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CHAPTER I:

INTRODUCTION

In October 2022, the amount of carbon dioxide (CO2) in our atmosphere surpassed
415 ppm [1]. Unquestionably, this gas is the principal driver of the greenhouse effect,
which has led to climate change mostly as a result of emissions from the
transportation, manufacturing, and residential sectors. Fossil fuel combustion and
industrial processes including the production of iron, steel, and cement as well as
petrochemical refining are the primary sources of CO. emissions. Presently, carbon
capture and storage[2] and carbon capture and utilization[3] are the two methods
being used to counter the steadily rising CO> levels in our atmosphere. In order to
permanently store CO: in a geological body, carbon capture and storage depends on
CO:2 collection, including its separation, compression, and transport. In any regard, it
does not incorporate CO> conversion, and its technological and financial viability on a
wide scale has not been established. In comparison, carbon capture and utilization
may directly utilize CO. or convert it through chemical and/or biological processes
into value-added products[3,4]. As a chemical precursor, CO; has the potential to
reduce the usage of hydrocarbon-based fuels like gasoline, which are currently made
from petroleum[5] and are significant contributors to the emission of greenhouse
gases. The production of chemical compounds and fuels from CO; can improve the
carbon and energy efficiency of current technologies and promote the invention of
new, and green industrial processes[6,7].

One of the most promising methods for reducing atmospheric CO2 emissions and
producing renewable fuels at the same time is the light-induced conversion of CO-
and water into chemicals and fuels with the help of a photocatalyst, simulating the
natural photosynthetic process[8-11]. Artificial photosynthesis is the term used to
describe the process of employing solar light, water as a reducing agent, and a
photocatalyst[12,13]. However, artificial photosynthesis's present light-to-fuel
efficiency is less than 1%, and in the majority of situations, it has to be raised. For
artificial photosynthesis to be commercially viable, light efficiency rates of 10% or

more are reportedly needed. This is because commercial solar photovoltaic systems



have solar energy conversion efficiencies of >20% [14]. Before artificial
photosynthesis can be taken into consideration as a prospective large-scale process, it
must also be carried out under continuous flow. The majority of research on
heterogeneous photocatalysts is conducted in slurry systems, which not only makes
the separation of catalysts difficult and costly but also introduces secondary
pollution[15]. Consequently, supporting the catalyst on a substrate will enhance its
practicality and makes efficient use of the catalyst in a flow system. On account of the
superiority of photocatalyst films over powders, photocatalyst films may be utilized in
the gas phase reduction of CO, which increases the light-harvesting capability of the
catalyst in comparison to slurry systems. While the CO> reduction process is complex,
the gas phase CO; reduction mechanism is simpler and more selective for CHa, CO,
and H. [16]. In addition, the issue of CO solubility in the liquid phase does not
present in the gas phase [15].

In this study, films of crystalline or amorphous TiO2 with or without SiO>
modification on various substrates were prepared and studied for photocatalytic CO»
reduction in water vapor. In the same procedure, ultrathin films of indium tin oxide
(ITO) were also examined. Using density functional theory (DFT) and molecular
dynamics (MD) simulations, the possible mechanism of CO; reduction, the effect of
substrate on the activity of the catalyst, and the surface affinity of the catalyst towards
the constituent molecules of the reaction medium were investigated. This study's
results have the potential to lead to the development of more effective photocatalytic

systems for CO> reduction.

1.1 Objective

Study the effect of defects in metal oxide films and substrate’s conductivity on

activity, selectivity, and stability of photocatalyst in vapor phase CO2 reduction.



1.2 Scope of the research

Preparation of amorphous TiO2 modified with SiO2 film on the indium tin
oxide coated polyethylene terephthalate substrate (AM-TiO2-SiO2/ITO-PET)
for CO> reduction in water vapor.

Study the mechanism of COz reduction on AM-TiO.-SiO2/ITO-PET
photocatalyst via DFT simulation.

Examine the deactivation of the AM-TiO2-SiO2/ITO-PET catalyst by MD
simulation.

Fabrication of photocatalytic films of amorphous and crystallized TiO2 on
different substrates with various conductivity for CO> reduction in the vapor
phase.

Study the effect of the substrate's conductivity on the activity of the
photocatalyst in the CO> reduction reaction.

Evaluate the activity and stability of the ITO-PET and ITO-Glass thin
photocatalytic films for CO reduction in batch and continuous reactors.

Study the mechanism of CO; reduction over ITO photocatalyst by DFT

simulation.



CHAPTER II:

BACKGROUND AND LITERATURE REVIEW

2.1 General principles of photocatalytic CO, reduction

The following three key phases are part of the general photocatalytic CO> reduction
process: (1) generation of e’/hole pairs upon absorption of light with equal or greater
energy than the band gap of the catalyst, (2) separation and migration of e’/hole pairs
to the active sites where the CO, molecule is adsorbed, (3) interfacial charge transfer
to the adsorbed CO». At the same time, photogenerated holes are used in the oxidation
of water into O2. During migration, a significant proportion of e/hole pairs may be
lost through recombination. Recombination of e /holes can be somewhat prevented by
rational active site design, such as defect creation, facet engineering, and loading the
catalyst with organic or inorganic components. Otherwise, the accumulation of charge
carriers could either lead to photo-corrosion of the catalyst or decrease the efficiency
of the photocatalytic reaction[17,18].

The CO. molecule that has been absorbed could act as an electron acceptor and
donor[19]. While the carbon atom may take an electron from the Lewis base sites,
unpaired oxygen electrons may be transferred to the Lewis acid sites. Therefore,
altering the active sites' electronic properties may improve CO; adsorption. After the
CO2 molecule adsorbs on the active sites, it can be polarized, leading to electron-
repulsion-inducing bent bonding. The resulting reduced LUMO (lowest unoccupied
molecular orbital) level of the bent CO> molecule makes electron acceptance
easier[20]. Ultimately, the combination of multi-electron transfer and the multi-step
reduction of COg, involving the breaking of C=0 bonds and generation of C—H bonds,
results in the formation of several distinct products[21]. The general mechanism of

photocatalytic CO reduction is shown in Error! Reference source not found..
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Figure 1. The General mechanism of photocatalytic CO, reduction(PCO2R)[22].

2.2 Photocatalytic films

The majority of heterogeneous photocatalysts for CO2 reduction are studied in slurry
systems, which raises the danger of secondary pollution from the catalyst leaching
into the liquid phase as well as making catalyst separation challenging and
expensive[15]. Therefore, positioning the catalyst on a substrate will increase its
applicability and the substrate itself could also improve the overall photocatalytic
activity of the catalyst (a subject that has been less studied in the field of

photocatlyst). Numerous studies have been conducted on the formation of



photocatalyst films on a variety of soft or hard substrates, including glass[23-27],
activated carbon[28,29], polymers[30-32], silica gel[33-35], metal foams[36—40],
etc. The flexibility, thermal stress, and substrate-catalyst adhesion were among the
physical characteristics of the substrate on which the research concentrated. For
instance, flexible photocatalytic active films of TiO2/SiO> composite for bacterial
disinfection in solar light were prepared by Levchuk et al. in 2019[41]. The flexible
substrate in their study was made of polyethylene terephthalate (PET), but the
photocatalytic activity was only attributed to the catalyst, and the influence of the
substrate on the mobility of the charge carriers was not factored. While organic
semiconductors (polymers like PET) have received a lot of attention in the
development of flexible electronics, such as flexible solar cells and transparent thin-
film transistors (TTFTs). It has been demonstrated that different polymer substrates
have varied charge carrier mobility in flexible electronics[42]. Additionally, the
preparation of both doped and bare TiO, nanotube films (TNTFs) (films over titanium
substrate) using electrochemical anodization is well-researched. This method allows
for high control over TNTF properties such as tube diameter, wall thickness, length,
decoration, and filling of dopants, and density of the nanotubes[43]. But without
considering the function of the titanium substrate, the photocatalytic activity of the
TNTFs is attributed to the shape and crystal structure of the oxide layer. More studies
have been conducted on amorphous photocatalysts for reduction reactions after the
work of Zywitzki et. al. 2017[44] on photocatalytic Hz evolution over amorphous
TiO2, and the findings demonstrated the crucial significance of numerous defects for
electron transport in photocatalytic reduction reactions. In this line, Santos et al.
2021[45] reported the synthesis of amorphous TNTF for gas phase photocatalytic CO>
reduction with high methane generation yield using the anodization approach. The
defects and many OH groups on the surface of the amorphous TiO, oxide layer,
which has been the subject of recent studies, were thought to be responsible for the
catalyst's activity in their work. Additionally, one-dimensional nanomaterials like
TNT are regarded as the best candidates for lithium-ion battery applications due to
their large surface area and short lithium diffusion path (LIBs). With the benefit of

removing the requirement for an additional conductive substance in the LIBs, the Ti



substrate of the anodized TNTFs in the LIBs may serve as the optimal electron
collector[46].

The utilization of surface plasmon resonance (SPR) is one method to improve the
light absorption efficiency of photocatalysts, which has drawn growing interest. The
collective oscillation of free electrons in conducting materials is referred to as SPR.
Energy-rich hot carriers may be created when the incident light's frequency coincides
with the plasmon's natural frequency. These hot carriers can take part in
photochemical processes. As a result, adding plasmonic materials to photocatalytic
devices may greatly enhance the absorption and conversion of light[47-49].
Regarding this, Zakaria et al. (2019)[50] reported the SPR of a fiber that had been
side-polished and coated in Ti of various thicknesses. The Ti films showed SPR in the
visible region of the light spectrum, regardless of their thickness. The SPR of ITO-
coated fiber optics of various thicknesses for use as hydrogen gas sensors was also
studied by Mishra et al. (2012)[51]. It was found that the resonance wavelength and
ITO film thickness were linearly correlated. The ITO layer's resonance wavelength
varied from almost 500 nm at a thickness of 50 nm to almost 760 nm at a thickness of
110 nm.

2.3 TiO2 photocatalyst

TiO, is the most researched photocatalyst that has been employed for CO:
photoreduction [52]. TiO2 primarily has three crystallographic phases, rutile, anatase,
and brookite, with band gaps between 3.0 eV and 3.2 eV. The efficiency of CO;
photoreduction is significantly influenced by the phases of TiO. In contrast to rutile
and anatase, brookite is proposed to have high activity for CO; reduction to CO and
CHa, whereas mixed phases of anatase and rutile are active for CO2 photoreduction to
CHa4. The heterojunction between rutile and anatase, which effectively separates
charges, was the cause of the improvement of the mixed phase[53]. In order to
minimize excessive recombination of charge carriers, crystallization is typically
regarded as a necessary step in the preparation of highly active photocatalysts. There
appear to be exceptions to this rule with artificial photosynthesis. Recent discoveries

on photocatalytic hydrogen evolution or CO2 reduction over amorphous TiO2 imply



that surface characteristics, which dominate interfacial charge transfer rates, may play
a greater role than bulk crystallinity in the activity of the photocatalyst for CO;
reduction[54]. As a result, amorphous photocatalysts have recently drawn increased
interest in photocatalytic reduction. Furthermore, TiO2 is chosen for CO:
photoreduction because the position of the bands is suitable for both oxidation of
water and the reduction of CO- into different products[55].

