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Abstract

Catalysis is a key technology that may enable the solar fuel generation. In particular,
heterogeneous catalytic systems either employing photocatalysts or (photo)electrode materials have
been developed during the last decades to achieve reductive and oxidative multi-electron reactions to
convert water into H, (fuel) and O,. In this work, the interplay of chemically produced graphene and its
derivatives with semiconducting nanoparticles and derived architectures are investigated. As a result
of its exceptional conductivity properties it is believed that graphene might enhance the separation of
charge carriers, consequently increasing photocatalytic performances.

It has been revealed that catalytic properties of heterogeneous photocatalysts are strongly
influenced by two geometrical parameters: size and shape. Hence, the ability to control and
manipulate the nanocrystals size and shape is advantageous to tune the physical and chemical
properties of photocatalysts. In this manner, it was demonstrated by comparative study on Au/NaTaO;
that employing an exotemplate synthesis method for the semiconductor leads to superior
photocatalytic performance in combination with graphene additives compared to materials obtained
by the established solid-state reaction. This was mainly done through reducing the particle size and
increasing the surface area. Additionally, in situ EPR spectroscopy was applied to the
photosemiconductor systems together with multi-layer graphene to understand the interaction
between both materials.

Moreover, inspired by the strategy developed by Niederberger based on the self-assembly and
in the oriented attachment mechanism to convert preformed functionalized TiO, particles into a

mesoporous network system it was possible to obtain aerogel co-loaded with metallic nanoparticles
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and graphene as additive. These multicomponent aerogels with control over particle size, surface area
and pore structure showed high photocatalytic activity. This architecture is responsible for the
enhancement of the photocatalytic activity, which reached a maximum H, production rate of 12 mmol
H, g™* h™ for the TiO, aerogel with a Pt content of 0.4 wt%. However, addition of graphene showed no
significant improvement of the photocatalytiv activity since the carbon material was sterically shielded
from the semiconductor and charges could not have been separated

Finally, several obtained lyogels (stage before achieving the dry aerogels) incorporated with co-
catalysts and/or additives could be employed to prepare porous electrodes by spin coating. The
electrocatalytic HER activities of the 1.0-Pt/TiO, and 1.0-Pt/TiO,/m-rGO were tested and compared
with a commercial benchmark material containing 10 wt. % Pt on carbon support. Although the
produced electrodes resulted in inferior activity compared to the benchmark material, the cyclic
voltammetry curves exhibited significant improvement of density current for the porous TiO,
electrodes at overpotential of 0.2 V (vs. RHE) in combination with graphene. The Pt/TiO,/m-rGO (m-
rGO = multilayer reduced graphene oxide) exhibited nearly 3 times more active than the 1.0-Pt/TiO,

electrode.
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Kurzfassung

Katalyse konnte die Schlisseltechnologie fiir die solare Treibstofferzeugung werden.
Heterogene Systeme mit entsprechenden Photokatalysatoren oder Photoelektroden wurden bereits in
den letzten Dekaden entwickelt, um die reduktive und oxidative Multi-Elektronenreaktionen zur
Umwandlung von Wasser zu H, (Treibstoff) und O, zu ermdoglichen. In dieser Arbeit wurde speziell das
Zusammenspiel zwischen Graphen bzw. dessen Abkommlingen und Halbleitern bzw. davon
abgeleiteten Strukturen untersucht. Als Resultat seiner aulergewoéhnlichen Leitfahigkeit wird
angenommen, dass Graphen die Trennung von Ladungstragern verbessert und somit die
photokatalytische Leistungsfahigkeit des Gesamtsystems.

Es ist bekannt, dass die katalytischen Eigenschaften eines heterogenen Photokatalysators
deutlich von zwei geometrischen Parametern abhangen, namlich der GréRBe und der Form.
KristallitgroBen und —formen zu manipulieren ist somit essentiell, um physikalische sowie chemische
Eigenschaften der Photokatalysatoren zu manipulieren. Auf diese Weise wurde in einer
systematischen Studie an Au/NaTaO; belegt, dass eine Exotemplat-Synthese des Halbleiters zu
liberlegenen photokatalytischen Eigenschaften in Kombination mit Graphen-Additiven fihrt im
Vergleich zu konventionell, liber die Festphasenreaktion hergestellten Halbleitern. Hauptsachlich kann
dies auf die deutlich reduzierte PartikelgrofRe des Halbleiters und somit der vergréRerten Oberflache
zuriickgefiihrt werden. Zusatzlich konnte mittels in situ EPR Spektroskopie die zugrunde liegenden
Wechselwirkungen zwischen beiden Materialien aufgeklart werden.

Weiterhin, inspiriert durch eine Syntheseroute von Niederberger, wurde die Selbstanordnung
und orientierte Verknlipfung von vorgefertigten und funktionalisierten TiO, Partikeln genutzt, um
mesoporose Netzwerksysteme aufzubauen und damit Aerogele zu erzeugen. Diese kdnnen zuséatzlich
mit Co-Katalysatoren sowie Graphen beladen werden. Diese Multikomponenten-Aerogele, mit
kontrollierter PartikelgroRe, Oberfliche und Porenstruktur, zeigten hohe photokatalytische Aktivitat.
So konnten an einem TiO,-Aerogel mit nur 0.4 % Pt bis zu 12 mmol H, g h™ erzeugt werden. Die
Zugabe von Graphen zu dieser Struktur konnte jedoch die photokatalytische Aktivitat nicht erhéhen,
da in dieser Architektur das kohlenstoffhaltige Material sterisch vom Halbleiter abgeschirmt war und
Ladungstrager nicht separiert werden konnten.

Letztlich wurden mit Additiven beladene Lyogele (Gele gefiillt mit Losungsmittel) genutzt, um
porose Elektroden durch Spincoating herzustellen. Die elektrokatalytische Aktivitat fir die
Wasserstofferzeugung der so hergestellten, mit 1.0 % Pt beladenen TiO,-bzw. TiO,/m-rGO-Filme (m-
rGO = multilayer reduced graphene oxide) wurde getestet und mit einer kommerziellen Referenz
verglichen (10 wt. % Pt auf Kohlenstoff). Obwohl die Leistung der so erzeugten Elektroden in

vergleichbar schlechteren Aktivitaten resultierten, belegte die zyklische Voltammetrie eine signifikante
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Verbesserung der Stromdichte fiir pordse TiO, -Elektroden bei einer Uberspannung von 0.2 V (vs. RHE)
in Kombination mit Graphen. Das Pt/TiO,/m-rGO zeigte so bis zu 3 mal hohere Aktivitaten als 1.0-
Pt/TiO, Elektroden.
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Chapter 1: Introduction

1. Introduction:
1.1 Scope of the work

The objective of the work was study the structure-activity relationship of new heterogeneous
photocatalysts and to provide insights into the nanostructured systems which combine (i) a
photosemiconductor (PS) with (ii) a co-catalyst and/or (iii) additives such as chemically synthesized
graphene for photocatalytic applications. Chapters 1 and 2 introduce the work and provide important
background. The investigated multicomponent photocatalysts were used for the light-driven splitting of
water to yield hydrogen (H,) as described in chapter 3 and 4. In particular, chapter 3 describes the synthesis
and processing of a multicomponent particulate suspension composed of 3 distinct species, which
enhanced the photocatalytic activity as a result of the interplay between the 3 components. A different
approach was used in chapter 4 to convert a particulate system into a mesoporous system with control
over particle size, surface area and pore structure by employing self-assembly together with a non-
hydrolytic sol gel route to enhance the photocatalytic properties by mesostructuring. Furthermore, it was
aimed that the controlled mesoporous structure, an aerogel, has to be extended to different compositions
including the addition of additives or co-catalysts which potentially could enhance photocatalysis. In the
chapter 5, several obtained lyo-gels (stage before achieving the dry aerogels) including co-catalysts and/or
additives could be coated on substrates to prepare porous thin xerogel films by spin coating. The films were
tested in hydrogen evolution reactions (HER) to demonstrate the effect of the co-catalyst and multilayer
reduced graphene oxide as an additive. Finally, the summary and outlook of this work is presented in
chapter 6.

The results demonstrated the flexibility of the processing method to obtain mesoporous monoliths
or films from particles and showed the advantage of such structures compared to suspended particulate
systems in catalytic hydrogen production. However, it was also found the role of graphene is rather case

sensitive.

1.2 Energy scenario challenges

The energy that powers our lives is so essential that its access is taken for granted. A myriad of
activities are done like: eating, heating or cooling down our houses or offices, while driving or being driven,
access to clean water, medicine, electricity to power our appliances and so forth without thinking about it.
However, the time to reflect about powering the planet and whether energy sustainability is achievable at
such huge demands has already come!

As world population continues to grow and the limited amount of fossil fuels begins to decline, it
may not be possible to power and fuel the planet’s energy demand only by using fossil fuels. Moreover,
despite the fact the world is consuming valuable and strategic resources that cannot be replaced in

foreseeable time, the use and combustion of fossil fuels is associated with air quality deterioration, oil
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spills, water pollution and massive release of greenhouse gases such CO, and NO,, which contributes to
increased global warming and consequently the rise of the sea level.' Figure 1.1 illustrates the growing
energy demand from 1965 until 2014. In 2014 the total world energy consumption reached an astonishing
151 PWh (151x10"™ Wh). For the mentioned period the world energy consumption rose nearly 375% in 50
years. To give a glimpse of the size of this consumption, the amount of energy consumed in 2014 is
equivalent to the energy output of nearly 32000 Rostock power plantst (based on bituminous coal) or more
than 5220 Fukushima’s nuclear plants before the disaster® or simply 1720 Itaipu Dam’s with a flooded area
of 1350 km” for each dam®.

Figure 1.1(b) illustrates that the production and use of renewable resources achieved a growth of
nearly 370% from 2005 to 2014, however even assuming a continuous growth, would mean that renewable
energy will be responsible for only 8% of the total energy mix without considering hydro power by 2035.2
(Hydro power was excluded because its potential growth is nearly saturated and the aforementioned
report does not include hydro power in the renewable technologies.) Nowadays, nearly 86% of the world’s
energy consumption comes from fossil fuels, roughly divided in equal parts of oil, coal and natural gas as
depicted in Figure 1.2, while nuclear power accounted for 4.4%, hydro power for 7% and renewable
sources such as solar, wind, geothermal, biomass and biofuels accounted for 2.4%. Taking into account the
relatively low prices and abundance of fossil fuels in comparison with the relatively high cost of renewable
technologies it is highly likely that fossil fuels are going to play a major role in the energy matrix for the next
decades.

The future challenges to reduce our fossil fuel dependence and mitigate CO, emissions require large
scale and efficient methods to convert renewable raw materials into useful fuels and chemicals to achieve
environmental and energetic sustainability. Therefore, pursuing renewable energy sources is of utmost
importance to replace fossil fuels which should be saved for more sophisticated applications such as for
fine chemicals (polymers and pharmaceuticals) which have their basis in smaller and simpler organic
molecules derived from petroleum. In this respect, one possible and promising strategy is to efficiently
obtain light-driven splitting of water to generate hydrogen and oxygen for harvesting and storing the
sunlight energy into chemical bonds. So, water could be used to replace fossil fuels as the primary resource
of hydrogen with the advantages of being clean, abundant and renewable, besides to not contribute with
greenhouse gases emissions. In contrast to available resources such as fossil fuels, hydrogen has to be

produced, making it an energy carrier and not a proper fuel.

" Kraftwerks und Netzgesellschaft mbH (KNG) annual power generation (2014): 4.84 TWh.

¥ Fukushima Daiichi annual power generation (2011): 28.89 TWh.

s Itaipu Binacional annual power generation (2014): 87.8 TWh.

Power generation values were obtained from the official websites: KNG, Tepco and Itaipu Binacional, respectively.
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Figure 1.1 (a) World energy primary consumption from 1965 to 2014 in (1x10" Watt-hours). (b) World energy
renewable energy consumption evolution from 1965 to 2014. Renewable energy here refers to geothermal, wind,
solar, biomass, waste and biofuels. Biofuels started to count from 1989.°

World Energy Consumption: 151 PWh (2014)
Oil

Coal

Natural Gas

Hydro

Nuclear

Renewables

Figure 1.2 World energy consumption in 2014, after compilation from BP Statistical Review of World Energy and
International Energy Agency (IEA) Key World Energy Statistics. ? Petawatt-hour (PWh) =1 x 10" Wh.

There are a number of ways to achieve solar hydrogen production such as: (i) the well-established
water electrolysis using renewable power sources such as solar cells, wind turbines, geothermal or
hydraulic power; (ii) reforming of biomass and (iii) artificial photosynthesis which can be divided into
photocatalytic particulate** process or by photoelectrochemical (PEC) water splitting.

The atmosphere of earth is mainly composed of nitrogen gas (78%), oxygen (21%), argon (0.93%),
and carbon dioxide (0.04%) and traces of several other gases. Plants and some bacteria release oxygen
through a process called photosynthesis.* Photosynthesis is a relatively low efficient method of converting
solar energy into chemical energyH in the form of sugars (glucose, fructose, etc.) according to the reaction

in equation 1.1.° Therefore, photosynthesis is the process whereby green plants produce fuel to supply

themselves.

M System composed only by powder material that can be suspended in a liquid solution.
++ . . . . .
Photosynthesis is about one order of magnitude lower than existing solar-photovoltaic and solar thermal technologies.
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sunlight
6 C02 + 12 Hzo _— C6H1206 + 6 02 + 6 HzO (11)

In this context, understanding how nature is able to convert sunlight to drive the synthesis of
sophisticated molecules to store chemical energy may help researchers to develop bioinspired
photocatalysts. Thus, one of the most exciting options is the solar hydrogen concept better known as
artificial photosynthesis, where molecular hydrogen and oxygen can be produced by harvesting the sunlight
and converting water to fuel, as can be summarized by (Eq. 1.2).° Molecular hydrogen (H,) represents
stored energy in the form of H-H chemical bonds and is being considered as a clean energy carrier because
when combined with oxygen, the stored chemical energy can be released generating water as the reaction
product. Additionally, hydrogen can be easily converted into electricity by the aid of fuel cells without
releasing harmful byproducts to the environment.” Artificial photosynthesis may be an efficient solution for
alleviating the adverse effects of burning fossil fuels and the rising CO, levels in the atmosphere. Our living
planet is already covered with photosynthetic units that have served us well as producers of food and fuel.
Accordingly, making artificial systems that can mimic natural photosynthesis in a more sustainable and

efficient way is a fascinating scientific challenge.’

1.3 Fuels and chemicals from renewable hydrogen

Artificial photosynthesis is a method to convert raw materials such as water and CO, into fuels like
hydrogen (H,), carbon monoxide (CO) and hydrocarbons* by utilizing the power of sunlight in combination
with a photocatalyst.’® The energy provided by UV-vis light is typical in the range of 1 - 4 eV or 100 — 300
kJ/mol, which suffices to provide the minimum energy requirements for the water splitting reaction (Eq.
1.2), (2.46 eV or 237 kl/mol).® The advantage of producing hydrogen as fuel is its high energy density which
can in principle be stored and used in transportation and electricity generation using fuel cells, internal

combustion engines or turbines, releasing water as a main by-product.

[photocatalyst]
2H,0 + sunlight > 2H, + O, AG = 237 kJ/mol (1.2)

The implementation of such a “hydrogen economy” requires improvements and advances not just in
the field of photocatalytic water splitting, but also in hydrogen storage and safety.’ While, hydrogen has a
high energy density from the gravimetric point of view (1 kg of hydrogen is equivalent to 2.64 kg of diesel),

the volumetric energy density is rather low (1 liter of diesel is equivalent to 20 L of hydrogen (200 bar).**

H CO, and H, (syngas) can be converted into liquid hydrocarbon fuels (i.e. methanol, diesel) by employing Fischer-Tropsch process.
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Thus, to meet the demand for various applications it is still necessary to find out other suitable ways of
storing H, instead of in its pristine form under high pressure containers (200-700 bar) or liquid cryo-
storage®®. Another promising approach is to store hydrogen by forming new chemical bonds. This can be in
the form of metal hydrides like MgH, and LiBH, or even combining H, with abundant resources like N,, CO,
and O, for instance.’®*

By combining H, with N, one can obtain ammonia as shown in eq. 1.3, or by reacting with CO, it is

1213 Renewable energy driven water splitting could

possible to generate methanol as indicated in eq. 1.4.
provide an alternative hydrogen source for ammonia and methanol synthesis with the advantage of
releasing no CO, into the atmosphere. Nowadays, the Haber-Bosch process hydrogenates over 120 million
metric tons of nitrogen to produce ammonia for fertilizers (eq. 1.3). However, the H, consumed in the
Haber-Bosch process is produced mainly by steam reforming or coal gasification and consumes up to 5% of
the world’s natural gas production liberating large amounts of CO, to the environment.* Although,
methanol is currently synthesized from syngas using non-renewable sources such as natural gas, naphtha or
coal over heterogeneous catalysts™ the direct synthesis of methanol from carbon dioxide and hydrogen has
been proposed in response to reduce CO, levels in the atmosphere besides reaching CO, neutral

131%1n 2007, a company in Reykjavik — Iceland, demonstrated the feasibility of the conversion of

production.
CO, from geothermal or industrial emissions and hydrogen produced from renewable energy toward
methanol."” The pilot plant production with a capacity of 5 million liters/year is already suppling renewable

methanol to fuel cars or used for blends with gasoline according to EU standards.””

cO, + 3H, —> CH;OH + H,O (1.4)

Therefore, the conversion of solar energy into hydrogen and its storage through generating new chemical

bonds appears to be a very attractive approach towards reducing the dependence on fossil fuels.

1.4 Design and developing materials for heterogeneous photocatalysis

Heterogeneous catalysis is of paramount significance for the modern society as it is part of the basis
of modern chemical industry. A multitude of products and molecular building blocks are manufactured
from using petroleum and natural gas as feedstock by employing solid catalysts. The list of manufactured

products is large such as: fuels, fertilizers, flagrances, flavours, polymers, fabrics and pharmaceuticals.

s Mainly because of safety and high cost issues, respectively.
Carbon Recycling International (CRI): 1% renewable methanol fuel station in the world for electric cars (www.carbonrecycling.is).
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Additionally, several commodities precursors are also produced by employing catalysts like: ammonia,
ethylene, benzene, toluene, xylene and terephtalic acid and other several monomers for the polymer
industry, for instance.’®%°

Heterogeneous (photo)catalysis is driven by the catalyst surface, i.e. size, area, local composition and
morphology including the ability to transfer charges. It has been revealed that physical properties of
nanocrystals are strongly influenced by two geometrical parameters: size and shape. Hence, the ability to
control and manipulate the nanocrystals size and shape is advantageous to tune the physical and chemical
properties of (photo)catalysts. For instance, it has been reported both experimentally?! and theoretically®
that the electronic band of a crystal is gradually quantized as its geometric size is reduced, resulting in an
increase in the band-gap energy. Likewise, the properties of a crystal are also influenced by its shape, as
demonstrated by the catalytic reaction between hexacyanoferrate (lll) and thiosulfate ions using
tetrahedral, cubic and quasi-spherical platinum nanocrystals.”® The chemical growth of nanomaterials in
liguid media commonly involves the process of precipitation of a solid phase from solution. Thus, the
understanding of process and parameters controlling the precipitation is a key to achieve customized size
and shapes. Roughly, the growth process can be divided in 3 stages: (i) generation of nuclei, (ii) evolution of

242 Therefore, monodisperse colloids are produced

nuclei into seeds, (iii) growth of seeds into nanocrystals.
by one single and short time nucleation event followed by slower growth on the existing nuclei.” The sol-
gel method can be used to obtain monodisperse colloids by making use of coordinating solvents
(alkylphosphines, surfactants and organic ligands), which bind to the surface of nanocrystals. The role of
the coordinating solvent is to stabilize the nanocrystals in solution and slow the mass diffusion rate to the

nanocrystals, resulting in smaller average crystal size.”®?’

The customized shape of nanocrystals has been
widely studied for several different morphologies.”>?** These basic building blocks have unique geometries
and properties and can be used further as components in more complex nanostructures. If the assembly of
several components, each with different geometries can be controlled, the construction of novel
nanostructures may be possible. Therefore, the anisotropic growth of nanocrystals is promoted by three
main shape-controlling mechanisms: (i) seed-mediated solution-liquid-solid growth, (ii) shape
transformation through oriented attachment, and (iii) kinetically induced anisotropic growth. The
kinetically induced anisotropic growth can be used as a good example to demonstrate the shape control.
This mechanism growth is very effective to produce different shapes of nanocrystals from molecular
precursors, because the surface energy of the nanocrystals can be tuned by introducing surfactants that
adsorb onto surfaces of growing crystallites. When surfactants or organic ligands stabilize a certain surface
by “selective adhesion”, the growth rate difference between different crystallographic directions can be
accentuated.”®*

Photocatalysis has its roots in the beginning of the 20th century in the Soviet Union and Europe

registering an exponential growth from 1970 in the field of heterogeneous photocatalysis regarding

6
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environmental remediation.> In particular, photocatalysis has been the focus of intense research in recent
years because of alarming energy scenarios and the urgency to reduce our carbon footprint. The number of

scientific reports on this topic exceeded 8700 just in 2014.""

The amount of solar energy reaching Earth’s
surface exceeds the human demand for energy;* the challenge is to collect, convert and store this diffuse
and intermittent source of energy efficiently. The growing interest is based on the possibility of converting
the free and abundant sunlight energy into chemical energy, to oxidize or reduce materials or to obtain

335 a5 well as for environmental

useful materials such as hydrocarbons,®?* hydrogen and oxygen
remediation®® and water treatment.’ In this context, the development of new heterogeneous
photocatalysts for H, generation is highly desired. However, the design of photocatalysts for H, evolution
requires a series of features such as: i) semiconductor materials able to utilize sunlight effectively with a
suitable band gap in the range of 2.4 eV including band gap engineering through ion or anion doping; ii)
photostability over longer period of time and no degradation or deactivation during reaction cycles; iii)
charge carrier dynamics and the need to form long-living separated charges to drive the multi-electron
reduction of water; iv) optical absorption as fundamental factor for photocatalytic activity that is closely
related to the crystal structure, morphology, exposed facets and pore structure of the photo-
semiconductor and v) all of the above at low cost.

Synthetic methodologies are fundamental to tailor and develop photocatalysts features beyond
tuning the particle size, surface area, crystalline phase and exposed facets. One feasible and promising
direction in inorganic and materials chemistry synthesis and design of photocatalysts is to exploit the
structural dimensionality to build more sophisticated architectures than those that are currently known,
such as decorated-, encapsulated- and heterojunctions-structures for instance. Structural dimensionality is
an additional feature that can provide a convenient way to tune the photocatalytic properties by confining

3839 Therefore,

electrons into zero-, one-, two- dimensions or delocalizing them into three dimensions.
designing nanostructure architectures with different morphologies and properties is the subject of
extensive research. Attention is focused on photocatalysts based on metal oxides, in particular TiO,"
materials that include nanospheres (0-D),*" -wires, -rods, -tubes and ribbons (1-D),** nanosheets, -platelets

and -disks (2-D)* and mesoporous structures or interconnected architecture (3-D)***

as illustrated in Fig.
1.3. These materials possess novel physical and chemical properties that are completely different from
those observed in bulk materials.*

Several techniques have been developed to produce 0-D, 1-D, 2-D and 3-D nanostructures, however
one must consider which methodologies are prone to bring all those geometries and dimensions together
either in one single structure or in a hybrid structures. There are several designs used as photocatalysts

reported in the literature such as mesoporous-, decorated-, encapsulated- and multi-junction-structures

either for particulate or thin film photoelectrodes as shown in Fig. 1.4.

tt
Number of publications with topic keywords of “photocatal*” using Web of Science database, researched in June, 2015.
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Figure 1.3 Schematic illustration of structural dimensionality of materials. In 0-D the electrons are confined into all
dimensions, while 1-D and 2-D electrons are confined into one or two dimensions, respectively. Finally in 3-D electrons
are delocalized. This Figure was adapted from Ref. 39.

