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Winston Churchill

"Success is the ability to go from one failure to another with no loss of enthusiasm”
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Abstract

Photocatalytic water splitting is a promising strategy for green and renewable Hy generation.
However, the benchmark materials are still noble-metal-based, which constrains large-scale
industrial applications due to their scarcity and, therefore, high costs. Hereby, in this thesis
earth abundant Ni, Cu, Fe, Co, and Mn were investigated as co-catalyst for the photocatalytic
hydrogen and oxygen evolution reactions (HER and OER). The co-catalyst were analysed and
fully characterized to elucidate the effect of post-synthetic calcination on their performance,
endorsed by investigating mechanistic changes that affect photocatalytic activity trends.

In the first part of this thesis, we compared Co, Mn, Ni, Cu, and Fe as co-catalysts that were
prepared by wet impregnation of the corresponding salts precursors onto model TiO, substrate,
followed by their calcination. The HER and OER test of the composites revealed that only Cu
and Ni are HER active, while Co and Fe are OER active.

In the second part, we examined electronic and structural changes induced by post-synthetic
calcination that are in control of the photocatalytic HER activity of the Ni and Cu-based co-
catalytic systems. The Cu/TiO, photocatalysts — as revealed by a plethora of characterization
methods in combination with DFT calculations — showed that by gradually increasing the
calcination temperature (from no calcination to 400 °C), a gradual temperature-dependent
surface-to-bulk diffusion of Cu — in form of Cu" - takes place. This leads to interstitial Cu
defects that are associated with the decrease in Hy generation. In the case of the Ni/TiO,
photocatalyst — as revealed by long-term HER test (17 h of experiments) — the active Ni’ HER
sites were generated in-situ upon light exposure. A more in-depth analysis, by applying different
calcination (non-, 250 and 400 °C) revealed that not only Ni’ plays a key role in catalysing
HER, but rather a combination of Ni” and Ni**. The reaction mechanism involves the dynamic
conversion of Ni*" < Ni°, allowing for efficient H' reduction, which is strongly affected by the
choice of calcination temperatures. The as-prepared (non-calcined) sample showed a more
dynamic Ni*" < Ni® conversion, while at 250 and 400 °C, Ni’ and Ni*', respectively, was
partially stabilized. The loss of the dynamic Ni*" < Ni° transformation due to Ni stabilization
on the substrate was shown to lead to a drop in the overall potential of the photocatalyst to
generate Hy.

In the present thesis, we emphasize the significance and influence of thermal treatments
on the dynamic nature of Cu and Ni active state formation and HER mechanism, required to
achieve superior HER performances. Herby, our results underline the importance of controlling
and optimizing the right synthetic parameters, as thermal treatments can have a detrimental
effect on the photocatalytic Hy evolution performance and co-catalyst active state formation
mechanism.

il
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Zusammenfassung

Die photokatalytische Wasserspaltung ist eine vielversprechende Strategie fiir eine umweltfre-
undliche und erneuerbare Ho-Erzeugung. Die Referenzmaterialien basieren jedoch nach wie vor
auf Edelmetallen, was die groftechnische Anwendung aufgrund ihrer Knappheit und der damit
verbundenen hohen Kosten einschrinkt. In dieser Arbeit wurden daher die in der Umwelt re-
ichlich vorkommenden Ni, Cu, Fe, Co und Mn als Co-Katalysatoren fiir die photokatalytische
Wasserstoff- und Sauerstoffentwicklung (HER und OER) untersucht.

Die Co-Katalysatoren wurden analysiert und vollstdndig charakterisiert, um die Auswirkung
der postsynthetischen Kalzinierung auf ihre Leistung zu kldren und die mechanistischen Verén-
derungen zu untersuchen, die die Trends der photokatalytischen Aktivitit beeinflussen.

Im ersten Teil dieser Doktorarbeit haben wir Co, Mn, Ni, Cu und Fe als Co-Katalysatoren
verglichen, die durch Nassimpriagnierung der entsprechenden Salzvorldufer auf einem Modell-
substrat aus TiO, und anschliefsender Kalzinierung hergestellt wurden. Der HER- und OER-
Test der Materialien ergab, dass nur Cu und Ni HER-aktiv sind, wihrend Co und Fe OER-aktiv
sind.

Im zweiten Teil untersuchten wir die elektronischen und strukturellen Verdnderungen, die
durch die Kalzinierung nach der Synthese hervorgerufen werden und die fiir die photokat-
alytische HER-Aktivitiat der Ni- und Cu-basierten Co-Katalysatorsysteme verantwortlich sind.
Die Cu/TiOy-Photokatalysatoren zeigten - anhand einer Fiille von Charakterisierungsmeth-
oden in Kombination mit DFT-Berechnungen -, dass durch eine schrittweise Erhéhung der
Kalzinierungstemperatur (von keiner Kalzinierung bis 400 °C) eine allmé#hliche temperaturab-
hiingige Diffusion von Cu von der Oberfliche in die TiO, Krystallstruktur - in Form von Cu™ -
stattfindet. Dies fithrt zu interstitiellen Cu-Defekten, die mit dem Abfall der Ho-Erzeugung in
Verbindung stehen. Im Falle des Ni/TiO,-Photokatalysators wurden - wie ein Langzeit-HER-
Test (17 Stunden Experimente) zeigte - die aktiven Ni® HER-Stellen bei Bestrahlung in-situ
gebildet. Eine detailliertere Analyse durch unterschiedliche Kalzinierung (nicht, 250 und 400
°C) ergab, dass nicht nur Ni” eine Schliisselrolle bei der HER-Katalyse spielt, sondern vielmehr
eine Kombination aus Ni’ und Ni**. Der Reaktionsmechanismus beinhaltet die dynamische
Umwandlung von Ni*?" < Ni°, was eine effiziente H"-Reduktion erméglicht, die stark von der
Wahl der Kalzinierungstemperaturen beeinflusst wird. Die unkalzinierte Probe zeigte eine dy-
namischere Ni?* - Ni’ Umwandlung, wihrend bei 250 und 400 °C Ni’ bzw. Ni*" partiell
stabilisiert war. Es wurde gezeigt, dass der Verlust der dynamischen Ni*" « Ni'-Umwandlung
aufgrund der Ni-Stabilisierung auf dem Substrat zu einem Abfall der Hy Erzeugung des Pho-
tokatalysators fiihrt.

In der vorliegenden Doktorarbeit werden die Bedeutung und der Einfluss thermischer Be-
handlungen auf die dynamische Natur der Cu- und Ni-Aktivzustandsbildung und den HER-
Mechanismus hervorgehoben, die erforderlich sind, um iiberlegene HER-Leistungen zu erzielen.
Dabei unterstreichen unsere Ergebnisse die Bedeutung der Kontrolle und Optimierung der
richtigen synthetischen Parameter, da sich thermische Behandlungen negativ auf die photokat-
alytische Hy Bildung und den Mechanismus der aktiven katalytischen Form auswirken kénnen.
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Aim and structure of this thesis

Hydrogen plays a crucial role in our society, being utilized in ammonia synthesis, as a precursor
for fertilizer production, and in various industries, including fossil fuel refineries. Moreover, the
growing interest in hydrogen as a green and renewable fuel and energy storage system is driving
the development of policies to implement it in future societies. In light of this context, this
thesis focuses on investigating different photocatalysts capable of synthesizing green hydrogen
from water by the use of light energy.

The primary objective of this thesis is to assess the OER (oxygen evolution reaction) and
HER (hydrogen evolution reaction) capacity of non-noble metal-based co-catalysts (Co, Fe,
Mn, Ni, and Cu) and to determine their active state and reaction mechanism. To achieve this,
TiOy was employed as a model photocatalyst, and a wide array of analytical characterization
methods and theoretical calculations were applied.

The first section of this thesis provides a fundamental introduction and motivation for this
research. In the second part, the necessary theoretical background is presented to compre-
hensively understand the rationale and conclusions derived from the main scientific work, as
discussed in the results and discussion section. The third part, being a cumulative thesis,
showcases the published manuscripts and highlights their fundamental contributions to the
state-of-the-art. Lastly, the fourth and final chapter of this thesis presents the conclusions
drawn from the research and outlines future experimental possibilities and open questions for
further scientific exploration.

vii
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Introduction

Since 1975, the demand for hydrogen has tripled, reaching a current annual demand of 70
million tonnes (Mt) per year (Figure 1.1).'3 Tts primary uses are in the oil refinery industry
and ammonia synthesis, primarily for fertilizers. However, hydrogen is also indispensable in
various other industries, including chip manufacturing, chemical manufacturing, and the steel
industry.»*% In recent times, hydrogen has also gained increasing attention in the energy
market, finding applications as both a fuel and a chemical energy storage system. As a result,
hydrogen has become a cornerstone in modern society, and its importance is expected to grow
even further in the future.

Fossil fuels Refining
Steamfefo-r‘ming 70 - Ammonia

m Others

?mal_gxidatin*
utathernialreforming (ATR)

Greenhouse gasses
+

e

S frecricity

Energy storage

World hydrogen demand (Mt)
o
(=)

NH Methanol

Oil refining Steel production

Fuel 1975 1980 1985 1990 1995 2000 2005 2010 2015 2018
ue

Year
Figure 1.1: a) Hydrogen feedstock and applications. b) World Hy demand (in million tonnes, Mt) from
1975 to 2018. Data source: IEA, licence: CC BY 4.0.7

However, the primary global hydrogen feedstock is still derived from fossil fuels, with the
major contributions coming from natural gas (76 %) and coal (23 %), while water electrolysis
accounts for a minor share (2 %). As a result, the hydrogen production market is responsible
for approximately 830 million tonnes of CO, emissions annually, which is equivalent to the
combined CO, emissions of the United Kingdom and Indonesia. Clearly, there is an undeniable
need for increased investment in the development of new technologies for green hydrogen pro-
duction. In this context, ambitious international climate policies for green hydrogen production
have been implemented since 2017.13 The first country with a national hydrogen strategy was
Japan, planning to expand its hydrogen production from 2 million tonnes in 2017, to 12 million
tonnes in 2040. This expansion involves utilizing hydrogen in fuel cell vehicles, residential fuel
cells, and various industries.®” Today, in 2023 the number of countries that implemented a
national hydrogen strategy has grown to 30, showing the increasing interest.
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Introduction

The demand for hydrogen for fuel applications is also on the rise due to the increasing
need for clean and renewable energy sources and storage systems. Molecular hydrogen, Hs,
holds immense potential with an energy density of 120 MJkg ', surpassing that of fossil fuels
such as methanol or kerosene (19.7 and 43.5 MJ kg™ !, respectively).b:3 1011 Additionally, the
combustion of Hy produces only clean water, making it pollutant and CO, free. The highly
exothermic nature of this reaction results in a combustion heat of 1.4 - 10®Jkg !, making
hydrogen a promising energy storage solution due to the substantial amount of energy stored in
its chemical bonds. Given these advantages, generating hydrogen through the water splitting
reaction is a promising approach for green hydrogen production.

Various strategies, such as thermolysis, electrolysis, photoelectrocatalysis, and photocatal-
ysis, can be employed for this purpose.”? Thermolysis uses heat and catalysts to split water.
Electrolysis involves using an electric current to crack water molecules. Photoelectrochemical
systems can absorb light energy to split water but also require an external voltage contribution
to facilitate the process. Hereby, all these systems rely on previously generated electricity for Hy
production. Photocatalysis, on the other hand, combines water splitting and light absorption
in the same material, eliminating the need for an external energy source to drive the reaction,
making it an all-in-one system.

With these considerations in mind, the focus of this work is on investigating photocatalytic
systems for Hy generation through photocatalytic water splitting, aiming to contribute to the
advancement of green hydrogen technologies.
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Theoretical background

This section aims to provide the required theoretical background of the data discussed in the
results and discussions section.

2.1 Principles of photocatalysis

A photocatalyst is a material able to absorb light, i.e. photons, and use this energy to carry
out certain chemical reactions. In 1972, Fujishima and Honda were the first ones to observe
this phenomenon.'? By illuminating with ultraviolet light a TiO, electrode — connected to a
platinum electrode — they were able to split water into Hy, and O,. This breakthrough gave
birth to the up-to-date field of photocatalysis.

The word “photocatalysis” comes from the Greek word “photo”, light, and “catalysis”. The
IUPAC defines a catalyst as “a substance that increases the rate of a reaction without modifying
the overall standard Gibbs energy change in the reaction”.'® In other words, a catalyst is a sub-
stance that affects the rate (kinetics) of a reaction — not being consumed during the reaction
— without modifying the thermodynamics. This definition fits with a photocatalyst, as long
as the reaction is exergonic (AG°<0), yet when the reaction is endergonic (AG°>0) — such
as for water splitting or CO, reduction — the thermodynamics of the reaction is also altered,
as the photon energy is consumed by the reaction without being recovered (see Figure 2.1).14
Herby, a photocatalyst is not a catalyst in the classical definition. The TUPAC definition for
photocatalysis is “change in the rate of a chemical reaction or its initiation under the action of
ultraviolet, visible or infrared radiation in the presence of a substance—the photocatalyst—that
absorbs light and is involved in the chemical transformation of the reaction partners”'® i.e. it
is a light-driven catalyst, where the photon energy is consumed but the photocatalyst can be
recovered after the reaction. For this reason, some authors claim that the term 'photocatalytic’
should be corrected to only apply when a downhill reaction is carried out (AG®<0) and "photo-
synthetic’ when the reaction is uphill (AG°>0).'%'7 In this thesis, however, we used the term
photocatalysis, as it is the term by far most often used in the community for photocatalytic
water splitting.

2.1.1 Photosynthesis as inspiration

Over millions of years, nature has learned and optimized how to store sunlight energy in chem-
ical bonds with photosynthesis. As a general idea, plants and other organisms store the photon
energy from sunlight in chemical bonds. With this strategy, they are capable to power uphill
reactions — i.e. thermodynamically endergonic (AG°>0) reactions — to convert COy and HyO
into carbohydrates. With that, even though the maximum efficiency is approximately 11 %,
the yearly amount of energy stored by photosynthesis is about three times the global power
consumption.'® 19
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Theoretical background
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Figure 2.1: Energy diagram of a downhill and uphill reaction.

Nature accomplishes this task through a well-engineered assemblage of pigments, molecules,
and proteins.'?>2® Although there are substantial differences among the different photosynthetic
organisms, this process can be summarized in the need for an efficient energy flow, electron
flow and certain chemical reactions. For simplicity, we will use the discussion of the oxygenic
photosynthesis, used by most of the plants. This includes mainly two key components, PSI
(photosystem I) and PSII (photosystem 1I). When a photon hits the PSII an electron is excited,
and extracted by a cascade of molecules — losing a certain amount of the energy — that transfers
it to the PSI. Once there, another photon excites this electron and by a new cascade of molecules
this electron is extracted and finally used in the synthesis of NADPH, an intermediate molecule
to store that highly energetic electron. Ultimately, the electron (in form of NADPH) is then
used in the Calvin cycle to generate carbohydrates from CO,. To start the whole process again,
however, PSII needs to recover that lost electron. This is achieved by splitting water, carried
out by a Mn cluster — called oxygen-evolving complex (OEC) — with an overall reaction

2H,0 5 0, +4e +4HT

Since the photosynthetic system shows to be robust, enabling the capture of photons and
storing them in chemical bonds, scientists have the dream to replicate it, emerging the field
of artificial photosynthesis.?! A term used for all kinds of systems that can capture and store
energy from sunlight in a chemical bond. Photocatalysis, thus, is a major research topic of
artificial photosynthesis.

2.1.2 Material requirements

A photocatalyst to be a light-driven catalyst, it needs to be activated under light; while under
dark conditions, it should be inactive. This requisite can be achieved with a material that
has an energy gap between the highest occupied and lowest unoccupied electronic levels, such
as a semiconductor.?2?* This bares the intrinsic property of having a band gap and; thus, a
certain energy has to be surpassed to bring an electron from the valence band (VB) to the
conduction band (CB). This required energy can come from many sides, one form is electro-
magnetic radiation. Yet, the required energy has to be above this band gap. Accordingly, to
carry out a photocatalytic reaction, 4 steps are required (see Figure 2.2): (1) light absorption
to generate an electron-hole pair (exciton), (2) separation of the excited charges, (3) transfer of
the electrons/hole to the photocatalyst surface, and (4) utilization of the charges on the surface
for a certain chemical redox reaction.!® The reaction efficiency, thus, is limited by the incident
photon flux, the light absorption, the exciton lifetime, and the catalytic active sites of the ma-
terial. A good photocatalyst should ideally fulfil all these requirements. These points, however,
are often in contradiction, as for optimal light absorption the band gap of the semiconductor
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should be small, yet, to carry out most of the reactions greater energy is necessary. Thus,
a large band gap would be required. Furthermore, to obtain optimal performance, an active
surface is necessary, yet such surface could also be more prone to photocorrosion events, and
thus is less stable. Additionally, large exciton lifetimes are required, so the excited charges can
migrate to the catalyst surface to perform the required reaction, without recombining before.
All these aspects, are just to mention some. To overcome these issues, however, two approaches
are possible: homogenous and heterogeneous photocatalysts, which will be discussed in the
next section.

O

Reduction

0,

Oxidation

Ho (4)

Figure 2.2: Photocatalytic process on a semiconductor, showing the four steps required for a photo-
catalytic reaction: (1) light absorption, (2) exciton generation, (3) diffusion of the excited charges to
the surface and (4) the corresponding chemical reaction.

2.1.2.1 Heterogeneous vs homogeneous photocatalysis

The photocatalytic process may be homogeneous or heterogeneous, depending on the photocat-
alyst type.2*25 For the homogeneous approach, both catalyst and reaction medium are in the
same phase — for instance, the photocatalyst is a molecule (usually transition metal complexes)
dissolved in the reaction solution. The heterogeneous approach is when they are in different
phases. For example, the photocatalyst is a nano-particulate powder suspended in the reaction
solution.

An ideal photocatalyst, as we have seen before, should fulfil at least three requirements:
(I) efficient light absorption (ideally broad and in the visible range), (II) high photocatalytic
activity and (III) stability towards photocorrosion.'® With this in mind, the homogeneous pho-
tocatalyst show different drawbacks. Only a small portion of the spectrum can be absorbed,
as the HOMO-LUMO levels are well-defined.?*2% They generally show rapid deactivation and
degradation, due to the molecular nature of the photocatalyst, as well as, limited re-usability
after reaction, due to great solubility of the molecular photocatalyst in the reaction solution.
In contrast, the heterogeneous approach enables a broader light absorption, as the VB and
CB are composed of a density of states. They bear greater stability towards photocorro-
sion/photodegradation, as well as, a higher degree of re-usability.

In the heterogeneous photocatalyst, after excitation by electromagnetic radiation, an exciton
is generated, which needs to migrate to the surface to react with the reactants.! On this way,
many charge recombination issues can take place induced by defects (that can act as charge
recombination centres), long migration path (increasing the recombination probability), strong
coulomb forces between the electron-hole pair (inhibiting long migration paths and favouring
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charge recombination), etc.!” !9 All these phenomena can substantially lower the photocatalyst
efficiency. Concomitantly, the ideal photocatalyst (efficient light absorber, high activity and
stable), is a challenging task, and engineering of all these parameters is of uttermost importance
to achieve high performances.

2.1.2.2 Engineering of photocatalytic efficiency

There are several ways to engineer the photocatalyst’s performance by effectively improving
charge extraction and preventing recombination.'”1%27:2® Some of those approaches are by
reducing the photocatalysts size and using co-catalyst. The photocatalysts size has an effect
on the photon absorption and on the charge recombination phenomena.'®2™? Domen et al.
showed with theoretical calculations the smaller the particle size is — assuming a spherical
shape —, the fewer photons strike the material. This enhances greatly the performance, as
the excited charges can react with the reactants before the next exciton is being generated.
Thus, leading the improved efficiencies due to more efficient charge extraction by the reactants.
Further advantage of reducing the photocatalyst size is that the excited charges can reach
the surface much quicker, and, thus, reducing drastically the charge recombination probability.
Another approaches to enhance photocatalysts efficiency, is using co-catalysts. They are capable
of effectively extracting generated charges — acting as an electron sink — inhibiting charge
recombination.?*32 Additionally, co-catalyst can fine-tune and enhance the catalytic active
site, by lowering the activation energy, separating the redox reactions and improving selectivity
for certain chemicals.®®3% This leads to improved stability, as the chemical reaction is taking
place on the co-catalyst and not on the semiconductor.?* Additionally, broader light absorption
can be achieved, if the co-catalyst is a semiconductor that enables light absorption, or due to
plasmonic effects.!®33 Hence, the use of a nanoparticulate photocatalyst and co-catalyst can
greatly enhance photocatalysts performance.

2.1.2.3 Thermodynamics of interfaces

A hybrid heterogeneous photocatalytic system that involves a combination of a semiconductor
and a co-catalyst, will generate an interface between the two material, that comes along with
different physical properties than the corresponding bulk material.!%22:33:3539 Thig will gener-
ate new energy transfer and exciton migration processes. Hence, the interface plays a key role
in charge management, and; thus, being in control of the interface engineering is crucial for
photocatalytic efficiency.

Different kinds of heterostructured interfaces will exist depending on the materials’ com-
bination (Figure 2.3a):?%33:3540 () semiconductor/semiconductor interface (between different
semiconductors), (b) metal/semiconductor interface (when a semiconductor and a metal are
combined), or a (c¢) semiconductor/electrolyte interface (when a semiconductor is in solution
with dissolved electrolytes). At these interfaces, charge transfer processes will take place until
reaching an equilibrium situation where the Fermi levels are equilibrated, i.e. same energy level
(Figure 2.4). 1.6This new situation will lead to a positively charged area (depleted of negative
charges) and a negatively charged area (depleted of positive charges), called the depletion layer.
In consequence, a dipole is generated, building an internal electric field (E-field) and inhibiting
—in equilibrium situation — the flow of electrical charges. Yet, under illumination, electrons and
holes can bypass this potential barrier and a net-one directional electric charge transfer takes
place. This enables efficient charge extraction and restricts charge recombination. However,
there are differences among the systems by combining different materials.

We can differentiate between three types of semiconductor/semiconductor interface (Figure
2.3b).3%35,36,39,40 T Type T (straddling gap), two semiconductors (A and B) are combined
with one having a smaller band gap, being the CB of semiconductor A above semiconductor
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Figure 2.3: a) Schematic representation of a semiconductor/semiconductor, semiconductor/metal and
semiconductor/electrolyte interfaces. b) Semiconductor junction types.

B, and the VB of A below B. Here, both charges — electron and hole — are extracted from
semiconductor A to B. Accordingly, not achieving selective charge extraction to avoid charge
recombination. Yet, this approach can be useful, to combine a more catalytic active material
with a better light absorber. In a more common Type II (staggered gap), the CB and VB of
the semiconductor A are above B, enabling electron migration from A to B, and the holes from
B to A, due to the internal electric field that is generated effectively extracting and separating
the generated charges. Furthermore, the chemical reactions are also carried out on the different
semiconductors. Hereby, enabling the separation of the catalytic active side too. Type III
(broken gap), is the same as type II, but with the difference that the VB and CB offset is much
greater. In all three types, band alignments and the equilibration of the Fermi level occur
at the semiconductors interface. For instance, when a p-type and n-type semiconductors are
combined (i.e. a p-n junction), their Fermi levels will equilibrate until they reach the same level.
Consequently, band bending of the CB and VB occurs — by the same proportion as the Fermi
level difference AEr — generating a potential barrier (Figure 2.4a). As a result, a depletion
layer and an internal electric field are formed, enhancing charge separation in one direction
upon illumination of the semiconductors.

The metal /semiconductor junction is generated by combining a metal — generally as a co-
catalyst, such as Pt, Au, or Pd — and a semiconductor (see Figure 2.4¢ and d). Again, the
Fermi level of the semiconductor and the metal equilibrate, generating band bending of the
CB and VB of the semiconductor. This can result in two situations, depending on whether the
semiconductor is an n- or p-type."* Downward band bending for an n-type/metal interface,
and upwards band bending for a p-type/metal interface. This leads to a depletion layer at the
interface — forming a potential — which inhibits charge backflow from the metal co-catalyst to
the semiconductor (Schottky barrier, ®sp). Hereby, enabling effective charge separation

The semiconductor-electrolyte interface is built when a semiconductor is in a suspension
with a dissolved electrolyte (Figure 2.4b). This situation is similar to the semiconductor/metal
interface, yet with the difference that the electrolyte electrons are not free to move — like in
a metal — and instead they are localized on the ions. Hereby, the reducing ion (R) bares the
electrons, while the oxidizing ion (O) bares the holes. The relative position of the Fermi levels
(the equivalent of the electrochemical potential of the reacting ions) determines what will hap-
pen between the semiconductor and the electrolyte. If the Fermi level of the semiconductor is
above the Fermi level of the electrolyte, then electrons will be transferred until reaching equi-
librium, leading to a depletion layer in the semiconductor, and the same situation as explained
previously. However, in this situation to carry out chemical redox reactions, also the CB and
VB position play a key role, as the CB minimum has to be above (i.e. more negative) than the
reduction potential of the desired reaction, while the VB should be below (i.e. less negative)
than the oxidation potential — resembling a type I junction — to carry out the reaction. More
details will be explained in the following section.
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Figure 2.4: Schematic representation of the band diagrams generated at the interface by the different
material’s combination. Eg Vacuum level; Ay Electron Affinity; ®gp Schottky barrier; <I>§V and @%
Work function of the semiconductor and metal, respectively; E, Band gap; Er and E]\F4 Fermi level of
the semiconductor and metal, respectively; CB and CV Conduction and Valence Band, respectively;
E-field electrical field.

In summary, depending on the material combination, we will have different physical prop-
erties at the interface, affecting the charge transfer process and; thus the overall photocatalytic
performance.

2.2 Photocatalytic hydrogen generation

2.2.1 Reaction requirements

In order for a particular reaction to occur, it is required a total energy (E) that is at least
equal to the sum of the standard free energy (AG) and the activation energy (E,) of the overall
reaction (i.e. the reduction and oxidation reaction, respectively),!% 2741743

E > AG+E, (2.1)

Thus, a thermodynamic and a kinetic factor needs to be bypassed (Figure 2.5a and b). There-
fore, the photocatalyts band gap and its associated VB and CB positions (i.e. the energy
difference between the electron and hole) are crucial in enabling the photocatalyst for a par-
ticular chemical reaction (Figure 2.5¢). For the photocatalytic water splitting reactions, this
would require a theoretical band gap of the semiconductor >1.6 eV.!? However, due to kinetic
overpotential requirements, the minimum required band gap would rather be 2.0 eV. Further-
more, the VB has to be more positive than the required oxidation potential (O, /H,O, 1.23

8



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Theoretical background

V vs. NHE at a pH 0)), and the CB minimum needs to be more negative than the required
reduction potential (H'" /Hy, 0.00 V vs. NHE at a pH 0). Thus, for photocatalytic water
splitting (and any other reaction), the semiconductor band gap and the VB and CB positions
are of paramount importance.

a) b) c) -
9 = B WSichs H,
E}n @ 000V~ _ & __A__ @duction
g © H*
@ o
a & 3 E,
1] AG = 237 ki/mol - H,0
L 2 |1.23v e
e e E T S —( Oxidation
MeOH + H,0 VB C
h* h* h* _J 0,
Water splitting Sacrificial water splitting +

Figure 2.5: Schematic representation of a) energy diagram of the water splitting reaction, showing the
Gibbs free energy (AG) and the activation energy E,, and b) band diagram requirements for the water
splitting reaction.

2.2.2 Sacrificial vs overall water splitting

The overall water splitting reaction, as a main source for clean and renewable Hy, with pho-
tocatalysis, is a challenging task.'”222%4 The main reasons are the intrinsic constraints of
the photocatalyst (catalytic active site, charge recombination problems, light absorption effi-
ciencies, etc.), explained in previous sections, and the nature of the reaction itself. The main
reaction obstacles are (a) thermodynamic limitations, being water splitting an uphill reaction
that requires a free Gibbs energy of 231 kJ/mol (see Figure 2.5a); thus, (b) the back reaction
of Hy and Os to HyO is much more favourable, leading to a considerably lower amount of Hy
to be generated; and (¢) both reduction and oxidation reactions,

2H' +2¢” — H, (2.2)

are multistep reactions, involving 4 holes for the oxidation reaction — being the main bottleneck
— and 2 electrons for the reduction reaction. One strategy to bypass some drawbacks of the
overall water splitting reaction is using sacrificial agents, such as methanol (MeOH).*™7 In this
setup, called sacrificial water splitting, a mixed solution of MeOH and H,O is used (reaction
2.4),

The advantage of sacrificial water splitting is a much lower Gibbs free energy (16.1 kJ/mol)
due to the more favourable CO,y generation (figure 2.5b); restriction of the back reaction, as
CO, instead of O, is generated (see reaction 2.4); and decreased charge recombination by a
more efficient hole extraction by MeOH and /or water (different mechanism have been proposed,
dependent on the photocatalyst system used, MeOH concentration, the used co-catalyst and
the amount of co-catalyst).*»4"4 Thus, sacrificial water splitting is a widely extended method
to investigate a photocatalyst for its HER capacity.
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2.3 State of the art of the used materials

2.3.1 TiO, as water splitting photocatalyst

For photocatalytic water splitting, TiO, has the right band gap (above 2.0 eV) and the right
VB and CB edges position — more negative than 0 eV (H" /Hy) and more positive than 1.23 eV
(O3/H50), respectively.?”4%5% Furthermore, TiO, bares great advantages due to high stability
in different environments, low cost, non-toxic, excellent optoelectronic properties and high
versatility.®41743:5L:52 For this reason, TiO, — an n-type semiconductor — is widely investigated,
and not only for photocatalytic water splitting but also for many other applications (self-
cleaning materials, photodegradation of pollutants, photocatalytic dye degradation, etc.).?

TiO, exists in nature in three crystalline structures. Mainly anatase, brookite and rutile.
Anatase and rutile have a tetragonal crystalline form, while brookite is orthorhombic.>* All
three polymorphs are photocatalytically active, even though most of the research is done on
rutile and anatase (the most active one). The band gap of anatase is 3.2 eV, while for rutile it is
3.0 €V, being the minimum required \ to generate an exciton 387 nm and 410 nm, respectively.?®
This means that both TiO, crystalline structures are only capable of absorbing light in the UV
range. Additional drawbacks are short exciton lifetimes, i.e. quick charge recombination.*!-52
Many efforts, however, have been done to overcome these issues, such as doping, combining with
other semiconductors or metals, and other structural changes.®*2:43:55 For instance, combining
anatase and rutile, or the use of a co-catalyst, has greatly improved charge recombination
issues. In both cases, a heterojunction is generated that enables effective charge separation.
Additionally, the use of different polymorphs and co-catalyst add new catalytic active sides,
further improving the performance. Another approach has been shifting the light absorption
into the visible range, by methods such as doping (adding new energy levels in the band
gap), combining it with other light absorbers with a lower band gap (photosensitization) or
the creation of different morphological structures (such as nanoporous thin films, nanobelts,
thin films, nanotubes, spheres, nanorods, etc.), to mention few.’>> For all these reasons, and
the great amount of work invested, TiO, is a good model material to investigate the effect of
co-catalyst.

2.3.2 Transition metals as co-catalysts

The advantage of using co-catalyst to enhance photocatalytic performance are many, as co-
catalyst are able (1) to reduce the overpotential required for the Hy generation, (2) enhance
the reaction selectivity, (3) suppress charge recombination by effectively extracting the photo-
generated charges and (4) bare the potential to increase the hydrogen production dramatically
by suppressing the back reaction of Hy and O, to Hy0.5%56

The most efficient and highly investigated co-catalysts are noble metals such as Pt, Pd,
Au, Rh and Ag.3%5 57 These metals have the advantage of an inherent low overpotential
for the HER, thus enabling this reaction with much more efficiency, than, for instance, pure
Ti0,.5%5¢ Unfortunately, noble metals are rare and expensive, limiting large-scale industrial
applications. That means cost-efficient and widely available alternatives are greatly needed.
Promising results have given metals such as Ni, Cu, Fe or Co, to mention a few.’® However,
there are huge discrepancies in the scientific community about the catalytic active state of each
metal, or which is the best metal as a co-catalyst.?%°%°% This is because the photocatalytic
efficiency enhancement using a co-catalyst is highly affected by the deposition method, the
amount of co-catalyst loaded, the distribution, particle size and the chemical nature of the
ultimate active form of the metal.>":5 In this thesis, the focus was to compare and investigate
Ni, Cu, Fe, Mn and Co as co-catalyst for photocatalytic Ho generation. Hereby, the following
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section will provide a concise literature overview that demonstrates the potential of these metals
as co-catalysts for photocatalytic water splitting reactions. However, as manuscript No. 1
(results and discussion section) was dedicated to compare the hydrogen-generating capacity of
Ni, Co, Mn and Fe; and because manuscript No. 2 and No. 3 were entirely dedicated to Cu
and Ni, respectively — as only Ni and Cu showed to be HER active — we will dedicate separate
sections for Ni and Cu, and another for Fe, Mn and Co together.

