun equivalent, 100 Wm2, 92250 A Newport,
USA) used in the current study. The CoPc-TiO. performed much better in these
conditions achieving a 78 % conversion, while the RuO.-HBN has managed to reach
slightly higher conversion of 85% (Table 6.2). All calculations were done exactly as
described above for Table 6.1.
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Table 6.2 - Weight conversion rate measurements for cyclic carbonate reaction using the

alternative reaction solution. Explanations: *Impurified solution is “before evaporation”

minus “empty vessel” weight. *Impur. Sol. w/o solvent is “Impurified solution” minus the

percentage of solvents in the reaction system (225:1). *Remaining solution is “After

evaporation” minus “Empty Vessel”. *Conversion is “remaining solution”/*“Impur. Sol. w/o

solvent”.
Sample Empty Before Impurified  Impur. Sol. After Remaining  Conversion
name Vessel  evaporation solution ~ wi/o solvent  evaporation solution

) (9) () (9) (9) (@) (%)
CoPc- 71.41 136.322 64.912 0.287 71.633 0.223 78
TiO;
RuO, 76.463 145.181 68.718 0.304 76.72 0.257 85
HBN
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Chapter 7

Conclusions and future work

7.1 Introductory chapters summary

As a summary of the introductory chapters, an overview of the UK and Scottish energy
sector is presented. The concept and role of CCUS towards decarbonisation of the energy
sector as well as placing of CO: utilisation technology within the overall CCUS
technology scheme is discussed.  Furthermore, the policies regarding CCUS
incorporation plans in the UK are reported and critically reviewed. Further along, the
underlying principles of photochemistry and photocatalysis are introduced. Mainly,
electromagnetic irradiation is analysed and its interaction with matter. Light absorption
principles are discussed as well as the resulting excitation and relaxation processes. A
section on CO: photoreduction and CO: cycloaddition to epoxides follows before
introducing the overall aim and objectives for the current thesis towards the end of chapter
1.

In chapter 2, a detailed discussion on the subject of material design and
morphology takes place. Several material design techniques, morphological alterations
and material modifications are analysed as to how they impact the properties of material
and its photocatalytic behaviour. The wide topic of morphological alterations is explored
in respect of shape, texture, particle size, porosity, and architecture. Plentiful examples
are drawn from the literature and presented in this chapter. The photocatalyst
immobilisation in the form of thin films is also discussed, along with materials that have
been previously used as supports, and the potential benefits that these techniques could
offer. A significant part of the chapter is devoted to photocatalyst modification
techniques, such as elemental doping and heterojunction formation. These techniques are
analysed in terms of the optical and electronic properties they can offer, accompanied by
examples of how researchers have implemented them before, to affect their material’s
photocatalytic performance. It is crucial to understand the potential effects of each
modification technique and apply to the photocatalyst material accordingly. To conclude
chapter 2, the last section discussed the hydrothermal and solvothermal synthesis
technique. Chapter 3 describes how the HBNs morphology synthesis protocol was
developed and reviews analytical techniques used as part of this thesis. The topics
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discussed in chapters 2-3 are applied techniques that are used in the experimental section
of this thesis (chapters 4-6) but it is not an exhaustive list.

7.2 Concluding remarks
A new purpose-build photocatalytic thin-film material with 1-3D hyperbranched
morphology is now an available option for CO; utilisation reactions. It demonstrates
enhanced optical and electronic properties along with potential for tuneability and ease
of use. The HBNs have shown promising results in terms of both conversion and
selectivity on photocatalytic reactions such as CO> photoreduction and photo-generation
of cyclic carbonates. Furthermore, the HBNs use could potentially be expanded to other

COq utilisation reactions, as discussed in section 7.3.

This thesis provides a comprehensive framework of experimental research
regarding purpose-build fabrication of photocatalysts with focus on CO: utilisation
applications. The main objectives of this thesis are addressed through the experimental
work and published articles presented in chapters 4,5 and 6. As was outlined in section
1.6, the main objectives for the fabrication of an efficient purpose build material consider
electronic properties, optical properties, introduced tuneability and control, and ease of

use of the photocatalytic material.

The electronic properties of the photocatalyst were enhanced with various
techniques. Firstly, the material selection ensured thermodynamically favourable
electrochemical potential for the specific CO: utilisation reactions. As was discussed in
chapter 1 this is a fundamental property for a functioning photocatalysts and can influence
the ability of the material to perform the reaction as well as its conversion rates and
product selectivity. Also, the complex 1-3D superstructure provides improved charge
mobility of photoexcited particles due to its composition of 1D lower dimension building
blocks.[1] The loading RuO2 and CuO on the HBNs have also allowed for modified
electronic properties.[2, 3] The RuO enhanced charge separation reducing the charge
recombination rate leading to enhanced conversion rates, while CuO loading provided a
narrower band gap, but acted as a recombination centre leading to modest conversion
rates despite the increased wavelength absorption range. These have been explored

predominantly in chapters 4 and 5.

Apart from improving charge mobility, the 1-3D hierarchical superstructure has
shown to have significantly improved light harvesting capabilities of the photocatalyst.

