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Abstract

Abstract - Zusammenfassung

This thesis deals with the development of heterogeneous copper-based catalysts for the
photocatalytic H,O and CO, reduction. Initially, the conditions of an already known
homogeneous system for the photocatalytic proton reduction have been applied on ex situ
synthesized heterogeneous copper catalysts supported on inert silica. These materials have
been characterized in detail by standard methods such as XRD, TEM and N, sorption and
further by magnetic resonance and X-ray methods such as EPR, ASAXS and XAS. Further, in
situ investigations have been used as well to understand the ongoing process. The best
supported photocatalyst achieved a significantly higher activity compared to the initial
homogeneous precursor. The knowledge earned by these studies led to the development of
various in situ prepared supported copper catalysts under different conditions which revealed
a further enhancement of the photocatalytic performance.

In a second project highly porous photocatalysts (TiO, aerogels) have been synthesized,
applied in aqueous CO, reduction and characterized, inter alia, by in situ XAS, EPR and UV-
vis measurements. For the first time, an improved catalytic performance was observed by the
addition of oxygen. Moreover, indications for the challenging oxidation counter reaction have

been found.

Diese Arbeit beschiftigt sich mit der Entwicklung heterogener Kupfer-basierter Katalysatoren
fiir die photokatalytische H,O- und CO,-Reduktion. Dabei wurden die Bedingungen eines
bereits vorhandenen urspriinglich homogenen Systems flir die photokatalytische
Protonenreduktion auf SiO, getragerte ex situ synthetisierte Kupfer Katalysatoren angewandt.
Diese Materialien wurden detailliert mittels XRD, TEM und N,-sorption sowie den
Magnetresonanz- und Rontgen-Methoden EPR, ASAXS und XAS charakterisiert. Um
Einblicke in den ablaufenden Prozess zu erhalten, wurden zudem in situ Untersuchungen
durchgefiihrt. Mit dem besten getrigerten Katalysator wurde eine signifikant hohere Aktivitét
im Vergleich zum urspriinglich homogenen System erzielt. Die gewonnenen Erkenntnisse
wurden dann dazu genutzt, verschiedene getrigerte Kupfer-Katalysatoren in situ zu
synthetisieren, wodurch eine weitere Erh6hung der Aktivitét erreicht wurde.

In einem zweiten Projekt wurden verschiedene Photokatalysatoren mit einer hohen Porositét
(TiO, Aerogele) synthetisiert, fiir die wissrige CO, Reduktion getestet und unter anderem
mittels in situ XAS, EPR und UV-vis Untersuchungen charakterisiert. Zum ersten Mal wurde
dabei eine verbesserte katalytische Aktivitit in Anwesenheit von Sauerstoff beobachtet.

AuBerdem wurden Hinweise flir die bisher kaum aufgeklirte Oxidationsreaktion gefunden.
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Introduction

1 Introduction

From the beginning humans always exploited energy rich materials for a more comfortable
life situation. Thereby, the photosynthesis stores solar radiation energy by water splitting and
the reduction of carbon dioxide to form biomass which is subsequently converted to fossil
fuels. Due to this energy storage device based on chemical compounds, it is denoted as a
chemical one. Even though the efficiency of photosynthesis is very low, the energy supply of
mankind was completely covered by renewable energy for thousands of years. Since the
industrial revolution, humans resorted to this old “stored solar energy” in terms of fossil fuels
like natural coal, oil or natural gas. The use of these sources increased exponentially in the
last two centuries which led to an enormous increase of emission of the greenhouse gas
carbon dioxide. Today these fuels dominate the global primary energy supply, but the
resources are limited and will be used up resulting in the necessity for their replacement by
renewable energy sources and storage systems. Thereby, the storage of energy in chemical
form will continue to play a key role but the energy should be generated on the basis of
renewable sources. Thus, for the long term it is essential to develop and apply new
technologies for energy storage which are as sustainable as nature's biomass generation.
While the adjustment to renewable energy sources was extremely encouraged and furthered in
the last decades, the area of storage technologies was less considered and developed. In
particular due to its fluctuating availability (e.g. sun and wind power), it is absolutely
necessary to find efficient ways to store such power. In other words, solar energy might be
converted into chemical energy sources at places where it is abundantly available, locally not
required and can be transported to where consumers need it.

Energy storage systems are classified by a number of ways. Scheme 1.1 demonstrates the
categorization depending on physical properties.' For a better overview only the most

representatives are listed.

Energy storage
. Electro- : .
Electrical . Chemical Mechanical Thermal
chemical
* Capacitor * Battery * Power-to-Gas * Pump storage * Heat accumulator
* Coil » Hydrogen * Compressed air * Power-to-Heat
» Methane

* Power-to-Liquid
* Power-to-Chemicals

Scheme 1.1 Classification of energy storage systems depending on their physical properties.'
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Several of these methods are already deployed. In the context of this thesis, particular
attention should be given to chemical systems, namely Power-to-X. Thereby, hydrogen
distinguishes itself as one of the most promising options to store energy.” > Furthermore, due
to its outstanding attributes, hydrogen is particularly suitable for the use as fuel. Its high
heating gravimetric value is more than double in comparison to methane, its fuel consumption
is very low because of a very wide flammability limit and a high air to fuel ratio during the
combustion process.” Today, hydrogen is generated to a small amount from water electrolysis,
renewable resources like biomass, and mainly from fossil fuels like natural gas or coal.*
Thereby, steam reforming of natural gas represents the most important process with 48 %.> 60
Mio.t hydrogen are produced every year which matches up to 1 % of today's global primary
energy input and about 330 Mio.t CO, emission. Even if hydrogen generation via electrolysis
is a promising alternative, the required electricity is often linked with CO, formation due to
low plant sizes and high investment costs for the generation via renewable resources.’
Alternatively, solar driven chemical processes offer the opportunity to produce hydrogen only
by means of sunlight. It is a smart way to store surplus energy and to generate alternative
fuels. Potential advantages are a considerably simpler technology, combined with lower costs

and a longer life time due to non- ,
Suitable for

. laree scal
corrosive  electrolytes.  However, - e

Low cost Stability

currently known photocatalysts show

either a low efﬁciency or a | Recyclability Photocatalyst Abundancy

significantly poor stability, so far

Long lifetime Efficiency

preventing an economical use. There S
Corrosion

resistance

are many requirements a photocatalyst

Scheme 1.2 Required properties of a photocatalyst with respect to an
has to fulfil (Scheme 1 .2). Therefore, economical hydrogen production.’

basic research is important and can assist to make photocatalytic water splitting processes
more economically due to an improved catalyst productivity and stability.”

Besides functioning as an energy storage system and fuel, hydrogen is used in industry as a
raw material for the synthesis of basic chemicals, whereby CO; often is a potential reaction

partner (Scheme 1.3).
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H,
co/co, co/co, co/cd, N,
Fischer-Tropsch- . )
p Methanol Ethanol Ammoniak Other chemicals
raw materials
* Waxes * Formaldehyde = Ethylene * Urea * Fine chemicals
* Naphtha *+ Acetic acid * Fuels * Fertilizers * Hydroformylation
*+ Petrol * Fuels « Niltric acid
* Diesel * Petrol additives * chemicals

+ Kerosene * Dimethyl ether
Scheme 1.3 Hydrogen as feedstock for industrially relevant raw materials.®

Thus, hydrogen may support to build up a CO;-neutral carbon cycle by utilization of CO, e.g.
from cement production’, steel industry' to produce basic chemicals or new energy carriers.
Nowadays, the intelligent use of CO, as feedstock is known as carbon capture and utilization
(CCU) which implies the CO;-separation, -compression for transportation and the -utilization
to valuable carbon based materials.'' However, CO, is chemically inert and a high energy
input is needed for its conversion. Thus, basic research, especially in the field of catalysis,
takes an important role to make this process more efficient. Apart from the electro'*- and bio-
catalytic'™ '* CO, utilization, there's a growing interest by activating CO, in the presence of

17 If it will be possible to combine the water reduction

sunlight (photocatalysis)
simultaneously, it would correlate to the technical implementation of nature's photosynthesis
and thereby, so-called sun fuels could be generated by renewable energy sources.

In general, the development of new catalysts, especially copper based materials, for the
photocatalytic hydrogen generation and (coupled) CO, reduction are objects of this thesis.
Thereby, mechanistic investigations of the overall photocatalytic CO; utilization process were

intensively performed.

1.1 Photocatalytic Water Splitting

The first impression of the water splitting reaction is relatively simple and is also regarded as
an artificial photosynthesis. It involves two half-reactions: the reduction of protons to
hydrogen and the oxidation of water to form oxygen (Scheme 1.4). A closer look reveals a
multi-electron process and most notably, a thermodynamically highly endergonic reaction.'™

' Thus, the reaction can only take place by the supply of energy.
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Water reduction:  2H™ + 2e- —> H,
Water oxidation: H,O — 10, +2H" +2¢
Overall reaction: H,O —> H,+%20,

AG, =237 kJ-mol!, AH, = 286 kJ-mol-!, AS = 163 J-K-mol!

Scheme 1.4 Water reduction and oxidation reaction as well as thermodynamics of the overall process.

Thermally, >1800 K are necessary to promote water splitting.'” Another way for providing
this required energy is simply using light energy. It is thermodynamically feasible to split
water with light in the solar spectrum with wavelengths around 500 nm.'® Due to the fact that
about 500 kJ-mol™ (correlates with a wavelength of <250 nm) are needed for breaking the O-
H bond, the reaction is mainly kinetically inhibited. In combination with suitable
photocatalysts, this activation barrier will be lowered and a water splitting reaction should be
possible. So the prime challenge is to design a catalyst which is active for the overall reaction,
which unfortunately would also be very active for the exothermic back reaction at the same
time. Thus, it tends to be easier to carry out water splitting indirectly by separating the two
half reactions which can be achieved by the addition of sacrificial reductants or oxidants.”
Here, in particular alcohols®' and amines®* were used for the reduction half reaction and will

be the focus of this thesis.

1.1.1 Photocatalytic Hydrogen Generation — the three component system
A three component system (TCS), which is comparable to the natural processes of

photosynthesis™, was already developed in the late seventies.”*™>°

The absorption of energy
(photons) by a dye is the basis of all photosynthetic processes. The natural photosynthesis
pigment chlorophyll consists of a tetrapyrrole ring system with magnesium as central ion and
characteristic substituents. The n-electrons, delocalized in the porphyrins, are raised to higher
energy levels by the absorption of photons related to the visible light spectrum (around
680 nm) whereby the molecule is to be found in the excited state. Due to this, thermal energy
or fluorescence is emitted. First, to understand the energy transfer during the photosynthesis,
the structure of photosystems has to be clarified. A photosystem is a light-harvesting complex
which is built up of various proteins and chlorophyll molecules. Furthermore, there is a
reaction centre consisting of only two chlorophyll molecules. The most important step of the
photosynthesis is the energy transfer from the molecules of the light-harvesting complex to

the reaction centre by the conversion of light into chemical energy. Reduction equivalents are

generated by electron transfer chains in these centres which are then available for subsequent

4
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reduction processes. Inspired by this natural design, a number of artificial systems have been
developed. The TCS contains (i) a dye or photosensitizer (PS) which harvests light, (ii) the
sacrificial e donor (SD) which provides electrons to the photo-excited PS and (iii) the water
reduction catalyst (WRC) which makes use of the electrons in a chemical reaction. The
approach of the TCS is the following™: due to light absorption the PS is promoted to the
excited state (PS*) and followed by an oxidative or reductive quenching. The latter one occurs
if the PS* is quenched by an electron of the SD to form PS’". Alternatively, PS* transfers an
electron to the WRC, whereby the formed PS' is subsequently regenerated by the SD
(oxidative quenching). Which pathway occurs, depends on the nature of all compounds of the
TCS and the reaction conditions (solvent, pH).

