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Zusammenfassung

Zukunftige nachhaltige Energieszenarien bendtigen einen verbesserten Zugang zu erneuerbaren
Energiequellen und konnen somit dabei helfen, den Kohlenstoffdioxidfulabdruck des
Energiesektors zu reduzieren. Der Traum der Implementierung eines photokatalyischen
Solarsystems, das die Umwandlung von wassrigen organischen Schadstoffen in wertvolle
Treibstoffe, wie z. B. Hp, ermdglicht, ist noch sehr weit von der Realisierung entfernt, vor allem
aufgrund von technischen, materiellen und reaktionsmechanistischen Problemen. TiO- ist einer der
am héufigsten verwendeten Photokatalysatoren, jedoch ist eine Modifizierung der Eigenschaften
nétig, um die derzeit noch sehr enjen Grenzen seiner effektiven Nutzung zu tGberwinden.

In dieser Arbeit wurde eine TiO, Modifikation erfolgreich synthetisiert, die zur edelmetallfreien
photokatalytischen Hz-Entwicklung fahig ist. Hierzu wurde das Verfahren der Evaporation-Induced
Self-Assembly (EISA) mithilfe der statistischen Design of Experiment Methode optimiert. Durch
die Anwendung der Ergebnisse der statistischen Versuchsplanung, z. B. durch das Kombinieren
von F-108 Blockcopolymeren mit Titan(lll)-chlorid als Ausgangssubstanz, wurde ein TiO;
synthetisiert, welches photokatalytisch H. aus wéssriger Ethanolldsung entwickeln kann. Diese
unrerwartete photokatalytische Aktivitat lasst sich durch die Anwesenheit von neuen Defekten, z.
B. Ti(ll)-Spezies an der Partikeloberflache und hochstwahrscheinlich auch auf interstitiellen
Positionen, erklaren. Diese Defekte fuihren zu einer hohen Dichte von Ladungstrédgern mit langerer
Lebensdauer, einer hohen Anzahl von Oberflachen-trap-Zustdnden von Lochern und einer
Verschiebung des Flachbandpotentials zu einem negativeren Potential. Das so synthetisierte TiO;
wurde verwendet, um die mechanistischen Aspekte der H,-Bildung durch die photokatalytische
Reformierung von Oxalsdure zu untersuchen.

Die photokatalytische Oxidation von wassriger Oxalsaure wurde unter Verwendung verschiedener
photokatalytischer Systeme unter konstanten pH-Bedingungen untersucht. Die schnelle
Photooxidation von Oxalsdure auf reihem TiO, unter sauerstoffreichen Bedingungen wurde ohne
die Detektion von Nebenprodukten erzielt, jedoch konnten 60-fach und 7-fach geringere
Reaktionsraten fur nicht modifiziertes TiO, bzw. fiir Pt/TiO; in sauerstofffreien Systemen ermittelt
werden. In einem solchen System mit milderen oxidativen Eigenschaften wurde die Bildung von
H2 sowie von Nebenprodukten beobachtet.

Der Mechanismus der photokatalytischen Umwandlung von Oxalsaure wurde eingehend unter
anaeroben Bedingungen unter Verwendung von selbst hergestellten mit verschiedenen
Edelmetallen (Pt und/oder Au) beladenen TiO, Photokatalysatoren untersucht. Wéhrend die
photokatalytische Ha-Entwicklung ebenfalls mit dem unmodifiziertem TiO, mdglich ist, fihrt das
Beladen mit Cokatalysatoren zu einer erheblichen Steigerung der Aktivitat. Pt/TiO, zeigt dabei
hohere Photoneneffizienzen als Au/TiO,, wahrend bimetallisches Au-Pt/TiO; keinen zusétzlichen
Vorteil hat. Es wurde experimentell bestatigt, dass der Abbau von Oxalsaure (ber einen
Oberflachen-Charge-Transfer-Mechanismus als Photo-Kolbe-Reaktion unter Bildung von ‘CO5-
Radikalen als Intermediate verlauft. Der Beitrag des sogenannten Current Doubling Mechanismus
und der Effekt der Disproportionierungsreaktion der Radikale auf die Gesamtausbeute wird
diskutiert, wobei sich ein Effizienzverlust aufgrund von Nebenreaktionen zeigt. Eine
bemerkenswerte Diskrepanz zwischen der Hs-Entwicklung und der entsprechenden
Oxidationsreaktion wurde in allen Fallen festgestellt, wobei Pt/TiOeine um 30 % der verringerte
H>-Menge in Bezug auf die theoretisch vorhergesagten Menge zeigt. Diese Abweichung von der
erwarteten Stochiometrie kann auf (i) die Zunahme der Ladungstragerrekombination aufgrund des
Oxalséureverbrauchs, (ii) das unvollstandige Abfangen der photogenerierten Elektronen durch Pt-
Nanopartikel, wie durch EPR-Spektroskopie nachgewiesen, (iii) die Bildung von Nebenprodukten,
wie z. B. Formiat und Formaldehyd, in Abhangigkeit von der Art des Cokatalysators und/oder (iv)
die Disproportionierung von ‘CO,-Radikalen, wodurch der Beitrag des Current Doublings reduziert
wird, erklart werden.

Stichworte: Photokatalyse, Ho-Produktion, Wasserspaltung, Oxalsaure, Photoreformierung, TiO,
Oberflachenladungstransfer, Solarkraftstoff, DoE, Statistische VVersuchsplanung.
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Abstract

Future sustainable energy scenarios require an improved access to renewable energy sources and
thuds help to reduce the carbon footprint of the energy sector. The dream concerning the
implementation of a solar photocatalytic system combining the conversion of aqueous organic
pollutants into value-added fuels, i.e., Hy, is still far from being realized because of technical,
materials and reaction-mechanistic related issues. Titanium dioxide is one of the most widely used
semiconductor photocatalysts, however, modification of its properties is required to take place to
overcome the limits of its efficient exploitation.

In this thesis, TiO, capable of noble-metal-free photocatalytic H, evolution was successfully
synthesized while optimizing the Evaporation-Induced Self-Assembly (EISA) method with the help
of the Design of Experiment (DoE) statistical methodology. Applying the outputs of DoE, i.e.,
combining F-108 block copolymers with titanium(l1l) chloride as precursor, resulted in a TiO»
exhibiting photocatalytic H, generation from aqueous ethanol solution. This unexpected
photocatalytic performance is mainly attributed to the presence of new defects, i.e., Ti(ll) species
at the particle surface and most likely in interstitial positions. These defects resulting in a high
density of charge carriers exhibiting longer lifetime, a high number of surface trapped states of
holes, and a shift of the flat band potential to a more negative potential. The thus synthesized TiO,
was used to investigate the mechanistic aspects of H, production via the photocatalytic reforming
of oxalic acid.

The photocatalytic oxidation of aqueous oxalic acid was studied employing different
photocatalytic systems under constant pH conditions. The fast photo-oxidation of oxalic acid
on bare TiO; in O,-reach conditions was achieved without the detection of by-products, however,
the reaction rates were about 60-fold and 7-fold lower on bare TiO, and Pt/TiO, respectively, in
O.-free photocatalytic systems. In such a system exhibiting lower oxidative properties, the
formation of H, and by-products was detected.

The mechanism of the photocatalytic conversion of oxalic acid has been deeply investigated in
anaerobic conditions employing the self-prepared TiO, photocatalysts loaded with different noble
metals (Pt and/or Au). While the photocatalytic H, evolution remarkably also occurs over bare TiO,,
the loading with a co-catalyst significantly boosts the activity. Pt/TiO, shows higher photonic
efficiencies than Au/TiO2, whereas bimetallic Au-Pt/TiO, has no additional advantage. The
degradation of oxalic acid has been experimentally confirmed to proceed through a surface charge
transfer mechanism via the photo-Kolbe reaction forming intermediate ‘CO; radicals. The
contribution of the current doubling mechanism and the effect of the disproportionation reaction of
radicals on the total yield is discussed, showing a loss of efficiency due to secondary reactions. A
remarkable discrepancy between the H, evolution and the corresponding oxidation reaction was
recorded in all cases, with Pt/TiO, showing ca. 30% decrease in the evolved amounts of H, with
respect to the theoretically expected amount. This diversion can be attributed to (i) the increase in
charge carriers recombination due to oxalic acid consumption, (ii) the incomplete scavenging of the
photogenerated electrons by Pt nanoparticles as proved by EPR spectroscopy, (iii) the formation of
by-products, i.e., formate and formaldehyde, depending on the nature of the co-catalyst, and (iv)
the disproportionation of *CO-" radicals, thus reducing the contribution of the current doubling.

Keywords: photocatalysis, H. production, water splitting, oxalic acid, photoreforming, TiO»,
surface charge transfer, solar fuel, DoE.
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Chapter 1: Introduction

Chapter One: Introduction

1.1. Future energy demand: facts and perspectives

For decades, humankind has powered the development of its modern society by exploiting fossil
fuels without paying attention to the potential damages in sustainability. When it comes to energy,
there is no dispute, that the world needs more of it—and how it is produced and used will be a
critical factor in the future of the global economy and the environment. World energy consumption
is anticipated to grow by 28% between 2015 and 2040 [1] as shown in Figure 1-1(a). This, together
with the progressive depletion of fossil fuel forces the world urgently to put a laser-like focus on its
biggest challenge, i.e., meeting the rising energy demand while bringing down environmental

pollution.

While coal demand is expected to remain flat through 2040 (see Figure 1-1(b)), renewables are
believed to be the fastest-growing energy source, with their consumption increasing by an average
of 2.3% per year between 2015 and 2040 [1]. It is obvious that the development of an
environmentally friendly energy economy should involve the introduction of technologies based on
renewable sources of energy. The largest renewable energy resource is provided by the sun. With
the average daily energy of (10?2 1), the sun is considered the largest renewable energy resource
that meets global energy demands [2]. The solar energy holds promise for a cleaner and more
sustainable energy supply, especially when an efficient conversion of solar energy into chemical

energy carriers is achieved.
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Figure 1-1 Primary energy transition through sectors (a) and fuels (b). Adapted from Ref. [3].
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1.2. Molecular hydrogen: a potential sustainable fuel

Molecular Hydrogen represents an important energy carrier thanks to its energy content, i.e., 120
MJ.kg?, which is the highest value among other fuels. Therefore, Hz has a huge potential for
becoming one of the targeted fuels as long as it can be produced from renewable or abundant sources
at low costs with the lowest harmful emissions [4, 5]. Among several methods to produce H, solar
hydrogen production seems to offer an uncomplicated conversion route compared to photovoltaic
technology, in which a PV cell and an electrolyzer are required [6]. Hz can be generally produced
via the water-splitting reaction as per one of the three methods: (1) Thermochemical water splitting
by the heat collected from sunlight using solar concentrators [7], (2) Photobiological water splitting
by means of aerobic or anaerobic bacteria [8], and (3) Photocatalytic water-splitting in the presence

of a photocatalyst to convert the light energy into chemical energy [9].

1.3. Semiconductor-based heterogeneous photocatalytic systems

A photocatalytic system is defined, from a thermodynamic point of view, as a system, in which the
photon absorption by a material facilitates a reaction with AG <0, i.e., the light energy is used to
drive a reaction the Kinetics of which would be extremely slow outside this system [6]. Such a
system absorbs photons and generates accordingly charge carriers, i.e., electrons and holes, which
induce a redox reaction. The light-absorbing materials are the photocatalysts, which, in the
heterogeneous systems, are usually semiconductors [10]. Thus, heterogeneous photocatalysis relies
on the unique properties of powdered semiconductor materials to harvest incident light and to
subsequently drive surface reactions. This may provide a simple means for photochemical energy

conversion into fuels [11, 12].

1.3.1. Semiconductor electronic structure

The electronic structure of a semiconductor can be explained by the band model based on the
concept of molecular orbitals, in which the electronic orbitals merge and split into two bands. At 0
K, the lower band is completely filled with electrons; i.e., the valance band (VB), while the higher
band is completely empty, i.e., the conduction band (CB) [13]. VB in the semiconductor is formed
from the highest occupied molecular orbitals (HOMO), while CB is created from the lowest
unoccupied molecular orbitals (LUMO) [14]. The region that makes up the difference in energy
between the highest energy level in the VB and the lowest energy level in the CB is known as the
energy bandgap (Eg) [15]. The origin of the band structure as a function of the number of electronic

orbitals is shown in Figure 1-2.
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Figure 1-2 Band structure of a semiconductor as an interaction of atomic orbitals, adapted from Ref. [15].

The overlap of the CB and the VB, in the case of metals, results in a ready occupation of the vacant
states in the CB. Insulators are not electrically conductive because they have a relatively large Eg,
preventing the electrons to be thermally promoted to the CB [15]. If the distance between the upper
edge of the VB and the lower edge of the CB is not too large, then at moderate and high temperatures
a small fraction of the states near the upper edge of the VB is unoccupied and the corresponding
electrons are found in the CB. Both these "thermally excited" electrons and the holes can carry
electric current in the so-called semiconductor [16]. The Eg for semiconductors is sufficiently small
that an energy transfer to the material may be enough for the electrons promotion from the VB to
the CB [6]. The energy level diagrams for metals, semiconductors, and insulators as a function of
the Eq are shown in Figure 1-3. The photo-induced properties of semiconductors arise, thus, from
their unique electronic band structure which allows for the movement of electrons from the VB
induced via absorbing light energy being higher or equal to Eg to occupy partially filled states in
the CB.

Conduction
Band

Eg Fermi Level

Valence
Band

Energy

Metal Semiconductor Insulator

Figure 1-3 Band structures of metals, semiconductors, and insulators, reprinted from Ref. [17].
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1.3.2. Semiconductor photocatalysis

The promotion of an electron to the CB creates an electron vacancy in the VB that is known as a
positively charged hole [18]. The hole is considered as a mobile entity since it can be filled by
another electron creating a vacancy in the space where it has been transferred from [19]. The
electrons in the CB are also known with their mobilities being often higher than those of the holes
(e.g., for Si, pnelectronsy = 1500 cm? V' s > pnotesy = 450 cm? V1 st [20]). The electrons have
consequently a higher diffusion coefficient, creating an electric field that is oriented to pull the
electrons back toward the slower holes [21]. However, the trapping of the electrons leads to a drastic
decrease in their mobilities. In the space charge region, the electron and the hole are forced to move
in different directions due to the near-surface electric field. The e”/h* species should then migrate
to the surface of the semiconductor to react with adsorbed molecules, where holes act as oxidants
(+1.0to +3.5 V vs NHE), while electrons are potential reductants (+0.5 to —1.5 V vs NHE) [22].

Photocatalysis is considered, thus, as a multi-step-process and can be described as illustrated in
Figure 1-4. It consists of the photoexcitation with electromagnetic radiation equal to or exceeding
Eg (1), the separation of the charge carrier pairs (2), the diffusion of electrons and holes within the
material towards the surface, and the surface charge transfer for the reduction of electron acceptors
(3) and the oxidation of electron donors (4), respectively [23, 24]. Accordingly, the photo-induced
electrons and holes must reach the surface of the material to react with adsorbed chemical species

via surface charge transfer [25].

One of the main limitations of semiconductor photocatalysis is the recombination of photogenerated
charge carriers either indirectly, i.e., via surface defects (5), or directly, i.e., by band-to-band
recombination (6), dissipating the absorbed energy as heat [15] and affecting directly the lifetime
of the electrons and holes [25]. This is highly dependent on the crystal structure that guides the
photogenerated electron and hole to move independently, being influenced by their effective masses
[26]. The band structure can be a limiting factor when the energy required to promote the electrons
from the VB to the CB is greater than the energy associated with the irradiation. Therefore, the
bandgap of the materials is the minimum thermodynamic requirement for photocatalysis [26]. To
initiate redox reactions while minimizing recombination, photogenerated electrons and holes must
move to a liquid junction through the solid and must react with solution species directly at the
semiconductor surface [27]. Thus, a photocatalyst has to be carefully synthesized to overcome these

critical issues.
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Figure 1-4 Pathways of the photogenerated charge carriers in a semiconductor photocatalyst, adapted with
permission from Ref. [28].

1.4. Titanium dioxide as a photocatalyst
1.4.1. General properties

One of the most widely studied semiconductors for photocatalytic applications in the last decades
has been TiO,. It is an intrinsic n-type semiconductor composed of Ti** atoms and six Oz
coordinated together to form a TiOs octahedron [29]. TiO, exists in three crystal phases, i.e.,
brookite (has orthorhombic crystal structure and E4 of 3.3 eV), anatase, and rutile (both have
tetragonal crystal structures and E4 of 3.2 eV, and 3.0 eV, respectively) [30]. Table 1-1 shows the
properties of the different TiO, polymorphs.

Transition metal oxides, including TiO,, are often nonstoichiometric, in which oxygen vacancies
are the predominant defects at near-atmospheric oxygen pressure. The oxygen deficiency introduces
an excess of electrons in the material resulting in an increase of the electrical conductivity,
exhibiting material properties of a n-type semiconductor [31]. The surface of n-type TiO, contains
a lot of defects, most probably oxygen vacancies (Oy) as unpaired electrons in the CB [32, 33].
These extra electrons act as donor-like states, thus creating an accumulation layer in the surface
resulting in a downward band bending [34] as shown in Figure 1-5. The photocatalytic activity of
TiO; is usually limited by the fast recombination of the photogenerated electron-hole pairs.
Therefore, studying the charge carrier dynamics is of particular importance for understanding the

underlying photocatalytic mechanism on TiO..
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Table 1-1 Properties of the different TiO, polymorphs taken from Refs. [29, 30].

Property

Anatase TiO- Rutile TiO;

Brookite TiO:

Crystal structure

Tetragonal Tetragonal

Orthorhombic

Molecules/cell 4 2 8
Crystal size (nm) <11 >35 11-35
Lattice parameters (hm) a=bh=0.3785, a=bh=0.4594, a=c=0.5436,
c=0.9514 ¢=0.2959 b=0.9166
Space group 14,/amd P4;/mnm Pbca
Volume/molecule (A°3) 34.061 31.2160 32.172
Density (g.cm™) 3.79 4.13 3.99
Bandgap (eV) 3.26 3.05 3.3
dielectric constant &(0) 6.04 6.62 7.89
CB /. CB ® 0
NS P— R STE—— D;

VB VB

bulk

surface bulk surface

Figure 1-5 Surface band bending of n-type TiO; in vacuum due to the presence of donor-like surface defect states,

reprinted with permission from Ref. [32].
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1.4.2. The fate of the photogenerated species on irradiated TiO-

Upon irradiation, the e/h* pairs are photogenerated within a few femtoseconds. Some of the charge
carriers recombine easily either in the bulk or at the surface, while others, which escaped
recombination, can migrate to the surface and maybe trapped before the interfacial charge transfer
in redox reactions [35]. Figure 1-6 illustrates the potential pathways of charge carriers with their
time scale in irradiated TiO; [22, 36] as per the following steps (Egs. 1-1 to 1-4). In this context,
the photocatalytic efficiency of TiO; is determined on the one side by the competition between
charge carrier recombination and trapping (picoseconds to nanoseconds), and, on the other side, by
the competition between the trapped charge carriers recombination and the interfacial charge

transfer (microseconds to milliseconds) [22].

Charge carrier generation:

TiOz + hv — TiO2 (efcs/ h+VB) (1'1)

Charge carrier trapping:

e cs +=Ti"YOH — =Ti"'OH (shallow trapping) (1-2a)
ecs + =Ti"V— =Ti" (deep trapping) (1-2b)
hve® + =TiVOH — [TiVO'H]* + (h*) (1-2¢)

Charge carrier recombination:

€cst [TiIVO'H]+—> Ti"VOH (1-3a)
h+y + =Ti"OH — TiOH (1-3b)
he + TiM o Tilv (1-3¢)

Interfacial charge transfer to the surface adsorbed acceptor (A) or donor (D)
=Ti"'OH + A — =Ti"VOH + A" (1-4a)

[TiVO'H]* +D — =TiOH + D** (1-4b)



Chapter 1: Introduction

@ . Migration | : (b) __— e/h* pair formation
cB-& € € .e .e e : Ay fs - ——
A - - - - — — .
shallow_€ [L l f e | e E@a} | — trapping of electrons and holes
trapping e e .
(2a) — v Ang L
e . a L ﬁ electron transfer to Pt
. e ¢ ps | /— relaxation of trapped holes
g — —_— relaxation of trapped electrons
& —& - /
5 }-:;J, - . Oxidation reaction
E C by trapped holes
[} ns
b+l Dag L 0, reaction with
hole trapping "% (4b) us trapped electrons
h* (2€) i Dag L \
: charge recombination

Figure 1-6 The possible charge carriers pathways on irradiated TiO,, reprinted with permission from Ref. [35].

1.4.3. Recombination of the photogenerated charge carriers

It was found that more than 90% of the initially formed charge carriers recombine rapidly within
10 ns upon the irradiation of TiO; in aqueous media without any scavengers, resulting in quantum
yields of photooxidation being considerably below 10% [37]. The optimal size for TiO;
nanoparticles to be employed as photocatalysts has been reported to be between 10-30 nm [38,
39]. Such small particles are exhibiting shorter distances from the bulk to their surface and larger
surface area, i.e., enabling a faster migration and trapping of the charge carriers and creating a

higher number of active sites, respectively [40].

1.4.4. Trapping of the photogenerated charge carriers

The photogenerated charge carriers can be trapped in the bulk or at the surface as trapped holes,
trapped electrons, or they might remain as free electrons, with the surface trapping being preferred
for the subsequent redox reactions [41]. Trapped holes and electrons are found to be localized at
the surface of the particles, while free electrons are distributed in the bulk as shown by Transient
Absorption Spectroscopy (TAS) [42]. EPR studies demonstrated that electrons are localized in the
d orbitals of Ti** while the holes are trapped at nearby lattice oxygen atoms, forming EPR-active

paramagnetic Ti** and O™ centers, respectively [43, 44].

1.4.5. Charge carrier transfer on irradiated TiO>

Upon the generation, separation, and transport of charge carriers, e/h* pairs can induce redox
reactions via an interfacial charge carrier transfer. However, the mismatch between short lifetimes
of photogenerated charge carriers and slower kinetics of surface redox reactions negatively affects

the photocatalytic activity [45]. Investigating the interfacial charge transfer dynamics at the
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TiOz/adsorbate interface, e.g. the TiO2/H.O interface, is necessary to understand the photocatalytic
pathway, through which photocatalytic processes are achieved. Water layers can adsorb, physically
and chemically, on the TiO; surface creating a TiO2/H2O interface as shown in Figure 1-7 [46], in
which two kinds of Ti—OH are presented; that is, bridging hydroxyl (Ti-O-H,O) groups at O sites,
and terminal hydroxyl (Ti-OH) groups at Ti sites. The photogenerated holes can react either with
hydroxyl groups or with H,O resulting in the formation of hydroxyl radicals, *OH. Therefore, not
only h* is produced by the photo-excitation of TiO- but also a hydroxyl radical can be formed on a

hydrated TiO- surface.

Free H,O

Hydrogen bonded H,O

o~
N7 :

. H
i R e
1 1 > O O S O S

TiO, surface

Figure 1-7 Diagram of water layers adsorbed at the TiO; surface, reprinted with permission from Ref. [47].

1.4.6. Anatase TiO; as a potential photocatalyst

Anatase is generally considered as the photocatalytically most active phase of the three TiO;
polymorphs [48, 49]. This might be due to the longer lifetimes of photogenerated charge carriers
as a result of its indirect bandgap transition as predicted by DFT calculations [49]. Anatase and
rutile TiO2 have shown differences in their respective charge carrier recombination kinetics, with a
higher recombination rate for rutile [50, 51] as observed by PL measurements. In addition, different
charge trapping behaviors have been observed from PL spectra for the different TiO, polymorphs
[52] as illustrated in Figure 1-8. Anatase showed also shallowed-trapped electrons in addition to a
higher number of free electrons having lifetimes longer than 1 ms. However, electrons in the rutile
phase are found to be deeply trapped within a few picoseconds [53]. The relatively long lifetime of
the free electrons in anatase is beneficial for many reduction reactions because of the low reactivity
of deeply trapped electrons. The Time-Resolved Microwave Conductivity (TRMC) technique has
been also applied to study the charge carrier lifetimes in anatase and rutile TiO, [54-56]. The
corresponding TRMC signals for anatase and rutile are presented in Figure 1-9. Using TRMC,
anatase showed longer electron lifetime in comparison to rutile as shown in this figure. Such results
have been explained by a higher amount of OH groups on the anatase surface, where the holes can

be trapped leading to an enhanced charge separation [57].
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Figure 1-8 Tapping and recombination of photogenerated charge carriers in anatase (a) and rutile (b), reprinted with
permission from Ref. [35].
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Figure 1-9 Photoconductivity of TiO, powders after a laser flash excitation at 266 nm with energies of 0.5 and 1 mJ
cm2 for anatase and rutile, respectively. Adapted with permission from Ref. [32].

1.4.7. Synthesis of TiO, nanoparticles

Different methods including sol—gel, surfactant-based-micelle, hydrothermal, solvothermal,
chemical or physical vapor deposition, electrodeposition, sonochemical, and microwave methods
have been successfully used for the synthesis of TiO, powders. In these methods, a wide range of
titanium precursors (e.g., titanium chloride, titanium sulfate, and titanium alkoxides) and synthesis
parameters have been applied. However, changing the preparation method and/or the parameters
of each method, will indeed affect the structural, thermal, electronic, and optical properties of

the resulting TiO, nanomaterials [58].

One of the methods used is the Evaporation-Induced Self-Assembly (EISA), which is based on the
sol-gel methodology and known as a versatile synthesis method for mesoporous TiO thin films and
powders [59]. Mesoporous and nanoporous TiO2 materials have been produced with or without the
use of organic surfactant templates [60] and have shown larger specific surface areas and continuous

particle frameworks, which may be beneficial in photocatalytic systems compared to separated individual
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nanoparticles. These two factors, indeed, affect the photocatalytic activity of TiO,, because such
continuity can facilitate the electron transfer within the material, resulting in higher activity. A higher
surface area will offer also more active sites for the adsorption of molecules, hence, inducing a higher
rate of the subsequent charge transfer reactions. Mesoporous TiO, with an anatase crystalline wall is
expected to behave as a high-performance photocatalyst [61]. The EISA method was first reported
by Brinker and Ozin for the preparation of mesostructured silica thin films [62]. In this method,
titanium precursors are dispersed in a solvent, e.g., alcohol, where colloidal particles, called a sol,
are formed. The aggregation as a three-dimensional open network called a gel then takes place
followed by the condensation around a surfactant phase (see Figure 1-10). The surfactant molecules

are removed in the final step by calcination leading to the formation of a mesoporous material.

Various non-ionic and cationic surfactants have been used in the literature. Non-ionic surfactants
can be categorized as diblock, i.e., they consist of two repeating units ABAB, and as triblock co-
polymer surfactants being comprised of repeating ABA units [63, 64]. Such co-polymers may
consist of different combinations of hydrophilic, (e.g., polyethylene oxide PEO) and hydrophobic
(e.g., polypropylene PPO) components interacting in different ways with the precursor. A non-ionic
surfactant that is widely used for the preparation of mesoporous TiO; called pluronic is a co-
polymer having the formula of [PEO],[PPO]m[PEQ],. Examples of common pluronic co-polymers
include P123 and F127 [64], where P123 has the formula (PEO)20(PPO)70(PEO)20, while F127 has
the formula (PEO)106(PPO)70(PEO)106 [65], respectively.

A key step of the EISA method is the removal of the surfactant by the final thermal treatment. Non-
ionic co-polymer surfactants are usually removed by calcination at temperatures in the range of
300-350 °C to prevent pore wall collapsing [59]. For example, calcination at 350 °C or 400 °C has
been done to remove P123 and obtain reasonable hexagonal pore ordering [66]. However, the
material calcined at 400 °C showed enhanced crystallinity but reduced pore ordering with a pore

diameter of 6.2 nm compared to 7.3 nm in case of the calcination at 350 °C.
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Figure 1-10 The successive steps of an EISA method [67].
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The EISA method is used to produce powdered-TiO, however, the phase, the crystallinity, and
the activity of the product are dependent on the nature of the surfactant, the TiO; precursors, the
ratio of the surfactant to the titanium precursor, the amount of water, the pH, the aging time, the
relative humidity (RH), and the calcination temperature [59, 61]. Furthermore, changes in the
experimental conditions may show a high impact on product properties [59, 68].

1.5. Noble-metal modified TiO;

In what was previously discussed, photogenerated electrons are trapped and not totally available to
react at the surface, hence, TiO2 should be modified to enhance the reactivity of photogenerated
electrons. One strategy is the surface modification with noble metal nanoparticles. Bare TiO; has
been reported as an inactive photocatalyst for H, production because of (1) the fast recombination
of holes and electrons, which is considered to be the bottleneck of the photocatalytic activity, (2)
the higher overpotential for hydrogen evolution reaction (0.05 V) [69], and (3) the necessity to
employing a catalyst for the H, formation [70]. Hence, even in the presence of an electron donor,
bare TiO, has shown an inability to catalyze the hydrogen evolution reaction. TAS measurements
revealed that the consumption of holes by the sacrificial reagent is accompanied by the trapping of
the photogenerated electrons as blue Ti** ions instead of reducing H* [71]. Thus, for the cathodic
H. evolution to proceed it is highly recommended to modify TiO, with an appropriate co-catalyst.
Noble-metal-loaded TiO, photocatalysts have been widely studied in the literature, in which the
noble-metal NPs act as a Hydrogen Evolution Reaction (HER) catalysts.

Hp
H
2H C/C + + C’(/ ?
(@ "o i
el © /
/&\) H* Ll H* \\’ H*
e
—_—
2(H" +e7) ++— 2H" 2H" - H+* H*+ e ++—> H’ H'+H*'+e - Hy +*
Volmer-Tafel mechanism Volmer-Heyrovsky mechanism

Figure 1-11 HER mechanisms on the catalyst surface in acidic solutions. The * refers to the active sites of the catalyst,
H* refers to the adsorbed hydrogen atom at the active site of the catalyst. Reprinted with permission from Ref. [72]

HER on metallic platinum starts via the VVolmer reaction, in which H*as atoms are formed when the
accumulated electrons in Pt transfer to the proton adsorbed H¥.s and H:Oags, respectively, as
described in Egs. 1-5a and 1-5b [73]. Then the reaction proceeds via two paths, either the Heyrovsky
(Eg. 1-5c) or the Tafel (Eq. 1-5d) reaction, in which H'xs react with H*ys or/and the direct
recombination of two H.gs with each other, respectively [74]. In acidic solutions, the two-electron

transfer reaction that occurs on the metal-catalyst surface is shown in Figure 1-11. HER on metallic
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platinum has been shown to exhibit pseudo-first-order kinetics, which might be explained by the
fact that the rate-determining step of the HER is the VVolmer reaction [70]. Rabani et al. have shown
a linear increase in the decay rate of eio. With H* concentration at a given Pt concentration,
suggesting that hydrogen is produced to a more extent by reduction of H* than by reduction of H,O
[70]. They have also emphasized that the presence of Pt is essential for reactions 1-5a and 1-5b to

take place.
Htass (Pt) +e'(Pt) — Hoags (P1) (1-52)
H20.4s(Pt) + e (Pt) — H'ags (Pt) + OH" (1-5b)
H.ads (Pt) + e-(Pt) + H+ads (Pt) + E'(Pt) — H2(g) (1‘5C)
H'ags (Pt) + H'ags (Pt) — Hy) (1-5d)
(a) (b)
E:
] X @,
(D,l! E
l """" "'E;s (d) Eo
E FMTTTTOTETT Eo
E X
metal n-semiconductor . RO — &
1 ® \ S
@, wn_..ntn E.
+++
(c) I T e
E—W->
depletion e 0\ E
i layer )
E,
(.—
o ]+ ++ ,/étype
metal 2 i++ semiconductor
>
w

Figure 1-12 A Schottky barrier formed by a metal of high work function contacting an n-type semiconductor. (a) Metal
workfunction @y, and Fermi energy Erm. (b) Semiconductor work function ®s, electron affinity X and band structure
with a bandgap between E. and E, and Fermi energy Egs. (c) Charge at the metal/semiconductor (MS) junction: the
negative charge at the metal surface is approximately a delta function, while the positive charge consisting entirely
of immobile ionized donors extends over a distance W inside the semiconductor creating the space charge (or
depletion) region. (d) Idealized equilibrium band diagram for the M/S junction. ®; is the energy barrier to the flow of
electrons (black dots) from the semiconductor to the metal, while ®g is the Schottky barrier height for the electron
flow in the opposite direction. W is the extension of the depletion layer. Reprinted with permission from Ref. [75].

The enhancement in the activity by modifying TiO, with metal NPs is related to a better charge
separation according to the Schottky barrier model. Nevertheless, an efficient transfer of

photogenerated electrons across the co-catalyst/semiconductor interface is also required. Noble-
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metal NPs exhibit higher Fermi level energy than TiO,; 5.65 eV and 5.10 eV for Pt and Au,
respectively [76] compared to about 4.2 eV for TiO, [77]. Thus, electrons can transfer from TiO»
to the metal NPs through the interface until the thermodynamic equilibrium is reached [32]. This
results in a negatively charged metal on a positively charged TiO2, hence, a depletion layer is
created at the TiO, surface. As a result, bands bent upwards and a Schottky barrier, i.e., the
difference of the CB energy and the aligned metal Fermi level energy, is formed as shown in Figure
1-12. Schottky barrier ®B is the barrier against electron’s flow from the metal to the n-type
semiconductor [75]. The thermodynamic equilibrium will be perturbed upon illumination, which
allows the photogenerated electrons to continuously flow from the CB of TiO; to the metal NPs
[32, 78]. Such a Schottky barrier facilitates electron trapping by the metal and hence provides better
electron/hole separation and longer lifetime of the trapped electrons promoting the desired reduction
reactions [79, 80]. Correlations between photocatalytic H, evolution rates and co-catalyst metal
work functions have been thoroughly investigated [81, 82]. However, EPR measurements for
Pt/TiO, showed also characteristic signals for the Ti%* species, that is, the photogenerated electrons
were not transferred completely to the Pt NPs, rather a certain humber of them remain in the
TiO;, particle being trapped as Ti** ions [32, 44].