Numerous techniques have been used to enhance the TiO, photocatalyst's properties,
including surface modification[56], doping[57], non-metal doping[58], coupling with
other semiconductors[59], and others. Due to their thermal and mechanical stability as
well as their remarkable photocatalytic characteristics, there has been an increasing
interest in the synthesis of TiO2-SiO, composites during the past several years. TiO»-
SiO; composites have been employed extensively for photocatalytic contamination
degradation and self-cleaning coating production [60]. According to the proposal of
Halin et al. 2017 [61] on the function of SiOz in TiO2-SiO> films made by spin
coating, it improves the light transmission, mechanical strength, and thermal stability
of titania nanocomposites. Fu et al. 1996 [62] also studied the photocatalytic activity
of a TiO2-SiO> composite for the oxidation of ethylene, attributing the enhanced
activity to an increase in Bronsted-type surface acidity generated by SiO,, which

might potentially be advantageous for the CO; reduction[54].

2.4 1TO photocatalyst

Indium tin oxide (ITO) has received less attention in the field of heterogeneous
photocatalysis, although it has unique characteristics such as non-toxicity, simplicity
of production, physical and chemical stability, and the presence of defect
levels[63,64]. Doping indium oxide (In203) with tin oxide (SnO2), two materials with
wide band gaps, yields a material with a band gap of around 3.6 eV. The resultant
indium tin oxide (ITO) becomes "rich in defects,” and significant sub-bandgap defect
levels begin to emerge. These sub-bandgap defect levels can absorb visible light as
well as trap photogenerated electrons and holes. Trapping of charge carriers could

enhance photocatalytic activity[65]. In this regard, oxygen vacancy (Ov) and surface



hydroxyl groups (On) as significant defects for CO. reduction[54] are present in the
structure of the ITO catalyst[66]. In the absence of light, thermodynamically unstable
Ovs are extremely reactive and can activate CO, and even break the molecule[67]. OH
groups, on the other hand, as Lewis bases, not only improve CO> adsorption but also
provide protons for hydrogenation[68,69]. Therefore, ITO could be considered a good

candidate for photocatalytic CO> reduction.
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CHAPTER III:

EXPERIMENTAL SECTION

3.1 Catalyst preparation

3.1.1 Preparation of chemically attached amorphous TiO: catalyst on the ITO-
PET substrate

50 ml of ethanol and 5 ml of acetic acid were poured into a beaker, then 6 ml of
titanium (1V) isopropoxide was drip-fed. At the same time, the solution was stirred
over a magnetic stirrer. This solution was labeled A. In a separate beaker, 35 mi
ethanol and 35 ml deionized water were mixed over a magnetic stirrer, and the pH of
the solution was adjusted to 3 with HCI. Next, 1 ml of tetraethyl orthosilicate was
added dropwise to the solution. This solution was labeled B. Both solutions were
stirred overnight. Next, solution A was slowly added to solution B while being
vigorously stirred. After one hour, the resulting gel was used for the preparation of the
amorphous TiO2 modified with SiO2 on the ITO-PET substrate (AM-TiO2-SiO./ITO-
PET) film.

In preparing the chemically attached AM-TiO,-SiO2 on the ITO-PET substrate, the
desired size of the ITO-PET substrate was cut and placed on the bottom of a
laboratory tray; therefore, only the ITO-coated side of the film was exposed to the gel.
Then the as-prepared gel was poured on the substrate. After 15 min, the film was
removed from the gel, washed with abundant deionized water, and dried in the oven at
100 °C for 20 min. Finally, the remaining gel was collected and dried over a hotplate
at 100 °C overnight. The weight of the chemically attached catalyst to the substrate

was evaluated by the difference in the weight of the substrate before and after coating.
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3.1.2 Synthesis of AM-TiO.-SiO; and P25-SiO. photocatalysts and preparation
of films by spin coating method on the PET, ITO-PET, and Ti substrates

The synthesis procedure for the AM-TiO2-SiO2 catalyst is explained in detail in
section 3.1.1.

For the synthesis of P25 modified with SiO2 (P25-Si0Oz), 35 ml of ethanol and 35 ml
of DI water were mixed in a beaker, and the pH was lowered to 3 using HCI. The
solution was mixed continuously for five hours after 1 ml of tetraethyl orthosilicate
was added to it. The solution was then mixed with 2 grams of P25 and stirred for two
hours. The resulting gel was dried in an oven at 100 °C overnight.

The substrates were cleaned before the catalysts were spin-coated. The Ti plate was

mechanically polished on all surfaces, including the edges, and then washed with DI
water. The polished Ti plate was then cleaned once again by being submerged in a
10% wt. HCI solution while being sonicated for 10 min. The Ti plate was then
subjected to 10 minutes of sonication in ethanol, followed by 10 minutes of sonication
in DI water. The Ti plate was finally air-dried[45]. The ITO-PET and PET substrates
were sonicated in ethanol and DI water for 10 min, followed by air drying.

For the preparation of spin-coated films, the catalysts were dispersed in 2-propanol
for 15 min using ultrasonication. The substrates were placed on the spin coater's
rotating disk, and the solutions were drop-wisely dispensed to the substrates as they
rotated (1500 rpm). The coated substrates were then exposed to air for 30 min before
being dried in an oven at 80 °C for 30 min. The weight of the catalyst was adjusted for
each film preparation by employing the same volume of ink (catalyst suspended in

isopropyl alcohol) and spin rate.

3.1.3 Specifications of ITO-PET and ITO-Glass photocatalytic films

Both the indium tin oxide coated glass film (ITO-Glass) and the polyethylene
terephthalate (ITO-PET) film were acquired from the Sigma-Aldrich Company and
utilized as is. The ITO layer's thickness on the glass substrate is between 30 and 60
nm, whereas it is 130 nm on the PET substrate, according to information from the

manufacturer.
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3.2 Characterization

3.2.1 SEM-EDX

Energy-Dispersive X-ray spectroscopy (EDX) and Scanning Electron Microscopy
(SEM) were employed to either determine the attachment of the catalyst to the
substrate or analyze the composition and dispersion of the catalyst's constituent

elements.

3.2.2 X-ray diffraction (XRD)

By employing a Bruker D8 Advance with a Cu anode, K al (1.544 A) irradiation, a
20 range of 10° to 80°, and a scan rate of 0.02°/min, the crystalline structure of the

materials was examined.

3.2.3 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) for analyzing the oxidation state of the
elements was carried out using a Thermo Scientific K-alpha equipped with a
monochromatic small-spot X-ray source and a 180° double-focusing hemispherical
analyzer with a 128-channel detector. Due to the active argon charge compensation
dual beam source, the starting pressure of 8x10® mbar or less increased to 2x107~7
mbar throughout the measurement. A common sample preparation was pressing fresh
catalyst onto carbon tape resting on an aluminum sample plate. Spectra were collected
using an AlKa X-ray source (1486.6 eV, 72 W) with a 400 um spot size. While the
constant pass energy for region scans was 50 eV with a step size of 0.1 eV, it was 200

eV with a step size of 0.5 eV for survey scans.
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3.2.4 Fourier transformed Infra-red (FT-IR)

Using a Nicolet 6700 FT-IR with a single point Attenuated Total Reflectance (ATR)
accessory, Fourier transform infrared spectroscopy is used to examine the surface
species and chemical bonding.

3.2.5 Photoluminescence spectroscopy (PL)

To investigate the separation of photo-induced charge carriers, photoluminescence
spectroscopy (PL) study utilizing a Horiba 4P-Fluoromax spectrofluorometer was

carried out.

3.2.6 Diffuse reflectance UV-Vis spectra (UV-Vis DRS)

A LAMDA 650 UV/Vis spectrophotometer was used to acquire diffuse reflectance
spectra (UV-Vis DRS) with wavelengths ranging from 200 to 800 nm. The resultant

spectra were used to examine the catalysts' ability to absorb light and their band gap.

3.2.7 Raman spectroscopy

With the sample at room temperature, Raman spectra were acquired using a HORIBA
spectrometer (MicroHR Raman) equipped with a 532 nm Nb/YAG laser of 100 mW
power. After passing through a grating (1800 groove/mm) with an edge filter to
eliminate backscattered light, the signal was detected by an open electrode CCD

detector with an accuracy of 1 cm™.

3.2.8 Electrochemical measurements

To locate the conduction band (CB) for the catalysts, electrochemical impedance
measurements were made in a three-electrode cell using an Autolab(R) model M280
fitted with a FRA module. A platinized titanium mesh and Ag/AgCl (KCI 3 M) were

utilized as the counter and reference electrodes in this measurement, respectively,
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with the catalyst operating as the working electrode. The measurements were
conducted between 1.1 and -1.1 V by applying a sinusoidal perturbation of 10 mV in
the range of 1 kHz to 1 Hz, and the pH of the solution was maintained at 7 by

employing a phosphate solution (0.1M).

3.2.9 Open circuit potential decay (OCPD) measurement

Using a commercial 1.75 ml R/T/A spectro-electrochemical cell (Redox.me) with a Pt
wire as the counter electrode, Ag/AgCI as the reference electrode, and the catalyst
film as the working electrode, OCPD measurements were carried out to determine the
stability of the photo-generated electrons. A 1000W Xe Lamp was used to illuminate
the sample until the open circuit potential was steady (30 min). After then, the light
was switched off, and the open circuit potential was monitored until it stabilized (in
the dark) (30 min). The experiments were carried out using either N2 or CO»-saturated
0.1M phosphate buffer (pH=7).

3.2.10 Kelvin probe force microscope (KPFM)

The NX10 atomic force microscope (AFM) from Park Systems Corporation was used
under ambient settings to perform Kelvin probe force microscopy (KPFM). Before the
AFM experiment, the samples were individually coated on conductive indium tin

oxide substrates.

