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Abstract

The enormous and continuous release of anthropogenic CO> into earth’s atmosphere have
excessively increased the atmospheric CO- level, resulting in natural carbon cycle disturbance
and stemming the critical issues of global warming, climate change and environmental
pollution. Amongst greenhouse gasses (GHG), CO: is a prominent gas responsible for
proliferating the greenhouse effect. An effective approach to overcome such issue of elevated
atmospheric CO> level is to capture CO> followed by its utilization in industrial processes
and/or its conversion to useful chemicals/fuels. As revealed by thermodynamic studies, CO> is
a very stable molecule, demanding additional energy to overcome the uphill barrier for its
conversion to useful chemicals. In this regard, several approaches have been developed to
overcome the overpotential in its conversion to useful chemicals. Various techniques include
chemical conversion, thermal conversion, biological conversion, electrocatalytic conversion,
photoelectrochemical conversion and photocatalytic conversion. Amongst these approaches,
photocatalytic CO> conversion/CO; photoreduction via solar light to useful hydrocarbons and
chemicals seems to be an appealing and compelling strategy, well-fitting to the objectives of
renewable energy utilization and, environment and energy infrastructure in a sustainable
manner. Despite of extensive research and development, the respective field still remain in its
infancy and demand enormous amount of efforts for improved photocatalytic performance and
product selectivity. A plenty of photocatalytic materials have been developed for improved
CO2 photoreduction, amongst which Titanium dioxide/Titania (TiO2) and/or TiO based
photocatalysts are extensively studied within the scientific society. TiO, offers several
advantages such as corrosion stability, abundant availability and low cost, though its

performance is largely limited due to inadequate light absorption, mainly attributed to its wide



band gap (~3.2 eV) and low quantum yield in sunlight due to surface and bulk volume charge
recombination. However, despite of such critical disadvantages, TiOz still remains a champion
material in the field of photocatalysis due to its stable and commendable properties. A number
of approaches have been developed to overcome the issues of limited light absorption and
efficient charge separation, including doping with non-metal or noble metal co-catalysts,
coupling with low band gap semiconductors, and the synthesis of carbon-based TiO>
composites. Hence, with the aim of improving the photocatalytic performance of TiO. and
TiO, based materials, the experimental works performed and investigated in this thesis consists
of three key strategies leading to enhanced light absorption and improved charge separation for
TiO. and TiO2 based materials. Mainly three experimental works are done and investigated
during Ph.D. research which include approaches such as (i) foreign element doped sodium
titanate nanotubes (Na'™-TNT), (ii) synthesis of reduced graphene oxide (rGO) coupled TiO>
nanotube arrays, a novel heterostructured photocatalyst and (iii) development of reduced TiO>
by a newly developed approach.

During past few years, TiO> nanotubes (TNT), a one dimensional (1-D) TiO-
nanostructures have attracted a great interest among the photocatalysis research community,
offering more active sites and improved charge separation by its high surface area and
directional charge transport. In the first experimental approach of the thesis, an attempt was
made to enhance the photocatalytic performance of sodium titanate nanotubes (Na*-TNT) by
a co-doping strategy of foreign elements. Carbon and nitrogen co-doped sodium titanate
nanotubes (C,N-TNT) are synthesized by designing a simple two-step process, comprising of
an alkaline hydrothermal technique followed by calcining the well mixture of Na*-TNT
(obtained from alkaline hydrothermal method) with varied amounts of urea (as a nitrogen and
carbon dopant source). The photocatalysts are characterized using numerous experimental

techniques, and investigated under simulated solar light spectrum for the photocatalytic



conversion of CO> and water vapor to methane (CH4). The C,N-TNT sample with optimum
dopant concentration yields the maximum methane yield of 230.80 ppm-g*-h?, 2.63 times
more than pure Na*™-TNT. The key factors contributing to enhanced photocatalytic performance
include increased light absorption, surface area and Na* ions concentration in TNT which acts
as a CO» adsorption site and photogenerated electrons recombination centers. It is observed
that higher doping of the TNT, resulted in lower photocatalytic performance which might be
due to decreased surface area or increased recombination centers. Our results suggest, co-
doping of nanostructured photocatalysts is an excellent pathway for improving textural and
photocatalytic properties for the respective application domain.

Graphene based TiO2 nanostructures have also been found to offer improved
photocatalytic/photoelectrochemical properties, with graphene contents enhancing light
absorption as well as promoting rapid charge transfer. With the aim of improved photocatalytic
performance via enhanced light absorption and efficient charge separation, an attempt is made
in second experimental work of the thesis for the synthesis of novel heterostructure comprising
of reduced graphene oxide (rGO) coupled with 1-D TiO2 nanotube (TNT) arrays. A facile
synthesis approach is designed resulting in a noble metal-free novel nanostructured
photocatalytic material, comprising of one-dimensional arrays of TNT covered with reduced
graphene oxide and TiO2 nanoparticles termed as rGO-TNTNP. The probable mechanism
which might be involved in the fabrication of such novel nanostructured photocatalyst is
proposed on the basis of reported literature and experimental results specifically, Raman
spectra, XPS data and SEM images. The novel nanostructure exhibits significantly improved
photocurrent density and photochemical activity via photocatalytic conversion of CO2 into CH4
under simulated solar light irradiation. The rGO-TNTNP produces CH4 with an evolution rate

of 5.67 ppm-cm?-ht, 4.4 times more than pure TNT sample (1.28 ppm-cm?-h™). The improved



performance appears due to the combined effect of enhanced light absorption and effective
charge separation promoted by the rGO content over photocatalyst surface.

The discovery of black or reduced TiO2 materials with extended light absorption and
suitable band structure has offered improved photocatalytic properties. Until now a variety of
methods have been reported for the synthesis of reduced TiO2 (RT), suggesting different
material properties which can be manipulated by a number of process parameters. In the third
and last experimental work of the thesis, the performance of RT for CO2 photoreduction with
water vapor to hydrocarbons mainly CHa, is investigated under simulated solar light irradiation.
The RT employed in this work is synthesized by a newly developed reduction process using
dual reducing agents i.e. Mg in 5% Ha/Ar. Further, to improve the charge separation efficiency,
platinum (Pt) nanoparticles as co-catalyst are loaded by a photodeposition method and Pt
concentration is optimized on the RT surface. With optimally photodeposited Pt nanoparticles
on RT, it exhibits a stable performance and a threefold increase in CH4 production rate (1640.58
ppm-g*-htor 1.13 pmol-g*-h?) as compared to Pt photodeposited pure commercial nano-
TiO, (546.98 ppm-g*-h', 0.38 pmol-g*-h?). The improved photocatalytic performance is
mainly attributed to the suitable band gap with enhanced light absorption, well-aligned position
of band edges against CO2/CHa redox potential and efficient photogenerated charge separation
by well-dispersed Pt nanoparticles co-catalyst having optimum size, concentration and well

dispersion.

Keywords: Solar light activated photocatalysts, Photocatalytic CO2 conversion, TiO:

nanotubes, Co-doping strategy, Reduced Graphene Oxide, Reduced TiOx.
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Chapter 1. Introduction

1.1 Impact of industrialization on environment

The industrial and technological uprising for economic growth, social modernization,
technological development and comfortable human life have been propelling urbanization and
industrialization in recent years [1]. However such benefits from industrialization are achieved
at a cost of intensive amount of energy specifically in forms of heat and electricity. Until today,
a major portion of the energy is generated from non-renewable resources like coal, fossil fuels
oils and natural gas. With the passage of time, it is believed that world energy consumption
will abruptly increase because of reasons of increased world population and higher energy
demand for the account of better life. According to International Energy Agency (IEA), the
final consumption of the energy had exceeded more than double in 2014 as that of 1974 with
the industrial sector, the largest consuming sector as shown in Figure 1.1a [2]. Further, amongst
the non-renewable, fossil fuels such as natural gas, crude oil and coal contributes major portion
to provide energy with crude oil as a dominant primary energy supply fuel in 2014 (Figure
1.1b) [2]. The increased energy demand will lead to depletion of fossil fuels with severe and
harmful effects on the environment and human health significantly by the emission of toxic
byproducts during their refined production and usage. Hence, industrialization, transport and
human activities for the technological development and social modernization promotes rapid
consumption of fossil fuels with a variety of environmental disruptions such as greenhouse gas
(GHG) emissions, noise pollution, air pollution and severe effect on the crops and living
organism’s ecology via toxic substance emissions [3,4]. As energy is consumed in all such
activities (industrial, transport or residential activities), hence its usage and conversion to
useable forms like heat, electricity and power is considered as a proxy for all such
environmental impacts. The fossil fuels usage for energy generation provides high energy

density with easy storage and transport, but their excessive usage has induced a serious and



severe issue of GHG emissions specifically carbon dioxide (CO.), along with security and

economic concerns related to depletion of limited and finite fossil fuels reserves.
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Figure 1.1 (a) Energy demand with respect to various consumer sectors. (b) Comparison of

energy produced form various primary energy sources. (Taken from Ref. 2)

Such GHG emissions if are not dealt properly, then their increased concentration might
amplify exponentially several challenging issues like climate change, sea level rise,
environmental pollution and adverse effects on crop cultivation and human health. Numerous

models forecasted an increase of 2-3 °C in temperature by the end of 21 century mainly
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contributed by global warming induced by GHG emissions [3,5]. Further it is very crucial and
strenuous to recover from such climate alteration as it requires a lot of efforts and long duration
to retain the original environmental status, as an example, 50 to 100 years are needed for
normalizing half of the anthropogenic CO- being spread in 4 to 8 years. Hence it is of extensive
urgency to deal with such a substantial issue with a potential solution, well-fitting to the
eradication of global warming and well-matching the energy infrastructure in a carbon neutral
manner.
1.2 Carbon dioxide (COz2): A potential greenhouse gas

Greenhouse gases (GHG) emissions as a result of fossil fuels utilization is a topic of
extreme interest amongst the global scientific society specifically when it comes to global
warming. The GHG promotes the greenhouse effect by trapping the sun’s heat or heat emitted
from earth’s surface and radiating it back, hence amplifying the issues of climate change and
global warming. The most significant GHG includes carbon dioxide (CO2), methane (CHa),
ozone (Oz), nitrous oxide (N20), fluorinated gases (HFCs, PFCs) and water vapors. Amongst
various GHG, CO; is the most prominent contributor to climate change over the past century
as compared to the other gasses [6,7]. The CO2 is mainly produced and released into
atmosphere by human activities. According to IEA [8], CO2 emissions via combustion of fuels
for energy, industrial and transportation sectors dominates the total GHG emissions. One can
clearly notice from Figure 1.2 that the energy sector releases the largest amount of GHG into
atmosphere and contributes around 90 % of the GHG emissions. Thus the energy sector is
considered mainly for CO2 emissions with CO2 a key and potential greenhouse gas and largest
share amongst GHG emissions. As reported in year 2014, around 22 million tonnes of coal, 12
million tonnes of oil and 10 billion m® of natural gas are consumed each day which fulfills

around 82 % of energy demand [9]. All such energy sources together release around 30 billion



tonnes of anthropogenic CO: thus increasing the atmospheric CO2 concentration to 400 ppm

which is about 40 % higher than mid-1800s, i.e. pre-industrial era [8,9].
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Figure 1.2 Share of the global GHG emissions with respect to various consumer sectors.

(Taken from Ref. 8)

Due to this reason, CO> emission is considered as a primary cause for the global warming,
bringing about adverse climate change and other irreversible effects on nature driven
environment. The key and major adverse effects of global warming are explained below:
1.2.1 Climate change

One of the key issue which is globally of great importance is unusual change in climatic
patterns of the earth [4,6]. This means disturbance of the natural variation in temperature due
to global warming resulting in extreme, more frequent, widespread and intense weather events
such as heat waves, floods, storms and droughts. Such a climate change is believed by the
climate scientists due to increase in the earth’s average temperature.

1.2.2 Increase in earth’s average temperature

It is of common insight that the global warming induced by GHG emissions adds energy to
the earth’s biosphere resulting in heat, which acts as a fuel for earth’s temperature rise [5].
Further the energy also drives the water cycle thus leading to extreme weather patterns. The

International panel on climate change (IPCC) predicts that by the year 2100, the atmospheric
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COz2 concentration may rise to 570 ppm with a 1.9 °C rise in the earth’s average temperature
[10].
1.2.3 Rise in sea level

Another severe effect of global warming is the rise in the sea level [11]. As mentioned
above the average temperature of the earth is increasing which will directly affect the polar ice
caps by melting them. The melting of the polar ice caps will results in raising sea level,
imbalance of global ecosystem, promoting the temperature rises and will change the landscapes
of the glaciers.
1.2.4 Spreading of diseases

Increase in earth’s temperature can lead to air pollution such as formation of photochemical
smog and Ozone which causes a certain adverse respiratory effects like airway irritation,
coughing, reducing lung functions, asthma, emphysema and bronchitis [4,12]. Further many
airborne allergens are also significantly enhanced by climate change e.g. the rise in pollen
counts with increase in temperature and increase in mold and fungal growth by flooding hence
again associated to respiratory ill-health. On the other hand the rise in water level can provoke
the major water-borne diseases such as cholera, cyclospora, cryptosporidiosis, campylobacter
and leptospirosis.
1.2.5 Disturbing ecosystems

Such abrupt climate changes induced by global warming also effects the various
ecosystems around the globe [4,13]. It is observed that uncounted valuable species will either
face extinction or might shift their ranges. Such extinction or shifting will lead to numerous

pests and tropical diseases specifically spreading in the warmer regions.



1.2.6 Crops cultivation

Moreover, all above mentioned issues will harm the crops natural biological systems and
will pertain towards the imbalance of benefit vs. harm of plants and crops [7,13]. Due to
increased temperature and water level some crops will be benefited while the others are
harmed. Similarly, the increased CO> level will make the oceans more acidic, harmful for coral
reefs and also effects fisheries and marine life.

Hence to overcome above mentioned issues and adverse effects of global warming,
immense efforts are required on emergency basis to save the human planet i.e. earth from
several disasters in near future. The issue of global warming should be handled in an engineered
and realistic manner with the development and implication of various methodologies and
approaches such as enhancing energy efficiencies, selecting non-emitting alternatives for
energy production and reducing the GHG emissions via carbon tax policy. All such approaches
should be aimed towards only one objective of “bringing back the CO> level where it was”,

thus solving all the issues associated with global warming.



1.3 The “Carbon Cycle” disturbance

Carbon cycle, like various other natural cycles is one of the key biogeochemical cycle with
prominent influences on atmosphere and terrestrial biosphere [14,15]. The key step in the
carbon cycle is the transformation of carbon containing compounds specifically atmospheric
CO: into carbohydrates by plants photosynthetic process. Such carbohydrates are then
consumed by herbivores which again releases the CO. (via respiration) into atmosphere.
However beyond the terrestrial reservoir (including plants, animals, soil microbes and
decomposed organic materials), oceans also contributes as a reservoir to absorb the
atmospheric CO> at the water surface via simple diffusion. The CO- solubilized at the ocean
surface can be converted to carbonates/bicarbonates which are fixed biologically by ocean and
sea environment to CaCOs. This material is helpful for body parts of various aquatic organisms.
However, in case of excess CO> absorption by ocean and sea water, it can lead to formation of
carbonic acid and can affect the aquatic life. The basic schematic of the carbon cycle is

portrayed in Figure 1.3.
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Figure 1.3. Schematic of the natural carbon cycle with demonstration of natural pathways and

anthropogenic pathways influencing the carbon cycle. (Taken from Ref. 14)
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Since the industrial revolution of 1800s, for better and comfortable lifestyle human beings
have started the burning of fossil fuels (inorganic materials like coal, oil, shale and natural gas
which is believed to be biomass of dead plants and animals stored in the earth crust over
millions of years) in turn releasing the stored carbon in them into atmosphere mainly as CO>
and CH4 gases. Such burning of fossil fuels as a means to generate heat, electricity, for
industrial processes and transportation etc., definitely makes the human life better and
comfortable, but on the other hand had accelerated the CO- concentration in atmosphere which
ultimately influences and disturbs the natural carbon cycle. As mentioned previously (section
1.2), anthropogenic CO; (CO2 generated by human activities) has led the atmospheric CO>
concentration increase to 400 ppm which is about 40 % higher than mid-1800s, i.e. pre-
industrial era. Such a gigantic increase of atmospheric CO- is difficult to compensate by the
natural carbon cycle, thus as a result the excess CO2 remains in the atmosphere or absorbs into
water sinks (oceans, seas, lakes etc.) influencing the terrestrial and aquatic life. The excess CO>
in atmosphere is a very crucial and important issue to deal with as it is considered a prominent
GHG, altering the earth’s radiant energy balance resulting in global warming and climate
change. Hence, human activities and industrialization have certainly played a primary role in
disturbing the natural carbon cycle, booming the issues of climate change and global warming.
To fix such issues, several researches are under investigation by global scientific community

to minimize, prevent or inhibit the increased level of atmospheric CO..



1.4 Normalizing excess atmospheric COz2 level
In order to overcome the issues of climate change and global warming, there is an intense

need to minimize and normalize the increased atmospheric CO. level. In this regard the

scientific research and development provides an effective and realistic pathway of “carbon
capture and utilization (CCU)” technology to overcome the increased atmospheric CO; level

[16]. CCU can be further subdivided into (i) CO2 capture/separation via various technologies,

followed by (ii) its utilization/conversion into useful chemicals and/or fuels.

1.4.1 COz2 capture and separation
As mentioned previously CO2 concentration in atmosphere currently is estimated to be

around 400 ppm which has 40 % increased as compared to that in pre-industrial era. However,

with respect to CO> capture/separation technology, such concentration is still low and hence
requires expensive and sophisticated methods/processes to capture it. Thus it is more beneficial
and advantageous to capture/separate the CO> from the stationary sources of flue gases rather
than the atmosphere, such as electric power plants, coal fired plants and various industrial
chimneys. The main CO; capture/separation technologies frequently used in industrial process

are as follows [17]:

a) Absorption: In absorption technology, the flue gas is allowed to flow upward in a absorber
column, while the liquid solvent acting as an absorbent is flowing down. On contact with
the solvent, CO> gas gets absorbed in the solvent and the COz rich solvent is collected at
the bottom which is then taken to the stripper for steam regeneration of CO, gas. The
commonly solvents used for CO gas absorption includes, glycol ethers, methanol, and
monoethanolamine (MEA) 20-30 % in water.

b) Adsorption: Adsorption technology use solid materials as CO> gas adsorbents to capture
the COz gas. In this method, flue gas is allowed to pass through the solid adsorbent in the

form of packing and sieves, CO> gas gets physically or chemically adsorbed on the solid



d)

adsorbent surfaces which is then desorbed using pressure swing or temperature swing
systems. A variety of adsorbents used nowadays include metal-organic frameworks
(MOFs), supported amines, polymers and zeolites.

Membrane separation: Another effective approach to capture/separate the CO> gas from
flue gas is using the membrane technology. Various membranes such as polymeric
membrane, matrix membranes and functionalized membranes can be utilized with the
required selectivity for efficient capture/separation of CO2 gas form flue gas.

Cryogenic distillation: The cryogenic technology also offers an effective approach to
achieve the solid and liquid CO. via cooling down to -110 and -56 °C respectively. This
process is comparatively reliable with COz product in different phases but such technology
requires multistep cryogenic distillation to remove other products and hence requires high

capital and energy cost.

1.4.2 CO:g2 utilization and conversion

Once the CO2 gas is captured successfully, the next task is to effectively utilize/convert the

CO2 gas in order to harvest the maximum benefits form CO> capturing technology [16,17]. As

CO: is a well-known stable molecule, hence extra energy is always required to convert or

transform into useful chemical or fuel product (the detail explanation regarding the

thermodynamics of CO> conversion is presented in the next section). At present several

approaches are available for CO2 gas conversion into useful products. Few of them are

tabulated in table 1.1 and briefly explained as follow [17-19]:

a)

Chemical conversion: Chemical conversion mainly involves the reaction of CO- gas at
specified temperature and pressure conditions with other reactants to give useful products.
Some of the examples are as follow: (i) synthesis of potassium or sodium salts of phenols

by reaction of carboxylic acid with CO> gas, (ii) methanol synthesis also employing small
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b)

d)

amount of CO2 gas, (iii) DMC (dimethyl carbonate) an important reactant for synthesis of
polycarbonate, polyurethane, is produced by reaction of methanol and CO,.

Thermal conversion: This method involves a one-step direct chemical reduction process
at very high temperatures with strong reducing metals/ metal oxides such as Mg, Na, Sn,
CeO; etc. At elevated temperatures such metals chemically reduce the CO> gas to various
products like C, CO etc. with their respective oxides or reduced metal oxides.

Biological conversion: Various biological microorganisms also provide an opportunity to
transform the CO- into useful products photosynthetically or non-photosynthetically.
Microalgae have 10 times greater ability to fix CO2 using sunlight as compared to simple
plants. The bacteria Methanobacterium thermoautotophicum can convert the CO> with H:
stream into CH4 with 80 % of theoretical yield.

Electrocatalytic conversion: This approach provides an electrocatalytic reduction of CO
into fuels in similar manner as water electrolysis. The CO2 reduction occurs at the cathode
surface whereas the oxygen is evolved at the anode. The CO: reduction efficiency depends
upon the catalytic material used as a cathode surface. The external electrical current is
provided to overcome the uphill energy barrier to convert/reduce the CO; into useful
products/fuels.

Photoelectrochemical conversion: The photoelectrochemical conversion proceeds in a
similar manner as electrocatalytic method with the addition of sunlight as a bias along with
external electricity. Thus herein, in addition to electrical bias, solar energy is also irradiated
on the respective cathode to enhance the yield of the CO> conversion. In both the methods
i.e. electorcatalytic and photoelectrochemical, the hydrogen evolution reaction at the anode
surface competes with the CO> reduction process at the cathode surface which lowers the

product selectivity, a key problem in the agueous medium process. To improve the product
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f)

selectivity various attempts have been made with a non-aqueous medium as an alternate
medium to overcome the generation of hydrogen.

Photocatalytic conversion: The photocatalytic conversion involves the transformation of
CO2 gas via its reduction by electrons provided by a semiconductor/photocatalyst exposed
to sunlight. When sunlight is irradiated on a photocatalyst (placed in gaseous CO2 medium
or CO2 rich aqueous/non-aqueous medium), the electron-hole (e-h™) pairs are
photogenerated, electrons are given to surface adsorbed CO- species thus reducing the CO>
into useful products like CO, HCOOH, HCHO, CH4 and CH3OH while the holes are filled
by water oxidation reaction. The Photocatalytic CO. conversion/reduction requires
sacrificial electron donor and hydrogen source such as water, methanol and isopropyl

alcohol to regenerate the photocatalyst and improve the efficiency of the system.
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Tablel.1 Various approaches developed for conversion of CO> into useful chemicals/products.

Approach

Definition

Example

Chemical conversion

CO2 conversion proceeded by a

chemical reaction

Mg + CO; —» MgO + CO

Na + CO2 — NaxC204

Thermal conversion

CO, conversion on a catalyst

surface at high temperatures

CO; + Ce** — CO+1/20,
T >900°C

Biological conversion

Chemical conversion of CO; into

other products promoted by

biological organisms

CO2 +4H2 — CH4 + H20

Bacteria

Electrocatalytic

conversion

CO2 conversion on a catalyst
surface by externally applied

electric bias

CO, +2e +2H" — CO+ H.0
eV

Photoelectrochemical

conversion

CO2 conversion on a catalyst
surface by applying a combination
of electric current and light as an

external bias

CO, +2¢e +2H" — CO+ H.0
hv +eV

Photocatalytic

conversion

CO2 conversion on a light active
photocatalyst surface under light

illumination only

CO; + 2e + 2H" — CO+ H,0
hv
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1.5 Photocatalytic CO2 conversion/reduction
1.5.1 Introduction

In 1972, Honda and Fujishima reported the generation of Hz and O2 from water splitting by
a photoelectrochemical process i.e. illuminating a TiO2 anode in an electrochemical system
[20]. Since then an enormous amount of interests have been developed in the field of photo-
electrochemistry for the development of highly efficient photoelectrochemical or
photochemical systems. Such process of yielding photocatalytic Hz> or Oz is conventionally
termed as “artificial photosynthesis” (AP) and was focused mainly towards water splitting in
the early days. Being motivated form AP, Halmann in 1978 attempted to yield formic acid,
formaldehyde and methanol using an electrochemical cell bubbled with CO2 employing a
single crystal p-type GaP irradiated using an Hg lamp [21]. In 1979, just after an year of
Halmann experiments, Inoue and co-workers demonstrated the production of formic acid,
formaldehyde, methanol and methane via photoelectrocatalytic CO> reduction over a variety
of single semiconductor materials which include TiO2, ZnO, CdS, GaP, SiC, and WOs [22].
Since the breakthrough works by Halmann and Inoue, an excessive investigations have been
done and are indulged for the development of AP technology for efficient CO> photoreduction,
particularly pure photocatalytic systems, utilizing only sunlight as an energy source and free
from any additional external bias.

Amongst various technologies as mentioned above, photocatalytic CO2 conversion via
reduction reactions into useful chemicals and fuels seems to be most appealing concept, as it
can use a free source of energy i.e. sunlight to proceed the photocatalytic reduction reactions
[17,23,24]. Such approach provides a ready-made mean to utilize a gigantic renewable energy
source i.e. sunlight for conversion of CO> into useful chemicals or fuels, ultimately supporting
the minimization or normalization of atmospheric CO: level with producing useful chemicals

and fuels in a sustainable manner.
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The photocatalytic CO. conversion/reduction is carried out on the surfaces of
semiconductor materials, an attractive type of materials possessing a gap between the filled
valence band (VB) and bottom of the conduction band (CB), well known as band gap. Unlike
metals which possess a continuum of energy states, semiconductor materials have gap in
between the fully filled electronic states (VB) and unfilled electronic states (CB), termed as
band gap. When light is irradiated on them, the semiconductors absorb photon from the light
whose energy is equal or greater than the band gap. Such light absorption can excite electrons
from valence band to conduction band thus creating electron-hole (e-h™) pairs with the
electrons exciting to the conduction band while the holes remaining in the valence band [25].
Once the electron-hole (e™-h™) pairs are photogenerated by sunlight, they migrates toward the
surface of semiconductor or photocatalyst following one of the below mentioned four pathways
to proceed the fruitful reactions or generation of energy/heat [26]:

. Donation of the photoexcited electrons to the acceptor species.
Il.  Donation of the photogenerated holes to the acceptor species.
I1l.  Recombination of the photoexcited charge carriers (e™-h™ pairs) within the volume of
the semiconductor/photocatalyst material.
IV. Recombination of the photoexcited charge carriers (e-h* pairs) at the surface of the
semiconductor/photocatalyst material.

The first two paths (path (I) and (I1)) proceeds leading to the required redox reactions and
are more effective when the reactant to be reduced or oxidized is adsorbed on the surface. In
contrary, the photogenerated charge carriers can also lead to the volume recombination or
surface recombination if not separated efficiently i.e. path (iii) and path (iv) respectively.

In case of photocatalytic CO reduction, CO gas is reduced by accepting the photoexcited
electrons and reacting with protons to give the desired products, whereas the holes are

regenerated by hole scavengers or electron donor reagents such as water, methanol, isopropyl
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alcohol etc [23,24]. The schematic demonstration of the basic mechanism involved in
photocatalytic reactions for general photocatalysis and CO, photoreduction are depicted in the

Figure 1.4.

() (b)

H,0
h*h*hts (b
0,,H"

Figure 1.4 (a) General representation of photogeneration of electron-hole pair in a
semiconductor material and possible pathways to proceed reactions and recombination (A=
electron acceptor and D= electron donor). (b) Schematic presentation of reaction pathway for

photocatalytic CO. conversion to useful products.

1.5.2 Thermodynamics

COz2 is a well-known thermodynamically stable molecule with a standard Gibbs free energy
of AG® = -394.4 KJ-mole in gaseous form [24]. Because of such a low relative energy, it is a
very stable molecule and hence extra energy is needed to be given to the reaction mixture
comprising of CO; reactant for its conversion/transformation to useable chemicals. According
to Gibbs free energy equation (equation 1.1 and equation 1.2) [24], more negative potential is
required than E° to overcome the overpotential and making the AG® negative enough to proceed
the reduction reactions of CO2 in a spontaneous manner.
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AG® = nFE° (1.1)
Where, AG°® = Standard Gibbs free energy, n= no of electrons involved in the reaction, F=
Faradays constant (96465 C-mole™) and E°= standard potential of the respective reaction.
n=E-E° (1.2
Where, n= overpotential, E= required potential and E°=standard potential

Such a potential in terms of extra energy can be applied by various means such as thermal
energy, electrical energy, chemical energy and light energy. Ideally, renewable sources of
energy such as light, wind, hydropower etc. should be utilized to overcome the overpotential,
however, the reactants involved in the reaction can also be selected to avoid the overpotential
and overcoming of activation barrier in order to achieve the desired products. Peter et al.
suggested two different catalytic pathways for conversion of CO. feedstock into desired
products [16]. First path follows the reaction of CO> with high energy reactants on catalyst
surface transforming into low energy product, whereas the second path involves the reaction
of CO2 with medium or low energy reactants along with extra energy which is added to the
reaction mixture resulting in high energy products. The schematic view represented by them is

shown in Figure 1.5.