Scavenging the photogenerated electrons by noble-metal NPs is essential but is not the only factor.
According to the Sabatier principle [83], an ideal catalyst for (HER) must exhibit an optimal
interaction, i.e., binding energy, with intermediary adsorbed atomic hydrogen (H'ss). The
interaction should be neither too strong nor too weak. Desorption of H, becomes rate-limiting in
case of too strong interactions, which can block the active sites for the HER reaction, while proton
reduction is rate-limiting in case of weak interactions with H",gs [84]. Consequently, a volcano-type
dependence between HER rates and catalyst-H,gs bond strength has been proposed [85], in which

platinum seems to provide the best activity to drive the HER as shown in Figure 1-13.
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Figure 1-13 Exchange current densities, log(io), on monometallic surfaces plotted as a function of the calculated
hydrogen binding energy, reprinted with permission from Ref. [86].
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Pt/TiO2 has been demonstrated to exhibit the highest photocatalytic activity among other metal-
loaded TiO; [74, 87], such as Au/TiO.. This has been explained by the highest work function of Pt;
i.e., enhanced electrons “sinking” properties, and by its lowest overpotential for H, formation. In
addition, the diagram for atomic hydrogen chemisorption energies on different metal surfaces
shown in Figure 1-14 [85] confirms that the reaction at equilibrium potential is thermo-neutral over
platinum, whereas this is not the case for gold. The Gibbs-free energy of the coordinate state has
been considered as a reasonable descriptor of the HER activity with an optimum value of zero [88].
DFT calculations showed that Pt owns the smallest Gibbs free-energy value close to -0.09 eV
compared to that of gold being 0.45 eV, indicating that Pt has the best electrocatalytic activity from

the viewpoint of thermodynamics.
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Figure 1-14 The diagram of atomic hydrogen chemisorption energies on different metal surfaces, reprinted with
permission from Ref. [85].

However, some noble metal catalysts bind hydrogen with similar energies as Pt but show lower
activities. Lindgren et al. [89] have employed a developed electronic structure method to calculate
the fully potential-dependent reaction barriers. They have found that the electrochemical reaction
on both metals displays similar characteristics, but the intrinsic reaction barrier on Au is
significantly higher making both, the Tafel and the Heryovsky barriers on Au higher than on Pt.
They claimed that the hydrogen evolution reaction proceeding from hollow sites on Au rather than
the top sites on Pt. Moreover, a contradicting report [90] showed that Au/TiO; exhibited higher H.
evolution from 2-propanol than Pt/TiO,. This was explained by direct hydrogen abstraction from
the substrate by H"ags(Au) resulting in 2-propanol radical as shown in Eq. 1-6. A free radical chain
reaction is induced by this abstraction because the 2-propanol radical inject its electron in
TiO2, which might further increase the photocatalytic activity. In addition, Au/TiO, has shown a
photocatalytic activity in the visible light range due to the Surface Plasmon Resonance (SPR) effect
[91]. For example, upon the excitation at A > 400 nm, Au/TiO, showed three times higher H»
evolution rates compared to Pt/TiO.. This might be explained by the injection of electrons via two

pathways; a direct one resulting in the electron-hole generation and another one related to the

15



Chapter 1: Introduction

electric field created by the excited plasmon. The proposed mechanisms for the visible-light

H> production using Au-TiO- is shown in Figure 1-15.

H'ags(Au) + CHsCHOHCH3a0s(Au) — Au + Hpg) + CH3’*COHCH3 (1-6)
H* H,
H* H,
Au
g e CB e- IIa
Au I.I?IICIIEI
I S
. impurity energy
TIOZ e/ levels
%‘_ IIb
h* VB h*
CH;0" CH;0"
CH,O CH,0

Figure 1-15 Proposed mechanisms for H, production using Au-TiO; in water/methanol mixtures (illumination with
wavelength range 2420 nm: process | + lI; illumination with wavelength range 2500 nm: process Il). Reprinted with
permission from Ref. [92].

Because the optimal co-catalyst loading depends also on the properties of the semiconductor, a
universal co-catalyst modification for photocatalytic H, evolution that maximizes photocatalytic
rates does not exist. However, noble metals that depict higher work functions than their supports
in general exhibit higher trapping efficiencies, thus offering a good combination of suitable
electronic and catalytic properties for photocatalytic H, generation with many semiconductors [76,
81].

1.6. Photocatalytic water-splitting in heterogeneous systems

Photocatalytic H, production from water-splitting is accomplished under ambient operating
conditions and consists of two half-reactions as seen in Egs. 1-7a and 1-7b: the proton reduction
and the highly demanding 4-electron water oxidation, respectively [67]. The splitting of one H.O
molecule to Hz and % O, is accompanied by a change in free energy of AG® = 237.2 kJ/mol that
equals to AE° = 1.23 V according to the Nernst equation[93]. To drive the water-splitting
photoreaction using a semiconductor, the photon energy absorbed by the semiconductor should be
more than 1.23 eV (wavelengths shorter than 1000 nm), hence, it should have an Eq large enough
to split water. The semiconductor is then able to convert this energy into H, and O using
electrons/holes generated under illumination provided that both, the energy of the conduction and
the valance band-edges straddle the electrochemical potentials E° (H*/H2) and E° (O./H20) [67]

(Figure 1-16). The electronic structure of TiO, matches these values rather well.
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Figure 1-16 Photocatalytic splitting of water at the surface of a semiconductor under illumination, adapted with
permission from Ref. [93].

2H* +2e — Hz (1) E°=0V vs NHE (1-7a)

H20 — %40, (1) + 2H* + 2¢ E°=1.23 V vs NHE (1-7b)

As mentioned before, the overall water-splitting reaction has a AG > 0, i.e., the reaction absorbs
energy, however, in contrast to a normal catalyst, a suitable photocatalyst can drive reactions with
positive values for AG [94]. This is because the reduction and oxidation steps are spatially separated
in photocatalysis, where both Gibbs energy changes for the reactions of electrons (AG¢) and holes
(AGp) should be negative [95] as shown in Figure 1-17. Hence, Gibbs energy change of both
oxidation and reduction reactions should be negative. Consequently, the thermodynamic
requirement for a photocatalytic reaction is more cathodic and more anodic energy levels of the CB
bottom and VB top compared with the standard electrode potential of (H*/H,) and (O2/H.0),
respectively [17, 94]. Therefore, from a thermodynamic point of view, only a few photocatalysts
are capable to produce hydrogen and oxygen at the same time.

CB
M AG, <0

energy

photocatalyst

Figure 1-17 Gibbs-energy change in photocatalytic reactions, reprinted with permission from Ref. [94].
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However, the solar photochemical conversion efficiencies of heterogeneous photocatalyst systems
remain low since most systems are limited to the operation under UV light [32]. The photogenerated
charge carriers can also rapidly recombine, thus turning photon energy into heat. In addition,
technological measures to separate the gas mixture generated and to prevent back-reactions have to
be taken [12, 96, 97]. Nevertheless, some photocatalyst properties would enhance the hydrogen
evolution via photocatalytic water-splitting. For example, high crystallinity minimizes the bulk
defects that act as recombination centers [98]. In addition, the smaller the particle size of a
semiconductor is, the shorter is the diffusion length of the photogenerated carriers to the surface
[99]. Another strategy is the use of co-catalysts to provide active sites for H; and O evolution. For
H: evolution, noble metals (Pt, Au, Pd, Rh, and Ag) or transition-metal oxides (e.g., NiOyx) have
been widely used, to which the photogenerated electrons in the CB are transferred, while the
photogenerated holes remain on the photocatalyst thus minimizing the probability of electron-hole

recombination [67].

1.7. Hydrogen production by photoreforming

As an alternative, the coupling of H, evolution and photocatalytic degradation of organic substrates
yielding CO;, e.g. contaminants in water [17, 67, 74], can be achieved in the so-called
photoreforming process [5]. Such a process can use solar light and wastewater as resources, while
the evolved CO, may be recycled using the natural photosynthesis capacity [4]. In photoreforming
systems, an adsorbed organic substrate is oxidized at the photocatalyst surface, whereas protons are
reduced by the photogenerated CB electrons (see Eg. 1-8). The organic substrate is frequently
named sacrificial reagent because it reacts irreversibly with the photogenerated holes thus
preventing the undesired electron/hole recombination [67]. Photoreforming can be considered as an
intermediate process between photocatalytic water-splitting and the photocatalytic oxidation of

organic compounds as shown in Figure 1-18.

CiHO, + (2x-2)H:0 —(2x+y/2-2)H, + XCO, (1-8)

The oxidation of organic molecules on irradiated semiconductors proceeds either by the direct
uptake of the photogenerated holes or via the attack of the highly reactive hydroxyl radicals
generated at the surface [32]. The photocatalytically generated ‘OH radicals can abstract hydrogen
atoms from the organic molecules, causing a cascade of reactions through lower molecular
intermediates. This chain of oxidation reactions may end up in the complete mineralization of the
substrate [100]. Organic substrates are generally characterized as stronger reducing agents
compared to water, i.e., their oxidation occurs at a less positive potential. Consequently, the
energetic separation of the redox half-reactions is narrowed for photoreforming compared to the

overall water splitting [101]. Hence, the potentials of semiconductor band edges are met more easily
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for photoreforming than for the overall photocatalytic water-splitting resulting in a larger variety of

materials that are suitable for this application.

Water-splitting : Oxidation of organic substrates

(0 § (if)

H, 7 CB 0y
hv R
AT TiO,
02 VB COZ +
(iif) H,0 i CH,0, (iv)

Figure 1-18 Schematic representation of photocatalytic water-splitting, photocatalytic oxidation of organics and
photocatalytic reforming reactions over an irradiated TiO, photocatalyst, adapted with permission from Ref. [101].

Relatively high rates of H, evolution have been achieved using sacrificial reagents for several
different photocatalytic systems. As O;is not produced in these systems, the back reaction to
produce water is suppressed, avoiding a subsequent gas separation stage [57]. A wide variety of
organic compounds such as alcohols, organic acids, and hydrocarbons have been employed as
electron donors for photocatalytic Hz generation [102]. In particular, methanol has been frequently
studied since the main products are H, and CO; in a stoichiometric ratio of 3:1 with minimal
formation of by-products [103]. The production of H. has been confirmed to be dependent on the
concentration of the electron donor [104], as well as on the nature of the material used that can
affect the kinetic reactions pathway [105]. However, the H, yield can be negatively affected by
competing for reduction reactions between H* and the intermediates formed upon the oxidation

of the sacrificial reagents [57].

It has been proved by several authors that a complete reforming of oxygenated substrates
by photocatalysis at ambient temperatures is indeed possible. Kawai and Sakata demonstrated that
sucrose is completely converted in the expected stoichiometry (2:1) in an aqueous suspension of a
RuO,-TiO»-Pt photocatalyst under Xe lamp irradiation [106]. They also showed a complete acetic
acid reforming on Pt/TiO, photocatalysts using a Hg lamp [107]. The catalytic pathway for the

generation of H, by the aqueous-phase reforming of organic hydrocarbons might involve the
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cleavage of C—C bonds as well as of C—H and/or O—H bonds. Direct hole transfer to the organic

substrate adsorbed on Ti surface sites has been proposed for the C-C cleavage reaction [101].

Carboxylic acids, especially acetic acid, have also been employed as electron donors for the
photocatalytic Hz generation [108-110]. CO2, Hz, CH4, and CzHs have been detected during the
photoreforming of aqueous acetic acid solutions. Bare TiO, has shown a negligible photocatalytic
activity while the loading with noble metals such as Pt, Rh, Au, and Ag as electron transfer catalysts
has significantly improved the photocatalytic activity for Hz production in the order of Ag/TiO; <
AU/TiO; < Rh/TiO, < Pt/TiO; [110]. The decomposition of carboxylic acids on TiO2 has been
proved to follow the photo-Kolbe mechanism [101, 111, 112]. In the case of acetic acid on irradiated
TiO,, a direct reaction between the photo-generated holes and CH3;COOH adsorbed on the TiO;
surface results in the formation of CO; as reaction product and ‘CHs; radicals as a reaction
intermediate yielding the corresponding alkanes as reaction products [109, 110]. It was also
reported that the photocatalytic carboxylic acid reforming produces alcohols with a lower number
of carbon atoms as compared with the substrate. This was explained by the subsequent coupling of
"CHjs radicals with "OH radicals [107].

In addition, the photocatalytic reforming of dicarboxylic acids has been studied, during which the
monocarboxylic acids are formed in the reaction mixture [113]. Sun et al. [114] observed different
photocatalytic reactivity for straight-chain dicarboxylic acids with even and odd carbon numbers
during TiO-based photocatalysis. Under identical conditions, odd-carbon-numbered-dicarboxylic
acids (o-Das) showed faster degradation rates than the even-carbon-numbered-dicarboxylic acids
(e-Das). Through ATR-FTIR experiments and isotopic-labeling methods, they demonstrated that
the difference of reactivity was related to the difference in the coordination patterns on the TiO-
surfaces. This determines whether the selective cleavage of the C1-C, bond of the dicarboxylic acids
is the predominant process. e-DAs showed strong symmetrical bidentate adsorption on the
TiO; surface, which can resist the attack inhibiting the oxidative cleavage. On the other hand, o-
DAs exhibited asymmetrical adsorption, which facilitates the C;-C, bond cleavage associated with
the monodentate adsorption [114]. Therefore, investigating the adsorption characteristics of the
substrate on TiO; and the subsequent surface reaction mechanisms is a key factor to understand

the photocatalytic reforming processes.

However, contradicting reports exist regarding the pathway, through which the photoinduced
radical species initiate the reaction of organic substrates on the TiO, surface under anaerobic
conditions. Generally, the presence of free “OH radicals formed by the transfer of a photogenerated
hole onto a terminal OH-group is assumed [115]. Nevertheless, the computational prediction [116,
117] and the experimental studies on rutile single crystal surfaces [118] suggest that charge transfer

from trapped holes at surface lattice oxygen sites to adsorbed water molecules is unlikely to happen.
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Hence, the proposed photocatalytic conversion mechanisms should consider the pathways of

interfacial hole transfer besides the interaction between the organic substrate and TiO, [119, 120].

1.8. Oxalic acid as a model compound

Oxalic acid is known to be present in the effluent of some industries, e.g., textile and metallurgy,
hence, it is considered as a water contaminant [113]. On the other hand, oxalic acid has been
extensively reported as an intermediate during the mineralization of a wide range of organic
substrates [121]. However, there are contradicting reports regarding the ability to use oxalic acid
as a substrate to produce H; over irradiated TiO, photocatalysts. On the one hand, it has been
predicted that oxalic acid should be unable to initiate photoreforming due to its lack of an H-atom
bound to a C atom adjacent to the functional group, which is required for an H abstracting reaction
[122]. On the other side, however, oxalic acid has shown good characteristics to become an efficient

substrate, from which H; can indeed be photocatalytically produced [101].

Oxalic acid is a dicarboxylic acid of the general formula H,C,0, with its one-electron redox
potential (HC,0,~ — HC,O4" + €7) being 2.1V vs NHE [123, 124]. The fate of oxalic acid is found
to follow the main features of a photoreforming process proceeding according to Eq. 1-9 and can
generally be expected to evolve hydrogen and carbon dioxide in a 1:2 molar ratio. The presence of
a metal as a co-catalyst on the surface of a photocatalyst has been shown to play an inevitable role
in the pathway of the reaction [101]. Li et al. [113] investigated the effect of the variation of the
pH, of the amount of deposited platinum and of the addition of inorganic anions on the rate of the
photocatalytic hydrogen evolution over platinized Degussa P25 TiO: using oxalic acid as the
electron donor. While bare TiO, showed no activity, the presence of Pt enhanced the rates of the
photocatalytic hydrogen evolution. These authors demonstrated also that the amount of H, formed
is consistent with the amount of oxalate reacted as shown in Figure 1-19(a), confirming that the H,
evolution and the degradation of oxalic acid proceed simultaneously in this photocatalytic system.
H: production from oxalic acid showed a maximum at about pH 2.9 (see Figure 1-19(b)), where
oxalic acid is mostly present as HC,O,4~. This was found to be in good agreement with a six times
faster reaction between OH radicals and HC,O4 than with the other forms of oxalic acid, i.e., C,04>"
and H,C,0.. However, the authors omitted to follow the formation of any by-product and found

that kinetics follow a Langmuir-type behavior.

H.C>04 — Hz +2CO> (1-9)
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Figure 1-19 (a) Time course of ( ¢ ) produced H;and (m) reacted H,C,04 (4.9x10-3 M oxalic acid solution; 0.05 g of
0.5 wt.% Pt—P25); (b) amount of H; as a function of different initial pH (5.0x10-3 M oxalate solution; 0.02 g of 0.3 wt.%
Pt—P25. Both figures are reprinted with permission from Ref. [113].

In a second paper, Li et. al. [124] investigated the photocatalytic H, production using aqueous
Pt/TiO, suspension in a mixture of electron donors, i.e., oxalic acid and formic acid. In this case,
the H. evolution was accompanied by the decomposition of oxalic acid, while no decomposition of
formic acid was observed. This was attributed to the inhibition of formic acid adsorption on TiO;

in the presence of oxalic acid.

Owing to the last conclusion, the study of oxalic acid adsorption on TiO; is essential, especially to
understand its surface reaction mechanism. Mendive et al. [125] proposed the mechanistic details,
and, based upon them, suggested several surface photoreactions initiated during the illumination of
TiO: in the presence of oxalic acid. Their theoretical calculations revealed different surface

complexes exhibiting different pathways and consequently different photoreactivity.
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Figure 1-20 Different surface complex structures of oxalic acid on anatase-TiO,, adapted with permission from Ref.
[125].

Thanks to their ATR-FTIR studies together with their theoretical calculations executed by the
MSINDO-CCM method, the adsorption of oxalic acid on anatase showed several binding structures,
i.e., bidentate and monodentate structures, as shown in Figure 1-20. However, a monodentate
complex appears to be the most favored on the anatase surface. These authors showed that upon
irradiation, the photogenerated holes can be trapped either on O-O bonds or on the C-C bond.
Nevertheless, the photogenerated electrons can be trapped either on Ti-Ti, C-C or C-O bonds. This

would increase the electron densities at these atoms, as revealed from Figure 1-21, resulting in a
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bond weakening and in the formation of intermediates, such as formic acid and formaldehyde, on
the surface of TiO.. However, the authors were unable to experimentally detect the formation of
such products.

Unfortunately, just a few reports have dealt with the photocatalytic reforming of oxalic acid
compared to other molecules, e.g., methanol and glycerol. Moreover, the charge transfer
mechanism occurring at the TiOJ/oxalic acid interface is not known to any degree of
sophistication making such an investigation very interesting. While most of the scientific works
done so far yielded lower H; production amounts than expected, detailed experimental studies

regarding this issue are very limited.
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Figure 1-21 A scheme of oxalic acid molecules with red and blue circles where the atom becomes more negative and
more positive, respectively; dash and thick bonds belong to the bonds that are weakened and strengthened due to
the irradiation, respectively. Adapted with permission from Ref. [125] schematic representation of the molecules
upon irradiation; red and blue.

1.9. The Design of Experiments approach

The design of experiments (DoE) approach is a statistical methodology with the aim to obtain the
maximum amount of information employing the fewest number of experimental runs. In order to
find the optimum conditions of a process, most experiments are done usually in an unsystematic
way by changing the levels of one factor at a time (COST: Change One Separate factor at a Time).
However, as shown by Fisher, COST does not provide much information regarding the position of
the optimum parameters especially when there are interactions among the factors [126]. The most
important aspect of DoE is that it provides a strict mathematical framework for changing all
pertinent factors simultaneously. Using the smallest number of experimental runs, the combination
between DoE and Analysis of Variance ANOVA offers the ability to identify the interaction

between factors. With DoE it is also possible to optimize critical factors and identify the best
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combination of values [126]. DoE can use the general full factorial design FFD, in which multiple
factors are investigated simultaneously to identify the factors that have a significant effect on the
response, as well as to investigate the effect of interactions. Each factor could have a different
number of levels and the experiments performed at all possible combinations of the factor levels.

1.10. The scope of this thesis

Anaerobic heterogeneous photocatalysis represents a sustainable pathway to generate H.. Yet, in
the absence of O, the oxidants available for the oxidation of sacrificial reagents can only be formed
from photogenerated holes and/or oxidants generated therefrom. However, research into the
photocatalytic reforming of organic substrates still has many contradicting issues and open

guestions, which have been highlighted in the introduction.

Most systems investigated for the photocatalytic reforming are noble-metal-modified-TiO;
photocatalysts. The fast charge carrier’s recombination and the high over-potential of the H,
evolution reaction turn bare TiO; into an inactive material. Efforts to improve photocatalytic
reforming activities have been mainly devoted to the development of photocatalysts, which can be
excited by visible light besides other strategies of minimizing the recombination of charge carriers.
However, systematic studies on how the parameters of the synthesis method affect the reaction
products are rare.

Moreover, most of the researchers pay attention to the reaction rates, but not to the total yield of the
underlying photocatalytic reactions. The lack of a detailed mechanistic understanding of the
photocatalytic reactions involved under these conditions has limited potential applications of this
technology. Furthermore, an investigation regarding the selectivity of the photocatalyst toward the
target molecule is necessary to ensure the highest yields. The oxidation of sacrificial reagents often
contributes to the products that are being considered as reduction products. Hence, it becomes
crucial to evaluate the fate of these substrates and their contributions to the yield of H; in a
photocatalytic reaction. It is important, as well, to identify all products, qualitatively and
guantitatively, to establish a photocatalytic mechanism involving both, the reduction as well as the
oxidation pathways. These are common problems mentioned by Prof. Kamat in his editorial in ACS
Energy Letter entitled Semiconductor Photocatalysis: “Tell Us the Complete Story!” [127].
Besides, researchers mostly do not care about the type of their reactions, i.e., a semiconductor-
assisted photoreaction or a catalyzed photoreaction (photocatalytic reaction). The concept of the
Turnover Number (TON) has been rarely used in publications dealing with the photocatalytic
reforming reaction. This is another common issue that should be considered as mentioned by Prof.
Ohtani in his review about “Photocatalysis A to Z : What we know and what we do not know in a

scientific sense” [94].
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The purpose of this thesis is to develop TiO»-based photocatalysts which are active for the
production of hydrogen via the photoreforming of oxalic acid and to further understanding of the
mechanisms involved in promoting the reaction. The thesis is divided into two points of work:

(1) Synthesis of bare TiO, photocatalysts via the EISA method for a noble-metal-free photocatalytic
H> evolution from organic substrates. In a statistical study, the effect of the type of titanium-
precursor and the triblock copolymer surfactant on the prepared TiO: is investigated. The DoE
approach is employed to optimize the synthesis procedure in a few experimental runs, in which a
rarely used titanium-precursor is employed. The optimum synthesis parameters are identified by
the analysis of variance (ANOVA) and applied for the synthesis of active anatase TiO; in powder
form. The prepared photocatalysts are characterized using XRD, TEM, XPS, and UV-Vis
spectroscopy to develop the relationship between high photocatalytic performance and
physicochemical properties. Other properties such as flat-band potential and how the charge carrier

dynamics affect the activity are also investigated.

(2) Use of the prepared TiOg, in its bare and modified forms, for the photocatalytic H. evolution
from oxalic acid. Oxalic acid is chosen as a model compound because of the expectation of a simple
photoreforming procedure without secondary reactions. Accordingly, a study of oxalic acid
degradation at constant pH values has been performed in different photocatalytic systems, i.e.,
oxygen-saturated and oxygen-free conditions. Additionally, the effect of different co-catalysts on
the total yield of H; is investigated, closing the gap of knowledge between the theoretical and
experimental aspects. Interestingly, the formation of several by-products during the photoreforming
of oxalic acid is detected, confirming that this process is not as simple as expected. A combination
of analytical techniques is applied to trace the formed by-products, e.g., ion chromatography, solid-
phase EPR, and EPR spin-trap spectroscopy. A description of the photoreforming mechanism,
including the degradation pathways and the nature of the adsorbate complexes at the TiO- surface,
is consequently proposed. The effect of the current doubling mechanism and the disproportionation

reaction between the formed radicals on the total yield is also discussed.

The review of the literature in the introductory Chapter 1 should have familiarized the reader with
the principles of TiO. photocatalysis, emphasizing its applications for the generation of H as a
sustainable fuel source. Besides, it highlights some open questions regarding photocatalysis,

synthesis of TiO», and photocatalytic reforming.

Chapter 2 of this cumulative thesis includes the article entitled ”Co-Catalyst-Free Photocatalytic
Hydrogen Evolution on TiO,: Synthesis of Optimized Photocatalyst through Statistical Material
Science” [67], in which the use of the Design of Experiment (DoE) approach is introduced. Such a

statistical method is widely used for the optimization of processes; however, it has not been used
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often in the area of material preparation. Here, DoE is employed to statistically optimize the EISA
method to prepare a photo-active bare TiO,. The use of DoE is beneficial to reduce the number of
experiments and to identify the influence of the parameters studied on the synthesis method. The
prepared TiO; has been then extensively characterized to determine its physicochemical properties
in addition to the optical and the electronic ones. The prepared TiO- has been used for the noble-

free photocatalytic Hz evolution from ethanol.

Chapter 3 includes the article entitled ”Understanding the Degradation Pathways of Oxalic Acid
in Different Photocatalytic Systems: Towards Simultaneous Photocatalytic Hydrogen Evolution”
[128], in which the use of the self-prepared TiO,, in its bare and modified forms, for the
photocatalytic oxidation of oxalic acid is presented. Understanding the anodic half-reaction, i.e.,
the oxidation of oxalic acid on the surface of TiO,, indeed, forms a reliable base for the investigation
of the photoreforming process. Different systems, including O,-saturated, O2-free, and homogenous
photolysis have been used in a pH-controlled-photocatalytic system. The pH-stat technique has
been used, and the concentrations of oxalic acid and by-products have been determined in the liquid

phase by means of HPIC.

Chapter 4 includes the article entitled “Photocatalytic H, Evolution from Oxalic Acid: Effect of
Co-catalysts and Carbon Dioxide Radical Anion on the Surface Charge Transfer Mechanisms”,
which presents a study of the photocatalytic reforming of oxalic acid on different noble-metal-
modified-TiO, photocatalysts. The self-prepared TiO; has been modified with Pt NPs, Au NPs, and
bimetals Au-Pt NPs. QMS system has been used to analyze the products in the gas phase, while
HPIC has been employed to determine oxalic acid and by-products in the liquid phase. The
relationship between the co-catalyst used and the kinetics of the reaction and the distribution of the
by-products has been investigated. EPR-spin trap technique has been used to identify the nature of
the photogenerated species resulting from the irradiation of TiO/oxalic acid suspensions. The
contribution of the current doubling mechanism and the effect of the disproportionation reaction of
radicals on the total yield is discussed, showing a loss of efficiency due to secondary reactions. An
interfacial surface charge mechanism is proposed identifying the formation pathways of the by-
products and clarifying the possible reasons for the lower than expected H, amounts reported in this

thesis and previous publications.

Finally, Chapter 5 includes a concluding discussion as well as the results of further investigations

related to the work described in the previous chapters.
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Chapter Two: Co-catalyst-free Photocatalytic Hydrogen
Evolution on TiO,: Synthesis of Optimized Photocatalyst
through Statistical Material Science

2.1. Foreword

This chapter contains the article “Co-catalyst-free Photocatalytic Hydrogen Evolution on TiOz:
Synthesis of Optimized Photocatalyst through Statistical Material Science” by Yamen AlSalka,
Amer Hakki, Jenny Schneider, and Detlef W. Bahnemann. Reproduced with permission from
Applied Catalysis B: Environmental (238, 2018, 422-433, DOI: 10.1016/j.apcatb.2018.07.045).
Copyright 2018 Elsevier B.V.

2.2. Abstract

An active TiO; for co-catalyst-free photocatalytic hydrogen evolution was successfully synthesized
employing a simple Evaporation-Induced Self-Assembly (EISA) method that was developed and
optimized with the help of Design of Experiment (DoE) coupled with Full Factorial Design (FFD)
methodology. Coupling DoE with FFD provides a statistical tool for optimizing the synthesis
process while carrying out the smallest number of experiments. This tool builds a statistical
framework to determine the significance of the studied factors, i.e., titanium-precursor type,
surfactant type, and surfactant quantity, along with their potential interactions, as well as with their
optimum levels. The choice of the titanium-precursor type is found to be the predominant factor
affecting the efficiency of TiO. for hydrogen gas evolution. The interaction between the precursor
type and the surfactant type is also statistically significant. The statistically optimized study
identifies that combining F-108 amphiphilic block copolymers with titanium(ll1) chloride solution
leads to TiO, exhibiting the highest photocatalytic efficiency for the generation of molecular
hydrogen. The thus prepared TiO, shows relatively high photocatalytic hydrogen evolution rates
(1.22 mmol.h.%.g') compared to the commercially available TiO, photocatalysts which are not
active for hydrogen generation in the absence of a co-catalyst. Significant photocatalytic reforming
of ethanol is achieved over the synthesized bare TiO, with the formation of acetaldehyde as the
main by-product in the gas phase. This unexpected photocatalytic performance is mainly attributed
to the shift of flat band potential towards more negative potentials as revealed from the
characterization results in addition to the high density of charge carriers exhibiting longer lifetime
shown by laser transient reflectance measurements. The latter showed the presence of a high

number of trapped states, which are beneficial for the photocatalytic properties.

Keywords: Photocatalysis, Molecular hydrogen evolution, TiO,, Design of Experiment, EISA.
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2.3. Introduction

Clean energy systems are increasingly required to meet the growing global energy demand and to
overcome the environmental problems of our modern society. Molecular hydrogen is considered to
be one of the best fuels for the future. Hence, the photocatalytic generation of hydrogen using
nanoparticle photocatalysts has attracted tremendous attention because of its potential production
with reasonable cost as well as due to the involvement of green processes [1]. A photocatalytic
reforming of organic compounds can simultaneously be performed during the generation of
molecular hydrogen, which is considered as a considerable added value of this technique [2].
However, the lack of materials that could efficiently harvest solar light is still the main obstacle

hindering the transformation of this technique into practical applications.

Although TiO, absorbs mainly in the UV region, it is widely used in various photocatalytic
applications because of its high reactivity, nontoxicity, low cost, stability, and resistance to
photocorrosion [2, 3]. The first hydrogen gas generation through the photoelectrocatalytic splitting
of water was reported by Fujishima and Honda in 1972 [2, 4]. Since this time TiO; has been
extensively studied in order to enhance its photo-response by harvesting a wider range of the solar
spectrum. Generally, a large surface area and high crystallinity are highly important parameters
affecting the activity of the catalysts [5]. The mesoporous structure is one of the characteristics that
give good catalytic specifications to the materials, as it exhibits a large surface area and pore-
channels that ensure great mass diffusion within its frameworks [6]. In addition, loading noble
metals and doping either with ions or with non-metals have been extensively explored to shift the
light absorption of TiO, towards the visible region and to lengthen the lifetime of the
photogenerated charge carriers [7]. Recently, defective TiO, has shown an enhanced visible-light
absorption and improved photocatalytic performance, which has been attributed to oxygen

vacancies and to the introduction of trapped states below the conduction band of the semiconductor

[8].

Evaporation-induced self-assembly (EISA), was first reported by Ozin [9] and Brinker [10], and
was considered as one of the synthesis methods used to obtain thin films of mesoporous TiO,. This
soft-templating method is characterized by its simplicity, and efficiency [11]. It possesses several
advantages compared to conventional sol-gel methods, e.g., performing the preparation under
relatively mild conditions [12]. EISA process starts by dissolving block copolymer surfactant in a
suitable solvent followed by adding a calculated amount of titanium precursor(s) in acidic medium
to form titania-surfactant hybrid phase. This phase contains terminal hydroxyl groups that interact
through H-bonding with the hydrophilic portion of the block copolymer. An aging step takes place
afterward to get a condensed titania network followed by a calcination step to remove the surfactant.

The main drawback of preparing TiO, by EISA method is the uncontrolled hydrolysis and
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condensation of Ti* leading to the formation of poorly structured materials [11]. Adding
coordinating agents, like acetylacetone, chelates Ti cations by forming metal complexes, thereby
reduce the effects of a nucleophilic attack from water and lower hydrolysis kinetics [13].
Hydrolysis can also be controlled by employing a water-alcohol mixture instead of water only
as a solvent because alcohols possess relatively weaker nucleophilic behavior [14]. Many studies
have been conducted to discover the effect of EISA process parameters on the final product.
Crepaldi et al. [15] tested the influence of six variables on the preparation of TiO; films including
the type of surfactant, the ratio of surfactant to precursor, the quantity of water in the reaction, the
humidity, and the synthesis temperature. Among these variables, the humidity during synthesis had
a remarkable effect on the structure of the material. Soler—Illia and Sanchez [16] found that titanium
butoxide (TBT), titanium isopropoxide (TTIP), and titanium ethoxide (TET) possessed different
reaction activities toward water, hence different hydrolysis behaviors. Yang et al. [17] reported the
production of mesoporous metal oxides, including TiO2, by using metal chloride salts and P-123
surfactant. Luo et al. [18] obtained different phases of TiO; by changing the surfactant and the
solvent used with TiCl, as a precursor. A mixture of anatase and rutile, in addition to pure rutile
phase, were synthesized by employing P-123 or F-127 as surfactants while varying the solvent
(methanol, ethanol, 1-butanol and 1-octanol). By tuning the amount of TiCl, in the presence of
P-123, highly ordered mesoporous TiO, photocatalysts were produced in mixed phase of anatase
and rutile with different ratios [19]. Bosc et al. [20] synthesized mesoporous anatase TiO; films
using titanium(1V) isopropoxide and tri-block copolymers (Pluronic P-123, F-127). On the other
hand, Masolo et al. [5] evaluated the effect of different titanium precursors, the calcination rate,
and different ligands on the synthesized mesoporous TiO, samples. These parameters influenced
the morphology and the phase content of the final products. The ratio between rutile and anatase
was related to the precursor's types and their proportions. They also found that acetylacetone
resulting in a narrow pore size distribution, which played a major role in the photoactivity. The
calcination rate had the less influence among the studied factors on both, the crystallinity and the
mesoporosity of the material. On the other hand, removing the surfactant by thermal treatments was
found to be a key step in EISA process. A calcination temperature below 400 °C is preferred to be
used to remove most non-ionic triblock co-polymers, because under higher temperatures the

mesopore structures tend to collapse [21, 22].

In spite of the successful studies conducted previously to prepare thin films of TiO, [5],
unfortunately, only a few works are addressed to the synthesis of TiO, powder through EISA
method. Moreover, in most precedent works, several parameters affecting the EISA process have
been changed while ignoring other factors or neglecting real optimization procedures. Conducting

systematic studies defining the most important factors affecting EISA technique is also missing or
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not fully discussed. Furthermore, the use of limited types of titanium precursors, in particular, the

difficult handled precursor TiCls, is a common characteristic among most previous studies.