The earliest works dealt with Ru complexes as PS (e.g. tris(bipyridine)ruthenium(II)
chloride), triethanolamine (TEOA) or cysteine as SD and PtO, or colloid Pt as WRC. The
issue was to develop catalysts which are cheaper, less toxic and available in large amounts
compared to the hitherto used noble metal catalysts in order to make this process more
economical and efficient. Thus, metal compounds consisting of a d’ and d'° configuration got
into the focus of research.””*® Above all, Fe-, Ni- and Co-catalysts showed promising results
concerning proton reduction.”’>> However, their untimely deactivation already after a few
hours and/or the necessity of adding a huge excess of ligand for an enhanced stability were
disadvantages of these homogeneous catalysts. 2014 our group developed a system containing
copper-based WRCs, [Ir(ppy)2(bpy)]PFs as photosensitizer (Ir-PS) and triethylamine (TEA)
as SD.*® Among different investigated copper(I)- and copper(Il)-precursors, Cul showed the
highest activity towards hydrogen generation. In comparison to the hitherto best catalyst,
Fe(CO)s™, the stability of the system was significantly improved applying Cul. In general,
also heterogeneous copper catalysts, especially CuyO on TiO,, are well known for
photocatalytic proton reduction, whereby copper(I)-species are proved as the active ones.”’™**
However, the generated hydrogen amount is extremely low. Furthermore, Cu,O coated
photocathodes are applied for the photoelectrochemical water reduction.***” Nonetheless, the
disadvantage of using Cu,O for water reduction is its instability in aqueous media due to the
potential oxidation to CuO which leads to a deactivation of the catalyst.*®*°

The objective of this work was the improvement of the Cul/Ir-PS system by the investigation
of classic supported as well as in sifu formed copper catalysts for the photocatalytic hydrogen
generation. In a first approach, MCM-41 was impregnated with Cu(NOs), and CuCl,,

respectively and the resulted materials were treated under various conditions. The second way
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included the addition of different SiO, supports to the initial homogeneous Cul precursor to

obtain active copper catalysts.

1.1.2 Cul/Ir-PS system — State of the Art

SD*
H ) \
| _=Ir-PS . _ Cu-cat,, L 51,
/ AN // NS
7 N / \\\ f_,-’
SD - |'I \"-. / \'. ‘Ir"l
Ir-PS”
| /\
A Ay
% / \ /..-’j \
/ AN e .
AN v Ny / "
\III —Ir-PS "~ *C u-cat; 4 g HY
h_

Scheme 1.5 Basic concept of the photocatalytic hydrogen generation in the presence of an Ir-PS and copper-WRC.*®

Inspired by the natural process of photosynthesis, our group developed the photocatalytic
hydrogen generation based on an Ir-PS, a copper-based WRC and TEA as SD (Scheme 1.5).%
Here, [Ir(ppy)2(bpy)]PFs as PS is excited by photon absorption from the visible light spectrum
(>385 nm). This generated triplet state PS" was characterized in detail via DFT calculations™
and time-resolved photoluminescence spectroscopy”'. The highest occupied molecular orbital
(HOMO) is located in the 2,2-bipyridine ligand, whereby the lowest unoccupied molecular
orbital (LUMO) includes the d-orbitals of the central ions as well as the m-orbitals of the 2-
phenylpyridine ligands (ppy). These properties of the excited state ensure a reductive
quenching in the presence of a SD. However, if the LUMO was only located in the orbital of
the central ion this quenching would not have been possible.” > TEA was found to be
particularly suitable as SD. This formed reduced Ir-PS™-species transfers an electron to the
copper-WRC which is able to reduce protons to hydrogen.

Previous investigations showed the activity of various Cu(l)- and Cu(Il)-compounds towards
hydrogen generation in the mentioned system.’® No direct influence of the initial copper
oxidation state on the activity could be observed. Cul was identified as the best precursor after
3h (13 ml H,, 280 mmolyy'gey ' *h™) and 20 h (24 ml Hy, 79 mmolyy-ge, ' *h™), respectively.
Noteworthy, some of the investigated substances, like Cu(OTf),, [Cu(CH3CN)4][PFs], CuOAc
or Cu@CuO, deactivated already after 6-8 h. All materials achieved the highest productivity
within the first hours. The stability of the system could be improved by the addition of organic

N-containing ligands, whereby especially bpy enhanced the hydrogen generation over longer
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reaction times (30 ml H, after 20 h and 58 ml H; after 96 h). Other tested PS didn't show a
positive influence.

Notably, during the photocatalytic reaction a black precipitate was observed which was
analyzed by high angle annular dark field-scanning transmission electron microscopy
(HAADF-STEM) and energy dispersive X-ray spectroscopy (EDXS). These methods
revealed that copper particles of 5-10nm were formed and decorated with iridium
nanoparticles with a size of 1-2 nm. These copper particles grew during the reaction and
formed agglomerates which functioned as support for a higher number of iridium particles. In
the absence of the nitrogen ligand bpy significantly larger copper particles were generated. In
conclusion, bpy prevents the growth of the nanoparticles and in addition, stabilizes the Ir-PS
which led to the higher productivity. Furthermore, x-ray absorption spectroscopy (XAS) was
performed before, during and after the photocatalytic reaction to earn more information about
the nature of the formed copper nanoparticles. Interestingly, no Cu-I bonds were observed
before the reaction started. Instead, Cu-O ones were analyzed by EXAFS which slightly
differed from the Cu,O and CuO structure, respectively. This concludes that Cul was
hydrolyzed in the reaction mixture THF/TEA/H,0O and partly oxidized before the reaction
started. Within the first minutes of the reaction the copper species were already partly reduced
and the analysis after 120 min reaction time revealed a complete reduction to metallic copper
nanoparticles.

Due to this knowledge, there was an interest in how ex sifu synthesized supported catalysts
will work in this reaction and if there will be a stabilizing effect of supporting materials onto

the formed copper nanoparticles.

1.2 Photocatalytic CO, Reduction

1.2.1 Photocatalytic Processes on Semiconductors

Besides the dye-sensitizing methods for hydrogen generation, the application of
semiconductors has been intensively studied for photocatalytic reactions. Nowadays,

28, 53, 54 and

hundreds of heterogeneous catalysts are known for water reduction processes
additionally, in the last decade there has also been a great and growing interest for their use in
CO, reduction® ™. First studies of a semiconductor (TiO,) in photocatalytic water splitting
reaction’ and CO, reduction™, respectively, have already been published by Honda ef al. in
the 70's. First, their pioneering work™® showed the suitable properties of a semiconductor for
the application as an anode in a photoelectrolysis cell to produce oxygen from water. Due to

further improvements of the system, the group succeeded in the utilization of carbon dioxide
7
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to small amounts of formic acid, formaldehyde, methanol and methane by the investigation of
various semiconductors, such as TiO,, ZnO, CdS, GaP and SiC, in photoelectrocatalytic
reactions.” Since these studies, many heterogeneous semiconductor materials, including
metal oxides, sulfides, phosphides and oxynitrides, have been developed and intensively
examined.” > > ® As a result, the number of publications for materials with respect to the
photocatalytic CO, reduction increased exponentially in the last few years.”’

In the following section, the principal processes of photocatalysis on semiconductors will be
described in detail (Scheme 1.6a). In general, the whole reaction involves three steps: (1) light
absorption by the semiconductor to create electron-hole pairs (¢-h" pairs), (ii) separation of
these pairs and transfer to the surface of the semiconductor and (iii) surface reactions for the
H,0/CO; reduction and H,O oxidation. The first step (i) includes the generation of excited
charges (¢, h") in the semiconductor particles. Thereby, electrons of the valence band (VB)
are transferred to the conduction band (CB) by light absorption. It has to be mentioned that
the effective use of solar energy strongly depends on the band gap energy (Ey) of the
semiconductor. Thus, the energy of the photons has to be larger than E, for a successful
excitation of the material (equation (1)). This requirement is especially fulfilled by irradiation

with smaller wavelength light.

Ephoton = Eg (1)
hc
Ephoton = 1 (2)
photon
hc
7 > E, (3)
photon
1240 eV nm
S 2 g, )
photon
1240 eV nm
Aphoton < E— (5)
g

Based on the equations (2)-(5), by using e.g. TiO, as the photocatalyst with a E, of about
3.2 eV® the wavelength of incident light should be smaller than 387 nm which means that
primarily UV light would be worth considering. Consequently, E, has to be less than 3.1 eV
for absorbing light from the visible spectrum. Scheme 1.6b shows an overview of some
selected semiconductors regarding their E,, the position of the related valence and conduction
bands®>** and the potential reactions due to H,O/CO, reduction as well as H,O oxidation®

([V] vs. normal hydrogen electrode (NHE) at pH 7). Thereby, the potential (E) of the band
8
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levels are essentially important for each occurring reaction. Thus, Eyg has to be more positive
than E,x of O»/H,0 (0.82 V vs. NHE, pH 7) while Ecg has to be more negative than the
potential of the respective reduction reaction (E,.q). There are photocatalysts which are either
attractive for the oxidation or reduction reactions and some possesses strong abilities for the
overall process (Scheme 1.6b).

Furthermore, the illustration of different E, for the two TiO, materials, anatase and rutile,
indicates that its characteristics not only depend on the composition of the semiconductor but
also on the modification and moreover on the particle size. This might also be the reason why

the values of E,, Evg and Ecg for some semiconductors slightly differ in literature.

a) __ H,,CH,,CO,CH;0H,... b)
( : Photocatalysts with strong \ —_ B
\ reduction oxidation abilities 208 .
2 i =
F~—2¥"____ H,0.CO, ] ' i
CB — >
| o 2 — Cu,0 CO,/HCOOH
Q- 10; (anatase) TaON _2305  ~A €0,/CO
‘ T (utile) o) TOR : M,T 24V |/ comcro
Ez T102 Z ] = : - H.OH,
&% 256V 186V [ \JCO./CH;0H
i 0 — 25eV ssev CO,/CH,
VB ——— I 1ev :
E T ':—: 0,H,0
'_\if i = 1 326V
/. THO : L
i oxidation 2 soe |
J Yy 5 —] —_
0, I
L J
3 — T

Potential photocatalysts for
overall water splitting

Scheme 1.6 a) Schematic illustration of the photocatalytic H,O and CO, reduction process as well as the related oxidation
reaction on the semiconductor TiO, and b) band gap positions of various semiconductors due to references *** and redox
potentials vs. NHE at pH 7 of the H,O and CO, reduction as well as the H,O oxidation reactions due to reference %.

If the above discussed conditions for a potential light absorption are fulfilled, step (ii) of the
photocatalytic process implies the separation of the generated electron-hole pairs and their
transfer to the surface of the semiconductor. Notably, the charge recombination process is
usually much faster than the H;O and/or CO, reduction process itself which means that the
acceleration of the electron-hole separation step remarkably affects the efficiency of the
process.® Thereby, the charges can recombine with their counterparts on the surface and/or in
the bulk of the material. This can be influenced, infer alia, by the mobility and trapping of

66-68

charge carriers and by the defect density in the semiconductor lattice. The practically

more feasible way is the addition of “catching” molecules or by using a second catalyst. In

previous studies photocatalytic reductions were often carried out in the presence of a large

55, 69, 70

excess of electron donors such as alcohols or amines. The purpose is to scavenge the

generated holes in the valence band diminishing the recombination rate. Nowadays, the aim is

to perform the reaction without these agents as far as possible. Furthermore, the addition of a

71,72

secondary material, typically, narrow-band semiconductors (E; <<3 ¢V, absorption light
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37 is more favorable. Coupling

in visible range) or visible-light-active molecules (dyes)
semiconductors, like CdS and TiO,” or CdSe and ZnO’®, enhanced the efficiency by
extending the absorption range and in particular by improving the charge separation. When
the band gap edges of the two semiconductors are suitable, an electron is preferentially
transferred to the semiconductor with the lower CB and the hole moves to the VB with the
higher level resulting in a smaller recombination rate. Apart from these strategies, employing
so called co-catalysts on the semiconductor's surface is widely common to improve this
complex sub-process. Due to its improved properties regarding the enhancement of the
photocatalytic process, the investigation of co-catalysts will be discussed in a separate chapter
(1.2.4).

The final step (iii) of the photocatalytic process on semiconductors implies the actual
chemical reaction. The migrated electrons and holes will interact with the active sites on the
surface via multiple intermediates to produce hydrogen/C-compounds (reduction) and oxygen
(oxidation). Even if the charges are well separated and transferred to the material's surface,
the reaction cannot, or only poorly, proceed without suitable and sufficient active sites. Thus,
the position of the CB and VB, respectively, becomes the critical factor whether a reaction
will take place or not. More specifically, it is assumed that the band edges are nearly located
to the redox potentials of the relevant chemical reaction, which is in approximation to n-type
semiconductors, such as TiO,. Therefore, the CB edge has to be located above the LUMO of
the adsorbed acceptor molecule. Analogously, the transfer of a hole to an adsorbed molecule
requires the energy level of its HOMO which has to be above the VB edge of the
semiconductor. These thermodynamic aspects show that the choice of a suitable photocatalyst
has to fulfil two requirements which are contradictory: (i) it is beneficial to absorb light in the
visible spectrum which means the semiconductor has to exhibit a comparable small band gap
but on the other hand, (ii) the band gap also has to provide a huge range for the necessary
reduction and oxidation potentials of the relevant reaction. However, co-catalysts act as a
promoter as well. Additionally, high surface areas can offer more accessible active sites and
also the crystallinity and particle size influence this process step.”*° These characteristics are
also important for the adsorption and desorption processes of the reactants and products which
will be discussed in chapter 1.2.2.

