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Abstract:

Photocatalysis was originally inspired by photosynthetic models from nature, and now opens the
window to a wider range of applications including but not limited to solar-to-chemical energy
storage, water/air purification. Both photocatalytic hydrogen generation and CO; to hydrocarbon
processes are aiming to kill two birds with one stone by treating wastes and producing clean energy.
Hydrogen has been considered as an ultimate clean energy source and is heavily relied upon for
fuel cells. With that being said, so far, hydrogen has been still mainly produced from fossil fuels
by steam reforming instead of photocatalytic water splitting which is a greener method. CO>
photoreduction is able to store solar energy and reduce CO: concentration in the atmosphere
simultaneously. Nature creates a balance of carbon resources in ecosystems, however
anthropogenic interference destroys that balance. Photocatalytic CO» capture is an ideal approach
to close the anthropogenically opened carbon loop. This way, it rebalances the carbon emissions
as in the case of photosynthesis in green plants. Largely, all my motivation comes from the urgency
with global problems such as global warming and environmental pollution, which accelerate the
need for greater research into photocatalysis. Thus, my efforts have been put into how to design
and fabricate highly efficient photocatalysts and enhance the performance of challenging

photocatalytic reactions.

I started my first PhD project with a review paper on photocatalytic CO; reduction using perovskite
oxide nanomaterials. As the material focus of this review article, I selected perovskite oxides
because they are mostly earth-abundant, nontoxic to nature, chemically stable, and tunable in many

aspects such as crystal structures, bandgaps and surface energies. This review paper offers me key
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insights for developing advanced photocatalysts in order to improve the yields of CO» reduction

products.

Having accomplished this review paper, I found that nanophotonics and plasmons are good angles
to tackle the problem of photocatalyst with less efficiency. The idea and efforts turned into the
next scientific article, entitled “optical control of selectivity of high rate CO» photoreduction via
interband-or hot electron Z-scheme reaction pathways in Au-TiO; plasmonic photonic crystal
photocatalyst”. The periodically modulated TiO> nanotube arrays were decorated with gold
nanoparticles to form plasmonic photonic crystal photocatalysts from which dramatically

improved performance and remarkable selectivity are obtained.

Admittedly, plasmonic photocatalysis promises using light as the energy source to drive a variety
of thermal energy-intensive chemical reactions, however, the incorporation of plasmonic noble
metals has become a double-edged sword. To overcome the drawback of relying on noble metals
became the motivation of the next two manuscripts in my PhD program. The group IV transition
metal nitrides have shown the possibilities as better alternatives courtesy of their unique
characteristics such as exhibiting both metallic and semiconducting properties, possessing ceramic
hardness, high thermal tolerance and chemical resistance. All these advantages have shown the
possibility for substitution of plasmonic noble metals. These two manuscripts included in the thesis
are “Femtosecond and Picosecond single pulsed laser ablation of Nonlinear Optical TiN, as
alternative for gold” and “Core-Shell TiO@HfN Nanotube Arrays: Hot Carrier Photoanode for
Sunlight-Driven Water-Splitting”. They investigated the optical and material properties of TiN and

proved the promising performance of HfN as photocatalyst for water-splitting.
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1. Introduction

1.1. Solar Energy Harvesting

Modern industrial civilization is heavily reliant on energy, which is predominantly supplied by
fossil fuels at the moment. While fracking-related new oil production and the COVID-19
pandemic-related loss of energy demand caused crude oil prices to crater, underneath the apparent
volatile and promptly rebounded crude oil prices, it is the hidden battle that energy remains the
must-competing interest for countries[1]. Energy demand remains a top issue on humanity’s
problem list for the next half century[2]. The shortage of energy will deteriorate other issues,
because each of them is closely corelated together. For instance, population expansion increases
energy consumption[3]; to overcome the energy deficit, it will give rise to environmental problems
including but not limited to pollution, disease; however, if the energy shortage cannot be addressed
properly, even more notorious problems will emerge such as famine, poverty, and wars[1]. While
the global energy demand is 162494 TWh (13972 million tonnes of oil equivalent) in 2017[4], the
projection according to International Energy Agency (IEA) indicates that the total energy demand
increases to 224784 TWh (19328 million tonnes of oil equivalent) by 2040[5]. To solve those
tightly connected problems, solar energy is a clean, inexpensive, sustainable approach for
anywhere on the earth illuminated by the sun. Considering sun as a blackbody with a temperature
of 5800 K, the radiant power density of the sun is 5.961x107 W/m? according to Planck radiation
low[6], which means 1.36 kW/m? solar irradiance incident on the earth’s surface. Further
calculation will tell us that the annual solar radiation on earth’s surface is 6,000 times greater than

the entire global energy demand.



After decades of efforts from scientists, the technology and economics of conversion of solar
energy into electricity have achieved conspicuous progress[7, 8]. Today, the energy payback time
of a photovoltaic system is approximately 1-4 years depending on the geographical location and
the type of solar cells. For example, the energy payback time for a polycrystalline silicon solar cell
in Arizona could be roughly 2-4 years while a thin-film solar cell can recover the pollution from
its production and generate pure clean electricity after the first year. Moreover, the capital costs
per kilowatt-hour of solar PV is approaching fossil fuel costs closely. Some places in Spain and
Germany even have a surplus of power generated from solar energy during off-peak hours of the

daytime.

However, the pros and cons of solar PV are on the table[9]. Obviously, solar PV cannot provide
electricity during the night or on a cloudy day. An alternative solution is a solar thermal system
that can store solar energy as thermal energy and use it during the night. Many countries are
developing solar photovoltaic and solar thermal technologies simultaneously[10]. However, a
solar thermal system also has its own limitations[11]. For instance - the installation is costly, it

cannot be used to generate power, and thermal energy cannot be stored for long[12].

Due to such limitations of solar PV and solar thermal energy, scientists are eager to explore new
methods. Photosynthesis and photocatalysis are inspired by the omnipotent nature[13]. The
Hydrogen economy is an actively discussed solution, considering hydrogen is energy intense,
clean and easy to store and transport. In this application, hydrogen and oxygen are generated from
the splitting of water driven by sunlight. Another novel application, CO> photoreduction, is one of
the most attractive artificial solar driven reactions[14]. Both photocatalytic hydrogen generation

and CO> to hydrocarbon process are inspired by countless photosynthetic models from nature as



shown in Figure 1. For example, sugarcane can convert CO; to cane sugar reaching storage
efficiency around 8%. CO; photoreduction can capture rapidly increasing CO> and store solar
energy in higher energy compounds such as short chain hydrocarbons and alcohols, which kills
two birds with one stone. This means the ultimate goal is to close the carbon loop such that any
CO; released from solar carbon fuels is originally produced by CO; as a fuel feedstock. The
advantages of photocatalytic CO reduction are obvious: 1) It captures and recycles greenhouse
gas in the atmosphere, 2) Solar energy can be stored for a long time and generate power during
night, 3) Products are energy intense and easily transportable, 4) It synthesizes high value
chemicals for industries. In conclusion, photocatalysis opens the window to a wider range of
applications including solar-to-chemical energy storage, water purification etc. The urgency of
global problems including global warming and environmental pollution fuels accelerates the need

for greater research into photocatalysis.
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Figure 1: Schematics of natural photosynthesis by green plants and
artificial photocatalytic water splitting.



The next question will be how to connect solar radiation to the concept of energy use on a daily
basis. Figure 2 demonstrates the solar spectrum in irradiance vs. wavelength. From wave-particle
duality of light, light can be both described as an electromagnetic wave and a quantum-mechanical

particle also known as photon. The wavelength of light is inversely proportional to the energy of
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Figure 2 : Solar spectrum at earth atmosphere vs. at sea level. (Data from American Society for Testing and Materials (ASTM)
G-173-03 reference spectra)

Once the energy of a single incident photon is obtained, the power density of irradiance can be
calculated by multiplying the energy of a single photon by the number of photons per unit area per
second called photon flux. When a photon striking on a semiconductor has an energy larger than

the band gap, it will be absorbed by this material and produce an excess electron-hole pair. The



photo-generated electrons can be utilized either for generating electricity by photovoltaic devices

or for providing energy for photocatalytic reactions.

1.2. Photocatalytic CO; Reduction

In general, scientists have been investigating four approaches to capture wildly increasing CO»
concentrations in the atmosphere: 1) Carbon capture using amines; 2) High temperature reduction;
3) Electrochemical reduction; 4) Photocatalytic reduction. Among all these methods, CO>
photoreduction stands out due to its ability to store solar energy and reduce CO, concentration in
the atmosphere simultaneously. Nature creates a balance of carbon resources in ecosystems,
however, this balance has been destroyed by anthropogenic interference. Although the UNFCCC
treaty has prevented reckless GHG increases[15], 2017 global CO, emissions were still 37
GtCO,[16] and the atmosphere CO; concentration was 405 PPM[17]. This environmental
disruption will last for over a thousand years[18]. Photocatalytic CO; capture is an ideal approach
to close the anthropogenically opened carbon loop and rebalance the carbon emissions like what
nature did through photosynthesis. In general, photocatalytic reduction of CO; needs a
semiconducting material as a photocatalyst and involves H>O or H» as reagents to transform CO»
into hydrocarbon products. This process, in which multiple electrons/holes are needed, consists of
three steps and is similar to the photovoltaic process: 1) Creation of photogenerated charge carriers
in semiconducting photocatalysts by illumination; 2) Migration of charge carriers to the surface of
photocatalysts; 3) Utilization of charge carriers on adsorbed CO»/H>O for forming hydrocarbon
products. The most common products are CO, HCOOH, HCHO, CH4, CH3OH, multi-carbon
compounds, etc. However, carbon dioxide is one of the most inert and stable molecules. To

breaking down the C=0 bonds and bending its linear geometry, the process requires large amount



of energy and existing of catalysts. For example, the formation of methane from CO; needs
additional 818.3 kJ/mol in Gibbs free energy, much higher than the 237.2 kJ/mol required to split

H>0 to H; and Oo.

Furthermore, let’s consider whether a semiconductor is thermodynamically favored to be a
potential photocatalyst for CO> reduction. As shown in Figure 3[19], to be able to complete a
reaction, electrons in the conduction band of this semiconductor should be more negative than the
reduction potential of a particular reaction. Meanwhile, holes in the valence band of this material
should be oxidative enough to split H>O molecules. Most notably, turning stable CO> into a CO>™
intermediate, as a most recognized first step of CO: reduction, requires -1.9 V vs. NHE, which is

more negative than most conduction band of typical semiconductors. Therefore, scientists
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Figure 3: Energy band diagram of typical catalytic semiconductors and the energy levels of redox reactions in CO; to hydrocarbon
fuels process. Reprinted with permission from [19]; copyright Springer Nature 2019.




proposed widespread process, proton-assisted transfer of multiple electrons, to bypass the high
transition state of forming CO;" intermediate. The possible reactions for photoreduction of CO»
and their standard potential required with respect to the normal hydrogen electrode are listed in
Table 1. However, this is only a thermodynamic premise. While in real world, there are countless

factors that limit the transformation of CO».

Table 1: Common redox reactions related to photoreduction of CO, and their required potential with respect to NHE at pH7.

Reactions Reduction potential vs NHE (pH=7)
2H* +2e~ > H, -0.41
H,0 + 2k~ - 1/, 0, + 2H* 0.82
CO, + 2H* +2e~ - CO + H,0 -0.53
CO,+ 2H* +2e~ -» HCOOH -0.61
CO, +4H* +4e~ » HCHO + H,0 -0.48
CO, + 6H* + 6e~ » CH;0H + H,0 -0.38
C0,+ 8H* +8e~ - CH, + 2H,0 -0.24

Among many hypothetical pathways for CO> photoreduction, the two which are most accepted by
scientists, are the formaldehyde path and the carbene path[ 14, 20]. Most detailed studies indicated
that, depending on how CO> is adsorbed on the surface of catalysts, a preferred pathway will be
employed. Initially, CO; activation is the very first step for any pathway, which forms the surface-
bonded CO; "~ radical anion via a one electron accepting process. For example, in the formaldehyde
pathway, it is oxygen atoms in CO2 which bind to the surface of the catalyst through oxygen
coordination. Since the carbon atom in this case is exposed, this process sequentially forms formic

acid, dihydroxymethyl radical by adding hydrogen atoms to CO; instead of cleaving the C-O bond.



Then after adding one more hydrogen atom, formaldehyde is formed by dehydration. Further
reducing reactions produce methanol and methane via inserting hydrogen radical and dehydration
sequentially. On the other hand, when the carbon atom of CO is anchored on the surface of the
catalyst in the process named carbon coordination, the carbene pathway is preferred because in
this case oxygen atoms are exposed and likely bond with H'. This pathway has a straightforward
process that involves attaching H' to oxygen atom and cleavage of the C-O bond. The most

common products in this pathway are carbon monoxide and methane, yet methanol is also possible.

Last but never the least important step is to define the efficiency of photocatalytic CO> reduction.
The most commonly used measurement of photocatalytic activity is the rate of formation of
products. Typically, it is the amount of product in each type formed in the unit of time divided by
the total amount of catalyst used. The unit for amount of product is normally in mmol or ppm,
while the amount of catalyst can be quantified by either mass or area, for example, mmol cm™
hour! or ppm gram 'minute™!. Another popular used measurement is turnover number, the amount
of product to the number of active catalytic sites. However, the number of active sites is difficult
to be quantified accurately. Thus, the active surface area measured by Brunauer-Emmett-Teller is
an alternative to present the number of active sites. However, it is also not accurate due to not all
active surface can be exposed to reagents and illuminated by light. Despite the mentioned problems,
the turnover number is used to determine whether the products are from catalytic reaction or
stoichiometric chemical reaction. Moreover, some measurements which are used in other light
interacting processes are also adopted for photocatalytic CO; reduction, for example, external

quantum efficiency (EQE), and absorbed photon to electron conversion efficiency (APCE),



In conclusion, although photocatalytic CO; reduction is challenging, it is still a promising approach
to close the carbon loop, considering the following advantages: 1) Components involved in process
are earth abundant CO,, H>O and inexhaustible solar energy; 2) Alleviation of GHC-caused global
warming crisis; 3) Balancing CO; emission by recycling and producing hydrocarbon fuels to

substitute conventional fossil fuels; 4) Storing solar energy for easy transportation and later usage.

1.3. TiO; nanotube arrays

TiO2 nanotube arrays (TNT) are self-organized, highly-ordered, vertically tubular nanostructure
made by electrochemical anodization (shown in Figure 4 [21]). Later in thesis, the detail of
growing TiO; nanotubes will be discussed either on native (Ti foil) or non-native (conductive glass)
substrates. Compare to anodic alumina nanoporous structure, it indicates much higher refractive
index, more flexibility in geometry and great electronic properties. It has been well utilized in
solar cells as electron transport layer, because of its excellent anisotropic property, which is the

long vertical light absorption path and short horizontal charge transport path. An explosion of

-

Figure 4: A top view of SEM image of the TiO> nanotube arrays. Reprinted
with permission from Ref [21]; copyright 2012 Wiley .



research has been achieved on this architecture and leads to narrower band gap, stronger light
absorption, longer carrier life time, more functional dexterity and much more. Due to these benefits,
the application of TNT has been expanded to photocatalysts, biosensor, supercapacitors, coating

material and nanophotonics etc.
1.4. Fabrication techniques

There are countless methods developed by scientists for fabrication nanostructures ranging from
atomic layer thin film to 3D architectures. Considering the limited space of this thesis, I focus the
discussion within three main methods used in my research for fabrication, namely anodization,

sputtering and atomic layer deposition.
1.4.1. Anodization

Anodization is an electrochemical oxidation and etching process for surface treatment, which is
well-known simple and cost-effective. The first anodization utilization was developed in early 20"
century for aluminum protective film[22]. At the beginning, anodization method was merely
utilized on aluminum for corrosion protection until the technique became matured. Today, it has
been widely used for a large variety of materials (Al, Ti, Ge, Fe, Hf, Ta, Ni, and so on) to create

vertical, highly-ordered, self-organized, nanoporous structures.

Taking titanium dioxide nanotube as an example, the anodization process consists of four chemical

reactions simultaneously happening in the electrolytic cell, listed as following:

Field assisted oxidation:

Ti+ 2H,0 - TiO, + 4H* + 4e™ (1)
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Field assisted migration:

Ti** + 6F~ — [TiF¢]?*~ (2)
Field assisted dissolution:
TiO, + 6F~ 4+ 4H* — [TiF¢]?>~ + 2H,0 (3)
Chemical dissolution:
TiO, + 6HF - [TiF¢]?>~ + 2H,0 + 2H* (4.

The above-mentioned reactions are driven by an anodic voltage within an electrolytic cell which
has an anodic sample electrode and a counter electrode (shown in Figure 5). The process has three
sequential stages. It starts from oxide formation followed by a fluoride pitting of the newly formed
oxide layer. Finally, an equilibrium is settled between the oxide formation and oxide etching. As
a result, the nanotube titanium dioxide layer can be established by the continuous “digging” at the
interface of metal and oxide. Many variables are related to adjustment of anodization process such
as electrolyte compositions, voltage, current, pH value, temperature etc. Typically, the anodization

can be categorized into two modes, i.e., potentiostatic mode and galvanostatic mode. In

Power supply
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Figure 5: A schematic of anodization in an electrolytic cell for growing TiO> nanotubes.
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potentiostatic mode, a constant anodic voltage is applied throughout the anodization process, while

in galvanostatic mode, it keeps the anodizing current constant by varying anodic voltage.

