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Abstract

The present PhD thesis reports the modification of titanium dioxide (TiO2) with palladium
(Pd), to enhance hydrogen production via water splitting, using 2.0v/v% ethanol as a
scavenger. Titanium dioxide was used as photocatalyst, given its ability to absorb photons,
producing e/h* pairs. Mesoporous TiO2 was synthesized using a soft template, following the
sol-gel method, to modify its morphological properties. Palladium was used as co-catalyst
doping TiOz agent, narrowing the band gaps down to 2.51 eV, and creating additional active

metal sites.

Water splitting experiments under near-UV and visible light irradiation were carried out in the
Photo-CREC Water-11 Reactor (PCW-I1) unit. It allows precise irradiation measurements, for

macroscopic irradiation energy balances.

Redox reactions in the PCW-II led to hydrogen production and by-product compounds
formation such as methane, ethane, ethylene, acetaldehyde, carbon monoxide, carbon dioxide
and hydrogen peroxide. It was found that this redox reaction followed an “in series-parallel”
network, involving the organic scavenger ethanol. Carbon balances, OH* and H* radical
balances were obtained to validate the proposed reaction network. Furthermore, a kinetic
model for photocatalytic water splitting for hydrogen production was developed, with the
proposed Kinetics and the associated kinetic parameters, being validated with experimental
data, obtained in PCW-II unit.

Regarding energy efficiencies (QY%), it was observed that the prepared TiO»-Pd photocatalyst
presented a promising QY% based on H* produced of up to 69.4% under near-UV irradiation,

and of 17.6% under visible light for hydrogen production.
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Summary for Lay Audience

The world community has been working towards the production of alternative energy sources
to guarantee a sustainable life on Earth. Researchers have been exploring diverse alternatives
in search of a clean and emission-free energy vector that can work as an alternative fuel.
Hydrogen has attracted the attention of scientists and governments around the globe, given its

great value as energy carrier with net-zero CO2 emissions when burned.

Photocatalysis is a promising environmentally friendly technology used to produce hydrogen
via water splitting. It involves the use of sunlight, which is one of the most inexhaustible and
renewable energy sources, to produce highly efficient and low-cost hydrogen. However, the
photocatalytic water splitting reaction is not a spontaneous process in nature, it requires a
semiconductor material capable of absorbing irradiation and a sacrificial agent such as ethanol,

to allow the reaction to occur.

The present PhD thesis reports the modification of the titanium dioxide (TiO2) photocatalyst
with palladium (Pd), in order to produce hydrogen via water splitting using 2.0v/v% ethanol
as scavenger. Water splitting experiments under near-UV and visible light irradiation were
carried out in the Photo-CREC Water-11 Reactor (PCW-I1) unit leading to hydrogen production
and by-products formation such as methane, ethane, ethylene, acetaldehyde, carbon monoxide,

carbon dioxide and hydrogen peroxide.

It was observed that the prepared Pd-TiO2 photocatalyst presented promising quantum
efficiencies under Near UV light of up to 69.4%, and under visible light irradiation of 17.6%

towards hydrogen production via water splitting.
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Chapter 1

1 Introduction

The world community has been working towards the production of alternative energy sources
while providing sustainable lifestyles for its populations[1]. In Canada, as shown in Figure 1,
hydroelectric, wind and solar energy are the most recognized renewable sources of energy. The

use of these alternative energy sources has grown significantly in the last few years [2].

In this respect, researchers worldwide have been investigating clean and emission-free energy
vectors that could work as alternative fuels. Hydrogen has attracted the attention of the
scientific community and governments around the globe, given its great value as a fuel with

net-zero CO, emissions when burned.

Today, Canada can be considered a leader in the use of renewable energies, and non-
Greenhouse Gases emitting energy sources, which account for 65% and 80% respectively, of

Canada’s electricity production.

Legend Electricity supply mix Canada
B Hydo [ Petoleumvother Source Generation softoul
B Nuclear Biomass Hydro s 589%
Nuclear %7 15.1%
B ol B Wind/solartidal Coal w7 96%
Natural gas 587 93%
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Total 6367 100.0%
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."':r\\‘
&/ Quebec: 2036 TWh
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Saskatchewan:23.4 TWh
* l" Ontario; 1554 TWh
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Newfoundland & Labrador: 41.8 TWh
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New Brunswick: 129 TWh
Nova Scotia: 10.8 TWh
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Figure 1 Energy supply in Canada [3].

Note: Sectors in the pie charts report electricity generation in Canada on a per province basis.



In 2019, Natural Resources Canada together with stakeholder groups, provincial, federal,
territorial and indigenous groups, worked towards the development and establishment of a
strategy to meet Canada’s climate change goals, with the objective of achieving a net-zero
carbon footprint by 2050[4].

Clean hydrogen is expected to position Canada as a global industrial leader of clean renewable
fuels, by contributing to economic recovery and providing at the same time, a domestic low-
carbon fuel with reduced carbon emissions (Figure 2). It is anticipated that the implementation
of hydrogen production will generate over 350,000 jobs in R&D, manufacturing, and services,
while meeting both decarbonization goals and energy demand[4]. This strategy will focus on
energy-intensive applications of hydrogen, in transportation, power generation for heating and
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Figure 2. Vision for Hydrogen in Canada in 2050[4].



Hydrogen is one of the most abundant elements on earth that can be extracted from a variety
of feedstocks[5]. It also offers a high calorific value (143 MJ/kg) and releases clean emissions
to the atmosphere [6], [7].

Hydrogen is now commonly produced via steam methane reforming. This process occurs in
industry, at high temperatures and high pressures with carbon dioxide being a main by-product
[8]. Furthermore, hydrogen can also be manufactured via autothermal methane reforming,
using water and oxygen as methane co-reactants. While energetically more acceptable,
autothermal methane reforming, also leads to significant CO, emissions. Finally, high
temperature and energy intensive methane pyrolysis, provides another alternative for
hydrogen manufacturing, with elemental carbon produced creating a complex disposal
problem [9]. Theses aforementioned high temperature processes are energy intensive, and lead

to significant greenhouse gas emissions, in most cases.

Water electrolysis is a second most common alternative for hydrogen production. This process
is penalized by its high maintenance electrolyte cell costs, lack of reliability and safety
issues[10]. In addition, in water electrolysis, various activation energy barriers have to be
overcome, setting an extra and unavoidable energy requirement, which limits electrolysis
process efficiency. Furthermore, if fossil fuels are used to provide the needed electrical energy,
hydrogen production via water electrolysis can be assessed as a process that significantly

contributes in overall to greenhouse gas emissions.

Hydrogen can be a main by-product from biomass gasification. Gasification can be appraised
as a carbon emission neutral process: carbon contained in biomass is emitted as CO, during
gasification, while this carbon can be recovered as biomass via photosynthesis. Biomass
gasification can use a plurality of carbon sources such as agricultural residues, landfill, and/or
organic waste. These reactions have the intrinsic complexity of taking place at high

temperatures, over 650-700°C.

Photocatalysis provides a promising approach for hydrogen production. In contrast with the

other processes for hydrogen production, photocatalysis takes place at room temperature and

close to atmospheric pressure. Photocatalysis uses a semiconductor that generates electron-

hole pairs e/h*, following semiconductor irradiation and upon photon interaction having the
3



needed energy content. In photocatalysis, the generated e/h* pairs produce both OH" and H’

radicals, which are responsible of the hydrogen formation.

Currently, titanium dioxide (Ti0O.) is the most frequently used semiconductor in photocatalysis,
with anatase being the most photoactive phase. TiO2 has been proven to be stable, resistant to
corrosion, environmentally friendly, largely available in nature and inexpensive [11], [12].
However, its main limitation is its wide band gap (c.a 3.0 eV). Due to this, only 5% of the solar
spectrum can be used to activate titanium dioxide. Therefore, the use of sunlight as a source of
energy in photocatalysis for hydrogen production, leads to a low efficiency process requiring

further improvements [13], [14].

Given these facts, research is required to develop modified photocatalysts for water splitting,
meeting the following criteria: a) narrow band gaps to absorb visible light, b) chemical stability
under redox conditions, c) inexpensiveness, d) reusability, f) safe to work with, and g) suitable
for large-scale hydrogen production[15], [16]. To fully benefit from photocatalysis for
hydrogen production, these modified photocatalysts should be used in photocatalytic reactors

with high photon absorption efficiencies.

The present doctoral thesis reports hydrogen production via water splitting, using palladium as
a TiO2 dopant. Palladium is a noble metal that modifies the TiO, photocatalyst making it active
under near-UV and visible light. In the present study, a synthesized mesoporous photocatalyst
(Pd-TiO2) was photo reduced under near-UV light irradiation, yielding a 100% of Pd° phase
and a diminished band gap. The prepared photocatalyst was evaluated in a Photo-CREC Water-
Il Reactor, under both near-UV and visible light using 2v/v% ethanol as an organic scavenger.
A reaction mechanism was proposed using carbon balances, and H" and OH" radical balances.
This also allowed to establish rate equations using a redox kinetics. In addition, and by using
macroscopic energy balances in the Photo-CREC Water Reactor Il, quantum vyields were
calculated for the Pd-TiO2 photocatalysts. On the basis of these findings, it can be stated as
reported in this PhD dissertation, that the mesoporous Pd-TiO; presents important opportunity,
to successfully address the challenges of water splitting for hydrogen production via
photocatalysis activated with both visible light and near UV irradiation.



Chapter 2

2 Literature Review

The production of hydrogen has strategic value given that hydrogen is a low-emission,
environmentally friendly, clean and sustainable fuel [17]. Hydrogen will likely play a key role,
as a fuel, by 2050, given its net-zero CO> combustion emissions.[18]. [19]. Hydrogen can be
produced, by using water and sunlight as primary sources, in a process designated a water
splitting [20].

2.1 Hydrogen Production

Hydrogen is currently produced via different processes such as electrolysis, thermolysis, water
splitting, gasification, and fermentation. Table 1 reports the main methods for hydrogen

production used today.

Table 1 Traditional Hydrogen Production Technologies [21]-[39]

Method [ Feedstock ] [ Process Technology ]
Electrolysis Water Direct current is used to split water into Ozand H2
- N . : N P
Plasma Fossil fuels Natural gas is passed through plasma arc to generate H2 and
b g carbon soot

|

Thermolysis — HS

I

2 — Thermal decomposition of st at high temperatures
Water splitting — Water
Convert sunlight into electron/hole pairs that will oxidize water
. . Fermentative hydrogen thermocatalytic conversion from

Biomass conversion biomass-based materials

Gasification Biomass Conversion of biomass into syngas

Reforming Conversion of liquid biofuels into H2

( \
Photoelectrochemical Water A hybrid cell produces current and voltage for absorption of
method liaht

—
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Despite the diversity of processes, to produce hydrogen, photocatalytic water splitting has
greater potential over many of the other above-mentioned production techniques.
Photocatalytic water splitting is a process that takes place at low temperatures while using a
stable, effective and non-costly semiconductor material or photocatalyst[40]. Nevertheless,
water splitting still presents some challenges, such as improving the photon absorption energy
efficiency [41].

2.1.1 Photocatalysis

“Photocatalysis” can be defined as the acceleration of a chemical reaction by irradiation
(ultraviolet, visible or infrared), which lowers the activation energy for the reaction to occur
[42]. In photocatalysis, a semiconductor or photocatalyst material participates in the chemical
reaction without being consumed [43].

Photocatalysts can be primarily categorized into two types: (1) Homogeneous and (2)
Heterogeneous. Homogeneous photocatalysis, refers to photo induced catalytic reactions

where the catalyst is in the same phase as the reactants (liquid phase, generally) whereas in



heterogeneous catalysis, catalysts and reagents are in a different phase (solid-gas, solid-liquid,
gas-liquid)[44].

Figure 3 reports some advantages and disadvantages of homogeneous and heterogeneous

catalytic processes.

Homogeneous Heterogeneous
4 N\ ( N\
_ Advantages Advantages
- High degree of - Easy catalyst
interaction recyclability
between catalyst and Y )
reactant molecules - Stable to high
(- Selectivity can be tuned ) \temperature y
(" Disadvantages ) ( h
- Catalyst is often Disadvantages
irrecoverable and .
expensive, after reaction - Usually poor selectivity
(multiple active sites)
- Often decomposes at
\temperatures < 100°C ) \ )

Figure 3 Comparison Homogeneous and Heterogeneous Photocatalysis[45].

As shown in Figure 3, heterogeneous photocatalysis has important advantages over
homogeneous photocatalysis. The most relevant ones are the photocatalyst recyclability and
thermal stability. These advantages are key, when working with expensive doping noble metals
at ambient temperatures [46].

2.1.2 Photocatalytic Cycle

The photocatalytic water splitting reaction for hydrogen production involves the following
series of steps[47], [48]:



1. Reactant

Transport-

/ Diffusion \
6. Product
Diffasion Adsorption
Diffusion p
5522%?:3 3.Electron/hole
Desorption Pair Formation

\ /

4.Photocatalytic
Reaction

Figure 4 Photocatalytic Reaction Cycle.

Chemical Species Reactant Transport-Diffusion. This step involves the transfer of the
chemical species from the bulk fluid to the external surfaces of the photocatalyst, and
from there to the internal surfaces of the photocatalyst via the semiconductor inner
pores.

Reactant Adsorption. This step encompasses the adsorption of the chemical species on

photocatalyst active sites.

Electron/hole Pair generation. This step involves the generation of electron/hole pairs
from photon absorption on the semiconductor surfaces.

Photocatalytic Reaction. This step accounts for the formation of OH- radicals on

semiconductor holes.

Product Species Desorption. This step involves the desorption of product species from

the photocatalyst active sites.



6. Chemical Species Product Transport and Diffusion. This step encompasses the

transport of products from the photocatalyst surfaces into the bulk fluid.

In photocatalysis, active sites involve an array of sites which are close to energetically identical
[49]. These sites provide a lower energy path for molecules, with the purpose of breaking and
creating new bonds [50]. When the chemical species are adsorbed on the active sites of the
photocatalyst, new reaction intermediates or by-products are generated, with lower energy
barriers helping to form products of interest [51][52]. In general, in photocatalytic reactions,
the semiconductor material or photocatalyst should lead to the generation of electron-hole pair

sites, for the reaction to occur [52].

2.1.3 Water Splitting

Water splitting is a non-spontaneous reaction, that generally takes place at ambient temperature
and pressure, with a Gibbs free energy of +237.2kJ/mol and a standard redox potential AE
equal to 1.23 eV[53].

Processes for water splitting display low efficiencies and are not cost effective. However,
photocatalysis offers a path to split water that is inexpensive, and efficient, producing
photoproducts such as hydrogen. Despite water splitting thermodynamic constrains, activated
photocatalysts and a sacrificial agent can help the reaction to proceed [54]-[56], with the
sacrificial agent reducing electron-hole recombination [57].

It is speculated that water splitting under the influence of a semiconductor and an organic

sacrificial agent occurs via a distinctive path as shown in Figure 5:

Water Semiconductor OH-" Radical
wr Dissociation . activation Formation
H,0 - OH-+H* Semiconductor + photon OH-+h" > OH-
—h"+e
H- Radical Consumption of o Hydrogen
wr Formation v OH Radical Formation
H+e—2>H OH' + organic scavenger 2H—H,
— CO, +H,0

Figure 5 Photocatalytic Reaction Pathway with an Organic Scavenger [58], [59].
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Thus, and on this basis one can consider that a photocatalytic reaction involves the following

steps:
A c. Hydroxyl groups from
‘ | dissociated water, contribute in
b. Photoexcited electron-hole | | the h* electron vacant site, the
pairs can be separated due to OH: radical formation and this
a. Absorbed photons the sacrificial agent presence, ~ OH' radical to the conversion
surpass the energy band allowing the formation of of the scavenger.
gap of the photocatalyst hydrogen with minimum
generating electron-hole electron-hole pair
pairs. recombination.

Figure 6 Steps in a Photocatalytic Process when Using Sacrificial Agents [57]-[59].

Therefore, and in order to produce hydrogen via photocatalytic water splitting, three main

components are required in a photocatalytic unit:

1. A photocatalyst
2. A light source (Near UV-light or Visible Light)
3. An organic based sacrificial agent

2.1.4 Photocatalyst

The concept of water splitting using a photoelectrical cell was initially introduced by Fujishima
and Honda in 1972. The proposed mechanism involved (a) generation of electron-hole pairs
using light irradiation in a photoelectrical cell, (b) water oxidation reactions promoting Oz and
H* formation, (c) electrons transfer through an external circuit to the cathode, and (d) reduction

of H* protons, producing molecular hydrogen Hz [17].

Given their high stability, metal oxides are the most documented semiconductors materials
used for water splitting. These oxides have the redox potential required to dissociate a water
molecule. Some of the metals used for this purpose are TiO2, ZnO, Fe>03, WOs3, BiVO4 and
SrTiOz[60]-[62].
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Mesoporous photocatalysts appear to display intrinsic advantages for use in photocatalytic
processes such as a) relatively larger surface area with adequate pore size, c) high light

absorption, d) good electron and chemical species transport properties [63], [64].

The photocatalytic reaction cycle involves the transfer of scavenger chemical species to
photocatalyst active sites via chemical species diffusion. Thus, mesoporous semiconductors
with larger pore sizes and adequate shapes may be used to enhance organic scavenger

diffusivity and the overall reaction rate [65].

It is anticipated that the semiconductor physicochemical properties and photocatalytic
efficiency may also depend on the preparation method. Among these methods, sol-gel has
been the most commonly used, as it offers opportunity to change the semiconductor texture,

composition, homogeneity and structural properties of nanostructures [66] [67].

Photocatalyst preparation by the sol-gel method requires the formation of a hydrogel by
precipitation, followed by maturation, solvent removal by calcination and, heat treatment
reduction. It is after calcination that the formed xerogel phase creates a 3D porous structure

resulting in a well defined crystalline mesostructured photocatalyst [68].

2.1.5 Titanium Dioxide (TiO2)

Titanium dioxide is one of the most used photocatalyst materials. It has multiple advantages
such as being stable, chemically active, inexpensive, widely available, non-polluting, having a
high dielectric constant and high photocatalytic activity [12]. One of the drawbacks of TiO>
however, is its relatively high 3.2eV band edge, showing as a result, a very low photocatalytic
activity under visible light [11].

Titanium dioxide can be found in three allotropic phases: anatase, rutile, and brookite. Anatase
has been reported to have superior photocatalytic properties, whereas rutile exhibits a high
thermodynamic stability, among the different polymorphs structures [69]. Table 2 displays
some of the properties of each one of the TiO- allotropic phases.
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Table 2 Properties of TiO; for Rutile, Anatase and Brookite [70].

Properties Rutile Anatase Brookite
Crystal Structure Tetragonal Tetragonal Orthorhombic
_ _ a=9.184
Lattice Constant a: 4.5936 a : 3.784 b =5.447
c=2.9587 c=9.515 _
c=5.154
Density (g/cm3) 4.13 3.79 3.99
Band gap at 10 K
(g0, in MHz 3.051 eV 3.46 eV
range)
Dielectric 173 48
constant
Refractive Index 2.609 2.488 2.583
, '-\ oz (o>
B E X’ YS(
Structure 4 4
a ¥~

The rutile allotropic phase of TiO2 has a tetragonal unit cell with titanium being surrounded by
an octahedron of 6 oxygen atoms. Rutile is more stable than the anatase, with both edge and
corner being shared. However, the TiOg octahedron of the anatase phase shows a larger
distortion, with cell units that only share one edge. Additionally, the brookite phase of the TiO»,
display a larger cell volume, with 8 TiO2 groups per unit cell, connected via the edges of

neighbouring units.

Table 3 reports some of the main applications of the TiO2 phases [71].

Table 3 Rutile, Anatase and Brookite Applications [72].

Rutile Anatase Brookite
+ Paint + Gems » Photovoltaic devices
* Plastics + Paints » Photocatalysis
» Paper + Paper o Jewellery
* Sunscreen + Ceramic
» Photocatalysis » Photocatalysis

Furthermore, enhancing the photocatalytic activity of a semiconductor material requires an

improvement of the semiconductor pore morphology and pore size.
12



2.1.5.1 Porosity

The surface properties of TiO2 have a great influence on the photocatalytic activity. Grain size,
crystallite form, surface area and porosity are factors that affect the performance of a
photocatalyst [73]. Porous photocatalysts can be classified based on pore size, which is defined

as the distance between opposite pore walls (width, dp) as observed in Figure 7 [74].

Microporous
<2nm
Zeolite, pillared clays

Mesoporous
2-50 nm
Mesoporous materials, MCM-46

Macroporous
>50 nm
Ceramic based materials, porous gels, porous glasses

Figure 7 Classification of Porous Materials [71].

Mesoporous TiO2 (2nm <dp <50nm) has provided good photocatalytic activity, due to its high
specific surface area and uniform pore diameter [74], and this given TiO. pore structure has a
significant influence on (a) the adsorption of electrons, (b) the adsorption of both reagents and
products. One can also mention that the mesoporous TiO> can also provide the support for
metal doping leading to a semiconductor with enhanced photocatalytic activity [75].

Some polymers can act as soft templates® and can contribute to TiO2 synthesis. These polymers
are formed by chains of condensed ethylene oxide and propylene oxide molecules. Soft

templates are commercially available as Pluronic® F-127 and Pluronic® P-123. The choice of

L A soft template does not have a fixed rigid structure, being relatively easily to synthesize and remove producing
nanomaterials of various sizes, and with various structure types.
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these templates may also be used to optimize the TiO2 pore structure network during

semiconductor synthesis, contributing to both pore size and pore shape modifications [76].

2.1.5.2 Band Gap

The band gap in a semiconductor is determined by the difference between the top value of the
valence band (VB) and the bottom value of the conduction band (CB). [77]. The size of the
band gap has important implications for photocatalyst applications. A wide band gap provides
a good insulator, while a narrow band gap a good conductor. In this respect, a metal is

characterized by the overlapping of the valence band with the conduction band, as reported in

Figure 8.

Figure 8 also reports the Fermi level, the energy of the least tightly held electrons within a
solid, defined at 0 K. This Fermi level is defined as relative value with respect to the conduction

band and show the electrical properties of a particular material.

»

> !
o} Conduction
I, Band
S - Fermi
S| o Valence Level
2| § Valence Band eve
| m

Valence Band

Band
Insulator Semiconductor Metal

Figure 8 Electronic Band Structure of Insulators, Semiconductors and Metals.

Figure 9 reports the band gap conductivities of various semiconductors of interest. One can see
that for anatase and rutile they are approximately. 3.2 eV and 3.0 eV, respectively [78].
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Figure 9 Schematic Representation of Conductivity Band Potentials of Different

Semiconductors[79].

Regarding the photocatalytic properties of TiOz, they are closely related to the formation of

electron-hole pairs. Light is absorbed by the semiconductor material, promoting the generation

of electron- hole pairs, as shown in Equation 1. The formed electron (e-) moves from the

valence band to the conduction band, leaving behind a hole (h*). The hole, with an absent

electron in a bonding orbital, normally placed at the TiO> particle irradiated surface, can react

with the adsorbed water, producing hydroxyl radicals (OH") [80].

hv + semiconductor = h*+ e

Equation 1

Formed OH- radicals may oxidize near organic scavenger molecules, preventing hole and

electron recombination and yielding carbon containing oxidized species, whereas the H’

radicals may form molecular hydrogen (Figure 10) [81].
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\ é H® == Hydrogen
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)

Conduction Band + _
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L ﬁOH. Hydrocarbons
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Figure 10 Formation of Photogenerated Electron-Hole Pairs and Hydrogen under Near-UV
Light.

2.1.6 Photocatalyst Doping

In order to improve photocatalyst efficiency, various approaches have been carried out
including doping, dye sensitization, composite material inclusion and others. The doping of
photocatalysts with metals can narrow band gaps, and improve the optoelectronic
semiconductor properties [82]. The photoexcitation of these metals leads to the generation of
free charge carriers, allowing hydrogen formation. These metals or co-photocatalysts, can be

either a noble metal, a metal oxide or a metal hydroxide [83].

In the specific case of TiO, it is reported as shown in Table 4 that metal doping enable
hydrogen production, allowing TiO> activation by both visible and near-UV spectrum photons
[82],[68],[69]. One should mention as well, that some proposed TiO2 co-photocatalysts include
Pt, Pd, Ni, Ru, Rh, Ir and others. These co-photocatalysts can create extra photocatalytic active

sites acting as electron collectors and facilitating as a result, the water splitting process.
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Table 4 Metal-Doped TiO. Photocatalysts under Near-UV and Visible Light [85]-[87]

Dopant Light Source H2 Rate (umol h™* g?)
500W Hg-Xe lamp with dichroic filter
- 0,
Pt - 0.5 wt% (280 — 400 nm) 27600
Ni- 1 wt% Atomic ratio UV- vis light (400W mercury arc) 200
1:10 (Ni : Pd)
500W Xe lamp with a light cut-off filter UV
- 0
Ru-3wt% light: (280-400 nm) 4700
1 wt % Ni UV (450W Hg) 3390
6.9wt% F 300W Xe 18270
1wt % Cu UV (450W Hg) 793.86
1wt % Co Solar and UV (400W Hg vapour lamp) 11,021
Co, Ni, and Cu-doped UV light irradiation
. 85
TiO,

Fe-Ni/Ag/TiO; 500 W Xe lamp 7.94E-04
Ag-Ce/TiO; Xenon lamp > 400 nm cut-off filter 1.47
Ga/N - TiO, 125 W Hg lamp > 400 nm 35

Ga- TiO, 150 W Xe (310 nm < A < 625 nm) 5722000
Cu*Y/Cu0 -TiO, Solar light 1000
Ni(OH)2/TiO; 3 W UV-LEDs lamps 3056
Bi-doped TiO; 125 W Hg lamp, 500 W Xe 4500
Cup0O/TiO, 300 W Xe lamp/simulated sunlight 400
W-TiO2/Au hybrid
Au-1.93 wt % - W- 0.83 300W Xe 24000
wt %
Ni/TiO2 1 wt % UV (450W Hg) 3390
Fe/Ni-TiO, -
Fe- 5wt % UV and visible light 361.64

Pt/TiO2 1 wt % AM 1.5 G solar simulator 11200

N-TiO./ Pt
Pt- 0.2 Wt % 500W Xe 570
N/Pt-TiO; o
46 WL% Visible light 11.34
Cu/S-TiO; . .
Cu- 5 Wt % 500W Xe lamp with UV cut off filter 7500
Pt/Ga-TiO,
Ga -3.125 wt % 150W Xe 5722
Gd/N-TiO; Gd
2wt % 150W Xe 10764
Rh/Nb-TiO;
Rh— 0.2 Wt % 300W Xe 7850
Ru-TiO; 500W Xe lamp with a light cut-off filter UV 4700
Ru- 3wt % light: (280-400 nm)
TiOx/Pt/rGO -
Pt- 05 W% 9W 4 Philips PL-S lamp (315 - 400 nm) 2411000
NY TiO-Pt Visible light and UV (PLSSXE- 20880
Pt — 0.188 wt% 300C Xe lamp)
Nii-Pd1o/TiO,
Ni- 1 wt% Atomic ratio UV- vis light (400W mercury arc) 200
1:10 (Ni : Pd)
Co-TiO;
Co-1 WE% Solar and UV (400W Hg vapour lamp) 11,021

17




Palladium, specifically, has a lower Fermi level while compared to TiO2.When used as a co-
photocatalyst, it leads to an effective transference of electrons to metal sites, reducing the
electron/hole recombination and promoting enhanced photocatalytic activity [88]. Palladium
is a very stable metal, with the palladium precursor reagents being approximately 20% less

expensive than those of the platinum.