Summarising, many factors, such as crystal structure, crystallinity, particle size, surface
structure and area, morphology and the addition of co-catalysts affect the described steps for

the photocatalytic process on semiconductors.
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1.2.2 Photocatalytic CO, Reduction Reaction

The combination of water splitting and CO, reduction is an extremely challenging task due to
mutually incompatible conditions for the CO, reduction and water oxidation, especially
performing CO, reduction without using any sacrificial reductant.®’ Furthermore, if only CO,
shall be reduced in aqueous media, the redox potentials for the CO, conversion reactions are
close to that one for the reduction of H,O to H, (Scheme 1.6b) which means, the photocatalyst
which catalyzes the CO, utilisation may most probably lead to H, evolution. Moreover, the
activation of H,O is kinetically and partly thermodynamically much easier than that one of
CO;. Due to the complexity of the CO, reduction reactions, this will be explained in more
detail below.

CO, molecules are stable and chemically inert due to their closed-shell electronic
configuration, linear geometry and D., symmetry.*” Thermodynamically, most
transformations to reduced products are endothermic processes. So, it requires a significant
input of energy which can be supplied by solar or electrical energy. Table 1 shows various
reactions to the reduction of CO, in H,O and the corresponding electrochemical redox
potentials vs. NHE at pH 7.* 3 The one-electron reduction of CO,, the kinetically most
favoured reaction, to the anion radical CO,” (eq 1) requires a strongly negative
electrochemical potential of -1.85 V vs. NHE™ making this step highly improbable. The
transfer of one electron leads to a bending of the linear geometry resulting in the loss of the
symmetry and an increased repulsion between the free electron pairs in the bent structure.
This contributes to the high energy level of the LUMO of CO; and thus to its extremely low
electron affinity. CO, reduction by multiple proton-coupled electron transfers proceeds much
easier due to the significantly lower redox potentials (eq 2-6). Thermodynamically, it
becomes much easier by lowering the potential but in this case, however, CO, conversion to
methanol (eq 5) and methane (eq 6) includes the transfer of 6 or 8 electrons, respectively,
making these reactions kinetically very difficult. The redox potential for the H,O reduction
(eq 7) is comparable to the values of the multiple electron transfer reaction of CO; but this is a
two-electron process which makes it much more feasible and demonstrates why CO,

reduction in the presence of H,O is such a difficult challenge.
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Table 1. Electrochemical redox potentials (pH 7) for various CO, reduction reactions and related
compounds in aqueous media.® %

Equation Reaction E’ vs NHE V]
1 CO, + ¢ - COy” -1.850
2 COx) + HaOy +2e — HCOO (49t OH (a9 -0.665
3 COxg + HaOgy + 26 — CO(g) + 20H (4 -0.521
4 COy(g) +3H,0() +4¢ — HCOHj)+ 40H (4 -0.485
5 COx(t5H20) + 66 — CH30H()+ 60H (o) -0.399
6 COy(g) +6H,O(1) + 8¢ — CHy)+ 80H (4 -0.246
7 2H>0) +2e — Hag)+ 20H (4 -0.414

Besides the noted properties of semiconductors, their structural characteristics are also
important especially for adsorption processes of the reductants and consequently for the
dominating mechanistic procedures during the CO, reduction. However, many researchers
have studied the photocatalytic mechanism of CO, reduction over several semiconductors.®>*>
Mostly, they are rather focused on the light absorption and electron transfer processes and
thus, a comprehensive understanding of the overall process including the adsorption and
activation of CO, molecules remains partly incomprehensible. Due to its importance and
complexity for the photocatalytic CO, reduction, these essential reaction steps are clarified in
the following.

As described above, CO; is an extremely stable and inert molecule due to its linear structure
and the absence of a dipole moment. However, the semiconductor surface offers the
opportunity to activate it by various adsorption configurations.””™ Firstly, CO, can be
physically, linearly adsorbed by weakly binding one oxygen of CO, or by its n-bonds to the
metal site of the semiconductor. This is the most stable configuration for CO, adsorption due
to the weak interaction and the still valid linear configuration of the molecule resulting in a
high stability and low electron affinity. If CO, is chemically bound to the surface, the
structure of the molecule is bent. Three modes of coordination to the semiconductor are
possible: (i) a pure carbon, (ii) a pure oxygen bidentate or (iii) a mixed carbon-oxygen
coordination.”® This leads to the formation of the partially charged species CO,*" through the
interaction with the surface atoms. Due to the bending of these adsorbates, the energy of the
LUMO level decreases and the barrier for accepting an electron is lowered compared to the
free and stable CO, molecules. A computational study on different semiconductor surfaces
revealed that the bent CO, adsorption only occurs on some surfaces, especially on TiO, (001),

MgO (100), CeO, (111) and CeO, (1 10).91 This corresponds to the high activity of TiO, and
12
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the positive effect of the addition of MgO on the photocatalytic CO, reduction.”® *” The
chemisorption of CO; can be promoted by several factors such as increased surface area or
surface defects, basic sites and the addition of co-catalysts.”* > ** ° Obviously, a higher
surface area provides a larger number of active sites which enables a stronger adsorption.'®
1% Surface defects can promote the adsorption process since they change the geometrical and
electronic structure of the photocatalysts. Tan et al. for example have shown that the
interactions at oxygen vacancy sites are much stronger due to the ability of a foreign oxygen
(oxygen atom of the CO, molecule) to fill this vacancy resulting in a dissociation of CO,.'"*
Huygh et al. studied the adsorption and activation of CO, on a fully oxidized and reduced
surface using density functional theory (DFT) calculations.'® On the fully oxidized material
four configurations for the CO, adsorption were identified: one strongly bent and three linear
physisorbed configurations. By reducing this material and introducing different oxygen
vacancies six new bent adsorption configurations have been found. Thus, due to a significant
charge transfer to CO, and elongations of the C-O bonds, a substantial weakening of the bond
arose. In addition to oxygen vacancies, surface sulfur vacancies on sulfide-based materials
can also function as adsorptive sites for CO, molecules and obtain a higher photocatalytic
activity.'"* ' 1t is clearly comprehensible that CO, can act as an electron acceptor when the
electrophilic C atom interacts with the surface's electron center or Lewis basic sites.
Therefore, by introducing functional basic sites to the surface of the photocatalyst, CO,
adsorption can be improved. Additives might be basic hydroxides or oxides such as NaOH,
MgO, ZrO,, CaO or Ga,03.”* '%'%® As mentioned before, the application of co-catalysts has
not only a positive influence on the prevention of the electron-hole recombination and on
providing active sites for the relevant reaction but also on modifying the electron structure of
the material to enhance the CO, adsorption (Chapter 1.2.4).

As discussed above, there are three kinds of chemical CO, adsorption and each mode may
lead to a different reaction mechanism and thus various product distributions. Due to the
presence of water in the reaction, protons play an essential role in the respective pathways.
After the activation of CO, and the generation of the surface-bound CO,” the reduction
process undergoes several elementary steps, inter alia the transfer of an electron and/or a
proton for breaking C-O and creating new C-H bonds. Some of the intermediates are highly
reactive radicals, which makes mechanistic investigations much more complicated so that
some steps are still to be clarified in detail. Nevertheless, three pathways of the multiple
electron transfer reaction to CHy are proposed in literature. The first pathway (carbene

pathway) is based on the anchoring of CO,” via the carbon atom to the surface of the
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semiconductor (carbon or mixed coordination mode of CO, adsorption). Initially, a
protonation of the adsorbed CO," species takes place at the oxygen atom position to form
carboxyl radicals *COOH.'"” Then, by an electron transfer, CO and OH are released which
might also be the most probable pathway for the CO generation. In consecutive reactions, CO
can accept two additional electrons forming carbon radicals which react with up to four He
radicals to CHe radicals, carbene, methyl radicals and eventually methane.®®> The second
(formaldehyde) and third (glyoxal) pathways start with the chemical CO, adsorption on the
semiconductor via the pure oxygen coordination mode. Thereby, both oxygen atoms of
formed CO," are bound bidentate to the metal of the semiconductor which results in the

109 After a second

attachment of hydrogen atoms to the carbon generating a formate anion.
proton transfer formic acid is formed. Subsequently the formaldehyde pathway involves the
CH,4 generation via several hydrogen radical transfer reactions forming formaldehyde and
methanol intermediates. This mechanistic pathway was never verified experimentally. The
specific radical intermediates, dihydroxymethyl and hydroxymethyl radical, have not been
detected.''® Shkrob et al. performed EPR investigations of CO, intermediates during the
reaction.'"! They particularly focused on its respective formation towards reduction vs.
oxidation processes in the presence of photogenerated electrons and holes. They pointed out,
that also the partly strong oxidation ability of semiconductors is very important and often
ignored for mechanistic studies. Up to the formic acid formation the glyoxal corresponds to
the formaldehyde pathway. Shkrob ef al. were able to indicate formyl radicals HC®O. The
authors concluded an electron transfer from the CB of the semiconductor to formic acid which
is coupled with a transfer of the oxygen from a hydroxyl group to the metal of the
semiconductor by breaking the C-O bond. This leads to a release of HC*O and adsorbed OH
groups on the semiconductor surface. These species were also observed as intermediates in
the 6¢” transfer reaction to methanol.''? Furthermore, the study of Shkrob ef al. showed that
formaldehyde and methanol were more readily oxidized than reduced indicated by the

'3 Due to these results, the authors

formation of formyl and hydroxymethyl radicals.
postulated an alternative mechanism involving the presence of C, intermediates. Therefore,
the formyl radicals dimerize to glyoxal which can be easily be reduced due to its =«
conjunction. After several reduction steps via hydrogen radical transfer reactions acetaldehyde
is generated. This species is further oxidized to an unstable acetyl radical. Under a
decarbonylation reaction a methyl radical is formed and is finally transferred into methane by
protonation. Furthermore, CO is achieved from the aldehyde which is often observed as a by-

product in CO, photoreduction.''*"''® The various and versatile mechanistic pathways for the
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utilization of CO, in the presence of H,O demonstrate the complexity and difficulty of the

clarification of these multiple electron transfer reactions.

1.2.3 Photocatalysis on TiO,

The first and most investigated semiconductor for photocatalytic reactions is TiO,. As
compared to others, it has shown its promising ability for fundamental and also practical
applications due to its high photoactivity and its cheap, nontoxic, chemically and biologically
inert and highly stable properties.''” Primarily, TiO; is used as pigment in paints, sunscreens,
ointments and toothpaste. As a result of its high refractive index, it ensures a higher opacity
than any other commercially available white pigments. Another important property of this
inorganic solid is its photocatalytic activity in various applications like dye-sensitized solar

120 antibacterial technologies'*'

123,124

cells''®, environmental purifications'"" , C-C coupling
reactions'** and notably the generation of sun fuels.
TiO, has mainly four crystal phases, namely, anatase, rutile, brookite''’ and TiO,(B)'*
whereby the first three occur naturally. Thermodynamically, rutile is the most stable form in
bulk titania whereby anatase shows the highest stability at sizes below 14 nm."** '*” Brookite
and TiO,(B) are metastable and difficult to synthesize in pure form. Rutile can be obtained by
the annealing of the other three polymorphs at higher temperatures. All types consist of TiOg
octahedra, but the distortion of the units and the design of edges and corners differ.'*’ Related
to photocatalytic activity, especially anatase shows a superior performance due to the high

82,128, 129

electron mobility and affinity. It has been pointed out that the electrons of the anatase

phase have a much longer lifetime (>1 ms) of the excited state compared to rutile Ti0,."°
Brookite has been rarely studied due to the challenging pure phase synthesis.*' Furthermore,
several studies showed that the synthesized TiO,(B) phase achieved comparable

photocatalytic activities to anatase probably due to the similar structure.'> '3

To improve the
performance of TiO; as photocatalyst, it is crucial to understand the photo-induced processes
on the surface and in the bulk of the semiconductor. Scheme 1.7 demonstrates the several
steps and the corresponding duration process time.’® '** Each time scale depends on the
crystal phase, crystallinity, surface area and on the presence of bulk and/or surface defects.
Thereby, the formation of the e/h" pairs by the photon absorption occurs within few
femtoseconds, however, the recombination of these free charge carriers can easily happen in
the bulk or on the surface. To prevent this recombination process, the free charges which
migrate to the semiconductor surface, should be trapped by several possibilities (e.g. another

semiconductor, co-catalyst, electron donor/acceptor, defects). Furthermore, before the transfer
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of the charges to the adsorbed molecules is achieved, these trapped h' and e can also
recombine at the surface or in the bulk of TiO, due to the lower process time. In conclusion,
the overall photocatalytic efficiency is defined by the competition between the free charge
carrier recombination and its trapping and also by the competition between the trapped charge

carriers and its transfer to the adsorbed reactants.'*
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Scheme 1.7 Photo-induced processes in TiO, photocatalysis and the required reaction time due to ref. ® and '**.