Photo-radiometer measurements have shown an increase in absorbed photon flux from
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28.6 pmol m? st up to 48.2 pmol m2 st when compared to P25.[2] This was attributed
to the hyperbranched morphology and its light scattering capabilities. Additionally, the
optical properties were enhanced utilising the incorporation of foreign compounds as
shown in chapters 4 and 6. For example, the HBNs have a wide band gap of ~3.6 eV
which necessitates high energy UV irradiation for charge excitation. However, after the
incorporation of foreign compounds, the RuO2-HBNs were able to successfully perform
the cyclic carbonates reaction under solar simulator irradiation.[4]

Introducing tuneability to a photocatalyst provides control over product selectivity
and conversion rates. This level of control was achieved using a facile protonation
treatment on HBNs BP in chapter 4. When HBNs BP were presented to CO;
photoreduction the primary product of the reaction was CO with a selectivity of 91% and
7.9 umol gear L ht conversion. When the simple protonation treatment was applied (HBNs
AP) the product selectivity was shifted to 64% towards CH4 and the conversion rate was
increased to 8.7 umol geart hL. This tuneability control was achieved by adjusting the
ratio of the titanates to anatase phase on the HBNs material.[2] Enhanced light absorption
and higher charge mobility were observed as described in chapter 4. When further
modifications were applied to the photocatalyst, the selectivity of the reaction was
increased reaching up to 74% towards CH4 with 5.4 umol geart h™t conversion.

Lastly, careful consideration of the presentation of a photocatalyst to the reaction
is important. Ease of use of a photocatalytic material can help eliminate the need of costly
processes like separation and purification steps.[4] An example can be drawn from
chapter 6. The HBNs thin films, which was supported on FTO glass, provide an easy
separation step from the liquid reaction solution without the need for complex separation
or filtration steps. Costly separation and filtration steps are one of the main drawbacks
of homogeneous photocatalysts that are currently being used industrially to catalyse this

reaction.[5, 6] This contributes to the 4™ objective as stated in Section 1.6.

7.3 Future development
The following section is a list of recommended future work for the expansion of the

research work presented in this thesis.

Direct implementation of HBNs material. As mentioned, the titania HBNs
photocatalyst was fabricated with photocatalytic CO. Utilisation applications in mind.

However, photoelectrochemical reactions can be easily investigated without the need of
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significant modifications (if any). For example, the material could be used for the
photoelectrochemical reduction of CO; as a photoanode in a photoelectrochemical cell
(PEC). The HBNSs thin films are already grown on transparent conductive FTO glass as
thin-films which could be incorporated into the PEC. Furthermore, it possesses
thermodynamically favourable electrochemical potentials for the reduction of CO2 and
has exhibited good light harvesting and electron transfer. PEC systems tend to offer better
efficiencies when compared to photocatalytic reaction as the PEC can promote charge

separation through the electric field induced by the external bias.[7]

Exploring photogeneration of cyclic carbonates (CCs). To improve upon the
conversion efficiencies and our understanding of the photogenerated CCs utilising CO2
and epoxides, a few recommendations are presented. Since this is a recently discovered
photocatalytic reaction, there are multiple unexplored perspectives to be researched.
With this in mind, a flow photoreactor set-up is proposed as shown in Figure 7.1. The
photocatalytic reaction in the current thesis was performed in a relatively large 500 mL
photoreactor. At this scale and set-up, there are several reactor related considerations,
which cannot be sufficiently or conveniently controlled. The proposed photoreactor
geometry has an overall reaction chamber of 7.85 cm? with a 2D geometry (Dimensions;
surface area 78.5 cm? x 0.1 cm depth). This geometry will ensure good illumination of
the photoreactor chamber. Also, the 2D geometry can increase contact of reactants with
photocatalyst thin film in the presence of irradiation. The mixing ratio of reactants could
be better controlled and varied as needed for research purposes. Easy and more accurate
control of heating could be achieved with line heating, sensors and a significantly smaller
reactor body which is easier to raise temperature and cool down. Controllable time under
reactants-photocatalyst contact by adjustable flow of the mass flow controller (MFC) and
syringe pump (SP). An in-line back pressure regulator would allow for experimentation
with a pressurised photoreactor. More importantly, the proposed set-up will dramatically
reduce the time required for each experiment and would allow for sufficient amount of
experiments to define the most impactful factors for this photocatalytic reaction. A mass
spectrometer and gas chromatograph could be used to accurately analyse the reaction
product. An important consideration is that epoxides and COz can be corrosive to certain
material commonly used in reactor rigs, such as sealing O-rings. However, there is a
selection of materials that are resistant to these chemicals and are available as sealing O-
rings, such as PTFE, PEEK and Kalrez.
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Unexplored synergies. The addition of foreign elements such as RuO2 and CuO on the
HBNSs have shown interesting results. However, CuO have consistently demonstrated
modest conversion rates and photocurrent response despite the enhanced optical
properties demonstrated by photo-radiometer and UV-Vis measurements. This was
attributed to recombination centres formed which hindered the photocatalytic processes.
It would be interesting to examine ways to reduce the recombination centres and improve
the photocatalytic performance of the CuO-HBNs. In addition to reducing the CuO
loading concentration as a way to reduce recombination centres, RuO2 has shown the
ability to improve charge mobility, suggesting that the incorporation of RuO2 could be
beneficial to the photocatalyst. Since the two materials offered complimenting properties
to the HBNs, it is worth examining potential synergistic effects on HBNs photocatalysts.
The suggested material would require 1 hydrothermal synthesis for the HBNs followed
by two solvothermal synthesis for RuO2 and CuO loading. The following procedure
should be considered as a starting point. Initially the fabrication of HBNs AP using the
hydrothermal process as described in chapter 4, after calcination the 0.005 M loading of
Ru using solvothermal treatment as described in chapter 4, recalcination at 400 °C for 10
h and then the addition of CuO following the procedure for chapter 4 with a reduced

concentration at 0.0005 M CuO followed by a second recalcination at 400 °C for 10 h.