3.3 Computational method

3.3.1 Computational method for AM-TiO2-SiO./ITO-PET catalyst

With the BIOVIA Materials Studio 0.7 program, all of the theoretical computations
were carried out. The melt-quench process [70] was used to initially build amorphous
TiO- crystals, and density functional theory (DFT) was then used to reoptimize the
molecular dynamic cell(MD-cell). The Forcite module was used in the MD melt-

quench process while employing a Universal forcefield [71]. A TiO, Anatase phase



15

supercell with 48 atoms heated up to 4726.85 °C and maintained for 40 ps at a rate of
117.5 K/ps. After that, it was cooled at a rate of 0.235 K/ps to room temperature while
holding for 10 ps. In an isobaric ensemble, the time step for the MD melt-quench
approach was 2 fs (NPT). A barostat and Nose-Hoover-Langevin (NHL) thermostat
with time constants of 0.1 and 0.4 ps were used. The Generalized Gradient
Approximation (GGA), the Perdew-Burke-Ernzerhof Function (PBE), and a plane-
wave cut-off of 500 eV were used by the CASTEP module to perform the DFT re-
optimization[72]. The layers were multiplied using the SuperCell tool after the
generation of amorphous TiO2, and then a vacuum was added. The size of the
simulation boxes were a = 34.273 A, b = 18.224 A, ¢ = 27.886 A, o= p= 90°, and y=
117.21°. In this phase, the constructed crystal structure's XRD was simulated, and the
results were compared to the measured XRD of the AM-TiO, to ensure that the
simulation of the catalyst's structure was accurate (Figure 2). After that, the exposed
surfaces were modified by silicon dioxide OH groups. Finally, 100 molecules overall,

at various loads of target molecules (T-M), and water, were placed into systems.
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Figure 2. a) comparison between XRD-theoretical and XRD-experimental, b)
polyhedron and ball-stick visualization.
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Prior to MD, all simulation boxes had been fully optimized using the Ye Tian
method[73]. With the use of the Forcite module, MD simulation was performed on
the canonic ensemble NVT [74] at 39 °C with a 0.1 fs time step, 100 ps total
simulation duration, 1,000,000 steps, and NHL thermostat.

The DFT optimization was carried out by the DMol3 module using the functional
generalized gradient approximation (GGA) based on Perdew Wang (PW-91)[75,76],
with the condition in the electronic exchange being double-numeric quality basis set
DND 3.5. All the molecules that make up the medium in the interface (Mx molecules)
were built and afterward optimized by Ye Tian method[73]. The convergence criteria
utilized were as follows: difference in total energies of 1x10° Ha, maximum force per
atom of 0.002 Ha/A, and maximum displacement between cycles of 0.005 A[77].
DFT calculations have been used to evaluate the photocatalytic CO:
reduction(PCO2R) by AM-TiO2-SiO2/ITO-PET. Using the DMol3 algorithm and
GGA with PBE, the structural optimization of each mechanism step and the
computation of Gibbs free energy (AG) were accomplished. The relativistic effect of
transition atoms was evaluated using the DFT semi-core pseudopotential (DSPP)
approach and double numerical plus polarization (DNP) basis set[78]. For an accurate
description of the weak interactions between species participating in the PCO2R
reaction and the catalyst, the PBE + D2 method with the Grimme Van der Waals
corrections was used. The convergence conditions for structure optimization were as
follows: total energy difference of 1x10° Ha, maximum force per atom of 0.002
Ha/A, a maximum displacement between cycles of 0.005 A, and Monkhorst—Pack k-
point sampling of 1x2x1[78]. The AG for each step was calculated using Equation 1:

AG = AE + AEzpe - TAS Equation (1)

In Equation (1), AE represents the total electronic and ionic energy as calculated by
DFT (catalyst total energies), AEzpe represents the change in zero-point energy, T
represents the temperature (298.15 K), and AS represents the change in entropy.
Calculations of zero-point energy and entropies were based on the vibrational

frequencies of PCO2R intermediates[78].
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3.3.2 Computational method used to calculate the projected density of states
(DOSs) for different catalysts and substrates

All density functional theory (DFT) calculations were performed with the Cambridge
Sequential Total Energy Package (CASTEP). The cut-off energy for the exchange-
correlation functional was set at 450 eV, and the generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE) was employed. The valence electrons'
Kohn-Sham orbitals were described by a planewave basis set, while the interactions
between electrons and ions were described by an ultrasoft pseudo-potential. The
energy, maximum stress, maximum pressure, and maximum displacement distance
convergence limits were 2x10° eV/atom, 0.05 eV/A, 0.1 GPa, and 0.002 A,
respectively. The lattice constants and atomic positions were optimized in geometry
optimization [79-83]. For simulation, slab systems of Ti(101), ITO(110), PET, rutile
and anatase TiO (110) modified with SiO2 were constructed (Figure 3). For the
computation of density of state (DOS), a 6x6x1 k-point sample grid was employed
for the Brillouin zone[82].

Melt-quench was employed to generate the ITO crystal, which was subsequently
optimized with DFT. Using the Forcite module and the Universal forcefield, the melt-
quench method [71] was executed. The optimized In2Os cell was then utilized to
produce a supercell with a Sn/In ratio of 0.01. At a rate of 117.5 K/ps, the 120-atom
supercell was heated to 4726.85 °C and then held for 40 ps. It was then cooled to
room temperature at a rate of 0.235 K/ps and kept at that temperature for 10 ps. The
time step of the ITO melt-quench method in an isobaric ensemble was 2 fs (NPT).
Utilized were a Nose-Hoover-Langevin (NHL) thermostat and barostat with
respective time constants of 0.1 and 0.4 ps. In this stage, the XRD of the In,O3 and
ITO was simulated to ensure the correct construction of the structures(Figure 4). The
CASTEP module re-optimized the DFT wusing the Generalized Gradient
Approximation (GGA), the Perdew-Burke-Ernzerhof Function (PBE), and a plane-
wave cut-off of 500 eV[72].

Moreover, the mechanism of CO> reduction on In.O3 and ITO was simulated by the

DFT calculation at the conditions described in section 3.3.1.
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Figure 4. a) Simulated XRD of the ITO and measured XRD of ITO-Glass catalyst, (b)
Simulated XRD of In2Os.

3.4 Photocatalytic CO> reduction tests and measurement of products

Experiments on PCO2R were conducted in both batch and continuous systems. In the
batch system, a piece of catalyst film with the desired size was placed in the
headspace of a three-way quartz reactor with a total capacity of 250 ml. Next, 10 ml
of deionized water was added to the reactor. The reactor was then sealed firmly using
rubber septums. Following this, CO2 gas was purged into the reactor for 30 min in a
dark atmosphere. The reactor was then kept in the dark for a further 30 min. Before
light irradiation, a headspace sample was collected and the composition of the gas was
determined using GC-FID and GC-TCD. The light source in the PCO2R experiment
was six UV-light bulbs (Philips Germicidal Ozone UV Quartz Glass UVC Bulb: 16
W) with a UV light intensity of 0.187 mW.cm and a visible light intensity of 0.444
mW.cm2. The UV and visible light intensities were obtained using a SOLAR LIGHT
radiometer model PMA2200 equipped with UV and visible light sensors. The
catalytic film received no further treatment all through the stability tests other than
being taken out of the reactor and allowed to air dry.

The identical reactor configuration was employed in the flow system. The CO2 gas

bubbled in a water saturator outside the reactor, and the humid gas was supplied into
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the reactor, with the reaction products collected in an accumulator outside the reactor.
The gas samples' composition was determined using GC-FID and GC-TCD.

Three control experiments were carried out to confirm that CO and CHa evolved from
COz2: (i) an experiment with catalyst, CO>, and water but no light illumination; (ii) an
experiment with CO», water, and light illumination but no catalyst; and (iii) an
experiment with water, catalyst, light illumination, and Helium gas rather than CO..
In the control experiments, no significant amounts of CH4 were detected.

GC-FID (Shimadzu, GC-14A) and GC-TCD (Shimadzu, 2014C) were used to
determine the composition of the PCO2R products, as stated earlier. Methane
concentration was measured using GC-FID using the following conditions: Packed
column: Shincarbon ST; carrier gas: He (HP grade, 99.99 vol%); make-up gas: air
(UHP grade, 100 vol%); column temperature: 70 °C; injector temperature: 150 °C;
detector temperature: 150 °C; analysis time: 10 min. Carbon monoxide and hydrogen
concentrations were measured using GC-TCD with the following parameters: packed
column: Shincarbon ST; carrier gas: argon (HP grade, 99.99 vol%); column
temperature: 50 °C; injector temperature: 100 °C; detector temperature: 120 °C;

analysis time: 10 min.
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CHAPTER IV:

RESULTS AND DISCUSSION

The discussion and results are organized into three sections. In the first section,
experimental results and simulations of AM-TiO.-SiO2/ITO-PET surface phenomena
in PCO2R are presented. In the second section, the effect of substrate conductivity on
AM-Ti0,-Si0; and P25-SiO, for water vapor PCO2R will be presented. PCO2R on
ITO-Glass and ITO-PET will be discussed using both experiment and DFT modeling

in the last section.

4.1 PCO2R on the AM-TiO,-SiOz/ITO-PET

4.1.1 Yields of produced CH4, CO, and Hz in PCO2R in water vapor

The yields of PCO2R products in the batch system, water vapor, and two cycles are
presented in Figure 5. The yield of products in the first cycle and after 4 hr of
reaction were 1x108, 1.26x10° and 2.42x10°% nmol/gre: for CHs4, Hz, and CO,
respectively. In the second cycle, Figure 5 (a) and (b) show a decrease in the yield of
produced CH4 and Hy, but the yield of CO is nearly constant. The reused AM-TiO-
SiO2/ITO-PET gas production behavior demonstrates the existence of two
simultaneous reaction pathways since after the catalyst was employed once, CH4 and
H> gas production is obviously impacted, although CO production is essentially
unaffected. After the catalyst has been employed once, the CHs and Hz mechanism
was constrained. The decrease in production rate in crystalline TiO. catalysts is
mostly ascribed to blockage by surface water layers [84,85], molecular competitive
adsorption on adsorption sites [86], and the loss of the equilibrium between radical
consumption and absorption on the surface [87—89]. The decrease in CH4 and Hz gas
generation in our PCO2R system with an AM-TiO; catalyst may be ascribed to certain
target molecules(T-M) having a high affinity for Si(O2)2 groups (on the AM-TiO;
surface), whilst other T-M will have a higher affinity for the AM-TiO, surface

(surface lacking Si(O2)2 groups). As a result, molecules that are affine to certain
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zones can act as blockings when UV light radiation stops because they may be
embedded by second-order linkages due to their proximity to the surface. When the
PCO2R process is complete and the catalyst returns to its initial condition, the

intermolecular forces (Van der Waals and hydrogen bonds) would be solidified.
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Figure 5. The yield of produced (a) CH4, (b) Hz, and (c) CO.

4.1.2 Characterization

4.1.2.1 XRD

The XRD pattern of AM-TiO2 and AM-TiO2-SiO; are presented in Figure 6. The
distinct signal locates around 20 = 25° indicates that both materials display XRD
patterns similar to TiO2> amorphous materials. The signal is associated with the TiO-
anatase phase's [101] plane [85,90]. After studying the AM-TiO: unit cell, Prasai et al.
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2012 [91] concluded that the majority of Ti and O atoms typically had six and three
coordinates, respectively. The XRD patterns don't exhibit any signs of SiO.-induced
morphologic change. The AM-Ti02-SiO; and AM-TiO2 XRD patterns imply that the
atomic arrangement of AM-TiO2-SiO2/ITO-PET is a combination of various atomic

arrangements since it doesn’t have a well-defined crystallinity.