In general, all these structures can be synthesized using wet chemical processes, with the exception of thin
films employed as electrodes that are more likely to be produced by physical- or chemical- vapor
deposition®® and sputtering®”’ due to the superior homogeneity and reproducibility. The mesoporous
materials are characterized by the presence of pores in the range of 2-50 nm diameter and are prepared
conventionally by using templating agents (polymers, co-polymers, surfactants etc.) which are incorporated
into a material and later removed or destroyed, leaving pores whose nature and degree of connectivity are
driven by the templating agent.”® Template-free methods are also available to prepare mesoporous
materials, however this kind of approach is restricted to few compositions and is based on sol-gel
chemistry.*

The decorated configuration consists of a photocatalyst as the main component (mostly over 98
wt.%) decorated with smaller noble metals or transition-metals (preferentially as nanoparticles) employed
as co-catalyst, usually obtained by wet routes like sol immobilization followed by reduction, wet

impregnation®" or in situ photodeposition.*>>*

Similarly, to the impregnation and photodeposition methods
other modifications can be introduced in order to prevent the water splitting back reaction by adding a
protective layer or by encapsulating the co-catalyst, the current method is commonly known as core-shell
method. This method consist of encapsulating the core (usually a metal nanoparticle) with a resistant metal
oxide thin layer (Cr,0s, SiO, for instance) designated shell as reported by Domen et al..>* An incremental
modification was later reported by the same group regarding the use of a core/shell structure to spatially
separate the co-catalyst sites for hydrogen (inner part of the spheres) and oxygen evolution (outer surface
of the sphere) avoiding in this way the undesired water splitting back reaction.>

The scarcity of single photo-semiconductors (PS) that can be used for efficient solar water splitting

have stimulated the combination of two or multiple semiconductors with different band gaps in order to

absorb a larger fraction of the solar spectrum, and in addition to provide the necessary band-edge energy
8
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levels to obtain overall water splitting. In this respect, the synthesis of heterojunctions for particulate
systems are based on sol-gel routes and are usually restrictced to the combination of two
photosemiconductors such as Bi,S;/TiO,,>® CdS/TiO,,”° Cu,0/Ti0,,>” WO5/TiO,,*® BiVO,/TiO,,>° a-Fe,0;, WO,
and CdS deposited on ZnO® for instance. Additionally, photo-semiconductors (PS1, PS2 as depicted in Fig.
1.4) mediated conductive layers were also considered as a promising configuration for water splitting
devices, i.e. the conductive layer acts as the shuttle for the charge transfer between the two components
and may also act as support for proton reduction, as a result of synergy provided between different photo-
semiconductors coupled with a conductive layer such as reduced graphene oxide.®***®* This mediated
conductive layer obtained by simple mixing of the single components under hydrothermal conditions to
achieve close effective contact between the components resulted in satisfactory photoactivities.®*** The
same approach used for producing heterojunctions in particulate system can be extended for the
preparation of (photo)electrodes or PEC devices. Briefly, PEC water splitting devices, which use solar energy
to convert water into hydrogen and oxygen, can be configured as: (i) photoanode + photocathode, and (ii)
tandem cell absorber + electrocatalyst. These photoelectrodes are feasible to be prepared as double or
triple heterojunction (also called multi-junction as illustrated in Fig. 1.4) systems as reported by several
groups.®® Several examples of multi-junctions were published recently by Fan et al. on the fabrication of a
ternary TiO,/reduced graphene oxide (RGO)/Cu,0 heterostructure by using a RGO layer between TiO, and
Cu,0, which exhibited significant photocurrent improvement compared to the pristine TiO,.** Huang et al.
also fabricated a ternary photoelectrode made of Cu,0/CuQ/TiO, nanowire arrays on Au substrates. The
Cu,0 layer on CuO/TiO, was found to prevent the photo-corrosion and enhanced the overall photocurrent
of Cu0.® Shankar and Cho et al. reported on a hierarchically branched TiO, nanorod structure (1-D
oriented) that can be used as model for efficient photoelectrochemical hydrogen production which offers a
large contact area with the electrolyte, excellent light absorption and a highly conductive pathway for
charge carrier collection. The thin films were prepared by screen printing of commercial TiO, nanoparticles
onto conductive substrates followed by calcination in air (also illustrated in Fig. 1.4).5%%’

In the coming decades, more advances are expected in the areas of materials and inorganic
synthesis. Another important feature that has to be considered in designing effective photocatalysts is
based on the understanding of kinetics and mechanisms. Hence, time resolved spectroscopy, in situ
characterization, and theoretical and computational studies, in particular of more complex catalysts and
architectures may contribute to the development of efficient photocatalysts or photoelectrodes

configurations.
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Figure 1.4 Schematic illustration of the different kinds of structures and configurations used to achieve improved
charge separation. (Legend: PS = photo-semiconductor, MNP = metallic nanoparticle).

1.5 Nanoparticle self-assembly to achieve new mesoscopic and macroscopic architectures for

catalysis

The ability to design inorganic materials into 1-, 2-, and 3 dimensions at the nanoscale using self-
assembly may play a vital role in advancing the fields of (photo)catalysis, environmental remediation and
energy conversion. Within the field of nanotechnology, NP are ideal building blocks for the fabrication of
superstructures.”® In this respect, self-assembly of nanoparticles has been identified as an important
process where the building blocks spontaneously organize into ordered structures by thermodynamic and
other constraints. However, in order to successfully exploit nanoparticle self-assembly in technological
applications and to ensure efficient scale-up, a high level of direction and control is required. The appealing
feature to use NP as building blocks relies on their unprecedented physical and chemical properties
compared to the corresponding bulk material. Gold, for instance can illustrate these unprecedented
properties very well: bulk gold is yellow, shiny, melts around 1337 K and it is one of the least reactive
elements. While colloidal gold with 10 nm sizes appears red in aqueous solution, its melting temperature
decreases significantly as the size goes down and it becomes catalytically active.®® The activity is so much
enhanced that gold NP are excellent catalysts for CO oxidation, olefin hydrogenation and redox reactions.”
The interaction between nanoparticulate building blocks as consequence of their spatial arrangement can
result in novel and unique properties that are not found in the individual components. Hence the challenge
in materials chemistry is to combine the size effects to induce properties that supersede those of the single

units.”*
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Several strategies are known to assemble NP into superstructures, however most of them result in
arrangements with just a few micrometers range order.”” Therefore, the development of assembly
methods that can provide ordered structures over longer distance (i.e. centimeters) is of fundamental
importance to obtain the aforementioned collective properties in macroscopic materials. One very
insightful approach was developed by Niederberger et al. which consists of an anisotropic “polymerization”
of TiO, nanocrystals into wires and further modification to obtain macroscopic 3D networks.”*”* The
polymerization approach based on solution chemistry exploits the fact that TiO, nanoparticles
spontaneously grow by the oriented attachment mechanism.** In detail, ligands that can selectively attach
on specific surface facets steer the anisotropic growth of the nanostructure.” For example, nanopowders
composed of surface-functionalized anatase crystals self-organize into different structures upon
redispersion in water. Previous reports suggested that the obtained anisotropic structure is a consequence
of the ligand functionality and also to the water-promoted desorption of the organic ligands from the {001}
facets of the crystalline building blocks, in addition to the selective replacement of water on these crystal
facets. Both processes induce the preferred attachment of the titania nanoparticles along the [001]

direction as shown in Fig. 1.5.72*7%

[001]

H20 90°C

Selectlve
replacement

Figure 1.5 Proposed mechanism for the anisotropic growth of TiO, into wires. TiO, nanocrystals are functionalized
with amino compound (NH,C(CH,0H);) subsequently the powder is dispersed in water and heated up for a couple of
minutes to 90°C to induce the selective replacement of the amino compound until gelation takes place.

Thus, the method demonstrated the feasibility of the self-assembly approach to obtain macroscopic
structures with several centimeters in length, by using titania anatase nanocrystals (in the range of 2-3 nm)
as building blocks. Although the macroscopic structure i.e. the mesoporous crystalline aerogel obtained is
still primitive regarding its counterparts produced by molecular self-assembly or nanofabrication’® it
signifies a breakthrough in controlling nanocrystals organization and spatial arrangement over the
centimeters range. In addition it provides a new method to obtain architectural design of catalysts at

multiple scales, as illustrated by Fig. 1.5.”*"

¥ |nteraction and aggregation along specific crystallographic directions to form 1-D nano-wires or nano-rods to 2 or 3-D
superstructures.
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2.  General principles for photocatalysis based on semiconductors systems
2.1. Scope of this chapter

In this chapter the aim is to provide a critical overview analysis in terms of sunlight conversion
efficiency to guide the design of semiconductors. Herein, the principles for the development and
progress of photocatalysts and photoelectrodes will be described and illustrated. This includes the
latest solid materials (e.g. metal oxide based systems, oxynitrides, oxysulfides) and molecular or
sensitization approaches which have been used to achieve or which contributed for the
understanding and advance of this challenging research field. The critical assessment in terms of
efficiency will be illustrated by the use of three different design strategies employing photocatalysts*
and photoelectrodes for solar fuel production namely (i) particulate or colloidal semiconductors (ii) Z-
scheme' configuration and (iii) photoelectrochemical (PEC) cells, with focus on water reduction

reaction, i.e. the hydrogen evolution reaction (HER).

2.2 Efficiency assessment for solar energy conversion and photocatalyst design

The theoretical limit for the efficiency of p-n junction solar converters were elaborated by
Shockley and Queisser in 1961, based on the ideal photovoltaic cell concept.” Their calculation
reached a maximum efficiency of 30% for a single junction solar cell. The updated maximum
efficiency is 33%. The analysis of sunlight composition shows the following: UV — 5% (A < 400 nm),
visible — 43% (400 < A < 800 nm), and infrared — 52% (800 < A < 2500 nm). Therefore, a
semiconductor having a bandgap of A, can absorb photons only with wavelengths shorter than A,
whereas longer wavelengths are not absorbed. Hence, the main factors responsible for the energy
losses in solar cells can be summarized as: (i) loss by long wavelengths; (ii) loss by excess energy of
photons (thermalization); (iii) loss by metal electrode coverage; (iv) loss by reflection; (v) loss by
incomplete absorption due to the finite thickness and (vi) loss due to recombination.’

In order to exceed the Shockley-Queisser limit some strategies can be adopted such as*?®: (i)
employ more than one semiconductor material in a cell; (ii) promote hetero-junction structures; (iii)
modification of semiconductor band structures by doping; (iv) modification of semiconductor
morphology and configuration; (v) sensitization of semiconductors using dye molecules or quantum
dots; (vi) addition of co-catalyst; (vii) addition of other additives such as graphene or carbon

nanotubes; (viii) plasmonic assistance and (ix) concentrate the sunlight. In this way, a critical analysis

! photo-catalyst, photo-semiconductor and/or semiconductor will be used throughout this manuscript without distinction
between them.

" This system was inspired by natural photosynthesis in green plants, which represents the energy diagram for electron
transfer in the “light reaction” during photosynthesis. Also considered a PEC mechanism that uses tandem particles.
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of these features can be used to guide the design of improved semiconductors achieving higher
efficiencies.

In view of these facts, maximum efficiency can be calculated based on two critical factors: (i)
number of semiconductor materials (photosystems) used either single (S) semiconductor or dual (D)
semiconductors with different band gap values; (ii) the minimum number of absorbed photons per
H, molecule, i.e. the use of 1, 2 or 4 photons.1b When these factors are taken into account, the
threshold photon energy and the maximum efficiency can be calculated for all possible combinations
between the semiconductor systems (S and D) and the number of absorbed photons (1, 2 and 4).
According to Bolton’s classification the possible solar water photolysis schemes are denoted as follow
including their theoretical efficiencies: S1 - 5.3%, S2 - 30.7%, S4 - 30.6%, D2 - 42.4% and D4-
41.0%". For example, considering a single semiconductor with E; 1.6 eV or equivalent wavelength
threshold of 775 nm the maximum conversion efficiency under simulated sunlight (AM 1.5G®, 1 atm,
298 K) is nearly 31%. Thus, this system is classified as S2, which is a single band gap material with a
minimum of 2 absorbed photons per H, molecule. The theoretical model which predicts

photoconversion to chemical energy efficiency can be calculated by eq. 2.1.

]g-ﬂex-d’conv (2.1)
—S .

n=
Where: J; accounts for the absorbed photons flux (s™m?), Hec is the excess chemical potential
generated by light absorption, ¢..n is the quantum yield for absorbed photons and S is the total
incident light irradiance (mW cm™). Hence, the critical analysis of Bolton’s classification for splitting
water into its molecular species sets ideal limits on their efficiencies. Moreover, for practical reasons
single gap schemes can achieve up to 10% practical overall efficiency while dual band gap schemes
can achieve up to 16%, after taking into account several losses (i.e. scattering, reflection, quantum
yield, absorption collection losses, etc) g

To evaluate the performance of a given photocatalyst system its efficiency or photocatalytic
activity in hydrogen generation can be measured directly from the amount of hydrogen gas evolved

or indirectly through electron transfer from the semiconductor to water within a certain time period.

However, due to different photocatalytic setup configurations, different light sources and the use of

* For example: S1 refers to single semiconductor system absorbing only one photon; while D2 refers to a dual
semiconductor system absorbing 2 photons.

SAir Mass Global corresponds to the vertical path the sunlight has to traverse through the atmosphere. For AM 1.5 the
sunlight has to traverse 1.5 times as much as AM1 radiation.
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bias assistance” for instance, it becomes extremely difficult to evaluate and make comparison
between hydrogen evolution results reported in the literature. In heterogeneous photocatalysis
(particulate semiconductors), quantum vyield evaluates the number of molecules converted relative
to the total number of photons incident on the reactor walls for an undefined reactor geometry and
for polychromatic radiation. In fact, the quantum vyield (®) as the concept developed for
homogeneous photochemistry must express the amount (mol) of reactant consumed or product
formed in the bulk phase, (n) to the amount of photons at certain wavelength (1) absorbed by the

photocatalyst, (nps) (eq. 2.2).

P =— (2.2)

Where: n is the amount (mol) of reacted electrons or H, produced, while np, is the amount of
absorbed photons by the photocatalyst at wavelength A.>¢ Alternatevily, the solar energy conversion
is another acceptable parameter to evaluate the light energy conversion efficiency and is defined as

according to eq. 2.3.

Output energy as H,

n (%) = x 100 (2.3)

Energy of incident sunlight

2.3  Classification of the solar water splitting systems

In solar water splitting, hydrogen is produced from water using sunlight and suitable
photocatalysts. However there are several ways and configurations one can combine a specialized
semiconductor to harvest and convert light and generate hydrogen and/or oxygen. Hence, this
section will describe and classify the many pathways one can use to cleave the water molecule with
the aid of a photocatalyst and light (i.e. solar spectrum or monochromatic light) as illustrated in Fig.
2.1

The main feature which characterizes whether a system is photocatalytic particulate or
photoelectrochemical (PEC) water splitting is based on the physical way the semiconductor is
employed. Within particulate systems there are two configurations possible: the first is a single
photocatalyst systems without proper band gap requirements which need chemical bias to generate
H, and O,. This approach is the most used system to investigate half reactions, in particular for

hydrogen evolution. Several examples can be enumerated to illustrate this approach, i.e. TiO,

*

.

Here bias assistance can be understand as an additional energy input to the system facilitating the desired
reaction, such as: optical, pressure, thermal, chemical or electrical. Chemical bias is also known as sacrificial
agents or hole scavengers.
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Figure 2.1 Classification scheme for water splitting systems.

Reactions that use sacrificial reagents such as methanol, ethanol, glycerol, EDTA, I, 105" and Fe** are
designated as half reactions of water splitting. These sacrificial agents are frequently employed to
conduct test reactions and to establish whether a certain photocatalyst satisfies the kinetic and
thermodynamic requirements for photocatalytic H, or O, evolution. Thus, achieving simultaneous
oxidation and reduction of water involves a complex multistep reaction which requires four holes to
each oxygen molecule or at least two electrons per hydrogen molecule produced as indicated by
equations 2.5-2.7. Addionally, the use of sacrificial agents can significantly improve H, production by
scavenging holes while the electrons are directed to co-catalyst reducing drastically in this way
carrier recombination. Since methanol, ethanol or glycerol are widely used as sacrificial agents, their
utilization from the environmental point of view will be relevant only if they are derived from
biomass or residue waste other than from fossil sources. Furthermore, since only one gas is evolved
in half-reactions the back reaction which could generate water is suppressed increasing the H, yield,
which also obviates the need for gas separation.?

The second configuration (i.e. for overall water splitting) can be sub-divided into two more
categories: single step photoexcitation and two step photoexcitation (z-scheme or dual-absorber
tandem) system. Single step photoexcitation is based on a layered perovskite single photocatalysts
such as (BaTi,0,)°, tantalates (KTa05)™ and (Ga1..Zn,)(N1..0,) solid solutions'* under UV irradiation to
promote overall water splitting. Two step photoexcitation (dual photo-semiconductor) is used to
comply with the band gap requirements necessary to oxidize and reduce water, such as catalyst
systems composed of Pt/ZrO,/TaON and Pt/WO,."

The PEC system is divided into single photoelectrodes or multi-junction photoelectrodes. The
first configuration is based on the use of a n-type single catalyst (called photoanode) and a p-type

single catalyst (called phocathode). For example, titania thin films are n-type semiconductors that are
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used frequently as photoanodes® while CaFe,0, is a significant representative of p-type material
which can be used as photocathode.” In contrast, the multi-junction system uses at least two
different semiconductors to absorb a substancial fraction of the solar spectrum and generates
sufficient free energy to promote water splitting. Nocera et al. developed a device based into a triple
junction made of amorphous silicon photovoltaic interfaced to hydrogen- and oxygen-evolving
catalysts made from an alloy of earth-abundant metals and a cobalt-borate catalyst operating at
neutral pH conditions achieving efficiencies of approx. 5% for a wired system while 2.5% for a

wireless system. ™ Fig. 2.1 summarizes these configurations aformentioned.

24 Basic principles of water photolysis using photocatalysts

The design of high active photocatalysts relies on understanding of the relationship between
their properties and their performance. Although the comprehension of how photocatalysts work
and their performance have been improved since the pioneering work from Fujishima and Honda® in
1972, the current knowledge is still not satisfactory to reach the proposed 10% solar to fuels
efficiency. Regarding the question “How to develop high-efficient (photo)catalysts?” George M.
Whitesides, one of the most influential chemists of our times, wrote in a perspective essay the
following:'® “One of the uniquely important skills of chemistry is heterogeneous catalysis. Given its
pervasive importance, it is astonishing how much we still do not know about this subject... into
today’s universe of commodity catalysts, we still do not understand (beyond a superficial level) the
mechanisms of these processes that generate fuels, chemicals, and materials”. Comparably, this

state of affairs is not much different for photocatalysts.

fs |= electron-hole generation

- I trapping of electrons and holes

ps | — electron transfer to metallic co-catalyst
=== relaxation of trapped holes

- === relaxation of trapped electrons

Time scales

ns [~
oxidation reaction by trapped holes

HUS =  mmmmm—» charge recombination

v
Figure 2.2 Overview of the time scales in photocatalysis. Illustration adapted from reference 17.

However, recent advances and fundamental studies of photocatalytic processes using time resolved
absorption spectroscopy have contributed to the elucidation of the mobility of photogenerated
charge carriers. Consequently, this allowed the stablishment of the time scales associated with
ectron-hole generation, trapping, relaxation of the trapped carriers, their recombination and

interface charge transfer as shown in Fig. 2.2 (usually the time ranges from a few femto to 100 micro-

20



Chapter 2: General principles for photocatalysis based on semiconductors systems

1819 Knowledge of the time scales and transport of the photo-

seconds depending on the reaction).
generated charge carriers is essential to improve the overall efficiency. Moreover, it is possible to
identify and tackle competing reactions in the bulk or interfacial charge transfer by fostering
photocatalyst design such as noble metal deposition’, transition metal ions doping®, anion doping’,
sensitization®” and semiconductor coupling.”***

The process of collecting and storing solar energy into chemical bonds such as hydrogen (H,) is
known as artificial photosynthesis, because it is reminiscent of the photosynthesis performed by
green plants that convert CO, and water into sugars and oxygen (O,) upon irradiation with sunlight.
The structures which collects and converts sunlight in plants are called a chloroplasts, they are
complex and hierarchical structures composed of thylakoid membranes'', chlorophyll pigments and
carotenoids working together driven by visible light.”> Comparably in artificial photosynthesis the
structure responsible for the sunlight harvesting and conversion is known as photocatalyst. In
general, semiconductors are a group of materials having conductivities between those of metals and
insulators. They possess a nearly filled valence band and a nearly empty conduction band separated
by a band gap (Eg).26 The semiconductor photocatalyst concept was pioneered by Fujishima and
Honda in the early 70’s.” Since then, there is a notable growth of interest and research in
photocatalysis and artificial systems that can mimic plant photosynthesis to harvest and convert solar
energy into fuel. From the thermodynamic point of view, to split 1 mol or (18g) of water into its
elementary O, and H, requires a change of at least 237 kJ mol™ or 1.23 eV in the Gibbs free energy
per mol of electrons transferred. Hence, the energy required to generate 1 mol of oxygen gas (eq.
2.5) corresponds to 4.92 eV because it involves 4 electron-hole pairs per O, molecule, whereas to
generate 1 mol of hydrogen gas (eq. 2.6) corresponds to 2.46 eV because it requires 2 electron-hole
pairs per H, molecule, which is in the domain of 500 nm and 250 nm respectively. The semiconductor

photoexcitation and charge carriers formation, in addition to the half reactions for water splitting are

described below (eq. 2.4 —2.7).

Semiconductor (SC): SC + 4hv [—» 4de + 4 h* (2.4)
Oxidation: 2H,0 + 4h" 5 o, + 4H' (2.5)
Reduction: At + 2 — 2 H, (2.6)
Overall Process: 2H,0 + 4hvy —> 2H, + O, (2.7)

" The thylakoid membrane or flattened sac is a photosynthetic membrane which uses the light energy to split
water into protons, electrons and oxygen.
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Eq. 2.4 represents the photon conversion and electron-hole pair formation in a semiconductor
photocatalyst when illuminated with photons having energies equal or larger than the
semiconductor band gap (Eg). However, this reaction is not enough to explain all processes and
phenomena that occur in a semiconductor while irradiated. For this purpose the band gap model (as
depicted by Fig. 2.3) illustrates accordingly the principles and processes involved in a typical single
semiconductor photocatalytic process. Fig. 2.3a illustrates the electronic structure of a
semiconductor which is characterized by a specific band gap for each semiconductor material. The
band gap is defined as the energy difference between the valence band (VB) and the conduction
band (CB). Therefore the water photolysis is initiated when a semiconductor absorbs light photons
with energies greater than the band gap energy. This energy absorption promotes the electrons in
the valence band to the conduction band, consequently each electron promoted to the conduction
band leaves back one counterpart electron hole in the valence band, or just referred as the electron
(e) hole (h*) pairs, as shown in Fig. 2.3(a). The semiconductor must attend essential conditions to
achieve meaningful water photocatalytic decomposition such as: a) the reduction hydrogen potential
of the conduction band must be more negative than the reduction potential of H"/H, (0 V vs normal
hydrogen electrode - NHE), whereas the valence band must be more positive than the redox
potential of 0O,/H,0 (1.23 V vs. NHE); b) the semiconductor photocatalyst must be stable throughout
the irradiation period and c) the charge transfer through the entire semiconductor must be fast
enough to prevent corrosion and/or reduce energy losses due to overvoltage or overpotential in case

of PEC cells.”’

b) hv > Eg

Potential / NHE

o o o )
@ NS Y

valence band

z

Figure 2.3 Schematic illustration of overall water splitting (a) on a single semiconductor photocatalyst, (b) main
steps involved in a photocatalytic process: (i) photoexcitation and charge carriers generation, (ii) separation of
excited carriers (electrons and holes) and their drift/diffusion to the catalyst surface, (iii) introduction of
reduction and/or oxidation co-catalyst sites to facilitate the H, and O, evolution reactions respectively.
Illustration adapted from reference 36.

In Fig. 2.3b the main processes involved in the light absorption and charge carriers formation and
their diffusion through the semiconductor surface is illustrated as follows: (i) photoexcitation and
charge carrier generation, (ii) separation of excited carriers (electrons and holes) and their
drift/diffusion to the catalyst surface, (iii) reduction and/or oxidation on co-catalysts to facilitate the

hydrogen and/or oxygen evolution reaction. Although several reviews were published in the topic of
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heterogeneous photocatalysis mechanism using the energy band model (as shown in Fig. 2.2.), we

still lack a great deal of understanding it. >*72%*

2.5 Design strategies for semiconductor photocatalysts
25.1 One step photoexcitation: Colloidal semiconductors particulate materials
suspended in water

All strategies for designing a light driven photocatalyst in the field of heterogeneous
photocatalysis share the same concept of band gap photoexcitation employing semiconductors. In
general, there are three different design strategies for using semiconductors to generate solar fuel:
(a) particulate or colloidal semiconductors; (b) Z-scheme coupled with light absorbing units for
reduction and oxidation reactions and (c) semiconductor photoelectrochemical cells (PEC) for water
photolysis, as illustrated in Fig. 2.4.

The first approach is based on a single particulate or colloidal semiconductor suspended in
water under light irradiation (absorbing two photons to produce one H,, denominated S2 approach),
as depicted in Fig. 2.3a. This system offers advantages like simplicity, scalability, high extinction
coefficients, fast charge carriers diffusion path to reach the interface and the possibility to modify the
semiconductor particle surface by co-catalyst deposition, functionalization or adsorption of species
which can facilitate the charge carrier separation resulting in improved solar fuels generation. As a
drawback this system generates in a single compartment vessel a potential explosive mixture of
hydrogen and oxygen, demanding additional gas dilution with inert gas and their separation in a

further step for safety reason.

(i) Reduction catalyst

a) Ha /7 (Pt A, Rh) b)

¥, conduction
& band

hv > Eg

h~. valence
A band

0; ™ (iii)Oxidation catalyst o,
(Ir02, W03, BiVOy) semiconductor electrolyte

Figure 2.4 Summary of photocatalytic semiconductor strategies applied to water splitting (a) particulate or
colloidal semiconductor, (b) Z-scheme or tandem configuration with a two-step photoexcitation system in the
presence of a redox mediator, (c) photoanode immobilized into a conductive substrate to promote water
splitting in a (photo)electrochemical cell.