In summary, modified TiO> semiconductors may provide enhanced band gaps and light
absorption, as well as (a) higher refractive indexes, (b) slower recombination dynamics and (c)

enhanced rate of charge transfers across interfaces. All this favours photocatalytic activity [89].

2.1.7 Light Source

The water splitting reaction is not a spontaneous process that occurs under solar visible light
irradiation when using TiOz alone as a photocatalyst [90]. Titanium dioxide is only active
under ultraviolet light at short wavelengths (200-400 nm). However, most of the solar radiation
spectrum is in the visible light range (400 nm to 700 nm), making TiOz as a photocatalyst,

poorly efficient, under visible light conditions.

In order to reach high sunlight utilization efficiencies, the TiO> photocatalyst has to be
modified. This can be achieved by surface modification by either using soft templates or
doping with a noble metal such as palladium. Additionally, an uniformly irradiated surface
area of the photocatalyst should be achieved in order to avoid internal and external diffusion
transport phenomena[91]. With this purpose, choosing an adequate light source is essential.

Certain types of lamps have been used for water spitting processes. The most well-known
lamps are a) 150 W Xenon arc, b) 300W Xenon cut-off filter and ¢) 300 W solar simulated
radiation [92]. Regarding near-UV and visible light lamps, two types are more commonly used
due to their low cost and easy accessibility: a) 15W BLB (Black Light Blue) for near-UV and
b) 15W Hg for visible light [93].
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2.2 Sacrificial Agent

Organic molecules or sacrificial agents perform as electron donors to prevent electron/hole
recombination. Common sacrificial agents are methanol, triethanolamine, ethanol, acids and

inorganic compounds, as indicated in Table 5. [94].

Table 5 Sacrificial Agents and Hydrogen Evolution Rate when Using 20 vol% Organic
Alcohols and Amines[94].

Sacrificial Agents | H evolution rate (umol h* g?)
Methanol 599
Ethanol 111
Ethylene glycol 116
Triethanolamine 1197
Methylamine 279
Ethylamine 101
Ethylenediamine 84.2

As shown in Table 5, sacrificial agents with lower oxidation potential and higher permittivity
led to higher photocatalytic activity with higher Hz formation rates. Among the sacrificial
agents used, ethanol is one of the most investigated. It has the potential to provide high
quantum efficiencies, and can be easily obtained from renewable sources, while being widely

available and inexpensive. [95].

Scavengers with lower oxidation potential can be more easily oxidized and can more efficiently
trap holes. Ethanol with its 1.1 eV oxidation potential, a possible organic scavenger, can likely
display ability to provide electrons. In water splitting process however, using an organic
scavenger, photocatalytic reactions may also lead to undesired and unavoidable oxidation by-
products.[96].

2.3 Photocatalytic Reactor

Researchers working on H production have designed various photoreactor prototypes. Some
of the photoreactors are made out of quartz or pyrex with volumes between 50 ml to 100 ml.

Most commonly, these small photoreactors use Xenon lamps with 300W to 500W nominal
19



power as sources of irradiation. The radiation lamp can be placed either inside (Type I) or
outside the reactor (Type II). Type | reactors are generally more advantageous for an efficient
photon utilization, because light spreads in all directions (symmetry of irradiation), covering
more of the photocatalyst surface area.

A photocatalytic reactor for hydrogen production of the slurry type, should comply with the
following criteria: (a) uniform light distribution inside the reactor, (b) no external or internal
chemical species diffusive transport limitations, (c) uniform photocatalyst distribution, (d) high
surface/volume reactor ratio and, €) minimum photocatalyst fouling effects, (f) well-mixed
photocatalyst  suspension, (g) low pressure drop, (h) good near-UV and visible light
transmittance above 90%, (i) good chemical resistance to the chemicals used (e.g. ethanol) and
() pH in the 4 to 7 range [97].

The Photo-CREC Water-11 Reactor, designed and developed at the Chemical Reactor
Engineering Center (CREC)-UWO (Figure 11) satisfies all these design criteria for successful
hydrogen production via water splitting [98]. A schematic figure of Photo-CREC Water-I11
Reactor and its auxiliary components for hydrogen production, is given in Figure 11. In
Chapter 3, additional information about the technical characteristics of this unit, is also

provided.
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Figure 11 Schematics of the Photo-CREC Water-11 Reactor. Components: (a) Opaque
polyethylene tube, (b) Fused silica windows, (c) Flow distributor, (d) Gas sampling port, ()
Jet driving mixing port, (f) Self-driven mixing impeller, (g) Centrifugal pump, (h) Pyrex
tube, (i) Draining gas valve, (j) Purging gas injector, and (k) Slurry sampling port [99].

2.4 Kinetics of H2 Production

Regrading kinetics, the Langmuir-Hinshelwood (LH) model is the most commonly used model
to express the rate of Hz and the formation of by-products, when utilizing a sacrificial agent.

The rate of the reaction can be expressed, as in Equation 2:

k K [sacrificial agent Equation 2
Rate — [ gent] q

1 + K[sacrificial agent]

where K is the adsorption constant of the sacrificial agent on the photocatalyst surface, and

where K is the intrinsic kinetic constant.

One of the main advantages of the L-H model is that it accounts for both chemical species
adsorption and intrinsic Kinetics. Additionally, when using L-H model, the derived rate
equation can be extrapolated, in order to accurately predict the concentrations of the by-

products beyond the experimental data[100].
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Very few researchers have worked on the kinetics of noble metal doped TiO2[85]. Those who
have done so, have found that the rate of H. production when using an Au/TiO. and Pd/TiO>
photocatalyst can be explained by the L-H model. At high sacrificial agent concentrations, the
hydrogen evolution rate should become of order zero and remain constant. However, at low
scavenger concentrations, the H production rate may become proportional to the

concentration of the sacrificial agent, resulting in a first order kinetics[85].

2.5 Quantum Yield (QY)

Equation 3 provides a photonic efficiency (PE) definition as,

Rate of reactant molecules transformed Equation 3

Rate of incident photons

Furthermore, the quantum yield (QY) for water splitting reactions, as shown in Table 6, can
be established on the basis of the rate of hydroxyl radicals (OH") consumed over the number
of photons absorbed by the photocatalyst. When compared to the PE, the QY can be considered
to be a more adequate parameter to describe photochemical activity and the utilization of
absorbed photons[101].

Table 6 Quantum Yield Definition in terms of OH- Radicals and Photons Absorbed [98].

No. of Consumed OH" radicals moles
No. of photons absorbed by the photocatalyst (Pa)

Quantum Yield (QY)

The quantum yield equations for hydrogen production are shown in Table 7.

Table 7 Quantum Yield for Hydrogen Production[102].

Theoretical QY Based on the QY,, = moles of H, produced
Moles of H; Produced H2 ™ moles of irradiated photons

. moles of H - + moles of OH -
Overall QY for H; Production QYHe10He =

moles of photons

QY in terms of the Moles of H*
Radicals Produced or Two QYy. =
Times the Moles of H, Produced

moles of H - produced

moles of photons absorbed by the photocatalyst
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2.6

Conclusions

Based on the above discussion of the technical literature, the following relevant conclusions

can be drawn:

a)

b)

New semiconductors are required for photocatalytic hydrogen production from water
splitting. These photocatalysts should be synthesized with enhanced morphologies,
involving narrower band gaps, and higher Hx production activity under near-UV and

visible light.

The new synthesized photocatalysts should be very active for hydrogen production via
water splitting, and evaluated in engineered units, as is the case of the Photo-CREC
Water-11 Reactor. Using these novel units allow the assessment of the photocatalysts

through macroscopic irradiation energy balances and Quantum Yield efficiencies.

The established performance of the synthesized photocatalysts leads to the
establishment of reaction mechanisms for hydrogen production via water splitting.
These kinetic models allow determination of the reaction progress as well as, the by-
products formed, in scaled-up photocatalytic units. This reaction mechanism should be

the foundation of new kinetics models.
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2.7
2.7.1

2.7.2

Scope of the Research

General Objectives

To further develop a doped TiO2 photocatalysts with palladium. The photocatalyst
synthesis will be carried out using a sol-gel method and modified by the Pluronic F-

127 polymer.

To test of the photocatalyst developed under near UV and visible light for hydrogen
production at different metal loadings.
To establish a reaction mechanism for water splitting process using Pd-TiOx.

To determine the quantum yield of the photocatalytic process.

Specific Objectives

To determine the optimum palladium loading (0.25 to 5.00%wt Pd) on the titanium
dioxide photocatalyst.

To thoroughly characterize the synthesized photocatalysts by using physical and
chemical techniques such as Nitrogen physisorption, temperature programmed
reduction, chemisorption, X-Ray diffraction, X-ray Photoelectron Spectroscopy and
UV-Vis Absorption.

To carry out experiments to measure the extent of influence of the photocatalyst on
hydrogen production under Near-UV and visible light irradiation.

To evaluate the irradiation absorbed by the photocatalyst using an experimental

macroscopic irradiation balance.
To determine reaction pathways to produce hydrogen and its by-products.

To develop a kinetic model that constitutes the mathematical description of the course

of the water splitting reaction for each reaction step.

To evaluate the quantum yield for the photocatalytic water splitting process.
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Chapter 3

3  Equipment, Materials, Photocatalyst Synthesis and
Experimental Methods

This chapter introduces the equipment, materials, photocatalyst synthesis and experimental
methods employed in this thesis. The Photo-CREC Water-1l Reactor unit is described as this
is used for photocatalytic water splitting reactions, leading to the production of hydrogen. The
photoreactor operation and conditions are reported as well as the light sources used in Photo-
CREC Water-11 Reactor. Finally, the methods considered in the present study for the
development of an efficient photocatalyst as well as the experimental methods used for

hydrogen production, are discussed.

3.1 Photo-CREC Water-Il Reactor

The Photo-CREC Water-I1 (PCW-I1) Reactor is an innovative unit for hydrogen production. It
is a 5.7 L slurry batch reactor configured with two concentric tubes: (a) an inner tube made
from transparent borosilicate (Pyrex) and (b) an outer tube made from opaque polyethylene.
The fluorescent lamp is placed inside this inner Pyrex tube. Furthermore, the suspended
photocatalyst flows in the annular space between the outer polyethylene tube and the inner
Pyrex transparent tube, which only absorbs 5% of the near-UV light emitted by the lamp[103].

The PCW-II unit is equipped with a sealed storage feed tank where the photocatalyst remains
under agitation. This tank has two (2) ports for periodic liquid and gas phase sampling. Figure
12 describes the main components of PCW-II: The Photo-CREC Water-11 Reactor, the
centrifugal pump, and the sealed storage tank.

The black polyethylene outer tube minimizes radiation reflection. The external tube is
equipped with seven (7) axially and equally spaced silica windows used for irradiation
measurements. The Pyrex inner tube absorbs only up to five percent (5%) of the near-UV or
visible light emitted by the lamp and protects the light source from any contact with the
circulating water along the reactor [104].
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The hydrogen storage/mixing tank in the Photo-CREC Water-11 Reactor is connected to a
centrifugal pump that promoted water recirculation in the concentric channel (space between

the outer polyethylene tube and the Pyrex tube), where the photocatalytic reaction takes place.

As seen in Figure 12, the PCW-II is composed of: (1) A 15-W fluorescent visible light lamp
or near-UV light, (2) A Pyrex glass inner tube where the lamp is placed, (3) A black
polyethylene outer tube with fused silica windows for irradiation measurements, (4) A
centrifugal pump, (5) Two sampling ports which allow the photocatalyst suspension to always
be kept sealed under agitation; one port for the liquid phase and the other one for the gas phase,
(6) A hydrogen storage tank [103]. See reactor dimensions in Table 8.

B
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Catalyst
Particle

Figure 12 Schematics Representation of the Photo-CREC Water-Il Reactor with a H
Mixing/Storage Tank: (A) partial longitudinal cross-section of the PCW- Il unit showing the
downflow circulation of the slurry in the annular channel, (B) overall view of PCW-II
showing windows, near-UV lamp and recirculation pump (C) hydrogen storage tank with its
components, (D) detail of a photocatalyst particle. Notes: (a) The opaque polyethylene is
black in colour. However, it has been shown in grey in this figure, for diagrammatic
purposes. (b) The diagram shows a near-UV light in the PCW-II. However, a visible light
lamp can also be used.
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The Photo-CREC Water-11 Reactor is also equipped with gauges to monitor pH, temperature,
and pressure. There is an additional entrance port that allows the circulation of inert gas in the
storage tank for oxygen removal. The centrifugal pump is a class B, 115V, 2.4A, 60 Hz and
3100 rpm unit and the electrical ballast was designed to operate at 120 VAC, 60 Hz and 0.75

A[105].

Table 8 PCW-II Dimensions.

Component Height (cm) Inner radius (cm) | External radius (cm)
Pyrex glass 61 1.505 1.75
External Tube 45 1.75 4.5
Windows - - 0.5
H> mixing/storage 21 995 31
tank
Internal tank impeller 16.5 - 2.25

3.2 Lamp Characterization

Two lamps are used for the photocatalytic water splitting experiments: a) Near-UV lamp and
b) Visible light lamp. Each lamp can be placed inside the Pyrex tube, one at a time, providing

a 15W of near-UV light or 15 W fluorescent visible light, respectively.

The emitted radiation from the lamps used is measured using the Stellar Net EPP2000-25
Spectroradiometer. The Stellar Net EPP2000-25 Spectroradiometer is an instrument that
measures the wavelength, the amplitude of the light emitted from a light source, and the
number of photons absorbed after they pass through the slurry medium. This instrument is
equipped with fibre optics to effectively measure the spectral irradiance, the radiance, and the
Watt flux over the wavelength radiation in the 300-700 nm range, at variable distances and
various locations of the PCW-I1 unit. This spectroradiometer unit was also provided with a

high speed parallel digitizer interface [106].

Figure 13 reports the spectrum of the polychromatic BLB Ushio near-UV lamp used, with an
observed output power of 1.61 W, an average of 325.1 kJ/photon moles of emitted photon

energy and a spectral peak at 368 nm in the 300-420 nm emission range [107].

27



T T
300 400 500
Wavelenght (nm)

700
Figure 13 Near-UV Lamp Irradiation Spectrum.

The average emitted photon energy can be calculated using the recorded irradiation
spectrum as follows [108]:

[TiwEmaz Equation 4
Y [™iyda
where,
0 _he Equation 5

With h being the Planck constant (6.34x103* J s/photon), ¢ representing the speed of light in a
vacuum (3.00x108 m/s?) and A denoting the wavelength expressed in nanometers (nm). | is the
emitted photons intensity (W/cm?), assessed as I (4) = q (6, z, A, t) dA and measured with a
spectroradiometer. The irradiance is represented by ¢ (9, z, 4, ¢) dA and given by the spectrum

of the lamps, as shown in Figure 13.

Furthermore, the average emitted photon energy can be calculated as shown in Equation 4, and

must be expressed in terms of Amax Or the equivalent Emin (See Equation 5), required to surpass
the TiO2 band gap [109].
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. Equation 7
E,, =5.36x107" J/mol photon = 325.1KJ/mol photo

Similarly, the Stellar Net EPP2000-25 Spectroradiometer can be used to determine the
irradiation spectrum of the mercury Philips visible light lamp, as shown in Figure 14. This cool
white light lamp has an output power of 1.48 W and an average emitted photon energy of 274.5
kJ/photon mole.

15 A

10 A

g (uw/cm’)

T T T T T T T
300 400 500 600 700
Wavelength (nm)

Figure 14. Visible Lamp Irradiation Spectrum.

Furthermore, the axial distribution of the radiative flux can be determined using the Stellar Net
EPP2000-25 Spectroradiometer, the fibre optic system and the PVVC black collimators. Figure
15 displays the observed axial visible lamp radiation distribution, with a radiation profile
showing no significant changes in radiation levels, in the central section of the PCW-II. On the

other hand, significant radiation decay can be seen approaching the endpoints of the lamp[110].
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Figure 15 Near-UV and Visible Light Lamp Axial Distribution.

3.3 Synthesis Methods

Modifications made to the photocatalyst synthesis may lead to improvements in the
semiconductor surface properties, such as particle diameter and specific surface area, and thus,
to enhanced photocatalytic hydrogen production rates. In this respect, the sol-gel method
considered in the present study, is considered the best approach for the modification of a

semiconductor.

3.3.1 Sol-gel Method

The sol-gel method can be used for photocatalyst synthesis by converting monomers into
colloids, and thus promoting a gel structure formation [111]. The sol-gel method for TiO>
synthesis can be modified, leading to improvements in photocatalyst structural properties such

as particle diameter and surface area. Therefore, this also leads to improved photocatalytic

activity[66].

The sol-gel method is a well established approach used to control the texture and surface

properties of a semiconductor material [112]. It is based on the conversion of monomers into
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colloids (sol phase), promoting a gel structure formation [111]. The sol-gel method used in this
research, can be described in five (5) stages, beginning with the hydrolysis of a metal precursor,

followed by condensation, aging and drying forming 3D structure network [113].

a. Step 1: Hydrolysis
This involves the dissolution of a precursor (metal alkoxide) in an organic solvent
(alcohol), as observed in Figure 16. A strong acid or base addition is beneficial to
accelerate the hydrolytic process. Hydrolysis leads to a sol and to the dispersion of

colloidal particles in the liquid[114].

=M—0R + H50 _— =M—OH + ROH

Figure 16 Hydrolysis of an Alkoxide Precursor.
b. Step 2. Condensation
The condensation of adjacent molecules forms spiral/linear chains of TiOs
octahedrals. Polymeric networks grow to form colloidal structures, as observed in
Figure 17. The condensation process occurs via alkoxylation and oxolation. In the
alkoxylation process, two metal centres form a hydroxyl (M-OH-M) bond, under the
release of an alcohol. In the oxolation process, two hydroxylated metal species form

an oxo (M-0O-M) bond, producing water.

Note that there is a visible change in the solvent viscosity during this stage. An
interconnected, rigid and porous inorganic network is formed[115]. The size and cross-
linked colloid structure is dependent on the metal alkoxide used and the pH of the

solution.

=M—OH + HO—M= —— =M—O0—NM== + H,0

Figure 17 Condensation of an Alkoxide Precursor.
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c. Step 3. Aging

This involves the polycondensation of the monomeric chains with the gel precipitating

during this period of time.

Drying

Organic components are being removed from the gel phase. This step could involve
drying processes such as evaporation, supercritical drying, and freeze drying, among
others. The most common technique used is thermal drying, under ambient conditions.

During this time, shrinkage of the pores occurs, yielding a xerogel.

Calcination

Water molecules and residues are being removed from the xerogel, using high
temperatures. The calcination temperature and rate of heating are key conditions to
control the morphological properties of the resulting semiconductor such as pore size

and material density.

The particle nucleation in the sol-gel process used in this research, led to a homogeneous

structure during colloidal deposition. This yielded a well-controlled particle size, shape,

surface area to volume ratio, and porosity[116].

Table 9 reports results found in the literature, on the synthesis and operation conditions of TiO-

photocatalysts using the sol-gel methodology.

Table 9 Reported Synthesis of TiO2 Nanoparticles via Sol-Gel Method.

Precursor Process Conditions Result Reference
TTIP, isopropanol, gtrlrrlwglzhhg)OHocl Agglomeration of anatase and
deionized water and Ca}/cingeition: 2 h 450-700 rutile phase [117]
glacial acetic acid oC B Crystallite size: 13 and 100 nm
TTIP, hydrochloric acid, Stirring: 2 h, at room Partlc_le agglqmerate. Anatasg
L Temperature, pH 3-8 turns into rutile when increasing
ethanol and deionized S . [118]
water Drying: 100 °C, 1 h temperature.
Calcination: 350-750 °C Crystallite size: 12 and 49 nm
TTIP, ethanol, Stirring: 60 s, under ice- TiO; catalyst was synthesised on
hydrochloric acid, bath alumina membrane [119]
deionized water Drying: 400 °C, 6 h Pore size: 200 nm
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Table 9 reports some of the TiO. photocatalysts that were synthesized using the sol-gel method,
which resulted in large ranges of the crystallite sizes and pore diameters. To enhance and
control the photocatalyst morphology, a copolymer or template can be added [120]. Addition
of a copolymer during the photocatalyst synthesis leads to a TiO> mesoporous material with
enlarged pores as well as to high purity, homogeneity, low agglomeration tendency, and quite

narrow pore size distribution.

3.3.2 Copolymers

These templates are usually surfactants that act as amphiphilic molecules that influence the
size, shape, and arrangement of the nanoparticles. The amphiphilic surfactants are used due to
their ability to self-assemble into different structures involving Van der Waals and electrostatic
forces, hydrogen bonding and n—n interactions. Surfactants can assemble into spherical micelles at

lower concentrations and into cylindrical shaped micelles at higher concentrations.

Mesoporous photocatalysts can be synthesized by evaporation-induced self-assembly (EISA).
When using this method, alkoxide precursors are dissolved in a solvent (usually ethanol), at
ambient temperature. Following the sol-gel method, colloidal structures are formed and
dissolved in the alcohol to obtain a sol. These colloidal particles agglomerate forming a gel
with a 3D network structure. During the sol-gel photocatalyst preparation, 4 stages take place
as shown in Figure 18: (1) alcohol evaporation leads to the self-assembly process; (2) water
and solvent reach equilibrium; (3) an organic-inorganic mesoporous structure is formed; and

(4) condensation of the inorganic precursor occurs and this forms a mesoporous network[121].
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Figure 18 Schematic Diagram of the Formation of the Synthesized Mesoporous TiOx.

These surfactants can be cationic, anionic, or non-ionic. Cationic surfactants are used to
prepare silicates at high temperature conditions. Anionic surfactants are utilized for the
preparation of mesoporous alumina catalysts, in an aqueous media. Non-ionic surfactants are
used under low pH conditions to synthesize disordered wormhole silicas (HMS, MSU) or

ordered structures via sol-gel dip-coating[122].

Non-ionic surfactants can be classified into diblock and triblock copolymers. Most of the

mesoporous TiO- are synthesized with non-ionic surfactants. One of the copolymers frequently
used is Pluronic F-1272. The resulting photocatalyst displays a well-ordered TiO2 structure,

and enhanced morphological properties such as porosity, surface area, particle size and
crystallinity[123].

Pluronics are non-ionic surfactant poly (ethylene oxide)/poly (propylene oxide) / poly

(ethylene oxide) (PEO-PPO3-PEO* MW = 12,600) triblock copolymers. Pluronic F-127 has a

central hydrophobic PPO® chain and two hydrophilic PEO® tails, as shown in Figure 19. The

2 F stand for the physical state of the copolymer in flake
3 Hydrophobic segment. It is 30% of the block copolymer
4 Hydrophilic segment. It is 70% of the block copolymer
> Poly (propylene oxide)

6 Poly (ethylene oxide)
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hydrophobic core of the copolymer determines the pore size of the TiO. mesoporous

material[124].
HO ‘<(:Hg(:”2() CH,CHO (ZHz(I}{gO}*H
100 lIH; 65 100

Figure 19 Pluronic F-127 Structure.

Using a non-ionic copolymer such as Pluronic F-127 provides some advantages over other
surfactants such as: a) low cost, b) suitability for large scale processes, c) fewer steps for the
photocatalyst synthesis, d) adequate properties to modify mesopore surface properties , €)
“thermo-responsive” characteristics as it changes its structure with temperature, and f)

hydrophobic- hydrophilic polarity for the creation of pores [125], [126].

Thus, after the use of the sol-gel method and by adding a copolymer, a mesoporous TiO>
photocatalyst is formed, as described in Figure 20. In the fist stage, the hydrophobic block
(PPO) core is surrounded by the PEO tails (Figure 20a). Then, the PEO tails attach to TiOz in
the framework structure. The PEO is then encapsulated between the PPO core and the TiO>
matrix (Figure 20b). Following this, an inorganic-organic hybrid layer is formed with a
dominant TiO2 composition (Figure 20c). Calcination of the formed xerogel yields a TiO>
photocatalyst with a mesoporous structure. The copolymer is removed during this step, leaving
a structured TiO, framework (Figure 20d) [127], [128].

(a)

Figure 20 Schematic Diagram of the Formation of the Synthesized Mesoporous TiO2 [129].
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Given the previously explained advantages of using Pluronic F-127 surfactant, it was chosen
to be used as co-polymer for the synthesis of the TiO> mesoporous photocatalyst in the present

study.

3.3.3  Photocatalyst Preparation

Following the sol-gel method, the photocatalyst of the present study was synthesized, as
discussed in Section 3.3.1, with the preparation of the photocatalyst using the following
reagents: (a) ethanol USP (C2HsOH) obtained from commercial alcohols, (b) hydrochloric acid
(HCI, 37% purity), (c) Pluronic F-127, (d) anhydrous citric acid, (e) titanium (IV)
isopropoxide, and (f) palladium (1) chloride (PdClz, 99.9% purity). All the reagents were
purchased from Sigma Aldrich (Oakville, Ontario, Canada). Detailed information about the

photocatalyst synthesis method is shown in Figure 21.