Attached to

the Reactor :

Temperature

Indicator,
Light Source Pressure

Gauge, Input,
Line heating unit Output.

Product collection

Figure 7.1 - Schematic representation of proposed flow photoreactor set-up for the

photogeneration of Cyclic Carbonates.
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Appendix A — Supplementary information for publication 1

The following figures were submitted and published as supplementary information for

publication 1 presented in chapter 4.

-,'Il_ Before treatment & calcination 7

- 1 i |
J

/¢ L ¢ /u
- L o )
ph A ., Y, N
g A i ey o R o b e

L | After treatment before calcination ||

| ]
i K/ \ A 1
1L

1 After treatment & calcination

Intenisty (a.u)

i | _w'\.
I b

N S

I. L -
I i B i (A pd
FJ -‘"}"f'f S \-f\r*-”ﬂ Il"s ot Ny, P e b ar

100 200 300 400 500 600 700 800 900
Raman shift (cm™)

Figure A.1 - Raman spectra investigation of the phase altering step

from potassium titanates to anatase phase.
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Figure A.2 - Raman spectra of the RuO, HBN and CuO HBN samples

with as-prepared HBN ap. The figure shows very similar spectra with

no Ru or Cu related peaks.
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Abstract

The use of CuO-based photocatalysts for CO2 photoreduction has been extensively
reported in the literature. However, the comparison of the photocatalytic activity and
selectivity from the published results becomes difficult due to different experiment
conditions (i.e., synthesis method, configuration of photocatalyst, flow rate of gas, water
content, light intensity) and reactor geometry employed. Hence, in this work different
conformations of CuO-based photocatalyst, namely powder (i.e., synthesized using
precipitation, sonochemical and hydrothermal-microwave treatment), coating on glass

fiber mesh, and thin film, were tested using the same photoreactor and experimental
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conditions. All CuO photocatalysts exhibited 100% product selectivity towards CH4 over
CO and the CuO coating on the glass fiber mesh exhibited the highest production of CH4
(56.3 umol geart ™). The morphology, particle size, particle dispersity, and presence of
impurities/defects within the CuO photocatalysts had a significant effect on
photocatalytic activity. A numerical model, which was built using COMSOL, revealed
that the experimental data obtained in this simulated photocatalytic activity study fitted

well, however, further optimization was needed.
Introduction

CO is the most abundant anthropogenic greenhouse gas responsible for global
warming.[1, 2] Various mitigation approaches have been proposed to decrease CO;
emissions, including CO> conversion and utilization (CCU).[3-5] Solar energy to drive
the photoreduction of CO2 into chemicals and fuels provides an interesting approach for
the production of syngas (CO and H), CH3OH, CH4, HCOOH and HCOH amongst others
[6-12]

Photocatalyst requirements, including a high affinity towards CO2, rapid
adsorption/desorption Kkinetics, high thermal and mechanical stability and high specific
surface area with active sites, have been proposed to enhance the photocatalytic
conversion of CO: into value-added products.[13] In view of this, transition metal oxides
represent an excellent option since they can desorb the adsorbed gas at a relatively low
temperature (<200°C) compared to alkali metals and alkaline metal oxides.[13] In
addition, they are non-toxic and abundantly available. Among the transition metal oxides,
copper-based metal oxides (i.e., Cu20, CuO, Cu metal) are the most widely reported
materials for CO2 photoreduction.[14, 15] This is because CuO possesses the highest
electronegativity and highest number of basic sites for CO, adsorption and a more
favorable CO; adsorption capability (AH= -45 kJ mol™) compared to other transition
metal oxides.[16, 17]

Many studies have demonstrated the use of CuO as photocatalyst for CO>
reduction,[8, 18-23] , as summarized in Table S1. However, the comparison of the results
from the literature is challenging due to different synthesis approaches, experimental
conditions, and geometry of photoreactor employed. Hence, in this study, the comparison
of CuO photocatalyst in different conformations (i.e., powder, thin film, and coatings on

glass fiber mesh) is investigated under the same experimental conditions. Moreover,
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three commonly used synthesis methods, including precipitation, sonochemical, and
microwave synthesis are employed to fabricate powder samples.

In addition to the development of photocatalysts for CO, photoreduction,
significant work has been devoted to developing advanced photoreactors in an attempt to
improve the current very low conversions.[24, 25] To address these engineering
challenges, a validated Multiphysics model for CO> photoreduction under UV-vis light
irradiation was developed herein. The model developed was coupled with computation
fluid dynamics, mass transport, reaction kinetic and light transport in a continuous flow
reactor. Three essential factors (e.g., CO> flow rate, inlet H,O mole fraction and light
intensity) in the CO2 photoreduction were simulated. This numerical modelling is also
expected to improve our understanding of the CO2 photoreduction mechanism, and

thereby, provide a useful tool to optimize the reaction process.