2.3.2.1 Ni as co-catalysts

Ni as a co-catalyst is widely reported in many different systems (different chemical forms,
substrates, etc.) to enhance the photocatalytic performance.’®50°63 Several works have tried to
elucidate the catalytic active state of Ni. For instance, Chen et al.* showed that the previous
reduction of NiO to Ni’ on a TiO, substrate, leads to a remarkable increase in the amount of
hydrogen generated, concluding, that the active Ni form is Ni’. Indra et al.®® came to similar
results by using in-situ EPR — even though graphitic carbon nitride (g-CN) was used as the
semiconductor substrate. The authors, further show that the photo-excited electrons in the
g-CN CB reduce Ni*" to Ni’ and consequently reduce the H" to Hy. Yu et al.% investigated
Ni(OH)y on TiOy coming to the same conclusion. Lv et al.%” elucidated by a plethora of
methods, that Ni is attached in form of Ni*"-O to the TiO, lattice. Again, they claimed that
the excited electrons in the CB are responsible for the H, production, even though without
specifying if Ni*" gets reduced or if Ni is actively participating in the reaction. In summary,
the general consensus is that the photoexcited electrons upon illumination are transferred from
the conduction band to the attached Ni species, forming metallic Ni, which then react with the
protons and form H,. Therefore, being the photocatalytic active form for hydrogen generation
Ni’. However, to which degree metallic Ni and /or Ni®" is required and the question of the role
that each of Ni’s oxidation states play, has not been addressed so far. Hereby, further research
is needed to fully understand and elucidate which role plays the different Ni oxidation states
to achieve maximum performance.

2.3.2.2 Cu as co-catalysts

Photocatalytic hydrogen production improvements have also been archived employing Cu as co-
catalyst.’”58:%8 Cu can exist in nature in three stable oxidation states Cu’, Cu™ and Cu?", and
has been used as a co-catalyst in many different forms - CuO, CuyO, Cu(OH)s, incorporated
in the substrate lattice, attached on the surface, etc. — all showing an increase in the overall
hydrogen generation, compared to the bare semiconductor (such as TiO,). However, which is
the photocatalytic active form or structure of Cu is strongly debated. For instance, Zhang et
al.% investigated Cu single atoms on TiO,, where Cu®" was photoreduced to Cu” and then
reducing H' to H,. Lee et al.”® and Wu et al.”! came to similar results, attributing the increased
hydrogen production to Cu’. However, Wu et al., further claimed that a higher amount of Cu*"
had a detrimental effect, while Cu’ had no apparent impact (even though possibly enhancing
electron extraction and transfer). Yet, other studies have shown a positive effect of the use of
metallic Cu, due to the generation of a Schottky junction, enhancing the charge extraction.”™ 7"
Thus, the ultimate Cu form — location, oxidation state, chemical environment, etc. — to enhance
photocatalytic hydrogen generation is strongly debated in the scientific community, making it
imperative to conduct more dedicated studies.

2.3.2.3 Fe, Co and Mn as co-catalysts

While for Cu and Ni as co-catalyst for photocatalytic Hy generation plethora of publications
are found in literature, for Fe, Co and Mn the amount of research is much less extensive,
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especially for pure metals or oxides.?* However, as a dye or organic pollutant degradation pho-
tocatalysts, much more research can be found.%® In this thesis, we investigated the co-catalyst
ability and effect on the H, generation capacity. Hereby, we will discuss and present only the
research related to the hydrogen evolution reaction. Along these lines, Fe revealed to improve
the photocatalytic Hy performance by the synthesis of a double-core-shell nanocomposite by
using Fe30,@CQTi0,, or the fabrication of a FePS,; nanosheet anchored on TiO5 nanoparticles
forming an s-scheme heterojunction.”? Other hybrid systems were synthesized by combin-
ing TiOy with an iron-titania mixed oxide on graphene oxide sheets, or FeO doped TiO, onto
fibrous annealed carbon.®%® Tada and co-workers archived increased activities by attaching
FeO, on Ti0,.%2 All these systems, show the potential of Fe to enhance the Hy generation
under visible light, as well as effective charge extraction.

Cobalt-based co-catalysts for HER in different forms and systems have also given promising
results.®®  For instance, Co30, is widely used in hybrid systems, such as p-n junctions, to
enhance photocatalytic performance. For example, Si et al.®¥ anchored Cos0, clusters to
2D ultra-thin TiOy nanosheets. In this system, Co was reduced to metallic Co by electrons
transfer from the TiO,-CB, leading to comparable HER values to Pt. Chen et al.%* investigated
Co304/CdS/SrTiO3 core-shell junctions, revealing improved performance due to the variable
oxidation state of Co, accelerating the h™ migration in the ternary system. Other authors used
Co single atoms — acting as the catalytic active side and attached to TiO, nanosheets — to
enhance the hydrogen evolution reactions.’”% These studies, show the variety and capability
of Co-containing photocatalysts for the HER.

The use of manganese, whether in its pure oxide or metal form, however, is not widely
studied as a HER co-catalyst, but it is rather used for the oxygen evolution reaction, such as in
photosynthesis as a Mn,CaO,, cluster.>* Also, Fe and Co have shown promising results for the
OER.3%86788 For instance, Li and coworkers synthesized a system containing MnQ, attached to
a hollow sphere Ti0,.%Y The authors used MnO,, for the OER and Pt for the HER, generating a
spatial separation of the two catalytic centres, as Pt was on the inside of the sphere and MnO,
on the outer side. Liu et al.3® attached different metals (MnO,, FeO,, CoO,, NiO, and CuO,)
on TiO, nanosheets, and investigated the samples for OER, showing the highest performance
for Co and Mn loaded TiO,, with activities even higher than Ru and Ir. Other authors used
these metals for band gap engineering, shifting the adsorption edge to the visible light range
by doping TiO, with Fe*™, Mn®*" or Co®".87 Thus, Fe, Co and Mn are promising candidates
to enhance the photocatalytic performance as a co-catalyst for photocatalytic water splitting
for both half-reactions.
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Methodology

The aim of this section is to complement and provide a broader understanding of the data
and reasoning conceptualized in each manuscript in the results and discussion section, as well
as to provide the details of the used setup development and optimization. For this reason,
the corresponding chemicals used, the synthesis details of the corresponding photocatalyst and
the exact machine used (with the corresponding measuring setup details) are found in the
corresponding sections in each manuscript.

3.1 Photocatalytic setup

In this thesis, we used a gas flow in-situ detection system (figure 3.1). This setup has the
advantage that Hy — and other gases — can be detected in-situ — and simultaneously — over
a prolonged time, enabling to investigate reaction activation/deactivation kinetics, overall re-
action mechanisms, photocatalyst lifetimes and each change that happens to the system over
time. This is not possible with the standard gas chromatographic method used in the commu-
nity, as the gas to be analysed needs to be injected manually from the reactor. Thus, only the
amount of Hy can be evaluated, but not the dynamic nature of the process.

To investigate the hydrogen evolution reaction (HER) upon time, we used the standard
method established in our group — engineered by previous colleges in their corresponding PhD
thesis — and we designed and optimized a new setup for the specific experiments carried out in
this thesis. The details of the standard method and the developments of the new photocatalytic
setups will be discussed in this section.

a) b)
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N 3
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Water
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Figure 3.1: Schematic of the standard HER detection system. a) Schematic of the experimental setup.
MFC: Mass flow controller. b) Schematic of the custom build glass reactor. c¢) Photo of the reactor
setup showing the Thorlabs LED light source, the glass reactor, stirring plate and the black box where
the experiments are carried out.
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3.1.1 The standard photocatalytic setup

3.1.1.1 The reactor

The photocatalytic HER experiments were carried out in a custom-built flow reactor, enabling
the in-situ detection of hydrogen. The reactor, shown in Figure 3.1, was designed with two
necks — serving as in and outlet of the carrier gas, argon (Ar) — and a top illumination made
of quartz (material transparent to UV light). The reactor is equipped with a water-cooling
jacket around the reaction solution to maintain a constant temperature — aided with a cryostat
— during reaction.

3.1.1.2 The excitation light source

The excitation light source used in this thesis, shown in figure 3.1c, was a SOLIS-356C LED
lamp from Thorlabs with an excitation wavelength of 365+20 nm, and a 3.0 W minimum and
4.0 W maximum collimated power output. The maximum current of the LED lamp is 4500
mA, with a forward voltage of 4.0 V and a bandwidth (FWHM) of 10 nm. The maximum
irradiance — at a distance of 20 cm from the light source — was measured to be 2.8 mW /mm?.

3.1.1.3 The detector

The detector used for the in-situ Hy detection upon experimental conditions is an Emerson X-
Steam analyser able to simultaneously detect Hy, CO, CO4 and O4 by three different integrated
detectors. A thermal conductivity detector (TDC, for the Hy detection), a photometric non-
dispersive IR sensor (for the CO and CO; detection) and a paramagnetic Oy detector (for the
Oy detection).

3.1.2 Development of photocatalytic setups

In the photocatalytic water splitting process, two chemical species are generated: Hy; (HER)
and O, (oxygen evolution reaction, OER). Yet, to investigate the OER our standard method
bares the intrinsic problem that the reactor setup is not completely airtight, condition necessary
to detect the generated Oy by the investigated system. Thus, to accomplish the work in this
thesis, we needed to develop a new detection system to reliably evaluate the OER rate from our
samples under investigation (OER experiment in manuscript no. 1). Additionally, determining
the HER rate over a prolonged time range, revealed to be challenging with the standard setup
used in our laboratories, as the system revealed to have leaks. This was not relevant for
short therm experiments (< 3 h), yet for longer experiments, such as 17 to 24 h, this had a
substantial effect on the baseline. Thus, the system needed optimization to enable reproducible
and reliable experiments (HER experiment in manuscript No. 3). The creation of a new setup
and optimization of the existing one was — as always in science — not done alone, instead with
the collaboration of my colleagues Sreejith P Nandan (for OER setup) and Stephen Myakala
(for HER setup).

3.1.2.1 Experimental setup for the O, evolution reaction rate detection

For the OER rate determination we designed a new photocatalytic setup with a new O, in-situ
detection system. For the detector, we used an optical oxygen meter (FireStingO2, Pyroscience,
Germany) with a needle-like oxygen-sensitive optical sensor (OXF900PT-OI) that could collect
data with intervals of one second (figure 3.2).% The O, detection is based on the luminescence
quenching of the REDFLASH indicator by Os. As more O, is present in the system, more
will the luminescence of the dye indicator be quenched. The amount of O, is then provided in

14



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Methodology

%. This detection system provides the advantage that Oy can be detected in-situ inside the
reactor (in its head space) with high precision, high reliability, low power consumption, low
cross-sensitivity and fast response time.

0, 5 red-light
infrared y ¥ excitation
e REDFLASH
sensor
o NIR-emission
red light \
source b syringe needle
infrared emission
red-light
excitation
optical fiber
red excitation
NIR-emission

REDFLASH dye

and B) low NIR at high oxygen

Figure 3.2: Schematic of the OER detection system showing the working principle of the optical sensor
and the REDFLASH indicator (Image taken from Pyroscience GmbH"),

To convert the Oy % to pmol we first needed to determine how much O, % corresponds to
how much pmol of O,. For this, we injected 100 pL of air with a Hamilton syringe into the
reactor, previously purged with Ar (repeating this step several times to obtain an analytically
accurate value). In the particular case of our OER reactor, this injected amount corresponded
to 0.53 Os %, which could be translated to 20.66 uL (amount of Oy in air) of Os. Thus, to
convert the experimental Oy % values to uL. we used the factor,

20.66
0.53

where X is the experimental value obtained. Then, to convert this value to pumol we used
the ideal gas equation,

1L 0o =X (%) =X (%) 38.98, (3.1)

V(uL)P(mbar)
R(Lmbar /mol K)T(K)’

n(pmol) = (3.2)

where V (volume) are the obtained value from the experiment, P (pressure) and T (tem-
perature) are constant values set by our experimental conditions, and R (the gas constant) is
a constant.

For the reactor vessel, we needed to design and develop a new setup, as we required it to
be completely airtight, to avoid interference of atmospheric Os. For this, we made a two neck
custom-build reactor at the TU Wien glass-blower workshop (see figure 3.3). One neck was
to insert the Ar purging needles, and the other neck for the O, sensor. The latter one was
covered with a black tape and Aluminium foil to avoid interference between the light sensor
and the excitation light source used. The neck apertures were sealed with a central borehole
screw cap that was closed with a 1 mm thick Viton septum. This septum material holds the
right elasticity to self recover/close after the removal of the Ar purging needles, and is chemical
inert. Additionally, the reactor included a water cooling jacket to keep a constant temperature
in the system, as the product concentration detected is temperature-dependent.
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Figure 3.3: a) Schematic of the OER detection system and b) photo of the setup, showing the black
tape and the aluminium foil to avoid interference with the excitation light source.

3.1.2.2 Long therm HER rate experimental setup optimization

To perform long-term reactions (>3 h) we needed to optimize the reactor and experimental
setup. For the standard flow setup (Figure 3.1), we used a reactor with a total reaction volume
of 50 ml and added 10 mg of the corresponding sample to be investigated. The Ar gas flow was
30 ml/min connected to the reactor by a central borehole screw connected to the Ar gas in- and
outlet tubes. The system was closed by a quartz glass cap and during the experiment a top-side
illumination was used. For the new setup (Figure 3.4a and b), we designed a new custom-built
reactor with a total reaction volume of 10 ml, adding 10 mg of the investigated photocatalysts,
which allowed to reduce the Ar flow to 15 ml/min, and the gas in- and outlet were substituted
by a syringe system. To make the system completely airtight, a central borehole screw cap with
a 1 mm Viton septum was used, which was additionally sealed with wax after the insertion of
the Ar gas in- and outlet syringes. We used here a side illumination, as the light intensity loss
due to the material nature of the reactor (glass) and the water cooling jacket, resulted to be
negligible. With this setup, we achieved a substantial improvement of the data acquisition and
reproducibility of the baseline, shown in figure 3.4c.

3.2 Characterization methods

3.2.1 Electron spectroscopic methods

Electron spectroscopic methods include x-ray Photoelectron Spectroscopy (XPS), Ultraviolet
Photoelectron Spectroscopy (UPS) and Auger Electron Spectroscopy (AES). These characteri-
zation methods are surface sensitive (up to few nm of depth) and are used to extract qualitative
and quantitative information about the chemical composition (XPS and AES) but also to obtain
electronic information (XPS and UPS) of the analysed specimen surface.”! XPS uses x-rays,
while UPS ultraviolet light to excite the photoelectrons (see figure 3.5). AES is based on the
Auger effect, i.e. the analysed electrons are expelled from the atoms by a series of internal
relaxation processes after an initial excitation (electrons or x-rays) of the system. Thus, the
binding energy (BE) of the analysed electrons in XPS and UPS is dependent on the light source
used, while in AES not. Equation 3.3 shows the dependence of the BE and Kinetic energy (KE)
of the electrons, the excitation light source and the work function (¢) of the detector

EBinding = Exinetic — hv + ¢, (3.3)

As the ¢ is a constant for the detector used, the BE depends solely on the KE and the
light source used. This is true for emitted photoelectrons (UPS and XPS), but not for the

16



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Methodology

Ar Outlet

i

Light source

Reaction
medium
Water

cooling system

Water Inlet

| Stirring plate @ |

Before After
:6& — 50
=N =
S 50- =
[=] o 404
E | g ¥
= 40 = ]
T - o 30
N 304 LI
© 1 < 204
E o
5 2 g
e 9 104
£10 >

1 o

0- T 0

0 3 6 & 12 5 18 21 24 27 6 3 6 8 11 14 17 19

Time (h) Time (h)

Figure 3.4: a) Schematic representation and b) photo of the new designed HER reactor setup for long
term (>3 h) experiments. c¢) Data showing the difference of the acquired data and baseline with the
standard (before) and new (after) reactor setup.

auger electrons (AES), where the BE = KE. Hence, by changing the light source the BE of the
photoelectrons will change, while the Auger electron will appear at the same BE (see figure
3.5b). Accordingly, XPS and UPS are always shown in BE, while AES in KE. In this thesis,
manuscript No.2, this physical phenomenon was used to obtain the Auger spectra of the Cu
LMM. By using the excitation source Al K, (1486.6 e€V), the Cu LMM peak and the Ti 2s
overlapped, yet by using the Mg K, (1253.6 eV), the Ti 2s peak was shifted while the Cu LMM
not, enabling its evaluation.

In this thesis, different XPS machines were used to acquire the datasets for the different
manuscripts. Manuscript No. 1, we used a custom-built SPECS XPS-spectrometer equipped
with a monochromatised Al-K, x-ray source (v 350) and a hemispherical WAL-150 analyser
(acceptance angle: 60°). In manuscript No. 2 we used two machines, one to achieve the Auger
spectra and the other for the XPS data. The Auger spectra were obtained using a Thermo
Fisher Microlab 310/350-spectrometer equipped with a twin anode Al/Mg-K, x-ray source
(XR3) and a hemispherical analyser. The XPS spectra were acquired using an Axis Ultra DLD
instrument from Kratos Analytical (UK) with a monochromatic Al-K,, radiation with the anode
power set to 150 W. The UPS experiment was carried out in a home-built MOSES spectrometer
equipped with a monochromatic He-I radiation source (hv=21.22 V). In manuscript No.3 we
used the same XPS machine as in Manuscript No. 2. For the data analysis in all manuscripts,
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Figure 3.5: a) Schematic representation of the photoemission process principle. 1. Generation of the
photoelectron by the incoming x-rays, 2. ejection of the photoelectron, 3. relaxation of an outer layer
electron, 4. release of the excess energy and 5. ejection of an auger electron. b) XPS Survey spectra
measured with two different excitation sources (Al Ka and Mg Ka), showing the shift of the auger
electrons.

we used the CASA XPS software with a charge correction to the adventitious carbon peak (C-C
peak was shifted to 284.8 eV BE). For further details of the machines, measurement details and
data analysis, see the corresponding manuscript.

3.2.2 X-ray Fluorescence spectroscopy

X-ray Fluorescence Spectroscopy (XRF) is an elemental analysis method to determine chemical
composition by using x-rays to excite the sample and detect the secondary x-rays (fluorescence
x-rays, shown in figure 3.5 step 4) emitted by the sample to be analysed. In this thesis, the
measurements were performed in a total reflection mode, where the source is in a critical angle
and the detector at 90°, with respect to the sample. The advantage of this setup is that a
higher chemical sensitivity is achieved. Furthermore, due to the nanoparticulate nature of the
sample, the high penetration depth of the excitation x-rays and the highly energetic fluorescent
x-rays, it provides information about the entire sample composition. Thus, in this thesis, it
was defined as a “bulk sensitive” method in some parts.

The measurements were performed with an Atomika 8030C x-ray fluorescence analyser with
a molybdenum x-ray source monochromatised K,-line. The excitation conditions were with a
total reflection geometry and an energy-dispersive Si(Li)-detector. For further details, see the
corresponding manuscript.

3.2.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) provides information about the sample mass changes over
time by applying a constant temperature or a temperature gradient.”? This provides informa-
tion about phase transitions, changes in the chemical composition induced by thermal decom-
position, as well as adsorption, absorption and desorption phenomena, among others. Hence,
in this work we used this method to analyse the decomposition of the acetate and acetylace-
tonate anions, changes in the oxidation state of the analysed metals (Mn, Fe, Co, Ni, Cu),
and generally mass changes induced upon calcination. For this, we used a PerkinElmer Ther-
mogravimetric Analyser TGA 8000. For further details, see the corresponding section in the
manuscripts.
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3.2.4 Attenuated total reflection Fourier transform Infrared spec-
troscopy

Attenuated total reflection Fourier transform Infrared Spectroscopy (ATR-FTIR) analyses the
absorption of infrared light by the natural vibration of a molecular bond.”® In ATR-FTIR,
the spectra are recorded using the ATR sampling mode. The physical phenomena used here is
the attenuation of the evanescent field that is generated by the total reflection of the incident
IR-beam. With this, this method enables the identification of functional groups and chemical
bonds in the analysed samples. Furthermore, it enables to detect changes in the chemical bond
vibration induced by adsorption of a certain species on a substrate.
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Figure 3.6: Schematic representation of the ATR sampling mode in ATR-FTIR spectroscopy

The used machine in all three manuscripts was a PerkinElmer FTIR Spectral UATR-TWO
with a spectrum two Universal ATR (Single Reflection Diamond) accessory.

3.2.5 Raman spectroscopy

Raman spectroscopy uses scattered photons to analyse the change in polarizability of the elec-
tron cloud of a molecule bond.”* The polarizability depends on the molecule geometry, and
thus, provides information about the chemical structure, crystallinity, polymorph type, and
molecular interactions.

In Raman spectroscopy there are three main parameters that provide information about
the sample: the position (in Raman shift, cm™'), the FWHM (¢cm™') and the intensity of the
peak. The positions indicate what kind of vibrational modes the sample has and can be used
as a sample identification. The FWHM and band intensity provides information about the
crystallinity, i.e. changes in the polarizability of the molecular vibrations, phonons and other
excitations, indicating lattice changes, such as doping.”® Yet, the intensity of a Raman peak can
also be affected by instrument artefacts and the sampling. Thus, to avoid these contributions,
it is necessary to normalize the data to a standard, in our case we used TiOs.

The data acquisition in this thesis was conducted with a LabRAM HR800 (HORIBA
Co.Ltd), with the use of a Ne:YAG dio

3.2.6 Ultraviolet-Visible spectroscopy

Ultraviolet-Visible spectroscopy (UV-Vis) is a characterisation method that provides chemical
information such as oxidation state, molecular symmetry, charge transfer processes (CT), lo-
calized surface plasmon resonance (LSPR), interband gap states and electronic information.®
However, these electron transitions need to be in the ultraviolet, visible, or IR range to be
detected by the UV-Vis spectrometer. This is the case for most d-d transitions of transition
metals, or CT processes between metal and ligand (ligand to metal charge transfer (LMCT),
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interfacial charge transfer (IFCT) or metal to ligand charge transfer (MLCT)). Yet, d-d transi-
tions generally show a weak intensity, as they are forbidden by the Laporte section rule, while
the CT processes are more intense being Laporte allowed. For example, in TiO,, we only see
LMCT (O~ to Ti™), as no d-d transitions are possible (Ti** is a d’). While for Ni(acac), we
can see both transitions, the LMTC of acac™ to Ni™?, and the d-d transition of Ni™? (3d®45°)
(see figure 3.7a).
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Figure 3.7: a) DRS spectra of TiOy and Ni(acac)s showing the corresponding MLCT and d-d transi-
tions. b) Schematic representation of the different data collection modes of UV-Vis and DRS.

In UV-Vis spectroscopy, there are two methods for data collection, depending on the state
of the sample (figure 3.7b). The standard method, when the specimen to be analysed is in
solution or suspended in a solvent; or diffuse reflectance spectroscopy (DRS), when the sample
is a solid. In the standard method, the suspension/solution is in a cuvette and the light beam
goes through the solution. Thus, the data is collected in transmission mode. For DRS, the
data is collected by the diffuse reflected, scattered light from the sample to be analysed. In
this thesis, for all analysed samples we used the DRS mode, with a Jasco V-670 UV-Vis photo
spectrometer.

3.2.7 Transmission electron microscopy

Transmission electron microscopy (TEM) provides microscopical information down to the atomic
resolution.®” The higher the energy of the electrons, the shorter their wavelength, and higher
resolution can be achieved. For this, the electron beam energy range is 100-400 keV. The sample
analysis takes place in transmission mode. Hence, the morphological information is obtained
by the electrons transmitted and scattered by the specimen. The contrast in TEM is generated
by the different electron density, providing information of the sample thicknesses, the crystal
structure or orientation, and the atomic number of the constituting elements.

A plethora of methods exists that use electrons for materials characterization, as electrons
can provide a diffraction pattern, or generate different electronic excitations. These methods
include electron diffraction (ED), electron energy loss spectroscopy (EELS), Energy dispersive
x-rays (EDX), among others. In this thesis, EDX was used for elemental analysis and chemical
characterization, complementary to XRF. Both techniques, are based on the same physical phe-
nomena (explained in section 3.2.2 XRF), with the main difference between these two methods
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being the excitation source (electrons or x-rays), and that in EDX we analysed the sample in a
scanning mode, thus, enabling elemental mapping of the atoms distribution on the substrate.

In this thesis, the TEM images and the EDX mapping were obtained using a FET TECNAI
F20 transmission electron microscope equipped with a field emission gun in bright field mode
using 200 kV acceleration voltage.
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Results and discussion

This thesis is written in a cumulative form and includes three peer-reviewed manuscripts
reprinted with the permission of the corresponding journals.

4.1 Overview of Contributed Articles

In the work of this thesis, three manuscripts where prepared. The link between the articles
is the investigation of structural and catalytic properties of metal-based co-catalyst (mainly
Ni, Cu, Fe, Mn and Co) attached on TiO, towards the hydrogen evolution reaction (HER).
Manuscript No.1 investigates and compares Co, Fe, Ni and Mn as co-catalyst for both water
splitting half-reactions. The study shows that — out of this set — only Ni is able to enhance
the HER performance of bare TiO,, while Co and Fe are capable of co-catalysing the oxy-
gen evolution reaction (OER). We further show that the photocatalytically-active Ni species is
generated in-situ upon illumination, as a steady hydrogen evolution rate increase is observed
correlated with a gradual conversion of Ni*" to metallic Ni, the HER-active oxidation state.
In Manuscript No.2, Cu is investigated as a co-catalyst and — compared to the previously de-
scribed Ni-containing photosystem — is shown to have an even higher HER capacity. Besides
its outstanding performance, Cu was not included in the first systematic study as a different
Cu precursor, Cu(ac), — in comparison to M(acac), used for Co, Fe, Ni and Mn — was used due
to its advantageous solubility characteristics. These facts led to a separate, more fundamental
study of Cu-based photosystem, which was then published separately. This work demonstrates
that post-synthetic temperature treatments (i.e. calcination in ambient air) have a detrimen-
tal effect on the overall photocatalytic performance, showing that the highest HER activities
were achieved by the as-prepared (i.e. non-calcined) and low-temperature-calcined (>200°C)
samples. The thermal treatment is shown to induce Cu ions — in the form of Cu™, generated
via spontaneous reduction by the negatively-charged surface of TiO, — to diffuse into the TiO,
sub-surface lattice, leading to a fraction of Cu being non-accessible for the photocatalytic re-
action. We further show that another fraction of surface-attached Cu — in the form of Cu®" —
requires optimal electronic interaction with the TiOy surface to be able to accept (extract) the
photoexcited electrons and get reduced to metallic Cu species being responsible for the excellent
HER performance. In manuscript No.3, we take a closer look at the dynamic nature of Ni-
based photosystem - discovered in our first work - and further investigate its HER mechanism
by analysing the effect of calcination on catalysis. Once again, high-temperature treatments
are shown to induce strong attachment of Ni to the TiO, lattice, hindering Ni*' from being
effectively reduced to metallic Ni. Furthermore, we show that not only Ni’ is important for
HER, but that the right proportion of Ni*" and Ni” is required to attain optimal photocatalytic
performance. Overall, in this thesis, different transition metals are investigated as co-catalyst,
and the effect of synthetic parameters and their structure/composition on the ultimate capacity
to generate hydrogen is analysed in detail, leading me to propose several metal-dependent HER,
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mechanisms.
This thesis is summarized in the following manuscripts:

Manuscript No.1:

"Immobilization of Co, Mn, Nt and Fe oxide co-catalysts on TiOs for
photocatalytic water splitting reactions”

Jasmin S. Schubert, Janko Popovic, Greta M. Haselmann, Sreejith P Nandan, Jia Wang,
Ariane Giesriegl, Alexey S. Cherevan, Dominik Eder

J. Mater. Chem. A, 2019, 7, 18568-18579,
DOI: 10.1039/C9TA05637H

Manuscript No.2:

"Elucidating the formation and active state of Cu co-catalysts for photocatalytic
hydrogen evolution"”

Jasmin S. Schubert, Leila Kalantari, Andreas Lechner, Ariane Giesriegl, Sreejith P. Nandan,
Pablo Ayala, Shun Kashiwaya, Markus Sauer, Annette Foelske, Johanna Rosen, Peter Blaha,
Alexey Cherevan and Dominik Eder

J. Mater. Chem. A, 2021, 9, 21958-21971
DOI: 10.1039/D1TA05561E

Manuscript No.3:

"Nature of the active Ni state for photocatalytic hydrogen generation”

Jasmin S. Schubert, Eva Doloszeski, Pablo Ayala, Stephen Nagaraju Myakala, Jakob Rath,
Bernhard Fickl, Ariane Giesriegl, Dogukan H. Apaydin, Bernhard C. Bayer, Shun Kashiwaya,
Alexey Cherevan, Dominik Eder

Advanced Materials Interfaces
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4.2 Original Manuscripts

4.2.1 Manuscript No.1

"Immobilization of Co, Mn, Ni and Fe oxide co-catalysts on TiO, for
photocatalytic water splitting reactions"

Jasmin S. Schubert, Janko Popovic, Greta M. Haselmann, Sreejith P. Nandan, Jia Wang ,
Ariane Giesriegl, Alexey S. Cherevan and Dominik Eder

J. Mater. Chem. A, 2019, 7, 18568-18579

The corresponding Supplementary information of the manuscript can be found on page 38.
Reproduced from Ref.”® with permission from the Royal Society of Chemistry.

In this work, the O, evolution rate setup was newly design for this experiment. Details can be
found in section 3.1.2.
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Introduction

Immobilization of Co, Mn, Ni and Fe oxide co-
catalysts on TiO, for photocatalytic water splitting
reactionsT

Jasmin S. Schubert, Janko Popovic, Greta M. Haselmann, Sreejith P. Nandan,
Jia Wang, Ariane Giesriegl, Alexey S. Cherevan®™* and Dominik Eder (2™

Here we report a systematic study of a series of non-noble-metal co-catalysts based on Co, Mn, Ni and Fe
oxides that were prepared by wet impregnation of the corresponding acetylacetonate precursors onto
a model TiO, substrate, followed by their oxidative decomposition. We analyze thermal evolution of the
impregnated M(acac),—TiO, composites with a combination of analytical methods and reveal strong
differences in the precursor decomposition onsets and the resulting product composition, compared to
the case of pure M(acac), precursors. Consequent electron microscopy analyses of the resulting MO,—
TiO, composites indicate the presence of small (1-5 nm) amorphous MO, nanoparticles that are
homogeneously distributed on the surface of the substrate TiO,. Complementing Raman and
photoluminescence (PL) spectra confirm pronounced effects of MO, deposition on the state of TiO,
substrate and suggest strong electronic communication between the components. The composites
obtained at 350 °C were further tested towards sacrificial hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) demonstrating the dynamic nature of the NiO,~TiO, photocatalyst whose Ni°
active HER sites were generated in situ upon light exposure. In contrast, FeO,—-TiO,, CoO,-TiO,, and
NiO,—TiO, were all active towards OER, featuring water oxidation ability in descending order, while XPS
data of the samples after reaction indicate that partial oxidation of M species takes place during the
course of the photocatalytic experiment. This work provides detailed insights on the wet chemistry-
based preparation of MO, co-catalysts decorating oxide nanopowders including optimization of the
thermal treatment, potential substrate effects and synergy as well as further prospects in photocatalysis.

methods of H, generation require further development and
implementation.
A prodigious approach for clean H, production is water

As of now, renewable energy systems are not mature enough to
cover the ever-increasing world energy demands. As a result, the
main energy production still comes from non-clean and non-
renewable sources, such as fossil fuels, which further
contribute to global warming. In addition, the intermittent
nature of many renewable energy sources - like in the case of
photovoltaics, whose performance depends on the sunlight
availability - implies a need for alternative energy storage
systems." H, has been identified as a promising candidate
potentially able to become a base chemical as well as an energy
storage system (with its high energy density of 120 MJ kg~ " and
a non-intermittent supply)*™* for our future economy. However,
given the fact that the majority of industrial H, production is
currently still based on natural gas reforming,>® renewable
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splitting, however, in order to induce this reaction using electro-
or thermal catalysis, an extensive amount of energy has to be
invested.” One approach to circumvent this issue relies directly
on the renewable energy of sunlight by means of photocatalysis.
In this case, the light photons are used to break the water
molecules assisted by a photocatalyst, a substance that gener-
ates photoexcited charge carriers, delivers them to the solid-
liquid interface and catalyzes the redox half-reaction of water
oxidation and reduction, the latter yielding the desired H,
product.®*° Although the hydrogen evolution reaction (HER) is
given much more attention in the community of heterogeneous
photocatalysts,** it is the oxygen evolution reaction (OER) that -
being kinetically far more complicated (4 electron-4 proton
transfer) - often becomes a limiting step for the overall process.