Due to this knowledge, instead of investigating pure TiO, phase materials, the use of two
phases (anatase and rutile or anatase and brookite) as a heterojunction can enhance the
performance.'*®"*® This improvement occurs due to trapping of electrons and/or holes by one
of the TiO, materials which hinder the recombination of the charge carriers in the other phase.
Commercially available TiO, from Evonik, named AEROXIDE P-25 (sequentially only
denoted as P25),"*’ is a mixed-phase TiO, containing anatase (majority) and rutile (about 15-
20 %) and is a benchmark material for photocatalytic studies. Various strategies have been
developed to further improve the photocatalytic efficiency of TiO,.'*" In particular, these are
morphological modifications, such as increasing surface area and porosity which will be
obtained by a small crystallite size and titania nanostructures, respectively. Moreover,
chemical modifications by the incorporation of additional components, such as nitrogen,
carbon, sulfur or flourine doping (non-metal dopants) and/or metal co-catalysts lead to an
enhanced productivity.'" Thereby, the addition of the dopant can change the properties of the

material including the structure and also narrow the band gap of the semiconductor. The
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. . . 3+ .
insertion of structure defects such as oxygen vacancies and Ti’~ centers influences the

photocatalytic ability of TiO, positively.'*"'*

The lifetime of photogenerated charge carriers
in defect-rich materials is much longer than in defect-less ones.'*® Electrons and/or holes are

trapped by the defects which leads to a low mobility and a reduced recombination rate.

1.2.4 Investigation and influence of co-catalysts

In addition to the above mentioned factors for the promotion of the electron-hole separation to
improve the photocatalytic efficiency, co-catalysts, such as noble and non-noble metals or
metal oxides, may also act on the surface of the semiconductor as charge carrier trapping
centers. However, the synergetic enhancement of the surface reaction kinetics and the bulk
charge separation in the presence of co-catalysts has rarely been reported so far. The interface
between the photocatalyst and the co-catalyst is essential for the separation and transfer of the
charge carriers. Chang et al. demonstrated that a high dispersion of the co-catalyst on the
surface plays an important role to suppress the recombination and to improve the surface
reaction kinetics.'** Thereby, they achieved a charge separation efficiency of 77 % in the bulk
and 47 % on the surface. A higher metal loading led to an agglomeration of the particles
which hampered the surface reaction kinetics and the bulk charge separation.

In addition to the promotion of the charge carrier separation (i), the investigation of co-
catalysts offers further advantages: (i1) lowering of the barrier or the overpotential for the CO,
activation, (iii) providing active sites and improving selectivity towards desired products, (iv)
modifying the electron structure of the photocatalyst to encourage the adsorption of reactants
and (v) the inhibition of the side and/or back reaction of the products.

In general, co-catalysts can be classified into two categories due to their phases. One of them
implies nanoparticles of metals or metal oxides which are deposited on the surface of the
semiconductor. If the Fermi level of the co-catalyst lies below the CB edge and above the
redox potential of the desired reaction, the co-catalyst can improve the reduction reaction.'®
Metal oxide co-catalysts can also act as trapping agent for holes and therefore as a promoter
for the oxidation reaction. The major second class of co-catalysts comprises molecular

146 147

- . . . 148 149
species. Metal complexes of rhenium, = ruthenium, ™’ iron' " and copper =~ are the most

investigated ones. These compounds are primarily used in electrolytes in photoelectrocatalytic

reactions and were not considered in this thesis.

1.56 L 150

Ran et al.”” and Li et a presented an overview of the most investigated co-catalysts for the
photocatalytic CO, reduction in broad detail and discussed the functions and mechanism of
various commonly used co-catalyst separately. Moreover, the ability of these promoters can
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be influenced by different factors which are mostly related to their structural properties.” In
particular, as mentioned before, the particle size and dispersion of the co-catalyst play an
important role regarding the interaction with the semiconductor and this depends mostly on
the loading of the species. If the loading is too high, larger nanoparticles or a thick layer are
formed. Thus, the surface active sites of the semiconductor could be covered and/or the light
absorption could be weakened. Furthermore, its structure, morphology and accessible crystal
phase can affect the productivity of the whole photocatalyst. Apart from this, the valence state
is also a crucial factor for an enhanced performance.

In literature, Pt, Pd, Ru, Rh, Ag and Au as noble and Cu- and Ni-species as non-noble metal-
based co-catalysts are mainly listed to promote a selective, stable and enhanced CO,
photocatalytic reduction.’® Due to its lowest Fermi level and the high electron affinity, Pt
strongly improves the electron-hole separation and migration. Thus, it is the most studied and
best investigated noble metal-based co-catalyst. Ag- and Au-based promoters show specific
properties due to their ability to stimulate surface plasmons by the absorption of light,
particularly in the visible range."* Thereby, a strong electric field is generated by the plasmon
resonance of the nanoparticles which ensures an enhanced charge carrier isolation and an
increase in CO, reduction activity by several orders of magnitude."”' Even though these noble
metal-based co-catalysts show excellent activities, selectivities and stabilities, they are rare
and expensive thereby circumventing an application on large-scale. Hence, it is important to
focus on noble metal-free promoters and especially copper-based systems raised great interest
in the last few years which will be demonstrated in detail in chapter 1.2.5.

Furthermore, the presence of basic metal oxides, such as MgO, will also favour the
photocatalytic CO, reduction. Xie et al. showed that the addition of MgO to an Pt/TiO,
photocatalyst led to an increased activity and suppressed H, formation resulting in an
enhanced CH, selectivity.”” This effect is caused by the improved adsorption of CO, on the
surface under the influence of the basic metal oxide which is explained in detail in chapter
1.2.2.

To give a complete summary, it is mentioned that natural enzymes'* and bacteria'> are also
investigated as co-catalysts for CO, reduction, nevertheless this will not be discussed in this
thesis.

Various studies have shown that the combination of reduction and oxidation co-catalysts in
only one material enhanced the water splitting reaction.'>* Therefore, RuOy, CoOy, IrO4 or
MnOy can act as promoters for the oxidation reaction. However, there are only few reports

which are focused on the development of dual co-catalysts for the CO, reduction and H,O
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oxidation."’

Hence, there is a need to study these reactions initially with two separated co-
catalysts in order to get more information and to open new ways for combined systems to
improve the photoactivity for simultaneous CO, reduction and water oxidation. A closer

insight into the oxidation reaction is given in chapter 1.2.6.

1.2.5 Photocatalytic CO, reduction with semiconductors — State of the Art
Although researchers all over the world have intensively worked on the clarification and
enhancement of the photocatalytic reduction of CO, for the past 40 years, there is still a long
way to make this process efficient and commercially applicable. The highest, achieved rates
of product formation were only one-digit values of pmol carbon product per hour irradiation
and per gram photocatalyst ([umol-h™-g']). However, due to the rise in atmospheric CO,
concentration and the need of renewable energy sources, the interest in this field grew
exponentially during the last few years. Here, the focus is primarily on improved synthetic
methods for defined supported nanostructure semiconductors and on a better mechanistic
understanding by theoretical and computational studies (e.g. DFT calculations).

So far, as mentioned before, investigated semiconductors for the photocatalytic CO, reduction
reaction include metal oxides, nitrides, sulfides and phosphides as well as layered double
hydroxides (LDHs).>” 5 1n principal, metal oxides consist of metal cations with a d° (Ti*",
zr*, Nb*', Ta’, V', Mo®", W®) and d"° (In’", Ga’", Ge*", Sn*™, Sb™") configuration.
Examples for d® metal oxides are: titanates - Ti0,, ATiO;3 (A = Sr, Ca, Ba, Pb), K;TicO3,
ALasTi4045 (A = Ca, Sr, Ba); ZrO;; niobates - HNb3;Og, InNbO4, ANbO; (A = Li, Na, K);
tantalates - Ta,0s, InTaO4, ATaO3 (A = Li, Na, K); vanadates - BiVO,, Fe, V403, Na;V¢Ois,
BigMo0,05; and tungstates - WO;, W3049, Bi;WOg. Further, examples for d'® metal oxides
and nitrides are the following materials: In(OH)s; gallates - Ga,Os3;, ZnGa,04, CuGaOy;
germinates - Zn,GeOy, In,Ge,07; stannates - Zn,SnOy; and nitrides — (Zn;+xGe)(N,0x), (Ga;
Zny)(N;xOx). Metal sulfides which have been already successfully applied are e.g CdS, ZnS,
MnS, CuAg,In,Zn,S and Cu,ZnSnS,4. The p-type semiconductors silicon, InP and GaP were
proven to be suitable photocathodes for the photo-electrocatalytic CO; reduction. LDHs are
compounds with a layered structure of brucite (Mg(OH),) with a cation replacement or cation
oxidation and a hexagonal crystal structure.”’ The general type is [M", ,M"((OH),]*" which
means that some divalent cations are substituted by trivalent cations. Mg, Mn, Fe, Co, Ni, Cu
and Zn have been investigated as M" and Al, Cr, Mn, Fe and Ga as M components. The
value of x usually varies between 0.17 — 0.33. Furthermore, water is present in-between the
cationic layers with a total mass of about 50 %. Due to their excellent sorption capacity for
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CO,, LDHs are efficient materials for the desired reaction. Another class of photocatalysts
includes metal-free materials such as graphene and its derivatives (graphene oxide and
heteroatom-doped graphene) as well as carbon nanotubes, C3N, and carbon-doped A-BN.>" 1%
A more detailed overview of all investigated photocatalyst systems goes beyond the scope of
this thesis and therefore the following part contains a closer view on the results obtained
applying TiO, systems since 2015. This is the most widely used material in photocatalytic
CO; reduction and besides the catalyst used in this study. The research work on TiO;
photocatalysis until 2015 is presented in many excellent reviews, '™ 7> 00 82 134,145,156

In particular, studies for the CO; reduction have to ensure that the formed carbon product was
generated from CO; and not from any impurities. Strunk and Co-workers have intensively

focused on this problem and suggested three possible approaches:'®’

(1) the stoichiometric
formation and detection of oxygen which demonstrate the absence of a sacrificial reagent and
a closed catalytic cycle, (ii) the investigation of *C-labeling for CO, and a detection of *C-
labeled products or (iii) the evidence of the absence of carbon products during a blank
experiment under similar conditions with the replacement of CO, by an inert gas. The last
possibility is the easiest way to implement and should therefore be included in every reliable
investigation.

Noteworthy, a direct comparison of active results of various photocatalytic systems and
materials is hardly possible due to wide variety of experimental conditions, parameters and
setups. In principal, reactions for the photocatalytic CO, reduction can be performed in liquid
or gas phases.'”® Investigations in liquid phase are mostly done in a slurry reactor whereby the
gas phase reactions are carried out in flow or batch reactors. Obviously, the disadvantage of a
slurry reactor is the high amount of water which provides the liquid phase and the solvent for
CO, but might also suppress the CO, reduction due to a favored proton reduction (chapter
1.2.2). Furthermore, scattering properties are strongly influenced by the reactor design and, in
particular, by possible photocatalyst agglomeration phenomena which will affect the activity

rates.156

Nevertheless, most of the studies were performed in a batch and thereby often in a
slurry reactor due to a less complicated experimental setup and especially due to higher
detectable product concentration compared to a continuous-flow reactor. So far, the number
of reports about the flow mode is rather limited'™® and these investigations have often been
performed in the presence of a sacrificial reagent to increase the product rate.'”’

The results of the most essential studies with pure and doped TiO, materials since 2015 are

listed in Tables A1-A4. Thereby, the generated products and the related activities, the reaction
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conditions and also some comments to the quality of the investigations (e.g. blank and/or
labeled measurements, hints to the oxidation reaction) are mentioned.

The main products of the CO, conversion on pure TiO, are CH4, CO and H, whereby the
selectivity mostly depends on the reaction phase composition. Xie et al. showed the
differences in selectivity regarding the reaction phase variation in the presence of pure TiO,
and Pt-doped Ti0,.”” In both cases the formation rate for H, was much higher in liquid phase,
while the selectivity for CO, reduction was 3 to 4 times higher in gas phase reactions. The
product formation is easily comprehensible because CH4, CO and H, are stable molecules
with only little tendency to adsorb or react on TiO, compared to methoxy species which are
strongly bound on oxides like TiO,."*® Only some references report the formation of methanol

1

or formaldehyde in liquid phase except when a base'®" or hole scavenger'® was added.