1.4.2. Sputtering deposition

Sputter has been utilized for decades and recognized as a reliable, dexterous and effective method.
Generally, it can be categorized as dc discharge sputtering, RF sputtering, magnetron sputtering,
and reactive sputtering. In our fabrication process, we mainly use magnetron sputtering technique
which has been widely employed since 1960s. A sputtering tool can be used for either deposition
or erosion of material. Throughout this thesis, we only discuss material depositing due to our
research scope. Technically, a cathode target which is the source of material is under the
bombardment of an ionized gas molecule. Then sputtered off material flies across the chamber to
adsorb on an arbitrary substrate. In our research related to this thesis, we mainly use sputtering to
form metal nanoparticles for localize surface plasmon resonance or to deposit a Ti thin film for
subsequent anodization. A large number of parameters are involved to vary the morphology and
quality of the deposited material, such as pressure, substrate temperature, target current and voltage,
distance between target and substrate, carrier gas. For instance, to obtained highly-ordered TiO»
nanotubes on conductive glass by anodization, it requires a denser and uniform Ti film which need
lower sputtering pressure and high substrate temperature. On the other hand, the metal
nanoparticles that we obtained from sputtering require moderately high sputtering pressure and

avoid substrate heating.
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1.4.3. Atomic layer deposition

Atomic layer deposition (ALD) has become an inevitable technique for fabrication of
microelectronics, optoelectronics, batteries, and memory devices. Additionally, it has been widely
employed as a routine tool in the research field of nanomaterials, such as surface passivation,
tunnelling layer, surface doping. The pool of ALD materials expands rapidly ranging from metal
(Ni, Au, Ag, Cu, Ge, Li, Mg, Fe, Co, Zn and more) to oxides and nitrides (including and not limited
to TiOz, ZnO, SiO,, AlLO3;, WOs, ZrO,, HfO,, In20;, V205, Tax0s, AIN, ZrN, HfN). The
expanding of material library in ALD appreciates the developing of suitable chemical precursors,
which need to fulfill many requirements such as sufficient vapor pressure, thermal stability,
appropriate volatility, suitable functional group and self-limiting behavior. In our research, plasma
enhanced atomic layer deposition is the only type of ALD employed and can be consider as a
variation of plasma enhanced chemical vapor deposition. During a deposition cycle, the first
precursor is introduced to the reaction chamber and adsorb on the surface of substrate to form a
monolayer. After remove excess of the first precursor, the second pulse carriers the co-reactant
into the chamber also in a self-limiting manner. Then the plasma is ignited with the existing of
both reactants. The final stage is a post-plasma purge and ready for the next deposition cycle. Later

sections will discuss the experimental details of ALD and illustrate its utilization and advantages.
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2. A Review on Photocatalytic CO: Reduction using Perovskite Oxide

Nanomaterials

Perovskite now has been recognized as one of the most important class of material. But it is not as
popular as it was discovered by the German scientist Gustav Rose and named in honor of the
Russian mineralogist Lev Perovski. Perovskite oxides share the same formula of ABX3 in which
X is oxygen. Because the large variety of chemical composition within the class of perovskite
oxides, there are many advantages are well-known, including but not limited to ferroelectricity,
magnetism, superconductivity, catalytic activity. Considering perovskite oxides have become
significantly important and popular in the field of catalysis, the major question in this project is
“what are the beneficial effects of perovskite oxides that make them become good catalysts

especially in CO2 photoreduction?”

2.1. Introduction

Excessive CO2 emission by human activities has the potential to dramatically change our
environment. Anthropogenic CO> emissions are implicated in phenomena such as global warming,
acid rain, and a rising sea level. Figure 6 shows that there is a strong correlation between CO»
concentration and global temperature for the past few decades[23]. The International Panel on
Climate Change predicted that the global temperature will rise 1.9 °C in mean value if COx rises
to 590 ppm by 2100, which will have serious climatic impact [24]. This makes it imperative to
find methods to mitigate CO; emissions and also to replace an increasing portion of fossil fuels by
renewable sources to meet global energy demand. Several methodologies have been demonstrated
for CO, conversion to light hydrocarbons, and these include photocatalytic reduction [25-34],

electrochemical reduction [35, 36], photoelectrochemical reduction and thermochemical reduction
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[37-40]. Among the common methods, photocatalysis, is preferred since it only requires solar
radiation as an energy source and has been proven effective in various applications[41-44],
including water splitting[45-48], H>O production [49, 50], pollutant degradation [51, 52], and N»
fixation[53-58]. Various types of photocatalyst materials being used for CO reduction at present
include oxide and non-oxide semiconductors[59, 60], non-titanium metal oxides and sulfides[61-
63], and metal-free materials[64, 65], molecular catalysts [66, 67], and other/diverse catalysts[68-
77]. However, matching photocatalytic conversion rates of CO> with the rates of CO> production
using existing technology remains a daunting challenge, which is driving researchers to pursue
new materials and designs for the technology. Perovskites are new materials that are constituted
of earth-abundant elements and are technologically important from the standpoint of
photovoltaics[78-80] and CO> photoreduction[81-83]. A good example high performance of

perovskite based CO> photoreduction is reported by Xu and co-workers[83].
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Figure 6: Correlation of global temperature with CO; concentration from 1958 to 2017. Data is sourced from
U.S. Department of Commerce’s National Oceanic and Atmospheric Administration, NASA's Goddard Institute
for Space Studies [23] .
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In this review, we focus on the latest advances in the development of perovskite oxide
nanomaterials and their use in photocatalytic CO; reduction. Technologically important
considerations for researchers’ focus on perovskite oxides [84-89] include their scientific potential
due to their unique properties like superconductivity [90-94], magnetic properties [95-99],
ferroelectric abilities [100], multiferroicity[101] and catalytic capability [102, 103]. Compared to
other heterogeneous photocatalysts, perovskite oxides have more suitably positioned energy bands
for CO; reduction, and are adaptable to easy engineering of the bandgaps. One clear metric in
which perovskite oxides have advantage over a number of other state-of-the-art nanomaterials,
such as ZrO; (5.0 eV), Nb2Os (3.8 eV), Ta,0s5 (4.0 eV), Ga0;3 (4.6 eV) and GeO; (5.5 eV) is their
lower bandgap [104, 105] which enables them to harvest a greater fraction of photons in terrestrial
sunlight. Considering all these above factors, band engineered perovskite oxides are being actively

studied for photocatalytic CO> reduction.

Perovskite oxides have the general formula ABOs and possess a crystal structure wherein A cations
occupy cuboctahedral interstitial sites in BOg octahedra; the BOg octahedra share corners and are
typically arranged in a cubic array. Perovskite oxides can have various band structures and
photophysical properties [106] based on the composition of elements used in the A and B sites.
Compared to wide band gaps in binary oxides, perovskite oxides provide a variety of band gap
selections, which allows visible light absorption [107]. Moreover, perovskite oxides usually show
better charge carrier separation due to the higher lattice distortion as compared to traditional binary
oxides [106]. However, morphology and the catalyst/reactant interface are also important factors

for photocatalyst candidates.
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Several review papers on perovskite oxides have been published in the last decade, particularly in
the recent years[108-110]. Wang et al recently summarized progress of perovskite materials in
photocatalysis and photovoltaics including water-splitting, degradation of organic dyes, and solar
cells [111]. Grabowska et al reviewed the preparation, characterization and applications of select
perovskite oxides. Besides basic information, Grabowska’s review paper also discussed doping
effects and the influence of morphologies and surface properties [106]. Li ef al published a review
paper on latest progress and key factors for high efficiency CO photoconversion [112]. However,
none of these aforementioned review articles carefully examine CO; reduction using perovskite
oxides. The present review paper attempts a comprehensive understanding of photocatalytic CO»
reduction using perovskite oxide materials. The layout of this paper is as follows: material relevant
information including preparation, structure, morphology and bandgap engineering, followed by a
summary of CO; photoreduction mechanism and performance, and finally an exploration of the

future of perovskite oxides in this area.

2.2. Mechanism of CO; reduction

2.2.1. Charge separation band energetics of perovskite oxides

For feasibility of use as photocatalysts, perovskite oxide nanomaterials must have suitable band
energetics, and must be stable against photocorrosion, inert (biologically and chemically),
inexpensive and nontoxic. When light is incident on a peroxide oxide semiconductor, with a
photon energy that is higher than or equal to its bandgap (E;), absorption of the photon occurs,
resulting in the transition of an electron from the valence band to the conduction band and the
creation of a hole in the valence band (Figure 7). The reduction potential of a photoexcited electron

is the energy level at the bottom of conduction band, and the oxidizing power of the hole is
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Figure 7: Schematic illustration of Excitation and deexcitation process in semiconductor after illumination with photons
having energy higher than the bandgap of semiconductor.

determined by the top energy level of the valence band. In a typical photochemical reaction,
photogenerated electrons and holes are separated and they migrate to the surface of photocatalyst,
where electron transfer reactions between near-surface species and charge carriers occur [78, 112].
For CO; reduction in the presence of water, the valence band position of the perovskite oxide
nanomaterials should be below the redox potential of water, and the position of conduction band
of the same should be above of the redox potential of the CO> [110, 113, 114]. Therefore,
perovskite oxide nanomaterials with suitable band alignment for oxidation of water at the valence
band and reduction of CO; at conduction band can facilitate redox reaction before excited charge

carriers undergo recombination.

Excited electrons in perovskite oxides typically undergo de-excitation and follow a pathway that
minimizes the lifetime of excited states. Among common causes of minimization of lifetime of
separated charges in perovskite oxide nanomaterials are: radiative/nonradiative recombination [42,

109, 110] whereby separated charges get trapped in metastable surface states, and reactions of
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electron acceptors and donors that are present on the surfaces of perovskite oxides. Absorption of
the incident photon and excited state creation occur in the femtosecond time range, while de-
excitation typically occurs at picosecond/nanosecond timescales. Owing to the thermodynamics
of CO; reduction as discussed above, there is wide variability in the performance of perovskite

oxide nanomaterials, as presented in Table 3.

2.2.2. Reductants and products

There are reports of H> based CO» reduction reaction and the same with water vapor. Of practical
interest, however, is to perform the CO> photoreduction reaction in presence of water vapor [113-
116] because H> is high reactive and difficult to handle. In both H> and water vapor atmosphere,
the CO; reduction initiates by oxidation of H> or water to release protons. The protons react with

CO; to form different reduction products.

CO; is a very stable molecule and that necessitates its activation prior to its reduction reactions.
CO; is activated by adsorption into electron rich oxygen vacancy defect sites on semiconductor
surfaces, where the straight CO, molecule gets converted to its bent variant, i.e. CO~ [117]. This
is likely the mechanism for activation of CO; in perovskite oxides. The other possible mechanism
for CO; activation is by gain of electrons by CO; from photo-excited electron-hole centers in
semiconductors. Both of the above mechanisms can co-exist and therefore occur simultaneously.
A schematic of the CO» photoreduction process, using perovskite oxides is given in Figure 8§,
where the energetics of reduction of CO» and reduction products formed thereof, are given [62].
Considering the more reactive nature of CO3 ~, it can participate in the reactions shown in Figure
8. CO¥~can enable the formation of hydrocarbons through carbene and formaldehyde pathways

[117]. In the carbene pathway, CO$~ gets converted into CO by one step electron reduction which
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is further reduced to -C, i.e. the carbon radical. The -C radical gains electrons from perovskites and
reacts with protons formed by water oxidation to form -CH, -CH; and -CHj3 as intermediates, and
CHy as the final product. The formaldehyde pathway does not involve formation of CO and the
carbon radical (-C); instead, CO¥ ~gets directly converted to CHO, HCOOH, CH3OH and CHa.
The carbene pathway is more likely to occur on electron rich perovskite oxide surfaces, while the

formaldehyde pathway is more like to occur on electron deficient perovskite oxide surfaces.
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Figure 8: Reaction energetics for the transformation of CO; into hydrocarbons and intermediate products. The figure
shows a cartoon of perovskite oxide nanomaterials under illumination.

Besides the formation of methane as we discussed above, many other products are commonly
formed via CO> reduction. These products are mainly CO, and light hydrocarbons such as ethane,
acetylene, ethylene, methanol, formaldehyde and formic acid [118, 119]. Carbon monoxide is one
of most major gaseous products. The reaction pathway of CO> to CO was proposed by Hori et al

at 1994 [120], which entails one electron reduction of CO; to form CO; radical and reaction of
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the same with proton to release CO. The source of proton being water vapour in the reactor, which

gets oxidized at the valence band of perovskite oxides.

2.2.3. Isotopic labeling experiments to rule out effect of carbon contamination

Organic chemical precursors are not avoidable in synthesis of photocatalysts, including
perovskites. However, those organic residues on photocatalysts are a major concern, because they
are a potential cause carbon contamination. The contaminated carbon can react in conditions that
are applied in CO; photoreduction experiments forming light hydrocarbons and other products that
formed by CO: photoreduction. To rule out the carbon contamination as the cause of formation of
hydrocarbons and other products of CO; reduction products, researchers have reported isotopic
labelling experiments to track the source of carbon. Isotopic labelling experiments are performed
by many researchers using '*CO» instead of regular CO2. Methods, such gas chromatography mass
spectrometry (GC-MS) [81, 121, 122] and nuclear magnetic resonance (NMR) [123] are used

detect and differentiate between obtained using isotopic and regular CO».

2.3. Perovskite oxides for CO; photoreduction

2.3.1. Synthesis methods

Typical methods to prepare perovskite oxide nanomaterial photocatalysts are listed in Table 2,
along with their various pros and cons. The methodology used during preparation impacts the
morphology of the material and in turn the photocatalytic process. This is because the preparation
method directly affects morphology- and structure-dependent material properties such as defect

distribution, electronic properties and surface energy.
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Table 2: Conventional methods for preparation of perovskite oxides.

Various methods of synthesis have been studied for identifying suitable morphologies for

Preparation .
Methods Description Ref.
Hydrothermal Using aqueous solutions to conduct preparation in a high- [124]
methods pressure vessel at moderate-to-high temperatures.
Using non-aqueous solvents instead aqueous solutions in
Solvothermal method hydrothermal method, typically at a higher temperature. [123]
Sol-Gel method Converting monomers into a collgldal solution acting as a [126]
precursor to form a perovskite oxide.
Polymerized Using various metal ions in desired stoichiometric ratio to [127]
Complex method form a polymer complex precursor.
Solid-state reaction Using very high temperatures to facilitate the direct reaction of [128]
method a mixture of solid materials.
Molten salt treatment US}ng molten salt as the medium to prepare desired perovskite [129]
oxide.
Sonochemical Including ultrasound during the synthesis process [130]
method £ £ Y P '
Microwave method Usmg h1gh freq}lency electromagnetic wave to synthesize a [131]
dielectric material.

perovskite oxides nanomaterials [132]. The following section in this article contains examples of
synthesis methods for important perovskite oxide nanomaterials, and the corresponding
morphologies obtained from them. Kwak et al [133] reported a hydrothermal method for
synthesizing CaxTiyO3 perovskite oxides (Figure 9). The process flow for the synthesis in shown
in Figure 9. In their process, both calcium chloride dihydrate and titanium isopropoxide served as
precursors. Based on the stoichiometric proportion, different amounts of calcium chloride
dihydrate and titanium isopropoxide were added in solution phase while stirring. Additional

sodium hydroxide was added to increase pH. Subsequently, the solution was treated at 453 °K for
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8 hours in an autoclave. The precipitate samples were rinsed with distilled water and ethanol, then

dried at 343 °K for 24 hours [133].

H20 CaCL.H20 Titanium isopropoxide NaOH

T~ |~

Thermal treatment in autoclave for 8 hours at 180 °C

|

Washing with H20 and methanol

|

CaxTiyOS

Figure 9:Process flow diagram of preparing Ca.Ti,O3 using hydrothermal synthesis. Reprinted

from [133], Copyright 2015, with permission from Elsevier.
Zheng et al and Dong et al reported hydrothermal methods (shown in Figure 10) for synthesizing
SrTiOs perovskite oxides of different nanostructured morphologies [134, 135]. Sol-gel synthesis

is also a popular method for the preparation of perovskite oxides.

(A)

3 SITiO3 - Strontium ion
—« Diffusion direction of titanate ion

» Diffusion direction of strontium ion

SrCl 2
<150°¢C l

nanotube Porous’ SrT|03
P25 + NaOH
>150°¢ // o) ail e

nanowire Solid SrTiOg

(B)

Figure 10: (a) Hydrothermal method for formation of SrTiOsz hollow microspheres, reprinted
with permission from Ref 134]; copyright Elsevier (2011) and (b) Growth of porous and solid
SrTiOs using the same method at different operating temperatures. Reprinted with permission
from Ref [135]; copyright Elsevier (2012).
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Sol-gel formation of CoTiO3 nanoparticles (process flow is shown in Figure 11) using polymeric
fugitive agents has the advantage of reducing the nanoparticle size as compared to other methods.
Additionally, the process involves introduction of trimeric acid as a polymerization and cation
chelation agent [136]. Sonochemical synthesis method starts with a chemical reaction that is
triggered by ultra-sonication of the precursors, and it is another effective synthesis method due to
its simple and low-cost equipment, and simple process (Figure 12). Moghtada et al reported use

of sonochemical methods for synthesis of titanate-based perovskite oxide nanocrystals [137].

Ti(OCH.CH;CHyCHy); + 4CH,CH,OH
COCH .[

/@\ + TII{OH}: ‘-_.- CD[OOCCH;]; ® Co
COOH 1
Hf:-cx: . + Ti(OH),
51 - (Tm‘
e ..:mg\a“l\rm:
[ . ® Calcination and '
pyrolysis
U il
[ ]
i = 600°C, 3h

Figure 11:Process flow for synthesis of CoTiOs3 perovskite oxide nanoparticles. Adapted with
permission from Springer (2015).

| Sonication |
Separation of Washing the Drying the
precipitates precipitates Product
l v l
ATiO;

Figure 12: Process schematic for synthesis of ATiO; type perovskite oxide by
sonochemical method .
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2.3.2. Crystal structure, morphology and properties of perovskite oxides

Crystal structure

Perovskite materials are generally represented by the chemical formula ABX3, where A and B are
cations and X is an anion coordinating with B. Cations at site A are generally larger than the cation
at site B. B-site cations are coordinated by the X site anion to form a BXs octahedron. A-site cation
is located at the cavity of the 3-D frame made by the corner-shared octahedron [138]. Perovskite
oxides (ABO3) are a subclass of ABX;3 perovskites, where the A site cation is generally an alkaline
earth or rare-earth ion, while site B contains a transition metal. In a typical ABOs structure, the A-
site cation is 12-fold coordinated while the B-site cation is 6-fold coordinated with the oxygen
anions. It must be noted that the ilmenite structure has the same composition as perovskite oxide.
i.e., ABOs. However, in an ilmenite structure the A-site and B-site cations are of almost identical
size, unlike in perovskite oxides [96, 102, 139, 140]. The ideal perovskite structure is cubic as
shown in Figure 13[141], however many compounds have a slightly distorted variants with lower

symmetry [142].