To find the optimum conditions, most experiments are usually performed by changing the levels of
one factor at a time in an unsystematic way. However, this process suffers from a lack of
information concerning the optimum parameters once an interaction among the studied factors is
carried out. This observation was confirmed by Fischer [23], who first introduced the principles of
the Design of Experiments (DoE). DoE is a statistical tool used to conduct and to plan experiments
in a methodological process allowing obtaining the maximum amount of information in the fewest
number of runs. The design and analysis of experiments revolve around the understanding of the
effects of different variables on other variables. The dependent variable is called the response, while
the independent variables are called factors, and the experiments are run at different factor values,
called levels. The total number of runs in DoE is equal to the number of levels “NL” powered to
the number of factors “NF” (NLNF). DoE provides a strict mathematical framework by changing all
pertinent factors simultaneously, in order to achieve the optimization using the fewest experimental
runs [24]. When DoE is coupled with a full factorial design (FFD), multiple factors are investigated
simultaneously during the test. It is possible additionally to optimize the significant factors affecting
the process, determine the influence of these factors on specified responses, and specify the possible

interactions between them [25].

Due to the time required to establish any normal optimization process, in addition to the high costs
of consuming chemicals, we decided to benefit from the advantages of DoE to optimize the
production of TiO; via EISA method. Through the present work, DoE coupled with the analysis of
variance (ANOVA) has been applied to discover, in a systematic statistical way, the effects of
several factors on EISA method. The optimum values have been then identified through the same
methodology and were applied to synthesis highly active TiO- in powder form. The influence of
both, the type of titanium precursor(s) and their proportions in addition to the type and quantity of
the surfactant are the main core of our investigations. The use of an easy-handled titanium precursor
instead of TiCly is further discussed in detail. The material synthesized based on the optimum

parameters is then characterized and compared with the commercially available photocatalysts.

2.4. Materials and Methods
2.4.1. Raw materials

All chemicals were used as received without any further purification. Titanium(IV) chloride
(>99.0%), titanium(IV) butoxide (97%), triblock copolymers pluronics F-108 and P-123, and
acetylacetone (>99%) were purchased from Sigma-Aldrich. Titanium(l11) chloride 15% in HCI 10%
was purchased from Merck. Methanol (>99.9%) and ethanol (>99.8%) were purchased from Carl-
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Roth. Deionized water was obtained from Millipore Mill-Q system at a resistivity of 18.2 MQ.cm
at 25°C.

2.4.2. Preparation method

The Evaporation-Induced Self-Assembly (EISA) method was employed to prepare TiO, samples
[26, 27]. In a typical synthesis, 1 g of triblock copolymer surfactant (either F-108 or P-123) was
dissolved in 20 mL of ethanol under vigorous stirring followed by the addition of 1 mL of
acetylacetone. Then, the calculated amounts of titanium precursor(s) were added with continuous
stirring at room temperature for 2 h. The mixture was then transferred to a petri dish and heat-
treated at 40°C for 24 h followed by calcination at 400°C for 12 h (at a heating rate of 4°C/min).

2.4.3. Statistical evaluation of significant factors using design of experiment (DoE)

DoE analysis was performed using Weibull ++/ALTA PRO software from Reliasoft. A general Full
Factorial Design (FFD) of 16 runs was built to investigate the effects of three factors on the prepared
materials: titanium-precursor type (PT), surfactant type (ST), and surfactant quantity (SQ). The
photocatalytic evolution of hydrogen gas and the BET surface area were chosen as the responses to
be monitored. Experimental runs were conducted in duplicate and in random order to reduce error.
Generally, when all of the factors are quantitative, an alternative to replicating the combinations in
the model is to apply a center point of the design and perform replicate runs at this center point.
Such a procedure can improve the precision of estimates for factorial effects and provides a check
on the linearity of the factor effects [28]. However, because two of the input factors, i.e. PT and ST,
are qualitative factors, center point experiments are not implemented in the present study. The
treatment of results was based then on the analysis of variance ANOVA using partial sum squares
and 5% level of significance. Table 2-1 illustrates the FFD summary with all related variables.
TiCl4:Ti(OBu)4 in a molar ration of (0.4:0.6) was first chosen as a precursor, to obtain TiO; in pure
anatase phase, as reported in literature [26]. TiCl, was then replaced by TiCl; and mixed with
Ti(OBu)4 while keeping the same used molar ratio between them. Two types of triblock copolymers
“surfactants”, i.e., P-123 (PEO19-PPOs9-PEO19) and F-108 (PEQO;3,-PPOso-PEO132) were chosen
because of the difference in their blocks. P-123 with 69 PPO units has a significantly lower critical
micelle concentration (cmc) and lower hydrophilic-lipophilic balance value (HLB) than F-108 with
50 PPO units [29, 30].
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Table 2-1 Summary of full factorial design with 3 factors in 2 levels.

Fct. Level 1 Level 2 Resp.1 Resp.2
pPT? TiClsTi(OBu),  TiClxTi(OBu)s  Harate Seer
ST® F-108 P-123 umol.h™t.g? m?.g*!
SQ° 1g 29 umol.h?t.g? m2.g*t

2 Titanium-precursor type (PT), ® Surfactant type (ST), ¢ Surfactant quantity (SQ), ¢ BET surface
area (Sger)

2.4.4. Characterization

The X-ray powder diffraction (XRD) measurements were performed on a Bruker DB Advance
diffractometer (Bruker AXS GmbH) with a Bragg-Brentano geometry using Cu Ka radiation. The
average crystallite sizes (D) were calculated according to Scherrer’s formula shown in Eq. (2-1),
where K = 0.94 is Scherrer constant, A = 0.154 nm is the x-ray wavelength of the CuKa, B is the
full width of the peak measured at half maximum intensity, and 0 is the Bragg’s angle of the peak.

b K.A ’_1
"~ B.cosH ( )

The optical properties of powders were measured by recording the diffuse reflectance spectra in the
range of 300-800 nm. Varian Cary 100 Bio UV/VIS spectrophotometer equipped with an
integrating sphere diffusing reflectance accessory was used along with BaSQO, as reference material.
The measured reflectance data R were transformed to the Kubelka-Munk function f(R) [31] to

determine the value of the bandgap via the Tauc plot.

Flat-band potential Es and the density of charge carriers (ND) were estimated by Mott—Schottky
(M=S) relationship. Thin Titania films were deposited on FTO by the same EISA process utilized
in this work. (M-S) measurements were conducted in a three-electrode electrochemical cell filled
with KCI 0.1 mol I* at (pH 7) using lviumStat potentiostat at three different frequencies (1, 10 and
100 KHz).

Field-Emission Scanning Electron Microscopy (FE-SEM) and Energy-Dispersive X-ray
Spectroscopy (EDX) measurements were carried out on a JEOL JSM-6700F field emission
instrument using a secondary electron detector (SE) at an accelerating voltage of 20 kV. High-
Resolution Transmission Electron Microscopy (HR-TEM) measurements were performed using
Tecnai G2 F20 TMP (FEI) with an acceleration voltage of 200 kV field emission gun (FEG).
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BET surface area was measured by the single-point standard Micromeritics FlowSorb 11 2300
instrument equipped with a Micromeritics AutoMate 23. Adsorption/desorption isotherms were
recorded using the Autosorb-iQ automated gas sorption analyzer (Quantachrome) equipped with
ASiQwin data software.

2.4.5. Transient Reflectance Spectroscopy

Nanosecond diffuse reflectance laser flash photolysis spectroscopic measurements were performed
as described by Schneider et al. [32], where the excitation of powder in a flat quartz cuvette was
proceeding with a 6 ns UV-laser at 355 nm. A pulsed xenon lamp (Osram XBO; 150 W) equipped
with a cut-off filter (400 nm) is focused onto the samples and the reflected light was detected
between 750 and 425 nm (in 25 nm steps) by Hamamatsu PMT R928 detector. Before the analysis,
each powder sample was flushed with nitrogen gas for 30 min. A terminal resistance of 50 Q was
used to facilitate a short rise time and fast observation of the signal after 40 ns, i.e., the period after
which the signals related to the charge carrier were analyzed [33]. For easier processing and fitting
of the transient signals, the optical reflectance changes AJ of the powder samples were calculated
from the absorbance values as shown in Eq. (2-2), where lo and | are the reflected lights before and after

the laser excitation, respectively.

I—1

A =1- 1074 =
Iy

(2-2)

2.4.6. Photocatalytic hydrogen gas evolution

The experiments of the photocatalytic evolution of hydrogen gas were carried out in a batch
photocatalytic system. All experiments were performed in 10 ml crimp glass vials tightly closed
with crimp cap and silicon septum. In a typical experiment, 10 mg of the photocatalyst powder was
suspended into a 6 ml aqueous solution containing 4.28 mol I of hole-scavenger (typically
ethanol). All the photocatalysts were introduced following the calcination procedure to insure the
decomposition of any organic surfactant. In addition, a separate photocatalytic baseline experiment
has been done, in which no surfactant was used during the synthesis procedure. After purging with
pure argon (>99.999%) for 15 min, the vials were horizontally fixed inside an orbital shaker placed
at 30 cm distance below a 1000 W xenon lamp (Honle UV Technology, Sol 1200) as a simulated
solar light. From the measurement of the spectral irradiance in the wavelength range between 350
nm and 380 nm at the irradiated area, the photon flux was found to be lo= 383 x 10 mol m? s™.
Ignoring loss of light due to reflecting and scattering out, 1.42 x 10~ mole of photons are entering

the irradiated suspension per second.
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The photocatalytically evolved molecular hydrogen was quantitatively determined by means of GC.
For this purpose, a 50 pL gas sample was periodically taken from the headspace over the suspension
using a Valco gas-tight sampling syringe equipped with a push-button valve. The gas sample was
then injected into the injection port of a Shimadzu GC-8A, equipped with a TCD detector and a
stainless-steel molecular sieve 5A GC column (Sigma-Aldrich). The column temperature was fixed
at 80°C, while the temperatures of both, the injector and the TCD detector were maintained at
120°C. The general relative standard deviation (RSD) of the set of data ranged between 4.8 % and
6.5 % depending on the sample, where each photocatalytic test was repeated in triplicate, each in a

separate reaction vial.

Acetaldehyde was also analyzed in the gas phase over the reaction mixture by head-space/GC-MS
technique using GCMS-QP5000 (Schimadzu) coupled with AOC-5000 Plus head-space
autosampler. A capillary RTX-Wax column (30 m x 0.32 mm, dF= 0.25 um; Restek) was used
employing parameters applied by Cordell et al. [34]. High-Performance lon Chromatography
(HPIC) was used to detect the products of ethanol conversion in the liquid phase. HPIC analysis
was performed using a Dionex ICS-1000 with a conductivity detector and an electro-regenerator
suppressor. The eluent of 9 x 103 mol I of sodium carbonate was pressed through an lon pac As9-

HC 2 x 50 mm column.

2.5. Results and discussion
2.5.1. A statistical study of the factors affecting the synthesis of TiO,

As mentioned previously, DoE suggested a design of (2%) runs built automatically according to the
studied factors. Conducting just 8 runs in duplicate, with a total of 16 runs, is found to be very
convenient and quick to explore the effects of the studied factors. This feature in decreasing the
number of experiments would undoubtedly reduce the errors and save time. Table 2-S1 shows the
values of both responses that introduced in FFD design, which are the BET surface area and the
evolved hydrogen gas. Upon changing the levels of the employed factors, the BET surface area
deviated over a very small range (106 — 123 m? g?) in contrast to the photocatalytic evolution of
hydrogen that underwent huge variations (425 - 999 umol h'* g?). These observations obviously
confirm that the photocatalytic activities are significantly affected by changing the levels of the
studied factors. Because the same changing in factors has a much smaller effect on the BET surface
area, it suggests that the correlation between the photocatalytic activity and the surface area is less
than expected. However, the photocatalytic hydrogen gas evolution was approximately decreased
to half when the surfactant had been excluded during the synthesis procedure. This could be related

to the decrease of the BET surface area.
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The analysis of variance (ANOVA\) is provided in Tables 2-2 and Table 2-S2. The goodness-of-fit
statistics mentioned in these tables could be used to determine how well the model fits the data.
Standard deviation values (S) of 17 and 0.7 indicate that the standard deviations between the
experimental data points and the fitted values are approximately 17 umol h* g* and 0.7 m? g* for
the hydrogen evolution and the BET surface area, respectively. However, such low S values by
themselves do not indicate that the model meets the model assumptions. The coefficient of
determination R?is a statistical measure of how close the data are to the fitted regression line. It
could be used to determine how well the model fits the data, hence measure the goodness-of-fit.
The calculated values of R? and adjusted R? are more than 98.8%, which means that both regression
modes account for more than 98.8% of the variance. In general, the more variance that is accounted
for by the regression model the closer the data points will fall to the fitted regression line. With such

high values, the regression models show very good variability and validity [35].

Table 2-2 The factors and their interaction effects on the photocatalytic hydrogen evolution (ANOVA
results) in FFD.

Variation D.F. Sum of Squares  Mean Squares F Ratio P Value @

Model 7 6.20E+05 8.86E+04 3.05E+02 4.53E-09
PT 1 4.95E+05 4.95E+05 1.70E+03 1.30E-10
ST 1 1.15E+05 1.15E+05 3.94E+02 4.30E-08
SQ 1 6.03E+03 6.03E+03 2.08E+01 1.86E-03
PT ST 1 3.96E+03 3.96E+03 1.36E+01 6.13E-03
PT - SQ 1 9.41E+01 9.41E+01 3.24E-01 5.85E-01
ST« SQ 1 4.10E+01 4.10E+01 1.41E-01 7.17E-01
PTST-SQ 1 5.40E+01 5.40E+01 1.86E-01 6.78E-01

Residual 8 2.32E+03 2.91E+02
Pure Error 8 2.32E+03 2.91E+02

Total 15 6.23E+05

2= 0.05, S = 17.04, R? = 99.63%, R*(adj) = 99.30%.

ANOVA results revealed that each of the studied three factors is statistically significant on both
responses. This can be seen from a P value below the level of significance (a=0.05). “PT” exhibits
a P value of 1.3E-10, which is the lowest P value among the whole design of the hydrogen evolution

response (see Table 2-2). Titanium-precursor type, therefore, possesses the highest statistical
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impact on this response. On the other hand, with its lowest value of P = 5.2E-10 (see Table 2-S2),
the surfactant type "ST" is statistically the most intense factor affecting the BET surface area.
However, because all the studied factors possess lower P values than the level of significance, all
these factors affect statistically both responses but in different magnitudes. The rank ordering of the

statistically significant factors can also be discovered from the Pareto charts provided in Figure 2-
1.

PT:Precursor type

ST:Surfactant type

SQ:Surfactant quantity

PT +5Q

Term

PT + ST +5Q

PT « ST

Pareto Chart - Regression

L)
ST +5Q E“ (@) Hz evolution
03 10.000 20,000 30.000 40.000 50.000
g Standardized Effect (T-Value)

ST:Surfactant type

SQ:Surfactant quantity

PT:Precursor type

PT +SQ

Term

PT + ST+ SQ

PT « ST

] | |

Pareto Chart - Regression

e (b) BET Surface area
sTesq|| 2
=
0o g 8.000 16.000 24.000 32.000 40.000
g Standardized Effect (T-Value)

Figure 2-1 Pareto Charts delivered from Full Factorial Design and ANOVA test for hydrogen evolution (a) and BET
surface area (b).

Pareto chart can be used to determine the magnitude and the importance of the effects. This chart
plots a reference line to indicate which effects are statistically significant. On the Pareto chart, bars
that cross the reference line are statistically significant at the 0.05 level with the current model
terms. Figure 2-1 shows again that titanium-precursor type (PT) is the predominant factor affecting
the hydrogen evolution followed by the effect of surfactant type. On the other hand, the surfactant

type (ST) is the predominant factor affecting the surface area followed by the effect of surfactant
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quantity. However, with a T-value more than 40, PT shows the most intense impact among all the
studied factors. Because the Pareto chart displays the absolute value of the effects, it is able to
determine which effects are larger without determining which effects increase or decrease the
response. The normal probability plot of the standardized effects can be therefore used to examine
the magnitude, direction and the importance of the effects on one plot. In the plots presented in
Figure 2-2, effects that are further from O are statistically significant with greater magnitude. In the
agreement with the previously mentioned conclusion, all the studied factors are statistically
significant at the 0.05 level, since the colour and shape of the points differ between statistically
significant (red squares), and statistically insignificant effects (blue circles). In addition, positive
standardized effects increase the response when the settings change from the low value of the factor
to the high value. In the case of the hydrogen evolution response, the precursor type has a positive
standardized effect (see Figure 2-2 (2)). Hence, the high level of this factor, which is TiCls-based
precursor, increases the hydrogen evolution. Surfactant type and surfactant quantity have in contrast
negative standardized effects. Consequently, using the low levels of these factors, which are F-108
and 1 g, increases the hydrogen evolution as well. Similarly, the BET surface area increases (see
Figure 2-2 (b)) when TiCls-based precursor and F-108 were used, as they are the low values of each
factor (negative standardized effects). The standard deviation for BET measurement is determined
to be SD = 0.61 for the sample synthesized using (TiCls:TiBu(OH)s and 1g of F-108), with a
corresponding coefficient of variation of COV = 0.52 %. On the other hand, the coefficient of
variation of all the 16 BET measurements is calculated to be COV = 5.69 %.

The interaction of the studied factors shown in Pareto chart and the interaction matrix plots (see
Figure 2-3) was statistically insignificant in terms of BET surface area, which means that the
deference in precursor type is independent of the surfactant type or its quantity and vice versa. On
the other hand, the interaction between precursor type and surfactant type was the only statistically
significant interaction affected the photocatalytic hydrogen evolution as observed from its P value.
The interaction plots could be used to show how the relationship between one factor (e.g. PT) and
a response (e.g. H2 evolution) depends on the value of a second factor (e.g ST). It plots the means
for each level of a factor while the level of a second factor held constant. Interaction is present when
the lines are not parallel to each other. This could be slightly noticed in the case of the interaction
between PT and ST shown in Figure 2-3. A plot of the response (H. evolution) of precursor type
“PT” at different levels of surfactant type “ST” shows that the response is changed with the levels
of PT, but the effect of PT on the response could also depend on the level of ST.
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Figure 2-2 The normal probability plots delivered from ANOVA analysis showing the magnitude, direction and the
importance of the effects on the hydrogen evolution (a) and the BET surface area (b).
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Figure 2-3 The interaction matrix delivered from ANOVA analysis related to the hydrogen evolution response.

In this instance, the photocatalytic hydrogen evolution is always higher when using a TiCls-based
precursor rather than a TiCls-based precursor for TiO2 synthesis as clearly shown in the term effect
plot presented in Figure 2-4 (a). When the line of the term-effect plot is not horizontal, different
levels of the factor affect the response differently. Figure 2-4 (a) indicates a higher evolution of
hydrogen gas when F-108 rather than F-127 is used as a templating surfactant. On the other hand,
the photocatalysts synthesized employing F-108 shows the highest BET surface area values, which
could be related to the higher ratio of the hydrophobic PEO block resulting in higher numbers of
smaller hydrophobic cores in the surfactant micelles [36]. Interestingly, while the surface area was
slightly increased by increasing the amount of surfactant, the molecular hydrogen evolution was
slightly decreased. However, the less horizontal the line in the term-effect plot, the greater the
likelihood that the effect is statistically significant. Therefore, the effect of surfactant amount could
be considered as relatively negligible; consequently, the use of less amount of surfactant will result

in the same activity but lower costs.
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Figure 2-4 The term effect plot for the hydrogen evolution based on the statistical tests (a), and the optimal solution
towards maximizing hydrogen based on ANOVA result.

Considering the previous statistical study, and based on the ANOVA outcomes, the optimization
features of DoE were successfully utilized to identify the statistical optimization of factors. Figure
2-4 (b) presents the computed optimized conditions towards maximizing the photocatalytic
hydrogen gas evolution. According to this figure, using TiCls based-precursor is preferable over
TiCla. To conclude this part, the optimal solution that is used for the next optimizing step contains

TiCls:Ti(OBu)4 as a precursor and 1 g of F-108 as a surfactant.
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2.5.2. Optimizing the ratio between TiCl; and Ti(OBu)4

Since the TiCls-based precursor was the crucial factor positively affecting the hydrogen evolution
as shown previously, the molar ratio between TiCls and Ti(OBu)s was further optimized to reach
the highest rate of hydrogen. This optimization was excluded from the previous DoE study because
changing the molar ratio could affect several variables such as TiO. phases, the optical absorbance
and the crystalline size [26]. These changes could affect in turn the photocatalytic activity;
therefore, the responses could not be directly related to the studied factor. The experiments with
different molar ratios of TiCls/Ti(OBu)s were conducted while fixing the total amount of titanium
to (11.4 x 10 mol) and utilizing 1 g of F-108 as a surfactant.

Table 2-3 shows photocatalytic activities of the obtained samples compared to the commercial
photocatalyst UV100 and P25 photocatalysts. Interestingly, all the self-prepared materials were able
to generate molecular hydrogen from ethanolic-aqueous solutions even in the absence of any co-
catalyst. Table 2-3 highlights the strong dependence of the photocatalytic evolution of hydrogen on
the quantity of TiCls in the precursor. The photonic efficiencies (&) for the hydrogen evolution
reaction have been calculated according to Egs. (2-3 and 2-4) [37], and the results are presented in
Table 2-3.

%) = formation rate (mol.s™1) 100 = V.Ac 100 53
5 (% ~ photon flux (mol. m2.s-1) x T 1. A At x ( )
- 1.2 y_ 4
"7 Ny h.c ( )

where V is the suspension volume (0.006 1), Ac/At is the formation rate (mol.s), A is the illuminated
area (4.2 x 10 m?),  is the light intensity (W.m), 4 is the corresponding wavelength (m), Na is the
Avogadro's constant (6.02 x 102 mol™?), h is the Planck constant (6.63 x 10 W.s?) and c is the
velocity of light (3 x 108 m.s™). According to the results presented in Table 2-3, TiCls as a single
precursor provides positive advantages for the EISA method to synthesize active TiO, material in
powder form. TiCl; seems to be the ideal precursor among the other tested precursors as it is an
easily handled solution that leads to the formation of bare TiO, with approximately 1.5-fold higher
photonic efficiency in comparison to other prepared materials. The use of TiCls as a precursor
provides as well the simplicity and the reliability of the EISA method because it eliminates the

employing of alkoxides, which could negatively affect the final product.
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Table 2-3 Synthesis parameters with the photocatalytic activities of the different self-prepared materials in
comparison with the commercially available photocatalysts.

# TiCls:Ti(OBU)a H, pmol ht g g2 9%
s1 0.2:0.8 796.8 +38.1 15
S2 0.4:0.6 953.4 +46.8 1.9
S3 0.6:0.4 574.2 +37.2 11
s4 0.8:0.2 669.9 +40.4 13
S5 1:0 1221.6 +58.1 2.4
UV100 ND ® -

P25 ND ® -

2 Photonic efficiency (&) calculated for the mean H, rate, and ® Not detected (ND) after 2 hours of
illumination according to the limits of detection (0.4 umol for H) of the GC analysis.

2.5.3. The photocatalytic application over the optimized (S5) material

The photocatalytic activity was followed-up by the determination of molecular hydrogen and
acetaldehyde formed in the gas phase in addition to the carboxylic acids formed in the liquid phase.
The data were collected after two hours of irradiating an ethanolic aqueous suspension. Table 2-4
illustrates the huge differences in photocatalytic activities between the optimized photocatalyst (S5)
and the UV100. Molecular hydrogen is only detected over S5, which is possessing much higher
photocatalytic activity towards the conversion of ethanol. According to the literature, the surface
defects serve additionally as adsorption sites to transfer the charge carriers to the adsorbed species,
thus promoting the photocatalytic reaction [38, 39]. Around 7.1 mmol of ethanol (28% of the initial
concentration) were decreased over S5 compared to 5.9 mmol (23.3%) over UV100. It is worth
mentioning that these values include both, the amount converted of ethanol as well as the amount
adsorbed on TiO.. This indicates the higher photocatalytic activity of the prepared material because
it exhibits around 2.4-fold lower surface area than UV100. The conversion of ethanol was
accompanied by the formation of acetaldehyde and molecular hydrogen following the Egs. (2-5 and
2-6), respectively [40].

CH3CH,OH + 2hj; — CH3;CHO + 2H* (2-5)

2H" +2¢p — Ho (2-6)

Where /5 and e represent the holes and electrons, respectively, generated on the photocatalysts

by light absorption.
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It is well known that hydroxy! radicals ("OH) can react with ethanol, mainly through the abstraction
of a hydrogen atom from the C—H bond (Eq. 2-7). This step is followed by the formation of
acetaldehyde (Eq. 2-8) that is the principal stable product through the electron injection into the
conduction band of TiO,, a process called “current doubling” [41]. The current doubling mechanism
occurs when using any alcohol carrying a hydrogen atom at the carbon atom in the a-position to its
hydroxyl group [42]. Ethanol was transferred over S5 to produce 0.43 mmol of acetaldehyde as the
major by-product after 2 hours of illumination. The quantity of acetaldehyde was 10-folds higher
over S5 than in the case of UV100. Simultaneously, 0.023 mmol of molecular hydrogen and traces
of acetic acid (Eq. 2-9) were formed over S5 compared to undetectable amounts of these products
over Hombikat UV100.

CH3CH20H + "OH — CHz"CHOH + H,0 (2-7)
CH3'CHOH + 3 — CH3CHO + H* (2-8)
CHsCHO + H,0 + 2k} — CH3COOH + 2H* (2-9)

Using Egs. 2-3 and 2-4, the photonic efficiencies of the formed products were calculated and listed
in Table 2-4. The superior band structure of S5 has definitely a positive impact. This includes the
more negative potential of its flat band edge beside the higher charge carrier density. The
improvement of TiO, conductivity enhances the charge carrier transport from the bulk to the surface
and the charge-transfer reaction [43]. Furthermore, the broad distribution of trapped states at
different energetic depths, besides the better separation between the charge carriers could be the
main reason for such higher photocatalytic activity. Although the conversion of ethanol to
acetaldehyde and molecular hydrogen was more efficient over our sample (S5), however, the
amount of molecular hydrogen evolved over S5 was 18-folds lower than the amount formed of

acetaldehyde.

Table 2-4 The photocatalytic activities of S5 and UV100 after 120 min of irradiation under simulated solar light.

# Ethanol C,H40 & acetaldehyde Acetic acid & acetic acid H, & Ha
mmol mmol % mmol % mmol %
Initial 25.32 - - - - - -
Photolysis  25.09 ND 2 NA® ND @ NA° ND? NAP"
uUVv100 19.40 0.04.2 4.10 ND @ NA® ND? NA"
S5 18.24 0.430 42.1 49x10° 48x10% 0.023 220

3 Not detected (ND), ® Not applicable (NA)
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In order to investigate in more detail, the enhancement in the photocatalytic activity over the S5
sample, long-term experiments were conducted either under the full solar spectrum or in the
presence of a cut-off filter > 420 nm. Using the same photocatalytic system, the hydrogen evolution
was followed-up in 60 min intervals. S5 showed again much better photocatalytic activity even
under visible light conditions. Figure 2-5 illustrates the photocatalytic behavior of S5 against the
time. Molecular hydrogen was produced during the first 60 min under simulated solar irradiation
and possessed linear increasing until 360 min, then the evolution followed a second linear increase
but at a lower rate. However, the evolution of hydrogen was detected after 120 min under visible
light and reached a 10-fold lower amount at the end of the 600 min irradiation comparing the full
solar light experiment. Several conversion products have been previously reported upon the
photoreforming of ethanol over Au/TiO: including acetaldehyde, acetic acid, acetone, ethene,
ethylene and methane [40, 44, 45]. Our GC-MS analysis detected traces of methane, ethylene and
carbon monoxide in the gas phase; hence, the formation of such compounds could negatively affect
the evolution of molecular hydrogen, as some of them are undesirable and or could not involve in
the current doubling effect. UV100, on the other hand, showed inactivity during the first 460 min

before the evolution of a relatively neglected amount of hydrogen gas over the rest period.

These results from the photocatalytic experiments suggested that detailed structural and optical

characterizations for the prepared samples are needed.

O 120 -
E, Full Solar Simulator Spectrum
=
° 100 -
—
=
g 80
3 i
c
=
<) 60 -
-
>
-
o 40 -
=
>
8
s 20 4 Solar with Cut-off Filter >420nm
<]
e — —9— —0— —8
o 0 T * T T T T T
0 100 200 300 400 500 600
Time / min

Figure 2-5 long-term photocatalytic hydrogen evolution from ethanoic solution over S5 under the full solar spectrum,
and in the presence of a cut-off filter of 420 nm.
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2.5.4. Physical and chemical characterization of the synthesized materials:

XRD measurements along with the standard pattern of both, pure anatase (Natl. Bur. Stand. # 00-
021-1272) and pure rutile (Natl. Bur. Stand. # 00-021-1276) are demonstrated in Figure 2-6. By
comparing the XRD patterns of pure anatase and rutile to those of samples synthesized using TiCls
with mole fractions of 0.6 and 0.8, one can clearly see the formation of mixed phases with different
ratios of anatase and rutile. All the other samples exhibit only the XRD pattern of pure anatase.
Data in Table 2-5 clearly confirm the crucial role of the crystalline phase, since materials having a
pure anatase phase exhibited better photocatalytic activities. The photocatalytic hydrogen evolution
was dramatically dropped down in in the mixed-phase samples. This correlates with other reported
results showing a higher hydrogen production for anatase-based TiO, photocatalysts due to the
more negative potential of the conduction band edge and the presence of trapped states lying below
its Fermi level [46]. On the other hand, many other researchers found a huge benefit of mixed-

phase TiO: due to the synergistic effect of anatase and rutile [47, 48].
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Figure 2-6 XRD patterns of the self-prepared photocatalysts compared to the standard patterns of anatase and
rutile.
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Table 2-5 Synthesis parameters with the physiochemical and optical properties of the different prepared materials.

# TiCl3:Ti(OBu)s  Sger® m?g* AR % D° (anatase) NM Es eV
S1 0.2:0.8 116.1+£0.9 100 9.6 3.10
S2 0.4.0.6 117.7+£0.6 100 11.4 3.08
S3 0.6:.0.4 104.7 £ 0.6 78 13.6 2.97
S4 0.8.0.2 107.3£0.7 86 13.2 2.98
S5 1:0 121.3+£0.9 100 9.1 2.99
uUVv100 2895+1.4 100 74 3.20
P25 49.1+04 72 21.5 3.05

4 BET surface area (Sger),  Anatase to rutile ratio (A:R) according to XRD measurements, ©
Crystalline size (D) calculated from the XRD data, ¢ Energy band gap (E) calculated from UV-
VIS data and the Tauc plots.

SEM images presented in Figure 2-S1 for the material prepared from (100% TiCls) show
nanocrystalline spherical morphology for agglomerated nano-sized particles with a diameter of
about 500 nm and wide distribution of non-ordered pores throughout the aggregated particles. On
the other hand, a grain size ranging from 9 to 15 nm for nanoscale powder with many crystal lattice
planes and a good crystallinity is estimated from TEM and high-resolution TEM images presented
in Figure 2-S2 (a) and (b), respectively. An apparent correlation between the hydrogen evolution
and the surface area is clearly noticed among the prepared materials as illustrated in Figure 2-7. The
increase in the surface area from 105 to 121 m? g* leads to a 2.5-fold enhancement of the molecular
hydrogen evolution rate. In contrast, the high surface area in case of UV100 does not reflect any
activity towards the photocatalytic hydrogen evolution. These observations, therefore, point out to

the dominant role of precursor type on the photocatalytic activity.

Figure 2-S3 (a) demonstrates the N adsorption—desorption isotherms recorded for the
nanostructured S5 photocatalyst. According to BET method, these isotherms revealed a type 1V
characteristic of mesoporous materials [49]. This result is in good agreement with predictions, as
EISA soft-templating method is reported to increase the surface area through mesoporous structures
[50]. The distribution of pore size shown in Figure 2-S3 (b) is calculated by BJH method, where
the average pore diameter for S5 was 5.1 nm. Although the structure contained mesopores with a
pore diameter range between 2 and 8 nm, however, these pores characterized as non-ordered and
showed a wide distribution range. In Soft-templating methods including EISA, the mesostructures
could collapse upon removing the surfactant by calcination [51] leading sometimes to non-ordered

mesopore structures. This is a drawback of the soft-templating technique.
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Figure 2-7 relationships between the photocatalytic activity (after 120 min irradiation) and BET surface area for the
self-prepared photocatalysts.

The optical properties of the prepared materials were measured by means of UV-VIS spectroscopy
and the obtained reflectance data are presented in Figure 2-8 (a and b). A clear optical response in
the visible range until around 600 nm can be noticed in TiCls-based materials compared to UV100
that manly absorbs in the UV range. This visible response is not due to doping with foreign atoms
since the EDX analysis of all the self-prepared nanoparticles showed peaks for titanium and oxygen
elements without any trace of other impurities within the detection limit of the EDX. Such visible
light response was noticed by other researchers and has been attributed to defects in TiO; [8, 48].
The energy band gaps were also affected throughout the prepared materials. A clear relationship
between the quantity of TiCls in the precursor and the bandgap energies of the anatase samples is
proven since a narrowing of the band gaps upon increasing the TiCls ratio was noticed as
demonstrated in Figure 2-7(b) and Table 2-3. Because doping is unlikely to happen as stated before,
the presence of defect states has been reported to drastically alter the electronic structure of the
semiconductor. Such defects introduce additional energy levels in the middle of the bandgap and
could, therefore, narrow its bandgap energy and improves the visible light absorption [52]. Oxygen
vacancies represent the most common defects in TiO», which have been related to the unpaired
electrons that were located initially in an O 2p orbital of the valence band. These electrons can then
be transferred, by the removal of the corresponding oxygen atom, into the conduction band to
interact with Ti*" giving the corresponding Ti®* defects, creating shallow and deep sub-bandgap
Ti®" states below the conduction band [53-55].
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Figure 2-8 UV-Visible light reflectance spectra (a), and Tauc plots (b) of the tested photocatalysts.