The most successful particulate materials tested according to the system in Fig. 2.4a can be
divided into two categories: (a) visible light active materials such as oxynitride, sulphide or selenide
photocatalysts for instance: gallium nitride-zinc oxide solid solution (GaN-ZnO) loaded with RuO, co-
catalyst is one of the singular compound systems able to promote overall water splitting without

using a sacrificial agent under visible light irradiation, reported by Domen;*’ CdS loaded with Pt-PdS
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as cocatalyst and sulphide/sulfite couple as sacrificial agent reported by Yan et al.;*® cadmium
sulphide incorporated into a titanium based mesoporous MCM-48 support (CdS-Ti-MCM-48) with
RuO, used as co-catalyst and ethanol as sacrificial agent according to Peng et al.;** and a system
denominated by their authors as “multicomponent nanoheterostructured platinum-tipped cadmium
sulfide rod with an embedded cadmium selenide seed” shortly (CdS-CdSe) used together with Pt
nanoparticles as co-catalyst and methanol as sacrificial agent reported by Alivisatos and Amirav*’; (b)
UV-active materials mainly metal oxides such as tantalates and titania: Sodium tantalate
mesocrystals doped with strontium were prepared by Sun et al. and used as photocatalyst in the
presence of methanol as hole scavanger obtaining high yields for hydrogen photocatalytic reaction.*
The so-called black titania (disorder-engineered nanocrystal with dopant incorporation obtained
after the hydrogenation of TiO,) was developed by Chen et al. to improve the visible light absorption
of TiO,. The titania absorption coefficient was slightly enhanced when irradiating the material under
visible light and using Pt as co-catalyst and methanol as hole scavenger, however, when using the
same system under UV light, an enhancement of nearly 100 times were achieved.”” The main
obstacles in the development of colloidal or particulate materials driven by one-step photoexcitation
is related to the lack of compounds which possess band gaps narrower than 3 eV. Photo
semiconductor band-edges must encompass the reduction and oxidation potential of H, and O,, in

addition to being stable throughout the photocatalytic reaction.

2.5.2 Two step photoexcitation: Z-scheme or dual absorber tandem cell

Each semiconductor has its characteristic band structure with a distinct band gap, which allows
it to absorb light of different wavelengths, and to separate and transfer charges to the
semiconductor surface or to an interface. The concept of using a single semiconductor absorber
requires a semiconductor with a wide band gap to exploit a significant part of the solar spectrum.”’
Some of the obstacles mentioned for the development of particulate semiconductor materials can be
addressed by using multiple semiconductors in Z-scheme or tandem cells. The tandem cell uses a
dual absorber semiconductor and four photons are involved (so called D4 scheme), as illustrated in
Figure 2.4b.™ This dual semiconductor configuration (used as particulate photocatalyst) was reported
by many reports and in the best case a quantum vyield (%) of 6.3 under visible light irradiation (420-
800 nm) was achieved with SrTiO3:Rh/BiVO, as light absorber.®?

The Z-scheme system mimicks the natural photosynthesis system and it is composed of a
semiconductor-semiconductor junction. This junction is a result of band structure alignment between
the two semiconductors, such as a p-n junction.?® However, in the Z-scheme or tandem configuration

it is possible to combine the VB of one semiconductor with the CB of another, in order to cover the
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water redox potential requirements to achieve overall water splitting, as shown in Figs. 2.4b and 2.5.
In one example, SrTiO3:Rh is the unit responsible for H, reduction while BiVO, is the unit responsible
for oxygen oxidation.* In this configuration the charge transfer occurs in the following manner: the
photogenerated electrons from the semiconductor with the lower CB edge can recombine with the
holes in the semiconductor with the higher VB edge resulting in a net surplus of holes in the
semiconductor with lower VB edge, and in an electron surplus in the semiconductor with the higher
CB edge (as illustrated by Fig. 2.4b and the energy diagram in Fig. 2.5). Consequently, the hole and
electron surpluses can be used to direct oxidation and reduction by combining half-reactions at

completely different sites.
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Figure 2.5 Energy diagram scheme of two-step photoexcitation approach (Z-scheme) used in photocatalytic
water photolysis. Represented by the contact in between two distinct semiconductors.

Thus, the main advantage of using dual a semiconductor system in comparison with single
particulate system, consists of promoting a broader and more efficient absorption of solar spectrum,
in addition it may allow the full photospliting of water to be achieved. The main drawback of the
two-step photoexcitation systems is the two-fold number of photons in comparison with one-step
systems. Also, depending on the tandem configuration an additional electron mediator pair (usually
Fe”/Fe® or 105/I" is used) is required to mediate the charge transport in between the two
semiconductors according to Fig. 2.4b. The backward reactions between electron acceptor (A) and

electron donor (D) over the photocatalyst may reduce the amount of H, and O, produced.

253 Photoelectrochemical water splitting based on thin film electrodes
The last strategy to be discussed consists of a photo-active semiconducting thin layer materials
(n- or p-type) coupled with a counter electrode made of either metallic platinum or another
semiconductor, which are immersed in an electrolyte solution. The assembly of these components
into a single device is called (photo)electrochemical cell as illustrated in Fig. 2.4c. The
photoelectrode configuration may vary, depending on the kind of semiconductor used (n- or p-type),

or whether dyes or quantum dots are employed as sensitizers to inject electrons into the
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semiconductor’s conduction band, or whether two or more semiconductors are connected in series
(multi-junction electrodes) in order to obtain a tandem cell, as shown in Fig. 2.6.

Semiconductors based on electrode thin-films, possess the advantage of generating gases in
different compartments. The electrical bias can be applied to compensate the band gap
requirements for oxidation and/or reduction potentials. In addition, higher efficiencies can be
reached when the tandem configuration is used instead of single semiconductor.

The charge carrier separation in photoelectrochemical cells is mainly attributed to the electric field
induced by space charge layer (also known as depletion layer) at the semiconductor liquid electrolyte
interface (junction) as described by Gerischer.** In order to equilibrate this potential difference,
charge transfer takes place between the surface and the bulk of the semiconductor material. As a
consequence of these charge transfer, the accumulation of electrons on the semiconductor surface
leads to upward band bending, whereas excessive holes on the surface would bend the bands
downward. Hence, this electrical field generated in the space charge layer is the driving force
responsible for photocurrents and photovoltages at semiconductor electrodes which resembles the
p-n-junctions. However, the effectiveness of this semiconcuntor-electrolyte interface to separate
charge carriers is influenced by the material used as electrode, doping, particle size, morphology and
the use of overpotential as reviewed recently.* In the n-type photo-semiconductor configuration or
the so-called photoanode (Fig. 2.4c) it is possible to generate one H, molecule from one water
molecule by absorbing 2 photons (i.e. S2 scheme).' Thus, one-step excitation can be applied to PEC
cells. They are classified into 3 types: (i) photoanodes made of n-type semiconductors such as TiO,;"
(i) photocathodes made of p-type semiconductor like CaFe,0, and (iii) n- or p-type semiconductors
sensitized by a molecular dye®® or quantum dots.”” Upon irradiation of a semiconductor while
immersed in an electrolyte solution, its photoexcited electrons are shuttled through an external
circuit to the counter electrode (Pt), where it can drive a redox reaction such as proton (H")
reduction, while the holes migrate to the photoanode surface to oxidize water to O, (Fig. 2.4c). In the
p-type photo-semiconductor water is oxidized at the counter electrode and reduced at the surface of
the semiconductor (Fig. 2.6a).** The sensitized semiconductor system was reported by Tributsch et
al.,”® in order to address the large band gap and to extend the solar spectrum utilization. Dye
sensitization of a semiconductor can be defined as the process by which the excitation of a
chromophore, herein referred to as a dye or sensitizer, is followed by interfacial electron transfer, or
electron injection, into the semiconductor.”® In more detail, first photons excite the dye from the
ground (D/D) into an excited state (D*), then the excited electron is transferred into the TiO,

conduction band (so called charge injection) and the oxidized dye is regenerated by mediator species

" positive holes are the mobile charge carriers in p-type semiconductors.
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in the electrolyte (donor/acceptor redox pair). Several studies demonstrated the fundamentals and
mechanism of photosensitization as an effective strategy for populating the conduction band of wide
band gap semiconductors with electrons under visible light irradiation as shown in Fig. 2.6b.*
Normally, single photoanode or photocathode operations are restricted to external bias assistance,
such as electrical bias applied by external voltage between the photoelectrode and the counter
electrode or chemical bias (i.e. pH). Ovepotential is required to promote better charge separation in
the photo-anode or -cathode, even in the case a semiconductor possesses the suitable band gap
requirements to oxidize or reduce water. This overpotential is mainly applied to overcome the
resistance generated by the electrodes immersed in the electrolyte and also to compensate the
potential deficiency of the semiconductor to drive redox reactions as a result of undesirable Fermi
level and band mismatch.”®

Alternatively, the two-step photoexcitation using thin-film electrodes are another promising
method to generate fuels from solar energy. Hence, dual absorber semiconductors and four photons
(D4  scheme) approaches can be applied as photoanodes/photocathodes or

..** The scheme for a

photoelectrodes/photovoltaic configurations as reported by Graetzel et a
photoanode/photocathode connection is illustrated in Figure 2.6¢c. In this configuration, two
semiconductor band gaps (Eg; and Eg) absorb complementary fractions of the solar spectrum.
Additionally, more absorbers can be added to the system at the expense of increasing the complexity

and possible fabrication costs.>*

ohmic contact
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Figure 2.6 Schematic illustration of the mode of action of photoelectrochemical water splitting based on (a)
one step excitation type-p semiconductor (photocathode), (b) dye sensitized electrochemical cell (sensitized
photoanode) and (c) semiconductor-semiconductor all solid state Z-scheme or photoanode and photocathode
in tandem. (Legend: A= acceptor, D= donor); Inset in figure (b) TiO, particle is zoomed in to show the dye
adsorbed over the titania surface, which is responsible for the sensitization effect.

Recently several semiconductors in dual absorber tandem configurations with enhanced

photocatalytic activity for overall water splitting have been reported by Brillet et. al.?*, Shi et. al. >

53
l..

and Li et. a Brillet et al. developed a simple tandem architecture between single-photoanode

(Fe,O3 or WO; with E4 of 2.1 and 2.6 eV respectively) coupled with a single-dye sensitized solar cell
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(DSC), where the device is stacked in a way that the incident light reaches the photoanode before the
photovoltaic cell (i.e. first the visible light is absorbed by the low band gap hematite or WO; and the
remaining UV is absorbed by the DSC composed of sensitized TiO,). The results are encouraging,
reaching photocurrents of 0.95 mAcm™ for Fe,05/DSC and 2.52 mAcm™ for WO,/DSC respectively or
efficiencies (1) of 1.17% (hematite) and 3.10% (WO;).>* While in the work from Shi et al. the same
concept and architecture was used as reported by Brillet with slightly modifications in the
photoanode such as BiVO,-sensitised mesoporous WO; films. Instead of using the conventional
organic dye (ruthenium complex) authors have chosen to use a porphyrin-dye-based which resulted
in photocurrents of 4.7 mAcm™and efficiency (1) of approx. 6%.>* In the report from Li et. al. another
innovative approach was described employing metal oxides (TiO, and NiO) as materials for
photoelectrodes coupled with an organic dye and a homogeneous catalyst (ruthenium and cobalt
complexes). Briefly their system consists of mesoporous TiO, as photoanode, co-sensitized by the
organic dye and a ruthenium molecular catalyst while the photocathode was made of nanoscale NiO
and also co-sensitized by an organic dye coupled to a cobalt catalyst reaching a current of aprox. 300
pAcm or an efficiency output (1) of 0.05% under neutral pH, visible light and free electrical bias.>’
Therefore, the charge separation strategy based in the semiconductor-electrolyte interface can lead
to relative high photocurrents or solar to hydrogen efficiencies, however to reach the goal of at least
10% efficiency®, alternative approaches to improve devices performance such as novel
compositions, architectures, optimized co-catalysts, anchoring of homogeneous catalysts for

enhancing surface rates and improvementa of carrier lifetimes are still necessary.
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3. Chemically produced graphene as an additive to improve H; generation
3.1 Scope of this chapter

The results described in this chapter had as aim the improvement of the H, generation of an
oxidic semiconductor by using i) an attached co-catalyst and ii) graphene oxide in a simple solution
mixture’. The idea behind this is based on excellent physical properties of graphene, which is a two-
dimensional single layer of carbon atoms densely packed in a honeycomb crystal lattice, such as high
charge carrier mobility and large surface area. Therefore, mixing the photosemiconductor (PS) in the
presence of a co-catalyst, such as metallic nanoparticles (MNP) together with graphene layers may
enhance the reaction activity and selectivity. Fig. 3.1 illustrates the photosemiconductor and metallic
nanoparticles in the interplay with graphene as composite during the water splitting reaction. The
semiconductor is excited by light irradiation consequently generating the electron-hole pairs. The
graphene sheet may capture and shuttle the electrons across the two-dimensional conductive
carbon network to the metallic nanoparticle sites, facilitating in this way the hydrogen evolution.
Similar concepts were demonstrated earlier by several groups.’® For instance, a ternary composite
consisting of graphene nanosheets with CdS clusters with Pt 0.5 wt.% as co-catalyst was used as
photocatalyst to generate hydrogen under visible light irradiation (420 nm). The authors achieved a
hydrogen production rate of 1.12 mmolh™ with a loading of 1.0 wt.% of reduced graphene oxide
while the pure cadmium sulphide showed a hydrogen production rate of only 230 umolh™.* Similar
approach was used by M. lJaroniec et al. employing a ternary TiO,-graphene-MoS, composite
photocatalyst containing a layered MoS,/graphene.> The composite photocatalyst showed a
hydrogen evolution rate of around 37 umolh™ for the TiO,-MoS, composite, while 165 pmolh™ of
hydrogen were produced on the TiO,-graphene-MoS, composite with 0.5 wt.% graphene loading
under UV-vis irradiation (365 nm). These results were attributed to the synergistic effects between
all components, in addition to the high charge carrier mobility of the chemically produced graphene.?

In this work a dedicated semiconductor synthesis for an easy available multilayer reduced
graphene oxide (m-rGO) was developed. Sodium tantalate (NaTaO;) was used as the
photosemiconductor. This material has been extensively investigated earlier due to its very active
photocatalytic properties.*® Gold metallic nanoparticles (Au-MNP) were used as co-catalysts or
reduction sites by photodeposition on NaTaO3;/m-rGO in the solution mixture”. Therefore, the
current work describes the combination of 3 components that should lead to an enhancement of
activity, as a result of Au-MNP and m-rGO interplay with NaTaO; photo-semiconductor. Here, the
synthesis and performance of this new material is described, as well as its behaviour under

photocatalytic conditions employing in situ EPR spectroscopy.’

" Solution mixture: The term is used to determine the simple mixture of the components dispersed in water-methanol
solution.
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Figure 3.1 Scheme showing the advantage of employing graphene as 2-D support for incorporating photo-
semiconductor (PS) and a metallic nanoparticle (MNP) in water splitting reaction.

3.2 Tantalates applied to photocatalysis and their synthetic routes

Materials with a perovskite structure (as illustrated in Fig. 3.2) are well known for their
interesting properties such as colossal magnetoresistance®, ferroelectricity’, superconductivity'®; in
addition they are used as heterogeneous catalysis."* Within the field of heterogeneous catalytic
processes that employ perovskite-like structures the following are worth to mention: NO,, CO and
CH, oxidation and catalytic reforming of hydrocarbons.'’ Furthermore, perovskite-like structures
achieved remarkable activity in the field of heterogeneous photocatalytic water splitting for
hydrogen and oxygen production.’ Tantalate compounds are a class of materials composed in most
of the cases of TaO;™ anions that can be combined with a broad variety of metal cations. The
resulting compounds can be classified in the following way: alkali tantalates (ATa0s)", alkaline earth
tantalates (BTa20613'14, BzTa20715), mixed alkali-alkaline earth tantalates (AZBTa20716 ABzTa301017'18),
[where A= Li, Na, K, Rb and B = Ca, Sr, Ba]. Besides all tantalates aforementioned, it is also possible to
find in the literature solid solutions of tantalates combined with transition metals (such as Nb, Zr or
Hf), rare earths (La, Sm or Nd) and other elements (such as Bi, Sn or Si) as reported by some excellent

1923 geveral of these crystalline tantalate compounds exhibit the perovskite-like

reviews on this topic.
structure (Fig. 3.2). So far, alkali tantalates such as NaTaO; have been used as photocatalysts for
overall water splitting; they exhibited one of the highest activities among tantalates, however due to
their wide band gap tantalates are restricted to UV irradiation.” This high photocatalytic activity of
tantalates may be attributed to the structure that provides specific sites for the reduction and
oxidation reactions; consequently, in this arrangement the charge recombination is low.> Therefore,
tantalum oxides and their mixed oxides may play a pivotal role in the field of photocatalysis serving

either as photocatalysts or semiconductor surface platforms to anchor homogeneous active catalysts

as recently reported by the Cowan group, in order to further enhance photocatalytic performance.?
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Figure 3.2 Representation of the unit-cell and the perovskite crystalline structures of NaTaO;: (a) the
monoclinic phase; (b) the orthorhombic phase. The coordination polyhedra on the right show the octahedra
linkage in both cases and the distortion in the orthorhombic phase.25 Copyright 2007 Elsevier

It is recognized that the performance of photocatalysts relies on features like their crystallinity,
phase composition, morphology, band gap and surface properties, which can be tailored and
adapted depending on the photocatalytic system involved. In this context, the use and development
of chemical approaches to obtain these features are highly desired. Several methods have been
reported for the preparation of tantalates. However, the solid state reaction is still the most widely
employed method to obtain the majority of tantalate compounds.® This is because the synthesis of
ternary oxides or even more complex oxides demands high-temperatures (usually above 600 °C), and
such temperatures make the achievement of small particle sizes or high surface areas hardly
possible. Thus, on the one hand, solid state reactions require high temperatures and long calcination
periods to obtain the desired phases, but this leads to a small surface area (or large crystallite sizes
due to sintering and particle growth). On the other hand, general soft-chemistry methods make use
of mild temperatures plus ligands and/or stabilizers, ensuring the control over nucleation and
particle growth (temperatures between 120 and 200 °C followed by annealing temperatures around
500 °C). Additionally, It is worth to mention hydrothermal®®, alkoxide based®’ and sol-gel methods*>*
can be used to achieve nanostructured materials with relatively larger surface areas at the cost of
restricted tantalate compositions. In the present work, the exo-template method employed by
Wohlrab et al. was adapted to synthesize sodium tantalate (NaTaO;) with nanoscale dimensions and
consequently higher surface areas. This method consists of enclosing the formation and
crystallization of a precursor within a D-sucrose/polyvinyl alcohol matrix (exo-template)®® which is
removed during the formation of the oxide material. In this manner, particle agglomeration was
avoided resulting in nanoparticles with narrow particle size distribution. In order to compare the

photocatalytic results obtained by the exo-template method, Table 3.1 summarizes the performance
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in photocatalytic water splitting by the most relevant sodium tantalates prepared by different

methods.

Table 3.1 NaTaO; photocatalysts used for water splitting reaction

H, evolution
Catalyst Synthesis Lamp Co-catalyst Reaction Activity Year e
method (filter) (loading Solution [umol h™g™]
amount)
NaTaO; solid state 400 W Hg - water 4 1998
reaction
NaTaO; solid state 400 W Hg - water 160 2001"
reaction
NaTaOs solidstate 400 WHg  Ni/0.16 wt.% water 219 2001"
reaction
NaTaOs solidstate 400 WHg Ag/0.2wt. % water 38 2001"
reaction
NaTaOs solidstate 400 WHg  Pt/0.1wt. % water 2.6 2001"
reaction
NaTaOs solidstate 400 WHg NiO/0.05 wt.% water 2180 2001"
reaction
NaTaOs:La® solid state 400 W Hg NiO /0.2 wt.% water 19800 2003’
reaction
NaTaO; solid state 400 W Hg - water 13.5 2009
reaction
NaTaO;:Sr°  solid state 400 WHg  NiO/0.1wt.% water 27200 2009°"
reaction
NaTaOs solid state 400 W Hg Au /3 wt.% water 2820 2013*
reaction
NaTaOs solid state 700 W Hg - water- 10500 2014
reaction methanol
NaTaO, solid state 150 W Hg - water- 340 2014
reaction methanol
NaTaO3 solid state 150 W Hg Au /0.2 wt.% water- 890 2014’
reaction methanol (this work)
NaTaO; solid state 150 W Hg m-rGO /10 water- 290 2014’
reaction wt.% methanol (this work)
NaTaO; solid state 150 W Hg Au 0.2 wt.% water- 380 2014’
reaction and m-rGO 10 methanol (this work)
wt.%
NaTaO; hydrothermal 350 W Hg - water- 36750 2007
methanol
NaTaO; hydrothermal 450 W Hg NiO /1.0 wt.% water- 6666.7 2011%
methanol
NaTaO;  hydrothermal 450 WHg  NiO /0.4 wt.% water 1100 2012%
NaTaO;  hydrothermal 700 W Hg - water- 15600 2014%
methanol
NaTaO;  hydrothermal 300 W Xe Pt /0.5 wt.% water- 104 2015%
420-800 methanol

nm
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NaTaO, sol-gel 400 W Hg - water 2050 2007%
NaTaO; sol-gel 400 W Hg - water 2550 2007*°
NaTaO; sol-gel 400 W Hg NiO /3 wt.% water 9000 2010%
NaTaOs:La® sol-gel 400 WHg RuO,/1.0wt.% water 4108 2010%*
NaTaO;:La® sol-gel 400 W Hg - water- 2860 2011°
methanol
NaTaO;:La’ sol-gel 400 WHg NiO/0.3wt% water- 29200 2011%
methanol
NaTaOs template 400 W Hg NiO /1 wt.% water 3450 2011°%°
NaTaO; exo-template 150 W Hg - water- 5960 2014’
methanol (this work)
NaTaO; exo-template 150 W Hg Au/0.2 wt.% water- 10060 20147
methanol (this work)
NaTaO; exo-template 150 W Hg m-rGO /10 water- 9500 20147
wt.% methanol (this work)
NaTaO; exo-template 150 W Hg Au 0.2 wt.% water- 17780 2014’
and m-rGO 10 methanol (this work)
wt.%

a: doped with lanthanum; b: doped with strontium; The table is organized by synthesis method and
year.

3.3 Co-catalyst loading for efficient photogenerated charge separation

The coupling of efficient co-catalysts to the light absorbing semiconductor has been
extensively investigated as a pathway to enhance solar fuels production, hence co-catalyst loading
onto semiconductors is the key to achieve charge carrier separation in photocatalytic water splitting

systems.>**°

Consequently, noble metals like Au, Pt, Rh, Pd, Ag have been extensively used together
i.e. co-loaded with different kinds of photosemiconductor materials. The class of
photosemiconductors includes the long list of metal oxides, (oxy)nitrides, chalcogenides such as
tellurides, sulfides and selenides for instance. In summary nearly 200 crystalline phases were
reported until 2010."" The loading of co-catalysts onto the semiconductor surface has been proven
beneficial to enhance the activity and photocatalyst lifetime. The intimate contact between the
metallic particle and the semiconductor is responsible for the formation of a Schottky junction (i.e. to
achieve Fermi level equilibria, the electrons from the semiconductor will flow in the direction of the
lower energy states in the metal). Therefore positively charged atoms remain in the semiconductor,
generating a space charge interface. This interface may promote the separation of photogenerated
electrons and holes.** Moreover, metallic particles deposited onto the surface of the semiconductor
behave as an electron sink or reduction sites to facilitate the proton reduction reaction for instance,
as illustrated by Fig. 1.1a. Likewise, preparation of photocatalysts loaded with different co-catalysts

prepared by different methods was reported by Kanno et al. where Pt, Au and Pd enhanced the

evolved amount of hydrogen gas.*” In this context, Bamwenda et al. compared the photocatalytic
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activity for hydrogen generation from water-ethanol solutions using Pt and Au as co-catalysts. The H,
turnover rate was higher for Pt in comparison with Au reaching 8.85 and 7.81 pmolgmin"lm'z,
respectively.** However, Iwase et al. reported a similar study of several different photocatalysts
photodeposited with noble metal nanoparticles. Additionally, it was found out that the back reaction
between H, and O, to produce water is negligible just by using gold.*>* Later, the influence of the co-
catalyst structure over photocatalytic hydrogen production was investigated. Structures like Pd;Au;
alloy, Aughei-Pdeore and Pdghei-Aucre Were synthesized, loaded onto benchmark photocatalyst and
tested as cocatalysts.® The authors identified that the alloy composition, size and morphology of the
metal co-catalyst strongly influenced the photocatalyst performance. Besides, PdgneiAucore displayed
extraordinary high efficiencies for the H, evolution over a variety of chemical feedstocks (like
glycerol, ethanol, 1,2-propanediol, fructose, etc) vyielding 0.9 mmol h? hydrogen.”® All the
aforementioned examples contributed to corroborate the approach of introducing co-catalyst to
prevent the photogenerated charge recombination improving in this manner the photocatalytic

efficiency.

3.4 Graphene and related layered material applied to photocatalysis

The successful isolation of a single layer honeycomb lattice made of carbon atoms into a two
dimensional crystal structure in 2004, gave rise to another carbon allotrope called graphene.”’ The
advent of graphene is so impressive that in a period of nearly 10 years, most of the top journals in
chemistry, physics and materials science displays at least one paper featuring in the most cited
papers of all times'. This excitement in the scientific community was caused by the unique properties
this flat monolayer of carbon atoms displayed. First, it is a one-atom-thick crystal or the thinnest 2D
monolayer. Nanoindentation experiments established graphene as the strongest material ever
measured.®® Furthermore, due to the superior electron conductivity, and mobility of charge carriers
at room temperature (200000 cm*V™*s™), chemical stability and high theoretical specific surface area
of nearly 2630 m°g’, it is not surprising that many applications have been found such as solar energy

7% that make use of these

conversion*”* fuel cells®, batteries®, biomaterials® and photocatalysis
excellent graphene properties.