(a) (b)
Energy = Energy P ’
[kJimel] l [kd/mol] l High-
High- energy
energy ; K ., product
— Medjum: { catalyzed "N
) § Catalyzed™, Low- energy ¢ reaction ELeergty SUPPY
) i N reactant 4 =
W reaction ..‘. energy i i « Light
0 / ' %, product 0 St F || * Electricity
co, co, ) )
-393 o z / Exothermic reaction - 393 Endothermic reaction

Figure 1.5 (a) Thermodynamic pathways displaying the activation barrier for CO, conversion

into products with (a) high energy reactants and (b) low energy reactants. (Taken from Ref.16)
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Therefore, in accordance with the respective redox potential, an optimal photocatalyst
should harvest enough sunlight to allow the conversion or reduction of CO> to the desired
products. Due to possessing high stability, it seems impossible for a photocatalyst alone to
reduce CO; into products, therefore the CO: reduction is proceeded with the support of
reducing agents such as H>O, H; etc.[16,24]. The reducing agents regenerates the photocatalyst
by readily providing the electrons in order to fill the holes, releasing protons in turn. Such
released protons can react with the surface adsorbed CO. and electrons to give the desired
product, a relative feasible and less energetic pathway. Such process is commonly known as
proton assisted multi-electron photoreduction process and is generally accepted among the
research society indulged in the respective field. Furthermore, the selectivity of the product can
be manipulated by varying the properties of the photocatalytic materials such as aligning the
conduction band and valence band edges with respect to the redox potentials of reduction
reactions. The redox potentials for various CO reduction reactions (at pH=7.0 and E vs. NHE)
with water in vapor or in liquid form are obtained from reported data and summarized in Table
1.2 [27].

Based upon the redox potential information, one can selectively choose or develop the
photocatalyst material with its conduction band edge position lying at more negative potential
than the redox potential of the desired product, whereas the valence band edge at more positive
potential then the redox potential of the reducing agents such as in case of water, it should lie

below the water oxidation potential (+0.81 V vs. NHE, pH=7.0).
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Table 1.2 Electrochemical Redox potentials (E° vs. NHE, pH=7.0) for CO> reduction into a

variety of useful chemical products. (Obtained using data from Ref. 27)

No. Reactions E°vs. NHE (V)
1 CO2 + 2H" + 2e* - HCOOH -0.61V
2 CO2 +2H" + 2e° — CO + H,0 -0.53V
3 COz + 4H" + 40 — HCHO + H,0 -0.48 V
4 CO; + 6H" + 66" — CH30H + H20 -0.38 V
5) CO2 + 8H" + 8e" — CH4 + 2H20 -0.24V
6 2H" +2e" — Ha -041V
Water oxidation reaction
7 2H20 — Oz + 4H* + 4e° +0.81V

1.5.3 Mechanism and reactions pathways

As mentioned above and is well known, CO is the most thermodynamically stable
compound of the carbon family, thus an enormous amount of effort is required to break up the
C=0 bond and forming the desired C-H bonds in the products. Because of the very stable and
low Gibbs free energy, it is very difficult and challenging for a photocatalytic material itself to
convert, transform or reduce the CO; into useful chemicals, hence the conversion or reduction
of CO2 is more feasible in the presence of reducing agents such as H20, H, and amines etc.
H-0 as a reducing agent is the most preferable choice because of easy handling, less toxicity
and cheaper reactant. Therefore a mixture of CO, and H>O is commonly used for the
photocatalytic conversion of CO- into desired products. As the light is illuminated upon the
photocatalyst with adsorbed CO2g/H20n mixture, the photoexcited electrons are rapidly
transferred to the adsorbed CO- and in the presence of protons (H*, which are provided by

reducing agents) reacts to give the desired products. It is reported that CO2 is generally
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adsorbed in five possible configurations as reported by Tu et al. and portrayed in Figure 1.6

[23].
Linear adsorption Monodentate binding Bidentate binding via
with surface O, atoms through C atom both through C atom
(o] and O, atom
ks (o)
b
c ; 0,
3 A,
oi z—(
M M O
Bridged carbonate Bridged carbonate
geometry pointing geometry pointing

downward upward

M O M M O M

Figure 1.6 Possible adsorption configurations of CO2 molecule on the photocatalyst surface
(blue ball= M, metal of metal oxide, red ball= C, carbon atom of CO-, yellow balls with a and
b are O atoms for CO> and yellow ball without any indication is oxygen atom of metal oxide

surface). (Taken from Ref. 23)

The exact pathway for the CO photoreduction is still not clear but depending upon the
binding and bridging mode of CO> with photocatalyst surface, two key accepted full pathways

have been proposed in the literature. These pathways are explained as follow:

I.  Carbene pathway [28-31]
In the carbene pathway, CO»~ radicals are believed to form very quickly by injection
of single electron to the surface adsorbed CO2. These CO>*" radicals bond to two metal
atoms (e.g titanium atoms) in a bidentate mode through a carbon atom. These radicals
can react with hydrogen radicals and electrons to form CO as an intermediate product

which can remain adsorbed on the photocatalyst surface, further reacting with electrons
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and hydrogen radicals to convert to carbon residue. The carbon residue can then reacts
with number of electrons and hydrogen radicals in multi-steps to give CH- radical,
carbene, methyl radical and finally methanol or methane as key products. The possible
reactions reported in the literature for carbene pathway are given as follow:
L CO2+e — COx~
" COzr +e+H"— CO+OH
- CO+e—-CO
V. «CO+e +H"'—C+OH
V- C+e+H'—CH:
VI CH'+e +H"— CH;
VIl CHz+e +H"— CHs
vi.  CHs+e +H"— CHs

X CHz+ OH — CH3OH

Formaldehyde pathway [32,33]

In this pathway the formation of carboxyl radical (-COOH) is mainly favored due to
monodentate configuration via binding of one oxygen atom to metal (titanium) atom or
binding of materials surface oxygen atom to the carbon atom of the CO. The carboxyl
radical (-COOH) can react with the hydrogen radical (H*), which is provided via
reduction of Hy or oxidation of water by photogenerated electrons and holes from the
photocatalyst respectively, and forms the formic acid. The formic acid proceeds multi-
steps of electrons accepting and dehydration reactions to give formaldehyde, methanol
and methane. The proposed reactions involved in the formaldehyde pathway are given

as follow:
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VL

VIL.

VIIL

IX.

X.

CO2+e — COx

CO2» + H"— -COOH

‘COOH + ¢ +H" — HCOOH
HCOOH + e + H" — H,00C-
HC-OOH + e + H" — HCOH + H20
HCOH + e — H,C-O"

H.C-O" + H" — H,OHC:-

H2OHC-+ e + H" — CH3OH
CHs3OH + e + H" — *CHs + H20

‘CH3 +e + H"— CHg4
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1.6 Photocatalytic materials trend

Conventionally the photocatalytic CO> reduction or conversion is carried out on variety of
inorganic semiconductor materials comprising of metal oxides such as TiOz [34], ZnO and
NiO [35], metal chalcogenides like CdTe [36], CdS [37], ZnS [38], and various
heterosturctured semiconductors [39]. However, apart from inorganic semiconductor
materials, there are also several reports on utilizing the metal organic frameworks (MOFs) and
organic semiconductors for photoreduction of CO> [40,41]. Amongst all materials, inorganic
based semiconductor materials are still attractive and potential candidates to be employed and
tested in photocatalytic CO> conversion and other photocatalytic domains because of their
superior light harvesting capability, ease of manufacturing, less toxicity and superb stability.
Until today, enormous amount of researches have been conducted to employ inorganic
semiconductor materials in a variety of ways and approaches, starting from bare semiconductor
photocatalysts to metal/non-metal doped and junctioned semiconductors, all aimed towards the
performance and efficiency enhancement of the photocatalytic CO. reduction. The key for
selecting and choosing a semiconductor material for CO; photoreduction is that
thermodynamic redox potentials representing the conduction band edge and valence band edge
of the respective semiconductor material should be well aligned and matched with the redox
potentials of reactants to be reduced and oxidized respectively. Schematic for few renowned
photocatalytic materials displaying their conduction band and valence band edges relative to

the redox potential of different chemical species [42] is shown in Figure 1.7.
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Figure 1.7 Band structures of selected photocatalytic materials vs. redox potential of CO>

reduction reactions and water oxidation reaction (at pH = 0). (Taken from Ref. 42)

Few excerpts from the semiconductor materials trend as a photocatalytic materials for CO>
photoreduction are selected from reported literature and briefly explained in the below sub-

sections.

1.6.1 Single semiconductor photocatalysts

A large amount of various single or bare semiconductors have been employed for
photocatalytic applications including CO> photoreduction. Over a single semiconductor which
provides a simple photocatalytic system but due to very low efficiency, single semiconductors
are not observed as an interesting or attractive domain to be investigated. The low efficiency
in case of single semiconductor can be attributed to various factors. Firstly, many
semiconductor materials possesses wider band gap e.g TiO2, ZnO which is very good for
chemical and environmental stability but on the other hand also limits the sunlight absorption
mainly to the Ultra Violet (UV) region which comprises only 4-5 % of the solar spectrum.

Hence because of very less light absorption, the performance of these photocatalysts are very
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low and not suitable for practical or commercial applications. On the other hand narrow band
gap materials like CuO, CdS, CdTe etc. which can absorb a broader region of sunlight (mainly
a greater portion of visible light) but exhibit poor performance because of poor charge
separation and high charge recombination. Furthermore, for narrower band gap semiconductors
another important parameter to consider is well alignment and matching of their conduction
and valence band edges for smooth and spontaneous reduction and oxidation reactions,
respectively. Second major issue faced in single semiconductor is absence of charge driving
force within the bulk volume, thus leading to high volume recombination rate of photoexcited
charge carriers. Thirdly as compared to metal surfaces, the semiconductor materials doesn’t
possess surfaces with high redox activation ability and in addition to volume recombination,
the photoexcited electron-hole pairs also recombines at the surface thus limiting the
photocatalytic efficiency. Despite of their poor photocatalytic performance, the single
semiconductor are still intensively investigated to develop a high performance single
semiconductor photocatalyst by various research approaches such as facet engineered
semiconductor materials, self-doped semiconductor materials, nanostructured semiconductor

materials, metal and non-metal doped semiconductor materials.

1.6.2 Doped semiconductor photocatalysts

Creating defects or vacancies in the semiconductors by self-doping and foreign impurities
(external doping) is considered as one of the effective approach to improve their photocatalytic
activity. The doping of semiconductor can manipulate and adjust the conduction band and
valence band edges by creation of defects or vacancies thus introducing new energy levels
around the conduction band and valence band edges or in between the original band gap. The
creation of these energy levels can lower the conduction band minimum or rises the valence

band maximum, narrowing the band gap of the bare or original semiconductor. As a
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representative example, consider herein a well-known champion metal oxide semiconductor,
titanium dioxide/TiO; for both self-doping, reduced (H-doped) and foreign elements doping.
In case of self-doping, oxygen vacancies are created within TiO2 by high vacuum treatment,
knocking out the oxygen atoms and narrowing the band gap. A variety of reduction methods
for TiO2 are also employed using strong reducing agents (H> gas, NaBHa4, and Mg) leads to
formation of several surface defects and high concentration of oxygen vacancies, thus
increasing the number of Ti** ions [43-45]. Such created oxygen vacancies or Ti** ions lead to
formation of localized energy states in form of a sub-band which can overlap the conduction
band minimum thus narrowing down the wider band gap of TiO2. The reduced TiO2 (TiO2x)
obtained after the self-doping phenomenon can then absorb a broad range of sunlight extending
up to visible and near-infrared (NIR) regions.

On the other hand, foreign elements doping of TiO> creates impurity energy levels by
getting doped into the lattice of TiO. or into oxygen vacancies in the TiO». For the case of
metal doping, such as Cr, Ni, V and Mn, [46] they usually get doped into the TiO. lattice
creating new energy levels within the band gap. However the metals doping are thermally
unstable and usually acts as an electron-hole recombination centers, thus because of such
reasons less attention have been given to metal doping of TiO>. In contrary to metal doping,
non-metal elements such as C, N, S and P [47] gets doped to the oxygen vacancies of the TiO-
lattice. The non-metals usually shifts the valence band of the TiO> via creation of impurity
energy levels above the valence band maximum. Such upward shift of the valence band
maximum, narrows down the band gap and thus provide an opportunity for TiO2 to harvest
broader range of sunlight. Furthermore, the doping effect can be made more significant with
more enhanced performance by a co-doping (bi, tri or quad doping of elements) strategy, i.e.
doping two or more than two elements for the aim of improved photocatalytic performance.

The schematic view for the self-doping and foreign elements doping is shown in Figure 1.8.
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Figure 1.8 Schematic illustration of band structure for (a) self-doped and reduced TiO>, and

(b) foreign element i.e. N doped TiOa.

1.6.3 Nanostructured semiconductor photocatalysts

Various nanostructures of semiconductors such as nanowires, nanosheets, nanobelts,
nanotubes and nanorods are also an extensively studied domain in the field of photocatalytic
CO2 reduction. The key advantage provided by the nanostructured photocatalysts are less grain
boundaries and defects as compared to conventional structured materials with higher possibility
of single crystal phase thus minimizing the photoexcited electron-hole recombination. In
addition, various nanostructures, specifically nanotubes and nanorods provides high surface to
volume aspect ratio and a unidirectional pathway for photoexcited electrons to diffuse to
surface of photocatalyst. Such pathway improves the separation of photoexcited electron-hole
charge carriers thus exhibiting the enhanced performance for the nanostructured photocatalysts.
Until now various nanostructured photocatalysts have been investigated in CO, photoreduction
e.g. TiO2 nanosheets [48], TiO2 nanotubes [49], HNb3Og nanoribons [50], NaNbOz nanowires
[51], Zn.GeO4 nanowires [52] etc., all these nanostructured photocatalytic materials had shown

an enhanced performance in comparison to respective bulk materials.

-27-



1.6.4 Graphene based photocatalysts

Since the discovery of Graphene, a breakthrough by Geim and Novoselov in 2004 [53], a
great amount of attention and investigation have been involved for the development and
application of graphene based materials in broad range of scientific and industrial applications.
Graphene is a single layer, two dimensional (2D) carbon layer with hexagonally packed lattice
providing some extraordinary and superb properties such as extremely high surface areas (2630
m?-g1), excellent electrical conductivity (20000 cm?V1-s1), high transparency and chemical
stability [54]. Due to such extremely marvelous properties of graphene, it has directed the
photocatalysis research field to develop graphene based photocatalytic materials for improving
their activities and performance. In the field of CO. photoreduction, graphene or graphene
related materials when coupled with photocatalysts can provide the following benefits,
resulting in improved photocatalyst performance:

I.  Efficient separation of photoexcited charge carriers, as graphene layers are highly
electrical conductive and can provide a direct pathway for the photoexcited electrons
to involve in photocatalytic reactions.

Il.  Improved CO- adsorption and activation via Pi-Pi interaction among CO> molecules
and graphene layers thus leading to improved availability of adsorbed CO> on surface
resulting in enhanced CO- photoreduction.

1. Graphene is also a chemical and light stable material so when wrapped on unstable
photocatalytic materials it can provide a moderate to good photo corrosion or chemical
stability to such materials.

IV.  Graphene or graphene related materials such as graphene oxide, reduced graphene
oxide can absorb a broad spectrum of light based on their respective band gap.

Therefore the light absorption of the photocatalysts can be improved via coupling with
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graphene or graphene related materials, which can help to improve their photocatalytic
activities.

V.  Lastly because graphene possess an extremely high surface area, also with many surface
functional groups so various photocatalytic materials can be linked or grown on the
surface of graphene sheets resulting in high surface area and well dispersed graphene
coupled photocatalysts.

Until now, various investigations have been done for application of graphene coupled
photocatalysts to improve the product yield of CO2 photoreduction. Moreover to harvest the
maximum advantage of 2D graphene sheets, various nanostructures of photocatalysts like
nanorods and nanosheets have also been coupled with graphene exhibiting significantly
improved performance. Some of the examples of graphene coupled photocatalysts for CO>
photoreduction includes, rGO-CdS nanorods [55], G-TiO2 [56], rGO-Cu20 [57] and G-WO3

[58]. An illustrative example of graphene based CdS nanorods is displayed in Figure 1.9

showing basic mechanism of CO> photoreduction into CHa.
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Figure 1.9 Schematic illustration of CdS-graphene composite material for CO. photoreduction

into CHs. (Taken from Ref. 55)
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1.6.5 Metal loaded photocatalysts

As it is well documented, the volume or surface charge recombination for a photoexcited
semiconductor material are the main pathways ceasing the effective charge separation and
limiting the photocatalytic efficiency. In this regard, coupling of a metal (mainly noble) with
semiconductor materials is a common practice to suppress the charge recombination for
improving the charge separation and photocatalytic performance of the semiconductor
materials. At present, abundant amount of reports are present for the utilization of metal loading
as a co-catalysts on a variety of semiconductors and their application in CO> photoreduction
such as Rh, Pd, Cu, Au, Ag, Pt etc [23].

The metal loaded on the semiconductor plays role in mainly two ways i.e. (i) Schottky
junction and (ii) Plasmonic effect. There exits possibility that both effects can appear
simultaneously or separately depending upon the nature of the metal and semiconductor (p-
type or n-type) along with the properties of the incident light on the metal loaded
photocatalysts.

In case of Schottky junction, an internal electric field is developed at the metal-
semiconductor interface via charge transfer from semiconductor (electrons form n-type and
holes from p-type semiconductor) due to difference in Fermi levels [26,59]. As an example for
the case of n-type semiconductor, when light is irradiated on metal loaded photocatalyst, the
electron-hole pairs are generated, the electrons get accumulated in the conduction band whereas
the holes in the valence band of the semiconductor leading to charge accumulation. The
electron accumulation in the conduction band makes them energetic enough to get transferred
into the metal while the holes get filled in the semiconductor. Once the electrons are injected
into the metal it is difficult for electron collected on the metal to go back to semiconductor and
recombine with holes. Such phenomenon effectively separate the photoexcited electrons

resulting in improved photocatalytic performance.
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It is observed when light is irradiated on specific noble metals like Cu, Ag, or Au, the
photon frequency of the incident light can match with the oscillation frequency of the surface
free electrons, giving rise to intense localized electromagnetic field. This oscillation of all
surface free electrons on the metals surface is collectively known as localized surface plasmon
resonance (LSPR) with its effect commonly known as plasmonic effect [60]. The plasmonic
effect induced by metals can be manipulated via tuning the shape and size of the metal
nanoparticles. The plasmonic effect induced by metals loaded on semiconductors are
categorized mainly in two ways:

I.  Firstly, if a metal forms a Schottky junction with a semiconductor then upon light
irradiation it can directly inject the electron form the plasmonic metal to the
semiconductor conduction band while the hot holes remains on the metal surface to get
filled via oxidation reactions.

Il.  Secondly, upon light absorption, the plasmonic metal can transfer the energy to the
coupled semiconductor via the electromagnetic field induced due to collective
oscillation. Such energy transfer can generate more electro-hole pairs in the adjacent
semiconductor material thus speeding up the charge transfer and photocatalytic
reactions.

The pictorial depiction in the reported literature for both Schottky junction and plasmonic effect

induced by metals loading is portrayed in Figure 1.10.
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Figure 1.10 Schematic illustration of (a) Schottky junction between metal and n-type
semiconductor. (b) & (c) possible two pathways for plasmonic effect between metal and n-type

semiconductor. (Taken from Ref. 59)

1.6.6 Semiconductor-semiconductor junction photocatalysts
Another efficient and attractive approach to improve the performance of photocatalyst
systems is fabricating a heterostructure of two different semiconductor materials via coupling
them together. Such an approach provides three key advantages to a photocatalyst system.
I.  Extending the light absorption of the photocatalyst system by making suitable junction
between a narrow and a wider band gap semiconductors.

Il.  Improved photogenerated charge separation via built-in electric field induced at the
semiconductor-semiconductor interface due to charge transfer between both the
materials as a result of Fermi level difference. Such an effective charge separation can
in turn speed up the transfer of photogenerated electrons or holes for reduction and
oxidation reactions respectively.

I1l.  The semiconductor-semiconductor junctioned photocatalyst also provide the
opportunity of preventing a semiconductor material form photo-corrosion by coating

another stable semiconductor material on an unstable material.
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Again the important step for fabricating the semiconductor-semiconductor junction is
selecting and choosing materials with suitable and well aligned band gaps amongst them, as
well as one of them well matching with the redox potentials of reduction and oxidation
reactions. The most commonly selected and fabricated semiconductor-semiconductor junction
or heterostructured semiconductors in the field of CO, photoreduction are mainly categorized
as

a) p-njunction photocatalysts.

b) Z-scheme photocatalysts.

a) p-n junction photocatalysts

p-n junction between two semiconductors is created when one the semiconductor material
IS p-type and another is n-type in nature. When both materials come in contact, because of
difference in Fermi level the charge (electrons from n-type and holes from p-type) flows
amongst each other to equilibrate the Fermi level with respective band shifting for each material
(downward for n-type and upward for p-type). After short interval, an electric field is developed
due to charge transfer at the semiconductor-semiconductor interface which acts as a barrier
(depletion layer) for further charge to be interchanged. When the light is irradiated on such a
heterostructured photocatalyst system, electrons generated in the p-type material are attracted
towards n-type due to induced electric field resulting in the effective charge separation and
accumulation of electrons in conduction band of n-type material whereas the holes gets
accumulated in the valence band of p-type material. Such accumulations of electrons and holes
can then foster the respective reduction and oxidation reactions. The pictorial depiction of the
mechanism involved in the p-n junction photocatalytic system is depicted in Figure 1.11a.

Some of the common examples of p-n junction photocatalysts employed for CO:
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photoreduction include GaP-TiO2 [61], CuO-TiO2x Nx[62], CZTS-TiO2[63], Cu.0-ZnO [64]
etc.
b) Z-scheme photocatalysts

Another commonly used heterostructured photocatalyst is Z-scheme photocatalyst with
staggered alignment of band structures. Such alignment directs each semiconductor material to
perform oxidation or reduction half reactions separately. Upon light illumination, the electron-
hole (e7/h") pairs are generated in both semiconductors, the electrons form the semiconductor
1 (SC1) with a higher conduction band will proceed the reduction reaction while the holes of
SC1 are filled by the electrons coming from the semiconductor 2 (SC2) with lower conduction
band. In turn the holes remaining in the SC2 can be filled by oxidation half reaction. The main
benefits of Z-scheme photocatalysts is that they provide a very effective manner to separate the
photogenerated charge carriers with keeping the stability of the photocatalytic system. The
pictorial illustration for the Z-scheme photocatalytic system mechanism is depicted in Figure
1.11b. Few examples for the Z-scheme photocatalysts employed for CO, photoreduction

includes Si-TiO [65], BiOI-gC3N4[66], Fe2O3-CuO [67]etc.

Figure 1.11. Schematic illustration (a) p-n junction photocatalyst (b) Z-scheme photocatalyst.

(Take from Ref. 59)
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1.7 Research objectives and approaches

The photocatalytic CO2 conversion/CO» photoreduction into useful chemicals and fuels,
unlike thermally or electrochemically activated catalysis, is activated in a sustainable manner
by solar energy. After the pioneering work by Inoue et al. in 1979 for the photocatalytic
conversion of COz into organic compounds via various semiconductor powders such as TiOa,
WOz, ZnO and CdS in aqueous solution [22], many researches have been reported on liquid
based CO> conversion. However, for practical applications, gas phase CO. conversion is more
desirable and an enormous amount of work has been demonstrated for the direct conversion of
COz gas to hydrocarbon fuels. As mentioned previously, CO> is a thermodynamically very
stable compound and requires additional energy to get converted into useful products.
However, in addition to the activation barrier offered by CO, thermodynamics, there is also an
activation barrier in the charge-transfer process between photocatalysts and CO2, molecules,
necessitating photon energies greater than theoretically required. Therefore efforts are needed
to develop an efficient photocatalyst system providing:

a) Improved light absorption to harvest the maximum sunlight which can in turn enhance the
CO. photoreduction reactions. Various strategies employed in this regard, includes self-
doped and foreign elements doped photocatalysts, coupled photocatalysts, plasmonic
metals coupled photocatalysts, using light up-conversion and light scattering/trapping
phenomena in photocatalysts.

b) Efficient separation of photogenerated charges for improved charge transfer resulting in
accelerated redox reactions can potentially enhance the CO. photoreduction yields. It has
been observed that the charge recombination is 2-3 times faster than the charge separation
and transfer hence enormous investigation should focus on this critical issue to make CO>

photoreduction process efficient. Several strategies aimed for improved charge separation
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includes heterojunctioned semiconductors (p-n junction, n-n junction, Z-scheme), metal
loaded photocatalysts, graphene based photocatalysts etc.

c) Photocatalysts with high surface areas, porosity and good affinity for CO, adsorption can
also help in boosting the CO2 photoreduction process via enhanced CO» adsorption and
activation. Various strategies like surface functionalization with CO> adsorbent groups (e.g.
amines), metal organic frameworks (MOFs), and creating oxygen vacancies have been
employed to enhance the adsorption and activation of CO..

d) Lastly, with the development of most efficient systems, serious intentions should also be
focused toward the development of low cost, non-toxic, industrially scalable, chemically
and thermally stable photocatalyst systems to make the field commercially applicable in

real sense.

Amongst various semiconductors, TiO2 due to its advantages of excellent oxidation
properties and stable behavior is considered to be one of the most appropriate material for
photoreduction of CO; into fuels. However, photocatalytic reactions mediated by TiO; alone
are limited due to its wide bandgap of 3.2 eV. The excited electrons available for chemical
reactions by TiO; are generated by absorption of ultraviolet light and thus, TiO; itself does not
contribute much to the photocatalytic production of hydrocarbon fuels. Until now various
strategies like self and foreign elements doped semiconductors, nanostructured photocatalysts,
graphene coupled semiconductors and metal loaded semiconductors are being executed for
performance and productivity enhancement of the CO> photoreduction. Despite of extensive
amount of research, still a plenty can be done to improve the performance and productivity in
this research area with focused strategy. Hence aimed towards the performance enhancement
of TiO2 based photocatalysts with respect to its utility for CO2 photoreduction, various attempts

were made during the span of Ph.D. degree and are presented in the current research document.
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In the first part of my research work, an attempt was made by employing foreign elements
co-doped layered sodium titanate structures i.e. nanotubes (Na*™-TNT) for CO2 photoreduction.
The Na*™-TNT are synthesized using highly alkaline hydrothermal treatment of TiO>
nanoparticles. Technically these layered titanate nanotubes can provide the higher surface area
to volume ratio and vectorial charge transport as compared to the spherical nanoparticles. These
two benefits can enhance the performance of the respective photocatalyst by providing more
active sites and reduced charge recombination. Furthermore it is reported that the Na ions (Na*)
intercalated between the titanate interlayers can significantly enhance the CO, adsorption and
thus can improve the CO2 photoconversion rate. Being inspired form such interesting properties
of Na*™-TNT and co-doping effect, we selected herein non-metals i.e. C and N form same source
urea, as a co-dopants to improve the photocatalytic activity for Na*™-TNT. The strategy
employed here was aimed to improve photocatalytic activity of Na*-TNT by extending its light
absorption via C,N co-doping. Therefore, Na*™-TNT with high surface area and intercalated Na*
ions can improve the photocatalyst performance by improved light absorption and enhanced
CO; adsorption.

In the second experimental approach, an attempt was made to develop a noble-metal free
nanostructured photocatalyst and test its utility in CO. photoreduction. During the last few
years, graphene and graphene related materials have received a great attention in photocatalysis
specifically due to its high surface area and excellent electron mobility. Thus being motivated
from it, we designed a specific experimental strategy resulting in a novel nanostructure i.e.
reduced graphene oxide (rGO) with embedded TiO2 nanoparticles on the surface of TiO-
nanotubes arrays. Such a novel nanostructure improved the CO2 photoreduction process mainly
due to enhanced light absorption and efficient charge separation.

The third experimental approach is focused towards the investigation of reduced TiO2 (RT)

or TiO2x for CO2 photoreduction process. RT was synthesized using a newly developed
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synthesis approach, magnesiothermic reduction utilizing Mg in 5% Hx/Ar. The RT obtained
using such method showed improved CO; photoreduction as compared to pristine TiOy. It is
believed that reduction of TiO, increases the number of defects i.e. Ti*" ions and oxygen
vacancies (Vo) which results in generation of new energy levels and band tailing effect. Due to
creation of new energy levels, the light absorption is increased in RT and can absorb a broad
range of sunlight as compared to pristine TiO2 which only absorbs UV light. Furthermore it is
also believed that oxygen vacancies also improves the CO2 adsorption on the RT surfaces.
Hence to investigate such an attractive properties of RT, we synthesized RT by a new approach
and then tested its photochemical activity by employing RT samples in CO photoreduction.
Moreover to improve the charge separation, platinum (Pt) noble metal was also loaded onto

catalyst which resulted in a superb CO> photoreduction performance.
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Chapter 2. Characterization and analysis tools

2.1 Characterization tools

The photocatalysts developed during the research span were characterized to investigate
their intrinsic and developed properties. Certain number of characterization tools were used
and are appropriately explained in the below sub-sections.

2.1.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a well-known and very common tool used in the field of
materials science to determine and investigate the crystalline properties and phases of the
materials and quantitative analysis regarding the relative composition of various phases in the
respective sample [1]. Besides these, XRD information can also be used to determine the
crystallite size of the materials synthesized (using Scherrer equation). As mostly XRD is
employed for powder samples so sometimes it is also termed as powder XRD. There are certain
XRD methods to determine the fine crystalline structure for thin films, polymer aggregates,
fibers, single crystal substances like wide angle XRD (WAXD) and high resolution XRD
(HRXRD).