AM-TiO,-SiO,

Intensity (a.u.)

I T T T T T

10 20 30 40 50 60 70
26 (Degrees)
Figure 6. XRD patterns of AM-TiOz, and AM-TiO>-SiO».

4.1.2.1 Raman spectrum of the catalyst

The RAMAN spectra of AM-TiO2 and AM-TiO>-SiO> are shown in Figure 7. The
166 cm™ and 604 cm™ signals, which are typical of AM-TiO, are related to the
symmetric stretching vibration of Ti-O-Ti in AM-TiO2. The peak at 2939 cm™ is a
part of a triplet signal that is attributed to the isopropoxy groups' CH bond (i-Pro).
The i-Pro signal occurs as a result of the drying procedure (below 182 °C)[92,93]. The
low SiO; load, lack of SiO, agglomeration, and high SiO2 dispersion within AM-TiO;
can be used as explanations for the absence of SiO. signals in AM-TiO,-SiO;
RAMAN spectra. According to other studies, the photocatalytic activity increased
when SiO; agglomerations were absent [60]. The silanol groups (Si-O-H) and silicate
ions (Si-O") that are generated as a result of the silicon dioxide groups (Si(02)?)

connected to the oxygen atoms on the TiO2 surface are related to surface active sites.
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However, there are two different ways that the Si(O2)? groups might bind to the
surface (Figure 8): first, by forming formal bonds between the silicate ions and Ti
atoms; second, by forming hydrogen bonds between the silanol groups and OH-Ti
surface groups. Therefore, the low SiO> load and high dispersion of these groups on

the surface might prevent Si(O2)? groups from becoming embedded and promote the
PCO2R process.

Intensity (a.u.)

1 I I I 1 I
3000 2500 2000 1500 1000 500

Raman shift (cm™)

Figure 7.Raman spectra of (a) AM-TiOz, and (b) AM-TiO.-SiOx.

Groups embedding

Silicate ions (>Si-O-) Silanol groups (>Si-O-H)

Figure 8. Embedded silicate ions and silanol groups on the AM-TiO; surface.
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4.1.2.3 FTIR spectrum of AM-TiO2-SiOx/ITO-PET

The FTIR spectrum of the AM-TiO2-SiO2/ITO-PET film is shown in Figure 9. The
FTIR spectrum is overloaded with overlapping signals that are hard to distinguish.
Due to the amorphous nature of TiO», the support (ITO-PET), and i-Pro, the spectrum
is crowded. However, a broad absorption band associated with Ti-O bonding may be
seen in the range of 500 cm™ to 900 cm™. Additionally, the band (900-1300 cm™)
attributed to the longitudinal optical (LO) and transverse optical (TO) absorptions
associated with the Si-O bonds in the tetrahedral network related to agglomerations is
absent[94].
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Figure 9. FTIR spectrum of AM-TiO2-SiO2/ITO-PET
4.1.2.4 Photoluminescence spectroscopy (PL)

Through its investigation of charge carrier trapping, photoluminescence spectroscopy
(PL) is used to examine the surface characteristics of catalysts. The PL emission is
caused by the recombination of electron-hole pairs in the surface and bulk of the
catalyst. Surface chemistry has a significant effect on the TiO, PL. Furthermore, it has

been shown that AM-TiO> lacks fluorescence emission [87]. Due to the effect of ITO-



26

PET support, the AM-TiO2-SiO2/ITO-PET spectrum (Figure 10) displays a greater
emission signal at 365 nm (3.4 eV). The PL emission spectra of AM-TiO, and AM-
TiO2-SiO2 materials are shown in Figure 10-inset. While the other signals are
ascribed to deep traps, the emission signal at 396 nm is attributed to radiative band-to-
band recombination. Due to the low load and good dispersion of SiO,, the
morphological characterization (XRD, Raman, and FTIR) did not show the impact of
SiO2 on the catalyst. The AM-TiO2-SiO, PL spectrum, however, shows the SiO>
effect. Lower photogenerated charge carrier recombination rates are related to
declining PL intensity in AM-TiO»-SiO; [95].
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Figure 10. AM-TiO.-SiO2/ITO-PET PL spectrum. The PL emission spectra of AM-
TiO2 and AM-TiO.-SiO, powders are shown in the inset.

4.1.2.5 UV-Vis DRS and band gap estimation

Using the UV—-Vis DRS data (Figure 11 (a)), the optical band gaps (Eg) of AM-TiO,-
SiO; and AM-TiO.-SiO2/ITO-PET were computed. The Eg was calculated by
graphing (ahv)? against hv[96]. (Figure 11 (b)). Figure 11 demonstrates that both
samples mostly absorb UV light. AM-TiO.-SiO. powder and the AM-TiO2-SiO2/ITO-
PET film show a similar band gap of 3.24 eV.
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Figure 11.a) UV-Vis DRS, and b) Tauc’s plot of AM-TiO2-SiO, powder and AM-
TiO2-SiO2/ITO-PET film.

4.1.2.6 EDX elemental mapping of AM-TiO-SiO2/ITO-PET catalyst

EDX elemental mapping of the prepared film is presented in Figure 12. The

formation of the film is confirmed by this analysis.

Figure 12. EDX elemental mapping shows the presence of (a) Ti, (b) In, (c) Si, and
(d) Sn.

4.1.3 Affinity trends by MD simulation

The MD is an effective tool for comprehending systems with complex adsorption
dynamics and systems where there is a significant competitive relationship between
physisorption and chemisorption [97,98]. Media (such as aqueous, acidic, or basic),

catalytic surfaces, functional groups on the surfaces (such as OH groups, and SiO;
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groups), reactants, products, and by-products can all be included in the systems that
are evaluated using MD. The specific binding density values of the systems can be
estimated using MD. Van der Waals and hydrogen bonds combine to provide the
systems' specific binding density, which can be used to define affinity tendencies,
such as the surfaces' affinity for attraction and attachment[99]. To create AM-TiO>
unit cells using the melt-quench method, the XRD spectrum of AM-TiO, was a key
guideline. The AM-TiO: unit cell used in this investigation demonstrated the highest
degree of consistency with the experimental XRD spectrum. Experimental estimates
by Y. Shiraishi et al. 2005 [100] of the diffusion distance of hydroxyl radicals ("OH)
revealed that it is around 1.3-2.4 nm; molecules outside of the *OH reach range (1.3—
2.4 nm) would not react with *OH. This suggests that the radical anion of CO; ("COy)
may have a reach range comparable to that of "OH (1.3-2.4 nm) and that the catalyst-
medium contact may be restricted to 2.4 nm (24 A) in light of these findings.
Therefore, the simulation boxes were built with a=c axis of 28 A (catalyst surface and
medium) to study a hypothetical catalyst-medium contact of 24 A. H,O, CO,,
HCOOH, HCOH, CH30OH, CH4, and CO are some of the potential molecules involved
in PCO2R as reagents, products, and by-products[54,101]. The PCO2R mechanism on
TiO2 surfaces (whether anatase, rutile, or amorphous) has not yet been fully
identified. In this way, the catalyst-medium interface of AM-TiO,-SiO2/ITO-PET
may be studied using a binding density calculation and simulation boxes including
molecules that potentially make up the reaction media (H.0, CO,, HCOOH, HCOH,
CH30OH, CH4 and CO). Since CH3OH was not detected in this work, the target
molecules (T-M) in this analysis are CO2, HCOOH, HCOH, CHj4, and CO.

AM-TiO2, AM-TiOz low load of SiO2 (AM-TiO2-LLSiOz), and AM-TiO> high load
of SiO2 (AM-TiO.-HLSIO.) were the surfaces utilized in the simulation boxes (to
investigate AM-TiO2-SiO2/ITO-PET attracting or attaching behavior (Figure 13).
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Figure 13. AM-TiO,, AM-TiO-LLSiO», and AM-TiO2-HLSiO> simulation boxes. The
following colors indicate the atoms: H-white, O-red, Ti-pink, and Si-green.

The exposed surface of AM-TiO> was hydroxylated, the exposed surface of AM-
TiO2-LLSiO2 was hydroxylated and modified with a small number of Si(O2)2 groups,
and the exposed surface of AM-TiO2-HLSIO2 was solely modified with a large
number of Si(O2)2 groups. According to the AM-TiO,-SiO, material characterization
(section 4.2), it can be determined that the catalytic surfaces in AM-TiO2-SiO2/ITO-
PET are similar to simulation boxes of AM-TiO> and AM-TiO>-LLSiO. because
Si(02)2 signals are unnoticeable (due to the dispersion and low load of the Si(O,)?
groups on the surface). AM-TiO2-HLSiO> was added, however, to examine the impact
of the high loading of Si(O2)2. Since some surfaces are more affine to H,O molecules,
the trend of surface affinity is directly affected by the H-O in the medium. This water
attraction results in high-affinity energies for water-based media. To detect the H,O

impacts in the media, low and high-humidity theoretical systems were executed.
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Error! Reference source not found. details the molecular compositions of the
media.

Table 1. Composition of simulated media

Molecule loads

T-M Medium Mx H,0
CO2 Low humidity 75 25
HCOOH Low humidity 75 25
HCOH Low humidity 75 25
CH30H Low humidity 75 25
CHs Low humidity 75 25
CO Low humidity 75 25
CO2 High humidity 25 75
HCOOH High humidity 25 75
HCOH High humidity 25 75
CH3OH High humidity 25 75
CHs High humidity 25 75
CO High humidity 25 75

The binding energy (Eninding), Which is determined by the MD of simulation boxes,
serves as a quantitative measure of the specific binding density. At equilibrium
conditions, the Ebinding Of the systems AM-TiO2/medium, AM-TiO,-LLSiO2/medium,
and AM-TiO2-HLSiOz/medium was estimated [50]. The interaction energy (Einteraction)

was first estimated using the formula shown in Equation (2) [102]:

Einteraction = E1 - (Esurface + E7-m) Equation (2)

Er is the total energy of the system surface/T-M/H20, Esurface IS the total energy of the
(hydroxylated and/or modified) surfaces, and Etm is the total energy of the medium
(T-M/H20). Epinding is the negative value of the Einteraction (Equation (3)):

Ebinding = - (Einteraction) Equation (3)

Figure 14 displays the Ebinding Values of the AM-TiO2, AM-TiO2-LLSiO,, and AM-
TiO2-HLSIO, systems at high humidity. Negative Epinging Values indicate that there is
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no affinity between the surfaces and aqueous media. For all high-humidity mediums,
the Ebinding Values of AM-TiO, and AM-TiO2-HLSIiO; systems are positive. However,
AM-TiO2-LLSiO; is significantly anti-affine with respect to the aqueous media,
particularly when HCOH and CO molecules are present. It is evident that the amount
of Si(02)% groups on the AM-TiO: surface considerably modifies the surface affinity.
The Ebinding values of AM-TiO2-LLSiO2 and AM-TiO2-HLSiO2 demonstrate that
the surface affinity depends not only on the variety of surface groups but also on the

amount of these groups that are dispersed on the surface.
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Figure 14. Epinding in the high-humid medium.