Furthermore, some studies revealed the direct comparison between pure and co-catalyzed
Ti0O, investigations. Thereby, in any case the activity increased in the presence of the co-

catalyst, e.g. Xiong ef al. achieved a five times higher activity to CHy in the presence of Pt as

114, 163-166

co-catalyst (38 umolcm-g'l-h'l). However, the amount of the co-catalyst should not

be to high due to the formation of larger particles resulting in less active surfaces or a
covering of the semiconductor's active sites.'** '*" 1% The most commonly investigated co-

catalysts are still the noble metals Pt,163’ 169-173 Ag,164’ 174 Au,175’ 176 pq!77- 178 and Rh'"™® as well

179-181 COISZ, 183 114, 165-168, 184-188

as the non-noble metals Ni, and to an increasing extent Cu

Notably, if the authors also considered the hydrogen evolution rate, which was often
neglected, the use of Pt frequently led to a huge activity for this competing reaction.'®* 1% 172
The major product of CO, reduction was primarily CHy4 due to the high ability of Pt to provide

the large amount of electrons for this 8-¢-transfer process.'®* %173

Xiong and co-workers
demonstrated a possibility to prevent proton reduction by the addition of copper to the Pt/TiO,
material with a simultaneous increase in CH, carbon-selectivity.'® Unfortunately, such
obvious trends in product formation were not gained by studying reactions in the presence of
the mentioned noble metal co-catalysts Ag, Au, Pd or Rh. Here, the influence of the reaction
conditions (e.g. gas or liquid phase, light source, temperature, additives or co-catalyst amount)
was more crucial. The addition of a basic component such as NaOH or MgO led to a higher
activity and to a suppression of hydrogen formation due to a lower amount of protons.'®! '"!
Furthermore, investigations of the same catalyst in both phases, gas and liquid, showed
significant differences in product formation and the related activities.'’* !¢

such as CH;OH, C,HsOH, HCHO or HCOOH were mainly formed during CO,; reduction in
161, 162, 165, 174-176, 178, 190, 191 pp

Liquid products

liquid phase due to a higher number of available protons.
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selection of the light source (UV or vis range) did not only affect the activity, which is mostly
more than one order of magnitude smaller in the visible light, but also the product species.'®”
176, 177, 192

In investigations in the presence of the non-noble metal co-catalyst copper (Table A3), it was

not possible to indicate a clear product formation of CO; reduction and in many cases CO was

d 166, 167, 193, 194 114, 186

generate In addition, hydrogen was formed during aqueous CO; reaction.
Thereby, the highest activities for CO generation were 14 pmolco-g”-h™ in a liquid phase''*
and 140 pmolco'g’-h™ in a gas phase reaction'®’ in the presence of a Cu/TiO, catalyst.
However, these investigations were performed under UV-light irradiation (254 nm). In
general, copper exists in the oxidation states 0, +1 and +2, respectively. Most of the studies

167, 168, 185, 186, 189 .
0. Previous works have

showed a presence of copper(I), more precise Cu.
already shown the higher performance of copper(I)-species whereas the presence of copper(0)
lowers the activity.'”>"” An in situ formation of initial copper(Il)- to active copper(I)-species
might also be possible under photocatalytic conditions'” and also the complete reduction to
the deactivated copper(0)-species has been already observed.'’ Interestingly, copper(0) can
easily be re-oxidized to active copper(l) in an air-containing environment which also means in

the presence of additional or formed molecular oxygen.

1.2.6 Oxidation reaction and the influence of oxygen

Theoretically, the water oxidation is an important accompanying reaction for the
photocatalytic CO, reduction due to the trapping of holes resulting in an improved charge
carrier separation and enhanced activity for the CO, utilization. Unfortunately, the four-
electron oxygen evolution reaction (OER) with its large overpotential is kinetically limited,'*®
very complex and up to now not fully elucidated. Thus, it is recognized as the major challenge
to ensure the solar fuel production (overall water splitting and CO, reduction).” Above all,
the first one-electron oxidation step, the rate-limiting one, is still not identified and several
models are proposed. The most disputed point concerning the nature of the hole trapping
mechanism is which species is the most essential one. In comparison to many others, Paranelli
et al. demonstrated that surface-trapped holes in TiO, only exist in the presence of adsorbed

200
water.

The amount of holes significantly increased if the TiO, surface is covered with
hydroxyl groups and water molecules are physisorbed. In any other cases, only the presence
of holes in the bulk was observed concluding holes on the surface recombined or were quickly
trapped. To achieve the most effective trapping of holes and to avoid the complicated and
slow water oxidation reaction sacrificial agents such as alcohols have been applied.'*
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Thereby, the alcohol oxidation proceeds via a two-electron process to the respective aldehyde.
Tamaki et al. studied the reaction dynamics in the presence of various alcohols and
determined a lifetime of trapped holes in methanol, ethanol and 2-propanol of 300, 1000 and
3000 ps, respectively.”’! This means, the addition of methanol provides the fastest trapping of
holes and therewith the best charge carrier separation occurs. In comparison, kinetic
investigations of Yamakata er al. demonstrated a very slow hole capture within 2 us in the

292 Nevertheless, this latter process is the most important one

presence of only water vapor.
and the aim has to be the development of an active photocatalyst for this system without the
addition of any external sacrificial reagents.

In theory, in the presence of H,O (also as vapor) molecular oxygen should be generated due to
thermodynamics if TiO, is used in an active photoreaction system. However, only a few
researchers were able to quantify the amount of oxygen.'®* % ' In the presence of Pt/TiO,
Xiong et al. analyzed an O, average production rate of 290 pmolo,'g'h™ which is in
conformity to the calculated production rate.'® Others have identified traces of labelled
1802,184’ 193 or detected a change in the N,/O, ratio'®” 2 but primarily the amount of O,
couldn't be quantified or wasn't even mentioned (Tables A1-A4). Obviously, the small
amounts of carbon-based products formed, would lead to a very small amount of oxygen,
which can only be detected with huge standard deviations. Furthermore, oxygen can be
adsorbed on the semiconductor's surface and surface oxidation might occur."”® *** Other
researchers assume a re-oxidation of generated products.'®® -2 Moreover, the formation of
other partially oxidized products may be possible.®® 2% Substantially, these species might be
*OH or O, radicals, 102 and/or H,O, (inter alia Scheme 1.8). Therefore, *OH radicals are
generally formed by the oxidation of surface hydroxyl groups and/or adsorbed water (Scheme
1.8, eq. (1) and (2)). The presence of *OH radicals is demonstrated by spin trap experiments
with electron paramagnetic resonance (EPR) spectroscopy.”’’ Furthermore, there are several
ways to generate these radicals from H,O; (Scheme 1.8, eq. (5)-(7)) which is produced by the
reduction of formed O, or the disproportionation reaction of superoxides (Scheme 1.8, eq. (3)
and (4)). In case of eq. (5) only surface-bounded radicals might be formed, whereby also free

*OH radicals can be produced in eq. (6) and (7) which are much easier to verify via the spin

trap method.
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H,0 +h" — sOH+H" (1)
[Ti-O-Ti]s + &" + H,O ——— [Ti-O *HO-Ti], + *OH (2)
0, +2¢+2H — H,0, 3)
0, +0," +2H" — H,0,+0, 4)
H0, +e — «OH+OH (5)
H,0, + 0," — OH+OH + 0, (6)
H,O, + hv — *OH ++*OH (7)

Scheme 1.8 Possible oxidation reaction in aqueous media in the presence of the photocatalyst TiO,.%

The detection of H,O, should be the easiest among all possible oxidation products as it can be
verified via a direct optical absorption in UV and IR regions, coloration methods,

S 206
fluorescence probe and chemiluminescence methods.

The formation of superoxide O, is
less important and there's a small number of examples compared to the generation of *OH
radicals. These O," radicals can be also analyzed by the spin trap experiment (EPR

spectroscopy).206

However, the reaction rates are significantly smaller compared to the one
with *OH. The formation of O,” is mainly discussed as photocatalytic oxidation process
during the mineralization of organic substances, the production of H,O, and anti-microbial
activities.*> 2*® The reaction between O,” and a trapped hole might produce singlet oxygen
'0,.2% This species can be detected via near-infrared phosphorescence at 1270 nm. The
lifetime was determined to be 2 ps which is much shorter compared to those of *OH radicals
(10 ps). All these reactions mainly occur on the surface of TiO, and/or by releasing the
mentioned species.””® Thereby, also surface peroxo species, such as [Ti-O-O-Ti] or Ti-OOs,
might be generated. These many various ways show the complexity of the oxidation reaction
process and confirm why the overall mechanism has not been clearly elucidated yet.
Obviously, this process is strongly influenced by the nature and properties of the
photocatalysts™ active sites and also by the reaction conditions.

In this context, another aspect is the influence of oxygen on the photocatalytic performance.
Thus, the question arises, if oxygen, once formed, can even be detected. First, it is likely that
released gas-phase oxygen promotes the reverse reaction back to CO, and/or H,O as few
researchers assumed.'®® 1" 29> However, this requires the desorption of the oxygen species
which might be challenging due to the energetically favored adsorption on the surface of TiO,
compared to CO, and also the providing of a higher number of adsorption sites for O, by a
defective surface.'®> 2% Hence, CO, competes with O, for adsorption sites on TiO, which
leads to a restricted CO, adsorption and thus to a lower product formation. Indeed, Strunk e¢

al. have shown that in the presence of O, the photocatalytic formation of CH4 over TiO, was
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inhibited above a concentration of 5 ppm."*® Moreover, O, is more readily reduced than CO,.
The one-electron transfer to form superoxide radicals is thermodynamically possible due to
the less negative potential (Eg = -0.137 V) compared to that of the conduction band of TiO,
(Scheme 1.6). As mentioned before, the one-electron reduction of CO, (Ep = 1.85 V) is highly
improbable (chapter 1.2.2). So, the reduction of O, might reduce the number of
photogenerated electrons which are available for the CO, reduction. Thus, these are further

hints for the challenging analysis of generated O, and the whole oxidation reaction process.
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2 Objectives of this work

The sustainable and sufficient supply of energy remains one of the most important challenges
nowadays. Therefore, the abundant sunlight shall be converted to chemical energy by the
investigation of suitable photocatalysts. This might be feasible by the capture of the energy of
light in the energy vector hydrogen and also by the photocatalytic utilization of the
greenhouse gas CO,. The intelligent use of CO, as a C;-feedstock and its conversion to
valuable carbon-based materials and sustainable energy sources can furthermore establish a
closed-CO; cycle.

Hence, the major objective of this thesis was the development of catalysts for the light driven
hydrogen generation and reduction of aqueous CO,, respectively. The aim was to develop
non-noble metal-based materials, such as copper species, to examine the ongoing processes
and to improve the current catalytic performances. In case of the photocatalytic hydrogen
generation the existing system containing a copper-based water reduction catalyst, an Ir-
complex as photosensitizer and triethylamine as sacrificial reagent should be improved
applying various supported copper catalysts which were prepared by different ex situ and in
situ methods. Here, the understanding of the material's characteristics and properties was of
significant importance.

Regarding the CO, utilization, the investigation with the most commonly used photocatalyst
TiO, P25 was to be improved by e.g. the modification of the semiconductor, the addition of
several co-catalysts and amounts or by the variation of the reaction conditions. Furthermore,
the clarification of the process, including the reduction and also the challenging oxidation
reaction, was a central issue. Therefore, mechanistic investigations by applying various in situ
analytical methods such as XAS, EPR and UV-vis spectroscopy were carried out so that due

to the findings the catalytic performance was enhanced.
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3 Summary

The generation of hydrogen by reduction of protons in the presence of light and a
photocatalyst offers an attractive way to store energy and form a sustainable energy vector. In
a related way the energy of sunlight can also be utilized to convert the major greenhouse gas
CO; e.g. to CH4 which constitutes another type of storage media. Furthermore, in the presence
of suitable photocatalysts CO,, as a potential carbon feedstock, leads to a number of
industrially relevant raw materials and in particular, the generation of carbon monoxide might
be an unusual but interesting conversion. CO, in addition with hydrogen, is an important
reactant especially for many industrial processes performed on large-scale (e.g. Fischer

Tropsch).

energy storage

HZO cat H2 €0, industrial raw materials
industrial raw materials
CO
et
C02 cat energy storage e.g. CH,
Cay

industrial raw materials

Scheme 3.1 Conversion of sunlight into chemical energy by the utilization of H,O and CO, in the presence of a suitable
catalyst.

In 2014, a system for the photocatalytic hydrogen generation was developed in our group
(chapter 1.1.2).*® Here, Cul proved to be the best copper precursor of all tested materials.
However, during the photocatalytic reaction in situ copper nanoparticles were formed which
also demonstrated an inherent activity towards proton reduction. Hence, in the present work
heterogeneous copper catalysts were prepared by various synthesis methods and investigated

under visible light irradiation.*'

The advantages compared to the initial previous system are
the investigation of defined vs. random aggregated catalysts and the easier separation of the
material after the reaction.