The flat-band potentials were derived from the Mott—Schottky plots for electrodes of TiO; thin film
on FTO. The flat-band potential for the film prepared from TiCls through the same EISA method
possessed a value of (-0.24 V vs. NHE at pH =0). This result clearly proves that the narrowing in
the bandgap energy is accompanied with a shifting of the flat-band potential towards more negative
potential compared to the Es, for pure anatase TiO; (-0.19 V vs. NHE) [56, 57] and the Eg for a
self-prepared electrode prepared from TiCls in the same conditions (-0.17 V vs. NHE). The more
negative the potential of the flat band is, the higher the reduction potential of the photogenerated
electrons is. This leads to a more favorable reduction reaction of H" to produce molecular hydrogen
(H*/H2 = 0 V vs. NHE). Consequently, the valence band edges were calculated from the values of
the band-gap energy and the flat-band potential. S5 material underwent a corresponding widening
in its valence band edge to a less positive potential (2.74 V vs. NHE at pH =0) comparing to both,
the pure anatase TiO; (3.00 V vs. NHE) and the electrode prepared from TiCl, (2.98 V vs. NHE).
Such effect was noticed by Wang et al. [58] who produced highly defective TiO, with a widening
in the valence band top edge leading to remarkably a higher photocatalytic activity compared with
normal TiO. They explained this observation by the efficient charge transfer in bulk and at the
semiconductor/electrolyte interface. The shifting of the flat-band potential, together with the
widening of the valance band edge point out once more to the presence of defects in the structure
of TiO,, especially, due to the absence of foreign dopants. The introduction of such defects has been
usually accompanied by an increase in the charge carrier densities (ND) of the studied materials. A
charge carrier density value of 9.3 x 10**° cm™ in S5 sample was recorded upon the analysis of its
M-S plots. This value is noticeably higher than that of pure anatase TiO, (0.4 - 0.8 x 10" cm™)
[56] and of the electrode prepared from TiCl4 (8.1 x 10*%°). The density of the charge carriers affects
the depletion layer and the recombination rate of the semiconductor [59]. Kang et al. [60] noticed
a negative shift of Es upon NaBH, reduction due to the formation of defects, which serve as electron

donors [13]. In addition, they found that NaBH. treatment increases the donor density of reduced TiO,
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thus resulting in a higher electrical conductivity as well as in the faster charge carriers transport. Higher
donor densities are expected to shift the Fermi level of TiO, toward the conduction band and to facilitate
the charge separation at the semiconductor—electrolyte interface, by increasing the degree of band bending
[13]. The same observations were reported by Mehta et al. [61], who found that treating TiO. with
hydrogen under partial pressure conditions enhanced the photocatalytic response due to surface defects,
which induced a higher charge carrier concentration and a more negative flat band potential.

The 1.5-fold higher photonic efficiency of S5 in comparison to other prepared materials can be
explained therefore by its higher optical absorption, as well as by the improved charge carrier
creation and utilization. Therefore, the synthesis of TiO; starting from TiCls (sample S5) not only
provides the simplicity of the synthesis method, but it enhances additionally the optical and the
electronic properties of TiO-, leading to increase both, the photocatalytic hydrogen evolution and

the photonic efficiency, even in the absence of any co-catalyst.

2.5.5. Transient Reflectance Spectroscopy

The transient absorption spectra obtained for UV100 and S5 0.1 ps after the laser pulse are presented
in Figure 2-9 (a). While the powders being kept under an inert nitrogen atmosphere, the two
materials showed broad spectra, which is in good agreement with the literature as the trapped charge
carrier species absorb light over a broad wavelength range [33]. It has been reported that the
transient absorption signals observed for TiO, above 600 nm are attributed to trapped electrons
[62], whereas the transient absorption observed between 400 nm and 530 nm is attributed to the
trapped holes [62, 63]. Because the experiments were performed in the absence of an electron donor
or acceptor the transient reflectance signals represent a sum of trapped electron and trapped hole
states. Both measurements were identically repeated in No—-methanol vapor environment to follow-
up the changes in the transient absorption spectra and to link the transient signals to the possible
trapped charge carriers. After the introduction of the methanol vapor, no changes of the transient
absorption signals have been observed for UV100 in the wavelength range from 650 to 710 nm,
while the transient absorption intensity in the wavelengths ranges from 410 to 625 nm deteriorate
(see Figure 2-9a). Accordingly, the latter wavelengths range can be attributed to trapped holes

reacting rapidly with methanol within 1 ns [64].

55



Chapter 2: Co-catalyst-free Photocatalytic Hydrogen Evolution on TiOa:
Synthesis of Optimized Photocatalyst through Statistical Material Science

404 (a)
—.—Ss (NZ)
3.5-
3.0
°\° 2.5_ - & _Ss (N2+M90H)
~ —~
2'20 ,A’r‘ T
1, —e—UV100 (N)
1.0 1 -
. v -7
” nt o i - v ~UV100 (N,+MeOH)

400 450 500 550 600 650 700
Wavelength / nm

(b) Kinetics @ 510 nm

0 =8+~

e S5(Ny) @510nm

AJ! %

o = UV100+N, @510nm

T M L = T > T B T = Ll = T b T s 1

o 1 2 3 4 5 8 17 8 9
Time / pS

Figure 2-9 Transient absorption spectra (a) measured at 0.1 ps after laser excitation in a N, and a N,-methanol vapour
atmosphere, transient absorption signals (b) observed at 510 nm in a N; and N>—-methanol vapour atmosphere. A =
355 nm with a cut-off filter of 400 nm for detection.

On the other hand, the transient absorption spectrum of S5 exhibits a maximum at 650 nm that can
be correlated to the d-d transition of the Ti** blue centers. However, the whole transient absorption
spectrum in the methanol environment has remarkably lower absorptions comparing to the N
atmosphere. This clearly indicates the very broad distribution of trapped holes over the whole
studied spectral range of wavelengths, which indicates that the holes are delocalized over different
trapping sites, with the holes being trapped at different energetic depths resulting in such broad
transient absorption spectra. Bahnemann et al. [65] confirmed that at least two different types of
holes have to be considered, namely, the deeply poor-reactive trapped holes (at 450 nm) besides the
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free holes that possess a higher oxidation potential. It is well reported that the valence band holes
can be rapidly transported to the surface, where a surface hole trap sites are formed on Ti-OsH
and/or Ti-Os-Ti. These surface trapped holes (Ti-OsH™* and/or Ti-Os™*-Ti) are the main oxidants for
any adsorbed electron donor. The different trapped states for holes in addition to the higher
reactivity with methanol in our self-prepared material point out the better migration of the charge
carriers, as methanol can only react with the surface trapped holes, while the bulk carriers remain
in the system [32]. The investigations delivered from the transient reflectance spectroscopy revealed
a delocalization of holes over different surface trapping sites with a higher oxidation potential than
other deeply trapped sites. Kong et al. [39] found that increasing the ratio of the concentration of
surface defects to bulk defects improves the separation between the photogenerated carriers, thereby
enhancing the photocatalytic activity. This conclusion has also been proposed by Ohtani [66], who
claimed the necessity to control precisely the structural properties to develop high active
photocatalysts. In this context, the density of surface shallow traps should be maximized and the
density of deep traps minimized. It has been reported that defects in TiO; could perform as a co-
catalyst, which enhance the usage of the photogenerated electrons in the reduction process [52].
Hole trapping sites participate in such surface defects that play a decisive role in adsorption and
surface reactivity. They can serve as charge carrier traps as well as adsorption sites where the charge

carrier transfer to adsorbed species can reduce the charge carrier recombination [39].

The transient absorption kinetics for both materials at 510 nm in an N> atmosphere are presented in
Figure 2-9(b). Both signals showed an increase in absorption immediately after the laser pulse,
however, the self-prepared photocatalyst exhibited around 3-fold higher signal intensity of the
initial absorption Jo. This result confirms the higher charge densities of the prepared material. A
rapid decrease in the absorption signal is occurred followed by reaching a long-lasting, nearly constant
absorption. The characteristic times after which Jo at 510 nm decays to Jo/e (~37%) are around 0.5 ps
and 4 ps for UV100 and S5, respectively. Comparing the transient absorption kinetics at 510 nm, the
self-prepared sample showed decay with a longer lifetime than for UV100. The decay Kinetics of the
photogenerated charge carriers could be fitted by second-order reaction kinetics according to Eqg.
(2-10).

Jo

NO == 1

(2-10)

A rate constant K, values of 10.9 x 10" and 1.74 x 10*" (s%) * for UV100 and S5, respectively
have been obtained evincing improved charge carrier separation in the prepared material even in
the absence of an electron donor. Thus, in the presence of suitable electron donors, the electrons are
available for an extended period to induce reduction reactions. Such phenomena have been assigned

to the surface defects that enable the capture of the electrons and suppress the recombination of
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electrons and holes [38], and could, in turn, facilitate the migration of charge carriers to the surface
due to the slower charge carrier recombination. To sum up the observations of this section, a higher
concentration and a longer lifetime of the photogenerated charge carriers in the prepared samples
have been obtained, as well as a broad distribution of trapped states, acting most likely as surface
defect sites.

2.6. Conclusion

We successfully applied the design of experiment approach combined with full factorial design to
investigate the most influential variable affecting the preparation of TiO, through EISA method.
TiCls is the decisive factor that maximizes the photocatalytic hydrogen evolution. Combining TiCls;
as a precursor with F-108 as a surfactant leads to the formation of pure anatase TiO; characterized
by its response to the visible light in addition to its unexpected photocatalytic activity towards the
hydrogen evolution in absence of any co-catalyst. The higher photocatalytic activity could be
related to the band edge positions and the higher charge carrier density that facilitates the transport
of charge carriers. The wider distribution of energetically different trapping sites for the holes
increases the adsorption sites and accelerates their reactions with adsorbates; hence the synthesized
material could be used as a photocatalyst in a promising environmental-friendly technique aiming
to the generation of renewable energy source. Future studies will be done to explain the
photocatalytic activity of the prepared material towards the evolution of hydrogen gas. Finally, in
order to demonstrate the viability of semiconductor photocatalysis to be scaled-up for
environmental remediation and energy conversion, several technical and economic factors, which
are related to reactor design, should be considered. These factors include the uniform distribution
of illumination and photocatalytic particulates as well as reaction kinetics. The issue of providing a
sufficient specific surface area of catalyst and effective photocatalyst illumination is particularly
important in this area. The simplicity of the preparation method and the possibility to produce
molecular hydrogen without using a co-catalyst are an opportunity to scale-up the manufacturing
such photocatalysts for large scale reactors towards an economic commercial distribution. Scaling
up of the photocatalyst synthesis developed herein should be feasible, both technically and
economically. It will, however, require appropriate technical equipment, which currently are not

available in the authors” laboratory.
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2.7. Supporting information

Table 2-S1 The proposed order of experiments built by DoE including the studied factors besides the results of

the conducted experiments.

PT ST SQ H; rate SgeT

g umol ht g? m? g!
TiCls: Ti(OBU)s F-108 1 623.5 120.0
TiCls: Ti(OBU)s F-108 2 575.9 123.1
TiCls: Ti(OBU)s F-108 2 936.4 120.4
TiCls:Ti(OBuU)4 P123 1 774.7 105.2
TiCls: Ti(OBU)s P123 2 733.9 108.9
TiCls: Ti(OBU)s F-108 1 999.8 1183
TiCl3:Ti(OBu)4 P123 2 757.3 109.9
TiCla:Ti(OBuU)4 F-108 2 553.3 122.0
TiCls: Ti(OBU)s F-108 1 980.2 117.1
TiCl4Ti(OBuU)4 P123 1 452.5 107.2
TiCl4Ti(OBu)4 F-108 1 587.4 118.9
TiCl4Ti(OBu)4 P123 2 442.2 110.0
TiCla:Ti(OBuU)4 P123 1 469.0 108.1
TiCla:Ti(OBuU)4 P123 2 425.1 109.1
TiCl3:Ti(OBu)4 F-108 2 957.2 121.2
TiCl5:Ti(OBu)4 P123 1 804.8 106.0

Table 2-S2 The factors and their interaction effects on the surface area (ANOVA results) in FFD.

Source of D.F. Sum of Mean F Ratio P Value 2

Val’iation Squares Squares

Model 7 6.29E+02 8.99E+01 1.85E+02 3.27E-08
PT 1 8.12E+00 8.12E+00 1.67E+01 3.47E-03
ST 1 5.83E+02 5.83E+02 1.20E+03 5.23E-10
SQ 1 3.54E+01 3.54E+01 7.30E+01 2.70E-05
PT ST 1 4.23E-01 4.23E-01 8.71E-01 3.78E-01
PT +SQ 1 9.03E-01 9.03E-01 1.86E+00 2.10E-01
ST « SQ 1 6.25E-02 6.25E-02 1.29E-01 7.29E-01

SST STe 903E-01  9.03E-01  186E+00  2.10E-01

Residual 8 3.88E+00 4.85E-01
Pure Error 8 3.88E+00 4.85E-01

Total 15 6.33E+02

2= 0.05, S = 0.6964, R? = 99.39%, R%(adj) = 98.85%.

59



Chapter 2: Co-catalyst-free Photocatalytic Hydrogen Evolution on TiOa:
Synthesis of Optimized Photocatalyst through Statistical Material Science

UNI-H-PCI

Figure 2-S1 SEM image in 100 nm scale (X50,000) for S5 powder.

Figure 2-S2 TEM image in 50 nm scale (a), and HRTEM image in 10 nm scale (b) for S5 powder.

0.0035 -
250
(a) 0.0030
\
o 200
= 0.0025
£ —s— S5 - Desorption =
® 1501 < 0.0020
E 8
_g T 0.0015
g 1004 3
-g 0.0010 S5
‘8 50 -
< 0.0006 -|
—e— S5 - Adsorption (b)
0 T T T T T T o.oooo 5 T T T T T T T T T T 1
0.0 0.2 0.4 06 0.8 1.0 25 30 35 40 45 50 55 60 65 70 75 80
Relative pressure / P.P“,' Pore width (A)

Figure 3-S Nitrogen adsorption—desorption isotherms (a) and pore size distribution (b) of S5 powder.
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Hydrogen Evolution

3.1. Foreword

This chapter contains the article “Understanding the Degradation Pathways of Oxalic Acid in
Different Photocatalytic Systems: Towards Simultaneous Photocatalytic Hydrogen Evolution” by
Yamen AlSalka, Amer Hakki, Manuel Fleisch, and Detlef W. Bahnemann. Reproduced with
permission from Journal of Photochemistry and Photobiology A: Chemistry (366, 2018, 81-90,
DOI: 10.1016/j.jphotochem.2018.04.008). Copyright 2018 Elsevier B.V.

3.2. Abstract

The photocatalytic degradation of aqueous oxalic acid has been investigated employing
different photocatalytic systems under constant pH conditions. A self-prepared TiO, was
utilized during the photocatalytic investigations in a bare and a platinized form. The
synthesized pure anatase phase TiO2 had a 10 nm grain size and a BET surface area of ca.
121 m? g with relatively higher photocatalytic activity compared to the commercially
available TiO, photocatalyst UV100. Complete photocatalytic degradation of oxalic acid
was observed within 60 min of illumination under aerobic conditions with no by-product
been detected. In the absence of molecular oxygen, a perceptible amount of formic acid was
formed in the liquid phase, as determined quantitatively by means of ion chromatography.
The formation of formic acid suggests that a photo-Kolbe reaction tacks place under oxygen-
free conditions. The formation of formic acid was also noticed when platinized TiO;
(0.25 wt.%) was employed, together with an enhancement of the reactions photonic
efficiency to the quadruple. A hydrogen evolution could only observe under an oxygen-free
condition with, again, a higher formation rate over the platinized material. However, upon
complete photoreforming of oxalic acid, the overall amount of the photocatalytically
evolved hydrogen using Pto2sw/TiO. represented only 60% of the theoretical amount.
Therefore, it is suggested that the source of H atoms could be the HC,O4 species rather than
molecular oxalic acid. A detailed mechanism for the photocatalytic degradation of aqueous

oxalic acid at different photocatalytic conditions is proposed and discussed.

Keywords Photocatalysis; TiO»; Hydrogen evolution; Photocatalytic reforming; Oxalic acid;

Solar fuel.
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3.3. Introduction

With the increasing water pollution and the stringent environmental regulations concerning
water and wastewater contaminant content, efficient water treatment technologies have
gained importance worldwide in the last two decades. Among those techniques,
heterogeneous photocatalysis, particularly the TiO»-based one [1-3], has attained great
interest due to its promising efficiency in mineralizing organic pollutants in water [4]. In
parallel, finding clean alternative sources of energy becomes a persistent need to overcome
the environmental problems created by the modern consumption-based lifestyle.

Molecular hydrogen seems to be a potential ideal environmental-friendly fuel for the future
due to its high energy content of 122 kJ.g! compared to other fuels such as gasoline (40
kJ.g1) [5]. Recently, nanoparticulate photocatalytic systems have attracted tremendous
attention as a clean technology for the generation of hydrogen [6, 7]. A photocatalytic
process involves a light-induced generation of an electron-hole pair in the conduction and
valence band of a semiconductor material, respectively. Consequently, TiO; could act as an
electron donor and an electron acceptor for other molecules adsorbed on its surface [2].
Unfortunately, the lack of light absorption within the visible wavelength regime, as well as
the fast recombination of photogenerated charge carriers limits its practical usage. Electron
donors, e.g, organic contaminants, have been used as sacrificial reagents to improve this
process because they can react irreversibly with the photogenerated holes suppressing their
recombination with electrons [8]. Noble metals, in particular, platinum, play an essential
role in photocatalytic hydrogen formation systems [4, 9]. The loading of platinum
nanoparticles on the surface of TiO, promotes the transfer of the photogenerated holes to the
surface (according to the Schottky barrier model) [10], which allows, in turn, the trapped
electrons and the free bulk electrons to migrate and accumulate in the platinum
nanoparticles. This phenomenon enhances the formation of molecular hydrogen by reducing

the reduction potential of protons [2, 11].

Achieving the dual-functionality, i.e., the photocatalytic degradation of pollutants and the
simultaneous generation of hydrogen gas is a great added value of this technique.
Unfortunately, different operational conditions need to be applied for each process to
achieve their optimal reaction yield. [12]. Since molecular oxygen competes with protons as
electrons acceptors, the absence of oxygen is a prerequisite for the photocatalytic reduction
of protons to molecular hydrogen. Contrary, the degradation of organic compounds could
be negatively affected by a lack of molecular oxygen. Combining both photocatalytic
processes has already been reported [12-14], however, the mechanism and the extent by

which the sacrificial reagent contributes to the hydrogen formation still need to be clarified.
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To the best of our knowledge, also the usage of oxalic acid as an electron donor has rarely
been reported in the literature so far. Moreover, during the photocatalytic degradation of
organic carboxylic acids, a deep comprehension of the final reaction step by which these
compounds release carbon dioxide remains unclear [15]. The decomposition of oxalic acid
should generally evolve hydrogen and carbon dioxide in a 1:2 molar ratio. The fate of oxalic
acid is found to follow the main features of the photoreforming process, and the presence of
the metal co-catalyst plays an inevitable role in the pathway of the reaction [16]. Li et al.
[17] investigated the effects of variation of the pH, the amount of deposited platinum and
the addition of inorganic anions on the rate of the photocatalytic hydrogen evolution over
platinized TiO using oxalic acid as an electron donor. They omitted to follow the formation
of any by-product and found that kinetics follow a Langmuir-type behavior. Draganic et al.
[18] reported that the reactivity of the reaction between ‘OH radicals and oxalic acid
decreases in the order of HC,04 >C,04> >H,C,04, which could explain the higher rate of
hydrogen evolution between pH 3 and 4. Generally, the photo-Kolbe reaction mediated by
the photogenerated carriers in TiO; is completely changed by the presence of molecular
oxygen; the photogenerated electrons participate in n—1 RH alkylation, while the presence
of molecular oxygen favors the formation of n—1 acid instead.

Herein, the photocatalytic degradation of oxalic acid with simultaneous hydrogen evolution
under different conditions was investigated. Oxalic acid was chosen as a model compound
due to its high adsorption and strong reductive electron donor properties [19, 20]. In this
work, a systematic study of the mechanism(s) of oxalic acid degradation was investigated at
a constant pH value during the experiments. The degradation efficiencies were calculated
for both, oxygen-free and oxygen-rich systems and the formation of conversion products
released in oxygen-free conditions was investigated additionally. Finally, the impact of
platinum on the photocatalytic hydrogen evolution and the contribution of oxalic acid as a

sacrificial reagent were discussed.

3.4. Experimental
3.4.1. Materials

All chemicals were used as received without any further purification, while the deionized water was
supplied by a Millipore Mill-Q system at a resistivity of 18.2 MQ c¢cm at 25 °C. Triblock copolymers
pluronic F-108, chloroplatinic acid hydrate H,PtCls-xH,O (>99.9%), acetylacetone (>99%),
perchloric acid (70%) and oxalic acid (>99%) were purchased from Sigma-Aldrich. Titanium(I1I)
chloride (15%) in HCI (10%) was purchased from Merck. Ethanol (>99.8%) and sodium carbonate
anhydrous (>99%) were purchased from Carl-Roth.
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3.4.2. Preparation Methods

The Evaporation-Induced Self-Assembly (EISA) method was employed to synthesize TiO: in its
pure anatase phase. In a typical synthesis [21], 1 g of F-108 triblock copolymer surfactant was
dissolved in 20 mL of ethanol under vigorous stirring followed by the addition of 1.1 mL of
acetylacetone and 9.94 mL of TiCls solution. After 2 h of continuous stirring at room temperature,
the mixture was transferred to a petri dish and heat-treated at 40°C for 24 h followed by calcination
at 400°C for 12 h (at a heating rate of 4°C min™).

TiO> loaded with 0.25 wt.% platinum nanoparticles (Pto2s%/TiO2) was prepared by following the
photodeposition method according to Melvin et al. [22]. In a typical experiment; 100 mg of the
prepared TiO photocatalyst was added to a mixture of water:methanol (9:1). After purging of the
suspension with argon for 30 min, a calculated amount of H,PtCls-xH>O was added to the solution.
Afterward, the obtained suspension was illuminated with UV(A) light employing a Philips CLEO
lamp for 6 h inside a climatic chamber with an adjusted temperature of 15°C. The solid was then
collected by centrifugation, followed by repeated washing with distilled water for three times before
final drying at 100 °C for 24 h.

3.4.3. Characterization

The X-ray powder diffraction measurements were performed using a Bruker DB Advance
diffractometer (Bruker AXS GmbH) with a Bragg-Brentano geometry using Cu Ka radiation. The
XRD patterns were used to determine the formed phases as well as to calculate the average
crystallite sizes (D) according to Scherrer’s formula [23] with K = 0.94 as the crystal lattice
constant, 4 = 0.154 nm as the x-ray wavelength of CuKa, £ as the full width of the peak measured
at half maximum intensity, and 8 as the Bragg’s angle of the peak. BET surface area was measured
by the single-point standard Micromeritics FlowSorb Il 2300 instrument equipped with a
Micromeritics AutoMate 23. TEM measurements were carried out on a Tecnai G2 F20 TMP (FEI)
with an acceleration voltage of 200 kV field emission gun (FEG).

3.4.4. Photocatalytic experiments

The photocatalytic experiments were carried out in a closed glass reactor equipped with a cooling
jacket. A suspension of (18.7 mmol I'*) bare TiO; or (6.2 mmol I'Y) Pty s/ TiO; as a photocatalyst
in 215 ml of oxalic acid solution (1.11 mmol I') as a model organic compound was illuminated
under vigorous stirring. The irradiation unit was placed at a distance of 15 cm from the reactor and
it consisted of a Xe arc lamp CSX 450 W (Phillips) and a lamp house LAX 1450 with a power
supply SVX 1450 from Miiller Elektronik-Optik. The glass reactor was connected to a pH-stat

system, which contains a pH electrode combined with an Ag/AgCl reference electrode as shown in
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Figure 3-1. The temperature was kept constant at 20 °C during the entire experiment by means of a
thermostatic bath from Julabo. The suspension was continuously purged with pure argon (>
99.999%) or pure oxygen (> 99.999%) during the whole experiment, including adsorption and
irradiation periods. All used gases were supplied by Linde. An adsorption period of 12 hours was
employed to ensure reaching the dark adsorption equilibrium prior to the start of the irradiation.
The pH-stat technique was employed to perform the Kinetic measurements at pH 3. The automatic
titration unit consisted of a Titrino 794 from Metrohm equipped with perchloric acid (0.1 mol I%).
All changes in volume that occurred due to the adding and withdrawing of the liquid were taken
into account when calculating the concentrations at each time step.

Purging gas
Titrator
pH
electrode
=
S
| =
Xe lamp

Figure 3-1 schematic diagram of the photocatalytic system.

The photocatalytic degradation of oxalic acid was periodically monitored by High-Performance lon
Chromatography (HPIC), in which the dissolved amount of oxalic acid was quantified by
withdrawing 1 ml of filtered suspension. The analyses were performed using a Dionex 1CS-1000
with a temperature-controlled conductivity detector (constant at 35 °C) and an electro-regenerator
suppressor. Sodium carbonate solution (9 x 10~ mol I") was used as the eluent which was pressed
through an lon Pac AS9-HC 2 x 250 mm column equipped with a guard column of lon Pac AG9-
HC 2 x50 mm from Dionex. To quantify the hydrogen gas, which was evolved during the
photocatalytic reforming experiments, a 50 pL gas sample was periodically taken from the reactor
gas headspace over the suspension using a Valco gas-tight sampling syringe equipped with a push-
button valve. The sample was then injected into the injection port of a Shimadzu GC-8A, equipped
with a TCD detector and a stainless-steel GC column (3 m x 2.1 mm) packed with 60/80 molecular

sieve 5A (Sigma-Aldrich). The column temperature was fixed at 80 °C, while the temperature of
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both, the injector and the TCD detector were maintained at 120 °C. The photonic efficiencies & for
both, the oxalic acid degradation and the hydrogen gas formation, have been calculated according
to Egs. (3-1 and 3-2) [24].

__ degradation or formation rate (mol. s™h _ V.Ac G-1

B photon flux (mol.m?.s~1) T Iy A.At )
I 1.4 32
"7 Ny.h.c ( )

where V is the suspension volume (0.215 1), Ac/4t is the degradation or the formation rate (mol.s™),
A is the illuminated area (8.04 x 10* m?), I is the light intensity (W m2), 4 is the corresponding
wavelength (m), Na is the Avogadro's constant (6.02 x 102 mol™), h is the Planck constant (6.63 x
1034 W s?) and c is the velocity of light (3 x 108 m s). From the measurement of the spectral
irradiance in the wavelength range from 320 nm to 380 nm at the irradiated window of the
photoreactor, the photon flux was found to be lo= 94 x 10® mol m? s%, Ignoring loss of light due to
reflecting and scattering out of the photoreactor, 75.6 x 10° mole of photons are entering the
photoreactor per second.

3.5. Results
3.5.1. Characterization and evaluation of the self-prepared photocatalyst:

Figure 3-2(a) shows the XRD patterns of the prepared TiO, powders in comparison to the patterns
of pure anatase, which confirm the formation of the pure anatase phase with crystallite sizes in the
range of 10 nm (according to Scherrer’s equation using the average value corresponding to the 101
and 200 reflexes in the calculation). The activity of the prepared TiO, was compared with that of
the commercially available UV100 because both materials possess the pure anatase phase and
similar crystallite sizes. Batch photocatalytic measurements were performed in 10 ml crimp glass
vials containing 10 mg of TiO; suspended in 8 ml aqueous oxalic acid (1.11 mmol IY). The vials
were purged with pure argon for 15 min and then irradiated for 120 min by a 1000 W xenon lamp
(Honle UV Technology, Sol 1200). The amount of molecular hydrogen in the gas phase along with
the remaining amount of oxalic acid in the liquid phase were quantified. The performances of both
photocatalysts are summarized in Table 3-1. There it is presented, that the self-prepared TiO:
photocatalyst shows an around 5% higher photocatalytic degradation activity than the commercial
photocatalyst. This enhanced activity was also reflected by the higher performance for the
photocatalytic hydrogen evolution since small quantities of hydrogen were detected compared to
zero activity of UV100. Due to these facts, the self-prepared photocatalyst was used in further

mechanistic studies.
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Table 3-1 The performance of self-prepared TiO, and UV-100 towards photocatalytic oxalic acid degradation and
simultaneous hydrogen evolution.

Photocatalyst Photocatalytic hydrogen Degradation rate of oxalic
evolution / pmol h acid / %

Self-prepared 1.01 96.55

UVv100 N/D? 91.48

 Not detected (N/D)

Figure 3-2(b) presents the TEM image of the prepared Pt/TiO,, which confirms a good crystallinity
of the nanoscaled powder by clearly showing the crystals lattice planes. The grain size ranged
around 10 - 12 nm, which is in good agreement with the XRD results. The loaded small platinum
nanoparticles (ca. 1-5 nm) can also be clearly seen in Figure 2 (b). Both bare and platinized TiO-

have a relatively high BET surface area of 121.3 m? g and 120.4 m? g%, respectively.
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Figure 3-2 XRD patterns of the prepared bare TiO; (a), and TEM image for Pt/TiO; (b).

3.5.2. The photocatalytic oxidation of oxalic acid in the presence of molecular oxygen

The photocatalytic oxidation of oxalic acid was investigated over bare TiO; in an oxygen-rich
system using a continuous flow of pure oxygen gas during the adsorption and the photocatalytic
periods. Figure 3-3 illustrates the changes in the amounts of oxalic acid (in moles) during the
illumination time. As expected, the concentration of oxalic acid was dramatically decreased during
the first 30 min of irradiation and complete degradation was achieved in less than 60 min. Perchloric
acid was automatically added by the titrator unit to neutralize any produced hydroxyl anions
maintaining the pH stable at 3 during the whole experiment. Interestingly, the added amounts of
perchloric acid showed a mirror profile of that of the degraded oxalic acid, indicating that the ratio

of the produced OH- to the removed oxalic acid was equal to unity.
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Figure 3-3 the photocatalytic oxidation of oxalic acid using bare TiO; in the presence of oxygen. The initial oxalic acid
concentration was 1.11 mmol I'* at pH 3.

3.5.3. The photocatalytic degradation/reforming of oxalic acid in the absence of molecular
oxygen

The photocatalytic degradation of the oxalic acid solution was investigated employing either bare
TiO; or Ptos0/TiO2 in an argon atmosphere. Gradual degradation of oxalic acid over bare TiO,was
noticed as shown in Figure 4. Comparing the results illustrated in Figure 3-4 with that in Figure 3-
3, it can be clearly noticed that the degradation of oxalic acid was accomplished at a much lower
rate under oxygen-free conditions. Only 50% of the initial oxalic acid concentration was converted
after 360 min illumination time. In parallel, a gradual continuous formation of formic acid was
recorded as shown in Figure 3-4; however formic acid was only formed in a very small amount
(molar ratio of 0.14 for formic acid:oxalic acid) compared to the total amount of degraded oxalic
acid.
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Figure 3-4 the photocatalytic degradation of oxalic acid with the formation of formic acid using bare TiO, under a
continuous flow of argon. The initial oxalic acid concentration was 1.11 mmol I* at pH 3.
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On the other hand, faster conversion of oxalic acid was recorded over the platinized TiO; as shown
in Figure 3-5. There, 50% of the employed oxalic acid was decomposed within only 60 min, which
is ca. 5-fold faster than its degradation over bare TiO.. Formic acid as a by-product from the
conversion of oxalic acid was also formed but in lower concentration in comparison to the case of
bare TiO,. The formation kinetics of formic acid shown in Figure 5 depends highly on the
degradation kinetics of oxalic acid. Moreover, the presence of platinum as a co-catalyst facilitates
the formation of hydrogen gas during the photocatalytic test. The evolution of hydrogen gas had an
induction period during the first 45 min of illumination. The induction period was followed by a
constant formation of hydrogen until the complete degradation of oxalic acid was obtained and the
further generation of hydrogen gas was unquantifiable.
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Figure 3-5 the photocatalytic reforming of oxalic acid with the formation of formic acid and hydrogen gas by Pt/TiO,
under a continuous flow of argon. The initial oxalic acid concentration was 1.11 mmol I* at pH 3.

3.6. Discussion
3.6.1. Distribution of the dissolved species at pH 3

The pH of 3 was carefully chosen according to Li et al. [17], who reported a maximized
photocatalytic hydrogen evolution at about pH 2.9, where oxalic acid is almost exclusively present
in the form of HC,O4™. It is important to mention that at the applied pH value, i.e., pH 3, HC,04 is
with a fraction exceeding 90% the dominated species in the solution because of its dissociation that
occurs at pKa = 1.25 and pKaz = 4.28 [18]. Therefore a comparable small concentration of H,C204
and C,04% remains in the solution, as shown in Figure 3-6 (a) [25]. On the other hand, when formic
acid was released as a by-product, it would present in the form of HCOOH, which is the most

dominant species at the employed pH as Figure 6(b) shows [26].
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Figure 3-6 distribution of oxalic acid species (a) and formic acid species (b) in the pH regime from 0 to 10. Adapted
from ref. [25] and [26].

3.6.2. Photocatalytic oxidation of oxalic acid in the presence of molecular oxygen

The overall photocatalytic oxidation of oxalic acid over illuminated TiO; can be summarized by
Egs. (3-3t0 3-5).

HC,0s +% 0, ™19 200, + OH- (3-3)

H:Co0s+% 0, ™% 2C0, + H0 (3-4)
hv, TiO;

CoOZ +1% 0+ HO 57 2C0O, + 20H (3-5)

A rise in the pH value is expected, resulting from the generation of OH™ during the photocatalytic
oxidation of oxalic acid as described by Egs. 3-3 and 3-5. This assumption was exactly fulfilled
since continuous dosing of perchloric acid was accomplished. There was a direct link between the
degradation of oxalic acid and the addition of perchloric acid to stabilize the pH at 3 (see Figure 3-
3). As HC,Oy4 is the dominant species at the working pH, Eq. 3-3 would be the main mechanism
contributing to the mineralization of mono-protonated oxalic acid into carbon dioxide and
equivalent amounts of OH". At 45 min of irradiation, around 0.181 mmol of H* was added to
neutralize the generation of OH", whereas the initial amount of oxalic acid (0.237 mmol) was
completely removed from the solution. These calculations show that 76% of the neutralization was
achieved during the first 45 min. However, OH"was continuously formed at a much lower rate after
this period. The amount of OH" reached ca. 0.23 mmol at 105 min, which is equal to the initial
amount of oxalic acid. This difference can be attributed to the adsorbed oxalic acid which cannot
be directly detected by the HPIC but its ongoing oxidation still forms OH". This is in good
agreement with the behavior noticed by Ivanova et al. [24]. In the presence of molecular oxygen,
the formation of “OH radicals and the reduction of molecular oxygen are thermodynamically
favored as proven by Kosani¢ [27]. The importance of molecular oxygen for the mineralization of

oxalic acid is based on its efficient reaction with the photogenerated electrons upon the formation
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of superoxide or hydroperoxide radicals. Such a reaction inhibits the electron-hole recombination
and leaves the photogenerated holes fully available to react with adsorbed water or organic
molecules [28]. Consequently, the formed “OH radicals could react with HC,O, forming *COOH
which is consumed by reacting with molecular oxygen to form hydroperoxide radicals (Eg. 3-6).
The later radicals could, in turn, transfer to hydrogen peroxide generating molecular oxygen in
addition to "OH radicals (Egs 7-8). Our HPIC analysis indicates the lack of any intermediates or by-
products in solution upon the photocatalytic oxidation of oxalic acid. This result is in agreement
with the work of Kosani¢ [27], who found that the photocatalytic decomposition of oxalic acid at
pH 3.5 gave only carbon dioxide.