20 ml Ethanol 0,315 g Citric acid 1.42 g Titanium (IV)
1.65 g HCI1 1 ml Water Isopropoxide
1 g Pluronic F-127 PdCl2

Calcination

500°C

d)

a)

Figure 21 Description of the Four Consecutive Steps Used during Pd-Doped TiO-
Photocatalyst Preparation: (a) Ethanol enters the interface between the hydrophilic (PEO) and
hydrophobic (PPO) chains and attaches to the hydrophobic core, (b) A hydrophobic block
(PPO) is placed in a central location surrounded by the PEO tails forming micelles, (c) The
PEO tails become attached to the TiO, leaving a hybrid outer layer with a dominant TiO,
composition, and (d) Calcination for 6 to 8 hours at 500°C of the resulting photocatalyst
precursor yields a TiO, with a 3D mesoporous structure[102], [130], [131].
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Considering that palladium oxidizes during the calcination step, the resulting photocatalyst had
to be reduced in a subsequent step. To accomplish this, the synthesized semiconductor was
placed in a flow reactor under close to atmospheric pressure, 1 cm®/s of Ar/Hz (g) (90/10%,
Praxair) and 500°C for 3 h period [97]. However, from the XPS results, it is possible to observe
that metallic palladium was not completely reduced. Therefore, a further and critical Pd-TiO-
photoreduction step was implemented in the Photo-CREC Water-1l (PCW-II). The
photocatalyst was irradiated under near-UV light, at room temperature for 60 min, to obtain a
more reduced mesoporous material. It is important to mention that all prepared photocatalyst

of the present study were subjected to the above-described preparation method.

Note that the sol-gel phase occurred at room temperature, with this phase enhancing strong
surface interactions between reagents [132].

Figure 21 shows that ethanol was added at the beginning of the photocatalyst synthesis, given
that this was the hydrophilic species to be attached to the PPO chains of the Pluronic F-127.
The titanium-rich species (titanium isopropoxide) attach to the hydrophilic PEO tails of the
copolymer[133].

Given that anatase is the most photoactive phase of the TiO2, a high anatase/rutile ratio was
wanted. To accomplish this, the addition of hydrochloric acid contributed towards the
formation of high anatase levels. Citric acid was also used to control and reduce the pH to 0.74,
in order to help functionalize the hydrophilic surface of the TiO. chains. This enhanced the
particle binding to the hydrophilic (PEO) tails of the F-127. The addition of hydrochloric acid
and citric acid to the photocatalyst promoted a rapid hydrolysis process, followed by a slower

polymerization stage.

During the drying process, water, ethanol and HCI evaporated, while the remaining copolymer

was removed during the calcination step, at temperatures of 500°C.

3.4 Photocatalytic Experiments

The photocatalyst was evaluated using the Photo-CREC Water-II reactor with a BLB near-UV

lamp or alternatively with a fluorescent visible light lamp. The hydrogen storage/mixing tank
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was loaded with 6000 mL of water and 0.15 g L' of the TiO2 photocatalyst. Ethanol was used
as sacrificial agent, and the pH was adjusted at the beginning of the reaction to 4 + 0.05 using
H2S04 [2 M].

Prior to the initiation of the experiment, 0.15 g/L of the Pd-TiO> photocatalyst was added to
the solution with the following steps being considered: (a) 0.9 g in total of Pd-TiO, was mixed
with 100 mL of water and subjected to sonication for a 10 min period, to ensure good particle
distribution and avoid possible agglomeration; (b) once a thorough dispersion of the Pd-TiO>
particles was achieved, the photocatalyst-water solution was added to the 6 L of water
contained in the Photo-CREC Water-11 Reactor, (¢) Following this, the pump and lamp were
turned on for 30 min prior to the reaction, allowing lamp stabilization and better photocatalyst
dispersion in the liquid solution. (d) Finally, for 10 min, argon was used as an inert gas for
oxygen removal, from the gas phase in the hydrogen storage tank.

Gas and liquid samples were taken every hour, for 6 h of continuous irradiation. For the
experiments under visible light, an initial photoreduction step with near-UV light was
considered. Before the reaction began, the photocatalyst was photoirradiated for one hour, with
near-UV light, to achieve the further reduction of the catalyst. This approach was reported by
Rusinque et al.[134].

3.5 Analytical Techniques

The gas phase was analyzed with a Shimadzu GC2010 Gas Chromatograph Inc (Mandel,
Guelf, ON, Canada) using argon (Praxair 99.999%) as a carrier gas. This unit was equipped
with a HayeSepD 100/120 mesh packed column (9.1 m x 2 mm X 2 pm nominal SS) (Sigma
Aldrich, Oakville, ON, Canada) used for the separation of hydrogen from air. Additional
details and information regarding the GC analysis of the Pd-TiO, photocatalyst are provided

in Appendix A.

For the liquid phase, the Shimadzu HPLC Model UFLC (ultra-fast liquid chromatography)

System was utilized using 0.1% H3PO4 as a mobile phase. This unit contains a Supelcogel C-
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610H 30 cm x 7.8 mm ID column. This quantitative analysis was performed by employing the
RID (Refractive Index Detector) 10A due to the polar nature of ethanol. This HPLC separated
ethanol from water for further quantification.

A colorimetric method was employed for the quantification of hydrogen peroxide (H202),
being this one of the by-products of the water splitting reaction. H.O> was measured at low
concentrations (0—10 mg L—1 approximately). In the colorimetric method, iodide and N-
dimethyl-p-phenylenediamine (DPD) were used to detect H.O> during the photocatalytic
reaction. The collected sample was mixed with ammonium molybdate that decomposes H20>
in solution and with Kl that oxidizes iodide to iodine[135]. lodine posteriorly oxidizes the DPD
compound, generating a pink color. The DPD compound absorbance was then measured, using
a spectrophotometer Spectronic 200+, Thermo Spectronic (Thermo Fischer, Mississauga, ON,
Canada), which provides a 340 to 950 nm wavelength range and a nominal spectral bandwidth
of 20 nm.

The hydrogen peroxide concentration was estimated using a linear calibration for 530 nm,
considering the absorption spectra of the sample. All the reagents used for hydrogen peroxide
detection were purchased from Hach® (London, ON, Canada). A commercial H.O; technical-
grade solution (30% w/w of H20.) was supplied by BioShop Canada (Burlington, ON,
Canada).

3.6 Determination of H2O2 Concentrations

To determine the amount of H.O», 0.15 mL of KI solution (20%) and 0.15 mL of Mo (VI)
solution (ammonium molybdate in sulfuric acid) were placed in a 10-mL sample. The
volumetric flask was capped and shaken for proper mixing. After 6 min of reaction time, one
pillow of DPD (bag of N, N-dimethyl-p-phenylenediamine), with a total of 25-mL of chlorine
powder, was added to the prepared sample cell. A pink color developed, indicating the presence
of H20.. Subsequently, the sample was transferred to a quartz cuvette, and the absorbance was
measured by a spectrophotometer (Spectronic 200+, Thermo Spectronic). The absorbance was

obtained at 530 nm, in terms of total chlorine concentration ([Cl.]), and according to a
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calibration curve shown in Figure 22. This methodology allowed the quantification of H2O> in

the sample. Deionized water was used as blank.
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Figure 22. Calibration curve of HO> measurements by colorimetric method.

The colorimetric and permanganometry methods were compared to determine the best
approach for hydrogen peroxide identification, specifically for the present study. The
permanganometric titration showed a standard deviation between 9-16%, whereas the
colorimetric method displayed a standard deviation in the 1-3% range, for 0.1to 1.3 mg L'
H20> concentrations. Thus, it was proven that the colorimetric methodology provides more

reliable results when measuring hydrogen peroxide concentrations.

Additional tests were performed to determine the accuracy of both methods (colorimetric and
permanganometric), in the presence of an alcohol. In this case, ethanol was used, given that it
is employed as a scavenger in the photocatalytic reaction. It was observed that the
permanganometric method yielded a 43% standard deviation, while only a 1% standard
deviation was observed using the colorimetry method in the presence of ethanol. The lower
reliability of the permanganometric titration was assigned to the ethanol scavenger
interference. Thus, it was proven that the colorimetric methodology provides, in the present

study, more reliable results when measuring hydrogen peroxide concentrations.
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3.7

pH Measurements

The pH was measured with a digital pH meter Thermo Scientific Orion Star, with an accuracy

of £0.05. The pH was monitored in the slurry every hour, to determine its effect during the

photocatalytic reaction.

3.8

Conclusions

Regarding Equipment, Materials, Photocatalyst Synthesis and Experimental Methods Section

of the present doctoral thesis, these are the main conclusions:

a)

b)

The slurry Photo-CREC Water-11 Reactor unit, allows uniform light distribution inside
the reactor, uniform catalyst distribution, minimum catalyst fouling, a well-mixed
suspension and irradiation measurements, and all this for a controlled photocatalytic
water splitting reaction.

The photocatalyst is activated with a low input 15w Near-UV or alternatively with a
15w visible lamp.

The sol-gel method used in this thesis is adequate for the synthesis of a noble metal
doped TiO2 photocatalyst using a Pluronic F-127 surfactant. This polymeric template
modifies the mesoporous TiO> structure.

Photocatalytic experiments were carried out in the novel unit Photo-CREC Water |1
Reactor under controlled conditions.

Hydrogen and by-products were evaluated using analytical techniques such as GC
chromatography for the gas phase, HPLC for the liquid phase and colorimetry for
hydrogen peroxide identification.

41



Chapter 4

4  Photocatalyst Characterization

This chapter describes the main characterization methods used for assessing the photocatalyst
Pd-TiO2 properties, including chemical composition (elemental composition, and chemical
state), physical properties (surface area, pore size distribution and pore size, phase

composition, metal dispersion and metal crystallite size), and band structure (band gap).

4.1 N2 Physisorption

The BET (Brunauer—-Emmett—Teller) method provides a specific surface area evaluation based
on nitrogen multilayer physisorption, which is measured as a function of relative pressure on
a porous material, with an accuracy of = 0.5% as given by the BET manufacturer. The capillary
condensation principle is applied to determine the pore volume and the pore size distribution.

The area is given in m? g* units.

Inthe BET, it is assumed that the photocatalyst reaches equilibrium under nitrogen atmosphere,
with the amount of adsorbed gas being a function of the adsorbate partial pressure [136]. There
are 6 types of possible adsorption isotherms, with type IV being the most common for

mesoporous materials.

Figure 23 describes the four stages of the nitrogen physisorption process:

a) Stage 1: At low pressures, isolated sites adsorb nitrogen gas molecules.

b) Stage 2: As nitrogen gas pressure increases, the adsorbed nitrogen molecule coverage
increases, forming a monolayer. The BET equation can be used at these conditions, to
calculate the solid specific surface area.

c) Stage 3: As nitrogen pressure rises further, this causes nitrogen multilayer adsorption
surface coverage, with the smaller pores of the sorbent being fully covered first.

d) Stage 4: Finally, increasing the nitrogen gas pressure allows complete filling of the
pores. The BJH calculation can be then used to determine pore diameter, volume and
distribution.
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Figure 23 BET and BJH. Process description [137].

In Stage 2, once the nitrogen monolayer is formed, the resulting sorbed volume of nitrogen gas

can be calculated.

The photocatalyst surface areas were determined using a BET surface area analyzer
(Micrometrics, ASAP 2010) at -195°C. The photocatalyst was degassed at 150°C for (3) hours.
Nitrogen was then used to evaluate the sample and to generate adsorption-desorption

equilibrium isotherms.

On this basis, the BET surface area can be calculated based on Equation 8:
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o CSA x (6.03x1023)
BET ™ (22414 cm3 STP) x (108 nm?)/m? )x (S + Yint)

Equation 8

With CSA being the molecular cross-sectional area of the gas used (nm?) and S and Y the
Slope (S g/cm® STP) and the intercept (YNt g/cm® STP) in the 1/ (v [ (Po/ P) — 1]) versus P /
Po of the BET plot.

To determine the average pore diameter (Dp), the BJH method (Barret, Joiyner and Halendaer)
can be used. This equation considers the experimental obtained isotherms and the Kelvin
equation, which relates the P/Po relative pressure in pores of specific size, at which capillary

condensation takes place [138]:

Cos6 Equation 9

Where P represents the equilibrium pressure in atm, Po the pressure of vapour in atm, y the
liquid surface tension in N/m, Vm the molar volume of the condensed phase in cm®mole, Rk
the mean radius of curvature of the liquid meniscus in m, R the gas constant, T the temperature
in K and 6 the meniscus contact angle. When using nitrogen, a 34.68 cm®mol Vi, a 8.72x10"

8 N/m y and a zero 8 are set [139].

Furthermore, the pore volume (V;) of the photocatalyst is determined, by relating the liquid
nitrogen adsorbed at the P/Po relative pressure at 0.99 [121]. Relative pressure (P/Po) are
considered in the 0 to 0.20 range, with a C constant, related to the sorption energy of the first

adsorbed layer, in the 100-120 range and this for all photocatalysts studied.
Figure 24 reports the adsorption isotherms for the TiO> photocatalyst with different Pd

loadings. These are Type IV isotherms with described adsorption and desorption isotherm

paths for each semiconductor studied[139].
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On the basis of the obtained isotherms the Pd-TiO> photocatalysts of the present study were
characterized. Table 10 reports the specific surface area, the average pore diameter and the
specific pore volume for various mesoporous TiO2 prepared using F-127 template. It is shown
that when using this template, the morphological properties of TiO are improved as follows:
(a) specific surface areas are increased, (b) average pore diameters are augmented, and (c)
specific pore volumes are increased. Furthermore, one can also notice that the F-127-TiOg,

displays both higher porosity and specific surface area than the TiO2 alone.

Table 10 Surface Area and Pore Diameter Using a Pluronic F-127 Template.

SBET DpBJH (4VpBJHlsBET) VpBJH
Photocatalyst (m2g) (nm) (cm3g™)
Degussa P-25 59 7.5 0.25
TiO2 140 17.5 0.61

According to Table 11, the best results for the specific surface area were obtained with the
mesoporous TiO2 photocatalysts. These photocatalysts display a clear increment of the specific
surface area and specific pore volume (Dp) when compared to Degussa P-25 (commercial
titania photocatalyst that is commonly used in photocatalytic reactions). Furthermore, for the
TiO2 doped with palladium loadings greater than 0.25 wt%, a decrease in the specific surface
area was attributed to a moderate blocking of the small TiO2 pores, with Pd leading to an
increment in the average pore size [140].

Table 11 Surface Area and Pore Diameter Using Palladium.

SBET Dp BJH (4VpB‘]H/SBET) VpBJH
Photocatalyst _ _
U [ (m2g™ (nm) (cm*g™)

Anatase 11 7.3 0.05
Rutile 5 4.7 0.05

0.25 wt% Pd-TiO- 131 16.5 0.53
0.50 wt% Pd-TiO- 124 16.8 0.52
1.00 wt% Pd-TiO 123 21.2 0.65
2.50 wt% Pd-TiO> 122 19.9 0.60
5.00 wt% Pd-TiO> 119 18.9 0.56

Furthermore, by using the Barrett-Joyner—Halenda (BJH) method with N2 desorption

isotherm, the pore size distribution was determined. The mesoporous pore size distribution was
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found to be unimodal for the 0.25 and 0.50 wt% Pd-500 °C thermally treated TiO:
photocatalysts, with pore sizes in the 18-22 nm range. However, for the photocatalysts with
Pd loadings equal or larger than 1.0 wt%, a bimodal pore size distribution was observed, with

a second peak at 16—35 nm.

4.2 Temperature Programmed Reduction (TPR)

The chemical state of the Pd dopant is a key parameter that influences photocatalyst
performance. To establish this, TPR analysis allows reduction of PdO with hydrogen, yielding
Pd°. To perform TPR a hydrogen-argon gas blend is used with the temperature of the sample
increasing progressively. The hydrogen-argon gas mixture flows through the sample first and
through the TCD detector, later. When the critical reduction temperature is reached, hydrogen
molecules react with the PdO doped on TiO, forming Pd® and water, which is removed by a
cold trap. The resulting free of water gas with a hydrogen reduced content, is analyzed on line
with a calibrated thermal conductivity detector [141]. The resulting TPR peak is employed to

calculate the total amount of hydrogen consumed and consequently the Pd® loading of the TiO,.

The described H> Temperature Programmed Reduction (TPR) analyses of the Pd-TiO:
photocatalysts were carried out in a Micromeritics AutoChemll Analyzer. A 250 mg
photocatalyst sample were placed in the U-shaped tube with an Ar/Hz (g) (90/10%) gas blend
contacting the sample. Reaction temperatures were changed in a 15°C to 600 °C range, using
an Ar/H: gas flow rate of 50 mL min . The amount of H, consumed was measured using a
thermal conductivity detector (TCD)[142].

TPR analysis showed that palladium oxide reduction [143] yields four distinctive TPR peaks.
The first negative peak at 68 °C was attributed to the decomposition of palladium B-hydride,
which occurred at the beginning of the TPR. This large negative peak at 68 °C was quite
significant at the Pd loadings studied, in excess of 0.25 wt%[144]. This tendency to form

palladium B-hydrides increased when the palladium dispersion increases.
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The second observed TPR peak was a broad one and was assigned to palladium oxide
reduction. This peak started at 200 °C and was completed at 300 °C, the broad peak was
attributed to the particle size distribution (18-22 nm)[145], with larger particle sizes

moderately increasing the palladium oxide reduction temperature.

Furthermore, as reported in Figure 25, the 0.25 wt%Pd-TiO2 showed double peaks in the 400—
600 °C range. The peak at 415°C can be assigned to the interaction between Pd species with
the TiO, support and the peak at 594°C can be attributed to the Ti** ions surface reduction
species [146][142]. Similar trends to the ones reported in Figure 25 were found for all doped
photocatalysts, including the ones in the 0.25 wt% to 5.00 wt% Pd-TiO> loading range, It
should be noted, however, that the second peak in the 200-300 °C range was considered only,
in all the calculations and this to establish the amount of reducible palladium.
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Figure 25 Temperature Programmed Reduction (TPR) of TiO2 and 0.25 wt% Pd-TiOx.

In summary, one can see that for the Pd-TiO- of the present study, the Pd reduction temperature
was above 225 °C, which suggests strong metal-support interactions, potentially leading to

high photocatalytic hydrogen production activity [147].
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4.3 Pulse Hydrogen Chemisorption

The Pulse Chemisorption analysis determines the metal percentage or active species available
for reaction [148].

In Pulse Chemisorption, pulses of hydrogen are contacted with the pretreated photocatalyst to
achieve full chemisorption surface coverage. The volume of chemisorbed hydrogen is
calculated considering the successive cumulative difference between hydrogen pulses and non-
adsorbed hydrogen. Thus, by using hydrogen chemisorption, the total volume of hydrogen
adsorbed on photocatalyst active sites is established [149].

Considering that a hydrogen molecule chemisorbs on a single Pd site, the calculation of the

metal percent dispersion is given by Equation 10 as follows:

Vs x SFcalc
SW x 22414) x MWeale Equation 10[148]

PD = 100X<
Where PD is the metal dispersion percentage, Vs represents the hydrogen volume adsorbed
[cm?® STP], SFcalc stands for the adopted stoichiometry factor, SW expresses the photocatalyst
sample weight [g] and MWocalc is the molecular weight of the noble metal palladium [g/g-

mole].

A pulse chemisorption analysis was carried out in a U-shaped tube filled with 0.15 g of mass
sample and then purged with argon at a rate of 50mL/min, to displace any oxygen present in
the tube. The analysis started with a TPR evaluation to determine all the reducible available
sites, at 500°C. As a result, the volume of hydrogen adsorbed was obtained [150] .

Table 12 reports the hydrogen chemisorption analysis developed in the context of the present
study, showing the effect of metal loading on metal dispersion. One can thus observed that
when Pd is used as a dopant, it is shown that higher metal loadings lead to reduced metal
dispersion. By increasing the metal loading, the metal dispersion decreases, with the metal
loading remaining at a high 75% metal dispersion for the 0.25 wt% Pd-TiOx.
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Table 12 Chemisorption Analysis: Metal Dispersion.

Photocatalyst Metal Dispersion (%0)
0.25 wt% Pd-TiO> 75
0.50 wt% Pd-TiO- 27
1.00 wt% Pd-TiO> 26
2.50 wt% Pd-TiO2 12
5.00 wt% Pd-TiO2 8

4.4 X-Ray Diffraction

X-ray diffraction (XRD) is a non-destructive analytical technique that involves measurement
of the X-rays scattered over a material. This technique is used to identify the active crystalline
phase in a semiconductor material. X-rays are generated by a cathode ray tube and directed
towards the sample. X-ray waves are scattered at different positions and angles, by the electron
clouds around the atoms, producing constructive and destructive interference. The relationship
between the principle of X-ray diffraction and the principle of reflection is given by Bragg’s
Equation:

nA = 2dySin 6 Equation 11

Where, n represents the order of diffraction, A the wavelength in nm, dn the distance between

lattice planes in nm and 6 the angle of the incoming radiation in degrees.

Bragg’s equation relates the wavelength of electromagnetic radiation to the diffraction angle
(20) and the lattice spacing in a crystalline sample [151]. For TiO2, X-ray diffraction allows
the determination of the semiconductor structure. This is determined to be tetragonal for

anatase and rutile or orthorhombic for brookite.

The XRD spectrum for each material was measured in a Rigaku Rotating Anode X-Ray
Diffractometer (Rigaku, Auburn Hills, MI, United States) rated at 45 kV and 160 mA. For the
characterization of the atomic structure of the photocatalysts, scans were taken between 20—

80°, with a step size of 0.02° and a dwell time of 2 s/step.
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XRD patterns for the different photocatalysts, are shown in Figure 26. XRD peaks for DP25,
anatase and rutile are also given in Figure 26 in order to compare them with those of the Pd-
TiO2 photocatalysts. XRD peaks at 25°, 38°, 48°, 54°, 63°, 69°, 70.5° and 75° 20 diffraction
angles were assigned to anatase (101), (004), (200), (105), (204), (116), (220) and (215) crystal
planes or lattice parameters (h k 1), respectively. [JCPDS No. 73-1764], whereas XRD peaks
at 40.12° and 46.66° were assigned to Pd (111) and (200) crystalline planes, respectively

[JCPDS No. 87-0638].
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Figure 26 X-Ray Diffractograms for Pd-Doped TiO. Photocatalysts. XRDs for A = anatase

and Pd = palladium are shown as a reference.

Furthermore, Figure 26 also reports that the XRD diffractograms for Pd-doped TiO:
consistently showed a significant anatase XRD peak. The nature of the desirable anatase peaks
in this semiconductor was confirmed with a 99.7% anatase reference sample from Aldrich
[152]. For all the photocatalysts, anatase was the dominant TiO. crystalline phase assumed as
100% with no rutile being present. The high anatase content is closely related to the calcination

temperature during the photocatalyst synthesis process.
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One should mention that a third peak at 26 = 68.1° (220), obtained when using Pd as a dopant,

could overlap with anatase, and as a result, cannot be used for adequate Pd identification [153].

Figure 27 reports a comparative analysis of XRD diffractograms, for the mesoporous
photocatalysts before and after exposure to 1 hour of near-UV photoreduction. There is a peak
at 34° of the 20 angle scale, which corresponds to (002) reflections of a tetragonal palladium
oxide phase [JCPDS 41-1107]. Furthermore, the peaks at 40° and 46° of the 20 angle scale
relate to the Pd° [JCPDS No. 87-0638]. Thus, there is a structural difference in the
semiconductor material after the reduction process, which is the absence of XRD detectable

palladium oxides and the formation of metallic palladiumh k1 (11 1) and (2 0 0).
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Figure 27 Comparative Analysis of 0.25 wt% Pd-TiO2 Photocatalysts Before and After
Reduction. A = anatase, PdO = palladium oxide and Pd° = metallic palladium.
Furthermore, the average size of the crystallites was calculated based on XRD peak broadening

using the Scherrer Equation:

KA Equation 12
Lhw =5——
Bhkl Cos ©

52



Where K represents the shape factor of 0.94 for cubic grains, L the crystallite mean size, A is
the X-ray wavelength, B the line broadening at half the maximum intensity (FWHM) and 6
the Bragg angle.

The calculated crystallite sizes were between 9 and 14 nm and are reported in Table 13.

Table 13 Photocatalyst Crystallite Sizes.

Photocatalyst Crystallite Size (nm)

DP 25 21

TiO2 (this study) 9
0.25 wt% Pd -TiO> 11
0.50 wt% Pd -TiOz 11
1.00 wt% Pd -TiO- 11
2.50 wt% Pd -TiO- 13
5.00 wt% Pd -TiO- 14

Moreover, the calculated a, b and c lattice constants of the tetragonal anatase unit cells are
reported in Table 14. This shows that pure anatase was successfully obtained with the phase
structures being maintained at o = =y = 90° angles. These resulting a, b, and ¢ parameters
are in close agreement with those reported in the literature [53]. The lattice parameters a="b #

c and the crystal planes were calculated for the anatase phase as (h k1) = (10 1).

Table 14 Lattice Parameters for TiO2 and Pd doped TiOs.

Photocatalyst | a=b c |20 (deg) | d(A)
DP 25 [154] 3.7821 | 9.5022 | 25.33 | 3.5139
TiOy (this study) | 3.7679 | 9.5002 | 25.41 | 3.5025
0.25 wt% Pd TiO, | 3.7832 | 9.4833 | 25.33 | 3.5139
0.50 wt% Pd TiO2 | 3.7858 | 9.4737 | 25.31 | 3.5155
1.00 wt% Pd TiO; | 3.7825 | 9.5099 | 25.32 | 3.5147
2.50 wt% Pd TiO2 | 3.7748 | 9.4713 | 25.38 | 3.5065
5.00 wt% Pd TiO2 | 3.7691 | 9.4809 | 25.41 | 3.5025

Additionally, X-ray diffraction analyses were developed to determine whether there were
changes in the photocatalyst crystalline structure during photocatalytic water splitting

reactions. After 6 hours of irradiation, the anatase phase was found remaining predominant in
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the TiO photocatalyst. Furthermore, all the anatase peaks remained present in the palladium
photocatalysts, except for the (200) peak that overlapped with the noble metal Pd at the 46.66°.
Palladium peaks were consistently identified at a 40.12° angle (111) band, before and after the
extended 6 hours photocatalytic runs. As can be seen in Figure 28 however, the 46.66° (200)

peak was no longer observed where the signal could be too weak for a reliable analysis.
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Figure 28 XRD Diffractograms for the Pd-Doped TiO, After 6h of Photocatalytic Water
Splitting. XRD for anatase, rutile and undoped TiO; are reported, as a reference for

comparison: A = anatase, R= Rutile, Pd=Palladium.