Experimental Procedure

Materials synthesis

Powder

a. Precipitation method

5.98 g of Cu(CH3COOQ)2-H>0 (Fermont, 99%) was dissolved in 40 mL of deionized water
(DI). Then, 10 mL of 0.6 M of NaOH (Fermont, 99%) was added dropwise into the
solution. The solution was then heated for 3 h at 80 °C under vigorous stirring. The dark
brown precipitate was washed with sufficient DI water, for remove all the possible
residual precursor. The collected powder was dried in the oven at 80 °C overnight and
the sample obtained was denoted as CuO P.

b. Sonochemical method

The CuO powder sample was synthesized following a procedure reported previously.[26]
Briefly, 0.38 M of Cu(CH3COO),-H.0 solution was dissolved in DI water. Then, 0.6 M
of NaOH was added dropwise into the first solution with vigorous stirring at 50 °C. The
resulted solution was exposed to sonochemical energy for 25 min using an equipment
Hielscher’s UP200Ht at 100 W, with capacitance and an amperage of 50 and 20%,
respectively. After the sonication treatment, the resulted brown suspension was washed
with DI water for three times. Finally, the dark brown powder obtained, which denoted

as CuO US, was dried in the oven at 80 °C overnight.
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c. Microwave-hydrothermal method

An aqueous solution of 0.6 M of Cu(CH3COO)2-H.0 was prepared under vigorous
stirring for 30 minutes. Then, 0.6 M of NaOH was added dropwise. After that, the
mixture was treated in a microwave reactor (Mars 6) at 80 °C with 300 W for 60 min.
The resulted precipitate was washed with DI water and centrifuged a few times until the
water was clear. Finally, the powder obtained was dried at 80°C for 12 h and the resultant

sample was denoted as CuO MW.

Coating

A glass fiber mesh with a grit slit of 2.7 nm was used as the substrate for CuO coating
fabrication. Firstly, the glass fiber substrate was cleaned with acetone, methanol, and
then DI water under sonication for 20 min and then dried at 80 °C overnight. Then, the
cleaned glass fiber mesh substrates were placed in an autoclave that was filled with 0.06
M of Cu(CH3COO),-H.0 solution. After that, 0.6 M of NaOH was added dropwise into
the solution under vigorous stirring. Next, the autoclave was placed in the microwave
reactor at 80 °C with 300 W for 60 min. The resulting brown coating on the glass fiber
mesh was washed with DI water and centrifuged a few times until the water was clear

and then dried at 80 °C overnight and the sample denoted as CuO Coat.

Thin film

Fluorine-doped tin oxide (FTO) TEC-15 glass was purchased from Ossila (2.5 cm x 2.5
cm, roughness of 12.5 nm, FTO layer thickness of 200 nm, 83.5% transmission and
resistivity of 12-14 Q cm™). The FTO substrate was cleaned before use using a mixture
of isopropanol, water, and acetone with a 1:1:1 ratio. The FTO glass was submerged into
the solution and placed in a sonication bath for 1 h. The FTO glass was then removed

and dried in air for 30 min at 75 °C on a hot plate.

Copper (1) acetate (Aldrich, 98%) solution was prepared using 2.742 g in 50 mL of
ethanol, forming solution A. Then, solution A was stirred for 30 minutes. After that, 12
pL of diethanolamine (CsH11NO2, Aldrich >98%) and 25 ug of ethylene glycol (C2HsO2,
Alfa Aesar >99%) were added into solution A and stirred for 30 and 60 min, respectively,
obtaining solution B that was used to fabricate CuO thin film using a spin coater (Model
P6700). Solution B was added drop by drop onto a cleaned FTO glass, which was placed
on the sample stage of the spin coater spinning at 3000 rpm. After that, the FTO coated
was dried in air at 100 °C for 10 min and then calcined at 400 °C (ramp rate: 10 °C min-

1 for 1 h, with the resulting sample labelled as CuO TF.
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Characterization

The samples morphology was analyzed using Scanning Electron Microscopy (SEM,
JEOL 6490). To investigate the crystallinity and phase identification, X-ray diffraction
(XRD) patterns were obtained using a Bruker D8 Advanced Diffractometer equipped
with Cu Ko radiation (A= 1.5418 A) and compared with the ICDD-JCPDS powder
diffraction file database; and Raman spectra were collected using a Renishaw inVia
Raman Microscope with 785 nm excitation source. Diffuse reflectance of all the samples
was measured using a Perkin Elmer Lambda 950 UV-vis equipped with an integrating
sphere (150 mm). X-ray photoelectron spectrum (XPS) analysis were performed using a
Thermo Fisher Scientific NEXSA spectrometer. The samples were analysed using a
micro-focused monochromatic Al X-ray source (19.2 W) over an area of approximately
100 microns. Data were recorded at pass energies of 200 eV for survey scans and 50 eV
for high resolution scan with 1 eV and 0.1 eV step sizes, respectively. Charge
neutralisation of the sample was achieved using a combination of both low energy
electrons and argon ions. C 1s electron at 284.8 eV was used as standard reference to
calibrate the photoelectron energy shift. All the data analysis was performed on the
CasaXPS software (version: 2.3.20rev1.0). Fourier Transform Infrared spectroscopy
(FTIR), which was performed on Thermo Nicolet iS50 (1000-4000 cm), was used to
characterize the surface of the materials. Operando Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS) experiments were conducted on Agilent Cary 600
series spectrometer equipped with Harrick Praying Mantis reaction cell. The gas inlet of
the cell was directly connected to a flow system equipped with mass flow controllers and
a temperature controller. The cell outlet was connected to the mass spectrometer Hiden
QGA MS. In each experiment, 20 mg of crushed powder was placed in the cell. Before
reaction, the KBr background was collected in presence of CO, which was flowing
through bubbler. 64 scans were collected per spectrum with a spectral resolution of 4
cm ! and in the spectral range of 4000-400 cm™. The experiment was performed under
UV-vis irradiation at 24 and 40 °C and dark (24 °C) conditions to simulate the
experimental conditions within the photocatalytic reactor.