25



Figure 13: Crystal structures of an ideal cubic perovskite oxide. Here, the green sphere is the position of cation A. Cation B
(not shown) is located inside the dark green octahedron with the 8 oxygen atoms (red spheres) in the 8 corners. permission
from [141]; copyright American Chemical Society 2011.

Further studies indicated that oxygen or cation vacancies cause structure distortions producing
variance in properties. Distortion in the ABOj structure can be mathematically represented by
Equation (1), by comparison to an ideal cubic lattice:

rA+rO

% (rg +10) (5.)

Normally, in perovskite oxide structures, the value of distortion, i.e. D in Equation (1), ranges from
0.80to 1.10. A tilted octahedron creates other crystal phases namely, orthorhombic, rhombohedral,

tetragonal, monoclinic, and triclinic, as shown in Figure 14[Grabowska, 2016 #105].
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Figure 14: Distorted structures of selected perovskite oxides. Reprinted with permission from [106]; copyright American Chemical
Society (2011).
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Nanoscale morphology

Photogenerated charge carriers tend to go through radiative/nonradiative recombination before the
initiation of a redox reaction. To reduce recombination and enhance photocatalytic efficiency it is
important to choose a proper morphology of perovskite oxide nanomaterials. Nanoscale
morphology of perovskite oxides is an important parameter that influences the efficiency of
photocatalytic reactions. Perovskite oxide nanomaterials bearing nanoscale morphologies also
tend to have fewer defects and therefore exhibit more resistance against charge carrier
recombination. Nanoscale morphology in perovskite oxide nanomaterials also provides high
surface area, which contributes to greater photocatalytic performance [143-148]. One of the
widely researched nanoscale morphology of perovskite oxides is the nanoporous structure (Figure
15). Nanoporous LaMnQO; exhibited enhanced performance in photocatalytic organic dye
degradation, when compared to other photocatalysts [ 149]. However, the authors stated that better
crystallinity along with higher surface area of their catalyst could further improve the

photocatalytic performance of their catalyst. In yet another nanoporous scheme, Fu et al [150]

Figure 15: Bright field TEM image, showing the porous structure with 200 nm particle
size of LaMnQs, Reprinted with permission from [149]; copyright Elsevier (2017).
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illustrated that hollow sphere LaCoOs achieved high photocatalytic activities attributed to large
surface areas and more active sites. Microtubes/nanotubes constitute another common nanoscale

morphology in perovskite oxides. Figure 16 shows a TEM image of individual PbZrO3 nanotubes.

H
i )

=

Figure 16: (a) and (b) are TEM images of individual PbZrO3 nanotube imaged at two different scale.

The insets show electron diffraction patterns indicating polycrystalline structures of PZO-NT.

Reprinted with permission from Royal Society of Chemistry (2010).
Zhu et al [151] wrote a review paper on perovskite oxide nanotubes that we recommend readers
for additional details. Perovskite oxides have also been engineered to possess nanofiber
morphology, for which electrospinning is the most common synthesis method. Zhang et al [152]

synthesized monoclinic NaNbO3 nanofibers, which were uniformly distributed on Al substrates

(shown in Figure 17).

NN N TR U = 200nm
Figure 17: Dark field SEM images of ultra-long NaNbO;3 nanofibers that are 100 nm in diameter. Reprinted with permission
from Royal Society of Chemistry (2015).
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In Figure 18, it is also shown that plenty of nanoparticles are attached on the surface of nanofibers,
which enhanced surface area and increased the population of reactive sites. Other nanoscale
morphologies in perovskite oxides are reported, and one interesting type is the nanocube structure.
Zhang et al [153] used hydrothermal synthesis to obtain porous LaNiO3; nanocubes (Figure 18).
Because of the large specific surface area (i.e. area per unit volume) of the LaNiO3 nanocubes as
well as its good activity as an electrocatalyst, it can be potentially used for photocatalytic CO-

reduction.

100 nm

T s i

Figure 18: (a) SEM image, and (c) and TEM image, showing a 250 nm smooth surface nanocube shape-precursor;
(b) SEM image, and (d) TEM image, indicating morphology after oxygen annealing. Reprinted with permission
under the terms of a Creative Commons license.
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2.3.3. Bandgap engineering

Density Functional Theory (DFT) modeling for band gap engineering

DFT has emerged as a viable method for bandgap engineering because it can be used to
calculate electronic structure, which affects band-gap and light absorption characteristics of
semiconductors. DFT models can also illuminate crystal structure effects on photocatalytic
perovskites [154]. That is because the energetics of crystalline facets affects their photocatalytic
performance. However, DFT modeling of oxide perovskites is a new area of research and not many
references can be found on the topic. Typical methods for DFT modeling, as applied to perovskites,

are surface relaxation and electronic localization.

Research efforts have been directed at applying DFT modelling to understand and engineer the
band structure of perovskites with, and without, doping [155]. While experimental methods can
be applied to study existing materials, DFT can be used to analyze and engineer photocatalytically
important electronic properties (e.g. bandgap and position of Fermi level) of the material as a
function of their composition and the presence of any dopants. This, in turn, can lead to synthesis
of photocatalysts of optimized chemistry, which can lead to efficient and improved CO:
photoreduction systems. Bandgap engineering with non-metallic materials entails modification of
valence bands and/or adjustment of conduction bands. Proper bandgap engineered oxide
perovskites, with non-metals involved addition of the non-metals that have energies higher than

the p-orbital of oxygen.

Bandgap engineering with metallic materials resulting in narrow bandgaps involved transition

metal impurities with d10 orbitals (such as Cu and Ag) and those with partially filled dn orbitals
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(such as V, Ni, Cr, Fe, etc.). Takei et al [154] reported DFT models of the AB206 types of
perovskites by varying the A, where they studied LiBiO3, NaBiOs, MgBi,0¢, KBiO3, ZnBi>Oe,
SrBi,0¢, AgBiO3, BaBi2Os and PbBi,O¢. They calculated the bandgap values to be 1.63, 2.53,
2.04,1.61, 1.93, 1.93, 1.53, 0.87 and 1.92 eV for LiBiOs3, NaBiO3, KBiO3, MgBi»Os, SrBi2O,
BaBi,0s, ZnBi,0s, AgBi03, and PbBi,Os, respectively. Such estimates of bandgaps values are

useful in selection of perovskites for visible light driven CO; photoreduction.

Perovskite oxides can be doped with metals and non-metals, and it is of interest to the field of
photocatalysis to understand how metallic (or cationic) dopants and non-metallic (or anionic
dopants affect band structure. Chen et al [156] performed DFT modelling of metal doped as well
as pristine SrTiOs. The found that in pristine SrTiOs, the valence band is predominantly comprised
of O 2p—Ti 3d hybridized orbitals, whereas Ti 3d orbitals dominate the conduction band and Sr 3d
orbitals do not participate in the electronic band structure. From their DFT model of metal doped
SrTiOs3, they concluded that the Fermi level was positioned within dopant states and therefore the
dopant intrinsically had empty states to accept active electrons. They used their findings to further
state that dopants do not interfere with the conduction band and that only the available electrons
drive the photoreduction process. Generally, the outermost orbital energies of dopants must lie
between the conduction band and valence band of host material. Non-metals such C, N, S and P
have been shown to assume energies higher than the O 2p orbital at the valence band of NaTaOs
and less than the energy of Ta 5d. Wang et al [157] performed DFT modeling of NaTaO3z with
these anionic dopants in mono-dopant and co-dopant forms. They found that the band gap
significantly reduced due to anionic element doping because p-orbitals of the elements are higher

than O 2p orbitals. On the basis of their DFT model as shown in the density of states (DOS) plots
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in Figure 19, they particularly demonstrate that N-N, C-S, and P-P co-doping renders the

perovskite suitable for absorbing visible light.
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Figure 19: DOS plot of N-N, C-S, N-P and P-P co-doping of NaTaQs. Reprinted with permission under the terms of a Creative
Commons license.

There are approaches to reduce the bandgap in oxide perovskites without introducing metals
(cationic) or non-metal (anionic) doping, whereby metal oxide double peroxide structures

(A2B'BOg¢) are employed. One example of such a type of structure is barium bismuth niobate

33



(Ba2BiNiOg) reported by Weng et al [158], who via DFT models, showed that Bi rich, and Nb

poor stoichiometries can reduce the bandgap.

Methods for bandgap engineering

Doping and substitution are two conventional methods of obtaining a desirable bandgap. Both
metals and non-metals can serve as dopants, including elements such as Cr, Ni, Mn, Pb, Bi, N, Br,
S, C, F, Cu, Au, Ag, Pt, Pd, Ph, Ru, Rh, etc. Because doping can introduce a midgap state below
the conduction band, visible light can be absorbed. An appropriate dopant can narrow the bandgap
and lower the probability of recombination of electrons and holes. However, an impropriate dopant
can induce defects and thus increase recombination. One popular method for decreasing the
bandgap without inducing defects calls for the use of co-dopants to balance the charge. Examples
of co-dopants are Ta and Ni [159], and Sb and Cr [160]. Co-dopants restrain the formation of
higher valence ions and oxygen defects, thus minimizing non-radiative recombination. The
introduction of doping ions, which have higher valence than the parent cations in perovskite oxides,

has been considered for suppressing photocatalytic activity.

Besides doping, ion substitution is also a fundamental method for obtaining a desired band gap.
For ABOs perovskite oxides, either the A or B site cations, or even both, can be changed to narrow
the band gap. In wide bandgap titanate perovskite oxides, due to the large deviation of the
electronegativity of Ti and O, the bandgap can be narrowed by substituting or partially substituting
the titanium cation with more electronegative elements such as Ni or Co. An optimized material
CeCo0.05Ti0.9503.97 with a band gap of 1.57 eV (corresponding to an optical absorption edge of
785nm) was reported to have successfully degraded 91 % of an aqueous Nile Blue solution in 3

hours [161].
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Recently, multi-component perovskite oxides have become more attractive, wherein different

materials are mixed to combine their advantages and abilities. One example of a multi-component

perovskite oxide is SrTiO3-AgNbOs [162]. In some special cases, researchers use one ABO3

perovskite oxide and one ABX3 perovskite oxynitride to modulate the band gap, while avoiding

doping induced defects and the degradation of carrier transport properties [163].

2.4. Performance

The photocatalytic performance of different perovskite oxides is summarized in Table 3.

Table 3: Performance of different perovskite oxides in artificial photosynthesis.

Catalyst | 1 joht Source, Conditions [Reported Products Comments Ref
Near UV, 15 torr CO,, 17 SrTiOs; (111) crystal face CHy
torr H>O introduced into the production, reaction decreased after
StTi0s3 ultrahigh vacuum chamber CHq4 10 min because of poisoning (Cl at onl [164]
containing Pt|SrTiOs/Pt at SrTiO; surface from unknown source]
temperature of 315 K and a monolayer of carbon on Pt).
Cell parameter increases with oxygen|
CH deficiency, photoactivity considerably
4
SrTiOs.s Visible, Pt-SrTiOs.5 decreases after 10 hrs. Annealing at [113]
(0.25 pmol m h'!) ‘ ‘
1200 °C in argon is needed to
regenerate photocatalytic activity.
o Used leaf as an architecture-design
UV-vis, Auloaded agent to construct 3D helicall
' (349 nmol h-! g'1) ‘
SrTiOs (precipitation method) cH architecture to enhance rate of COy [114]
4
SrTiOs reduction. Poisoning of Au after 80
(231 nmol h'! g'1)
hrs.
Visible, Pt—NaNbOs3 1.5 hr CH4 Orthorhombic crystal, photocatalytic
NaNbO3 o ' [165]
of irradiation (653 ppm h''g!) factivity of NaNbO; nanowires was
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found to be better than NaNbO;

nanoparticles. Poor photocatalytic
repeatability.
o Photocatalytic ~ activity of cubic
Visible, Ptloaded NaNbOs, CH4
NaNbO3 INaNbO3 was found to be better than| [154]
8 hr of irradiation (0.486 pmol h™) :
that of orthorhombic NaNbOs.
Photocatalytic ~ activity — of g+
g-C3Ny o CH4 C3N4/NaNbOs3 heterojunction for CO9
Visible, Pt-g-C3N4/NaNbO; . . . [166]
/NaNbOs (6.4 umol h! g'!) |reduction was almost 8 times higher|
than that of individual C3Na.
Pt-KNbO3 has poor photocatalytic
g-C3Ny o CH4 activity, however g-C3N4/KNbO3 has|
Visible, Pt-g-C3N4/KNbO3 . o . . [167]
/KNbO3 (1.94 umol h'! g’ photocatalytic activity 4 times higher
compared to that of naked g-C3Na.
KNbO; absorbs more light compared
7 ppm/hr (KNbO3), )
NaNbO; and| UV, Pt loaded KNbO; and to NaNBO; because of its low
2.3 ppm/hr ' [168]
KNbO3 NaNbO; (NaNbOs) bandgap. KNbOs; has high BET
a 3
surface area compared to NaNbOs.
Activated white pine wood as the
template for catalyst microstructures
o to increase the surface area. Co-
o catalyst Au was deposited by
Visible, 1 wt% Au loaded | (173 nmol h'! g), o .
NaTaOs precipitation method. Photocatalytic| [169]
NaTaOs3 CH4 o
activity of templated catalyst by
(36 nmol h! g1) '
activated wood > template by non-
activated wood > non-templated
wood.
No metallic co-catalyst was used.
NaNbO; and[UV (365nm), 2 bar, 50°C, 15| CO, CHs4, H», [Products from NaNbO3; and NaTaO3 1707
NaTaOs hr of irradiation CH3;OH was comparable to TiO,. NaNbO3 and|

NaTaO3 evolve similar amount of CO
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and CH3OH while NaTaO3 produces|

more CH4 and low Ha.

Visible, Ti and LiNbO3 as

HCOOH and
HCHO; 1.31 x 1072
mol-m2-h™! 9.56 x

LiNbO; produces 7 times more

product under UV and 36-times more

LiNbO3 o ' [171]
catalyst 10*mol'm?-h"!  jproduct under visible light compared
under visible o anatase TiOs.
irradiation
. 365 nm, Basalt Fiber (BF) Compared to BF-TiO,, BF-PbTiOj3
Basalt Fiber . ' CH4 ' ' o
. decorated with PbTiO3 _ has higher adsorption capabilities for
PbTiOs core . (290 pmol g' L' in . » [172]
nanoparticles prepared by CO; and H>O, high mobility and
shell 6 hrs) ‘ o
sol-gel charge separation capabilities.
Visible (A > 400 nm), C- C-doping doesn’t change crystal
HCHO, HCOOH '
C-LaCoOs3 | doped LaCoOs3 prepared by structure of perovskite, but enhances| [118]
| | (95 pmol ! g) | | |
pyrolysis of RO8 biomass optical absorption by tuning bandgap.
Addition of Fe forms dopant energy
Cand Feco-| level above the valance band of
Visible (A > 400 nm), C— | HCHO, HCOOH o .
doped LaCoOs and electron in interbond is| [173]
LaCoo.95Fe0.0503 (128 pmol h'! g!) ) )
LaCoOs3 excited to the conduction band upon
absorption of visible light.
H> (10 pmol h't),
ALasTi4O15 . Oz (16 umol h''), BaLasTisO1s has Dbetter catalytic
UV-Vis, 2wt % Ag loaded '
(A =Ca, Sr, CO (22 pmol h'") |property compared to CaLasTisO1s [174]
BaLasTi40,5, bubbled )
and Ba) HCOOH and SrLasTi4Os.
(0.7 umol h')
When CO; was bubbled, un-annealed
420 nm < A <620 nm, ‘
Bi:WOs performed better. But when
Annealed/not annealed CO )
. . CO> was directly exposed, annealed
Bi;WOs | catalyst. CO2 bubbled/not | (2.5 umol g! in 5 [175]

bubbled through water, ball-

flower structured catalyst

hr)

sample performed well. Exposing CO)

directly was proposed to be more

efficient.
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Single unit cell has 3 times higher CO;)
adsorption, higher photoabsorption,)

Visible, Single-unit cell Methanol . . .
BixWOg higher conductivity, longer carrier [176]
thickness of BizWOs (75 pmol ht gty |~ . .
lifetime. Single unit cell operates even|
after 2 days without deactivation.
Visible (A > 400 nm), NIR 1 wt % CQD gives best performance.
(A > 700 nm), Ultrathin CH4 Increasing CQD concentration
Bi;WOs  [Bi2WOs nanosheet decorated| (7.19 pmol g! in 8 [reduces light exposure to Bi,WOg and [177]
with carbon quantum dots hours) increases recombination of
(CQD) photoexcited charge carriers.
Solid state reaction synthesized|
BixWOg showed  very  poor
o photocatalytic property (0.045 umol h
Visible (A > 420 nm) about
. . CH,4 'g-1).  Hydrothermally  prepared
Bi;WOs 9.5 nm of BiuWOs . [178]
(1.1 umol h'' gy Bi;WO¢ showed larger surface area
nanoplates, no co-catalyst ) ) .
and high charge carrier mobility
resulting in Dbetter photocatalytic
property.
\Visible, Microsphere
MnCo204 (4 pumol),
[ﬁlﬁ?plzgi]agtizr' Slt})%r(gv(ilage d 27 pmol CO and 8 umol H> were
MnCo,04 ;Ls R ’) Ivent CO, Hz generated within an operation time of [179]
u), solven N L h
(5 mL, 2:3 H,O/acetonitrile),
and TEOA (1 mL) in an 80-
mL reactor
UV-Vi heet and Nanosheet ZnGa>O4 resulted in|
ZnGa;O4 - V15, hanosheet and meso CH4 approximate 6.9 ppm/h CHs formation| [180]
7nGay04, no cocatalyst .
rate for 12 hours operation.
\Visible, as a building block | HCOOH with high 3200 nmol HCCO(%HOunc‘lzflcond}tlon Oﬁ
CaTaO2N for Z-scheme with the aid of .. X me aTaONi&: 1 v/iv ol 11191
selectivity (> 99 %)|DMA/TEOA 4 mL;

a binuclear Ru complex

Reaction time: 15 h.
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2.4.1. Titanate group

Hemminger ef al [164] reported a single crystal of SrTiO3z having (111) orientation at 1000 K, and
sandwiched between Pt foils by spot welding for improved CO; reduction. Their samples were
illuminated with near UV irradiation by the use of NiSOjs filtered radiation from a mercury lamp.
Pressurized CO> and H>O was introduced into the ultra-high vacuum chamber and enhanced
production of CH4 was detected. After 10 minutes, the rate of production of CH4 decreased because
of the formation of a Cl layer (from unknown source) on SrTiOs crystal face and a monolayer of
carbon on Pt. CH4 production was found to be regenerated by cleaning the sample. Zhou et al [114]
used natural leaves to make 3D helical structure of ATiO3 (A=Sr, Ca and Pb) to improve the
photocatalytic activity compared to the powdered constituents. The high connectivity of
hierarchical pores and branching network of aeration within leaves were demonstrated to promote
gas diffusion and improve photocatalytic activity. The authors claimed that the 3D hierarchical
architecture of their perovskite oxide enhanced light harvesting by capturing light and transferring
it further into the structure. Higher surface area provided more reaction sites, thus enhancing
overall performance. The photocatalyst maintained its photocatalytic activity for up to 80 hours,
after which long irradiation, absorption of intermediates, and reduction products poisoned the
catalyst. Pure SrTiOs is not considered as a good catalyst because it is only active under UV
irradiation, and therefore dopants such as Fe, C, N, and Cr are often introduced to make it
responsive to visible light. Xie et a/ [113] introduced a self-doping mechanism for SrTiOs; by
using a one-step combustion method and high temperature annealing. Oxygen vacancy and Ti**
tunes the bandgap and enhanced the visible light absorption of the resulting SrTiO3 perovskite
oxides, while enhancing the chemical absorption of CO», thus improving photoreduction

capabilities (Figure 20).
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Figure 21: (a) Atomic arrangement in the SrTiOs structure, where green, blue and red particles represent Sr, Ti, and O atoms, striped

circles denote oxygen vacancies, and solid bars denote Ti-Ti bonds in the structure (b) and (c) give the local density of state of pristine
SrTiOs as well as the same for SrTiOsz with defects. Reprinted with permission from Royal Society of Chemistry (2011).