HC,04s +°"OH — CO2+°'COOH + OH" (6)
2HO, — H0,+ 0O (7)
H.,O, + TiOz(e) — °*OH+ OH +TiO, (8)

3.6.3. The photocatalytic degradation/reforming of oxalic acid under oxygen-free conditions

A lower decomposition rate of oxalic acid was recorded in the absence of molecular oxygen (see
Figure 4). The simultaneous formation of intermediates and the evolution of hydrogen gas indicate
different mechanism (s) for the photocatalytic degradation of oxalic acid in oxygen-free conditions.
Reactions (Egs. 3-9 to 3-21), or parts of them, are the potential reactions which accompany the
degradation of oxalic acid under oxygen-free conditions, taking into account that some of the
mentioned intermediates are just an assumption based on literature references. Oxalic acid, formic

acid and OH" have been traced in-situ during the experiments to prove the mechanism.

H.,C,04 < HC,Os + H* (3-9)

OH sy + TiOz(h*) — "OH + TiO, (3-10)
HC,0s +'0OH — HC,0s + OH (3-11)
HC204 + TiOx(h*) —» HC204" + TiO; (3-12)
HC;0s — HCO;" + CO; (3-13)
HCO; < "CO, +H* (3-14)
"CO; + TiO, — CO; + TiOy(e) (3-15)
H* + TiOx(e) — H'+ TiO; (3-16)
‘CO; + H — HCOO (3-17)
HCOO" + TiOz(e") — HCOO + TiO, (3-18)
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‘CO, +°'C0O; — CO, + CO?* (3-19)

The photogenerated holes in the valance band of TiO; are able to react with the adsorbed species
including both, the organic compounds and the water molecules or hydroxyl ions (Egs 3-12 and 3-
10, respectively) [2]. Following the deprotonation of one proton at pH 3 (Eq. 3-9), the degradation
of HC,O4 could be initiated by two possible routes; either indirectly by "OH radicals which were
formed by the oxidation of OH" (Egs 3-10 and 3-11), or directly by the photogenerated holes (Eq.
3-12). Once the HC,04’ radical is formed it will rapidly undergo further degradation to form carbon
dioxide while simultaneously injecting electrons in the conduction band of TiO; according to the
so-called current doubling effect (Eqgs 3-13 to 3-15). The lower photocatalytic efficiency of bare
TiO, towards the degradation of oxalic acid in an oxygen-free system can be attributed to the
absence of molecular oxygen, which plays a crucial role in scavenging the photogenerated
electrons. Molecular oxygen can further enhance the process by generating highly oxidative ‘OH
radicals. The same behavior has been proven for other organic compounds by many researchers,
such as Sakagushi et al., who recorded a more facile photocatalytic degradation of 2-propanol under
aerobic conditions in comparison with oxygen-free systems. They explained this effect by the
contribution of molecular oxygen in the decomposition pathways, as well as by the role of molecular
oxygen initiating the photogeneration of "OH radicals themselves [29].

Abstracting one electron from HC,O4 by an "OH radical results in the formation of HC,O.’,
according to Eq. 3-11. The formation of such radicals has been observed by Yamada et al. using
nanosecond laser flash photolysis [30]. HC,O," radical is known to decompose to carbon dioxide
and carbon dioxide radical anion *CO, (Egs. 3-13, 3-14). The formation of *CO, has been detected
by Mulazzani et al. who conducted continuous and pulse radiolysis experiments using
methylviologen as a mechanistic probe [31] and by Kaoufi and Bard through cyclic voltammetry
experiments [32]. Because “CO; is a strong reductive agent (E° = -1.9 V) [31], an electron transfer
from “CO, to TiO2 (Eq. 3-15) can easily occur. This mechanism is in agreement with the work of
Yamada et al., who reported that two equivalents of QuPh*—-NA were formed by the photoreduction
of 2-phenyl-4-(1-naphthyl)-quinolinium ion (QuPh*—NA) by oxalate due to an electron transfer
from *CO, to QuPh*—NA [33].

Compared to the bare TiO, the enhancement of the oxalic acid degradation over platinized TiO»,
shown in Figure 3-5, is related to the presence of platinum as a co-catalyst, which acts as an antenna,
by collecting the photogenerated electrons. This improves the separation between the charge
carriers and prevents their recombination, which increases the available amount and lifetime of
photogenerated holes. However, even in the presence of platinum nanoparticles on the surface of

TiO;, the oxygen-free system is still much less effective in degrading oxalic acid in comparison to
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the oxygen-rich system. A similar result was reported by Kim and Choi for the photocatalytic
degradation of trichloroacetate on TiO2, where the presence of molecular oxygen had a strong
positive effect (more than 6-fold) on the activity of bare anatase phase TiO, compared to the same
test carried in the presence of N2 [34]. They found also that platinization significantly enhanced the
reactivity by reducing the electron-hole pair recombination rate through the formation of a
Schottky-barrier. The pHzc of TiO2 is ~ 5.5, hence one expects a strong interaction between the
positively-charged TiO: surface and HC,O4 molecules at pH = 3, which is used in this work [17].
Therefore, direct photocatalytic oxidation of oxalic acid on the surface of TiO. is expected.

The formation of formic acid as a by-product is most likely happening either by the reaction of
hydrogen radicals with *CO, (Egs. 3-16 and 3-17), or by releasing carbon dioxide from oxalic acid
radicals while simultaneously generating formic acid radicals (Egs. 3-13 and 3-18). However, the
amount of released formic acid was very small compared to the corresponding converted amount
of oxalic acid. This low conversion yield is expected because CO" can easily inject their electrons
in the conduction band of TiO2; hence they transform to their thermodynamically most stable form,
which is carbon dioxide (Eq. 3-15). After a total degradation of 10% and 50% over bare TiO, the
ratios between the degraded oxalic acid to the formed formic acid were 8.4% and 15.8%,
respectively. It is obvious that the formation of formic acid had a close dependency on the
degradation of oxalic acid since its quantity was continuously raised with the ongoing
decomposition of oxalic acid. Monocarboxylic acids have previously been reported to be formed
upon the anaerobic degradation of elementary dicarboxylic acids, such as oxalic acid [15]. Yamada
et al. detected the formation of formic acid by *H NMR during the photocatalytic hydrogen
evolution from deaerated mixed solutions of QuPh*—NA, oxalate and platinum nanoparticles [30].
They reported that some portion of the oxalate acts as a one-electron donor to provide formic acid
and suggested that *CO, derived from HC.O, radicals may be further reduced by hydrogen
adsorbed on platinum nanoparticles to provide formate. Lower quantities of formic acid were
formed when platinum was employed as a co-catalyst. Interestingly, a simultaneous degradation of
formic acid was accomplished once the complete decomposition of oxalic acid in solution was
achieved (see Figure 3-5). This subsequent fast oxidation of formic acid could be explained by the
presence of platinum acting as a co-catalyst. After a total degradation of 10% and 50% in the
presence of platinum, the ratio between the degraded quantity of oxalic acid and the formed quantity
of formic acid were 39.6% and 53.1%, respectively. Egs. 3-18 and 3-19 describe the dominating
reactions that contribute to the formation of formic acid in the presence of a co-catalyst. In both
cases in the course of the formic acid formation, the simultaneous consumption of a very small

amount of protons in the solution is expected.
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The importance of *OH radicals in the photocatalytic degradation of oxalic acid was then evaluated
by conducting a homogeneous photodegradation under the same oxygen-free conditions and
without the use of any photocatalyst. Instead of TiO,, a solution of potassium nitrate (0.3 mmol.I)
was added and the experiment was conducted as described above. It is well reported [35, 36] that
nitrate solutions undergo a photolysis reaction upon illumination and generate atomic oxygen
radical anions, which in turn could react within nanoseconds with protons producing ‘OH radicals
as presented in Egs. 3-20 and 3-21, respectively. Table 3-2 presents the changes in both, oxalic and
formic acid concentrations under oxygen-free conditions in heterogeneous and homogeneous
systems, respectively. In direct comparison, 36.8% of the oxalic acid was degraded homogeneously
by photolytically generated *OH radicals in contrast to 51.8% upon photocatalytic degradation. This
result confirms the crucial role of *OH radicals in the degradation of oxalic acid in our photocatalytic
system. On the other hand, formic acid was also formed during the homogeneous photodegradation
of oxalic acid. Interestingly, both reaction systems released a similar amount of formic acid.

Table 3-2 Comparison between the heterogeneous and homogeneous photodegradation of oxalic acid.

System  Remaining oxalic Degradation of oxali Maximum amount of
acid / mmol acid/ % formic acid / mmol
TiO, 0.092 51.83 0.0135
PUTIO, O 100.00 0.0055
NOs 0.150 36.84 0.0121
NOz + hv — NOz" + 0" (3-20)
O +H* — "OH (3-21)

The photocatalytic reforming of oxalic acid is generally accompanied by the formation of both,
carbon dioxide and molecular hydrogen according to Eg. 3-22. Although the photocatalytic
experiment was performed under oxygen-free conditions, the absence of a suitable co-catalyst
diminishes the capability for the protons to be reduced. The relatively high overpotential of the
hydrogen evolution reaction almost completely suppresses the formation of molecular hydrogen on
the unmodified surface of TiO-; hence the detection of such trace amounts of hydrogen gas, if
formed, was difficult. The presence of platinum as a co-catalyst promoted the photocatalytic
generation of hydrogen gas over Pt/TiO,, as shown in Figure (5) for our experiments. A constant
formation of hydrogen until the complete degradation of oxalic acid followed an induction period
of 45 min. We think that during this induction period, the little generated amount of molecular
hydrogen diffused in the gas headspace, which represents around a quarter of the total reactor

volume. The detection of such small quantities was difficult as their values were close to the
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hydrogen detection limit of the employed GC system (DL > 0.009 mmol calculated from the signal
to noise ratio). This assumption could be further verified by employing a smaller glass vessel with
less headspace. In this case, close to no induction period of the hydrogen evolution could be

observed.

The contribution of oxalic acid in the photocatalytic formation of hydrogen gas was calculated
based on the ratio between the total moles of formed hydrogen gas to those of consumed oxalic
acid. Upon complete degradation, the molar ratio of hydrogen/oxalic acid was found to be 0.6
instead of a theoretical ratio of 1 according to Eq. (3-22). The formation of formic acid that could
in principle consume the protons from the solution may participate in this unexpected low ratio, but
for sure it is not the only reason. Yamada et al. obtained a similar effect, where the hydrogen yields
of the photocatalytic reactions have not reached 100% using oxalate as a sacrificial electron donor,
even after optimization of the reaction conditions. They ascribed this result to the formation of
formate as a by-product during the photocatalytic reaction, which was unable to act as an electron
donor at low concentrations [30]. Li et al. [17] noticed also that the amount of hydrogen formed
was consistent with the amount of reacted oxalate during the first steps of the reaction, however,
the hydrogen evolution rate became lower than the degradation rate of oxalate with increasing
reaction time. Oxalic acid has been proven to form hydrogen at faster rates than formic acid
and formaldehyde on Pt/TiO2 under UV illumination [37]. However, the negative influences
of formic acid on the generation of molecular hydrogen would be relatively negligent, because
formic acid was only formed as a minor product in our study. Another possibility for such low
hydrogen yield could be the direct reaction of oxalic acid to carbon dioxide either with hydrogen
peroxide or with molecular oxygen, which resulted from the decomposition of hydrogen peroxide.
These kinds of reactions prevent the contribution of oxalic acid in the hydrogen formation.

However, further investigations should be done to explain this unexpected low yield.

H,C,04 — Hy, + 2CO;, (3-22)

3.6.4. Observations relating to the photocatalytic degradation of oxalic acid:

Table 3-3 presents the photonic efficiencies and several kinetic parameters regarding the different
investigated reactions. The rate of photocatalytic degradation decreased in the order of TiO2(O2) >
PU/TiOz(Ar) > TiOx(Ar). Here, the important role of molecular oxygen for the complete
mineralization of organic pollutants in water is clearly shown, although it prevents the generation
of hydrogen. On the contrary, working with bare TiO- in the absence of molecular oxygen does not
only negatively affect the degradation rate but also produces only a negligible amount of hydrogen.

The presence of platinum as a co-catalyst was an added value to accelerate both sides, the
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degradation of oxalic acid and the simultaneous generation of hydrogen gas. The presence of such
co-catalyst decreases the recombination of charge carriers [8] by accumulating the photogenerated
electrons on its surface for the reduction of protons to molecular hydrogen and leaving the holes
behind for the oxidation reactions. Based on the obtained results and on the assumptions from
previous works regarding the photogenerated radicals, the photoreforming of oxalic acid over TiO;

in oxygen-free conditions can follow the main mechanism suggested in Scheme 3-1.

Table 3-3 kinetic parameters and photonic efficiencies delivered from the studied photocatalytic system.

# KinetiCS -Of Kdegradation t1/2 degradation OA/FA ¢ OA/HZ d é_,e oxalic &e HZ
degradation min-t min molar ratio molarratio % %

Oxygen+ 1% order 93.1x10° 7.45 N/A?2 N/A 0.522 N/A

bare TiO,

Oo-free+ 1%t order 1.6 x10° 4359 15.8 N/DP® 0.057 N/D

bare TiO;

O,-free+ 1% order 13.5x10° 51.2 53.2 0.6 0.246  0.126

Pt/TiO;

2 Not applicable (N/A), ® Not detected (N/D),  the molar ratio of oxalic acid (OA)/formic acid (FA)
calculated at 50% degradation, ¢ the molar ratio of oxalic acid (OA)/H. calculated at 50%
degradation, ® the photonic efficiency (&).
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Scheme 3-1 the suggested reaction sequence of the oxalic acid photoreforming reaction, based on the results

employing bare TiO,.
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Bare TiO, was found to be significantly less active than Pt/TiO.. For this reason, a higher
concentration of bare TiO2 has been employed in the experiments in order to obtain a quantifiable
concentration of the product in a reasonable period of time. Since the photocatalytic process highly
depends on the interaction of light and TiO-, the activity could be significantly reduced as a result
of shading and scattering of light in high concentrated TiO; suspensions [38]. To investigate the
possible shading effect by using such a relatively higher concentration of TiO, a similar experiment
in a lower concentration of bare TiO, (6.2 mmol I'!) was conducted. The same trend of oxalic acid
degradation was observed but at a much lower rate than in the case of the higher TiO> concentration.
In addition, the formation of formic acid also possessed the same trend but with a lower formation
rate. Furthermore, the obtained product concentrations were below the detection limits during the
first 30 min. Based on these observations, the negative effect of shading by using a higher
concentration of TiOz can be considered as negligible.

The distinction between a semiconductor-assisted photoreaction (turnover number TON < 1) and a
catalyzed photoreaction (TON > 1) seems difficult in the case of heterogeneous photocatalysis
because TiO; fulfills the dual role of a light harvester and a catalytic surface [39]. As an example,
the photocatalyzed reduction by Pt/TiO; in the presence of some electron donors, which have been
claimed to be photocatalytic, may be described more appropriately as semiconductor-assisted
photoreactions [39, 40]. In the heterogeneous photocatalytic systems, the reactions are
accomplished over the active sites on the surface of TiO,. Unfortunately, the difficulties in
determining the exact number of active sites make the calculation of TON rather challenging. The
surfaces of the anatase nanoparticles have been well characterized by Mendive et al. [41] in terms
of adsorption sites available for oxalic acid molecules. They found that at pH 3.7, the adsorption on
hydrated anatase surfaces was through mono and bidentate complexes and the repulsion forces
limited the maximum surface coverage. A number of 3 was found to be a maximum number of
adsorbed oxalic acid molecules per nm? on nanoparticulate anatase [41], indicating that in case
oxalic acid is adsorbed in a monodentate manner. The other available sites at the (100) surface
remain occupied by water molecules and can be ceded to form bidentate structures. Taking into
consideration the value of BET surface area, and a maximum of 3 active sites per nm? (equivalent
to the proposed number of the adsorbed oxalic acid molecules), the concentration of active sites in
the suspension was found to be 0.9 mmol.I for bare TiO, and 0.3 mmol.I"* for Pt/TiO,. Assuming
a complete degradation of the probe molecule to carbon dioxide, TON of 1.23 and 3.68 can be
calculated for bare and platinized TiO,, respectively. Based on these calculated values and taking
into account the above-mentioned assumptions, the studied processes could be considered as

photocatalytic.
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3.7. Conclusion

In this study, TiO, with the relatively high surface area was successfully synthesized in its pure
anatase phase through the EISA method and its photocatalytic activity was found to be higher than
that of the commercially available photocatalyst UV100. The prepared TiO, was modified by
platinum nanoparticles in order to enhance the hydrogen evolution from an aqueous solution of
oxalic acid. The results suggest that platinum nanoparticles loaded on TiO, turn oxalic acid into an
efficient electron donor, allowing the photocatalytic formation of hydrogen over the platinum
nanoparticles. It was shown that the oxygen-free conversion of oxalic acid proceeds through a
photocatalytic light-induced Kolbe reaction, generating formic acid as a minor product. Within the
studied pH regime, the photocatalytic reforming was carried out on both, direct and indirect
pathways. The direct one is initiated by the photogenerated holes that oxidize the adsorbed HC,O4
to HC,O4" radicals followed by the formation of the photo-Kolbe products. The indirect pathway
could be in turn initiated by the oxidation of adsorbed H,O/OH- via the photogenerated holes
resulting in the formation of "OH radicals. The amount of molecular hydrogen obtained during the
degradation reaction was found to be lower than the theoretically calculated value. This may be due
to the formation of formic acid and/or the reaction of oxalic acid with the formed hydrogen
peroxide. However, this point needs to be clarified further in future investigations. Our study
confirms the potential use of photocatalyst-metal systems to efficiently convert organic pollutants

to valuable alternative fuels. However, further engineering aspects need to be optimized.
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Chapter Four: Photocatalytic H, Evolution from Oxalic
Acid: Effect of Co-catalysts and Carbon Dioxide Radical
Anion on the Surface Charge Transfer Mechanisms

4.1. Foreword

This chapter contains the article “Photocatalytic H, Evolution from Oxalic Acid: Effect of Co-
catalysts and Carbon Dioxide Radical Anion on the Surface Charge Transfer Mechanisms” by
Yamen AlSalka, Osama Al-Madanat, Mariano Curti, Amer Hakki, and Detlef W. Bahnemann.
Reproduced with permission from ACS Applied Energy Materials (Just Accepted Manuscript,
DOI: 10.1021/acsaem.0c00826). Copyright 2020 American Chemical Society.

4.2. Abstract

Photocatalytic reforming of carboxylic acids on co-catalyst-loaded semiconductors, e.g., of oxalic
acid on Pt/TiO, is an attractive process for H, generation that has been studied for many years.
Experimental support for the surface reaction mechanisms, nevertheless, is still insufficient. Herein,
the mechanism of the photocatalytic conversion of oxalic acid in anaerobic conditions together with
the total yields have been deeply investigated employing self-prepared TiO, photocatalysts loaded
with different noble metals (Pt and/or Au). While the photocatalytic H, evolution remarkably occurs
over bare TiO,, the loading with a co-catalyst significantly boosts the activity. Pt/TiO, shows higher
photonic efficiencies than Au/TiO2, whereas bimetallic Au-Pt/TiO; has no additional advantage.
The turnover numbers (TONSs) of complete degradation have been calculated as 4.86 and 12.14 over
bare TiO; and noble-metals/TiO,, respectively, confirming true photocatalytic processes. The
degradation of oxalic acid has been experimentally confirmed to proceed via the photo-Kolbe
reaction forming "CO-" radicals. The contribution of the current doubling mechanism and the effect
of the disproportionation reaction of radicals on the total yield is discussed, showing a loss of
efficiency due to secondary reactions. A remarkable diversion of H; evolution was recorded in all
cases with Pt/TiO, showing ca. 30% decrease in the evolved amounts of H, with respect to the
theoretically expected amount. This diversion can be attributed to (i) the increase in charge carriers
recombination due to oxalic acid consumption, (ii) the incomplete scavenging of the photogenerated
electrons by Pt nanoparticles as proved by solid-phase EPR spectroscopy, (iii) the formation of by-
products, which depends on the nature of the co-catalyst, and (iv) the disproportionation of *COy

radicals, which reduces the contribution of the current doubling. Formate and formaldehyde have
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been experimentally detected and EPR spin-trap experiments confirm a surface charge transfer

mechanism through the TiOz/oxalic acid interface.

Keywords Photocatalysis, photoreforming, oxalic acid, H, production, carbon dioxide

radical anion, TiO..

4.3. Introduction

Conventional energy sources are in progressive depletion, and they are related in one way or another
to the environmental problems. The growing world energy consumption and the global trend
towards sustainability highlight our biggest challenge, i.e., the development of environmentally
friendly energy based on renewable sources. Due to its high enthalpy of combustion and the
possibility to produce it from renewable sources, molecular hydrogen is considered the most
promising alternative fuel to satisfy energy demands [1]. However, H, production by a sustainable
process is still a challenging task. The photocatalytic reforming of organic substrates has emerged
as a clean candidate. The key component in such a system is the photocatalyst that generates, with
the help of sufficient light energy, holes to oxidize the organic molecules and electrons to drive
proton reduction and thus H; evolution. Titanium dioxide is an inexpensive and stable photocatalyst
with well-positioned band edges that give sufficient driving force for many photocatalytic reactions
[2]. Bare TiO,, however, shows low photocatalytic activity for H, evolution due to the fast
recombination of the photogenerated charge carriers and the Kinetics of proton reduction by its
conduction band electrons [3]. It is well known that the activity of TiO; is improved by loading co-
catalysts on its surface, such as noble metals, to hinder recombination and enhance the interfacial
charge transfer to the adsorbed molecules. Among various noble metals, Pt and Au are reported to
be appropriate co-catalysts to promote the H. evolution reaction (HER). Nevertheless, noble metals
can also catalyze the back-reaction of H, and O, yielding H2O [4, 5].

The reaction mechanism on the surface of TiO; is the core of the photocatalytic reforming [6],
which is determined by the structural and electronic properties of both the photocatalyst and the
HER co-catalyst. Identification of reaction pathways and intermediates while changing the
photocatalyst and/or the co-catalyst is the key to understand and thus improve the
overall photocatalytic reforming process. Significant progress in this direction has come from
computational simulations. For example, Mendive et al. have done comprehensive studies
concerning the adsorption of oxalic acid on TiO, surfaces including possible surface reaction
mechanisms [7, 8]. Although their model predicted the formation of several by-products upon

irradiation, the formation of such products has not been experimentally confirmed yet [9].
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Oxalic acid is considered as a water pollutant resulting from sources such as the textile and
metallurgical industries [10]. Oxalic acid is also formed as an intermediate during the mineralization
of a variety of organic compounds [11]. Although H; production rates employing oxalic acid as an
electron donor have been reported to be higher than those employing formic acid or
formaldehyde over Pt/TiO, under UV irradiation [12], most of the previous reports in which oxalic
acid was used have shown the evolution of non-stoichiometric H> amounts [10, 13, 14].
Nevertheless, most of the researchers consider only the reaction rates, but not the total yields of
photocatalytic reactions because the complete conversion of the substrate usually requires very long

times.

Furthermore, only a few reports have been published discussing the effect of co-catalysts on the
TiO2-mediated photocatalytic reforming of oxalic acid in aqueous suspension. Moreover, little is
known about the surface reaction mechanism and the lack of stoichiometry of H, production from
oxalic acid. The determination of the total yields of photocatalytic reactions is usually ignored but
it can be a large source of efficiency loss. Most authors, additionally, showed only relative changes
in concentrations; hence, only a few reports could unambiguously show the catalytic action of
photocatalysts based on turnover numbers [15]. Herein, the photocatalytic degradation of oxalic
acid with the simultaneous H; evolution over different photocatalysts is investigated, closing the
gap of knowledge between the theoretical and experimental aspects. The reaction mechanism for
the photocatalytic decomposition of aqueous oxalic acid is proposed. We discuss, as well, the
contribution of the current doubling mechanism and the disproportionation reaction of radicals on
the total yield, showing that even while oxalic acid disappears completely, some efficiency is lost
due to secondary reactions. We investigate this problem in detail trying to find the cause and to
solve it by testing different co-catalysts on the surface of TiO.. Furthermore, the turnover numbers
of the reactions have been calculated, discussing the photocatalytic actions of different

photocatalysts.

4.4, Experimental
4.4.1. Materials synthesis and characterization

All chemicals were used as received without any further purification. Deionized water with a
resistivity of 18.2 MQ.cm at 25 °C was produced by a Millipore Mill-Q system. Oxalic acid (>99%),
chloroplatinic acid hydrate H.PtClg-xH2O (>99.9%), Tetrachloroauric(IIl) acid trihydrate
HAUCI;-3H,0 (99%) and the spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) were purchased
from Sigma-Aldrich. Methanol (>99.5%) and anhydrous sodium carbonate (>99%) were purchased
from Carl-Roth.
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We reported recently [1] the photocatalytic H, evolution over self-prepared noble metal-free anatase
TiO- in the presence of ethanol as an electron donor. Here, the same material was synthesized by
the EISA (evaporation induced self-assembly) method from TiCls as a precursor. Briefly, the
triblock copolymer surfactant F-108 was dissolved in ethanol followed by the addition of
acetylacetone and TiCls as the only titanium source. The mixture was then heat-treated at 40 °C for
24 h followed by calcination at 400 °C for 12 h. In parallel, a frequently-studied anatase TiO, sample
was prepared from TiCls:Ti(OBu). in a molar ratio of 0.4:0.6 as precursors. X-ray diffraction
analysis in Figure 4-S1 showed the patterns of pure anatase, with crystallite sizes in the range of
10-15 nm for the sample prepared from TiCl; and 10-20 nm for the sample prepared from
TiCl4:Ti(OBu)s according to Scherrer’s equation applied to 101 reflexes. These values are in
agreement with those obtained from transmission electron microscopy (TEM) images (Figure 4-
S2). Both samples have also relatively high Brunauer — Emmett — Teller (BET) specific surface
areas of 121.3 m? g* and 117.4 m? g%, respectively. TiO, prepared from TiCls showed, as well, a
higher density of charge carriers and a more negative conduction band potential as determined by

Mott-Schottky measurements (shown elsewhere) [1].

Different noble-metal loaded TiO; photocatalyst powders (Pto2se/TiO2, AU/ TiO2, and Auio-
Pto.250/ TiO2) were prepared following a photodeposition method [13]. In a typical preparation, the
prepared TiO2 was suspended in a 10% (v/v) aqueous methanol solution and purged with argon.
H,PtClg-xH,O and/or HAuUCIs-3H,O were then added to the suspension, followed by the
illumination with a Philips CLEO UV(A) lamp at 15 °C. The solids were then collected by
centrifugation, washed repeatedly with deionized water and dried at 100 °C for 24 h. TEM images
for the sample prepared from TiCls (Figure 4-S2) showed good crystallinity of the nanoscaled
powders and distribution of small metal nanoparticles having diameters of 1 - 5 nm and 5 - 10 nm

for Pt and Au, respectively.

Having established the synthesis protocols and the characterization we subsequently studied the
photocatalytic activity of the samples via batch experiments in 10 ml crimp glass vials together with
8 mg of photocatalyst suspended in 8 ml aqueous oxalic acid (100 mmol I%) at pH ~3. The vials
were closed and purged with argon for 15 min and then irradiated with a 2000 W xenon lamp (Honle
UV Technology, Sol 1200). The amounts of molecular hydrogen were quantified using a GC-TCD
chromatograph and showed in Figure 4-S3. The sample prepared from TiCl; showed a significantly
higher photocatalytic activity than the conventional photocatalyst prepared from TiCl4: Ti(OBuU)a4 in
both the bare and platinized forms. We noticed the same behavior when using ethanol as an electron
donor and explained it by a high density of charge carriers exhibiting a longer lifetime and higher

activity as revealed from transient absorption spectroscopy (TAS) measurements (shown
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elsewhere) [1]. We, therefore, applied the photocatalyst prepared from TiCls in our mechanistic

studies.

4.4.2. Photocatalytic experiments and analytical procedures

A continuous-flow setup connected to a quadrupole mass spectrometer (QMS) was used to follow
the evolved gases from the photocatalytically reformed oxalic acid in its aqueous solutions. The use
of this setup enables long term tests to be carried out without the difficulties that occur in a closed
photocatalytic system, i.e., the overpressure inside the reactor [13, 16].

The photocatalytic experiments were performed at 20 °C in a 65 ml double-jacket glass photoreactor
attached to a quadrupole mass spectrometer (Hiden HPR-20) for gas analysis, as shown in Figure
4-S4. Argon was continuously flowed over the reaction mixture at 5.0 cm® min as a carrier gas by
using a precise mass flow controller. In a typical experiment, 62.5 mg of bare TiO; or 25 mg of
TiO2 loaded with noble metal was added to 50 ml of 1.11 mmol I oxalic acid at pH ~3. All solutions
were prepared in 1 mmol I KNO; to preserve their ionic strengths and adjust their pH [17]. The
presence of nitrate had a negligible effect on the production of H,. A xenon arc lamp (Osram XBO
1000 W Xenon Arc Lamp in a Miller LAX 1000 lamp housing) was used as the light source. Before
starting the illumination, the photocatalytic system was stabilized in the dark for 2 h to reach the
adsorption equilibrium and a steady baseline. The suspension was then continuously irradiated with
an irradiance of 31 mW cm in the wavelength range of 320 — 380 nm. An optical filter of 310 nm
was placed in the front of the xenon lamp to prevent the photolysis of oxalic acid [18]. The use of
the 310 nm optical filter also avoids the photolysis of nitrate, hence preventing any homogeneous
photolysis of oxalic acid. The photon flux at the irradiated window of the photoreactor was found to
be 1o=9.83 x 10° mol m? s? in the wavelength range from 320 nm to 380 nm. Approximately 49.4
x 10° mole of photons entered the suspension per second when ignoring the loss of light due to
reflection and scattering out of the photoreactor. The photonic efficiencies were calculated based
on the Egs. S1 and S2.

All photocatalytic experiments were performed twice, with an estimated error of £5%. The
quantitative determination of gases was done by calibrating the QMS with standard argon-diluted
H; and CO; (Linde Gas, Germany). The amounts of oxalic acid, as well as dissolved by-products,
were periodically quantified by high-performance ion chromatography (HPIC, Dionex 1CS-1000)
equipped with a temperature-controlled conductivity detector (35 °C) and an electro-regenerator
suppressor. Aliquots of 0.5 ml samples were withdrawn and filtered prior to their injection into the
chromatograph. A sodium carbonate solution (9 mmol I'*) was pressed through an lon Pac AS9-HC

2 x 250 mm column equipped with a guard column of lon Pac AG9-HC 2 x 50 mm from Dionex.
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4.4.3. EPR experiments

Electron Paramagnetic Resonance (EPR) investigations were performed with an X-band MiniScope
MS400 spectrometer (Magnettech GmbH, Germany) with a microwave frequency of 9.42 GHz. A UV
spot-light (LC8, Hamamatsu, 200 W super-quiet mercury-xenon lamp) was used to irradiate the samples.
For powder samples, EPR spectra were recorded using sample tubes at liquid nitrogen temperature after
purging with argon. The employed microwave power was 5 mW and the modulation frequency and
amplitude were adjusted at 100 kHz and 0.15 mT, respectively. The nature of the photogenerated species
during the irradiation of TiO-/oxalic acid suspensions was detected employing the spin-trap technique
with DMPO as a spin-trapping agent. The experiments were conducted in sealed capillaries for
suspensions containing 1 g I* of photocatalyst, 5.5 mmol I of oxalic acid adjusted at pH ~ 3 and 0.8
mmol I of DMPO in the absence of O,. The acquisition was done using a center field of 335.4086 mT,
sweep time of 15 s, 4096 data points, modulation amplitude of 0.2 mT, microwave power of 10 mW and
gain of 5. The spectra for the spin-trap experiments were fitted using the Easy Spin simulator package
[19].

4.5. Results and discussion
4.5.1. Tracing oxalic acid photocatalytic degradation: the total yields of gas-phase products

Figure 4-1 shows the time course of the photocatalytic H, and CO, evolution from 1.11 mmol I
aqueous oxalic acid over TiO, loaded with different co-catalysts. The curves in Figure 4-1 are the
integrated signals of the photocatalytic gas evolution rates in Figure 4-S5. In all cases, both H, and
CO, gases are immediately produced upon illumination, reaching a maximum production rate
followed by a gradual decrease in the rates until none of the gases are detected. We relate such a
decrease to the consumption of oxalic acid, a behavior similar to that noticed by Kandiel et al. during
the reforming of methanol [16]. Different amounts of gases are obviously produced depending on
the material used. Interestingly, the use of a self-prepared bare TiO; results in H evolution, even
without any HER co-catalyst, as previously reported for alcohols reforming [1]. We consider such
a performance as a notable step forward because negligible H, evolution over bare TiO has been

previously reported [5, 10].

Modifying bare TiO, with noble metals does, indeed, boost the photocatalytic activity. As displayed
in Figure 4-S5 gold and platinum nanoparticles increase the evolution rate of both H, and CO- gases,
with Pt being more effective than Au. The co-deposition of both noble metals does not result in an
additive effect, with the bimetallic co-catalyst reaching lower evolution rates than PU/TiO,.
Noteworthy, no molecular oxygen was detected during the photocatalytic experiments, even when only
a very low concentration of oxalic acid remained in suspension. The photocatalytic splitting of water into

Hz and O both in the presence and absence of oxalic acid appears thus to be negligible.
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Figure 4-1 Photocatalytically evolved amounts of H, (a) and CO; (b) from 50 ml aqueous suspensions of 1.11 mmol I
oxalic acid at pH ~3 over the different photocatalysts. The experiments were conducted until no gases were detected.