4.5 Band Gap

Semiconductors display a characteristic band gap in the near-infrared, visible or UV spectrum.
Light absorption is null below the absorption edge. It augments once the light energy is high

enough to excite electrons[155]. When a photon excites an electron from the valence band, it
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jumps to the conduction band creating an electron-hole pair. Based on quantum mechanics, the
probability of a photon exciting an electron from an initial to a final quantum state determines

the frequency of absorption a(v).

An indirect band gap is determined by considering the incremental photon energy:
hv=> Eg a o (hv — Eg+hQ)? Equation 13[155]
Where:

hQ represents the photon energy involved in the transition process and a denotes the absorption

coefficient. h is the Planck constant and v represents the radiation frequency.

To determine the band gap, a UV-VIS-NIR Spectrophotometer (Shimadzu UV-3600,
Nakagyo-ku, Kyoto, Japan) equipped with an integrating sphere was used, and employed

BaSOs as a reference material[156].

By using the Kubelka—Munk (K-M) method, Tauc plots were developed, in order to establish
the corresponding band gaps for each photocatalyst, based on Equation 14 [157].

ahv = A (hv -Eg)™ Equation 14
Where A is the optical constant, o represents the absorption coefficient, Eg denotes the optical
band gap in eV, m stands for a value equal to 2 for indirect transitions, h is the Planck constant
(6.34E-34 J s/photon) and v represents the radiation frequency (v = c/A). c is the speed of light

under vacuum (3.00E8 m/s?) and A represents the wavelength in nm.

Figure 29 reports the variation of the "(ahv)Y 2" function versus the photon energy "hv". By
applying the straight-line method proposed by Tauc, the indirect optical band gap is calculated
when the straight line intersect the x-axis[158]. It is inferred on that basis that increasing the
doping noble metal loading reduces the absorbance.
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Figure 29 shows as well, that when using the 0.25 wt% Pd-TiO-, a linear extrapolation yields
a 2.51 eV band gap. This 2.51 eV band gap corresponds to a 494 nm. The 2.51 eV and gap
represents a significantly reduced Eng, when compared to the 2.99 eV band gap obtained for
mesoporous TiO2 without Pd, as reported in Table 15. It is also observed in Table 15 that using
Pd loadings above 0.25 wt%, yields a reversed trend in the Eng, with band gaps increasing

steadily instead.

It could be observed that the higher the noble metal loading, the more that visible light is
absorbed. To quantify this effect, Equation 15 is used to calculate the fraction of absorbed
light:

Abg
%VUI = 20N+ 100% Equation 15[102]

A max

A min [da
Where VUI represents the visible utilized irradiation, | denotes the irradiance in photon/s, Amin
and Amax correspond to the minimum and maximum wavelengths of solar irradiation,

respectively and Abg stands for the band gap wavelength.

The VUI is incremental in the 21-31% range for different noble metal loadings. This effect can
be attributed to the palladium crystallite sizes, with being these larger at higher palladium
loadings, and displaying an improved visible light absorption [159].

Table 15 Optical Band Gap for a Photocatalyst Modified by Pt and Pd.

Band gap (eV)| Wavelength (nm) |% of absorbed visible light
DP-25 3.03 410 3.24
TiO 2.99 415 4.91
0.25wt%Pd-TiO> 2.51 494 31.34
0.50wt%Pd-TiO: 2.55 486 28.75
1.00wt%Pd-TiO- 2.60 486 28.75
2.50wt%Pd-TiO: 2.67 464 21.47
5.00wt%Pd-TiO> 2.67 464 21.47

According to Table 15, there is band gap reduction for the 0.25 wt% Pd-TiO», with this change
being is attributed to the Fermi level changes. This variation can be assigned to the sp-d orbital
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exchange interactions between the band electrons and the localized d electrons of the Pd 3d
ions, substituting the Ti4" cations. The s-d and p-d exchange interactions give rise to a
downward shift of the conduction band edge and an upward shift of the valence band edge,
leading to a band gap narrowing [156], [158], [160]-[162]. However, at higher than 0.25%wt
Pd loadings, it is speculated that the band gap increase is due to the dominant d-d transitions

over the sp-d transitions.

It appears that low noble metal loadings (e.g., 0.25%wt Pd-TiO) facilitate both charge
collection and light absorption[163]. Low Pd loadings give rise to localized energy levels in
the band gap of the TiO.. In this case, the valence band electrons of the TiO> are excited at
wavelengths longer than 400 nm [164]. Alternatively, excessive noble metal loading may lead
to smaller photocatalyst specific surface areas, with larger metal crystallites formed with PdO
inclusions [165]. In this respect, XPS confirmed that the PdO presence shields incident
photons, blocking light absorption and preventing the generation of semiconductor electron-
hole pairs [166].

4.6 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis is a non-destructive technique that can be
used to identify the elemental composition and the oxidation/reduction states in the first atomic

layers of palladium in the synthesized photocatalyst [167].

In the XPS analysis, two cathodes can be used as energy emission sources: a) Al-Ka/(1,486.6
eV) and b) Mg-Ka(1,253.6 eV)[155]. Peaks are the result of the incident light on the sample.
Each peak is proportional to the number of atoms present. The chemical state of the emitted

atoms affects the shape of the peak and the binding energy[155].

The relation between the binding energy (BE) and the electron kinetic energy (KE) is given

by Equation 16.

BE=hv-KE-¢ Equation 16
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Where hv represents the incident photon energy and ¢ stands for the work function. The
samples were analyzed by X-ray photoelectron spectroscopy (XPS) using a Kratos AXIS Supra
X-ray photoelectron spectrometer. XPS can detect all elements except hydrogen and helium.
It probes the surface of the sample to a depth of 7 - 10 nanometres and has detection limits
ranging from 0.1 - 0.5 atomic percent depending on the element. The survey scan analyses
were carried out with an analysis area of 300 x 700 microns and a pass energy of 160 eV. The
high-resolution analyses were carried out with an analysis area of 300 x 700 microns and a
pass energy of 40 eV. A lower resolution pass energy was used for the high-resolution analyses
as the amount of Pd present was very small. The Pd 3d spectrum was also collected for a very

long time to achieve sufficient signal/noise.

Quantitative XPS analyses were performed in the present study, for the 0.25 wt% Pd-TiOs..
XPS analyses were carried out before photoreduction and after 60 min photoreduction, under
near-UV irradiation. The Pd 3d3/2 and Pd 3d5/2 spin orbital splitting photoelectrons were
observed in both the photoreduced and non-photoreduced 0.25 wt% Pd-TiO> photocatalysts.

Figure 30 reports the photoreduced and non-photoreduced 0.25 wt% Pd-TiO photocatalyst
XPS peaks. XPS peaks were analyzed via band deconvolution, at the 334.54 eV, 336.38 eV,
339.69 eV, and 341.54 eV characteristic binding energies.
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Figure 30 High-Resolution X-Ray Photoelectron Spectroscopy (XPS) Spectra for 0.25 wt%
Pd-TiO2: (a) Before near-UV photoreduction and (b) After 1 hour of near-UvV
photoreduction. Note: Continuous lines represent Pd® at (i) 3d5/2 and (ii) 3d3/2. Broken lines
represent PdO at (iii) 3d5/2 and (iv) 3d3/2.

59



The Pd 3d spectrum is curve-fitted with spin-orbital doublets and splitting separation values of
5.26 eV, with doublet constrained FWHMs (the full-widths-at-half-maximum), and peak area
ratios of 3:2 (Pd 3d5/2: Pd 3d3/2). The metallic Pd® line-shapes are asymmetric (defined as LA
(1.9,7,2) in CasaXPS) and match those of a standard sputter cleaned Pd® spectrum, while the
Pd oxides display symmetrical peak shapes. The Pd (1) and Pd (IV) spectra use a 70%

Gaussian - 30% Lorentzian product formula mixed line-shape.

Table 16 reports the observed binding energies, for the 0.25 wt% Pd-TiO», with the FWHM
and percentual areas.

Table 16 High-Resolution X-Ray Photoelectron Spectroscopy (XPS) Spectra Binding
Energies and Peak Areas for the 0.25 wt% Pd-TiO», Before Photoreduction and After 60 min
of Photoreduction Using Near-UV lIrradiation.

Before Photoreduction After 60 min of Photoreduptlon Using Near-
UV lIrradiation
PeakName I "5iqing ™ FWH %
g 0 Position FWHM % Area
Energy M Area
Pd 3d3/2 PdO 341.54 2.00 50.2 341.49 2.00 18.3
Pd 3d3/2 Pd°® 339.69 1.13 49.8 339.56 1.29 81.7
Pd 3d5/2 PdO 336.28 2.00 50.2 336.23 2.00 18.3
Pd 3d5/2 Pd° 334.43 1.13 49.8 334.30 1.29 81.7

According to Table 16 and Figure 30, in the XPS analysis, the 0.25 wt% Pd-TiO. photocatalyst
displays the two most intense peaks, at 334.43 and 339.69 eV. These peaks were assigned to
the metallic Pd. Furthermore, there are two other weaker recorded peaks at 336.28 and 341.54
eV, which are attributed to 3d5/2 and 3d3/2 binding energies of the PdO species.

Considering that after 60 min under near-UV photoreduction, 18.3% of PdO remains present
in the photocatalyst, an increment in the near-UV exposure time could lead to a more reduced
semiconductor. Figure 31 displays the observed binding energies for the 0.25 wt% Pd-TiO:
before and after 24 hours of near -UV light exposure.
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Figure 31 High-Resolution X-Ray Photoelectron Spectroscopy (XPS) Spectra for 0.25 wt%
Pd-TiO, Before Near-UV Photoreduction and After 24 Hours of Near-UV Photoreduction.

Table 17 reports a comparison between the XPS binding energies of the 0.25 wt% Pd-TiO-
photocatalyst before and after 24 hours of near-UV photoreduction. One can see that there is a
significantly increased in Pd°® content ranging from 49.8% up to 100% after near-UV
irradiation, with no PdO presence. This increased Pd° is the result of near-UV electrons
reducing the oxidized Pd species.

Table 17 Comparison between High-Resolution X-Ray Photoelectron Spectroscopy (XPS)
Spectra Binding Energies and Peak Areas for the 0.25 wt% Pd-TiO, Before and After 24
Hours of Near-UV Light Exposure.

Before Photoreduction After 24 Hours of Photor_edL_Jctlon Using Near-
UV Irradiation

Peak Name —

Binding %

FWHM Pos FWHM % Area
Energy Area

Pd 3d3/2 PdO | 341.54 2.00 50.2 339.7 0.90 0.0
Pd 3d3/2 Pd° 339.69 1.13 49.8 - - -
Pd 3d5/2 PdO | 336.28 2.00 50.2 - - -
Pd 3d5/2 Pd° 334.43 1.13 49.8 344.4 0.86 100.0

Furthermore, the XPS analysis of the 0.25%wt Pd-TiO> photocatalysts, also showed Ti 2p and

O 1 s bands at peaks of 454 and 526 eV, respectively (Figure 32). These bands were assigned
to the titanium oxide photocatalyst.
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CPS

Name Pos. At%
O 1s 52600 573
Ti2p 45400 259
Nlis 396.00 0.3
Kis 373.00 0.3
Calp 34400 0.1
Pd3d 331.00 0.1
Cls 28100 158
Plp 131.00 0.2

O ls

Ti2p

Ti 28

1200
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Figure 32 Survey Scan Analysis for 0.25 wt% Pd-TiO..
Conclusions

The following are the main conclusions of the present chapter:

a)

b)

c)

d)

BET analysis can be used to establish specific surface area and pore size distribution
of the synthesized photocatalyst of the present study.

XRD analysis can provide valuable information on main semiconductor phases in the
photocatalyst, as well as on its crystallite sizes.

Pulse Hz> chemisorption can be employed for the determination of the noble metal
dispersion.

UV-Vis Spectroscopy and the derived Tauc plots can be used to establish the impact of
Pd on band gaps. This is a very important consideration for hydrogen production via
photocatalytic water splitting.

Near-UV photocatalyst photoreduction by visible light irradiation can lead to a fully
reduced photocatalyst. This may involve effective electron reservoirs, limiting electron
hole recombination.
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Chapter 5

5  Macroscopic Irradiation Energy Balance (MIEB)

The operation of the Photo-CREC Water-11 reactor involves the emission of photons and their
absorption in a circulating semiconductor slurry suspension media. To be able to establish the
absorbed radiation in the Photo-CREC Water-11 Reactor, macroscopic irradiation balances

must be established in order to obtain accurate energy efficiency calculations.

5.1 Irradiation and Measurements

Irradiation in the Photo-CREC Water-11 reactor (PCW-11) is provided by an inner lamp located
at the centre of the reactor. This reactor type that allows homogenous photocatalyst
recirculation, can be seen in Figure 33. The reactor unit is equipped with seven (7) silica
windows located on the outer polyethylene reactor tube surface. Irradiation measurements are

taken along the reactor axis by using these windows.

[ i
| Radiation Measurement |
l Ports i

Visible-Light Lamp

=—>! Slurry Flow Out

Figure 33 Schematic Representation of the 6000 cm? Slurry Control Volume Used to Obtain
Macroscopic Irradiation Balances.

A fibre optic spectroradiometer StellarNet EPP2000-25 measures the lamp emitted photon
irradiation spectra. Measurements were taken in the 300 nm to 420 nm wavelength range for

near-
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UV experiments and in the 300 to 720 nm wavelength range for visible light spectra. The

scanning time for all measures was set at 300 ms, to prevent reading saturation.

As described in Figure 34, the optical fibre spectroradiometer sensor is placed at a central
position along the reactor axis to perform measurements. This determines a symmetric
radiation profile along the PCW-II axial length. Emitted radiation is detected by the
spectroradiometer and evaluated in: a) An empty PCW-II unit, b) A water filled PCW-I1 unit,
¢) A suspended photocatalyst filled PCW-II. Evaluation for ¢) conditions are developed before

and after every experimental run.

Angle ~ 180°

Ti0O2 photocatalyst -

Lamp

Sensor : 'Oﬂptical Fibre
surface

Spectroradiometer

Silica Windows —-

Figure 34 Photo-CREC Water-11 Reactor with Optical Fibre Sensors in Place to Measure
Transmitted Radiation [168].
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5.2 Macroscopic Irradiation Energy Balance (MIEB)

Macroscopic Irradiation Energy Balances can be established using a “photocatalyst control

volume” established by Salaices, Serrano and de Lasa [99] as follows:

P, =P — Py — F;

Equation 17

Where Pa is the rate of absorbed photons, P;i the rate of photons reaching the reactor inner

surface, Pps the rate of backscattered photons exiting the system, and P; the rate of transmitted

photons in Einstein/s.

Figure 35 describes the various radiation contribution involved in Equation 17:

Ti0:
photocatalyst

Lamp

Pyrex tube

Control volume

Silica Windows

Pa-wall
A
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Figure 35 Macroscopic Irradiation Balance in a TiO2 Water Suspension [99].



Furthermore, P; which accounts for the rate of incident photons reaching the slurry suspension

can be calculated as follows:

P; = Py — Py watl (Einstein/s) Equation 18

with Po being the rate of photons emitted by the lamp, which is estimated from radiometric
measurements as follows:

“a( Equation 19
PD - fjlz A f{}L J'OZ Q(ﬂ, Z, A)Idﬁdzdﬂ quation

With q (6, z, 1) being the radiative flux expressed in J s™' m=, A representing the photon
wavelength in nm, r denoting the radial coordinate in m, z being the axial coordinate in m, h
representing the Planck’s constant in J s, and ¢ denoting the speed of light expressed inms™.
The Pawan in Equation 18 represents the rate of photons absorbed and reflected by the inner

Pyrex glass surface.

During photocatalytic experiments, photons are absorbed by the photocatalyst and scattered on
the photocatalyst surface, while evolving in the slurry phase. In this respect, Pys in Equation
20, accounts for the backscattered photons, with this being the difference between P; and
Puc—o+. Puc—o-+ IS the rate of photons transmitted at a photocatalyst concentration approaching

zero [169] as follows:

Pys = Pi — Pt| .o+ Equation 20

One should note that the backscattering centres on TiO- are assumed to be located on the outer

surface layer of photocatalyst, close to the Pyrex wall surface.

Furthermore, P: accounts for the difference between the transmitted non-scattered radiation

(Pns) and the forward-scattered radiation (Pss) as follows:

Py = By + Pgg Equation 21

(Pts + Pns) can be measured by employing aluminum polished collimators, which capture

photons reaching the photodetector with large view angles [170].
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The described macroscopic balances were originally obtained from experiments using near-
UV irradiation in photocatalytic reactors [99]. However, given that macroscopic balances are

not photon wavelength dependent, they were extended to visible light irradiation.

5.3 Near-UV-Light MIEB

To assess the Pa as shown in Equation 17, macroscopic balances using near-UV light were
established at the central axial position of the PCW-II unit, using a 0.15¢/L photocatalyst

concentration.

Table 18 reports radiation measurements for various TiO2 photocatalysts with different metal

loadings.

Table 18 Absorbed Photon Rates on TiO2 Photocatalysts, at Different Pd Metal Loadings,
under Near- UV Light.

: Pt Pt | c>0* Pbs Pa % Abs.
UV Light o L S S .
(Einstein/s) | (Einstein/s)| (Einstein/s) | (Einstein/s) | Efficiency

TiO; 3.09E-06 5.94E-06 1.70E-06 3.11E-06 37.8
0.25wt% Pd 8.17E-07 3.66E-06 2.42E-06 3.18E-06 49.6
0.50wt% Pd 2.53E-07 3.43E-06 2.65E-06 3.52E-06 54.8
1.0wt% Pd 1.85E-06 6.69E-06 1.50E-06 5.11E-06 60.4
2.5wWt% Pd 1.67E-06 5.18E-06 3.01E-06 3.77E-06 44.6
5.0wt% Pd 1.18E-06 4.68E-06 3.51E-06 3.76E-06 44.5

Note that for all the runs, the photocatalyst concentration was set at 0.15g/L with : a) Po at
6.75E-06 Einstein/s, for 0.25 to 0.50wt% Pd-TiOz, b) Po set to 8.87E-06 Einstein/s for 1.00 to
5.00wt% Pd-TiO2. 96% radiation was transmitted through the Pyrex glass tube, in all cases.
All reported data are average values of 3 repeats.

According to Table 18, one can observe that additions of Pd to TiO show that (a) Lower Pd
levels (0.25 to 1.00 wt%) lead to an increased Pa and high absorption efficiencies while
compared to undoped TiO2, and (b) Higher Pd levels (2.50 and 5.00 wt% Pd) give smaller P,
and a reduced absorption efficiency. These findings are in line with an increased rate of
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transmitted photons when using low Pd loadings, as well as with the incremental photon

backscattering that occurs when using higher Pd loadings.

The 1.00wt%Pd-TiO> displayed the best photon absorption. However, for this semiconductor,
the noble metal loadings added were 4 times greater than the 0.25wt%Pd-TiO.. An evaluation
of the cost-benefit relation indicates that by using the 1.00%wt Pd-TiO2 semiconductor, the
photocatalyst initial cost increases by 400% to obtain just an additional 40% of photon

absorption.

Thus, it was considered that the 0.25wt%Pd-TiO2 photocatalyst was the most suitable option
for a more efficient hydrogen production process. Table 19 shows the results obtained when

using a 0.25wt%Pd-TiO2 photocatalyst, at a catalyst concentration of 1.00g/L.

Table 19 Rate of Absorbed Photons at a 1.00 g L™ Catalyst Concentration under Near-UV

Light.
Catalyst (g/L) Pt Pt | 0" Pbs Pa % Abs.
concentration (Einstein/s) | (Einstein/s) | (Einstein/s) | (Einstein/s) | Efficiency
1.00 4.66E-09 1.64E-06 4.44E-06 1.97E-06 30.8

According to Table 19 increasing the photocatalyst concentration reduces photon absorption.
This is due to the backscattering phenomenon, where most of the irradiation provided by the

light source is lost as backscattering in the slurry medium.

5.4 Visible light MIEB.

The Pa (rate of absorbed photons) was calculated as shown in Table 20, when using the
photoreduced photocatalyst, with this photoreduction achieved after 1 hour under near-Uv
irradiation. One can thus see, that TiO2 alone absorbs moderately visible light and this due to
the modified morphology of the prepared photocatalysts. For 0.25 wt% Pd-TiO., there is a
significant Pa increase, versus the Pa value obtained when undoped TiO: is utilized. However,

one can also observe that larger loadings than 0.25 wt% Pd on TiO,, yield a mildly increased
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Pa, with 1.00 wt% Pd on TiOz giving a maximum Pa. Larger than 1.00 wt% Pd on TiO: yield

a modest Pa decrease, while consequently diminishing the absorption efficiency.

Table 20 Visible Light Absorbed Photon Rates on TiO> Photocatalysts, at Different Metal
Loadings, after 1 Hour of Near-UV Irradiation.

Visible Pt Pt | c50* Pbs Pa % Abs.
Light (Einstein/s) (Einstein/s) (Einstein/s) (Einstein/s) Efficiency
TiO, 5.83E-06 7.71E-06 1.52E-06 2.23E-06 23.3

0.25wt% Pd | 2.45E-06 6.69E-06 2.47E-06 4.37E-06 45.7
0.50wt% Pd | 2.55E-06 6.78E-06 2.65E-06 4.36E-06 48.1
1.00wt% Pd | 2.68E-06 7.94E-06 1.26E-06 5.62E-06 58.6
2.50wt% Pd | 2.68E-06 7.19E-06 2.03E-06 4.87E-06 50.8
5.00wt% Pd | 1.73E-06 6.18E-06 3.04E-06 4.81E-06 50.2

The photocatalyst concentration used for the water splitting reactions was 0.15g/L, with P, =
9.69E-06 Einstein/s for 0.25wt% Pd-TiO2, Po = 9.58E-06 for 0.50wt% Pd-TiO, and Po =
9.94E-06 for 1.00 — 5.00wt% Pd-TiO>, with 96% radiation being transmitted through Pyrex

glass tube, for all cases. All reported data are average values of 3 repeats.

An additional evaluation of the pre-reduced 0.25wt%Pd-TiO2 under visible light was
performed using the photocatalyst after 24 h under near-UV irradiation. Table 21 shows that
after 24 h under near-UV light, the photocatalyst reduces its photon absorption efficiency from
an initial value of 45.7% to 39%, with these results setting excellent prospect for extended
application of the 0.25wt%Pd-TiO..

Table 21 Rate of Absorbed Photons under Visible Light after 24 h Near-UV Irradiation.

Catalyst (g/L) Pt Pt | e>0" Pbs Pa % Abs.
concentration (Einstein/s) | (Einstein/s) | (Einstein/s) | (Einstein/s) | Efficiency
0.15 2.21E-07 8.39E-06 1.04E-06 3.72E-06 39
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5.5

Conclusions

The macroscopic irradiation energy balances obtained under both near-UV light and visible

light, are considered in this chapter, with the following being the main conclusions:

a)

b)

d)

Photocatalyst doped with palladium enhances photon absorption efficiencies, and this
when compared with the undoped TiO2. This was found to be true for Pd-TiO>
photocatalyst irradiated with both near UV and visible light.

Photocatalyst photoreduction during 1 hour using near-UV, favourably influence
photon absorption.

The Pd-doped TiO: display a similar trend under both near-UV and visible light
irradiation, with a moderately increase of the Pa up to 1.00%wt Pd on TiO2. However,
the Pa tends to decrease at higher metal loadings, with this being attributed to
augmented photon backscattering.

The Pd-doped TiO: photocatalyst displaying the highest photon absorption efficiency
(0.25%wt Pd-TiO,) was selected for hydrogen production via water splitting.
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Chapter 6
6  Hydrogen Production Yields and By-Products

Hydrogen production experiments were performed in the Photo-CREC Water-11 Reactor under
both near-UV light and visible light, before and after photoreducing the photocatalyst. The
palladium doped TiO> photocatalyst was used, together with ethanol, which acted as an organic
scavenger. On this basis, a reaction network is postulated in this chapter, for both near-UV and

visible light irradiation sources. All experiments were conducted under an argon atmosphere.

In all cases, the cumulative hydrogen produced is reported in volumetric units, at standard

conditions (cm® STP or cubic centimeters at atmospheric pressure and room temperature).

6.1 Photocatalytic Mechanism

Water splitting reactions under an argon inert atmosphere using ethanol as a sacrificial agent,
promote the formation of hydrogen as a main product and other different by-products, as a
result of oxidation-reduction reactions. Hydrogen production is feasible when using a
palladium-doped titanium dioxide photocatalyst with a reduced band gap, as reported in
Chapter 4.

Regarding the photocatalytic reaction, it can be hypothesized that different by-products are
formed due to photoredox reactions, as observed in Figure 36. Palladium creates holes, that
react with the organic scavenger ethanol, and form by-products. In the gas phase, in addition
to hydrogen, the detected by-products include methane, ethane, ethylene, acetaldehyde, CO,

and COs.. In the liquid phase, ethanol and hydrogen peroxide were also identified.

Hydrogen production is reported after 165 experimental runs using different Pd loadings (0.25,
0.50, 1.00, 2.50 and 5.00 wt% Pd) on TiO». Mechanistic considerations reported in the present
manuscript are established for a 0.25 wt% Pd-TiO, semiconductor at a 0.15 g L™ photocatalyst
concentration. The 0.15 g L™! photocatalyst concentration was found to be the optimum Pd
loading for hydrogen production [171]. Regarding the 0.25 wt% Pd-TiOg, it displayed a
reduced band gap of 2.51 eV, as reported in Chapter 4. This allowed hydrogen to be produced,
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under visible light, as well. The absorbed radiation was evaluated via macroscopic irradiation

energy balances, in Chapter 5.