Do et al [172] demonstrated that a well decorated PbTiO3 was able to achieve higher light

DOS (states/eV)

absorption, charge separation, and CO; and H» adsorption ability in comparison to basalt
fiber/Ti0; core shell and bare basalt. Likewise, Im et al/ [181] obtained CaTiO3 and TiO; on
basalt fiber using a two-step method (SEM images are shown in Figure 21), and this catalyst

achieved high photocatalytic activity during CO; reduction (CHs = 17.8 umol/g, CO = 73.1

% b ( sD@BF 10 pm (d) CaTiO5(2 )@BFé;& 10 pm

Figure 20: (a) SEM image of basalt fiber; (b), (c) and d) are SEM images of basalt fiber
decorated with CaTiO;z with different ratio of Ca:Ti (ratio increasing from (b) to (d)),
illustrating that a higher ratio of Ca had denser particle clusters on the surface of basalt
fibers. Reprinted with permission from John Wiley and Sons (2017).
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umol/g). The high performance is attributed to appropriate pore size and oxygen vacancies. SEM

images were used to compare morphologies between various Ca:Ti ratios.

2.4.2. Niobate group

NaNbOs; has an orthorhombic crystal structure (0o-NaNbOs) at room temperature and has an
unusual complex sequence of temperature and pressure driven structural phase transitions [182,
183]. Li et al [154] compared the photocatalytic activity of Pt loaded NaNbO; with orthorhombic
and cubic structure (c-NaNbQOs3) and found that the cubic structure exhibits better photocatalytic
properties because of higher symmetry. The higher symmetry results in a unique electronic
structure that is beneficial for electron excitation and transfer. c-NaNbQOs3 has conduction bands,
which are more dispersive than those of 0-NaNbOs. Besides, the lower bandgap indicates that the
photogenerated electrons in c-NaNbOs3 possess a smaller effective mass, and that favors electron
transfer and higher photocatalytic ability of c-NaNbOs. The observed CH4 evolution rates were
0.486 umol-h™! and 0.245 umol-h™! with ¢-NaNbO; and 0-NaNbOs3 samples, respectively (with
0.5 wt % Pt). The best photocatalytic CH4 evolution rate was obtained with a Pt loading of 1.0
wt %. Pt decorated, hydrothermally grown NaNbOj3 nanorods have been proven to have better CHa
evolution rates compared to NaNbO3 nanoparticles because of better crystallinity, larger active
surface to volume ratio and anisotropic aspects [183]. Incorporation of NaNbO3; nanowires with
graphitic carbon nitride (g-C3N4) decorated with Pt showed better photocatalytic activity compared
to bare NaNbOs or g-C3N4 alone due to well-aligned overlapping band structure of C3N4 and
NaNbOs. The valence band top of NaNbOs is lower than that of g-C3N4, but the conduction band
bottom of g-C3Nj is higher than that of NaNbOs. g-C3Nj4 thus acts as a sensitizer to absorb photons

and creates photogenerated electrons and holes. The photoexcited electrons in g-C3Ny are injected
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into the conduction band of NaNbOs and are subsequently transferred to Pt to generate CH4 before
the occurrence of recombination [166]. KNbO3 has a lower bandgap and a higher mobility of
charge carriers when compared to NaNbO3, meaning KNbO3 has higher light absorption and better
charge transport properties, and therefore better photocatalytic properties [ 168]. Composites of g-
C3N4 with KNbOs provide better photocatalytic properties compared to bare C3N4 and KNbOs.
The valence band top of KNbOs is lower than that of g-C3N4, while the conduction-band bottom
of C3Ny is higher than KNbOs. The photons and electrons absorbed by g-C3N4 are promoted to the
conduction band and subsequently transferred to the conduction band of KNbO3, whereupon they
reduce CO; into CHs4 [80]. In the case of LiNbOs, it has a higher bandgap compared to anatase
Ti0,, yet the photocatalytic properties of LiNbOs are better than TiO,. LiNbO3 has a strong
remnant polarization, which facilitates improved charge carrier lifetime as well as lower energy

injection of charge carriers, improving the photocatalytic efficiency [184].

Photoluminescence spectra have been studied to obtain information about recombination processes.

In Figure 22 [170], there is a broad emission band extending from 400 to 600 nm, which is typically
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Figure 22: Photoluminescence measurements of (a) NaNbOs, (b) NaTaOs, and (c) TiO..
Reprinted with permission from the Royal Society of Chemistry (2017).
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observed in other ABO3 perovskite oxides as well. It is also observed that NaNbO3 shows lower
intensity in this region than NaTaO3 and TiO2, which implies that direct- and defect-mediated

recombination processes are weaker in NaNbOs.

2.4.3. Tantalate group

Compared to NaNbOs, electrons in the conduction band of NaTaO3 have higher energy, which is
a large driving force in the reduction reaction resulting in higher carbon evolution [170], because
the photoactivity of catalysts depend upon their conduction band edges. Based on the conduction
band energy levels, Zhou et al [169] reported that LiTaOs3 has superior photocatalytic performance
followed by NaTaO3 and KTaOs respectively (estimated edges of the conduction band of LiTaOs,
NaTaOs, KTaO3 are —1.302 V, —1.007 V and —0.98 V (vs. NHE), respectively). Ru/NaTaO3
yielded 51.8 mmol/h/g of CHa, which indicated highly efficient and stable photocatalytic activity.
When Ru was introduced as a co-catalyst, hydrogen was suppressed by Ru, and that allowed the
CO; reduction reaction to continue without running out of hydrogen [185]. To enhance light
absorption and charge separation, Hou et a/ [186] reported that nitrogen and oxygen vacancies
regulate the electronic structure in NaTaON, tuning the absorption band from 315 nm to the visible
regime. Moreover, a cobalt (II) tetraphenyl porphyrin (CoTPP) sensitized Na(—xLaxTaOg+x)
proved to be capable of reducing CO> with water, yielding methanol and ethanol as major products,
along with trace amounts of CHa4, C2Hg, CoH4. CoTPP sensitizer in Na(-x)LaxTaO3+x) not only
enables the absorption of UV and visible radiation, but also suppresses charge carrier
recombination, leading to better performance in photocatalytic activity [187]. Teramura et a/ [188]
indicated that LiTaOs3 has the highest photocatalytic activity among the ATaO3 (A=Li, Na, or K)

perovskite oxides in the order LiTaO3; > NaTaO3z > KTaOs. The highest photocatalytic activity of
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LiTaOs is because of its lowest band gap among the three. In Figure 23, the morphology of these
three different types of tantalate based perovskite oxides is shown. They all have an average

particle size ranging from 1 to 3 micrometers.

2.4.4. Cobaltate group

Jia et al [118] reported LaCoOs prepared by the sol gel method, while C-doped LaCoOs was
synthesized by the microorganism chelate method using Bacillus licheniformis R0O8 biomass.
Carbon doping favored the formation of Co-C bonds and reduced the bandgap, making the
catalysts active in visible light. The perovskite oxide was also expected to have a higher charge
carrier lifetime. Further doping of C-LaCoOs with Fe enhanced the photocatalytic property, since
Fe forms a dopant energy level above the valance band of LaCoO3 and electrons in the interband
states are excited to the conduction band upon absorption of visible light. Osazuwa et al [189]
reported a conversion of over 90 % of CO; to CHs using SmCoO3, which also exhibited H> and

CO yields of over 60 %.
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Figure 23: SEM image of the morphology of tantalate-based perovskite oxides (a) LiTaO;s, (b)NaTaOs, (c) KTaO:s.
Reprinted with permission from [118]; copyright Elsevier (2010).

2.4.5. Double perovskite type oxides

Bi2WOgs is the simplest member of the Aurivillius family, and it has a WOg octahedron sandwiched
between two layers of (Bi202)**, and possesses a bandgap of 2.75 eV [190, 191]. Zhou et al

compared the photocatalytic performance of Bi2WOs prepared with hydrothermal and solid-state
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reactions. Compared to the solid state reaction of Bi2WOs, hydrothermally prepared nanoplates
were found to have higher charge mobility and larger surface area, due to which they exhibited

better photocatalytic properties [178].

Sun et al [175] used nanoplates composed of ball-flower like Bi2WOs (Figure 24) synthesized with
an inorganic hydrothermal method to produce CO as main product along with a small amount of
acetaldehyde. Annealed Bi,WOQOs showed better CO production when there was a small amount of
water vapor because of enhanced crystallinity, reduced recombination of photoexcited electron
hole pairs, and improved CO> absorption. Reducing the thickness BioWOg improves photocatalytic
properties. Kong et al [177] compared the photoreduction capability of ultra-thin nanosheet of
Bi2WOs (length 100-200 nm, thickness ~ 5 nm) with nanopellets. The ultrathin nanosheet was
found to have better photocatalytic properties compared to the nanopellets. To further enhance
CO; reduction efficiency, carbon quantum dots were used, which enabled absorption of near
infrared photons and hence enhanced the CO; photoreduction efficiency. Compared to the bulk
BioWOg, the single-unit-cell thickness of the double perovskite sheets provides better
photoabsorption and a larger active surface area, therefore enabling higher CO; adsorption
capability, higher electronic conductivity and longer photoexcited carrier lifetime (and lower
recombination). This property enables single-unit cells of BixWOs to perform as better
photocatalysts compared to its bulk form [176]. Furthermore, Wang et al presented an efficient
BixWOg nanoplate catalysts for generation of methane via CO; reduction in presence of water

vaper [192]. They decorated their BixWQOs nanoplate catalyst with Au and CdS nanoparticles.
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Rapid CO; photoreduction occurred in their catalysts via electron transfer from conduction band

of BixWOgs to valence band of CdS through Au nanoparticle.

Figure 24: (a) and (c) are SEM images of as-synthesized Bi:WOgs nanoflower structures, and (b)
and (d) are SEM images of Bi:WOs nanoflower structures that were annealed at 550 °C. Reprinted
with permission from Ref American Physical Society (2007)

Under UV- irradiation, Ag/ALasTi4O15 (A = Ca, Sr and Ba) photocatalysts were shown to reduce
CO; to CO and HCOOH upon bubbling CO> gas into an aqueous suspension of the photocatalyst
powder. Among these perovskites, BaLasTiO1s with an anisotropic structure, showed higher
photocatalytic activity than SrLasTiO;s and CaLasTiO1s. Under specific loading of an Ag co-
catalyst on the edge of BaLasTi4O1s, the main reduction product from Ag/Bal.asTi4015 suspension
was CO rather than H,. The edge and the basal planes of BalLasTi4O15 were proposed to be the
reduction and water oxidation sites, respectively. Loading fine Ag particles (10-20 nm) onto
BaLasTi4015 by impregnation and H» reduction or a liquid phase reduction method, CO> reduction

to CO and HCOOH dominated over water reduction to form H; [174].
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2.5. Commercialization of CO; reduction process

Commercialization of perovskite oxides based CO; reduction systems is dependent upon their
photocatalytic CO> reduction performance, easy availability, wide applicability, controllable
physicochemical properties and stability under exposure to various chemical and temperature
conditions [132]. Photocatalytic performance may be defined in terms of solar to fuel conversion
efficiency (SFE), which is the ratio of rate of fuel evolution times the energy requirement for
formation of the fuel to the energy of incident solar light. SFE has to be at least 10% for viable
commercialization of the perovskite oxide catalysts [193]. Considering high product/fuel yields
using peroxide oxide based catalysts (as listed in Table 3), the perovskite oxide materials may be
suitable for commercialization in terms requisite SFE. However, to-date only a few publications
report SFE values, which therefore is a subject for further research. In addition, adequate thermal
stability of perovskite oxides renders them applicable in gas phase photocatalytic CO> reduction
reactions in a wide range of temperature conditions. The commercial usability of perovskite oxides
catalysts can be visualized, however, only in small scale and localized applications, and not in
open air because atmospheric CO> concentration is very small (i.e. 400 ppm) to undergo
photocatalytic conversion. Example commercial applications are agricultural and industrial waste
streams, such as combustion flue gases, biogas and landfill gas that contain CO> [194].
Complexities may, however, arise in applying oxide perovskites in these CO> containing waste
streams because of presence of large amount of gases other than CO», e.g. SO», that may poison
the oxide perovskite catalysts. Considering these complexities, commercialization of oxide
perovskite catalysts is likely to entail further research conducted by considering real world

conditions.
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2.6. Conclusion and Future Outlook

This review documents the latest advances in synthesis methods, strategies for bandgap
engineering, and photocatalytic CO; reduction performance of widely researched categories of
perovskite oxide nanomaterials, i.e. titanates, niobates, tantalates and cobaltates. Different
combinations of dopants, as well as varying the A and B elements in perovskite oxides, can have
dramatic impacts on their properties and photocatalytic activities. DFT models and currently
applied doping methods demonstrate that perovskite oxides can be engineered to possess valence
band energies for triggering water oxidation and conduction band energies to donate

photogenerated electrons to facilitate CO2 photoreduction.

Researchers will continue to study perovskite oxide nanomaterials for the photoreduction of CO»
because of the technological importance of these materials, owing to the following: their tunable
band gap, visible light photoactivity; and nanoscale morphology that promotes quantum
confinement and high surface area. However, in spite of interesting properties, challenges remain
in the technology from the standpoint of photocatalysis, some of which are: intrinsically most of
perovskite oxides are large band gap materials; issues with degradation of perovskite oxides during
use and storage; and the lack of effective scale-up methods for producing the materials. Challenges
are also foreseen in the attainment of satisfactory SFE for enabling commercialization, product
selectivity, and translation of laboratory scale technology to industrial scale. So it is more logical
to practice some sophisticated techniques and rational designs on existing benchmark material for

photocatalytic activity enhancement.
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3. Enhancement of Photocatalysis Using Photonic Crystals and Plasmons

Nearly one hundred years ago, humans were dedicated to master flying, but the Wright brothers
did not succeed in a day; one hundred years later, we are placing intensive efforts in manipulating
light. Hence, the concept of nanophotonics was proposed for exploiting and manipulating light-
matter interactions by Motoichi Ohtsu in 1993[195]. Scientists design photonic nanostructures at
subwavelength scales to interact with the propagation of light for promising applications such as
photocatalysis, enhanced photovoltaic, bio-therapies, and others. In general, nanophotonic
techniques include but are not limited to, photonic crystals, plasmonics, metamatierals, and
quantum dots. This report will introduce photonic crystals and plasmonics based on the focus of

my PhD research.

3.1. Photonic Crystal Enhanced Photocatalysis

One of the significant research fields in the broad area of nanophotonics is the science and
technology of photonic crystals (PhCs). PhCs have been widely studied for over two decades to
understand how matter can be used to manipulate the propagation of light, and also as a potential
method to solve many practical problems in optical sensing and waveguide optics. When light
propagates through a path with a periodic refractive index, photons behave in a manner similar to
electrons propagating through an atomic lattice. This periodicity of the photonic lattice provides a
photonic band gap similar to the electronic band gap in solid-state materials. From a quantum
theoretical perspective, photons with particular energy are forbidden from existing in this periodic
modulated nanostructure due to Bragg diffraction or scattering on lattice planes, which is called
photonic band gap or photonic stop band. Because of this property, the photonic crystal can either

reflect undesired wavelengths or suppress spontaneous emission to enhance light utilizing
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efficiency. In addition, it is also capable of trapping desired wavelengths of light or slowing down
the propagation of photons for better light absorption. Considering these superior capabilities,
photonic crystals have been utilized in many light-matter applications for better confinement and
manipulation of photons. In Figure 25, we give simplified examples of photonic crystal
structure[196], band structure of photonic crystal[197], and light propagation at multilayer

structure[ 197].
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Figure 25: (a) Examples of 1D, 2D, 3D photonic crystal structures, reprinted with permission from Wiley copyright 2014, (b)
example of photonic bandgap structure; (c) representation of multilayered structures and light propagation at each layer,
reprinted with permission from Springer copyright 2009.