Figure 15 shows the Epinding Of AM-TiO2, AM-TiO2-LLSiO2, and AM-TiO2-HLSIiO;
in low humidity conditions. For the majority of the T-M, the low humidity systems
display positive values. The strong affinity that the AM-TiO. surface has for all T-M
molecules may be attributed to the high rate of reaction. The Epinding Values of AM-
TiO2 (low humidity with CO molecules) also show that due to the high surface
affinity (4734.587 Kcal/mol), CO molecules generated on the surface would take

longer to overcome the surface attraction and release into the medium.
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Figure 15. Epinding in the low-humid medium.

Two zones might be used to conduct the photoreduction of CH4, Hz, and CO. In the
second stage of the catalytic process, when the concentration of T-M is high, the
simulation boxes for zone 1 (Z1) and zone 2 (Z2) are shown in Figure 16. Because
the T-M with high affinity will be anchored on the surface by intermolecular
interactions (Van der Waals and Hydrogen bonds) and solidified after the
photoreduction process is complete, it is possible to assess the T-M molecules that
may obstruct the reaction processes at this point (meaning when the catalyst returns to
its fundamental state). Due to the high Epinding Values of 4734.587 Kcal/mol and
3511.027 Kecal/mol, respectively, the reaction mechanism in Z1 could be inhibited
primarily by CO and CO, molecules. In contrast, the Z2 mechanism route is mostly
inhibited by HCOOH and HCOH molecules, whose Ebinding Values are 3446.635 and
1275.937 Kcal/mol, respectively. The experimental results (Section 4.1.1) imply that
there are two PCO2R routes, one occurring in Z1 and the other in Z2. After a single
use of the photocatalyst, the reactions on Z2 may be impeded by HCOOH and HCOH
molecules fixed on the surface. The MD analysis indicates that the production of CH4
can be attributed to Z2 because Z2 exhibits a negative Ebinding value toward CHa4 (-
169.041 Kcal/mol); these negative values imply that the CH4 molecules formed on the
surface of AM-TiO,-LLSiO> will not continue to react and will be readily released
into the medium. These values indicated that the generated molecules on the AM-
TiO. surface will react actively till the generation of the CO molecule. Z1 displays

strong Ebinding positive values toward all T-M. However, due to the surface affinity
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of AM-TIO2 (Ebinding = 4734.587 Kcal/mol), the CO molecules may aggregate at the

surface; the molecules won't be released to the medium until AM-TiO; reaches CO
saturation.
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Figure 16. Low humidity simulation medium boxes for AM-TiO2 and AM-TiO,-
LLSiO». C-gray, H-white, O-red, Ti-pink, and Si-green are the colors used to
symbolize the atoms.



34

4.1.4 Simulated PCO2R mechanism of AM-TiO2-SiO2/ITO-PET catalyst

The creation of CO on AM-TiO2-SiO2/ITO-PET may be carried out primarily by AM-
TiO2 because the electronic structure of Z1 is more kinetically favorable to produce
CO, as shown by the evidence in Figure 17. Two locations simultaneously enhance
the connection of the *CO;" radical due to the particular disordered arrangement of the
AM-TiO; surface (Inset of Figure 17). The main mechanism is seen in Figure 18 (a)
on Z1, where photoreduction routes of CO> to get CO will be made simpler and
quicker by the association of surface Ti atoms with C/O atoms of CO>. Contrary to the
crystalline surfaces of TiOz, the AM-TiO: allows for the participation of two Ti atoms
in the binding of the *CO;" radical. Following the production of CO, the molecule will
be desorbed off the surface, leaving one oxygen there to wait for H*, which will either
form OH" with one H* or water with two H*. The chemical routes to generate CH4 on
Z1 were also studied (Figure 18); however, this process is constrained by an energy
barrier of 1.92 eV (Figure 17) between AM-VI and AM-VII. This transition can be
explained by the fact that O atoms are more conducive to ‘CHs production than Ti

atoms.
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Figure 17. The 4G profile of AM-TiO- catalyst. C-gray, H-white, O-red, and Ti-pink
are the colors that depict the atoms.
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AM-VIII (CHy) AM-VII (*CH3) AM-VI (*CH,)

Figure 18. The proposed reaction pathway of the Z1. C-gray, H-white, O-red, and Ti-
pink are the colors that represent the atoms.

The more kinetically efficient mechanism to produce CHa4 on Z2 is shown in Figure
19. This process is constrained by a 1.32 eV energy barrier between AM-SiO2-V/AM-
SiO2-VI and AM-VII. The fundamental distinction between the states AM-SiO.-V
and AM-SiO2-VI1, which are connected to ‘COH, is in the second-order forces that can
be inferred. If “COH is close to "OH, a hydrogen bond will form, but if it is close to Ti
atoms, a van der Waals force will prevail. The transition from AM-SiO2-V/AM-SiO,-
VI to AM-SiO.-VII will need additional energy since “COH's oxygen double bond
must be broken. This transition will also be facilitated by forces of the second order
(Van der Waals and hydrogen bonds) (Figure 20). The majority of Z2's mechanism is

aided by second-order links.
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Figure 19. The 4G profile of Z2.
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Figure 20. The proposed reaction pathway of the Z2. C-gray, H-white, O-red, Si-
green, and Ti-pink are the colors that represent the atoms.

4.2 effect of substrate conductivity on AM-TiO2-SiO; and P25-SiO; for water
vapor PCO2R

4.2.1 Characterization

4.2.1.1 XRD and FTIR
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In Figure 21 (a), the XRD patterns of AM-TiO2-SiO2 and P25-SiO are displayed. In
the XRD pattern of AM-TiO2-SiO2, only one wide peak could be identified, and
neither the diffraction peaks associated with crystalline TiO. nor SiO, are present
[103,104]. This verifies that both TiO, and SiO2 exist in an amorphous phase.
Moreover, the XRD pattern of P25-SiO> is in good accordance with the patterns in
JCPDS Nos. 88-1175 (anatase) and 84-1286 (rutile), respectively[105-109].
Moreover, there is no SiO. peak (JCPDS Nos. 46-1045)[110] in the XRD pattern of
P25-SiO; that might be associated with the amorphous structure of SiO: in this
sample.

By using FTIR analysis, the existence of functional groups in the prepared catalysts
was investigated, and the resulting spectra are displayed in Figure 21 (b). Broad
absorption bands for Ti-O-Ti, Si-O-Si, and Ti-O-Si stretches are present in both
catalysts between 500 and 900 cm™*[111-115]. Additionally, the O-H bending for Ti-
OH, Si-OH, and water could be the cause of the absorption peaks at about 1630 cm’
1[116]. The stretching vibration of OH in surface-adsorbed water could be attributed
to the broad bands over 3100 cm™ in both catalysts[112]. The chemicals used in the

synthesis of catalysts may be the source of the other peaks in the spectra.
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Figure 21.a) AM-TiO.-SiO2 and P25-SiO2 XRD patterns, b) AM-TiO,-SiO2 and P25-

SiO; FTIR spectra

4.2.1.2 UV-Vis DRS, Band gap, and band edge position

Figure 22 (a) depicts the UV-DRS spectra of AM-TiO.-SiO2 and P25-SiO,. Each of
the two catalysts exhibits considerable UV absorption intensities. Moreover, the band
gap of AM-TiO.-SiO and P25-SiO> was calculated to be 2.93 eV utilizing Tauc's plot
with an indirect transition procedure (Figure 22 (c)) [117]. The electrochemical
method was employed to determine the flat-band potentials in order to further
examine the catalyst's relative band structure. Using either the AM-TiO2-SiO; or P25-
SiO2 spin-coated on ITO-glass, the electrochemical impedance measurements were
carried out using an Autolab(R) model M280 fitted with a FRA module in a three-
electrode cell. In addition, the flat-band potential of ITO-PET was also determined.
As counter and reference electrodes, respectively, platinized titanium mesh and
Ag/AgCIl (KCI 3 M) were utilized. The solution was maintained at pH = 7 using a
phosphate buffer of 0.1M concentration, and measurements were conducted between
1.1 and -1.1 V with a sinusoidal perturbation of 10 mV in the frequency range of
1kHz to 1Hz. Using Equation (4), the potentials recorded at pH= 7 by the Ag/AgCI
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reference electrode were converted to the NHE (normal hydrogen electrode) scale at
pH= 0.

ERHE = EEIectrode +E Ag/AgCl +0.059 pH Equat|0n (4)

Eelectrode 1S the potential of the working electrode, Eagagel is the potential of the
reference electrode, and Erne Stands for relative hydrogen electrode potential[118]. In
Figure 22 (b), the Mott-Schottky plot is depicted. All catalysts' Mott-Schottky graphs
show the characteristic positive slopes of n-type semiconductors[119]. Additionally,
the computed band gaps were used to identify the valence band (VB) edges. In Figure
22 (d), the energy levels are shown. Both oxidation and reduction of water over the
catalysts are confirmed to be thermodynamically viable because for both catalysts, the
CB edges are more negative than the typical reduction potential of a proton and the
VB edges are more positive than the oxidation potential of water. Despite having a
lesser potential for water oxidation, the AM-TiO2-SiO; catalyst has a larger reduction
potential than the P25-SiO,. According to the CB position of ITO-PET, if the
photocatalysts and ITO-PET (substrate) are in proper contact, excited electrons in the
CB of the photocatalysts may be transferred to the CB of ITO-PET.
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Figure 22. (a) UV-vis diffuse reflectance spectra of AM-TiO2-SiO, and P25-SiO, (b)
Mott-Schottky plots of AM-TiO,-SiO2, P25-SiO», and ITO-PET obtained at different
frequencies, (c) Tauc's plot of the AM-TiO,-SiO2 and P25-SiO: catalysts, (d) The
band edge positions of the AM-TiO.-SiO, and P25-SiO> catalysts with respect to the
water oxidation and reduction potentials.