Concerning the exceptional properties of graphene, one important distinction must be
addressed regarding the properties that are obtained by physical methods and the properties
obtained by chemical methods. In general, the physical approaches such as micromechanical
exfoliation®, chemical vapor deposition®® and epitaxial growth onto metallic surfaces® are able to

produce high quality samples (usually few flakes within the range of 1 cm? with one or two layers®’)

" Journals like: Science, Nature, Nature Materials, PNAS, Physical Review Letters, Chem. Soc. Rev., ACS Nano, Angew. Chem.
Int. Ed., Nano Letters, Chemistry of Materials and Carbon for instance. Citation number of each journal was performed
using ISI Web of Knowledge database and sorted by the highest citation option, as of April 2015.

37



Chapter 3: Chemically produced graphene as an additive to improve H2 generation

that can be used to measure fundamental physical properties at the expense of obtaining very small
amounts, very high cost and complex equipment. However, the chemical properties of graphene
depend very much upon its preparation method. Hence, chemical methods such as colloidal

%839 and oxidation-exfoliation followed by reduction have been used.®®* By using

dispersions
chemical approaches employing graphite as starting material it is possible to achieve scalability and
affordability to the detriment of lower quality. As a result of the harsh oxidation and exfoliation
conditions the so called graphene products provided by chemical methods possess drawbacks such
as large variations in thickness, surface defects, lateral areas, and shape of the exfoliated graphene
flakes.®® This polydispersity represents issues in many applications since many of the properties of
graphene are intrinsically linked to its monolayer structure. Shortly, many applications described
above cannot make use of those exceptional properties that are present in high quality samples
produced by physical methods, due to the limited amount. Therefore, the great majority of these
applications rely on chemical produced “graphene” that provides at least a few grams of sample with
poorer physical properties.

An overview of the literature dedicated to graphene combined with semiconductors applied to
photocatalytic approaches revealed that an activity improvement arises from the superior electron
mobility properties of graphene, which is conducive to the separation of the photogenerated charge

carriers from the photocatalyst.**%*%

Several authors proposed the following mechanism for the
electron-hole pairs separation: The photoexcited electrons are transferred from the conduction band
of the semiconductor (e.g. CdS) not only to the co-catalyst (e.g. Pt), but also to the carbon atoms on
the graphene layers. The electron transfer to the graphene sheet enables additional accessible sites
to readily reduce protons into H,.! Additionally, high quality reviews can be found elsewhere
demonstrating the high electron mobility property of graphene and the electron transfer

mechanism.>*63%4

Tracking the first publications using the combination of photocatalyst with
graphene is comparable to find a needle in a haystack, because of the huge amount of publication in
this field and besides the inconvenience of inaccurate and unsystematic nomenclature used to
designate graphene. As an inaccurate nomenclature example one can mention the following:
“Materials are referred to as “graphene”, even when they contain hundreds of layers or are particles
that lack the basic sheet-like structure of a 2D material. However, a very clear and concise
nomenclature was proposed by journal CARBON.® Therefore, the first representative papers in this

.°%% Kamat et al. followed by Loh et al.

field may be attributed to Kamat, Loh and Akhavan et a
performed a UV-assisted reduction of graphene oxide in colloidal TiO,, by a stepwise electron
transfer from the TiO, conduction band to graphene oxide. Resulting in the reduction of the main
oxygen functional groups present in graphene oxide and consequently improving the conductivity of

the obtained reduced graphene composite material. Akhavan and Ghaderi used graphene oxide-TiO,
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thin films to promote the same effect as obtained by Kamat and Loh groups, however at this time by
the use of solar irradiation. Further, the obtained nanocomposite films were used as photocatalysts
for photodegradation of E. coli bacteria in an aqueous solution. Thus far, since 2010 graphene based
composites have been used for several photocatalytic reactions which include: degradation of
organic dyes/pollutants, selective organic transformations, photovoltaic devices, reduction of CO,

and for water splitting.*®®®

One interesting report regarding improving water splitting involving
tantalates and reduced graphene oxide was reported by Mukherji et al..*’ In this approach, a doped
nitrogen-tantalate (Sr,Ta,0,.,N,) was synthesized by solid-state reaction. Similarly to the method of
Kamat and Loh, the nitrogen doped-photocatalyst (Sr,Ta,0,,N,) was employed to reduce graphene
oxide. Later on, the obtained conductive carbon material (reduced graphene oxide) was reported to
shuttle electrons to a platinum co-catalyst deposited onto the reduced graphene oxide surface upon
sun light irradiation. The strategy of using graphene to promote electron transfer the authors
expected to reduce significantly the recombination of electrons with holes, by facilitating the
electron transfer to the surface of the photocatalyst for hydrogen production. In this way, they
achieved hydrogen evolution rates of nearly 300 pmolh™ under simulated sunlight.

In spite of the recent advances in the field of chemically produced graphene and its use in

combination with photocatalysts, there is still much room for improvement in the synthesis of

graphene in regard to influencing its electronic properties in the photocatalysis field.

3.5 Main results and Discussion

Sodium tantalate was synthesized by two different methodologies: (i) exotemplate method
(EM) and (ii) solid state reaction (SSR). The X-ray powder diffraction (XRD) patterns of NaTaO;
prepared by EM and SSR showed that it existed as pure orthorhombic” single crystalline phase, as
represented in Fig. 3.2b. The obtained structures were in correspondence with the powder
diffraction file (PDF) 73-878 or ICSD 23319, as shown in Fig. 3.3. Features like particle size and specific
surface area of the powders were calculated using Scherrer’s equation® from the XRD patterns and
the Brunauer, Emmett and Teller isotherms (BET method) using nitrogen sorption experiments,
respectively. The powder obtained by the EM method resulted in average crystallite sizes of nearly
25 nm and a surface area of around 22 m’g’, whereas the powder material obtained from SSR
exhibited surface area of approx. 1.5 m’g™”, and as a result of the sharp reflections and limitations of
the Scherrer equation its crystallite size could not be calculated.

So far, the microstructure and surface observed for the mentioned compounds are in

agreement as expected from these experimental methodologies, i.e. SSR vs soft chemistry route.

' B(26) = KA/ L cos 6, where: B = peak width; K = the Scherrer constant (shape factor); A = X-ray wavelength; 6 = the Bragg
angle and L = mean crystallite size.
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Figure 3.3 Powder XRD patterns of NaTaO; prepared by SSR and EM compared to the orthorhombic powder
diffraction pattern (PDF 73-878).

As SSR relies on high temperature synthesis (> 1000 °C), the reaction is governed by diffusion and
mass transport, resulting in a thermodynamically highly stable compound, high crystallinity and large
grain/particle sizes due to sintering effects. The soft chemistry route (EM) generates smaller particle
sizes with relative high crystallinity. Due to the presence of the organic matrix particle growth is
limited as illustrated by Fig. 3.4e. However, template removal should proceed fast in order to prevent
subsequent sintering. To monitor this, particle size and morphology of the tantalates produced by
SSR and EM can be visualized by scanning electron microscopy (SEM) as depicted in Fig. 3.4. As
expected NaTaO; (SSR) consist of crystallites with sizes in the micrometer range, as several
aggregates and to the irregular morphology (as in Figs. 3.4a and 3.4b), whereas NaTaO; (EM) is

mainly composed of particles in the nanometer range (Figs. 3.5c and 3.5d).

e) Foam
D-sucrose I
NaNO3 + TaZ(C204)5 _—
[-CH,CHOH-],

Nanoparticles

Figure 3.4 SEM images of NaTaO; materials prepared by SSR showing the overview of the obtained particles (a)
higher magnification is able to show the sintering effect provoked by high annealing temperature (b) particles
obtained by EM method showing smaller particle sizes provided by the low temperature soft-chemistry (c),
higher magnification showing the agglomerates of small crystallites d). lllustration of the exo-template method
used to prepare the nanoscale tantalate (e).
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Further transmission electron microscopy of the latter revealed that the nanoparticle sizes are in the
range of 20 to 25 nm (Figure 3.5), which agrees well with the values estimated by the Scherrer
equation. The insets in Figure 3.5 show the selected area electron diffraction (SAED) patterns which

corresponds to the orthorhombic phase in analogy with the XRD measurement.

Figure 3.5 HRTEM images of NaTaO; (EM) nanoparticles (a, b) with insets of SAED patterns.

Au-MNP were photochemically deposited (0.2 wt. %)° onto the NaTaO; synthesized by (SSR).
TEM images of this arrangement are shown in Figure 3.6a and 3.6b. The same procedure was
performed with the tantalate produced by the EM method; see Figs. 3.6c and 3.6d for TEM pictures.
The sizes of the gold particles in both cases are in the range of 2-10 nm and the shapes are nearly
spherical. However, one should take into account the higher spatial distribution of Au-MNP on the
NaTaO; (EM) in comparison with those on NaTaO; (SSR), which leads to a slightly different Au-MNP
size distribution in the SSR material compared with the EM material. The arrangement of the photo-
semiconductor decorated with Au-MNP resembles that shown in Fig. 2.3b, where one can observe
individual and isolated Au particles deposited onto the NaTaO; surface (in both employed methods)
acting as reduction catalyst site.

m-rGO was prepared by oxidation and exfoliation of pristine graphite (by a modified Hummer’s
method)”* , followed by a reduction step in order to achieve the conductive multilayer carbon

7273 Therefore, taking into account that pristine graphite is the

material, as published elesewhere.
starting material, the resulting oxidation/exfoliation and reduction steps should result in structural
changes such as: (i) the distances between the layers (interlayer spacing), (ii) disrupted carbon sp’
bonding network into sp® hybridization due to the high oxidizing acidic media and (iii) a partially
restored m-network by the reduction of graphene oxide (m-GO). The XRD patterns of the graphite, m-

GO and the m-rGO are shown in Fig. 3.7a.

S Other photochemical deposited gold loadings were also tested (0.5, 1 and 2 wt. %), at the conditions tested 0.2 wt. %
showed the best relation loading/activity.
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The main plane (002) of the graphite powder was 26 = 26.5° (d-spacing of 3.4 A). A typical
broad peak shift to 206 = 11.3° was observed after the oxidation and exfoliation process. The
generated m-GO possess an interlayer spacing of around 7.9 A that is attributed to the inclusion of

carbon sp* carbon and oxygen containing functional groups (like: carbonyl, epoxy, alkoxy and

74-76

hydroxyl groups) besides incorporated water molecules.

Figure 3.6 TEM image of photo deposited 0.2 wt.% Au-NP on NaTaO; prepared by SSR (a, b) and EM (c, d).

After the chemical reduction step the (002) reflection, characteristic for the m-mt stack layers, was
weakened by one order of magnitude, however the (002) reflection is still centered at 26 = 11.3°.
This indicates that the planar m-network was just partially re-established.

The ATR-FTIR in Fig. 3.7b clearly displays the oxygen functional groups incorporated into m-GO
and the partial reduction generated at m-rGO. The vibration bands belonging to the hydroxyl (3415
cm™), alkoxy (1055 cm™) and epoxy (1229 cm™) groups completely disappeared after the
solvothermal reduction. The presence of carboxyl group vibrations in the m-rGO spectrum is still
visible, indicating the partially reduction of m-rGO and the persistence of oxygen functional groups.
Additionally, the main C=C bond of the graphene stack layers is preserved, which is confirmed by the
presence of the vibration band of the conjugated double bond (1625 cm™), which is shifted in the
spectrum of m-rGO to 1561 cm™ in conformity with what was reported in the literature.”” X-ray
photoelectron spectroscopy (XPS) measurements (Fig. 3.7c, 3.7d) provided direct evidence for the
partial reduction of m-GO corroborating the main results observed by FTIR. XPS of m-rGO still shows
a significant degree of oxidation. For instance, the Cls curve fitting results in the assignment of the 4
following groups: (i) non-oxygenated C ring (C-C) at 284.5 eV, (ii) the carbon in C-O bonds (C-O) at
285.6 eV, (iii) carbonyl carbon (C=0) in the range of 287 eV and the carboxylate carbon (C-0O=0) at
around 289 eV. Additionally, the observed peak at 292.5 eV can be identified as a shake-up transition
characterized by a n-ni* satellite peak.** The O1s spectrum is split into two functional groups such as

the C-O and C=0 bonds respectively at 531,7 and 533,2 eV.”®”® XPS analysis has also been used to

"~ The origin of shake-up peak arises due to the removal of a core electron through photoionization process, in which an
electron from a bonding orbital can be transferred to an antibonding orbital. In detail: a part of the outgoing electron
interacts with valence electrons and excites them (shakes it up) to a higher energy level. As a consequence the kinetic
energy of these core electrons is reduced and a satellite structure appears a few (eV) below the core level position.
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determine atomic composition for carbon to oxygen (C/0) ratios of m-GO and m-rGO and the results
are summarized in Table 3.2. Reduction of m-GO to m-rGO can be indicated by an increase in the C/O
ratio. The oxygen content of the m-rGO is still disappointingly high after the reduction step. Since
only surface species are measured with XPS it can be derived that the reduction of the m-GO to m-
rGO occurs mainly on the surface of the carbon sheets. Therefore, the apparent disparity results
from Table 3.2 are consistent with the obtained multilayer carbon material, because the inner layers
were not as well reduced as the top and bottom layers. The elemental analysis provides an average

of the bulk sample whereas XPS provides an average of the functional groups present on the surface.

Table 3.2 Atomic composition of multilayer graphene oxide (m-GO) and multilayer reduced graphene
oxide (m-rGO) measured by X-ray Photoelectron Spectroscopy (XPS) and Elemental Analysis (EA)

sample Elemental Analysis % XPS %

C 0 C/0 C 0 C/0
m-GO 54.77 43.3 1.26 64.53 35.47 1.82
m-rGO 68.4 30.1 2.27 85.16 14.84 5.74
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Figure 3.7 (a) Powder XRD pattern of pristine graphite, multilayer graphene oxide (m-GO) and multilayer
reduced graphene oxide (m-rGO); (b) ATR-FTIR spectra of m-GO and m-rGO; (c) XPS of m-rGO C1s peak and (d)
O1s peak.

TEM investigations conducted on m-rGO samples revealed that the stacks are in the size range

of 50-200 nm as depicted by Figure 3.8a and the thickness of the obtained stack can be seen in Fig.
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3.8(b). This information also confirms that the oxidation/exfoliation procedure followed by the
reduction was not sufficient to produce single isolated sheets. Instead, a multilayer structure was the
result of the method employed in this work. The HRTEM in Fig. 3.8(b) displayed clearly the d-spacing
between the graphitic stack which could be measured by using image processing software (Imagel
1.47v). The number of layers observed in the analysed zoomed region in the inset in Fig. 3.8c is
exhibited in the plot profile on the right side. In this region there are 16 layers.

Both NaTaO; (EM) as well as NaTaO; (SSR) were tested for photocatalytic hydrogen
generation. The photocatalytic activity of pure NaTaO; (EM) was at least 17-fold higher than that of
pure NaTaOj; (SSR) (black columns in Fig. 3.9). Next, the effect of adding m-rGO to NaTaO; (EM) and
NaTaO; (SSR) was evaluated. Breakthrough values of photocatalytic activity such as 32 times higher
activity for the NaTaOs (EM) with 10 wt. % of m-rGO (related to the photo-semiconductor mass) were
obtained (green columns in Fig. 3.9). This result demonstrates the electron collecting and
transporting properties of m-rGO as well as its intrinsic catalytic activity as demonstrated by the EPR
measurements (Fig. 3.10). NaTaO; (SSR) exhibited no significant changes with respect to the kind of
co-catalyst and/or additive added, while NaTaO; (EM) displayed significant enhancement of its

photocatalytic activity by combining the catalyst with photo-deposited Au-MNP and/or m-rGO.

Intensity [a.u]

|
|
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2 3 "5 5
Distance [nml

Figure 3.8 TEM images of multilayer reduced graphene oxide (m-rGO). (a) Overview of the dried m-rGO; (b)
HRTEM profile of the m-rGO displaying the multilayer characteristic of the obtained material, (c) Inset: zoomed
region of figure (b) showing the interlayer spacing between the m-rGO and experimental plot profile of the red
arrow of a typical HRTEM image displaying the amount peaks. Each peak represents one single layer of reduced
graphene oxide. The plot profile of the analysed region possesses 16 layers.

The poor activity of this ensemble can be attributed to the large particle size (> 1 um) and
consequently the very low specific surface area (1.4 m’g?) of NaTaO; (SSR) as well as the size
incompatibility between the catalyst (in the micro-size range) and the nano-meter size range of Au-
MNP and m-rGO. The large heterostructure suffers from bulk recombination, whilst small particle
sizes may allow short pathways between photocarrier generation junction and redox reaction
centers, reducing in this way the length of charge diffusion and therefore improving the

photocatalytic efficiency.? It should be noted that the photocatalytic activity in the current case
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correlates well with the specific surface area of the semiconductors measured by BET. The EM/SSR
NaTaO; BET surface area ratio is 16, which correlates well with the ratio of photocatalytic hydrogen
production of 17.5. Moreover, the incorporation of Au-MNP together with m-rGO into a NaTaO; (EM)
solution mixture led to a hydrogen evolution rate of 17.78 mmolh™g™ which is 52 times higher than
the NaTaOj; (SSR) reference. The reason for this might be that all components are in the same nano-
size range and therefore have good interparticulate contact. Additionally, the configuration of the
Au-MNP together with the m-rGO onto the photo-semiconductor (NaTaO;) facilitates the
photogenerated electron transfer from conduction band to the additives with electron affinity such
as the deposited Au-MNP and m-rGO conductive material. From the results shown in Fig. 3.9 is is
clear that the m-rGO when combined with sodium tantalate also acts as a co-catalyst; in fact, it is as
effective as Au-MNP.

Thus, the enhanced hydrogen generation can be attributed to an efficient electron transfer
and the synergistic effect due to the presence of Au-MNP and m-rGO in solution mixture.

In view of the H, evolution results that were obtained by co-loading the photocatalyst with Au-
MNP and/or m-rGO and the lack of spectroscopic proof concerning the active species (electron-hole
pairs) involved in this heterogeneous photocatalytic system, it was decided to perform in situ EPR
investigations to shed light onto the enhancement of photocatalytic performance. For these
investigations, EPR spectra of pure NaTaO; (EM) and (SSR) were collected under optional UV-vis light
under air, helium and saturated with water/methanol under Helium.
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Figure 3.9 Comparison of the photocatalytic activity of NaTaO; synthesized by solid state reaction (SSR) and
exotemplate method (EM) for H, generation and the influence of different incorporated additives.
Experimental conditions: 200 mg of catalyst, 7 vol% methanol aqueous solution as sacrificial reagent, 0.2 wt%
Au as cocatalyst and 10 wt% of m-rGO as additive. 150 W mercury lamp irradiation source. The H, amount was
determined by offline gas chromatography using a molecular sieve 5 A column, TCD and argon as carrier gas.

The irradiated samples under air (i) at room temperature generated distinguished signals for
NaTaO; (EM) at A and B, Fig. 3.10a. However, no light induced species could be detected for the
NaTaO; (SSR). Since the EPR signals are not broadened due to ambient oxygen and signal A is not

affected by intensity, the center A was assigned to electrons trapped in oxygen vacancies as
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observed in other metal oxides reported by Sun et al.,** whereas the B center was assigned to
trapped holes (O™ species) located in NaTaO; subsurface depth. The replacement of air by helium
resulted in the curve registered at (ii) Figure 3.10a where both tantalates (EM) and (SSR) exhibited
the same signal although the SSR sample showed less intensity, as result of the high surface area of
NaTaO; (EM). It was observed three additional centers labelled as C, D and E, which are more prone
to be located at the outermost NaTaOj; surface. Their nature were probed under illumination with
small addition of H,0, to the NaTaO; (EM), which produced superoxide species, O," , with signal
similar to C. This indicated that signal C can be attributed to surface-bound 0,”, which can occur by
the trapping of electrons promoted by light. However the nature of signals D and E were not
identified for a good match between the experimental and simulated spectrum, these signals most

probably arise from adsorbed paramagnetic oxygen radicals.
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Figure 3.10 (a) in situ EPR spectra comparison of the experimental (solid lines) and simulated (dashed line)
during irradiation with UV-vis light of NaTaO; (EM) (blue) and NaTaO; (SSR) (black) (i) ambient air (ii) under
helium flow and (iii) under H,0/methanol saturated helium flow. A center signal: assignment to F centers; B
center: assignment to subsurface oxygen radical O'"; C center: surface superoxide radical O, ; D and E
centers: surface oxygen species. (b) in situ EPR spectra in helium flow during irradiation with UV-vis light of
NaTaO; (EM) (i) pure, (ii) loaded with 0.2 wt. % Au, (iii) loaded with 10 wt. % m-rGO, (iv) loaded with 0.2 wt. %
Au and 10 wt. % m-rGO. F center signal: assignment to carbon based localized conduction electrons, EPR
parameters: g,=2.003, g,=2.003, g5=2.003.

Addition of H,0/methanol to saturate the helium flow, resulted in significant decrease of intensity
attributed to signals to surface-bound oxygen species (signals C, D, and E) as well as to subsurface O™~
radicals (signal B). Signals C, D, and E also lost intensity upon the solely addition of water without the
presence of hole scavenger. This is evidence that the corresponding surface oxygen radicals are
either consumed by water molecules or their formation is prevented by addition of H,0. Whereas
the addition of methanol slightly decreased the signal B attributed to trapped holes at oxide anions
(0™), without changing the others signals C, D and E. The in situ EPR spectra depicted in Figure 3.10b

confirmed the role of m-rGO acting as a conductive layer contributing to supress the charge carriers
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recombination in physical mixture of the solids. The curve (iv) at Figure 3.10b which contains NaTaO;
(EM) loaded with Au and m-rGO exhibited a strong signal called F center while in the other curves (i-
iii) such high intensity signal was not observed. The signal F was assigned to carbon-based localized
conduction electrons in the m-rGO. Thus, the loading of Au-MNP and m-rGO onto NaTaO; (EM)
enables the electron transfer from the conduction band of the photocatalyst to the co-catalysts like
Au-MNP and m-rGO as illustrated by the scheme in Fig. 3.1. This electron transfer is considered one
of the reasons for the enhacement of photocatalytic activity of oxide semiconductors in solution
mixtures. Additionally, the NaTaO; (EM) loaded with Au and m-rGO (Fig. 3.10b, curve iv) exhibited a
more intense signal F in comparison with NaTaO; (EM) loaded only with m-rGO (Fig. 3.10b, curve iii).
It can be concluded that the Au co-catalyst supports the electron transfer from the semiconductor to
the carbon atoms on the graphene sheet. Surface plasmon resonance phenomena usually attributed
to metal nanoparticles such as gold were not observed so far in the measured UV-vis spectra as
shown in Fig. 3.11. However the plasmonic effect can play an important role concerning the
conducting electron transfer from Au nanoparticles to the graphene sheet and/or semiconductor and
this effect cannot be excluded. Significant novel insights into this effect were reported by Priebe et
al., who described a visible light driven electron injection from the Au conduction band to the TiO,

semiconductor conduction band, which contributed to activate the TiO, photocatalyst into the visible

. 82
light.
NaTaO, (EM)/Au/m-rGO

NaTaO, (EM)/ Au

j\ NaTaO, (EM)

T T T
200 300 400 500 600
Wavelength [nm]

Absorbance [a.u.]
\

Figure 3.11 UV-vis data of pure NaTaO;, NaTaO; loaded with Au and NaTaO; loaded with Au and m-rGO
produced by the exotemplate method (EM).

3.6 Conclusions

Strategies such as implementing soft chemical routes like the exo-template method (EM)
resulted in the formation of crystals with smaller particle sizes, which is an important parameter to
enhance photocatalytic activity. NaTaO; nanoparticles also proved to be more active as photocatalyst
than the ones synthesized by solid-state reaction (SSR). Furthermore, the hydrogen generation was
increased significantly by adding Au-MNP and/or m-rGO as co-catalysts onto the NaTaO; (EM) photo-

semiconductor, whilst for NaTaO; (SSR) no significant changes were observed with respect to
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photocatalytic activity. In this context, optimization of the proper spatial configuration and the
relative size between the components (Au-MNP, m-rGO together with NaTaO; nanocrystals) resulted
in a further improvement of hydrogen generation. Hydrogen generation was 52-fold higher (17.78
mmolh™g™) than using pure NaTaO; (SSR) as reference. One of the main drawbacks of photocatalytic
systems that use heterogeneous photocatalysts lies in the fast electron-hole pair recombination. It
was shown that optimized spatial configuration of gold NP reduction centers aided by the addition of
a conductive reduced multilayer graphene oxide provided an effective way of suppressing the

recombination of charge carriers.

3.7 Experimental Section
3.7.1 Synthesis and materials

NaTaO; (EM) was prepared via an adapted exotemplate method as described elsewhere.®! To
a solution of 0.75 g NaNO; (8.80 mmol, p.a., Merck, Germany) in 50 ml deionized water 11.4 ml of a
Ta,(C,0,4)s (tantalum oxalate) solution (8.80 mmol, ¢y, = 0.77 mmol-ml™ H.C. Starck, Germany), 3.0 g
of polyvinyl alcohol (98%, M, = 72000 gmol™, Roth, Germany) and 30.0 g of D-sucrose (99.7%, Roth,
Germany) were added under stirring at 368 K. After complete dissolution the honey-like highly
viscous mixture was heated at 493 K for 1 h to form carbonaceous precursor foam, from which the
nanoparticles were produced by calcination at 773 K for 20 h.