To better understand light propagation in a periodic structure, consider the Bragg reflection
equation which explains the relation between reflected wavelength (L), effective refractive index

of the medium (n), and periodic lattice distance (d).
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From Maxwell’s equation, the wave function of electric field can be presented as an eigenvalue of

this differential equation:

= 1 30 Bray _ (CD\PED)
VxSV X E@) = () (7.)

c?/ at?
According to the Bloch theorem, the electric field is periodic as follow:

E®) =E - elk7) (8)

nk

The periodic modulation of dielectric field can be presented as below, where a is the pitch of the

periodic lattice:
e(®) = e(#+d) (9.)

If the harmonic time is dependent on the frequency of light, then the vector of field is an

eigenfunction as follow:
— = 1 — = =, _ (4)_2 =,
(V+ik) x = (V+ i) x E() = (%)E®) (10.)

where &(7) is the function of dielectric constant at position 7, w is the frequency of light, c is light

speed, and a is the periodic lattice distance. As a result, when k = ng where 7 is integer, the

periodic system shows a high reflection at this frequency. Thus, the band structure of this periodic

system is a function of wave vector at aforementioned discrete frequencies.

In other words, it means the electromagnetic fields exist as integer combinations of the discrete
eigen-values. From energy perspective, it has to satisfy the condition that the lowest energy state

of the eigen-mode has to minimize the following equation:
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(11.)

(wZ) |V +iR) x B | do
= min -5
ffpe|E, x| da

Hence, it needs to maximize the denominator. Based on this assumption, the field of the lowest
energy state tends to stay in the high dielectric constant region. It also explains why we have Bragg

reflection at the interfaces.

Although scientists have studied photonic crystals in detail, the achievement of high quality PhC
is a fabrication challenge requiring delicate structures and nanoscale fabrication techniques. The
difficulty of fabrication generally increases going from 1D to 2D to 3D PhCs respectively.
Normally 1D photonic crystals consist of multiple stacking layers with alternating refractive index,
which do not require delicate design in structures. And as such, fabrication is relatively easy and
diverse fabrication methods have been used such as sputtering, evaporation, spin-coating, CVD
approaches, etc. Regarding 2D PhC, the fabrication methods are more complicated than for making
1D PhC, for example, anodization, photolithography, etc. As for 3D photonic crystals, it is very
challenging to achieve a photonic band gap in all orthogonal directions. Therefore, it requires the
most advanced fabrication techniques such as electron beam lithography, nanoimprinting and
holographic technique. However, there are some methods that are inexpensive and easy to
implement. For instance, polystyrene spheres are employed to make 3D PhC using self-assembly
methods. Subsequent to self-assembly, polystyrene sphere arrays can be engineered or substituted
by other materials using CVD methods. The selection of materials is based on targeted applications.
This method broadens the possible applications for 3D PhCs. Although it provides a potential way
for low cost mass-production, the cons of this method are also obvious, which are only limited to

fcc PhC, not as precise as lithographic methods, and an inability to control defects.
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Photocatalysis can benefit from PhC to achieve higher energy conversion efficiency through the
more effective utilization of incident light. Many scientists have proved the enhancement from
PhC for practical application results. Li and co-authors demonstrated that TiO; hollow spheres
with tunable shell thickness and sphere diameters can facilitate photocatalytic activities by
photonic crystal stop band effect and multiple scattering[198]. Chen et al. reported a dramatical
enhancement in practical photochemistry when the photonic band gap matched the electronic
bandgap causing slow photon effect[199]. Liao et al. studied coupling TiO»/P3HT photonic crystal
to obtain better visible light absorption and achieve higher photocatalytic efficiency[200]. Zhang
and co-authors proved the increase of light absorption due to photonic crystal light trapping effect.
In their report, when the resonant wavelength matched with photonic band gap, the localized
surface plasmon resonance was boosted because the photonic crystal trapped the light in the region
and resulted in strong electric field intensity[94]. Similar work was reported by Zhang et al.
demonstrating that improved hot electron generation and injection can be achieved by tuning the

pore size of TiO; to match the PhC band with the SPR wavelength[201].
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3.2. Plasmon Enhanced Photocatalysis
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Figure 26: Schematic illustration of LSPR in metal nanoparticles. reprinted with permission from Catalysis Science &
Technology copyright 2016.

Pines and Bohm first time studied the oscillation of electrons in metals from which the collective
and coherent excitations of conduction band electrons in metal are named plasmons[202]. Figure
26 is a schematic illustration of LSPR in metal nanoparticles showing the collective oscillation of
electrons. Plasmonics is a field of study dedicated to utilizing coupled electron-photon states
(plasmon polaritons) in practical applications such as therapeutics[203], photovoltaics[204],
surface enhanced Raman spectroscopy[205], heat assisted magnetic recording[206],
photocatalysis[207], etc. When an electromagnetic wave (of frequency lower than the plasma
frequency) interacts with a metal-dielectric interface, it stimulates the motion of electrons and
holes which then proceed to absorb energy from the electromagnetic field through damping. The
most common and useful modes of these oscillations are localized surface plasmon resonance and
surface plasmon polaritons. When obliquely incident light interacts with a large planar metal
surface, surface plasmon polariton (SPP), a type of plasmonic oscillations wherein the collective

motion of electrons is strongly coupled to the wave vector of the incident photon, propagates
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longitudinally along the metal surface as an evanescent wave. On the other hand, localized surface

plasmon resonance (LSPR) is confined at small metal nanostructures and oscillate transversely.

In LSPR, we mainly consider noble metal nanoparticles at which the coupling of electromagnetic
wave with conduction band electrons occurs. Essentially, it is the incident light frequency that
matches with the oscillation frequency of conduction electrons at the metal nanoparticle-dielectric
medium interface. Keeping in mind that the size of nanoparticles is much smaller than the
wavelength of incident light, normally, the oscillating electric field corresponding to the incident
photons is spatially invariant and time-varying (quasi-static approximation). This resonance is
affected by the inherent properties of the material resulting in dependence on intensity, field
enhancement, extinction coefficient etc. It can be deduced by quasistatic approximation. The

Laplace equation for the scalar potential has following expression:

Vi =0 (12.)

Alternatively, the electric field can be presented by the gradient of the scalar potential:

i
Il

Vo (13.)

The electric field inside the sphere caused by an incident plane wave polarized along the x-

direction was found to be a constant:
E,, = —AX = —A(#sin 6 cos ¢ + 6 cos 6 cos ¢ — ¢ sin ¢) (14.)

where A is the amplitude of the potential.
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On the other side, the electric field outside the sphere is the sum of external uniform field and the

induced dipole, which leads to the following equivalence:

=

- — B - —
Eyu: = E(Fsinf cos ¢ + 6 cos 8 cos p — ¢ sin ¢) +r—3(2Fsin6 cos¢ — 6 cos @ cos p — ¢ sin ¢)(15.)

where B is the amplitude of the dipole potential.

From the boundary condition when r is infinity and r at the surface of sphere,

3 €4
€En—€E
_ 3 m d
B=R® (-——— €d+€m) E (17.)

Wherein €, is permittivity of dielectric, €,, is the permittivity of metal.

A metal nanoparticle under the electric field is polarized in the potential drop direction as a dipole.

The polarizability of the spherical nanoparticle is defined as follows:

4mEyE4(Em—EL)R3
a= 0€d(Em—€q) (18)
2€4+Em

When €;,= —2 €4, the polarizability is maximum.

To acquire the field at the surface of metal nanoparticles, €,,= —2 €; ,0 = g and @ =0,

Epue = (1 +2n<2) g = 3mpy (19.)

2€4+€Em i€
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Normally, for noble metals, | €, | is much larger than | €}, |. According to Equation 15, the
magnitude of the enhancement is three times of the ratio of the dielectric constant of the real part

vs. imaginary part, which can result in several orders of magnitude of enhancement at resonance.
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Figure 27: Extinction spectra of Ag nanoparticles with various aspect ratios: 2:1 (black line), 3:1
(red line), 4:1 (blue line) respectively. Copyright 2007 American Chemical Society.

Typically, this metal-dielectric surface plasmon resonance frequency can be derived using the

Drude-Lorentz model. The net force on the electron in a metal is given by:

% = —mwyx(t) — qE(t) — il (20.)

Fpee =m dt

When the size of nanoparticle is much smaller than the wavelength of light, the spatial variation

of the electric field is negligible. Hence, the electric field and spatial functions can be written as

follows:
E(t) = Ege it (21.)

x(t) = xpe it (22.)
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Inserting the above expression into Equation (16.):

r qE,
—m2 —(—] = - 23.
wx0+m( iwxg) — (23.)
(t) = q/—mE p—iwt (24)
BRI A '
The polarization P can be described as:
nqz/m —lwt
P = —an(t) = —mEoe (25)

To find the dielectric constant, we need replace the displacement by polarization:

nqz/m

_ — — —lwt _ _
D =€eyE = €gE + P = €yEye e —in/m

Ege~iot (26.)

To simplify the expression, the plasma frequency and the damping frequency in the metal are

defined as follows, respectively:

2 _Nq
Wy = me, (27.)
r
v=— (28.)

d e (29.)
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The absorption coefficient has an expression using the imaginary part of dielectric constant, just
like the expression using wavevector k, which indicates the peak of plasmon absorption depends

on the dielectric constant of the surrounding medium:

a=— (30.)

Meanwhile, the peak of absorption is also related to the dielectric constant of metal. At high
frequency, €, is close to 1, and the damping frequency y is negligible comparing to w. A more

convenient expression is presented as follow:

€ =€p—— (31.)

Because the condition of plasmon resonance is when €' = —2¢,,, the relationship between the

resonance peak and the metal dielectric constant can be written as:

2

w w
)4 P
W opp = ~ (32.)
LSPR €Ecot2€m J1+2&m

Once the resonance is generated, it will decay rapidly in one of the following damping mechanisms:
radiative damping, thermalization, Landau damping, electron-electron scattering. The most
relevant mode to our study is Landau damping, the mechanism by which hot electron/hole pairs
are generated. What happen next is that, if a reagent is within the reach of generated hot electrons
or holes, then the reagent will be either reduced by energetic electrons or oxidized by holes, the
process which is known as chemical interface damping. This described process is the theoretical
foundation of plasmon involved photocatalysis. As we explained above, SRP and LSPR generate

high kinetic energy charge carriers, which can boost practical performance. However, due to the
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nature of high energy, these hot electrons or hot holes tend to relax extremely quickly, and have
lifetimes in the range of a few hundred femtoseconds. This also underscore the importance of
rational design of catalysts in many aspects including morphology, material selection, etc.
Considering our research works, metal/semiconductor is the most commonly utilized framework
providing effective charge transfer, suppressing recombination, improving visible light absorption,
generating highly energetic electrons/holes and enhancing the local electric field. A variety of
noble metals are commonly utilized based on their suitability to corresponding applications, for
example, Pt for hydrogen evaluation, Cu for CO; reduction, Ag for dye-degradation, Au for bio-

therapy and so on.
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4. Optical Control of Selectivity of CO:; Photoreduction Using Au-TiO:

Plasmonic Photonic Crystal Catalyst

The above sections have detailed the basics of PhC and SPR. This section focuses on the
utilization of aforementioned theories into practical CO> photocatalytic reduction. It is a
summation of a completed work. The results from this work presented in the following

section are proofs of feasibility and enhancement in photocatalysis.

4.1. Synthesis of Au-TiO: photocatalyst

Ti foil was cut into 2.5%2.5 cm pieces and washed using soap water, followed by sonication
in DI water, acetone, and methanol successively for 10 min each. After being dried under
a nitrogen stream, the Ti pieces were chemically polished by dipping into a mixed acid
solution of 2:1:1 HNOs: HF: CH3COOH (v/v). They were then rinsed in DI water and stored
in a methanol bath. Before anodization, foils were dried under a N; stream and then adhered
to 2.5%4.5 cm aluminum foils to improve uniformity by ensuring constant potential across
the back of the foil. The Ti foil was anodized using charge-controlled pulse anodization in
a two-electrode cell using a 2.5%4.5 cm Ti counter electrode. Anodization was performed
using a 3-step charge-controlled pulse for 30 to 100 periods in an ethylene glycol based
electrolyte (0.3 wt% NH4F, 4 vol% DI) at 65 °C. After anodization, the as-formed PMTiNT
on Ti foil was detached from the aluminum backing and soaked in methanol and hexane
for 5 and 3 min respectively, to clean off the electrolyte and ensure low surface-tension for
drying. It was found that using high surface-tension solvents to clean the PMTiNT caused
it to crack and delaminate from the Ti substrate. Finally, the as-prepared PMTiNT were

annealed in a 3-zone tube furnace (STF55666C-1, Thermo Scientific Lindberg/Blue M),

61



increasing from room temperature to 525 °C in 4 h and held at 525 °C for an additional 4
h. The 3-step anodization pulse consisted of a positive charge-controlled 60 V period,
followed by 2 seconds of -4 V, and 20 s of 0 V. The charge was kept constant across pulses
by integrating current over time using a 0.1-ohm shunt resistor in series with the cell, which
was measured using an Arduino ATmega328P, and shut off once it reached the desired
value. During the 20 s of 0 V, the anode and cathode were shorted to quickly remove any
lingering static potential between the electrodes. For Au nanoparticle decoration, as-
prepared PMTINT was loaded in a DC magnetron sputter system (Kurt J. Lesker Co.). The
base pressure was 7 mTorr, the power applied to the Au target was 75 W and the duration
of sputtering was 1 min. Following sputtering, samples were annealed in the 3-zone tube
furnace again at the same temperature (525 °C) for 30 min. Figure 28 is the schematics of

fabrication process for Au-PMTiNT photocatalysis.
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Figure 28: Schematics of fabrication process for Au-PMTiNT photocatalysis.
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4.2. CO; photoreduction experiments

The photocatalyst PMTINT or Au-PMTiNT was loaded in a cylindrical reactor (32 mL
internal volume) having a quartz window, as mentioned in our previous report [21]. One

piece of Au-PMTiNT photocatalyst was placed in the reactor, which was charged with 200
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puL DI water and 50 psi of COa». Prior to introducing CO», the reactor was purged several
times with N> gas followed by CO: and finally the CO» pressure was maintained at 50 psi.
Subsequently, the reactor was placed on a hot plate heated to 80 °C to evaporate water
droplets. To investigate CO> to CHs photocatalytic reaction, the loaded reactor was
illuminated under collimated AM 1.5 G irradiation from a Class A solar simulator
(Newport-Oriel instrument USA) for 2 h. The power density at the surface of the samples
was 100 mW cm™. The sample was also irradiated with 50 W white cold LED light (A>
400 nm, max. intensity at 510 nm, Model: GT-FL0O01-50W, Power density 1 mW cm™) for
2 h, followed by solar simulator for 2 h. Further, to investigate the effect of wavelength on
the product selectivity and probe the Z-scheme photoreduction mechanism, the
photocatalyst loaded reactor was illuminated by 365 nm (UV light) and 505 nm (green light)
LEDs, simultaneously for 2 h. The power density on the surface of samples was 5 and 10
mWecm™ for 365 nm and 505 nm LEDs respectively. Subsequent to each irradiation step,
the obtained gas samples were analyzed by a Shimadzu gas chromatograph (GC-2014)
equipped with a Porapak Q column and a molecular sieve column, and a pulsed discharge

detector (PDD). Conditions: He carrier flow rate: 0.5 mL min™!

, detector temperature:
160 °C, oven temp: started from 60 °C and raised up to 160 °C to expel water vapor. In
addition, isotope labeling experiments using '*CO, instead of 2CO, were carried out under
identical conditions to rule out contamination from '>C source. Gas chromatography-mass

spectrometry (GC-MS) was employed to analyze the obtained gas samples and verify that

the products were generated from the photocatalytic reaction.
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4.3. Results and discussion

As evident from FESEM imaging of PMTiNT, the pulsed anodization method forms a
periodically modulated nanotube structure with an average diameter of 80 nm. The top view

and side view of PMTINT are shown in Figure 29 and Figure 30 respectively.
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Figure 30: Side view of periodic modulated TiO> nanotube arrays.
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The periodic density of the TiO> phase results in oscillatory dielectric constants that
influence photon propagation. Thus, desired photonic band gaps (PBGs) can be obtained
by modifying the structure's periodicity, which is controlled by the quantity of constant
charge used during pulsed anodization. To obtain the desired photonic band gap, the length
of low-refractive index periods is controlled via tuning the quantity of anodization charge.
TEM images of Au-PMTiNT indicate Au NPs with a diameter ranging from 5-8 nm are

deposited throughout the nanotubes (Figure 31).

100 nm

Figure 31 : TEM image of Au nanoparticles loaded PMTiNT nanotubes, showing gold particles are 5-8 nm
in diameter.
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Electrochemical anodization method is not an ideal fabrication method for high quality
factor photonic crystals, despite the advantage of large area self-assembling. Conventional
anodization process is either potentiostatic or galvanostatic, each having its own advantages
and disadvantages. Potentiostatic anodization allows a relatively constant radius along the
nanotube growth, but length of the nanotube poorly controlled by anodization time due to
the etching speed is not constant throughout the growth, while galvanostatic anodization
can precise control of the length, but with less consistency in radius. As we discussed earlier,
the position of photonic band gap depends on the periodically modulated refractive index,
which is keenly related to the ratio of air to TiO.. Thus, we developed a novel anodization
profile using constant voltage versus electric charge, which allows us to keep the
consistency in both radius and length. Figure 32 presents the relationship between

anodization charge, period length, and PBG wavelength.
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Figure 32: Illustration of charge-controlled pulse anodization process for photonic crystal structure.
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The X-ray diffraction (XRD) pattern for Au-PMTINT split into its component signals
exhibited various specific peaks corresponding to anatase TiO2 (JCPDS# 21-1272), rutile
TiO2 (JCPDS# 21-1276), Au (JCPDS# 04-0784) and Ti respectively (Figure 33). The rutile

phase signal intensity was too low, indicating anatase to be the main phase in Au-PMTiNT.
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Figure 33: XRD pattern of Au-PMTiNT, illustrating material components and TiO; phase
by separating signals.