As obvious form its name, XRD involves the X-rays in its measurement process. The X-
rays are electromagnetic waves with high energy and very short wavelength (A=0.5-2.5A)
discovered by a Noble prize winner German physicist, Roentgen in 1895. Later on in 1912,
Max von Laue (German physicist, noble prize in 1914) invented that when such X-rays are
incident onto the crystals, then these are diffracted in a specific manner and can give the

information regarding the crystalline structure of the substance.
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a) Theoretical background

The fundamental theory involved in the XRD is well defined by the basic law of diffraction
i.e. Braggs law, a specific information for X-ray diffraction explained by William Henry Bragg
in 1923. This law states that when two light waves having the same wavelength travels in one
direction, they can either reinforce or cancel out each other upon interaction which depends
upon the phase difference between them. If they have phase difference equals to nA, where n is
an integer, constructive interference occurs. On the other hand if the phase difference is nA/2,
the destructive interference occurs.

As atoms in a crystalline materials are well arranged in various oriented crystallographic
planes. So when the X-rays of equal wavelength (beam 1 and 2) are incident on the crystalline
material (Figure 2.1), the incident waves are reflected or diffracted back are in phase with each
other as represented by beam 1" and 2’, then the reflected beam will have increased intensity
and the difference of path length between 1 to 1" and 2 to 2" should be an integral number n of
wavelength. Based on this information, Bragg propose a law which is given as

2d sinb=n\ (2.2)
Where 0= scattering angle, d= interplanar spacing, A= wavelength of beam.

It is obvious form the figure that the incident beam makes an angle 0 with the fixed crystal
plane, however the deflected or diffracted beams make an angle 26 with the incident beam.
Thus the angle 26 is needed to be determine at which the diffraction from certain
crystallographic plane occurs giving the intrinsic phase information regarding the material. The
possible 20 values are determined by the dimensions of unit cell such as lattice parameter (a)
and the Miller indices (hkl) of the respective planes. When the Bragg’s law conditions are
satisfied, the constructive interferences usually appears as light spots and represents the
crystallographic planes (hkl). Combining all the spots of crystallographic planes from a

material under investigation, a reciprocal crystal lattice can be formed which represents a three-
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dimensional array of the crystal. Furthermore using the information and concept of reciprocal
lattice, Ewald sphere can also be drawn to present the graphical expression of the crystal lattice,

a separated sub-domain of XRD field.

Figure 2.1 Illustration of X-rays diffraction by crystal planes satisfying the Braggs conditions.

(Taken from Ref. 1)

b) Instrumentation

The basic instrumental arrangement for an XRD is demonstrated in Figure 2.2b. The key
components of an XRD instrument includes an X-ray source, specimen holder and a detector.
The x-rays beam generated by X-ray tube are allowed to pass through the solar slits, made of
thin metal plates and prevents the divergence of the beam. The slight divergent X-rays from
the solar slits then passes through the slit and strikes the sample placed on the holder (usually
flat plate). The samples causes the diffraction of the X-rays and is detected by a detector after
passing through a convergence and solar slits. Before coming to the detector the X-rays from
sample are passed through a monochromatic filter which can suppress the source radiations
and the noise background radiations originating within the sample. For the generation of the

X-rays, X-rays tubes are used which consists of a source of electrons and two metal electrodes
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in vacuum tube (figure 2.2a). When a high voltage is applied across the electrodes, the electrons
are drawn towards the anode where they can strike with the anode material and can generate

the X-rays in random directions. The commonly used X-ray source is Copper Ka.
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Figure 2.2 Demonstration of (a) X-rays generation and (b) key components of an X-ray

diffraction instrument. (Taken from Ref. 1)

An example of the XRD data is shown in Figure 2.3 where one can see the various peaks
appearing at 26 values corresponding to various planes of the respective material. The data
acquisition and conversion is mainly done by the computer linked to the XRD machine. The
choice of 20 angle range depends upon the sample analyzed, however for an un-known sample
the range of 20 is commonly set about 5-65° with a suitable value of scanning rate and step

width in a stepwise XRD machine.
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Figure 2.3 Demonstration of an example of XRD data obtained for silicon and alumina mixture
showing the miller indices for corresponding crystal planes indicated by three digits. (Taken

from Ref. 1)

2.1.2 Raman spectroscopy

The spectroscopy field is the study of electromagnetic waves interaction with the matter
based upon the absorption, emission, fluorescence and scattering phenomena. As obvious form
its name Raman spectroscopy, was invented by C.V. Raman (Noble prize 1930) and K. F.
Krishnan in 1928, who discovered the inelastic scattering of the light from the samples and
experimentally demonstrate such phenomenon [2]. In their original experiments they used a
simple telescope through which a sunlight was focused to a sample and then detected the
scattered light from the sample with an altered frequency when compared to that of incident
light. During the 1960s, with the invention of lasers and a non-destructive analysis technique,
a considerable interest was developed to study the Raman spectroscopy with first Fourier-

transform (FT) Raman instrument developed in 1986.
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a) Theoretical background

The basic theory of the Raman spectroscopy is based on simple principle that when light
interacts with the sample, it may be absorbed, scattered or passed without any effect [2,3]. In
case if the light is absorbed it is known as absorption whereas in the case if it is passed through
the sample without any or minor effect its known as transmittance. In the case of absorbance,
the light should have energy equal to the energy difference between the sample's ground state
and excited state, so as the light strikes the molecules goes to excited state. However if the light
waves doesn’t have energy equal to that gap difference, it can also interacts with the atoms or
molecules and is then scattered. Raman spectroscopy is based on such type of light scattering
phenomenon due to interaction with the vibrational, rotational, and other low-frequency modes
of molecules. Usually the scattering are of two types elastic and inelastic, Raman spectroscopy
utilizes the information obtained from inelastic scattering for analysis and determination of
various groups anchored within the molecules or compounds. For the Raman effect we can
think of the light as a wave, when the light falls on the sample, it provides energy to the sample
and can alter the vibrational mode of the structure (symmetric, asymmetric or bending mode)
by exciting it to some virtual state. After some time when the molecule is relaxed the light is
scattered back with a changed frequency (increased or decreased energy) as of its original
frequency. This is also known as inelastic scattering, if however the frequency is not changed
after interaction with the sample it is known as elastic or Rayleigh scattering. The illustration
of these phenomena with respect to excitation of a molecule in terms of quantum energy

diagram is shown in Figure 2.4.
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Figure 2.4 Illustration of elastic and inelastic scattering of light in forms of photons. Raman

scattering is depicted by inelastic scatterings.

b) Instrumentation

The key components of a Raman spectrometer includes: (i) lasers as a light source, (ii)
wavelength selector, (iii) sample illumination and collection system and (iv) detector with
computer control system for processing the data. First of all the light of required wavelength is
selected coming from the laser source before illuminating the sample. Commonly two different
wavelengths of light used for illumination of sample includes 532 nm and 785 nm wavelengths.
After that the sample region is properly selected using the fiber optic probe as Raman scattering
are very weak so it is very important to select the correct region of the sample from where we
can get the useful data. Once the sample region is selected, light is illuminated on it and the
detector detects the scattered light and transform using computer software into desired
spectrum. Usually Raman spectra provides us the data regarding the presence of several groups
with their respective bending and vibrational modes. The schematic diagram of the main steps

for a Raman spectra measurements are shown in Figure 2.5.
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Figure 2.5 Schematic view of the Raman spectrometer showing key steps during data

measurement. (Taken from Ref. 3)

2.1.3 Scanning electron microscopy (SEM)

This type of electron microscope is the most widely used in the materials science for
examining the surface and cross sectional morphology, microscopic structure of the materials
with very fine focal and high resolution arrangement. SEM creates an image of the sample
under observation by using a focused beam of electrons which can scan all over the sample
with most attractive feature elemental analysis using the equipped utility of X-ray energy

dispersive spectrometer (EDS).

a) Theoretical background [1,4]
When high energy electrons form an electron source strikes with a sample, two types of

electrons are generated i.e. secondary electrons (SE) by inelastic electron scattering and
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backscattered electrons (BSE) by elastic electron scattering. Both the SE and BSE from the
samples are used as information for creating the SEM images. For better understanding of SE
and BSE, consider a pear shaped zone of sample shown in Figure 2.6 which interacts with the
electron beam and in which it is considered that SE, BSE and other electromagnetic radiations
are generated. It can be seen, the SE generated via inelastic scattering consists of a less sample
volume with the depth within range of 5-50 nm whereas the BSE possess approximately similar
energy as incident electron beam and because of high energy can escape from a deeper level of
the sample i.e. within depth range of 50-300 nm. The trajectories of these SE and BSE are
changed during the scanning of the samples, who are providing the topographical and

compositional information respectively, regarding the sample under investigation.

Electron
probe

Specimen surface
‘ do

5~50 nm
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o
o
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Figure 2.6 Schematic view of sample’s interaction zone with incident electron beam below the

sample surface. (Taken from Ref. 1)

b) Instrumentation

The instrumentation and construction of SEM machine is very complicated and
sophisticated. A simple instrumental diagram for SEM machine is portrayed in Figure 2.7. The
electron beam generated from electron gun (thermionic or field emission gun) have to pass

through a series of electromagnetic lenses for proper alignment, focus and resolution of the
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imaging. The simplest lens series consist of two condenser lenses and one objective lens. The
purpose of the condenser lenses is to reduce the cross over diameter of the electron beam
whereas the objective lens acts as a probe having diameter of nanometer scale. The scanning
of the sample is done by a beam deflection system probing over the sample. The construction

of image is done by collecting the electron signals form the sample at the detector.
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Figure 2.7 Structural diagram for a simple scanning electron microscope (SEM). (Taken

from Ref.1)

2.1.4 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is another powerful tool for capturing the
images of the materials. TEM usually uses a very high energy electron beam which can easily
pass or diffract through the specimen hence providing useful information regarding the
specimen topography and morphology.

a) Theoretical background [1,4]

In the case of the SEM, the electron gun operates between 0-40 kV accelerating
potential, whereas for the TEM machine the accelerating voltages is raised to 50-300 kV. At
such a high voltage the electron gun generates a very high energy electron beam (A = 0.005

nm) which can penetrate to several microns of the sample and can provide information about
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material morphology. If the material is highly crystalline or the electron beam cant penetrates
the sample, then it is diffracted by the atomic planes. Thus based on the information from
transmitted electrons and diffracted electrons the samples can be imaged with very fine and
good resolution.

b) Instrumentation[1,4]

The structure of the TEM instrument is bit similar like the optical microscope with the main
difference of light source is replaced with a high energy electron beam source. The TEM consist
of electromagnetic lenses rather than the glass lenses as in optical microscope. The TEM
machine requires a high vacuum environment to avoid the collisions of the air molecules with
the electron beam. The prepared specimen is placed on TEM grid usually made of Cu or Ni
mesh, the high energy electron beam after passing through the condenser lens passes the
specimen. The electron beams are diffracted and transmitted through the specimen and are then
magnified and captured on the fluorescent screen providing the images for the specimen under

investigation. The simple structure of the TEM instrument is shown in Figure 2.8.
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2.1.5 X-ray photoelectron spectroscopy (XPS)
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Figure 2.8 Structural diagram for a simple transmission electron microscope (TEM). (Taken

X-ray photoelectron spectroscopy (XPS) is a very useful technique to determine mainly the
chemical composition and electronic states of the elements in the specimen. XPS was
previously known as ESCA (electron spectroscopy for chemical analysis) [1,5,6]. XPS was

invented by Kai Seigbahn (Noble prize in 1981) and his research group at Uppsala University,



Sweden during mid-1960s [6]. XPS is considered an excellent surface analysis tool, as it uses
soft X-rays from Alka or Mgka which strikes the sample and then emits the x-rays from the
sample which are detected and a spectrum is plotted for each element detected. The spectrum
of the sample is then analyzed which gives information regarding the presence, electronic state
and quantity of the respective elements in the sample.

a) Theoretical background [1,5,6]

The XPS works on the basic principle of photoelectric emission effect. When a high energy
X-ray photon interacts with the atom, due to its very high energy it can knock out the electron
form the inner shell of the atom as a free electron and atom is ionized. As atom will be unstable
in ionized state, so to relax to its normal state an electron from higher shell will fill that vacancy
of the empty inner shell and in turn emits an X-ray photon. Another possible phenomenon
which occurs is the emission of another electron by excess energy of outer shell electron when
it fills the inner shell electron vacancy to achieve normal atomic state. This process is well
known as Auger electron emission. Such emitted X-ray photons or photoelectron and Auger
electrons can then be detected and investigated for elemental analysis. Schematic diagram
showing the excitation and generation of photoelectron and Auger electron is well presented in
Figure 2.9. The X-rays emitted are actually the energy difference between the two electrons in
different shells where the energy of an electron in each shell for various elements are well
defined, therefore from the X-rays emitted we can know the shells of specific elements and

hence its presence, electronic states and composition as well.
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Figure 2.9 Schematic drawing of an atom with its shells excited by X-ray and then generating

X-ray photon/photoelectron (Right side) and auger electron (left side). (Taken from Ref.1)

b) Instrumentation [5,6]

Simply, the main components of an XPS inurement includes

I.  X-rays source

Il.  Sample holder placed in an appropriate vacuum chamber

1. An electron energy analyzer

IV. A detector

V. A data analysis system

As obvious from terminology, the X-ray source generates the X-rays of required energy

which strikes the sample placed on sample holder in a vacuum chamber. The X-rays incident
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on sample emits the photoelectrons from the sample which are then passed through an electron
analyzer channel finally reaching the detector to produce the useful data. The simple diagram

showing the structure of XPS instrument is shown in Figure 2.10.

Electrostatic
electron lens Electron
detector

Figure 2.10 Simple structure of XPS instrument with its main components. (Taken from ref.

5)

2.1.6 UV-vis diffuse reflectance spectroscopy (UV-vis DRS)

UV-vis diffuse reflectance spectroscopy is a powerful tool to study the absorption and
reflectance properties for solid samples such as powder materials and opaque thin films. It is
an efficient way to measure the absorbance form reflectance by calculations for solid samples
and time saving process as compared to other techniques used for absorption measurement of
solid samples.

a) Theoretical background [7,8]

It is well known that when electromagnetic waves of the light come in contact with a certain

material, specifically semiconductor material, four possible events can happen i.e. absorption,

transmittance, scattering and reflectance of the light. Commonly used UV-vis spectroscopy is
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employed mainly to investigate the absorption and transmittance for transparent liquid samples
and thin films, colloidal solutions and porous thin films. However in the case of solid powder
samples and compact thin films, normal UV-vis spectroscopy can’t work and absorbance is
therefore measured for solid samples by means of measuring the reflectance and scattering of
the respective samples.

Reflectance can be generally defined as the ratio of the reflected light waves to the incident
light waves and is mainly of two types, regular or specular reflectance and diffuse or volume
(non-directional) reflectance. Specular reflectance is the reflectance form a sample surface in
the same angle as that of the incident light whereas the diffuse reflectance represents the portion
of the incident light which is reflected back in all directions as observed specifically in case of
powdered samples. Hence depending upon the sample and equipment used, it is feasible to
measure the specular and diffuse reflectance separately. Once the reflectance is measured,
absorption of the samples can be obtained using the following equation

100%=%R+%T+%A (2.2)

%A=100%-(%R+%T) (2.3)

b) Instrumentation [7,8]

The instrument used for the UV-vis DRS measurement is the same as used for UV-vis
absorption spectroscopy with only difference of equipping the instrument with DRS accessory
I.e. integrated sphere in which sample is placed. The integrated sphere have a variety of designs,
most commonly used is the double beam sphere made of Spectralon (a polymer offering 100
% levels of diffuse reflectance up to spectral range of 2500 nm) having diameter of usually 150
mm. The sample is placed in a special designed sample holder fixed with the quartz lens at the
front side. The sample holder is then attached at the specified place on the sphere and

reflectance is being measured. The mechanism involved in the normal UV-vis absorption
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spectrometer is show in in Figure 2.11a with the schematic of the integrated sphere in figure

2.11b.
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Figure 2.11 schematic diagram for (a) Simple UVis spectrometer and (b) an integrated sphere

for measurement of diffuse reflectance.

2.1.7 Photoluminescence (PL) spectroscopy

Photoluminescence spectroscopy (PL) is another important non-destructive tool to analyze
the optical properties of a material under investigation. The key purpose of employing PL in
the field of photocatalysis is to investigate the emission properties, excited charge life time and

effective separation of photoexcited charges for the given system.

a) Theoretical background [9,10]

When a photoactive material is excited by a light form respective light source, photo-
excitation happens and electrons within a material are excited to permissible excited states.
Generally there are two excited states considered in PL spectroscopy i.e. singlet excited states
and triplet excited states. After staying a short time in the excited state the electron will come
back again to its ground state with the emission of light wave, this phenomenon is known as
photoluminescence. The energy released due to to such relaxation is equal to the energy
difference of the two energy states that is

AE = Eexcicted - Eground (2-4)
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PL is typically categorized into two forms based on its electron relaxation mechanism. When
an electron is excited from a ground state to an excited state with same spin, this excited state
is known as singlet excited state. The excited electron will stay for some time in the excited
state and will then relax to the lower energy states or ground state with the emission of light
wave termed as fluorescence. The fluorescence is the most familiar phenomenon happening
with a short life time of 10 to 10 s. Second form of PL is phosphorescence, in which the
electron is excited to a higher energy state with an alteration of spin i.e. triplet excited state.
Such process takes a long time then fluorescence to relax the system to ground state, usually
104-102 s. The triplet excited state lies at lower energy level than the singlet excited states so
electron from a singlet excited can also relax and cross over to the triplet excited states within
a molecule. Such phenomenon is commonly known as intersystem crossing. The schematic
representation of the basic mechanism involved in the PL emission is depicted in Figure 2.12

as below.
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Figure 2.12 Energy level diagram displaying excitation of electron to singlet excited states and

triplet excited states for generation of PL emissions.

b) Instrumentation [10]
The simple structure of the PL instrument is shown in Figure 2.13. The PL unit consists
mainly of a laser source followed by tunable equipment to fine the monochromatic wavelength

laser beam which then strikes the sample and excites it to higher energy state. After short time
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of excitation, the energy waves from the sample due to relaxation to a lower energy state or a
ground state gets emitted which are again passed through a grating monochromator to get a
single wavelength emission peak as data of the sample which is processed and recorded by a

computer control system linked to PL instrument.
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Figure 2.13 Schematic diagram showing a simple structure of Photoluminescence

spectrometer. (Taken from Ref. 10)

2.1.8 Physisorption analysis
The physisorption analysis is an important technique providing a variety of textural

information regarding the material by a simple phenomenon of physical adsorption of gas
molecules on the material surface. The gas molecules are weakly adsorbed on the material
surface and can be desorbed easily, the adsorption and desorption of the gas molecules can thus
provide various important information. Some of the important properties for a material which
are determined or calculated using the physisorption phenomenon are:

I.  Surface area

Il.  Porosity

I1l. Poresize
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IV. Pore volume

a) Theoretical background [11,12]

The adsorption of the gas molecules onto the solid surfaces is the key step in the
physisorption analysis of materials. The type of the gas used, temperature, pressure all these
parameters influence the adsorption phenomenon. The measurements in the physisorption
analysis are usually done at a temperature less than the triple point of the gas, with the
adsorption isotherms a principle of measurement. The adsorption isotherm can be defined as
the curve obtained by measuring the amount of adsorbed gas molecules vs. adsorptive pressure
of the gas at fixed temperature. The adsorptive pressure of the gas is presented as a ratio of the
adsorptive pressure to its saturated vapor pressure over the materials surface. There are two
methods mainly used for the measurement of adsorption isotherm, (i) volumetric method and
(i) gravimetric method. Most commonly used is the volumetric method in which the adsorption
isotherm is plotted based on amount of the gas adsorbed vs. the adsorption pressure in a
stepwise fashion at a constant temperature. Whereas the later method uses the mass gain data
of adsorbed gas and provide the required information. In the volumetric method the amount of
the gas adsorbed is measured by means of how much gas is being consumed for adsorption
process form the reservoir.

The adsorption isotherms are classified into six types, according to international union for
pure and applied chemistry (IUPAC) classification [12], as shown in the Figure 2.14. Each
adsorption isotherm provides a specific information about the material surface properties. Type
I isotherm indicates the micorporous nature of the material due to monolayer adsorption on its
surface. However Type | isotherm can also appear for mesoporous materials with their pore
size range close to micropores range. Type Il and Type Ill isotherms appear for the

macroporous materials due to multi-layer adsorption of the gas molecules leading to concision

-67-



of adsorption and desorption branches of the isotherms. Type IV and Type V isotherms appears
due to multi-layer adsorption of gas molecules on macroporous solids followed by the capillary

condensation.

Type I Typell
= -
2 Type II1 Type IV
3
-
<
=
=
=]
=
<
Type V Type Ve

Relative Pressure

Figure 2.14 IUPAC classified adsorption isotherms for porous materials. (Taken from Ref.

12)

As it is well known, to investigate the mesoporous nature of the solids the adsorption
process is analyzed using an adsorption-desorption hysteresis. Hysteresis loops are believed to
appear because of thermodynamic effects of adsorption-desorption, pore interconnected
networks or combination of both factors, however still this issue is not exactly clarified. Similar
like the isotherms, hysteresis-loops are also classified into four main types according to IUPAC
classifications and are shown in figure 2.15 [12]. Type H1 loop usually appears for the
agglomerated materials with uniformly compact spherical type particles. These type of
materials possess a high pore uniformity with fair pore connectivity. Type H2 hysteresis depicts

a triangular and steep desorption branches which is due to presence of narrow mouths (ink-
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bottle pores) and mainly observed for porous inorganic oxides. Type H3 hysteresis is
commonly reported for the aggregated materials composing of plate like particles which forms
slit like pores. The type H4 hysteresis loop shows parallel and almost horizontal branches

which are associated to the mesoporous materials with narrow slit like pores.

H1 H2

H3 H4

Amount Adsorbed

Relative Pressure

Figure 2.15 IUPAC classified adsorption isotherm hysteresis loops for mesoporous materials.

(Taken from Ref. 12)

Based on the information obtained from the adsorption isotherms and hysteresis loops, one
can find the various properties of the mesoporous material by applying various standard and
recognized methods of calculation and estimation such as Barrett, Joyner and Halenda (BJH)
method for the determination of pore size distribution and Brunauer-Emmet-Teller (BET)

method to estimate the specific surface area of the material [12].
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b) Instrumentation [11]

The basic structure of the equipment used in physisorption analysis using volumetric
method is shown in Figure 2.16. The powder sample (P) is placed in a sample tube (H). The
tubes are usually made of Pyrex glass and is immersed in liquid nitrogen bath (L) for
temperature control. Nitrogen gas from the supply is opened using valve (G), which is equipped
with pressure gauges and safety valve. Another valve (C) is linked to the sample tube and one
can open when needed to adsorb the gas molecules on the sample surface. Before the
measurement, the sample is degassed at high temperatures (around 200 °C) in a separate setup
to desorb the impurities gas and evacuate them using a vacuum pump. A thermometer (T) and
a temperature sensing couple (D) is introduced into the sample region to control the temperature
of the sample region. Gas pressure changes from the gas supply as the adsorption continues
which is measured by pressure sensors, based on pressure and temperature changes the

calculations are made using gas equations.

Figure 2.16 Illustration of simple physisorption analysis equipment using IUPAC classified

adsorption isotherm hysteresis loops for porous materials. (Taken from Ref. 11)
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2.2 Analysis techniques

Some of the important analysis techniques for the evaluation of the photocatalyst
performance utilized during the research work with respect to basic fundamentals and
principles are explained in the following sections.
2.2.1 Gas chromatographic (GC) analysis

Chromatography techniques are one of the powerful tools used for chemical analysis in
which a number of distinct chemicals (analytes) can be identified and quantitatively measured.
The chromatography techniques basically works on the principle of difference of vapor
pressures for various components in mixture [13]. According to official definition by IUPAC
chromatography can be defined as: “A physical method of separation in which the components
needed to be separated from mixture are distributed between two phases, one of which is
stationary (stationary phase) while the other moves in a definite direction (mobile phase)”. At
present, certain number of chromatographic techniques are used for chemical analysis as shown
in Figure 2.17. The name of each chromatography technique is based on the physical state of
mobile phase.

Branches of Chromatography

Gas Liguid
Chromatography Chromatography
Gas-Liguid Gas-Salid lan Exclusion
Exchange
Partition Liguid Solid

Chromatography  Absarption

Faper Thin
Chraomatography Layer

Figure 2.17 Various classes of chromatographic techniques.
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a) Theoretical background [13]

The idea for the partition chromatography was given by British scientists J. P. Martin
(Noble prize in chemistry 1941) and Anthony T. James. Later on Martin and his coworkers
suggested and perform experiments regarding the separation of volatile compounds in forms
of respective vapors as a mobile phase rather than liquid phase. In such chromatography, the
sample mixture is injected into column and converted to respected vapors at higher injection
temperatures, the vaporized components are carried by a carrier gas (mobile phase) through the
column and are separated on the basis of their relative vapor pressures and affinities with the
stationary phase. This type of chromatography is known as Gas chromatography (GC). GC
have been received abundant attentions by industrial, research and development, and academic
sectors as it seems an attractive and efficient manner to separate the volatile compounds. GC
is further classified into two main types based on the stationary phase as:

. Gas-solid chromatography (GSC) which uses solid as a stationary phase.
Il.  Gas-liquid chromatography (GLC) which uses liquid as a stationary phase.

The process involved in the chromatography can be well understood using the Figure 2.18.
Consider a gaseous or vapor mixture of A+B which is injected to a GC through an injection
port. The temperature at the injection port is kept high enough to vaporize all of the sample. As
the sample is injected, it is carried by a carrier gas into the column (indicated by the line from
left to right) where each component interacts with the packing or internal lining (solid
stationary phase). Due to difference in the vapor pressures and chemical affinity with the
stationary phase, a part of each component gets adsorbed onto stationary phase (lower peak)
and some part flows through the column (upper peak). As it can be seen, the component A have
more distribution in the flow gas so it will reach the detector earlier than the component B. The
detector after detecting each separated component converts the signal in peaks form as shown

on the chromatogram on the extreme right of the figure.
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Figure 2.18 Illustration of basic process involved in the GC. (Taken from Ref. 13)

Each component of the mixture have its own tendency to interact with the stationary phase
and is termed as equilibrium constant or distribution constant or partition coefficient. The
component interaction to the stationary phase will be greater if the constant value is larger.
Figure 2.19 shows the chromatogram for component A showing its peak appearing at retention
time tr and peak volume Vr. Both tr and Vg are estimated with respect to the point of the
injection. If the flow rate of the carrier gas (Fc) is fixed then the peak volume can be given by
following equation:

VR =1tr X F¢ (2.6)
In GC sometimes a small peak is observed at early retention times. Such peak is attributed to
the small amount of solute which does not interacts with the stationary phase and passes

through to detector as it. Such behavior is usually observed in case of air or methane gases.
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Figure 2.19 A typical example for a chromatogram illustration. (Taken from Ref. 13)

GC has several advantages, some of them are listed below:
e Quick analysis and high resolution.
e Sensitive to detect very small amounts of concentration i.e. up to ppb unit.
e Nondestructive process so can be coupled to another instrument such as mass
spectroscopy (MS) for instance.
e Requires small amount of samples for injection, typically in micro liters.
e An inexpensive, simple and reliable technique.
Along with advantages it also bear some limitations such as:
e Analysis is limited to volatile samples.
e Can’t detect the fairly large amount of samples.

e For the confirmation of peak identity, linkage to another useful equipment is necessary

such as MS.
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b) Instrumentation [13]

A very basic schematic illustration of a simple GC unit is shown in Figure 2.20. A simple GC

system is composed of following basic accessories:

VI.

Carrier gas flow system: A cylinder of carrier gas, mostly 99.9999 % pure He gas is
used, gas regulator and flow controllers.

Injection port: The temperature of the injection port is commonly kept high enough
(~200 °C) to readily vaporize the mixture sample but also low enough to avoid
decomposition of the sample.

Column: Generally two types are used (i) packed column and (ii) capillary column.
GC oven: To provide heat to the column for vaporizing the components and baking of
the column. At higher oven temperature, the analysis time is less as in less time the
components are separated but with the disadvantage of low resolution. However if the
oven temperature is moderate enough, analysis time will be a bit long but the resolution
is good enough.

Detector: Selection of detector depends upon the components to be detected,
commonly used are thermal conductivity detector (TCD) and flame ionization detector
(FID). The temperature of the detector are also kept high enough to avoid the
condensation of the sample and water if it is a byproduct.

Data system: A computer control linked to the GC instrument for its operation and

analysis of the data in understandable form.
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Figure 2.20 Schematic view of basic accessories equipped simple GC unit. (Taken from Ref.
13)

The most important part of the GC instrument is column, sometimes it is termed as “heart
of the GC”. For GC commonly two different types of columns are used i.e. packed and capillary
column. The packed columns are packed with some good packing material like stainless steel
and have lengths from 3, 6 or 12 feet. The outer diameter of the packed column is normally
selected as 0.25 or 0.125 inch. On the other hand capillary columns are more simple with
replacing the column packing by a thin film of solid phase usually silica, internally coated with
the inside wall of the column. Another term usually used for capillary columns is “wall-coated
open tubular” (WCOT) or simply OT columns. These columns offer very less resistance to gas
flow and hence their lengths can be increased up to 100 meters. The cross sectional view for

both types of column is shown in Figure 2.21.

Solid Support

| o25mmia. |

Figure 2.21 Schematic view of packed column (left) and capillary column (right). (Taken

from Ref. 13)
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Two very commonly used detectors consists of FID and TCD. FID is specifically invented
for the GC which gives the signal to detector in forms of current after detecting the ions
produced by burning the sample. A schematic for the FID is shown in Figure 2.22a. As the
sample reaches the detector it is mixed with hydrogen gas and directed towards the burner tip
where it is ignited using an igniter. The burner tip is surrounded by an air gas which is there to
promote the combustion of the sample in an oxy-hydrogen flame. During the burning of the
sample, ions are produced which are collected by the electrode biased at +300 V and collects

the current generated by the ions.