4.2.1.3 Photoluminescence (PL) analysis

Separation and transfer of light-induced charge carriers are key aspects in defining the
photocatalytic activity of the CO- reduction catalyst [120]. In this regard, steady-state
photoluminescence (PL) spectroscopy was performed at an excitation wavelength of
325 nm; the findings are depicted in Figure 23. Figure 23 (a) depicts emission peaks
at around 420 nm for both catalysts, which may be associated with the radiative
recombination of electrons from the CB into holes in the VB. In addition, AM-TiO-
SiO2 contains an excitonic PL peak in the emission band 396 nm that may be
associated with trapped defects above the CB edge, whereas P25-SiO; lacks this
unique excitonic PL peak. Furthermore, the PL spectra of both catalysts contain
several peaks above 425 nm, which may be the result of shallow and deep exciton

traps [121,122]. The PL spectra of the catalysts were also recorded on various
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substrates, and the resultant PL spectra are shown in Figure 23 (b)-(c). The PL
spectrum of P25-SiO. on Ti substrate exhibits a similar pattern to that of its powder,
although with a change in intensity. Although the PL spectrum of AM-TiO2-SiO2 on
the Ti substrate has a similar pattern to the powder's PL above the emission
wavelength of 400 nm with a difference in intensity, emission peaks with high
intensities below 400 nm are seen in Figure 23 (b) that are absent in the powder's PL
(Figure 23 (a)). These emission peaks in the 350-400 nm region are attributed to
radiative recombination from defect traps at energies greater than the AM—TiO2>-SiO>
CB edge. The ITO-PET substrate itself, as well as the PL spectra of the catalyst-
deposited films on it, are shown in Figure 23 (c). All spectra showed two emission
peaks at 365 and 382 nm, which are ascribed to the near band-edge emission of SnO;
and In.Og, respectively[65]. Additionally, two bands at around 370 and 400 nm that
were created by the C=0 bond can be seen in the PL spectrum of the PET (Figure 23
(d)), and the PL pattern of the AM-TiO2-SiO; is similar to the PL pattern of the PET
with a slight increase in intensity at about 400 nm. As an indication of the transition
between the substrate and the P25-SiO; layer, the PL pattern of the P25-SiO,-PET
film (Figure 23 (d)) differs from the PL pattern of the PET substrate. The light may
excite both the substrate and the catalyst, according to the PL measurements shown in
Figure 23.



42

(a) (b) 200000
14000 —— AM-TiO,-SiO, Powder —— AM-TiO,-Si0,-Ti

—— P25-Si0, Powder Eeccidy —— P25-Si0,-Ti

160000 4

12000

140000 -
10000 -

120000 -

8000 4
100000 -

80000
60000 -
40000
20000

3‘50 460 4."':0 5(‘)0 5;0 660 2 3;0 460 4;0 51‘)0 5%0 EBO
Wavelength (nm) Wavelength (nm)
(©) 1000000 @
—— AM-Ti0,-Si0,-ITO-PET! 1200000 4

—— P25-Si0,-ITO-PET
—— ITO-PET

Intensity (counts)
Intensity (counts)

6000 4

4000 4

2000

—— AM-TiO,-Si0,-PET
—— P25-Si0,-PET
—— PET

£0000011 1000000

600000 800000 1

600000 4

Intensity (counts)
Intensity (counts)

400000
400000 4

200000 -
200000 -

0

T T T T 0-— T T T T T
350 400 450 500 550 600 350 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure 23. PL spectra of a) AM-TiO2-SiO, and P25-SiO powders, b) Catalysts on Ti
substrate, ¢) ITO-PET substrate and catalyst films on the substrate, and d) PET
substrate and catalyst film on the substrate.

4.2.1.4 Cyclic voltammetry and relation between the divergence from Mott-

Schottky behavior and the dynamics of trapping and untrapping

We concentrated on the potential range where the surface capacitance deviates from
the Mott-Schottky analytical linearity in order to better study the dynamics of the
electron-traps on the catalyst surfaces. This divergence results from the "Trapping" of
the electron by the surface energy levels within the forbidden zone, which happens
when the surface is reduced and the Fermi level is pinched [123,124]. In Figure 24
(a), a deviation from linearity for 1/C? begins at -0.07V Vs NHE, which is the
potential region where a redox pair appears in the Cyclic voltammetry. Since no
species in the solution can accept this electron at this potential, this redox process is
attributed to the trapping and de-trapping signals. The sharp oxidation signal present
between -0.6 and -0.7 V is attributed to the transfer of electrons from the conduction

band to the surface; the separation between this signal and the trapping one (-0.07 V)
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indicates that the conduction band and the trap have well-defined energy edges,
meaning that there is no movement from the trap to the conduction band, forcing the
electrons to be transferred to the solution or recombining from that lower energy
level. In Figure 24 (b), a more subtle deviation from the Mott-Schokty linearity is
observed beginning at 0.09 V. In this case, a redox process is still present, but a more
capacitive behavior of the electrode was observed. This behavior and the absence of a
sharp signal between -0.6 and -0.7 V imply a more even distribution of the

accumulated charge on the surface, as opposed to a few sites.

(@) | | ®)
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Figure 24. Mott-Schottky behavior divergence and trapping/untrapping dynamics by
surface states for (a) P25-SiO2-ITO-PET, and (b) AM-TiO2-SiO2-ITO-PET.

4.2.1.5 SEM/EDAX analysis of AM-TiO2-SiO2 and P25-SiO; catalysts

According to the SEM element mapping of the catalysts depicted in Figure 25, the
component elements are evenly distributed. Carbon concentration is particularly low
when low-temperature heat treatment is considered for catalyst synthesis (as shown in

the inset tables in Figure 25).
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Figure 25. (a) — (e) SEM/EDAX images of AM-TiO2-SiO2, and (f) — (j) SEM/EDAX
images of P25-SiOs.

4.2.1.6 XPS analysis of synthesized AM-TiO2-SiO> and P25-SiO. photocatalysts

The chemical states of the components in the produced photocatalysts were
investigated using X-ray photoelectron spectroscopy, and the results are shown in
Figure 26. The two peaks at 459.2 eV (Ti 2psi2) and 465.0 eV (Ti 2p1e) in the XPS
spectra of Ti 2p in the AM-TiO-SiO; catalyst (Figure 26 (a)) show the presence of
Ti*[125,126]. The Ti XPS spectra in the P25-SiO; catalyst was also deconvoluted
using the same method, yielding two peaks at 459.5 eV (Ti 2ps) and 465.2 eV (Ti
2p12) (Figure 26 (b))[127,128]. As a result, the oxidation state of Ti** in both

catalysts was verified. Additionally, four peaks were fitted to the O 1s spectra of both
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catalysts; the results are given in Figure 26 (c) and (d). The overlapping oxygen
contributions from Ti, Si, and surface hydroxide make the deconvolution of O 1s
spectra more complex. The O 1s spectra of the two catalysts show four distinctive O
1s peaks. Strongly bonded oxygen atoms to Ti are responsible for the peak at about
530.5 eV, while the oxygen atom attached to Si is responsible for the peak at around
532.2 eV. The Si-O-Ti bond is thought to be responsible for the unresolved shoulder
peak at around 531.5 eV[129-131]. Additionally, the surface hydroxyl groups are
responsible for the peak at about 533.5 eV[132]. Additionally, a peak at around 103
eV that represents the Si-O-Si bond was fitted to the Si 2p XPS spectrum[133,134].
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Figure 26. High-resolution XPS spectrum of Ti 2p, Si 2p, and O 1s in both AM-TiO»-
SiO; and P25-SiO; catalysts.

4.2.1.7 Open circuit potential decay (OCPD) and KPFM analysis

Using a commercial 1.75 ml R/T/A spectro-electrochemical cell (Redox.me) with a Pt
wire as the counter electrode, Ag/AgCI as the reference electrode, and the catalyst
film as the working electrode, OCPD measurements were carried out to determine the
stability of the photo-generated electrons. A 1000W Xe Lamp was used to light the

sample until the open circuit potential was steady (30 min). After then, the light was
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turned off, and the open circuit potential was monitored until it stabilized (in the dark)
(30 min). The findings are shown in Figure 27, where Ergs refers to the flat band
potential, Eeq is the equilibrium potential, and Eocp stands for the open circuit
potential. The tests were conducted using 0.1M phosphate buffer (pH = 7) saturated
with either N2> or CO.. The electron transport is clearly dependent on both the
substrate and the reactant in the solution, as seen in Figure 27. When CO: is present
in the solution, electron transfer from AM-TiO.-SiO2-ITO-PET occurs more quickly
than when the solution is purged with N2 (Figure 27 (a)). Unlike AM-TiO2-SiO»-
ITO-PET, P25-SiO2-1TO-PET showed quicker electron transfer in the absence of CO>
(Figure 27 (b)). In the absence of CO- in the solution, both catalysts on the Ti
substrate demonstrate quicker electron transfer (Figure 27 (c) and (d)). In the dark,
the open circuit potential (OCP) of P25-SiO»-Ti was seen to increase. This event may
have been induced by the electron transfer from the substrate to the catalyst, which
was unique to this catalyst on the Ti substrate. The findings of the KPFM study,
which was employed to evaluate the catalysts' work functions, are displayed in Figure
28 as average work function values, a work function histogram, and three-
dimensional work function pictures. Because P25-SiO has a lower gap between the
CB energy and fermi level energy than AM-TiO2-SiO3, the electron transport from the
substrate to the underlying catalyst may be easier. The distribution of the work
function for P25-SiO; (Figure 28 (c)) shows that specific parts of the film have lower
energy barriers for electron transport from the substrate. In addition, the catalysts'
thickness on the substrate was measured to be less than 3um on average, as shown in
Figure 29.
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Figure 27. OCPD of AM-TiO.-SiO> and P25-SiO; catalyst on ITO-PET and Ti
substrates.
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Figure 29. KPFM images and film thickness of a) AM-TiO2-SiO>-ITO-PET, and b)

P25-SiO2-ITO-PET.