The interaction with light is critical for photocatalysts, which was examined using diffuse
reflectance UV-Vis spectroscopy and Lumerical® FDTD simulations. The UV-Vis diffuse
reflectance spectrum of PMTINT (black line in Figure 34) shows a broad photonic stopband
from 350 to 550 nm, which is supported by simulated reflectance of PMTiINT (blue dash
line in Figure 34) showing three sharp PBGs at 350 nm, 400 nm, and 550 nm. After Au
sputtering (red line in Figure 34), the reflectance of the photonic stopband is damped
drastically. The absorption band edge is shifted to 386 nm which is characteristic of the
anatase bandgap. Additionally, the reflectance valley is shifted at 550 nm due to the

absorption of the localized surface plasmon resonance (LSPR) of Au NPs.
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Figure 34:Diffuse reflectance spectra of PMTINT (black line), Au-PMTiNT (red line), simulated
PMTiNT (blue dash line).

The propagation of photons in PMTiNT was investigated through a cross-sectional view of
the spatial distribution of Poynting vector field map obtained from Lumerical® FDTD.
Clear evidence of periodic high intensity local electric fields is seen in Figure 35 (a), which

supported the aforementioned theory that oscillatory dielectric constants forbid the
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Figure 35:(a) Cross-section view of amplitude of Poynting vector plot of PMTiNT, (b) Top view electric field map for Au-PMTiNT.
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propagation of photons of particular wavelengths. In Figure 35 (b), a simulated top view of
the absorption caused electric field indicates a strong electric field surrounding the Au NPs
under plasmon resonance excitation. These plasmonic Au NPs induced over 10 times
higher local field compared to the electric field at the air-TiO: interface. The
aforementioned plasmonic response and 1D photonic crystal architecture are critical effects

that make the Au-PMTiNT nanostructured heterojunction a unique photocatalyst.

The CO; photoreduction performance on Au-PMTIiNT was investigated under two different
irradiation conditions leading to two different reaction pathways 1) Conventional direct route
under AM1.5G simulated sunlight and 2) Z-scheme under UV-poor visible illumination followed
by AM1.5G simulated sunlight. The CO, photoreduction experiments using Au-PMTINT as a
photocatalyst was performed in a stainless steel gas-tight reactor with a quartz window in the
presence of gas phase CO> and vapor phase H>O [208]. For the first conventional reaction pathway,
the reactor was irradiated under solar simulated AM1.5G simulated sunlight for 2 h. The gaseous
products were analyzed by using GC-PDD and GC-MS, and the obtained product yield in ppm
was converted into pmol h'!, as mentioned in our previous report [208]. Under simulated sunlight,
methane was observed as the dominant CO» photoreduction product with a methane formation rate
(Rcua) of 302 umol h!. Extremely high selectivity manifested in the product composition which
consisted of 89.3% methane, 8.5% carbon monoxide, 1.6% hydrogen and 0.6% ethane (Figure 36).
To manipulate the reaction into following the second reaction pathway, the experiment was carried
out under identical conditions with merely the illumination sequence changed, by first irradiating
the reactor with a 50 W white LED (Pyax at 520 nm) for 2h followed irradiating the reactor with
AMI1.5G simulated sunlight for 2h respectively. Interestingly, following this illumination

sequence, the composition of the photoreduction product was changed drastically compared to
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conventional CO2/CHs photocatalysis; formaldehyde (CH20) and carbon monoxide (CO) were
observed as the primary reaction products (Figure 36). From GC analysis, the CO and CH>O
formation rate (Rco and Rcr20) were extracted to be 323 and 420 umol h'! respectively. To validate
the optical wavelength-directed product selectivity of CO, photoreduction on Au-PMTiNT, the
photoreaction was also carried out under identical conditions by illuminating with UV light (365
nm) and green light (505 nm) LEDs simultaneously. As anticipated, formaldehyde and CO were
observed as major reaction products and no trace of methane was detected. The rate of
photocatalytic CO and CH>O generation were found to be 364 and 123 pumol h'!' respectively
(Figure 36). To discern if the observed reaction products were truly a result of CO2 photoreduction
and not due to carbonaceous impurities, a series of sanity tests were performed under identical
conditions but with absence of one element in control experiments: 1) absence of photocatalyst; 2)
absence of water; 3) absence of light; 4) absence of CO». No CO; reduction product was observed

in any of the four control experiments which proved the photocatalytic origin of products.
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Figure 36: Products chart of two different illumination conditions, dominating products varied under
different wavelength illumination.
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Additionally, experiments using isotopically labeled '*CO, were also conducted to confirm the
origin of observed products and to eliminate possible carbon contamination. The GC-MS spectra
of reaction product exhibited ion-chromatogram peaks at m/z value of 17 for '*CHa, 29 for 3CO

and 31 for 3CHO respectively (Figure 37).
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Figure 37: ion-chromatogram indicated existing of '>C isotopic labeled products.

To understand the charge separation mechanism and carrier dynamics in Au-PMTiNT, the surface
potential (SP) under different illumination conditions was determined using Kelvin probe force
microscopy (KPFM) (Figure 38). Since the gold was sputtered on to the PMTiNTs, the maximum
number of Au NPs are found on the top surface of the PMTiNTs, and the charge on these Au NPs
determines the surface potential of the Au-PMTiNT samples. Under dark conditions, the SP of
Au-PMTINT was found to be -50 mV (black curve in Figure 38) which demonstrates a slightly
electron-rich surface of Au-PMTINT, which confirmed the presence of a Schottky junction at
equilibrium due to transfer of electrons from TiO> to Au. Under UV irradiation by 365 nm photons,
a negative shift of 300 mV with respect to dark was observed (blue curve in Figure 38). Owing to

the large amount of TiO2 in Au-PMTiNT system and the UV-induced photogeneration in TiO, a

71



flat band or accumulation region is expected to prevail at the Au-TiO; interface with the
concomitant transfer of a larger amount of negative charge to the Au NPs. The Au NPs thus act
as electron sinks for the large excess carrier concentration in TiO; under UV illumination, a
behavior that is well-documented in prior reports [209, 210]. On the other hand, under 532 nm
illumination, Au nanoparticles are the major absorbers due to the LSPR. Under visible illumination,
a small positive shift (25 mV) was observed which indicates the transfer of hot electrons into Ecs
of TiO across the Schottky junction following absorption and plasmon dephasing, thus leaving
positively charge holes on the Au NPs. The electrons transferred to TiO, following LSPR
excitation and damping, have extremely long lifetimes (seconds to hours) due to two major reasons:
(1) The extremely low residual hole concentration in TiO, that discourages recombination and (2)
The high dielectric relaxation time in TiO2 due to which thermal equilibration of excess carrier
concentrations is a slow process [211, 212]. Consequently, the remnant photogenerated holes in

Au also have a long lifetime.
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Figure 38: Surface potential shifting under different wav wavelength illumination was measured by KPFM.
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Further experiments were used to confirm these inferences. UV-Vis spectra of Au-
PMTiNT were measured before and after a 2h white lamp illumination (A>420 nm) (Figure
39). Figure 39 clearly shows the surface plasmon resonance peak at ca. 550 nm. The white
LED lamp had maximum intensity around 520 nm; Following illumination and LSPR
excitation, the transfer of hot electrons into TiO- as described above, significantly increased
the concentration of free electrons in TiO» which manifested itself as an increased
absorbance in the near-infrared (NIR) region in a backward scan (longer wavelength to
shorter wavelength) due to enhanced free carrier absorption of NIR photons (Figure 39).
Interestingly, after illumination when the sample was scanned in the forward direction
(from shorter wavelength to longer wavelengths), no increase in absorbance was observed
in the NIR region which suggests that free electrons were used up during UV irradiation.
This interesting result provided us the first indication that a plasmonic Z-scheme might be
operational in the Au-PMTiNT photocatalyst. Taken together, the picture that emerges
from the gas evolute, KPFM and UV-Vis data is that illumination by near-LSPR visible
photons alone produces transfer of hot electrons from Au to TiO; and illumination by UV
photons alone produces transfer of photogenerated electrons from TiO> to Au through the
electron sink effect of noble metal NPs. Under AM1.5G one sun illumination following
visible illumination, an accumulation-type interfacial band alignment exists which
promotes a large flux of electrons (both photogenerated electrons and transferred hot
electrons) to move from TiO: to Au, which in turn recombine with holes in Au generated
by plasmon damping. This leaves hot electrons in Au NPs and photogenerated holes in

TiO; available to drive photocatalytic reactions. Although hot electrons in Au experience
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thermalization at picosecond timescales, our gas evolute results clearly indicate that charge

transfer to adsorbed CO: species occurs within this timeframe.
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Figure 39: Absorption spectra of as-prepared Au-PMTiNT before and after irradiation of white 50 W, LED lamp (filtered-out UV)
(Both collected in the backward scan) After forwarding scan of LED illuminated samples the enhanced absorption peak in NIR region
corresponded to free electrons was disappeared and spectra were exactly identical as the non-irradiated sample.

The key question that arises is what factors govern the controllable product selectivity
under different wavelength illumination conditions and the underlying mechanism involved.
Highly selective methane formation on Au/TiOz systems under solar illumination has been
previously observed and explained on the basis of energy level positions i.e. the Ecs
position of TiO> which lies above reduction potential of CO»/CH4 but remains below the
reduction potential of CO2/CO and CO>/CH>O [213]. However, conversion of band
positions values on NHE scale at pH 7 actually shows that TiO> can reduce CO; to CO and
CH20[214-217]. Further, we calculated that Ecg of TiO2 in Au-PMTiNT to be situated at
-0.88 V vs NHE at pH 7 suggesting that TiO> can reduce CO; to CO and CH>O. Therefore,
the energy levels of TiO: are insufficient to explain the controllable product selectivity

observed by us. The excellent selectivity of methane formation under AM1.5G simulated
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sunlight can be explained based on 1) Photonic band gaps[218-220] and 2) Carbene
pathway. As mentioned earlier, PBGs of PMTINT allowed the propagation of selected
wavelengths in PMTINT photonic crystal and enhanced the selectivity of products. The
electronic band gap of anatase phase TiO; is 3.2 eV which corresponds to a band-edge of
386 nm and only photons with wavelengths longer than 386 nm can induce a direct
transition of electrons from the valence band to conduction band. While the conduction
band is constituted of Ti** 3d overlaps, the presence of defect states (Ti**, O vacancies etc.)
creates sub-gap states just below the conduction band and longer wavelengths can also
stimulate electronic transition. Due to the presence of photonic stop bands at 350 and 400
nm in the PMTINT, only light in a narrow range of 355-386 nm remains available for the
transition. Photons with wavelengths in the range 386-410 nm, which are primarily
responsible for the sub-bandgap excitation of defect states, were attenuated. Due to this
filtering effect, only mobile, high energy electrons are excited to the conduction band and
react with surface adsorbed CO; to form methane. The observation of methane as a sole
reaction product (with minor CO) under simulated sunlight support that direct transition of
sufficiently energetic electrons to the conduction band of TiO> controlled by photonic band
gaps prevents defect mediated low energy transitions which might lead to other CO»
reduction products. Additionally, due to the lower reduction potential of CO2/CH4 (-0.24 V
vs NHE at pH7) in comparison to CO>/CO (-0.53 V) and CO,/CH;0 (-0.48 V), formation

of methane was thermodynamically more feasible.

Further, gold in Au/TiO; Schottky junction can absorb visible light via localized surface
plasmon resonance (LSPR) and generates hot electrons (energetic electrons) with enough

energy to surpass the Schottky barrier which get injected into the Ecs of TiO» (conventional
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mechanism) (Figure 40 (a)-(c)). Further, some fraction of high energy photons was also
absorbed which generate more energetic hot electrons and hot holes (energetic holes). Hot
holes on the Au are either utilized for water splitting on gold surface or can be migrated to
the Evs of TiO2 where water oxidation takes place. Further two sites water splitting supply

of plenty of electrons and protons to sustain complete photoreduction of CO> to CHa.

Unlike selective CH4 formation under solar simulated light, photoreduction of CO> under
LED light followed by solar simulator gave formaldehyde and carbon monoxide as major
products which suggests the presence of a second mechanism under such conditions. The
selective formation of CH2O and CO can be explained by the Z-scheme mechanism (Figure
40 (d)-(f)). The irradiation of Au-PMTiNT samples with white cold LED light (A>420 nm)
which has maximum power distribution at 520 nm cannot excite electrons from Evs to Ecs.
While Au can absorb most of light in this region due to LSPR and inject generated hot
electrons in Ecp of TiO2 leaving behind poorly oxidizing holes. Despite, the capability of
photogenerated hot electrons on gold to perform proton assisted CO- reduction, the absence
of water spitting to furnish required protons, suppress the reaction. Once solar simulator is
turned on electron-hole pairs are generated in Ecg and Evs of TiO;. Due to already
established build-in potential electrons in Ecg of TiO: move rapidly toward Au and
recombine with holes there while holes left in Evs, oxidize water to release required
electrons and protons (Z-scheme) [221]. Several reports demonstrate transfer of electrons
from semiconductors to the gold nanoparticles and Z-scheme catalysis [222-226]. As the
spectral distribution of LED was concentrated near to gold LSPR excitation, maximum
fraction of photons from LED was used for generation of hot electrons and low energy

holes. On the other hand, due to only 5% UV in the solar simulator and faster recombination,
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the numbers of generated electrons and holes pairs on TiO2 was too low than Au. Due to
this surface of Au remain populated with less energetic holes and photogenerated electrons
in Ecs on TiOz get recombine to these holes favoring Z-scheme mechanism. Due to less
numbers of holes in Evs of TiO;, the rate of proton generation from water was poor and
surface concentration of protons was rate-determining step. The low surface concentration
of proton favor proton deficient CO> reduction products CH>,O and CO (4 and 2 proton
reduction products) via formaldehyde pathway. To validate Z-scheme mechanism reaction
was carried out by illumination sample with UV (365 nm) and green (505 nm) LEDs
simultaneously having identical power intensity on the surface of the sample. Again, CH>O

and CO were observed as major products.
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Figure 40: Proposed energy band diagram of Au-PMTiNT obtained from UPS WF and VB spectra. (a) Band energies before contact;
(b) Formation of Schottky junction between Au and TiO, and reduction of CO: to methane, (c) Overall schematics of methane
formation on Au-PMTiNT system under solar simulator, (d) The electron accumulation via SPR on Au under visible light, (e)
Recombination of accumulated charge promotes Z-scheme; (f) Overall schematics of Z-scheme photocatalytic conversion.

78



5. Femtosecond and Picosecond Single Pulsed Laser Ablation of Nonlinear

Optical TiN, as alternative for gold

Admitted that plasmonic photocatalysis offers the promise of using light as the energy source to
drive a variety of thermal energy-intensive chemical reactions, the incorporation of plasmonic
noble metals has become a double-edged sword. Researchers are eager to replace them due to their
rare and expensive natures. The group IV transition metal nitrides have shown the possibilities as
better alternatives courtesy of their unique characteristics such as exhibiting both metallic and
semiconducting properties, possessing ceramic hardness, high thermal tolerance and chemical
resistance, showing the possibility for substitution of plasmonic noble metal, etc [227-229].
Heretofore, TiN is the superior material that possess both ceramics property being refractory and
plasmonic metal property showing high carrier concentration and high permittivity in long
wavelength regime, which is considered as an promising alternative for gold in many practical
applications. In this paper, the laser ablation threshold of TiN was investigated and compared with
that of gold. The experimental results indicate that the prepared TiN-TNT sample is suitable and
promising in many practical applications for example non-linear optical limiter and photothermal

heating catalyst.

5.1. Experimental details

Fluorine-doped tin oxide (FTO) coated glass substrates were cut into 2 cm % 2.5 cm pieces.
Afterwards, substrates were washed using soap water and sonicated by DI water, acetone,
methanol for 10 min each. After being dried under nitrogen flow, FTO glass pieces were loaded
in a DC magnetron sputter system (Kurt J. Lesker Co.) for Ti thin film deposition. The base

pressure was ImTorr, the power applied on Ti target was 300 W, and the duration of magnetron
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sputtering was 40 min to get 300 nm thin film. A two-electrode electrochemical anodization
process was applied on as-prepared Ti thin film as the working electrode and a graphite rod as the
counter electrode at 40 V in an ethylene glycol (EG) based electrolyte (0.3wt% NH4F, 4 vol% DI).
The electrochemical anodization cell was placed in cold water bath during the anodization process,
which normally took 5-7 min till the Ti coated film turned 80% translucent. After rinsing with DI
water, as-prepared samples were loaded for plasma enhanced atomic layer deposition of 40 nm
TiN thin film using TiCls as the Ti precursor and a No/Hz plasma as the N precursor. The Oxford
ALD instrument substrate was heated to 200 °C and the deposition rate was 0.24 Angstrom per
cycle. Afterwards, as-prepared samples were loaded in a three-zone furnace (STF55666C-1,
Thermo Scientific Lindberg/Blue M), annealing at 450 °C with 4 hours ramping up from room
temperature and additional 4h dwell. For comparison, Au thin film and Au coated TiO2 nanotubes
were prepared on FTO substrates as well. The preparation of TiO, nanotube substrates for Au
coating was identical to the aforementioned fabrication process. All the gold coatings were
deposited using the same DC magnetron sputter system at 1 mTorr, 75 W for 330 sec. As the
deposition rate of sputtering system is 7.5 nm/min, the thickness of gold layer was 40 nm to match
with TiN layer thickness. For simplicity, these three samples are represented by TiN@TNT,

Au@TNT and Aufilm.