NaTaOj; (SSR) was prepared using a solid state reaction route described by Kato and Kudo."
Briefly, a stoichiometric mixture of 1.06 g Na,CO; (9.96 mmol, p.a., Merck, Germany) and 4.40 g
Ta,05 (9.96 mmol, 99.99%, ChemPur, Germany) was well ground in an agate ball mill with 200 rpm
for 24 h. For better distribution 20 ml of ethanol were added before milling and removed afterwards
in a vacuum oven at 323 K. Finally, the mixture was thermally treated in a Pt-crucible at 1420 K for 10
h with a heating rate of 10 Kmin™.

Graphite powder (Sigma-Aldrich, particle size <20 um) was used as precursor to synthesize
multilayer graphene oxides m-GO and m-rGO. The synthesis protocol was modified from the
procedure described by Marcano et al..”? In detail, 3.0 g of graphite and 18.0 g of KMnO, were slowly
added to a solution of 360 ml 98% H,SO, and 40 ml 85% H;PO, while the temperature was kept at
313 K. The mixture was set on a hot plate with a temperature of 323 K and kept there for about 12 h.
After the mixture was cooled down to room temperature it was added to 400 ml ice containing 3.0
ml of 30% H,0,. At first the mixture was sifted two times through a metal sieve (250 um) and the
filtrate was centrifuged 15 minutes at 8000 rpm. The precipitated solid was washed two times
consecutively with deionized water, 30% HCI solution and ethanol; and centrifuged (15 min. at 8000
rpm) after each washing step. Finally, the remaining material was washed with water, centrifuged
and vacuum-dried overnight at 60°C to collect m-GO. For the reduction step the solid product was
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dispersed in ethanol and finally kept in a Teflon-lined stainless steel autoclave at 423 K for 12 h to
obtain the final m-rGO or thermal expansion approach was used to obtain m-rGO as published
elsewhere.” The obtained oxidized material from Hummer’s method was placed inside a quartz tube
under argon/hydrogen (85:15 vol. % at fixed flow 100 ml/min) for at least one hour to remove the
excess of adsorbed oxygen. Then, a tube oven was heated until it reached 1050 °C; after this the tube
is inserted into the hot oven during 30 seconds until a short burst (thermal expansion) is observed

and the black aired powder is collected with a paper filter on a filter flask connected to a vacuum

pump.

3.7.2 Characterization

Powder X-ray diffraction (XRD) was carried out on a Stoe STADI P instrument in transmission
geometry with Cu Kal radiation. The BET surface area determination was carried out on a
Quantachrome Nova 4200 instrument with nitrogen sorption for high surface areas or on a
Micromeritrics ASAP 2020 instrument with krypton sorption for small surface areas. SEM images
were collected using a JEOL 7401F instrument and ATR-FT-IR was done on a Nicolet 6700.

The XPS investigations were obtained with an Escalab220iXL (ThermoFisher) with Al K,
radiation (E = 1486.6 eV). For charge compensation a flood gun was used. The spectra were
referenced to the Cls peak at 284.8 eV. The samples were fixed on a stainless steel sample holder
with a double adhesive carbon tape. For the determination of the electron binding energy and of the
peak area the spectra were fitted with Gaussian-Lorentzian curves after subtraction of a Shirley
background. For quantitative analysis of the surface composition the peak area were divided by the
element specific Scofield factors and the transmission function of the spectrometer.

Transmission electron microscopy (TEM) measurements were performed at 200 kV on a JEM-
ARM200F instrument (JEOL, Japan), aberration-corrected by a CESCOR (CEQS) for STEM applications.
The samples were prepared by adding the solid ground samples directly on a holey carbon-supported

grid (mesh 300) and transferred to the instrument.

3.7.3 Photocatalytic activity measurement

The photocatalytic H, production experiments were performed at least twice for each sample
in an inner irradiation reactor with a 150 W medium pressure mercury lamp (TQ 150, UV-Consulting
Peschl). The lamp was mounted in a quartz glass cooling jacket and kept at a constant temperature at
298 K. Prior to photocatalytic activity measurements 0.2 g of semiconductor were suspended in 100
ml of a 1:1 H,0:MeOH solution and in some experiments 10 wt.-% of m-rGO (related to the
semiconductor mass) were added and stirred overnight. Prior to irradiation, 650 ml of water were
added and the suspension was stirred and purged with argon for 30 min and in some cases 0.2 wt.-%
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Au (related to the mass of the semiconductor) were photodeposited onto the solid from dissolved
H[AuCl,]-4H,0. The resulting solution mixtures are simply dispersed in a H,0:MeOQOH solution. During
the photocatalytic activity measurement the evolved gases were measured until a minimum of 20 mL
was collected with gas burettes under ambient pressure and temperature. At the end of each
measurement the H, amount was determined by offline gas chromatography using a molecular sieve

5 A column, TCD and argon as carrier gas.
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4, Multicomponent aerogel architectures
4.1 Scope of this chapter

The main idea of the proposed approach is to retain the high surface area of nanosized
photocatalysts by building aerogel architectures. The aerogel approach provides a suitable platform
or support and it enables the addition of materials that may enhance the photocatalytic activity such
as preformed nanoparticles (acting as co-catalyst) by just adding the desired co-catalyst during the
gelation step. Furthermore, additives insertion during the formation of aerogels is fundamental to
overcome the problem of the wide band gap of TiO, and to increase its photoreactivity and
photostability.

The development of photocatalyst materials is more and more directed towards the
combination of single components to obtain multifunctional materials. Thus, beside photocatalyst
synthesis its mixing with other activity enhancing materials plays a significant role in light-driven
photocatalytic water splitting and photoelectrochemical hydrogen generation. In the previous
chapter 3, the particle size influence of NaTaO; semiconductors decorated with gold nanoparticles
(NP) dispersed in a solution mixture containing conducting multilayer reduced graphene oxide (m-
rGO) on the photocatalytic water splitting was investigated.' Although the catalytic performance was
remarkably increased in the case of nanoscale NaTaO;, the interactions between the multilayer
graphene oxide and the catalyst are rather random since no chemical or physical attachment of the
components was achieved. Likewise, Rolison and co-authors reported plasmonic enhancement of
visible light driven splitting of water at 3D network gold-titania (Au-TiO,) aerogels. The Au-TiO,
anatase porous composite architecture with 1 — 8.5% Au nanoparticles retained the high surface and
mesoporosity of unmodified TiO, and also maintained a stable dispersion of the gold nanoparticles
guests.

The current chapter will give an overview of the concept of aerogel architectures including its
processing and drying procedures, also the main advances will be briefly addressed. Moreover,
synthesis, properties, modifications and the main achievements obtained with TiO, powder materials
within the field of photocatalysis are discussed.

Aerogels are a class of highly porous materials that combine unique properties like high
specific surface area, low density and low thermal conductivity in a continuous 3D network of meso-
to micropores as presented schematically in Figure 4.1a. These properties make them attractive for
photocatalytic applications.>” Hence, the approach presented here could lead to the combination of
a number of desired properties at the composite architectures, such as high surface area, a
mesoporous network, hetero-junction, photoactivation of the semiconductor, extended sunlight
absorption and charge transfer. These properties can be obtained for instance by the addition of: co-
catalyst to act as electron trap, anion or ion doping to increase the photoactivation, sensitization by
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dyes or quantum dots to extend sunlight absorption, crystal facet engineering by exposing reactive
facets and a charge transfer promoter such as the graphene-like materials. In this context, the
multicomponent aerogel strategy reported by Niederberger et al. provided a good concept by
physically combining several different materials into a single architecture based on a TiO, model
system. Such an assembly of multicomponent aerogels and their application in photocatalytic H,
production is shown in Fig. 4.1 and Figure 4.2. The photocatalysts consist of chemically synthesized
conductive carbon layers (multilayer reduced graphene oxide — m-rGO) and either chemically
synthesized platinum nanoparticles or laser ablated metallic particles in liquid solution (physical
method), embedded in a porous semiconductor TiO, anatase matrix. The combination of catalytically
active and conducting components in aerogels leads to an increase in photocatalytic activity. The

data and results obtained in this chapter were published elsewhere.’

a b
cocatalyst

mesoporous m-rGO

structure

anisotropic
functionalized 4

Tio, NP = TiO,
=

2

Al

Figure 4.1 TiO, aerogel architecture scheme (a) including the porous network connected by the functionalized
TiO, nanoparticles. Multicomponent aerogel is depicted in (b) where additives such as cocatalyst and
conductive carbon layers can be inserted into the aerogel network.

Multicomponent Aerogels

Figure 4.2 Aerogel and multicomponent aerogel monoliths produced after supercritical drying. From left to
right: pure TiO,, TiO, loaded with 0.4 wt% Pt, TiO, loaded with 0.4 wt.% Pt and 1 wt.% m-rGO, TiO, loaded with
10 wt% m-rGO.

4.2 Nanoscale titanium dioxide (TiO;): Synthesis, properties and modifications

Titanium (IV) oxide is one of the most studied materials in the field of chemical catalysis and

10-14

surface science. It crystallizes into three major polymorphs of decreasing stability”: rutile,

" For the sake of simplicity, | will just use rutile, anatase or brookite to refer to TiO, and the specific phase as a
whole. Example: Anatase = TiO, with anatase phase; rutile = TiO, with rutile phase and so on.
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brookite and anatase respectively.”” Their unit cells are built of the same Ti-Og octahedral building
units but connected slightly different depending on the polymorph.

The last decades was characterized by an exponential growth of research in nanoscience and
its related fields with TiO, being one of the prominent components in nanoscience and
photocatalysis. Recently, Fresno et al. surveyed the photocatalysis research conducted exclusively
with titania and/or as one of the photocatalyst components, as a result the following was described":
(i) TiO, is still the most used photocatalyst (currently, over 40% of all research articles using
photocatalysts are based on TiO,), especially the use of anatase and anatase-rutile mixture phases as
benchmark semiconductors is remakable; (ii) Strong predominance of TiO, during the 90’s until reach
a plateau during the 2000’s which corresponded to 60% of all photocatalysts surveyed; (iii) End of the
2000 decade is observed by the decay of TiO, preponderance due to the exploration of new
materials and the search for active photocatalysts under visible light.*®

The synthesis of nanostructured TiO, is very well documented in the literature: from
monodisperse to all sorts of sizes and shapes through control of the assembly process. Examples of
these structures are nano-rods, -wires and -tubes, multiple size spheres, whiskers, platelets, thin
films, mesoporous titania and even aerogel structures made of TiO,, which will be described in the
current chapter.”? TiO, nanoparticles can be obtained by a broad variety of synthesis methods such
as sol gel,”* non-aqueous sol gel,” ionic liquids,”® chemical vapor deposition,”’ electrodeposition,*®
sonochemical,” microwave assisted for instance, to mention just a few.

Sol gel processes are being considered as very powerful chemical routes to obtain inorganic
materials at mild temperatures. They are based on the hydrolysis and condensation of molecular
precursors such as metal salts, alkoxides or metal halides.?* However, one main drawback is the lack
of control of the reaction rates that are often too fast, resulting in the loss of microstructural control
(i.e. crystallinity, phase, particle size and morphology). Additionally, the as-synthesized metal oxides
are often amorphous, and a further annealing step is necessary, but as a result it becomes difficult to
retain full control over the crystallization process during this step. To overcome the aforementioned
lack of reaction control, the “aqueous” sol-gel method evolved into nonaqueous sol-gel methods,
resulting in better control over particle sizes, morphologies and crystallinity, and still at mild
temperatures. The substitution of water as solvent (in the sol gel method) by organic solvents like
alcohols, ketones, aldehydes or ethers (in non-aqueous sol gel methods) resulted in lower reaction
rates, mainly as a result of the moderate reactivity of the C-O bond, in combination with the
stabilizing effects of the organic species. The introduction of these aspects may lead to uniform

31,32

crystalline nanoparticles obviating the need of the additional annealing step. The versatile non-

" Period in context from 1990-2014
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aqueous sol-gel approach allowed us to produce titania nanoparticles in the form of the aerogel
architecture.

Finally, Banfield et al. reported that under ambient conditions rutile is thermodynamically
stable relative to anatase or brookite. However, thermodynamic stability is particle-size dependent,

15,33

and at particle diameters below ca. 14 nm, anatase is more stable than rutile. This explains why

anatase can be obtained in nano sizes and the predominance of anatase in the fields of

10133435 Titania is an

heterogeneous catalysis, including sensitized solar cells and photocatalysis.
extensively investigated photosemiconductor used for photocatalytic water splitting, because of the
following features: (i) it is cheap and abundant material available on industrial scale®; (ii) possess
chemical and corrosion resistant; (iii) nontoxic and (iv) high absorption in the UV region, conduction
and valence band energy potentials are suitable for the redox potentials of water, as discussed in

chapter 2.

4.2.1 Nanoscale TiO, modifications: Photocatalytic enhancement

Photocatalysis research using titanium oxide materials is basically focused on two pathways.
The first is concentrated on the enhancement of photocatalytic H, production by the addition of
additives (e.g. noble metal loading as co-catalysts, other additives like) or conductive carbon sheets,
(m-rGO) and the second pathway is focused on narrowing the TiO, band gap in order to enhance the
TiO, materials visible light absorption. As previously described in chapter 3.3 the loading of noble
metals and metal alloys (as cocatalyst) plays a significant role in photocatalysis enhancement. Noble
metals like Pt, Rh, Au, Ag, Pd, and Cu, or Ni,***! as well as noble alloys like Au-Pd, Au-Cu and Pt-Cu

have been reported to be very effective, especially together with a TiO, semiconductor.***

However,
the description of electron donors and crystal facet engineering are missing in order to provide the
full panorama of the hydrogen enhancement techniques. The addition of electron donors i.e. hole
scavengers or sacrificial reagents to consume the photogenerated valence band holes may enhance
the photocatalytic electron-hole separation, while the generated electrons in the conduction band
can reduce protons resulting in hydrogen molecules. However, continuous addition of electron
donors is required to keep the hydrogen production alive. In general, organic compounds are widely
used as electron donors like EDTA, methanol, ethanol, lactic acid, ascorbic acid and formaldehyde for

36,45-47

instance. Since, adding methanol to pure water can play a crucial role in enhancing hydrogen

generation, several reports proposed possible mechanisms for the photocatalytic oxidation of

| 48-51

methano Therefore, two possible mechanisms were identified (i) direct oxidation by

* Annual global production of TiO, is over 4 million metric tons estimated in a USS 14 billion business. Source:
Cristal Global Company and TiO, pigment Annual Review (2012). Five global producers make up nearly 60% of
the global nameplate capacity: DuPont, Cristal Global, Tronox, Huntsman and Kronos.
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photogenerated holes and (ii) indirect oxidation via interfacial formed °OH radicals, that is the
product of trapped VB holes by surface —OH groups or adsorbed water molecules. Using isotopic
labelling and temperature programmed desorption in combination with laser surface photocatalysis
Chenbiao et al. investigated the molecular hydrogen formation from photocatalysis on TiO, rutile
(110)%. The authors provided significant evidence that molecular hydrogen may be produced via
thermal recombination reaction of hydrogen atoms on the bridged-bond oxygen (in the exposed TiO,
surface), produced by methanol photocatalysis on TiO, rutile (110) under 400 nm irradiation. This
may well a possible universal mechanism for H, generation using titania-based catalysts.’***

Since the remarkable work of Lu and co-authors in 2008, the development and advances in
crystal facet engineering of semiconductor photocatalysts increased tremendously, because facet
engineering enables the tuning of properties such as reactivity and selectivity of
photosemiconductors, especially in the case of TiO, anatase.® A TiO, anatase crystal is usually
dominated by {101} facets (yellow facets in Figure 4.3), which present the lowest surface energy as
depicted in Figure 4.3. Considering other facets, theoretical studies have demonstrated the
following sequence for surface relative energies: {101} < {100} < {001}.>* An inversion in the sequence
position between the {101} and {100} facets can occur; e.g., in oxygenated surfaces, {100} facets are
mostly stable whereas under clear and hydrogenated conditions, {101} facets are more stable.
However, the {001} facets (green facet in Figure 4.3) has the highest energy. The relative energy
variations of these surfaces can be explained by the different chemical compositions of the facets,
resulting in diverse degrees of broken chemical bonds on the surface. Lu and co-authors reported the
preparation of anatase microcrystals with surfaces formed preferentially by {001} facets.

On the basis of first-principle quantum chemistry calculations, the strategy used by them was

the reversal of the relative stability of the facets through the use of fluoride ions during the synthesis.

(001)

g (010) ’

Figure 4.3 Crystal morphology predicted for anatase TiO, using Wulff’s construction” . Every crystal facet is
represented by different colours (which correspond to different planes i.e. (101), (001), (011), (010) and all the
related family planes).

§Ti02 rutile (110) according to Wulff’s construction is one of the equilibrium shapes (or crystal facet) present in
the TiO, rutile crystal.
" Wulff construction is a mathematical method of predicting the equilibrium shape of nanoparticles given the
surface energies of the material.
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The presence of fluoride ions favors the formation of strong F-Ti bond at the surface, leading to a
decrease in the (001) surface energy, which results in a higher stability than the (101) surface. Then
Zheng and co-workers used a similar approach to synthesize anatase TiO, nanosheets with exposed
{001} facets and excellent photocatalytic activity towards the degradation of organic pollutants such

as methyl orange was achieved.*®

4.2.2 Nanoscale TiO, modifications: extending solar absorption

This section describes the methods used to extend the TiO, solar spectrum absorption,
because the solar-driven photocatalytic process of unmodified'" titania is highly limited by its wide
band gap (3.2 eV), which is only excited by UV light which comprises approx. 5% of the solar
spectrum. This fact has inspired an intensive effort to promote the photocatalytic activity and
enhance the visible light response. Briefly, the strategies that have been employed to enhance the
visible light response for TiO, materials are: dye sensitization, metal ion doping and non-metal
doping strategies.

Dye sensitization is a low cost concept developed by O'Regan and Gratzel in the early 90’s to
improve the efficiency of solar cells by using TiO, as photocatalyst combined with a ruthenium
complex - [Ru(bpy)s;]** known as a dye, which enables visible-light harvesting of wide-bandgap
semiconductors such as TiO, through sensitization, achieving an overall light-to-electric energy
conversion yield of 12% under solar light.*® Sensitization is based on the redox properties of some
dyes, which under visible light illumination can promote the excited electrons to the conduction band
of photosemiconductors to initiate catalytic reactions, as summarized in scheme 4.1, including water
splitting.””*®*** Among the various dyes successfully applied in sensitization processes one can

®0%1 metalloporphyrins,®® and

mention the following: metal complexes (e.g., Ru or Pt complexes,
phthalocyanines®) and organic dyes (e.g., eosin Y and Rhodamine B,*" rose Bengal,”> merocyanine
and coumarin,®® porphine,®” and binaphthol®) have been used as sensitizers for H, production under
visible-light irradiation. The equations below (eq. 4.1 — 4.3) illustrate the electron excitation, injection
and possible dye regeneration.*® A very illustrative example was reported by Peng et al., where highly
efficient visible light induced photocatalytic H, production was achieved using TiO, sensitized with
[Ru,(bpy)4(BL)](ClIO,4), without the presence of a co-catalyst.®® In this report, the amount of evolved

H, after 27 h of irradiation corresponds to a turnover number of about 75340, and the apparent

guantum yield is estimated to be 7.3% under 475 nm monochromatic light irradiation.

" Unmodified in this context, was used with the meaning of pure or bare titania.
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dye ——> dye* (4.1)
* — 3 dyet + e~

dye Tio, y (4.2)

dye* + e~ — dye (4.3)

Scheme 4.1 Possible sensitization mechanism: dye excitation (Eq. 4.1), electron injection (Eq. 4.2) and dye
regeneration (Eq. 4.3).

However, photosemiconductor sensitization still possesses drawbacks concerning dye desorption
and backward transfer (recombination) during the photoreaction. Moreover the long-term stability
of the dyes is still far from desirable.

Metal ion doping with transition or rare earth metals* may also be employed in photocatalytic
applications. Hoffmann et al. performed a systematic investigation of the photocatalytic activity of
TiO, nanoparticles doped with 21 different metals (usually in the form of a metal salt) to evaluate the
oxidation of CHCl; and the reduction of CCl,. The authors concluded that the ability of a dopant to
function as an effective trap is influenced by the dopant concentration, the energy levels generated
by the dopants within the TiO, lattice, their electronic configuration and finally by the distribution of
dopants within the particles.”® Within the 21 different metals tested 12 showed lower and/or similar
photocatalytic activity than undoped TiO,, while TiO, doped with Ru** resulted in the highest activity
of nearly 11 fold compared with bare TiO,. Metal ion doping may promote a slightly higher TiO,
absorption in the visible region, however the down side is an increase of the carrier-recombination
centers, which may degrade the electron—hole separation ability and cause electron—hole
recombination at the dopant sites.

In 2001, in a completely new approach, Asahi et al. used first principle calculations to predict
band gap narrowing by a series of non-metallic substitutional dopants such as C, N, F, P and S to
replace the O (at a doping level) in the anatase TiO, crystal. The substitutional doping of N was the
most effective according to the authors, because its p states contributed to the band gap narrowing
by mixing with O 2p states. In spite of the fact that doping with S also contributes to band narrowing,
the large ionic radius of sulfur makes its incorporation into TiO, lattice difficult. Nitrogen doped TiO,
thin film was prepared by sputtering and the resulting film was reported to be catalytically active for
methylene blue decomposition under visible light.”* In the following year, another group published
efficient photochemical water splitting by a chemically modified TiO, using flame pyrolysis synthesis.

The as obtained TiO, was doped with carbon which extended its absorption below 535 nm and

* The main difference between metal loading (i) and ion doping (ii) relies in the nature and where the metallic
species are located. In (i) the metallic species are made of particles or clusters and are situated in the surface of
the photocatalyst, while (ii) the metal ions are inserted into the photosemiconductor lattice as impurities.
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narrowed its band gap to 2.32 instead of the actual 3 eV for bulk TiO, rutile. The performance of C
doped TiO, produced by this method resulted in water splitting with a total conversion efficiency of
11% at an applied potential of 0.3 Volt, under UV-Vis illumination.”” Until now, nitrogen-doped TiO,
exhibits the highest optical response to radiation with visible light, but its absorption in the visible
and infrared still remains insufficient. In 2011, an innovative approach was presented by Mao and co-
authors that succeeded to narrow TiO, the band gap to an exceptional 1.54 eV*, which significantly
enhanced its photocatalysis. The method consisted of hydrogenation of TiO, nanocrystals at a
relative high pressure (20 bars) producing black TiO,.” Its photocatalytic activity was measured
thorough the decomposition of methylene blue and phenol under simulated solar light. The black
TiO, bleached the methylene blue solution at a rate 6.25 faster than unmodified TiO, and twice as
fast in phenol degradation. The material was also tested for hydrogen evolution achieving rates of 10
mmolh™ loaded with platinum co-catalyst under simulated solar light. The black TiO, photocatalyst
was submitted to long-term testing achieving consecutive cycles of 13 and 22 days, with persistent
high rates of H, evolution throughout the cycles. Although one would expect that hydrogen thermal
treatment of TiO, nanocrystals would result in reduction of Ti* to Ti** species or even to the metallic
state, it resulted in the so called disorder-engineered black TiO, nanocrystals.”® Thus, the activity of
disorder titanium dioxide nanocrystals in the visible light region is still far from satisfactory, although
black titania nanomaterials have shown large capabilities in absorbing a remarkable amount of
sunlight and have been reported to possess visible-light photocatalytic and photoelectrochemical

activities.”*”’

4.3 Inorganic oxide aerogels: Properties, sol-gel synthesis, processing and drying
The pioneering work with silica gels from Samuel Stephens Kistler in 1931 gave birth to the

term and provided a material with unique properties called aerogel (air + gel),”® which is used or

9 |80,81

considered for use in a wide range of applications,”® including optica and chemical sensing,®

84,85

thermal insulation® and acoustic insulation, super-hydrophobic surfaces®*®, aerospace and space

87,88

exploration,® nuclear particle detection (Cherenkov detector), and catalysis which is the main

focus of the present chapter.®***
An aerogel is a three dimensional open network which can be assembled from nanoparticles or
polymer molecules or as Kistler proposed: “an aerogel is a gel in which the liquid has been replaced

k”.>** The proposed

by air by some means, with slightly moderate shrinkage of the solid networ
definition for aerogel by IUPAC is “gel comprised of a microporous solid in which the dispersed phase
is a gas”. Commonly, the aerogels precursors (wet gels) are synthesized by sol-gel chemistry, i.e. the

main reactions involved are hydrolysis and condensation of a metal salt or metal alkoxide as

% This approach performed by Mao et al. could not be reproduced by us.
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summarized in scheme 4.2.% These reactions result in a continuously connected, solid network that is
filled with solvent called wet-gel, as depicted in Fig. 4.4. Furthermore, the overview of the methods
and processes involved during aerogel preparation are highlighted in Fig. 4.4. One major problem in
preparing aerogels is the extraction of the solvent without collapsing the existing porous network
structure. Fig. 4.4 illustrates the main difference (shrinkage) between applying supercritical drying
versus conventional drying techniques, e.g. ambient air, oven or vacuum drying, which are not able
to preserve the wet gel structure leading to xerogels.