First, the heterogeneous copper catalysts were synthesized by an incipient wetness

impregnation of inert SiO,. Therefore, mesoporous silica MCM-41 was impregnated with a
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Cu(NO3),- and CuCl,-solution, respectively. After drying at 80 °C the nitrate sample was
calcined at 400 °C in air (CuO(N,a)/MCM-41 and N, (CuO(N,N)/MCM-41). The chloride
sample was further impregnated with NaOH after the drying step to precipitate Cu(OH), and
to remove the chloride via a washing step. Afterwards, the material was dried again at 80 °C
(CuO(Cl)/S10;) and calcined at 400 °C under air (CuO(Cl,a)/Si0;). Table 3.1 shows the main
preparation parameters, the copper content as well as the surface area and pore size of the

samples.

Table 3.1 Preparation, copper content and structural properties of different Cu-based catalysts.?'

Sample Precursor Support Precipitation  Calcination Cu content  Surface area  Pore size
[wt.%]* [m’ g]" [nm]®
CuO(N,a)/MCM-41 Cu(NOs), MCM-41 - 400 °C (air) 6.5 434 3.7
CuO(N,N)/MCM-41 Cu(NOs), MCM-41 - 400 °C (N>) 6.5 498 39
CuO(Cl,a)/SiO, CuCl, MCM-41  NaOH 400 °C (air) 6.2 163 8.7
CuO(Cl)/Si0O, CuCl MCM-41  NaOH - 6.6 185 11.4

* Determined by inductively coupled plasma optical emission spectrometry.
® Determined by nitrogen sorption.

ICP-OES analytics indicated a copper amount between 6.2 — 6.6 wt% for all materials. The
surface area and pore size significantly depended on the applied copper precursor and in
particular on the NaOH treatment. Additionally, the surface area was considerably smaller
compared to the unloaded MCM-41 (surface area: 1214 m?/g, pore size: 4.1 nm) caused by
pore-blocking. XRD patterns revealed the typical reflexes for the monoclinic phase of CuO
except for sample CuO(Cl)/SiO;. In the related diffraction pattern of CuO(Cl)/SiO, the
reflexes of very low intensity were assigned to Cu,CI(OH);. TEM analysis demonstrated
definite and small copper particles with a narrow size distribution on the surface of the
support (Fig. 3.1). [f MCM-41 was impregnated with aqueous Cu(NO3); the achieved material
obtained after calcination under air possessed slightly smaller particles (<2 nm, Fig. 3.1a)
compared to the material calcined under N, (~3 nm, Fig. 3.1b). Incipient wetness
impregnation of MCM-41 with aqueous CuCl, and a following NaOH treatment led to a
destruction of the typical hexagonal pore structure of the silica. This observation also clarifies
the significant decrease of the surface area and the unusual increase of the pore volume. The
copper particles were not as finely and homogeneously dispersed as in the materials prepared
by the nitrate precursor. EDX measurements confirmed the presence of Cl in CuO(Cl)/SiO,
which is in agreement to the XRD results. After calcination at 400 °C (CuO(Cl,a)/Si0O;), no CI
was observed and the particles grew (Fig. 3.1¢) compared to CuO(Cl)/SiO; (Fig. 3.1d).
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Figure 3.1 BF-TEM images of CuO(N.a)MCM-41 (), CuO(NNYMCM-41 (b), CuO(CI)/SiO; () and CuO(CLa/SiO;
(d). 10

It has to be mentioned, that EDX data of CuO(Cl1)/SiO, also presented copper particles not
accompanied by any Cl. This demonstrated the presence of two different copper species in
this material. Disadvantageously, TEM analysis records only a small part of the material.
Instead, Anomalous Small Angle X-ray Scattering (ASAXS) offers information about a larger
volume of the investigated sample. The four materials, in particular, CuO(Cl)/SiO, have been
intensively analyzed by this latter method. First, ASAXS analysis confirmed the maintained
hexagonal pore structure of MCM-41 in CuO(N,a)/MCM-41 and CuO(N,N)/MCM-41 and
furthermore the destruction of the MCM-41 structure in the materials formed by CuCl, and
NaOH impregnation. A deeper insight in the scattering curve of CuO(Cl)/SiO, actually
revealed the presence of two copper species. Thereby, the major part consisted of
homogeneously dispersed copper particles on the support. Their behaviour is comparable to
the CuO(N,N)/MCM-41 sample. The second copper species appeared to be nanoparticles with
a diameter of 1.4 = 0.12 nm which were agglomerated in a network with a size of 11 nm. This
minor part of the material presents the observed particles in the TEM investigations.
Furthermore, to elucidate the oxidation state and the local structure of the copper species, X-
ray absorption spectroscopic (XAS) measurements were performed. XANES determined a
Cu(II)-species with a distorted octahedral symmetry in all investigated materials (Fig. 3.2a).
Thereby, the spectra of the samples CuO(N,a)/MCM-41, CuO(N,N)/MCM-41 and

CuO(Cl,a)/S10; are comparable to the reference measurement of CuO with a less pronounced
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distortion of the octahedral geometry. In contrast, the structure of CuO(Cl)/SiO, deviated
considerably from CuO which was most notably observed in the derivative spectrum (Fig.
3.2b). These results were also substantiated by EXAFS and confirmed the different features of
CuO(Cl)/S10; compared to all the other materials.
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Figure 3.2 Ex situ XANES measurements (a) and first derivation (b) of supported copper materials in comparison to the
reference materials Cu foil, Cu,0 and CuQ.*"°

Afterwards, all these synthesized supported copper materials were tested as WRC with
[Ir(ppy)2(bpy)]PFs as PS and TEA as sacrificial reagent compared to the previously
mentioned system containing Cul as WRC precursor.’® Table 3.2 summarizes the hydrogen
evolution after 3 and 20 h illumination and the related catalyst activities which present the

amount of hydrogen in mmol per hour and g of copper.

First, it has to be mentioned that in all investigations the activity of the systems decreased
within the 20 h which is caused by the decomposition of the PS during the reaction.’® After
the first three hours, CuO(Cl)/SiO; showed the highest activity followed by CuO(Cl,a)/SiO, >
CuO(N,N)MCM-41 > CuO(N,a))/MCM-41. Applying these three structurally similar
materials, nearly the same hydrogen formation was obtained after 20 h while CuO(Cl)/SiO,
achieved the highest activity. This behaviour indicates a correlation between the significantly
different CuO structure in the latter material and its improved productivity. As known from
literature, by lowering the copper amount on the support the activity can be enhanced. Thus, a
material equally prepared, but with a lower copper amount (1/10 compared to CuO(Cl)/SiO;)
was synthesized and investigated (CuO(Cl0.1)/Si0;). Notably, after 3 h the activity was 10
times and after 20 h 8 times higher compared to CuO(Cl)/Si0O,.
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Table 3.2 Photocatalytical hydrogen generation from THF/TEA/H,O mixture with different Cu-based WRCs.*'?

Sample V(H,) [ml] /3h  Activity [mmol-h™-g”] / 3h V(H,) [ml] /20h  Activity [mmol-h™-g™"] / 20h
CuO(N,a)) MCM-41 53 113.7 12.4 39.9
CuO(N,N)MCM-41 5.7 1223 132 425
CuO(Cl,a)/SiO, 6.7 141.1 11.8 38.0
CuO(C1)/SiO, 8.9 189.4 17.1 55.0
CuO(C10.1)/Si0,* 8.0 1702 125 402

All experiments have been performed at least twice and the averages are shown. Experimental conditions: 15 pmol Ir-PS,
10 pmol [Cu], 10 mL THF:TEA:H,O = 3:2:1, 1.5 W Xe-light irradiation, > 385 nm, 25 °C, gas volumes determined by
automatic gas burettes and corrected by blank volume (0.5 ml after 3 h and 1.3 mL after 20 h), gases analyzed by GC,
Activity = n(H,)/(t-m(Cu)).

H, evolution in the absence of any copper catalyst but in the presence of MCM-41: 1.6 ml after 20 h.

* Experimental conditions: see above, with the exception of 1 umol [Cu] being used.

To indicate differences between these two catalysts, EPR measurements have been performed
(Fig. 3.3). The spectra of CuO(Cl)/SiO; revealed a superimposition of two Cu(Il) signals
resulting from two isolated Cu(Il) single sites (Fig. 3.3a). Furthermore, a weak magnetic
interaction between the Cu(Il)-ions was determined which confirmed the EXAFS results of
this material. Instead, the EPR spectrum of CuO(Cl0.1)/SiO, presented only one signal
indicating the existence of only one copper species and additionally, a homogeneous and fine
dispersion on the silica support was achieved. Hence, the formation of the Cu,ClI(OH);
agglomerates was prevented during the synthesis of the catalyst and the second copper species

with the considerably deviated CuO structure effected the improved catalytic activity.
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Figure 3.3 EPR spectrum of CuO(Cl1)/SiO, (a) and CuO(Cl0.1)/SiO, (b) measured at RT with x-band frequencies 9.877 and
9.450 Ghz, respectively.”'

Furthermore, EPR and in situ XANES measurements of the suspension were performed to
determine the change of copper species during the photocatalytic reduction reaction. In the
presence of the Ir-PS the EPR signal of the Cu(ll)-species decreased rapidly indicating a
reduction of Cu(Il) to the EPR silent species Cu(I) or Cu(0). This was also confirmed by the
time resolved XANES measurements. Thus, an in situ formed Cu(I)-species is proposed

which is known from literature to be the most photocatalytically active copper species.

31



Summary

Unfortunately, due to the insolubility of Cul in water, it was not possible to prepare a catalyst
in a similar way to CuO(Cl)/SiO; starting from Cul as copper precursor.”® Therefore and also
in order to stabilize the in situ formed copper particles in these investigations, the influence of
the addition of various silica based materials to the Cul/Ir-PS system was examined.”'' Figure
3.4a demonstrates the hydrogen generation in the presence of the mesoporous MCM-41 and
SBA-15 as well as the nanoporous glass (npG, pore diameter 39 nm). The result of the
photocatalytic reaction without the addition of any silica is added for comparison (without
additive). Interestingly, during the first three hours, nearly the same production of hydrogen
was achieved independent on the application and kind of silica. During the reaction process a
higher gas evolution was observed in the presence of MCM-41 compared to the npG 39, in
particular, which showed only a minimal rise of hydrogen after 20 h. Remarkably, after 48 h
an enhanced productivity was identified by the addition of MCM-41 compared to the initial
homogeneous Cul system. Moreover, the influence of the copper precursor was tested (Cul,
CuCl,, Cu(NOs),) with the best additive. However, the application of CuCl, and Cu(NOs), led
to a decrease of the ability to reduce protons compared to Cul as precursor. This effect is most
pronounced for Cu(NOs), where the system even deactivated after 20 h. Previous studies
presented an influence of the amount of the THF/TEA/H,O mixture on the productivity.
However, applying the non-supported Cul system, the best activity in 10 ml was obtained.*
In the presence of MCM-41 an optimum of hydrogen generation was reached in 50 ml of

THF/TEA/H,0, whereby the reproducibility in 10 ml was poor.
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Figure 3.4 Investigation of the influence of the various silica additives (a) and the amount of THF/TEA/H,0 (3:2:1) (b) on
the photocatalytic system. Experiments have been performed at least twice and the averages are shown. Differences between
the measurements of Fig.3.4a were between 1 and 7%.

Experimental conditions: 10 umol Cul, 15 umol Ir-PS, 20 pmol bpy, 11.4 mg additive, THF:TEA:H,0 = 3:2:1, 1.5 W Xe-
light irr;ll(liiation with >385 nm, 25 °C, gas volumes determined by automatic gas burettes and corrected by blank volume
(2 mL).

After defining the optimal conditions for the photocatalytic hydrogen generation by addition
of a silica, the long-term stability was investigated applying Cul, Ir-PS, MCM-41 in 50 ml
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THF/TEA/H,0 (3:2:1). Noteworthy, in the presence of the stabilizing ligand bpy, a hydrogen
volume of about 90 ml after 160 h was obtained by the Cul/MCM-41 system and was still
active at that time. In comparison, the non-supported system was already rarely active after
20 h illumination under the same conditions.

HAADF-TEM images of the catalyst, received after different reaction times during this long-
term experiment, are shown in Figure 3.5. EDX analysis ensured a deposition of copper
particles and/or agglomerates on the silica support. This copper deposition on the support was
not observed in every experiment in 10 ml THF/TEA/H,O which might explain the worse
reproducibility of this system. In 50 ml reaction media, copper nanoparticles of 5-10 nm arose
in situ during the first 48 h (Fig. 3.5b) and partially formed agglomerates (Fig. 3.5a). These
copper species were decorated with iridium nanoparticles of about 2 nm. During the
photocatalytic reaction the copper as well as the iridium particle sizes did not increase
noticeably concluding a stabilization of the particles’ growth during this long-term

investigation.

Figure 3.5 HAADF-TEM images of the IrPS/Cul/MCM-41 system in 50 ml THF:TEA:H,0 3:2:1 (volume based) after
proton reduction reaction after 48 h (a) and (b), after 96 h (c) and after 164 h (d).*"!