Pd TiO2

H20 == H™+ OH
Y2 Hz
Catalytic site
C2Hs50H
Hog Reduction
C CHa+ C2Hs
Conduction Band
H + e

C2Hs50H
Valence Band Oxidation
OH'g
h* ﬁ CO + CO2 + C2H40
OH + h*

Figure 36 Hydrogen Reactions Steps using Pd-TiO> as a Photocatalyst and Ethanol as an

Organic Scavenger.

Figure 36 describes hydrogen production via a ‘‘series—parallel’’ redox reaction network as

follows:

a) Near-UV or visible light sources emit photons that reach the photocatalyst surface.

b) An electron jumps from the valence band to the conduction band, creating an electron-hole
pair. The electron must have a higher energy level to surpass the band gap. With a band gap
reduction, the gap is narrowed, and the electron can be promoted more easily, from the valence

band to the conduction band.

c) Palladium traps the excited electrons, moving on the semiconductor surface, thus avoiding

electron-hole recombination.

d) Water splits, forming intermediate OH" and H" radicals, with H" reacting further and yielding

molecular hydrogen.
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e) Ethanol, as an OH" organic scavenger, is consumed via different reaction pathways, and
forms various oxidation by-products, such as acetaldehyde, CO, and CO3, as described with
Equations 24— 28.

f) Ethanol and ethanol by-products are reduced via the H- radicals present, yielding methane,

ethane, and ethylene, as reported with Equations 29— 31.

Pd/Tio, -
hv —— h* +e

-~

H20 (ads) Pd/TiOz  H*(gs) + OH™ (ads)

p OH +ht Pd/Ti0z o Equation 22

- Pd/Tio Pd/Tio: .
H* (o) + € PO P02, 1, Equation 23

Based on oxidation-reduction reactions, by-products, such as acetaldehyde, CO, and CO,

methane, ethane, and ethylene are produced.

Oxidation Reactions

a) Acetaldehyde

Pd/TiO .

C,H;0H + OH°® L? C,H;0™ + H,0 Equation 24
Pd/TiO .

C,H;0™ + OH ki C,H,0 + H,0 Equation 25

The addition of Equations 24 and 25 yields the following overall equation:

Pd/TiO .
C,H;OH + 20H°® L? C,H,0 + 2H,0 Equation 26
b) Carbon Dioxide
Pd/TiO .
2C,Hs;0H + 60H° Lﬁ 4C0, + 9H, Equation 27
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C) Carbon Monoxide

Pd/TiO .
C,HsOH + 80H" A T 7H,0 Equation 28

Reduction Reactions

d) Methane
C,H;OH + 4H* w 2CH, + H,0 Equation 29
e) Ethane
C,HsOH + H* %% ¢, H, + OH Equation 30
f) Ethylene
C,H:OH w C,H, + H,0 Equation 31

Additionally, hydrogen peroxide is produced, due to the recombination of some of the OH

radicals present:

OH* + OH* "% H,0, Equation 32

In summary, highly valuable products are generated from the redox reactions, when using the
scavenger ethanol. Hydrogen and other hydrocarbon products are formed, with a very small

ethanol consumption.

6.2 Hydrogen Production
The performance of the Pd-TiO, photocatalyst was evaluated in the Photo-CREC Water-II

Reactor. A centrally located BLB UV lamp or Phillips visible light lamp were placed in the

PCW-II. This equipment also included a 6000 cm?® storage/mixing tank. Experiments were
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carried out either under a near-UV light or under a visible light for 6 hours of continuous

irradiation. The lamp was turned on for 30 min before each run, in order to reach stabilization.

In the storage tank, 6000 cm?® of water were loaded together with a 2 v/v% of ethanol, which
was used as scavenger. The photocatalyst was sonicated in water for 10 min to avoid the
formation of particle agglomerates. The initial pH was adjusted to 4 + 0.05 with H,SO4 [2M],
in order to ensure H-availability, for the water splitting process. Argon was circulated for 10
min to displace the oxygen present and to guarantee an inert atmosphere.

Gas samples were analyzed using the Shimadzu GC2010 (gas chromatograph). For ethanol,
samples  were periodically quantified utilizing a HPLC (UFLC Ultra-Fast
Liquid Chromatograph). To identify hydrogen peroxide, the absorbance was measured by a

spectrophotometer (Spectronic 200+, Thermo Spectronic).

6.2.1 Hydrogen Production Under Near-UV Light

Palladium was used as co-catalyst to dope the structure of the TiO2 photocatalyst. It is shown
in this PhD dissertation, that Pd noble metal enhances hydrogen production, and this when
compared to the undoped mesoporous TiO2. Nobel metal crystallites reduce the band gap and
facilitate electron capture [172]. As a result, Pd reduces the recombination between holes and
electrons, promoting a better photocatalytic water splitting performance [173].

Figure 37 reports the influence of the Pd on the TiOo, in terms of cumulative hydrogen volume.

Figure 37 shows that there is a maximum volume of 140 cm® STP of hydrogen produced in six
hours under near UV irradiation when using 1.00 wt% Pd on TiO2. This volume is slightly
higher than the maximum volume of hydrogen produced when using 0.25 wt% and 0.50 wt%
Pd-TiO2, and three times the volume of hydrogen obtained with undoped TiO2. One should
also note that this volume is close to the 113 cm® STP of hydrogen produced when palladium
is used as a dopant, under the same reaction conditions, but with a reduced metal loading (0.25
wt% Pd) on TiOz. This makes the 0.25 wt% Pd-TiO2, an option with a better cost-benefit.
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Figure 37. Cumulative Hydrogen Volume STP (standard temperature and pressure) Obtained
Using Pd at Different Metal Loadings (0.25, 1.50, 1.00, 2.50 and 5.00 wt%). Conditions:
photocatalyst concentration of 0.15g L, 2.0 v/v% ethanol, initial pH = 4 + 0.05 and near-UV
light.

Furthermore, one should note that the 113 cm® STP hydrogen produced in six hours, with 0.25
wit% Pd on TiO,, decreased to 60 cm® STP, when using higher Pd loadings (2.50 wt% Pd and
5.00 wt% Pd) at STP. The macroscopic radiation energy balance indicates that at the higher Pd
loadings, there is increased irradiation backscattering due to possible presence of PdO species,
with greater irradiation being reflected and, as a consequence, light absorption being reduced.
This is in contrast with the lower Pd loadings evaluated, where the absorption efficiency, as
well as the rate of transmitted photons, increases. Thus, a diminished irradiation absorption

given by 2.50 wt% Pd and 5.00 wt% Pd, negatively affects the photocatalyst performance[174].
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In agreement with this, at the lower palladium loadings studied (0.25, 0.50 and 1.00 wt%) good
metal dispersion, with a mildly reduced specific surface area and pore volume were
achieved[175]. On the other hand, for 2.50 and 5.00 wt% Pd-TiO, poorer metal dispersion
with larger metal crystallite sizes was observed, with this being in line with the lower

photocatalytic activity [176].

In all cases, palladium doped TiO> showed a consistently steady linear hydrogen formation
trend. Thus, it was judged that palladium doped TiO> was a stable photocatalyst for hydrogen
production and this for extended irradiation periods, with no apparent deactivation during 24

h long runs, following consistently a “in series-parallel” reaction mechanism.

These results show that a 0.25 wt% palladium on mesoporous TiO2 produces valuable
hydrogen yields, with this photocatalyst being an excellent replacement for platinum doped
TiO2. As well, Pd is less expensive than Pt, about 20-25% of the platinum cost, making the

0.25 wt% Pd-TiO2, a more suitable option with a cost-benefit.

In summary, a photocatalyst modified with palladium reduces the band gap, captures the
available electrons and reduces electron-hole recombination, promoting a better photocatalytic

water splitting performance[173].

6.2.2 Effect of Catalyst Concentration on Hydrogen Production

Previous experimentation was carried out at four different concentrations of TiO> catalyst:
0.15, 0.30, 0.50 and 1.00 g L™* with a 1.00wt%Pd loading. The runs with 1.00g L showed the
highest hydrogen production[129]. Thus, considering that the 0.25wt%Pd-TiO, photocatalyst
displayed the best performance in terms of hydrogen production, suitability, and cost,
additional experiments were carried out at Pd loadings of 0.25wt%, at TiO2 concentrations of

1.00 g L%, to determine the influence of the catalyst concentration during photoreaction.

It was observed that larger TiO2 photocatalyst concentrations show more photocatalyst
electron-hole availability, resulting in higher hydrogen production rates.
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Figure 38 Cumulative Hydrogen Production Using 0.25wt% Pd-TiO; at Catalyst
Concentrations of 0.15 and 1.00 g L. Conditions: 2.0 v/v% ethanol, initial pH=4 + 0.05 and
near-UV light.

Figure 38 indicates that the hydrogen production rate augmented by 74% when using a 1.00g
L TiO, photocatalyst doped with 0.25wt%-Pd, compared to undoped TiO,. As well, this
increase represented 32% versus the hydrogen production rate obtained using a 0.15g L™ TiO;
with a 0.25wt%-Pd dopant. Thus, hydrogen volume augmented 1.5 times, when the
photocatalyst concentration augmented seven (7) times, from 0.15 to 1.00 g/L. Given this
increment was considered moderate only, the 0.15 gL photocatalyst concentration TiO, was

used in further experiments.

6.2.3 Gas Phase By-Products Formed during Photocatalytic
Hydrogen Production under Near-UV Light

As a result of the photooxidation-photoreduction reactions, different by-products were formed
in the photocatalytic water splitting reaction. Detected by-products included methane, ethane,
acetaldehyde, ethylene, CO and CO3, as shown in Figure 39. These by-products were formed
in the gas phase, in the presence of ethanol. Samples were taken hourly and analyzed using the

Shimadzu GC-2010 chromatograph.
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Figure 39. Cumulative Amounts of Carbon Dioxide (COz), Methane (CH4), Acetaldehyde
(C2H40), Ethane (C2He), and Ethylene (C2H4) Obtained Using a 0.25 wt% Pd-TiO..
Conditions: photocatalyst concentration of 0.15 g L™, 2.0 v/v% ethanol, near-UV light
irradiation, and argon atmosphere.

6.3 Hydrogen Production under Visible Light

Visible light is a form of electromagnetic radiation where the spectrum is visible to the human
eye. This light is considered to be a renewable, inexpensive, and inexhaustible source of

energy. Visible light is very valuable and advantageous for photocatalytic reactions.

Titania-based photocatalysts are limited by their wide band gap (Ebg ~ 3.2 eV for Anatase),
which limits its use to near-UV light (A < 390 nm)[129]. However, the addition of a noble
metal dopant such as palladium, modifies the photocatalyst band structure and serves as an

electron trap to prevent electron-hole recombination.

The Pd-TiO2 photocatalysts of the present study were evaluated in the PCW-II, with respect to
their ability to enhance hydrogen production, under the following conditions: (a) by utilizing
a photocatalyst concentration of 0.15 g/L, (b) by using a 2.0 v/v% of ethanol as organic
scavenger and (c) by utilizing an initial pH =4 £ 0.05.
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Figure 40 reports the cumulative hydrogen volume produced, using TiO2 doped with different
Pd loadings, under visible light. It was shown that Pd-doped TiO. semiconductors consistently
enhanced hydrogen production, with the best performance being obtained with the 0.25 wt%
Pd. It was determined that this mesoporous semiconductor could have an increased scavenging
effect of photogenerated electrons, and therefore, could prevent electron—hole pair

recombination [177].
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Figure 40 Cumulative Hydrogen Volume STP Produced when Using Pd — TiO; at Different
Loadings (0.25, 0.50, 1.00, 2.50 and 5.00wt%). Conditions: Photocatalyst concentration:
0.15g L™, 2.0 v/v% ethanol, pH=4 + 0.05 and visible light.

Furthermore, it was also observed that when the metal loading of the Pd-TiO2 was augmented
to 0.5 wt% Pd and above, a decreased rate of hydrogen production was obtained. One should
notice as well, that the MIEB (Macroscopic Irradiation Energy Balance) as reported in Chapter
5, showed a relatively stabilized visible light absorption, for various Pd-doped TiO>
photocatalysts. Thus, one can conclude that hydrogen production differences cannot be
assigned to changes in electron and hole pair generation [178], but rather to a more effective

trapping of electrons in the 0.25 wt%Pd-TiO., than in photocatalysts with larger Pd loadings.
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Figure 40 also displays that after only 6 h of visible light irradiation, a maximum volume of
4.7 cm® STP of hydrogen was produced when using the 0.25 wt% Pd on TiO, with 0.15g/L of
photocatalyst. This hydrogen volume is approximately 4 times higher than the volume

produced with undoped mesoporous TiOx.

6.3.1 Photocatalyst Photoreduction

Palladium is present in a metallic state during the sol-gel photocatalyst preparation. However,
palladium can be oxidized during the photocatalyst precursor calcination preparation step. At
this stage, it was observed that the photocatalyst showed a reddish color. This was confirmed
via X-ray Diffraction Analysis where at 34° (111) of the 26 angle scale, there was indication
of the PdO presence. As well, XPS also showed that 50.2% of palladium was present as PdO,
after photocatalyst precursor calcination, as reported in Chapter 4. Thus, one can conclude that
palladium species on the semiconductor requires further reduction, to ensure that a substantial

amount of palladium species is present as Pd°.

Therefore, a special and additional photocatalyst pretreatment was implemented to ensure that
most palladium was appropriately reduced to Pd°. Metallic palladium (Pd°) promotes a high
photocatalytic activity of the TiO», by generating a Schottky junction between the metal and
the photocatalyst. The metal particles trap and store the photogenerated electrons, reducing the

rate of the electron hole recombination [179].

With this end and as described in Figure 41, a 15W BLB UV-Lamp was employed to irradiate

the prepared semiconductor during 1 h.
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Figure 41. Schematic Representation of: (a) The synthesized photocatalysts following
calcination at 500 °C, with most of the Pd being present as PdO, (b) The photoreduction of
the PdO to Pd° using a near-UV Lamp, (c) The H2 production using a photoreduced Pd-TiOz,

with molecular Hz being generated on the semiconductor.

This PdO photoreduction using near-UV light can be described with the following equation,

with the resulting palladium being present as Pd°, on the TiO structure:

PdO +2e” — Pd°E°=0915V

It is speculated that photoreduction is a very efficient process, with photogenerated electrons
migrating from the outer TiO> particle surface to the TiO2 mesoporous inner surface. Formed

electrons can reduce the PdO into Pd° [180].

Regarding the present study, following photoreduction, the near-UV lamp was replaced by a
visible light lamp. It was observed that when the photocatalyst was photoreduced with near-
UV prior to its utilization, this led to an important increase in hydrogen production, under

visible light irradiation.

Figure 42 displays an enhanced cumulative hydrogen production under visible light, in the
Photo-CREC Water-I1 Reactor, at different loadings of photocatalyst dopant (0.25, 0.50, 1.00,
2.50 and 5.00 wt%) and after photoreduction of the photocatalyst. It is interesting to see that
the same consistent trends were observed using near-UV light [171]. It must be noted as well,

that the lower the Pd loadings, the higher the hydrogen production.
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Figure 42 Cumulative Hydrogen Volume Produced at Different 0.25, 0.50, 1.00, 2.50 and
5.00 wt% Pd Loadings on a Photocatalyst Photoreduced with 1 hour Near-UV Light, and
Further Exposed to 6 Hours of Visible Light, to Produce Hydrogen. Conditions:
Photocatalyst concentration: 0.15g L%, 2.0 v/v% ethanol, initial pH = 4 + 0.05.

Furthermore, when comparing hydrogen production with and without prior photoreduction, it
can be observed that the photoreduced Pd-TiO> photocatalyst displayed significantly increased
hydrogen production rates. Particularly for the 0.25 wt% Pd-TiO after photoreduction, the
maximum hydrogen volume produced was 8.0 cm® at STP. This is equivalent to a 1.7 time
increase in hydrogen formation rate. According to the chemisorption studies, at this low
palladium loading, a good metal dispersion of 75% was also observed, with the photocatalyst

showing a slightly decreased in both surface area and average pore size [175].

In contrast, when using the 0.50 to 5.00 wt% Pd-TiO>, lower metal dispersions were observed,
with larger metal crystallite sizes being detected. This was in line with their diminished
photocatalytic hydrogen production activity [176]. To explain these results, one can consider
that when using a Pd-TiO2 photocatalyst under visible light, photons are both absorbed and
scattered. The MIEB as reported in Chapter 5, showed that higher Pd loadings (2.5 and 5.0
wt%- Pd) do not enhance the absorption of visible light, significantly. This phenomenon can

be assigned to the presence of larger metal crystallites and TiO> particle agglomerates. This
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limits photons from reaching the Pd° active metallic sites and from being absorbed [181]. The
opposite of this was observed at lower than 1.00 wt% Pd loadings, where the photon absorption

increases, positively impacting the semiconductor photoactivity.

On the other hand, it can be hypothesized as well, that the less effective photoreduction of
palladium may occur for 2.5 and 5.0wt% Pd on TiO», due to the oversupply of noble metal. In
this case, layers of PdO could be present on the TiO3, shielding the TiO2 from light absorption.
The formation of such sites could increase the photocatalyst reflectivity leading to visible light
scattering [182]. As well, this phenomenon could also be attributed to the partial blocking of
semiconductor pores, which may decrease the TiO2 specific surface area, as reported in
Chapter 4.

Considering and based on the XPS analysis, after 1 hour under near-UV irradiation, a
consistent 81.3% conversion of PdO to Pd® was achieved, leaving a 18.3% of PdO present on
the photocatalyst. Further noble metal reduction is required to achieve increased hydrogen
production rates. Therefore, a 24 hour near-UV irradiation photoreduction was implemented.
Results obtained are reported in Figure 43.
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Figure 43. Hydrogen Volume Obtained Using Photocatalysts with 0.25wt%Pd Loadings,
Photocatalyst photo-reduced with Near-UV Light during 1hour and 24 hours prior to a run
with visible light. Conditions: Photocatalyst concentration: 0.15g L, 2.0 v/v% ethanol,
initial pH =4 £ 0.05.
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When studying the cumulative hydrogen formation under visible light, an important issue is
the photoreduction palladium state time prior to a run with visible light. To clarify this matter
both one-hour and 24-hour under near-UV irradiation photoreduction runs were considered. It
was observed that the prior 24-hour extended Pd photoreduction (Pd®) was advantageous and
this to obtain a better photocatalyst performance and therefore, yielding higher hydrogen

volumes.

For instance, for the 24-hour near-UV photo-reduced 0.25wt% Pd-TiO, the hydrogen volume
produced under visible light was 33 cm3STP. This hydrogen volume was 4 times larger than
the hydrogen volume achieved with 1-hour of near-UV photoreduction. This hydrogen volume
increase was assigned to a close to 100% metallic palladium, as observed in the XPS analysis,
a desired situation, considering that Pd® acts as an electron reservoir to prevent electron-hole

recombination.

6.3.2 By-Product Formation during the Photocatalytic Hydrogen
Production under Visible Light in the Gas Phase

Figure 44 reports that under visible light together with hydrogen, the photogenerated holes
created by the noble metal react with the organic scavenger ethanol, forming by-products such
as acetaldehyde, ethane, ethylene, CO, CO2 and methane, as is shown in Figure 44. The

amounts of these by-products increase progressively with irradiation time.
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Figure 44 By-Product Changes with Irradiation Time: a) Methane (CH4), b) Ethane (C2Hs),
c) Ethylene (C2Ha), d) Acetaldehyde(C2H40O) and e) Carbon dioxide (CO>) at 0.25%w/w Pd-
TiO>. 1 hour near-UV light and 6 hours of visible light were used to produce hydrogen.
Conditions: Photocatalyst concentration: 0.15g L™, 2.0 v/v% ethanol, initial pH=4 + 0.05.
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6.3.3 By-Product Formation during the Photocatalytic Hydrogen
Production in the Liquid Phase

During photocatalytic hydrogen formation under visible light, ethanol and hydrogen peroxide

in the liquid phase were detected. Ethanol was initially added as an organic scavenger and

hydrogen peroxide was formed due to the recombination of some of the OH radicals. For

ethanol measurements, a UFLC (Ultra-Fast Liquid Chromatography) technique was used. On

the other hand, and to determine the hydrogen peroxide formed, a colorimetric methodology

already described in Chapter 3 was employed.

6.3.3.1 Ethanol Consumption-Formation

Figure 45 shows a stable ethanol concentration during the 6 hours of visible light irradiation.
It is hypothesized that the net ethanol consumption-formation balance is influenced by a CO

photoreduction, when using the 0.25wt% Pd-TiO> photocatalyst.
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Figure 45 Ethanol and CO Changes with Irradiation Time. Conditions: Photocatalyst
concentration 0.15g L, at 0.25%w/w Pd-TiO2, 2.0 v/v% ethanol, initial pH=4 + 0.05, 6
hours of visible light. Notes: a) Ethanol and CO concentrations are defined considering

ethanol in the liquid phase, and CO in the gas phase, b) Ethanol in the gas phase and CO in
the liquid phase are considered negligible in this analysis.
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During the 165 runs developed, a consistently small overall ethanol consumption was
observed. This can be explained given that palladium is one of the strongest C-C coupling
catalysts and can also form CoHsOH via CO photoreduction, during the water splitting reaction
as follows [183]:

(@ CO molecules are strongly adsorbed onto a Pd-TiO> surface, leading via bimolecular CO
interaction to C-C coupling.

(b) Due to the reduced band gap of the photocatalyst (2.51 eV), electrons jump from the
valence band to the conduction band and are trapped by palladium.

(c) The photogenerated electrons are used to activate and reduce the CO, which leads to
ethanol formation via hydrogenation.

Thus, the following reaction mechanism can be postulated for ethanol formation as
follows[184]:

@ C-C coupling involves electron transfer, with this leading to the formation of the
*C.02-intermediate.
(b) Once the *C202-intermediate is formed, hydrogenation and electron transfer can take

place, with the *C,0,H forming ethanol.

e~ Ht+e~ Ht+e~ Ht+e~ Ht+e~
2 CO b CZOO_ — CzozH — Czo + H2O — C2OH — CzHOH
Equation 33

Ht+e™ tt Ht+e™ H +

b e i}
C,HOH —— C,H,0H —— C,H;0H —— C,H,0H —— C,H;OH
Thus, various reaction steps in Equation 33, may lead to ethanol synthesis as follows:

Pd/TiO .
2€0 + 81 % ¢ H,OH + H,0 Equation 34

In summary, ethanol consumption and ethanol formation may both coexist during hydrogen

formation.
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6.3.3.2 Hydrogen Peroxide Formation

Regarding the hydrogen peroxide formed under near-UV light, it is considered to be
competition of a rate of OH" dimerization, and the rate of H.O> decomposition, as explained
later in Chapter 7. To quantify H20O- during photocatalytic hydrogen production, liquid samples
were periodically analyzed, using a colorimetric method. As reported in Figure 46, during 6 h
of near-UV irradiation, the hydrogen peroxide concentration steadily increased, with a

maximum of 0.0022 cm? of H,O, being produced.
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Figure 46. Cumulative H.O> Volume Formed as a Function of Irradiation Time, in the
Presence of 0.25 wt% Pd-TiO., under: a) Near-UV and b) Visible light (1 h photoreduction
under Near-UV followed by 5 h of visible light irradiation). Conditions: Photocatalyst
concentration 0.15g L, 2.0 v/v% ethanol, initial pH=4 + 0.05.

On the other hand, Figure 46 also shows that OH" dimerization plays an important role under
visible light irradiation. In this case, the reaction pathway involves H>O2, which is mainly
formed during the first hour of near-UV photoreduction, with a modest additional H20>

observed during the next five following hours of visible light.
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6.4

Conclusions

This chapter describes hydrogen and by-product formation rates, under near-UV light and

visible light. The following are the most important conclusions:

a)

b)

c)

d)

The synthesized Pd-TiO> is a suitable photocatalyst for hydrogen production, in the
Photo-CREC Water-11 Reactor unit under near-UV and visible light, reaching a
significant hydrogen volume produced after 6 h of irradiation.

Photoreduction of the Pd-TiO2 with near UV, is a key step prior to photocatalytic water
splitting for water splitting using visible light.

A 0.25wt%Pd-TiO, photocatalyst is a most suitable semiconductor for hydrogen
production, being highly efficient and inexpensive, and this while compared to other

photocatalysts with higher noble metal loadings.

Increasing the photocatalyst concentration up to 1.00g L™ yields an improvement in the

hydrogen formation rates, under near-UV light.

The Pd-TiO2 photocatalysts display for water splitting an in ‘‘series—parallel’” reaction
network, with hydrogen, methane, ethane, ethylene, acetaldehyde, carbon monoxide,
and carbon dioxide products being formed in the gas phase. Hydrogen peroxide is also

formed in the liquid phase.
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Chapter 7

7  Analysis of the Reaction Mechanism, Carbon Element
Balance, OH+ and He radicals Balances

Photocatalytic water splitting reactions using Pd-TiO> and ethanol as an organic scavenger,
lead to hydrogen production, as well as by-products formation such as methane, ethane,
ethylene, acetaldehyde, CO, CO> and hydrogen peroxide. These various chemical species
allow carbon element balance analysis, as well as OHe and He radical balances to be performed,
as explained in this chapter. Hydrogen peroxide, and pH variations have also to be considered

in the reported balance analysis.

Regarding semiconductors, it was found in this PhD dissertation that the 0.25wt% Pd-TiO>
provides a most suitable option for hydrogen production under near-UV light and visible light,
as explained in chapter 6. As a result, the carbon element balance and the OHe and He radical

balances presented in this chapter, were established for the 0.25wt% Pd-TiO, photocatalyst.

In this chapter, the photocatalyst is designated as Pd-TiO2-nUV for reactions under near-UVv
light and Pd-TiO2-VIS for reactions under visible light.