A well-suited model compound for photocatalytic water
splitting studies is TiO,, as it features high chemical stability,
shows no toxicity, is cheap, widely available and has a suitable
band gap for both half-reactions.>*>*>** However, TiO, has
several drawbacks that keep it from becoming an efficient water

his journal is © The Royal Society of Chemistry 2019
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splitting photocatalyst.'»'* These limitations include fast elec-
tron-hole recombination rates, poor and unselective catalytic
sites on its surface, and a wide band gap that only allows
absorption in the UV light range. A number of strategies have
been explored to address these issues, such as the use of co-
catalysts."** These surface-attached species (mostly nano-
particles) provide new catalytic sites and simultaneously induce
separation of photoexcited electrons and holes.”® The most
widely used co-catalysts are Pt, Pd and IrO,, RuO, for the pho-
tocatalytic reduction and oxidation of water, respectively. These
are expensive materials based on rare noble metals.""'*'” To
achieve large scale industrial application of photocatalytic water
splitting the development of new co-catalysts based on cheap
and widely available elements remains an important issue.

With regard to novel abundant co-catalysts for photocatalytic
water splitting, research efforts have focused on d-block tran-
sition metals of the fourth period, which are known for their
excellent catalytic properties and applications in industry,
research and nature.”*>'*'” These elements - especially in their
oxide form - can undergo quick and reversible redox shuttling,
accept, accumulate and release electrons - conditions necessary
to generate a self-recovering system. Besides this, their surface
structure and chemistry can be varied through synthetic
conditions (e.g. different oxides can be generated) allowing to
further tune adsorption/desorption properties and thus their
catalytic function - an aspect rarely investigated so far. For this
reason, in this work we explore the nature of Ni, Mn, Co and Fe
oxide based co-catalysts and directly compare their potential in
both water splitting reactions (OER and HER).

Metal oxide co-catalysts are typically deposited on the pho-
tocatalyst surface by sol-gel processes or via the use of surfac-
tants.'*** These methods allow for a certain degree of control
over the size and shape of the co-catalytic species;" however,
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they are often limited when one-pot synthesis is desired. Wet
impregnation routes, on the other hand, are simple and cost-
effective: for example, by using metal salt impregnation fol-
lowed by thermal decomposition.*** Although some previous
works have reported the synthesis and application of such co-
catalyst-loaded TiO, powders in photocatalysis,"'*"**%” many
inconsistencies, originating from the wide variety of synthetic
and calcination conditions, remain. Furthermore, the lack of
comparative activity evaluations leave a gap in the fundamental
understanding of their actual active state. Besides these, most
of the co-catalysts have been tested solely for HER, and no data
on OER performance have been reported.

In order to complement this knowledge gap, in this work, we
used a wet impregnation route to prepare Mn, Co, Fe and Ni-
based co-catalysts immobilized on TiO, nanoparticles (NPs)
and systematically investigated their prospects in photocatalytic
water splitting reactions. We first analyzed the thermal evolu-
tion of pure metal salt precursors and the corresponding
composites using thermogravimetric analysis (TGA) and in situ
X-ray diffraction (XRD) to determine the optimal calcination
temperature and product composition. We then elucidated the
morphology, crystallinity and oxidation state of the prepared co-
catalyst species with a combination of electron microscopy and
diffraction as well as XRD, X-ray photoelectron spectroscopy
(XPS) and attenuated total reflection Fourier-transform infrared
spectroscopy (ATR-FTIR) analyses and correlated these charac-
teristics with their performance towards HER and OER.

Results and discussion

The metal oxide species were synthesized directly on the surface
of TiO, NPs following the wet impregnation - thermal decom-
position method depicted in Fig. 1a. In a typical experiment,

[ R BRI
a) b) g
0 M(acac),-TiO; MO,-TiO, .
=
@
-
=
C) 100 —— Ni(acac),* 2H,0 g
90 1 H,0 Cofacac);* 2H,0 @ — Mn(acac),-TiO,
so ] T Mn{acac), g ------ Mn(acac),
—— Fe(acac), =
2 70 o
ey multi-step [l
£ 604 decomposition #5
-g 50 of acetylacetonate |- — Fe(acac);-TiO,
M 3204
= 404 figand Mz tomn®| | [\ NS | Fe(acac),
sto 50
30 ~ \
10 T T

T T T T T T T T T
50 100 150 200 250 300 350 400 450 500
Temperature / °C

Fig. 1

T
550 600

SR :
1600 1500 1400 1300 1200
Wavenumber / cm™

(a) Schematic description of the synthetic protocol, (b) FTIR spectra of the M(acac),—TiO, composites and the corresponding precursors

and (c) TGA data of the pure M(acac)y precursor salts (heating rate: 5°C min~t in air; temperature range: 25 °C to 600 °C, M = Fe, Mn, Ni and Co).
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a given amount of TiO, powder was dispersed in a solvent by
ultrasonication, to which a pre-made solution of fully solubi-
lized M(acac), species (M = Fe, Mn, Co, Ni; acac = acetylacet-
onate) was slowly added. The solution was stirred until the
solvent was completely evaporated, yielding the corresponding
M(acac),-TiO, composites, which were converted into the
respective MO,-TiO, composites upon subsequent heat treat-
ment. More details can be found in the Experimental section.

The presence of the M(acac), salts in TiO, powder after the
impregnation can be confirmed by ATR-FTIR spectroscopy
(Fig. S11). The spectra of the composites constitute a superposition
of the organic part (most pronounced are ligand-related IR bands)
and the TiO, substrate (broad absorption below 1000 cm™%),
however, a closer look at the 1700-1000 cm ™" region (Fig. 1b)
indicates that the original peaks of acetylacetonate species are
shifted to higher wavenumbers, suggesting a strong binding
(chemisorption) of the salt precursors with the substrate material.
In addition, the formation of the composites is also apparent from
the colour changes - brown, blue, green and red for the Mn, Co, Ni
and Fe-based composites, respectively — of the originally white
TiO, powders observed after impregnation (Fig. S11).

The composites have been further subjected to thermal treat-
ment in ambient air to oxidatively decompose the metal precur-
sors and yield the corresponding metal oxide co-catalysts on the
TiO, NPs. However, since there is no consensus in the literature as
to which conditions generate which species,’?!3%35363841 e
systematically varied the calcination temperature and analysed
thermal evolution of both, the pure M(acac), precursors and the
impregnated M(acac),~TiO, composites.

Thermal analysis

Pure M(acac),. We first investigated thermal decomposition
of pure M(acac), precursors. The TGA data in Fig. 1c correspond
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well to the thermal behaviour observed for similar organic salts
reported elsewhere:*** (a) the moderate mass loss at low
temperatures (<200 °C) is related to the removal of crystalliza-
tion water that is present in Ni(acac), and Co(acac)s; (b) the
large weight loss in the temperature window of 200-400 °C
corresponds to the multi-step decomposition of the acetylacet-
onate species (precursor oxidation).*” The weight profiles reach
a stable plateau after complete salt oxidation, which indicates
the formation of stable MO, species. The only exception is
Mn(acac),, which experiences a small mass gain above 500 °C
corresponding well with the partial oxidation of Mn** to Mn®".

The TGA data were further complemented by in situ XRD
using the same heating conditions. Fig. 2 shows that the
thermal decompositions of all precursor salts coincide well with
the formation of crystalline oxides (full data sets can be found in
Fig. S27).

Mn(acac),. Fig. 2a shows the characteristic peaks of the
original crystal structure of the precursor up to a temperature of
about 150 °C, while at 200 °C all diffractions corresponding to
the acetylacetonate have vanished, instead showing new
diffractions corresponding to Mn3;O, (ICDD: 04-007-9641). Both,
crystal phase and product composition remain unchanged up
to temperatures of around 500 °C, above which the ortho-
rhombic bixbyite Mn,O; appears (ICDD: 04-007-0856), accom-
panied by corresponding Mn”* oxidation. Both observations are
in agreement with TGA (Fig. 1c). Interestingly, no apparent
crystal growth is observed for the Mn;0, particles upon calci-
nation at high temperatures, as indicated by the absence of any
peak narrowing. Instead, more and more of the Mn*" is oxidized
to Mn*" and both oxide phases, Mn;0, and Mn,O3, co-exist up
to at least 800 °C.

Co(acac);. The multi-step decomposition of acetylacetonate
takes place between 200 and 400 °C according to TGA. The XRD
results show that the original crystal structure of the salt

Degrees / 20

G

Temperayr

Degrees / 20

Fig.2 Selected in situ XRD spectra of the pure M(acac), (M = Mn, Co, Niand Fe) precursors acquired in air within a temperature range of 25 °C to
800 °C and heating rate of 5 °C min™! for (a) Mn(acac),, (b) Colacac)s, (c) Nilacac), and (d) Fe(acac)s. Full data sets can be found in Fig. S2.1
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degrades into an amorphous state already at 100 °C (see
Fig. S2t) - temperature at which the removal of crystallization
water takes place. At temperatures above 200 °C a broad
diffraction at 36.8 degrees - corresponding to crystalline Coz0,
(ICDD: 04-014-7747) - appears and gets narrower up to 300 °C
indicating gradual growth of the crystallites. The conversion of
Co®" species to the mixed-valent oxide is likely induced by the
acetylacetonate species through radical formation in a similar
way as has been suggested for Cu acetate.*” No apparent
changes in crystal structure take place thereafter up to 800 °C;
however, the splitting of the peaks at higher temperatures (>600
°C) may be related to the formation of non-stoichiometric
oxides.

Ni(acac),. The diffractograms in Fig. 2c¢ indicate the forma-
tion of a mixed product consisting of metallic Ni (ICDD:04-010-
6148) and NiO (ICDD:04-005-4393) in the temperature window
of 220-400 °C, which is in agreement with the TGA in Fig. 1c. At
temperatures above 250 °C Ni remains the major component up
to 500 °C, after which the re-oxidized product starts to dominate
the composition. This indicates that the presence of carbona-
ceous species in metal-organic salt precursors (e.g. acetylacet-
onate) can induce strong Ni*" reduction to purely metallic
species during the decomposition phase.*”

Fe(acac);. Fig. 2d shows that the decomposition proceeds in
a way predicted by TGA. There is no reduction of the metal
between 230 and 400 °C, while the single product of
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rhombohedral hematite Fe,O; (ICDD: 04-002-7501) appears
above 300 °C.

These results were further complemented by quasi in situ
ATR-FTIR performed after subjecting the precursor salts to
calcination at different temperatures. The spectra in Fig. S37
confirm that the decomposition of the original acetylacetonates
and removal of the intermediate organic species for all
composites finish at temperatures above 300 °C.

M(acac),~-TiO, composites. Next, we investigated the
impregnated composites with TGA to see whether the presence
of TiO, substrate affects the thermal decomposition behavior
and the final state of the respective MO, co-catalyst species.

Interestingly, Fig. 3 not only shows large differences in the
decomposition behavior (e.g. mechanism of acetylacetonate
oxidation), it also indicates strong differences in the decom-
position onsets and stability windows (up to 100 °C) for all
precursors when impregnated on TiO,. For example, the
Mn(acac), species do not undergo a two-step decomposition
process within a narrow temperature interval anymore (Fig. 3a
compared to Fig. 1c); instead we observe only one strong mass
loss in the range between 200 and 250 °C. The final product of
decomposition forms already above 250 °C, which is about
100 °C lower than for the pure precursor. In the case of the
Co(acac);-TiO,, the main weight loss takes place just below
300 °C and likely corresponds to the oxidation of acetylaceto-
nate, which - in the case of the pure precursors — does not finish
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Fig. 3 TGA data of the Mn(acac),-TiO; (a), Co(acac)s—TiO, (b), Fe(acac)s—TiO, (c) and Ni(acac),-TiO, (d) composites overlapped with that of
the pure precursors and the TiO, reference. The left y-axis corresponds to the weight loss of the pure precursors, the right y-axis corresponds to
the weight loss of the composite and the reference TiO,. Data were recorded in air, heating rate 5 °C min~t and in a temperature range from
25°Cto 800 °C. Note the differences in the scale of the y-axes. The minor weigh loss observed for the reference TiO, in the range from 25 °C to
300 °C is attributed to the presence of physisorbed and chemisorbed species left from the synthesis and processing.
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until 400 °C. Besides this, we see at least two additional minor
weight losses at roughly 450 °C and 650 °C (see black arrows in
Fig. 3b) for the composite with respect to the pure precursor
salt.

Similar discrepancies can be observed for the other samples
and indeed confirm different kinetics and stages for the
decomposition of the immobilized M(acac), precursors. More
detailed investigations are required to gain full understanding
for each individual composite. Our results further suggest that
one needs to take care when applying heat treatment protocols,
developed for the pure salts, unscrutinized to the correspond-
ing nanocomposites.

After revealing thermal behavior of the impregnated
M(acac),~TiO, composites, we have chosen calcination condi-
tions for the thermal treatments aiming to fully decompose the
acetylacetonate species, but avoid potential particle growth and
possible crystallinity changes of the substrate TiO,. Considering
differences between precursors, an optimum treatment of
350 °C that suited all M(acac),~TiO, samples was applied (see
Experimental section) and yielded corresponding NiO,-TiO,,
MnO,-TiO,, CoO,-TiO, and FeO,-TiO, nanocomposites that
will be the focus of the following sections.

Morphological investigation

The calcined MO,-TiO, composites were analysed by scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM). The SEM images in Fig. S41 confirm that the

C MnO_TiO,
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samples are composed of small nanoparticles (NPs) that are
similar to the reference TiO, (not shown), with no apparent
changes in size and shape upon impregnation and calcination.
There are also no signs of larger particles, thus we can exclude
the formation and growth of unattached MO,. EDX further
indicates a homogeneous distribution of the M elements over
the TiO, material on the microscale (Fig. S5t). Both observa-
tions suggest that no phase segregation upon calcination has
occurred and the samples indeed are nanocomposites with M
species dispersed across all TiO, NPs.

Fig. 4a and b show TEM image of the reference TiO, NPs that
range between 10 and 50 nm in size and constitute close-to-
spherical highly crystalline particles with sharp edges. The
electron diffraction (ED) pattern of the reference TiO, shows
diffuse rings that correspond well to polycrystalline, nanosized
anatase and rutile particles (Fig. S6at). In contrast, TEM images
of the composites in Fig. 4 indicate strong changes in surface
morphology of the substrate TiO, and appearance of surface-
attached species.

In the case of MnO,-TiO, (Fig. 4¢), the images clearly show
the presence of dark spots with sizes between 2 and 5 nm, which
likely correspond to the newly formed MnO, NPs. TEM of the
Co0,-TiO, composite in Fig. 4d indicates the presence of
smaller 2-3 nm surface-attached CoO, NPs densely decoration
the substrate. A similar morphology is found for NiO,-TiO,
(Fig. 4f) where the surface of TiO, particles got covered with
even smaller (1-2 nm) NiO, NPs of surprisingly uniform size

Fig.4 TEM pictures of the TiO, NPs (a and b) as well as MNO,—TiO, (c), CoO,—TiO, (d), FeO,—TiO, (e) and NiO,—TiO, (f) composites prepared at

350 °C. Arrows indicate examples of clearly visible MO, species.
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and shape. For FeO,-TiO, (Fig. 4e), the morphology of the
deposits rather resembles a surface shell consisting of small
particles sized below 5 nm.

Importantly, we can presently not exclude additional pres-
ence of atomic MO, species on TiO, surface, but the majority of
the visible MO, NPs appear to be uniform in size and homo-
geneously distributed on the surface sharing an intimate
interface with the substrate.

Interaction with the matrix

To further elaborate on the state of the MO, in TiO, matrix and
on the differences between the composites, we have performed
additional Raman and photoluminescence (PL) measurements.

Fig. S71 shows Raman spectra of all as-prepared composites
demonstrating that MnO,-TiO,, C0oO,-TiO, and FeO,-TiO,
samples feature strong peak shifts and peak broadening of the
anatase-related E, band with respect to the TiO, reference
(Table S17). With regard to our composite systems, these can be
assigned to the presence of surface-adsorbed species on TiO,,
creation of O vacancies or even doping with M ions, which
cannot be excluded based on ionic radii comparison. In
contrast, Raman spectrum of the NiO,-TiO, sample resembles
that of the TiO, suggesting no strong effect on TiO, upon NiO,
immobilization (detailed discussions of Raman data can be
found in ESIY).

PL emission spectrum of the substrate TiO, powder in
Fig. S8 exhibits strong overlapping bands centred at 417, 432
and 461 nm. While the first peak (2.97 eV) can be assigned to
band-to-band recombination of rutile component, the latter two
(2.87 eV and 2.69 eV) can be attributed to sub-band gap emis-
sion characteristic for TiO, NPs and related to shallow elec-
tronic states associated with e.g. oxygen vacancies, structural
defects or dopants; in line with Raman results. Spectra of the
composites still contain PL peaks of TiO,, however, they also
feature new bands appearing at higher wavelength and char-
acterized by broad emissions centred at 478 nm, 490 nm and
497 nm for the FeO,-TiO,, CoO,-TiO, and NiO,-TiO, respec-
tively. The emergence of the additional emission bands at lower
energies (2.60 eV, 2.53 eV and 2.49 eV) for all composites can be
assigned to the appearance of new relaxation pathways for the
carriers originally photoexcited in TiO,. Judging from TEM and
Raman data, one such possibility could be that the electrons or
holes are extracted by the surface-attached MO, species leading
to new PL bands related to radiative recombination at MO, sites
or the interface.

This result confirms active electronic communication
between the components of the composites and further indi-
cates the ability of the MO, species to facilitate charge separa-
tion in TiO,.

Crystallinity of the obtained MO, NPs

Further analysis of the MO, state and composition with HRTEM
has proven to be complicated since the deposited NPs were
mostly — with some rare exceptions found in TEM - of amor-
phous nature. This was further confirmed from the analysis of

This journal is © The Royal Society of Chemistry 2019
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ED patterns (Fig. S6T) that indicate no additional diffraction
spots corresponding to the expected MO, NPs.

To elucidate more on the amorphous nature of the surface-
deposited species in our MO,-TiO, composites, we performed
additional XRD measurements (see Fig. S9t). The data in
Fig. S9af shows no diffractions other than that of the TiO,
substrate for all calcined samples; however, this can also be
explained by the low amounts of the MO, species, thus reaching
the detection limit of the XRD technique. To further investigate
this, we prepared a set of model samples where the impregna-
tion was done using a much greater amounts of the precursor
salts (up to 24.4 wt%) and diffractograms were recorded for the
model composites before and after thermal treatment. Still, the
XRD did not reveal any peak associated with newly formed oxide
species even after calcination (Fig. S9b and ct), thus confirming
the TEM and ED data and the conclusion that the MO, species
in the final MO,-TiO, composites are of amorphous nature
regardless of the calcination protocol (see ESI for more
detailst). This amorphous nature of the generated NPs is
surprising, because XRD of the pure precursors clearly indi-
cated that the products of the acetylacetonate decomposition,
obtained at this calcination temperature, were crystalline (see
again Fig. 2). This different behaviour of the composites against
the pure precursor is possibly related to surface effects, where
TiO, restricts the mobility of the surface-bound metallic species
and thus prohibits bond rearrangement and formation of
a crystalline lattice.

Confirming the oxidation state

Considering the strong differences in the thermal decomposi-
tion of the pure precursors and precursors immobilized on the
surface of TiO,, we sought to verify the oxidation state and
composition of the surface-deposited species (so far only sug-
gested from in situ XRD of pure precursor salts) after thermal
treatments using surface-sensitive XPS analyses. Measuring
conditions and information about data treatment can be found
in the Experimental section.

Survey spectra of all composites are presented in Fig. S10F
and reveal the presence of expected elements: Ti and O (mainly
from the TiO, substrate) as well as Co, Ni, Mn and Fe in the
relevant composites. The characteristic C 1s signals correspond
very well to adventitious carbon observed in the TiO, reference
indicating complete decomposition of the acetylacetonate
ligand after the applied calcination.*®

More importantly, Fig. 5 presents the detailed spectra of the
Co 2p, Ni 2p, Mn 2p and Fe 2p regions and allows elucidating
the oxidation state of the incorporated metals on the surface of
TiO,. XPS analyses of these transition metals is quite complex
due to multiplet splitting and different shake-up structures.
Thus, the signal of a species can be deconvoluted into various
different components that have been analysed in detail previ-
ously. This also means that the analysis of the oxidation state of
these transition metals is not straight-forward and in some
cases can only be seen as indicative. Our analysis is largely
based on the work by Biesinger et al.*® Detailed fitting param-
eters can be found in Table S2.}
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Fig. 5 Detailed XPS spectra of the MnO,-TiO; (a), CoO,—TiO; (b), FeO,—TiO5 (c) and NiO,—TiO, (d) samples with the corresponding fits of the
different species and mixture of species. Further fits are shown in Fig. S11.1

The Mn 2p spectrum most reliably confirms the presence of
Mn>" in the MnO,~TiO, composite (Fig. 5a).** We can further
clearly exclude the presence of Mn® species. Additionally fitting
of Mn*" - either from Mn,O; as suggested by XRD, residual
precursor salts or due to a partial hydroxylation, i.e. MnOOH -
result in only a very low percentage (~2%) of the overall signal,
which indicates that the concentration of Mn®" - if present at all
- is negligible (Fig. S11a and bt). Furthermore, considering
multiplet splitting, a Mn*" species is not needed for peak
deconvolution.*” Therefore, we can exclude the presence of
Mn*", in contrast to previous reports on Mn-doped TiO,.?**" In
conclusion, Mn** is the major component in the MnO,-TiO,
composite with a negligible contribution of Mn®" due to Mn,0;
or MnOOH.

The analysis of the Co 2p signal in Fig. 5b reveals that Co>"
and Co** species coexist in the CoO,-TiO, composite, most
likely in the form of oxides, mixed oxide or hydroxides.
However, in contradiction to the pure salt XRD and TGA data,
we cannot reliably exclude the formation of metallic Co species.
The best fit was obtained for a combination of Co metal,
Co(OH),, and Co030,.

In the case of FeO,-TiO, sample, shown in Fig. 5c, the Fe 2p
spectrum clearly indicates the presence of Fe®" with a charac-
teristic satellite at 714 eV.* From these data, we can suggest that
Fe®* is only present as minority species, as we cannot observe
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pronounced characteristic satellite features at 719 and 735 eV.
This supports our previous findings that the thermal evolution
of Fe(acac); is strongly altered by the TiO, substrate resulting in
the formation of partially reduced Fe"O.

Finally, the XPS data for NiO,-TiO, (Fig. 5d) show mainly
Ni*" in the form of NiO or Ni(OH),. Although not required
(Fig. S11ct), the addition of a Ni’ component improves the fit
further and indicates the possible presence of a small fraction
of metallic Ni in the final composition, which would also be
expected from the data on the pure precursors.*>**

In summary, we have produced NiO,-TiO,, MnO,-TiO,,
Co0O,-TiO, and FeO,-TiO, composite samples with homoge-
neously distributed nanoparticles of uniform sizes (2-5 nm) as
revealed by electron microscopy and EDX. The results further
suggest that the MO, NPs are of amorphous nature, in contrast to
the data on pure precursors, thus indicating substrate effects.
XPS analyses shows that Co likely coexists in a mixture of Co>*
and Co*', while major contributors of Mn and Fe species are of +2
oxidation state, again contrary to what has been observed for
pure precursors. In the case of NiO,~TiO,, XPS additionally
indicates a small proportion of metallic species, aside from Ni*".

Photocatalytic water splitting

We investigated the performance of all samples for photo-
catalytic water splitting, namely, hydrogen evolution reaction
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(HER) and oxygen evolution reaction (OER), by means of sacri-
ficial water splitting. To compare with literature, we used
methanol as an electron donor to facilitate HER** and AgNO; as
an electron acceptor to support OER.**** Detailed description of
the experimental procedure can be found in Experimental
section.

Hydrogen evolution reaction

Fig. 6 shows H, evolution profiles (on-line H, evolution rate vs.
time) of the as-prepared NiO,-TiO,, MnO,-TiO,, FeO,-TiO, and
Co0,-TiO, composites from water-methanol mixtures under
UV light. The results show that only NiO,-TiO, was active
towards HER. Hydrogen evolution rates of about 4 pmol h™"
were reached after 10 minutes of light exposure in our flow
reactor (Fig. S127). The rest of the composites showed no
activity indicating incapability of the generated MnO,, FeO, and
CoO, species to act as co-catalysts for H' reduction, which is in
stark contradiction to some of the literature reports.*»**

We have further investigated the active NiO,-TiO, system in
long run HER experiments to identify the maximum activity and
investigate the performance stability. Fig. 6b shows a HER
profile over 60 minutes under illumination: interestingly, no
stable evolution rate was reached within this period; instead,
the H, evolution rate continued to increase, reaching more than
13 umol h™" at the end of the illumination cycle. We purged the

View Article Online
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reactor with Ar to remove the reaction products and proceeded
with UV illumination for another 14 h. Fig. 6¢ shows the
resulting HER profile revealing two important observations: (a)
the activity increased rapidly to a level of 13 umol h™* within the
first hour of illumination, (b) the increase in activity continued
in an almost linear fashion to reach rates as high as 27 pmol h™*
after 10 h.

This unusual behaviour indicates that either the catalytic
sites of the NiO,-TiO, system become more active or their
number increases with time. Furthermore, it appears that this
behaviour is triggered by light illumination. Although the Ni/
NiO system has been investigated as co-catalyst for HER
before,”'***'7%¢ the question as to which Ni oxidation state is
more active remains controversial. Our experimental setup is
unique in that it allows for on-line activity detection within the
first seconds of light illumination, and our data suggest that the
increase in metallic Ni, which can gradually form from Ni**
upon photoreduction, is likely the reason for the observed
activity increase.” This was confirmed by XPS measurements of
the NiO,-TiO, composite recovered immediately after the HER
experiment, which revealed a substantial increase in the relative
content of Ni® compared to Ni*" from 3.4 at% to 16.7 at% at the
end of the illumination cycle (Table S371). To the best of our
knowledge, this has not been reported before. The results
highlight the dynamics nature of this photocatalyst, and we
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(a) Short run HER profiles of the NiO,—TiO,, MNO,-TiO,, FeO,—TiO, and CoO,—TiO, composites along with the reference TiO, powder

performed using flow-reactor. Arrow indicates the start of illumination, yellow box — illumination period. (b) 1 hour run HER profile of the active
NiO,—TiO, photocatalyst along with the corresponding short run data as well as (c) 14 hour run (long run) HER profile showing that the H,
production rate slowly increases with increasing illumination time. The 1 hour and 14 hour runs have been performed during the same
experiment. The reactor was purged with Ar for 1 h in between the runs to remove the reaction products.

This journal is © The Royal Society of Chemistry 2019

33

J. Mater. Chem. A, 2019, 7, 18568-18579 | 18575



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Journal of Materials Chemistry A

emphasize that active species can form upon illumination not
only during the first stages of a photocatalytic reaction, but even
during extended periods of hours and days.

Based on our TGA, in situ XRD and XPS data, we further
suggest that NiO,~-TiO, composites prepared at lower calcina-
tion temperatures (<350 °C) can offer a greater potential for
photocatalytic HER as they preserve a higher fraction of metallic
Ni species.

Oxygen evolution reaction

We have further tested the composites towards OER previously
rarely reported for these series of co-catalysts. Again, we fol-
lowed the typical conditions for sacrificial OER and used AgNO;
as an electron acceptor as well as a closed reactor system (see
Experimental section and Fig. S127). Fig. 7a reveals that three of
the composite photocatalysts were active towards water oxida-
tion, namely, FeO,-TiO,, CoO,-TiO, and NiO,-TiO,, with the
corresponding O, evolution rates reaching 34.3, 31.4 and 19.9
pmol h™" after 20 min of illumination, respectively (see Fig. 7b).
Noteworthy, pure TiO, powder without being loaded with any
co-catalyst also exhibited respectable OER performance with the
rate of 20.8 umol h™*, suggesting that surface of bare TiO, -
with Ti** in d° type configuration - also provides suitable sites
for water oxidation.*® In contrast to other samples, the OER on
TiO, was completely suppressed in the case of the MnO,-TiO,
composite.

Enhanced OER rates recorded in the presence of surface-
attached CoO, and FeO, species can be ascribed to their
active role in facilitating the charge separation and/or acting as
water oxidation sites; in line with other literature reports where
Co- and Fe-oxide-based co-catalysts have been shown to possess
some photo- or electrocatalytic activity towards water oxida-
tion.">%** To further elaborate on the active state and stability
of these OER-active co-catalysts, we performed XPS measure-
ments after the OER experiments (see ESIT). Fig. S13at clearly
suggests that some of the initial Fe*" species of the FeO,~TiO,
composite oxidized during the photocatalytic process resulting

10
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in a higher proportion of Fe’', as can be seen from the
appearance of the characteristic satellites at 719 and 737 eV.
Nevertheless, judging from the stable rate of O, evolution in
Fig. 7a, we can suggest that no severe activation/deactivation
process has taken place during the reaction and Fe*" can still
be considered as one of the OER-active components of the
composite. With regard to CoO,-TiO,, XPS data of the sample
after OER (Fig. S13bf) show that oxidation of the initially
present Co species takes place during the photocatalytic reac-
tion without any apparent activity loss. This suggests that high-
oxidation state Co species are likely to be responsible for the
OER performance. Elucidation of this question will require
further dedicated investigations.

In the case of the NiO,-TiO, composite, we observed no
apparent increase in OER rate compared to bare TiO,, despite
the fact that NiO - that is present in our composite — and various
Ni oxyhydroxides are known for their excellent water oxidation
performance.®»*> However, it has also been reported, that
performance of Ni-based co-catalysts is strongly dependent on
the calcination conditions and may need to be optimized to
obtain desired OER rates. Nevertheless, the as-prepared NiO,—
TiO, composite containing both metallic Ni and NiO can be
considered as a promising candidate for overall water splitting
as it contains both HER and OER sites whose initial ratio can be
controlled during the synthesis.

The rather negative result obtained for the MnO,-TiO, case
(Fig. 7b) can be related to well-known sensitivity of Mn-based
oxides OER performance to their structure and Mn oxidation
state.®® Our XPS data suggest that the MnO, co-catalyst NPs are
mainly composed of Mn**, while a number of literature reports
suggest that the presence of Mn®* and Mn*" is required for the
accumulation of the required oxidizing equivalents necessary to
drive water oxidation.®”*® Judging from our TGA and in situ XRD
data, we could suggest that much higher calcination tempera-
tures (>600 °C) will be required to produce MnO, species with
higher content of Mn in higher oxidation states, that could be of
interest for photocatalytic OER.
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Conclusions

In this contribution, we systematically studied a series of NiO,~
TiO,, MnO,-TiO,, Co0O,-TiO, and FeO,-TiO, photocatalysts
prepared by wet impregnation of M(acac), salts (M = Ni, Fe, Mn
and Co) onto high surface area TiO, NP substrate, followed by
their oxidative decomposition. A combination of TGA, in situ
XRD, ATR-FTIR as well as XPS revealed strong differences in
thermal decomposition of the M(acac),~TiO, in comparison to
pure M(acac), salts. When loaded on TiO,, the M precursors
undergo decomposition at substantially lower temperatures, via
different mechanism and often result in the formation of
otherwise unstable M species, such as Fe>" in the case of FeO,~
TiO,. Consequent SEM and TEM analyses along with EDX
mappings showed that the morphology of the created MO,—
TiO, composites feature small (1-5 nm) MO, NPs homoge-
neously decorating the TiO, NPs. In addition, XRD and ED
suggested that the MO, co-catalysts prepared at 350 °C are of
amorphous nature, while combined Raman and PL spectra
indicate the possibility of M doping and strong electronic
communication between the components of the composites.

We further evaluated the potential of the composites towards
photocatalytic water splitting reactions. We show that among all
samples, NiO,-TiO, was active towards hydrogen evolution
reaction (HER) with metallic Ni species - gradually generated in
situ upon light illumination - being the active site. In contrast,
FeO,-TiO,, CoO,-TiO,, and NiO,-TiO, were all active towards
oxygen evolution reaction (OER), featuring water oxidation
ability in descending order. XPS data of the OER-active samples
after reaction indicated that mild oxidation of M species takes
place during the course of the photocatalytic experiment.
However, Fe*' species could still be considered as one of the
OER-active components of the FeO,-TiO, composite.

This contribution provides a systematic study on the
specifics of the wet chemistry-based synthesis of small MO, NPs
directly onto the surface of TiO,, which can be expanded to
other inorganic substrates. Besides, we show that some of the
prepared catalysts are of interest for photocatalytic water split-
ting reactions and that their activity could be further controlled
by modifying synthetic conditions.

Experimental section
Chemicals

All materials used for the syntheses were obtained from
commercial suppliers. As such, P25 TiO, from Degussa,
Mn(acac), from Sigma-Aldrich (99.8% pure), Co(acac);-3H,O
from Fluka (99.9% pure), Ni(acac),-2H,O from Sigma-Aldrich
(99.8% pure) and Fe(acac); from Sigma-Aldrich (97% pure). The
used solvent for the syntheses were deionized water and absolute
ethanol (from Chem-Lab NV) and for photocatalytic experiments
deionized water and HPLC-gradient grade methanol (from VWR).