After determination of an active and stable catalyst, recycling experiments were performed to
evaluate the catalysts’ ability for separation and reuse (Figure 3.6). Therefore, the in situ
generated catalyst was separated from the reaction mixture by centrifugation and decantation,

washed and afterwards reused with fresh Ir-PS under the same conditions. Within the initial
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and the consecutive 4 recycling steps only a small decrease in hydrogen generation was
observed. Remarkably, the activity of the initial in sifu formed material was partially slightly
lower compared to the recycled ones, especially at the beginning of the respective reaction.
This suggests the formed particles were mainly responsible for the hydrogen generation
instead of the initial homogeneous Cul system. Finally, all recycling experiments resulted in a

catalyst lifetime of more than 400 h.

40

30

20 H

H, generation [ml]

10 A

O T T T T T
initial recycl. 1 recycl. 2 recycl. 3  recycl. 4

Figure 3.6 Recycling experiments: 10 umol Cu from the prepared material; 15 pmol Ir-PS added after every run; 20 mL
THF:TEA:H,0 (3:2:1, volume based); irradiation with 300 W Xe-lamp Lot Oriel 1.5W;> 385 nm; manual burette.*''

In conclusion, the previously developed system consisting of Cul as WRC precursor,
[Ir(ppy)2(bpy)]PFs as PS and TEA as the sacrificial reagent was improved regarding the
photocatalytic hydrogen generation by the investigation of ex sifu and in situ prepared silica
supported copper catalysts. Thereby, a higher catalytic activity was achieved and an enhanced
stability and recyclability of the system were reached by the addition of a supporting silica-
based material. Especially the ex situ prepared catalysts were fully characterized in detail to
ensure the identification of structural differences. Thus, structure-activity relations could be
made.

Besides photocatalytic hydrogen generation, the second major aim of this thesis was the
reduction of CO; to CO, which is of interest for the production of so-called sun fuels.
Therefore, various metal-doped highly porous TiO, aerogels were synthesized, characterized
in detail and investigated in aqueous CO, photoreduction.*'?

Commonly, investigations of photocatalytic reduction reactions in the presence of the
semiconductor TiO, are performed with the commercially available material P25 (Evonik
industries). For this study highly porous TiO; aerogels (AG) with the addition of different co-
catalysts were synthesized as previously described.’’** '* Thereby, co-catalysts based on Pt,
Ru, Co, Cu and Mn were attached to the surface of TiO, AG. Standard methods such as N-

sorption, XRD and TEM were used to identify the structural properties of the aerogels. N»-
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physisorption measurements revealed a specific surface area of the pure TiO,-AG of about
480 m?*/g which is almost 10 times higher compared to TiO,-P25 (56 m?/g). The reasons for
this huge difference are the larger particles and their random aggregation compared to the
defined wire-like structure of the aerogel which was also observed in the TEM images. XRD
analysis indicated nanosized crystallites of the anatase phase for the TiO, aerogel.
Furthermore, FT-IR- and x-ray photoelectron spectroscopy (XPS) revealed a six times higher
amount of hydroxyl groups on the surface of the aerogel compared to P25. Table 3.3
summarizes the results of the photocatalytic CO, reduction which have been performed in
liquid phase at room temperature under UV-A/vis (320-500 nm) irradiation without the
addition of an external sacrificial reductant. In all investigations no CHy or any other gaseous
(expect CO and Hy) or liquid products could be detected via GC/TCD, GC-MS and capillary
electrophoresis. Blank measurements in the absence of CO, and light irradiation, respectively,
showed no identification of any carbon products concluding that the produced CO was
generated by reduction of CO, and not by any residuals of the catalyst. In contrast to
commercially available TiO, (Table 3.3, entries 1 and 2) the synthesized TiO,-AG showed
some activity, albeit mainly for water reduction (entry 3). Then, 6 wt% of the co-catalysts Ru,
Co and Cu respectively, were loaded on the TiO,-AG: Co prevented both reduction reactions
(entry 5), whereby Ru (entry 4) and Cu (entry 6) enhanced the activity towards H, and CO
generation. When the copper loading was reduced from 6.3 to 0.3 wt% (entry 7), CO
production was significantly increased due to a higher dispersion and smaller co-catalyst
particles on the surface of the semiconductor. Adding the same amount of Pt (entry 8) or Mn
(entry 9) as co-catalyst instead of Cu, lower amounts of CO were detected. H, generation
increased in the presence of Pt/TiO,-AG because Pt as co-catalyst promotes this competing
reaction.'® ' 1”2 Based on these results, further investigations as well as mechanistic studies
were performed on the Cu/TiO, system. Although the best catalytic performance was
achieved with 0.3 Cu/TiO,-AG, the following photocatalytic and characteristic measurements
were done in the presence of 6.3 Cu/TiO,-AG due to a clearer and better interpretation of the
analysis with respect to the higher copper content. As XRD, XPS and TEM analysis showed
copper was already homogenously and extremely finely dispersed on the surface of TiO,-AG
in the material 6.3 Cu/TiO,-AG concluding a copper identification in the dispersion is very

challenging.
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Table 3.3 Photocatalytic reduction of CO, in H,O with various TiO, and M/TiO, catalysts.

Entry Catalyst l?eaction Amo.u?ltm [ud] . Amo.ufltco [ul] .
time [h] (Activity [pmol-g.,c -h™]) (Activity [pmol-g..c h™'])

1 TiO,-P25 4 n.d. n.d.

2 TiO, Anatase 4 n.d. n.d.

3 TiO,-AG 4 240 (200) 1.8 (1.5)

4 10_Ru/TiO-AG 4 650 (540) 6.7 (5.6)

5 10_Co/TiO,-AG 4 n.d. n.d.

6 6.3 CwTiO,-AG 4 530 (430) 6.2 (5.1)

7 0.3_Cu/TiO,-AG 4 600 (490) 13.2 (10.9)

8 0.4 _Pt/TiO,-AG 4 700 (580) 6.7 (6.7)

9 0.3_Mn/TiO,-AG 4 540 (430) 4.6 (5.1)

10 6.3_Cu/TiO>-AG 6 580 (320) 6.6 (3.6)

11 6.3_Cu/TiO>-AG 20 750 (120) 7.5(1.2)

12 6.3_Cu/TiO>-AG 0.5 41 (290) 4.3 (28)

13 - 4 n.d. n.d.

14 6.3_Cu/TiO,-AG™ 4 nd. nd.

15 6.3_Cu/TiO»-AG™ 4 550 (450) n.d.

All experiments have been performed at least twice and the averages are shown. Differences between the measurements are between 1 and
14%. Experimental conditions: 12.6 mg catalyst, 7.5 ml H,O, 60 min flushing with CO,, 20 °C, Lumatec lamp: 2.5 W output, Filter 320-
500 nm, gases analyzed by GC, Activity = n(gas)/(m(catalyst)*t).

n.d.: not detectable.

[a] without irradiation.

[b] without COs.

After identification of Cu/Ti0,-AG as the most suitable catalyst, the reaction time was varied
(entries 10-12). Here, only a small amount of additional reduction product was obtained after
increased irradiation time. However, the activity was significantly higher performing the
reaction only half an hour concluding the catalyst deactivated during the photoreduction.

In situ EPR and XANES investigations were used to determine the oxidation state of copper
during the photocatalytic reduction (Fig. 3.7). Both analytics presented a Cu(Il)-species in
6.3 Cu/TiO,-AG before the irradiation which confirmed the XPS analysis of the solid
material. During the first seconds of the reaction the intensity of the EPR signal for Cu(Il)
decreased rapidly indicating a reduction of Cu(Il) to Cu(I) or Cu(0) (Fig. 3.7a). Which
oxidation state was formed, cannot be identified via EPR because both species are EPR silent.
Furthermore, a change of the typical absorption edge of Cu(Il) (Fig. 3.7b, grey) was observed
by XANES investigations of the catalyst in suspension during the reaction. After 4 h the
spectra of Cu/Ti0,-AG corresponded to that of the reference Cu(0). In conclusion, the results
of the EPR and XANES measurements revealed a reduction of Cu(II) to Cu(I) or Cu(0) within
the first minutes of the photocatalytic reaction whereby after 4 h a complete reduction to

Cu(0) was generated which might be the deactivating species.
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Figure 3.7 Following of the oxidation state of Cu in 6.3 _Cu/TiO,-AG in aqueous suspension under photocatalytic conditions
via in situ EPR (a) and XANES (b).*'?

Afterwards, investigations for the photocatalytic CO, reduction of this catalyst were
performed in the presence of different amounts of oxygen to inhibit the formation of the
potentially deactivating Cu(0) species (Fig. 3.8). Obviously, at first it might be irrational to
perform CO, reduction in the presence of O, because the reducibility of latter molecule is
much easier which is mentioned in detail in chapter 1.2.6.

Nevertheless, by the addition of 0.5 vol% O, to the CO, atmosphere a three times higher
amount of produced CO could be obtained after 20 h irradiation in the presence of the
6.3 Cu/TiO;,-AG catalyst. Also, hydrogen was still generated under these conditions but the
ratio of CO/H, strongly increased compared to O,-free investigations. To the best of our
knowledge this presents the first time that CO, photoreduction was improved in the presence
of oxygen. The reason for the change in selectivity might be the re-oxidation of H, to H,O by
adding O,. A further increase of the O, amount to the CO, atmosphere led to a deactivation of
the catalyst and/or to a re-oxidation of CO to CO,. Additionally, TiO,-P25 and TiO,-AG were
also investigated under these conditions. TiO,-P25 was still not active. Interestingly, TiO,-AG
indeed showed some activity towards H, and CO generation, but the amount of both
compounds decreased in the presence of O, compared to the O,-free test. This was in contrast
to the investigations with 6.3 Cu/Ti0,-AG and demonstrated the importance of the copper
co-catalyst and the influence of O, on the active copper species. Therefore, operando UV-vis
measurements in the presence of various amounts of O, were performed to analyze the effect

of O on the copper species and thus on the photocatalytic CO, reduction.
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Figure 3.8 Photocatalytic CO, reduction with 6.3_Cu/TiO,-AG catalyst by using different CO,/O, mixtures. Conditions:
catalyst: 12.6 mg 6.3_Cu/TiO,-AG, medium 7.5 ml H,0, 20 °C, 20 h, Lumatec lamp: 2.5 W output, Filter 320-500 nm.*'?

First, the initial Cu(Il) was reduced to Cu(l) within the first minutes under O,-free
atmosphere. However, also Cu(0) was rapidly generated but the intensity of the Cu(l)
absorption band decreased almost immediately. In the presence of 0.5 vol% O, the reduction
of Cu(Il) to Cu(l) was also identified within the first minutes of the reaction. Indeed, the
signal of Cu(I) was much longer present compared to the investigation in pure CO,. By
adding a higher amount of O, (>5 vol%) Cu(ll) was identified as the main oxidation state
during the whole reaction. Plausibly, higher amounts of O, led to a slower and inhibited
reduction of Cu(Il) to Cu(I) and Cu(0) concluding Cu(I) was the active species in this
investigations. These findings were also confirmed by the product analysis at the beginning
and at the end of the photocatalytic reaction. Within the first 10 minutes the amount of CO
was higher in pure CO, and still lower in the presence of 0.5 vol% O,. However, after 30 min
the CO generation nearly stagnated in 100% CO, but was still in progress in the presence of
O,. Thus, there was also a significantly higher CO amount after 20 h due to the higher
stability of this active Cu(I) species.

As mentioned in chapter 1.2.6 (oxidation reaction), the back reaction of this photocatalytic
progress is still a challenging task. In fact, without the presence of any sacrificial reductant in
the aqueous system, an oxidation of H,O would have been expected. Unfortunately, it was not
possible to detect any O; in the gas phase using GC/TCD or an optical O, detection set-up.
Furthermore, H,O, as an alternative oxidation product could also not be identified via a
typical H,O, detection test. Of course, generated O, might also prevent the premature
formation of the deactivated Cu(0) species in the presence of the Cu/TiO,-AG catalyst but

then also the less active TiO,-AG might show some traces of O,. Furthermore, as other
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researchers had proposed previously, a re-oxidation of the products CO and H, might also be
possible. Hence, investigations in the presence of 0.5 vol% O; in the CO, atmosphere were
performed with an oxygen sensor (Clark electrode) to get more information on the generated
oxygen. Figure 3.9 shows the trends of the O, concentration during the photocatalytic reaction
in the presence of various TiO; and Cu/Ti0;-AG, respectively. In all investigations a light-
induced O, uptake was observed. TiO,-P25 demonstrated the lowest consumption of O,
which was less pronounced if the material was calcined at 500 °C. TiO,-AG and Cu/Ti0,-AG
captured a much higher amount of O, without any different behavior which indicated an O,
photoadsorption primarily by the aerogel. As mentioned in the section of the aerogel
structural characteristics, this material possessed a significantly higher number of hydroxyl
groups and the trend in O, uptake correlates with that property. Undoubtedly, calcination of a
Ti0; lowers the amount of the hydroxyl surface groups resulting in a lower O, consumption.