Table 4-1 presents the total produced amounts of H, and CO, gases. Taking the amounts of evolved
CO; as a measure of oxalic acid oxidation, the activity is found to increase in the sequence bare
TiO2 < AU/TIO, < PU/TiO, = Au-Pt/TiO,. Looking at the evolved Hy, the formed amounts increases
in the order bare TiO2 < Au/TiO2 < Au-Pt/TiO. < Pt/TiO. The type of co-catalyst affects the photonic
efficiency of H evolution to a larger extent as compared with that of the CO, formation. For example, Pt
NPs increase the photonic efficiency of H evolution by 5-fold, 2.5-fold and 1.2-fold compared to bare
TiO,, Au/TiO,, and Au-Pt/TiO,, respectively. On the other hand, they only rise the photonic efficiency of
CO; production by 2.5-fold, 1.9-fold, and 1.1-fold, respectively. This means the oxidation of oxalic acid
on bare TiO is feasible, but it is to a much larger extent upon the modification with noble metals. Our
results are in good agreement with the work of Bamwenda et al. [20] showing a 30% lower overall
activity of Au/TiO- than that of Pt/TiO,. They attributed this to the more effective trapping and pooling

of photogenerated electrons by Pt.

We also examined the possible contribution of a visible light activity from Au-containing materials,
which is related to the plasmonic effect of Au NPs [21]. The experiment was repeated employing Aui-
Pto.250/ TiO2 and using a long-pass filter with a cut-on wavelength of 410 nm. The time course of the
photocatalytic gas evolution is represented in Figure 4-S6. A severe decline in the photocatalytic activity
was recorded, especially for the H, evolution. Only 3.35 and 7.04 umol of H, and CO,, respectively, were
detected after 20 hours of visible light irradiation. Au NPs loaded on TiO; prepared in this work thus
exhibit poor activity in the visible light region, in addition to their negative roles hindering the activity of
Pt when the full light spectrum is used, as shown in Figure 4-1. Our results thus contradict the reports
showing that Au—Pt bimetallic system on the surface of TiO, may have better catalytic properties
compared to pure Au and pure Pt [22].
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Table 4-1 Total amounts of H, and CO, gases evolved from 1.11 mmol I oxalic acid (OA) at pH ~3 over the different
materials.

H. CO, CO2H, CO2:0Aw H2:OA(o & ¢

pumol pumol ratio w) ratio  yratio of Ho/%  of CO./%
Bare TiO," 16.3+0.7 86.6+3.2 5.30 1.60 0.29 0.66 3.80
Au/TiO, 242+15 985+39 4.07 1.77 0.44 1.13 4.12
Pto2ses/TIO2 40.1+14 1100+3.2 274 1.98 0.72 341 8.78
Auig- 348+14 1103+31 3.17 1.99 0.63 2.56 7.19

Pto.2506/ TIO2

2 The photonic efficiencies are based on the amounts evolved during 300 min of irradiation. ® The
amount of bare TiO; used is 2.5-fold more than that of loaded TiO, materials.

Noble-metal-loaded TiO, photocatalysts provide a significantly higher photocatalytic activity than
bare TiO,. We relate such an enhancement, on the one hand, to the charge carriers rectification, i.e.
directing the flow of the photogenerated charge carriers in opposite directions [23] minimizing both
the recombination of e/h* and the trapping of e~ as Ti®* ions. However, the affinity of metal NPs to
capture the electrons significantly depends on the type of metal. This can be assigned to the
formation of a Schottky barrier at the noble metal—-TiO; interface because the work functions of
noble metals are larger than that of TiO; [24]. The larger the work function of the noble metal is,
the higher is the Schottky barrier and, consequently, the better is the photocatalytic activity of the
composite [25]. We believe, hence, that noble metals act as a sink for electrons, with platinum being
more efficient than gold (work functions of 5.65 eV for Pt and 5.10 eV for Au) [26]. When such a
Schottky barrier is created, the photocatalytic activity is enhanced due to a lower probability for the
recombination of photogenerated charge carriers [27].

We assume, on the other hand, that noble metals facilitate the electron transfer process to the
respective acceptor species, e.g. H*, lowering the overpotential of reduction [28]. In fact, density
functional theory (DFT) calculations regarding the hydrogen binding energy showed that binding to Pt
results in a smaller Gibbs free-energy change (- 0.09 V) compared to gold (0.45eV). This, indeed,
explains our results because Pt has the best electrocatalytic activity for HER from the viewpoint of
thermodynamics [29, 30]. A difference in the discharge of electrons into the electrolyte has been reported
by Subramanian et al. [31], who studied luminescent ZnO colloids and proved a complete discharge
of electrons into the solution in the case of Pt but not Au, because only a partial recovery of the emission
was recorded when Au NPs were added to pre-UV-irradiated ZnO colloids, while Pt NPs caused almost

complete recovery of the quenched emission.
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Assuming that the oxalic acid photocatalytic reforming occurs according to Eq. 4-1, the expected molar

ratio of the evolved gases should be CO2:H, = 2.

H,C,04 — H, + 2CO, (4-1)

However, as shown in Table 4-1, the obtained CO,:H ratios for all the tested samples are higher than 2,
while the calculated H.:OA ratios are lower than 1. For example, using the most-efficient material,
PUTiO,, both CO2:H, and H,:OA of 2.7 and 0.72, respectively, are non-stoichiometric ratios. We also
reported such a lower stoichiometric H2:OA ratio in our previous work (H2:OA molar ratio = 0.6) [13].
A possible reason is the progressive blockage of active sites on the noble metal co-catalysts by the
adsorption of molecular hydrogen [32]. Noble metals have been shown to act as active sites for hydrogen
dissociation and adsorption [33]. However, DFT calculations [33] have predicted an increase in hydrogen
dissociation when small amounts of Pt are added to Au, while a stronger H-Pt interaction was predicted
when the number of Au atoms nearby Pt atoms increased. Another possible reason is the increase in the
charge carrier recombination rate as the concentration of oxalic acid decreases. The formation of by-
products should also be considered as a source of non-stoichiometry and it is discussed in detail in section
“3.5”. Deviations from the stoichiometry have also been previously reported for the reforming of oxalic
acid by other authors. For example, Kmetyko et al. [34] showed a ratio of about 0.64 when they performed
long term irradiation of Pt-TiO; in the presence of 0.05 mol I* oxalic acid. On the other hand, Yamada et
al. [14] have reported 80 % of the stoichiometric amount based on the irradiation of a 3 mmol I oxalate
solution in the presence of Pt NPs and 2-phenyl-4-(1-naphthyl)quinolinium ion (QuPh*-NA) as a
photocatalyst. They have related this lower value to the formation of by-products such as formic acid and
formaldehyde.

4.5.2. Tracing oxalic acid photocatalytic degradation: water-soluble reaction products
4.5.2.1. Effect of co-catalysts

The concentration of oxalic acid in the solution was followed by means of HPIC. As can be seen in Figure
4-2, a gradual consumption of oxalic acid was recorded during 500 min of irradiation, with complete
degradation only achieved over platinized TiO,. These results correlate with the gas evolution behaviors:
the sharp decline in gas production after 400 min matches the almost complete consumption of oxalic
acid. Table 4-2 shows the data of oxalic acid degradation, in which the initial degradation rate of oxalic
acid increases in the order of bare TiO, < Au/TiO, < Au-Pt/TiO, < Pt/TiO,. The degradation over bare
TiO,, indeed, obeys the lowest rate due to a higher recombination rate of the photogenerated charge
carriers. However, with an initial degradation rate of 3.63 umol It min®, PY/TiO, shows better
performance than Au-Pt/TiO,, which can be due to the formation of by-products. By comparing the

photonic efficiencies of oxalic acid degradation (Table 4-2) with those of CO, production (Table 4-1),
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CcoalCon are almost 2 for P

t/TiO; on the surface of TiO,. This indicates that the pathway of the reaction

might be different when Au NPs as mono-co-cocatalysts are loaded since almost direct oxidation of oxalic

acid to CO, over PU/TiO- is expected.
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Table 4-2 Kinetic parameters for the degradation of 1.11 mmol I oxalic acid at pH ~3 over the different materials

used.
rgo® / umol I mint ¢ of degradation / %
Bare TiO¢ 1.05 1.56
Aui/TiO; 1.01 2.23
Pto.2506/ TiO2 3.63 491
Au194-Pto.25%/ TiO2 2.64 3.37

2 The initial degradation rates are calculated for the first 60 min of irradiation. ® The photonic efficiencies are
based on the amounts consumed during 300 min of irradiation. ¢ The amount of bare TiO; used is 2.5-fold that

of loaded TiO, materials.

4.5.2.2. Adsorption capacity and turnover numbers

The adsorption of oxalic acid (1.11 mmol I'%) onto bare TiO, (1.25 g I'Y) decreased when increasing the

solution pH, as shown in Figure 4-S7. The surface area normalized uptake of oxalic acid at saturation
conditions (SANU, see Eq. 2) decreases in the order of 9.1 x 10%3, 6.3 x 10, 3.6 x 10'? and 2.2 x

10 molecules cm™ at pH values of 3, 5, 7, and 10, respectively. This strong decrease in surface

coverage is expected since both the surface of TiO, and oxalic acid shift towards their conjugated
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bases (of anionic character) as the pH increases. Our zeta potential measurement showed an
isoelectric point (pHzpc) of TiO2 nanoparticles close to 5.5 [13]; therefore, their surface charge is
mostly positive for pH < 5.5 and negative for pH > 5.5. On the other hand, HC,04 and HC,0,> are
the major fractions of oxalate species in the solution in pH range from 1.25 to 4.28 and at pH >
4.28, respectively [13]. Therefore, at pH ~3, we expect a strong interaction between HC,;O4 molecules
and the positively-charged TiO; surface. As the solution pH increases, the repulsive forces between
the negatively-charged TiO, nanoparticles and the negatively-charged oxalate increase, resulting in
the observed decline in the uptake.
Number of adsorbed molecules (molecules)

SANU = 4 -2
Surface area of the catalyst in the suspension (cm?) ( )

Giving thought to the BET surface area values along with the amounts adsorbed after saturation,
we calculated the adsorption of 0.91 molecules per nm?. Hence, the concentration of active sites in
the suspension was calculated as 0.23 x10° and 0.09 x10° mol I for bare TiO, and noble-
metals/TiO2, respectively. These results are comparable with other reports showing that the
adsorption of oxalic acid on hydrated anatase surfaces at pH 3.7 occurs most likely through monodentate
complexes [8]. Based on the concentration of active sites, turnover numbers (TONs) for complete
oxidation have values of 4.86 and 12.14 over bare TiO; and noble-metals/TiO, respectively. Owing
to the fact of a catalyzed photoreaction has a TON > 1 [35], we consider all the conversion

processes studied as truly photocatalytic.

4.5.2.3. Detected by-products in the liquid phase

The HPIC method was used to detect the by-products in the liquid phase, where a well-resolved peak was
eluted at a retention time identical to that of formate. This confirms formate as the main by-product in the
liquid phase, in accordance with our recent work [13]. The time-profiles of formate release over the
studied materials are shown in Figure 4-3(a and b). A continuous increase in the amounts of formate was
noticed, especially over bare and Au/TiO,. In the case of Pt/TiO, and Au-Pt/TiO,, the production reached
a maximum amount in 300 min, after which a fast decrease was observed. Nevertheless, very small
amounts of formate were produced compared to the converted amount of oxalic acid. This is in
agreement with previous reports showing that the anaerobic degradation of elementary di-
carboxylic acids, e.g., oxalic acid, resulted in the formation of the corresponding monocarboxylic
acid [36]. For example, the *H NMR detection of formic acid and formaldehyde was possible during
the photocatalytic H2 evolution using oxalate, QUPh*—NA as a photocatalyst and Pt NPs as an HER
catalyst. The proposed mechanism postulated that oxalate acts as a one-electron donor, while ‘CO2

radicals can be reduced to formate by hydrogen adsorbed on Pt NPs [14].
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Figure 4-3 Produced amounts of formate in the suspension during the irradiation detected by HPIC over bare TiO,
and Au/TiO; (a), and over Pt/TiO; and Au-Pt,TiO; (b).

4.5.3. Effect of initial oxalic acid concentration on gas production

The influence of the initial concentration of oxalic acid was additionally investigated via the study of the
long-term gas evolution from a 100 mmol I oxalic acid solution adjusted to pH ~3. As shown in Figure
4-4 and Figure 4-S8, the gases are immediately produced after starting the illumination to reach a
saturation level within 100 min, keeping a stable evolution rate until switching off the light source. The
obtained results confirm the stability of the catalysts over long term irradiation. This confirms, as well,
that the gradual decrease in the gas evolution when a lower oxalic acid concentration was used is mainly
due to the consumption of the acid from the solution, which increases the recombination of charge
carriers. The rise in the gas evolution rate by a factor of 1.5 when the oxalate concentration was increased
by a factor of 100 is expected since most photocatalytic processes follow Langmuir-type dependences.
For example, Li et al. have similarly reported an increase in the rate of H, production while
increasing the initial concentration of oxalic acid, while the independence of the rate on the

concentration was observed for Co > 5 mmol 17 [10].
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Figure 4-4 Photocatalytically evolved amounts of H, and CO, from 50 ml aqueous suspensions of 100 mmol I-* oxalic
acid at pH ~3 over Pt/TiO, and Au-Pt/TiO,.

Pt/TiO again shows the best performance with total H, and CO, amounts of 235.4 and 496.8 umol,
respectively, compared to 174.2 and 384.9 umol produced over Au-Pt/TiO,. The molar ratios CO:H.
after 20 h of irradiation are found to be 2.11 and 2.21 over Pt/TiO, and Au-Pt/TiO,, respectively. Although
these ratios are still higher than 2, they are closer to the theoretical value than those for the lower
concentrations of oxalic acid (see Table 4-1). Proton adsorption, as well as H, desorption on Pt, seems to
be unaffected by such higher oxalic acid concentrations. This was also reported by Orts et al. [37], who
did not observe any blocking effect on hydrogen adsorption over Pt (111) and Pt (110) electrodes in the

presence of oxalic acid in acidic medium.

4.5.4. EPR investigations
45.4.1. EPR in solid phase

The paramagnetic centers produced on the irradiated TiO, powders were observed via in situ EPR
spectroscopy under an argon atmosphere at 77 K. The EPR spectra of irradiated Pt/TiO; in the presence
of oxalic acid after 1 and 5 min of UV irradiation were recorded and plotted after subtracting the dark
spectrum. As shown in Figure 4-5, very weak signals of both trapped holes (g > 2, signal H) and trapped
electrons (g < 2, signal Er) were observed during the irradiation. Signal H (gx = 2.004, g,= 2.014, g,=
2.018) has been attributed to the photogenerated holes trapped at the oxygen atoms as Ti**-O"-Ti*-OH-
near the hydrated anatase surface [38, 39]. On the other hand, the signal Er (gi = 1.962 and g.= 1.992)
has been attributed to the photogenerated electrons trapped in the bulk as Ti** ions [38, 40, 41]. The
observation of this signal (Er) in the EPR spectra even when Pt (an electron scavenger) is loaded on the
TiO, surface means that not all the photogenerated electrons are scavenged by the loaded Pt NPs, but

instead, some of them can be trapped in the bulk as Ti** centers. These trapped electrons can negatively
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affect H, production due to their low reactivity, which can clarify the non-stoichiometric CO2:H,

ratio observed in this material (see table 4-1).

Interestingly, another broad and unfeatured signal (signal Es) was detected, which became more intense
with the irradiation time. This broad signal Es is most likely related to the injection of electrons from
"CO; radicals, which then spread on the surface of the photocatalyst. Such a broad signal was also
observed by Chiesa et al. [41] when they injected electrons in the solid in different ways. They assigned
this signal to the excess electrons near the surface of anatase TiO,. A similar signal was reported by Howe
and Gratzel [42], who have shown that the photogenerated electrons can be trapped as surface Ti%*
species in the presence of polyvinyl alcohol as a hole scavenger. Micic et al. [43] found a broad
asymmetric EPR signal at g= 1.981, indicating the formation of Ti** from electron trapping on the
surface due to electron injection from methanol radicals into TiO particles. They reported the
disappearance of this signal when Hg?* was present in the solution due to its reduction to Hg by the
"CH,OH radical, E°(CH,0/'CH,0H) = -0.97 V.
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Figure 4-5 EPR spectra recorded when Pt/TiO, was irradiated for 1 min (black) and 5 min (red) in the absence of
molecular oxygen at 77 K in the presence of oxalic acid. Data are shown after the subtraction of the dark spectra.

4.5.4.2. EPR in aqueous suspension

The nature of the photogenerated species during the degradation of oxalic acid in the absence of molecular
oxygen has been traced employing the EPR spin-trap technique with DMPO as a spin-trapping agent.
Figure 4-6(a-d) shows the time course of EPR spectra for the different materials, where no EPR
signals were observed under dark conditions. While the EPR signals started to appear after 1 min
of irradiation in the case of Pt/TiO, and Au-Pt/TiO,, the signals production for Au/TiO, and bare
TiO; required more time, i.e. 4 min and 7 min, respectively. Under UV irradiation, complex EPR

signals belong to overlapping DMPO adducts were recorded. Interestingly, for all the herein
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investigated materials, no DMPO-OH adducts were produced as a four-line (1:2:2:1) EPR signal
with hyperfine parameters of ay = an = 14.9 G and g = 2.0057 [44]. Thus, oxalic acid can either

inhibit the formation of hydroxyl radicals because of its direct oxidation with photogenerated holes

or can react faster than DMPO with any "OH radical produced upon irradiation. An identical result

has been reported where the DMPO'—-OH spin adduct completely disappeared when oxalic acid was
added to a perfluorooctanoic acid/TiO. dispersion [45]. In this context, the rate constants of the
reaction of *OH radical with DMPO and HC,O4 were found to be 2.0 x 10° and 1.9 x 108 M s!
[46, 47], respectively. However, the higher concentration of oxalic acid besides its adsorption

strength on TiO, would facilitate its reaction with *OH radicals, if any, even though the 10-fold

lower kinetics. Hence, it is not completely clear from the EPR data whether the direct oxidation

with photogenerated holes is the dominant mechanism.
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Figure 4-6 EPR spectra observed in the absence of O, after UV irradiation of aqueous suspensions of oxalic acid (5.5
mmol I at pH ~3) and DMPO (0.8 mmol I'1) in the presence of (1 g ') bare TiO; (a), Au/TiO; (b), Pt/TiO: (c), and Au-

Pt/TiO2 (d).
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As a result of "CO, formation, we expect a DMPO*-CO; spin adduct to be produced. In order to
detect this signal, an EPR experiment with an irradiated suspension of 1 g I of Pt/TiO2 and 3 mmol
I1 formate at pH ~3 was conducted. As shown in Figure 4-S9, a six-line EPR signal of
approximately the same intensities was produced with hyperfine parameters of a" = 15.46 G, ag" =
18.34 G and g = 2.005, which are similar to the parameters for the DMPO™-CO," spin adduct
mentioned in the literature.[48] The simulation of the complex EPR spectra from the oxalic acid
suspension of Figure 4-6 can be seen in Figure 4-7(a), which is fitted by overlapping of three spin
adducts, DMPO"-CO; (aN = 15.40 G, ag" = 18.28 G) and two other six-line signals, which are
typical for carbon-centered DMPO spin-adducts [48] (see Figure 4-7(b)). The first signal fits well
the DMPO*-CHO resulting from formyl radicals with hyperfine parameters of (aV = 15.51 G, ag" =
21.09 G) [49]. The third signal has hyperfine parameters of (aV = 15.67 G, ag" = 23.33 G), which
most likely belong to the DMPO™-(CO-COy) because of their similar values to hydroxyalkyl-radical
spin-adducts [48]. This means that other organic radicals are formed simultaneously with the

production of carbon dioxide anion radicals.

(a)
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data
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Figure 4-7 EPR spin trap experiment in the absence of O, for a UV-irradiated oxalic acid suspension; (a) experimental
spectrum (black) with its simulation (red); and (b) simulated spectrum of the mixed radicals and of each DMPO"-
radical spin adduct. The suspension contained oxalic acid (5.5 mmol I-1), DMPO (0.8 mmol I'), and Pt/TiO; (1 g I'}).
The extracted signals in Figure 4-7(b) were normalized to evince the overlap of the different species.

The intensities of the EPR spectra in Figure 4-6 increase with the irradiation time in the order of
PUTIO, > Au-Pt/TiO, > Au-TiO; > bare TiO; confirming the enhancement in the formation of radicals
by the noble metals. Depending on the materials used, the relative intensities of the adduct signals varied.
Lower production of the DMPO™-CO;" spin adduct compared to the other spin adducts was noticed
over bare and gold loaded TiO,. In contrast, Pt NPs accelerate the production rate of *CO;", which

was slightly hindered when gold is concurrently introduced.

Our EPR results are in good agreement with the theoretical calculations done by Mendive et al. [9],

who have predicted a direct transfer of e- and h* to the adsorbed oxalic acid at the TiO; surface.
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They have also predicted the production of aldehyde molecules accounting for the reduction of the

carboxylic group (see Scheme 4-1).

4.5.5. The proposed mechanism of the oxalic acid photocatalytic reforming

One could assume that the chemistry of the photocatalytic reforming of oxalic acid is rather simple and
follows Eq. 1 with molar ratios of CO2:H: and H2:OA equal to 2 and 1, respectively. However, to obtain
such ratios the mechanism should occur according to the current doubling effect. Such a reaction
mechanism illustrates that at least half of the detected H; is formed through the action of holes and not of
electrons. Nevertheless, the detection of a photocatalytic H. yield of 200%, i.e., direct evidence for
“current doubling”, in the photocatalytic hydrogen generation has not been previously shown.

At pH ~3, HC,O4 are the dominant oxalic acid species in the solution (Eq. 4-3), as revealed from the
adsorption data and due to its first dissociation constant pKai(H2C204) = 1.25 [13]. The photogenerated
holes in the valence band of TiO; react either with the adsorbed water to form hydroxyl radicals
(Eq. 4-4) or directly with the adsorbed HC,O4 to produce HC,O4" radicals (Eg. 4-6) that can be also
generated through the reaction between HC,O4 and hydroxyl radicals on the surface of TiO; (Eq.
4-5). We believe that the direct reaction with the photogenerated holes might be dominant in our
experimental conditions because oxalic acid adsorbs strongly at the photocatalyst surface. The
direct photocatalysis mechanism has been associated with systems where the substrate adsorbs
strongly at the photocatalyst surface, establishing a good electronic contact [50]. Some previous
reports have shown that oxalate can be oxidized via an indirect hole transfer, i.e., hydroxyl radical
oxidation [51, 52]. However, these studies have been performed either photoelectrochemically or
photocatalytically in strongly acidic conditions (pH < 2). On the other hand, Mendive et al. have
concluded from their ATR-FTIR experiments the direct oxidation of oxalic acid at the TiO; surface
by the hole formed upon UV(A) light absorption [9]. They have theoretically predicted that *OH
radicals, if involved in the reactions, only arise from the cleavage of chemical bonds of the adsorbed

oxalic acid and not from adsorbed water.

H2C204 o  HCOr+ H (at pH ~3) (4-3)
OH @) + h'e) —  "OHgus) (4-4)
HC.O4 + OHusy  —  HCOs + OH (4-5)
HC,0r + h*we ~  HC.Os (4-6)

The one-electron oxidation process of oxalic acid through the C-C cleavage via the photo-Kolbe

mechanism (Egs. 4-7 and 4-8) results in the formation of a strongly reducing radical as an
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intermediate, i.e., the carbon dioxide radical anion ‘CO; [E®(CO./'CO;) = -1.9 V] [53]. This radical
is an excellent reducing agent and can consequently participate in many redox reactions. The
formation of *CQO; is confirmed from our EPR spin-trap results, while the injection of their electrons
is detected in our solid-phase EPR data. The formation of *CO; has been, as well, detected through
radiolysis experiments using methylviologen as a mechanistic probe [54] and through cyclic
voltammetry experiments [55]. The carbon dioxide radical anion has a pKa(‘COzH) of about 2.3
[56], hence, in our experimental conditions (pH > 3), "CO," is the dominant generated species (Egs.
4-7 and 4-8).

HC,Ox — CO; + HCO; (4-7)

H'CO2 < ‘COy + H* (4-8)

However, "‘CO; radicals might render the photoreforming reaction rather complicated. Since the
formation of a hydrogen molecule requires two electrons and “CO-" radicals can inject their electrons
in TiO2 (current-doubling), we can suggest three different mechanisms for the H» production from
oxalic acid: (1) the “no current doubling” mechanism, in which two-photons are required to produce
molecular hydrogen (Figure 4-8(a) and Eqgs. 4-9.1 to 4-9.6) and the molar ratio H.:0A is 0.5; (2)
the “current doubling” mechanism, in which one electron is photoproduced while the second
electron originates from the "*CO," radical (Figure 4-8(b) and Eqgs. 4-10.1 to 4-10.6), with a molar
ratio of H,:OA equal to 1; and (3) the “radical recombination” mechanism, in which one photon
produces a formate anion without the production of a H> molecule (Scheme 4-1 and Eqgs. 4-11.1 to
4-11.5). The latter mechanism has been proposed by Yamada et al. [14] and has been also
theoretically predicted by Mendive et al. [9] due to the cleavage of the C-C bond followed by the

addition of *H atoms to the adsorbed *CO; radicals.

Mechanism (1) NO current doubling:

2hv - 2¢ce) + 2h*we) (4-9.1)
2h* + 2HC,Os - 2C0, + 2:COy +2H* (4-9.2)
2'COy + H* - CO, + HCOy (4-9.3)
2¢ + 2H* - 2H (4-9.4)
2H - H, (4-9.5)
2hv + H* +2HC,0s - 3CO, + H; + HCOy (4-9.6)
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Mechanism (2) with current doubling:

hv — e€ce *+ h'we (4-10.1)
h* + HC.O4 - CO, + CO;y+H* (4-10.2)
‘COy — ece *+ CO. (4-10.3)
20 + 2H° — 2'H (4-10.4)
2'H — H: (4-10.5)
hv + H" + HC,O4 — 2C0O; + H» (4-10.6)
Mechanism (3) radical recombination:
hv — €ce *+ h+(VB) (4-11. 1)
h* + HC,Os — CO, + ‘CO,y +H" (4-11.2)
e + H* — ‘H (4-11.3)
‘CO; +°H — HCOy (4-11.4)
hv + HCOs — CO, + HCOy (4-11.5)
No current With current
V NHE doubling V NHE doubling
-1.9 eV
e " *C0y = €O;
— @ Hy
B—= C -
0 + 0 -+
0.85 eV
?, 2 ?.l o 2
Py / 2C,04 > e ’f’ C:04 -2
/ 3C0; + CO; 2 CO; +°CO;
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Figure 4-8 Schematic representation of the two-hole mechanism (no current doubling) and the one-hole mechanisms

TiO:

(with current doubling). The standard reduction potential of oxalic acid is taken from Ref. [57].
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We note that the disproportionation of "CO- radicals can compete with the electron injection to
TiO,. Carbon dioxide radical anions show a bimolecular decay rate constant between 7.5 x 108 and
1.4 x 10° I mol* s [56]. However, the injection of electrons from (CH3),’COH radicals [E°= -1.8
V] into the conduction band of TiO- has a rate constant between 1.6 x 10® and 4 x 108 | mol* s
[58, 59]. Importantly, Safrany et al. [60] showed that the disproportionation of the (CHs),"COH
radicals compete with the electron injection in TiO>. Hence, the disproportionation of "CO-" radicals
might interfere with the current doubling.

The disproportionation of two "“CO, radicals leads to the formation of CO. and formate anion and/or
formic acid [pKa(HCOOH) = 3.75] [13] as per Eq. 9.3 and Scheme 4-1. The generation of formate
is mainly due to the head-to-tail recombination of two ‘CO. radicals. Flyunt et al. [56] have
demonstrated using radiolysis experiments that more than 90% of "“CO," radicals recombined to
produce formate and carbon dioxide instead of recombination at the carbon to generate oxalate.

Our experimental results using Pt/TiO, show that the molar ratio of H2:0A is 0.72. We assume,
hence, that the photocatalytic reforming of oxalic acid mostly occurs via the combination of
mechanisms (1) and (2). Of interest here is the fact that current doubling is not perfect, i.e., the
H2:OA is significantly lower than 1. Owing to the previous discussion, we suggest that the total
reforming of oxalic acid over Pt/TiO; follows mechanisms (1) and (2) with a similar probability,
leading to a maximum vyield of H2 between 0.5 and 1. The by-products, e.g., formate, may not act
as hole scavengers at low concentrations especially in the presence of oxalic acid on the surface of
the photocatalyst. It has been demonstrated that oxalic acid adsorbs more strongly on TiO- than
formate, which favors the photocatalytic reforming of oxalic acid even in the presence of an excess

amount of formate [5].

The lower contribution of the current doubling can be due to the incomplete transfer of the injected
electrons to platinum NPs as shown by our solid-phase EPR results. Moreover, ‘CO-" radicals can
react with other species in suspension, taking into account the nature of the species and the lifetime
of the radical. It was previously noted that current doubling for methanol never reaches the same
extent as the hole-induced current and that its extent depends on many factors such as concentration,
pH and light intensity [61]. Such a lower contribution has been also observed by Nogami and
Kennedy [62], who investigated the photo-oxidation mechanisms of methanol, formaldehyde, and
formic acid using the rotating ring disk electrode technique with n-TiO; as a disk electrode. They
found upon illumination that, although true current-doubling (100% increase) was not achieved,

photocurrent increases of ~50% were observed.

When other photocatalysts are employed (i.e. bare TiOy, Au/TiO,, and Au-Pt/TiO,), the H,:OA

molar ratios are lower (Table 4-1). In the case of bare TiO, the ratio is even lower than 0.5, i.e. the
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expected value from mechanism 1. From these considerations, we expect in these cases a stronger
contribution of mechanism (3). Indeed, the recombination of *H atoms on platinum is higher than
on gold (recombination factor y = 0.06 and 0.03 at 293 K for Pt and Au, respectively) [63],
decreasing, in this case, the probability of mechanism (3). Moreover, it has been reported that *H
atoms are produced on TiO- surfaces before their recombination on the metal co-catalysts [64, 65],
and that *H atoms can spillover from the metal co-catalyst to the titanium dioxide surface [66]. Thus,
in bare TiO- the absence of a co-catalyst means that a large fraction of "H will end up producing
formate (Eq. 4-11.4), decreasing the yield of H,. This argument is supported by the distinct amounts
of produced formate over the different materials (Figure 4-3). Another possible pathway for the
production of formate can proceed via the cleavage of the C-O bond as predicted previously [9],
forming the adsorbed "“CO-CO-" radicals. The formed radicals can react with "H atoms producing
adsorbed glyoxylate. The later might undergo cleavage of its C-C bond, producing formaldehyde
through the reaction between ‘H atoms and formyl radicals. In addition to the detection of formyl
radicals by means of the EPR spin-trap experiments, the production of formaldehyde was also
detected by following the color developed upon its derivatization with Nash’s reagent [67];

however, the quantitation of these trace amounts was difficult.

4.6. Conclusion

This work demonstrates the H; evolution from oxalic acid photoreforming using self-prepared TiO-
photocatalysts. The conversion of oxalic acid to Hz and CO is feasible even on bare TiO2; however,
the loading of different mono-metallic (Pt or Au) and bi-metallic (Au-Pt) co-catalysts reflects in
higher photocatalytic conversions. The surface coverage relates strongly to the pH and is found to

be maximized at pH 3 through the adsorption of 0.91 oxalic acid molecules per nm? of TiO, surface.

During the photocatalytic reforming, CO2:H, molar ratios are found to be higher than the
stoichiometric ratio. The complete consumption of oxalate on Pt/TiO- results in about 30 % lower
amounts of H, than expected. Several explanations have been discussed: (i) the dissociation of
hydrogen on Pt NPs followed by its adsorption on the metal surface can block the active sites and
deteriorate the evolution; (ii) the incomplete scavenging of photogenerated electrons by Pt NPs, as
shown by solid-phase EPR spectroscopy, can negatively affect the H, evolution because of the low
reactivity of the trapped electrons; (iii) the disproportionation of ‘CO;" radicals, which lowers the
contribution of the current doubling in the total reforming mechanism, and (iv) a simultaneous
formation of by-products on the irradiated TiO, surface as revealed from the EPR spin-trap

experiments, e.g., formate and formaldehyde, that can compete with H, production.

A better understanding of the oxalic acid surface reaction mechanism on irradiated-TiO, surfaces

is vital in creating efficient systems for the production of molecular hydrogen. Therefore,
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eliminating the inconvenient side-reactions as well as the adsorption of hydrogen on Pt might
enhance the production of H; to reach a 100% contribution of the current doubling effect in the

photoreforming process.
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Scheme 4- 1. The proposed surface reaction mechanism of the photocatalytic oxalic acid conversion on TiO,.
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4.7. Supporting information
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Figure 4-S1. X-ray diffraction (XRD) patterns of the self-prepared photocatalysts: (black) from TiCl4(TiOBu)a; (red) from
TiCls. The stars show the reference values for anatase TiO, from ICDD entry 03-065-5714.
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TEM images

—
10nm

Figure 4-S2. Transmission electron microscopy (TEM) images for bare TiO; (a), Au/TiO, (b), Pt/TiO; (c), and Au-Pt/TiO,
(d). TEM dark-field image for Au-Pt/TiO; (e). The arrows indicate the presence of the metallic nanoparticles.
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Batch photocatalytic screening experiments
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Figure 4-S3. Batch photocatalytic hydrogen evolution experiments from 100 mmol I'! oxalic acid at pH ~3 using
simulated solar light and GC-TCD for H; quantification; (a) over 1 g I'* bare TiO»; (b) over 0.5 g I'* Pt.255%/TiO>.
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Figure 4-S4. Experimental setup for the continuous measurement of the photocatalytic gas evolution.
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Photocatalytic gas formation rates
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Figure 4-S5. Formation rates of the main gases i.e., CO,, H,, evolved from 50 ml aqueous suspensions of 1.11

mmol I oxalic acid at pH ~3 over bare TiO; (a), Au1%/TiO2 (b), Pto.25%/TiO2 (c) and Auiy-Pt-0.25%/TiO (d), respectively.
Photonic efficiency calculation

The photonic efficiency & of the photocatalytic conversion has been calculated according to Egs.
Sland S2 [1].