Synthesis of the composites

The metal oxide species were synthesized directly on the surface
of TiO, NPs following the wet impregnation - thermal
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decomposition method depicted in Fig. 1a. The general
synthesis procedure used for all samples included (a) sus-
pending the TiO, powder (400 mg, 5 mmol) in 20 mL of ethanol;
(b) stirring the suspension for 10 minutes; (c) adding the cor-
responding precursor salt: Mn(acac), (0.248 mmol, 62.7 mg),
Co(acac); (0.297 mmol, 75.6 mg), Ni(acac), (0.113 mmol, 29.1
mg), or Fe(acac); (0.26 mmol, 92.0 mg); and (d) subjecting the
resulting suspension to sonication to assist salt dissolution and
homogenisation of the suspension components. The resulting
mixture was left stirring at 60 °C until complete evaporation of
the solvent. The remaining powder was then dried at 80 °C for
5 h and grinded. Afterwards, the samples were heat-treated at
350 °C for 10 h in ambient air to generate the corresponding
oxides resulting in MO,-TiO, composites.

Characterisation methods

Scanning electron microscopy (SEM) images were acquired
using FEI Quanta 250 FEG at 200 keV scanning electron
microscope to obtain visual information on the morphology of
the samples. Typically acceleration voltage of 2 kV and
secondary electron detection mode were used. Energy disper-
sive X-ray spectroscopy (EDX) was performed using the SEM to
obtain elemental maps.

Transmission electron microscopy (TEM) images were ob-
tained using FEI TECNAI F20 transmission electron microscope
equipped with a field emission gun in bright field mode using
200 kV acceleration voltage. The sample was prepared from
a suspension in ethanol without ultrasonication, using a copper
holey carbon coated grids (Plano, 200 mesh).

X-ray diffraction (XRD) was performed using an XPERT III:
PANalytical XPert Pro MPD (®-0 Diffractometer) for the in situ
experiments and an XPERT II: PANalytical XPert Pro MPD (®-0®
Diffractometer) for the ex situ experiments. The sample was
placed on a sample holder and irradiated with a Cu X-ray source
(8.04 keV, 1.5406 A). The signal was acquired with Bragg-
Brentano ®/®-diffractometer geometry ranging from 5° to 80°
degrees. The detector system was a semiconductor X'Celerator
(2.1°) detector. The in situ experiment was performed under air
flow and temperatures ranging from 25 °C to 800 °C.

The thermogravimetric (TGA) measurements were carried
out on a PerkinElmer Thermogravimetric Analyser TGA 8000.
The samples were placed into an Al,O; crucible and heated with
a dynamic method at a heating rate of 5 °C min "' under air
from 25 °C to 800 °C.

The chemical composition of the samples was obtained with
X-ray photoelectron spectroscopy (XPS) using a custom-built
SPECS XPS-spectrometer equipped with a monochromatised
Al-K,, X-ray source (u 350) and a hemispherical WAL-150 ana-
lyser (acceptance angle: 60°). All samples were mounted onto
the sample holder using double-sided carbon tape. Pass ener-
gies of 100 eV and 30 eV and energy resolutions of 1 eV and 100
meV were used for survey and detail spectra, respectively
(excitation energy: 1486.6 eV, beam energy and spot size: 70 W
onto 400 um, angle: 51° to sample surface normal, base pres-
sure: 5 x 10~ '° mbar, pressure during measurements: 2 x 10~°
mbar). To reduce charging effects, a broad-spot low energy
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electron source (SPECS FG 22 flood gun, 8-12 eV/15-30 pA) was
used for charge compensation in some samples (containing Mn
and Fe). Data analysis was performed using CASA XPS software,
employing transmission corrections (as per the instrument
vendor's specifications), Shirley backgrounds and Scofield
sensitivity factors. Charge correction was applied so the
adventitious carbon peak (C-C peak) was shifted to 284.8 eV
binding energy (BE). All content values shown are in units of
relative atomic percent (at%), where the detection limit in
survey measurements usually lies around 0.1-1 at%, depending
on the element. For the attenuated total reflection Fourier-
transform infrared spectroscopy (ATR-FTIR) measurements
a PerkinElmer FTIR Spectral UATR-TWO with a spectrum two
Universal ATR (Single Reflection Diamond) accessory was used.

Fluorescence steady state measurements of the TiO, and
MO,~TiO, NPs were carried out using PicoQuant FluoTime 300
spectrophotometer. For PL spectra, the excitation source was
Coaxial UV-Xe arc lamp (ozone free - with 300 W power) coupled
with a computer-controlled double-grating monochromator
and the detection system comprised of PMA Hybrid 07 detector
and a high resolution emission double monochromator. For all
the measurements, the excitation wavelength was kept to be the
377 nm (corresponding to 3.29 eV photon energy), and the PL
data was collected using the EasyTau2 software.

Raman measurements were conducted with LabRAM HR800
from Horiba. Ne:YAG diode was used as the 532 nm laser source
and the characteristic Raman peak of Si at 520.8 cm™* was used
as the calibration peak. The laser intensity was keep at 5 mW.

Photocatalytic experiments

Hydrogen evolution experiments were performed using a top
irradiation gas-flow slurry type home-made reactor equipped
with a LED lamp light source centred at 365 nm (Thorlabs). In
a single experiment, 10 mg of a powdered photocatalyst was
dispersed in 50 mL 50 vol% MeOH-water solution by stirring.
During the experiment, the reactor was continuously purged
with argon (flow rate of 30 mL min~', controlled with a mass
flow controller from MCC-Instruments) to deliver the gaseous
products to the online gas analyzer (X-Stream, Emerson Process
Management) equipped with a thermal conductivity detector
(TCD) for H, quantification. The temperature of the reactor was
kept constant through a water cooling system (Lauda). In
a single experiment, the suspension was first stirred for 30 min
in the dark, then illuminated for 15 min. A typical H, evolution
profile (e.g. in Fig. 6) obtained with our flow reactor includes an
“induction” period (increasing H, evolution rate during the first
5-10 min) that is due to the fact the H, gas first needs to fill the
dead volume (e.g. reactor volume, tubing volume) to reach the
detector. When the illumination is stopped, the signal returns
to its baseline. The H, evolution rates were normalized by
subtracting the H, evolution rate measured in the blank
experiment (no catalyst present in the MeOH-H,O mixture) as
a result of UV-assisted MeOH oxidation (photo-reforming).
Oxygen evolution experiments were performed in a home-
made top illumination closed reactor using the same light
source and water cooling system. The experiments were carried
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out using a 2 mL water solution containing 1 mg of a photo-
catalyst (dispersed via stirring) and AgNO; (0.1 M) as electron
scavenger. The reactor was first purged with Ar to remove the air
and the O, detection was started using a fibre-optic oxygen
sensor (PyroScience) inserted in the reaction volume. The
suspension was stirred for 30 min in the dark to allow for O,
signal stabilization followed by 20 minutes of UV illumination.
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Figure S1. On the top: ATR-FTIR spectra of the obtained composites along with the original salts, reference TiO,
photocatalyst powder before calcination (M(acac)x-TiOz, with M corresponding to Co, Mn, Fe and Ni) and after
calcination (MOy-TiO>). The reference M(acac)y salts show the characteristic C=0 band (1572.5 cm™" for Fe(acac)s,
1589.2 cm™' for Co(acac)s, 1598.8 cm™' for Mn(acac), and 1594.0 cm™' for Ni(acac),) and the fingerprint region from
1700 cm" to 500 cm™" of the organic ligand. The presence of the acetylacetonate is also visible in the M(acac)«-TiO:
composites between 1700 cm™ and 1120 cm™'. The band at 3412.7 cm™" for Ni(acac), and 3409.5 cm™" for Co(acaca)s
correspond to the presence of crystalline water. After calcination at 350 °C, the absence of acetylacetonate signals
can be assigned to its complete oxidation. On the bottom: photographs of the TiO, composites after impregnation

with the different metal precursors before calcination.

350 °C, CoO,-TiO,

Co(acac),-TiO,

Co(acac),

Transmission / a.u.

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

350 °C, NiO,-TiO,

Ni(acac),-TiO,

Ni(acac),

Transmission / a.u.

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Ni(acac), - TiO, Fe(acac);-TiO,

40



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

41

Mn(acac);

a i a a a b a2 ab
\—&_____L_,\_,,M..L\.a_a_.n_.a_u\__m_. 800 °C
_“—_'-__v—_A_bM_A.A—I_—’k—A—-/—JW-————-A 750 °C
\__________J\_,J‘-_J\A_‘L.__m___nl\_o_ 650 °C
\_—____A_'_AMJ\_J\_—'—N—-\—M_I— 550 °C
___________,a_.,J\_AA_,\_J_...__A/k_»_ 350 °C
A ru_h_fmzvp__ 270 °C
__\_ﬁ__—__A_Mu_J\_A_,_._AA__‘_. 240 °C
SRR B 58 S R S, e T o

w e 150 °C
JJ__AMJ_——A—»M‘N————— 100 °C
w PN 25°C

10 20 30 40 50 60 70

Intensity / a.u
{

Ni(acac),

it e
[=23
[=3
o
o
o

Intensity / a.u

T T T T T T

10 20 30 40 50 60 70
20 / degree

Intensity / a.u

Intensity / a.u

Co(acac),

10 20 30 40 50
20 / degree

800 °C
650 °C
550 °C
450 °C
350°C
300°C
250°C
230°C
200°C
150 °C
100 °C

25°C

800 °C
700 °C
600 °C
500 °C
390°C
360 °C
330°C
300°C
210°C
180°C

150 °C

25°C

60 70

Figure S2. Complete data sets of the in situ XRD experiments performed for pure acetylacetonate precursors
(Mn(acac),, Co(acac)s, Ni(acac), and Fe(acac)s). The data was recorded at air with a 5°C/min heating rate and
temperature range from 25 °C to 800 °C. Legend: a: Mn304, NiO , b: Mn;03, Ni.
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Figure S3. Quasi in situ ATR-FTIR spectra showing the thermal decomposition of the original salt precursors
precursors ( Mn(acac),, Co(acac)s, Ni(acac), and Fe(acac)s) calcined at a temperature range from 25 °C to 600 °C.

Figure S4. SEM of the FeO,-TiO, sample representative for the rest of the composites. The images reveal the
presence of nanoparticle aggregates corresponding to typical TiO, nanopowder. Image (c) shows individual TiO>
nanoparticles with expected dimensions (20-50 nm). No foreign particles has been generated upon the composite
formation.
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Co signal of CoO,-TiO, b Ni signal of NiO -TiO, |8 Mn signal of MnO_-TiO, Fe signal of FeO -TiO,

Co signal of TiO, reference f Ni signal of TiO, reference g Mn signal of TiO, reference i Fe signal of TiO, reference

Figure S5. EDX mapping of the CoO,-TiOz (a), NiOx-TiO2 (b), MnO4-TiO; (c), and FeO,-TiO> (d) nanocomposites along
with the Co (e), Ni (f), Mn (g) and Fe (i) EDX signals acquired for pure reference TiO, powder. The images on the
bottom are not related to the actual presence of these elements in TiO,, but rather originate from the data
acquisition process and "non-zero” background signal of the EDX scans.

a

d,: 327 A

Figure S6. Electron diffraction (ED) pattern of the MOy -TiO, composite. (a) Pure TiO,, (b) NiOy -TiOz, (c) MnOy -
TiOy, (d) FeOy -TiOz and (e) CoOy -TiO; revealing that all samples show the corresponding d values of the TiO»
anatase phase (red) and rutile (yellow). The anatase phase is much more intense in all samples indicating a much
higher concentration in the sample, while the rutile phase is present in a much lower amount, as can be seen by
the much less intense signal.
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Discussion of Raman data
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Figure S7. Raman spectra of the MnO,-TiO,, FeO,-TiO, CoOx-TiO2 and NiO-TiO, composites along with the TiO>
reference. (a) Overview spectra. (b) Magnified regions.

In TiO2 reference spectrum, peaks present at around 144, 198, 397, 517 and 640 cm™ can be assigned
to the Eg, Eg, B1, A1g+B1g and Eg modes of anatase phase, respectively (Figure S7), while the peak present
at 448 cm™ can be attributed to the E; mode of rutile phase, in line with TiO, composition. Table S1
presents a summary of the peak positions and peak full-width at half-maxima (FWHM) of the strongest
anatase Eg band of the TiO; reference as well as the rest of the MO,-TiO, composites:

Table S1. Peak analysis of the as-prepared MO,-TiO, composites along with TiO,.

I(E)) N (E) M (Big) IV(Aig+Big) V(E)) VI FWHM of peak | (Eg)
TiO; 144 198 397 517 640 9.5
MnO,-TiO> 153 203 397 512 636 223
FeO,-TiO; 150 202 398 515 637 17.3
C00,-TiO, 152 204 39 512 631 673 223
NiO,-TiO; 144 198 398 517 639 10.5

It can be seen from Table S1 that, compared with TiO,, all MOy-TiO, samples demonstrate substantial
peak shifts (blue-shifts for peak ‘I' and ‘II', red-shifts for peak ‘IV' and peak V'), except for NiOx-TiO>
sample. As an example, the shift of the most intense Eq band (I) can be considered.

It is known that the peak shift in Raman can be caused by different reasons, including the crystallite
size,! crystal strain,? non-stoichiometry/doping,?® surface adsorbed species,’ etc. It is also known that the
FWHM of the anatase Eq mode (~ 146 cm™) reflects the stoichiometric ratio of O/Ti.# In the oxidation
annealing experiment of TiO,.« performed by Parker and Siegel,* the authors have discovered that the
FWHM above 13 cm™ indicates that the oxide is oxygen deficient (x > 0); and the higher the FWHM
value is, the higher does the oxygen deficiency (x) get. The substantially larger FWHM values of MOy-
TiO; (for Mn, Fe, Co) therefore suggest that the samples may have oxygen deficiency.

Overall, considering our composite systems, the data for MnO,-TiO,, CoOx-TiO, and FeOy-TiO, may
suggest the presence of additional (apart from those observed in TEM) surface-adsorbed species on
TiOy, creation of O vacancies or bulk doping with M ions.
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More specifically for each of the composites (see Figure S7):
MnOy-TiO>:

The observed broadening/shoulder of the peak IV at 512 cm™™ and peak V at 640 cm™" can be assigned
to newly formed MnOy species decorating TiO; surface. These bands may be caused by various MnOy
phases incl. manganite, pyrolusite or todorokite.> However, given the similarity in the band position of
different MnOx species,® especially in light of the amorphous nature of the MnOy clusters in our
composites, it seems incorrect to make any assumption about the possible phase or even oxidation
state of Mn species. Besides this, MnO, have low Raman activity and are known for their high sensitivity
to the laser-induced heating, which can easily cause shifts and broadening of the Raman peaks and thus
unreliable interpretation of the Raman data.

FeOy-TiO.:

Compared with the Raman spectra of TiO, no additional band corresponding to FeOx have been
detected. On the other hand, the observed peak broadenings of TiO, bands is also unlikely caused by
the potential Raman bands of FeOy due to the position mismatch. No further conclusions can be made.

CoOx-TiO>:

Additional shoulder and peak arising at 470 cm™ and 673 cm, respectively, can be assigned to the
C0304,% in line with our expectations. Compared with the standard position of the Aiq band of crystalline
Co30, expected at 680 cm™, the shifted vibrational band at 673 cm™" of our CoO,-TiO, may indicate for
the highly defective structure® in line with the amorphous nature, surface distribution and mixed
composition of our CoOy clusters. In addition, referring to XPS data, Co?* could be present as dopant in
the TiO; lattice. Due to the larger ionic radius of Co?* (0.885A), substitutional Co?* dopants would tend
to distribute on the surface of TiO, which would further lead to the formation of surface oxygen
vacancies and surface disorder reflected in the shift of the TiO, Eq band in the Raman spectra.” Surface
Co?* species could also take part in the observed OER.”

NiO)(' TiOz:

Especially interesting result was observed for NiOx-TiO, composites whose Raman spectra did not
resemble the behaviour observed for the rest of the composites (i.e. peak shifts and broadening of main
TiO2 bands), but looked rather identical to the reference TiO, powder.

Typically, signal broadening, decreased intensity and the peak shifts of TiO, bands may be indicative of
the presence of doping, oxygen vacancies and other structural defects and disorders as well as crystal
strain and surface adsorbed species. As mentioned before, some of these effects can take place in our
MO,-TiO, composites, but, surprisingly, there is no indication of these for the NiOy-TiO, sample. Why
does not this particular samples exhibit this kind of behaviours that could be expected for surface-
immobilized amorphous MOy species?

According to our TEM results, NiOy-TiO2 sample features extremely small, but well defined NPs with the
size of about 1 to 2 nm. Such homogeneity of the particle size and their fine distribution may indicate
that the formed NiOx NPs are thermodynamically stable and have reached a certain optimal size during
the precursor decomposition, followed by nucleation and growth of the NiO,. If this process is
energetically favourable, all Ni species would be consumed to form these NPs and one could expect
neither Ni incorporation into the TiO, matrix (doping) nor presence of atomic Ni-based species over the
TiO; surface, thus explaining no shifts or peak broadenings of the substrate TiO,. Further investigation
is required to understand this exceptional behaviour.
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Figure S8. Steady-state photoluminescence (PL) spectra of the FeO4-TiO,, CoOx-TiO; and NiO,-TiO, composites
along with the TiO; reference.
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Discussion about the crystallinity of the obtained MO, species

To elucidate a possible reason why the resulting composites feature amorphous MO, NPs, we
have subjected the pure Ni(acac), salt precursor to the same synthetic procedure than the
composites (but without TiO, present) and analysed the dried product after solvent
evaporation with XRD. The data in Figure S9b revealed that indeed the salt losses its crystalline
structure after being recollected as a powder. This, in turn, can explain why the resulting oxides
after calcination may be of amorphous nature. The amorphous nature was also confirmed by
synthesised model composites - using Ni(acac).-TiO, - with an increased amount of Ni(acac).
up to 24.4 wt. %. The x-ray diffractograms of these model systems showed only the presence
of TiO; (rutile and anatase, Figure S9b and c) for both thermal treated and untreated samples.
Thus, with these model system investigations, it can be confirmed that the generated metal
species in our composites are indeed amorphous.

a) MO,-TiO, composites after calcination b) Ni(acac)2 enriched TiO2 samples and their NiOx-TiO2

composites
]
A : ) b i \ 24,4 % NiO,-TiO
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Figure S9. (a) XRD data of the MO,-TiO, composites (prepared at 350 °C) and the TiO, reference to demonstrate
the incapability of XRD to detect the newly deposited species. (b) Pure TiO, as reference material and the
corresponding Ni(acac),-TiO, as well as NiO4-TiO, composites after calcination demonstrating that even higher
precursor loadings do not yield XRD signals that can be attributed to NiOy species. The diffractogram on the bottom
corresponds to the Ni(acac), salt after dissolution in ethanol showing that the originally crystalline salt loses its
crystal structure after being recollected. (c) In situ XRD data of the Ni(acac),-TiO, composite with 24.4 wt. % Ni(acac).
content (heating rate 5°C/min at air) from 20 °C to 800 °C: only signals corresponding to TiO, (anatase and rutile)
are visible in the spectra. Importantly, XRD profile starts changing (new peaks appear) above roughly 500 °C, which
is exclusively related to gradual anatase-to-rutile conversion.
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Figure S10. Survey XPS spectra of the (a) NiOx -TiO, (b) MnOy -TiO,, (c) FeOx -TiO; and (d) CoOy -TiO, composites.
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Figure S12. Experimental setup for the hydrogen evolution reaction (HER) experiments that were performed in
flow-mode (see Methods). The oxygen evolution reactions (OER) experiments were performed in the same reactor,
but without any gas flow. The oxygen sensor was introduced through septum.
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Discussion of the XPS data for the samples after OER
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Figure S13. XPS spectra of the (a) FeO,-TiOy, (b) CoO4-TiO, and (c) NiOx-TiO, composites before (upper raw) and
after OER (lower raw).

XPS spectrum of the FeO,-TiO; after photocatalytic reaction (Figure S13a) clearly indicates the increase
of the signals corresponding to Fe®* species as can be seen from the appearing of the characteristic
satellites at 719 and 737 eV. The spectrum after OER shows that Fe?* is still present in the composite as
one of the main components, but we can clearly suggest that some of the initial Fe?* species oxidized
during the photocatalytic process (the samples prepared for these XPS measurements were exposed to
Th-long illumination under OER conditions).

XPS spectrum of the CoOx-TiO; after reaction (Figure S13b) also indicates that oxidation of the initially
present Co species takes place. As such, we do not anymore observe the shoulder at 778 eV
(corresponding to small amount of metallic Co potentially present in the as-prepared composite), while
the satellite at 786 eV gets effectively reduced implying that some of the Co®* species (e.g. the suggested
Co(OH),) turn into Co** during the photocatalytic OER.

XPS spectrum of the NiOy-TiO; after OER (Figure S13c) marks strong differences to the other samples
investigated after reaction: no signal characteristic for NiO/Ni species can be observed anymore. This
cannot be related to composite instability or potential leaching of the Ni species into the solution under
photocatalytic conditions as the XPS data after HER experiment clearly shows that Ni signal is preserved
even after 14 hour light illumination run. We believe that this specialty of the NiO4-TiO; is related to the
role of NiOy species in OER and associated with the electron reduction of Ag* that was used as sacrificial
agent. Given that XPS is a surface sensitive technique, we suggest that metallic Ag — being the product
of Ag* reduction, as also confirmed by XPS — gets deposited onto NiOj sites that act as electron acceptor
and release centres. This Ag shell effectively blocks the Ni sites not allowing for any XPS analyses.

This result highlights the differences between NiOx and the other two co-catalysts active for OER in
terms of their role in charge extraction and separation, however, would require an extended
investigation to elaborate on this in light of the rest of the data.
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Table S2. XPS fitting parameters

MnO,-TiO; C00,-TiO; FeO,-TiO: NiO,-TiO2
MnO Co metal* Co(OH); Co304 FeO Nimetal’  NiO Ni(OH);

Mn2* Co? Co?* Co?*,Co?* Fe?* Ni©° NiE* N+

Peak 1/ eV 640.1 778.1 780.5 779.0 708.8 8522 8533 8553
% 22.74 10.87 24.53 8.81 24.23 332 480 458
FWHM 140 1.00 230 161 2.05 1.20 120 1.00
Peak 2 / eV 641.0 781.1 782.3 780.3 710.1 8559 8550  856.0
P:aeka': ‘3 v 0.97 3.00 1.80 130 130 3.65 171 0.77
% 26.4 147 17.2 6.34 30.08 026 1492 2805
FWHM 140 3.30 28 197 246 300 310 250
Peak 3 / eV 642.0 783.10 786.1 781.6 7113 8582 8604  858.1
P:aeka'; i v 1.90 5.00 5.59 2.60 2.50 6.03 715 279
% 20.96 1.08 21.46 331 14.57 050 1152 188
FWHM 140 3.30 42 2.60 246 300 360 140
Peak 4 / eV 642.9 - 790.5 784.6 712.5 - 8635  860.8
P::ka': ‘/" v 2.85 - 9.99 56 3.70 - 1025 558
% 11.85 - 156 177 25.52 - 121 0.88
FWHM 140 - 2 4.00 450 - 180 080
Peak 5 / eV 644.1 - - 788.9 715.8 - 8655  861.8
P:aelf'; i v 3.99 - - 9.9 7.00 - 1225 658
% 4.47 - - 158 5.61 - 131 2445
FWHM 140 - - 3.00 2.55 - 280 471
Peak 6 / eV 645.8 - - - - - - 864.9
P:aelf'; (/5 v 5.74 - - - - - - 9.59
% 136 - - - - - - 231
FWHM 140 - - - - - - 3.10
% species 100 13.42 64.75 21.81 100 408 3376 6215

*line shape LA(1.2,5,5)
tline shape LA(1.1,2.2,29)

Table S3. XPS quantification data of the best fits: Ni, NiO and Ni(OH),. Ni 2p composition in atomic % before HER,
after HER (still wet from the reaction) and after HER dried overnight.

at.%
before after(wet) after(dry)
Ni 3.4 16.7 9.2
NiO 33.6 0.0 31.3
Ni(OH). 63.0 83.3 59.5
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The design of active and selective co-catalysts constitutes one of the major challenges in developing
heterogeneous photocatalysts for energy conversion applications. This work provides a comprehensive
insight into thermally induced bottom-up generation and transformation of a series of promising Cu-
based co-catalysts. We demonstrate that the volcano-type HER profile as a function of calcination
temperature is independent of the type of the Cu precursor but is affected by changes in oxidation state
and location of the copper species. Supported by DFT modeling, our data suggest that low temperature
(<200 °C) treatments facilitate electronic communication between the Cu species and TiO,, which
allows for a more efficient charge utilization and maximum HER rates. In contrast, higher temperatures
(>200 °C) do not affect the Cu oxidation state, but induce a gradual, temperature-dependent surface-
to-bulk diffusion of Cu, which results in interstitial, tetra-coordinated Cu* species. The disappearance of
Cu from the surface and the introduction of new defect states is associated with a drop in HER
performance. This work examines electronic and structural effects that are in control of the

rsc.li/materials-a

Introduction

Photocatalysis can contribute to the development of
environmentally-friendly processes relevant to water purifica-
tion technologies, antibacterial applications, CO, reduction as
well as the energy sector."™ As such, photocatalytic water split-
ting towards light-driven hydrogen generation has the capa-
bility to be part of the solution to overcome the energy-related
challenges of our times. To engineer the most efficient photo-
catalyst, heterogeneous photocatalysis has shown to be an
advantageous approach, as it can combine a solid-state semi-
conductor - able to absorb light, generate electron-hole pairs
and transfer their energy to the catalytic sites — and a co-catalyst
with more suitable catalytic properties, which enables the
desired oxidation and reduction half-reactions.>** Additionally,
the co-catalysts can act as a driving force for quick separation of
photoexcited charge carriers, by extracting the charge carriers
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photocatalytic activity and can be transferred to other systems for further advancing photocatalysis.

from the bulk and preventing their recombination, leading
ultimately to enhanced charge separation and photocatalytic
activity.® The use of tailor-made co-catalysts deposited on the
photocatalyst surface thus, provides a means to control the
catalytic sites to enhance and tune efficiency and adsorption-
desorption equilibria of the reaction of interest.® Therefore, co-
catalyst engineering has emerged as one of the most promising
strategies to achieve high photocatalytic performance.

The light-to-hydrogen conversion efficiency of the final
photocatalyst strongly depends on the electronic interaction
and band alignments between the two components, as the
photogenerated charge carries need to be effectively transferred
between the semiconductor substrate and the catalytic sites.®
Besides, the accessibility of the co-catalyst to the reactants also
defines the final rate of the charge consumption by the desired
reaction. Hence, the overall photocatalytic activity is often
limited by the degree of electronic communication between the
semiconductor and the co-catalyst, and the accessibility of the
catalytic active sites. In order to provide more control over the
co-catalyst/semiconductor interface, co-catalyst species are
often generated on the support surface via bottom-up methods
such as photodeposition, chemical deposition and growth as
well as a selective surface reaction.®’> In many cases, the
synthesis is accompanied by thermal treatments aiming to
generate the desired co-catalyst species via oxidation or reduc-
tion. However, temperatures can facilitate otherwise kinetically

This journal is © The Royal Society of Chemistry 2021
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hindered diffusion processes leading to possible growth of the
co-catalyst species or their chemical interaction with the
substrate. These processes can reduce the accessibility of the
catalytic centers to the reactants and lead to doping which often
creates charge recombination centers and introduces localized
inter-bandgap states resulting in lower photocatalytic perfor-
mance.”>** It thus becomes important to control the location,
chemical state and morphology of the co-catalyst species in the
final photocatalytic system, for which more detailed investiga-
tions are often desired.

This work examines a series of Cu-based co-catalysts sup-
ported on anatase TiO, as a model substrate and provides
a comprehensive insight into the side effects of thermal pre-
treatments on their photocatalytic performance. The results
reveal a surprising effect of the heat-treatment temperature on
the hydrogen evolution reaction (HER) activity: the HER rates
decrease at higher calcination temperatures, while the
maximum activity is achieved for the non- and low-temperature
treated samples, in contrast to other works.'>>'* Aiming to
unveil optimal synthetic parameters, we prepared a set of Cu/
TiO, composites via wet-chemical deposition of Cu species and
characterized systematically their oxidation state, location and
loading. To elucidate and understand the mechanism respon-
sible for the photocatalytic performance, we correlated the rates
of HER with the data obtained via photoelectron spectroscopy
(XPS and UPS), infrared-, Raman- and diffuse reflectance spec-
troscopy (DRS), as well as microscopic techniques (TEM) and X-
ray diffraction (XRD), among others. Overall, our results reveal
that higher calcination temperatures (>200 °C) can trigger
migration of the Cu species from the TiO, surface to its sub-
surface and bulk. The disappearance of active sites as well as
the introduction of defect sites can both be responsible for the
observed HER decline. This work illustrates the importance of
considering potential side effects of thermal treatments in the
preparation and activation of non-noble-metal-containing co-
catalysts and provides a quantitative measure for their impact
on photocatalytic performance.

Results and discussion

We investigated the hydrogen evolution reaction (HER) for
a series of nanoparticulate anatase TiO, powders impregnated
with ~1 at% of Cu as a function of thermal treatment. Two
sample sets were prepared using different Cu precursors:
copper acetate, Cu(ac),, and copper nitrate, Cu(NO3),. The as-
prepared Cu(ac),/TiO, and Cu(NO;),/TiO, powders were sub-
jected to temperature-treatments ranging from room tempera-
ture (RT) - i.e. no thermal treatment - to 400 °C and evaluated
with regard to their HER performance (Fig. 1a). The photo-
catalytic data revealed a clear trend for both sample sets: the
activity first increased with calcination temperature to reach
a maximum at 100 °C/150 °C, then by further increasing the
temperature a gradual decrease of the HER takes place. The
subsequent decrease at higher calcination temperatures,
however, was surprising, considering that thermal treatments at
those temperatures constitute a standard method required to
either eliminate the anion residue, generate the corresponding

This journal is © The Royal Society of Chemistry 2021
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oxides, or enhance the interaction between the substrate and
co-catalyst.”®10121718 yet, our data show that the calcination
protocol of the Cu/TiO, composites has a detrimental effect on
photocatalytic performance. In addition, a similar HER trend
was observed for isothermal treatments performed at 250 °C for
different periods of time (see Fig. S2t). Hence, not only does the
temperature of the treatment play a role but also the time of
calcination. For simplicity, as both parameters - temperature
and time - led to similar behavior, in this work we focused on
the effect of temperature, and thus we set a constant calcination
time of 2 h for each thermally treated sample.

The observed HER decline in Fig. 1a can originate from
several phenomena: (a) sintering of the Cu species on the TiO,
surface, (b) generation of less or non-active Cu species (change
in the oxidation state/morphology) or (c) diffusion of Cu into the
TiO, lattice, which may lead to (d) reduced availability of the Cu
sites at the solid-liquid interface, (e) formation of thermally
induced defects that act as charge recombination centers
(doping) or (f) changes of the band gap structure (electronic
effect), among others.®*'13141921 In order to elucidate the
responsible factors for the observed HER trends, we thoroughly
characterized and investigated both sample sets, Cu(ac),/TiO,
and Cu(NOj3),/TiO,, with a plethora of methods.

Thermal and morphological analysis

The thermal gravimetric analysis (TGA) in Fig. 1b of the
composites revealed that the decomposition of the anions takes
place between 206 °C and 360 °C for Cu(NO;),/TiO, and 255 °C
to 313 °C for Cu(ac),/TiO,. The beginning of the anion decom-
position coincides well with the start of the HER activity decline,
which thus may be related to the precursor transformation. Yet,
it is well known that the thermal treatment can also induce
sintering of the Cu species that can lead to reduced activity.*
High-resolution transmission electron microscopy (HRTEM)
revealed that no Cu-based clusters or nanoparticles (NP) are
present on the TiO, surface, independent of the precursor type
and the temperature of the thermal treatment (Fig. 1c—f). This
suggests that Cu is homogeneously distributed on the TiO,
support at the nanoscale as atomic layers/species without
forming TEM-visible clusters, even at high-temperature treat-
ments. This eliminates sintering as a significant reason for the
observed activity drop.