CO2 Photoreduction tests

The COz photocatalytic reduction tests were performed under UV-visible light irradiation

using the experimental set-up and procedure as described in the authors published
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work.[27] Briefly, the sample was loaded in the middle of the photoreactor. To purge
the system, three repetitive steps of placing the system under vacuum to -1 bar and the
vacuum released with CO2 (99.995%) to 1 bar were performed. The CO2 was then
released through the injection port of the gas chromatograph (GC, Agilent, Model 7890B
series), leaving a positive pressure of 0.2 bar, before the system was sealed and placed
under vacuum overnight before each measurement. The flow rate of CO was set to 0.35
mL min? and passed through the temperature controlled (0.1 °C) aluminium body
saturator for at least 16 h to allow the system to equilibrate. Relative humidity (£1.8%
RH) was measured using an inline Sensirion SHT75 humidity sensor potted (MG
Chemicals 832HD) into a Swagelok 1/4" T-piece. The temperature of the photoreactor
(40 °C) was controlled using a hotplate and the surface of the coated photocatalyst
measured using a Radley’s pyrometer (£2.0 °C). An OmniCure S2000 with 300-600 nm
wavelength was used as the light source was placed 30 mm above the surface of the
investigated sample. Irradiance (150 mWcm™) at the exit of the fiber optic light guide
was measured before each experiment using an OmniCure R2000 radiometer (£5%). An
inline GC) with a Hayesep Q column (1.5 m), 1/16 inch OD, 1 mm OD), Molecular Sieve
13X (1.2 m), 1/16-inch OD, 1 mm ID), thermal conductivity detector (TCD), nickel
catalyzed methanizer and flame ionization detector (FID) was used to analyze the output
of the photoreactor every four minutes. The GC was calibrated using 1000 ppm
calibration gas (Hz2, CO, Oz and CHj4) in a balance of Ar gas) that was further diluted with
Ar (99.995%) using mass flow controllers to 17.04, 4.62 and 1 ppm using the FID detector
for CH4 and CO, respectively, and 69.49, 34.72 and 17.04 ppm using the TCD detector
for Hz and Oa.

The CO utilization rate was determined by taking the molar percentage of CO>
inlet: CO outlet as the amount of CO, consumed. The cycling test (i.e., 3 runs) was
performed using the optimized sample, which was cleaned with DI water and dried on a
hotplate at 100 °C for 2 h before each run.

The quantum yield (¢) was measured under similar photocatalytic reaction
conditions using the same light source (OmniCure S2000 with 300-600 nm wavelength).
The incident flux was determined by a Laboratory Spectroradiometer (Apogee
Instruments). The ¢ values of CH4 evolution for the CO2 photoreduction reaction were

calculated according to the following equation:
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®CHa (300-600 nm) =

amount of product formed

amount of photons adsorbed in the range of 300 — 600 nm

Simulation studies

COMSOL Multiphysics version 5.3 was used to solve the numerical equations and
develop a stationary numerical model for CO> photoreduction. The model built was
validated with the experimental data obtained in this study. A three-dimensional
continuous flow reactor was simulated. The following general assumptions were made:
(1) steady state laminar flow of incompressible Newtonian fluid with constant physical
properties; (2) all gases were assumed as ideal gases; and (3) the whole reactor was
assumed isothermal with temperature of 298 K, which means the Arrhenius expressions
were ignored in the model. To assure the accuracy of the solutions obtained, a grid
independence check was conducted. The computational domain of the 3D models
developed for samples CuO MW, CuO Coat and CuO TF were mainly discretized with
tetrahedral, prism and triangular elements. Direct solution procedure was conducted by
using the Multifrontal Massively Parallel Solver. The abbreviations and symbols used

are listed in Table S2 and a summary of all parameters used are presented in Table S3.

Results and Discussion

Crystal phase

The powder samples synthesized using different approaches (i.e., precipitation,
ultrasonication and microwave synthesis) exhibited the monoclinic phase of CuO
(JCPDS: 45-0937, Figure B.1a-c). The peaks at 32.5, 35.8 and 38.6° corresponded to the
(110), (-111) and (111) planes, respectively. The most intense peak at 20 = 38.6° was
used to estimate the crystallite size of the samples, which was 10-12 nm.
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The crystal phase of CuO Coat also exhibited monoclinic phase (JCPDS: 45-0937, Figure
1d). However, the signal-to-noise of the XRD pattern in CuO Coat was much lower than
that for CuO P, CuO US and CuO MW due to the low thickness of the coating on the
glass fiber mesh. The XRD pattern of sample CuO TF (Figure B.1f) only revealed a
strong diffraction at 20 = 37°, corresponding to the FTO conductive thin film (Figure
B.1e). This was due to the overshadow of the diffraction pattern of the conductive thin
film. Hence, Raman spectroscopy, which is much more sensitive towards the vibration
of the crystal lattice, was employed.[28] Three bands centered at 287, 341, and 615 cm™,
which were attributed to Ag, B1g, and, B2g modes of CuO, respectively, were observed in
samples CuO TF (Figure S1a).[29-32] However, these CuO peaks were broadened and
slightly red-shifted, attributing to different sizes of the CuO particles (further discussed
in the next section).[30] Sample CuO Coat also exhibited CuO characteristic bands.
Additional bands, including POs* (v1) (960 cm™),[33] Si-N-Si (870 cm™), vibration
outside the plane C-H (760 cm®), deformation outside the ring C-H (690 cmt),[34] P-O-

Intensity (a. u.)