According to Shen et al. aerogels can be classified by their composition in 2 main categories:
single component aerogels and aerogel composites. As single components one can refer to silica
(Si0,) or non-silica (ZrO,, NiO, CoO, TiO,, Al,O; etc), organic aerogels (resorcinol-formaldehyde,

95,96

hydrogel”" and cellulose-based)®>®, carbon aerogels (carbonized resorcinol formaldehyde, carbon

93, 97 81, 98

nanotubes and graphene) chalcogenide aerogels (CdTe, CdSe and ZnSe) , metal or metal

alloys aerogels (Au, Ag and Ag/Au, Ag/Pt).” Aerogel composites comprise countless combinations of
single components at different ratios.”*>*®

All aerogels with few exceptions (i.e. organic and chalcogenides) are prepared by the sol-gel
method. The sol-gel process is a wet-chemical method which provides solid materials such as
particles, ceramics or glasses (i.e. silicates and metal oxides) starting from molecular precursors
throughout inorganic polymerization until an oxide network is obtained. Depending on the nature of
the precursors, sol-gel processes can be classified into two routes (i) hydrolytic — when the precursor
is an inorganic salt or a hydrolysable compound (e.g. alkoxide) and water is used as solvent. The main
hydrolysis and condensation reactions are illustrated by the chemical equations 4.4, 4.5 and 4.6 or (ii)
non-hydrolytic — when the precursor is a metal organic compound, alkoxide or salt and organic
solvent is used instead. The main condensation reactions can be illustrated by the equations 4.7 —
4.9. The aqueous chemistry of inorganic salts has several disadvantages due to the occurrence of
hydrolysis reactions which convert the ions into new ionic species or to precipitates. The transition
metal chemistry in aqueous solutions can be challenging because of the formation of various
oligomeric species (from dimer to tetramer for instance), due to the occurrence of multiple oxidation
states, in dependence on the pH and the concentration. Furthermore, the counter anions can
influence the morphology and chemical composition of the obtained solid phase. However, several of
these disadvantages can be circumvented by adopting a non-hydrolytic pathway i.e. by using metal

2 1-32
> 3132 \etal

organic molecular precursors such as metal chlorides, alkoxides, or acetylacetonates.
chlorides M(Cl), and alkoxides M(OR), for instance, are versatile molecular precursors for the sol-gel

synthesis of metal oxides.

™ Hydrogels are formed by crosslinking polymer chains and are well known for their ability to absorb
substantial amounts of water.
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>IV|—OR + H0 — i|\/|—0H + ROH (4.4)
/ s/
iM—OH + OH—Mi —» —M—0—M— + H,0 (4.5)
AN / AN 2 '
AN / /
— M — —M— —M—0—M— + ROH (4.6)
M—OR + HO—M — - N

Scheme 4.2 Chemical reactions for the sol-gel process using metal alkoxides. Hydrolysis (Eq. 4.4) and
condensation, involving oxolation (Eq. 4.5) and alkoxolation (Eqg. 4.6), where M represents a metal species and
R alkyl groups.

Because of their solubility in organic solvents, a high homogeneity and easy conversion into their
corresponding oxide is possible. The main non-hydrolytic routes reported by Vioux et al. and
Niederberger et al. involve the reaction of a metal chloride with either metal alkoxides or

acetylacetonates or alcohols, acting as oxygen donors (equations 4.7, 4.8 and 4.9).3"32

Hence, the
advantage of the non-hydrolytic sol-gel process results from the coordinating effect of the organic
solvent and the moderate reactivity of the C-O bond which is responsible for the slow reaction rates.
The advantages are a simplified synthesis delivering high purity crystalline products within the
nanoscale range, control over particle size and shape. In addition, it allows the control over surface
and assembly properties.”"

Metal oxides are the most studied class of aerogels components, the earliest studies started
with silica aerogels. Studies conducted by Kistler followed with a series of single metal oxide
compositions such as alumina, zirconia, titania, nickel oxide, cobalt oxide and mixed oxide

aerogels.”™

However, most of the approaches used to obtain these metal oxides are based on
hydrolytic sol-gel process which leads to amorphous solid products. Consequently, the as-obtained
aerogel must be annealed above 400°C to induce crystallization. Unfortunately, the high
temperatures can provoke particle growth, collapse of the pores and reduction of specific surface
area.

The aerogel approach adopted throughout this chapter is based on the non-aqueous sol-gel
process between a metal halide (TiCl;) and an alcohol (benzyl alcohol) which leads to TiO,
nanocrystals and benzyl chloride as main products in accordance to eq. 4.9 in scheme 4.3. Although

several mechanistic investigations involving the reaction of metal halides and alcohols or with metal

alkoxides were reported on the formation of metal oxide.

" 1t is well known, that in aqueous sol gel synthesis the hydrolysis and reaction rates are so fast that

amorphous materials are often obtained, so additional annealing is needed to achieve crystalline
materials to the detriment of controlling particle size and morphology.
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MCl, + YROH —» (RO), (MCl),, + yHCI (4.7)

;M—OR + RO—ML — ;M—O—Mé + ROR (4.8)
Nv—a + fol ;M_O_M_ + RCl (4.9)
>M—O—|$R' N Ro—Mi — ;M—O_M— + ROCR' (4.10)

Scheme 4.3 Chemical reactions for the non-hydrolytic sol-gel process forming the M—O-M bond. The metal
alkoxide species are generally produced in situ by the alcoholysis of metal halides reacting to the respective
metal alkoxo-halide and hydrogen halide (Eq. 4.7); Ether elimination (Eq. 4.8); Alkyl halide elimination (4.9) and
ester elimination (4.10); where R can be an alkyl or phenyl group and M is the metal specie.

d.>> 19213 scheme 4.4 shows a non-

The underlying reactions are still not completely understoo
hydrolytic hydroxylation method as a result of the reaction between an alcohol and a metal halide.
According to a previous report the reaction of tertiary and benzyl alcohols leads to a alkyl halide
elimination following the pathway (b), but when primary and secondary alcohols are used,
mechanisms (a) can occur.'®® These reaction pathways (a and b) seem to be plausible, because both
involve initially the nucleophilic attack of the lone pair of electrons of an alcoholic oxygen atom to
the metal center, followed by the cleavage of either the hydroxyl or alkoxyl group. Thus, alcohols
with electron-donating groups (such as tertiary carbon and benzyl groups) lead to hydroxylation

pathway (b) with alkyl halide elimination while alcohols containing electron-withdrawing groups

prefer to directly eliminate hydrogen halide following the pathway (a).

RO-MCl; + HCI
cl Cl a 3
.. H, V.
MCl, o+ ROH — :0:---» l\lfl"C|
R al (®)™ Ho-mcl, + Rl

Scheme 4.4 Possible mechanism pathway for non-hydrolytic hydroxylation.

The preparation process of the aerogel includes three key steps, as shown in the Fig. 4.4.
(i) Solution-sol transition: conversion of the homogeneous metallic salt or alkoxide solution into a sol
by hydrolytic or nonhydrolytic reaction.
(i) Sol-wet-gel transition (gelation): the sol particles are further cross-linked (condensation reaction)
and assembled into a wet gel continuous network.
(iii) Gel-aerogel transition (drying): the solvent inside the wet gel is replaced by air through

supercritical drying, which prevents the pores inside the continuous network to collapse.
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drying
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Figure 4.4 General processes and methods involved in the preparation of xerogels and aerogels. The main
difference between aerogels and xerogels relie in the wet-gel structure shrinkage extent. Supercritical drying is
used to preserve the full wet-gel structure with minimum shrinkage.

4.4 Supercritical Drying

The effective solvent extraction from a wet gel phase while keeping the porous network
unaltered is just possible by employing supercritical drying. Supercritical drying avoids a liquid-phase
by submitting the solvent above its critical point whereupon it becomes a supercritical fluid. Under
supercritical conditions the fluid has properties of both liquid and gas and is characterized by having
no interface or surface tension. Once the supercritical condition is achieved the fluid is then slowly
depressurized into the gas phase and the solid is preserved as it was immersed in the wet gel.

By making use of the CO, phase diagram (Figure 4.5) it is possible to illustrate the difference
between the two pathways to dry wet gels. The pathway (a) indicated by the arrow in Figure 4.5
represents the conventional drying process (such as evaporation) by crossing the liquid-gas
boundary, which is characterized by the conversion of liquid into gas at defined rate while the
amount of liquid is reduced. Consequently, upon solvent removal, the surface tension of the liquid in
the gel pores will suffer a capillary pressure gradient in the pore walls reaching pressures nearly 1000
bar, able to collapse the pores.’® Therefore, in order to avoid the phase boundary transition, the
pathway (b) indicated by the curved arrow in Figure 4.5 can be used instead, by submitting the
solvent or fluid to supercritical conditions. Supercritical CO, drying leads to the presence of
supercritical fluid mixtures in the gel pores without residues of any liquid phase. This drying
procedure prevents the presence of any intermediate vapor—liquid transition and zero surface
tensions in the gel pores when the temperature and pressure are above the supercritical point™ as
shown in Figure. 4.5, thus preventing the gel structure from the pore collapse during solvent

elimination. The dashed lines in Fig. 4.5 represent the transition in a phase diagram at which the

** Above the supercritical point there is no distinction between gas and liquid or phase boundary. The densities
of the liquid phase and vapour phase become equal.
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substance is indistinguishable between liquid and its gaseous states.'®

Supercritical fluids that have been used are: Freons, acetone, nitrous oxide and CO,. Table 4.1
exhibits the critical point temperatures and pressures for some common fluids. Usually CO, is used as
fluid, because it has a very low critical temperature of 31°C, low toxicity, it is non-flammable,
chemically inert under the employed conditions and some organic solvents like acetone, ethanol and
methanol (which were used throughout the experiments) are completely soluble in CO,. Acetone,
ethanol, methanol and water require high temperatures which could modify the structure of the
metal oxide material. Although N,O possesses similar properties as CO,, according to literature it is
considered a strong oxidizer when it is in the supercritical state. The use of Freons was restricted due
to the lack of information regarding its solubility for alcohols and acetone, because these solvents are
the most common for the solvent exchange process. The set up to prepare aerogel materials is
comprised of a stainless steel chamber or autoclave including inlet and outlet valves and one

pressure manometer coupled to a liquid CO, bottle line. More details can be found elsewhere.'®

Supercritical
Fluid

Pressure / bar

T T 1
200 250 300 350 400
Temperature / K

Figure 4.5 Carbon dioxide pressure temperature phase diagram showing the triple point and critical point of
CO,, respectively (5.18 bar, 216.55 K and 73.8 bar, 304.15 K).

Table 4.1 Critical point parameters of common fluids

Fluid T.[°C] P. (bar)

Freon 116 (CF3), 20 29.7

Carbon dioxide (CO,) 31 73.8

Acetone (CH;),0 235 46.6

Nitrous oxide (N,O) 37 72.4
Ethanol (C,HsOH) 243 63

Methanol (CH;0H) 240 80.9

Water (H,0) 374 220.4

4.5. Multicomponent aerogels loaded with chemically synthesized metallic particles and

multilayer reduced graphene oxide results and discussion

Usually aerogel preparation is reported using amorphous precursors followed by further

5, 101a, 101b, 107

calcination to obtain the desired crystalline phase. In the current work, as shown in the
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flowchart (Figure 4.6), it is possible to produce gels with preformed nanocrystalline TiO, by simply
mixing with additives and subsequent co-gelating without further calcination. Temperature sensitive
carbonaceous materials such as m-rGO and the mesoporous structure are preserved in this way (Fig.
4.7).

The aerogel formation process is based on the anisotropic growth of TiO, nanocrystals into
branched wires, however to achieve this the nanocrystals must be functionalized with an amino
compound (trizma, NH,C(CH,OH);). Subsequently the powder can be dispersed in a
water/dimethylformamide (DMF) mixture and heated up for a couple of minutes to 90°C to induce
the selective replacement of the amino compound until the gelation takes place, in this case pure
titania gel is obtained. Hence, the TiO, gel is solvent exchanged by increasing increments amounts of
acetone in water (e.g. 20/80, 40/60, 60/40, 80/20 and 100 vol. % of acetone). Subsequently, the
resulting solvent-exchanged wet gel is then placed in an autoclave which is filled with acetone and
submitted to supercritical drying, the result is the aerogel represented by Fig. 4.1a and 4.2.

As indicated by the flowchart in Fig. 4.6, metallic particles can also be introduced in the aerogel
preparation process in order to obtain a multicomponent aerogel. In this way, two methods were
used to produce metallic particles (Pt, Rh, Au and Ir): (i) a chemical route and (ii) a physical method
(laser ablation synthesis in solution — LASIS).'® The procedure to incorporate either chemically or
laser ablated metal particles in the gel is straightforward, it consists in adding the desired
concentration of metal particles (previous measured by ICP and/or thermogravimetry) to the TiO,
sol, gelation and proceeding with the exchange solvent and supercritical dry steps. For the case of
adding reduced graphene oxide (m-rGO) the desired concentration in wt. % is added to the TiO, sol
before mixing it with water and followed by solvent exchange and supercritical drying, as depicted by

Fig. 4.1b and 4.2.

Functionalised Metallic reduced Graphene
TiO, particles Oxide (m-rGQ)
anatase synthesis synthesis synthesis
[ ] ]

| H,0-DMF solution mixture |

)

Gelation process
90°C/ 30 min

¥

Solvent exchange

CO, Supercritical dry
(31°C @ 74 bar)

Figure 4.6 Multicomponent aerogel preparation process.
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N, physisorption measurements performed on such aerogels presented high surface areas of
about 500 m%/g with a narrow mesoporous size distribution of the host titania at around 17 nm. The
obtained BET surface area indicates that the aerogel architecture doubled the surface area in
comparison to trizma-functionalized TiO, powder (252 m?/g), while Pt nanoparticles (NPs) and m-rGO
loading slightly decrease the surface area (Table 4.2). It was reported previously that the loading of

7197 However, in this work the BJH pore

noble metals significantly reduced the pore size distribution.
size distribution indicates that the loading of Pt NPs or m-rGO sheets does not affect the pore size

distribution (Fig. 4.7) confirming the advantage of this method for aerogel preparation.

Table 4.2 Surface areas and pore size of the TiO, samples

Sample Seer [M* g7 D, [nm] Band gap [eV]®
TiO,-trizma 252 - 3.30
TiO, aerogel (C) 510 18 3.30
Pt/Om-rGO/TiO, (1) 480 16.5 3.10
Pt/1.0m-rGO/TiO; (G) 498 17 3.32

Seer: Surface area; D,: Pore diameter;

® Band gap energies estimated from the Kubelka Munk method (Figure 4.15b).
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Figure 4.7 Pore size distribution (BJH method) of: (i) TiO, aerogel, (ii) Pt/Om-rGO/TiOZ§§§ aerogel and (iii)
Pt/1.0m-rGO/TiO, aerogel.

The XRD patterns of the TiO, trizma functionalized powder and other representative aerogel
compositions are shown in Fig. 4.8a. All materials have nearly identical diffraction patterns and were
assigned to be in the anatase phase (PDF 21-1272), indicating that the incorporation of Pt particles or
carbon materials (m-rGO) does not affect the TiO, crystallinity. Reflections from platinum or m-rGO

were not observed due to the low loading content in the Pt/Om-rGO/TiO, aerogel and Pt/1.0m-

55 The adopted nomenclature for the samples used throughout this chapter: Pt/Om-rGO/TiO, stands for fixed
concentration of Pt (0.4 wt. %), with the desired amount of m-rGO (in this case zero) and the rest of the sample
is composed of TiO,. Similarly, for Pt/1.0m-rGO/TiO,, the /1.0m-rGO/ stands for 1 wt. % of m-rGO.
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rGO/TiO, aerogel XRD patterns, respectively. In addition, the reflection peak intensity for m-rGO is
100 times lower in comparison to the TiO, reflections (Fig. 4.8b). An average crystallite size of 5 nm
was determined by using Scherrer’s equation fitting the (101) peak for all measured diffraction

patterns indicating that the addition of Pt NPs or m-rGO do not affect the TiO, particle size.
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Figure 4.8 (a) XRD diffraction patterns: (i) trizma-functionalized anatase TiO, powder (ii) TiO, aerogel (iii)
Pt/Om-rGO/TiO, aerogel (iv) Pt/1.0m-rGO/TiO, aerogel. (b) XRD patterns: of (i) graphite, (i) m-graphene oxide,
(iii) multilayer reduced graphene oxide (m-rGO). The diffraction pattern in b(ii) was magnified 100x and b(iii)
was magnified 1000x.

Transmission electron microscopy (TEM) and high-angle annular dark field (HAADF) images
provide information of the Pt/Om-rGO/TiO, and Pt/1.0m-rGO/TiO, aerogels samples showing a
continuous TiO, network with multidirectional junctions that lead to the porous structure that is
comprised of particle sizes not larger than 3 nm, decorated with quasi-spherical Pt NPs in the range
of 1 nm (Figs. 4.9 and 4.10, respectively). Fig. 4.9a shows platinum as black dots dispersed over the
TiO, network while in Fig. 4.9b the HAADF-STEM image reveals the Pt particles as white spots. More
details can be observed in the HRTEM image in Fig. 4.9c.

The lattice planes that are visible in the HRTEM images of the TiO, and Pt particles further
confirm their crystalline structure. Due to the contrast in the HAADF-STEM image (Fig. 4.9d) it is
possible to distinguish between platinum and TiO, particles, where the grey and black regions are
composed of anatase, whereas the white quasi-spherical particles are composed of platinum with
maximum 2 nm in diameter. Although, the aerogel composition changed to Pt/1.0m-rGO/TiO, by the
addition of 1 wt% m-rGO, it is still possible to observe similar structure features as mentioned for the
Pt/Om-rGO/TiO, aerogel as shown in Fig. 4.10. Figures 4.10a and 4.10b show the overview of the
Pt/1.0m-rGO/TiO, images with the characteristic multidirectional network uniformly decorated with
Pt NPs. A HRTEM bright field image (Fig. 4.10c) reveals that the particles dimensions are around 3 nm
for titanium oxide (light grey) and 1-2 nm for the Pt nanoparticles (dark quasi-spherical regions). In
the HAADF (Fig. 4.10d) one can clearly distinguish between the Pt and titanium oxide NPs. TEM
measurements were also performed on the single components such as the platinum particles (Figs.

4.11a and 4.11b), m-rGO (Fig.4.12b) and the pure TiO, aerogel. Using these microscopy techniques it
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was possible to ascertain that the synthesized assemblies had the desired configuration, as shown in

Figs. 4.9 and 4.10.

Figure 4.9 (a) Bright field TEM image of Pt/Om-rGO/TiO, aerogel. (b) HAADF-STEM image of Pt particles on the
TiO, network. (c) HRTEM (d) High-resolution HAADF image of TiO, network decorated with Pt.

The TEM image of the pure m-rGO showed a carbon sheet within 2-4 microns in diameter
without the presence of agglomerates. In contrast to the multilayer morphology displayed by the
transmission electron microscopy, the morphology of the multilayer graphene oxide was accessed by
preparing a diluted suspension in THF which was drop-casted onto a mica substrate and further

analysed through atomic force microscopy (AFM).

Figure 4.10 (a) Bright field TEM image of for the Pt/1.0m-rGO/TiO, aerogel. (b) HAADF-STEM image of Pt
particles on TiO, m-rGO network. (c) HRTEM of Pt/1.0m-rGO/TiO, aerogel and (d) High-resolution HAADF image
of TiO, m-rGO network decorated with Pt (Content: 0.4 wt% Pt and 1 wt% m-rGO).

The result of the AFM analysis is shown in Fig. 4.12 (a, c and d). These images confirm a sheet
dimension size at around 2 microns which is in agreement with the transmission electron microscopy
presented in Figure 4.12b and also what is expected from the thermal expansion method used to
prepare the multilayer graphene oxide.’® The number of layers was analysed by AFM, because AFM
offers more reliable and direct approach to measure the cross section. In addition there is no danger
of contamination with solvent or other carbonaceous contaminants that might be adsorbed on the
multilayer material produced. Whereas TEM provides the information from the transmitted electrons

which results in 2D projections, AFM provides the depth or height of the sample deposited onto the
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mica substrate. Fig. 4.12a represents a 2D image including the colour bar in the right indicating the

height scale.

Figure 4.11 HRTEM of the as-synthesized metallic platinum nanoparticles. (a) Platinum nanoparticles overview
(b) average platinum particle sizes in the range of 2 nm.
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Figure 4.12 (a) AFM image of m-rGO sheet. (b) Transmission electron microscopy (TEM) overview of a (m-rGO)
sheet. Depth profile of the horizontal (1) and vertical line (2) from m-rGO sheet in AFM image (a). The red and
blue markers correspond to a “three-layer” graphene oxide sheet with a average height of 1.20 nm and 1.24
nm respectively.

Hence, is it possible to measure the depth profile of the sample surface in comparison with the
background (mica substrate), in this manner two perpendicular lines were traced and measured and
the results are plotted in Fig. 4.12c and 4.12d. A height average of nearly 1.2 nm or “three-layer”
(considering the thickness of one single layer ~ 0.35 nm) sheet was determined for both horizontal
and vertical lines. Moreover, one must take into account that the graphene sheet thickness is
affected by the functional groups such as carbonyls and epoxides which were confirmed by Cls XPS
and FTIR analysis (Fig. 4.13) and also errors associated with the AFM measurement. The Cls XPS

analysis of thermal exfoliated graphene oxide under a mixture of argon and hydrogen revealed the
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presence of 4 main peaks while the analysis of the graphite used as precursor showed 3 main peaks
(Fig. 4.13a). Thus, carbon and oxygen amounts of 89.35% and 10.65% respectively were quantified by
Cls and O1s XPS of the thermal exfoliated material, meanwhile the graphite precursor revealed
carbon and oxygen amounts of 97.77% and 2.23% respectively. The graphite precursor showed 3
main peaks (insert of Fig. 4.13a), namely C—C sp® (284.4 eV), extended delocalised electrons
denominated satellite peak (m—m*) can lead in higher binding energy nearly at 291 eV and C-O at
285.2 eV. The latter peak may be the result of atmospheric oxidation as reported by Honorita-Lucas

etal.,'°

and/or impurities present in the commercial precursor. In the C1s XPS spectra obtained from
the thermal exfoliated material (m-rGO) the following peaks could be assigned: C—C sp? (284.5 eV),
C-0 (285.6 eV), C=0 (287 eV) and n—n* around 292 eV as observed previously by Ganguly et al.""!
The results are consistent with the amount of oxygen determined by O1s XPS analysis of nearly 10%
and in addition, a sharp decrease in hydroxyl, alkoxy, carbonyl and epoxy groups was observed via
the FTIR (Fig. 4.13b). However, the presence of carbonyl and epoxy groups are persistent despite of
the thermal reduction applied, as a result of the larger particle size m-rGO that can be visualized in
lower resolution on the outer surface of the fractures (Fig. 4.14a and 4.14b) in multicomponent
aerogels. The high resolution of the lateral section of the m-rGO impregnated with platinum
nanoparticles can be clearly distinguished in bright field (Fig. 4.14c) and in the HAADF (Fig. 4.14d).
Moreover, the high resolution of the lateral section of the m-rGO shows the multilayer morphology

of the synthesized material.
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Figure 4.13 (a) C1s XPS spectra of multilayer reduced graphene oxide (m-rGO), including an insert of the C1s of
the graphite material used as precursor. The black line represents the measured spectra while the red line
represents the fitted curve; the blue, cyan, pink and olive curves represent the assigned functional groups. (b)
FTIR of the multilayer graphene oxide (m-GO) before and after thermal reduction (m-rGO).
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Figure 4.14. (a) TEM bright field image showing an overview of the Pt/5.0m/rGO-TiO, aerogel, (b) STEM dark
field picture for Pt/5.0m-rGO/TiO, aerogel, (c) HRTEM (d) High-resolution HAADF image of m-rGO stack
decorated with Pt nanoparticles surrounded by TiO, network.

Dynamic light scattering (DLS) investigations were conducted to obtain the size distribution
and stability of the aerogel structures when poured into a water/methanol mixture. Figure 4.15a
indicates a broad monomodal distribution with a mean size of around 630 nm for the formed pure
TiO, aerogel and nearly 400 nm for Pt/Om-rGO/TiO, and Pt/1.0m-rGO/TiO, aerogels, respectively.
These results indicate the hydrodynamic aerogel size in liquid media. While the macrostructure of
the monolith is lost during the “dissolution” process the microstructure is still preserved by the well-
interconnected TiO, network, shown in Figures 4.9a, b and 4.10a, b.

The UV diffuse reflectance spectroscopy measurements were performed to evaluate the
effect of loading aerogel with platinum NP and/or with m-rGO. According to the obtained results
shown in Figure 4.15b no significant shift or change in band gap was observed, however the addition

of m-rGO induces light absorption intensity loss as compared to the pure TiO, aerogel.
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Figure 4.15 (a) Size distribution profiles obtained by dynamic light scattering (DLS) for the following aerogels:
(G) 340 £ 14 nm, (I) 400 £ 42 nm and (C) 630 £ 50 nm. (b) Diffuse reflectance absorption spectra of aerogels
loaded with platinum and/or m-rGO: (C) TiO, aerogel, (I) Pt/Om-rGO/TiO,, (G) Pt/1m-rGO/TiO, and (E) Pt/10m-
rGO/TiO,.
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Fig. 4.16a shows the photocatalytic H, generation of various materials including the pure TiO,
aerogel (€)™, and the samples “mixture Pt/Om-rGO/TiO,” (A) and “mixture Pt/10m-rGO/TiO,” (B)
used as references for comparison. TiO, aerogel alone (C) showed only poor photocatalytic activity
due to rapid recombination of photogenerated charge carriers. However, if additives are introduced
such as the co-catalyst or the co-catalyst together with m-rGO higher photocatalytic activities are
observed in comparison with the reference samples (A and B) in Fig. 4.16a. A significantly improved
photocatalytic hydrogen generation was achieved when applying the aerogel containing material (1)
(Pt/Om-rGO/TiO,) with showed a light-to-hydrogen conversion efficiency of approx. 0.9%."** With the
latter sample a 3.5-fold increase of activity was obtained compared to the reference powder (A), and
even a 67-fold improvement compared to the TiO, aerogel (C) (Fig.4.16b). This comparison shows,
that the activity increase is largely due to the aerogel architecture and not only to the crystal
structure or from simply mixing the single components. The aerogel prevents particles from
aggregation and induces a better distribution of the additives. The influence of the co-catalyst was
investigated by increasing the platinum loading to 1.0 wt% and by reducing its loading to 0.1 wt%.
The photocatalytic curves are shown in Figure 4.16c. The photocatalytic results suggested that the
0.4 wt% platinum is the optimum loading for the specified conditions.