Structural and compositional analysis

The Raman spectrum in Fig. 2a shows only features that
correspond to a pure anatase phase with the typical E,
(145.3 em™ "), Byg (397.5 em ™), Ay + By, (517.5 cm™ ') and E,
(641.1 cm™") bands, which belong to the O-Ti-O symmetric
stretching, symmetric bending and antisymmetric bending
vibrations, respectively.”**® This indicates that neither the
transition to rutile nor the formation of a separate Cu phase
took place in any of the samples (further confirmed by XRD, see
Fig. S7t). Furthermore, a gradual decrease of the TiO, band
intensities with increasing calcination temperatures occurred
for both samples, accompanied by a broadening of their
FWHM, yet with some fluctuations (Fig. 2b and c). The loss of

J. Mater. Chem. A, 2021, 9, 21958-21971 | 21959
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(a) Values of the HER rates achieved after 20 minutes of illumination of Cu(ac),/TiO, and Cu(NOs),/TiO, composite series prepared at

different temperatures. Full HER evolution profiles over time and illumination are shown in Fig. S1 and Table S1,7 HER stability (long-term HER
performance) discussion can be found in Fig. S3,1 (b) TGA profiles of the Cu(ac),/TiO, and Cu(NOs),/TiO, composites showing the decom-
position ranges from 206 to 360 °C and 255 to 313 °C, respectively. Full profiles from room temperature to 800 °C are shown in Fig. S4.1 (c)
HRTEM images of anatase-TiO,, (d) the non-calcined, (e) 400 °C (10 hm) and (f) 400 °C calcined (20 nm) Cu/TiO, composites. Further TEM and

complementary SEM micrographs are shown in Fig. S5 and S6.7

Raman band intensity can be related to a decrease in polariz-
ability and symmetry of the vibrational modes and suggests
a crystal lattice distortion of TiO,, which is more pronounced at
higher temperatures.>***° The slight FWHM broadening of the
Cu/TiO, samples - in contrast to bare TiO, - further confirms
this assumption (Fig. 2d).>***?¢ Furthermore, recent DFT
studies revealed that Cu incorporation (via interstitial or
substitutional Cu:TiO, doping) does not result in a strong TiO,
lattice distortion.** Hence, these observations point to the
possible formation of thermally induced Cu-TiO, lattice
defects, via Cu surface-to-bulk diffusion, which - being a kinet-
ically hindered process - can be activated at higher
temperatures.>”°

Attenuated total reflection infrared (ATR-IR) spectroscopy of
the composites, Fig. 3, indicates chemisorption of the Cu
precursor species on the TiO, surface already after impregna-
tion (RT samples). This is evident from the red-shifted COO
modes of the acetate ligand (around 1490 and 1600 cm™ ), the
appearance (1558 cm ') and decrease (1419 cm™ ") of a new
acetate binding mode, and the pronounced rise of the intensity
of the bidentate bridging nitrate coordination at 1620 cm™*,
typical artifacts of surface-binding.** Furthermore, at 400 °C we
see a complete decomposition of the nitrate and acetate
ligands, in line with TGA.

21960 | J Mater. Chem. A, 2021, 9, 21958-21971

Fig. 1a shows that the highest photocatalytic activity was
obtained at 150 °C for Cu(ac),/TiO, and 100 °C for Cu(NO;),/
TiO,. Based on the discussion above, Raman signal changes are
already visible at these temperatures and ATR-IR indicates
strong binding of the precursor species, yet no Cu diffusion is
expected at those temperatures. Hence, we suggest that such
mild thermal treatments enact densification of the adsorbed
precursor layer, resulting in Cu species that are bound more
strongly to the TiO, surface. This in turn induces a slight crystal
distortion at the Cu/TiO, interface (inducing the Raman signal
changes) but concomitantly enhances the electronic commu-
nication between the support and the co-catalyst, leading to
a better overall HER performance.

Surface-to-bulk diffusion

In order to further investigate a possible formation of Cu-TiO,
lattice defects upon calcination (indicated by Raman spectros-
copy), we analyzed the samples with X-ray photoelectron spec-
troscopy (XPS). The idea is that diffusion of Cu from the surface
into the bulk would lead to a decreased Cu concentration on the
substrate surface and hence to a weaker Cu signal in the
surface-sensitive XPS. Moreover, XPS also allows for identifying
changes in the oxidation state of Cu and Ti.

This journal is © The Royal Society of Chemistry 2021
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instrumental artifacts — and (d) Eq band FWHM changes. Details in Table S2.+
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Fig. 3 FTIR-ATR of (a) Cu(NOs),/TiO, and (b) Cu(ac),/TiO, samples.
Main nitrate and acetate peaks, showing the new binding modes and
band shift for the non-calcined (RT) and calcined at 400 °C
composites vs. the pure precursors and TiO,. Samples contained 5 at%
of Cu, to obtain a better visualization. The full range of the pure
precursor, 5at% Cu and 1 at% Cu samples are shown in Fig. S8 and S9.1
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The survey spectra acquired show the expected Cu 2p, Cu
Auger, Ti 2p, C 1s and O 1s signals for all measured samples. The
detail spectra of C 1s and O 1s show the typical carbon species as
well as the oxygen from TiO, (Fig. S10-S137). The Ti 2p3,, signal
(458.8 eV) corresponds to Ti*" in all samples, with no detectable
contribution of Ti*" (Fig. 4e). The Cu 2p signals, however, are
more complex and surprising, as no characteristic Cu®" satellite
features (generally around 942 eV) were detectable, despite Cu®*
precursors being used in the synthesis (Fig. 4a and b).**"** Thus,
the Cu 2ps/, peaks, seen in all samples (932.5 eV for Cu(NO3),/
TiO, and 932.3 eV for Cu(ac),/TiO,), indicate the presence of Cu’,
Cu’ or more likely a combination of both. However, considering
the low signal intensity - due to the low (~1 at%) Cu content —
and the slight asymmetric broadening of the signal, the presence
of small amounts of Cu** cannot be fully excluded. In fact, DRS -
discussed later in the manuscript - confirms the presence of
Cu*". To further clarify the Cu oxidation states in the composites,
we also analyzed the Cu LMM Auger signals shown in Fig. 4c.
However, it was only possible to obtain a reliable signal for the
non-calcined and 250 °C treated samples. Furthermore, as the
binding energy and Auger parameters are sensitive to the ligand
nature and small particle size, only qualitative analysis was
performed to confirm the Cu 2p;/, signal analysis.**** The data
reveal a sharp and intense peak at 915.1 eV kinetic energy (K.E.),

J. Mater. Chem. A, 2021, 9, 21958-21971 | 21961
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Fig. 4 XPS Cu 2p detail spectra of the (a) Cu(NO3),/TiO, and (b) Cu(ac),/TiO, composites subjected to various temperature treatments. (c) Cu
LMM Auger spectra for both composites non-calcined (RT) and at 250 °C. The Cu?*, Cu* and Cu® reference values were taken from literature
reports.33-3 (d) Elemental Cu contents (Cu-to-Ti ratio in at%) derived from bulk sensitive XRF and surface-sensitive XPS survey data. Absolute
values are shown in Table S5.1 (e) Ti 2p spectra of the composites and (f) graphical representation of the proposed thermally induced diffusion

mechanism and depth penetration of XPS and XRF.

which corresponds to Cu®.***® At 918 eV K.E. a clear shoulder,
typical of Cu’, is visible for the non-calcined Cu(ac),/TiO,; the
shoulder, however, almost disappears after the 250 °C treatment.
Besides, as Cu®" generally appears around ~917 €V, the broad-
ening in that region of the spectrum further indicates the pres-
ence of Cu® and Cu?'. Overall, we conclude, that a mixture of
Cu**, Cu' and Cu’ is present in all the Cu/TiO, samples with Cu*
being the most abundant. The presence of a mixed oxidation
state implies that a reduction of the original Cu®" precursor takes
place already during impregnation most probably induced by
the photoelectrons of TiO, generated under ambient light
(further discussion in the optoelectronic analysis and DFT
sections) and by the set of our synthetic conditions (i.e. use of
vacuum and ethanol).

21962 | J Mater. Chem. A, 2021, 9, 21958-21971

To further elaborate on the hypothesis of possible Cu diffu-
sion into the substrate lattice, we compared the Cu amounts
quantified from XPS (a surface-sensitive method) against the
elemental quantification obtained using X-ray fluorescence
(XRF) spectroscopy (a bulk-sensitive method, considering the
nanometer-sized composites), shown in Fig. 4d and f. The XRF
Cu signal of ~1 at% is consistent for all composites (non-
calcined and calcined at 150, 250 and 400 °C), while the Cu
content in XPS decreased strongly from 2.5 to 0.9 Cu at% (Ti is
set to 100% and Cu content is provided in relation to it). Overall,
while XRF confirms that no Cu loss from the sample takes place
upon calcination, these complementary sets of data suggest that
Cu undergoes diffusion into the TiO, lattice at higher calcina-
tion temperatures.

This journal is © The Royal Society of Chemistry 2021
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surface plasmon resonance (LSPR) effects of Cu’ nanoparticles
(NP), d-s transition of Cu® (d's"), interfacial charge transfer
(IFCT) from the TiO, valence band (VB) to the Cu** ions or
Cu,O-clusters as well as to Cu" metal-to-ligand charge transfer
(MLCT) absorption.*®*** In our case, TEM micrographs show no
visible Cu nanoparticles. Thus, NP LSPR effects can be
excluded. DFT calculations revealed that this shoulder

Analysis of the optoelectronic properties

The DRS data in Fig. 5a and b reveal a strong absorption band
below 400 nm, which corresponds to the ligand-to-metal charge
transfer (LMCT) of oxygen (O*>7) to Ti’* and Cu™ (n = 0, 1 or
2).273% Next, all samples show a shoulder in the range of 400 to
500 nm, absent in pure TiO,. The nature of this band is strongly
debated in literature and has been attributed to localized
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Fig. 5 Normalized DRS data for the (a) Cu(NOs3),/TiO, and (b) Cu(ac),/TiO, composites subjected to various thermal treatments along with the
pure anatase TiO, and the original Cu precursors. (c) Band gap (Eg) values of the Cu(NOgz),/TiO, and Cu(ac),/TiO, composites as a function of
post-treatment temperature. The data is extracted via Tauc plot analysis of the DRS spectra. RT = non-calcined sample, LMCT = ligand to metal
charge transfer. Further details, absolute values of the composites and thermal evolution of the pure precursors are shown in Fig. S15, S16 and
Table S6.7 (d) UPS signals of Cu(NOs),/TiO, and (e) Cu(ac),/TiO, composites prepared at different temperatures. (f) VB-XPS of Cu(NOs3),/TiO,
and (g) Cu(ac),/TiO, composites. (h) Energy diagram (energy (eV) vs. vacuum level) of Cu(ac),/TiO, and Cu(NOsz),/TiO, constructed from the
corresponding UPS, XPS and DRS data (further detail in Fig. S17 and Table S7t) of the bare TiO,-anatase, the non-calcined sample and the
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values are referenced to the vacuum level (E,,c = 0 V).
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originates from inter-band gap states of Cu-d orbitals caused by
Cu’, Cu” and Cu** (see the corresponding section for further
discussion). The strong absorption between 550 and 900 nm is
characteristic of Cu®*" d-d transitions (d°s°) (see pure Cu*
precursors reference in Fig. 5a and b).*7*** This further
corroborates the presence of Cu*" in the composites. Further-
more, the d-d Cu®" band intensity decreases by increasing
temperature. This reveals that Cu®?' vanishes from the
composites at higher calcination temperatures, in line with the
heat-induced diffusion of Cu into TiO,, indicated by XPS and
XRF as well as DFT models discussed later.

The optical band gaps constructed from the corresponding
DRS data, determined by using Tauc plots (Fig. 5c), revealed
a clear band gap decrease with increasing temperature.* Yet,
already a decrease for the non-calcined samples takes place
from 3.17 eV, for bare TiO,, to 3.12 eV and 3.13 eV for Cu(ac),/
TiO, and Cu(NOj3),/TiO,, respectively. This also confirms the
presence of Cu inter-band gap states and suggests that elec-
tronic communication between TiO, and Cu was established
immediately after impregnation - in line with Raman spec-
troscopy - and gets more pronounced with increasing temper-
ature. These findings align well with the hypothesis of thermally
induced diffusion of the Cu species into the TiO, lattice and
previously reported studies on Cu doped TiO,.***

The work function and valence band maximum (VBM) of the
samples were determined using UPS and XPS (see Fig. 5d-h and
for further detail about the method Fig. S171).*® The data show
strong fluctuations in the work function values, without
following a clear trend, while the VBM shows a decrease for all
samples except Cu(NO;),/TiO, at 400 °C, which increases (see
Table 1). Furthermore, the energy diagrams, constructed based
on XPS, UPS and DRS, show that the Fermi level of all samples,
except Cu(NO;),/TiO, calcined at 400 °C, is in the same range as
the conduction band minimum (CB) (see Fig. 5h), indicating an
n-type conductivity of all samples. This can be related to an
electron accumulation on the surface, which induces a down-
ward band bending, attributed to defects (oxygen vacancies,
titanium interstitials, etc.), adsorbed species (type and density
of those species), UHV conditions or doping.***> This electron
accumulation on the TiO, surface would explain the reduction
of Cu”" to Cu" and Cu® seen in XPS even for the non-thermally
treated Cu/TiO, composites. Furthermore, to fully understand
the work function differences between the composites prepared
using different Cu precursors is beyond the scope of this study,
yet it is well known that the work function depends on the

Table 1 Cut off, work function and valence band maximum (VBM)
values obtained from the corresponding UPS and VB-XPS data shown
in Fig. 5. All values are in eV. Details of the data evaluation method are
shown in Fig. S17. RT = non-calcined sample

Cu(NO;),/TiO, Cu(ac),/TiO,

Cut off Work function VBM Cut off Work function VBM

TiO, 17.0 4.2 32 — — —
RT 17.3 3.9 3.0 17.0 4.2 3.0
250 °C 16.8 4.4 3.0 172 4.0 3.0
400°C 17.0 4.2 33 171 44 3.1
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surface structure and nature of the adsorbates.**** Hence, the
presence of the different physisorbed anions (nitrate and
acetate, that have different charge density and dipole
moments), the products of the anion thermal decomposition
and the different state and location of Cu is likely to affect the
work function differently giving rise to these fluctuations.*® By
correlating these data with the photocatalytic performance, we
conclude that the position of the CB levels thermodynamically
required to drive proton reduction remains suitable for all
composites and does not seem to correlate with the observed
HER trend. Yet, doping is known to induce defects that act as
charge recombination centers; thus, the observed HER activity
decrease can be governed by the Cu-induced defects which
increase by increasing temperature, rather than the change in
the optoelectronic properties.***"

Analysis of the Cu-TiO, linkage strength

Diffusion of Cu into the interior of the TiO, particles will reduce
their accessibility and improve their stability towards leaching
into solution. Therefore, we performed washing experiments
and analyzed the samples with DRS and XRF. DRS in Fig. 6a
shows that the absorption band characteristic of Cu®*" (550 to
900 nm) decreased significantly after washing with water for the
non-treated sample and those heated at low temperature, sug-
gesting a significant portion of weakly bound Cu®" species. In
contrast, a far smaller amount of Cu-species detached in the
samples treated at temperatures above 250 °C. XRF (Fig. 6b)
confirmed that 62.5% and 86.3% of Cu was removed from the
non-calcined samples for Cu(ac),/TiO, and Cu(NO;),/TiO,,

a) b)

18—

— Before washing Cu(ac),/Tio, —a— Before washing
1.64 —a— after washing

— _ . After washing
1.4+
1.24 ——I\-\.
1.04 —

absorbance (a.u.)
Cu Concentration (at.%)

% 100150200250300350400
Temperature ( °C )

200 300 400 500 600 700 800 900
Wavelength (nm)

Fig. 6 Washing experiments of the Cu/TiO, composites: (a) DRS of
the Cu(ac),/TiO, sample before and after washing. The corresponding
DRS data of the Cu(NOs3),/TiO, sample, showing the same behaviour,
is shown in Fig. S18.1 (b) XRF analysis of the Cu content before and
after washing with the amount of Cu washed out (in % regarding the
original content). Further details are shown in Table S8.}

This journal is © The Royal Society of Chemistry 2021
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respectively, while the corresponding amounts for the samples
treated at 350 °C were only 16.0% and 17.2%, respectively.

These results indicate that most of the Cu species are weakly
bound on the surface and that the lower extent of leaching at
high temperatures is a result of Cu surface-to-bulk diffusion.
However, the observed band gap narrowing, VBM position
shifts, as well as FTIR and Raman band changes indicate that
Cu-to-support interactions exist to some extent already for the
non-calcined sample. Hence, despite Cu being weakly chem-
isorbed after impregnation, this interaction appears to be
strong enough to establish efficient electronic communication
with the supporting TiO,. Accordingly, the HER maximum for
the catalysts calcined at mild temperatures can be associated
with densification of the adsorbed species on the surface, which
leads to a stronger binding that facilitates charge transfer from
TiO, to the catalytic center, Cu. The increase of calcination
temperature above 200 °C, however, triggers Cu diffusion into
the TiO, lattice, which consequently increases the number of
charge recombination centers within TiO, and reduces the
number of Cu centers available on the surface.'»'* Previous
reports have shown that Cu undergoes redox shuttling between
the reactant and the TiO, surface by going into solution and
redepositing by electron transfer from the TiO, CB to Cu.>**
Additional photodeposition experiments indicate that this
mechanism is relevant to our system (further discussion in ESI
and Fig. S19%). Therefore, we can conclude that both, the
reduced availability of Cu sites on the surface as well as the
introduction of new trap and recombination states in TiO,
lattice, contribute to the HER performance decline.

DFT calculations

Cu oxidation state and diffusion mechanism. To better
understand the surface and sub-surface Cu incorporation, we per-
formed DFT calculations (see details in Methods). We examined the
formation stability and analyzed the oxidation states of the corre-
sponding Cu atoms by following the changes in the magnetic
moments and Bader charges. We considered various Cu models
anchored to the most abundant and stable (101) anatase TiO,
surface: a single Cu atom, a cluster of Cu atoms and Cu clusters
with different numbers of oxygen atoms coordinated to Cu, labeled
Cu,O, (simulating partially oxidized clusters).

For a single Cu atom, the results show that Cu prefers to
adsorb at the bridge site between two unsaturated oxygen atoms
(Oyc, see Fig. 7a and b) with an almost linear O,.~Cu-O,. bond
angle of 161°, similar to findings of previous studies.***” The
adsorption energy (E.qs) for one single Cu atom on TiO, is
2.24 eV, which agrees well with literature.”*” Furthermore, the
two shortest Cu—O bonds of 1.87 A are close to the Cu,0 bond
length (1.85 A) but much shorter than for bulk-CuO (1.98 A)
(Table S10%), and the vanishing magnetic moments and the
Bader charge of +0.68 (Fig. 7j-1) indicate a Cu-oxidation state of
+1. For small Cu, clusters (x = 1, 2, 3, and 5), when 2 or 3 Cu
atoms are added to the surface, the most stable structures are
still obtained for a Cu-0O,. bridge sites (Fig. 7b). This indicates
that Cu can form infinite almost linear Cu-O chains on the TiO,
surface. Yet, the further addition of Cu atoms tends to destroy

This journal is © The Royal Society of Chemistry 2021
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the symmetric chain-like 3-atom structure and results in an
irregular 3D-like Cujs array (Fig. 7c and d). This is more stable
than the corresponding chain-like Cus structures and has the
highest E,qs of all considered Cu,-clusters (Table S11f).
Furthermore, the charge transfer from Cus to TiO, (in the DFT
model each time a neutral Cu atom is added to the TiO, surface)
is in general smaller. As a result, Cu atoms of Cus clusters
remain mainly neutral (Bader charges of —0.06 to 0.17), except
for the Cu atoms directly attached on TiO,, which have still very
short Cu-O bonds or are coordinated by 2 O,. atoms (Bader
charge of 0.41 to 0.66), indicating ionized Cu.

For the Cu,O, (x = 5, y = 0-5) clusters, we started from the
chain-like Cus structure and gradually added oxygen atoms
until a fully oxidized Cu cluster has been obtained (Fig. 7g and
h). We calculated the E, 45 of different metal oxide clusters on
the surface and computed the cohesive energies of bulk Cu and
CuO for comparison (Fig. 7i). For all studied clusters, the ob-
tained E,qs are much smaller than the cohesive energy of bulk
Cu, while showing more similar values to CuO. The E,4
depends only weakly on the oxygen content (or the cluster size);
thus, the oxygen partial pressure and kinetic effects will deter-
mine the specific oxidation state. Furthermore, a +1 Bader
charge and 0.6 ug magnetic moments of Cu atoms in the Cu;0,
structures, indicate that for the CusOs5 cluster Cu is in a +2 state.
However, when the number of oxygen atoms gradually
decreases, the ionicity also decreases. The largest Cu, 40, cluster
has 8 Cu*" and 2 Cu” ions and 3 out of the 8 Cu®>" ions have
already flipped their spin indicating the preferred antiferro-
magnetic order of CuO. This is further shown by analyzing the
dependency of the Cu charge state with the number of O
neighbors (coordination number - a bond is counted when the
Cu-O distance is below 2.16 A) shown in Fig. 7j. For simplicity,
only the coordination number versus the Bader charge is shown,
however, also bond angle or bond distances just below/above
the cutoff criterion had some minor influence. This shows
that Cu without or with one direct O neighbor is neutral, with
two it is in the +1 state (Bader charge of ~0.5) and with 3 or 4
coordinated oxygen atoms Cu is in a +2 state. Hence, by
increasing oxygen content, the Cu ionicity increases.

To check the possibility of Cu diffusion into the bulk, we
constructed DFT models in which one Cu atom migrates from
the surface to different positions in the subsurface. Based on
the calculated E,qs values, Fig. 7e and f shows the most stable
structures of subsurface Cu derived from two different config-
urations: the single Cu atom and the most stable 3D-like Cus
cluster. As expected, when a single Cu atom diffuses into the
subsurface there is a small energy loss (E.qs decreases from
2.24 eV to 1.90 eV), which suggests that a single Cu atom is not
prone to diffusion into the TiO, lattice but is rather stable on
the surface. Yet, for the larger cluster, migration of a single Cu
atom yields virtually no energy difference (1.90 eV to 1.84 eV),
which supports the possibility of Cu diffusion into the bulk. In
both cases, the most preferable state of Cu incorporation in the
subsurface is to be 4-fold coordinated by O and present in the
Cu' state, which is in line with our DRS and XPS results that
indicated the reduction of the Cu®" content.

J. Mater. Chem. A, 2021, 9, 21958-21971 | 21965
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(a) Side view of the anatase TiO, (101) surface layer (in the 1 x 3 supercell). (b) Side and top views of adsorbed Cu, (x =1, 2, 3) atoms, (c) Cus

atoms in the chain-like structure, (d) Cus 3D-like structure, (e) subsurface Cu atom, (f) one subsurface Cu atom in the Cus-chain structure, (g)
CusOs cluster and (h) Cu;0Og cluster adsorbed on the anatase TiO, (101) surface. (i) Adsorption energy (eV per atom) of Cu,O, clusters on the
anatase TiO, (101) surface, with the cohesive energy of bulk CuO and Cu as references. (j) Bader charges versus Cu coordination number
(selected according to Cu—O distances below 2.16 A). Bader charges <0.4 correspond to Cu®, 0.4-0.7 to Cu* and >0.7 to Cu?*. (k) Bader charges
(e7) and () atomic magnetic moment (in ug) of Cu atoms in CusO, (y = 5, 4, 3, 2, 1, 0) clusters adsorbed on the anatase TiO, (101) surface.

Overall, the DFT results indicate that differently sized Cu
clusters of a few atoms can indeed be stabilized on the TiO,
surface. Analysis of the Cu oxidation state shows that Cu* and
Cu® species are likely to form at the solid-solid interface, while
Cu*" species can only be formed as an outer cluster layer when
enough oxygen is present, in line with the experimental data
and the washing experiments. Furthermore, the models show
that the generation of interstitial Cu’ - surrounded by 4 O
atoms of TiO, lattice - is the most stable species that can be
formed via diffusion in thermally treated samples. Such Cu
incorporation results in a minimal crystal structure change, and
thus is in line with the Raman and XRD data.

Cu inter-band gap states. The origin of the absorption
shoulder in DRS (Fig. 5a, b and 6) between 400 and 550 nm
remains a matter of debate in literature. To uncover the nature
of this shoulder, we calculated the partial density of state
(PDOS) for an ideal TiO, (101) surface and for some selected and
representative configurations of adsorbed Cu, Cus0, and CusO5
clusters, shown in Fig. 8.

21966 | J Mater. Chem. A, 2021, 9, 21958-21971

The bare TiO, surface (Fig. 8a) exhibits a band gap of 2.5 eV
(which is lower than the experimental value of 3.2 eV due to the
well-known DFT shortcomings), the surface Ti-d states are a bit
higher in energy than in the bulk and the Ti-O covalency is
reduced (see reduced Ti-surface contribution at the bottom of
the valence band). Furthermore, as this TiO, model represents
an ideal surface without defects, it shows p-type conductivity in
contrast to the experimental TiO, samples. Then, when
a neutral Cu atom is added on the TiO,-anatase (101) surface
(Fig. 8b), the Fermi level moves to the conduction band (the
added Cu is in a neutral state, thus, by adding it on the ideal-
TiO, surface, Cu transfers negative charge to TiO,) and the
system becomes formally metallic (n-type conductivity). Addi-
tionally, the Cu-d states show some hybridization with the O-p
orbitals closest to the Cu atoms. This is evident in the differ-
ence of the O-PDOS of O atoms close/far to Cu atoms, from
which in general a downward/upward shift of O-p states for
atoms close/far to Cu can be observed. In any case, the main Cu-
d peaks are located above the VBM within the TiO, band gap

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Partial density of states (PDOS) for (a) bare anatase TiO, (101) surface, showing the surface atoms and the bulk-layer states, (b) one Cu
atom, (c) CusO; and (d) CusOs adsorbed on the surface. All Tiand O PDOS are from surface atoms only. 0 eV indicates the Fermi energy, and the

plots are aligned at the TiO, CBM.
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Fig. 9 Proposed mechanism of formation and evolution of Cu/TiO,
photocatalysts upon thermal treatment, showing the thermally
induced densification and diffusion of the Cu species. The bottom
scheme illustrates the state of Cu-based co-catalysts during the wet-
impregnation synthesis with the outer layer enriched with Cu?*, while
the Cu species at the TiO, surface partially turn into Cu* and Cu® via
direct electron reduction.

and are fully occupied. Larger Cu clusters or Cu diffused into
the subsurface (Cus0, and CusOs, Fig. 8c and d), show that the
Cu-PDOS behaves qualitatively similarly. When more oxygen is
added to the CusO, clusters, no electron transfer takes place
anymore from the Cu 4s (and partly 3d) to the Ti-d states at the
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CBM, but to the additional O atoms and the Fermi level moves
down to the top of the Cu-d bands within the TiO, gap. In
addition, spin-polarization sets in, magnetic moments on
(some) Cu atoms appear, and the Hubbard U shifts fully
(partially) occupied Cu-d states down (up) in energy (Fig. 8d),
indicating typical Cu*>" behavior. This moves a lot of Cu-d states
down into the O-p band (e.g. in Cus0, and Cu;O,, Fig. 8c) and
eventually in CusO5 leads to clear lower (below the O-p band)
and upper (above Ex) Hubbard bands with all Cu in the +2 state.

We conclude, the band gap reduction and the adsorption
band between 400 and 550 nm of Cu(NO3),/TiO, and Cu(ac),/
TiO, - compared to pure TiO, - is related in all cases to Cu-
d states in the band gap of the composites. In the case of
Cu;0s5, where Cu is mainly in the +2 state, we can also see some
d states above the Fermi level, which can cause d-d excitations.
The transitions from the highest occupied Cu-d states into the
TiO, conduction band may also explain the observed adsorption
above 600 nm in Fig. 5a, b and 6.

Proposed diffusion mechanism and active Cu state

The combined experimental and theoretical results confirm
that thermal pretreatment can indeed initiate the diffusion of
Cu species into the TiO, lattice, and that this process plays a key
role in decreasing the photocatalytic activity towards HER.
Moreover, Cu diffusion induces charge recombination centers,
and results in lower availability of the Cu sites for the HER.
Additionally, a mixed oxidation state of Cu®, Cu** and Cu® is
found to be in the composites at any thermal treatment; while
Cu*" is only weakly bound to the outer surface and can leach
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when in solution. Thus, we propose the following formation
mechanism, which is summarized in Fig. 9: first, during the
synthesis, the Cu®** precursor species are weakly chemisorbed
onto the TiO, surface in a multilayer manner, in which the Cu
atoms directly attached to the surface get reduced to Cu" and
Cu’, facilitated by the reduction with electrons accumulated on
the TiO, surface. The low-temperature treatments of the as-
prepared composites (=150 °C) densify the network and
enhance the electronic coupling between the Cu and the
substrate resulting in increased HER performance (peak
activity). Higher calcination temperatures (>150 °C) induce the
decomposition of precursor anions and facilitate the diffusion
of Cu" species into the TiO, lattice, which in turn introduces
charge recombination centers and reduces the accessibility of
the Cu co-catalyst at the catalyst-reactant interface leading to

a strong decrease in the photocatalytic performance.’**®

Conclusions

This work sheds light on the thermally induced Cu diffusion
into the TiO, lattice that has a detrimental effect on photo-
catalytic performance. We show that calcination temperatures
below 200 °C enhance the HER activity, yet treatments at higher
temperatures have a surprisingly detrimental effect. Using
a comprehensive set of experimental and theoretical state-of-
the-art techniques, we critically examined various possible
reasons for this observation. HRTEM and XPS showed that
sintering and change in the oxidation state of the Cu species can
be excluded, as they reveal the absence of larger Cu clusters on
the TiO, substrate even for the high-temperature treated
samples, and all samples show a mixed Cu oxidation state - Cu®,
Cu' and Cu®" - even for high-temperature calcined samples
under air. Washing experiments show that at lower calcination
temperatures Cu is weakly bounded and can leach off by 88.7%,
yet at temperatures above 250 °C the percentage drops down to
12.4% of leached Cu. The combined assessment of XPS and XRF
indicates that the drop of HER activity is not induced by
leaching, but by diffusion of Cu into the TiO, lattice, as XRF -
a bulk sensitive method, considering the nanometer-sized
composites — shows a constant Cu concentration for all
samples, while XPS - a surface-sensitive method - reveals
a strong drop of the Cu amount on the surface. This is further
supported by Raman, DRS and DFT calculations. Furthermore,
the data demonstrate that a reduction of the Cu®" precursor to
mainly Cu' and partially to Cu’ takes place already after
impregnation - without any further post-treatment - which
indicates a photoreduction of the precursor species by TiO, and
that Cu" is stabilized as an interstitial dopant. From the results,
we propose a mechanism as follows: (a) after impregnation Cu®*
is weakly bound on the substrate and get reduced by TiO, to Cu”
and Cu’ (b) by increasing temperature Cu densifies on the
substrate and (c) at temperatures >200 °C Cu" diffuses into the
TiO, lattice. The drop in photocatalytic performance is thus
related to the diffusion of the co-catalyst species into the
substrate, which generates charge recombination centers and
depletes the number of co-catalyst species available on the
surface for the redox reaction. This work demonstrates that
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mild thermal treatments of photocatalytic systems are consid-
erably more complex than previously believed. Thus, future
studies on other co-catalysts and materials need to consider the
potential side effects induced by calcination.

Experimental
Synthesis of the composites

All materials used for the syntheses were obtained from
commercial suppliers. As such, anatase TiO, from Sigma-
Aldrich, Cu(ac), (98% pure) and Cu(NO3), from Sigma Aldrich
(98% pure). The used solvent for the syntheses was absolute
ethanol (from Chem-Lab NV) and for photocatalytic experi-
ments deionized water and HPLC-gradient grade methanol
(from VWR). The composites were synthesized by a wet
impregnation method with a post-synthesis thermal treatment.
The general synthesis procedure used for all samples included
(a) suspending the TiO, powder (400 mg, 5 mmol) in ethanol (20
mL); (b) stirring the suspension for 5 minutes; (c) adding the
corresponding precursor salt: Cu(ac),/Cu(NO3), (0.05 mmol)
and stirring for another 5 min, (d) subjecting the resulting
suspension to sonication to assist salt dissolution and homog-
enization of the suspension components for 15 minutes, (e) the
resulting mixture was left stirring for 30 minutes; and (f) the
ethanol was extracted under vacuum. The remaining powder
was then ground. Afterwards, the samples were heat-treated at
the corresponding temperature with a heating ramp of 2 h until
reaching the desired temperature, in ambient air.