(b)

= —
Reference Sample
I k [ I

Column effiuent
and hydrogen

Figure 2.22 Schematic diagram of an (a) FID and (b) TCD detectors. (Taken from Ref,

13)

The TCD uses thermal conductivity data for producing the signals form the sample
components. For the thermal conductivity measurements, a four cavity cell fabricated by
drilling into a stainless steel block with each having a resistance wires or filaments (made of
tungsten-rhenium alloy, WX filaments) is used. A Wheatstone bridge circuit is generally

employed for measurement of TCD signal via resistance measurement. When pure carrier gas
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(reference gas) flows through the all four cavities, the bridge is balanced. However, when the
analyte gas passes through the cavities, the thermal conductivity of the gaseous mixture is
decreased which leads to increase in the filament temperature and hence increase in resistance
with an unbalanced bridge. The voltage is thus developed across opposite corners and is
presented as an output signal. A schematic for the TCD-4 filament cell is shown in Figure

2.22b.
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2.2.2 Gas chromatography-Mass spectroscopy (GC-MS) analysis

GC is one of very useful analysis technique, however shows a limitation and weakness in
identity confirmation for separated components form a mixture sample. As in GC most of the
components are identified on the basis of peak retention time and many components can have
similar retention time under the similar conditions of GC testing. Therefore a doubtful situation
can be created and the exact confirmation of the separated component can’t be justified using
the GC technique alone. To overcome such type of doubtful and confused situation, a common
practice to identify appropriately the separated component is to couple the GC with another
powerful and useful instrument i.e. mass spectrometer (MS). MS is a well-known analytical
technique which ionizes the sample injected in a high vacuum, drive these ions to the ion
detector through a magnetic mass analyzer and differentiate the components on the basis of the
respective mass to charge (m/z) ratio. The MS data is presented in form of a mass spectrum,
generated on the basis of ion signal vs. mass to charge (m/z) ratio which is well defined
signature of the respective component [14-16].

MS was first developed by a physicist J. J. Thompson in 1910, in which he proved for the
first time presence of 2°Ne and ?’Ne isotopes [14]. After his development, a large amount of
investigation was done in the field of MS focused towards development of MS only. However
with the idea of GC invented by Martin and coworkers, researches were directed towards the
coupling of both GC and MS with the first commercial GC-MS system supplied by Finnigan
Instruments Corporation for organic analysis in 1968. The combination of both tools i.e. GC
and MS (GC-MS) makes the analysis system enough powerful and reliable to separate the
components, identify and give qualitative and quantitate information. But GC-MS still bears
some issues such as requirement of volatile samples, some limitation of molecular weight, high

vacuum system and limitation of tuning and calibration before utilization.
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In the following parts the basic principle, instrumentation and data acquisition are explained
with respect to MS only as the GC related information is already explained well in section
2.2.1,

a) Theoretical background[14-16]

The basic principle for the MS can be defined on the basis of four main steps involved in
MS which are: (i) lonization, (i) Acceleration, (iii) Deflection and (iv) Detection. As in GC-
MS, MS is coupled with GC, the eluted components form the GC are injected into MS via an
interface where the components are ionized using ionization source (electron ionization or
chemical ionization). The ions of the respective components are then accelerated using a
powerful electric field. The ions with high amount of electric charge moves faster as compared
to the ions with the less electric charge. Thus the ions separated out on the basis of the amount
of charge they possess. These separated ions are then passed through magnetic field, where
they gets deflected on the basis of the masses they possess. Finally the ions are separated out
on the basis of having different electrical charge to mass ratio (m/z), a finger print for specific
ion, and are detected by an electrical detector and recorded in a spectrum form known as mass
spectrograph. Different types of instruments are used for ionization process and electron/mass
analysis which are explained in the instrumentation section.

b) Instrumentation [15]

A simple instrumentation diagram for GC-MS coupled system is shown in Figure 2.23. The
instrumentation for GC system is explained in section 2.2.1. The key parts of MS system
includes (i) interface, (ii) vacuum system, (iii) ionization source, (iv) mass analyzer, (v)
detector and (vi) computer control for data processing. The brief explanation of all these parts

are as follow:
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Figure 2.23 Schematic diagram of simple GC-MS instrumentation. (Taken from Ref. 15)

Interface: An interface between the GC and MS is very important part of the GC-MS
system as it effects directly the performance of the GC-MS system. An interface transfers
the sample from GC to MS, therefore it is very sensitive portion and should transfer the
sample from GC in very accurate and undisturbed manner to avoid any ambiguity in the
MS spectrum. Generally the leakage and components concentration are critical issues to be
overcome during the sample transfer. Thus the interface can be designed in a variety of
ways like designed with a separator to concentrate the sample or designed in a manner to
provide carrier gas to aid the ionization process. As the separated gas components from GC
enters the interface, the analyte components concentration can be increased by the removal
of carrier gas jet separators or Bieman concenterators. The separated components by GC
with moderate concentration travels to the MS by the aid of running carrier gas (He) if
needed. A part of the gaseous component is also diverted to the secondary detector if used
additionally or can also diverted to exhaust vacuum if exceeds the concentration limitation.

A schematic view of the interface is shown in Figure 2.24.
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Figure 2.24 Schematic view of a simple interface for GC-MS system. (Taken from Ref.

15)

Vacuum system providing high vacuum (10 Torr): The MS coupled to a GC requires
a high vacuum environment to have an accurate and undisturbed ionization from impurities.
Generally for an MS system, vacuum is created in two stages. In the first stage the vacuum
is generated by a fore pump down to 10 to 10 Torr. In the second stage oil diffusion or
turbo pumps are employed to drop the vacuum down to 10° or 107 Torr.

lonization source: At present there exists a number of ionization sources for employing in
the MS. However, most commonly used ionization sources for the GC-MS system includes
the electron impact (EI) and chemical ionization (CI) sources. The EI sources uses a high
energy electron beam generated from heated filaments to knock out the electrons form the
sample components leading to their ionization in the ionization chamber. The ions
generated by the electron beam are then allowed to flow through a series of electrically
charged focus lenses which accelerates the ions and finally enters the mass analyzer
portion. Furthermore the analyzer vacuum (107 to 10 Torr) also supports the movement
of the charge ions and avoidance of their collisions with themselves or with uncharged gas

molecules. The high energy electron beam can also produce the fragments of the sample
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thus providing the fragmentation pattern of the ions which is a fingerprint of each ionized
molecule and hence can be easily identified. A simple schematic view of the EI is shown
in Figure 2.25.

On the other hand the chemical ionization uses the mixture of already ionized gas
samples with a fresh stream of sample. This mixture is then again bombarded by an electron
beam, during which the ionized sample whose concentration are higher in the mixture is
further ionized. These ionized molecules with high energy upon collision with the fresh
sample molecules ionizes them with lower energy. Thus the fresh stream sample ions will
be more stable without fragmentation and can provide the identity of the sample

components.
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Figure 2.25 Schematic diagram showing the simple ionization source for a GC-MS.

(Taken from Ref. 15)

Mass analyzer: Once the sample from GC column is ionized in the ionization chamber,
the next step is to drive the fine stream of ion into mass analyzer. The commonly employed
mass analyzer for a GC-MS system is quadrupole mass analyzer, structural and working
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process diagram of which is shown in Figure 2.26. After the ionization step, the ions

generated are accelerated towards the mass analyzer via electric field generated using

electrically charged focusing lens. A voltage is applied to these lenses to attract, accelerate

and streamline the charged ions of the sample. The ions with the same charge will definitely

repel while passing through these lenses via columbic repulsion. After passing through the

electrically charged focusing lenses the ions directly comes to the quadrupole mass

analyzer.
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Figure 2.26 Schematic diagram showing the simple ionization source for a GC-MS.

(Taken from Ref. 15)

The quadrupole mass analyzer is termed as the “heart of the MS” and is fabricated by

clamping four cylindrical quartz or metallic rods (10-20 cm long) in a pair of ceramic collars.

It is considered as most inexpensive, simple and efficient for a GC-MS and is commonly used

by the GC-MS sellers. When the accelerated beam enters the quadrupole electrodes or rods, it

is forced by quadrupole electromagnetic field into three dimensional sine waves in a corkscrew
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fashion. The electromagnetic field is generated across the quadrupole by applying a potential
to the adjacent electrodes or rods of the quadrupole in opposite direction. The polarity of the
potential across the pair of electrodes is reversed quickly in periodic and varying fashion
leading to an oscillating trajectory for the ions. While passing through such an oscillating
trajectory, a specified mass of ion (resonant ion) is deflected towards the ion detector surface
and is detected. The potential applied across the quadrupole is swept to make field lower or
high, the larger or smaller ions strike the ion detector, whereas the ions which fails to pass the
trajectory smoothly (nonresonant ion) ends up after colliding with the walls of the quadrupole.
A simple structure of the quadrupole with ion movement process for GC-MS is shown in Figure

2.27.

resonant ion

L | dec and ac voltages

Figure 2.27 Structure and ion movement process in a quadrupole mass analyzer for GC-MS.

lon detector: The ionized components and fragments passing through the electromagnetic
field of quadrupole mass analyzer consist of two types of ions, the first type of ions are those
which are unstable and follows a different path than the trajectory and ends up by colliding
the rods. Second type of ions includes those ions which are stable through the path of the

trajectory and are deflected towards the ionization detector. These ions before reaching the
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detector are filtered by amu offset separating out the gamma rays which can false the data.
The deflected ions from amu offset are then directed towards the conductive surface of the
detector body inducing a cascade of ions with amplified signal to the data system. A

schematic for the basic ion detection process is shown in Figure 2.28.
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Figure 2.28 Process involved in the detection of the ionized streams from the quadrupole

mass analyzer to the ion detector. (Taken from Ref. 15)

Computer controls and data acquisition: As well defined by name, a computer control
including software to control, operate GC-MS, generate and analyze the GC-MS data is
linked with the GC-MS system. The spectrogram produced in the GC-MS is termed as total-
ion current (T1C) chromatogram. A specified peak or spectrum range can be selected from
the TIC and then can analyzed by using the similarity search option and confirming the data
form the library source. Before running the GC-MS during the method preparation it is
required to select the mode for the TIC analysis. Generally two types of modes are used for
GC-MS, the SCAN mode and the single/selected ion monitoring (SIM) mode. The SCAN
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mode offers to do a continuous scan over a range of masses and provides qualitative and
quantitative both information. In contrary to SCAN mode, the SIM mode provides an
opportunity to scan over only a discrete number of masses with high sensitivity and giving
quantitative information. In general, MS-spectrogram is created in a three dimensional
spectrum with time, intensity and m/z ratio as three axis, an example is shown in Figure

2.29.

Total
lonic
current

Figure 2.29 Typical three dimensional spectrogram generated by a GC-MS with TIC, time

and m/z ratios as the three axis. (Taken from Ref. 16)

However, the spectrogram is usually presented in two dimensional form with the addition
of all mass fragments intensities at a given time. In the case of the SIM mode, the spectrogram

is known as single/selected ion current (SIC) chromatogram with the selected masses are being
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analyzed. The corresponding m/z ratios can be determined for the selected peak in the two

dimensional spectrogram (TIC or SIC) by selecting the peaks and similarity search from the

available database of m/z ratios (library search). A real example for a standard hydrocarbon

mixture (C1-C6) is shown in Figure 2.30 with m/z ratios determined for methane (CHa) gas.
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Figure 2.30 TIC spectrogram for the CH4 detected using lab GC-MS running in SIM mode.
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2.2.3 Photocurrent measurements [17,18]

In the field of photocatalysis, photocurrent measurements for the respective photocatalyst
is one of the efficient manner to investigate the photoresponsive properties such as photocurrent
generation, charge separation at the interface or bulk volume, photoemission and photovoltaic
effects of the photocatalysts. The definition of photocurrent can be made as electric current
generated from a photocatalyst, semiconductor or any photosensitive device which exhibits
photoelectric effect under the light irradiation. The photocurrent generated by a material during
the light irradiation can be measured at open circuit potential (OCP) i.e. zero bias condition or
at applied bias condition. The external bias applied is mostly required for the smooth flow of
the electric current in the circuit by accelerating the photoelectrons generated in the material
under investigtion.

The photocurrent measurements are presented mainly by two types of curves i.e. Current-
Voltage (I-V) curves and Current-Time (I-t) curves. There are also several methods which can
be used to determine the effect with voltage and time but the commonly used methods include
analyzing the photocurrent response of photocatalyst with varied applied bias or with changing
time under continuous or chopped light irradiation. The later I-V or I-t curves obtained under
chopped light irradiation are well-known as transient photocurrent measurements.

a) Experimental arrangement
The experimental arrangement commonly used for the photocurrent measurements for a
photocatalytic material includes
. Alight source (100/300 Watt Xe lamp)
Il.  Three electrode configuration setup consisting of working electrode (WE),
reference electrode (Ag/AgCl) and counter electrode (CE, Pt electrode)
I1l.  Electrolyte mainly composed of strong hole-scavengers such as NaOH, NaxSOg,

NaHPO4, NaClOa.
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IV. A potentiostat to measure the I-V or I-t curves with proper software installed.

A schematic illustration of the experimental arrangement is shown in Figure 2.31.
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Figure 2.31 Illustration of simple electrochemical cell with three electrode electrochemical cell

coupled with a potentiostat for photocurrent measurement of the interested material (WE).

b) Experimental procedure
For the measurements of photocurrents generated by photocatalytic materials, 1-V curves
and I-t curves are obtained via different methods. The commonly used experimental procedures
for photocurrent measurement consists of:
Q) I-V curves measurement at zero bias, fixed bias or varying bias under continuous
or chopped irradiation
(i) I-t curves measurement at zero bias, fixed bias or varying bias under chopped
irradiation
As obvious from the Figure 2.31, for the photocurrent measurements, the material of
interest is attached as WE with Pt wire as a CE, and Ag/AgCl as a reference electrode in a three

electrode configuration. The three electrode configuration is then dipped in an electrochemical
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cell (made of glass, quartz or plastic material) filled with suitable electrolyte (in our research
experiments we used Na>SO4 in deionized water) and quartz lens fixed at the front side of the
cell body for light illumination. The light can be irradiated using an appropriated light source,
in our case we used a simulated light from a 100 W Xe lamp. The external bias can be applied
using the potentiostat and photocurrents generated as a result, are measured (using the same
instrument). The data obtained can be plotted as I-V curves or I-t curves using the specified
software in the computer control. The chronoamperometry and linear scan voltammetry (LSV)
electrochemical techniques are generally used for continuous and transient photocurrent
response respectively. An illustrative example of photocurrent measurements for a TiO-
nanotube arrays is shown in Figure 2.32.
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Figure 2.32 An illustrative example of photocurrent measurements for TiO. nanotubes arrays
under 1 sun illumination showing (a) I-V curve with applied bias (0.5 V vs Ref.) and (b)

transient photocurrent response under chopped light irradiation at zero bias.
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2.3 Experimental setup for photocatalytic CO2 conversion
2.3.1 Experimental assembly
The CO2 photoreduction experiments throughout the research work are carried out in
gaseous phase. The experimental setup used was designed in-house, the schematic of which is
shown in Figure 2.33. The experimental setup mainly consists of the following components:
I.  COz gas cylinder providing 1000 ppm CO- in He to the reactor passing through a water
bubbler to provide a saturated mixture of CO2)/H20.
Il.  Mass flow controller (MFC) installed in the inlet line before the reactor to manipulate
flow rate of CO2g)/H2O mixture to the photoreactor, which is normally 40 cm*-min‘™.

1. A vacuum pump is installed at the outlet of the photoreactor to evacuate the air or any
impurity gases before the experiments and gas tightening of the photoreactor.

IV. At both the inlet and outlet of the photoreactor, manual Swagelok valves are installed
along with non-return valves (NRV) for the safe operation of the process. The locks are
specifically designed to detach the photoreactor from the main experimental assembly
in a safe manner and perform the required illumination. The photoreactor is a circular
in shape (Volume =15.4 cm?), with two side openings covered with rubber septums for
sampling purposes. The quartz lens is placed at the top of the photoreactor with stainless

steel made cover lid.
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Figure 2.33 Schematic representation of experimental setup employed for CO- photoreduction
involving (1) COz gas cylinder (1000 ppm in He), (2) Mass flow controller, (3) Water bubbler
for making CO_ gas/H.0 vapors mixture, (4) Photoreactor (Stainless Steel, V=15.4 cm?®) loaded
with photocatalyst material (70 mg of photocatalyst sample), irradiated by simulated solar light
and (5) gas chromatography unit for analysis of product gases from photoreactor (equipped

with FID).

2.3.2 Experiment preparation

The complete experimental procedure involves various important steps starting from
purging of the line form CO: cylinder to reactor with the flow of CO, for enough time (30
minutes) to remove any air in the line if present. After satisfactory line flushing, the reactor
inlet valve is then closed and the inlet line is saturated with the COzg/H20 mixture. The
photoreactor is then purged up to five cycles of purging before and after the catalyst loading in
order to minimize the impurities effect and experimental errors. Each purging cycle consists of
alternating steps of vacuum generation and filling of gaseous CO2(g)/H20 mixture. When the
outlet valve of photoreactor is opened, the gaseous mixture inside it is evacuated and vacuum

generation is continued until the vacuum display shows a value of 3.0 x10° Torr. Upon

-03-



reaching the desired vacuum value the outlet valve of the reactor is closed gently while the
inlet valve is opened and the CO- gas is passed to the reactor. The flow rate of the CO> gas is
controlled by a mass flow controller (MFC). The CO- flows through the MFC and a water
bubbler and finally reaches the reactor. While passing the bubbler CO> absorbs H.O and form
a mixture of H,O and CO,. The range of the MFC output is 0-40 cm®/min. Just after opening
the CO; cylinder valve, the MFC display shows a flow rate of 40 cm®/min. As the CO; gas
continues to flow, the flow rate value will decreases and eventually reaches 0 cm®/min. This
value is achieved due to the reason that the pressure difference within the reactor and the lines
becomes zero. At this point it is considered that the photoreactor is completely filled with

CO2(g)/H20 mixture.

2.3.3 Experiment operation

After proper purging (five cycles) of the photoreactor loaded with specified amount of
photocatalyst material (50-100 mg), it is allowed to completely filled with mixture of
CO2(g/H20. The inlet and the outlet valves of the photoreactor are completely closed and the
photoreactor is detached from experimental assembly. The photoreactor is then placed under
solar light irradiation (UV lamp or solar simulator) for the required illumination time. After the
required illumination and reaction time, the products samples is taken from the reactor via a
glass syringe through the rubber septum covered opening at the side of photoreactor. The
sample is then analyzed via injection into Gas Chromatography (GC) unit. Here it should be
noted that before purging with CO2g)/H20, the photocatalyst loaded photoreactor is also purged
with dry Argon gas for five cycles with similar purging procedure to remove any air contained
inside the photoreactor or adsorbed contaminant species on photocatalyst surface which can

contribute to hydrocarbon generation.
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In general, three samples of each photocatalyst materials are tested under similar conditions
of illumination and testing procedure. Then the average value (simple arithmetic mean) and
standard deviation of these values is calculated using excel software. The standard deviation
value is used to calculate the standard error value using formula

Standard error = Standard deviation/ (sum of all three values)'/?

This standard error is illustrated as error bar in the bar graph showing the photocatalytic

products obtained from photocatalytic CO2 conversion.

2.3.4 Control test and carbon source investigation

Further to investigate the carbon source contribution to the generation of hydrocarbons,
control tests with Ar(g)/H20 mixture is done instead of using CO2(g)/H20. The photocatalyst
loaded photoreactor is filled with Ar(g)/H20 mixture during the purging procedure, illuminated
under similar irradiation conditions and the products are analyzed using GC. If the GC peaks
related to hydrocarbons is significant, then this indicates the role of surface adsorbed carbon
species on the photocatalyst surface for yielding hydrocarbon products. However if no
significant amount of hydrocarbon fuels are generated under Ar(g)/H20 environment, the
results then confirms the negligible role of surface adsorbed carbon species to hydrocarbon
generation and CO- is considered as a key carbon source which is getting converted into
hydrocarbon fuels under illumination via photocatalytic reaction.

The more reliable and accurate test for confirming COz and H20 as a carbon and hydrogen
sources for yielding hydrocarbon products is analysis using gas chromatography coupled mass
spectrometer (GC-MS). For GC-MS tests, the carbon source is investigated by reacting the
13C0O, isotope with H20 on photocatalyst surface yielding 3CHa, thus confirming the CO; as a

carbon source and ensuring the photocatalytic conversion of CO- into hydrocarbon rather than
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conversion of surface adsorbed carbon species. The possible reactions involved in *3CO; tests

could be as follow (where MO = metal oxide photocatalyst)

MO + hv (sunlight) = MO (ecg) + MO (h*vs) (2.7)
MO (8h*vg) + 4H,0 > 8H" + 20, (2.8)
13CO; + 8H* + MO (8e'cg) > ¥CH4 + H20 (2.9

In above equations one can see when a photocatalyst material (MO) absorbs sunlight, electron
and hole pairs are photogenerated. The holes generated in MO valence band are filled by water
oxidation reactions resulting in protons (H* ions) and oxygen (Oz). The ¥*CO- can react with
resulting H* ions and photogenerated electrons to yiled *CHa. If a photocatalyst is unactive
and/or hydrocarbon prdouced is due to the surface adosrbed carbon species, then no peak
(either realted to*2CH,4 or *CHy) is observed and/or only *2CH,4 peak (instead of *CHa) is

observed in GC-MS spectrum respectively.
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Chapter 3. Photocatalytic Conversion of CO- to Hydrocarbon fuel using

Carbon and Nitrogen co-doped Sodium Titanate Nanotubes

3.1 Introduction

As is well documented, CO> is a thermodynamically stable molecule and requires a
significant amount of energy for its conversion/reduction into useful chemicals and fuels. In
case of solar-spectrum photocatalysis, such amount of energy is provided by sunlight which is
absorbed by photocatalytic materials and then utilized for respective photocatalytic reactions.
Thus in photocatalysis, the adequate and extensive absorbance of sunlight is one of the key
requirements to make the process efficient. Until now, enormous researches have been
conducted for the development of photocatalytic materials for photocatalytic CO> conversion
such as ZnO [1], ZnGe20s [2], Ga203 [3], Co304 [4], TaOs [5], BiVOs [6], g-C3Na4 [7], Si
nanocrystals [8], GO [9] and TiO2 [10]. Amongst various photocatalysts developed, Titanum
dioxide/Titania (TiO2) and/or TiO> based photocatalysts are still the prime choice due to its
superb and outstanding properties as compared to various other photocatalytic materials such
as abundant availability, nontoxicity, corrosion resistance, and chemical stability [11-13].

TiO2 in nature mainly exists in three crystalline phases i.e. rutile, anatase and brookite.
However further metastable phases are also reported in literature which are synthetically
produced by various experimental methods [14,15]. The crystalline structure for these phases
are depicted in Figure 3.1. Amongst the natural phases, rutile phase is considered as the most
stable phase with 0.8 low AG+°® then the anatase. Anatase phase is also quite stable up to 600
°C annealing temperature, after 600 °C its conversion mainly to rutile is observed. In general,
the anatase phase is believed to be more photocatalytic active then the other phases mainly due
to its intrinsic properties of (i) longer charge carrier life time because of indirect band gap and,
(ii) directional charge diffusion and low polaron effective mass leading to more efficient charge

diffusion from the bulk to surface. Despite of the various benefits offered by TiO, the wider
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band gap of TiO,, approximately 3.2 eV, which is responsible for its excellent corrosion
stability, limit its sunlight absorption to UV region, comprising only some 4-5 % of the
terrestrial solar-spectrum energy [16]. Thus to apply for some energy demanding photocatalytic
application like CO> photoreduction, modifications and developments are required to capture
and harvest a broader light spectrum. In this regard, numerous approaches have been used for
lowering the TiO2 band gap such as metal ion implantation [17], non-metal doping [18-20],
synthesis of low band gap hybrid nanomaterials [21], and dye-sensitization [22]. On contrary
to loading of expensive metals, doping or co-doping of non-metalse.g. N, S, C, F etc. into TiO2
lattice is an inexpensive way with significant narrowing of band gap resulting in improved light

absorption [23].

(a)

(c)

Figure 3.1 Crystal structures of naturally occurring phases for TiOz: (a) rutile, (b) anatase and

(c) brookite. (Taken from Ref#14)
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Crystalline TiO2 nanoparticles can also be converted to various nanostructures such as
nanofibers, nanosheets and nanotubes [24—-26], which offers large surface areas with improved
adsorption capacity, moderate photocatalytic activity, and improved thermal and chemical
stability. In this regard, an attempt was made by Kasuga et. al. [27] to convert the anatase TiO>
powder into TiO2 nanotubes, commonly known as titanate nanotubes, providing a high surface
area of 400 m?/g with almost similar band gap as that of anatase (~ 3.2 eV). He used a simple
alkaline hydrothermal method i.e. treating the crystalline anatase TiO2 nanoparticles with
NaOH at high temperature and pressure in an autoclave. Since then, a large amount of
experiments have been done for their investigations regarding the crystalline phase, activity
and synthesis mechanism for such TiO2 nanotubes and their application in a variety of research
domains. The mechanism involved in the formation of TiO2 nanotubes is still not clear,
however it is generally considered that during hydrothermal treatment the metal cations (Na*,
Li* or K¥) interacts with the TiO2 nanoparticles and got intercalated between the edge shared
TiOs octahedral layers which hold it tight and appears in the form of nanosheets. On further
hydrothermal treatment, some of the Na* ions can be replaced with larger size water molecules
and are exfoliated forming curled shape nanosheets. As the nanosheets usually don’t have
inversion symmetry, finally forming the tubular structure via curling up with a release of strain
energy [28]. Moreover, various nanostructures like nanosheets, nanodiscs, nanowires etc. have
also been reported by such alkaline hydrothermal treatment by varying the reaction
temperature, time, concentration of alkaline solution, post washing and annealing effects. A

schematic for the process involved in the TiOx/titanate nanotubes is shown in Figure 3.2.
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Figure 3.2 Proposed mechanism for the formation of Na*-TNT by exfoliation-rolling model.

(Taken from Ref. # 28)

Further, a lot of studies have also been done to investigate the crystalline structure of
titanate nanotubes. It is commonly believed that, initially as synthesized titanate nanotubes are
mainly consists of sodium trititanate (Na2TizO7). However the acid washing and annealing have
interesting effects on the phase of titanate nanotubes. During the acid washing the surface
adsorbed and intercalated Na® ions can be removed and replaced by the protons thus
interrupting the interlayer spacing and forming hydrogen titanate, H>TisO7 [29]. The post
annealing of the as-synthesized samples to achieve better crysatllinity for improved
photocatalytic activity shows a variety of mixture of phases depending upon the duration and
temperature of annealing. Mostly observed phases include sodium trititanate (NaxTiz07),
sodium hexatitanate (Na2TisO13), TiO2 (B) (a metastable monoclinic form of TiO2) and anatase
Ti02[30]. Usually the annealing temperature to achieve the crysatllinity for titanate nanotubes
is kept in range of 400-500 °C. At this temperature a mixture of sodium trititanate (Na>Ti3O7)
and sodium hexatitanate (Na2TisO13) is achieved [29]. The crystal structure of both is shown

in Figure 3.3.
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Figure 3.3 Crystal structures for sodium trititanate (NazTisO7) and sodium hexatitanate

(Na2TisO13). (Taken from Ref. # 31)

The titanate nanotubes (TNT) with a layered structure makes them ideally suitable with
higher surface area for improved photocatalytic performance in CO. photoreduction.
Furthermore, the Na* ions intercalated between the titanate layers probably acting as
recombination centers thus decreasing photocatalytic activity [30-32], has recently been
reported for improved CO> adsorption capacity that, in turn, will influence the rates of CO>
photoconversion into hydrocarbons [33,34]. However, the limitation faced is still the same as
faced by TiO, i.e. limited light absorption due to wider band gap.

Being inspired by the unique qualities, in the first experimental work of the Ph.D. research
thesis, sodium titanate nanotubes (from now one represented as TNT) as a photocatalyst
material is selected which can provide high surface area for CO2 adsorption and reduction. To
overcome the issue of limited light absorption, a co-doping strategy is designed rather than a
single doping as a means to obtain broad light absorption resulting in improved photocatalytic

properties of TNTs. Amongst various nonmetals, carbon and nitrogen are well known dopants

-103-



with admirable ability to improve the photocatalytic activity with enormous amount of
investigations have been done for C and N doping in TiO2 nanoparticles system. In this
experimental work, a carbon and nitrogen co-doped sodium titanate nanotubes (C,N-TNTS) is
the aim of the research, the photocatalytic activity of whose are tested mainly for
photoconversion of CO, and water vapor into hydrocarbon fuel under simulated solar-light
illumination.

The co-doping experimental procedure consists of two simple steps: (i) The first step
involves the synthesis of sodium titanate nanotubes by a conventional alkaline hydrothermal
treatment of available TiO; (anatase) followed by (ii) the mixing of produced TNT with desired
amount of urea and calcining under air flow to achieve the final product i.e. C,N-TNT. It is
reported, the most stable nanotube structure is obtained via alkaline hydrothermal treatment of
TiO> (anatase) with NaOH as compared to nanotubes formed when other alkali metals are used
[35,36], thus herein NaOH was used during alkaline hydrothermal treatment step. A series of
the C,N-TNT is prepared by varying the composition of urea and its influence on photocatalytic

activities of the materials is demonstrated.
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3.2 Experimental section
3.2.1 Materials and Reagents

The chemical and reagents used in this experimental work includes, Sodium hydroxide
(Reagents Duksan, 94 %), TiO anatase (Daejung, > 98 %), Urea (Sigma-Aldrich, 98 %) and

Deionized (DI) water.