The experimental setup for laser damaged and non-linear optics transmission experiment is shown
in Figure 41. Two different pulse durations 220 femtoseconds and 2.2 picoseconds are used to
investigate material ablation threshold. Sample targets are mounted on a 3D motion stage with 200
nm resolution and irradiated at 0c angle of incidence. The beam is focused onto the sample using
a 10x long working distance microscope objective giving a FWHM spot size of approximately 2.9

um. A CCD camera and a lens with 70 cm focal length acting as a sample viewing system are
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employed to ensure that the sample surface was at the focus of the irradiating beam. The green
LED and beam splitter are used for the illumination of in field of view. The energy of laser pulse
is controlled by a combination of a half-wave plate and a glan polarizer near the output of the laser.
Further energy attenuation is achieved using Schott NG absorbing glass filters. A Spectra Physics
Model 407A power meter with an accuracy of 8% and a photodiode is applied for cross-calibration
and shot to shot energy measurements. The applied pulse energy is in the range from 0.8 pJ to 200
wJ. For multiple shot irradiation, a combination of fast electric shutter and delay generator is
mounted in between the aperture and BS1 generate specific number of shots as required. An Oriel
USB2000 commercial fiber-coupled spectrometer is mounted 7 mm after behind the sample to

examine the transmitted laser spectrum and intensity level for nonlinear transmission measurement.
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Figure 41:the schematic of the experimental layout. M1: dielectric mirrors coated for 800 nm 45° angle of incidence; BS1: Beam
splitter: PD: photodiode; M2: aluminum mirror; L1: 70cm achromatic lens.

81



5.2. Result and Discussion

For a single pulse laser with Gaussian spatial distribution, Equation 13. was adapted to derive the
ablation threshold.
2 _ 2 F
D% = 2w2In (Fm) (33)

Where D is the diameter of the damaged crater area, wy is the — gaussian beam radius, F is the

1
e
fluence of the laser, and Fth is the ablation threshold. The fluence of laser is given as Equation 14,

in which Ep is the pulse laser energy.

F=2% (34)

Wy

FESEM was used to inspect and record the ablation diameters. As evidence of laser ablation, when
the laser power exceeds the surface ablation threshold of the material, a visual darkening can be
observed on the surface which is a damaged spot by the laser irradiation (Figure 42 (a) - (¢)).
Furthermore, as shown in Figure 43 (a)-(b), the diameter of the ablation crater area reduced
gradually along with the decrease of laser power until the crater spots fully disappeared when the

laser power was below the ablation threshold of the material. The crater diameters and their

e

Figure 42: FESEM top view images, three zoom-in images of damaged spots from (a) Aufilm,; (b) Au@TNT; (c) TiN@TNT.
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corresponding laser fluences are indicated in Figure 44 (a) - (¢) for TIN@TNT, Au@TNT, and
gold thin film, respectively. The material-dependent ablation threshold can be obtained using a
linear fitting curve which extend to D?=0. It is obvious from the figure that TiN showed

significantly higher tolerance compared to gold for both femtosecond laser and picosecond laser

irradiations.

£

Figure 43: FESEM top view images (a) and (b) zoom-out image of laser ablation arrays of Au thin film and TiN@TNT samples.

Figure 44 (a) was plotted from the experimental data of 40 nm atomic layer deposited TiN on TiO;
nanotube arrays, in which Fg is 1.520J/cm? under femtosecond laser irradiation and Fu is
1.733J/cm? under picosecond laser irradiation. On the other hand, the ablation threshold for
picosecond and femtosecond laser from Au thin film and Au@TNT were 0.172 J/cm?, 0.150 J/cm?,
0.147 J/em?, 0.112 J/em?, respectively. It is worth noting that the high laser ablation threshold of
TIN@TNT was intrinsically decided by the material property. We also notice that our TIN@TNT
threshold is higher than that of some previous TiN reports from Bonse et al.[230], which can be
attributed to two reasons as follows: first, the sample transmission is higher due to its nanotube
morphology; second, the sample should be consider as TIN@TNT composite, although the chance
of light and TiO> interaction is low considering the light penetration of TiN is normally about

23nm at 800nm wavelength irradiation[231].
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Figure 44: Experimental data plots with error bars for femtosecond and picosecond laser fluence vs. damaged
diameter square: (A)TiN@TNT, (B)Au@TNT, and (C)Au thin film. 24



Another interest aspect is the effect of morphology on ablation threshold regardless of what type
of material. Two type of morphologies were developed for comparison: (1) 40 nm of materials
coating on TiO> nanotube arrays to create highly porous nanostructure; (2) 40 nm of materials as
thin film. The experimental results are in line with the expectations from published reports. We
observed slightly higher ablation efficiency with nanostructured gold compared to thin film gold.
And there are reasons that we can think of for lower laser ablation efficiency: (1) better light
trapping within nanotube structures; (2) thermal confinement due to porous structures. The
dielectric contrast between the TiN or Au coated nanotubes and the air gaps allows light trapping
within the tubular structure, apparently resulting in more effective energy conversion compared to
light that is strongly reflected back at the thin film surface. This means that with the same laser
power, the sample with better light trapping can reach higher temperature. Furthermore, the
nanostructured samples were porous and the pore were filled with air which has poor thermal
conductivity approximately 0.026 W/m/K according to literature[232]. On the other hand, the
thermal conductivities for continues gold and titanium nitride are 310 W/m/K and 28.84 W/m/K,
respectively. Although the thermal transfer is not significant in the scale of our laser pulse duration,
it is still reported in previous research that gold can complete electron-lattice thermal equilibration
within picoseconds[233]. In other words, when a laser beam incident on a highly thermal
conductive material, for example thin film gold in this case, the thermal energy immediately spread
out in the scale of picosecond instead of causing ablation. So, we should still take thermal diffusion

into consideration as it is also proved later in the simulation.

This nanostructure introduced optical and thermal confinement is practical and has advantages for
certain applications. To verify these two suppositions, Lumerical FDTD and HEAT simulations

were conducted to analysis light propagation and thermal conduction.
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In additional to the differences in materials’ property and morphology. the pulse duration of laser
also has a significant impact on the ablation threshold. According to the experimental data, we
observed slightly higher threshold under picosecond laser irradiation compared to femtosecond
laser irradiation, which means the ablation efficiency decreased with the increase of pulse laser

duration. The results are listed in the Table 4:

Table 4: The ablation thresholds for three different samples under femtosecond laser and picosecond laser irradiation.

Samples
Ablation threshold TiN@TNT Au@TNT Au thin film
(J/em?)
Femtosecond laser 1.520 0.112 0.150
Picosecond laser 1.733 0.147 0.172

The reason for this has been explained comprehensively by Chichkov et al [234]. The interaction
of femtosecond laser pulse with materials can be described in three sequential stages. It starts from
laser energy absorption through photon-electron coupling within the time frame of femtoseconds,
which heat up the electrons without disturb the lattice. Then the next stage is in the time frame of
picoseconds, named electron-phonon coupling, in which the hot electron transfers thermal energy
to lattice and reach an equilibrium temperature. The last stage is phonon-phonon coupling
processing which is also known as energy diffusion. As we mentioned earlier, femtosecond laser
ablation is a non-thermal process, while picosecond laser ablation is a thermal process, in which
the heat conduction loss is inevitable. However, the mass transport process also needs to be taken
into consideration. Because remove a material by laser irradiation is still a hydrodynamic process

which is normally longer than the thermal process. Taken together, the threshold for ultrashort
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laser ablation is generally smaller than long duration laser ablation due to less heat loss effect, but

not by much because it is also limited by the mass transport process.

TIN@TNT sample was tested for nonlinear optical limiting performance and the data is show in
Figure 45. The sample was measured up to 6 J/cm?. The nonlinear transmission is easily observed
from the curve, starting at 1.2 J/cm? with a distinct reduction in transmission, then gradually
slowing the slope with the increase of fluence, and finally becoming flat after reaching the ablation
threshold. The transmission value started from 64% at 1.2 J/cm? to 9.5% at 6 J/cm?. Additionally,
according to the ablation threshold of the sample, the curve can be separated into two segments
which are below-threshold power and above-threshold power. From 1.2 J/em? to 1.5 J/cm?, the
drastically decrease of transmission can be ascribed to two-photon absorption due to increasing
irradiation power intensity especially when the laser pulse duration is in femtoseconds. After the
incident power is above material threshold, the low transmission is a result of optical induced
ablation. The obvious nonlinear transmission behavior is benefited from strong Mie scattering and

high concentration of excitonic and free electrons.
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Figure 45: Transmission vs. fluence spectrum indicated strong nonlinear
optical limiting effect on TiN@TNT sample.
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5.3. Simulations of light interaction and heat distribution:

Lumerical FDTD and HEAT simulations were employed to further analysis the light interaction
and heat distribution across the samples. The experimental and simulated absorbance spectra of
Au and TiN is shown in Figure 46 and its inset. In spite of small different in absorbance intensity
due to the adopted references, the simulated absorbance spectra matched well with those of the
actual samples, which proved our optical simulations were valid. Absorbance spectra evident that
TIN@TNT and Au@TNT have very similar absorption spectra except that the absorbance

intensity is different.
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Figure 46: The experimental absorbance spectra of Au@TNT and TiN@TNT and simulation from Lumerical FDTD (inset).
Figure 47 (a)-(c) are Poynting vector plots for Au thin film, Au@TNT, and TiN@TNT,
respectively. To be specific, in the presence of nanostructures, hot spots appeared in the inner and
outer tubular structure, and especially where the nanotubes are adjacent. On the other hand, the

planar gold sample could not find any hot spots except at the sharp corners of the substrate.

88



However, it is not the case in reality as the size of substrate is much larger than the size of laser
beam, so no sharp corners are involved. To summarize, in a Poynting vector plot, hot spots
represent areas with high local electric fields that are particularly beneficial for laser ablation due

to strong light interaction.

Figure 47: Poynting vector plots: (4) Au thin film, (B) Au@TNT, and (C) TiN@TNT.

In addition to light interaction, heat distribution is also a role of interest for this study. Therefore,
the heat distribution maps were simulated for each sample by Lumerical HEAT. As shown in
Figure 48, the color gradient of the heat distributions of Au thin film, Au@TNT, and TIN@TNT
in the side view and top view were demonstrated. An import heat source is used to import the
optical absorption data saved by FDTD to be used as heat input to the simulation. The maximum
temperature of Au thin film was 345K, Au@TNT was 426K, and TiN@TNT reached 925K. The
thermal transfer in gold is typically on the order of sub-nanometer per picosecond, hence it was
difficult to present the temperature deviations quantitatively. However, we could readily observe
the trends for the hot spots and heat loss in the color gradient schemes. By comparison, the thermal
distribution patterns are significantly different from Au thin film to the nanotube arrays. The
thermal diffusion of Au thin film clearly starts from the center to the edge, while nanotube arrays

are relatively uniform across the scope. Such high thermal conductivity under short laser pulses
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results from high electron temperature and ultrashort collision rate of high energy electrons.In this
project, the investigation of TiN-TNT infrared laser ablation threshold and its photothermal effect

are valuable and enlighten to future works. Photothermal effect represents the conversion of
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Figure 48: Side and top view of thermal distribution for: (4) and (B) Au thin film, (C) and (D) Au@TNT, (E)
and (F) TiN@TNT,
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photon energy to thermal energy which is discovered by scientist for long time. Now it becomes
increasingly popular due to its application in biotherapy[203], water evaporation and
desalination[235], hydrogen evolution[236] and CO oxidation[237]. Gold has always been the
benchmark for photothermal applications. Normally the photothermal transduction efficiency is in
the range of 20%-65% for gold[238]. However, thermoplasmonics surpasses traditional
photothermal heating in terms of efficiency which is highly achievable using TiN-TNT. Taken
obtained experimental and simulation results into consideration, TIN-TNT would be the ideal
photocatalyst because it has many superior advantages comparing to gold, such as cheap, abundant,
strongly light interactive, plasmonic, highly thermal tolerant. Additionally, we have proved that it

possesses high laser ablation threshold and high photothermal efficiency.

5.4. Conclusion

In summary, the ablation thresholds of TIN@TNT, Au@TNT, and Au thin film were determined
under femtosecond and picosecond laser irradiation in detailed comparison. The experimental data
manifested that unprecedented performance of TIN@TNT providing higher ablation resistance
and less heat loss. The ablation thresholds for femtosecond and picosecond laser irradiation were
1.52 J/em? and 1.73J/cm?, respectively, which are more than one order of magnitude higher than
those of Au thin film and Au@TNT. Admitted that the material property is decisive for ablation
tolerance, the laser pulse duration and surface topography of sample also have impact on the
threshold value. Further analysis demonstrated that femtosecond laser ablation tends to be more
efficient due to the nature of non-thermal process, whereas in picosecond laser ablation, it involves
heat loss resulting in lower efficiency. In addition to that, the effect of surface topography was

investigated in this study, showing that the presence of nanostructures obtained strong light
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interaction and confined heat transfer. Last but not least, the proof of strong nonlinear optical
property opens a window to practical optical applications for TiN such as optical limiter, optical

sensor and so forth.
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6. Core-Shell TiO:@HfN Nanotube Arrays: Hot Carrier Photoanode for

Sunlight-Driven Water-Splitting

6.1. Background and motivation

Among all the transition metal nitrides hafnium nitride is basically unexplored and rarely
utilized in optoelectronic devices. There are many reports investigating approaches to
synthesize high quality HfN. Some are interested in employing HfN as hot carrier absorber
since its wide phonon gap can slow down the carrier thermalization process. Saha et al.
calculated its electronic structure indicating its unique phonon dispersion of acoustic and
optical branches [239]. Based on this feature, Chung et al. proposed using HfN for hot
carrier solar cell and obtained a decay time of 1.7 ns in a transient absorption spectroscopic
measurement [240]. The one and only catalytic application report was from Chiara et al.,
in which HfN nanoparticles were used for electrocatalytic oxygen evolution and the highest
performance was 10 mAcm 2 at an overpotential of 358 mV [241]. Another similar work
was presented by Yang et al. reporting electrocatalytic hydrogen evolution using nitrogen-
plasma treated hafnium oxyhydroxide [242]. Based on the findings from pioneer studies,
HfN is worth investigating as a photocatalyst for solar energy conversion due to the
following reasons: 1) High thermal and chemical resistance, and photochemical stability
under harsh conditions 2) Long hot carrier lifetime 3) Plasmon resonance in the Vis-NIR
regime 4) Cost efficient alternative to noble metals. Despite the aforementioned properties
that are particularly beneficial to photocatalytic energy conversion, no one has reported

successful utilization of HfN for any kind of photocatalytic reactions.
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6.2. Experimental Section

TiO:> nanotube array synthesis: The fluorine doped tin oxide (FTO) coated glasses were
first washed by soap water and then ultrasonicated in deionized water, acetone, and
methanol sequentially for 10 min each. After being dried under a nitrogen stream, the top
3 mm of substrates were covered with Kapton tape, which was done to keep a FTO exposed
area for contact in later experiments. The substrates were then loaded into a direct current
magnetron sputtering system. The sputtering chamber was first evacuated to 10 Torr and
later filled with argon to achieve a working pressure of 1 mTorr. A Ti target with 99.99%
purity was used to deposit 500 nm on the substrates at room temperature. After deposition,
the substrates were cut into 2.5 cm % 3 cm pieces with edges protected by Kapton tape to
limited high currents at edges and corners during the electrochemical anodization process.
The samples were anodized at 40 V in a mixed ethylene glycol-based electrolyte containing
0.3 wt% NH4F and 4 v% deionized water. The electrochemical anodization was conducted
in a two-electrode cell using the as-prepared sample as working electrode and a 6 mm
diameter graphite rod as counter electrode with a 3 cm distance between anode and cathode.
The anodization process took around 10 min until the current began to rise and the substrate
turned semi-translucent from metallic dark. After the anodization completed, the samples
were rinsed with methanol and dried under nitrogen flow. To remove debris formed on the
top of the TiO; nanotubes, a dry etching process was applied on synthesized samples using
an Oxford PlasmaPro NGP80 Reactive lon Etcher with SF¢ as working gas at 20 mTorr
and forward power of 250 W for 200 seconds, and followed by O> plasma at 150mTorr and

forward power of 225 W for 10 min. As-prepared samples were annealed in a three-zone
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tube furnace (STF55666C-1, Thermo Scientific Lindberg/Blue M), in which the

temperature increased to 450 in 4 h and the dwell time was another 4 h.

ALD deposition of hafnium nitride: HEN films were grown using plasma enhanced atomic layer
deposition (PE-ALD) technique in a continuous flow ALD system (ALD150-LX, Kurt J. Lesker)
at 1.01 Torr reactor pressure. Tetrakis(dimethylamino)hafnium (TDMAHY) and forming gas (FG:
5% Hz + 95% N») remote inductively coupled plasma (13.56 MHz ICP, 0.6 kW, 60 sccm FG with
100 sccm Ar carrier) were the Hf-precursor and N-source respectively. Process conditions for self-
limiting HfN PEALD were characterized with in-situ spectroscopic ellipsometry measurements
(M2000DI, J. A. Woollam). Using growth-per-cycle (GPC) determined on a planar Si (111)
substrate for PEALD cycle: 0.1s TDMAHT pulse, 12s post-precursor purge, 9s FG plasma
exposure, and 5s post-plasma purge, 20 nm thick HfN film was grown on TiO> nanotube array

structures in 300 cycles.

Photoelectrochemical water splitting measurement: The measurement of photoelectrochemical
water splitting was performed in a three-electrode system consisting of as-prepared sample
photoanode, Pt cathode, and Ag/AgCl reference electrode, in KOH electrolyte. A Newport Oriel
solar simulator with Class A output was used to generate simulated solar light (AM 1.5G) and the
power density upon the sample surface was 100 mW/cm?. In order to measure the photocurrent
response under visible light illumination, the simulated sun light (AM 1.5G) was filtered by a UV
cut-off filter (1 > 420 nm). The photocurrent was obtained under linear sweep voltammetry mode
and the sweeping voltage was from -0.8V to +1.0 V versus Ag/AgCl. To investigate the

photocurrent response of the sample at discrete wavelengths, near-monochromatic light LEDs
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were used to illuminate the sample at the power density of 10 mW/cm?. The photocurrent response

currents were collected at constant potential of 0.3 V vs. Ag/AgCL.