Characterisation methods

Transmission electron microscopy (TEM) images were obtained
using FEI TECNAI F20 transmission electron microscope
equipped with a field emission gun in bright field mode using
200 kV acceleration voltage. The sample was prepared from an
ethanol suspension, using a copper holey carbon-coated grid
(Plano, 200 mesh). X-ray diffraction (XRD) was performed using
an XPERT III: PANalytical XPert Pro MPD (A-6 Diffractometer) for
the in situ experiments and an XPERT II: PANalytical XPert Pro
MPD (-6 Diffractometer) for the ex situ experiments. The
sample was placed on a sample holder and irradiated with a Cu
X-ray source (8.04 keV, 1.5406 A). The signal was acquired with
Bragg-Brentano 6/6-diffractometer geometry ranging from 5° to
80° degrees. The detector system was a semiconductor X'Cele-
rator (2.1°) detector. The in situ experiment was performed under
air flow and temperatures ranging from 25 °C to 800 °C. The ex
situ experiments were performed with a Si NIST certified stan-
dard reference material (SRM 640d) as an internal standard. The
internal standard was required in order to detect the crystal
parameter changes of the samples. Refinements were done
according to the instruction provided by the standard. The
thermogravimetric (TGA) measurements were carried out on
a PerkinElmer Thermogravimetric Analyser TGA 8000. The
samples were placed into an Al,O; crucible and heated with
a dynamic method at a heating rate of 5 °C min~" under air from
25 °C to 800 °C. The chemical composition of the samples was
obtained with two different X-ray photoelectron spectroscopy
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(XPS) machines. The Auger spectra were determined using
a Thermo Fisher Microlab 310/350-spectrometer equipped with
a twin anode Al/Mg-Ka. X-ray source (XR3) and a hemispherical
analyzer. Pass energies of 70 eV and 20 eV, as well as energy
resolutions of 1 eV and 100 meV, were used for survey and detail
spectra respectively (excitation energy: 1486.6 eV/1253.6 €V,
beam power: 100 W, angle: 60° to sample surface normal, base
pressure: 2 x 10~% mbar, pressure during measurements: 3 x
10~® mbar). All measurements were carried out with the sample
in normal emission angle with respect to the analyzer. The
samples were mounted onto the sample holder using double-
sided carbon tape. The XPS spectra were acquired using an
Axis Ultra DLD instrument from Kratos Analytical (UK) with the
base pressure during spectra acquisition better than 1.1 x 10~°
torr (1.5 x 1077 Pa), achieved by a combination of turbomo-
lecular and ion pumps. Monochromatic Al-Ka radiation (hv =
1486.6 eV) is employed with the anode power set to 150 W. All
spectra are collected at normal emission angle. Ultraviolet
photoemission spectroscopy (UPS) experiment was carried out in
home-built MOSES spectrometer under a base pressure of 5 x
107 mbar equipped with a monochromatic He-I radiation
source (hv = 21.22 eV). All spectra were collected at normal
emission and at room temperature. The total resolution of UPS is
about 0.1 eV estimated from the width of the Fermi edge of
a sputter-cleaned Au film. The signal was calibrated by using the
Fermi edge of this sputtered Au. To extract sample work func-
tion, a bias of —50 V was applied to the sample during the UPS
measurement. Data analysis was done using the CasaXPS
Version 2.3.19PR1.0 software package employing Shirley/Shirley
Tougaard backgrounds and Scofield sensitivity factors.***® Curve
fits using combined Gaussian-Lorentzian peak shapes (GL(30))
were used to discern the components of detail spectra if not
stated otherwise. For the peak analysis a charge correction was
applied to the adventitious carbon peak (C-C peak) shifting to
284.8 eV binding energy (BE) due to the absence of a clear Fermi
edge and for comparison to literature values, while for the VBM,
where the indium foil was used, a charge correction was done to
the Fermi level. All content values shown are in units of a relative
atomic percent (at%), where the detection limit in survey
measurements usually lies around 0.1-0.5 at%, depending on
the element. The accuracy of XPS measurements is around 10—
20% of the values shown. Assignment of different components
was primarily done using ref. 61 and 62. For the attenuated total
reflection Fourier-transform infrared spectroscopy (ATR-FTIR)
measurements a PerkinElmer FTIR Spectral UATR-TWO with
a spectrum two Universal ATR (Single Reflection Diamond)
accessory was used. Raman measurement was conducted with
LabRAM HR800 (HORIBA Co. Ltd). Ne:YAG diode was used as
532 nm laser source and the characteristic Raman peak of Si at
520.8 cm~ ' was used as the calibration peak. The laser intensity
was kept at 5 mW. The obtained signal intensity was normalized
to the anatase sample to avoid measuring artifacts. The X-ray
Fluorescence Spectroscopy (XRF) chemical quantification anal-
ysis was performed with an Atomika 8030C X-ray fluorescence
analyzer in total reflection geometry (XRF) with a molybdenum
X-ray source (monochromatized Ko-line). The excitation condi-
tions were 50 kV and 47 mA for 100 s irradiation time and an
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energy-dispersive Si(Li)-detector was employed. For the sample
preparation, all reflectors were washed thoroughly and
measured to account for true blanks. 1 mg of the solid nano-
powder was loaded on the clean reflectors and sealed with 5
uL of a 1% PVA solution to avoid contamination of the detector.
After drying for 5 min on a hot plate and cooling, the reflectors
with the loaded samples were measured. For the data evaluation,
Ti was set as a matrix with 100% (wt%) and relative amounts of
Cu were acquired (wt%). The Diffuse Reflectance Ultra-violet
Spectroscopy (DRS or DR-UV-vis) a Jasco V-670 UV-Vis photo
spectrometer has been used to measure diffusive reflectance
spectra. The optical band gap was determined with the Tauc
plots and with the exponent value, n = 1/2 for direct allowed
transition.

Photocatalytic experiments

Hydrogen evolution experiments were performed using a top
irradiation flow-reactor (total volume of 100 mL) equipped with
an LED light source with incident light intensity of 0.488 W
centred at 365 nm + 15 nm (192 mW cm ™2, Thorlabs SOLIS). In
a single experiment, the powdered photocatalyst (10 mg) was
dispersed in 40 mL 1 : 1 vol% MeOH-water solution. During the
experiment, the reactor was continuously purged with argon
(flow rate of 30 mL min~"', controlled with a mass flow
controller from MCC-Instruments) to deliver the gaseous
products to the online gas analyzer (X-Stream®, Emerson
Process Management) equipped with a thermal conductivity
detector (TCD) for H, quantification with an unmatchable
sensitivity (down to ppm level) and time-resolution (one data
point per second, see Fig. S17). A typical H, evolution profile
obtained with our flow reactor includes an “induction” period
(increasing H, evolution rate during the first minutes) that is
purely related to the fact the H, gas first needs to fill the dead
volume (e.g., reactor volume, tubing volume) to reach the
detector. The temperature of the reactor was kept constant
through a water-cooling system (Lauda).

Computational methods

To understand the experimental observations regarding the
influence of the copper oxidation state on H, production
activity, spin-polarized DFT calculations of the model Cu,O,
clusters (x=1,2,3,5,10andy =0, 1, ..., 5, 9) adsorbed on the
anatase TiO, (101) surface were performed using the full-
potential augmented plane wave plus local orbitals method as
implemented in the WIEN2k code.®*** The TiO,-anatase (101)
surface was chosen as it is the most abundant and stable
anatase surface.®®®” We employed the PBEsol exchange—-corre-
lation functional, which is a generalized gradient approxima-
tion (GGA) and yields lattice parameters of bulk anatase TiO,,
a=bh=3.77 Aand ¢ = 9.54 A which are in good agreement with
experimental data.®® In order to treat the correlated 3d electrons
a Hubbard U correction was used.®® Avalue of Upggg=U — J=5 €V
has been used for Cu 3d e™, which is chosen deliberately
smaller than what is typically used in strongly correlated Cu
oxides, since in our case also less ionic (neutral) clusters were
investigated and the correlation may not be always so strong.
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The (101) surface was modeled by a symmetric slab with
a thickness of three layers of TiO, (Fig. S207), where only one
layer is shown for better visibility and a vacuum region of 16 A
between the slabs. In order to reduce the interactions between
the adsorbed clusters in neighboring cells, a 1 x 3 supercell was
used for all surfaces with adsorbed clusters. Moreover, such
a supercell is also helpful to release the interfacial strain energy
and find more stable configurations. A 2 x 2 x 1 I'-centered
mesh of k-points was used during relaxation (a 5 x 4 x 1 mesh
for the final results) and a basis-set size corresponding to
Ring = 7 was used for the Cu, models (atomic sphere radii
Ry of Ti = 1.7, Cu = 1.65, O = 1.4 bohr), while the Cu,O,
models used REINK, . = 5.45, because the O spheres had to be
reduced to 1.09 bohr. All surface models were relaxed until the
residual forces were below 1 mRy bohr . Consistent Ry and
Rl\“,[‘iT"Kmax values were used for calculating the adsorption energy
per atom E,qs of clusters on the anatase surface, which is
defined as

Eogs = ﬁ E(TiO,(101)) + xE(Cu) +y%E(OZ)
— E(Cu,0,/TiO5(101)) |, (1)

where E(Cu) and E(O,) are the total energies of the free Cu atom
and the O, molecule in the gas phase, E(TiO, (101)) is for the
bare TiO, (101) surface, and E(Cu,0,/TiO, (101)) is the total
energy of anatase with the surface-attached cluster. To calculate
the oxidation state and the magnetic moment of each atom, we
used Bader's method, which uses the electron density to
calculate the gradient vector field and the atomic basins by
searching for surfaces of zero flux.”>”* An integral of the electron
(spin) density enclosed within these basins defines the total
electronic charge (magnetic moment) of an atom. To provide
reference values for oxidation states, calculations for bulk Cu,
Cu,0, and antiferromagnetic CuO were also done.
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1. Hydrogen evolution reaction (HER)

A typical H, evolution profile obtained with our flow reactor (Figure Sla) includes an
“induction” period that is related to the fact the H, gas needs to fill the dead volume (e.g., reactor
volume, tubing volume) to reach the detector (see Figure S1b,c for the experimental setup).
The delay in H; increase (2-3 minutes after illumination start) thus corresponds to the first H,
species reaching the detector cell. A stable evolution rate is typically reached after 40-60

minutes of illumination.

o
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Figure S1: a) HER activity rates obtained for the different thermally treated Cu/TiO,
composites along with the reference sample, TiO,. The yellow region indicates the time of
illumination. The bar graph, Figure 1a, in the main manuscript was constructed from these
profiles at 20 minutes of illumination. b) Scheme of the photocatalytic setup used to evaluate

HER rates (MFC: mass flow controller) and b) top-irradiation, flow-reactor used.
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For this particular work, we were not interested in measuring the ultimate activities of the
samples (e.g. waiting until the H, evolution rate reached a plateau), but - in order to speed up
the photocatalytic evaluation - we only measured the activity value reached after 20 minutes of
illumination (i.e. in the middle of the ascending slope). The values are reported in Figure 1a
and allow for qualitative evaluation and comparison between the samples. The values are also

representative of the absolute activity rates.

Table S1: HER rate maximum after 20 minutes of illumination. Values are taken from
Figure S1a and represented in Figure 1a, in the main manuscript.

H, evolution rate, umol h!
CU(aC)z/TiOZ CU(NO3)2/T102

TiO, 5.03 5.03

RT 4797 41.47
100 °C 50.98 47.88
150 °C 52.18 43.55
200 °C 47.44 40.94
250 °C 37.88 35.01
270 °C 3448 33.71
300 °C 27.22 28.98
330 °C 24.23 2451
360 °C 17.29 18.55
400 °C 14.81 13.25

4
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1.1. Calcination time effect on the HER activity

HER trend for the Cu(ac),/TiO, sample hold from 44 to 655 minutes at 250 °C. This data shows
that at constant temperature but longer calcination times, the activity decreases. Hence, this
shows the same behavior than by increasing temperature but constant time. This data agrees
with the hypothesis of doping, as longer calcination time would led to more time the system to
equilibrate, i.e. Cu has more time to incorporate into the TiO, lattice. The amount of doping

depends on the kinetics (time that it has to diffuse) and thermodynamics (temperature/energy).
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[
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Figure S2. Time-depended HER at a constant calcination temperature of 250 °C. a) HER vs
reaction time. The yellow region is the illumination time. b) The HER at different calcination
time after 20 minutes of illumination.
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1.2. Long-term performance (stability)

With regard to the stability issue, long-term performance of our catalysts has been investigated
using a combination of our flow-reactor and H, detection flow-cell by Emerson. Figure S3
shows a 25 h HER run composed of two illumination cycles conducted for one of our Cu/TiO,
samples. As clarified in the setup description, we observe a quick rise of “activity” that riches
a plateau within the first hour. Over the course of the next 17 h of illumination, H, evolution
rate undergoes a slight but gradual drop (ca 18% of the max value) and reaches a new stability
level. After the light is off (end of the first illumination cycle), we observe the expected drop
of the H, evolution rate to zero. The second illumination cycle (the mutually compensating
positive and negative spikes at 20 h point are related to carrier-gas supply change) yields activity
similar to the second stability regime. Overall, these data illustrate a minor deactivation of the

composite photocatalyst, however, they also indicate the overall stable long-term performance.

H, evolution rate / umolh™

0 2 4 6 8 10 12 14 16 18 20 22 24
Time /h

Figure S3. Long-term time-depended HER stability test of one of the Cu/TiO, samples.
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2. Thermal behavior of the composites

We examined the pure precursors - Cu(ac), and Cu(NO;), — and the obtained composite
Cu(ac),/TiO; and Cu(NOs),/TiO, powders with TGA (in air) to reveal the decomposition
behavior. Figure S4 shows the obtained weight loss profiles for the pure precursors, the
composites and the reference TiO, powder. The continuous mass loss of the reference TiO, in
the entire temperature range can be ascribed to slow removal of adsorbed (physisorbed and
chemisorbed) solvent and other species; and, importantly, this reference profile can be treated
as a baseline to quantitatively describe the behavior of composites. The analysis of the pure
precursors shows that the first decomposition step starts at 82.3°C for both precursors and
ending at 147.8 °C for Cu(ac), and 179.9 °C for Cu(NOs),, corresponding to the evaporation of
water molecules.['] The second step ranges from 251.5 °C until 288.9 °C for Cu(ac), and
213.2°C to 261.7 °C for Cu(NOj),. Corresponding to the decomposition of the acetate and
nitrate ions, respectively. In the case of Cu(ac), the acetate ion undergoes decomposition via
radical formation which leads to the formation of metallic Cu as an intermediate product before

it gets re-oxidized at higher temperatures (see Figure S4 from 288.9 to 800 °C).l!

ears —Ti0, i 5

- i . —— Cu(ac),/TiO, L o)
2 = Cu(NO,),/TiO, o
] : - « = Cu(ac) 8
S 98- 2 L g0 O
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Figure S4: TGA data from 20 °C to 800 °C with a heating rate of 5 °C min-! of the reference
TiO,, the pure precursors - Cu(ac), and Cu(NO;), — and the composites Cu(ac),/TiO, and
Cu(NOs),/Ti0,. Note: The left y-axes correspond to the composites while the right y- axes to
the pure precursors.
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3. SEM and further TEM of the samples for Cu quantification

Figure S6: TEM pictures corresponding to Cu(ac),/Ti0, ranging from non-calcined to 400 °C
(left to right).
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4. Raman

Table S2. Raman peak positions, FWHM and Intensity maximum values. The FWHM error
was obtained from the mathematical model used to determine the values from the raw data and

was estimated to be + 0.1 cm™! for both sample sets.

Cu(ac),/TiO, Cu(NO;)y/TiO,
Peak Intensity Peak
position FWHM maximum position FWHM Intensity maximum

cm’! cm’! a.u. cm’! cm’! a.u.
TiO,-anatase 145.6 14.6 38825.7 146.3 14.5 46155.2
RT 146.1 15.5 26373.3 144.7 14.7 38156.0
100 °C 146.1 15.5 26908.0 145.3 14.7 36622.2
200 °C 146.1 15.1 25247.7 145.8 15.1 33309.5
250 °C 146.6 15.5 222753 146.3 15.2 27572.4
270 °C 146.6 15.2 21890.7 146.3 14.8 27534.5
330 °C 146.6 16.4 19226.7 146.8 15.4 21843.3
360 °C 146.1 15.9 17179.3 146.3 14.6 17432.8
400 °C 146.1 15.8 18781.0 146.8 15.2 21725.2

9

76



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

77

5. XRD

Pure precursor: In-situ XRD diffractograms were taken from the pure precursors, Cu(ac), and
Cu(NOs), (Figure S7). The precursor maintains a crystalline structure over the whole
calcination temperature range (from non-calcined to 800 °C). The diffractogram of Cu(ac); is
shown at 25°C and then its decomposition from 100°C to 200°C. At 220°C we see the formation
of mixed metallic Cu, Cu,0O and CuO species — known from previous work that acetate
decomposes through a radical formation — then by gradually increasing the calcination
temperature, all Cu oxidizes to CuO. For Cu(NOs), the same trend is observable - yet, without
reduction intermediates - where a gradual decomposition of the nitrate salt takes place until all

Cu is transformed to CuO. [12]

Composites: The XRD analysis further confirmed the exclusive presence of the anatase phase
(Figure S7 and Table S3), in line with Raman Spectroscopy. The patterns show no significant
peak broadening or peak shift, even for the 400°C treated sample, while only small changes of
the crystal parameters upon the thermal treatment can be explained by the relatively small Cu
amount present in the samples (~1 at. %). This is in line with recent DFT studies which suggest
that a potential Cu incorporation (via interstitial or substitutional Cu:TiO, doping) does not
result in a pronounced TiO, lattice distortion.[3] Both, Raman and XRD results are merely hints

for potential interstitial doping of Cu into the TiO, lattice at elevated temperatures.

Table S3: Crystal parameters from the Cu(ac),/TiO, sample shown in Figure S7. Pure anatase
vs. non-calcined (RT) and at 400 °C treated Cu(ac),/TiO, samples. As a standard reference
material was used Si with a certified lattice parameter of 0.543123 & 0.000008 nm (SRM 604d)
at 22.5 °C in order to determine the crystal lattice parameter changes.

XRD Crystal lattice parameters

a c Si
TiO,-anatase 3.779 9.491 5.431
Cu/TiO,-RT 3.788 9.510 5.431
Cu/TiO; - 400 °C 3.790 9.509 5.431
10
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Figure S7: Top: XRD of the non-calcined and 400 °C treated Cu(ac),/TiO,. The (*) indicates
the Si phase used as internal standard to determine the crystal lattice parameters changes. All
other phases belong to anatase Ti0O,. Bottom: in-situ XRD; thermal decomposition evolution of
the pure precursors. (a) Cu(ac), and (b) Cu(NO3),.
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6. Infrared spectroscopy (FT-IR)

We analyzed for comparison the pure precursors and the composites at different thermal

treatments to determine correlations of their behaviors.
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Figure S8: IR-ATR of the pure precursors, Cu(ac), and Cu(NO3),.
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Figure S9: Full range FTIR-ATR of the Cu(ac),/TiO, and Cu(NOs3),/TiO, samples at different

calcination temperatures. a) 1 at. % of Cu and b) 5 at. % of Cu.
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7. XPS

The XPS measurements were done with two different XPS machines, one with a
monochromatic Al-Ka source and one equipped with a dual anode providing Al-Ka and Mg-
Ka radiation. Furthermore, measurements were done deposing the samples on an indium foil
(measured with the mono source) and on a carbon tape (used for the dual anode). The indium
foil was used to avoid charging effects and so to determine a correct work function and valence
band. The dual anode was used to resolve the Cu-auger bands (Cu LMM), using the Mg-Ka
radiation, due to an overlap of the Ti 2s signals. By using this radiation, an apparent shift of

binding energy of the auger band is induced (see the corresponding surveys).
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- i
i - E'E_, §2 ;:‘3‘2‘2 - 2
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Figure S10: XPS survey spectra of the Cu(NO;),/TiO, samples. Left: measured with the Al-
Ka. Right: measured with the Mg-Ka. Note the shift O KLL, Ti LMM and Cu LMM auger
signals.

13

80



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Al ka. - Survey

—RT
—250°C
= ——400 °C
8
=
‘n
C
@
<
Cu(NO,),/TiO, Cu(Ac),/TiO,
—_— T 1 1 7 T I T I
1200 1000 800 600 400 200 O 1200 1000 800 600 400 200 O

Binding energy (eV)

Mg ka - Survey

ﬂ
Cu(NO,),/TiO, Cu(Ac),/TiO,
- = —

Ll T T T T T M T T T T T N T T T T
1000 800 600 400 200 0 1000 800 600 400 200 0
Binding energy (eV)

Intensity (a.u)

Figure S11: All surveys of the different calcined Cu(NO;),/TiO, and Cu(ac),/TiO, samples.
Top: measured with Al-Ka. Bottom: measured with Mg-Ka.

Table S4: Survey quantifications from the corresponding Al-Ka and Mg-Ka x-ray source.

Al-k, Mg-k,
Cu(ac),/TiO, Ti2p Cu2p Cls Ols Ti2p Cu2p Cls Ols
at %
RT 234 0.9 18.6 57.4 22.7 1.0 20.5 55.8
250 °C 24.4 0.8 14.3 60.6 23.4 1.0 17.3 58.3
400 °C 23.0 0.3 21.2 55.5 22.2 0.3 23.0 54.5
Al-k, Mg-k,
Cu(NO»),/TiO, Ti2p Cu?2p Cls Ols Ti2p Cu?2p Cls Ols
at %
RT 222 0.6 20.4 56.9 21.3 0.5 23.8 54.4
250 °C 14.5 0.3 42.3 42.9 14.4 0.3 44.0 41.2
400 °C 25.1 0.2 15.4 59.3 24.0 0.2 19.4 56.5

14
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Figure S13: XPS O 1s detail spectra of all different calcined Cu(NO3),/Ti0, and Cu(ac),/TiO,
samples. Left to right: the deconvoluted data of the non-calcined Cu(ac),/TiO, sample. All
Cu(NOs),/Ti0, and Cu(ac),/TiO, spectra.
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8. XPS and XRF

Table S5. XRF vs. XPS (from the surveys and recalculated to set in a ratio to Ti. Ti set to 100)

Cu at. % in relation to Ti quantification. Data are shown in Figure 4 in the manuscript.

Cu amount in at. %

Cu(ac),/TiO, Cu(NOs),/TiO,
XPS XRF XPS XRF
ALK, Mg-K, ALK, Mg-K,
RT 3.8 4.6 1.08 2.5 23 0.69
150 °C - - 1.07 24 2.6 0.73
250 °C 3.2 42 1.05 1.9 22 0.67
400 °C 1.3 1.3 0.99 0.9 0.7 0.64
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Figure S14: XRF full spectra of one of the analyzed samples, all other samples spectra look
the same just with intensity shifts. Corresponding data are shown in Table S5. The spectra show
the corresponding Ti and Cu peaks without further contribution of other species. The peak at
1.8 keV and 2.9 keV belong to the Si from the detector and Ar from the measuring atmosphere,

respectively.

Energy (keV)
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9. DRS, Tauc plots, UPS and VB-XPS

The thermal decomposition of the pure precursors, analyzed by In-situ XRD, see Figure S7,
show for nitrate that Cu*? stays present for the whole decomposition, while for acetate different
oxidation states are generated over thermal treatment until getting fully oxidized to Cu*? again.
By analyzing the DRS profiles, we see these changes represented in the absorption range from

500 to 900 nm corresponding to Cu?".

DRS: Cu(ac),/TiO, DRS: Cu(NO,),/TiO,
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Figure S15. DRS of the pure precursors (a) Cu(NOs), and (b) Cu(ac), at different thermal
treatments, showing the evolution of the DRS profile by decomposition of the nitrate and
acetate ligand and the formation of the different Cu oxides.

The band gap, work function and valence band maximum were determined with a linear fit
interpolated to the zero Tauc function and zero Intensity, respectively. The corresponding errors
are from the linear fit where 6 different points were taken, and the average was taken as the

corresponding value.
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Figure S16. DRS Tauc plots. (a) representation of how the bang gaps were taken by

extrapolation to the zero Tauc function. (b) Tauc plots of Cu(NOs),/TiO, and (c) Cu(ac),/TiO,
at different thermal treatments.

Table S6. DRS Tauc plot band gap values table obtained from Figure S16.

Cu(ac)z/TiOz Cu(NO3 )2/T102
E, - Band gab E, - Band gab
eV eV
TiO, 3.17 3.17
RT 3.12 3.13
100 °C 3.11 3.13
150 °C 3.11 3.13
200 °C 3.09 3.12
250 °C 3.06 3.11
300 °C 3.05 3.10
400 °C 3.00 3.07
VBM-XPS UPS
1.0 e {| ®=hv-(Cutoff-E) ! f;i?i?f“"" slecen
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Figure S17. a) VB-XPS and b) UPS to determine the valence band maximum and work

function, respectively. Representation of how the values were taken for all samples, here only

shown TiO,. hv =21.2 eV (He-II source) and E;=0 eV.
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Table S7. Data used in Figure 5h from the main manuscript. (*) Data calculated from VB-XPS,
Work function and E, by taking the vacuum energy (E,,. = 0 eV) as the reference. The former
values were obtained from the corresponding VB-XPS, UPS and DRS spectra where the fermi
edge is the reference (E¢=0¢eV). All data in eV.

Cu(ac),/TiO, Cu(NO;),/TiO,

VB- Work Fermi VB- Work Fermi
XPS function E, level* VBM* CB* XPS function E, level* VBM* CB*
TiO, 3.2 4.2 32 42 -1.4 -4.2 3.2 4.2 32 42 -1.5 -4.3
RT 3.0 4.2 3.1 -4.2 -7.2 -4.1 3.0 3.9 3.1 -3.8 -6.9 -3.8
250°C 3.0 4.0 32 40 -7.0 -4.0 3.0 4.4 3.1 -4.3 -7.3 -4.2
400°C 3.1 4.1 3.0 4.1 -7.2 -4.2 33 4.2 3.1 -4.1 -1.4 -4.3
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10. DRS and XRF before and after washing of Cu(NQO3),/TiO,

Cu(NQ;);-anatase

—— Before washing
- - = After washing

Absorbance (%)

T T T T T T
200 300 400 500 600 TOO  BOO 800
Wavelength (nm)

Figure S18: DRS of the Cu(NOs),/Ti0, before and after washing.

Table S8: XRF measurements of the Washing experiment. Cu at. % of the samples before and
after washing (Ti is set to 100) and the corresponding decrease of Cu % used in Figure 6 in the

manuscript.
Cu(ac),/TiO, Cu(NO;)/TiO,
Cu concentration in at. % Decrease after Cu concentration in at. % Decrease after
washing washing
Before After Before After

washing washing % washing washing %
RT 1.19 0.45 62.52 0.96 0.13 86.26
100°C 1.54 0.47 69.29 1.08 0.12 88.73
150°C 1.21 0.46 61.78 0.93 0.12 87.42
200°C 1.17 0.49 58.34 0.85 0.17 80.48
250°C 1.18 0.48 59.23 0.81 0.25 68.67
300°C 1.13 0.58 49.02 0.75 0.41 46.03
350°C 1.01 0.85 15.96 0.70 0.58 17.23
400°C 1.02 0.89 12.41 0.76 0.63 17.88
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11. Cu amount effect on the HER activity

To determine the dependency of the amount of at. Cu % versus HER we prepared a model
system by using the photodeposition method. This method consists of preparing a Cu solution
with the suspended TiO;-anatase nanoparticles. Then by UV-light illumination of the system,
an excited electron is generated that reacts with the Cu in solution (electron transfer from TiO,
to Cu, inducing the reduction of Cu). In parallel, it is in-situ detected the amount of Hydrogen
that is generated by this photodeposition. In this method, the HER rate is directly dependent on
the Cu amount available in the solution able to deposit on TiO, (see Figure 19). The difference
in this method to the wet impregnation is when the HER rate is analyzed under light illumination
Cu deposits from the solution on TiO, (photodeposition) while in the wet impregnation Cu is
already on the TiO, surface. Thus, if a Cu redox shuttle takes place, in the first case it goes from
solution on TiO,, in the second it goes from the TiO, surface in solution and back. Thus, to
further investigate the dependence of HER on the surface availability of Cu, we prepared
Cu/TiO, photocatalysts with different at. % of Cu on TiO, surface — ranging from 0.01 to 1 at.
% — using the photo-deposition method (see Figure S19b). The reasoning is: in the
photodeposition process — TiO; is suspended in the HER solution with solubilized Cu - Cu can
undergo redox shuttling with the TiO, surface. In our systems, prepared by wet impregnation,
TiO, is impregnated previously with Cu, hence, Cu must go from the TiO, surface into the
solution to carry out the HER reaction. Thus, if Cu diffuses into the TiO, lattice, and is
consequently less accessible to the solution to undergo redox shuttling a decreased activity
would be expected. In Figure S19b we see, for the photodeposition model, that a decreasing
amount of Cu available leads to reduced activity. In Figure 1 (from the main manuscript) we
saw a gradual decrease of HER rate by increasing temperature until reaching 72 % of the peak
performance at 400 °C, corresponding to HER rate of 14.81 pmol h'! for Cu(ac),/TiO, (Table
S9). Correlating these data with the photodeposition model study (Figure S19b), we see that
this corresponds to a Cu at. % less than 0.1 %. The XPS survey quantification further showed
that 0.3 and 0.2 at.% for the 400 °C Cu(ac),/TiO; and Cu(NO;),/Ti0O,, respectively, is still

present on the TiO, surface.
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Figure S19. a) HER dependency with different Cu at. % photodeposited on TiO,. Ranging from
0.01 to 1 at. % of photo-deposited Cu. b) Bar diagram showing the absolute HER values for the
photodeposited (PD) samples and the non-calcined before and after washing, as well as the
reference Ti0,.

Table S9: Photodeposition (PD) experiment: HER rate maximum after 20 minutes of
illumination. Values are taken from the graphs Figure S19.

Cu at % H, evolution rate
umol h!
TiO,-Anatase 4.97
Non-calcined 47.97
Non-calcined Washed 26.63
PD 1% 49.54
PD 0.1% 23.97
PD 0.01% 6.65
22
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12. DFT calculations

Perfect anatase TiO, surface

Figure S20 shows that the anatase TiO, (101) surface has a stepped structure. Threefold
coordinated O atoms (O;.) and sixfold coordinated Ti atoms (Tie.) are fully saturated and have
bulk coordination whereas the twofold (O,.) and fivefold (Tis.) atoms are undercoordinated.
The O, atoms are located at the ridges of the saw-tooth-like structure, and after optimization,
they relax inwards by ~0.16 A with respect to bulk TiO,. The three-fold coordinated Os. atoms
relax outwards by~0.07 A while the Tis, and Tig atoms relax inwards by ~0.15A and ~0.16 A

respectively, so that the surface exhibits a slightly buckled structure.

Figure S20: Side view of the top-most layer of the anatase TiO, (101) surface (in the 1 x 3
supercell). Red and blue spheres corresponded to O and Ti atoms respectively.

Table S10: Shortest Cu-O bonds between a Cu Atom (of the pure Cu clusters adsorbed on the
anatase TiO, (101) surface) and O atoms (O, and Os.) of TiO,. Cus (1) and Cus (2) refer to
chain-like and 3D-like structures, respectively. The results for different Cu atoms are separated
by semicolons. “(2)” means two bonds of same length and (*) indicates a Cu in the subsurface.

Compound Cu-Oy (A) Cu-Os. (A)
TiO,-Cu 1.87(2) 2.33;2.47
TiO,-Cu* 1.96(2)* 2.03;2.17*
TiO»-Cu, (1.88,1.89);(1.88,1.89) (2.34,2.52);(2.34,2.52)
TiO,-Cus 1.90(2);1.90(2);1.90(2) (2.28,2.46);(2.29,2.46);(2.28,2.46)
TiO,-Cus (1) 1.97;2.11;(2.09,2.10);(2.04,2.15);2.83 (2.81,2.71);(2.30,2.31);2.30;2.42;-

TiO2-Cus* (1) 1.99;2.02;1.87(2);1.87(2);(2.23,2.24)* (2.42,2.80);2.31;(2.41,2.53);(2.42,2.53);1.99(2)*
TiO,-Cus (2) 1.86;-;-;2.94;1.89 --2.00;2.75
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Table S11: Adsorption energy (eVatom'!) and Bader charge for Cu, (x=1, 2, 3, 5) clusters
adsorbed on the anatase TiO2 (101) surface. Cus (1) and Cus (2) refer to chain-like and 3D-like
structures, respectively. For comparison, the cohesive energy for bulk CuO is 2.75 eV. (*)
indicates a Cu in the subsurface. E,4 in the subsurface is the equivalent of the binding energy.
Bader charges <0.4 correspond to Cu®, 0.4 — 0.7 to Cu* and >0.7 to Cu*2.

Compound E.q4s (eV atom™) Bader charge (¢°)
Ti0,-Cu 2.24 0.68
TiO,-Cu* 1.90* 0.69*
Ti0,-Cu, 2.08 0.68,0.68
Ti0,-Cus 1.99 0.68,0.68,0.68
Ti0,-Cus (1) 1.9 0.15,0.13,0.48,0.41,-0.06
Ti0,-Cus* (1) 1.84 0.17,0.17,0.66,0.66,0.71*
Ti0,-Cus (2) 2.26 0.33,0.07,-0.12,0.17,0.34
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In this work, to determine the long therm hydrogen evolution rate, optimization of the experi-
mental setup design was required. Details can be found in section 3.1.2.
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active species

Thermal treatments can have detrimental effects on the photocatalytic hydrogen (Hz) evolution
performance and impact the formation mechanism of the active state of surface-supported co-
catalysts. In this work, we investigated a range of Ni-based co-catalysts immobilized on TiO»,
evaluated their H» evolution rates in-situ over 21 h and analyzed the samples at various stages
with a comprehensive set of techniques, including XPS, ATR-FTIR, UV-Vis, HRTEM and
XRF. We found that achieving the optimal hydrogen evolution (HER) performance requires the
right Ni%:Ni*" ratio, rather than only Ni’, and that Ni needs to be weakly adsorbed on the TiO>
surface in order to create a dynamic state. Under these conditions, Ni is able to undergo an
efficient redox shuttle, involving the transformation of Ni** to Ni’ and back after releasing the
accumulated electrons for H' reduction (i.e. Ni** <> Ni%). Yet, when the calcination temperature
of the Ni/TiO> photocatalysts increases, resulting in stronger coordination/adsorption of Ni on
TiO2, this process is gradually inhibited, which ultimately leads to decreased HER
performances. This work emphasizes the significance and influence of thermal treatments on

the Ni active state formation — a process that can be relevant to other HER co-catalysts.
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1. Introduction

Photocatalysis utilizes the energy of light under ambient and environmentally-friendly
conditions to enable and accelerate thermodynamically challenging processes, such as overall
water splitting for light-driven hydrogen (H) production.!-

The photocatalyst architecture plays a key role in the ultimate performance and, currently, the
most efficient and longevous photosystems are still based on heterogeneous materials.!'~> This
approach combines solid-state semiconductors — able to absorb light, generate electron-hole
pairs and transfer their energy to the catalytic sites — and other materials, such as co-catalysts,
that offer active sites to promote specific reactions. The combination, can greatly improve the
separation of photoexcited charge carriers and their transfer into adsorbed reactant species,
enhancing the overall photocatalytic activity.[">>¢) Consequently, co-catalyst engineering to
optimize photocatalytic efficiencies of the reaction of interest has become a popular research
focus.