_ degradation or formation rate (mol. s™h _ V.Ac 1

B photon flux (mol.m?.s~1) T Iy A At 1
- 1.4 &
7 Ny.h.c (52)

where V is the suspension volume (0.05 1), Ac/At is the degradation or the formation rate (mol s2),
A is the illuminated area (5.03 x 10* m?), | is the light intensity (W m), 4 is the corresponding
wavelength (m), Na is the Avogadro's constant (6.02 x 102 mol?), h is the Planck constant (6.63 x
10 W s?) and c is the velocity of light (3 x 108 m s2).
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Time course of the visible-light photocatalytic H, and CO, evolution
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Figure 4-S6. Photocatalytically evolved amounts of H, and CO, from 50 ml aqueous suspensions of 1.11 mmol I* oxalic
acid at pH ~3 over bare Aujy-Pt-o.5%/TiO; using a longpass filter with a cut-on wavelength of 410 nm.
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Figure S7. Adsorbed amounts of oxalic acid on the surface of bare TiO; in dark conditions starting from 1.11 mmol I
oxalic acid adjusted at different pH values.
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Photocatalytic gas formation rates from 100 mmol I* oxalic acid
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Figure S8. Formation rates of the main gases i.e., CO,, H,, evolved from 50 ml aqueous suspensions of 100

mmol I'? oxalic acid at pH ~3 over Pt 25%/TiO> (a) and Auiy-Pt-0.25%/TiO> (b), respectively.

EPR spectrum of carbon dioxide radical anion
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Figure S9. The simulation of an EPR experimental spectrum observed in the absence of O, upon the UV irradiation of

aqueous suspension of formate. The test suspension contained (3.5 mmol I* at pH ~3), DMPO (0.8 mmol I'}) in the
presence of (1 g I'?) of Pt/TiO,.
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Chapter Five: Concluding Discussion and Related
Supportive Experiments

5.1. Foreword

Oxygen-free heterogeneous photocatalysis is a sustainable solution to convert photon energy into
the storable fuel H,. On a (metal modified) semiconductor, the adsorbed organic molecules are
oxidized to CO,, meanwhile, protons are reduced to H.. Most efforts have so far been focused on
the development of efficient photocatalysts for the photoreforming of just a few specific
compounds, e.g., methanol, acetic acid, and glycerol. TiO; is known to be the most studied
semiconductor photocatalyst. The scientific community is working, to date, hard to overcome the
limitations mentioned in Chapter 1, which still prevent that TiO, can be considered as a real
promising photocatalyst. Moreover, the synthesis and the modification of TiO, photocatalysts are
still proceeding in a non-methodological way. Besides, the interfacial surface reactions of organic
substrates leading to their transformation to other valuable products, i.e., H, have rarely been
mechanistically investigated. Moreover, most researchers pay attention to the H evolution reaction
rates but not to the total yields of all photocatalytic reactions involving in the overall process. Based
on these critical points, photocatalysis is still waiting to be turned into practical applications with
regard to solar fuel synthesis.

The Evaporation-induced self-assembly (EISA) method is a soft-templating method characterized
by its simplicity to produce mesoporous TiO, powders and thin-films [1]. Many studies have been
conducted to elucidate the effect of the EISA process parameters on the final products. It has been
found that a small change in one of the parameters, i.e., of the precursor type and ratio, the surfactant
guantity and type, the solvent, the RH, and/or the calcination temperature, will affect significantly
the properties of the thus prepared TiOg, i.e., the phase content, the mesoporous structure, the optical
properties, and hence the photocatalytic activity. However, several parameters affecting the EISA
process have been previously changed while ignoring other factors or neglecting real optimization
procedures. Furthermore, the use of a rather limited spectrum of titanium precursors, i.e., the most
studied precursor TiCl, is rather difficult to handle, is a common characteristic amongst most

previous studies.

In this thesis, a statistical tool, i.e., the Design of Experiment (DoE), has been used to systematically
investigate how the simultaneous change of several parameters can affect the properties of the
newly synthesized TiO, photocatalyst employing the EISA method. The output of such a statistical
framework forms a reliable base for an optimized synthesis method for a TiO, with improved

photocatalytic properties.
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The TiO; produced via optimized parameters was then used to investigate the degradation of oxalic
acid in different photocatalytic systems, i.e., in aerobic and anaerobic systems, which can be
regarded as the “cornerstone” for the understanding of the photocatalytic reforming pathways.
Finally, the thus prepared TiO,, bare and loaded with noble metals, has been employed for the
production of H, from aqueous solutions of oxalic acid elucidating the role of the co-catalyst used
and the surface reaction mechanisms of the anodic half-reaction of photocatalytic oxalic acid
reforming. Fundamental research regarding these issues is rare. Oxalic acid was chosen as a model
compound since even though it is a rather “simple” organic molecule, the mechanism of its
degradation is still not understood in detail. Moreover, the few existing studies on this topic contain
some contradicting data, especially related to the stoichiometric calculations as mentioned in
Section 1-8. Finally, oxalic acid can be considered as a potential water pollutant and is found in
some industrial effluents (seen section 1-8).

5.2. Synthesizing a TiO, photocatalyst for water-splitting without a noble metal

The work described in Chapter 2 was done to synthesize a TiO, photocatalyst having the properties
needed to photocatalytically evolve H; via photoreforming processes without any additional noble

metal co-catalyst. This can be generally summarized in Figure 5-1.
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Figure 5-1 Schematic diagram summarizing the main results of Chapter 2

Aiming to reduce both, the time and the costs of consuming chemicals required to establish an
optimized process, the DoE approach was employed to optimize the synthesis of TiO; via the EISA

method. DoE is a statistical tool allowing to change all levels of the factors studied simultaneously,
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in order to achieve a process optimization using the smallest number of experimental runs [2]. Two
titanium-precursor combinations, that is, (TiCls: Ti(OBuU)4, and TiCls: Ti(OBu)4), and two different
surfactants (pluronics F-108 and P-123) were employed in this a methodological statistical tool to
determine the significant factors, as well as their optimum parameters. TiCls, which is very easy to
handle compared to TiClq, has rarely been employed before for the synthesis of TiO,. As shown in
Figure 5-2, a general Full Factorial Design (FFD) of 16 experimental runs was built to investigate
the effects of three factors on the prepared materials: the titanium-precursor type, the surfactant
type, and the surfactant quantity. After their synthesis, the prepared materials were evaluated
regarding their photocatalytic activity for the hydrogen evolution in the presence of ethanol as a
sacrificial reagent. Combining the FFD with the Analysis of Variance (ANOVA) has clearly
simplified the investigation of the most influential variables affecting the preparation of TiO,
through the EISA method.

- Photocatalytic H2 evolution
- BET surface area

8 runs, in duplicate

Performing experiments Screening & validating
2)

1-Titanium precursor type

2-Surfactant type
3-Surfactant quanity
Diferent levels 1- TiCl,:Ti(OBu),, TiCl,:Ti(OBu),
featito 2-F108, F-127
of each factor 3-1g,2 g

Figure 5-2 Schematic diagram explaining the DoE approach

The ANOVA results revealed that all the studied factors were statistically significant on both, the
photocatalytic H, production and the BET surface area of the TiO, powder but in different
magnitudes. The Pareto chart that is shown in Figure 5-3(a) can be used to determine the magnitude
and the importance of the effects, evincing that the titanium-precursor type has the highest statistical

impact on the H, evolution.
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Figure 5-3 Pareto Charts delivered from Full Factorial Design and ANOVA test for photocatalytic hydrogen evolution
from aqueous ethanolic suspension (a); the normal probability plots delivered from ANOVA analysis (b); the
interaction matrix delivered from ANOVA analysis related to the hydrogen evolution response (b).

The normal probability plot of the standardized effects (Figure 5-3(b)) is used to examine the
magnitude, the direction and the importance of the effects. In the agreement with the previous
discussion, all the studied factors are statistically significant at the 0.05 level. In addition, the
precursor type has a positive standardized effect, hence, the high level of this factor, that is, the
TiCls-based precursor, increases the hydrogen evolution. The surfactant type and the surfactant
guantity have, in contrast, negative standardized effects. Consequently, the low levels of these
factors, which are F-108 and 1 g, leading to an increase in the hydrogen evolution. The interaction
plots in Figure 5-3(c) can be used to show how the relationship between one factor and the
respective response, i.e., the H, evolution, depends on the value of a second factor. From these
interaction plots, it is obvious that with TiCls: Ti(OBu)4 being the precursor the H; evolution can be
maximized. On the other hand, the surfactant type is the predominant factor affecting the surface
area with F-108 yielding the maximal BET values. The optimization features of the DoE are, hence,
successfully utilized to identify the factors that optimize the synthesis method, i.e., the use of

TiCls:Ti(OBu)4 as a precursor and of 1 g F-108 as a surfactant.
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DoE outputs form a reliable base for starting the next step of optimization, which is finding the best
precursor combination. In this context, different TiO, samples were prepared from different ratios
between TiCl; and Ti(OBu)4 as precursors while using 1 g of F-108 as the surfactant. Increasing
the TiCls ratio in the precursor-mixture resulted in a correlated enhancement in both, the H;
evolution and the BET surface area for the anatase samples (see Figure 5-4). Based on the
photocatalytic batch experiments, TiO, prepared from TiCls exhibited a 1.5-fold higher photonic
efficiency in comparison to other prepared materials. The material prepared from TiCls as the only
precursor revealed a pure anatase phase having a BET surface area of 121.3 + 0.9 m? gt and a
photocatalytic H, evolution of 1221.6 + 58.1 umol h* g* in the absence of any noble metal co-
catalyst. This relatively higher specific surface area offers more active-sites for the adsorbates,
hence, allowing more susceptible interfacial charge transfer reactions. This sample showed, as well,
a better photocatalytic activity of the ethanol conversion to acetaldehyde compared to the
commercially available photocatalysts, i.e., Hombikat UV100 and P25.
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Figure 5-4 Relationship between the photocatalytic activity (after 120 min irradiation) and the BET surface area for
the self-prepared photocatalysts.

While changing the ratio between the titanium precursors, the phase ratio between anatase and rutile
TiO; is altered, thus, the photocatalytic performance is consequently affected. While two TiO-
samples exhibit mixed anatase/rutile phases, the others have a pure anatase phase. The presence of
the rutile phase drastically reduces the BET surface area, resulting in a lower H» evolution
efficiency. This correlates with previous reports showing a higher hydrogen production yield for

anatase-based TiO- photocatalysts due to their more negative potential of the conduction band edge
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and the lower rates of charge recombination due to the presence of trap states locating below the
Fermi level [3-5].

SEM and TEM images reveal a spherical morphology and a grain size ranging from 9 to 15 nm of
crystalline structures in random orientation. The lattice arrangement of the crystalline structure is
resolved and the Debye-Scherrer rings are completely enclosed, indicating the nanocrystalline
structure of the TiO. material. The N adsorption-desorption isotherms reveal a type IV
characteristic of mesoporous materials according to the BET method [6]. However, these pores are
characterized as non-ordered and show a wide distribution range. Hence, the presence of an ordered-
mesoporous structure is not clearly confirmed, that is, the enhanced efficiency is most likely

independent from such a mesoporous structure.

It is of importance to study the electronic structure of TiO,, which delivers useful information
regarding the efficiency of the material. Since oxygen has a much higher electronegativity than
titanium, the valence electrons are transferred from the oxygen to the titanium ion. The main
features of the TiO, molecular orbital (MO) diagram correlate with the calculated band structure,
in which the valence band is mainly composed of O-2p orbitals, whereas the conduction band is
primarily Ti-3d in character [7] as shown in Figure 5-5. One of the important insights that can be
obtained from the electronic band structure is the mobility of the charge carriers, which is related
to the width of the conduction and valence bands. The higher the overlap between the atomic
wavefunctions is, the broader are the bands and the easier is the transport of free charge carriers
through the material [7].

{Tidp (o) },

P LTS

0 28

Figure 5-5 Molecular orbital diagram of TiO, [7, 8], adapted with permission from Ref. [7].
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The electronic band structure of the optimized TiO, was experimentally studied using UV-Vis
spectroscopy and Mott—Schottky measurements. The prepared material is characterized by its
response to a wider range of light, i.e., had an energy band gap of 2.99 eV. As shown in Figure 5-
6(a), a clear optical response in the visible range until around 1200 nm can be noticed in the prepared
material compared to the commercially available Hombikot UV100 that mainly absorbs in the UV
range. This visible response is most likely not due to doping with foreign atoms because of the lack
of any foreign atom in the precursors used during the synthesis procedure. Furthermore, the EDX
did not detect other impurities within its detection limit. Such visible light response was noticed by
other researchers and has been attributed to oxygen vacancies or Ti%* defect states in TiO- [9, 10].
Such defects introduce additional energy levels in the bandgap, hence, narrowing the effective
bandgap energy and improving the visible light absorption [11]. Figure 5-6(b) represents long-term
experiments conducted either under full solar illumination or in the presence of cut-off filter > 420
nm. Obviously, the evolution of molecular hydrogen is detected after 120 min upon the irradiation
with the visible light reaching a 10-fold lower amount compared to the full solar light experiment

after 600 min of irradiation. This confirms the visible light-activity of the prepared material.
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Figure 5-6 Tauc plots of the prepared sample compared to Hombikat UV100 (a), and long-term photocatalytic
hydrogen evolution from ethanoic solution under the full solar illumination and in the presence of a 420 nm cut-off
filter (b).

The flat-band potential of the optimized TiO, material, derived from the Mott—Schottky plots,
yields a value of (-0.24 V vs. NHE at pH =0), thus a more negative potential compared to the Eg
for the electrode prepared from TiCl, in the same conditions (-0.17 V vs. NHE). This, indeed, results
in better conditions for the HER reaction to proceed because the more negative the potential of the
flat band is, the higher is the reduction potential of the photogenerated electrons. However, a
widening in the valence band to a less positive potential (2.74 V vs. NHE at pH =0) has been
calculated. Such observations were noticed by Wang et al. [12] who produced highly defective TiO,

exhibiting a widening in the valence band, leading to a remarkably higher photocatalytic activity
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compared with normal TiO.. They explained this observation by a more efficient charge transfer

both in the bulk and at the semiconductor/electrolyte interface.

While the previous discussion dealt with the holes in the valance band, the majority charge carrier,
i.e., the electrons, should be also discussed. In this context, the electrode prepared using TiCls as
the only precursor exhibits a charge carrier density of 9.3 x 102 cm3; i.e., around 11-fold higher
compared to that of the electrode prepared from TiCl, as a precursor (8.1 x 10*2° cm). It is widely
accepted that the introduction of defects in TiO is usually accompanied by an increase in the charge
carrier densities, which might be the case in the prepared sample. Hence, the optimized material is
characterized by its improved electronic structure resulting in unexpected photocatalytic efficiency.
Owing to the schematic band structure shown in Figure 5-7, the presence of defects might be the

reason for such observations.
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Figure 5-7 Schematic diagram of the enhanced band structure obtained.

The dynamics of the trapped charge carriers were studied by the TAS technique, which reveals that
upon laser excitation at 355 nm, the concentration of the trapped charge carriers is much higher in
the case of the prepared material compared to Hombikat UV 100 (see Figure 5-8(a)). It is generally
accepted that the transient absorption signals observed for TiO, above 600 nm are attributed to
trapped electrons [13], whereas the transient absorption observed between 400 nm and 530 nm is
attributed to the trapped holes [13, 14]. Hence, a very broad distribution of trapped holes over the
whole studied spectral range of wavelengths is confirmed in the prepared material. This is because
the transient absorption spectra, especially in the range from 400 until 600 nm, are reduced upon
introducing ethanol vapors as hole scavengers. The shapes of the transient absorption spectra
observed immediately after the laser pulse, therefore, are in good agreement with other studies
published previously [15]. Thus, the holes are delocalized over different trapping sites, most likely
near the surface being, thus, ready for participating in the reactions with the adsorbates. The

presence of methanol reduces both transient absorption spectra but to a much higher extent the
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spectrum related to the self-prepared TiO2. The higher reactivity with methanol confirming that the

holes are trapped in different trapping sites located at the surface because methanol react with the

surface trapped holes, while the bulk carriers remain in the system [16]. The transient absorption

Kinetics in a nitrogen atmosphere (Figure 5-8(b)) show that the self-prepared photocatalyst exhibit

around 3-fold higher signal intensity of the initial absorption Jo. This result confirms that an increase

number of charges will remain to be eventually trapped in their respective traps on the

semiconductor particles.
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Figure 5-8 Transient absorption spectra (a) measured at 0.1 pus after laser excitation in an N; and an N,—methanol
vapor atmosphere; transient absorption signals (c) observed at 510 nm in an N, and N>-methanol vapor atmosphere;
detailed transient absorption spectra (c) including the spectra resulting from subtracting the spectrum in N—
methanol conditions from the spectrum in N». Aex = 355 nm, 2 mJ laser energy, cut-off filter of 400 nm for detection.
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Bahnemann et al. [15] confirmed that at least two different types of holes have to be considered,
namely, the deeply poor-reactive trapped holes (at 450 nm) besides the free holes that possess a
higher oxidation potential and cannot be detected spectroscopically. It is well reported that the
valence band holes can be rapidly transported to the surface, where a surface hole trap sites are
formed on Ti-OsH and/or Ti-O,-Ti. These surface trapped holes (Ti-OsH™ and/or Ti-Os™-Ti) are
the main oxidants for any adsorbed electron donor. The investigations performed by the transient
reflectance spectroscopy revealed a delocalization of holes over different surface trapping sites with
a higher oxidation potential than other deeply trapped sites. Kong et al. [17] found that increasing
the ratio of the concentration of surface defects to bulk defects improves the separation between the
photogenerated carriers, thereby enhancing the photocatalytic activity. This conclusion has also
been proposed by Ohtani [18], who claimed the necessity to maximize the density of surface
shallow traps while minimizing the density of deep traps to develop highly active photocatalysts. It
has been reported that defects in TiO, could perform as a co-catalyst, which enhance the usage of
the photogenerated electrons in the reduction process [11]. Hole trapping sites participate in such
surface defects that play a decisive role in adsorption and surface reactivity. They can serve, hence,
as adsorption sites where the charge carrier transfer to adsorbed species can reduce the charge

carrier recombination [17].

The detailed transient absorption spectra are shown in Figure 5-8(c) and revealed in spectral change
between the prepared material and Hombikat UV100. While the TA spectrum of UV100 exhibits
maximum absorption at 490 nm, the spectrum related to the prepared TiO; has broad-maximum
absorption range between 510 and 570 nm. Such a spectral change has been noticed by Katoh et al.
in their TAS spectra of nanocrystalline TiO: films [19], which are presented in Figure 5-9. TA
spectra are consisted by three spectral components of trapped electrons, holes and conducting
electrons. They noticed that the excitation with lower laser energy produces lower concentration of
trapped electron, whereas the higher excitation energy results in higher concentration of trapped
electron. Thus, the spectral contribution of the trapped electrons is notably pronounced at
high excitation energy. The authors have explained the change in the trapped electrons’ spectrum
under high-density conditions by the effect of positive charges of holes residing near the electrons,
i.e., due to the Coulomb interaction of the electron with a positive charge [19, 20]. Therefore, the
TA spectral change between the prepared TiO, and Hombikat UV100 might be due to a change in
the trapped electrons’ spectrum resulting from the higher density of the holes, increasing the

Coulomb interaction with the electrons.
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Figure 5-9 TA spectra of TiO, films recorded just after excitation by 355-nm laser pulses at (a) low (lex = 1.1 mJ cm~2)
and (b) high (lex = 14 mJ cm~2) excitation energies. The solid lines are the spectra obtained from summing the spectra
of three components: holes (broken lines), trapped electrons (triangles), and conducting electrons (dotted lines).
Schematic illustration (c) showing energy levels of the trapped carriers. Reprinted with permission from Ref. [19].

An 11-fold higher concentration of charge carriers as revealed from the electrochemical
experiments, should, on the other hand, lead to a much higher density of recombination centers. In
this context, the transient absorption kinetics at 510 nm for the prepared TiO, and Hombikat UV100
have been investigated (Figure 5-8(c)). The self-prepared sample shows decay with a longer lifetime
than the decay time for UV100. The decay kinetics of the photogenerated charge carriers could be
fitted by second-order reaction kinetics with rate constant K, values of 10.9 x 10*" and 1.74 x 10*
(s%) ! for UV100 and S5, respectively. It should, however, be noted that a portion of these decays
takes already place during the length of the laser pulse resulting in uncertainty for the determination
of absolute rate constants. This 6-fold lower decay of the transient absorption signal in the prepared
TiOz evincing a longer lifetime for the charge carriers and an improved charge carrier separation. Such
phenomena have been assigned to the surface defects that enable the capture of the excited electrons,
suppressing the recombination of electrons and holes [21]. Bahnemann et al. [15] observed a fast initial
decay of the transient absorption signals in pure colloidal TiO, suspensions obeys first-order
kinetics with a rate constant of k; = 1.3 x 10*" s*. However, many reports described the transient
absorption decay of the trapped charge carriers by second-order reaction Kinetics according to the
bimolecular recombination of the electron-hole pairs coupled by Coulombic forces. Rothenberger
et al. showed by a stochastic kinetic model that when the particle contains a high number of
electron-hole pairs, their recombination follows second order kinetics, while at very low occupancy
of the semiconductor particle by charge carriers their recombination obeys first-order kinetics,

respectively [22].

Hence, the higher concentration of charge carriers does not reflect in a corresponding higher
recombination rate, in contrast, the material shows 10-fold lower decay kinetics compared to
Hombikat UV100. Based on the previous discussion, the optimal parameters for the EISA method
resulted in the synthesis of bare TiO,, which drives the H» evolution reaction and improves the oxidation

of the organic substrates. This was related, indeed, to its higher surface area, better absorption of light
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energy, the longer lifetime of charge carriers, and the broad distribution of trap states acting most

likely as surface-defect sites.

Such observations have, as well, been reported for the self-doped TiO,, i.e., gray and black TiOx.
These types of materials own many surface defects as Ti** ions and oxygen vacancies, turning the
color darker [23]. Chen et al. [24] reported for the first time the synthesis of black TiO, nanomaterial
having high visible light absorption for photocatalysis. They showed a narrowing of the bandgap to
1.54 eV by introducing electronic states forming significant VB tailing. Recently, co-catalyst-free
gray TiO, nanomaterials showed high photocatalytic H, production in the presence of hole
scavengers [25-27]. The researchers explained this activity by the concentration and nature of
defects compared to commercial anatase. These anatase materials have shown shallow electronic
levels that might account for superior electron transport and electron diffusion to the surface [28,
29] and reduce also electron-hole recombination. Furthermore, the high-pressure hydrogenation of
commercially available anatase TiO, powder under high-temperature can activate it for
photocatalytic H, evolution [9]. This treatment assists the formation of voids and of a stable defect
structure that appears to be key for the observed co-catalytic effect on TiO2 nanoparticles. The
character of the self-induced catalytic centers is similar to the phenomenology of noble-metal co-
catalytic effects on TiOs.

However, the synthesis of gray/black TiO, usually requires a high-temperature treatment of TiO;
in various reducing atmospheres (e.g., vacuum, Ar, Hz /Ar, and pure Hy) [23, 30], which is not the
case in EISA preparation method used. Hence, extended investigations might be done to understand

the origin of the enhanced properties of the self-prepared TiO, sample.

5.3. Additional investigations on the nature of defects

XPS measurements were carried out using a Leybold Heraeus hemispherical analyzer (100mm
radius) with non-monochromatic Mg & Al Anode as an X-ray source and by-pass energy of 50 eV.
For data correction, the energy of the C1s-line was set to 284.6 eV and used as the reference. The
fitting of data was performed using XPSPEAK 4.1 software. Figure 5-10 represents the XPS
spectrum for a sample synthesized via the EISA method using TiCls and Ti(OBu)4 as precursors (a)
and the XPS spectrum for the optimized sample synthesized using TiCls (b). The Ti 2p1/2 and Ti
2p3/2 spin-orbital splitting photoelectrons in Figure 5-10(a) are located at binding energies of
464.32 and 458.62 eV, respectively. These binding energies and the peak separation of 5.7 eV
between the Ti 2p1/2 and Ti 2p3/2 are in good agreement with the characteristic peaks of Ti** in
anatase TiO2 [31]. Unexpectedly, the XPS spectrum of the optimized sample in Figure 5-10(b) does
not show any characteristic peak related to Ti** at 457.9 eV or an apparent peak broadening in this

range of binding energies. This, indeed, denies the existence of surface Ti®* defects. Interestingly,
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the other two peaks of Ti 2ps» and 2py, are centered at the binding energies of 460.12 eV and
454.52 eV, respectively, with a peak separation of 5.6 eV. These values are in good agreement with
the characteristic peaks of Ti?* in TiO; [32, 33].
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—— Ti** fitting —— Ti* fitting
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Ti"' 2py
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470 468 466 464 462 460 458 456 454 452 450 470 468 466 464 462 460 458 456 454 452 450
Binding energy / eV Binding energy / eV

Figure 5-10 XPS analysis of a normal TiO; (a), and for the optimized TiO, sample (b). The fitting was done using
XPSPeak41 software.

Owing to the XPS measurements, the presence of Ti?* species on the surface of TiO- is confirmed.
In this context, we prepared several TiO, samples based on different ratios between the precursors
TiCls: Ti(OBu)4. The photocatalytic activity of H, evolution depends strongly on the amount of
TiCls in the precursor mixture, i.e., the higher the TiCl; ratio is, the higher is the H evolution.
However, the XPS measurements of these samples show almost similar spectra, i.e., the area of Ti?*
peak at 454.52 eV is not remarkably affected. Thus, the optimized TiO,sample contains most likely
Ti%" in interstitial sites in addition to the surface Ti?*. However, the presence of interstitial Ti%* was
not experimentally confirmed. Because of its 2 electrons in the 3d orbitals, the conductive properties
of Ti?* can enhance the activity of the prepared TiO,. Nevertheless, this is the first report regarding
Ti** modified-TiO, in such a method, in which Ti#* and Ti** are formed simultaneously. The
formation of Ti%* most likely proceed as a result of the thermal disproportionation of TiCls; as
described in Eq. 5-1 [34].

Tick & Ticl, + Ticl (5-1)

Few reports showed that TiO, can be reduced under harsh conditions, e.g., Ar ion bombardment
[35] or electrochemical reduction [33], to produce Ti** and Ti?* as defect states. However, the use
of these techniques involves the synthesis of TiO, followed by its severe modification which is not
the case in our preparation method. For example, Swaminathan et al. used the electrochemical
cathodization to produce a highly active catalyst (TiO123) for the hydrogen evolution reaction,
which showed low onset potential (75 mV vs. RHE) and Tafel slope (88 mV.dec?). Their XPS
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analysis revealed in a broad peak at lower binding energy (455.9 eV) assigned to Ti%*, apart from
the major peak of Ti*" at 458.5 eV. They explained the HER activity of the TiO1.23 by the presence
of Ti?*, which ensures effective electron transport and helps to hop of electrons due to the
delocalization of the electron density via d-orbitals overlapping. Zhou et. al. [36] reported Ti?*
defects in their modified TiO2 nanotubes. They showed that the Ar*-ion bombardment of TiO,
nanotubes resulted in a high content of sub-oxide (Ti®*, Ti?* states). These sub-oxide states
beneficially affect the photocatalytic hydrogen evolution rate under open-circuit conditions. They
claimed that Ti-sub-oxide states can act as co-catalytic centers, allowing an enhanced photocatalytic
hydrogen evolution from TiO, nanotubes.

Two main characteristics are delivered from the optical properties of the prepared sample shown in
Figure 5-6(a): i) the spectrum is shifted to lower energies, indicating a decrease in the optical
bandgap; ii) the absorption coefficient is increased in the visible range up to 1200 nm. These facts
are consistent with the presence of an electronic band close to the conduction band for the defected
material [29]. While oxygen vacancies are the predominant defect species, titanium interstitials
influence also the properties of TiO, and cannot be ignored. The formation of oxygen vacancies
and titanium interstitials is favored in reducing conditions. Nowotny et al. [37, 38] showed that
applying a reducing environment results in the reduction of the optical band gap of TiO2, which is
related to structural relaxations induced by oxygen vacancies and the associated formation of larger
defects as it is represented in Figure 5-11. As shown in this figure, both titanium interstitials and
oxygen vacancies form donor-type centers, in which the lower the positive charge of a titanium
interstitial ion is, the closer is the defect state from the CB. The existence of the band of defect
states just below the conduction band minimum can cause an overlapping between them, allowing
for an enhanced absorption for sub-bandgap light. The high concentration of vacancies can break
the selection rules for indirect transitions, thus enhancing the absorption for photon frequencies
below the direct bandgap [29]. Hence, the optical gap of the prepared TiO; is narrowed by intraband
transitions as shown in black hydrogenated titanium dioxide nanocrystals [24]. These observations
have been also reported by Pei et al. [39] in their reduced non-stoichiometric TiO, single crystals
containing Ti* and oxygen vacancies, by Anpo et al. [40] in their self-doped Ti®-
TiO; nanoparticles prepared by a solvothermal method with NaBH. added as a reductant, by Zuo
et al. [41] in their reduced-self-doped Ti**-TiO, prepared by a combustion method, and by

Swaminathan et al. [42] in their reduced-TiO; prepared via electrochemical cathodization method.
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Figure 5-11 The energy levels of intrinsic defects of different ionization degree in TiO, semiconductor [37, 38]. Vo is
an oxygen vacancy, Ti; is a titanium ion in an interstitial site, and V7 is a titanium vacancy. Adapted with permission
from Ref. [38]. The used notation of defects in nonstoichiometric compounds is Kroger and Vink notation [43].

The overlap of defect states with the conduction band minimum can create a high density of
electrons in the conduction band, as well as a high density of holes in the valence band. This would,
according to Kamat et al., generate a Burstein-Moss shift, in which the energy levels near the bottom
of the band fill up, and optical transitions, thus, have to involve higher empty band states, resulting
in a blue shift of the fundamental absorption edge [44]. The upshift of the conduction band edge
results in a higher electric potential than that of non-defective TiO, with respect to ¢(H*/H>), and
thus easier H, production [45]. This shift can be illustrated in Figure 5-12(a), in which the possible

molecular orbital diagram in the presence of Ti?* defects is presented.

It is also possible, in the prepared sample, that islands of TiO are distributed on the surface of TiO,.
It should be noted that the detection of TiO patterns by XRD was not possible, maybe because the
content, if any, is lower than the detection limit. Moreover, with TEM measurements, the detection
of an amorphous phase was not possible. Figures 5-12(b) and 5-12(c) show the calculated band
structure for both anatase TiO, and TiO, in which it is clearly demonstrated that TiO exhibits a
higher Fermi energy than TiO.. Ern and Switendick applied the augmented-plane-wave (APW)
method to study the electronic band structure of TiO. They reported that the density of states of the
3d bands in TiO rises at the Fermi level, reaching a maximum at about 2 eV above the Fermi energy
[46]. Chen et al. showed in their UPS calculations that the work function of TiO (3.01 eV) is higher
than that of TiO; [47]. In this case, TiO can act as a noble metal, collecting the photogenerated
electrons from the CB of TiO, and reducing the recombination of the photogenerated charge
carriers. However, Greiner et al. [48] found in their UPS calculations a general trend in which the
lower cation oxidation states of transition metal oxides have the effect of decreasing an oxide's work
function. They reported work function values around 4.5 eV and 5.3 eV for TiO and TiO; thin
polycrystalline films, respectively. In this case, electron injection from TiO to TiO- is expected,

where no depletion layer can be formed, and the junction would be ohmic.

131



Chapter 5: Concluding Discussion and Related Supportive Experiments

(a)

e (dey, di)
3d{ t(dur Az, )

Ti VB 2pys, 2P,
I / SPo
0
c
- o
~ — (b)
6 Anatase TiOp
E |
>
g0
(7]
8 4
8.0
4 —
67 r X P N r DOS (eV1)
) L
| S
AN Ry=13.605 eV

I
0.755| s

0.680) Fermi energy (0657 Ryd)
> T 0.605 =57
3 2
£ & 0530
> .8 .
= 3 o.assf Tio
w = H

W 0380

0308/

0.170h

0.140 B2

- 0.010 ==
0085 f=—p 5
-0.160 -
i G o | | |
-1l 1 i 1 o l‘._“ 0 20 40 60 80
X U L $p T ©jooaeio x 20w K- (0 (40 T Z(E)

Figure 5-12 The possible TiOs octahedral MO (molecular orbitals) diagram for defected TiO, [49, 50], adapted with
permission from Ref. [49] (a); band structure and the corresponding DOS of anatase calculated by DFT-GGA while
setting the VB maximum to 0 eV, adapted with permission from Ref. [51] (b); energy bands with the density of states
for TiO calculated by the augmented-plane-wave (APW) method, adapted with permission from Ref. [46] (c).
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The transient absorption spectroscopy of Figure 5-8(b) shows a slower decay of the transient
absorption signal for the prepared TiO. confirming a longer lifetime for the charge carriers. This
observation has also been reported by Wheeler et al. [52], who investigated the ultrafast charge carrier
relaxation dynamics of hydrogen-treated TiO, (H:TiO;) nanowire arrays using time-resolved
fluorescence (TRF) and femtosecond transient absorption (TA) pump—probe spectroscopies. They
showed an overall 2-fold slower decay of the TA of the H:TiO. sample with UV excitation as compared
to the untreated sample, which is indicative of long-lived electron-hole pairs. They concluded that
hydrogen treatment lengthens the lifetime of the charge carriers, most likely in trap states or the Vo states.

To confirm that the photocatalytic activity is related to the presence of Ti?* in the prepared TiO-,
the conductive oxide, TiO, was physically mixed with the commercially available anatase TiO»,
Hombikat UV100, in a 1:99 w/w ratio, respectively. Each of TiO and UV100 does not show any
photocatalytic H, formation from the photocatalytic reforming of ethanol. However, as shown from
GC chromatograms presented in Figure 5-13, H; is produced from the composite material and
increased with the irradiation time. This clearly indicates the pivot role of Ti?* in improving the
photocatalytic properties of anatase TiO,, especially the HER.

A 240 min

120 min

0.0 1.3 2.6 4.0
Time / min

Figure 5-13 GC chromatograms of the H, detection during the irradiation time.

In this context, Swaminathan and Ravichandran [50] concluded that the severe cathodization of
TiO; results in the presence of metallic Ti?* ion, instead of Ti%*, which turns the reduced TiO; as an
HER catalyst (least HER overpotential - Miomacem®~ 198 mV). They demonstrated that the
Ti%*governs catalytic performance because of their electron density that can be easily delocalized
via d orbitals overlapping, which is essential for good catalytic performance. Furthermore, due to
d-electron filling in their reduced titania, dense packing of d-band occurs and makes its electronic
structure similar to that of metals. Consequently, the corresponding Ti?* can exhibit metallic

behavior, which supports the active behavior of reduced titania [50].
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5.4. Insights into the photocatalytic oxidation of oxalic acid

The work described in Chapter 3 addresses oxalic acid oxidation behaviors in different
photocatalytic systems. Understanding the photocatalytic oxidation of oxalic acid on the surface of
TiO,, indeed, forms a reliable base in investigating the photoreforming process. For this purpose,
the self-prepared TiO, was used in its bare form and after modification with Pt NPs as co-catalysts.
The photocatalytic experiments were conducted in different systems while maintaining the pH
stable at 3 during the whole period of the reaction by means of a pH-stat technique. The pH of 3
was carefully chosen according to Li et al., who reported a maximized photocatalytic hydrogen
evolution at about pH 2.9 [53]. Interestingly, the batch photocatalytic experiments reveal that the
self-prepared TiO, photocatalyst has around 5% higher photocatalytic degradation activity than the
commercial Hombikat UV100. The detection of H, is also possible over the prepared material,
which is not the case over Hombikat UV100.