7.1 Photocatalytic Hydrogen Production under Near-UV Light
and Visible Light using 0.25wt% Pd-TiO2

Figure 47 reports a 5055 umoles cumulative hydrogen produced after six hours of near-UV
irradiation, with a 0.25wt% Pd-TiO2 with 0.15 g L™!, 2.0 v/v% of ethanol, and with an initial
pH of 4 + 0.05. This is equivalent to a hydrogen volume of 113 cm® STP (standard temperature
and pressure). One should note that the Pd-TiO2-UV performance after 6 h of reaction, is very
favourable and this while compared, to the 1927.8 pmoles obtained with undoped mesoporous
TiO», and the 696.7 moles of H2 acquired with commercial DP-25 TiO.. This increased formed
hydrogen with the 0.25 wt% Pd-TiO2-nUV, is equivalent to almost 300% of the hydrogen

volume obtained with undoped mesoporous TiO2 [171].
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Figure 47. Cumulative Hydrogen Formed Using the 0.25 wt% Pd-TiO2-near UV.
Conditions: photocatalyst concentration: 0.15 g/L, 2.0 v/v% ethanol.

The Pd-TiO2 photocatalyst, was evaluated additionally in the PCW-II reactor as follows: (a) a
first photoreduction with near-UV light radiation for one hour, (b) An additional five hours
with visible light irradiation. These runs designated as Pd-TiO2-VIS runs in this PhD
dissertation, were conducted under the following conditions: 0.15 g L of catalyst

concentration, 2.0 v/v% of ethanol, and initial pH = 4 £ 0.05.

Figure 48 reports the Pd-TiO2-VIS cumulative hydrogen formed during a first hour of near-
UV irradiation, followed by an extra 5 hours of visible light. Thus, the Pd-TiO2-VIS
photocatalyst shows a positive performance for hydrogen production likely diminishing
electron—hole pair recombination, and consequently contributing to higher hydrogen yields,
under both near-UV and visible light irradiation.
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Figure 48. Cumulative Hydrogen Formed with a 0.25 wt% Pd-TiO.-VIS Photocatalyst,
which was Photoreduced during 1 h of Near-UV Light Exposure, and then Exposed to 5 h of
Visible Light. Conditions: photocatalyst concentration: 0.15 g L™, scavenger concentration:

2.0 vIv% ethanol.

Figure 48 reports that during the first hour of near-UV photoreduction 979 pmoles (29 cm?
STP) of hydrogen were formed, while an extra of 314 pmoles (8.0 cm® STP) of hydrogen were
produced during the following 5 hours. One should note that the 314 umoles of extra hydrogen
formed during the 5 extra hours under visible light, compares favourably with the 46 pmoles
of hydrogen produced, under the same conditions using an undoped mesoporous TiO>
photocatalyst. This performance is also greater than the 141.2 pmoles of H> obtained with the
commercial DP-25 TiO2. Thus, this represents, altogether, a 76% hydrogen production

increase.
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7.2 By-Product Formation under Near-UV Light and Visible
Light using a 0.25wt% Pd-TiO2 Photocatalyst

Figure 49 and Figure 50 show the carbon containing products formed using the 0.25 wt% Pd-
TiO: led as follows: (a) methane and ethane, and (b) CO, CO3, and acetaldehyde. Thus, both
reduced and oxidized carbon containing species were formed during photocatalytic runs, with
these formed species being valuable to support the reaction mechanism described in Chapter

6, involving H and OH radicals.
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Figure 49. Cumulative Carbon Dioxide (CO2), Methane (CH4), Acetaldehyde (C2H40O),
Ethane (C2Hs), and Ethylene (C2H4) obtained using a 0.25 wt% Pd-TiO2-nUV. Conditions:
photocatalyst concentration of 0.15 g/L, 2.0 v/v% ethanol, near-UV light irradiation, and

argon atmosphere.
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Figure 50. Cumulative Amounts of Carbon Dioxide (COz), Methane (CH4), Acetaldehyde
(C2H40), Ethane (Cz2Hs), and Ethylene (C2H4) Obtained using a 0.25 wt% Pd-TiO,-VIS.

Conditions: combined near-UV irradiation (1h) and visible light irradiation (5 h),

photocatalyst concentration of 0.15 g/L, 2.0 v/v% ethanol, and argon atmosphere.

7.3 Carbon Element Balance

Carbon element balances can help to validate the proposed reaction mechanistic steps. These

element balances shall involve all carbon containing species present during photocatalytic

hydrogen formation: methane, ethane, ethylene, carbon dioxide, carbon monoxide, and

acetaldehyde. Figure 51 reports a 99.8% typical element carbon balance closure, for

experiments developed using the 0.25 wt% Pd-TiO2-nUV photocatalyst.
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Figure 51. Total Elemental Carbon from Carbon Containing Species, at the Beginning of the
Reaction and after 6 Hours of Near-UV Irradiation. Conditions: argon atmosphere, 0.25 wt%
Pd-TiO2-nUV photocatalyst, 2.0 v/v% ethanol. SD for repeats: + 0.2%.

Figure 51 reports the following significant findings: (a) 4.10 x 10° pmoles of carbon in ethanol,
at the beginning of the run, and (b) 4.09 x 10° pmoles of carbon in ethanol and all carbon
containing products, after 6 h of near-UV irradiation. All carbon containing by-products after
the 6 h run represent 0.06% of the total carbon present only or 2400 pmoles. Thus,
photocatalytic experiments take place under close to constant ethanol scavenger concentration.
The minor overall ethanol consumption, is attributed to the concurrent ethanol photo-
regeneration, as described in Chapter 6. Appendix B provides additional details about the

elemental carbon balances.

Figure 52 further reports similar elemental carbon balance results as in Figure 51, including all
carbon containing species, using the 0.25 wt% Pd-TiO2-VIS photocatalyst. In this case, from
the 3.92 x 108 umoles of carbon contained in ethanol, 3.74 x 108 umoles of carbon, were
detected in products after 6 h. This provided a 95.4% carbon balance closure and 2688 pumoles
of carbon contained in products. This represented 0.07% of the total carbon and shows once
again, that under the conditions studied, ethanol, while being important in acting as an OH"
scavenger, remains at a “quasi-constant” concentration during the entire run.
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Figure 52. Total Carbon in all Carbon Containing Species at the Beginning of the Reaction
and after Combined Near-UV Irradiation (1 h) and Visible Light Irradiation (5 h).
Conditions: argon atmosphere, 0.25 wt% Pd-TiO2-VIS photocatalyst, 2.0 v/v% ethanol. SD
for repeats: + 4.6%.

7.4 H®and OH® Radical Balance

Initial photocatalytic reaction steps can be described via Equation 22 and 23.

Pd/Ti0;
v——>h"+e

/> OH +h* P4/Mo% oy Equation 22

H20 (ads) Pd/TiOz  H*(gs) + OH™ (ads)

Pd/Tio, Pd/Ti0,
H°

H* (ads) + €~ 1 Hz(g) Equation 23
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Furthermore, based on observed oxidation by-products, such as acetaldehyde, CO, and COg,

methane, ethane, and ethylene the following oxidation-reduction reactions can be postulated.

9) Acetaldehyde

Pd/TiO .
C,H;OH + OH"* LZ, C,H:0~ + H,0 Equation 24

Pd/TiO .
C,H;0™ + OH® PA/TIO C,H,0 + H,0 Equation 25

The addition of Equations 24 and 25 yields the following overall equation:

Pd/TiO .
C,H;0H + 20H* Lﬁ C,H,0 + 2H,0 Equation 26
h) Carbon Dioxide
Pd/TiO .
2C,H-OH + 60H" P4/ 4C0, + 9H, Equation 27
)] Carbon Monoxide
Pd/TiO .
C,HsOH + 80H" P92 2co + 7H,0 Equation 28

Furthermore, and using as a reference the observed reduced species the following reactions

steps can be considered,

J) Methane
Pd/TiO .
C,HsOH + 4H* L? 2CH, + H,0 Equation 29
k) Ethane
Pd/TiO .
C,HsOH + 2H° L? C,Hg + H,0 Equation 30
)] Ethylene
Pd/TiO .
C,HsO0H P/TIO: C,H, + H,0 Equation 31
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Additionally, hydrogen peroxide can be formed due to the recombination of OH radicals being

present in the solution:

OH® + OH® pukii H,0, Equation 32

In this regard, the concentration of the OH" and H" radicals calculated as a result of the
stoichiometric balance during a run, can be considered to be the outcome of a net formation
and consumption balance of radicals, with this leading to various observed oxidation and
reduction products. More specifically, the formation of OH" radicals is the result of OH" ion
and h+ site interactions, as described Equation 22. On the other hand, H" radicals are generated,

as the outcome of a H™ ion accepting an electron, as shown with Equation 23.

Thus, if the aforementioned proposed reaction mechanism is sound and appropriate, there must
also comply with OH" and H" radicals balance. To thoroughly test this assumption, the

following can be considered:

a) The formed H’ radicals can be calculated from the experimentally obtained hydrogen, as
postulated in Equation 23, and from the consumed H" for various reduced by-products (e.g.
methane, ethane) to be formed, as given by Equations 29 — 30.

b) The formed OH' can be quantified by considering the OH" radicals consumed, according
to the stochiometric requirements for oxidation reactions to proceed, leading to
acetaldehyde, carbon monoxide, carbon dioxide, and hydrogen peroxide species and as
given by Equations 24 — 28 and 32.

Table 22 reports the calculated total moles of H" and OH' formed, during the water splitting

photocatalytic reaction, under both near-UV and visible light.
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Table 22. Net uMoles of H* formed and OH" consumed, following 6 h of irradiation using
the Pd-TiO2-nUV and Pd-TiO.-VIS.

pmoles of OH® Consumed pmoles of H* Formed
Equations (24)- (27) Equations (23), (29), and (30)
(a) (b)
Pd-TiO2-nUV. 2169.6 10,191.5
Pd-TiO,-VIS 2342.4 2620.3

Note: (a) The umoles of OH" radicals are calculated based on oxidized carbon containing
products (COg, acetaldehyde), (b) the pumoles of H" radicals are calculated on the basis of H»
and reduced carbon species (methane, ethane).

In this regard, Table 22 shows a significant imbalance between the moles of H' produced and
the moles of OH" radicals consumed, with only 21.3% of the moles of OH" radicals contributing
to the formation of by-products under near-UV light. On the other hand, under visible light,
89.4% of the total moles of OH"radicals, led to carbon containing oxidation by-products. Thus,
under both near-UV and visible light, the proposed redox mechanism, as postulated, for the
total moles of H and OH?’, is deficient with respect to the moles of OH" radicals consumed and
further refinements regarding the moles of OH" radicals involved in the postulated reaction

mechanism, are required.

7.4.1 OH" Radical Analysis Including Hydrogen Peroxide

Regarding the hydrogen peroxide species produced under near-UV and visible light, they can
be considered to be the net result of the rate of OH" dimerization, as shown in Equation 32, and
the rate of H,O> decomposition, as explained later via Equations 36-38.

7.4.1.1 Hydrogen Peroxide Evaluation Method

As explained in Chapter 3, to determine H20O- at any time during a run, a colorimetric method
was used considering that this provides more reliable hydrogen peroxide concentrations in the
water slurry mixture from photocatalytic runs. H>O> was estimated using a spectrophotometer
Spectronic 200+, Thermo Spectronic (Thermo Fischer, Mississauga, ON, Canada), while using
a linear calibration for 530 nm. The calibration curve was used considering the absorption

spectra of the sample is shown in Figure 53.
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Figure 53. Calibration Curve of H.0, Measurements by Colorimetric Method.

7.4.2 Hydrogen Peroxide Formation from OH" Radicals

To account for the H.O> formation, during the photocatalytic hydrogen production, liquid
samples were periodically analyzed, using a colorimetric method. As reported in Figure 54,
during 6 h of near-UV irradiation, the hydrogen peroxide concentration consistently increased,

with a maximum of 94.2 umoles of H2O> being obtained.
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Figure 54. Cumulative H,O> Formed as a Function of Irradiation Time, using a 0.25 wt%
Pd-TiO2-nUV and 0.25 wt% Pd-TiO2-VIS (1 h photoreduction under near-UV followed by 5
h of visible light irradiation). Conditions: argon atmosphere, 0.15 g/L Pd-TiOz photocatalyst,

2.0 vIv% ethanol.
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Figure 54 also shows that OH" dimerization plays an important role, as described via Equation
32, under visible light irradiation. In this case, the reaction pathway involves H2O2, which is
formed during the first hour of near-UV irradiation, with modest additional H>O, formed
during the five following hours of visible light.

Table 23 reports the cumulative OH" consumption that leads to H,O, formation. Hydrogen
peroxide is detected in the liquid phase in both Pd-TiO2-nUV or Pd-TiO2-VIS runs. It can be
observed that the OH" consumption due to H2O2 generation, only modifies the cumulative
moles of OH" by 1.8% and 3.4% of the total amount, respectively.

Table 23. Cumulative H* Formed/Consumed, and OH" Consumed Considering H. and Gas

Phase By-Products as established in this study.

pmoles of H’ Cumulative pmoles of OH’ C lati les of OH"
Formed Consumed umu a(%i] ;' Jlrlr:)egs 0
Equations (23), | Forming H.O; Equation (32) .
(29), and (30) (Liquid Phase) Equations (24)- (27) and (32)
Pd-TiO2-nUV. 10,191.5 188.4 2359
Pd-TiO,-VIS 2620.3 89.1 2431

7.4.3 Adsorption of Hydrogen Peroxide

Hydrogen peroxide formed may also adsorb on Pd-TiO, [185]. This adsorption may affect the
balance of moles of OH". Thus, to evaluate this effect, adsorption measurements under dark

conditions were effected[186].

The adsorption analysis of hydrogen peroxide was carried out in the Photo-CREC Water-II
Reactor at 25 + 1 °C. Working conditions for the reactor were identical to the ones during
photocatalytic runs, being however without irradiation. First, the reactor was loaded with 6 L
of water at certain reagent concentrations (0 to 1.3 ppm-H20>). Following this, 0.15 g/L of the
TiO, catalyst was added to the solution. The liquid slurry was recirculated for one hour to reach
adsorption equilibrium. During this period, a liquid sample was taken every 10 min, and the
H20, concentration in the liquid at equilibrium (Ce) was measured, using the colorimetric
method[186]. Based on the experimental data, the maximum adsorption capacity was given by

the following relation:
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Q. = Qe,maXKCe Equation 35
°  (1+KCp)

where Qe is the H202 equilibrium adsorbent-phase concentration; Ce is the H20 equilibrium
concentration in the liquid (mg L™!); Qe max is the H2O2 maximum adsorption capacity (mg g™?);

and K is the adsorption constant [187].

Figure 55a describes the obtained Langmuir chemisorption isotherm (Qe = Qe max KCe/1 +
KCe), showing the H20- adsorption equilibrium concentration. Through Langmuir equation
linearization (Figure 55b), the H.O> adsorption parameters were calculated, for the 0.25 wt%

Pd-TiOg, as shown in Table 24.
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Figure 55. (a) Hydrogen Peroxide Adsorption Isotherm on a Pd-TiO Photocatalyst and (b)
Linearized Langmuir Equilibrium Isotherm for Hydrogen Peroxide on Pd-TiOx.

Table 24 reports both the adsorption constant, K, and the maximum adsorption capacity,
Qe,max, for a hydrogen peroxide adsorption isotherm. The obtained Qe,max differs from the
one reported by Sahel [188], who found a Qe,max of 7.48 mg~' L value, for a undoped TiO>
photocatalyst. This value is lower than the 11.1 mg™' gea maximum adsorption capacity
reported in the present study. The higher Qe,max reported here , can be justified given the
higher surface area of the palladium photocatalyst (131 m?g™'), with pore sizes in the 16-20
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nm range. Thus, the surface area of our mesoporous semiconductor was almost three times

larger than the one reported by Sahel, where the TiO, surface area was 50 m? g~! only [188].

Table 24. Adsorption Constants for Hydrogen Peroxide

K

Qe,max

0.93mg'L

11.1 mg ! geat

Thus, it can be established that there is an extra 45% of hydrogen peroxide formed and

adsorbed on the photocatalyst. On this basis, the umoles of OH' consumed during the runs have

to be revised, as shown in Table 25.

Table 25. Cumulative H" Formed/Consumed and OH" Consumed Considering H20>

Formation and Adsorption.

Cumulative pmoles of H

Cumulative pmoles of OH®

Formed Cumulative pmoles of OH" Consumed
Equations (23), (29), and | Forming H202 (Adsorbed) | Equations (24)- (27) and (32),
(30) and OH* Adsorbed
Pd-TiO2-nUV| 10,191 84.4 2444
Pd-TiO,-VIS 2620 40.1 2472

Table 25 data also show that the addition of the adsorbed H20- species accounts for 0.82% for
Pd-TiO2-nUV and 1.52% for Pd-TiO2-VIS, in the context of H" and OH" mole balance only.

Thus, there is still an important difference between the calculated OH" radicals consumed and

H" radicals produced that must be accounted for.

7.4.4 Effect of the pH on the Photocatalytic Reaction

In water splitting for hydrogen production, an important factor that should be considered is the

pH and pH changes of the water solution during the run. This is the case given its potential

influence on the photocatalytic process efficiency [189].
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To account for this, the pH of the solution was measured with a digital pH meter Thermo
Scientific Orion Star, with an accuracy of +£0.05. The pH was monitored in the slurry every

hour, to determine its effect during the photocatalytic reaction.

7.4.4.1 OH’ Radical Formed Based on pH Influence in the
Photocatalytic Reaction

Redox reactions in photocatalysis are influenced by hydrogen formation, due to the
combination of excited electrons and H* protons, adsorbed on the photocatalyst. It was proven,
in this respect, that hydrogen production is favoured under these conditions, due to availability
of dissolved H" ions[190].

Regarding pH, during the photocatalytic water splitting under near-UV, using the Pd-TiO2, a
significant pH change with irradiation time was noticed, as shown in Figure 56. At the
beginning of each experiment, the pH of the water—ethanol solution was set to 4.0 + 0.005.
Upon completion of the photocatalytic reaction, after 6 hours of near-UV light irradiation, the
pH increased to 5.89 + 0.005, which was close to the TiO: isoelectric point [191].
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Figure 56. pH Changes with Irradiation time Using a 0.25 wt% Pd-TiO2-nUV and a 0.25
wt% Pd-TiO.-VIS.
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On the other hand, as shown in Figure 56, for 0.25 wt% Pd-TiO-VIS runs, the pH increased
after 1 hour of near-UV photoreduction and 5 hours of visible light, from 4.0 + 0.005 to 4.60
+ 0.005.

Concerning the reported pH variation, it could be attributed to an electron exchange between
the photocatalyst and the splitted water molecules. An electron can be donated by the
photocatalyst surface, in order for the active Pd° sites to yield HO" and OH™ ion free
radicals[192]. Furthermore, it can be hypothesized that a fraction of the pH change can occur
due to H20, decomposition. One can consider that for both the Pd-TiO2-nUV and Pd-TiO»-

VIS, the near-UV irradiation leads to the following chain of reactions:

uv .
Pd2* + 2H,0, = Pd® + 2H* + 2HO; Equation 36
HO3 & H* + HO3 Equation 37
2HO; - 2HO™ + 0, Equation 38

It can be postulated that the photocatalyst accepts electrons, with the Pd?* ion sites yielding a
HO;" radical, as described in Equation 36. This HO>" radical gives OH™ ions via Equation 37
and Equation 38[192].

Thus, the total moles of OH" radicals consumed can be revised further, accounting for the
change in pH. Table 26, Figure 57a and Figure 58a report that the accounting of the cumulative
moles of OH’ consumed via a pH change provides a 97-99% balance of the moles of H* formed
and the moles OH' consumed while using Pd-TiO2-nUV and Pd-TiO2-VIS.

Table 26. Cumulative H* Formed/Consumed and Cumulative pumoles of OH" Consumed

Considering H2O> (formation, adsorption, dissociation), and pH Changes.

Cumulative pmoles of OH’ Percentual H*
Cumulative pmoles of| Cumulative pmoles Consumed OH* Balance
H* Equation (23), of OH* via pH Equations (24)- (27), and (32) Closure
(29), and (30) Change Based on H202 Adsorbed and
(%)
pH Change
Pd-TiO-UV 10,191 7662.5 10,106.3 99.2
Pd-TiO,-VIS 2620 81.9 2553.5 97.5

105




Figure 57b and Figure 58b also show that these consistent balances of H and OH" pumoles were
also observed at various other irradiation times, providing significant strength and validation
to the photocatalytic reaction mechanism for both Pd-TiO.-UV and Pd-TiO2-VIS. Appendix

C provides additional details of the Hand OH" mole balance calculations.
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Figure 57. (a) umoles of OH" and H* Radicals Formed after 6 h of Photocatalytic Hydrogen
Production under Near-UV Light, and (b) Percentual H and H" umole Balances at Different
Irradiation Times under Near-UV Light. The 95% confidence and prediction intervals are
reported in red and blue, respectively. SD for the repeats: +0.8%
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Figure 58. (a) pMoles of OH" and H* Radicals Formed after 6 h of Photocatalytic Hydrogen
Production (1 Hour of Near-UV Light Photoreduction and 5 Hours of Visible Light), and (b)
Percentual OH" and H" Balances at Different Irradiation Times under Visible Light. The 95%
confidence and prediction intervals are reported in red and blue, respectively. SD for the
repeats: +2.5%
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7.5 Conclusions

Given the reported results the following mechanistic steps can be considered for water splitting

d)

Hydrogen is a main product from the photocatalytic water splitting when having 2.00v/v%
ethanol as an organic scavenger and a 0.25 wt% Pd-TiO2-nUV or alternatively, a 0.25 wt%
Pd-TiO2-VIS.

Formed photoreduction species (methane, ethane) and photooxidation species (COg,
acetaldehyde) are all important observed carbon containing by-products.

Hydrogen peroxide, present in the liquid phase, is formed and adsorbed on the photocatalyst
during water splitting.

OH"™ species in the water solution progressively increase with irradiation time, with this
leading to a pH increase of the water solution.
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Chapter 8

8  Kinetics for Hydrogen Production and Formation of By-
Products

Mechanistic based kinetics can be used to describe the progress of a reaction. This type of
model accounts for every reaction step of a reaction network. One possible approach is to
consider every reaction step, taking place on a photocatalyst, by following the Langmuir-
Hinshelwood (L-M) model, which includes both intrinsic reactions and adsorption phenomena.

This type of heterogenous based kinetics can also be used to describe the photocatalytic water
splitting rate with hydrogen formation and the concurrent conversion of the selected organic
scavenger. Product formation can be accounted by using an anticipated in series-parallel
reaction network, as described in Chapter 6.

Following the L-H approximation, reacting molecules are adsorbed on the photocatalyst
surface at equilibrium, reacting later, on the photocatalyst surface. All this leads to molecular

hydrogen formation.

Altogether the L-H model provides a set of ordinary differential equations, with a number of
kinetic constants. These kinetic constants have to be estimated using statistical analysis,

defining confidence intervals, cross-correlation coefficients, and residuals.

The objective of this chapter is to provide rates of hydrogen and by-product formation. Given
the value of the Pd-TiO> photocatalyst, for hydrogen production via water splitting, under
either near-UV or visible irradiation, kinetic parameters were established, in the context of this

PhD dissertation, for the best performing 0.25wt% Pd-TiO- photocatalyst.

8.1 Langmuir-Hinshelwood Model
The L-H kinetics can be established in terms of the gas phase species concentrations as follows:

KIKAC; ki KA Equation 39

A~ A
1+ 3L, KAG 1+ 30, KAG

r; = LVRPA f[H*]
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Where r represents the rate of reaction over time, LVRPA is the local rate of photon absorption,
f [H*] denotes the pH influence on the photocatalytic reaction, k; stands for the limiting rate
constant of the reaction, under the given experimental conditions (mol gear® h), K represents
the equilibrium constant for the adsorption of the chemical species on the photocatalyst (L mol
1), and C is the chemical species concentration at any time t (mol L™).

One should note that k; and K parameters in Equation 39 are considered function of the initial
concentration, Co, and the concentration at equilibrium, Ce. These can be predicted by

simplifying Equation 40.

KAG Equation 40
¥ KAC,

By using Equation 40, an expression can be obtained for each individual chemical species
formed during the photocatalytic water splitting reaction (hydrogen and by-products). Thus, a
set of ordinary differential equations can be established, for the in series-parallel reaction

network.

Furthermore, the L-H Kkinetic parameters also involve the adsorption constants of the organic
scavenger, ethanol. In order to determine this constant, ethanol adsorption runs were carried
out in the Photo-CREC Water-11 Reactor under dark conditions. The adsorption runs were the
same than the ones set for the water splitting reactions. First, the reactor was loaded with 6 L
of water, at different ethanol concentrations (0.5 to 4%v/v). Following this, 0.15 g/L of the
TiO» catalyst was added to the solution. The liquid slurry was recirculated for one hour to reach
adsorption equilibrium. During this period, a liquid sample was taken every 10 min, and the
ethanol concentration in the liquid at equilibrium (Ce) was measured using ultra fast liquid
chromatography (UFLC). Based on the experimental data, the maximum adsorption capacity

was given by the following relation:

_ Qe,maxKCe Equation 35

Qe = (1+ KC,)
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Where Qe is the ethanol equilibrium adsorbent-phase concentration; C. is the equilibrium
concentration in the liquid (mol L™"); Qemax is the maximum adsorption capacity (mol g~!); and

K is the adsorption constant (L mol™?) [187].
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Figure 59. Ethanol Adsorbed on 0.25wt% Pd- Figure 60. Linearized Langmuir Equilibrium
TiO; Photocatalyst. Isotherm for Ethanol on 0.25wt% Pd-TiOs.

Figure 59 describes the Langmuir chemisorption isotherm obtained with the data acquired in
this research for ethanol (Qe = Qe,max KCe/1 + KCe). It shows the chemisorption character
of the ethanol adsorption. One can also obtain by using a Langmuir linearized equation, as

shown in Figure 60, ethanol adsorption parameters for 0.25 wt% Pd-TiOx.