The light-to-hydrogen conversion efficiency is governed by the degree of electronic
communication between semiconductor and co-catalyst, structural characteristics of their
interfaces as well as the accessibility of the catalytically active sites. > Much effort has
been dedicated to designing the ideal co-catalyst/semiconductor interface through various
bottom-up methods such as photodeposition, chemical deposition and growth and selective

10-141 In many cases, co-catalysts are further activated through post-synthetic

surface reaction.!
modifications, e.g. by irradiation or thermal treatment in oxidative/reductive environments.
However, these conditions can also facilitate the growth and agglomeration of co-catalyst-
nanoparticles or instigate changes in their chemical interaction with the substrate.!!%1%:15]
Consequently, it is crucial to understand how these treatments affect the electronic, chemical,
and structural characteristics of the co-catalyst species, the accessibility of the catalytic sites,
the potential formation of charge recombination centers along with localized inter-bandgap
states at the interfaces, and — ultimately — the resulting photocatalytic performance.?~"-]

In this context, the utilization of Ni as a co-catalyst has been widely documented across various
systems, encompassing diverse chemical compositions (Ni’, Ni(OH),, NiO, NiS,, Ni,P, etc),
substrates (Ti02, CdS, g-CN, MoS,, etc) and synthesis methods, all with the overarching aim
of enhancing photocatalytic performance. '*"'®] Numerous studies have made concerted efforts
to unravel the catalytic active state of Ni. For instance, Chen et al.'”! observed that the prior
reduction of NiO to Ni’ — when deposited on a TiO, substrate — results in a remarkable
augmentation in the quantity of Hz produced. Furthermore, under photocatalytic conditions they

observed a long induction time for the NiO/TiO2 sample, revealing that NiO gets gradually

2
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reduced to Ni’. Accordingly, their conclusion was that the catalytically active form of Ni is Ni’.
Indra et al. %! obtained analogous results using in-situ EPR by photodepositing Ni on graphitic
carbon nitride (g-CN). The authors demonstrated that photo-excited electrons in the g-CN's
conduction band are responsible for reducing Ni** to Ni’ and subsequently catalyzing the
conversion of H" to H,. Hence, again metallic Ni was suggested as a H, generating center.
Additionally, the authors observed the formation of metallic Ni only under photocatalytic
conditions, hereby coexisting Ni** and metallic Ni in the whole process. Yu et al.?!! conducted
an investigation involving Ni(OH), on TiO; and reached the same conclusion. In a separate
study, Lv et al. [?*! utilized a multitude of methods to clarify that Ni is affixed to the TiO; lattice
in the form of Ni**-O. Once again, they asserted that the excited electrons in the conduction
band are the key players in H production, though they did not specify whether Ni** is reduced
or if Ni actively partakes in the reaction. In our previous study,?’! we also showed how the
amount of Hz produced increased gradually over time when using NiOx/TiO2 photocatalyst,
which correlated well with a gradual increase of the amount of Ni’/Ni** proportion.

In summary, there is a prevailing consensus that photoexcited electrons migrate from the
conduction band to the attached Ni species, leading to the formation of metallic Ni.l'*2°! This
species, in turn, is able to react with protons to generate Ha, thus establishing Ni” as the active
form for photocatalytic H> generation. However, as many reported photocatalytic systems
contained a mixture of Ni’ and Ni** states, the precise extent to which metallic Ni and/or Ni**
contribute to the activity trends, as well as the distinct roles played by each of Ni oxidation
states, remain unaddressed questions. Consequently, further research is imperative to
comprehensively unravel the roles played by different Ni oxidation states as well as the effect
of photocatalyst synthesis and post-treatments in achieving maximum performances.

In this work, we examine a series of Ni-based co-catalysts supported on TiO2 — chosen as a
model support — and provide a comprehensive insight into the effects of thermal pre-treatments
on their structure-property-photocatalytic performance relationships. Using a wide range of
techniques, we observe surprising detrimental effects of heat treatments on their photocatalytic
performance towards HER. We also unravel the underlying structural, electronic and
mechanistic contributions that govern the activity of the photocatalytic reaction and identify the

redox activity of Ni/Ni*" and the strength of their coordination to the TiO; surface as key criteria.
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2. Results and discussion
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Figure 1. a) Hydrogen evolution reaction (HER) rate profile and b) CO; evolution rate profile
of different Ni/TiO; calcined samples (non-calcined (RT), and calcined at 250 and 400 °C),
photodeposited Ni/TiO> sample (PD), RT sample tested only in water (i.e. without sacrificial
agent, MeOH, RT/H>0O) and NiCl»/TiO, sample. Zoom-in of the first 3 h HER (the activation-
cycle) and full 21 h HER profile (showing the activation- and stability-cycle) are shown on the
left and right, respectively. The illumination (light-on) periods are indicated by the yellow
shading. Some points of interest, which are referred to in the main text, are indicated with letters
a-d. The total amount of H> generated (i.e. the integrated area) and the activation slope values
are summarized in Table S2. The corresponding HER profiles of the RT/H>O and NiCl/TiO2
are show in Figure S9. The short delay between the start of illumination and the rise of
hydrogen signal is due to the experimental setup (see experimental section). (¢) FTIR-ATR
before and after HER for the Ni/TiO2 samples, PD, Ni(acac), and TiO». * Spectra acquired for
the samples after photocatalysis. Full range FTIR-ATR spectra are shown in Figure S10.

Ni was deposited on TiO, from Ni(acac), via wet impregnation followed by different post-
synthesis treatments including room temperature (RT) drying — i.e. no thermal treatment — as
well as calcination at 250 °C and 400 °C (N#/TiO; samples). Additionally, a benchmark Ni/TiO>
composite was also prepared via in situ photodeposition (PD) of Ni from Ni(acac).[!%11:26-28]
The photocatalytic performance of the catalysts was evaluated using H> detection in-flow with
high temporal resolution (see methods and Figure S1 for experimental and setup details).

Furthermore, three different Ni/TiO, sample sets were prepared to explore the impact of
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synthetic solvents (i.e. HoO or EtOH) and the influence of atmospheric O> on Ni deposition (i.e.
ambient and vacuum conditions). In addition, Ni-free benchmark TiO; samples: non-calcined
(RT) and the one calcined at 400°C — were investigated to account for the effect of calcination
on its crystallinity and defect level (see Figure S2). Since all sample sets showed similar
performance trends independent of these synthetic aspects, and because the highest
photocatalytic activity was obtained for the Ni/TiO> samples derived from the EtOH-based
synthesis in vacuo (further details on the synthesis and discussion about the sample sets are in
SI section 3), for simplicity, we focus here on the representative set of Ni/TiO, samples

prepared via wet impregnation using EtOH/vacuum conditions.

For each experiment, two illumination periods were carried out (highlighted in Figure 1a
yellow): a short-term period (the first hour of illumination) which corresponds to the activation
cycle of the photocatalyst, and a long-term period (a follow-up 17 h illumination) which allows
us to uncover steady-state activity trends and discuss (de)activation behavior. Additionally, we
analyzed the CO; evolution rates in situ (Figure 1b) aiming to obtain additional insight into the

oxidative behavior of Ni/TiO; photocatalysts.

H> profiles - Activation cycle (Figure 1a): The RT and PD samples show the sharpest evolution
rate increase after illumination start. Yet, after 18 minutes of illumination (a in Figure 1a), the
PD sample reaches the H> evolution rate maximum, while RT continues to increase. The 250 °C
and 400 °C calcined samples, show a gradual activation rate decrease by 66.7 % and 83.3 %,
respectively, when compared to the HER profile of the RT sample. After 1 h of illumination,
the total amount of H> generated is 39.1 umol and 32.9 umol for RT and PD samples, and 26.7
pmol and 15.4 umol for the samples derived at 250 °C and 400 °C, respectively. Hereby, the
data clearly show that increasing the calcination temperature leads to a slower HER rate

increase and an overall diminished H> generation after 1 h of illumination.

H> profiles - Stability cycle: The HER rate slightly increases for the RT sample and reaches a
maximum after a total illumination of ~10 h (b in Figure 1a). For the samples calcined at 250 °C
and 400 °C, the HER rate maximum is reached earlier, already after a total illumination time of
1.5 h (c in Figure 1a) and 2.5 h (d in Figure 1a), respectively. The HER profile of the PD
sample generated in-situ under photocatalytic conditions is reminiscent of the RT sample. These
results suggest that the RT and PD samples constitute similar composition and structure of the

active state. The different activation behaviors are likely of kinetic origin, as in the case of the

5



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

WILEY-VCH

PD sample N1/TiO; formation requires a rather slow deposition of Ni species from the solution.
In contrast, the RT sample already has Ni(acac): present on the TiOx surface after the synthesis,
which facilitates a faster generation of HER-active Ni centers by the photoexcited
electrons.!'*2!1 The ability of Ni species to extract electrons from TiO» was further demonstrated
by chronoamperometry measurements (Figure S8). Overall, the data show that thermal
treatments result in a gradual HER rate decline that increases with calcination temperature and

leads to different activation/deactivation behavior.

CO: profiles - Activation cycle (Figure 1b): For the RT sample, the CO, evolution reaches a
maximum at ~22 minutes of illumination (a in Figure 1b), after which it drops abruptly by
71.7 % (b in Figure 1b). The samples calcined at 250 °C and 400 °C show similar CO; evolution
profiles. However, the 250 °C sample generates much more CO, (peaking after 20 min of
illumination, ¢ in Figure 1b), while the 400 °C sample’s CO, peak maximum appears
considerably later and is less intense (peaking after ~30 min of illumination, d in Figure 1b).
The major contribution to CO> generation clearly is due to the oxidation of MeOH, which is
used here as a sacrificial agent. ?*=*!" However, the presence of metalorganic precursors on the
catalyst’s surface, i.e. Ni(acac),, is expected to contribute to CO> generation as well upon
oxidation during the initial stage of the photocatalytic process. Accordingly, we analyzed the
samples by FTIR-ATR before and after photocatalysis (Figure 1c). Before photocatalysis, the
RT sample features vibrational bands that correspond well to the fingerprint of Ni(acac)a,
however with noticeable shifts of some signals (1512.1 to 1523.7 cm™, 1390.6 to 1400.2 cm'!
and 1257.5 to 1265.2 cm™), indicating strong interaction of the acac ion with the TiO

surface.!?3321 After calcination at 250 °C and 400 °C, the acac intensities gradually decreases

by increasing temperature. After photocatalysis, the acac bands completely vanish in all samples.

Two possibilities can explain these observations: dissolution of the acac ion into the reaction
solution and/or complete decomposition of the acac anion by the photocatalytic process.
Washing experiments of the RT sample complemented by FTIR-ATR analyses before and after
(see Figure S10) show that acac is weakly attached on the TiO; surface, suggesting that acac
gets dissolved into the reaction solution. To further confirm the origin of the CO; peaks and the
role of the acac anion, we performed two additional benchmark experiments. In the first, we
synthesized a sample following an identical synthetic procedure but using an all-inorganic
NiCl; as a precursor (NiClL/Ti0») — i.e. the only organic source in the reaction was MeOH. The
respective evolution curve clearly shows no peak formation, just a steady slow increase in CO>

(Figure 1b). In the second experiment, we used Ni(acac)> as the precursor, but performed the

6
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reaction only in water without MeOH (RT/H2O). Here, the corresponding CO> profile shows a
sharp evolution peak that drops quickly to almost no CO, formation. These data confirm that
the observed peak in the first hour of illumination directly relates to the oxidation of the
metalorganic precursor or its decomposition intermediates (as seen in ATR-FTIR for the 250 °C

and 400 °C sample).

CO: profiles - Stability cycle (Figure 1b): all Ni/TiO> samples show a steady increase in the
CO» evolution rate over time. The activity trend correlates well with the HER rate trend
according to RT > 250 °C > 400 °C. The PD sample, again, shows a reaction profile similar to
that of the RT sample, but with a lower maximum rate — expected from its lower HER activity
— thus further indicating a similar reaction mechanism. The gradual increase of the CO:
evolution rate over time observed for all samples is related to the conversion of MeOH. The
more MeOH and its decomposition intermediates accumulate over time, the stronger the

equilibrium shifts to COx.

2.1. Ni on TiO; attachment strength

(a) Thermal effect (b) Photocatalytic effect ‘
Stabilized Ni on TiO, Stabilized Ni on TiO, 3
100F - pommmmmmmmm e |: --------------------------- _-----T---
26.1% 1
' |
. 47.8% [ I
o} 83.1% I I il
i_-
5 60- v T I
® 1l Il
=
40-
0 T T
RT 250°C 400 °C RT 250 °C 400 °C

|:| After washing |:| 1 h illumination E 17 h illumination

Figure 2. Total Ni % in the Ni/TiO2 samples - i.e. stabilized Ni on TiO: - (a) after washing of
the as-prepared samples (see methods for more details) as well as (b) those after photocatalysis
(the activation- (1h illumination) and stability-cycle (after 17 h illumination)). The relative Ni

content values were calculated from the as-synthesized samples set as 100 % (see Table S3).

To gain information about the thermal and photocatalytic effects on the Ni

adsorption/coordination strength with the TiO> surface, we quantified the Ni amount present in
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the as-synthesized samples, after washing them (details in Methods), as well as after the
activation- and stability-cycles (i.e. after 1 h and 17 h illumination, HER experiment) (Figure
2). For the as-synthesized Ni/Ti02, XRF confirms that the content of Ni is close to the expected
5 at. % for all samples independent on the thermal treatment (for more details see SI, Table S3).
After washing, 83.1 % of the original Ni amount present in the RT sample got washed off,
whereas much less of Ni—47.8 and 26.1 % — was detached from the samples calcined at 250
and 400 °C, respectively (see black arrows in Figure 2a). These values clearly show that
calcination at higher temperatures results in stronger adhesion/adsorption of Ni species to TiO2
involving stronger coordination of Ni species to the TiO: lattice and partial formation of
oxy/hydroxide-like species at the TiO, surface (for more details, see -OH bands in ATR-FTIR
shown in SI, Figure S10). For the samples after HER, after the activation cycle (1 h illumination
in Figure 2b), the residual amounts of stabilized Ni on TiO> — with respect to the initial Ni
contents — amount to 45.9, 55.1 and 89.8 % for RT, 250 and 400 °C, respectively. In contrast,
the respective Ni content after the stability cycle (17 h illumination in Figure 2b) remain
significantly higher with 55.7, 78.3 and 96.2 % for RT, 250 and 400 °C, respectively. This
shows that the adhesion of Ni on the TiO; surface becomes stronger with prolonging
photocatalytic reaction. Hence, not only the calcination temperature increases the Ni adsorption
strength on TiO:, but also the photocatalytic process. Accordingly, the results show a clear
adverse correlation between Ni adhesion and photocatalytic performance: the weaker the

coordination of Ni, the more H: is generated.

2.2. Morphological analysis

The morphology of the Ni/TiO2 samples before and after HER was investigated by HRTEM
and EDX (figures shown in SI, Section 4.6). The HRTEM data show no apparent difference
between the samples neither before-after HER nor to bare TiO,. EDX analysis shows a
homogenous Ni distribution for the as-prepared Ni/TiO, samples (before HER) and for RT and
400 °C samples after HER. Yet, we see agglomeration of Ni in the PD sample — phenomenon
well known in literature for the photodeposition process %331 _ a5 well as for the 250 °C
composite. These data confirms a homogenous atomic-size distribution of Ni on TiO2, while
for the PD and 250 °C-after-HER sample, Ni generates a more dense packed area without
forming clusters that are visible in HRTEM. Furthermore, the inconsistency of seeing more
agglomeration at 250 °C than at 400 °C is possibly related to the intermediate adsorption
strength (between RT and 400 °C, as documented by XRF). This suggests that the adsorption
of Ni at 250 °C is weak enough so that Ni is able to diffuse along the TiO, surface, but strong
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enough so that it does not dissolve into the solution and randomly redeposits (such as in the

case of the RT sample). Hereby, 250 °C leads to the agglomeration of Ni species.

2.3. Ni chemical state analysis

a) N b)
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Figure 3. a) UV-Vis of the as-prepared (i.e. before HER) Ni/Ti0, samples prepared at different
temperatures (non-calcined (RT), and calcined at 250 and 400 °C), after the activation-cycle (1
h illumination), after the stability-cycle (17 h illumination) — below — and reference spectra of
relevant Nicompounds (above). b) Zoom-in of the 500 to 850 nm region. ¢) Digital photographs
of all the relevant Ni/Ti0O> samples before HER and after the activation- and stability-cycles. d)
XPS Ni2ps. detail spectra of the Ni/TiO2 samples (RT, 250 °C and 400°C) before (as-prepared)
and after HER (activation-, i.e. 1 h illumination, and stability-cycle, i.e. 17 h illumination), and

of the PD sample after 1 h and 17 h of illumination.

We used UV-Vis spectroscopy in diffuse reflection mode (DRS) to obtain insights about the
chemical state, i.e. chemical surrounding and oxidation state, of Ni before and after HER
(Figure 3a). A set of references including Ni(acac)z, NiO, Ni(OH)> and metallic Ni were used
to complement the data. The pronounced absorption band below 400 nm — visible in all spectra
mainly due to the presence of TiO2 matrix — corresponds to the ligand-to-metal charge transfer

(LMCT) of oxygen (O*) to Ti*' i.e. band-to-band excitation. 345!
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The samples before HER show that the absorption edge shifts (in the as-prepared samples, a in
Figure 3a) to higher wavelengths with increasing calcination temperature, eventually extending
the absorption range well above 500 nm. Such a shift has been related to the presence of dopants
within the TiO: crystal lattice, which add new energy levels within the band gap.!'>36°
Alternatively, this apparent shift has also been attributed to interfacial charge-transfer (IFCT)
between the photoabsorber’s (i.e. TiO2) valence band (VB) and the surface-grafted metal
species.[***1 In both cases, the increase of the metal concentration (as an impurity in the lattice
or grafted) is associated with an increase in absorption in this region. Since NiO, Ni(acac), and
Ni(OH); references also show absorption in this region, we suggest that this absorption shift is
likely due to a combination of (a) Ni(Il) diffusion into TiO, which is facilitated by high-
temperature calcination, (b) IFCT between the VB of TiO, and surface-grafted Ni(Il) and (c)
electronic transition of the Ni(Il)-complexes formed on TiO; surface (e.g. Ni-OH or Ni-O
species). Figure 3a and b show that in the range from 550 to 850 nm all samples exhibit a
characteristic Ni(I) (d®) d-d transition band.*3*4! The exact spectral shape and the position of
the absorption maximum are highly affected by the chemical environment of Ni(Il) — i.e.
coordination number, geometry and nature of the neighboring atoms — as different ligands
influence the ligand field and hence, the splitting and occupation of d-orbitals differently. The
RT sample shows an absorption band similar to that of Ni(acac) (b in Figure 3b), with a minor
contribution of Ni(OH): that likely arises from partial acac displacement upon adsorption onto
TiO,. For the 250 °C sample, the band resembles more the Ni(OH) reference, suggesting that
a much larger portion of Ni species is now hydroxylated to the TiO» surface -OH groups, Ni-
(OH)-Ti. This is in line with partial oxidation of acac as observed in ATR-FTIR spectra of the
composites, and aligns well with the stronger adhesion of Ni species to the TiO» surface, as
suggested by the XRF leaching studies (Figure 1c and 2a). For the 400 °C sample, the
absorption band flattens, which suggests further hydroxylation or even formation of Ni-O-Ti
bonds, due to possible diffusion of Ni ions into the TiO» lattice (suggested by the previous
mentioned absorption shoulder, our previous work and literature.['336-3!1

The DRS data after 1 h illumination (activation-cycle) reveals that the absorption shoulder in
the 350 to 550 nm range vanishes for all samples except for the 400 °C sample. This indicates
that at 400 °C the as-prepared Ni structure is partially preserved, which supports the diffusion
of part of Ni into the TiO> lattice. Furthermore, the characteristic Ni(Il) d-d transition in the 550
to 850 range disappears for all samples. This indicates the formation of Ni’, which can also be
suggested by the gradual color change of the catalyst powders after 1 h illumination and the
matching DRS profile of the metallic Ni reference (Figure 3b and c)."2! After 17 h

10
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Illumination (stability-cycle), all DRS spectra and the color of the samples look similar (Figure
3a and c), which indicates that all samples have transformed to a similar chemical state and

composition.

The samples were further investigated by XPS before and after HER (both activation- and
stability-cycle). Briefly, all survey spectra show the expected Cls, Ols, Ti2p and Ni2p
components. The detail spectra of the Cls and Ols belong to the acac anion and the
characteristic adventitious carbon. The Ti2p spectra show no differences before and after HER,
with a typical Ti*" spectral shape at a binding energy of 458.5 eV (Ti2p2s3), which further
excludes a potential contribution of TiO> transformation to the observed HER profiles, also
confirmed by XRD (all corresponding XPS graphs are shown in the SI, section 4.7 and XRD
in Figure S13). Yet, as preluded by DRS data, the photocatalysts show substantial differences
in their Ni2ps2 lines. Figure 3d indicates that before HER (in the as-prepared samples) no
apparent changes are induced by the different thermal treatments. The main Ni2ps/; peak has a
binding energy (B.E) 0of 855.8 eV and a small shoulder around 852.8 eV, typical values for Ni**
and Ni°, respectively.[?**5-471 Based on the DRS data, the spectral fitting parameters proposed
by Biesinger et. al¥’l and according to the measured BEs, the most probable chemical
surrounding for Ni in our Ni/TiO2 samples can be attributed to a combination of Ni-OH and
metallic Ni, with a contribution of the latter one of 17, 26 and 13 at. % for the RT, 250 °C and
400 °C samples, respectively (See SI, section 4.7.5 for more details). Therefore, we can
conclude that the main Ni species for the as-prepared samples is Ni** — in the form of Ni-OH
or Ni-acac for the RT sample and with a higher contribution of Ni-OH with increasing

calcination temperature — and Ni’.

For the samples after 1h illumination (activation-cycle), the Ni2p3» spectra show no major
differences between the samples, with the Ni oxidation state still being Ni** as the main species
and with small amounts of Ni’, yet with an increased proportion of metallic Ni in all samples
(see SI, section 4.7.5). However, after 17 h illumination (stability-cycle), we observe major
differences among the samples with a clear Ni° signal intensity increase. In more detail, the RT
and PD samples show a similar Ni**:Ni” intensity ratio — i.e. relative amount of Ni*" and Ni’ —
indicating that Ni’ becomes the dominant species. Furthermore, the similarity among the
samples, also seen in DRS (Figure 3a, 1 h illumination) indicates a similar Ni**/Ni’ formation
mechanism. For the 250 °C sample, the Ni” signal is much more intense than the Ni** signal,

indicating that in this sample even more Ni’ was generated than in the RT sample. Then at
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400 °C, the opposite is observable: the Ni” peak intensity is less than Ni**. In connection with
these observations and the information provided by XRF and EDX, the most probable
explanation, again, is the adsorption strength of Ni to TiO2. Consequently, in the RT sample,
Ni is weakly adsorbed, thus Ni can undergo an efficient redox shuttle (transformation of Ni**
to Ni” and back by reacting with H" to H, Ni*" <> Ni”), as the Ni oxidation state is not stabilized
by the adsorption to TiO», but still strong enough for electron transfer. At 250 °C, Ni starts to
get strongly adsorbed (most likely via partial chemical coordination or physisorption), thus
enabling efficient electron transfer (more Ni** gets reduced) and stabilizing Ni” on the TiO
lattice (still not strong enough to inhibit Ni® migration and agglomeration, seen in EDX). At
400 °C, Ni is even more strongly adsorbed (increasing the chemisorption character), being less
prone to structural changes. Hence, Ni** is partially stabilized by the TiO- lattice hindering its
reduction to Ni’, its migration and agglomeration.

In summary, the DRS and XPS data show that the main Ni species before HER is Ni** — in the
form of Ni-acac and Ni-OH — with a minor contribution of Ni’. After the activation-cycle (1 h
of HER) the system only slightly increases its metallic Ni content, while after the stability-cycle
(17 h of HER) most of the Ni** (mainly in the form of Ni-O-Ti and Ni-(OH)-Ti) gets converted
into metallic Ni. This transformation seems independent of the calcination temperature, but
occurs with a different efficiency (250 °C > RT > 400°C). Hence, these results clearly indicate
the in-situ formation of metallic Ni from Ni** upon photocatalytic turnover conditions, but with

a different efficiency upon calcination.
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2.4. Proposed mechanism
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Figure 4. Proposed photocatalytic mechanism and schematic of the Ni/TiO2 system for the case
of the non-calcined (RT) and calcined Ni#/TiO2 samples (at 250 °C and 400 °C) showing the
states of the photocatalytic surface for the as-prepared samples — i.e. before HER — and after

the photocatalytic reaction — i.e. after HER.

It is well accepted in literature that Ni’ constitute the active HER center,!1%11:16:17:19-22.27.33]
Furthermore, numerous studies have demonstrated the transformation of Ni** to Ni’ upon
illumination when in presence of an electron donor. Additionally, photodeposition experiments
showed how dissolved Ni** are able to react with a photo excited electron and deposit on the
substrate. 1111617271 Hereby, integrating insights from the literature with the findings presented
in this study, we can propose a photocatalytic HER active Ni state formation mechanism and
the effects of increasing pre-calcination temperature on the photocatalyst’s structure and HER
activity. Summarizing the key findings of this study as obtained by XRF, TEM/EDX, UV-Vis,
and XPS:

1. With increasing temperature, the performance of Ni/TiO2 in HER decreases, coinciding
with stronger Ni adhesion/adsorption onto TiO», as indicated by XRF analysis.
2. During photocatalysis, the efficiency of Ni** to Ni’ reduction follows the sequence 250

°C > RT/PD > 400 °C, as revealed by DRS and XPS.
13
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3. At 400 °C, the oxidation state of Ni*" is stabilized within the TiO, lattice, while at 250
°C, Ni” dominates, as indicated by DRS and XPS.
4. RT and PD samples exhibit consistent patterns across various data sets (HER, UV-Vis,

XPS), indicating similarities in the composition and structure of the Ni active state.

By correlating these observations with the HER performance, existing literature and a two-step

photo-transformation of Ni on TiO; surface:
. ) .
NiZ" +2 e — Ni°

Ni’+2 H & Ni*" + H,
involving Ni photoreduction and electron release to form H, we can propose a formation
mechanism of the active Ni species during HER as summarized in Figure 4.
Figure 4, the RT sample demonstrates weak physisorption of Ni*" species, which are capable
of re-dissolving into the solution during the photocatalytic reaction. Similar to the
photodeposition process observed in the PD sample, these re-dissolved Ni species then get
photodeposited back onto the TiO, surface in the form of Ni’ through a reaction with the
photogenerated electrons in TiO> (Ni undergoes reaction step I). Subsequently, H" generated
from the decomposition of MeOH/acac get adsorbed onto Ni’ centers and reduced to H», which
ultimately regenerates the Ni** state (Ni undergoes reaction step II).
At the calcination temperature of 250 °C (Figure 4, 250 °C), stronger Ni adsorption takes place,
leading to a partially chemisorption character of the anchoring and stronger electronic
communication with TiO,. Consequently, more electrons can be conducted through this
Ni/TiO; interface, resulting in an increased degree of Ni reduction. Hence, Ni’ is stabilized on
the TiO> surface and continues to grow, acting as an efficient electron trap increasing the Ni’
content and the undesired growth and agglomeration. That means, at 250 °C the reaction step
I1 is partially inhibited, leading to a Ni” accumulation and less efficient HER performance.
At 400 °C (Figure 4, 400 °C), we observe that Ni is much stronger adsorbed to the surface -
OH/-O groups, with an increased chemisorption character. Additionally, Ni is partially
incorporated into the TiO> lattice (likely its sub-surface), which leads to a stabilization of the
Ni*" state. As a result, reaction step I is partially hindered and less Ni’ is generated leading to a
drop in HER performance.
In summary, for effective extraction of photoelectrons from the TiO> support and their injection
into adsorbed H' to generate Hy, it is crucial for Ni to be weakly adsorbed/adhered to the TiO>»
surface. In this situation, Ni species facilitate a dynamic and reversible redox shuttling (Ni** <

Ni%) of the electrons between TiO> and reactants, similar to the case observed in Ni/TiO,
14
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samples prepared via Ni photodeposition."®481 In contrast, when Ni species are strongly
adhered to the TiO» surface, either by becoming a part of the TiO; lattice or by transforming
into Ni’ aggregates, this dynamic process is partially hindered. In such cases, Ni centers are
limited in their ability to undergo redox shuttling, resulting in less efficient transformation

between Ni*" and Ni° states, which consequently, limits their photocatalytic performance.

3. Conclusions

In this study, we demonstrate that post-synthesis calcination of the photocatalyst can negatively
impact its photocatalytic performance. Ni, acting as a co-catalyst, was grafted onto TiO>
nanoparticles (Ni/Ti0O2) using a wet impregnation method and then subjected to calcination at
250 and 400 °C. The non-calcined N#/TiO, sample (RT) exhibited the highest performance,
with a gradual decrease in hydrogen generation as the calcination temperature increased (RT >
250 °C > 400 °C). XRF analysis and Ni washing experiments revealed that the primary cause
of this effect is the increase in the adsorption strength of Ni on the TiO> surface. As the
calcination temperature increases, Nibecomes more strongly adsorbed (RT <250 °C <400 °C),
hindering its ability to efficiently undergo a redox shuttle (transformation of Ni** to Ni’ and
back after reaction with H' to Ha, i.e. Ni** <> Ni’) required to generate H» efficiently. At 250 °C,
Ni*" adsorption becomes strong enough to facilitate efficient electron transfer between TiO>
and Ni**, leading to agglomeration of Ni’ and acting as an electron sink, thereby inhibiting the
dynamic Ni*" <> Ni’ shuttle. At 400 °C, Ni establishes an even stronger adsorption with TiO»,
stabilizing Ni** state and preventing the formation of Ni’. Thus, the stabilizing effect of Ni** or
N1’ in the various calcined samples detrimentally affects the overall photocatalytic performance.
Hereby, this work underscores that not only Ni’ plays a key role in enabling efficient HER
performance, but also the right Ni*":Ni” ratio which enables dynamic and efficient Ni** <> Ni°
shuttling. These findings emphasize that possible side effects of chosen calcination and
synthetic methodologies need to be considered when designing a range of photocatalytic

materials.

4. Experimental Section/Methods

Synthesis of the composites: All materials used for the syntheses were obtained from
commercial suppliers: anatase TiO> and Ni(acac), from Sigma-Aldrich; absolute ethanol was
used for the synthesis (from Chem-Lab NV); deionized water and HPLC-gradient grade
methanol (from VWR) were used for the photocatalytic experiments. The composites were

synthesized by a wet impregnation method with post-synthetic thermal treatments conducted in
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ambient air. The general synthesis procedure used for all samples included (a) suspending the
TiO2 powder (12.5 mmol) in 20 ml of the corresponding solvent (ethanol or water). b) Next,
the Ni(acac), (0.626 mmol) was dissolved separately in the corresponding solvent (70 ml for
H>0 and 50 ml for EtOH) and sonicated for 5 min. c¢) The two solutions were then mixed and
sonicated for 10 min. d) The sample prepared under air (EtOH/air) was left stirring at 60 °C
until complete evaporation of the solvent took place, while the vacuum samples (EtOH/vacuum
and H>O/vacuum) the solvent was extracted by a rotary evaporator. e) The remaining powder
was then collected and ground. f) Afterwards, the samples were heat-treated in ambient air at
the corresponding temperature (no heat treatment (RT), 250 or 400 °C) with a heating ramp of
2 h to reach the desired temperature, and then allowed to naturally cool down. In the case of the
photodeposited sample (PD), TiO2 (0.11 mmol) was suspended in a 50:50 vol. % MeOH-water
solution and a Ni(acac), stock solution was added aiming for 5 at.% Ni. Next, the standard
photocatalytic experiments was carried out to allow in-situ deposition of Ni on TiO> and
simultaneous H> detection (see photocatalytic experiment section for details). For the washing
experiments, the corresponding samples were suspended in a 10 ml MeOH:H>O solution (same
solution as for the HER). After stirring for 5 minutes, the suspensions were vacuum filtered and
dried under vacuum yielding powders for XRF analyses.