4.2.2 PCO2R results for catalysts on different substrates

The yield of products from the photocatalytic CO> reduction in the water vapor and

batch reactor is depicted in Figure 30. According to the findings, catalysts coated on

PET substrates had the lowest yield. When the identical catalysts were coated on the
ITO-PET substrate, the CH4 production yield for both catalysts rose. When the Ti
substrate was applied, both AM-TiO2-SiO2 and P25-SiO, exhibited a considerable

increase in CH4 production. In addition to the considerable increase in CHs yield,

carbon monoxide was detected in the products of the P25-SiO. catalyst. AM-TiO.-
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SiO; on a Ti substrate exhibited the highest CH4 selectivity for both catalysts among
all substrates. These results show the effect of substrate on the activity and selectivity
of photocatalysts for CO> reduction. In addition, the stability of the catalysts has been
a critical concern in CO reduction. In this regard, the stability of AM-TiO2-SiO. on a
Ti substrate was investigated during four CO: reduction cycles; the results are
depicted in Figure 30 (c). In the stability test, a reduction in the CH4 yield after the
second cycle could be seen. In this regard, the surface affinity simulation in section
4.1.3 may explain the deactivation cause. In addition, films of P25 and AM-TiO; were
made on PET and Ti substrates and examined for CO> reduction; the findings are
provided in Figure 31. A similar improvement in production yield over the
conductive substrate can be seen. Notably, CO was not detected for either the P25
catalyst or the AM-TiO; catalyst. Comparing the findings for P25-Ti and P25-SiO»-Ti
reveals that SiO, modification has altered the CO selectivity of the P25 photocatalyst.
These findings also reveal that the yield of CH4 production over AM-TiO2-SiO2-Ti is
larger than that of AM-TiO,-Ti, illustrating the influence of SiO..
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Figure 30. Yields of produced CH4 and CO for catalysts on different substrates.
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4.2.3 Discussion on the effect of various substrates in PCO2R

By utilizing DFT to calculate the projected density of states (DOSs) of several
substrates and catalyst systems, a deeper understanding of the electron transmission
mechanism between the catalyst and substrate was attained. The findings are
illustrated in Figure 32. Even though the estimated band gaps of the catalysts are
smaller than the experimental results, the DOSs calculation was only used in this
work to compare the probability of electron transfer between the substrate and the
catalyst layer; therefore, this limitation would not impact the discussion regarding
electron transfer between the substrate and the catalyst. Individual simulations of
anatase and rutile phases modified with SiO2> were conducted for the P25-SiO>
catalyst. There are typically two routes for electron transfer at the metal and
semiconductor interface: direct and indirect electron transfer (Figure 33). For the
effective utilization of hot electrons in plasmonic photochemistry, thermalization and
back-transfer processes compete with transfer processes at similar time scales, posing
a difficult challenge. As demonstrated in Figure 32 (a) and (b), the Ti substrate
exhibits an intense energy state in the middle of the band gap of both SiO2-modified

anatase and rutile. Due to the use of UVC light in photocatalytic tests, the formed hot
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electrons may have sufficient energy to be transmitted either directly or indirectly to
the CB of the overlayer catalysts. In addition to surface plasmons, the transferred
electrons from the catalyst to the substrate may be excited back to the energy levels in
the CB of the catalyst and used in the CO> reduction reaction (Figure 33). ITO is a
conductive substrate, and similar to Ti, its DOSs have a continuous band structure
(Figure 32 (c) and (d)). In this instance, the hot electrons may possess sufficient
energy to transfer to the CB of the overlayered catalysts. By the experimental
findings, the use of conductive substrates (ITO and Ti) increased the photocatalytic
activity of the catalysts in comparison to the PET substrate. To compensate for the hot
electrons consumed in the CO> reduction reaction, the CB of the catalyst could also
transfer electrons to the substrate. The conductivity origin of ITO and Ti may explain
the difference in the rise of the catalyst's activity in the CO, reduction reaction
between the two conductive substrates. In contrast to Ti, which has no band gap, ITO
has a direct band gap of up to 4 eV when it is deposited on a variety of substrates
[135-139]. The defect energy states created by oxygen vacancies and Sn doping are
what give ITO its conductivity. It has been demonstrated that O vacancy defects
generally serve as electron traps[140,141]. The transferred electrons to the ITO might
thus relax in the midgap energy states due to the oxygen vacancies. The electrons
from these midgap energy levels would thus require more energy to be excited into
the conduction band of the catalysts. Furthermore, the ITO's defects might make it

easier for hot holes to thermalize electrons.

The electron-capture ability of PET polymer, in contrast to conductive substrates, may
make it difficult for numerous photo-induced electrons to transfer from the catalyst to
the substrate. The accumulation of transferred electrons to the PET substrate may
create an electric field that prevents electron transmission from the catalyst to the PET
substrate[142] due to the limited mobility of electrons in the PET substrate (PET is an
almost electrical insulator[143]), and the electrons may be quenched by photo-
induced holes (Figure 33). In the PL study, the maximum intensity of e’/hole
recombination was recorded for the catalysts on the PET substrate. The DOSs of the
PET is shown in Figure 32 (e), and (f). In addition to non-continuous DOSs, the

absence of surface plasmon resonance (SPR) in PET distinguishes PET from the other
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two substrates. Therefore, substrates may function as electron collectors that supply
electrons to the CB of the overlayered catalysts, where CO> reduction occurs.

The potential of each reaction in the CO. reaction process is represented in Figure 33
(f) [144,145]. Following the CB edge position of each catalyst, as depicted in Figure
(d), the CB edge of AM-TiO2-SiO2 is more negative than that of P25-SiOy;
consequently, electrons in the CB of AM-TiO2-SiO> have a higher potential for
driving the CO- reduction reaction. Comparing the PL spectra of each catalyst on a Ti
substrate, as shown in Figure 23 (b), the intensity of the PL spectrum in the
wavelength range of 350 - 400 nm is multiple times greater for AM-TiO.-SiO; than
for P25-SiO;, indicating that more electrons are radiatively recombining from higher
energy levels than the CB edge of the catalyst. Higher energy electrons have a greater

potential for deriving the CO2 reduction reaction.
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Figure 33. (a) — (e) proposes charge transfer mechanism between substrate and
catalyst, (f) schematic representation of CO reduction over photocatalyst.

4.3 Experimental and theoretical study on ITO thin films for PCO2R

4.3.1 Characterization

4.3.1.1 UV-Vis DRS, PL, and band edge measurement

The catalyst's suitability for the intended reaction depends on the band gap energy and

the position of the CB and valence band (VB) with respect to the reduction and

oxidation potentials of a particular photocatalytic process. Figure 34 (a) shows the

ITO-PET and ITO-Glass films' absorption spectra. Both films, obviously, only absorb

in the UV spectrum. The catalysts' optical band gaps were computed using Tauc's

relation (Equation (5)):

ahv = ao(hv-Eg)/?

Equation (5)
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where hv is the energy of a photon, ao is a constant, and Eq is the bandgap
[135,146,147]. The resulting graph is given in Figure 34 (a). Therefore, it was
calculated that the band gaps of the ITO-PET and ITO-Glass catalysts were 3.90 and
4.20 eV, respectively.

The photoluminescence (PL) spectra of the catalysts were recorded at an excitation
wavelength of 300 nm in order to examine the charge transfer process; the resultant
graphs are shown in Figure 34 (b). Both catalysts exhibit a high PL peak at around
370 nm, although the intensity of this peak is substantially lower for ITO-Glass than
for ITO-PET, indicating a more efficient e/hole separation on ITO-Glass [148].
Section (4.2.1.2) describes the electrochemical impedance measurement setup for
determining the CB band edge and the resulting Mott-Schottky plots are illustrated in
Figure 34 (c). One feature of n-type semiconductors is the positive slope in the Mott-
Schottky. ITO-Glass has a smaller slope on the Mott-Schottky plot than ITO-PET,
which indicates that there are more charge carriers in the ITO-Glass, as can be seen in
Figure 34 (c). Additionally, the Mott-Schottky plot's obtained potentials at pH = 7 by
the Ag/AgCI reference electrode were converted to the NHE (normal hydrogen
electrode) at pH= 0 [118], and the results are shown in Figure 34 (d). Notably, the
calculated band gap and the conduction band's measured position in Figure 34 (c)
were used to establish the valence band's position (VB). The CB edge is more
negative in both catalysts than the proton's reduction potential, and the VB edge is
more positive than the water's oxidation potential. Water may be reduced and

oxidized over both catalysts, hence this is thermodynamically possible.
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Figure 34. a) UV-Vis spectra with embedded Tauc’s plot, b) PL spectra at the
excitation wavelength of 300 nm, ¢) Mott-Schottky plots, and d) Schematic of the band
structure for ITO-PET and ITO-Glass.

4.3.1.2 XRD

Figure 35 presents the X-ray diffraction patterns of the ITO-PET and ITO-Glass
films. Since PET has a prominent peak in the area where the peaks of the ITO are
situated, it was unable to determine the structure of the ITO on PET from the XRD
pattern[149,150]. A cubic In.Oz structure may be seen in the XRD pattern of ITO on
glass (PDF no. 06-0416)[151,152]. However, the XRD patterns of the ITO films did
not reveal any SnOz-related XRD peaks.
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Figure 35. XRD patterns of ITO-PET and ITO-Glass films.

4.3.1.3 XPS analysis of ITO-Glass and ITO-PET films

XPS was used to investigate the oxidation state and chemical composition of the
catalysts, and the results are shown in Figure 36. The ITO-PET In 3d spectra displays
two distinct peaks at 444.49 and 452.02 eV (Figure 36 (a)). These peaks correspond
with In 3ds2 and In 3ds2, respectively. These binding energies are within the normal
range reported in the scientific literature for In3" [66,153-156]. In addition, the
binding energies at 486.86 eV and 495.30 eV in Figure 36 (b) correlate to Sn 3ds.
and Sn 3ds, respectively, which indicate the oxidation state of Sn**[156]. The O 1s
spectrum (Figure 36 (c)) was deconvoluted into four peaks, which were attributed to
lattice oxygen (OL), oxygen near the oxygen vacancy (Oy), surface oxygen (Os), and
adsorbed oxygen species (Oags), respectively[65,157,158]. Similar deconvolution was
used for the ITO-Glass In, Sn, and O spectra, and the resulting graphs are given in
Figure 36 (d)-(f). The In 3d spectrum (Figure 36 (d)) exhibits two prominent peaks
with binding energies of 444.00 and 451.60 eV, whereas the Sn 3d spectrum (Figure
36 (e)) shows two peaks at binding energies of 486.04 and 494.43 eV. Furthermore,

the four peaks from the deconvolution of the O 1s spectra are located at binding
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energies of 530.27, 531.46, 532.34, and 533.88 eV. Also, the electron density of the
components of the ITO-Glass catalyst was measured in situ using XPS (Figure 36
(9)-(1)). When exposed to light (365 nm wavelength), small shifts towards positive
binding energies in the In 3d and Sn 3d spectra (Figure 36 (g) and (h)) suggest a
reduction in electron density for these elements[159,160]. With light irradiation, there
is a large rise in the intensity of the O 1s spectrum (Figure 36 (i)) and a slight shift
towards lower binding energies in the range of binding energies associated with the

Oc and Oy, implying that electrons are transferred from In and Sn to oxygen.
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Figure 36. XPS spectra of a) In 3d, b)Sn 3d, and c) O 1s for ITO-PET, XPS spectra
of d) In 3d, €)Sn 3d, and f) O 1s for ITO-Glass, and (g)-(i) high-resolution XPS for In
3d, Sn 3d, and O 1s of ITO-Glass under 365 nm light irradiation.
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4.3.2 Photocatalytic CO> reduction on ITO-PET and ITO-Glass thin films

4.3.2.1 Batch reactor

Figure 37 (a) and (b) show, the yields of generated CH4 and CO, respectively, from
the photocatalytic reduction of CO,. In the batch reactor, the rates of CHs and CO
formation were 190+5% and 900+10% (umol.gea.hr?), respectively, whereas the
rates of CH4 and CO generation over the ITO-Glass were only slightly higher than
those over the ITO-PET, coming in at 260+5% and 950+10% (umol.gca*.hr?)
respectively. Additionally, Figure 37 (c) shows the stability of both catalysts through
five cycles (each cycle lasted for 4 hr). After each cycle, the catalyst was only
withdrawn from the reactor without being washed. In addition, the reactor was
thoroughly cleaned using a piranha solution. In the stability tests, just the production
of CH4 was recorded. CH4 production was reduced by 43% and 52% from the first
cycle to the fifth cycle for ITO-PET and ITO-glass, respectively. The system's
specific binding density may be evaluated via MD simulation. The specific binding
density of a system is the total of its intermolecular forces, such as Van der Waals and
hydrogen bonds, and may be used to explain affinity trends[99]. To analyze the
catalyst-medium interaction in this study, four different reaction environments (ENV)
were created. The specifications of each ENV are shown in Table 2. The calculation
of Ebinding IS explained in section 4.1.3.