CuO JCPDS 045-0937

| i
30 35 40 45 50
260"

Figure B.1 - XRD patterns of a) CuO P, b) CuO US, ¢) CuO MW,

d) CuO Coat, €) FTO, and f) CuO TF.
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P (620 cm) were identified originated from the glass fiber mesh substrate (Figure B.S1b

and c).

Morphology

The morphology of the fabricated samples was investigated using SEM. Samples CuO
P, CuO US and CuO MW possessed a mixture of nanorods and agglomerated
nanoparticles (Figure B.2a-c). The length of the nanorods observed in the sample CuO
US (~580 nm, Figure B.2b) was longer than that in CuO P (~400 nm, Figure B.2a) and
CuO MW (~408 nm, Figure B.2c). Very similar observation was also obtained on sample
CuO Coat, but a more homogeneous nanorods coated on the surface of the glass fiber
mesh was observed (~445 nm in length, Figure B.2d). The CuO TF fabricated revealed
a patchy microstructure resulted the broadening and red-shifted of the Raman spectrum

in this sample (Figure B.2f).

Figure B.2 - SEM of the a) CuO P, b) CuO US, ¢) CuO MW, d) CuO
Coat, and e) CuO TF.

Optical Properties

The optical properties of the fabricated samples were investigated and analyzed using
UV-vis spectroscopy, as shown in Figure B.3. The band gap energy of was derived using
the Kubelka-Munk function from diffuse reflectance. All the fabricated samples showed

a band gap of around 1.4-1.5 eV using the (Figure B.3).
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Figure B.3 - Kubelka-Munk spectra of a) CuO P, b) CuO
US, ¢) CuO MW, d) CuO Coat, and e) CuO TF.

Surface properties

To investigate the surface chemistry of the samples, XPS was performed (Figure B.4).
The XPS survey spectra of samples CuO P, CuO US, CuO MW and CuO TF revealed no
contamination from the precursors nor substrates, whereas CuO Coat revealed the

presence of Na, which was originated from the glass fiber mesh (Figure B.S2).

The Cu 2p spectra of all the samples were deconvoluted into two components.
Specifically, the Cu 2p3/2 (934.5 eV for CuO P and CuO MW; 934.9 eV for CuO US) and
Cu 2p12 species (954.7 eV for CuO P and CuO US; 954.6 eV for CuO MW; Figure 4a-
c). In addition, these components were accompanied by their respective satellite peaks
positioning at 961.0-963.9 eV, which are characteristic of Cu?*. Furthermore, the
difference between the Cu 2p12 and Cu 2ps2 peaks was ~20 eV, which evidenced the
oxidation state of the fabricated samples as Cu?*.[35, 36] The presence of Cu* on the
surface of the fabricated materials was revealed in the peaks centered at 933.1 and 953.1
eV for CuO P; 933.6 and 953.2 eV for CuO US; and 933.1, and 953.0 eV for CuO MW
(Figure B.4a-c).[37] Meanwhile, CuO Coat had the Cu 2ps/» peak centered at 934.5 and
934.2 eV and Cu 2p1/2 peak located at 953.8 eV. Similarly, the difference of Cu 2p12and
Cu 2p32 in CuO Coat remained ~20 eV, confirming the fabricated CuO Coat sample
contained Cu (I1) (Figure B.4d). This sample also contained Cu™ as exhibited in the peak
positioned at 933.1 eV (Figure B.4d) but absent in CuO TF (Figure B.4e). CuO TF
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exhibited only the Cu 2ps/2, Cu 2p1/2 and Cu satellite peaks at 932.7, 952.4 and 962.1 eV,
respectively (Figure B.4e), confirming the presence of CuO on the thin films.

The high-resolution of O 1s spectrum were deconvoluted into four components
(Figure B.S3). The peak centered at 529.5-529.9, were attributed to the O% in O-
CuO.[38, 39] Meanwhile, the presence of peak centered at 531.1 (i.e., samples CuO US,
and CuO Coat) and 530.2 eV (i.e., sample CuO P and CuO MW) was attributed to
Vos,[40-42] evidencing the presence of Vos in these samples. Other peaks located at

531.9-532.3 eV were attributed to the oxygen adsorbed on the surface with low

coordination.[43, 44]

High resolution XPS spectra at low binding energy region were also collected to
investigate the position of the valence band. The valence band of the fabricated samples
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Figure B.4 - XPS spectra of Cu 2p for a) CuO P, b) CuO US, c¢) CuO MW, d)

CuO Coat, and e) CuO TF.
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was positioned at ~1.6 eV, indicating the CuO-based sample possessed sufficient
potential to reduce CO; to CH4 (Scheme 1).[45]

Vv ViNHE @ pH=7
CH, 4

Reduction
B
Py e -0.53 (C0,/CO)
\ -0.48 (CO,/HCHO)
-0.41 (H*/H,)
-0.38 (CO,/CH,0H)

\
\

/\
/\'/\
4
1 1111
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G -0.24 (CO,/CH,)
1
0.9 =—t— ; T +o082m,0/0,)
~_»H*, 0,
Energy Level (eV) Oxidation

H,O

Scheme B.4 - Schematic illustration of CO; photocatalytic reduction with H2O under
using CuO under visible light irradiation.