Photocatalytic experiments: Hydrogen evolution experiments were performed using a side
irradiation gas-flow slurry type home-made reactor equipped with a LED lamp light source
centered at 365 nm + 20 nm (Thorlabs) (Figure S1) and an in-situ product detection system. In
a single experiment, 10 mg of the powdered photocatalyst was dispersed in 10 ml 50:50 vol. %
MeOH-water solution. During the experiment, the reactor was continuously purged with argon
(flow rate of 15 ml min™!, controlled with a mass flow controller from MCC-Instruments) to
deliver the gaseous products to the online gas analyzer (X-Stream®, Emerson Process
Management) equipped with a thermal conductivity detector (TCD) for Hz quantification and a
photometric non-dispersive IR sensor for CO; detection. The temperature of the reactor was
kept constant at 15 °C through a water-cooling system (Lauda). The 3 min delay between the
start of illumination and the rise of hydrogen signal in all H> and CO» rate graphs is due to the
experimental setup as the carrier gas (Ar) needs a certain time to reach from the reactor to the
detector (see Figure S1).

Characterisation methods: Transmission electron microscopy (TEM) images were obtained
using FEI TECNAI F20 transmission electron microscope equipped with a field emission gun
in bright field mode using 200 kV acceleration voltage. The sample was prepared from an

ethanol suspension, using a copper holey carbon-coated grid (Plano, 200 mesh). The EDX
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mapping was performed with the same device in scanning mode with approximately 2 nm
resolution and high-angle annular dark-field imaging (HAADF) equipped with a EDAX-
AMETEK Apollo XLTW SDD EDX-detector. The chemical composition of the samples was
obtained with X-ray photoelectron spectroscopy (XPS). All measurements were carried out
with the sample in normal emission angle with respect to the analyzer. The samples were
mounted onto the sample holder using double-sided carbon tape and In-foil. The XPS spectra
were acquired using an Axis Ultra DLD instrument from Kratos Analytical (UK) with the base
pressure during spectra acquisition better than 1.1 x 10® Torr (1.5 x 107 Pa), achieved by a
combination of turbomolecular and ion pumps. Monochromatic Al-Ka radiation
(hv = 1486.6 V) is employed with the anode power set to 150 W. All spectra were collected at
normal emission angle. Data analysis was done using the CasaXPS Version 2.3.19PR1.0
software package employing Shirley/Shirley Tougaard backgrounds and Scofield sensitivity
factors.**3 Curve fits using combined Gaussian-Lorentzian peak shapes (GL(30)) were used
to discern the components of detail spectra, except for the metallic Ni where an asymmetric
LA(1.1,2.2,10) line shape was used. The binding energy scale was calibrated using sputter-
etched Au, Ag and Cu standard samples, which exhibit Au 4f;,, Ag 3ds, and Cu 2p3» peak
positions at 83.96 eV, 368.21 eV and 932.62 eV, respectively. Hence, all binding energies are
given with respect to the calibrated Fermi level at 0 eV. All content values shown are in units
of a relative atomic percent (at. %), where the detection limit in survey measurements usually
lies around 0.1-0.5 at. %, depending on the element. The accuracy of XPS measurements is
around 10-20 % of the values shown. Assignment of different components was primarily done
using Refs.31™2 For the attenuated total reflection Fourier-transform Infrared spectroscopy
(ATR-FTIR) measurements a PerkinElmer FTIR Spectral UATR-TWO with a spectrum two
Universal ATR (Single Reflection Diamond) accessory was used. The X-ray Fluorescence
Spectroscopy (XRF) chemical quantification analysis was performed with an Atomika 8030C
X-ray fluorescence analyzer with a Molybdenum X-ray source monochromitized Ka-line. The
excitation conditions were 50 kV and 47 mA, 100 s with a total reflection geometry and an
Energy-dispersive Si(Li)-detector. For the sample preparation, all reflectors were washed
thoroughly and measured to account for true blanks. 1 mg of the solid nano-powder was loaded
on the clean reflectors and sealed with 5 uL ofa 1 % PVA solution to avoid contamination of
the detector. After drying for 5 min on a hot plate and cooling, the reflectors with the loaded
samples were measured. For the data evaluation, Ti was set as a matrix with 100 % (wt. %) and
relative amounts of Ni were acquired (wt. %). The accuracy of TXRF measurements is around

10 % of the values shown. An exemplary XRF spectrum of a Ni/TiO2 sample is shown in Figure
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S12. For the Diffuse Reflectance Ultraviolet Spectroscopy (DRS or DR-UV-Vis) a Jasco V-
670 UV-Vis photo spectrometer was used and the reflectance spectra of the catalyst powders
were acquired using an integration sphere accessory. The X-ray diffraction (XRD) was
performed using an XPERT II: PANalytical XPert Pro MPD (®-® Diffractometer) for the
experiments. The sample was placed on a sample holder and irradiated with a Cu X-ray source
(8.04 keV, 1.5406 A). The signal was acquired with Bragg-Brentano ©/@-diffractometer
geometry ranging from 5° to 80° degrees. The detector system was a semiconductor

X’Celerator (2.1°) detector.
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1. Photocatalytic setup
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Figure S1. Scheme of the photocatalytic setup used for the in-flow in-situ Hz- and CO»-

detection. a) Schematic representation of the experimental setup. b) A photograph of the reactor

where the photocatalytic experiments were carried out.
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2. TiO:; benchmark experiments

To determine and consider the potential effects that high-temperature calcination can imply on
the resulting crystallinity and defect level of TiO2 — used throughout this work as a support
material — we performed HER experiments by using a non-calcined TiO2 powder (RT) and the
one calcined at 400 °C. For the experiments, we used the same Ni(acac)> solution used for the
PD samples (described in the main manuscript “experimental section/methods”). Figure S2
shows that the HER performance of the resulting Ni/TiO2 samples based on bare (RT) and
calcined (400 °C) TiO2 powders is almost identical, which strongly suggests that the
temperatures used in this work (250 and 400 °C) are low enough to preserve crystallinity or
defect levels of the supporting TiO» intact. This in turn, allows us to exclude these effects when
discussing HER trends of the Ni/TiO, samples prepared via wet-impregnation and concentrate

our discussion on the effect of Ni/TiO; interface and quality of the Ni species.
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Figure S2. HER performance of TiO: samples (using Ni(acac), as cocatalyst via
photodeposition) based on bare TiO; (RT) and the one calcined at 400 °C. The yellow area
shows the illumination period. The short delay between the start of illumination and the rise of

H> signal is due to the experimental setup (see experimental section and Figure S1).
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3. Variation of synthetic conditions and reproducibility tests

We investigated the effect of different synthetic parameters and the reproducibility of the
Ni/T10; photosystem. For this, we started with the same precursors, but used different solvents
(ethanol or water) and two different ambient (under air or vacuum). These samples are: in
ethanol under vacuum (EtOH/vacuum), ethanol under air (EtOH/air) and water under vacuum
(H2O/vacuum). Experimental details can be found in the experimental section of the main
manuscript. Then, three different calcination protocols were applied to prepare non-calcined —
i.e. as-prepared (RT) — as well as 250 °C and 400 °C calcined samples. All the samples were
tested for the capacity to generate hydrogen, where the most active sample set was obtained
with EtOH/vacuum (the sample set discussed in the main manuscript), followed by the EtOH/air
and H>O/vacuum (Figure S3). All samples were characterized by UV-Vis, ATR-IR, TEM,
TXRF and XPS, revealing similarity in their structure and composition, so no major differences

among the different sets could be concluded (see the corresponding sections).

3.1. HER

The HER rate analysis in Figure S3 shows that all sample sets reveal the same trend: the RT
sample is the most HER active and we observe gradually decreasing HER rate with increasing

calcination temperature, independent of the synthetic protocol used.
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Figure S3. HER performance of Ni/TiO> samples prepared using different solvent/ambient
conditions and different post-calcination temperatures. a) In-situ H> generation profiles over the
first 65 min of the experiment. b) Bar graph derived from the HER datasets in figure a, showing

HER rates achieved for the samples after 65 minutes of experiment.
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3.2. UV-Vis

UV-Vis data in Figure S4 show a shift of the absorption band to higher wavelength in the range
from 400 to 550 nm for the samples prepared using different protocols. This shift takes place
in a reproducible way in all sample sets from the RT to 400 °C. In the range from 550 to 900
nm we see the characteristic Ni(II) d-d transition. The RT samples show the same band as pure
Ni(acac). for both samples synthesized in EtOH. The samples synthesized in water, however,
show a shift to higher wavelength, which is probably induced by Ni forming an aqua complex
([Ni(H20)6]*"). At 250 °C all the profiles are quite similar, with the Ni species hydroxylated to
the TiO, surface -OH groups, Ni-(OH)-Ti. Then, at 400 °C, the band flattens suggesting more
hydroxylation and Ni-O-Ti bonds. The data show a slight change in the Ni coordination for the
RT samples when using EtOH or H»O, yet by gradually increasing the calcination temperature
all samples start to resemble each other, which hints for a similar chemical environment and
structure. Hence, the most probable cause of the different HER rate observed in Figure S3, is
the difference in the initial chemical environment of Ni species and the way Ni transforms

during the photocatalytic reaction.
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Figure S4. UV-Vis of Ni/TiO; samples prepared using different solvent/ambient conditions

and different post-calcination temperatures.

118



WILEY-VCH

3.3. ATR-FTIR

The ATR-FTIR spectra for the different RT samples (Figure S5) indicate the presence of the
acetylacetonate rest, which signal is gradually vanishing by increasing the calcination
temperature (independent of the sample set investigated). These observations are reproducible

for all data sets.
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Figure SS5. ATR-FTIR of Ni/TiO2 samples prepared using different solvent/ambient

conditions and different post-calcination temperatures.
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34. TEM

The TEM micrographs in Figure S6, also show no major difference among the samples, neither

to pure TiO».

EtOH/vac - 250 °C |1 EtOHfvac - #80.°C

10

H;O/vac - RT

Figure S6. TEM images of Ni/TiO; samples prepared using different solvent/ambient

conditions and different post-calcination temperatures.

120



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

WILEY-VCH

3.5. XPS

The XPS data in Figure S7 are consistent among the samples, with no significant changes

observed when different post-treatment temperatures were applied.

EtOH/Vacuum H,ONacuum EtOH/air All samples

RT .
- — 250°C !

Normalized Intensity (au)

0 885 B850 BL5 830870 B85 860 855 850870 865 860 855 850870 865 860 855 850
Binding energy (e.V)

-]

Figure S7. Ni2p XPS of N1/TiO, samples prepared using different solvent/ambient conditions

and different post-calcination temperatures.
3.6. Quantification of the Ni content in each sample by XRF and XPS surveys

Table S1. XRF of Ni/TiO> samples prepared using different solvent/ambient conditions and

different post-calcination temperatures. Ni at. % in relation to TiO; (taken as 100 %).

XRF XPS

Sample at. % Ni
EtOH/Vacuum

RT 6.3+0.6 4.7+0.5

250 °C 53+0.5 2.6+0.3

400 °C 48+0.5 3.1+0.3
H>O/Vacuum

RT 52+0.5 52+0.5

250 °C 52+0.5 4.6+0.5

400 °C 54+03 33+0.3
EtOH/Air

RT 53+0.3 2.8+0.3

250 °C 53+0.5 49+0.5

400 °C 49+04 3.6+04
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4. Further characterization data of the Ni/TiO; samples discussed in

the main manuscript

4.1. Chronoamperometry measurements

To investigate the ability of the Ni species to extract electrons from TiO> substrate, we
performed chopped-light chronoamperometry measurements of the RT sample and a TiO:
benchmark (Figure S8). To perform the measurement TiO2 and Ni/TiO2 powders (RT sample)
were deposited onto glassy carbon electrodes using an ink formulation that consisted of 10 mg
of the corresponding powder, 50 pL of Nafion solution (5wt% in water and low aliphatic
alcohols), and 950 uL of isopropyl alcohol. The mixture was briefly sonicated to obtain a
homogeneous dispersion. Afterward, SOuL of the corresponding suspensions were taken and
drop cast onto glassy carbon (GC) disk electrodes. GC/TiO2 and GC/RT electrodes were used
as working electrodes in a three-electrode setup in which Pt plate served as counter electrode
and Ag/AgCl (in 3M KCI - E’=0.210V) was used as the reference electrode. 0.1M Na>SO4 in
water was used as the electrolyte. In order to simulate the photocatalytic reaction conditions,
all the experiments were performed at open circuit conditions and the photocurrents was
measured using a Thorlabs Solis 365C High-power LED light source.

The data show, that upon illumination TiO; delivers up to 4 pA/cm?. The electrode behaves as
a photoanode, which is expected considering the n-type character of TiO>. The RT electrode
delivers almost 10 times less photocurrent than the pure TiO2 (Figure S8). This is something
we have anticipated as the introduction of reductive co-catalysts into the structure of TiO:
hinders it from conducting holes. When photocatalysts are illuminated, excitons (electron-hole
pairs) are generated. These can either undergo (1) recombination in the catalyst core (bulk
recombination), (2) recombination at the surface (surface recombination) or they might (3) be
quenched by oxidants at the surface. When the surface does not contain any oxidants at higher
energies than the conduction band edge, but sacrificial electron donors are available (such as
methanol), holes in the valence band will be scavenged while electrons remain in the
photocatalyst. This in return, results in negatively charged particles. These particles will
generate anodic currents (the case of pure TiO2 on GC). However, when electron acceptors
(oxidants) are on the surface, they will take up these electrons balancing the charge and
hindering the extraction of holes (the case of GC/RT) hence, causing a decrease in observed
photoanodic current. In other words, the photocurrent data indicate that the presence of Ni in
the photosystem enables the extraction of electrons, which is in line with its reductive co-

catalytic nature.
10
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Figure S8. Chronoamperometry measurements of the RT sample and the TiO2 benchmark. The

yellow area shows the illumination period

4.2. Additional calculations of the H2 and CO: evolution rate

We calculated the total amounts of H> and CO; generated during the photocatalytic reaction by
integrating the activation- and stability-cycle areas obtained from the HER profiles presented
in Figure 1 as well as the H, and CO» evolution rate increase in the activation-cycle. This
information is presented in Table S2. Furthermore, we estimated the theoretical maximum CO>
amount that can be generated from the acetlyacetonate (acac) present in the reaction. For this
calculation, we assumed the most oxidizing conditions, as the reaction mechanism — to the best
of our knowledge — is not known under this condition. According to this, a single acac anion —
with formula CsHgO>— can generate a maximum of 5 COz;
CsHsO2 > 5 CO»

From Table S1 we know that the RT sample contains 6.3 at. % Ni, which corresponds to 0.008
mmol Ni (10 mg of sample was used in the photocatalytic reaction). This corresponds to 0.016
mmol of acac from Ni(acac)z. Thus, according to the equation above, we can generate a
maximum of 78 umol of CO» from acac considering its full oxidation. The RT/H>O sample
(Table S2) shows that acac after 17 h of illumination generated 0.58 pmols of CO» at a constant
rate, as the curve in Figure 1b reveals. Thus, the amount of CO» generated is much below the
theoretical one. The underlying cause of this effect is out of the scope of this work, yet most
probably it is related to the reaction kinetics, as acac needs more time under this conditions to
fully oxidize. The formation of CO; by the RT/H>O and NiCly/TiO> reference samples
(Figure 1b) clearly show that both carbon donors (acac and MeOH) contribute to the overall

11
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CO; generation, while the steady increase of the CO; evolution rate mainly originates from

MeOH oxidation.

Table S2. Integrated area of the activation- and stability-cycle along with the total area (i.e.
total amount of H> and CO» generated) and the slope of the activation-cycle of the Hz and CO>

evolution profiles shown in Figure 1. See Figure S9 for details how the slope was determined.

H» CO2
Integrate slope Integrate slope
activation- stability- activation- stability-
cycle cycle Total cycle cycle Total

umol umol h? umol umol h?
RT 39.1 788.6  827.7 0.06 0.3 6.4 6.7  0.00056
250 °C 26.7 624.7 6514 0.02 0.3 4.2 4.6  0.00090
400 °C 15.4 386.7  402.1 0.01 0.1 2.1 2.2 0.00020
PD 32.9 6509  683.8 0.06 0.2 4.7 4.9 0.00020
RT/H>O 0.0 0.0 0.0 0.00 0.1 0.5 0.6  0.00060
NiCl2/TiO2 33.9 339.8  373.7 0.04 0.03 0.9 0.9 0.00001
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4.3. H:evolution rate profiles of the NiCl2/TiO2 and RT/H20 samples

The H: evolution profile of NiClo/TiO2 and RT/H2O references are shown in Figure S9. The
NiCl/TiO2 sample shows that the anion present (i.e. the impurities of any kind, as the data
discussed in section 3, reproducibility test revealed) also affects the overall activity and the
reaction pathways of the Ni/TiO; photocatalyst, as the only difference between the Ni/TiO2 and
NiClp/TiO2 samples is the composition of the Ni precursor (NiCl; or Ni(acac)z). To reveal the
effect of these anions is out of the scope of this work. Yet, most probably acac (and the solvent
remnants from the synthesis) forms radicals and other reactive intermediates during the
reaction, which affect the formation of the final active Ni species. ! This data clearly shows
that further parameters (like the anion decomposition intermediates) play a role in the overall

activity and further research is necessary.

12
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Figure S9. HER evolution rate of the RT sample tested only in water (i.e. without sacrificial
agent, MeOH, RT/H20) and the NiClo/TiO2 sample tested under standard conditions (in
presence of MeOH) showing the full 21 h HER profile (activation- and stability-cycle). The
illumination periods of the photocatalyst are indicated by the yellow region. In the figure is also

shown how the evolution rate increase was determined for the H, and CO» data (Table S2).

4.4. ATR-FTIR

4.4.1. Full range ATR- FTIR spectra shown in Figure 1

Transmission
N
(4]
(=)
[9]

Anatase
—— Ni(acac),

4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure S10. ATR-FTIR before and after HER (indicated by *) for the EtOH/Vac. Sample

showing the OH band at 3000-3800 cm’'.

4.4.2. Washing experiment of the RT sample
The aim of this experimental setup was to test how strong is the acac ion attached to the TiO:
surface in the non-calcined, RT-derived sample. For this, the 10 mg of the RT sample was
stirred in a MeOH/H;O solution for 30 minutes, filtered and washed 3 times with 5 mL water.
The data, shown in Figure S11, indicates strongly that acac is weakly attached on the TiO2
surface, as no acac is visible after the washing experiments; the resulting FTIR spectrum

resembles that of the pure TiO; reference. These data support the washing experiments and
13
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XRF quantification data of Ni presented in the main manuscript (Figure 2/Table S3), showing

that both, Ni and acac are weakly attached on the TiO> surface and once the powder is immersed

in the reaction solution, both get dissolved.

Transmission

——RT
——RT_Washed
—TiO,

4000 3500 3000 2500 2000 1500
Wavenumber (cm™")

1000

Figure S11. ATR-FTIR spectra of the RT sample before and after washing along with the

TiO» reference.

4.5. XRF

30750
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102504
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Figure S12. Example XRF spectrum of the EtOH/vac. sample.
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Table S3. XRF and XPS Ni quantification of the Ni/TiO> samples prepared at different
temperatures (RT, 250 and 400 C) and the photodeposited sample. Each sample is shown as-
prepared, after washing, as well as after 2h (activation-cycle) and 21 h (stability-cycle) of HER
run. Ni at. % is given in relation to TiO2. The Ni % was calculated from the as-prepared (before

HER) samples set as 100 %.

Units RT 250 °C 400 °C PD
Before HER 6.3+0.5 52+04 50+04 -
After washing  Ni 1.1+£0.1 27+£03 3.7+04 -
After 2h HER  at. % 29+0.2 29+02 45+£03 33+02
XRF After 21 h HER 35+03 41+03 48+04 53+04
after washing % of 169+1.7 522+52 739+74 -
after 2 h HER ‘ 459+46 551455 89.8+9.0 -
after 21 h HER N 557+56 783+78 96.2+9.6 -
Before HER ‘ 4.7+0.5 26+£03 3.1+03 -
XPS After 2 h HER N . 0.9+0.1 03+0.1 04+0.1 0.7+0.1
After 21 h HER A 0.7+0.1 0.6 +0.1 1.8+£02 2.0+£0.2

4.6. XRD, HRTEM and EDX/STEM

To further elucidate on possible changes upon calcination and HER of the investigated samples,
we analyzed them by XRD (Figure S13), HRTEM (Figure S14) and STEM/EDX mapping
(Figure S15). The XRD data confirms that all samples correspond to a mixture of anatase — the
major component — and rutile TiO2, with no apparent changes in anatase/rutile ratio.
Additionally, neither Ni-related-phase, nor other changes induced by calcination or
photocatalysis could be observed. The HRTEM images revealed no visible changes (as
discussed in the main manuscript), therefore we further analyzed them to determine the lattice
spacing. This was done using the software “Imagel” and is shown in Figure S14 and Table S4.
A fast Fourier transform (FFT) was applied, revealing the calculated diffraction pattern of the
image and through masking individual diffraction spots the lattice direction of interest was
chosen. After applying the inverse FFT on the masked pattern the specific lattice spacing could
be measured with reasonably high precision. The analysis revealed no change in crystallinity
upon calcination or HER, with all values interspacing values corresponding to the TiO; lattice,
in line with the XRD data. The STEM/EDX observations are discussed in the main manuscript.

Furthermore, our previous investigations — where we investigated a Ni(acac), wet impregnated
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Ti0; (P25) with electron diffraction, TEM and XRD — revealed also that the deposited Ni salts

are of amorphous nature. [ Hereby, we can conclude that the Ni-species — and accordingly the

acac anions — are homogeneously, randomly, amorphously and atomically dispersed on the

Ti0; surface. Hence, they are not visible using crystallographic methods.
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Figure S13. XRD of the EtOH/vac. samples before and after 21 h HER (indicated by the arrow,

from before to after HER).
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Before HER

After HER

Figure S14. TEM image of the EtOH/vac. samples before and after 21h HER with the
corresponding TiO> and the photodeposited (PD) samples as references. Highlighted are the
areas taken to determine the atomic spacing with a 3 times magnification (3x) of the original

image. The spacing between fringes for all samples is shown in Table S4.

Table S4. Atomic spacing determined of the EtOH/Vac. Samples before and after HER as well
as the TiO2 and PD reference samples. Values taken from the TEM images shown in Figure

S14.

Before HER After HER
A
TiO; 3.5+£0.1 -
PD - 3.5+£0.1
RT 35+0.1 3.5+£0.1
250 °C 36+0.1 3.5+0.1
400 °C 35+0.1 3.6£0.1
17

129



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

WILEY-VCH

RT 250°C 400 °C

50.00 nm k- 50.00 nm

STEM area

Before HER

20.00 nm 20.00 nm 20.00 nm

After HER

50,00 nm T o 50.00 nm
bt D ———

Before HER

20.00 nm - 20.00 nm

After HER

50.00 nm 50.00 nm 50.00 nm

EDX, Ni-K edge

Before HER

20.00 nm 20.00 nm 20.00 nm

20.00 nm

After HER

Figure S15. STEM and EDX elemental mapping of the Ni/T10, and PD sample before and
after HER (after 17 h of illumination).
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Survey and detail spectra of all Ni/TiO> samples discussed in the main manuscript are shown

in the following sections. For simplicity — and as no changes where observable between the

spectra — only the as-prepared samples (i.e. before HER) are presented with regard to their

detailed spectra.

4.7.1. Surveys

CPS

1200

oo —RT
s ——250°C
== ———400°C
o 00
Lo
o
Q.
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=
w
—
(]
A h
1000 800 600 400 200 ' 0

Binding energy (eV)

Figure S16. XPS survey of the as-prepared samples (i.e. before HER). Shadowed regions were

used to acquire detail spectra; the rest of the signals belong to other In, Ti and O transitions.

4.7.2. Cls
4000 -
——C-C, C-H —RT
—— C-0OH, C-0-C — 250 °C
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Figure S17. Cls detail spectrum of the as-prepared RT sample (left) along with different C-
species, and the overlaid spectra of RT, 250 °C and 400 °C Ni/TiO2 samples (right).
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4.7.3. Ols
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Figure S18. Ols detail spectrum of the as-prepared RT sample (left) along with the fits of
different O-species, and the overlaid spectra of the RT, 250 °C and 400 °C Ni/TiO> samples

(right).

4.7.4. Ti2p
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Figure S19. Ti2p detail spectrum of the as-prepared RT sample (left) along with the fitted
Ti2p orbit splitting, and the overlaid spectra of the RT, 250 °C and 400 °C Ni/Ti0O2 samples

(right).
4.7.5. Ni 2p reference plots and quantification details

In order to determine the chemical surrounding of the Ni species in the investigated samples by
XPS, we used for the data evaluation casaXPS and the constrains proposed by Biesinger et. al.
(8] In Figure S20, we show the spectra of the RT sample before HER with the typical Ni2ps.
peak with binding energy (B.E) of 855.8 eV and a small shoulder at 852.8 eV. With this sample,
we show the different theoretical fits that correspond to a pure Ni(OH)2, NiO and Ni° species

and a mixture of those. [#%71 These different fits show that the Ni chemical surrounding in the
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sample corresponds to a mixture of Ni(OH), and metallic Ni. We also used NiO and NiOOH
(only shown NiO in Figure S20), yet those ones did not show any improvement to the fits, and,
thus, for simplicity we used the minimal required spectral fitting parameters.[! Hereby, we can
conclude that the main Ni species in the RT sample before HER is Ni(OH), and Ni’. The same
applies for the 250 °C and 400 °C samples shown in Figure S21.

Ni(OH),
—— NiO
—— Ni

Background|
--—-~ Envelope

Ni(OH), + NiO NS —-\b—'\«w Ni(OH), + Ni o ~-vy‘-\w

CPS

Ni(OH), “':\‘w
¥ ¥ ¥ T T ¥ T y T T T T
870 865 860 855 850 870 865 860 855 850
Binding energy (eV)

Figure S20. The as-prepared Ni/TiO2 RT sample with different theoretical fits to elucidate the
Ni chemical surrounding: pure Ni(OH)>, NiO, metallic Ni and a mixture of those. Fitting data
taken from Biesinger et al.®]. We used the Shirley background and Gauss-Lorenzian line shape,

GL(30), for Ni(OH), and NiO and asymmetric line shape, LA(1.1,2.2,10), for metallic Ni.

To quantify the amount of Ni(II) and Ni° present in the samples, we used the spectral fitting
parameters of Ni(OH), and Ni’. The corresponding fits can be seen in Figure S21 and the
calculated Ni(OH), and Ni’ quantification (in at.%) is shown in Table S5. Note that this
quantification method bares an intrinsic error that is estimated 10 - 20 % for the samples before
HER. For the XPS data after 1 h HER (activation-cycle), the error is estimated higher, as the
data is more noise. For the data after the stability-cycle no adequate fitting was possible (see

Figure S21 after 17 h HER), and thus, the obtained values only provide qualitative information.
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Figure S21. Spectral fits of the as-prepared Ni/TiO> samples (RT and 250 °C and 400 °C

derived) and those after 1 hand 17 h of HER. The spectral fitting data were taken from Biesinger
et. al ¥ We used the Shirley background and Gauss-Lorenzian line shape, GL(30), for Ni(OH),

and asymmetric line shape, LA(1.1,2.2,10), for metallic Ni.
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Table SS. Metallic Ni and Ni(Il) quantification of the N1/TiO> samples (RT and 250 °C and
400 °C derived) before HER and those after 1 h and 17 h of HER. The quantification was
obtained from the spectral fitting data provided by Biesinger et. al [*¥! for the Ni(OH), and Ni°
fits. See Figure S21 for the corresponding spectral fits. For the as-prepared samples (before
HER), the error is estimated around 10-20 %; it is higher for the data after the activation-cycle
as the data show more noise. The values shown for the samples after the stability-cycle is only

qualitative, as no proper fit to the measured data was possible (see Figure S21).

RT 250 °C 400 °C PD

at.%
As-prepared
Ni’ 17.0 26.7 13.7 -
Ni(II) 83.0 73.1 86.3 -
Activation-cycle
Ni’ 38 52 19 38
Ni(II) 62 46 81 62
Stability-cycle
Ni’ 77 85 57 83
Ni(II) 24 16 43 17
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Conclusions and outlook

The focus of this thesis was to systematically compare different co-catalyst for their photocat-
alytic HER and OER capacity. The investigated metals were Ni, Mn, Co, Fe, and Cu that
were attached on TiOs. All photocatalyst were synthesized by impregnating TiO, with the
corresponding metal salt (Ni(acac)s, Mn(acac)s, Co(acac)s, Fe(acac); and Cu(ac)sy) followed
by calcination under air. Among these metals, only Ni and Cu showed enhanced HER per-
formances — towards bare TiO, — while for the OER, Fe and Co showed co-catalytic effects,
and Mn, a detrimental effect, as no O, was generated at all. Further investigation of the HER
capacity of Ni and Cu revealed that calcination (from no-calcination up to 400 °C) of the
photocatalysts had a detrimental effect on the overall HER performance. In both, Ni and Cu
systems, the higher the calcination temperature was, the lower was the generated amount of
Hs. A careful and extensive analysis of the photosystems — using a plethora of characterization
methods — revealed that by increasing calcination temperature, Cu and Ni species got gradually
stronger attached on TiO,. These observations were followed by an extensive investigation to
elucidate the structural and the oxidation state changes taking place upon calcination. For
Cu, all samples revealed the same mixed oxidation state — Cu’, Cu™ and Cu®" — with similar
proportions of the three Cu species independent of the calcination protocol used. However,
structural analyses showed that by increased temperature, Cu — in form of Cu™ — diffuses into
the TiO, lattice. This leads to a combination of effects, such as the addition of defects into the
TiO, lattice that act as charge recombination centres, and the reduction of Cu concentration —
i.e. catalytically active sites — available for the reactant on the TiO, surface. The analysis of
the Ni-based photosystem, showed also a mixed oxidation state — Ni” and Ni*" — independent
of the sample preparation method. While for the Cu system, only the as-synthesised samples
(i.e. before HER) were analysed, for the Ni system the samples were investigated before and
after HER. This led to remarkable findings, as in literature — as well as in manuscript No.1 of
this thesis — the HER performance is attributed to the presence of Ni’, however, manuscript
No.3 revealed that rather the mixed oxidation state of Ni® and Ni%" is required®®®=67 to pro-
mote HER effectively. Upon illumination, Ni acts a dynamic catalyst, where Ni*" is gradually
reduced by the TiOy-CB electron to Ni’, followed by the reduction of H" to Hy. To get re-
generated and start the whole process again, Ni requires to get back to its original oxidation
state (Ni” — Ni*"). However, when Ni is strongly attached to the support, it gets stabilized
by the TiO, lattice, meaning the dynamic Ni** < Ni° process is partially inhibited, leading
to an ultimate decrease in the amount of Hy to be generated. Hereby, this work highlights
that post-synthetic calcination of a photocatalyst results in complex changes that can lead to a
detrimental effect on the overall photocatalytic performance and that Ni and Cu as co-catalysts
requires a dynamic redox shuttle to achieve superior HER performances. Thus, possible calci-
nation side-effects, the right oxidation state ratio and the attachment strength of co-catalyst
need to be considered in the design of these and similar photosystems.

This thesis, as any other scientific work, has left many open questions to fully understand the
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Conclusions and outlook

systems under investigation. Hereby, I provide a small outlook for possible future investigations
that could deliver a more in-depth understanding of the photosystems. Some of those open
questions are: Cu oxidation state optimal for HER and the cumulative role of its different
oxidation states (Cu”, Cu®" and Cuo) during the photocatalytic process, as in the scientific
community there is no consensus of the active Cu state for HER.?"%%%7" Furthermore, it is
suggested to further clarify which is the right proportion of Ni’ and Ni*" required to achieve the
highest HER performance and how is this optimal proportion dependent on the photocatalytic
conditions. Useful methods would be in-situ experiments with electron paramagnetic resonance
(EPR) — to determine the oxidation state transformation that takes place during HER for Ni
and Cu — or the use of synchrotron sources, such as extended x-ray absorption fine structure
spectroscopy (EXAFS), to determine the exact state and location of Ni and Cu, as well as the
corresponding oxidation states. Other experiments that would further elucidate the nature of
these systems could include reduction and oxidation experiments. That means, reducing all
Cu and Ni to the metallic form (e.g. via mild Hy reduction), or oxidizing them to the highest
oxidation state (e.g. via controlled calcination), which ultimately would provide further hints
about the optimal oxidation state and co-catalyst transformation mechanism. Additionally, this
thesis demonstrated that the photosystems are very sensitive (the overall amount of generated
H, and their long term HER profiles) to the choice of the anion and synthetic protocol such as
the use of different solvents and atmospheres. In manuscript No. 2 we saw slight differences
by using acetate or nitrate. In manuscript No. 3 we saw differences by using acetylacetonate
or chloride, or by different synthesis parameters. Both sets of results leave an open question of
what exact changes lead to the reduced /increased Hy generation. Finally, the development of a
more complex photosystem, such as that combining Ni and Cu co-catalysts in one photocatalyst,
would further be interesting, as possibly the two types of metals have a synergistic effect with
regard to their HER performance. On the other hand, the combination of Cu/Ni with Fe/Co
would be of high interest, as this work has shown that these metals enable the HER and OER,
respectively, thus possibly allowing to achieve overall water spiting photocatalysts.
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