The photo-oxidation of oxalic acid on bare TiO; in O,-saturated conditions is found to proceed very
fast without the detection of by-products. This is related to the use of a powerful oxidative system,
in which different spices, e.g., the photogenerated holes, the "OH radicals, and the superoxide
radicals O~ can participate in the total mineralization of oxalic acid to CO.. In the presence of
molecular oxygen, the formation of *OH radicals and the reduction of molecular oxygen are
thermodynamically favored as proven by Kosani¢ [54]. The overall photocatalytic oxidation of
oxalic acid over illuminated TiO; in the O.-reach system can be summarized by Eg. 5-2.
Unfortunately, in such a system, H, production is inhibited due to the fast scavenging of the
photogenerated electron by molecular oxygen forming superoxide radicals. It has been reported that
O3 has a stronger ability to trap electrons compared to H*. Besides, the presence of O, favorites the
back reaction to water [55].
HC.O +%0; " 200, + OH (5-2)

The use of the O.-free photocatalytic system results in a dramatic decrease in the rate of
photocatalytic oxalic acid oxidation. Around 60-fold and 7-fold lower rates have been noticed on
bare TiO, and Pt/TiO,, respectively, compared with the case of O.-reach conditions (see Figure 5-
14). This is related to the photogenerated holes being the main oxidative spices in the absence of
oxygen, rather than the highly oxidative ROS. The lower photocatalytic efficiency of bare TiO,
towards the degradation of oxalic acid in an O,-free system can be also attributed to the role of O
in scavenging the photogenerated electrons, thus decreasing the recombination of charge carriers.

The overall oxalic acid transformation in the O,-free system can be described by the Eq. 5-3.

H,C,0s — H, + 2CO, (5-3)
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The same behavior has been proven for other organic compounds. For example, photocatalytic

degradation of 2-propanol under aerobic conditions has been reported to be faster in comparison

with O,-free systems. This effect was explained by the contribution of molecular oxygen in the

decomposition pathways, as well as by the role of molecular oxygen initiating the photogeneration

of "OH radicals themselves [56] as can be seen in Egs. 5-4 to 5-7. Shibata et. al. reported about 80

- 90% decrease in the amount of "OH radicals generated on irradiated TiO, under anaercobic

conditions comparing to those in the air-saturated reaction [57].
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Figure 5-14 The degradation behaviors of oxalic acid in different systems including O,-reach on bare TiO; (a), O,-free
on bare TiO; (b), and O,-free on Pt/TiO; (c). OA concentration is 1.11 mmol.I', pH =3.
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The importance of *OH radicals in the photocatalytic degradation of oxalic acid was then evaluated
by conducting a homogeneous photodegradation under the same oxygen-free conditions, in which
a solution of 0.3 mmol I potassium nitrate was used instead of TiO.. It is well reported [58] that
nitrate solutions undergo a photolysis reaction upon illumination by UV light, generating NOy
radicals and atomic oxygen radical anions ("O’), respectively. The later radicals react, in turn, within
nanoseconds with protons producing “OH radicals. Thus, nitrate photosystem is used as a source for
the homogenous production of *OH radicals. In the same conditions and illumination time, the use
of such a system results in a 36.8% degradation of oxalic acid compared to 51.8% upon the
photocatalytic degradation over TiO,. Thus, *OH radicals, if produced in the TiO, photocatalytic
system, contribute effectively to the degradation of oxalic acid.

Compared to the bare TiO,, the enhancement of the oxalic acid degradation over platinized TiO»,
shown in Figure 5-14(c), is related to the presence of platinum as a co-catalyst, which acts as an
antenna that collects the photogenerated electrons. This improves the separation between the charge
carriers and prevents their recombination. However, even in the presence of platinum nanoparticles
on the surface of TiO,, the oxygen-free system is still much less effective in degrading oxalic acid

in comparison to the oxygen-saturated system.

In such an anaerobic system, H, is produced especially over Pt/TiO,. After an induction period
during the first 45 min of irradiation, a constant formation of H, until the complete degradation of
oxalic acid is detected as shown in Figure 5-14(c). During such an induction period, the little
generated amount of molecular hydrogen diffuses in the gas headspace of the reactor. The detection
of such small quantities is difficult because of the hydrogen detection limit of the employed GC
system (DL > 0.009 mmol calculated from the signal to noise ratio). Nevertheless, around 40% less
H, is formed than stoichiometrically expected. The production of by-product, i.e. fromate, is
detected, however, very low quantities of formate have been produced over Pt/TiO,. Interestingly,
the degradation of formate is noticed to efficiently proceed on Pt/TiO, when the concentration of
oxalic acid becomes very low, which is not the case on bare TiO,. This can be explained by the fact
of the higher adsorption capacity of oxalic acid on the surface of titanium dioxide, which hinders
any other oxidation of the co-existence molecules [59, 60]. Monocarboxylic acids have previously
been reported to be formed upon the anaerobic degradation of elementary dicarboxylic acids [61].
Yamada et al. detected the formation of formic acid by *H NMR during the photocatalytic hydrogen

evolution from de-aerated mixed solutions of QuPh*™—NA, oxalate and platinum nanoparticles [62].

Such observations clearly confirm the need to design a potential photocatalytic system, if any, in
which the oxidation and the reduction can separately proceed; i.e. O.-reach and O,-free systems, to

achieve the goal of fast mineralization with simultaneous production of H.
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5.5. Mechanistic insights into the photocatalytic reforming of oxalic acid

The work described in Chapter 4 discusses the effect of the co-catalyst on the photocatalytic
reforming of oxalic acid. It also discovers the interfacial charge transfer mechanism, through it the
photoreforming of oxalic acid on the surface of TiO, can proceed. The main findings in this chapter

can be summarized in Figure 5-15.
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Figure 5-15 Schematic diagram summarizing the main results of Chapter 4.

For this purpose, the self-prepared TiO, was used in its bare form and after the modification by
several noble metal-co-catalysts. The photocatalytic experiments were conducted at an initial pH of
3 and were followed until no gas evolution was detected. A continuous-flow setup connected to a
quadrupole mass spectrometer (QMS) was used to follow the evolved gases from the
photocatalytically reformed oxalic acid in its aqueous solutions. The use of this setup enables long
term tests to be carried out without the difficulties that occur in a closed photocatalytic system, i.e.,

the overpressure inside the reactor [63, 64].

Interestingly, bare TiO, offers a photocatalytic activity for H, evolution even without any HER co-
catalyst due to its outstanding properties previously discussed. The sample prepared from TiCls
showed significantly higher photocatalytic activity than the conventional photocatalyst prepared
from TiCl4:Ti(OBuU)4 in both, the bare and the platinized forms. This is due to the presence of Ti%*
defects that turn TiO- as an active material for photocatalytic hydrogen production and enhance its
activity of organic substrates oxidation. As discussed previously, these defects improve the optical
properties, decrease the recombination of charge carriers, increase the density and the transportation

of charge carriers, and can induce the HER.

Noteworthy, no molecular oxygen was detected during the photocatalytic experiments using all the
materials, even when only a very low concentration of oxalic acid remained in suspension. The

photocatalytic splitting of water into H. and O both in the presence and absence of oxalic acid
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appears thus to be negligible. Pt/TiO: is obviously the most active photocatalyst among bare TiO,
AU/TiO,, and Au-Pt/TiO,. This was in terms of H, production, CO- evolution, and oxalic acid
consumption as can be seen in Figure 5-16. For example, Pt NPs increase the photonic efficiency
of H; evolution by 5-fold, 2.5-fold, and 1.2-fold compared to bare TiO2, Au/TiO,, and Au-Pt/TiOg,
respectively. On the other hand, Pt/TiO, enhanced the photonic efficiency of CO, production by
2.5-fold, 1.9-fold and 1.1-fold, respectively. The ranking of CO; evolution fits well with the kinetics
of oxalic acid consumption from the solution shown in Figure 5-16(c). Owing to these results, Pt
turns TiO. as an active material for both half-reactions of the photocatalytic reforming of oxalic
acid. This means the oxidation of oxalic acid on bare TiO, is feasible, but it is to a much larger
extent upon the modification with noble metals. This observation in good agreement with the work
of Bamwenda et al. [65] showing a 30% lower overall activity of Au/TiO; than that of PU/TiO..
They attributed this to the more effective trapping and pooling of photogenerated electrons by Pt.

However, the co-deposition of both noble metals does not result in an additive effect, with the
bimetallic co-catalyst reaching lower evolution rates than Pt/TiO,. The possible contribution of a
visible light activity from Au-containing materials, which is related to the plasmonic effect of Au
NPs [66] was also examined by employing Auis-Pto 250/ TiO2 and using a long-pass filter with a cut-
on wavelength of 410 nm. A severe decline in the photocatalytic activity was recorded, especially
for the H; evolution. Au NPs loaded on TiO; prepared in this work thus exhibit poor activity in the
visible light region, in addition to their negative roles hindering the activity of Pt when the full light
spectrum is used. Our results thus contradict the reports showing that Au—Pt bimetallic system on

the surface of TiO, may have better catalytic properties compared to pure Au and pure Pt [67].

Hence, the modification of TiO, with a suitable co-catalyst is needed, with the Pt NPs being
definitely the right choice. Pt NPs would inhibit the charge carriers' recombination by sinking the
photogenerated electrons due to their higher work functions than Au NPs (5.65 eV of Pt > 5.10 eV
of Au [68]). The inhibition of charge carriers recombination, when such a Schottky barrier is
created, is the bottleneck to enhance the photocatalytic activity even when a sacrificial reagent is
used [69]. Pt NPs also can catalyze efficiently the HER at a relatively lower overpotential of
reduction [70]. The density functional theory (DFT) calculations regarding the hydrogen binding
energy showed that binding to Pt results in a smaller Gibbs free-energy change (- 0.09 eV)
compared to gold (0.45 eV), indicating that Pt has the best electrocatalytic activity for HER from
the viewpoint of thermodynamics [71, 72]. In addition, Pt facilitates the quick discharge of electrons
from semiconductor nanoparticles into the electrolyte [73] faster than that of Au NPs [70]. This has
been reported by Subramanian et al. [74], who studied luminescent ZnO colloids and proved a

complete discharge of electrons into the solution in the case of Pt but not Au.
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Figure 5-16 The time course of amounts of H, (a) and CO, (b) formed over the different materials; The kinetics
behaviors of oxalic acid consumption in the liquid phase (c).

However, using the most-efficient material, Pt/TiO, results in around 30% less H, evolution than
theoretically expected. Such a lower stoichiometric H2:OA ratio has been also reported in our
previous work (H2:OA molar ratio ~ 0.6) [64]. A possible reason is the progressive blockage of
active sites on the noble metal co-catalysts by the adsorption of molecular hydrogen [75]. Noble
metals have been shown to act as active sites for hydrogen dissociation and adsorption [76], hence,
the adsorption of the hydrogen on the surface of metal nanoparticles, should not be neglected as a
reason for such a non-stoichiometric H, amount. Another possible reason is the increase in the
charge carrier recombination rate as the concentration of oxalic acid decreases. The formation of
by-products should also be considered as a source of non-stoichiometry. Deviations from the
stoichiometry have also been previously reported for the reforming of oxalic acid. For example,
Kmetyké et al. [77] showed a ratio of about 0.64 when they performed long term irradiation of Pt-
TiOz in the presence of 0.05 mol I oxalic acid. On the other hand, Yamada et al. [78] have reported
80 % of the stoichiometric amount based on the irradiation of a 3 mmol I oxalate solution in the

presence of Pt NPs and 2-phenyl-4-(1-naphthyl)quinolinium ion (QuPh*-NA) as a photocatalyst.
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They have related this lower value to the formation of by-products such as formic acid and

formaldehyde.

EPR spectroscopy in an argon atmosphere at 77 K was used to identify the paramagnetic centers
produced on the irradiated TiO, powders (Figure 5-17). In these spectra, signal H (gx = 2.004, g,=
2.014, g,= 2.018) is attributed to the photogenerated holes. This signal was reported previously as
the holes trapped at the oxygen atoms as Ti**-O~-Ti**-OH" near the hydrated anatase surface [79, 80].
On the other hand, the signal E+ (gu = 1.962 and g,= 1.992) belongs to the photogenerated electrons
and has been reported to be trapped in the bulk as Ti%* ions [79, 81, 82]. The production of (Er)
signal in the EPR spectra even when Pt (an electron scavenger) is loaded on the TiO, surface
confirms that not all the photogenerated electrons are scavenged, but instead, some of them are
trapped in the bulk as Ti** centers. These trapped electrons can negatively affect H, production due

to their low reactivity.

Another broad and unfeatured signal (signal Es) was also detected and became more intense with
the irradiation time. This broad signal Es is most likely related to the injection of electrons from
"CO; radicals, which then spread on the surface of the photocatalyst. Such a broad signal was
observed by Chiesa et al. [82] when they injected electrons in the solid in different ways. They
assigned this signal to the excess electrons near the surface of anatase TiO,. A similar signal was
reported by Howe and Grétzel [83], who have shown that the photogenerated electrons can be
trapped as surface Ti®*" species in the presence of polyvinyl alcohol as a hole scavenger. Micic et
al. [84] found a broad asymmetric EPR signal at g= 1.981, indicating the formation of Ti** from
electron trapping on the surface due to electron injection from methanol radicals into TiO particles.
They reported the disappearance of this signal when Hg? was present in the solution due to its
reduction to Hg by the “CH,OH radical, E°(CH,0/"CH,0H) = -0.97 V.
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Figure 5-17 EPR spectra recorded when Pt/TiO; was irradiated for 1 min (black) and 5 min (red) in the absence of
molecular oxygen at 77 K in the presence of oxalic acid.
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The adsorption of oxalic acid onto bare TiO, decreases when increasing the solution pH, where the
surface area normalized uptake decreases from 9.1 x 10 to 2.2 x 10 molecules cm~ when the
pH increases from 3 to 10. This strong decrease in the adsorption capacity is related to the catalyst
surface properties (pHzpc around 5.5 [64]) and the oxalic acid species present in the solution (pKa
and pKa, are 1.25 and 4.28, respectively [64]). Therefore, at pH ~3, a strong interaction between
HC,0. molecules and the positively-charged TiO; surface is expected.

It is very important to distinguish between a semiconductor-assisted photoreaction (turnover
number TON < 1) and a catalyzed photoreaction, that is photocatalytic, (TON > 1). This is a general
problem, nowadays, in the photocatalytic investigations as revealed from the review of Prof. Ohtani
[85] because TON is ignored when discussing the data. In this context and giving thought to the
BET surface area values along with the amounts adsorbed after saturation, the adsorption of 0.91
oxalic acid molecules per nm? was calculated. Hence, the concentration of active sites in the
suspension is 0.23 x10 and 0.09 x10 mol I for bare TiO, and Pt/TiO,, respectively. TONSs,
calculated as the complete consumption of oxalic acid have values of 4.86 and 12.14 over bare TiO,
and Pt/TiO;, respectively. Owing to the fact of a catalyzed photoreaction has a TON > 1 [86],

confirming that all the conversion processes studied are photocatalytic.

The formation of formate as the main by-product in the liquid phase is confirmed. The amounts of
formate are dependent on the material used (Figure 5-18). Nevertheless, very small amounts of
formate are produced compared to the amount of oxalic acid converted. As can be seen, formate
starts to oxidize on Pt/TiO, after around 300 min of irradiation, i.e., once oxalic acid is consumed
from the solution, which can be explained by the higher adsorption properties of oxalic acid. This
is in agreement with previous reports showing that the anaerobic degradation of elementary di-
carboxylic acids, e.g., oxalic acid, resulted in the formation of the corresponding monocarboxylic
acid [87]. For example, the *H NMR detection of formic acid and formaldehyde was possible during
the photocatalytic H, evolution using oxalate, QUPh*—NA as a photocatalyst and Pt NPs as an HER
catalyst. The proposed mechanism postulated that oxalate acts as a one-electron donor, while ‘CO

radicals can be reduced to formate by hydrogen adsorbed on Pt NPs [78].
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Figure 5-18 The amounts of formate produced in the suspension during the irradiation detected by HPIC over bare
Ti02 and AU1%/Ti02 (a) and over Pto,zs%/TiOz and AU1%-Pto,25%/TiOz (b)

EPR spin-trap technique with DMPO as a spin-trapping agent was used to determine the
photogenerated species in the absence of molecular oxygen. No DMPO*-OH adducts were produced
as shown in Figure 5-19(a). An identical result has been reported where DMPO"-OH spin adduct
completely disappeared when oxalic acid has been added to perfluorooctanoic acid/TiO- dispersion
[88]. Thus, oxalic acid can either inhibit the formation of hydroxyl radicals because of the direct
oxidation with photogenerated holes or can react faster with any "OH radical produced upon the
irradiation. In this context, the rate constants of the reaction of ‘OH radical with DMPO and HC,O4
were found to be 2.0 x 10° and 1.9 x 108 M s? [89, 90], respectively. However, the higher
concentration of oxalic acid besides its adsorption strength on TiO, would facilitate its reaction with
"OH radicals, if any, even though the 10-fold lower kinetics. Hence, it is not completely clear from
the EPR data whether the direct oxidation with photogenerated holes is the dominant mechanism.

Nevertheless, The simulation of the complex EPR spectra from the oxalic acid suspension can be
seen in Figure 5-19(a), which is fitted by overlapping of three spin adducts, DMPO*-CO, (aN =
15.40 G, agH = 18.28 G) [91] and two other six-line signals, which are typical for carbon-centered
DMPO spin-adducts [91] (see Figure 19(b)). The first signal fits well the DMPO"-CHO resulting
from formyl radicals with hyperfine parameters of (aV = 15.51 G, ag" = 21.09 G) [92]. The third
signal has hyperfine parameters of (aV = 15.67 G, ag" = 23.33 G), which most likely belong to the
DMPO-(CO-COy) because of their similar values to hydroxyalkyl-radical spin-adducts [91]. This
means that other organic radicals are formed simultaneously with the production of carbon dioxide
anion radicals. The intensities of the EPR spectra in Figure 5-19 increase with the irradiation time
in the order of P/TiO, > Au-Pt/TiO, > Au-TiO, > bare TiO, confirming the enhancement in the
formation of radicals by the noble metals. The EPR results are in good agreement with the
theoretical calculations done by Mendive et al. [93], who have predicted a direct transfer of e” and
h* to the adsorbed oxalic acid at the TiO- surface as shown in Figure 5-20. They have also predicted

the production of aldehyde molecules accounting for the reduction of the carboxylic group.
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Figure 5-19 EPR spin trap experiment in the absence of O, for a UV-irradiated oxalic acid suspension; (a) experimental
spectrum with its simulation; and (b) simulated spectrum of the mixed radicals and of each DMPO*-radical spin
adduct. The test suspension contained oxalic acid (5.5 mmol I'1), DMPO (0.8 mmol I) in the presence of (1 g I'?) of
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Figure 5-20 A scheme of oxalic acid molecules with red and blue circles where the atom becomes more negative and
more positive, respectively; dash bonds belong to the bonds that are weakened due to the irradiation. Adapted with
permission from Ref. [93].

One could assume that the chemistry of the photocatalytic reforming of oxalic acid is rather simple and
follows Eq. 1 with molar ratios of CO»:H; and H2:OA equal to 2 and 1, respectively. However, to obtain
such ratios the mechanism should occur according to the current doubling effect. Such a reaction
mechanism illustrates that at least half of the detected H; is formed through the action of holes and not of
electrons. Nevertheless, the detection of a photocatalytic H. yield of 200%, i.e., direct evidence for

“current doubling”, in the photocatalytic hydrogen generation has not been previously shown.

At pH ~3, HC,O4 are the dominant oxalic acid species in the solution (Eq. 5-8), as revealed from the
adsorption data and due to its first dissociation constant pKai(H.C204) = 1.25 [64]. The photogenerated
holes in the valence band of TiO; react either with the adsorbed water to form hydroxyl radicals
(Eq. 5-9) or directly with the adsorbed HC,04 to produce HC,O4" radicals (Eg. 5-11) that can be
also generated through the reaction between HC,O4 and hydroxyl radicals on the surface of TiO;
(Eq. 5-10). We believe that the direct reaction with the photogenerated holes might be dominant in

our experimental conditions because oxalic acid adsorbs strongly at the photocatalyst surface. The
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direct photocatalysis mechanism has been associated with systems where the substrate adsorbs
strongly at the photocatalyst surface, establishing a good electronic contact.[94] Some previous
reports have shown that oxalate can be oxidized via an indirect hole transfer, i.e., hydroxyl radical
oxidation [95, 96]. However, these studies have been performed either photoelectrochemically or
photocatalytically in strongly acidic conditions (pH < 2). On the other hand, Mendive et al. have
concluded from their ATR-FTIR experiments the direct oxidation of oxalic acid at the TiO, surface
by the hole formed upon UV(A) light absorption [93]. They have theoretically predicted that ‘OH
radicals, if involved in the reactions, only arise from the cleavage of chemical bonds of the adsorbed
oxalic acid and not from adsorbed water.

H2C204 “ HC, O, + H* (at pH ~3) (5-8)
OH@s + h*we —  "OHas (5-9)
HC204 + *OHags) —  HC 04 + OH (5-10)
HC204 + h'wa) —  HCOs (5-11)

The one-electron oxidation process of oxalic acid through the C-C cleavage via the photo-Kolbe
mechanism (Egs. 5-12 and 5-13) results in the formation of a strongly reducing radical as an
intermediate, i.e., the carbon dioxide radical anion ‘CO, [E%CO./'CO;) =
-1.9 V] [97]. This radical is an excellent reducing agent and can consequently participate in many
redox reactions. The formation of ‘CO, is confirmed from our EPR spin-trap results, while the
injection of their electrons is detected in our solid-phase EPR data. The formation of “CO; has been, as
well, detected through radiolysis experiments using methylviologen as a mechanistic probe [98]
and through cyclic voltammetry experiments [99]. Carbon dioxide radical anion has a pKa(*CO2H)
~ 2.3[100], hence, in our experimental conditions (pH > 3), “CO;  is the dominant generated species
(Egs. 5-12 and 5-13).

HC,O4 — CO; + HCO, (5-12)
H'CO; - ‘CO; + H* (5-13)

However, ‘CO-" radicals might render the photoreforming reaction rather complicated. Since the
formation of a hydrogen molecule requires two electrons and “CO-" radicals can inject their electrons
in TiO; (current-doubling), we can suggest three different mechanisms for the H, production from
oxalic acid. (1) Upon two-photon absorption and generation of two e/h™ pair, two oxalic acid
molecules inject two electrons into the valence band to be trapped by the photogenerated holes,
while both electrons in the conduction band are then used to reduce two protons to molecular
hydrogen. This mechanism is the “no current doubling” mechanism (Figure 5-21(a) and Egs. 5-14.1
to 5-14.6), which leads to a molar ratio H.:OA of 0.5. (2) Upon one-photon absorption and

generation of one e/h* pair, oxalic acid injects one electron into the valence band to be trapped by
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the photogenerated hole. The *CO;" radical formed has enough energy to transfer another electron
into the conduction band of TiO.. It is thus clear that the second electron originates directly from
*COy radicals. Both electrons in the conduction band are then used to reduce two protons to
molecular hydrogen. This mechanism is the “current doubling” mechanism (Figure 5-21(b) and
Egs. 5-15.1 to 5-15.6), which leads to a molar ratio of H,:OA of 1. (3) The “radical recombination”
mechanism, in which one photon produces a formate anion without the production of a H, molecule
(Scheme 5-1 and Egs. 5-16.1 to 5-16.5). The latter mechanism has been proposed by Yamada et al.
[78] and has been also theoretically predicted by Mendive et al. [93] due to the cleavage of the C-C
bond followed by the addition of ‘H atoms to the adsorbed ‘CO;" radicals.

Mechanism (1) NO current doubling:

2hv — 2ece) + 2h*wp) (5-14.1)
2h* + 2HC,Os — 2CO, + 2'CO; +2H* (5-14.2)
2'COy + H* — CO, + HCO, (5-14.3)
2¢ + 2H* — 2'H (5-14.4)
2’H — Ha (5-14.5)
2hv + H* +2HC,04 — 3CO; + H; + HCOz (5-14.6)
Mechanism (2) with current doubling:

hv — ece *+ h'we (5-15.1)
h* + HCO4 — CO; + 'COy +H* (5-15.2)
"COy — e + CO2 (5-15.3)
2¢ + 2H* — 2'H (5-15.4)
2’H — H. (5-15.5)
hv + H' + HC,Osy  — 2CO; + H; (5-15.6)
Mechanism (3) radical recombination:

hv - ece *+ h'we (5-16.1)
h* + HCOs — CO, + COy+H* (5-16.2)
e + H* — "H (5-16.3)
"CO; +'H — HCOy (5-16.4)
hv + HC0s — CO, + HCOy (5-16.5)
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Figure 5-21 Schematic representation of the two-hole mechanism (no current doubling) and the one-hole
mechanisms (with current doubling). The standard reduction potential of oxalic acid is taken from ref. [101].

The disproportionation of “CO; radicals can compete with the electron injection to TiO,. Carbon
dioxide radical anions show a bimolecular decay rate constant between 7.5 x 108 and 1.4 x 10° |
mol™ s [100]. However, the injection of electrons from (CH3)."COH radicals [E°= -1.8 V] into the
conduction band of TiO, has a rate constant between 1.6 x 108 and 4 x 108 | mol* s [102, 103].
Importantly, Safrany et al. [104] showed that the disproportionation of the (CHs),"COH radicals
competes with the electron injection in TiO,. Hence, the disproportionation of *CO;" radicals might

interfere with the current doubling.

The disproportionation of two "CO, radicals leads to the formation of CO. and formate anion and/or
formic acid [pKa(HCOOH) = 3.75] [64] as per Eq. 9.3 and Scheme 5-1. The generation of formate
is mainly due to the head-to-tail recombination of two *CO; radicals. Flyunt et al. [100] have
demonstrated using radiolysis experiments that more than 90% of ‘CO;" radicals recombined to

produce formate and carbon dioxide instead of recombination at the carbon to generate oxalate.

Our experimental results using Pt/TiO, show that the molar ratio of H2:OA is 0.72. We assume,
hence, that the photocatalytic reforming of oxalic acid mostly occurs via the combination of
mechanisms (1) and (2). Of interest here is the fact that current doubling is not perfect, i.e., the
H:OA is significantly lower than 1. Owing to the previous discussion, we suggest that the total

reforming of oxalic acid over Pt/TiO; follows mechanisms (1) and (2) with a similar probability,
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leading to a maximum yield of H, between 0.5 and 1. The by-products, e.g., formate, may not act
as hole scavengers at low concentrations especially in the presence of oxalic acid on the surface of
the photocatalyst. It has been demonstrated that oxalic acid adsorbs more strongly on TiO than
formate, which favors the photocatalytic reforming of oxalic acid even in the presence of an excess

amount of formate [59].

The lower contribution of the current doubling can be due to the incomplete transfer of the injected
electrons to platinum NPs as shown by our solid-phase EPR results. Moreover, *CO-" radicals can
react with other species in suspension, taking into account the nature of the species and the lifetime
of the radical. It was previously noted that current doubling for methanol never reaches the same
extent as the hole-induced current and that its extent depends on many factors such as concentration,
pH and light intensity [105]. Such a lower contribution has been also observed by Nogami and
Kennedy [106], who investigated the photo-oxidation mechanisms of methanol, formaldehyde, and
formic acid using the rotating ring disk electrode technique with n-TiO; as a disk electrode. They
found upon illumination that, although true current-doubling (100% increase) was not achieved,

photocurrent increases of ~50% were observed.

When other photocatalysts are employed (i.e. bare TiO2, Au/TiO,, and Au-Pt/TiO,), the H2:0A
molar ratios are lower. In the case of bare TiO;, the ratio is even lower than 0.5, i.e. the expected
value from mechanism 1. From these considerations, we expect in these cases a stronger
contribution of mechanism (3). Indeed, the recombination of *H atoms on platinum is higher than
on gold (recombination factor y = 0.06 and 0.03 at 293 K for Pt and Au, respectively) [107],
decreasing, in this case, the probability of mechanism (3). Moreover, it has been reported that *H
atoms are produced on TiO; surfaces before their recombination on the metal co-catalysts [108,
109], and that "H atoms can spillover from the metal co-catalyst to the titanium dioxide surface
[110]. Thus, in bare TiO- the absence of a co-catalyst means that a large fraction of *H will end up
producing formate (Eq. 5-16.4), decreasing the yield of H,. This argument is supported by the
distinct amounts of produced formate over the different materials (Figure 5-17). Another possible
pathway for the production of formate can proceed via the cleavage of the C-O bond as predicted
previously [93], forming the adsorbed ‘CO-CO; radicals. The formed radicals can react with "H
atoms producing adsorbed glyoxylate. The later might undergo cleavage of its C-C bond, producing
formaldehyde through the reaction between ‘H atoms and formyl radicals. In addition to the
detection of formyl radicals by means of the EPR spin-trap experiments, the production of
formaldehyde was also detected by following the color developed upon its derivatization with

Nash’s reagent [111]; however, the quantitation of these trace amounts was difficult.
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Scheme 5-1. The proposed surface reaction mechanism of the photocatalytic oxalic acid conversion on TiO.

5.6. Additional investigations into H, production from oxalic acid on Pt/TiO>

The photocatalytic experiments, in which QMS was used as the gas detector, were repeated after
the addition of 20 mmol I KI to the suspension. Interestingly, higher amounts of gases, especially
H,, are evolved when using KI until 800 min of irradiation, after which no-detection of gases is
possible as shown in Figure 5-22. Hence, when the concentration of oxalic acid getting lower with
the irradiation time, K1 act as an effective hole scavenger ensuring the good separation between the

charge carriers over the whole range, producing H, more efficiently.
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The total amounts of H, and CO; gases were found to be 55.14 + 1.410 and 112.1 + 3.141 pmol,
respectively. Here, CO2:Hz, H2:OA(oy and CO2:0Aomy ratios are 2.033, 0.993 and 2.020,
respectively. Interestingly, the calculated ratios are in accordance with the theoretical expected
ratios. These numbers confirm a total conversion of oxalic acid with a stoichiometric amount
evolved of molecular hydrogen, which was not the case in the absence of KI. Noteworthy, even in
the presence of Kl, H. is not detected when oxalic acid is totally consumed from the suspension. This
observation confirms that KI enhance the activity, while oxalic acid is the responsible of H, production.
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Figure 5-22 Time course of the gas evolution rates over Pt/TiO; in the absence and in the presence of 20 mmol I1 KI
in addition to 1.11 mmol I'* oxalic acid.

Unfortunately, it was impossible to track the concentration of oxalic acid in suspension due to the
interference of Kl in the HPIC analysis. However, the formation of formate as a by-product was
inhibited upon the presence of KI in the suspension, indicating the fast transformation of "COy
radical to CO; instead of their reactions with "H atoms. Besides, EPR spin-trap spectra showed the
formation of only one DMPO-spin adduct related to *CO; radicals, hence, Kl inhibits the formation

of the other radicals.

In conclusion, HPIC and EPR spin-trap results confirm the inhibition of by-products formation
when Kl is used, where "CO;" radicals are the only species detected upon the irradiation. This can
be assigned to the fast reaction between I, formed upon the oxidation of KI and "*CO;" radicals,

transferring the latter to CO,. This mechanism is proposed in Egs. 5-16 to 5-21, respectively.

The presence of Kl can, additionally, affect the Hydrogen adsorption on platinum, disturbing the
H-Pt bonding. Chemisorbed iodide ions have been found to cause a decrease in the amount of
adsorbed hydrogen on Pt surfaces [112]. It has been also reported a repulsive interaction between
adsorbed hydrogen and halogen atoms. Thus, it has been found that H-I co-adsorption is of a

competitive character [113].
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2 + h've — L~ K=3.2 x 10° [114] (5-16)
21, —» Is +1” (5-17)
ls- — 17 + I (5-18)
ls +e — L+ 1 (5-19)
L+e — - (5-20)
‘CO; + I > I +CO; K= 7 x 10° [115] (5-21)

5.7. Concluding remarks and future outlooks

The first aim of this study was to systematically develop TiO. photocatalysts that can
photocatalytically produce molecular hydrogen from reforming reactions without the use of
expensive noble-metal co-catalysts. The “Design of Experiments” approach combined with the
“Full Factorial Design” has successfully been applied to investigate the most influential factors and
to optimize, in few experimental runs, the synthesis of TiO; through the EISA method. Although
the bare photocatalysts produced may not have photonic efficiencies being high enough for the
practical applications, this work has advanced the understanding of new types of interstitial defects
and/or surface defects, which apparently have a great impact on the optical, physical, and electronic
properties of TiO,. These are, indeed, the main properties that should be improved to positively
promote the photocatalytic activity accordingly. Future investigations regarding the procedure, by
which the Ti(ll) contents can be increased are highly recommended. Moreover, producing this type
of defected material exhibiting higher surface area and an ordered mesoporous structure will
definitely raise the performance. Deeper and theoretical calculations should also be conducted to

further understanding the catalytic mechanism by which Ti(ll) drives the HER reaction.

The investigations carried out in the second part of this research have provided many opportunities
for future research. The most important outcomes can be summarized as follows: (1) oxalic acid is
an efficient material to produce H, via the photoreforming in Pt/TiO, suspension, (2) the
photocatalytic activity is found to be strongly correlated with the work function of the respective
metal, (3) the interfacial charge reaction mechanism through which oxalic acid is converted to CO»,
formate, and formaldehyde has been established, (4) the distribution of the main and of the by-
products depends largely on the employed co-catalyst, (5) the apparently lower yield of H, as
stoichiometrically expected can be explained by the formation of by-products, and (6) the presence
of Kl inhibits the formation of by-products, thus promoting the H, evolution yielding the theoretical
expected amounts. The mechanism, by which Kl affects the photocatalytic efficiency is most

certainly an interesting research aspect for future investigations.
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