Photocatalytic activity

The fabricated CuO samples in different conformations were evaluated for the
photocatalytic reduction of CO2 under the light irradiation (300-600 nm) and the quantity
of the gaseous products produced (CO and CH4) were monitored (Table B.1). In general,
CHs was the main product produced by all the fabricated CuO samples in the

photocatalytic reduction of CO2, whereas CO was generated in very low quantities.

Table B.4 - Average products obtained in 4 h from CO. photoreduction using different
configurations of photocatalyst.

Sample name CHa (umol gear hY)
CuOP 1.0
CuO US 15
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CuO MW 2.6
CuO Coat 56.3

CuO TF 12.7

The CHs production of the powder samples declined in the order of CuO MW (2.6 pmol
et h™) > CuO US (1.5 umol gear* h™Y) > CuO P (1.0 pmol gear* h™). This could be due
to the homogeneity of the particles of the samples fabricated using the microwave-
hydrothermal approach. The action spectra of the CO» photoreduction for the fabricated
samples is shown in Figure S4.

Regarding to the photocatalytic activity of the immobilized photocatalysts, sample
CuO TF, which contained only CuO, exhibited 100% selectivity towards CH4, producing
12.7 umol gea* W't under visible light irradiation. Sample CuO Coat showed the highest
production of CH4 (56.3 umol gear* ht), which was approximately 18 times higher than
that of CuO MW (i.e., highest among the fabricated powdered samples). The superior
performance of CuO Coat ($CH4 = 0.882) was due to the reduction of agglomeration and
the presence of Na2O originated from the mesh substrate as shown in the FTIR (Figure
B.5).[46, 47] The presence of Na-O had significantly enhance the CO2 adsorption (further
discussed in the next paragraph). The CuO Coat, which has the highest CH4 production
was implemented for cycling test (Figure B.S5). The sample was tested for 3 runs and
did not show significant reduction in CH4 production.
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Figure B.5 - FTIR pattern of CuO Coat upon the exposure of CO-

The mechanistic study of the best performing sample (i.e., CuO Coat) was conducted
using FTIR in the presence of CO> (Figure B.5). A series of bands at 1560 and 1410 cm’
1 which could be associated with C—O stretching and symmetry O—C—O vibrational
modes, was assigned to monodentate species (linear coordination or carbon
coordination).[48, 49] In addition, C—O stretching and symmetry O—C—O vibrational
modes, which were shown at 1340 and 1020 cm™* corresponded to the bidentate
carbonate.[50] Based on the results obtained, the CO, adsorption and conversion
mechanisms in CuO Coat sample was proposed and shown in Scheme B.2. Briefly, the
O and Cu on the surface of CuO Coat acts as a Lewis base site — an active site for CO>
adsorption and conversion. Then, electrons were transferred to the C and/or O of the CO-
molecules resulted in the formation of monodentate and bidentate configurations at the
surface of CuO Coat. The hole-electron pairs, which were generated upon light
irradiation, traveled to the surface of the photocatalyst and underwent the subsequent
oxidation-reduction reactions. CO> was reduced to CH4 and H20 was oxidized to O and
H*.

od

Monodentate
coordination

\ "? Bidentate
7 __o_e coordination

Scheme B.5 - Schematic illustration of CO, adsorption and conversion on the surface of
CuO Coat sample.

The CuO coat was analyzed with operando DRIFTS to confirm the formation of
carbonate species (Figure B.S6). The coating presented a strong adsorption band at 2348
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cmt, which assigns to CO2 physiosorbed in the surface of the coating, when CO, was fed
into the reactor and put in contact with the photocatalyst at 24°C in the dark. On the other
hand, the bands at around 1620, 1420 and 1296 cm™ were assigned to the asymmetric
COs stretching vibration [vas(CQOsz)], symmetric COs stretching vibration [vs(CO3)] and O-
H deformation vibration [5(O-H)] of monodentate bicarbonate species (m-HCOs?),
respectively, were observed upon CO: interaction with the coating in the dark.[3, 51]
When the coating was irradiated with UV-vis light, the intensity of these bands lowered.
The bands at around 1540 and 1384 cm™ corresponds to the [vas(CO2)] and [vs(CO2)] of
the bidendate formate species (b-HCO,?).[52] These results suggested that the CO-
molecules adsorbed on the surface of CuO coat were mainly m-HCO3? and converted to
b-HCO,? through the reaction with OH- on the surface or OVs CuO coating. When the
reaction temperature increased to 40°C (to emulate the reaction conditions), the bands of
m-HCO3? continued to decrease, whereas b-HCO,?" increased steadily. In other words,
adsorption of CO, and conversion of m-HCOs? to b-HCO,? were enhanced at elevated
temperature, which could favor the formation of CHs. Therefore, operando DRIFT
results suggested that the mechanism for the photocatalytic CO> reduction route of CuO

coat was through the carbene pathway[47, 52].

Simulation study

To gain insight in the coupled physical/chemical processes, parametric simulations (CO:
gas flow, humidity, and light intensity) were performed. The simulated photocatalytic
activity values obtained from the constructed models using COMSOL multiphysics
software matched well with the experimental results as shown in Figure B.6. The
simulation revealed that the flow rate of CO. had almost no effect on the photoreduction
reaction rate (Figure B.6a). However, the simulated CO> utilization rate dropped rapidly
with increasing CO- flow rates for values up to 5 SCCM (Figure B.6d). Further increasing
the CO- flow rates would eventually lead to zero CO utilization rate. This phenomenon
was expected due to the reduction of contact time between the gas (CO) and solid

(photocatalyst) phases at high flow rate as reported in other work.[53]

Increasing the water content exhibited a remarkable improvement in the reaction
rate, (Figure B.6b) and CO- utilization rate (Figure B.6e), especially for sample CuO

MW. Hence, the simulated results indicated that the water content for the CO:
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photoreduction was far below the saturation point. Further increasing the water content

will promote the photocatalytic reduction of CO..