Table 27. Adsorption Constants for Ethanol for the 0.25wt% Pd-TiO>

K Qe, max
1.26 molt L 1.01 mol™? geat

One can notice that the results reported in Table 27 differ from those obtained by Escobedo
[97], who found that ethanol adsorbs on 1%Pt-TiO, with a Qe,max of 0.163 mol™ gea. This
is considerably lower than the Qe,max= 1.01 mol™ gea reported in Table 27, with this result
being assigned to the 131 m2g™ specific surface area, with the 16-20 nm pores of the

palladium-doped photocatalyst, of the present study.

The ethanol adsorption isotherm shows that for ethanol concentrations over 2.0%v/v, the
equilibrium adsorbent-phase concentration remains constant over the photocatalyst surface
reaching saturation. Therefore, increment of the ethanol concentration surpassing 2.0%v/v in

the photocatalytic water splitting reaction, will not enhance the hydrogen production rate.
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Thus, one can see that optimal ethanol equilibrium adsorbent-phase concentration on the TiO-

surface is reached at 2.0%v/v ethanol.

8.2 Reaction Mechanism for the In Series-Parallel Kinetic
Reaction Network

Photocatalytic water splitting reactions using Pd-TiO2 semiconductors and ethanol as organic
scavenger, lead to hydrogen formation as well as several by-products such as methane, ethane,
ethylene, acetaldehyde, CO, CO2 and hydrogen peroxide. This network of redox chemical

reactions species can be modelled using an in series-parallel reaction network as follows:

Hydrogen Formation

/> OH +h* ™ oW Equation 22

H20 (ads) Pd/Ti0z  H*(ags) + OH™ (ads)
Haote 29 2%, H, Equation 23

Oxidation Reactions

a) Acetaldehyde

Kk .
C,H;OH + 20H* = C,H,0 + 2H,0 Equation 26

b) Carbon Dioxide

k .
C,H:OH + 120H" 5 2CO0, + 9H, Equation 27

¢) Hydrogen Peroxide

OH* + OH* 4 H,0, Equation 32
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d) pH variation

OH® k—5> e~ +OH~ Equation 41
Reduction Reactions
e) Methane
k .
C,HsOH + 4H* = 2CH, + H,0 Equation 29
f) Ethane
k .
C,H;OH + 2H* = C,H, + H,0 Equation 30
9) Ethylene
k i
C,H;OH = C,H, + H,0 Equation 31

The proposed Kkinetics as given by the above equations is based on the following
statements[193]:

@ Reactions take place on the photocatalyst surface.

(b) Reactions are elementary.

(© Chemical species adsorbed are in equilibrium with those in the bulk solution.
(d) Concentration of water on the photocatalyst surface is constant.

(e Rate of electron-hole generation is proportional to the LVRPA or local volumetric rate
of photon absorption.

() The photocatalytic water splitting reactions take place in the Photo CREC Water-II
Reactor, with a 0.15 g L™ photocatalyst loading, 0.25wt%Pd in TiOz and 2.0v/v%
ethanol.

(@)  Water splits, forming intermediate OH" and H" radicals, with H* reacting further, and

yielding molecular hydrogen.
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(h) Ethanol, as an OH" organic scavenger, is consumed via different reaction pathways,
and forms various oxidation by-products, such as acetaldehyde, CO, and CO..

Q) Ethanol and ethanol by-products are reduced via the H- radicals present, yielding
methane, ethane, and ethylene.

Using both the L-H approximation and an in series-parallel network, a set of ordinary equations
were obtained, with these equations containing the kinetic constants, required to be evaluated

using statistical data analysis.

8.3 L-H Equations Applied to the Proposed In Series-Parallel
Reaction Network

The Langmuir-Hinshelwood (L-H) rate-based equations can be used to describe each one of
the steps involved in the water splitting reaction for all chemical species formed as described
by Equation 40.

Given that ethanol concentration was significantly higher comparatively to all other carbon

containing by-products, hence, the following inequality could be considered:
KfonCrron > KFI42CH2 + K54H4CCH4 + }(64;116662116 + KéH4CC2H4 + KéH4oCczH4o + KCAOZCCOZ

Then, the ethanol equilibrium adsorbent-phase concentration, Qgion:

KE&ror Ceton Equation 42

1 + KgionCreon

_ ~ A
Qrton = = KgrouCeton

With this approximation being true if 1 > K401 Crron-

On this basis, the various kinetic expressions for each one of the carbon-containing chemical

species were described.

Let us consider the exponent n,,as the reaction rate order for each by-product.
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(@) Acetaldehyde (C2H40)

k
C,H<OH + 20H* = C,H,0 + 2H,0

1 1
—TEtoH = _ErOH- =TcH,0 = ErHZO

—ToHs = 27¢,H,0
—Ton. = 2 k3 Qpton QS},.
Tc,n,0 = k2 Qeron Qoly. Equation 43
(b) Carbon Dioxide (CO»)

k
C,H<OH + 120H" 5 2C0, + 9H,

1 1 1

ErOH- = 57‘602 = §TH20

—Tgton =
—Ton. = 67¢o,
—Ton. = 6 k3 Qpton Qgi,.
rco, = k3 Qreon Q. Equation 44
(c) Hydrogen Peroxide (H202)
OH® + OH® ’3 H,0,

1
- ETOH- =TH,0,

—ToHe = 2 Th,0,
—Tope = 2 k,Q3
OHe 4 OHe

Th,0, = kaQ3%. Equation 45
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(d) pH variation
ks
OH®*—-> e~ + OH™
—ToHe. = ToH~-
_ 4
—Tone = ksQop.

rou- = ksQj. Equation 46

(e) Hydroxyl Radical (OH") Consumption — Formation

Ton. = k1 —2 k3 Qpion Qz}q. — 6 k3QErton QZ;I. — 2k, Qgiz- — ks QZ‘;-I- Equation 47

dNo

Applying the steady state T”'z 0 and the ethanol concentration approximations, the

following:

ki = 2 k3 Qpton Q}}i,. + 6 k3Qgton Q’Si,. + 2k, QZZ. + ks 3;1

From all the OH" radicals formed, only a third of them were consumed, as indicated by the
quantum yield (QY < 69.4%) and as described in Chapter 9. Therefore, in this case, the
concentration of hydroxyl radicals was approximately constant (Q,y. = constant) and could

be expressed as follows:
Equation 48
ki =2k;' Qpron +6k3' Qpron + 2 ks’ + ks’
Note: k'i= ki QoHe
(F) Methane (CH.)

k
C,H;OH + 4H* = 2CH, + H,0

1 1
—TEtoH = _ZTH- = E’”cm, =Th,0
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_T'H. = 2rCH4,

—Tye = 2 k6QEton Q:S
Tch, = KeQEion Qy Equation 49
(g) Ethane (C2Hs)
k7

C,HsOH + 2H® 5 C,Hg + H,0

1

—Tgton = ZTH- =Tc,Hg = THy0
_TH. == 2rC2H6
—rye =2k 6
The = 2 k7 Qpron Qy.

T con, = k7 Qpeon Q' Equation 50

(h) Ethylene (C2Ha)

k
C,HsOH = C,H, + H,0

“TEtoH = TCoHy = THp0

rc,u, = kg Qeeon Equation 51
(i) Hydrogen (H)
ko
2H* - H,
1
g = T,
—The = 2 1y,

_rH. = 2 k9 QZZ

= ko Qy. Equation 52
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(j) H’ consumption - formation
Yge = Tye — 2rCH4 —2r C;Hg — er. Equation 53
Considering, 1y. = 1oy,

ny

ry. = ki — 2 k¢ Qgeon Q. — 2 k7 Qpeon Qs — 2 ko Q. Equation 54

By applying the steady-state approximation d:f' =0 , and the ethanol concentration

inequality, this results in Equation 42:

ki =2 ke Qpton QZS + 2 k7 Qpron Q:f + 2 ko QZZ

Considering a quantum yield of QY < 69.4% (Chapter 9), one can conclude that the

concentration of hydrogen radicals is approximately constant (Cy. = constant).

Note: k’i= ki On.

kl =2 k6l QEtOH + 2 k7l QEtOH + 2 kgl Equation 55

Experimental data obtained in the present study confirms that &, which is related to OH radical

formation, is constant along the reaction time.

Furthermore, at a set ethanol concentration of 2.0v/v%, the reaction rate for each chemical
species resulting from both water splitting and redox OH" and H' reactions is given by the

expressions in Table 28. These reaction rates are based on experimental observations.
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Table 28. Reaction Rates for the Chemical Species Involved in the Photocatalytic Water

Splitting Reaction using Ethanol as an Organic Scavenger.

Chemical Species Reaction Rate
Acetaldehyde TeoHg0 = k2" Qpeon
Carbon Dioxide Tco, = k3’ Qreon

Hydrogen Peroxide T,0, = Ka'
Methane Tch, = Ko’ Qgton
Ethane rc,Hy = K7 Qrton
Ethylene Te,H, = ks' Qpeon

Hydrogen Th,= ko'

8.4 Kinetic Parameters Estimation

The proposed kinetics of the present study, for hydrogen production, as reported in Table 28
involves 7 reactions, and their respective parameters. These parameters were evaluated using
experimental data which involved a 0.25wt% Pd-TiO; photocatalyst, 2.0v/v% ethanol
concentration, 0.15 g L photocatalyst loading and initial pH = 4.0.

To accomplish this, a linear fit regression analysis of an objective function to a minimum value
involving a kinetic model prediction and experimental data was considered. Adjustment of

kinetic parameters was developed until the sum of the square residuals is minimized as:
n
Z(Vi.exp — Vimode)* = minimum Equation 56
i=1

With V; .., being the experimentally observed volume at STP conditions and this for each
chemical species, and V; ,,0q4¢; representing the calculated volume at STP using the proposed

kinetic model.
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8.4.1 Kinetic Parameters Estimation under Near-UV Light

Comparison of model predictions and experimental data using the 0.25wt% Pd-TiO>

photocatalyst of present study with 2.0v/v% ethanol as an organic scavenger and under 6 hours

of near-UV irradiation, are reported in Figures 61-67.
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Figure 61. Cumulative Methane Volume (STP) after 6 Hours of Irradiation. Experimentally
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observed runs are represented by (©). Model predictions are represented by (—).

Experimental conditions: a) near-UV irradiation, b) 0.25wt% Pd-TiO- photocatalyst and 0.15

g L photocatalyst loading, c) Initial pH = 4.0.
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Figure 62. Cumulative Ethane Volume (STP) Obtained after 6 Hours of Irradiation.
Experimentally observed runs are represented by (o). Model predictions are represented by
(—). Experimental conditions: a) near-UV irradiation, b) 0.25wt% Pd-TiO> photocatalyst and
0.15 g L™! photocatalyst loading, ¢) Initial pH = 4.0.
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Figure 63. Cumulative Ethylene Volume (STP) Obtained after 6 Hours of Irradiation.
Experimentally observed runs are represented by (0). Model predictions are represented by
(—). Experimental conditions: a) near-UV irradiation, b) 0.25wt% Pd-TiO> photocatalyst and
0.15 g L™* photocatalyst loading, c) Initial pH = 4.0.
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Figure 64. Cumulative Acetaldehyde VVolume Obtained after 6 Hours of Irradiation.
Experimentally observed runs are represented by (o). Model predictions are represented by
(—). Experimental conditions: a) near-UV irradiation, b) 0.25wt% Pd-TiO> photocatalyst and
0.15 g L photocatalyst loading, c) Initial pH = 4.0.
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Figure 65. Cumulative CO Volume after 6 Hours of Irradiation. Experimentally observed
runs are represented by (o). Model predictions are represented by (—). Experimental
conditions: a) near-UV irradiation, b) 0.25wt% Pd-TiO, photocatalyst and 0.15 g L™

photocatalyst loading, ¢) Initial pH = 4.0.
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Figure 66. Cumulative Hydrogen Peroxide VVolume Obtained after 6 Hours of Irradiation.
Experimentally observed runs are represented by (o). Model predictions are represented by
(—). Experimental conditions: a) near-UV irradiation, b) 0.25wt% Pd-TiO> photocatalyst and
0.15 g L™! photocatalyst loading, ¢) Initial pH = 4.0.
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Figure 67. Cumulative Hydrogen Volume Obtained after 6 Hours of Irradiation.
Experimentally observed runs are represented by (o). Model predictions are represented by
(—). Experimental conditions: a) near-UV irradiation, b) 0.25wt% Pd-TiO> photocatalyst and
0.15 g L photocatalyst loading, c) Initial pH = 4.0.
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One significant feature of the Figures 61-67 reported, is the common linear trend, representing
a steady increase of the obtained STP volume of all chemical species during the 6 hours of

irradiation, with no photoactivity decay.

Based on the proposed kinetics and the experimental data, the k2’ ,ks” ks’ ks’ ,k7” ks’ and ko’
intrinsic kinetic rate constants, are reported in Table 29, along with their standard deviations

and their confidence intervals.

Table 29. Intrinsic Kinetic Rate Constants for Hydrogen and By-Products under Near-UV
light at 2.0%v/v Ethanol. The adsorption constant for ethanol was set to 1.26 mol™ L, as

shown in Section 8.1.

Intrinsic Kinetic Confidence

Rate Constant (h?) STD (1) Interval
ko’ 3.44E-03 9.21E-05 1.35E-04
ks’ 1.25E-03 1.24E-04 2.00E-04
K’ 2.60E-03 1.06E-04 1.60E-04
ke’ 6.24E-04 6.60E-05 1.13E-04
k7’ 2.90E-03 3.17E-04 4.72E-04
kg’ 5.64E-03 3.77E-04 5.21E-04
Ko’ 1.43E-01 4.60E-03 3.37E-03

The reported intrinsic Kinetic rate constants of Table 29 can be determined with limited
standard deviations. This points to the adequacy of the intrinsic rate constants selected, for the

photocatalytic water splitting reaction, under near-UV light.

Furthermore, the intrinsic kinetic rate constant for ki is 1.71E-03 h! corresponding to the OH
radical formation, and for ks is 3.13E-01 h! corresponding to the OH" or pH change. It is

however, recommended to analyse the validity of this functionality in future studies.
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8.4.2 Kinetic Parameters Estimation under Visible Light

Kinetic parameter estimations for the “in series-parallel” model under visible light, are reported
in the upcoming figures of this chapter. The proposed kinetic model was evaluated using
experimental data obtained for the 0.25wt%Pd-TiO2 photocatalyst, at 2.0v/v% ethanol
concentration, using 0.15 g L™ photocatalyst and an initial pH of 4.0. The adsorption constant
for ethanol used for the model was 1.265 mol™ L. The photocatalyst was pre-reduced under

near-UV irradiation for 1 hour, proceeding after this with 5 hours of visible light.
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Figure 68. Cumulative Methane VVolume after 6 hours of Irradiation. Experimentally
observed runs are represented by (o). Model predictions are represented by (—).

Experimental conditions: a) 0.25wt% Pd-TiO- photocatalyst and 0.15 g L™ photocatalyst
loading, b) Initial pH = 4.0, ¢) 1 hour near-UV light plus 5 hours under visible light.
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Figure 69. Cumulative Ethane VVolume after 6 Hours of Irradiation. Experimentally observed
runs are represented by (o). Model predictions are represented by (—). Experimental
conditions: a) 0.25wt% Pd-TiO photocatalyst and 0.15 g L™ photocatalyst loading, b) Initial
pH = 4.0, c) 1 hour near-UV light plus 5 hours under visible light.
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Figure 70. Cumulative Ethylene VVolume after 6 Hours of Irradiation. Experimentally
observed runs are represented by (©). Model predictions are represented by (—).
Experimental conditions: a) 0.25wt% Pd-TiO, photocatalyst and 0.15 g L™ photocatalyst
loading, b) Initial pH = 4.0, ¢) 1 hour near-UV light plus 5 hours under visible light.
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Figure 71. Cumulative Acetaldehyde VVolume after 6 Hours of Irradiation. Experimentally
observed runs are represented by (©). Model predictions are represented by (—).
Experimental conditions: a) 0.25wt% Pd-TiO, photocatalyst and 0.15 g L™ photocatalyst
loading, b) Initial pH = 4.0), c) 1 hour near-UV light plus 5 hours under visible light.
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Figure 72. Cumulative CO2 Volume after 6 Hours of Irradiation. Experimentally observed
runs are represented by (o). Model predictions are represented by (—). Experimental
conditions: a) 0.25wt% Pd-TiO, photocatalyst and 0.15 g L™ photocatalyst loading, b) Initial
pH =4.0, ¢) 1 hour near-UV light plus 5 hours under visible light.
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Figure 73. Cumulative Hydrogen Peroxide VVolume after 6 Hours of Irradiation.
Experimentally observed runs are represented by (o). Model predictions are represented by
(—). Experimental conditions: a) 0.25wt% Pd-TiO photocatalyst and 0.15 g L™ photocatalyst
loading, b) Initial pH = 4.0, ¢) 1 hour near-UV light plus 5 hours under visible light.
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Figure 74. Cumulative Hydrogen VVolume after 6 hours of Irradiation. Experimentally
observed runs are represented by (©). Model predictions are represented by (—).
Experimental conditions: a) 0.25wt% Pd-TiO, photocatalyst and 0.15 g L™ photocatalyst
loading, b) Initial pH = 4.0, ¢) 1 hour near-UV light plus 5 hours under visible light.
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Figures 68-74 display a common linear trend consisting in the increase of the production of
hydrogen and in the formation of by-products with irradiation time. For the acetaldehyde,
ethylene, and CO2 however there is a slight deviation from the proposed kinetics, in the initial
0-2 hours. This can be explained by the photoreduction effect on the photocatalyst, during the
near-UV 1-hour irradiation period, which causes a higher productivity of all 3 carbon

containing by-products.

Furthermore, during the remaining hours under visible light, the production of carbon
containing by-products (with the exception of hydrogen peroxide) is steady, showing a linear
trend. For hydrogen peroxide however, there is an unsteady formation-consumption of the OH

radicals forming H20:..

Thus, one can see that the proposed model describes well the experimental data from the
photocatalytic water splitting reactions with a steady increase in hydrogen STP volume over

the 5 hours of visible light and this following the first hour of near-UV irradiation.

Table 30 reports the 7 determined intrinsic kinetic constants along with the standard deviations

and the 95% confidence intervals.

Table 30. Intrinsic Kinetic Rate Constants for Hydrogen and By-Products under Visible
Light at 2%v/v Ethanol.

Intrinsic kinetic 95% Confidence

Rate Constant (h?) STD (1) Interval
ka2’ 1.06E-03 6.90E-05 1.13E-04
ks’ 3.28E-04 3.16E-05 5.67E-05
Ky’ 1.48E-03 1.07E-04 1.70E-04
ke’ 5.83E-05 4.23E-06 8.50E-06
k7’ 3.07E-04 1.96E-05 3.53E-05
ks’ 1.54E-03 9.98E-05 1.58E-04
ko’ 1.13E-02 1.00E-03 1.27E-03

Note: ki corresponds to the formation of OH radicals with an intrinsic rate constant of 3.11E-

04 h't and ks corresponds to the increase in pH with an intrinsic rate constant of 9.11E-02 ht,

Cross-correlation analysis provides a way of establishing the numerical interactions between

the determined kinetic parameters. Table 31 reports cross-correlation coefficients, which in
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most cases, much smaller than 1, indicating the desirable low numerical interactions between

determined parameters.

For example, from the cross-correlation matrix reported in Table 31, one can see that the
methane intrinsic kinetic rate constant (ke’) is weakly correlated to acetaldehyde, carbon
dioxide and hydrogen peroxide parameters (k2’, ks’, ks’), given the 0.236, 0.035, -0.205
obtained coefficient values. One can notice that ko’-ks” and ks’-ks’ pairs are the exception with

cross-correlation values of -0.98 and 0.97, respectively.

Table 31. Cross-Correlation Coefficients for Photocatalytic Hydrogen Production via Water
Splitting, under Near-UV Light.

k2’ ks’ ks’ Ke’ k7’ Ks’ Ko’
k2’ 1
ks’ -0.935 1
ks’ -0.980 0.970 1
ke’ 0.236 0.035 -0.205 1
k7’ -0.685 0.863 0.720 0.532 1
ks’ 0.420 -0.344 -0.277 -0.389 -0.532 1
ko’ -0.276 0.544 0.326 0.857 0.889 -0.474 1

Table 32 reports the cross-correlation coefficients for the model fitted kinetic parameters for
photocatalytic runs under visible light. In this case, it is observed that most of the cross-
correlation coefficients show the desirable absolute values lower than the k7’-kg’, k2’-ke’, k3’-
ko’ pairs, being the exception.

Table 32. Cross-Correlation Coefficients for Photocatalytic Hydrogen Production via Water
Splitting under Visible Light.

k2’ ks’ ks’ ke’ k7’ ks’ Ko’
k2’ 1
ks’ 0.359 1
ks’ -0.093  -0.526 1
ke’ 0.951 0.564  -0.381 1
k7’ 0.783 0.702  -0.672 0.937 1
ks’ 0.776 0.729  -0.669 0.933 0.999 1
ko’ -0.100 -0.964 0.572 -0.342 -0.547 -0.576 1

Thus, the proposed kinetic modelling shows an overall good selection of kinetic parameters,

based on the smaller than one cross-correlation parameters, in the cross-correlation matrix.
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The next step in the process of the kinetic model developed is to establish reconciliation plots,
as reported in Figure 75 and Figure 76 for experiments and predictions, under near-UV and
visible light irradiation cases. It was observed in this respect, that the proposed kinetics provide
a good prediction of the experimental data, under near-UV light for all chemical species.
However, for the reactions under visible light, the predicted species volumes at STP, appear to
be somewhat more scattered. These deviations are attributed to larger errors when evaluating

chemical species with smaller volumes at STP, leading to increased data dispersion.
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Figure 75. Reconciliation Plot for Predicted and Experimentally Observed VVolumes at STP
for CO2, H202, CH4, C2H40, C2Hs, C2Ha, and Hz. Notes: a) Species Volumes: 0 to 113 cm?®
STP, b) Species Volumes: 0 to 1.8 cm?, and c) Species Volumes: 0 to 0.0022 cm® STP.
Conditions: 0.25wt% Pd-TiO. photocatalyst, Near-UV Light irradiation and Experimental
error: +5.8% Legends: Blue: Methane, Red: Ethane, Yellow: Acetaldehyde, Black: Carbon
Dioxide, Violet: Hydrogen Peroxide, Orange: Ethylene and, Green: Hydrogen

130



0.50 —

10
(¢]
g4 a) b)
6
0.40 -
4 4
o
'_ 2
n
E 0.30 -
(8]
S
=
=)
>
°
& 020 4
2
°
e
a
0.10 -
0.000 & T T
0.0000 0.0010 0.0020
0.00

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Experimental Volume (cm? STP)

Figure 76. Reconciliation Plot for Predicted and Experimentally Observed Volumes at STP
for CO2, H202, CH4, C2H40, C2Hs, C2H4 and Ho. Notes: a) Species Volumes: 0 to 10 cm?®
STP, b) Species Volumes: 0 to 0.5 cm?, and c) Species Volumes: 0 to 0.0022 cm® STP.
Conditions: 0.25wt% Pd-TiO. photocatalyst, Visible Light irradiation and Experimental
error: £15% Legends: Blue: Methane, Red: Ethane, Yellow: Acetaldehyde, Black: Carbon
Dioxide, Violet: Hydrogen Peroxide, Orange: Ethylene and, Green: Hydrogen

On this basis, one can conclude that the proposed kinetic model adequately described the
experimental data, when using near-UV and/or visible light irradiation, and for the

experimental conditions studied.

Figure 77 and Figure 78 display the residuals for the estimated kinetic model, it was observed
that the residual values were symmetrically distributed. Each chemical species demonstrated a
trend to cluster towards the x-axis. The positive and negative values were clustered in the y-
axis, with a deviation no larger that 0.1, which is almost negligible. Therefore, it is concluded

that the proposed kinetic model provided a good prediction of the experimental data.
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Figure 77. Residuals Plot for the Photocatalytic Hydrogen Generation 0.25wt% Pd-TiO>
under Near-UV Light. Notes: a) Residual volumes between 0 to 113 cm® STP, and b)
Residual volumes between 0 and 1.8 cm3at STP. Legends: Blue: Methane, Red: Ethane,
Yellow: Acetaldehyde, Black: Carbon Dioxide, Violet: Hydrogen Peroxide, Orange:
Ethylene and, Green: Hydrogen
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Figure 78. Residuals Plot for the Photocatalytic Hydrogen Generation 0.25wt% Pd-TiO>
under Near-UV Light. Notes: a) Residual volumes between 0 to 10 cm® STP, and b) Residual
volumes between 0 and 0.35 cm®at STP. Legends: Blue: Methane, Red: Ethane, Yellow:
Acetaldehyde, Black: Carbon Dioxide, Violet: Hydrogen Peroxide, Orange: Ethylene and,
Green: Hydrogen
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8.5 Conclusions

This chapter reports the kinetic modelling and the statistical analysis, for hydrogen production
and the formation of by-products via photocatalytic water splitting, using the 0.25wt% Pd-TiO>
photocatalyst and 2.0%v/v ethanol concentration. On this basis, the following can be

concluded:

a) The Langmuir-Hinshelwood model accurately describes the in series-parallel reaction
network for the production of hydrogen and the formation of by-products.

b) The proposed Kinetics provides a good prediction of the experimental data, for
photocatalytic water splitting reactions, under near-UV and visible light, using ethanol
as an organic scavenger.

c) The developed statistical analysis confirms the suitability of the proposed kinetics, with

95% confidence intervals, low cross-correlated parameters, and good data prediction.
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Chapter 9

9  Quantum Yield (QY) Evaluation

The quantum yield (QY) is a parameter used to evaluate the photon utilization efficiency in
photocatalytic reactors [194]. For hydrogen production reactions, the quantum yield has to be
defined in terms of the hydrogen radical production rate over the absorbed photon rate onto the
photocatalyst surface. Therefore, QY can be determined as follows:

moles of He/s

Yhe = Equation 57
QVu moles of photons absorbed by the photocatalyst/s quatl
Equation 57 is equivalent to:
[dNH. Equation 58
dt

%QY = TX 100

Where %stands for the rate of moles of hydrogen radicals formed over the photocatalyst

absorbed photon rate.

The QY calculation requires the Pa absorbed photon rate. To establish Pa, a macroscopic
balance is needed, with the assessment of Pt transmitted photons, Pi incident photons and Pbs

backscattered photons. Determination of these parameters are described in Chapter 5.