6.3. Results and discussion

With this aim, a photoanode consisting of TiO»(core)-HfN(shell) nanotube arrays (HfN-
TNT) was deployed in photoelectrochemical water splitting and achieved a champion
photocurrent of 2.48 mAcm 2 under 1 Sun illumination (AM 1.5G) at an applied bias of
+0.6 V vs Ag/AgCl reference electrode in 1 M KOH solution. A photocurrent response of
2.39 mAcm™ during light on-off cycling was measured under identical conditions. To the
best of our knowledge, this performance is superior to most plasmonic noble metal
decorated TiO> based catalysts. The TiO: nanotube array (core) was grown by
electrochemical anodization of a Ti film sputtered at room temperature on a non-native
fluorine doped tin oxide (FTO) coated glass substrate [243-245]. The conformal HfN shell
layer was formed by plasma-enhanced atomic layer deposition, which is a facile technique
to form conductive transition metal nitride coatings of good structural and stoichiometric
quality [246-248]. The catalyst is economically efficient and suitable for large scale
production due to the scalability and existing industrial usage of electrochemical

anodization and atomic layer deposition.

Further details of the photoelectrochemical measurements are provided in the Methods
section. A baseline was measured without any illumination, in which we observed almost
zero photocurrent density. The J-V characteristics of HIN-TNT (shown in Figure 49 and
50) were collected in the dark and under AM 1.5 G 1 sun illumination without, and with a

UV filter in 1 M KOH solution. The highest photocurrents (shown in Figure 49) are 2.48
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mAcm 2 under 1 Sun illumination (AM 1.5G) and 1.8 mAcm 2 after adding a UV filter
(>420 nm) at an applied bias of +0.6 V vs Ag/AgCl. The data collected under light On-Off
mode is shown in Figure 50, in which the photocurrents are 2.39 mAcm 2 and 1.74 mAcm
without and with UV filter, respectively. To understand the spectral composition of the
generated photocurrent, a set of near-monochromatic LEDs were used to illuminate the
sample (Figure 51 (a) and (b)) for testing that were conducted in 0.1 M KOH electrolyte
and, unless otherwise stated, the photocurrents were at a bias of +0.6 V versus Ag/AgCl.
We observed a photocurrent response that extended all the way to 730 nm wavelength
illumination, which is quite unusual in the field of sunlight-driven water-splitting. 730 nm
photons have an energy of 1.7 eV which is merely 0.47 eV above the minimum energy
required for water electrolysis. It is important to understand how the performance of the

HfN-TNT photoanodes stands in comparison to plasmonic noble metal sensitized metal
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Figure 49: Photocurrent measured by linear sweep voltammetry under AM 1.5 G illumination with
and without UV cut-off filter (> 420 nm).
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oxide photoanodes they seek to replace. Table 5 is a performance summary of the
photoelectrochemical performance under visible light illumination of TiO> based
photoanodes which derived an enhancement of photoactivity in the visible regime after
decoration by nanoparticles or coatings of plasmonic noble metals namely Ag and Au.
Table 5 shows that harvesting of visible light using hot carriers by previously reported noble
metal-TiO> nanostructured plasmonic heterojunctions is able to generate no more than 224
nAcm 2 in photocurrent. Such a poor performance is not entirely surprising since it is well-
understood that the ultrafast timescale (< 10 ps) of electron-electron scattering and electron-
phonon scattering render it extremely hard to drive chemical reactions using hot carriers
before their thermal equilibration. In contrast, our unoptimized HfN-TNT photoanode is
able to generate 1.8 mAcm 2 under identical conditions as shown in Table 5 indicating a

potentially superior hot carrier harvesting ability.
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Figure 50: Photocurrent response during light On-Off cycles, measured by linear sweep voltammetry under AM
1.5G illumination with and without UV cut-off filter (> 420 nm).
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Figure 51: Photocurrent density plots: (a) and (b) Amperometric I-t curves showing photocurrent response under the illumination of
near-monochromatic LEDs above at 0.3 V' vs. Ag/AgCI.

Table 5: A summary of performance using plasmonic noble metal decorated TiO, based catalysts for PEC water splitting under
visible light illumination.

Light
Photocurrent Applied
Sample intensity Light spectrum Electrolyte  Reference
(nA/cm?) bias
(mW/cm?)
visible light
HIN-TNT 1800 100 0.6V 1M KOH This work
(>420 nm)
visible light 0.5M
Ag/N-TiO2 26 120 ov [249]
(>420 nm) Na2SO4
AgNPs/TiO2 visible light 0.1IM
47 100 0.4V [250]
NWs (>420 nm) Na2SO4
In situ visible light 0.1M
40 80 0.3V [251]
AgNPs/TNTs (>420 nm) Na2SO4
Ag/N-TiO2 0.5 500 400-900nm 0.3V 1M KOH [252]
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Auw/RGO/H- visible light

224 100 0.2V IM KOH [253]

TNTs (>400 nm)
visible light
LE-AwWTNTs 202 100 0.2V IM KOH [254]
(>400 nm)
AuNPs/TiO2 23 7000 532nm, 633nm ov IM KOH [255]
IM KOH

Au embedded visible light

3 0.2V 25% [256]
TiO2 (>420 nm)

MeOH

AuNPs/TiO2 visible light

125 100 0.5V IM KOH [257]
BNRs (>420 nm)
AuNPs/TiO2 visible light

11 73.3 ov IM KOH [258]
NWs (>430 nm)
AuNPs/TiO2 visible light

150 100 0.2V IM KOH [94]
PhC (>420 nm)

The morphologies were examined before and after HfN coating using a Zeiss Sigma field
emission scanning electron microscope (FESEM). The outer diameter of nanotubes is 80-

100 nm while the inner diameter is 30-50 nm (Figure 52 (a)). After HfN atomic layer

Figure 52: FESEM images of TiO; nanotube arrays (a) before and (b)after ALD HfN coating.
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deposition (ALD), the mouths of nanotubes are almost closed and the space between
nanotubes is filled (Figure 52 (b)). The high-resolution transmission microscopy (HRTEM)
image (Figure 53) shows the tubular structure with double layers. The TiO: core is slightly
brighter than the HfN shell which is darker. Figure 54 shows the lattice fringes at the
interface of core and shell with 0.358 nm and 0.256 nm interplanar d-spacing,

corresponding to anatase TiOz (101) and HfN (111), respectively.

{ TiO, core

HfN shell

Zﬁm

Figure 53: HRTEM cross-section view image demonstrates the two layers constituting the core-shell nanotube
morphology.
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HfN hkl =111

d = 0.358nm

Figure 54: HRTEM image at the HfN and TiO; interface showing anatase TiO>
(101) lattice fringes and HfN (111) lattice fringes.

The phonon dispersion in HfN makes it an outstanding candidate for hot carrier mediated
photocatalysis. The constituent Hf and N atoms have a great difference in mass resulting in
a large phonon gap between the optical and acoustic modes. In the Raman spectrum of
HfN-TNT sample (Figure 55), the dominant four peaks are at 144 cm™ (Eg), 399 cm™ (Blg),
515 cm™ (Alg and Blg), and 639 cm™ (Eg) from anatase TiO,. Further investigation
focused on HfN phonon dispersion. Although there are some peaks that do not stand out
from TiO; peaks, the signature Raman peaks for HfN phonon distribution are still
noticeable. The peak representing the HfN transverse acoustic phonon mode is submerged
in the TiO, Eg band at 140 cm™!. Nevertheless, another signature peak for longitudinal

acoustic phonons in the first order acoustic band is observable at 199 cm™ in the spectrum.
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Figure 55: Raman spectrum of HfN-TNT, TA stands for transverse acoustic mode, LA stands for
longitudinal acoustic mode, O represents optical mode.

The first order optical phonon band is well resolved at 540 cm™ and energetically distant
from the first order acoustic band. Other peaks, at 250 cm™!, 350 cm™!, 420 cm™!, 800 cm™!
and 1100 cm™', can be assigned to second order transverse acoustic mode, the sum of
transverse and longitudinal acoustic modes, the difference between optical and acoustic
modes, the sum of optical and acoustic modes, and second order optical mode, respectively.
It is worth noting that the first-order scattering peaks are not prominent in the Raman
spectrum, which is due to the suppression of first order Raman effect by stoichiometric

HfN with a low concentration of defects [259].
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The source of first order Raman scattering is usually attributed to N vacancies i.e.
stoichiometric defects. The X-ray diffractogram (XRD) (Figure 56) indicates HfN has a
cubic fcc crystal structure and the dominant (1 1 1) diffraction peak is a strong symbol of

stoichiometric HfN [260].
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Figure 56: X-ray diffractogram of HfN-TNT sample, illustrating material components by separating signals.

20 25
Klemens decay is the primary pathway for the loss of energy of optical phonons and is
attenuated by a large phononic bandgap [261]. According to the Raman spectrum we
presented, the first order acoustic and the first order optical phonons were located at 140
cm™!' and 540 cm! respectively, meaning that the large energy difference between them

prevents Klemens decay. This is a critical factor, because, when the decay of optical

phonons is suppressed, a phonon bottleneck is created and hot carriers tend to have a longer
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lifetime. HfN is a conductive ceramic with no electronic bandgap, which is a perfect
characteristic for a hot carrier absorber [240]. The combination of these properties explains
why we observed a small difference in photocurrent with and without UV filter, obtaining
a photocurrent response 1.74 mAcm™ and 2.39 mAcm™ respectively, at an applied bias of
+0.6 V during on-off cycles. Incident photons stimulate plasmon oscillations on the sample
surface, which then decay into hot electron-hole pairs through Landau damping. Due to the
presence of applied bias and relatively longer hot carrier lifetimes in HfN, the high energy
holes were pushed to the anode-electrolyte interface prior to thermalization and oxidized
the OH— ions in the water-based electrolyte to form O». From a thermodynamic point of
view, holes with energies higher than 1.23 eV are capable of splitting water. According to
the AM 1.5 G solar spectral irradiance data, the percentage of photon flux (vs the
cumulative flux of photons in sunlight) up to 750 nm (practical cut-off wavelength), is 31%
with UV filter and 36% without UV filter, which is in close agreement with the ratio of

photocurrent we obtained with and without UV filter [262].

6.4. Summary of this work

In this study, we reported a method for fabrication of core-shell nanotube arrays consisting
of a 20 nm ALD HfN shell and an anodic TiO2 nanotube support layer. To the best of our
knowledge, it is the first report using HfN for photoelectrochemical water splitting. We
observed excellent full visible regime photoactivity up to 730 nm from hydrogen evolution
reaction and, based on our literature survey, the photocurrent density is superior to any
TiO2 based photoanodes using plasmonic noble metal decoration. We consider the finding

to be significant as it demonstrated the far-reaching application potential of replacing active
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HER/HOR noble metals such as Au, Ag, Pt, Pd, etc. Moreover, the experimental results
evidence two unique characteristics allowing a large population of long lifetime hot carriers,
namely, a large bandgap between optical and acoustic phonon modes and the absence of an
electronic bandgap, which particularly benefit hot carrier-based optoelectronic devices. It
opens the window to a wide range of applications that enhance their performance using
plasmonic noble metals including but not limited to photocatalysis, photosynthesis, dye

degradation, and hot carrier solar cells.
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7. Conclusion and Future Works

7.1. Key conclusions

The common thread that holds the thesis together is the exploitation of plasmon enhanced TiO»
nanotube arrays based nanomaterials for nanophotonics, nonlinear optics, and especially
photocatalysis. The main motivation of my research has been discussed in the first chapter. It

introduces the rapid growing energy demands and huge conflicts between humanity and nature,

In chapter 2, we demonstrated the great potential of perovskite oxides as efficient catalysts for CO-
photoreduction. Nanostructured perovskite oxides have emerged as a class of high-performance
photocatalytic materials. The perovskite oxide candidates for CO; photoreduction are primarily
nanostructured forms of titanates, niobates, tantalates and cobaltates. These materials form the
focus of this review article because they are much sought-after due to their nontoxic nature,
adequate chemical stability, and tunable crystal structures, bandgaps and surface energies. As
compared to conventional semiconductors and nanomaterial catalysts, nanostructured perovskite
oxides also exhibit an extended optical-absorption edge, longer charge carrier lifetimes, and
favorable band-alignment with respect to reduction potential of activated CO> and reduction
products of the same. While CO, reduction product yields of several hundred pmol 'h™! are
observed with many types of perovskite oxide nanomaterials in stand-alone forms, yield of such
quantities are not common with semiconductor nanomaterials of other types. In this review, we
present current state-of-the-art synthesis methods to form perovskite oxide nanomaterials, and
procedures to engineer their bandgaps. This review also presents a comprehensive summary and
discussion on crystal structures, defect distribution, morphologies and electronic properties of the

perovskite oxides, and correlation of these properties to CO2 photoreduction performance. This
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review offers researchers key insights for developing advanced perovskite oxides in order to

further improve the yields of CO; reduction products.

Having accomplished the review paper, nanophotonics and plasmons are considered as good
angles to tackle the problem of photocatalyst with less efficiency. Hence, in chapter 3, it covers

the fundamental knowledge of photonic crystals and plasmonics based on the focus of my PhD.

Chapter 4 is a published paper named "Optical control of selectivity of high rate CO»
photoreduction via interband-or hot electron Z-scheme reaction pathways in Au-TiO2 plasmonic
photonic crystal photocatalyst." In this paper, photonic crystals consisting of TiO> nanotube arrays
(PMTiNTs) with periodically modulated diameters were fabricated using a precise charge-
controlled pulsed anodization technique. The PMTiNTs were decorated with gold nanoparticles
(Au NPs) to form plasmonic photonic crystal photocatalysts (Au-PMTiNTs). A systematic study
of CO; photoreduction performance on as-prepared samples was conducted using different
wavelengths and illumination sequences. A remarkable selectivity of the mechanism of CO»
photoreduction could be engineered by merely varying the spectral composition of the illumination
sequence. Under AM1.5 G simulated sunlight (pathway#1), the Au-PMTiNTs produced methane
(302 umol h™!) from CO» with high selectivity (89.3 %). When also illuminated by a UV-poor
white lamp (pathway#2), the Au-PMTiNTs produced formaldehyde (420 umol h—1) and carbon
monoxide (323 umol h™') with almost no methane evolved. We confirmed the photoreduction
results by '3C isotope labeling experiments using GC-MS. These results point to optical control of
the selectivity of high-rate CO, photoreduction through selection of one of two different
mechanistic pathways. Pathway#1 implicates electron-hole pairs generated through interband

transitions in TiO; and Au as the primary active species responsible for reducing CO> to methane.
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Pathway#2 involves excitation of both TiO, and surface plasmons in Au. Hot electrons produced
by plasmon damping and photogenerated holes in TiO, proceed to reduce CO> to HCHO and CO

through a plasmonic Z-scheme.

In chapter 5, it reports the investigation of TiN coated TiO2 composite nanotubes. The laser
ablation threshold of TiIN@TNT was investigated and compared with that of gold using
extrapolation of curves from laser fluence vs. squared damaged diameter. A significant increase in
laser ablation tolerance from TiN@TNT was observed, which thanks to the nature of the material.
For both TiN and gold, the influence of the laser pulse duration and the effect of morphologies
were investigated under both femtosecond and picosecond laser irradiation. From the analyses, it
can be concluded that femtosecond laser ablation is more efficient than picosecond pulsed laser
because it is a non-thermal process, and the presence of nanostructures benefits light trapping and
confinement of heat conduction. Furthermore, the suppositions on light interaction and heat
conduction were supported by simulations using Lumerical FDTD and HEAT. Additionally, we
have proved the potential of TiN being an optical limiter through nonlinear transmission optical

test.

In chapter 6, a core-shell nanotube catalyst was fabricated consisting of atomic layer deposited
HfN shell and anodic TiO> support layer with full-visible regime photoactivity for
photoelectrochemical water splitting. The HfN active layer has two unique characteristics: a large
bandgap between optical and acoustic phonon modes, and no electronic bandgap, which allow a
large population of long life-time hot carriers, which are used to enhance the photoelectrochemical
performance. The photocurrent density (~ 3 mAcm™ at 1 V vs Ag/AgCl) obtained in this study

under AM1.5G 1 Sun illumination is unprecedented, as it is superior to most existing plasmonic
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noble metal decorated catalysts and surprisingly indicates a photocurrent response that extends to
730 nm. The result demonstrates the far-reaching application potential of replacing active

HER/HOR noble metals such as Au, Ag, Pt, Pd, etc with low-cost plasmonic ceramics.

7.2. Future works

Future works can be carried out in the following aspects.

In the context of further boost photocatalytic efficiency by improving light management, advanced
fabrication techniques are required for precise control of the size, geometry and position of
nanostrcutres. We have seen the relation between nanostructure and catalytic activity as described
in the previous Au-PMTiNT research. Not only the photocatalytic performance but the selectivity
can be controlled by light manipulation. There are many the state of art techniques exhibiting the
capability of fabricating sophisticated and periodic nanostructures such as nanoimprint lithography,
microelectrical discharge machining, laser scanning holographic lithography. The future outlook
of a rational nanostructure for photocatalysis should include many features including but not
limited to highly efficient light absorption and large active surface area. However, it still requires
large amount of efforts and will encounter unexpected challenges. Progress in nanofabrication

skills will open the door of solar energy harvesting wider.

Additionally, exploiting new nanomaterials is also important in the research pathway. The first
priority is to explore the inventory of non-toxic, earth-abundant, and high-performance materials.
Graphitic carbon nitride is novel and appealing 2D material that has demonstrated its remarkable

potential and gained large recognition from scientists. Another particular attention is paid to
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substitute expensive noble metals as we mentioned in previous chapters. Transition metal nitrides

are good candidates that are still in preliminary stage and require intensively study.

Lastly, exploring the applications of newly developed nanostructures and nanomaterials would be
another significant step. Besides applications we have investigated in this thesis, there two
categories worth more study that are photoelectrochemical CO; reduction and photothermal
heating. Photoelectrochemical water splitting has proved its feasibility as a practical method for
hydrogen generation. The same may happen with CO, reduction considering the urgency of
closing carbon loop and the value of producing fuels. It might become the fast track for us to
further improve solar penetration and facilitate CO; conversion. Similarly, photothermal effect has
been widely used in many scenarios which we have discussed in the chapter 5. We can expect

great results from optimized transition metal nitrides with rational nanostructure design.

Hitherto, there is still a long way to go before commercially use photocatalysis to provide clean
and inexpensive energy, despite recent remarkable progress and appealing findings. However, it
does not limit the opportunity of photocatalysis. As a whole, the abovementioned issues will be

used as a mind map for the future research.
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