Figure 38 displays the images of each ENV together with the quantitative value of
Ebinding. All of the ENVs have positive Ebinding. More products will build up in the
batch reactor's headspace over time, which might continually alter the reaction
medium's characteristics. The affinity of the products for the catalyst's surface may
make it difficult for reactants to reach the catalyst's active site, which would
negatively impact the rate of reaction. Additionally, there is a significant buildup of
CO due to the yield of CO synthesis being much higher than the yield of CH4
production. Surface affinity might considerably increase in the presence of high
amounts of CO close to the surface, as shown by Epinding Of ENV-3, which would

cause the catalyst to be deactivated. This may be viewed as a batch system
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disadvantage. However, in a flow reactor, the reaction's products would be released

continually from the reactor, and the medium's characteristics would practically

remain constant. In order to compare the flow reactor with the batch system, we

investigated the CO: reduction over both catalysts in a flow system.
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Figure 37.(a) and (b) CH4 and CO yields from photocatalytic CO> reduction on ITO-
PET and ITO-Glass,respectively. (c) ITO-PET and ITO-Glass stability during
photocatalytic CO- reduction.
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Table 2. The quantity and variety of molecules present in each environment for

surface affinity trend simulations.

Number of target molecules
Environment
2 0 = I =
ENV-1 200 - - -
ENV-2 100 100 - -
ENV-3 100 50 50 -
ENV-4 100 40 30 30
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Figure 38. Images of simulation boxes used to compute Epindging for the environments
(a) ENV-1, (b) ENV-2, (c) ENV-3, (d) ENV-4, and (e) the environments' estimated
Ebinding-

4.3.2.2 Flow reactor

Figure 39 illustrates the results of the photocatalytic CO2 reduction in the flow
reactor. To minimize the effect of external mass transfer on the CO- reduction rate in
the flow process, the CO, gas flow was raised from 6 to 10 ml.min! while the ratio of
(CO: flow rate)/(area of the film) was maintained at 0.162 ml.min.cm. The results
are depicted in Figure 40. As shown in Figure 40, increasing the CO, flow rate
enhances the CH4 generation yield on the 1TO-Glass catalyst. However, the rate of
CHs generation at 9 and 10 ml.min! is essentially the same (considering the error of
measurement). Therefore, the experiments were conducted at a flow rate of 10
ml.min. Similar research was undertaken on the ITO-PET catalyst with similar
results; hence, flow process studies were conducted for both catalysts under identical

conditions. The formation rates of CH4 and CO in the flow reactor were several times
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greater than the batch reactor production rates. After 78 hours, the rates of CHas
evolution for ITO-PET and ITO-Glass were 435+5% and 600+5% (umol.gear™.hr).
Also, the production rates of CO rose to 2500+10% and 2760+10% (umol.geart.hrt)
for ITO-PET and ITO-Glass in the flow reactor, respectively, as compared to the
batch reactor. In addition to the observed increase in the production rates of reduction

products, the catalysts in the flow reactor were more stable than in the batch reactor.
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Figure 39. Yields of (a) CH4 and (b) CO production from photocatalytic CO>
reduction in the flow system.
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Figure 40. Study of external mass transfer effect on the rate of CO, conversion to
CHa over ITO-Glass catalyst.

4.3.3 Simulation of CO2 reduction mechanism on In,Oszand ITO

Each photocatalytic CO> reduction system has a distinct reduction reaction pathway
that depends on the catalyst's properties, hence each system has to be studied
independently. In light of this, we investigated a probable chemical route for CO;
reduction on an ITO catalyst using DFT modeling. The findings were compared to
simulation results computed for In.Os. Figure 41 (a) and (b) show the Gibbs free
energy (AG ) profiles of the CO> reduction processes on the oxygen vacancy (Ov) and
lattice oxygen (Or) of the InOs photocatalyst, respectively. Starting with the
configuration of O-*C=0 (Figure 41 (a) In-S1, AG = 0.206 eV), the first
hydrogenation process on O of In20s raises the AG value to 0.214 eV for conversion
to O-*C-OH (Figure 41 (a) In-S2). Figure 41 (a), In-S3, O-*C-OH + ¢+ H" — CO
+ H20, the AG drops to -0.335 eV during the second hydrogenation step, enabling the
exothermic generation of CO. The oxygen atom that is positioned between the two
indium atoms is subsequently removed, leaving an oxygen vacancy in In,Oz (Figure
41 (b) In-Ov-S0). The CO2 molecule is then present at the Oy site to create the
intermediate O=C-O* (Figure 41 (b) In-Ov-*COy). Figure 41 (b) In-Oy-S1, O=C-
O* + 2 & — CO, AG=0.160 eV shows the endothermic process by which CO is
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desorbed upon energy optimization. CO production at the Oy site is faster and
requires less energy to overcome. Therefore, the decrease in the Gibbs energy
suggests that CO production over Ov is more advantageous than O..
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Figure 41. The 4G profiles for CO; reduction on (a) lattice oxygen (Ov) of In203, (b)
oxygen vacancy (Ov) of In.Oa.

Additionally, the CO; reduction process on the ITO catalyst's Oy site remote from the
Sn atom was studied; the Gibbs free energy profile is shown in Figure 42. By
removing an oxygen atom from the space between two indium atoms, an Oy site is
first created. In order to form *O-C=0 species, the CO, molecule is subsequently
placed at the Ov site (Figure 42, 1TO-Oy-*CO). Following energy optimization, the

CO molecule is desorbed in an endothermic process, leaving the Oy site filled with
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oxygen (Figure 42, ITO-Ov-1, O=C-O* + 2 e — CO, AG=0.032 e¢V). A comparison
between the change in the Gibbs free energy for CO production from the Ov site of
In2O3 (Figure 42 (b)) and the Oy site further from the Sn atom in ITO reveals that
the CO2 reduction into CO is more favorable on the ITO catalyst.

The Oy adjacent to the Sn atom in the ITO catalyst, as seen in Figure 43, is another
reaction site. The obtained AG = -0.201 eV (Figure 43) by energy optimization
implies that CO is formed in an exothermic process after CO> is placed on the O site.
This study implies that the CO2 molecule can be efficiently activated at the Oy site
adjacent to the Sn atom, resulting in the production of CO.
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Figure 42. The 4G profile of CO reduction on Oy site between In atoms.
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Figure 43. The 4G profile of CO reduction on Oy site between In atoms close to Sn
atom.

The next reaction site examined was the OL next to the Sn atom (Figure 44). By
transferring an e and an H* after establishing the O-*C=0 configuration (Figure 44,
ITO-Sn-1), it may be reduced to O=*C-OH (Figure 44, ITO-Sn-2, O-*C=0 +¢e + H"
— O=*C-OH AG=0.188 eV). Two possible reaction paths are shown for the reduction
phase that follows. CO can be desorbed in the first pathway by the O=*C-OH + ¢ +
H* — CO + H0 reaction with AG = -0.290 eV. (Figure 44, ITO-Sn-3l). In the
second pathway, the transfer of 2e” and 2H" might result in the formation of O=*C-H
(Figure 44, ITO-Sn-3Il, O=*C-OH + 2¢" + 2H*— O=*C-H + H,0 AG=-0.027 eV).
Comparing the AG values of ITO-Sn-31 and ITO-Sn-3Il1 demonstrates that CO
formation is more probable. The simulation on the second reaction pathway for the
formation of CH4 was continued. In the subsequent reduction stage, the transfer of an
e” and an H* led to the creation of HO-*C-H (Figure 44, ITO-Sn-4ll, O=*C-H + e +
H*— HO-*C-H AG=0.183 e¢V). HO-*C-H may subsequently be converted to *C-H by
an exothermic reaction with AG=-0.249 eV (Figure 44, ITO-Sn-51I, HO-*C-H + ¢ +
H*— *C-H + H0). The sixth e/H* pair might attack the *C-H species, resulting in
the synthesis of *CH. species (Figure 44, ITO-Sn-6ll, *C-H + e + H*— *C-H;
AG=0.390 e¢V). The reduction proceeded by transferring an additional e/H" pair to the
*CH, species (Figure 44, ITO-Sn-7l1l, *CH, + ¢ + H'— *CHz AG=0.331).

Therefore, one CH4 molecule might desorb from the surface of the catalyst by the
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transfer of the eighth pair of e/H*. The simulation results demonstrate that while CHa
synthesis over ITO is possible, it is less advantageous than CO formation. This might
explain the ITO catalyst's impressive CO selectivity.
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CHAPTER V:

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Although the substrate's conductivity has a substantial effect on the activity of the
photocatalyst in the multielectron transfer reduction reaction, the substrate has no
effect on the stability of the catalyst. Deactivation would result from the loss of
oxygen vacancy or the strong attachment of products or by-products to the surface of
the catalyst.

In the batch reactor, grand formation rates of 2650+5%, 530+£5%, and 300+5%
(umol.gear .hrt) for CO, CHa, and H; were obtained for the AM-TiO2-SiO»/ITO-PET
photocatalyst, which are comparable to those reported for noble metal doped TiO-
photocatalysts. Moreover, the production yield of 2760+10% umol.geat.hr* for ITO-
Glass catalyst in the flow reactor setup indicates that this catalyst is highly active for
CO2 reduction into CO.

5.2 Recommendations

e The charge carrier transfer between the substrate and overlaid catalyst in thin
films is dependent on the Schottky or Ohmic barrier formed between the two.
It is proposed to investigate the influence of Schottky and Ohmic barriers on
the catalyst's activity for the CO> reduction reaction.

e Depending on the thickness of the ITO thin film catalyst, the surface
plasmons' wavelength can range from near ultraviolet to 800 nm. For
photocatalytic CO> reduction in visible light, it is recommended to prepare
ITO films of various thicknesses.

e The effect of the substrate in thin films on the adsorption characteristics of the

overlying catalyst is significant but less studied. We recommend investigating
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the effect of different substrates on the adsorption properties of the catalyst for
COz2 reduction.

In disordered catalysts, the number of possible reaction pathways is
indefinite, making simulations more time-consuming and less accurate. We
recommend investigating the reaction mechanism using operando techniques,

such as operando FTIR, to guide the simulation of the reaction mechanism.
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