3.2.2 Preparation of carbon and nitrogen co-doped sodium titanate nanotubes (C,N-

TNT)

The synthesis strategy designed in this experimental work consists of two step experimental
scheme for the preparation of carbon and nitrogen co-doped sodium titanate nanotubes (C,N-
TNT). The schematic diagram for the designed process is shown in Figure 3.4.

The first step consist of synthesis of pure TNT by a typical alkaline hydrothermal method
as reported earlier [49]. The process includes mixing of 2.0 g of commercially available TiO>
powder (anatase) with 20 ml of 10 M NaOH solution in a beaker. The uniform suspension after
stirring for 1h was transferred to a teflon lined autoclave (30 ml) and heated at 150 °C for 24
hours. The reaction mixture was filtered after cooling and washed with deionized water to
adjust the pH to 7.0. The obtained precipitate was dried at 70.0 £10.0 °C in an air oven, and
calcined at 400 °C in a muffle furnace (box furnace) for 6 hours in the presence of static air.

This sample was labeled as TNT.

TNT C,N-TNT
- Urea
Hydrothermal +
TiO, powder process Calcination at

+ (150 °C for 24 h)
10M NaOH

400 °Cfor 3 h

Step 1 Step 2

Figure 3.4 Schematic view of the experimental scheme designed for the synthesis of C,N-TNT.
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In the second step, TNT was mixed with varied amount of urea in a mortar and ground well
to obtain a homogeneous mixture. Typically 0.1 g of TNT was mixed with 0.1, 0.3, 0.6, and
1.0 g of urea to prepare a series of carbon and nitrogen co-doped sodium titanate (C,N-TNT).
The powdered samples obtained after grinding were transferred to a crucible and calcined at
400 °C for 3 hours in a tubular furnace under air flow (30 cm®/min). The obtained materials
were labeled as C,N-TNTO01, C,N-TNT03, C,N-TNT06, and C,N-TNT1 for the sample

obtained with 0.1, 0.3, 0.6, and 1.0 g of urea respectively.

3.2.3 Characterization

The crystalline structure of the materials were analyzed by powder X-ray diffraction (XRD)
using X-ray diffractometer (Panalytical, Empyrean) operating at 40 kV and 30 mA with Cu Ka
radiation (A=1.54A) as an X-ray source, scanned with a step degree of 0.02° and duration time
of 0.05 s in the range of 20 =5-70°. The phase transformation of the materials and the band
assigned for titanate was studied by Raman spectroscopy using a NICOLET ALMECA XR
Raman spectrometer equipped with a He-Ne laser (532 nm) as the light source. Morphological
analysis of the materials were analyzed using field emission scanning electron microscopy (FE-
SEM, Hitachi S-4800) and transmission electron microscopy (TEM) to know about the
morphology and size of the materials. The TEM images were obtained by FE-TEM (Hitachi
HF-3300) instrument operating at 300 kV. For TEM analysis, the samples were prepared by
dispersing in ethanol followed by sonicating the mixture for 1 hour. One drop of the dilute
suspension was dropped on a TEM grid and allowed to dry overnight. The UV-vis diffuse
reflectance spectroscopy (UV-vis DRS) of the materials was measured using Cary series
(CARY5000) UV-visible-near IR spectrophotometer (Agilent technologies) with a diffuse
reflection accessory in the range of 200-700 nm. The N2 physisorption measurements were

carried out to know about the textural properties such as specific surface area, pore volume and
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pore size distribution. For N2 physisorption measurements, the samples were degassed
extensively at 200 °C at 20 mTorr for 300 minutes prior to the experiments. The N2 sorption
isotherms were measured at -196 °C on a Micromeritics ASAP 2000 apparatus. The surface
area was calculated by using the Brunauer—Emmett-Teller (BET) equation. The pore volume
was determined from the amount of N> adsorbed at the highest relative pressure of (P/Po) =
0.99. The BJH pore diameter was obtained by applying the Barrett-Joyner-Halenda (BJH)
equation to the desorption isotherm. The surface composition and oxidation states of Ti, O, C
and N in different materials were determined by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific, ESCALAB 250Xi) using Al Ka line (148606 eV) as the X-ray source. The

XPS peaks calibration was done against the standard reference C 1s peak.

3.2.4 Photocatalytic CO2 conversion

The prepared photocatalysts were employed for photocatalytic CO2 conversion yielding CHa
as a main product. The experimental procedure for photocatalytic CO. conversion test is
explained in section 2.3 of chapter 2.0. Briefly, 100 mg of each photocatalyst prepared was
loaded to the reactor and CO2 gas (1000 ppm in He) was passed through a water bubbler,
forming a mixture of CO2 and H20 vapors which then enters the reactor. A 100 W Xenon solar
simulator (Oriel, LCS-100) with an AM 1.5 filter was used as a light source, the light spectrum
of which is shown in Figure 3.5. The photoreactor products were analyzed using a gas
chromatograph unit (Shimadzu GC-2014, Restek Rt-Q-Bond column, ID=0.53 mm, length=30
m) equipped with both thermal conductivity detector (TCD) and a flame ionization detector

(FID).
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Figure 3.5 Spectral irradiance of 100 W Xe lamp passing through AM 1.5G filter.

After 1 h of irradiation, product samples from the reactor were manually taken with a 500
ML argon-purged syringe and injected into the gas-chromatography (GC) unit. Three
measurements were performed for each sample; the average for the three readings is reported
along with their standard error bar in the results and discussion part. The obtained values for
the yielded product was in units of ppm.g™.h?, this unit was converted to pmole.g™.h on the
basis of ideal gas equation with consideration of volume of evolved CH4 gas as a basis. Control
tests was also performed by illuminating C,N-TNTO06 in an Ar/H20(g) atmosphere rather than
CO2/H20( mixture to investigate the origin of the carbon intrinsic to the CHa. The hour
normalized CH4 evolution rate was calculated using eg. 3.1 as:

Rate of ChL evolution < AmeU of CHy produced (ppm) 3.1
ate of CHa evolution =-=——"—~— photocatalyst used (g) o
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The yield in umol of CH4 gas produced can be determined from ppm on the volume basis
equation as:

X ppm of CHs=Y m?® of CH4 / Z m® of ideal gas in reactor (3.2)
Then using the ideal gas equation i.e. PV=nRT, the moles (n) of CH4 gas yielded can be
calculated by plugging the values of volume (V), pressure (P = 101.325 Pa), temperature (T =

303 K) and ideal gas constant (R = 8.314 m3-Pa-K1-mol™?).

3.3 Results and discussion
3.3.1 Crystallographic study

The crystalline structure of pure TNT and C,N-TNT samples are investigated using X-ray
diffraction analysis and Raman spectroscopy. The XRD patterns for pure TNT and series of
different C,N-TNT samples are shown in Figure 3.6a. It is observed that pure sample after
proper annealing shows various diffraction peaks appearing at 20 value of 10.2°, 24.2°, 28.6°,
33.8°, 38.6° and 61.6°. These peaks well matches to reported literature and are attributed to the
interplanar spacing dzoo, d110, 0310, d31-2, doos @and do2o respectively, indicating the presence of
sodium titanate phase [37]. It can be noticed that the peaks appearing around 26 values of 10.2°
and 28.6° which are associated to TNT interlayer spacing in pure TNT [30,38], are shifted to
higher angles in C,N-TNT samples with the peaks themselves becoming more diffuse. Such a
peak-shifting after carbon and nitrogen doping [35], with the weakened intensities is an
indication of a decreased interlayer spacing associated to TNT-protonation. The protonation
can be possibly due to the doping induced by urea content and substitution of intercalated Na*
ions with H* ions [30,38], suggesting TNT doping driven protonation in the second step of
synthesis. For the sample C,N-TNT1with highest urea content, the protonation seems highest
with the highly diffused interlayer peaks. In addition, another peak appearing at 25.6° is

observed for samples C,N-TNTO03, 06, and 1, which is not observed in the XRD patterns of
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pure TNT and C,N-TNTOL. This peak is associated to anatase phase, a result which suggest
that protonation supporting the anatase phase formation while the higher Na* ions in pure and

C,N-TNTOL1 inhibits the formation of anatase [39,40].

(b) C,N-TNT1
= =
s g
C,N-TNTO06
S £
E ‘FE': C,N-TNTO03
i Ll
CN-TNTO1
TNT
1 T T T T T T T T T T T T - T . . ; . .
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Figure 3.6 XRD patterns (a) and Raman spectra (b) of pure TNT and C,N-TNT samples with
varied content of urea. (01, 03, 06 and 1 stands for 0.1, 0.3, 0.6, and 1.0 g of urea respectively

for C,N-TNT)

Raman spectra for pure and all C,N-TNT samples are shown in Figure 3.6b. All samples
exhibits broad Raman active bands at 280, 445, 675, and 908 cm™*. Qamar et al. [29], suggested
the bands appearing around 285 cm™ and 675 cm corresponds to Ti-O-Na stretching vibration
of TNT whereas the bands appearing around 445 and 675 cm™ of TNT can be attributed to Ti-
O-Ti. The vibrational band at 908 cm™ is associated to the stretching vibration of Ti-O
indicating the presence of non-bridging oxygen atoms coordinated with sodium ions. However,
the band intensity of vibration band at 908 cm™ is decreased to a large extent upon co-doping
but it can be observed for all the co-doped TNT samples thus indicating the partial exchange
of sodium ions present in TNT with hydrogen ion. The bands at 141 cm™ and 198 cm™ observed
specifically in the samples C,N-TNTO03, C,N-TNTO06, and C,N-TNT1 provides a clue regarding

the presence of some amount of anatase TiO> in the respective materials [41].

-110-



3.3.2 Morphological analysis

The morphology for the pure TNT and C,N-TNT are studied using the field emission
scanning electron microscopy (FE-SEM) and transmission electron microscopy (FE-TEM).
Figure 3.7 shows the FE-SEM images for the pure TNT and C,N-TNTO03. The FE-SEM images
of pure TNT and C,N-TNTO03 samples (Fig. 3.7) exhibits a fine tubular structure with several

nanometer lengths.

Figure 3.7 FE-SEM images of the pure TNT (a) and C,N-TNTO03 (b).

Figure 3.8 displays the TEM images with low and high resolution for pure TNT and C,N-
TNTO03 sample as a representative sample for C,N-TNT. The TEM image for pure TNT exhibit
its stable structure with well crystalline nature after the annealing step. Whereas for the C,N-
TNTO03 sample, a slight distortion of TNT walls is observed after the calcination with urea as
a source of co-doping, possibly due to protonation effect induced by urea which destabilizes a
little bit the nanotubes structure. However, besides a little distortion it is fair enough to suggest
that the C,N-TNTO03 sample retain almost similar tubular structure after C, N co-doping and

calcination at 400 °C.
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Figure 3.8 TEM images of the pure TNT (a & b) and C,N-TNTO03 (c & d).
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3.3.3 Light absorption and Band gap estimation

The light absorption properties are investigated using UV-vis DRS data obtained for pure

TNT and all C,N-TNT samples is shown in Fig. 3.9a. It can be observed that the absorption of

pure TNT is limited to UV range only (A < 400 nm) due to wider band gap as typically observed

for anatase TiO2. However upon co-doping, a red shift of the absorption wavelength is observed

which is extended to a portion of visible range and is increased with increased dopants level by

increasing urea amount. The absorption below 400 nm is associated to the electron transitions

from the valence to conduction band while the absorption above the 400 nm, extended up to

500 nm can be attributed to the synergistic effect of C and N co-doping, creating inter band

gap states leading to narrowing down of the band gap and broadening of light absorption [42].
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Figure 3.9 UV-vis DRS of pure TNT and C,N-TNT samples (a) and corresponding Tauc plot

for band gap estimation (b). (01, 03, 06 and 1 stands for 0.1, 0.3, 0.6, and 1.0 g of urea

respectively for C, N-TNT)
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The band gap energies for all samples are estimated using a well-known Tauc relationship
[43]. Tauc plots for all the samples are plotted using this relationship and shown in Figure 3.9b.

The Tauc relationship is given as:

(ohv) = ag(hv-Eg)" (3.3)

Where o, is band tailing parameter constant, h is Planck constant, v is frequency and Eg is the
optical band gap of the material. The value of n for direct and indirect band gap is ¥z and 2
respectively. The function (ahv)" is plotted against energy hv and the linear portions of the
curves are extrapolated to zero (y-axis) to determine the estimated band gap values. The band
gap estimated for each material is shown in Table 3.1. It is obvious that all C,N-TNT samples
possess lower band gap as compared to the pure TNT. The variation in band gap is attributed

to the difference in amount of carbon and nitrogen dopants in these materials.

3.3.4 Nz-physisorption analysis

The textural properties of the prepared samples are investigated via No-physisorption analysis
of respective samples. The N2-sorption isotherms of pure TNT and all C,N-TNT samples are
displayed in Figure 3.10a. According to IUPAC classification [44], the isotherms of TNT and
C,N-TNT samples are classified as type IV with initial depiction of a monolayer adsorption at
low relative pressures, followed by a steep rise. Such behavior depicts a multilayer adsorption
of gas molecules which is eventually followed by capillary condensation occurring in the
mesopores at high relative pressure. Due to the differences in pressures at which capillary
evaporation and condensation take place, the isotherms display H3 hysteresis loops revealing

the existence of aggregated plate-like particles with slit-like pores [44].
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Figure 3.10 Nitrogen physisorption isotherms (a) and pore size distribution (b) of pure TNT
and C,N-TNT samples. (01, 03, 06 and 1 stands for 0.1, 0.3, 0.6, and 1.0 g of urea respectively

for C,N-TNT)

It is observed that all co-doped samples exhibit a bit lower surface area than the pure TNT.
This might be due to the protonation effect rupturing somewhat the tubular morphology and
slightly decreasing the surface area. However the variation amongst the surface areas is not as
significant to influence the photocatalytic performance of materials. Amongst all co-doped
samples, the material C,N-TNT1 shows lowest surface area and pore volume compared to pure
TNT indicating that C, N co-doping making significant variation in this material. The pore
volume of C,N-TNTL1 is 0.32 nm, while pure TNT shows slightly higher pore volume, 0.42
nm. The BJH pore size distributions of pure TNT demonstrate relatively wide spread
mesoporosity and macroporosity ranging from 5 to 70 nm with the majority of pores centered
around 16 nm as shown in the Figure 3.10b. The macroporosity seems to arise from the pores
formed between various TNT particles, i.e. intra-particle pores. The BJH pore size distributions

of C,N-TNTO01, C,N-TNTO3, C,N-TNTO06, and C,N-TNT1 indicate the presence of relatively
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similar mesoporosity and same macroporosity as that of pure TNT. The textural properties,
including specific surface area, pore volume and average pore diameters obtained from

nitrogen adsorption-desorption analysis, are listed in Table 3.1.

Table 3.1 Textural properties and photocatalytic CH4 evolution rate for TNT and C,N-TNT
samples.

Materials SBET Pore volume  Band gap Amount of Amount of
(m2g2)° (cmB-gh)° energy CHa CHa
eV)° (ppm.g™.h™")  (umol .gt.h)
Pure TNT 114 0.44 3.46 90.62 3.7
C,N-TNTO1 105 0.40 3.44 153.08 6.25
C,N-TNTO3 98 0.42 3.3 111.53 4.6
C,N-TNTO06 100 0.43 2.8 230.80 9.75
C,N-TNT1 83 0.32 2.4 165.33 6.75

a Surface area determined by applying Brunauer-Emmett-Teller (BET) equation to a relative pressure
(P/P0) range of 0.05-0.35 of the adsorption isotherm.

b Pore diameter is calculated from the Barrett-Joyner-Halenda (BJH) equation using the desorption
isotherm.

¢ Band gap energies estimated from Tauc plots.
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3.3.5 X-ray photoelectron spectroscopy (XPS) analysis

To investigate the surface elemental composition and their electronic states, XPS analysis for
all the samples are performed and is shown in Figure 3.11. The survey scan XPS spectra of all
samples i.e. pure TNT and all C,N-TNT samples (Figure 3.11a) clearly indicate the presence
of Ti, O, N, and C elements in them with no trace of unwanted impurities. Figure 3.11b displays
a high-resolution XPS spectra of the N 1s. It is observed that the pure TNT and lowest urea
treated sample C,N-TNT-01 do not show any peak corresponding to N 1s. Such information
indicates that low amount of urea treatment does not make any significant variation in the TNT
composition. However with increased urea content, the N 1s spectra of C,N-TNT03 and C,N-
TNTO6 shows the peaks which can be best fitted as a combination of two peaks appearing
around at 397.8 eV and in the range of 399.8 eV-400.1 eV. The later peak at 400.1 eV can be
assigned to N atoms from chemisorbed N-containing compounds [45], while the first peak can
be attributed to N atoms that replace O atoms in TNT and form Ti-N bonds [46]. Furthermore,
sample C,N-TNTL1 with the highest amount of urea treated TNT material, shows an additional
shoulder peak at 394.7 eV along with these two peaks appearing around 397.8 eV and 400.1
eV. The additional shoulder peak might be possibly due to atomic nitrogen formed by

dissociation of a small fraction of the adsorbing molecules [47].

XPS spectra of C 1s for all samples is shown in Figure 3.11c. For C 1s region, various
peaks observed can be deconvoluted mainly to three peaks appearing at 284.6 eV, 286.1 eV
and 288.3 eV. The first peak can be ascribed to the elemental carbon [48], while the other two
peaks appearing at 286.1 eV and 288.3 eV are attributed to C-O and C=0 bonds, respectively,
which indicates the formation of carbonated species and a probable substitution of lattice

titanium or oxygen ions to form Ti—-O-C bonding [48].
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Figure 3.11d shows the high resolution XPS spectra of Ti 2p region with appearance of two
intense peaks at 458.7 eV and 464.5 eV, observed for pure TNT and all C,N-TNT samples.
These peaks are attributed to the Ti 2p3;2 and Ti 2p12 binding energy region, which indicates
the presence of Ti*" ions in TNT. O 1s region for pure TNT and all C,N-TNT samples is shown
in Figure 3.11e. The O 1s spectra reveals the presence of three peaks corresponding to Ti-O

bond (529.0 eV), O-H bond (531.4 eV), and C-O bond (533.5 eV) respectively [49].

The atomic % for C, N, Ti, and O elements present in all the samples are also determined
using the XPS-EDS (Energy dispersive X-ray spectroscopy) and is displayed in Table 3.2. It
can be observed that no nitrogen content is found in pure TNT and C,N-TNTO01 samples, the
data well matching with the XPS data. On increasing the urea content for samples C,N-TNTO03,
C,N-TNTO06 and C,N-TNT1, the nitrogen and carbon elemental composition is increased with

the sample C,N-TNT1 having the highest C and N content.

Table 3.2 C, N, Ti and O atomic composition for pure TNT and different C,N-TNT samples.

Material C1ls N 1s Ti2p O1s
(Atomic %) (Atomic %) (Atomic %) (Atomic %)

TNT 7.59 - 20.12 52.47

C,N-TNTO1 7.97 - 20.14 52.89

C,N-TNTO3 11.15 1.37 16.52 49.93

C,N-TNTO6 14.59 5.8 15.56 43.86

C,N-TNT1 15.59 11.95 145 40.33
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3.3.6 Photocatalytic CO2 conversion

Photocatalytic CO> conversion tests with water vapors (as a reducing agent) into
hydrocarbon fuels in gas phase are conducted to evaluate the photocatalytic activities of pure
Ti0O2 (used for synthesis of TNT, purchased from Daejung chemicals South Korea), pure TNT
and all C,N-TNT samples. It was observed that all samples under simulated light illumination
yielded methane, CHs as a primary product with no other products being detected. This might
be due to absence of any co-catalysts (Pt, Cu, Pd etc.) for production of other products. The
photocatalytic CHas evolution rates for anatase TiO2, pure TNT, and a series of C,N-TNT
samples are shown in Figure 3.12. It can be clearly seen, pure TiO2 used as a reference material
exhibits a negligible amount of CH4 evolution. Sample C,N-TNTO06 shows the highest CH4
evolution (392.14 ppm.gt.h or 9.75 umol.gt.ht), 2.7 times higher than pure TNT (148.81
ppm.gt.h?t or 3.7 umol.g.h™). To investigate the origin of the carbon intrinsic to the CHa,
control tests were performed by illuminating C,N-TNTO6 in an Ar/H.O() atmosphere, which
shows a negligible amount of CHas, suggesting an insignificant effect from any organic

impurities contamination.
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Figure 3.12 Photocatalytic conversion of CO; into CH4 employing TiO2, pure TNT and C,N-

TNT samples (after 1 h irradiation).

It can be clearly seen that C,N-TNT samples exhibits a significant improvement in
photocatalytic CO2 conversion rate as compared to pure TNT and anatase TiO, with the order:
C,N-TNTO06 > 1 > 01 > 03 > pure TNT. Such a trend of results seems interesting and on the
basis of reported literature we presume no less than five factors that are intrinsic to
understanding the photocatalytic activities of TNT and C,N-TNT samples: (i) Sample
crystallinity; (ii) Sample surface area; (iii) The presence of Na* ions that act to improve CO;
adsorption; (iv) The presence of Na* ions acting as recombination centers for photogenerated
electron-hole pairs; (v) Light absorption properties of the sample. All five of these rate-
determining properties are dependent of sample C,N-doping concentrations.

For the pure TNT, C,N-TNTO01 and C,N-TNTO03, we consider Na* ions as a CO_ adsorption

sites [31] and recombination centers [34] might be the key parameters influencing the
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performance of respective samples. As previously explained in relation to our XRD analysis,
the C,N co-doping induces a protonation effect by substitution of Na* ions with H* ions, which
we suggest are coming from dissociation of the urea (dopant source), with the appearance of
the anatase phase for the more highly-doped samples. The band gaps estimated for TNT (3.46
eV), C,N-TNTO1 (3.44 eV), and C,N-TNTO03 (3.33 eV) do not show a significant variation,
with all three samples absorbing little of the solar spectrum energy, so the effect of co-doping
IS not considered a prominent factor influencing their performance. With respect to sample
C,N-TNTO1, a small amount of dopant can induce mild protonation which decreases the Na*
ion content, perhaps offering enhanced CO; adsorption without a corresponding increase in
charge recombination, with the end result a superior performance than that of TNT. While for
the samples C, N-TNTO06 and C,N-TNT1 we consider the extended light absorption and small
amount of anatase phase might be possible reasons for their relative improved photocatalytic
performance. As it is well reported that C and N co-doping of TNT induces C 2p and N 2p
isolated states above the valence band maximum [42]. These isolated states are considered to
be responsible for significant red shift in light absorption of C, N-TNT06 and C,N-TNT1
samples. The enhanced light absorption increases the sub-band gap excitations and
photoexcited electrons. The maximum photocatalytic activity in terms of CH4 evolution rate
exhibited by C,N-TNTO06 can be interpreted as optimum level of dopant concentrations
balancing well all factors which influences the photocatalyst performance. However, on
increasing the dopant concentration beyond that of C,N-TNTO06, the photocatalytic activity
decreases. While we do not yet understand the role of Na* ions in helping to determine
photocatalytic properties, for both samples C,N-TNT06 and 1, we hypothesize that their
improved performance is due to increased light absorption and improved crystallinity
associated with the C,N-doping, and presumably some optimal point on the trade-off of Na*

effects.
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The proposed mechanism for photocatalytic CO2 conversion into hydrocarbon fuels is
suggested on the basis of well reported and most agreed proton assisted multi-electrons
reduction process via carbene pathway [50,51]. It is considered that upon illumination a
photocatalyst material (M) which is pure TNT or C,N-TNT samples in this experimental work,
pairs of electron (e”) and hole (h™) are created at the photocatalyst (M) active sites (Eq. 3.4).
The holes are assumed to be filled by water oxidation reaction with release of hydroxyl radicals
(OH) and protons (H*) (Eq. 3.5). Simultaneously, the adsorbed CO, on photocatalyst get
reacted with the electron and proton and reduces into carbon radicals (-C) through an
intermediate product of CO (Eq. 3.6 & 3.7). Carbon radicals finally react with multiple H" and

e” yielding hydrocarbon fuel as a product (Eq. 3.8).

M (e-h*) + hv — ece + h'vs (3.4)
H20 + h* — H* + -OH (3.5)
CO; — CO+ % 03 (3.6)
CO— ‘C+ %0 (3.7)
-C +4H* + 4e — CHy4 (3.8)

The proposed mechanism for photocatalytic CO2 conversion to CHs employing C,N-TNT

samples is schematically illustrated in Figure 3.13.

-123-



9 . C+aH*+de  CH,

dree e e 1 CO,/CH;0H

~~
~
.
2,
S’
>
i ut— - oS S——— A
L L
T 0
Z C,NINT 7 0,H,0 /
; 326V / v
2 0F Y - o Solar Light
E Cp v
N2p
5 2r | ok
- )
o) L
A I
3L b He+%0, 20

Figure 3.13 Schematic illustration of photocatalytic conversion of CO; into CH4 by C,N co-

doped TNT.

3.4 Conclusions

A solar light active C,N co-doped sodium titanate nanotubes photocatalyst was synthesized
by a simple two step synthesis strategy. The photocatalytic performance of the synthesized
materials were evaluated by photocatalytic CO2 conversion into CH4. Different samples of
C,N-TNT were prepared by varying the amounts of urea content which acted as C and N doping
source. The optimum sample yielded enhanced CH4 production rate which was 2.7 times higher
than undoped / pure TNT sample. Such improved performance can be attributed to the extended
light absorption as a result of isolated C and N 2p states above the valence band maximum of
TNT, moderate surface areas, anatase phase formation and favorable competition between the

dual roles of Na* ions concentration present in the photocatalyst.
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Chapter 4. TiO2 Nanotube Arrays Covered with Reduced Graphene Oxide:
A Facile Fabrication approach towards a Noble Metal-Free Photocatalyst

and its application in photocatalytic CO; conversion to methane.

4.1 Introduction

During past few years, TiO2 nanotube arrays (TNT) [1,2] have become an attractive and
interesting research domain with its application in a variety of fields such as photocatalysis [3],
chemical sensors [4], biomedical applications [5], environmental cleaning [6], solar cells and
solar fuels [7,8]. As mentioned previously in chapter 3, the TNT provides a higher surface area
as compared to TiO2 nanoparticles powder. However the TNT in powder form also bears a
drawback of its recyclability and reusability. In this regard the well oriented and directionally
grown TiO2 nanotubes on a Ti foil substrate can provide a better mean to resolve the issues of
recyclability and reusability without sample loss. In addition, TNT arrays also provide a higher
surface area and directional/vectorial charge flow which leads to improved surface active sites
and decreased charge recombination, respectively.

Generally, TNT arrays are synthesized using a simple, easy and low cost electrochemical
method in which titanium foil is subjected to electrochemical anodization [9,10] resulting in a
photocatalytic material platform with intriguing prospects for solar cells and solar fuel
applications. However the relatively high band gap of TiO2 (~3.2 eV), as is well known can
significantly limits the absorption of solar spectrum energy [11,12]. Thus in order to utilize the
excellent photo-corrosion stability and charge transport properties of TNT arrays while
extending its light absorption spectrum, various investigators have tried approaches such as
noble metals loading, e.g., with Pt, Au or Pd [13], elemental doping, e.g., with B, N or S [14],
and coupling of TNT arrays with low band gap semiconductors [15]. Amongst these

approaches, loading of noble metals on TNT arrays as a co-catalyst is an effective but expensive

-132-



way of improving electron-hole separation, whereas doping increases the solar spectrum
absorption. Both these methods quite improves the photocatalytic performance but beyond a
few non-repeatable results, to always degrade its charge transport properties. To avoid the high
cost and short life of noble metal loading, in recent years coupling of TiO2 nanostructured
materials with carbon materials such as C60, CNT, graphene [16,17] have been investigated
and become an attractive research domain offering improved charge transfer dynamics and
photocatalytic activity. A major drawback of using carbon materials is their potential to weaken
the light absorption. However, Graphene a carbon allotrope since its invention by Geim and
Novoselov in 2004 [18,19], have received an enormous amount of attention because of its
superb properties along with good transparency to the sunlight. The important and
extraordinary properties of this wonder material are tabulated in Table 4.1.

Typically high electron mobility, high surface area (~2600 m?-g) and light transparency
[20] have motivated the photocatalysis researchers to employ and investigate the graphene
based photocatalytic materials for a wide variety of applications.

Being inspired from such excellent properties, in this experimental work we designed a
systematic fabrication approach is designed which resulted in a novel nanostructure material
that does not requires the use of expensive noble metal loading. The nanostructured material is
comprised of TiO2 nanotube arrays with a surface coating of reduced graphene oxide (rGO)
platelets embedded with TiO2 nanoparticles (rGO-TNTNP). The experimental strategy adopted
for synthesis of rGO-TNTNP consists of two steps i.e. simultaneous electrophoretic deposition
and reduction of GO on Ti foil followed by second step of electrochemical anodization of rGO-
Ti foil. The electrochemical anodization step is performed with a specific electrolyte
concentration in order to obtain the porous surface morphology and avoid debris formation.

The photocatalytic properties of the resulting novel nanostructured photocatalyst architecture

-133-



are investigated using photocurrent measurements and its application for photocatalytic CO>

conversion primarily to methane as a product.

Table 4.1 Some specific properties of graphene

Property Value
Specific surface area 2630 m?g
Optical transmittance ~97.7 %
Thermal conductivity 5000 W-mt-K1
Young’s modulus 1TPA

Thermal resistance

Electron mobility

Fermi velocity

Current density

~4x 108 K-m>wW

200000 cm?V1.st

300-500 nm

1000000 ms™*
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4.2 Experimental section
4.2.1 Materials and reagents

The chemical and reagents used in the synthesis of graphene oxide include graphite
powder (Lab grade, 99.0 %), potassium permanganate (KMnOa, 93.5 %), hydrogen peroxide
(H202, 28.0 %), concentrated sulfuric acid (H2SOs4, 95.0 %) all purchased from Duksan
Chemicals and sodium nitrate (NaNOs, 99.0 %) purchased from Sigma-Aldrich. Ammonium
fluoride (NH4F, 98.0 %) and ethylene glycol (C2HsO, 99.0 %) used in electrochemical
anodization were purchased from Alfa Aesar. Titanium foil (0.1 mm in thickness, 99.5 %) from
Nilaco Corporation, Japan was used in this investigation. Sodium sulfate (Na2SOs, 99.0 %) was
purchased from Sigma-Aldrich and was used in its present form as an electrolyte for the

photocurrent measurements.