The activity of sample (D) is slightly enhanced compared to sample (C) (see table 4.3) because
the electrical conductive m-rGO acts by conducting electrons as previously reported.' Furthermore, a
detailed study of the influence of m-rGO loading on the multicomponent aerogel has been
performed (Fig. 4.16d) at an optimum Pt loading of 0.4 wt% (Fig. 4.16b). Depending on the m-rGO
concentration different photocatalytic H, generation activities were observed and a clear trend could
not be identified due to the relative high experimental error of nearly 15%. However the sample (1),
which contains no m-rGO showed an almost 2-fold increase in activity. This fact is not consistent with
previous reports from ourselves,’ Kim et al.," and Yeh et al."™ All aforementioned groups’
observed the increase of H, production after addition of reduced graphene oxide. The apparent drop
in photocatalytic H, generation between samples (I and G) can be explained as follows. The
photoactivity decrease of the aerogels loaded with m-rGO can be explained due to the physical
separation between the TiO, catalyst and the m-rGO sheets when suspended in aqueous solution. As
illustrated in Fig.4.1b the multicomponent aerogel was conceived to enable good contact and
dispersion between the co-catalysts and m-rGO over the entire TiO, matrix. However, the addition of
the multicomponent aerogel in aqueous solution may contribute to the physical segregation
between the inorganic titania matrix and the m-rGO sheets. Hence, the DLS results in Fig. 4.15a

indicated a hydrodynamic aerogel size in aqueous solution in the range of 400-600 nm for several

koK

" Each tested composition was given a capital letter label in order to easily identify them. All labelling details
and compositions are shown in table 4.3.
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aerogel compositions, which has a relative large size to provide a good contact between the m-rGO
and all the TiO, particles of the branched network. In this way, most of the charge carries will
recombine within the TiO, branched network preventing the electrons to reach the m-rGO sheets.
Additionally, the higher affinity of the metal nanoparticles to the m-rGO in comparison to TiO, should
be stressed, because the samples loaded with m-rGO and Pt particles resulted in a significant
concentration of metallic NPs adsorbed in the m-rGO to the detriment of low amount into the TiO,,
as illustrated in Fig. 4.14c/d. As a consequence the co-catalyst loading over the TiO, semiconductor

was decreased reducing in this way the photocatalytic activity.
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Figure 4.16 Photocatalytic production of hydrogen in aqueous suspension (a) Effect of the aerogel architecture
and composition on the respective hydrogen evolution curves. (b) Comparison of the hydrogen evolution
rates, expressed in mmol of H, produced per gram of catalyst and hour, of the different aerogels compositions
and powder mixtures. (c) Influence of the Pt NPs content (wt. %) on the photocalytic production of hydrogen in
aqueous suspension. Pt sample content: (I): 0.4 wt. %, (J): 1.0 wt. %, (K): 0.01 wt. %; (d) Influence of the m-rGO
concentration on the photocatalytic activities, depicted as mmol H, g'1 htm

e Experimental conditions for all catalytic tests: 25 mg catalysts, 10 mL MeOH / H,0 (1/1), Lumatec Hg-light

source (Lumatec Superlite 400) equipped with a 320-500 nm filter, 7.2 W output, 25°C. Further details are given
in Table 2.

75



Chapter 4: Multicomponent aerogel architectures

Table 4.3 Summary of the photocatalytic activities and the evolved amount of hydrogen for the

different aerogels and TiO, mechanical mixtures

entry composition * A activity
% [umol h™ [umol H, g* h]

A mixture Pt/Om-rGO/TiO," 82.1 3283
B mixture Pt/10m-rGO/TiO," 85.7 3430
C TiO, aerogel 4.3 172
D 1.0m-rGO/TiO, aerogel 6.0 239
E Pt/10m-rGO/TiO, aerogel 131.4 5257
F Pt/5.0m-rGO/TiO, aerogel 84.3 3374
G Pt/1.0m-rGO/TiO, aerogel 101.3 4051
H Pt/0.1m-rGO/TiO, aerogel 115.3 4614
| Pt/Om-rGO/TiO, aerogel 290.2 11609
J 0.1Pt/TiO, aerogel 82 3267
K 1.0Pt/TiO, aerogel 173.4 6935

® The Pt content of 0.4 wt.% is kept constant for all samples. Except for samples C and D
that do not present any platinum content and samples J and K that present 0.01 and 1.0
wt.% respectively.

C

® powder mixture for comparison; ¢ represents the blank value of the system; ¢ control
experiment without metal loading. Given values are the averages of at least two
independent measurements with typical differences in between 5 and 21%.

4.6 Aerogel loaded with metallic particles produced by laser ablation synthesis in solution

(LASIS): Results and discussion

Since the highest performance was obtained on a m-rGO free aerogel, the influence of noble
metal NPs co-loading was investigated. This sub-chapter describes the characterization of the

metallic particles produced by laser ablation (Rh, Pt, Ir and Au) that were incorporated into the TiO,
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gelation process as described in section 4.5. The TiO, gels loaded with a very low amount of metallic
colloids (0.01 wt. % measured by ICP) produced by LASIS were submitted to the supercritical drying
procedure to obtain aerogels and their activity in the photocatalytic hydrogen production were
tested.

For LASIS the metallic target or powder is placed in a Beaker or conical bottom flask filled with
solvent (maximum height of 1 cm above the target surface) and submitted to laser ablation process
during 1 to 5 minutes depending on the target and the desired concentration. The ablated particles
are suspended in solution as shown in Fig. 4.17a and Fig. 4.17b. The usage of a conical bottom flask is
indicated to keep metallic powders under the focus of the laser beam, which facilitates the ablation
process. The choice of solvent is related to its compatibility with the gelation process (solvents such
as water, acetone or ethanol are preferred because they are compatible with the TiO,-water
suspension), although solvents with very low polarity such as chloroform can keep the nanoparticles
stable in solution for months. Fig. 4.17c shows the colloids generated from the ablation process in
solution using water as solvent after three cycles of 1 to 5 minutes of laser irradiation time. The laser

cycles are done to avoid superheating and fast evaporation of the solvents.

b C
solvent: ' Au Rh Ir Pt
acetone, ethanol,
isopropanol, CHCI; etc.

]
r - s
pol\(:jder or | — e i i
solid sample: = J =
Rh, Ir, Cu, Au,... S e e

Figure 4.17 (a) Illustration of how a metallic target (plate or powder) is laser ablated in solution, (b) conical
flask used for supporting metallic powder filled with solution. After some seconds of ablation is possible to
observe particle scattering (Tyndall effect), (c) Metal colloidal solutions produced after 3 minutes laser
irradiation with metal content in the range of 0.020 mgmL " measured by ICP (from left to right: Au, Rh, Ir and
Pt).

-
(

AFM and TEM analysis were performed on the colloids obtained by LASIS and the results are
discussed below. After optimization of the laser parameters such as wavelength, repetition rate,
pulse, focus and laser power output, the sizes/concentration ratio of the nanoparticles was
maximized (i.e. to produce the smallest sizes at a reasonable concentration in a few minutes of
ablation). The metallic colloid solutions obtained were individually analysed by atomic force
microscopy (AFM) by dropping the colloid onto a Si (100) substrate followed by mild evaporation.
The advantage of using AFM lies in the fact that it is possible to scan 1 cm” of the substrate area that
is covered with metal particles in a few minutes. Hence, the multiple images generated can be
analysed with digital software to elaborate a size histogram with at least 500 particles counts, in
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order to make reliable statistics with the obtained histogram. The images employing transmission
electron microscopy were used to exhibit the morphology of the particles obtained by the laser
ablation process. It is appropriate to mention that the apparent deviation observed between the
particle size distributions using TEM and AFM is consistent in all cases. One feature must be noted
regarding the particle agglomerates that cannot be distinguished from the single large particles, as a
result the supposed large particles or agglomerates were not counted.

AFM images of Au NP obtained by laser ablation are depicted in Fig. 4.18a. The particle size
histogram (Fig. 4.18b) shows a bimodal distribution with maxima at 5.7 and 7.3 nm respectively after
counting 856 gold nanoparticles. Additionally, the TEM results on the same sample corroborate the
AFM data in terms of morphology. The TEM image in Fig. 4.19a indicates the predominance of small
particles over a very few large particles while in the Fig. 4.19b one can observe in high resolution one

single Au particle with a size in the range of 20 nm.
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Figure 4.18 (a) AFM image of the gold particles deposited over a silicon substrate, (b) histogram of the gold
particles measured by AFM.

100 nm

Figure 4.19 (a) TEM overview and (b) HRTEM of the obtained gold particles.

AFM and TEM analysis were performed on the metallic colloids obtained by LASIS and they
apparently exhibited different sizes, because with AFM it was not possible to resolve in between one

large particle or a large agglomerate of small particles. However, a bimodal distribution was observed
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for all the metallic colloids samples. The iridium NP also show a bimodal distribution with maxima at
5.5 and 6.0 nm after 723 particles counts. TEM analysis also shows the predominance of small sizes
over large particle sizes. Additionally, using low magnification and high-resolution the TEM image

displayed only spherical particles as shown in Figs. 4.20 and 4.21.
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Figure 4.20 (a) AFM image of the Iridium particles deposited over a silicon substrate, (b) histogram of the
iridium particles measured by AFM.

Figure 4.21 (a) TEM overview and (b) HRTEM of the obtained Iridium particles.
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Figure 4.22 (a) AFM image of the Platinum particles deposited over a silicon substrate, (b) histogram of the
Platinum particles measured by AFM.

The platinum NP showed a bimodal distribution with maxima at 4.2 and 5.7 nm respectively
after 428 particle counts as revealed by the AFM analysis (Fig. 4.22) and the TEM analysis showed

spherical particles in the range from 2-20 nm (Fig. 4.23). AFM analysis of the rhodium NP showed a
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very dense particle population and also a bimodal size distribution with maxima at 4.6 and 7.4 nm
respectively (Fig. 4.24). TEM analysis one the same sample showed typical spherical particles in the

range of 3-20nm.

Figure 4.23 (a) TEM overview and (b) HRTEM of the obtained Platinum particles.
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Figure 4.24 (a) AFM image of the Rhodium particles deposited over a silicon substrate, (b) histogram of the
Rhodium particles measured by AFM.

"

Figure 4.25 (a) TEM overview and (b) HRTEM of the obtained Rhodium particles.

After the characterization of the individual metallic colloids, the aerogel incorporating the
metallic species was also analysed by TEM to investigate the structural features. Only the TiO,
aerogels with rhodium and platinum were analysed. The TiO, aerogel loaded with 0.01% rhodium

nanoparticles is depicted in Fig. 4.26a. It is clear that the low amount of metal loaded did not change
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the aerogel structure, moreover the HRTEM also confirmed the unaltered aerogel structure (Fig.
4.26b). The aerogel loaded with platinum showed the same morphology and structure as observed
with low and high magnification (Figs. 4.27a and 4.27b). In spite of the very low amount of platinum

used it was possible to identify one platinum particle by atomic contrast in figure 4.27c as indicated

by the green arrow.

Figure 4.27 (a) TEM overview and (b) HRTEM of the obtained TiO, aerogel loaded with 0.01% Pt particles, (c)

mesoporous structure of the TiO, aerogel and identification of a single Platinum particle.

Although the observation of one single metal NP into the aerogel structure does not provide enough
evidence of the low metallic amount (Fig. 4.27c), more evidence for the presence of the metal NP
(0.01 wt. %) in the aerogel was obtained by its photocatalytic activity for hydrogen evolution under
UV-vis irradiation using methanol as hole scavenger. In the Fig. 4.28 the green curve shows the HER
from the control sample (pristine TiO, aerogel) while the other curves are assigned to one specific
metal loading. The yield of hydrogen was observed to decrease in the order Rh > Ir > Au > Pt > pure
TiO,. These experiments clearly show the enhancement effect at the presence of very low amounts

(0.01 wt. %) of metallic particles in comparison with bare TiO, aerogel. The light-to-hydrogen
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conversion (n %) for the best photocatalyst (TiO,-Rh aerogel) is approx. 0.08% based on volumetric

density for hydrogen at 1 bar."*
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Figure 4.28. Photocatalytic production of hydrogen in aqueous suspension using laser ablated metal particles
loaded in TiO, aerogel. All samples contain 0.01 wt. % of metal particles with exception of the control sample
(pristine TiO, aerogel).

All experiments were performed at least twice to confirm the amount of hydrogen collected
and also to determine the experimental error which was between 10 and 15%. The metal loading of
the aerogel was chosen to be 0.01 wt. % to take advantage of the as-generated low concentration
metal colloids. Additionally, LASIS is able to produce colloids with small sizes and clean surfaces,
which is suitable to be used as co-catalysts (e.g. since there is no surfactants or capping agents to

interfere or block the reduction catalytic sites).

4.7 Conclusions

A multicomponent photocatalyst was prepared by the assembly of preformed titania,
chemically synthesized platinum NP and multilayer reduced graphene oxide. Another approach
explored the production of noble metal colloids in water or organic solvents through physical
method e.g. LASIS and their incorporation into preformed TiO, gel using H,0/DMF dispersion
followed by gelation and CO, supercritical drying. The solid and crystalline pure TiO, aerogel
possesses a high surface area with a narrow pore size distribution, around 500 m’g™ and 17 nm,
respectively. The addition of either platinum NP (0.01 — 1.0 wt %) or other noble metals (i.e. Rh, Ir
and Au) or m-rGO in loading levels up to 10 wt % does not influence the mesoporous aerogel
architecture. The best multicomponent catalyst loaded with chemically synthesized platinum NP
showed a hydrogen production rate of 290.2 pumol H, h™ with efficiency close to 1% while the
aerogels with very low metal content produced by LASIS showed an inferior hydrogen gas production
reaching 29.6 umol H, h™ with an efficiency of nearly to 0.10%. However, the metal concentration
analysis for the aerogels incorporated with laser ablated NP showed that a reduction in 40 times the

amount of metal resulted in a decrease of only 10-15 times on their activity. Moreover a significant
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photoactivity loss was observed for the multicomponent aerogel loaded with multilayer reduced
graphene oxide (m-rGO) due to physical separation between the TiO, network catalyst and the m-
rGO sheets while suspended in aqueous solution. Including, a slightly enrichment of Pt NPs deposited
on the m-rGO sheets at the cost of a lower loading of the Pt nanoparticles on the TiO,, resulted in a
less effective co-catalyst loading over the TiO, semiconductor.

By combining different materials we demonstrated that it is possible to build a more complex
aerogel besides enhancing the hydrogen evolution photoactivity. In this way, this work provides the
motivation for implementing other multicompenent aerogels compositions applied to the

photocatalysis area.

4.8 Experimental Section
4.8.1 Synthesis and materials

Multicomponent aerogels were prepared by the following materials and techniques, which are
summarized in scheme 1. In details: (i) chemical synthesis of trizma-functionalized TiO, anatase. (ii)
synthesis of metallic nanoparticles free of surface ligands or stabilizers. (iii) m-rGO was prepared
applying Hummer’s method and subsequently reduced by a solvothermal treatment or thermal
expansion. (iv) mixing the previously prepared materials to prepare one single dispersion. (v) gelation
of the mixed dispersion. (vi) solvent exchange and supercritical drying of the samples.

Aerogel derived catalysts are abbreviated according to the following nomenclature: Pt/Xm-
rGO/TiO, with: 0.4 wt% Pt and X: wt% m-rGO, both related to the overall mass in the TiO, aerogel
network (for details, see table 2). Reference catalysts are denoted as mixture Pt/Xm-rGO/TiO,.

Chemicals: Titanium (IV) chloride (>99.0%), benzyl alcohol (299.0%) and chloroform (299.8%)
were purchased from Merck. 2-Amino-2-(hydroxymethyl)-1,3-propanediol (trizma 299.7%) and
graphite powder (< 20 um) were purchased from Sigma-Aldrich. N,N-Dimethylformamide (DMF
99.8%) and tetrahydrofuran (THF 99.9%) were purchased from Acros. Ethanol (299.5%), sulfuric acid
(H,SO4 96%) and potassium permanganate (KMnO4 299.%) were purchased from Carl Roth.
Chloroplatinic acid was isolated after treatment in aqua regia using pure platinum metal >99.99% as
precursor. All gases used during the experiments were purchased from Linde and/or Air Liquide. Only

deionized water (DI) was used throughout the experiments. All chemicals were used as received.

4.8.1.1 (i) Synthesis of trizma-functionalized TiO,

The synthesis was adapted from a published synthesis protocol.? 6.49 mmol (786 mg) 2-amino-
2-(hydroxymethyl)-1,3-propanediol (trizma), was dissolved in 170 ml of benzyl alcohol by heating to
80 °C for 30 min. After cooling to room temperature 77.52 mmol (8.5 ml) of TiCl, was added drop

wise under stirring. The reaction solution was heated to 80°C for 24 h. Afterwards, the solution was
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cooled to room temperature and the resulting particles were separated from the solvent by
centrifugation. The yellowish supernatant was decanted; the white precipitate was washed with
chloroform by re-dispersing the precipitate. The washing step was repeated at least three times with
chloroform followed by centrifugation. The wet precipitate was dried in the oven under vacuum
(60°C, 12 h), ground and finally redispersed in water. The final concentration of trizma functionalized

anatase nanoparticles was 120 mg/ml.

4.8.1.2 (iia) Synthesis of the platinum nanoparticles:

179 mg H,PtCls were dissolved in 60 ml DMF and stirred for 15 minutes at room temperature.
Aliquots of 30 ml were poured into 50 ml Teflon vessels, sealed and heated in a CEM Mars laboratory
microwave for 30 s at 220°C with a maximum power of 600 W. The resulting nanoparticle dispersion
was used without further treatment. The final solution concentration of 0.94 mg/mL was determined

using induced coupled plasma atomic emission spectroscopy (ICP).

4.8.1.3 (iib) Laser ablation synthesis in solution (Rh, Ir, Au and Pt) in water:

Metallic targets with maximum 1 mm thickness and 1 cm” area were placed into a Beaker flask
with 200 mL volume and covered with deionised water to approx. 1 cm above the target and placed
under the laser beam. The laser ablation parameters used for the targets were the following: 343 nm
wavelength and 50 W average laser power with 400 kHz repetition rate with scan speed of 1000 mm
s™. Ablation times of 5 minutes were used for all metal targets. After the ablation process, the
coloured colloids were transferred to glass vials and analysed by ICP and gravimetric measurements
to determine the metal content. The ICP and gravimetric values for the laser ablated metal targets

were in the range of 0.015-0.025 mg mL.

4.8.1.4 (iii) Synthesis of multilayer reduced graphene oxide (m-rGO)

d."® In detail,

Graphite powder was exfoliated and oxidized using a modified Hummer’s metho
5.0 g graphite and 2.5 g NaNO; were added to 120 mL concentrated H,SO, and the mixture was
cooled to 0°C. KMnQ, (15.0 g) was added slowly under stirring in order to keep the reaction below
30°C. Afterwards, the slurry was stirred at 35°C for 0.5 h and then 230 mL water were added slowly in
order to keep the reaction temperature around 98°C for 15 minutes. The suspension was quenched
by adding 700 mL of water and the remaining unreacted KMnO, was consumed by adding 12 mL of
H,0, (30%). After cooling to room temperature the black slurry was purified as follows. The filtrate
was centrifuged (4000 rpm for 1 h) and its supernatant decanted and discarded. The remaining solid

was washed extensively with water (1.5 L), two times with HCl (30%) solution (200 mL each) and with

ethanol and with acetone afterwards (200 mL each). For every washing cycle centrifugation was used
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to collect the precipitate (4000 rpm / 15 minutes) except for the washing with ethanol and acetone
(10000 rpm / 0.5 h). The brown solid precipitate that was obtained was dried overnight at 40°C. For
the reduction step, 1.0 g of the dried GO was dispersed into 100 mL of 99.5% ethanol and sonicated
for 0.5 h prior to pouring the solution into a Teflon autoclave after which it was submitted to a to
solvothermal treatment at 150°C for 24 hours.

Thermal expansion of graphene oxide was also used during the experiments according to a
previous published protocol.'® The thermal expansion and exfoliation consist of heating up the as
prepared graphene oxide at 1050°C under argon and hydrogen flow for at least 30 seconds until the

carbonaceous material is violently expanded inside the quartz tube.

4.8.1.5 (iv) Pre-mixing of nanoparticle dispersions for aerogel preparation

For the preparation of a mixture of Pt and TiO, nanoparticles, the aqueous TiO, anatase
dispersion is mixed with the platinum dispersion in DMF in a volumetric ratio of 2 to 1. For
dispersions containing m-rGO, the proportional amount of m-rGO powder is dispersed in the as
synthesized platinum colloid dispersion and sonicated for 30 minutes. Then, the TiO, dispersion is
added in a volume ratio of 2 to 1. For the preparation of dispersions without platinum, pure DMF is

used instead.

4.8.1.6 (v) Preparation of particles mixture (Pt/Xm-rGO/TiO,)

As a control experiment, the photocatalyst was also prepared without supercritical drying and
the same procedure was performed as described above (item iv). The as prepared mixed dispersions
were stirred and afterwards sonicated for 10 minutes and dried in vacuum overnight at 60°C. A fine

powder was obtained after grinding the dry product.

4.8.1.7 (vi) Gelation of the nanoparticle dispersions (Pt/Xm-rGO/TiO,)
After pouring the dispersions in a Teflon container, the container is sealed and the gelation is
induced by heating the containers to 90 °C for 30 min in an oven. The final gels can be removed from

the container after cooling to room temperature.

4.8.1.8 (vii) Supercitical drying

The DMF-water pore liquid of the TiO, gels is stepwise exchanged to acetone, by increments
amounts of acetone in water (e.g. 20/80, 40/60, 60/40, 80/20 and 100 vol. % of acetone).
Subsequently, the resulting solvent-exchanged wet gel is then placed in an autoclave which is filled
with acetone and submitted to supercritical drying. The CO, supercritical drying was performed with

a Leica CPD 030 or Emitech K850. The gels obtained can be stored in acetone or can be immediately
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transferred in the CO, supercritical dry equipment chamber. At first the chamber was pre-cooled to
5°C and purged with CO,. Then the sample was left to soak in CO, for 30 minutes and after this period
the gas was released and another purging step was repeated (in general this procedure was
performed 3x or until checking with filter paper at outlet of exhaust of the equipment for damp
patch indicating solvent exchange conditions). After the solvent exchange was completed the heating
was turned on until the temperature reached 40°C and the pressure in the chamber rose to nearly 80

bar. Normally the supercritical drying conditions are achieved around 31°C and 74 bar.

4.8.2 Characterization

Powder X-ray diffraction (XRD) was carried out on a STADI P automated transmission
diffractometer from STOE (Darmstadt, Germany) with an incident beam curved germanium
monochromator selecting Cu K-alpha radiation (I = 1.5406 A, 40 kV, 40 mA) and a 6° linear position
sensitive detector (PSD). The alignment was checked by use of a silicon standard. The data were
collected in the 2 Theta range from 5 — 60 ° with a step size of 0.5 ° and a measurement time of 50
seconds per step.

Brunauer-Emmett-Teller (BET) surface area and Barrett-Joyner-Halenda (BJH) pore size
distribution were determined on a Quantachrome Nova 4200 or Quantachrome autosorb 1Q
instruments with nitrogen as the sorption gas.

Transmission electron microscopy (TEM) measurements were performed at 200 kV on a JEM-
ARM200F instrument (JEOL, Japan), aberration-corrected by a CESCOR (CEQS) for STEM applications.
The samples were prepared by adding the solid ground aerogels directly on a holey carbon-
supported grid (mesh 300) and transferred to the instrument. The measurements for Fig. 4.11
performed on a Philips Tecnai F30 operated at 300 kV. For sample preparation the platinum
nanoparticles in DMF were dropped as synthesised on a carbon coated copper grid on a filter paper
to absorb excess liquid and dried at 60 °C.

For the AFM characterization, the THF dispersion of the m-rGO was dripped onto a fresh
cleaved mica substrate. The measurement was performed using Nanosurf Easyscan 2 equipment.
The characterization of the metal particles was performed using AFM XE-100 from Parksystems in
non-contact mode. The generated metal colloid solution was dropped on a Si (100) substrate.

Dynamic Light scattering (DLS) measurements were performed with a Malvern Instrument
Zetasizer 3000HSA equipped with a He-Ne laser (A = 633 nm, max 5 mW) and operated at a scattering
angle of 90°. In all measurements, 1 mL of particle suspensions was employed and placed ina 10 mm
x 10 mm quartz cuvette at 25°C. Samples were prepared in the same way as prepared for the

photocatalysis experiments.
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Uv-vis spectroscopy (UV-vis) spectra were recorded with an AvaSpec 2048 fiber optical
spectrometer (Avantes B.V., Netherlands) equipped with an Avalight-DHS light source and a FCR-
7UV200-2-45-ME 45° reflection probe using barium sulfate as reference.