The light intensity applied to stimulate the CO2 photoreduction reaction strongly
depended on the properties of the photocatalyst, including microstructure, surface area,
etc. For instance, sample CuO Coat with rod-shape nanostructure exhibited the highest
reaction rate and CO utilization rate; whereas samples CuO TF and CuO MW with
patchy-structures and agglomeration revealed a much lower performance (Figure B.6¢c
and f).
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Figure B.6. Simulated patterns (lines: black- CuO TF, orange- CuO MW, blue- CuO Coat)
and experimental results (purple €: CuO TF, orange: CuO TF, green¥: CuO TF ) of
the CO. photoreduction reaction rate and CO utilization rate influenced by the (a and d)

CO: flow rate, (b and e) water content, (c and f) light intensity.

Conclusions

CuO photocatalysts with different configurations (powder, thin film, and coatings on
glass fiber mesh) were fabricated and their CO2 photoreduction activity was investigated.
Sample CuO Coat with highly dispersed nanorod structure coated on the glass fiber mesh
showed the highest CH4 production from CO2 (56.3 pmol gea? h), which was
approximately 18 times higher than the powder sample synthesized using the similar
method (CuO MW). Combining the experimental and simulated results, the use of highly
dispersive nanostructured photocatalyst operated at ~6.0 x 10’ ppm and <2 SCCM of
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water content and CO> flow rate, respectively, could achieve the maximum yield of CO>
photoreduction at 40 °C.
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Table B.S.1 - Analysis of CuO based photocatalysts used for CO2 photoreduction reported

in the literature.

CO2 photocatalytic

i reduction product
Photocatalytic Operating conditions Ref.

material (s)
(umol geat *ht)

- Catalyst mass: 1.0 g

-Reactor: Continuous
Cu20-

CUOITIOLFTO CHe: 05 - Light source: 8 W UVA,

3.25 mW/cm? Range 365 nm
-Pressure: 1.01 bar

-Temperature: No reported

-Catalyst mass:0.1 g
-Reactor: Continuous

-Light source: Lamp 300 W Xe
a-Fe>03/Cu20/g

CO:1.67 (> 400 nm) [18]
lass
-Pressure: 3.0 bar.
-Temperature: 40°C.
CuO-TiO2—xNXx CHs: 1.30 -Mass used: 0.1 g [19]
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-Reactor: Batch
-Lamp: 300 W Xe
-Pressure: 0.1 bar

-Temperature: No reported

TiO2/Cu CHs: 1.86

-Catalyst mass:0.5 g
-Reactor: Continuous

-Light source: UV-light 16 W
-Pressure: No reported

-Temperature: No reported

[20]

CHa: 1.42
Pt-Cu20/TiOz
C0:0.05

-Catalyst mass:0.02 g
-Reactor: Batch

-Light source: Lamp 300 W Xe
(A> 400 nm) 20.5 mW cm2

-Pressure: 0.71 bar

-Temperature: 20 °C

[21]

CuO CHa4: 39.5

-Catalyst mass: 0.3 g, sacrifice
agent: NaOH

-Reactor: Batch

-Light source: 5 W UVC lamp,
5.5 mW cm2

-Pressure: No reported

-Temperature: 25°C

[22]

Cu20/Cu CHa4: 15.9

-Catalyst mass: 0.003 g
-Reactor: Batch

-Light source: 125 W Hg lamp

[23]
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-Pressure: No reported

-Temperature: No reported
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Table B.S.2 - Abbreviations and symbols used in the simulation study.

CFD computational fluid dynamic Kcoz2 ratio of rate constant for adsorption

and desorption of CO>

SCCM standard cubic centimeters per | light intensity

minute

R reaction rate of photochemical Ko permeability coefficient, m?

reduction,

Khzo ratio of rate constant for adsorption D]?ff effective diffusivity of species j,

and desorption of H20 m2.s1

k rate constant of photochemical N; flux of mass transport, kg-m3.s7?

reduction

p (partial) pressure, Pa R gas constant, 8.314 J-mol%-K™
T temperature, K u velocity field, m3.s™?

V volume fraction y; mole fraction of component

o reaction order of photochemical &, porosity

reduction

p dynamic viscosity of fluid, Pa-s T,, tortuosity

p density Di*  mass-average  Stefan-Maxwell
diffusivity

D; diffusion coefficient D Knudsen diffusivity
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Table B.S.3 - Parameters used in the simulation study for different samples.

Parameter

Photoreactor

gas flow rate
Humidity
Light Intensity

Temperature

inlet

Value

0.35

30030

150

293

Unit

SCCM

ppm

mW cm?
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Figure B.S.1 - Raman pattern of a) CuO TF, b) CuO coat and c) blank mesh.
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Figure B.S.3 - High resolution O 1s spectra of a) CuO P, b) CuO US, ¢) CuO MW and d)
CuO Coat.
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Figure B.S.4 - Action spectra of CH4 production using different configurations of CuO
under the irradiation of 300-600 nm. Inset: Zoom-in spectra of CuO P (black), CuO US
(red) and CuO MW (blue).
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