4.2.2 Synthesis of graphene oxide (GO)

The graphene oxide (GO) was synthesized using modified hummers method in two steps.
Firstly, graphite oxide (G-O) was synthesized by modified Hummers method [21]. The
procedure starts with mixing of 3.0 g (1 wt. equiv.) of graphite powder and 1.5 g (0.5 wt. equiv.)
of NaNOs with 69 ml of concentrated H2SO4 in a flask. Then, 9.0 g (3 wt. equiv.) of KMnOg4
was slowly added into the mixture placed in ice bath to keep the reaction temperature below
20 °C. After addition of KMnOQs, the reaction temperature was warmed to 35 °C and kept under
vigorous stirring for 7 h followed by addition of more 9.0 g (3 wt. equiv.) of KMnO4 and finally
stirred for 12 h. Then 400 ml of ice water was added to the reaction mixture followed by drop
wise addition of H2O2 (6 ml) under stirring. The mixture was then filtered, washed and
centrifuged for multiple times until the pH of the mixture become neutral (pH 6 ~ 7). The final
centrifuged product was vacuum dried to get a solid product of graphite oxide (G-O). In the

second step, the obtained graphite oxide (G-O) with concentration of 1.0 mg/ml was sonicated
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well for 3 hours. The sonication was done at room temperature i.e. 30 °C and finally a well
dispersed suspension of graphene oxide (GO) was obtained which was used as it without

further processing.

4.2.3 Synthesis of reduced graphene oxide-TiO2 nanotubes covered with TiO2
nanoparticles (rGO-TNTNP)

The synthesis of the novel nanostructure i.e. TNT arrays coated with platelets of rGO and
TiO2 NPs was done by specifically designed two steps synthesis procedure, the schematic
representation of which is shown in Figure 4.1. During the first step, the GO platelets were
deposited on titanium (Ti) foils by electrophoretic deposition. The Ti foil was cleaned by
sonicating for 10 min each in acetone, ethanol and DI water. The titanium foil (2.0 cm x 2.0
cm) acts as anode with a stainless steel wire as a cathode. The electrodes were vertically dipped
in the GO suspension and separated by a distance of 1.0 cm. A voltage of 10 V was applied
using a power supply for 10 s. During the electrophoretic deposition of the GO onto Ti foil, it
was observed the GO also gets reduced and the resulting substrate was termed as rGO-Ti foill.
The rGO deposited titanium foil (rGO-Ti) was then air dried at room temperature followed by
heating at 100 °C (1 h) to vaporize the residual water molecules.

The second step includes the electrochemical anodization of above prepared rGO-Ti foil
resulting in a novel nanostructure comprising of TiO2 nanotube arrays covered with the rGO-
TiO2 nanoparticles composite (rGO-TNTNP). The electrochemical anodization was carried out
in a two-electrode electrochemical cell comprised of rGO-Ti as a working electrode (anode)
and a carbon paper as a counter electrode (cathode). The electrolyte bath consists of 0.25 wt. %
NH4F and 2 vol. % DI water in ethylene glycol. The anodization was performed at 55 V for 30
min. with a distance of 2.0 cm between the two electrodes. After anodization the porous rGO-

TNTNP composite was washed with DI water several times and air dried. The resulting rGO-
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TNTNP composite was annealed at 400 °C for 1 h in argon. For comparison, pure TiO>
nanotube (TNT) arrays annealed under argon atmosphere were also prepared with similar

electrolyte and anodization conditions.

GO
Electrophoretic 0 o ™
deposition -
Ti foil
(10V, 10sec.) W00

rGO-Tifoil

Electrochemical
Anodization
(55V, 30 min.)

TiO, nanoparticle
TiO; nanotube

Annealing
(400°C,1h)
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Ti#* Ti#t Titt T

rGO-TNTINP

Figure 4.1 Schematic representation for synthesis of rGO-TNTNP.

4.2.4 Characterization

The crystalline structure of the pure Ti foil, pure TNT arrays and rGO-TNTNP were
analyzed by powder X-ray diffraction (XRD) using X-ray diffractometer (Panalytical,
Empyrean) operating at 40 kV and 30 mA with Cu Ka radiation (A\=1.54A) as an X-ray source,
scanned with a step degree of 0.02° and duration time of 0.05 s in the range of 26 =20-80°. To
confirm the presence of rGO content in the rGO-Ti foil and rGO-TNTNP, Raman spectroscopy
was performed for respective samples using a NICOLET ALMECA XR Raman spectrometer
equipped with a He-Ne laser (532 nm) as a light source. Morphological analysis of the materials
was performed using field emission scanning electron microscopy (FE-SEM, Hitachi S-4800).
The TiO2 nanoparticles composition embedded within the rGO-TNTNP surface was
investigated using the energy dispersive x-rays spectroscopy (EDS) using FE-SEM and also
EDS using X-ray photoelectron spectroscopy (XPS). The UV-vis diffuse reflectance spectra
(UV-vis DRS) for pure Ti foil, rGO-Ti foil, bare TNT arrays and rGO-TNTNP were measured
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using Cary series (CARY5000) UV-visible-near IR spectrophotometer (Agilent technologies)
with a diffuse reflection accessory in the range of 300-700 nm. Photoluminescence (PL) spectra
were measured using Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies)
with an excitation wavelength of Aex = 300 nm. The samples with area 2.0 cm x 2.0 cm were
selected for both UV-vis DRS and PL measurements. The surface composition, oxidation states
of Ti, O, and C in different materials were determined by X-ray photoelectron spectroscopy
(XPS, Thermo Scientific, ESCALAB 250Xi) using Al Ko line (148606 eV) as the X-ray
source. The XPS peaks calibration was done against the standard reference C1s peak and peak

fitting done using Levenberg-Marquardt's method via “Fitt” software.

4.2.5 Photocurrent measurements

The Photocurrent measurements for pure TNT arrays and rGO-TNTNP were taken to
investigate their photocatalytic properties and charge separation improvement. The
measurements were carried out in a homemade cell (20 ml) with a three electrode configuration.
A quartz lens was fitted at the front side of the cell body for photo-illumination purpose. Pure
TNT and rGO-TNTNP samples, having an exposed area of 1.0 cm?, were connected to three
electrode configuration system as a working electrode, a Pt wire was attached as a counter
electrode, and an Ag/AgCl as a reference electrode. All electrodes were then immersed in 0.1
M Na>SO4 (20 ml, pH adjusted to 7.0) aqueous solution in the cell. The cell assembly was
illuminated using a 100 W Xenon solar simulator (Oriel, LCS-100) with an AM 1.5 filter.
Photocurrent measurements were taken in a chopped fashion with zero bias applied relative to

an Ag/AgCl reference electrode.

-138-



4.2.6 Photocatalytic CO2 conversion

The photocatalytic activity performance of the prepared samples were tested by
employing in photocatalytic CO conversion yielding methane (CH4) as a main product. The
experimental procedure for photocatalytic CO2 conversion test is explained in detail in section
2.3 of chapter 2.0. Briefly, 2.0 cm x 2.0 cm of respective photocatalyst substrate was placed in
the reactor and CO2 gas (1000 ppm in He) passing through a water bubbler, forming a mixture
of CO; and H,0 vapors which then enters the reactor. A 100 W Xenon solar simulator (Oriel,
LCS-100) with an AM 1.5 filter was used as a light source and the products were analyzed
using a gas chromatograph unit (Shimadzu GC-2014, Restek Rt-Q-Bond column, ID=0.53 mm,
length=30 m) equipped with both thermal conductivity detector (TCD) and a flame ionization
detector (FID). Control tests was also performed by illuminating rGO-TNTNP sample in an
Ar/H>O(g) atmosphere rather than CO2/H>0(g) mixture to investigate the origin of the carbon
intrinsic to the CHa.

After 1 h irradiation product samples from the reactor were manually taken with a 500 pL
argon-purged syringe and injected into the gas-chromatograph. Three measurements were
performed for each sample; the average for the three readings was reported along with their
standard error bar in the results and discussion part. The obtained values for the yielded product
was calculated using following equation:

Amount of CH,4 produced (ppm)
Area of photocatalyst exposed (cm?)

Rate of CH4 evolution = 4.2)

The stability and reusability testing of the rGO-TNTNP sample was performed by
irradiating the same sample for four cycles of CO> photoreduction. Each cycle is illuminated
for 1 h under simulated solar light. After every cycle the photoreactor was purged with CO>
gas (1000 ppm in He) and vacuum (five cycles), then re-filled with CO2 gas (1000 ppm in He)

and illuminated (1 h) for the next testing cycle.
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4.3 Results and discussion
4.3.1 Morphological analysis

The surface morphology and cross sectional investigation for pure TNT arrays and novel
nanostructured rGO-TNTNP are studied by field emission scanning electron microscopy (FE-
SEM). It can be seen from Figure 4.2a, the surface of the pure TNT arrays show uniform porous
morphology with a precipitated TiO> layer on its surface. Such a layer is associated to the low
dissolution rate (Udis) than the anodization rate (Uanod) as explained by the Wang et al. [22]. It
is well known that during the electrochemical anodization, when strong positive bias is applied
to Ti foil, it withdraws electrons from Ti foil and pushes the Ti** outwards to Ti foil/electrolyte
interface reacting with O* and F~ ions in electrolyte forming Ti(OH)s or TiF® water soluble
complexes. These complexes can also stick on the Ti foil surface which are then chemical
etched by fluoride ions in electrolyte. If the concentration of the fluoride ions in the electrolyte
is less, the dissolution rate of these complexes is slow then their formation rate on the surface
(the formation rate determined by anodization rate) and finally they precipitate as a uniform
porous layer of Ti(OH)z or TiF® on the surface. In general, the uniform porous layer is mainly
composed of precipitated Ti(OH). whereas sdebris is observed plugged in the TiO2 nanotubes
in case of TiF® complex sticks on the TNT surface. In the present study, a uniform layer is
observed onto the TNT arrays surface which is considered herein as TiO> layer after annealing.
However a small amount of fluoride content is also observed in the elemental analysis done
using FE-SEM energy dispersive spectroscopy (EDS). The atomic ratio of fluoride content is
very less and can be associated to the surface adsorbed fluoride contents.

Similarly, when the rGO-Ti foil is anodized using a similar electrolyte concentration (0.25
wt. % NH4F in Ethylene glycol with 2.0 vol. % H20), an interesting surface morphology is
observed comprising of rGO platelets embedded with small nanoparticles (which are confirmed

as TiO2) on the surface of well oriented TNT arrays as shown in Figure 4.2b. The cross
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sectional images of the both samples show vertically aligned nanotubes of 6.6-6.9 um length
(Figure 4.2c & d). High resolution FE-SEM images of rGO-TNTNP surface clearly displays a

transparent layer of rGO (Figure 4.2e) and TiO2 nanoparticles (Figure 4.2f).

6.61um

Figure 4.2 Surface morphology and cross sectional view for pure TNT (a & c) and for rGO-
TNTNP (b & d). High resolution surface image of rGO-TNTNP showing transparent rGO

platelets (e) and TiO2 nanoparticles (f).

To further confirm the elemental composition of the surface nanoparticles, FE-SEM EDS
was performed of the selected surface of rGO-TNTNP, shown in Figure 4.3. The EDS result
of the surface shows that it is mainly composed of Ti, O, C with small contents of Pt and F. Pt

IS present due to Pt coating of rGO-TNTNP to make its surface conductive for better FE-SEM
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imaging while the fluoride content might be associated to the surface adsorbed fluoride during

the electrochemical anodization.
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Figure 4.3 FE-SEM-EDS for TiO2 nanoparticles grown on surface of rGO-TNTNP.

4.3.2 Crystallographic study

The crystalline properties of the pure TNT and rGO-TNTNP are investigated using the X-
ray diffractometry (XRD) patterns of both samples and is shown in Figure 4.4a. It can be
observed clearly that both pure TNT and rGO-TNTNP shows the appearance of anatase phase
confirming the proper crystallization of TiO2 during annealing process [23]. However the rGO-
TNTNP doesn’t shows a peak of rGO which might be possibly due to lower rGO content as
compared to peaks of titanium (T) and anatase TiO2 (A) or dispersed rGO platelets on the rGO-
TNTNP surface. Hence to confirm the rGO presence on the surface of Ti foil and rGO-TNTNP,
Raman spectra of the respective samples are performed and investigated as shown in Figure
4.4b. Raman spectroscopy is considered a powerful technique to investigate the sp? and sp®

hybridized carbon atoms [24]. Raman spectra of as synthesized GO shows two prominent peaks
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around 1365 cm™ and 1594 cm™ corresponding to well establish D and G bands. These bands
are well reported to the graphitic layer defects and Raman-active Exg mode, respectively [25].
For the rGO-Ti foil, a clear shift of D band peak is observed towards lower wavenumber, 1345
cm* presumably due to reduction of GO platelets being deposited onto Ti foil. During the
electrophoretic deposition of GO on Ti foil, a Kolbe-like decarboxylation is considered a
possible reason for reduction of GO platelets by electrophoretic deposition as suggested by An
et al. [26]. The anodization of the rGO-Ti foil finally results in rGO-TNTNP which show
Raman peaks at 1345 cm™ and 1590 cm™ for D and G bands respectively, with decreased D
peak intensity and asymmetric shape. This further shift in G band and decreased D band
intensity of rGO-TNTNP can possibly be attributed to passivation of the surface functional
groups by TiO, nanoparticles thus lowering the concentration of sp* hybridized defects as
compared to rGO-Ti foil [27]. It is also observed that the D band to G band intensity ratio
(Io/lg), a measure of disorders, for rGO-Ti foil (0.93) shows an increase in value as compared
to GO (0.81) which also supports the reduction of GO platelets being electrically deposited on
Ti foil. However after electrochemical anodization, a decrease in D band to G band intensity
ratio value (Ip/lg = 0.89) is observed as compared to rGO-Ti foil (Io/lc = 0.93). This again
decrease can be postulated here due to the possible passivation of rGO surface oxygen
functional groups by Ti** ions coming from core Ti foil resulting in the embedment of TiO-
nanoparticles into rGO layers which are electrophoretically deposited on Ti foil [28]. The peaks
appearing around 148 cm™, 400 cm™, 515 cm™ and 640 cm™ corresponds to Eg, B1g, A1g and

Eg modes of anatase TiO., respectively [29].
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Figure 4.4 (a) XRD patterns of pure TNT and rGO-TNTNP. (b) Raman spectra of GO, rGO-

Ti foil and rGO-TNTNP.

4.3.3 X-ray photoelectron spectroscopy (XPS) analysis

The surface elemental composition and their electronic states are investigated using X-ray
photoelectron spectroscopy (XPS). Figure 4.5 shows the high resolution C 1s and O 1s XPS
for rGO-Ti foil and GO-Ti foil (used as a comparative reference sample). The reference GO-
Ti foil is prepared by drop-casting GO solution (1 mg/ml) on Ti foil and drying at ambient
temperature. Figure 4.5a and 4.5c shows C 1s deconvoluted XPS spectra for GO-Ti foil and
rGO-Ti foil respectively. The deconvolution of C 1s XPS spectra for both samples show three
peaks within range of 284.5-285.0 eV, 286.5-287.0 eV and 288.3-288.6 eV, that can be
associated to C-C, C-O-C and O-C=0, respectively [30]. For the electrophoretically prepared
rGO-Ti foil (Figure 4.5c), a significant decrease of intensity is observed for XPS peaks located
at 287.0 eV and 288.6 eV. While no prominent change in the intensity of sp? carbon (C-C) peak
at 284.5 eV is observed. Such a decrease in intensity corresponds mainly to the reduction of
GO by removal of surface oxygen functional groups [30,31]. Further, the O 1s spectra for GO-
Ti and rGO-Ti foils (Figure 4.5b and 4.5d) are also deconvoluted and fitted into two peaks
located at 530-531 eV and 531-532 eV and can be related to C=0/0=C-OH and C-OH groups
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respectively [30]. For rGO-Ti foil the peak intensity for the peak appearing around 530-531 eV
decreases and can be attributed to the loss of oxygen groups. The oxygen to carbon (O/C)
atomic ratio for reference GO-Ti foil (prepared by drop casting) and electrophoretically
deposited rGO-Ti foil are obtained using their C 1s and O 1s XPS data. The O/C atomic ratio
shows a decreased value for rGO-Ti foil (0.56) as compared to that for GO-Ti foil (0.89). Such
a decrease of O/C atomic ratio indicates the reduction of GO, in agreement with our Raman
spectra results and consistent with reported literature [32].

The XPS spectra for pure TNT and rGO-TNTNP is shown in Figure 4.6. The XPS peaks
of Ti 2p region for pure TNT and rGO-TNTNP are exhibited in Figure 4.6a. The pure TNT
exhibits two main peaks located at 458.68 eV and 464.48 eV assigned to Ti 2ps2 and Ti 2p12
respectively, corresponding to Ti*" in pure anatase [33]. The Ti 2p peak of the rGO-TNTNP
shows a shift to higher binding energies as compared to pure TNT which suggests the drainage
of electrons from Ti to rGO and formation of bonds between TiO. nanotubes or TiO2
nanoparticles with rGO at surface [34]. This shift also supports the passivation of rGO surface
with TiO2 nanoparticles as indicated by Raman spectra. The O 1s spectra of both pure TNT
and rGO-TNTNP is shown in Figure 4.6b. It is observed that the O 1s peak also exhibits a shift
towards higher energy as compared to pure TNT (Figure 4.6b) and can be suggested due to the
possible bonding with graphene contents in the rGO-TNTNP [35]. The raw XPS data (solid
line) and deconvoluted peaks (dashed lines) of O 1s region for rGO-TNTNP are shown in
Figure 4.6¢. The main peaks located between 530-531 eV are attributed to the Ti-O-Ti from
lattice [35] whereas the shoulder peaks appearing around 531-532 eV can be assigned to non-
lattice peaks such as Ti-OH and Ti-O-C respectively [35]. The other peaks centered at 533-534
eV corresponds to the C-O groups related to the presence of organic compounds from ambient

chemical environment [36].
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Figure 4.5 High resolution XPS spectra of: (a) C 1s, and (b) O 1 s for GO-Ti foil (reference
foil prepared by GO solution drop casting on pure Ti foil). High resolution XPS spectra of: (c)

C 1s, and (d) O 1s for rGO-Ti foil.

All these peaks of Ti, O and C confirms the presence of these elements in both samples,
however a prominent decrease in the peak intensities of Ti 2p and O 1s is observed in case of
rGO-TNTNP. The probable reason might be less TiO. content at rGO-TNTNP surface as
compared to the porous TiO> layer on pure TNT surface. Figure 4.6d shows the deconvoluted
peaks with raw XPS data (solid line) of C 1s region for rGO-TNTNP respectively. The C 1s
XPS signals are also deconvoluted into three peaks appearing at 284.98 eV, 286.58 eV and

289.18 eV. The peak at 284.98 eV corresponds to C-C bond due to sp? carbon atoms of rGO
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[33]. The peak appearing at 286.58 eV can be assigned to oxygenated carbon species such as

C-0O-R or O=C-OH [37]. The peak appearing at 289.18 eV can be attributed to Ti-O-C bond

formed by the Ti(OH). and carboxyl group of rGO thus confirming the presence of rGO in

rGO-TNTNP [38].
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Figure 4.6 High resolution XPS spectra of (a) Ti 2p and (b) O 1 s for pure TNT and rGO-

TNTNP. Core level XPS spectra of rGO-TNTNP (c) O 1s and (d) C 1s.

Furthermore the atomic % of elements is also obtained using XPS-EDS (Table 4.2). It can

be seen that the carbon atomic % is higher in rGO-TNTNP sample as compared to pure TNT,
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ensuring the presence of graphene contents. While the atomic % of Ti and O is lower as
compared to pure TNT sample. The possible reason as explained above is the lesser TiO>

contents on rGO-TNTNP surface.

Table 4.2 C, Ti and O atomic composition for pure TNT and rGO-TNTNP.

Material C 1s (Atomic %) Ti 2p (Atomic %) O 1s (Atomic %)
Pure TNT 19.11 21.64 58.59
rGO-TNTNP 41.16 14.84 42.7

4.3.4 rGO-TNTNP formation mechanism

The mechanism involved in the formation of rGO-TNTNP acting as a photocatalyst
substrate is not fully understood. However based on the reported literature and the experimental
results specifically Raman spectra, XPS analysis and FE-SEM images, a possible mechanism
is proposed and presented herein. The mechanism for the formation of rGO-TNTNP can be
mainly divided into two parts: (i) The simultaneous deposition and reduction of GO platelets
on Ti foil during electrophoretic deposition and (ii) formation of TiO2 nanoparticles embedded
in the rGO platelets at rGO-TNTNP surface during electrochemical anodization.

As is well known the graphene oxide (GO) produced using Hummers method have
abundant functional groups on its edges and basal planes. The edges usually contains the
carboxylate and carbonyl functional groups while the oxygen based functional groups like
hydroxyl and epoxides are present on the edges of the GO. The GO platelets well dispersed in
aqueous solution have negative surface charge, due to abundant deprotonated carboxylate
groups. Hence the GO platelets in the aqueous suspension with negatively charged surface can
be easily drawn towards the positive electrode or anode on applying bias. It is also well known
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that at anode the oxidation reactions occurs, however in the current experiments the reduction
and deposition of GO is happening at the Ti foil (anode) as confirmed using the Raman spectra
and XPS data of rGO-Ti foil which is contrary to the realistic understanding of anode reactions.
Such reduction and deposition of GO at anode is well explained by An et al. [26] in their
findings, where they suggested the reduction of GO platelets during the electrophoretic
deposition process. They suggested a Kolbe like reactions are occurring during the
electrophoretic deposition which promotes the reduction of GO platelets.

The Kolbe reaction named on the German Chemist Herman Kolbe, for electrochemical
prcoess is generally defined as the anodic oxidation of a carboxylate structure on the metal
surface with subsequent decarboxylative dimerization of two carboxylic ions to yield a
hydrocarbon or a substituted derivative corresponding to the alkyl function in the carboxylate
reactant [39]. Unlike the conventional electrochemical process, Kolbe reaction involves two
carboxylic ions, undergoing a sequence of consecutive reactions of decarboxylation, coupling
and transfer of two electrons to complete the overall reaction as a single step reaction. The
overall reaction with consecutive elementary steps involved in the Kolbe reactions for an
electrochemical process are mentioned as under [39]:

Overall reaction:
2RCOO" — R-R+ CO2+e 4.2)

Elementary reactions:

RCOO — RCOOQO* (M) + ¢ (oxidation of carboxylate ion) (4.3
RCOQO* (M) — R* (M) + CO2 (oxidative decarboxylation) (4.4)
R*M)+R*(M) — R-R (dimerization of radicals) (4.5)

Thus based on Kolbe reactions and mechanism as reported by An et al. [26], it is considered

herein that when the electrical contact is made to the Ti foil dipped in the GO agueous
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suspension, a series of reactions occur during the electrophoretic process proceeding the
reduction of GO platelets while at the same time negatively charged surface of the GO platelets
lead the deposition of rGO platelets at the Ti foil (anode) surface forming rGO-Ti foil. As soon
as the electrical current is made, the oxidative decarboxylation of the carboxylate groups at
edges can happen due to movement of electrons away from the platelets forming unpaired
electrons within the graphene platelets and CO2. The unpaired electrons are free to couple with
another pair of electrons to make the covalent bond. Such Kolbe like oxidative decarboxylation
process might can address the reduction of GO during electrophoretic process, however the
process for basal hydroxyl or epoxides groups are not understood clearly based on Kolbe
reactions. The possible reactions involved in the reduction of GO by Kolbe like oxidative
decarboxylation as reported by An et al. [26] include equations 4.2-4.5 of Kolbe reactions.
Whereas during the second step of electrochemical anodization of rGO-Ti foil, the
formation of rGO-TNTNP can be proposed based on the understanding of the conventional
anodization process happening for pure TNT. When strong positive bias is applied to Ti foil
during the anodization process, it withdraws electrons from Ti foil and pushes the Ti** outwards
to Ti foil/electrolyte interface where it reacts with O% and F ions in electrolyte forming
Ti(OH)4 or TiF® water soluble complexes. For the pure TNT with specific electrolyte
concentration we observed a TiO2 porous layer on its surface due to low dissolution rate as
compared to anodization rate (as mentioned previously in section 4.3.1) [22]. In a similar
manner we suggest the reason of TiO2 nanoparticles embedded in rGO layer might be due to
precipitation of TiO2 on the rGO-Ti foil surface. During electrochemical anodization of rGO-
Ti foil, the Ti* ions migrating towards the rGO-Ti foil surface can be partially captured by
surface functional oxygen groups at rGO surface which are left behind and are not subjected to

Kolbe like oxidative decarboxylation during electrophoretic deposition. These left behind
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surface functional groups acts as nucleation sites for the growth of TiO. nanoparticles resulting

in the formation of TiO. nanoparticles embedded in rGO layers on surface.

4.3.5 Optical properties and photocurrent measurements

The optical properties are investigated by UV-vis diffuse reflectance spectra (UV-vis DRS)
and photoluminescence (PL) spectroscopy investigations. The UV-vis DRS of pure Ti foil,
rGO-Ti foil, pure TNT, and rGO-TNTNP are shown in Figure 4.7a. It can be observed that the
rGO-TNTNP sample exhibits enhanced absorption in the visible range (400-700 nm) as
compared to pure TNT sample. Whereas the control samples i.e. rGO-Ti foil shows absorbance
in the visible region along with absorption peak appearing around wavelength of 300 nm
supporting for rGO-TNTNP sample, the absorption in UV region (300-400 nm) is mainly due
to the TiO., while the rGO platelets are largely responsible for absorption in the visible range.

To analyze the charge separation efficiency of the photogenerated electron and hole (e7/h*)
pairs in pure TNT and rGO-TNTNP, PL spectra and transient photocurrent response of pure
TNT and rGO-TNTNP are measured and shown in Figure 4.7b and 4.7¢ respectively. It can be
clearly seen that the PL emission peak for rGO-TNTNP is significantly quenched as compared
to pure TNT (Figure 4.7b). As is well known, the PL peak intensity is proportional to the e/h*
recombination rate with higher peak intensity indicating higher recombination rate. Hence the
low peak intensity for rtGO-TNTNP indicates the effective transfer or trapping of photoexcited
electrons ensuring the decreased recombination rate of e/h* pairs. Such peak quenching
behavior supports the effective charge separation possibly due to electrons extraction by
graphene domains acting as efficient pathways for electron transfer.

Further confirmation of effective charge separation hypothesis suggested by PL data is
investigated by photocurrent measurements. The transient photocurrent response for both pure

TNT and rGO-TNTNP is shown in Figure 4.7c. It can be observed under the simulated light
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illumination, the photocurrent density of rtGO-TNTNP is above 0.15 mA-cm, whereas that of
pure TNT is approximately 0.04 mA-cm. The photocurrent response of rGO-TNTNP is
around 3.75 times higher than pure TNT synthesized under similar experimental conditions.
Such increased photocurrent supports the PL data and confirms the effective separation of the
photogenerated electrons in the rGO-TNTNP due to efficient photogenerated charge extraction

by rGO platelets.
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Figure 4.7 (a) UV-vis DRS spectra of pure Ti foil, rGO-Ti foil, pure TNT, and rGO-TNTNP
samples. (b) Photoluminescence (PL) emission spectra and (c) Transient photocurrent response

of pure TNT and rGO-TNTNP.
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4.3.6 Photocatalytic CO2 conversion

The photocatalytic activity and performance of both pure TNT and rGO-TNTNP are tested
with respect to utility in photocatalytic CO- conversion to hydrocarbon products mainly CHa,
under simulated solar light irradiation (AM 1.5 G). The photocatalytic conversion of CO with
water vapor as a reducing agent is carried out in a gas phase (CO2/H>O(g)) reactor. The complete
experimental setup employed for CO2 conversion is explained in detail in section 2.3.

The photocatalytic CH4 evolution rate for pure TNT and rGO-TNTNP is shown in Figure
4.8. It can be clearly seen that the rGO-TNTNP sample exhibits a CHa4 evolution rate (5.67
ppm.cm2.ht) which is about 4.4 times higher than the pure TNT samples (1.28 ppm.cm™2.h™2).
To investigate the carbon source for the CH4 evolution, control experiments employing rGO-
Ti foil and rGO-TNTNP in Ar/H2O(q) instead of CO2/H2O(q are performed. Both samples
shows a negligible amount of CHs evolution besides the background measurement noise

suggesting negligible involvement of any organic impurities on the surface of the samples.
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Figure 4.8 Photocatalytic methane evolution rates employing rGO-TNTNP under simulated

solar light irradiation.
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The Sample stability is investigated by repeated testing of rGO-TNTNP samples up to
four cycles for CO2 photoreduction (Figure 4.9). It is observed that that the CH4 production
rate during the second cycle is not as much as first cycle, with subsequent tests providing
comparable results: in general, the rate of CO> reduction on the fourth test is approximately

75% that of the first.
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Figure 4.9 Stability test employing rGO-TNTNP sample for four cycles of CO, photoreduction

under simulated solar light irradiation.