Inductively coupled plasma optical emission spectrometry (ICP-OES) using a Varian 715-ES
ICP- emission spectrometer was carried out, in order to quantify the amount of platinum in the
aerogel samples. C, H, N, and S analysis was performed by using a TruSpec CHNS Micro analyser

(Leco) to quantify the amount of carbon and hydrogen in the m-GO and m-rGO samples.

4.8.3 Laser ablation experiment
The metal targets (Rh, Ir, Au and Pt) were ablated by an industrial picosecond laser (TRUMPF
TruMicro 5x50) with 6 ps pulses at 343 nm and average laser power of 50 W, with pulse energies up

to 125 W and repetition rate of 400 kHz and scan speed of 1000 mm s™.

4.8.4 Photocatalytic measurements

All catalytic experiments were carried out under argon atmosphere with freshly distilled
solvents. In a standard reaction a double-walled and thermostatically controlled (25°C) reaction
vessel was connected to an automatic gas burette and several times flushed with argon. Then, the
solid catalyst sample (25 mg) was introduced in a Teflon crucible, followed by the addition of
methanol and water (10 ml MeOH/H,0 in the volume ratio of 1/1). The photocatalytic reaction was
started by irradiating the stirred (300 rpm) reaction mixture with light (Hg-light source, Lumatec
Superlite 400, equipped with a 320-500 nm filter, 7.2 W output). The gas evolution was quantitatively
measured by means of an automatic gas burette, while the gas composition was further analyzed by
GC (HP 6890N, carboxen 1000, TCD detector). Further details on the equipment and experimental

setup have been published previously.™
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5. TiO; electrodes applied to hydrogen evolution reaction (HER)
5.1 Scope of this chapter

It is well known that electrochemical reactions are dependent on the morphology and
structure of the selected catalytic electrodes. Thus, nanostructuring the electrode coating may
enhance the electrochemically active surface area and facilitate the mass transport diffusion inside
the three-dimensional porous electrode.' Platinum nanoparticles and multilayer reduced graphene
oxide solutions can be suspended in a TiO, lyogel to prepare thin films with improved
electrochemical activity. Identifying efficient electrocatalysts for the hydrogen evolution reaction
(HER) is fundamental for the development of solar water splitting devices. The choice of the HER
catalysts used as coating layers in electrodes can have a crucial influence on the cathode device cost,
lifetime and efficiency.

The main objective was to adapt the strategy used in chapter 4 to produce porous thin film
electrodes by wet chemical routes and demonstrate the ability of the as-synthesized electrodes to
perform the hydrogen evolution reaction (HER). Figure 5.1 illustrates the flexibility and strength of
the employed non-hydrolytic sol-gel method to obtain different structural features such as lyogels,
xerogels, aerogels and thin films resulting in materials that can be applied either as particle
suspension or electrocatalysis. Briefly, the aims can be described as follows: (i) demonstrate that TiO,
lyo-gels loaded with (ii) co-catalysts such as platinum NP and/or (iii) m-rGO can be used to obtain
homogeneous coatings on substrates to prepare mesoporous thin films by spin coating followed by
annealing treatment and (iv) test the as-synthesized electrodes for HER using standard three-
electrode setup for electrocatalytic measurements.

Nowadays the HER catalysts research and development is divided into two categories: a)
catalysts employing Pt-group metals and b) non-precious and earth abundant materials such as metal
sulfides (MoS,, CoS,, FeCoS,), carbides (Mo,C) and phosphides (Ni,P and CoP). Although many of
these materials perform well in the HER,** the most effective HER electrocalysts are still the Pt-group
metals.* However, its high price+ with limited availability restricts its use for large scale H,
production. One approach to overcome these limitations of the platinum catalyst is to increase its
surface to bulk atomic ratio in order to lower the amount of metal without compromising the
electrolysis efficiency.> Additionally, a platinum colloid can be dispersed into a high surface area

porous material such as TiO,. It is also possible to combine it with other additives such as conductive

! Working electrode (cathode), counter electrode (anode) and the reference electrode (reference hydrogen
electrode- RHE).
" Platinum average price in the year of 2015 was around 38 USD/g according to the Johnson Matthey Plc.
Platinum prices and other precious metals are available at: http://www.platinum.matthey.com/prices/price-
charts.
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carbon layers such m-rGO (as described in the chapters 3 and 4), which are known to facilitate
eletrocatalysis.®
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Figure 5.1 Overview of processes and methods involved in the preparation of xerogels, aerogels and thin films.

5.2 Cyclic Voltammetry (CV) and the Rotating Disk Electrode (RDE)

The cyclic voltammetry consists of a time dependent potential applied to an electrochemical
cell and it measures the resulting current as a function of that potential. The obtained plot of the
current vs. the applied potential is called voltammogram and can provide rather quantitative or
qualitative information about chemical species involved in oxidation or reduction reactions.” Various
different forms of voltammetry have been developed and are well described in the Bard and Falkner
textbook.” In particular, cyclic voltammetry is one of the most frequently used electrochemical
measurement method, where the electrode potential is swept at defined speed (e.g. scan rate)
repeatedly back and forth between two defined potentials.

In voltammetry techniques it is common to designate the type of electrode being used as
part of the technique name, like in the case of the rotating disk electrode (RDE) voltammetry. In this
technique, the rotation rate is held constant as the electrode is swept from one potential to another
potential at a constant scan rate. Moreover, in electrochemical measurements it is a common
practice to sweep the potential to at least 200 mV on either side of the standard electrode potential,
and rotation rates are usually between 100 rpm and 2400 rpm. The theory describing the RDE was
developed by V. G. Levich and consists of a forced convection method to assist the chemical species
(analyte) to reach the electrode.? The rotation of the electrode disk drags the electrolyte (analyte) to
the electrode surface where it can react, as far as the rotation speed is kept within the limits that
laminar flow is maintained. Thus, even though the analyte reaches the electrode surface by a
combination of convection and diffusion, it is the latter vehicle—diffusion that ultimately determines
the current observed at the electrode. For practical reasons if we perform a RDE voltammetry for a
simple and reversible half-reaction (such as the proton reduction, eq. 5.1), then the shapes of the
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mass-transport controlled voltammograms will resemble a sigmoidal curve independent of the
rotation rate as illustrated in Fig.5.2a. A typical arrangement for a RDE voltammetric electrochemical
cell is composed by the working electrode (WE), the reference electrode (RE), and the counter
electrode (CE) that are connected to a potentiostat, additionally the cell also includes a N,-purge line

for removing dissolved O,, as illustrated in Fig.5.2b.

Inert Gas

Rotating Disk Electrode

Electrochemical
workstation

cathodic current  anodic current

0 ;
>

cathodic sweep anodic sweep

Figure 5.2 Typical rotating disk electrode voltammogram obtained after applying cyclic potential sweep (a).
Scheme of the electrochemical RDE voltammogram setup used to obtain the current density as a function of
the applied potential (b).
5.3 Platinum group and non-precious abundant metals applied in electrocatalysis

The fundamental step in water splitting is the hydrogen evolution reaction, i.e. the reduction

of two protons to generate one hydrogen molecule as illustrated in equation 5.1 below. This reaction

presents a thermodynamic potential of 0 V vs. the standard hydrogen electrode (SHE).

Reduction: 2H + 2e —> H, (5.1)

The reaction above can occur without catalyst but needs high overpotentials (n) to achieve a
significant hydrogen rate production. The overpotential represents the voltage in excess of the
thermodynamic voltage, required to overcome the losses in the cell and obtain the desired output in
terms of current density or amount of hydrogen from the cell. Slow electrode/electrolyte reactions
and large resistive losses necessitate high overpotentials.’ Therefore, to lower the overpotential and
consequently improve the energy efficiency one must develop active HER catalysts. In general, the
developed catalysts or the cathode can be employed under acidic or neutral conditions and the
platinum group metals are the best catalysts for this specific reaction until now,* because they are
able to generate high current densities at low overpotentials. However the platinum metal group is
limited by their availability and their elevated prices, which makes large scale applications
impracticable. As a result a steady growing number of catalysts based on non-precious and abundant
metals have been developed in particular with respect to three classes of materials: sulfides

(M0S,)* ® 1 carbides (Mo,C)**** and phosphides (Ni,P, NiP,, NiPSe)*****. Among all these new HER
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heterogeneous catalysts based on abundant and non-precious metals the highest current densities

are achieved by MoS, reaching approx. 8 mA cm™ at an overpotential of 0.1 V (vs. RHE).>***® 0

ne
very innovative approach was reported by Chen et al. where was developed a low cost HER catalyst
based on a platinum atomic monolayer deposited onto tungsten carbide. The Pt atomic monolayer is
a good method to increase the surface to bulk atomic ratio of platinum allowing in this way a much
lower metal loading without compromising the electrocatalytic efficiency. By using this approach it

was possible to mimic current densities of bulk platinum using a greatly reduced amount of platinum

in the electrocatalysis tests.’

5.4 TiO, mesoporous thin films loaded with co-catalyst and additives and their application
as electrodes in HER
Using Fig. 5.1 as a guideline, three kinds of TiO, thin films were produced using this approach:
i) pure TiO, as control; ii) TiO, loaded with 1 wt. % of platinum particles with a size distribution
between 2-3 nm (labelled as 1.0-Pt/TiO,) and iii) TiO, loaded with 1 wt.% of platinum particles and
additional 2 wt. % of m-rGO (labelled as 1.0-Pt/TiO,/m-rGO). The viscous titania wet gel resulting
from the gelation process is suitable to be applied as a coating material onto several substrates such
as glass, transparent conductive oxides, silicon and polished titanium metal plates. Glass substrates
are used as non-conductive supports to evaluate the coating conductivity, whereas ITO and silicon
substrates are good to analyse the morphology and thickness of the deposited layer(s) using scanning
electron microscopy. The polished titanium substrate is corrosion resistant and can be used as a
cathode in an electrochemical cell. We will employ a lyo-gel comprised of TiO,, platinum particles
and m-rGO sheets (i.e. as viscous solution) to fabricate coated layers. The functional and
morphological characterization of these components were already presented in the previous chapter
and will be not repeated here. Briefly, the preformed TiO, particles consist of single phase anatase
(Fig. 4.8a) and has diameters of nearly 3 nm (Fig. 4.9a, b). Metallic platinum particles with sizes
ranging between 1-2 nm (Fig. 4.9¢, d and Fig. 4.11). The multilayer carbom material (m-rGO) showed
a graphitic sheet within 2-4 microns as suggested by TEM and AFM. This multilayer material is
composed of approx. of 90% carbon and 10% oxygen identified mainly as C-C sp?, C-O and C=0
bonds, as revelead by elemental analysis and XPS. The graphitic material was arranged in a stack
between 3-20 layers measured by AFM and TEM. Fig. 5.3a shows the top view of pure TiO, with
uniform coating and porous superficial structure deposited onto a silicon wafer. At higher
magnification the porous structure is more evident and pores of nearly 10 nm are observed. The
cross section of this material is shown in Fig. 5.4a. A thickness of 400 nm was determined with the
aid of a digital software (Imagel). A higher magnification of the cross section reveals the uniformity of
the film (Fig. 5.4b).
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10.0kV  X100,000 WD 4.7mm  100nm M SEI 10.0kV  X600,000 WD 4.7mm 10nm

Figure 5.3 SEM top view from the bare TiO, thin film, scale bar = 100 nm (a) and with higher magnification
displaying the superficial porous structure of the deposited film, scale bar = 10 nm (b).

100kV  X20,000 WD 4.2mm 1pm Sb:80 y 00,00 mm  100nm

Figure 5.4 SEM cross section from bare TiO, showing a 400 nm film thickness, scale bar = 1 micron (a) and
higher magnification displaying the deposited mesoporous film, scale bar = 100 nm (b).

The same features that were observed with the pure TiO, can also be observed with the TiO,
loaded with platinum particles with the exception of a few white regions that can be seen in Fig.
5.5a, which are platinum particle agglomerates larger than 100 nm located on the surface of the
titania coating. Fig. 5.5b reveals morphology that is similar as pure TiO, without agglomerated

platinum particles.

y

TU ELYKAT h:80 SEM El 10.0kV X10,000 WD 4.1mm 1pm TU ELYKAT b:80 SEM SE| 100KV X100000 WD4.1mm 100nm

Figure 5.5 (a) SEM top view from the TiO, loaded with platinum particles (1 wt. %) thin film and (b) higher
magnification displaying porous structure of the deposited film.
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However, TiO, loaded with platinum (1 wt. %) and multilayer reduced graphene oxide had a
completely different morphology in comparison with the last two compositions. A general top view is
shown in Fig. 5.6a and considerable amount of inhomogeneity is detected as a result of agglomerates
of m-rGO larger than 10 um. A closer look in one of these agglomerates revealed the m-rGO
structure embedded in the TiO, deposited layer, as shown in Fig. 5.6b. A more detailed magnification

reveals a TiO, morphology that still resembles the pristine titania material as shown in Fig. 5.6c.

Figure 5.6 (a) SEM top overview from the TiO, loaded with platinum particles (1 wt. %) and also with m-rGO (10
wt. %) thin film, (b) top view of a m-rGO aggregate embedded in the thin film layer, (c) higher magnification
displaying the porous structure of the as deposited film.

The hydrogen half-reaction as represented by the eq. 5.1 (HER) was submitted to an
electrochemical potential to measure the generated current densities for several prepared
electrodes. Electrodes with the following compositions: (i) 1.0-Pt/TiO, and (ii) 1.0-Pt/TiO,/m-rGO
were tested and compared with a commercial benchmark material composed of 10 % platinum
impregnated in carbon vulcan (i.e. 10 wt. % platinum particles supported on conductive carbon). The
nanostructured films were measured using a standard three-electrode setup in 0.5 M H,SO, as
illustrated in Fig. 5.2b and further details are given in the experimental section. All data were iR
corrected and the ohmic losses oscillated between 5.3 and 5.7 Q for the 1.0-Pt/TiO, sample and
between 3.3 and 3.7 Q for the 1.0-Pt/TiO,/m-rGO material. The cyclic voltammetry curves, as shown
in Fig. 5.7a exhibit the overpotentials necessary for the deposited layer materials to achieve a certain
catalytic current density (vs. reversible hydrogen potential (RHE)). The standard material, Pt/vulcan,
displayed a density current of approx. 8 mA cm™ at 0.05 V (vs. RHE) which is considered a high
activity value whereas the titania electrodes showed negligible density currents after two cycles. The
long term stability of the electrodes was measured and the result after performing 50 cycles is
displayed in Fig. 5.7b. Therefore, a comparison between both titania electrodes resulted in 40%
higher density current for 1.0-Pt/TiO,/m-rGO in relation to 1.0-Pt/TiO, after two cycles and the 1.0-
Pt/TiO,/m-rGO presented a slight deactivation after 50 cycles as shown in Fig. 5.7b. This result might
indicate that the platinum particles are not well distributed over the titania electrodes as depicted in

Fig 5.5a or that they can not be accessed by the electrolyte during the HER measurement. Moreover,
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some sort of contamination such as the organic solvent used to suspend the platinum particles,
chloride or byproduct from the reaction between HPtClg with benzyl alcohol to produce the Pt NP*

might be hindering the platinum and m-rGO sites.
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Figure 5.7 Electrochemical characterization of 1.0-Pt/TiO, and 1.0-Pt/TiO,/m-rGO compared to 10-Pt/Vulcan
benchmark material. (a) Cyclic voltammetry curve after 2 cycles in HER region and (b) after 50 cycles.

An additional electrochemical characterization was performed after submitting the
electrodes to cyclic voltammetry under oxidizing conditions or after applying electrochemically active
surface area (ECSA). The ECSA procedure cleans the platinum surface from contaminants and carbon
deposits facilitating in this manner the access to the catalytic sites by electrooxidation. Fig. 5.8a
shows the significant improvement of the density current obtained with the titania electrodes of
approx. 0.2 and 0.5 mA cm™ at 0.05 V (vs. RHE) while the density current obtained with the
benchmark material is slighted reduced to 6 mA cm™. At overpotentials of 0.2 V (vs. RHE) current
densities of approx. 2 mA cm™ for 1.0-Pt/TiO, and 6 mA cm™ for 1.0-Pt/TiO,/m-rGO are observed.
Long term stability measurement revealed deactivation of all electrodes under investigation after 50
cycles. Fig. 5.8b displays the current densities of 0.15, 0.3 and 3 mA cm™ at 0.05 V overpotential for
1.0-Pt/TiO,, 1.0-Pt/TiO,/m-rGO and Pt/Vulcan respectively. At 0.2 V overpotential the 1.0-Pt/TiO,/m-
rGO is nearly 3 times more active than 1.0-Pt/TiO,, which illustrates nicely the electron collector-
transport effect of the conductive m-rGO material. All measurements indicate that the activity is
mainly influenced by the concentration of platinum and how well distributed it is over the entire

electrode surface.

* Note that: The platinum colloidal solution was loaded into the lyogel without previous washing or purification.
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Figure 5.8 Electrochemical characterization of Pt/TiO, and Pt/TiO,/m-rGO compared to Pt/Vulcan benchmark
material after applying electrochemically active surface area (ECSA) or after oxidizing conditions. (a) Cyclic
voltammetry curve after 2 cycles in HER region and (b) after 50 cycles (b).

5.5 Conclusions

In summary, we have used the non-hydrolitic sol-gel method for the preparation of thin films
of TiO, that can be used as electrodes for hydrogen evolution. The method is highly flexible and
allows the incorporation of co-catalysts, such as Pt nanoparticles and reduced graphene oxide. In
spite of this, the performance of the electrodes in hydrogen generation was below the standard
material used as benchmark. Important aspects were the following: i) contamination is an issue that
affects the catalytic performance for instance of the platinum nanoparticles. A clear indication for
this was the fact that oxidizing conditions significantly improved the density currents by approx.
200% and 600% at 0.2 V (vs. RHE) for 1.0-Pt/TiO, and 1.0-Pt/TiO,/m-rGO respectively; ii) Addition of
m-rGO is beneficial for increasing the density current by nearly 3 times, and iii) the Pt nanoparticle
concentration of 1 wt.% was not enough to reach a high density current as displayed by the standard

Pt-vulcan material.

5.6 Experimental Section
5.6.1 Experimental and characterization

All electrocatalytic testing was performed by using a three-electrode rotating disc setup using
a RHE (Gaskatel, HydroFlex) as a reference and Pt gauze (Chempur, 1024 mesh cm™, 0.06 mm wire
diameter, 99.9%) as a counter electrode. All potentials in this work are referenced to the reversible
hydrogen electrode. Small discs with a diameter of 6 mm were pierced out from the coated
substrates. These homogeneously coated discs were mounted on a rotating disk shaft and served as
a working electrode (n = 2000 rpm) using 0.5 M H,SO, as the supporting electrolyte (Fixanal, Fluka
Analytical) and a BioLogic SP-200 as the potentiostat. The electrolyte solution was purged for at least
30 minutes with nitrogen before the catalytic tests. The activity in the hydrogen evolution reaction

was investigated by cyclic voltammetry in a potential window of 50 to -210 mV vs. RHE with a scan
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rate of 20 mV s'. Impedance spectroscopy was measured to correct the ohmic losses. The reference
catalyst was prepared by dissolving 5 mg of Pt/Vulcan (10wt %) in 3.98 ml of water. 20 pl of Nafion
solution (5%) was carefully added. After addition of 1 ml of isopropanol the mixture was sonicated
for 15 min with 6 W output power with a Branson sonic bath. The resulting ink was immediately
employed for film deposition via drop-casting and subsequent drying at 60 °C. The resulting
reference catalyst film had a geometric Pt loading of 1 ng/mm?2. SEM images were recorded on a JEOL

7401F instrument operating at 10 kV.

5.6.2 Synthesis of trizma-functionalized TiO,
The synthesis of the TiO, used in the substrate coating it is described in the section 4.8.1.1 in chapter

4.

5.6.3 Synthesis of the platinum nanoparticles
The synthesis of the platinum colloid solution loaded into the TiO, lyo-gel it is described in the

section 4.8.1.2 in chapter 4.

5.6.4 Synthesis of multilayer reduced graphene oxide (m-rGO)
The synthesis of the m-rGO colloid solution loaded into the TiO, lyo-gel it is described in the section

4.8.1.4 in chapter 4.

5.6.5 Preparation of the 1.0 Pt/TiO, and 0.1 Pt/TiO,/m-rGO

For the preparation of 1 wt. % platinum in TiO, (1.0 Pt/TiO,), it was used 178.2 mg of
functionalized TiO, and 1.9 mL of the as synthesized platinum NP stock solution with concentration
determined by ICP [0.935 mg/mL]. The fine TiO, powder was first suspended in 4 mL of deionized
water and stirred to obtain an homogeneous particle suspension, followed by the addition of 1.9 mL
of Pt NP stock solution. The 1.0 Pt/TiO, particle suspension was also stirred to obtain homogenous
mixture. For the case of 0.1 Pt/TiO,/m-rGO the same procedure was performed. 174.6 mg of
functionalized TiO, and 1.9 mL of the Pt NP and 3.6 mg of m-rGO were used. First a homogeneous
mixture between TiO, and Pt NPs is obtained as described above, followed by the addition of 3.6 mg
of the m-rGO and stirred until a homogeneous particle suspension was achieved. Finally, both
particle suspensions were placed in pre-heated oven and heated at 90°C for 5-10 minutes until the

viscosity was increased.
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5.6.6 Thin film deposition and processing

After a viscous suspension was obtained for both desired compositions the thin film
deposition process was performed. For the deposition of a substrate with surface area of approx. 1
cm?, 300 pl of the viscous suspension mentioned above were used for each composition (1.0-Pt/TiO,
and 1.0-Pt/TiO,/m-rGO). The thin film deposition process is based on the following: the substrate
(glass, ITO, silicon or titanium) is placed in the spin coater, rinsed with clean ethanol and rotated for
10 seconds at 3500 rpm speed. Then, 300 microliters of the viscous solution is spread above the
substrate surface. A period of 30 seconds is awaited to cover the whole flat surface of the substrate,
then the spin coating process is started. The spin parameter is the following: 3500 rpm speed for 20
seconds. Finally, the deposited thin films are placed in a ceramic vessel and inserted into a pre-
heated quartz tube at 400°C under argon flow for 20 minutes. After 20 minutes the oven is turned off

and the thin films are removed when the oven is close to room temperature.
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6. Summary and Outlook

In summary, it was demonstrated that graphene (e.g. multilayer reduced graphene oxide with
few um?® area and with ca. 3-16 layers thickness) can be employed to enhance the hydrogen
evolution reaction (HER). However, its effectiveness is case sensitive and dependent on the physical
configuration and spatial arrangement between the photocatalyst components.

First, it was shown in chapter 3 that the obtained semiconductor (NaTaOs;) particle sizes in the
range of 20- 25 nm were essential to achieve optimum physical contact between all components. In
contrast, the same semiconductor produced by solid state reaction exhibited crystallite sizes similar
to the multilayer graphene sizes in the range of a few microns, which restricted their physical
contact. This demonstrated that the photocatalyst components such as the semiconductor, co-
catalyst and the multilayer graphene even suspended in aqueous solution are in intimate physical
contact. In this way, the graphene based material assisted the photocatalytic reaction as an electron
collector and transporter, in addition to acting as an additional active surface for the hydrogen
evolution reaction (HER).

The concept of using graphene based materials to promote high charge mobility was
transferred to the multicomponent aerogel approach in order to take advantage of the co-catalyst
and multilayer graphene embedded into a semiconductor with a high surface area, as described in
chapter 4. Several crystalline mesoporous multicomponent aerogels were successfully obtained.
However, a significant photoactivity loss was observed for the multicomponent aerogel loaded with
multilayer reduced graphene oxide (m-rGO) due to two reasons: (i) the physical separation between
the TiO, catalyst and the m-rGO sheets when the aerogel is suspended in aqueous solution, which
prevented the electron transfer from the semiconductor to the electron collector and transporter
(i.e. m-rGO); (ii) it was observed an enrichment of Pt nanoparticles adsorbed on the m-rGO sheets at
the cost of a lower loading of the Pt nanoparticles on the TiO,, resulting in a less effective co-catalyst
loading over the TiO, semiconductor.

Finally in chapter 5, in addition to employing the gels to produce the aforementioned
multicomponent aerogels we demonstrated that lyo-gels can also be used as coating layers to
prepare xerogel thin film electrodes. The electrodes were tested for the hydrogen evolution reaction,
which resulted in enhanced performance for the electrodes loaded with the multilayer reduced
graphene oxide in comparison to films containing only Pt and TiO,. Therefore, we proved that the
fixation of the multicomponent aerogel as a xerogel electrode enhanced the performance of the HER,
by providing more intimate physical contact between all the components deposited over the
electrode, in comparison to electrodes containing only Pt and TiO,.

The multicomponent aerogel architecture proved to be a versatile material as heterogeneous

catalyst or electrocatalyst for the hydrogen evolution reaction. As further steps it would be useful to
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extend the aerogel concept beyond TiO, compositions by obtaining semiconductor-semiconductor
heterojunctions such as TiO,/Cu,0, TiO,/SrTiO; and TiO,/CdS. The addition of heterostructures
and/or novel semiconductor phases would enhance the sun light absorption, which is currently
limited to the UV region. Moreover, considering the several functional groups present in the
chemically produced graphene, it would be feasible to functionalize the multilayer graphene with
sensitizers such as organic dyes or inorganic quantum dots in order to enhance the sun light

absorption and increase the catalytic efficiency.
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