One should note that some authors report the QY% in terms of incident photons, using a
numerical solution of a radiation equation[195]. However, this approach may involve
significant error and therefore, Equation 58 is considered a better approach.

9.1 Evaluation of Quantum Yields under Near-UV Light

Table 33 and Figure 79 report QY% for the mesoporous photocatalysts, doped with palladium,
at different metal loadings (0.25, 0.50, 1.00, 2.50 and 5.00 wt%), using photocatalyst

concentrations of 0.15 g L%, 2.0 v/v% ethanol, initial pH = 4 + 0.05 and near-UV light.
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Table 33. Quantum Yield (%QY) for the Pd-TiO> photocatalyst when using 0.15g/L of
TiO2 under near-UV irradiation. All reported data are average values of three repeats.

Semiconductor QY (%)
F-127 TiO; 5.0
F-127-0.25 wt% Pd-TiO2 13.7
F-127-0.50 wt% Pd-TiO, 12.8
F-127-1.00 wt% Pd-TiO2> 10.9
F-127-2.50 wt% Pd-TiO2> 9.6
F-127-5.00 wt% Pd-TiO> 8.5

While the result of Table 33 shows an improved quantum yield, when compared to the 8%
QY reported by Escobedo [97] for DP25 doped with Pt, one can also observe that: a) the QY%
increases with the Pd loadings in the 0.25 to 1.00 wt% Pd-TiO> range, b) The QY% decreases
with higher than 1wt% Pd-TiO2 loadings (2.50 to 5.00 wt% Pd-TiO> ) range.

Figure 79 reports a consistent and steady QY% over 6 hours of near-UV irradiation, for all
photocatalyst loadings. It is observed that in the first hour of irradiation, QY% increased
linearly until it reached a stable value. During the remaining 5 hours, QY% continued
unchanged at the same levels, with this showing a stable performance of the palladium

photocatalysts.

Detailed QY% calculation is provided in Appendix D.
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Figure 79. QY% at Various Irradiation Times, under Near-UV Light and 0.15g L™ of
Photocatalyst Concentration, and Using Pd at Different Loadings (0.25, 0.50, 1.00, 2.50 and
5.00 wt%).

9.1.1 Effect of Photocatalyst Concentration on Quantum Yields

Further QY% evaluations were developed, for the 0.25 wt% Pd-TiO2, by changing the
photocatalyst concentration. Figure 80 reports the QY% obtained, by augmenting the
photocatalyst concentration up to 1.00 g L, under the following conditions: (a) 2.0 v/v%
ethanol, (b) initial pH = 4 + 0.05, and (c) under near-UV light irradiation. It was observed that
there was a noticeable increase of the QY% in the first hour of irradiation, followed by a stable

QY% in the next 5 h of irradiation, with no photocatalyst activity decay.

137
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Time (h)
Figure 80. QY% at various Irradiation Times under near-UV Irradiation Using 0.15, and

1.00g L™ Photocatalyst Concentrations. Note: Loading was 0.25 wt% Pd on TiO».

Thus, using the 1.00 g L™* photocatalyst concentration, a 0.25 wt% Pd loading on TiO;, and
near-UV light, led to a steady and favourable quantum yield of 34.7%.

9.2 Evaluation of Quantum Yields under Visible Light

Table 34 and Figure 81 report the QY% for the mesoporous photocatalysts, doped with
palladium at different metal loadings (0.25, 0.50, 1.00, 2.50, and 5.00 wt%) under the following
conditions: (a) Photocatalyst slurry concentrations of 0.15 g L, (b) 2.0 v/v% ethanol, (c) pH
=4 +0.05and (d) Visible light. Regarding these QY %s, the photocatalyst was evaluated under
two scenarios: a) photocatalyst irradiated with visible light only for the entire 6 hours, and b)
photocatalyst photoreduced for 1 hour first under near-UV light, and irradiated with visible

light for the remaining 5 hours.
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Table 34. QYs% for Pd-TiO2 Photocatalysts at Different Metal Loadings (0.25, 0.50, 1.00,
2.50, and 5.00 wt%) under: (a) Visible light irradiation only, (b) Using near-UV light for

1hour, followed by visible light irradiation for 5 hours.

Photocatalyst QY (%) (a) QY (%) (b)
TiO2 0.23 -
0.25 wt% Pd TiO> 1.13 1.58
0.50 wt% Pd TiO; 0.34 1.07
1.00 wt% Pd TiO> 0.30 0.80
2.50 wt% Pd TiO; 0.10 0.79
5.00 wt% Pd TiO> 0.10 0.78

One can observe in Table 34 that the QYs% obtained with visible light irradiation only, were
in the low 0.10-1.13% range, with this reflecting a modest improvement versus the 0.23%
obtained for the undoped TiO.. These low QYs% can be attributed to the limited ability of the
Pd-TiO2 photocatalysts to produce hydrogen under visible light, with only 49.8 wt% of the

loaded palladium as Pd°.

It was also observed on the other hand, that the near-UV photoreduced photocatalysts reached
higher QYs% values under visible light, as high as 1.6% for the 0.25wt%Pd-TiO,. Thus, it was
concluded that the prior photocatalyst photoreduction is of critical importance to make the
photocatalyst active under visible light, for hydrogen production, while having 81.7 wt% of

the loaded palladium present as Pd°.

Note that Ravishankar[196] reported a maximum quantum yield, within the 0.36 to 0.43%
range, for 0.1 to 0.4 wt% Pd-TiO2 photocatalysts, under visible light. In the present study, the
reported QY% are 3-4 times larger, than the QY% obtained by Ravishankar[3]. This is
accomplished using rigorous experimentally evaluated absorbed photons rate, which was

determined via MIEB (macroscopic irradiation energy balances).
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Figure 81. QY% at Various Irradiation Times, under Visible Light, usinga 0.15g L™
Photocatalyst Concentration. Note: Pd-TiO2 photocatalyst with different palladium loadings:
0.25, 0.50, 1.00, 2.50, and 5.00 wt% are used.

Furthermore, Figure 82 reports the consistent QY% trends, observed for Pd-doped TiO:
photocatalysts, under the following conditions: (a) During the first hour near-UV irradiation,
the QY% increases progressively until it reaches a stable value; and (b) During the additional
five hours of visible irradiation, the QY% remains essentially unchanged, with the
photocatalysts displaying a stable performance. It can also be observed in this respect, that
there is a significant increase of QY% when using 0.25 and 0.50 wt% Pd-TiO, whereas higher
Pd loadings led to a decrease in the QY %.
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Figure 82. QY% at Various Irradiation Times, under Visible Light, and Using a 0.15g L™
TiO2 Photocatalyst Concentration. Photocatalysts were photoreduced using Near-UV light
during the first 1 hour.

It is also interesting to notice in Figure 82, that the photoreduced semiconductors of the present
study displayed good and stable QYs%, showing their significant ability to produce hydrogen,
without photocatalyst deactivation. This photocatalyst QY% stability was also established with
4 consecutive hydrogen production photocatalytic run repeats, each lasting 6 h or the

equivalent of 24 h under visible light irradiation.

9.2.1 Effect of Photoreduction Time on Quantum Yields

Given that the highest QY% observed for the 0.25 wt% Pd-TiO photocatalyst, during 1 hour
under Near-UV was 1.6%, further QY% evaluations were developed by changing the near-UVv
irradiation time of the photocatalyst. Figure 83 reports the QY% obtained, when increasing
the near-UV photoreduction exposure time up to 24 hours, followed by 6 hours of visible light
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irradiation. The reaction conditions remained unchanged as in previous experimental runs: (a)

2.0 vIv% ethanol, (b) initial pH = 4 + 0.05 and (c) 0.15 g L™ of TiO..

12
—o—0.25wt%Pd-TiO2 1 h Near-UV + 6 h Visible Light

10 - —e— 0.25wt%Pd-TiO2 24h Near-UV + 6 h Visible Light

QY (%)

0 1 2 3 4 5 6
Time (h)
Figure 83. QY% at Various Irradiation Times under 1 hour near-UV photoreduction, followed
by 6 hours of visible light irradiation, and 24 hours near-UV photoreduction, followed by 6

hours of visible light irradiation. Note that the reactions were performed usinga 0.15¢g L*

photocatalyst concentration and 0.25 wt% Pd on TiOa.

It was observed that there was a noticeable increase in the QY %, with 24 hours of near-UV
photoreduction rather than 1 hour of near-UV photoreduction, under visible light irradiation,
with this being as high as 8.8%. This quantum yield was five times the one reported with 1
hour of near-UV photoreduction. The rise in the QY% was attributed to a close to 100 wt% of
the loaded palladium being present as Pd°, as demonstrated by the XPS analysis in Chapter 4.

Note that the QY% achieved remained steady with no apparent photocatalyst activity decay.
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9.3 Theoretical Quantum Yields

The "Theoretical Quantum Yields" are based on the photon stoichiometric requirements for H"
radical production over the number of photons absorbed in the palladium on TiO;

photocatalysts.

[dNH [dNHz]

%QY = x100=2x——x100 Equation 59

Therefore, by using Equation 59, one can determine the values of the “Theoretical Quantum

Yield” under near UV light and visible light irradiation as reported in Table 35:

Table 35. Theoretical Quantum Yields using 0.25%wt Pd — TiO; photocatalyst

M [dNHZ]
Conditions QY (%) =-5=x 100 QY (%) =2 x—4— x 100
Near UV light
Photocatalyst concentration: 1.00 g L 34.7 69.4

Ethanol concentration: 2%v/v

Initial pH: 4 £ 0.05

Visible Light after 24 hours under Near
UV irradiation.

Photocatalyst concentration: 0.15 g L™ 8.80 17.6
Ethanol concentration: 2%v/v
Initial pH: 4 £ 0.05

Considering that H* protons form He radicals, the “Theoretical Quantum Yield” equals 1 or
100%. However, due to the presence of the ethanol scavenger and the subsequent oxidation —

reduction reactions, an estimated average theoretical QY is 0.8 or 80%.
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9.4

Conclusions

From the various QY's% reported in this chapter, the following can be concluded:

a)

b)

d)

The QYs% is a valuable parameter that determines the energy usage efficiency, when

using photocatalytic reactors for hydrogen production.

The QYs% can be determined based on the hydrogen production rate, and the absorbed
photon rate, with the absorbed photon rates being calculated using macroscopic

irradiation energy balances.

The QYs% using near-UV irradiation can be enhanced with 0.25wt% Pd-TiO2, 1.0 g
L photocatalyst and 2.0%/v ethanol scavenger, yielding a favourable 69.4% maximum
QY% value.

The QYs% of Pd-TiO- photocatalyst under visible light was in the 0.10-1.13 range and
was enhanced with 1 hour or 24 hours of photoreduction, under near-UV light. This 1
hour or 24-hour of photoreduction demonstrated the importance of having palladium

present as Pd® on the photocatalyst, for hydrogen production.

The QYs% can be improved using 24 hours extended photoreduction period under
near-UV irradiation. Using the 0.25wt%Pd-TiO, photocatalyst, at 0.15 gL*
photocatalyst concentrations and 2.0%v/v ethanol, it yielded a 17.6 QYs% under

visible light.
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Chapter 10

10 Conclusions and Recommendations

Photocatalysis is a promising technology that involves the use of light to split water, by taking
advantage of semiconductor material properties. These semiconductors under photon
irradiation can generate electron hole pairs and produces hydrogen. This technology requires
suitable photocatalysts, to achieve better radiation and sunlight utilization efficiencies. A
sacrificial agent or scavenger is also required, to reduce the electron-hole h*/e” recombination
by being an electron donor.

Hydrogen as an energy carrier has important advantages, such as high-energy density (143
MJ/kg) and zero-CO. combustion emissions. It can be produced and stored on site and used to

produce thermal energy and electricity.

This PhD thesis addresses some of the challenges in photocatalytic water splitting such as: a)
enhancing the efficiency of hydrogen production by modifying the TiO. photocatalyst, b)
reducing electron-hole pair recombination, b) decreasing semiconductor band gaps to absorb

visible light, and c) achieving photocatalyst chemical stability under redox conditions.

In order to accomplish this, a mesoporous titanium dioxide photocatalyst was modified and
synthesized using palladium, as a noble metal dopant. The prepared photocatalyst was
evaluated in the Photo-CREC Water-11 Reactor, and characterized using physical and chemical
techniques, under both near-UV and visible light, while using ethanol as a renewable

scavenger.

10.1 Conclusions

The main findings and conclusions of this PhD thesis can be summarized as follows:

e ATIiO2 mesoporous photocatalyst material was synthesized using a Pluronic F-127 soft
template, following the sol-gel method. The semiconductor was successfully doped

using a palladium-noble metal. A photoreduction approach was also considered to fully
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reduce the Pd on the TiO», with metallic formed sites fully contributing, as effective

electron traps.

The developed Pd-TiO. photocatalyst was characterized using several analytical
techniques such as: XRD, BET, Hz-chemisorption, XPS, TPR, and UV-Vis spectra.
These techniques allowed determining the photocatalyst specific surface area (131m?
gh), Pd metal dispersion (75%), crystallite sizes (9 to 14 nm range), the high degree of
Pd reduction (100% Pd°), and the band gap (2.51 eV), of the synthesized 0,25%Pd-
TiO» photocatalysts.

The performance of the Pd-TiO2 photocatalyst in terms of photon absorption, was
adequately assessed using Macroscopic Irradiation Energy Balances (MIEB). For the
synthesized Pd-TiO2 photocatalysts, photon absorption efficiencies were established in

the 45 to 60% range, under both near-UV and visible light irradiation.

The 0.25wt% Pd-TiO2 photocatalyst was proved to be the best photocatalyst in various
experiments under inert argon atmosphere, in the Photo-CREC Water-11 Reactor unit,

for hydrogen production, using ethanol as a scavenger.

The developed 0.25wt% Pd-TiO2 photocatalyst used for water splitting, led to hydrogen
formation via a “in series-parallel” reaction network, with the formation of methane,
ethane, ethylene, hydrogen peroxide, carbon monoxide, carbon dioxide and
acetaldehyde, in small quantities.

The 0.25wt% Pd-TiO- photocatalyst used for water splitting led to a “in series-parallel”
redox reaction network. This network was successfully evaluated via carbon element
balances, as well as OHe and He radical balances, and was established for both 6 h of

near-UV or 1 hour of near-UV followed by 5 hours of visible light irradiation.

The photocatalytic water splitting rates for the 0.25wt% Pd-TiO2 at a 0.15g L*
photocatalyst concentration were accurately described via a Langmuir-Hinshelwood
rate model including chemical species adsorption and intrinsic reaction steps. The

resulting kinetics provided a good representation of the experimental data and predicted
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well the volumes of photocatalytic water splitting products, at STP conditions, under

near-UV and visible light.

e The Pd-TiO. photon utilization efficiency was satisfactorily established, using quantum
yields. The synthesized 0.25wt%Pd-TiO: photocatalyst, 2.0%Vv/v ethanol, under near-
UV showed a best QY% of 69.4%. It was also observed that extending the photo
reduction period to 24 hours followed by 5 hours of visible light, the photocatalyst
achieved a high QY% of 17.6%.

10.2 Recommendations

The following future work is recommended based on the results of this research:

e To study the effect of higher irradiation densities, by using LED lamps, with lower
power consumption and as a result, higher power utilization efficiency.

e To develop irradiation models in the Photo-CREC Water-11 Reactor accounting for: a)
irradiation absorption, b) forward and backward scattering, for different Pd loadings,
on the TiO2 photocatalyst. These models could include the proposed reaction kinetics
and could be valuable to establish best photocatalyst loadings.

e To evaluate the Pd-TiO, photocatalyst, under different photoreduction conditions. For
example, reducing the metal loading below 0.25 wt% Pd and determining its band gap
after reaction. This would allow determining the best photocatalyst photoreduction
conditions, prior to visible light irradiation, in order to obtain an optimal performance
for hydrogen production.

e To determine the Photochemical Thermodynamic Efficiency Factor (PTEF), during
photocatalytic hydrogen production, in the PCW-II reactor, in order to evaluate the
photon energy efficiency.

e To evaluate the possibility of scaling up the process including the Photo CREC Water
Il reactor, from the laboratory up to industrial scale, analyzing costs and identifying
critical variables that might affect the efficiency of the photocatalytic water splitting
reaction for hydrogen production.
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Appendices

Appendix A. Detection of H2 and Carbon Containing
Species by a Shimadzu CG 2010

The several gases produced, as a result of the photocatalytic water splitting with ethanol as a
scavenger, were evaluated using a Shimadzu GC2010 Gas Chromatograph (Nakagyo-ku,
Kyoto, Japan). Samples were taken every hour during a 6 h period. To accomplish this, argon
(Praxair 99.999%) was used as a gas carrier. The GC was equipped with two detectors: A
Flame lonization Detector (Nakagyo-ku, Kyoto, Japan) (FID) coupled with a methanizer and
a Thermal Conductivity Detector (TCD). As a result, the analytical equipment employed was
able to detect hydrogen (H2), carbon monoxide (CO), methane (CHs), carbon dioxide (COy),
ethane (C2Hs), ethylene (C2Ha), acetaldehyde (C2H40), and ethanol (C2HsOH).

The GC method used for the gas phase analysis is described as follows:
Column:

Temperature: 50 °C Equilibration time: 0.2 min

Column Oven Temperature Program

Rate Temperature (°C) Hold Time (min)
- 50 4
20.0 200 18.5
FID
Temperature: 230 °C Sample Rate: 40 msec Make up gas: Hydrogen
TCD

Temperature: 210 °C Sample Rate: 40 msec Make up gas: Argon

Typical chromatograms obtained, for both hydrogen and carbon containing by-products, using
the employed programmed oven temperature method, are reported in Figures Al and A2. One
should note that the air detected via the TCD was attributed to the air contained in the needle,
when injecting the gas sample into the GC. This air gas volume is negligible and was

disregarded in the product analysis.
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Figure A2. Carbon containing product species peaks as detected by the FID for: (a)
carbon monoxide (CO), (b) methane (CHa), (c) carbon dioxide (CO), (d) ethylene
(C2H4), (e) ethane (C2He), (f) acetaldehyde (C2H40), and (g) ethanol (C2HsOH).
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H> peak measurements were quantified using the TCD calibration, as reported in Figure A3.
Calibration was established by using a Ha certified standard gas mixture sample (10% H. and
90% He Praxair), and different known hydrogen volumes (0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 mL).
Sample volumes in the syringe were at room temperature, and pressure conditions (25 °C and
1 atm).
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Figure A3. Calibration curve using the Shimadzu GC 2010 for Hydrogen.
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Appendix B. Carbon Containing Species Balance

This appendix reports a typical calculation of the moles carbon balance for the 0.25 wt% Pd-
TiO> catalyst under near-UV light. Note that the Photo-CREC Water Il Reactor, at the
beginning of the reaction, was loaded with 6 L of slurry suspension. In addition, the Photo-
CREC Water Il Reactor is equipped with a sealed storage tank with a total volume of 5716 mL
for collecting the gas phase products.

Moles of carbon at t = 0 h in the liquid phase:

2 moles of Carbon

ne = 0.34171 mole L™ « (6.0 L) = ( > = 4,10 mole of Carbon

1 mole of Ethanol
e Moles of carbon att = 6 h in the liquid phase:

2 moles of Carbon

nc = 0.34110 moles L™ * (6.0 L) * ( ) = 4.09 moles of Carbon

1 moles of Ethanol
e Ethanol in the gas phase:

0.1776 les mL~ * (5716 mL) (2 moles of Carbon>
= . % %
e Hmoes m 1 moles of Ethanol

= 2.03 X 1073 moles of Carbon

e Methane in the gas phase:

0.018 1 L—l (5716 L) ( 1 mole of Carbon )
= (). % N
e HmeTs m 1 mole of Methane

=1.01 x 107° moles of Carbon

e Ethane in the gas phase:

0.0072 | L1« (5716 mL) (2 moles of Carbon)
= . * "
e Hmotesm m 1 mole of Ethane

= 8.23 X 107° moles of Carbon

e Ethylene in the gas phase:

0.0140 1 L1 % (5716 mL) (2 moles of Carbon>
= (). % .
e Hmee m 1 mole of Etylenel

= 1.60 X 10~* moles of Carbon

e Acetaldehyde in the gas phase:

2 moles of Carbon )

1 mole of Acetaldehyde
= 9.83 X 107> moles of Carbon

nc = 0.0086 pmoles mL™! x (5716 mL) * (
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e Carbon monoxide in the gas phase:

0.0005 lemL™! * (5716 mL) ( 1 mole of Carbon )
= . * %
- e " 1 mole of Carbon Monoxide

= 2.57 X 107° moles of Carbon

e Carbon dioxide in the gas phase:

0.0029 ] L1 % (5716 mL) ( 1 mole of Carbon )
= . * %
e Hmoes m 1 mole of Carbon Dioxide

= 1.65 X 107° moles of Carbon

The addition of the moles of carbon after 6 h of irradiation can be established as:

ni—gn, = mol of byproducts + mol of ethanol

Ni—gn = 2.40 X 1073 moles of Carbon + 4.09 moles of Carbon = 4.096 moles of Carbon

Thus, comparing this amount to the 4.10 moles of carbon fed as ethanol at t = 0, the percentual
difference in a mole carbon balance is 0.12% only. Furthermore, one can note that the
combined moles of carbon containing products are 2.4 x 107, This shows that one can assume
with confidence that the photocatalytic hydrogen production takes place with a small overall

variation of ethanol concentration as observed in Table B1.

Table B1. Cumulative ethanol formed/consumed at different irradiation times.

Time (h) Concentration (M)
0.34171
0.33529
0.33714
0.34312
0.33742
0.33960
0.34110

ODUITr~WNEFO
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Appendix C. H and OH® Radicals Balance

Regarding the H" and OH" balances reported from experiments using 0.25 wt% Pd-TiO,, after
6 h of irradiation, under near-UV light, in the Photo-CREC Water-Il Reactor, the following

can be considered:

H. = H ( 2H" moles )
Hz = 72® \1 mole of H,

At the end of the photocatalytic reaction, 5.055 x 1073 moles of H, are generated from water

splitting:
Hp, = 0.8844 pmole mL™" * 5716 mL « (M)
2 1 mole of H,
= 1.01 X 1072 moles of H;
H¢y, = 0.0018 pmoles mL™* * 5716 mL * <M>
' 1 mole of H,
= 4.02 x 107° moles of H}
He,u, = 0.0072 pmole mL™ x 5716 mL (1H—m°1€)
. 1 mole of H,

= 4.12 x 10> moles of H;
The total amount of H® radicals is:
H’}Otal = HI“[Z + H&H4 + H&zHG

Htota = 1.019 X 1072 moles of H*

Furthermore, the OH" formed as per stochiometric requirements accounts for:

OHTotal = OHintermediate + OHCOzTotal + OHHZOZ(Formation)

+ OH;H Change

With the “intermediate” subscript related to the OH" being consumed as:
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OHintermediate = 0HAcetaldehyde gas

2 OH® moles )

OH}cetaldehyde gas = 0-0086 pmoles mL™ * 5716 mL (1 mole acetaldehyde

=9.83 x 10" °moles OH"

Furthermore, and regarding the total OH" consumed, one can mention that it is required for the

formation of COg, based on the following relation:

OHco, = OHCOZ(gas) + OHCOz(dissolved)

The OH radicals in the gas and liquid phase are calculated as:

6 OH moles

. — -1
OHCOZ(gas) = 0.00288 pmoles mL™" * 5716 mL * (1 mole CO,

> =9.88 x 10 >moles OH*

6 OH® moles

. —_ -4 —_—
OHCOZ(dissolved) = 3.29 x10™*umoles * ( 1 mole CO,

> =1.97 x 10~3moles OH"®

The required total number of moles of OH radicals needed to form CO: are:

OH¢o, Total = 2.07 X 107*moles OH*

For the H>O> formation, during the photocatalytic reaction, one should consider the OH
radicals consumed and the 45% of hydrogen peroxide adsorbed on the photocatalyst:

2 OH*® moles

OHy —_—
Hz 1 mole H,0,

OZ(Formation)

= 94,217 umoles H, 05y, * ( > * 1.45

= 2.73 X 10~* OH"® moles

Furthermore, considering the pH change as a function of the OH radicals:

OH} 4 change = 7-81 x10720H* moles
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Thus, the total number of moles of OH radicals are the result of the following addition:

OHTotal = OHintermediate + OI—ICOZTotal + OHHZOZ(Formation) + OHpH Change

OH7poea = 9:83 X 1075+ 2.07 x 1073 +2.73 x 107* +7.81 x 1073
= 1.01 X 1072 moles OH"
In summary, and if one compares the number of moles of H* produced/consumed to the OH"

moles involved in various product formation reactions (H" moles and OH" moles balance), after
6 h of irradiation, one can see that the mole balance closure with the hypothesized reactions is

very good with a percentual error of 0.84% only.
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Appendix D. Quantum Yield Calculation

As stated in Chapter 9, QY% can be defined as the number of moles of hydrogen radical
produced per absorbed photons on the photocatalyst surface:

.

dt

(D1)
%QY = TX 100

where % represents the rate of moles of hydrogen radicals formed and Pa stands for the moles

of photons absorbed.

As well, and according to the Macroscopic Irradiation Energy Balances (MIEB) in the Photo-

CREC Water Reactor |1, P, was calculated as follows:

Pa:Pi_Pbs_Pt (D2)

where, Pj is the rate of photons reaching the reactor at the inner reactor surface, Pps represents

the rate of backscattered photons, and P is the rate of transmitted photons (Einstein s™!).

A sample calculation is given below considering a hydrogen production rate of 0.2159
umol*cm™ h using: (a) 0.25 wt.% Pd-TiO2, (b) a photocatalyst concentration of 1.0g L, (c)
ethanol at 2.0 v/v%, (d) initial pH = 4 £ 0.05, (e) near-UV Light, (f) gas phase volume in the
reactor of 5716 cm® and (g) Pa = 1.97x10 Einstein/s.

umol 23 photon 1h
2 « (0.2159 Cmgh) * (6.022)(10 ol H, ) * (38003

1.97x1079¢ Einsteins/s

QYHO =

QYy. = 34.7%
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