The possible mechanism involved in the photocatalytic CO. conversion is proposed for the
present work based on reported literature and our experimental data. A proton assisted multi-
electron process via carbene pathway [40,41] is proposed for photocatalytic CO2 conversion to
CH4 and is shown in Figure 4.10a. It is proposed that under light illumination, pairs of
photogenerated e/h™ are created at various active sites on the TiO2 nanotubes and surface TiO;
nanoparticles embedded within the rGO platelets. The 1-D TiO> nanotubes can promote

unidirectional vectorial charge flow as mentioned previously [42], to the rGO platelets on rGO-
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TNTNP. In addition the surface TiO2 nanoparticles embedded in rGO platelets can also

generate the photoexcited electrons. Both the electrons photogenerated from the TiO>

nanotubes and surface TiO2 nanoparticles can be efficiently extracted by rGO platelets and can

react with adsorbed CO; species and protons (H*) provided by water oxidation to produce CHa,

whereas the holes migrate in the opposite direction to oxidize adsorbed H20.
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Figure 4.10 (a) Schematic illustration of photocatalytic CO> conversion into CH4 and (b)

Energy level diagram for rGO-TNTNP under simulated solar light.

Based on the well reported and documented relative positions of CB, VB, and redox

potential for TiO2 and rGO, an energy level diagram for rGO-TNTNP is proposed and diplayed

in Figure 4.10b. The CB of anatase TiO> and work function of rGO lies at -4.2 eV and -4.4 eV

vs. vacuum respectively [43], whereas the redox potential of CO2/CHg lies around -4.6 eV [40].

Hence, under illumination, the photoexcited electrons in TiO,, efficiently extracted by rGO

platelets, are transferred to surface adsorbed CO: evolving CH4 with enhanced yield. On

contrary, the valence band of TiO; is below the water redox potential, 5.3 eV vs. vacuum [40],
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hence holes in TiO valence band can be filled through the water oxidation reaction producing,
in turn possibly O and H* protons. The possible reactions involved in the photocatalytic

conversion of CO> into CH4 are summarized in the following equations.

rGO-TNTNP — rGO (¢) + TNTNP (h*ve) (4.4)
TNTNP (8h*yg) + 4H20 — 8H* + 20; (4.5)
CO, + 8H* + 8¢ — CHg + 2H,0 (4.6)

4.4 Conclusions

A facile synthesis approach was developed aimed towards fabrication of a noble metal free
novel photocatalyst architecture. The simply designed synthesis strategy resulted in TiO-
nanotube arrays covered with rGO platelets embedded with TiO2 nanoparticles. The
photocatalyst characterization was investigated by various analytical tools and instruments
such as XRD, FE-SEM, Raman spectra, XPS, UV-vis DRS and PL spectroscopy. The
photocatalytic and photoelectrochemical performance of the rGO-TNTNP photocatalyst was
investigated by photocurrent measurements and photocatalytic CO> conversion into CHs. The
respective photocatalyst showed an increased photocurrent (3.75 times) and improved CHa
production yield (4.4 times) as compared to pure TNT, reference sample. Such an increased
performance observed for rGO-TNTNP sample can be attributed mainly to the improved light

absorption and enhanced charge separation induced by rGO platelets.
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Chapter 5. Reduced TiO2 (TiO.x) Photocatalyst prepared by a New
Approach for Efficient Solar Light CO, Conversion to Hydrocarbon fuels.

5.1 Introduction

Development of efficient solar-spectrum activated photocatalytic material is one of the
most effective and favorable ways for enhanced photocatalytic CO. conversion to useable
chemicals. In this regard, enormous amount of research and development have been done and
still under progress to achieve a stable and efficient photocatalytic material with extended light
absorption in an efficient manner to enhance the yield of solar fuels generated by CO:2
photoreduction such as methane, ethane, methanol, carbon monoxide [1-3]. As mentioned
previously, amongst various photocatalytic materials, Titania (TiO) is considered as one of
the champion material bearing superb properties of chemical stability, nontoxicity, corrosion
resistance, abundant availability and low cost [4]. However, the photocatalytic performance of
TiO2 is limited due to higher recombination rate of photoexcited electron and hole (e7/h*) pairs
and wider band gap (~3.2 eV for anatase), resulting in low quantum efficiency and limited light
absorption mainly to UV wavelengths which is composed of only 4-5 % of the terrestrial
sunlight [4].

In general, for an efficient photocatalytic CO> reduction, photocatalysts should fulfill the
following three key requirements of (i) broader light absorption, (ii) effective separation of
photogenerated charge along with the fundamental condition of (iii) its band edges position
well matching the redox potential of the selective product. To achieve such requirements,
various strategies have been developed and adopted for enhancing the photocatalytic
performance such as metal and non-metal doping [5,6], coupling of low band gap materials
[7,8], and dye-sensitization [9]. These strategies to a large extent are focused towards the
narrowing of the band gap of TiO as a means of enhancing light absorption and approaching

the ideal utilization of solar spectrum energy. Furthermore, for an efficient separation of
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photoexcited charges, deposition of noble metals (e.g Pt, Ag, Cu etc.) as a co-catalysts and
coupling of electron carriers with TiO surface, enhances the photocatalytic performance via
providing a direct pathway for photogenerated charge extraction [10].

In the above mentioned strategies, metals and non-metals doping of TiO2 have been
adopted frequently to extend its light absorption to visible range leading to improved
performance. Usually in metal doping, metal ions replace the Ti** ions and non-metal ions
replaces O? ions in the TiO; lattice [11]. In addition metal and non-metals are also combined
to replace partially both Ti** and O? ions. Both doping strategies no doubt improve the
photocatalytic performance to a moderate extent, the dopants also mainly acts as recombination
centers and again limits the material performance [12]. In contrary to foreign elements doping,
it has been revealed that various photocatalytic properties such as light absorption, charge
transport, electronic structure and surface adsorption of various chemical species are largely
related to the oxygen vacancies (Vo) in TiOz or TiO2 based metal oxides [13]. Schematic
representation of various defects within the TiO> lattice is portrayed in Figure 5.1 [14].

The creation of Vo is considered responsible for broadening of TiOz light absorption to
visible and near infrared (NIR) regions with vacancies acting as electron and hole traps rather
than recombination centers, thus can improve the photocatalytic performance and charge
separation. In addition it has also been reported Vo plays an important role for various species
to get adsorbed on the surface, improving the reaction rates. For these reasons, there have been
a great interest for the development of TiO2 with tuned oxygen vacancies (Vo) (commonly
known as hydrogenated/reduced TiO2 and represented as TiO.x) and exploring their superb

photocatalytic properties in a variety of photocatalytic applications.
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Figure 5.1 Schematic representation of a TiO> lattice with a variety of defects. Where Vo=
oxygen vacancy, Vi =Ti metal vacancy, M3 and M®" = Foreign metals doped, Tii**, Tii*" and

Mi* = metal interstitials. (Taken from Ref. #14)

It is commonly accepted that the Vo in the TiO> are created by thermal treatment of TiO>
under vacuum and/or reducing environment resulting in Ti** self-doped and/or reduced TiO:
(RT) photocatalyst. On the basis of experimental evidence and theoretical calculations [11,13],
it is generally believed that at high thermal conditions (> 450 °C) with reducing environment,
H> gas for instance, hydrogen atom interacts with the oxygen atom of the lattice, transfer the
electrons to oxygen atom and oxygen atom leaves the lattice as a water leaving behind Vo and
an electron rich Ti®* ion. Moreover at extremely high temperature, H treatment not only creates
the Vo but also can form the Ti interstitial defects in the TiO lattice and large degree of lattice
disorder [13]. Such vacancies, defects and lattice disorders induce the shallow donor and
accepter states below and above the conduction band and valence band edges respectively,
resulting in the downward shift of the conduction band and upward shift of the valence band.
Depending upon the concentration of Vo or defects, the reduced TiO- or TiO2.x shows different

color, starting form yellow, blue, gray, black-grey to fully black. It has been observed with the
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increase in Vo, specifically in anatase TiOy, these generated donor and acceptor states can
overlap the conduction and valence band with a tailing towards the mid-gap energy states. Such
defects induced tailing of the shallow energy levels towards the mid-gap energy states narrows
down the band gap of the TiO2 and transfer the charge from O 2p orbitals to the Ti 3d orbitals
in similar manner as transferred from the valence band to conduction band in the bulk TiO;
under illumination [11,12]. Such reduction induces shallow and deep states which acts as an
electron and hole traps resulting in the localization of photoexcited electrons and holes,
minimizing the effect of charge recombination centers as observed in foreign elements doped
TiO2. A pictorial view of the reduced TiO2 or TiO.x with respective to their energy states is

depicted in Figure 5.2.

Pure TiO, Reduced TiO,
(Ti0,)

CB (Ti 3d)
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| CB (Ti3d) |
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Figure 5.2 Band energy diagram for anatase TiO2 and reduced TiO2 (TiO2-x). The band gap is
decreased from 3.2 eV to 2.85 eV by creation of shallow states below and above conduction
band minimum and valence band maximum respectively, with tailing up to mid gap deep states

induced by Vo or Ti 3* ions and surface defects.

In 2011, Chen et al. [15] reported the synthesis of black hydrogenated TiO- nanocrystals

with a highly disordered surface layer resulting in enhanced light absorption (extended to
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visible and NIR regions), henceforth improving photocatalytic activity for methylene blue
degradation and hydrogen production via water splitting. Since then several studies have been
done for the development of hydrogenated or reduced TiO with different strategies to achieve
efficient TiO2.x such as via manipulation and influence of various reaction parameters
(temperature, pressure, gas composition etc.), synthesis methodologies, and different initial
TiO2 precursors [16-19]. All such approaches are designed for achieving significantly
enhanced photocatalytic activity in diverse range of applications [20,21].

Focused towards the development of new synthesis methodology, a new approach for
synthesis of reduced TiO2 (RT) is developed in this experimental work and its photocatalytic
activity is tested for photocatalytic CO2 conversion to hydrocarbon fuels. The new synthesis
strategy involves the reduction of anatase white TiO> with dual reducing agents that is
magnesium (Mg) powder at high thermal temperature under 5% Hy/Ar gas environment
followed by acid washing. The acid washing is done to remove the unreacted Mg or probable
MgO produced during the process and finally providing a Mg free reduced TiO2. Mg at high
temperature had been used for reduction of TiCls to achieve a high purity Ti metal, the process
commonly known as Kroll process [22]. Thus being inspired from such favorable opportunity
offered by Mg we designed a process with dual reducing agents i.e Mg powder and H: gas to
obtain an efficient RT photocatalyst. Such process is termed as magnesiothermic reduction in
5% Ha/Ar [23,24].

As mentioned previously that it is generally accepted the reduction of TiO2 generates large
number of surface defects and Ti®* ions /oxygen vacancies, which are mainly responsible for
the improved light absorption as well as higher photocatalytic performance [16-19]. In terms
of CO> photoreduction, until now there exists few studies employing hydrogenated/reduced
TiO2 systems demonstrating enhanced activity which suggests the oxygen vacancies and

surface defects acts as electron donors which can promote charge transportation and CO;
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activation [11-13]. Being motivated form superb properties offered by hydrogenated/reduced
TiO2, more importantly, improved visible light activity, herein, we investigate the simulated
solar light-driven CO2 photoreduction with H>O vapors on RT nanoparticles synthesized by
controlled magnesiothermic reduction of commercial nano-TiO2 (CT) in 5% H/Ar gas.
Interestingly, the band edge positions of RT are found in good alignment with CO2/CH4 redox
potential, hence possessing a favorable band gap producing CHa as the dominant product with
ethane (C2Hs) and higher alkanes (CxHy) as minor products. Further, platinum (Pt), a well-
known electron transferring co-catalyst is photodeposited onto RT surface for efficient
separation of photogenerated charges. Optimization of Pt deposition is done by preparing a
series of Pt deposited RT with varied weight percent (theoretically calculated) of platinum
precursor and employing for CO2 photoreduction. Thus, aforementioned requirements of broad
light absorption, efficient charge transfer and well-aligned band edges, all are achieved for the
developed photocatalyst system. The optimized Pt loaded RT sample demonstrated a
significant enhancement of the CO> photoreduction superior to that of commercial Degussa
P25 and CT (Aldrich, USA) and competitive to those of previously reported reduced TiO-

materials for CO2 photoreduction.
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5.2 Experimental section
5.2.1 Materials and reagents

The chemicals used in the synthesis of reduced TiO2 (RT) includes commercial nano-
Titanium (1V) oxide (anatase TiO2 nanopowder, < 25 nm particle size, 99.7 % trace metals
basis) and Magnesium powder (> 99 %). Both chemicals were purchased from SIGMA-
ALDRICH and were annealed under H> gas environment from a 5% H/Ar cylinder.
Concentrated hydrochloric acid (HCI, ACS reagent, 37.0 %) from SIGMA-ALDRICH was
used for washing the unreacted Mg and MgO in the RT sample. Chloroplatinic acid
hexahydrate (H2PtCls.6H.O, ACS reagent, > 37.50 %) also purchased from SIGMA-
ALDRICH was used as a Platinum (Pt) precursor. Pt precursor solution was made in Deionized
(DI) water and methanol (CH3OH, 99.8 %, DUKSAN REAGENTS, Korea) acting as a hole

scavenger.

5.2.2 Synthesis of reduced TiO2 (RT)

Typical procedure for the synthesis of RT by a newly developed approach includes
mixing of 1.6 g (20 mmol) of commercial nano-TiO, (CT) with 240 mg (10 mmol) of Mg
powder. The well mixed powder of both Mg and TiO, was then heated at 650 °C (ramp 2
°C/min) for 5 h under 5% Ho/Ar in a tube furnace. After cool down, the sample was collected
and washed with dilute HCI (1.0 M) to remove the Mg Species. The Mg and CI” free RT was
obtained after washing with plenty of water and dried in a hot air oven for overnight at 80 °C.
The 1:0.5 molar ratio of TiO, and Mg was selected, as such ratio was previously optimized
resulting in the best photocatalyst for photoinduced hydrogen production [23]. The detail
optimization process is not included in this experimental work. For the purpose of comparison
and to investigate the synergetic effect of our synthesis approach, different control samples

were also prepared such as (i) CT with Mg only annealed under Ar gas named as RT(Mg), (ii)
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CT annealed under Ar only named as CT(Ar) and (iii) CT annealed under 5% Ar/H, named as

RT(H2).

5.2.3 Synthesis of Pt deposited reduced TiO2 (Pt-x-RT)

Pt nanoparticles as a co-catalyst were deposited by a photodeposition method on the desired
amount of RT [25]. A series of Pt photodeposited RT samples were prepared and termed as Pt-
x-RT, where x = 0.5, 0.9, 1.0, 1.2 and 2.0, represents calculated weight percent (wt. %) of Pt
with respect to fixed amount of RT (100 mg). Based on calculation, required amount of
H2PtCls.6H20 is added to 25 ml of DI water containing 20 vol. % methanol and 100 mg of RT.
The mixture was well stirred for 1 h (500 rpm) in a closed system to obtain a well-dispersed
solution which was then irradiated using a 300 W Xe arc lamp (Newport) with a 6.0 cm long
IR water filter. The irradiation was done for 2 h under mild stirring (300 rpm). Finally, the Pt
photodeposited RT samples were thoroughly washed with deionized (DI) water, using
centrifugation (15000 rpm, 10 min.) and kept for drying under vacuum at 90 °C for 12 h. Pt
(1.0 wt. %) was also photodeposited on all control samples with similar procedure and tested

for CO2 photoconversion experiments.

5.2.4 Characterization

X-ray diffraction (XRD) patterns of the samples were taken to analyze the crystallinity of
the samples using an X-ray diffractometer (Panalytical, Empyrean) operated at 40 kV and 30
mA with Cu Ko radiation (A\=1.54 A) as an X-ray source, scanned with a step degree of 0.02°
and duration time of 0.05 s in the range of 20 = 20-80°. UV-visible diffuse reflectance
spectroscopy (UV-vis DRS) was used to determine the light absorption of powder samples
using a Cary series (CARY5000) UV-visible-near IR spectrophotometer (Agilent

Technologies) with a diffuse reflection accessory in the range of 300-700 nm. Photoexcited
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charge separation was analyzed using Photoluminescence (PL) spectroscopy. PL spectra of the
samples were measured using Cary Eclipse Fluorescence Spectrophotometer (Agilent
Technologies) with an excitation wavelength of Aex = 300 nm. The samples for PL measurement
were prepared by dispersing powder samples in ethanol with a concentration of 0.5 mg/ml. To
confirm the crystallinity of the pure anatase CT and RT samples, transmission electron
microscopy (TEM) images of samples were obtained using FE-TEM (Hitachi HF-3300). Size
of the Pt nanoparticles on the RT samples was also analyzed by TEM images and estimated
using ImageJ software. The samples for TEM analysis were prepared by dispersing powder
samples (0.05 mg/ml) in ethanol followed by sonication of the mixture for few minutes (5-10
minutes), then one drop of the suspension was dropped onto a Ni TEM grid and allowed to dry
overnight at 70 °C temperature in an oven. X-ray photoelectron spectroscopy (XPS) was used
to investigate the surface composition and oxidation states for pure commercial nano-TiO>
(CT), RT and Pt (1 wt. %) deposited RT (Pt-1.0-RT). XPS data was obtained by X-ray
photoelectron spectroscopy (XPS, Thermo Scientific, ESCALAB 250Xi) using Al Ka line
(148606 eV) as the X-ray source. The curve fitting of respective XPS spectra was performed
using the Gaussian method. Valence band XPS for pure commercial nano-TiO (CT) and RT
samples were also measured to investigate the upshifting of the valence band for RT sample
induced by Vo or Ti®* ions. Further confirmation of CT reduction was done using electron
paramagnetic resonance (EPR) spectroscopy at -163.5 °C with a continuous wave X-band
spectrometer (JEOL, JES-FA200) using microwaves with power of 0.998 mW and frequency
of 9185.041 MHz. The textural properties of pure CT, RT and Pt-x-RT (where x = 0.5, 0.9,
1.0, 1.2 and 2.0, represents theoretically calculated wt. % of Pt for photodeposition) samples
such as surface area, pore size, and pore volume were investigated by N> physisorption
measurements. Micromeritics ASAP 2000 apparatus was used to measure the N2 sorption

isotherms at -196 °C. Prior to measurement, all the samples were extensively degassed at 200
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°C to 20 mTorr for 300 minutes. The Brunauer-Emmett-Teller (BET) equation was used to
calculate the surface area for all samples in the relative pressure (P/Po) range of 0.05 to 0.30.
The pore size and pore volume were obtained by applying the Barrett-Joyner-Halenda (BJH)
equation to desorption isotherms.
5.2.5 Band gap estimation

Tauc plots for pure CT and RT samples were plotted to estimate the respective band gaps
(Eg) [26]. The function (ahv)? (where a is the absorption coefficient, h is Planck constant and
v is frequency) was plotted against band gap energy (E=hv=hc/A). The band gaps were
determined by extrapolating the linear portions of the curves to zero of the y-axis. The valence
band top positions were obtained from valence band XPS which was aligned vs. NHE. The
conduction band bottom was then obtained by subtracting the band gap value from valence
band maximum value. The proposed band structure of CT and RT along with CO2/CHa redox

potential is illustrated in potential (E) vs. NHE.

5.2.6 Photocatalytic CO2 conversion

The photocatalytic performance of the prepared materials were investigated for
photocatalytic CO2 conversion with water (H20) vapors into CH4 using gaseous phase reactor
arrangement. The details of the experimental setup and procedure is explained in section 2.3 of
chapter 2. In this experiment, 70 mg of the photocatalyst was loaded in stainless steel made
photoreactor (Volume = 15.4 cm®) with a quartz window. The CO2 (1000 ppm in He) was
allowed to pass through the water bubbler forming a mixture of CO2/H2O) filling the reactor.
Prior to photoreduction tests, the reactor was purged with CO2 gas (1000 ppm in He) and
vacuum repeatedly up to five times in order to remove any air or other gaseous impurities which
may present in the photoreactor. The photoreactor was illuminated with 1 sun simulated

sunlight using a 100 W xenon solar simulator (Oriel, LCS-100) equipped with an AM 1.5G
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filter. After 1 h of continuous illumination, a volume of 500 pL of sample was taken from
photoreactor using an argon-purged syringe and manually injected to gas chromatography (GC)
unit (Shimadzu GC-2014, Restek RT-Q-Bond column, ID = 0.53 mm, length = 30m) equipped
with flame ionization detector (FID). The hour normalized rate of CH4 formation is calculated
by:

Rate of Ch. evolution < 2meunt of CHa produced (ppm) (5.1)
n= |
ate OF &M BVOIUHION =\ mount of photocatalyst used (g)

In general three tests for each sample were done under similar experimental conditions with
each time employing freshly prepared sample. The average of the three measurements (for each
sample) with their standard measurement error indicated by error bar was reported as CHs
evolution rate. The control and photocatalytic stability tests were also conducted using Pt-1.0-
RT sample. The control test was performed by illuminating Pt-1.0-RT sample in an Ar/H2O(g)
atmosphere rather than CO2/H20g) mixture to investigate the origin of the carbon intrinsic to
the CHa evolution. Pt (1.0 wt. %) was also photodeposited on all control samples and they were
employed for CO2 photoconversion experiments.

The stability test was performed by illuminating the same spent Pt-1.0-RT sample up to
four cycles of CO2 photoreduction. After each cycle of CO2 photoreduction, the photoreactor
was properly purged with Ar and vacuum (five times) followed by purging with CO gas (1000
ppm in He) and vacuum (three times), then refilled finally with CO, gas /H>O vapor mixture

and illuminated for 1 h.

The conversion of initial units of the CH4 evolution from ppm-g™*-h™to umol-g*-h"t with

the basis of 1 hour illumination and 1 g of photocatalyst is calculated as follow:

CHa evolution from Pt-1.0-RT = 1640.58 ppm = 1640.58 umol / mole of gaseous mixture
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Considering the ideal gas molar volume for gaseous mixture in the photoreactor, the pumol of

CHg4 evolved is obtained as:

1640.58 pmol 1 mol of gaseous mixture
x 0.0154 L (Volume of photoreactor)

1 mol of gaseous mixture * 22.4 L of gas

= 1.13 pmol of CHa evolved for 1 hr illumination with basis of 1 g of photocatalyst.

5.2.7 13CO:2 isotopic experiment

To further investigate CO- as the main source of carbon, **CO isotope tracer experiment
was done employing Pt-1.0-RT sample. *CO, (**C 99.0 %, 1000 ppm in He) was purchased
from ALDIRCH and a mixture of 3CO,/H.0) (**CO; after passing through water bubbler) is
filled into argon purged photoreactor loaded with respective photocatalyst (70 mg). The
photoreactor is then illuminated using 1 sun simulated sunlight by a 100 W xenon solar
simulator (Oriel, LCS-100) equipped with an AM 1.5G filter. The products were analyzed
using gas chromatography-mass spectrometry (GC-MS) unit (Shimadzu, GCMS-QP2010

model) equipped with Restek RT Q-Bond column (ID = 0.32 mm, length = 30m).
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5.3 Results and discussion

5.3.1 Crystallographic studies

The crystallinity for pure CT, RT and Pt-x-RT samples are investigated using powder X-

ray diffraction (XRD) patterns and transmission electron microscopy (TEM). The XRD

patterns for all the samples is shown in Figure 5.3. It can be clearly observed that all samples

exhibits significantly the main diffraction peak of anatase (A) appearing at 20 value of 25.2°

corresponding to dio1 along with other respective minor peaks [27].
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Figure 5.3 X-ray diffraction pattern for pure CT, RT and various Pt-x-RT samples (where x =

0.5, 0.9, 1.0, 1.2 and 2.0 corresponds to theoretically calculated wt. % of Pt for

photodeposition). All the samples display the corresponding peaks of anatase TiO». Pt-2.0-RT

sample also shows characteristic Pt peak with increased Pt content.
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Such data ensures that no transformation or appearance of any new phase happens during the
reduction process of pure CT and also during the Pt photodeposition. It is also obvious that the
Pt-x-RT samples show anatase (A) phase of TiO> in their respective XRD patterns. However
the XRD peaks corresponding to Pt are not observed in all the Pt-x-RT samples. This might be
due to the high dispersion of Pt nanoparticles or due to low level of Pt concentration which is
beyond the XRD detection limit. But with the increased Pt concentration for sample Pt-2.0-RT,
a Pt peak corresponding to di11 is observed at 26 value of 39.67° [28]. Hence, further analysis
like XPS and STEM are also conducted to confirm the presence of Pt in these samples.

The high-resolution transmission electron microscopy (HR-TEM) images for CT and RT
are shown in Figure 5.4. The HR-TEM images for CT and RT indicate the particle size which
is in the range of 20-25 nm with an interplanar spacing of 0.35 nm corresponding to the dio1

plane of anatase TiO> [27].

Figure 5.4 HR-TEM images of CT (a and b) and RT (c and d).
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To support the Pt photodeposition on the RT samples, elemental mapping for Pt-1.0-RT sample
(representative sample) is conducted using scanning TEM-energy dispersive spectroscopy
(STEM-EDS) and is shown in Figure 5.5. It can be seen the same sample, the XRD of which
doesn’t shows any Pt peak reveals a clear indication of Pt presence in it with Ti and O (Figure
5.5a-d). Thus SETM-EDS confirms the successful Pt photodeposition on the RT samples.
Further the HR-TEM image of the Pt-1.0-RT sample clearly demonstrates the interplanar
spacing of 0.35 nm corresponding to the dio1 plane of anatase TiO. and well-defined Pt
nanoparticles (~ 2-3 nm) on the surface of RT with an interplanar spacing of 0.22 nm

corresponding to the di11 (Figure 5.5e and f) [29].

500 nm 500 nm

500 nm 500 nm

Figure 5.5 STEM image (a) and STEM elemental mapping (b-d) for Pt-1.0-RT sample
showing the presence of Ti (b), O (c), and Pt (d) in the representative sample. HRTEM image
(e) for Pt-1.0-RT sample with selected portion (red square) showing (f) lattice fringes

corresponding to Pt (111) and TiO (101).
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5.3.2 Light absorbance and photoluminescence (PL) spectroscopy

The light absorption properties of all the samples are investigated by UV-Visible diffuse
reflectance spectroscopy (UV-vis DRS) and charge separation properties by
photoluminescence (PL) spectroscopy. The data for both UV-vis DRS and PL is shown in
Figure 5.6. The UV-vis DRS spectra (Figure 5.6a) clearly exhibits a slight red shift in
absorption peak with increased light absorption in the visible region (A = 400-700 nm) for RT
sample as compared to pure CT. Such extended light absorption for RT sample suggests the
narrowing of the band gap due to formation of new energy states near VB top and CB bottom
corresponding to oxygen vacancies or Ti®* ions and surface defects produced during reduction
of CT and can be expected to enhance photocatalytic performance [16-19]. The UV-vis DRS
for Pt-x-RT samples exhibits a further increase in absorption mainly in the visible region.
This increased visible light absorption for Pt-x-RT samples can be attributed to a well-
known local surface plasmon resonance (LSPR) effect of Pt nanoparticles loaded on RT
[30]. The LSPR effect is observed for all the Pt-x-RT samples increases with the
increment of Pt loading (up to 1 %) but after that diluted gradually, and no significant
difference is observed in the UV-vis DRS spectra for Pt-1.2-RT and Pt-2.0-RT.
Therefore, the Pt loading was bound to Pt-2.0-RT sample.

To investigate the charge separation ability of the pure RT and Pt-x-RT samples,
photoluminescence (PL) measurements were recorded for all the samples in the
wavelength range of 350-700 nm (Figure 5.6b) and compared to the pure CT sample. It
can be seen that the PL spectrum of CT displays an intense emission peak around a
wavelength of 390 nm, which can be associated to the band to band transition of
photogenerated charge (electron) in anatase TiO2. However PL spectrum for RT sample
exhibits a significant quenching of this peak with the appearance of another broader

peak cantered at the wavelength of 620 nm associated to the surface defects of RT, an
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evidence for the presence of defects on RT surface. As the spectral intensity of PL emission
peak is proportional to photogenerated electron and hole (e/h*) recombination rate, the
higher intensity implying for higher recombination rate and decreased intensity for
decreased charge recombination rate. Compared to pure CT, the decreased intensity of
first peak (A = 390 nm) for RT indicates a low e/h* band to band transitions and
recombination. This can be explained probably because of the reason of Ti®* states and
oXygen vacancy states acting as a traps for photogenerated electrons and holes, which can
increase the charge lifetime in localized states and hence favor its higher photocatalytic
activity. Moreover, The PL spectra for the Pt-x-RT samples show a further decrease in intensity
of the main emission peak (A = 390 nm) as compared to initial parent RT. Such peak quenching
can be associated to the effective transfer/separation of photoexcited electrons by Pt
nanoparticles which acts as an electron sinks, providing an efficient pathway for electron
transfer [31,32]. Amongst all the Pt-x-RT samples, the Pt-1.0-RT sample shows the lowest PL
intensity, implying the optimal Pt content photodeposited on RT which might lead to the most

efficient separation of photoexcited electrons.
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Figure 5.6 UV-vis DRS (a) and Photoluminescence (PL) spectra (b) for pure CT, RT and
various Pt-x-RT samples (where x = 0.5, 0.9, 1.0, 1.2 and 2.0 corresponds to theoretically
calculated wt. % of Pt for photodeposition).
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5.3.3 X-ray photoelectron spectroscopy (XPS) analysis

The electronic states and surface composition of the pure CT, RT and Pt-x-RT samples are
investigated by X-ray photoelectron spectroscopy (XPS) analysis tool. Figure 5.7a displays
HR-XPS of Ti 2p region for CT and RT samples. It can be seen that both samples exhibit the
corresponding peaks for Ti 2ps2and Ti 2p12. The pure CT exhibits the respective Ti 2p peaks
located at 458.38 and 464.07 eV [33]. As compared to CT, a slight peak shifting (~ 0.13 eV)
towards lower binding energy was observed for RT with peak broadening which indicates the
presence of Ti** in RT [16]. Further, Ti 2ps;2 peak of RT sample shows a peak tail at lower
binding energy as shown in Fig. 5.7b, with increased area (~ 6 % of 2ps» peak area) as
compared to CT (~ 2 % of 2p3/2 peak area). Such an increase in peak tail area can be attributed
to Ti*" that formed in RT sample. It can also be noticed that the O 1s HR-XPS spectrum (Figure
5.7¢) of CT shows the main peak located at 529.59 eV corresponding to Ti-O-Ti from lattice
with the shoulder peak appearing at 530.68 eV associated to non-lattice oxygen [15,23]. The O
1s HR-XPS spectrum of RT also shows a shift of O 1s peak to lower binding energy which
again supports the presence of Ti** [15]. For the RT, the peak appearing at higher binding
energy (for non-lattice oxygen) have large area as compared to pure CT. This increase of area
can be associated to more oxygen vacancies in RT as compared to CT.

The XPS spectrum for Pt photodeposited representative sample i.e. Pt-1.0-RT sample was
also taken and is shown in Figure 5.8. It can be observed that the Pt-1.0-RT exhibits more or
less similar XPS peaks for Ti 2p and O 1s as RT sample. The appearance of the Pt 4f ensures
the photodeposition of Pt nanoparticles on RT surface. The Pt 4f spectrum can be fitted into
four peaks with the main peaks appearing at 70.22 eV and 73.55 eV corresponding to metallic
Pt(0) state [32]. The rest shoulder peaks appearing at higher binding energy values can be

attributed to the Pt(11)O and Pt(IV)O: species respectively [32].
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Figure 5.7 X-ray photoelectron spectroscopy (XPS) of pure CT and RT samples with regions

of Ti 2p (a), enlarged view of Ti 2ps2 region (b). Oxygen region for pure CT (c) and RT (d).
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Figure 5.8 X-ray photoelectron spectroscopy (XPS) of Pt-1.0-RT sample with regions of: (a)

Ti, (b) O, and (c) Pt.

The Pt 4f XPS spectra for all Pt-x-RT samples were also taken and presented in Figure 5.9
which confirms the successful photodeposition of Pt on all RT samples. The XPS signals are
also increased with the increase of Pt content. The elemental analysis obtained using XPS is
also tabulated in Table 5.1. The elemental analysis also supports firmly the increased Pt atomic

ratio with increased Pt precursor concentration for photodeposition
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Figure 5.9 X-ray photoelectron spectroscopy (XPS) for Pt region of various Pt-x-RT samples
(where x = 0.5, 0.9, 1.0, 1.2 and 2.0 corresponds to theoretically calculated wt. % of Pt for

photodeposition).

Table 5.1 Pt atomic % determined by X-ray photoelectron spectroscopy (XPS) for various Pt-
x-RT samples (where x = 0.5, 0.9, 1.0, 1.2 and 2.0 corresponds to theoretically calculated wt.

% of Pt for photodeposition).

Sample Pt atomic %
Pt-0.5-RT 0.05
Pt-0.9-RT 0.07
Pt-1.0-RT 0.09
Pt-1.2-RT 0.12
Pt-2.0-RT 0.27
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5.3.4 Electron paramagnetic resonance (EPR) analysis

Further confirmation of the Ti®* ions and oxygen vacancies and formation of RT is

confirmed by electron paramagnetic resonance spectroscopy analysis. EPR spectroscopy is

considered as a highly sensitive technique for the detection of unpaired electrons from

paramagnetic species, thus providing firm information regarding the presence of Ti®* species

and oxygen vacancies. Figure 5.10 shows the EPR spectra for CT and RT. It is obvious that

CT doesn’t show any noticeable absorption EPR peak. However, RT sample exhibits an intense

absorption EPR signal at g = 1.975 with small shoulder peak at g = 1.99, both peaks can be

assigned to the Ti®* ions paramagnetic center [34, 35]. Another small shoulder peak appearing

around g = 2.002 can be attributed to the O species, possibly generated by the interaction of

Oz with surface Ti%* ions [36] indicating the presence of both surface and bulk Ti®*.
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Figure 5.10 EPR spectra of CT and RT samples, recorded at -163.5 °C.
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5.3.5 Nz-phyisisorption analysis

The textural properties such as Brunauer-Emmet-Teller (BET) surface area and Barrett-
Joyner-Halenda (BJH) pore size distribution were determined for pure CT, RT and Pt-x-RT
samples. The N2-sorption results demonstrate the isotherms to be of type IV with H3 hysteresis
loops according to the IUPAC classification [37] and are shown in Figure 5.11. The pore size
within range of 2-50 nm demonstrate their mesoporous nature for all samples. BET Surface
area along with pore size decreases for RT after Mg treatment from 82.3 m?-g* for parent CT
to 40.6 m?g?, probably due to the heating at 650 °C during magnesiothermic reduction.
Interestingly, the surface area and pore size then increases for Pt-x-RT samples after Pt loading
compared to that of parent RT (as shown in Table 5.2). Anyway, all Pt-x-RT samples show
more or less similar surface area and is hard to consider as a prominent factor for increased

CHys production rate.
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Figure 5.11 Nitrogen physiosorption isotherms of Brunauer-Emmet-Teller (BET) surface area
measurement and for pure CT, RT and various Pt-x-RT samples (where x = 0.5, 0.9, 1.0, 1.2

and 2.0 corresponds to theoretically calculated wt. % of Pt for photodeposition).
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Table 5.2 Brunauer-Emmet-Teller (BET) surface areas and Barrett-Joyner-Halenda (BJH)
pore size for pure CT, RT and various Pt-x-RT samples (where x = 0.5, 0.9, 1.0, 1.2 and 2.0

corresponds to theoretically calculated wt. % of Pt for photodeposition).

Sample Surface area (m2-g™1)* Pore diameter”

(nm)

CT 82.23 8.39
RT 40.62 13.52
Pt-0.5-RT 43.96 12.34
Pt-0.9-RT 42.93 12.84
Pt-1.0-RT 43.24 11.46
Pt-1.2-RT 45.03 10.59
Pt-2.0-RT 53.10 12.09

a Surface area determined by applying Brunauer-Emmett-Teller (BET) equation to a relative pressure (P/Po) of
the adsorption isotherm.
b Average Pore diameter are calculated from the Barrett-Joyner-Halenda (BJH) equation using the desorption

isotherm.

5.3.6 Band gap estimation

As mentioned in experimental section, section 5.2.5, the band gaps for pure CT and RT are
estimated using Tauc plot [26]. The linear portions of these curves are then extrapolated to zero
(y-axis) and band gap values are determined as shown in Figure 5.12a. It can be clearly seen
that CT sample shows a band gap of 3.15 eV while RT sample shows a band gap of 2.85 eV
with another lower band gap of 1.50 eV obtained by extrapolation of the additional slope (in
the range of 2.5-3.0 eV), suggesting a new density of states (DOS) by tailing of conduction

band (CB) and valence band (VB) [36]. To determine the valence band (VB) positions for both
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CT and RT samples, valence band (VB) XPS for both samples are obtained and shown in
Figure 5.12b-d. The VB XPS for CT show its VB top at 2.05 eV (Figure 5.12b) and for RT at
1.95 eV (Figure 5.12c) and 0.76 eV (Figure 5.12d). It is believed that the reduction of CT for
synthesis of RT, narrows the band gap of CT via induction of O vacancies or Ti** ions and
surface defects corresponding to downward (0.20 eV) and upward (0.10 eV) shifts of CB
bottom and VB top [15,36]. Moreover, a further narrowing of band gap is observed probably
because of shallows states (near CB and VB) tailing up to deep mid-gap states as predicted by

band gap estimation possibly because of new DOS.
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Figure 5.12 Band gap estimation using Tauc plot (a) and valence band XPS (b-d) for pure CT

and RT. The RT shows a VB band tail up to 0.76 eV hence further shifting VB upward.
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Based on the band gap estimation and VB XPS data, a schematic illustration for the energy
level diagram (potential vs. NHE) showing the band gap narrowing by creation of new DOS is
proposed and shown in Figure 5.13. It is evident form the proposed band gap diagram that RT
sample possess a narrow band gap as compared to pure CT with well aligned CB and VB edges

versus desired redox reactions and hence can appear as a more efficient photocatalyst.

E vs. NHE
2 F CT RT
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Figure 5.13 Energy level diagram for pure CT and RT samples with respective CB and VB

edges positions.

5.3.7 Photocatalytic CO2 conversion

The photocatalytic performance of the CT, RT and Pt-x-RT samples is evaluated by
testing them for photocatalytic CO> conversion into hydrocarbons primarily methane
(CHg4) with other minor products such as ethane (C2Hg) and higher alkanes (CxHy). The
photocatalytic experiments were carried out in a gas phase reactor setup (the details of
the experimental setup are well explained in section 2.3) under simulated solar light

irradiation (1 sun, AM 1.5G). The bar diagram showing photocatalytic performance of
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the respective samples is shown in Figure 5.14. It can be seen that without Pt co-catalyst,
pure CT produced a negligible amount of CH4 whereas RT exhibits low yield of CHa.
However, when Pt nanoparticles are photodeposited on the respective samples as a co-
catalyst, the CH4 production rate is significantly improved. Amongst all samples, Pt-
1.0-RT yields CH4 with a rate of 1640.58 ppm-g*-h?* (1.13 pmol-g*-ht), which is around
82 times higher than that of pure RT (18.31 ppm-g*-h’%, 0.013 pmol-g*-h*) and >3 times
higher than that of Pt-1.0-CT sample (546 ppm-g*-h*t, 0.38 pmol-g*-h™t). The production
rate and selectivity of CH4 are detected highest for all the samples employed for CO2
photoreduction with H2O vapor into hydrocarbons as compared to the other products
i.e. CoHs and higher alkanes. The photocatalytic hydrocarbons yield with selectivity is
shown in Table 5.3 whereas the turn over number (TON) and turn over frequency (TOF)

for all the tested samples are presented in Table 5.4.
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Figure 5.14 Methane production rate from P25 (Degussa), pure CT, RT and various Pt-x-RT
samples (where x = 0.5, 0.9, 1.0, 1.2 and 2.0 corresponds to theoretically calculated wt. % of

Pt for photodeposition).
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Table 5.3 Photocatalytic hydrocarbons production rate and selectivity, by P25 (Degussa), pure

CT, RT and various Pt-x-RT samples (where x = 0.5, 0.9, 1.0, 1.2 and 2.0 corresponds to

theoretically calculated wt. % of Pt for photodeposition).

Hydrocarbons production rate

Selectivity (%)

Sample (ppm-g*-n)
CHa4 C2Hs CxHy CHa4 C2Hs CxHy
P25 0 0 0 0 0 0
Pt-1.0-P25 411.02 49.59 37.31 82.54 9.95 7.51
CT 0 0 0 0 0 0
Pt-1.0-CT 546.98 55.26 127.41 74.96 7.62 17.42
Pt-1.0- 468.57 64.66 45.58 80.95 11.17 7.88
CT(Ar)
RT 18.31 0 0 100 0 0
Pt-0.5-RT 668.13 22.17 14.48 89.94 6.08 3.98
Pt-0.9-RT 1373.66 138.62 110.05 84.67 8.54 6.79
Pt-1.0-RT 1640.58 160.14 164.65 83.47 8.14 8.39
Pt-1.2-RT 1166.52 55.28 132.29 86.14 4.08 9.78
Pt-2.0-RT 729.52 51.38 105.32 82.32 5.79 11.89
Selectivity of the samples is calculated using:
Selectivity (%6) = Concenteration of the desired product (C;) x 100

Concentration of total products (Ct)
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Table 5.4 Turnover number (TON) and turnover frequency (TOF) for Pt-1.0-CT and various
Pt-x-RT samples (where x = 0.5, 0.9, 1.0, 1.2 and 2.0 corresponds to theoretically calculated

wt. % of Pt for photodeposition).

Sample name aTON 5TOF (h')
Pt-1.0-CT 0.65 0.65
Pt-0.5-RT 1.02 1.02
Pt-0.9-RT 1.25 1.25
Pt-1.0-RT 141 141
Ptl.2-RT 0.83 0.83
Pt-2.0-RT 0.41 0.41

The turnover number (TON) and turnover frequency (TOF) were calculated by using the

following equations:[38,39]

pumoles of CH4 produced

4TON =
pmoles of Pt content present on the photocatalyst

TON

"TOF =
Reaction time (hours)
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These results ensures a clear enhancement of photoactivity of RT compared to CT
which is further improved after Pt photodeposition and can be associated mainly to (i)
the improved light absorption in visible light of RT due to the lowering of band gap and
reduced recombination; (ii) the more effective charge separation by Pt and also the
enhanced absorption due to LSPR effect of Pt. The influence of Pt content
photodeposited on RT samples is further studied for CH4 production. It is observed that
when the Pt loading is increased from 0.5 wt. % to 1.0 wt. %, the CH4 production also
increases, which can be realized as a result of the increased light absorption and
enhanced charge separation. However when the Pt wt. % is increased above 1.0 wt. %
I.e. 1.2 wt. % and 2.0 wt. %, the CHa yield is decreased instead of increasing and such
photocatalytic behaviour can be ascribed to some limitation of Pt functioning as a co-
catalyst. As explained above in section 5.3.4, the samples show more or less similar
surface area so it is hard to consider surface area and pore size as prominent factors for
increased CHa4 production rate. On the basis of reported literature [36], the combination
of Pt nanoparticles dispersion and size is presumed here as a key factor influencing the
photocatalytic performance of Pt-x-RT samples. The detailed investigation is done by
taking HR-TEM images with Pt nanoparticles size histograms generated using ImageJ
software and is shown in Figure 5.15. It can be considered herein that as the Pt loading
is increased from 0.5 wt. % to 1.0 wt. %, the amount of Pt nanoparticles is also increased
with good dispersion, while on further increasing the Pt loading above 1.0 wt. %, the
size of Pt nanoparticles increases which might limits well dispersion and also increase
the diffusion length of the separated electrons as well as recombination of the
photogenerated e/h* pairs [40]. Such phenomenon is also supported by PL spectra
(Figure 5.6), where Pt-1.2-RT and Pt-2.0-RT show higher emission peaks as compared

to Pt-1.0-RT sample. These results suggests that high Pt loading is unfavourable for
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photogenerated electron-hole pair separation with 1.0 wt. % Pt loading as an optimal

loading concentration.

Figure 5.15 HR-TEM images for various Pt-x-RT samples with corresponding Pt particle size
distribution (where x = 0.5, 0.9, 1.0, 1.2 and 2.0 corresponds to theoretically calculated wt. %
of Pt for photodeposition) : (a) Pt-0.5-RT, (b) Pt-0.9-RT, (c) Pt-1.0-RT, (d) Pt-1.2-RT and (d)

Pt-3.0-RT.
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To investigate the original source of carbon for CHs formation, 3CO; isotopic
experiment is done. Figure 5.16 shows the gas chromatogram of 3CO: isotopic
experiment employing Pt-1.0-RT sample under similar conditions of irradiation. It can
be observed that peaks at m/z = 45 and m/z = 17 are observed which are associated to
the CO; and 3CHj, respectively. Hence the GC-MS analysis shows the formation
1CH,4 from ¥CO,, confirming the CH4 produced during the photochemical reaction is

mainly originated from COa.
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Figure 5.16 GC-MS chromatogram of (a) *CH4 (m/z = 17) and (b) **CO, (m/z = 45) for CO>
photoreduction products obtained over Pt-1.0-RT sample under *3CO, atmosphere with 3 h

irradiation.
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The photocatalytic stability of the Pt-1.0-RT is also investigated by cycling the same
sample upto four cycles of photocatalytic CO> conversion and is shown in Figure 5.17.
The stability test studied using Pt-1.0-RT demonstrated almost similar amount of CH4
evolution for 15tand 2" cycle. The activity was decreased sharply for the 3" cycle. Then,
the Pt-1.0-RT was reactivated by heating at 90 °C under vacuum for 3 h, and
photocatalytic activity is almost recovered for 4" and 5™ cycles of the stability test. The
mechanism for photocatalyst deactivation is not exactly known. However, possible
reason reported in literature is the coverage of active sites on photocatalyst by
intermediate products [41-43] which can be supported by the regeneration of the

photocatalytic activity after thermo-vacuum treatment.

Further, control experiment employing Pt-1.0-RT sample under similar irradiation
conditions with the absence of CO2(g) and in the presence of Ar/H>.O(g) mixture
produced negligible hydrocarbon suggesting no involvement of any organic impurities
on the surface of the samples for CO2 photoreduction. For purpose of comparison and
to investigate the synergetic effect of our synthesis approach for synthesis of RT, a series
of control samples were synthesized by changing the synthesis condition as mentioned
in experimental section 5.2.2. The CH4 evolution rate yielded by various control samples
is shown in Figure 5.18. It is obvious that the RT sample with dual reduction approach
shows a superior performance as compared to all control samples. Henceforth, the solar
light activated RT synthesized using magnesiothermic reduction approach herein,
exhibits a superior and competitive performance with respect to control samples and
previously reported reduced TiO2 samples categorically for CO2 photoreduction into

CHa with gaseous (vapor) reaction setup (Table 5.5).
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Figure 5.17 Methane production rate from Pt-1.0-RT sample for four cycles of CO:

photoreduction test.
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Figure 5.18 Methane production rate from different Pt (1.0 wt. %) photodeposited control

samples and Pt-1.0-RT (original sample).
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Table 5.5 Comparison of different reduced/hydrogenated TiO> photocatalysts employed for

CO:2 photoreduction (gaseous/vapor reaction mode) with respective reaction conditions and

products amount.

Photocatalyst

Reaction conditions

Products amount

Reduced TiO:
Nanoparticles [44]

Photocatalyst (100 mg) illuminated using 300 W
Xe lamp (AM 1.0 solar spectral irradiance).

After 6 h illumination
CO; 1818 ppm-g*
CHg; 477 ppm-g*

Cu()/TiO2x
Nanoparticles [45]

Photocatalyst (50 mg) preheated using 250 W
infrared lamp followed by illumination by 150
W solar simulator (Oriel).

CO; 4.3 umol-gtht

TiO2x{001}-{101}
Nanocrystals [46]

Photocatalyst (40 mg) preheated using a 250 W
infrared lamp to a temperature of 150 °C.
Illumination done using:

UV-Vis light: 100 W mercury vapor lamp
Visible light: 450 W Xe lamp with UV filter

After 5 h illumination
UV-Vis light:

CO; 54.5 pymol-g*
Visible light:

CO:; 26.5 pmol-g*

Ho-pretreated
Cu/TiO2
Nanoparticles [47]

Photocatalyst (50 mg) preheated with H using a
250 W infrared lamp to a temperature of 220 °C.
Illuminated using 150 W solar simulator (Oriel).

After 6.5 h illumination
CO; 25 pmol-g*
CHg; 4.4 umol-g*

Slightly
hydrogenated TiO-
Nanoparticles by H»
plasma treatment [20]

Photocatalyst (90 mg) loaded onto photoreactor.
Illuminated using 550 W Xe-lamp with AM
1.5G filter for 3 h.

CO; 7.22 nmol-gt-ht
CHyg; 4.67 nmol-gt-h?

Current work

Pt Photodeposited
magnesiothermally
reduced TiO>

Photocatalyst (70 mg) loaded onto photoreactor.
No pretreatment or preheating done and
illuminated using 100 W Xe solar simulator
(Oriel, LCS-100 with AM1.5G filter)

Pt1.0 wt. % RT sample:
CHg; 1.13 pmol-gt-ht
C2H6;0.13 pmol-gt-ht
CxHy;0.11 pmol-gt-ht

Bare RT sample:
CH4;12.59 nmol-gt-h'
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5.3.8 CO2 conversion mechanism

A schematic illustration for the energy level diagram (potential vs. NHE) and CO>
photoreduction is proposed using reported literature and the experimental information obtained
from the band gap estimation via UV-vis DRS measurement and VB XPS data. The energy
level diagram displaying the narrowing of the band gap for RT, relative positions of CB and
VB for CT and RT, and redox potentials for CO2/CH4 and H>O/O: s portrayed in Figure 5.19a.
It can be seen that after magnesiothermic reduction, the RT sample offers its CB minimum at
-0.90 eV with CB tail up to -0.74 eV while the VB maximum at 1.95 eV with VB tail up to
0.76 eV. Even after reduction of pure CT, the downward shifted CB bottom lies above the
redox potential of CO2/CH4 (0.17 eV) whereas the VB top lies above the H>O/O> redox
potential (1.23 eV) [48] and thus can proceed the CO> photoreduction reactions in an efficient
manner. The possible reactions happening on the RT surface under simulated solar light
illumination are portrayed in Figure 5.19b. When simulated solar light is illuminated on the Pt-
x-RT sample, the photogenerated electron-hole pairs are generated via band to band and sub-
band gap excitations and are efficiently extracted by Pt nanoparticles. With the consideration
of proton assisted multi-electron process via carbene pathway for CO2 photoreduction [3,49],
these photoexcited electrons can react with surface adsorbed CO: in the presence of protons
(H", provided by water oxidation) to evolve CHa as a primary product with enhanced yield. On
the other hand, the holes generated in the valence band can be filled by water oxidation reaction
which can in turn produce Oz and protons (H"). The possible reactions involved in the CO-

photoreduction to CH4 can be summarized by following equations:

Pt-RT + hv (sunlight) — Pt-RT(ecg) + Pt-RT(h*vg) (5.2)
Pt-RT(8h*vg) + 4H,O — 8H' + 20, (5.3)
CO2 + 8H" + Pt-RT(8ecg) — CH4 + 2H20 (5.4)
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Figure 5.19 Energy level diagram (potential vs. NHE) (a) and proposed mechanism for CO>

photoreduction (b).

5.4 Conclusions

Highly efficient reduced TiO2 (RT) was successfully prepared by a newly developed two-
step method termed as magnesiothermic reduction in 5% H/Ar gaseous environment. Pt
nanoparticles were photodeposited on RT acting as a co-catalyst. A variety of Pt
photodeposited RT samples were prepared by varying the amount of Pt precursor and their
performance was evaluated by employing in photocatalytic CO2 conversion to hydrocarbon
fuels under simulated solar light irradiation. Pt (1.0 wt. %) photodeposited RT was found to
the optimum sample with CHa yield three times higher than pure commercial nano TiO, and
four times higher than P25 with similar loading of Pt co-catalyst. Such results revealed that the
photocatalytic activity was dependent on the Pt nanoparticle size. The synergetic effect of
newly developed synthesis approach was investigated by preparing different control samples
under Mg reduction with Ar gas environment, pure Ar gas environment and 5% H/Ar gas
environment with similar conditions of annealing. It was observed that the RT prepared by

magnesiothermic reduction method yielded maximum CH4 comparatively, suggesting optimal
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reduction of CT resulting with favorable band edges position leading to enhanced
photocatalytic CO, conversion. Overall improvement in the photocatalytic performance can be
attributed to (i) effective separation of photogenerated charges by Pt nanoparticles with
controlled size and a (ii) favorable combination of various factors like Ti** and oxygen
vacancies/surface defects driving toward (iii) optimal band gap with well-aligned band position

during the synthesis of reduced TiO>
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Chapter 6. Concluding remarks

The primary goal of the research done during the Ph.D. research span was to develop
efficient photocatalytic materials with the key focus of their utility in photocatalytic CO>
conversion to hydrocarbon fuels. On the basis of detailed literature survey and superb intrinsic
properties, titanium dioxide or titania (TiO2) was selected as a base semiconductor material
which act as a key photocatalyst and three different TiO> based photocatalysts were developed.
The key strategies adopted for the photocatalyst performance enhancement of TiO. based
photocatalysts include: (i) doping of TiO> nanostructure i.e. nanotubes with foreign elements
such as carbon and nitrogen, (ii) coupling of TiO2 nanotube arrays with rGO contents to get a
novel heterostructured photocatalyst with improved photocatalytic performance and (iii)
synthesis of reduced TiO2 with a newly developed reduction approach and investigating the Pt
nanoparticles deposition effect acting as co-catalysts on reduced TiO> photocatalysts. Hence
the experimental works can be categorized into two main types, the first type exhibits a noble
metal free approaches for improved photocatalytic performance while the second type
demonstrates a high performance Pt loaded reduced TiO> photocatalyst by a newly developed
approach.

In the first experimental approach, carbon and nitrogen co-doped sodium titanate nanotubes
(C,N-TNT) samples were successfully prepared by simply designed two-step process of
alkaline hydrothermal treatment of anatase TiO2 powder followed by calcination process with
urea content. The alkaline hydrothermal method yields sodium titanate nanotubes (TNT) with
well-developed tubular morphology which was then mixed with varied contents of urea and
calcined under air flow yielding C,N-TNT. The doping was confirmed using XRD, Raman
spectroscopy, UV-vis DRS and XPS analysis. The surface morphology and textural properties
were investigated using SEM/TEM images and N2 physisoprtion analysis respectively. The

photocatalytic performance of the various C,N-TNT samples prepared with varied content of
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urea were investigated for photocatalytic conversion of CO2 into CH4 without any use of noble
metals as a co-catalyst. The photocatalytic conversion of CO, employing C,N-TNT samples
exhibited higher CH4 evolution rate as compared to bare TNT. The improved rates of CHs
formation are mainly attributed to enhanced light absorption, formation of the anatase phase,
significant surface area, and favorable competition between the dual role Na* ions play in
(desired) CO- adsorption and (unwanted) charge recombination. It can be concluded that, the
light absorption enhancement is due to the isolated N and C 2p states above the valence band
maximum of the TNT. The Na* ions in the C,N-TNT can also serve to promote CO- adsorption
as reported earlier while also can act as electron-hole recombination centers. The amount of
C,N-doping affects sample crystallinity, surface area, and band gap energy, all of which, in
turn, influence overall photocatalytic performance.

The second research work presented a unique experimental design which resulted in a
novel nanostructured noble metal-free material architecture, TiO2 nanotube (TNT) arrays
covered with reduced graphene oxide (rGO) platelets containing embedded TiO2 nanoparticles.
The GO was successfully electrophoretically deposited and reduced simultaneously on cleaned
Ti foil. This rGO-Ti foil was then electrochemically anodized by a conventional
electrochemical approach using fluoride based electrolyte to give a nanostructured TNT arrays
covered with rGO and TiO> nanoparticles. Powerful investigative tools such as Raman
spectroscopy and XPS confirmed the reduction and presence of graphene content onto rGO-
TNTNP surface. The rGO-TNTNP showed an increased light absorption, mainly in visible
light range and improved charge separation as measured by UV-vis DRS and
photoluminescence (PL) spectroscopy, respectively. Such increased light absorption can be
attributed to the absorption by the graphene contents on the rGO-TNTNP surface whereas the
improved charge separation indicated by quenched PL emission peak confirms the role of

graphene contents acting as a direct pathway for efficient photogenerated charge extraction.
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The photoelectrochemical and photocatalytic performance of the rGO-TNTNP was
investigated by photocurrent measurements and photocatalytic CO> conversion. rGO-TNTNP
showed a significantly enhanced photocurrent and methane yield as compared to pure TNT
sample which can be attributed to the graphene and additional TiO2 nanoparticles on its surface
providing enhanced light absorption and effective separation of the photogenerated charges.
We believe the synthesis strategy in this work can provide new inroads for a wide variety of
design-specific hybrid metal-oxide graphene-based materials helping to lead to sustainable
photocatalytic systems.

The third experimental approach is focused towards the synthesis of reduced TiO2 (RT) by
a newly developed approach and its application in photocatalytic CO2 conversion to
hydrocarbon fuels. RT was prepared from commercial nano-TiO2 (CT), by a two-step method
involving magnesiothermic reduction in 5% Ha/Ar followed by acid washing and investigated
with respect to its utility in CO, photoreduction to CH4 under simulated solar light irradiation
(1 sun, AM 1.5G). The crystallinity of the samples i.e. pure CT and RT were investigated using
XRD and HR-TEM which ensures the retaining of similar crystalline structure for RT sample
with no appearance of any other phase or impurities in it. The UV-vis DRS of RT showed an
improved light absorption which suggests the successful formation of surface defects and Ti%*
ions/oxygen vacancies. The photoluminescence (PL) spectrum also showed a decreased
emission peak for RT as compared to pure CT indicating the defects acting as charge traps
rather than recombination centers. The band gap estimation using light absorption data and
valence band XPS suggest the suitable band edge positions of RT for proceeding the CO>
photoreduction experiments. Pt as a co-catalyst, was photodeposited onto pure CT and RT
samples and its presence confirmed using STEM elemental mapping, HR-TEM and XPS
analysis. The Pt photodeposition was optimized by varying the theoretically calculated Pt wit.

% with respect to its performance in CO2 photoreduction experiments. A significant
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enhancement of CH4 evolution with Pt nanoparticles as a co-catalyst is observed for CO>
photoreduction experiments. The activity was also depended on the size and amount of Pt
nanoparticles as revealed by HR-TEM images of Pt-x-RT samples (where x corresponds to
theoretically calculated wt. % of Pt). The reduced TiO2 sample with 1.0 wt. % of Pt yielded the
maximum photocatalytic CH, yield of 1640.58 ppm-g*-h*? (1.13 pmol-g*-h'), which is three
times higher than pure commercial nano-TiO> and four times higher than commercial P25 with
the similar loading of Pt as a co-catalyst. Such an improvement in the photocatalytic
performance can be attributed to effective separation of photogenerated charges by Pt
nanoparticles with controlled size and a favorable combination of various factors like Ti* and
oxygen vacancies/surface defects driving toward optimal band gap with well-aligned bands

position during the synthesis of reduced TiO..
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