Consequently, this distinctive structural feature of the TiO, aerogel led to the increased O,

photoadsorption.
0.50 -
0454
=
=]
i
=il blank
— Ti0,-P25 calc.
TiO -P25
0354 ——Ti0,-AG
——6.3_CWTiO-AG
0.30 . , . , . , .
0 5 10 15 20
time [h]

Figure 3.9 Following the O, amount with an oxygen sensor during the photocatalytic reduction in 0.5 vol% O,/CO, in the
presence of various materials.?'

It is known from literature that hydroxyl groups can be released and converted to super- and
peroxo species by photoadsorption of O, on the TiO,.2">" Titration investigations before and
after a long-term photoreaction (5d reaction time, 6.3 Cu/TiO,-AG, 0.5 vol% 0O,/CO,
atmosphere) were performed to compare the number of hydroxyl groups on the aerogel
surface. Indeed, the amount of these groups was reduced by roughly one half. Furthermore, in
situ EPR measurements in the presence of TiO,-AG revealed the generation of released *OH
radicals during the irradiation. Finally, analyzing the suspension after the long-term

photoreaction peroxide was determined via a colouring enzymatic reaction in the suspension
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and to a significantly lower amount in the isolated liquid phase. This indicated that most of
the peroxo species were bound on the TiO, surface. Moreover, this was also observed after a
standard photoreaction with Cu/TiO,-AG in pure CO,. Thus, the consumption of hydroxyl
groups, the detection of *OH radicals and the formation of peroxo species on the
semiconductor’s surface evidenced the surface hydroxyl groups to be photo-oxidized and thus
to be the electron source for the reduction counter reaction. Obviously, the regeneration of

these hydroxyl groups has to be solved to generate a real photocatalytic overall process.

Due to all these photocatalytic investigations under different conditions and the interaction of
various standard, in situ and operando analytical methods it was possible to propose the

following mechanism for the photocatalytic process of aqueous CO:

CO, + 2e CO + [0?]
2H" + 2e H,
reduction S
activation C .:
culll) | s [ cu(l) 0O, cu(0)
@\J n ]
7.y CB
E,
VB
/ h*
Q; O~ / | I on H
(9] o OH OH
: “photo- s

L oxidation )
e- .
via -‘OH

Figure 3.10 Proposed reaction scheme for photocatalytic reduction of CO, with H,O on Cu/TiO,-AG.
(Photooxidation: *OH radical intermediate (via *OH), ¢ product)

Thereby, electrons from the valence band are excited to the conduction band by light
absorption. These electrons are trapped by the co-catalyst copper to prevent the electron-hole
recombination. The initial Cu(Il)-species is activated to Cu(l) to catalyze the CO, to CO
reduction. In the presence of small amounts of oxygen the reduction to the deactivating Cu(0)
species is inhibited and Cu(l) is stabilized. The electrons for this reduction process are

provided by the photo-oxidation of the TiO, surface hydroxyl groups.
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developed [1-3], whereas one of the more basic ones is the
photocatalytic splitting of water into hydrogen and oxygen.
Because of their availability and lower toxicity compared to
noble metals, oxides consisting of metal cations with d° and
d'® configurations are intensively investigated as water
reduction catalysts (WRC's) [4—8]. Among these, different

Introduction

In the context of alternative energy technologies the
transformation of sun light energy into the inherent
chemical energy of a hydrogen molecule is of actual inter-
est. For this purpose numerous approaches are currently
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copper species on various semiconductors have been
explored for the photocatalytic hydrogen generation [9-36].
These photocatalytic reactions mainly take place in a
water/alcohol mixture and require UV-light activation due
to the large band gap of the preferred semiconductor TiO,
(Table S1). It was shown that photo-induced charges from
the TiO, are transferred to CuO which itself is reduced to
Cu,0 in the activation period before the photocatalytic
hydrogen generation starts [14]|. Indeed, several examples
demonstrate the high activity of copper(l)-species in
hydrogen generation [9-11,14,17,29,30]. Furthermore, DFT
calculations support a formation mechanism including the
reduction of CuO to Cu,0 by photogenerated electrons [9].

The apparent disadvantage of using Cu,O for photo-
catalytic water splitting is its sensitivity towards oxidation
back to CuO in aqueous solutions and, thus its low stability
and ease of deactivation [37,38]. Whereas Cu,O alone as
photocatalyst for overall water splitting was discussed
since the 90‘s of the last century [38,39], it is nowadays
mainly applied in photoelectrochemical water reduction
using photocathodes consisting of Cu,0 [40,41]. This actual
dominance is so to say an inevitable consequence of the
nature of the currently available Cu(II)-catalysts, as CuO has
to be activated by a semiconductor (SC) whereby activation
occurs at the CuO—SC interface which is, however, rarely
accessible for the reactants.

Dye sensitizing is a feasible approach to overcome spectral
limitations of wide bandgap semiconductors [42]. This pho-
tocatalytic process can be separated in four single steps,
namely 1) photo excitation of the dye, 2) electron transfer
from the lowest unoccupied molecular orbital (LUMO) of the
dye to the conduction band of the semiconductor, 3) migration
of the electron to the surface and proton reduction to form H,
and 4) closing the catalytic cycle by regeneration of the dye
with a sacrificial reductant. Commonly, co-catalysts on the
semiconductor serve as active sites, as Schottky barrier for
electron trapping and charge separation as well as to reduce
the overpotential for H, evolution [43]. Jin et al. worked on a
system consisting of i) dye-sensitized CuO incorporated TiO,
catalyst and ii) various sacrificial reductants under visible
light irradiation [19]. Thereby, the excited electrons from the
LUMO of the Eosin Y are trapped efficiently into the conduc-
tion band of the TiO, and are transferred to CuO which than
reduce protons to hydrogen. Herein, we present a method for
direct dye activation of Cu(ll)-oxo species at easily accessible
surface sites that makes catalysis more efficient.

Recently, some of us developed a system containing
copper(I) and copper (II) compounds as water reduction
catalysts (WRC), [Ir(ppy)2(bpy)]PFs as a photosensitizer (PS)
and triethylamine as the sacrificial electron donor (SR) in a
THF/H,O mixture [44]. Following this homogeneous
approach, using Cul as dissolved WRC catalyst, the Ir—PS*
transfers one electron to the Cu species which itself reduces
protons to form H,. Cul as the WRC was found to be the
most active compound in proton reduction and through the
addition of nitrogen ligands such as 2,2'-bipyridine (bpy) a
significantly improved stability and productivity in
hydrogen generation was achieved. However, in situ formed
heterogeneous Cu species were identified which also
possess an inherent -catalytic activity for hydrogen

generation according to Scheme 1. Consequently, in this
work heterogeneous copper catalysts, prepared on photo-
catalytically inactive high surface silica as support by
various synthesis methods, were examined in the hydrogen
reduction under visible light.

Experimental
Materials preparation

Chemicals

The mesoporous silica MCM-41 was purchased from Siid-
Chemie AG. The copper-precursors were delivered by the
following companies: Cu(NOs),-3H,0 (>99.0%) from Fluka and
CuCl,-2H,0 (>99.0%) from Laborchemie Apolda. The precipi-
tating agent NaOH (>98.0%) was purchased from ].T. Baker.
The synthesis of the Ir-PS, [Ir(ppy).(bpy)][PFe], used in this
work, was prepared in two steps according to previous reports
[45,46].

Impregnation with Cu(NOs),-3H,0-precursor

1 g of the mesoporous silica MCM-41 was used as received and
impregnated with 2 ml of 0.63 M aqueous Cu(NO3), to achieve
a completely incipient wetness impregnation. After drying at
80 °C for 2 h, the material was calcined at 400 °C at a heating
ramp of 5 K/min for 1 h under air (CuO(N,a)/MCM-41) or under
N, (CuO(N,N)/MCM-41).

Impregnation with CuCl,.-2H,0-precursor

1 g of the mesoporous silica MCM-41 was impregnated with
2 ml of 0.63 M aqueous CuCl, until complete impregnation was
achieved and further dried at 80 °C for 2 h. Then the material
was impregnated with 1.9 ml of 2 M aqueous NaOH. After
drying at 80 °C for 2 h the material was washed three times
with distilled water and dried again at 80 °C for 2 h (CuO(Cl)/
Si0y).

These impregnation and precipitation processes were
performed once more, however afterwards the material was
calcined at 400 °C under air applying a heating ramp of 5 K/
min for 2 h (CuO(Cl,a)/Si0,).

SR*
Ir-PS- Cu(ll)-
particles
SR
Ir-PS*
Ir-PS Ll
Fis particles
/—\
H* /5 H,

Scheme 1 — Mechanism for the hydrogen generation using
a photosensitizer and Cu-particles.
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Analytical methods

The obtained materials were characterized by the following
methods:

Inductively coupled plasma optical emission spectrom-
etry (ICP-OES) using a Varian 715-ES ICP-emission spec-
trometer was carried out, in order to quantify the amount of
copper in the material. Specific surface area and pore size
distribution were determined from N,-physisorption data
obtained using a NOVA 4200e instrument (Quantachrome).
As a pre-treatment, samples were outgassed and dried for
2 h at 220 °C under vacuum. Data analysis of isotherm data
was carried out according to methods described by Bru-
nauer, Emmett, Teller (BET) [47] and Barrett, Joyner,
Halenda (BJH) [48]. Powder X-ray diffraction (XRD) was
carried out on a STADI P automated transmission diffrac-
tometer from STOE (Darmstadt, Germany) with an incident
beam curved germanium monochromator selecting CuKa,
radiation (I = 1.5406 A, 40 kV, 40 mA) and a 6° linear position
sensitive detector (PSD). The alignment was checked by use
of a silicon standard. The data were collected in the 2 Theta
range from 5 to 60° with a step size of 0.5° and a measure-
ment time of 50 s per step. The TEM measurements were
performed at 200 kV with an aberration-corrected
JEMARMZ200F (JEOL, Corrector: CEOS). The microscope is
equipped with a JED-2300 (JEOL) energy-dispersive x-ray-
spectrometer (EDXS) for chemical analysis. The samples
were prepared from freshly made reaction mixtures. After
certain hours of light irradiation a droplet of the reaction
mixture was placed on a holey carbon supported Ni-grid
mesh 300, dried and transferred to the microscope. The
ASAXS experiments were performed at the K edge of Cu
(8979 eV) at the FCM beamline of the Physikalisch Techni-
sche Bundesanstalt (PTB) [49] at the Synchrotron Radiation
Facility BESSY II using the HZB-SAXS-Instrument [50]. The
monochromatic X-ray beam was obtained from the white
beam by using a Si(111) four crystal monochromator com-
bined with two platinum coated mirrors for focusing re-
quirements and to reject higher harmonics. The scattering
was detected using an area sensitive hybrid pixel in-
vacuum detector (Pilatus 1 M) [51]. The incident mono-
chromatic beam intensities were monitored using a 7 pm
thin transmission photo diode. An X-ray photo diode
behind the sample on a moveable stage was used for
measuring the transmitted beam intensity between taking
the scattering patterns. The photon energy was calibrated
by using a Cu foil placed in the white beam in front of the
monochromator. The powder samples were mounted be-
tween two week scattering polymer films, only weak

compacted, and having a final thickness of some hundred
micrometers. The X-ray beam transmitted the samples
perpendicular while all samples are mounted on a sample
changer that is moveable inside a vacuum sample chamber
(<107° mbar). For each measurement sequence a sample of
Ag-behenate powder was measured as a standard for the g-
axis calibration. Additionally, a glassy carbon standard was
measured for all samples to convert the measured in-
tensities to absolute scattering units. For data processing
[52], the acquired 2D small-angle scattering patterns were
radial integrated and normalized with the incoming photon
flux. Subsequently, the scattering curves were normalized
to their X-ray transmission and subtracted by the respective
background scattering (two layers of polymer film for the
samples). Total scattering cross sections can be derived by
dividing the sample thickness and normalizing to the glassy
carbon scattering). For the normalization, a MatLab®
routine was used. The EXAFS experiments were performed
at the Cu K edge (8979 eV) at the BM23 beamline at the
European Synchrotron Radiation Facility (ESRF, Grenoble).
Monochromatic Xray beam was obtained from the white
beam by using Si(111) double crystal; a harmonic rejection
has been performed using Si coated mirrors. Both the inci-
dent (I0) and transmitted (I1) monochromatic beam in-
tensities were measured by using ionic chambers filled with
1.7 bar N, and 0.3 bar Ar, respectively, and eventually the
chambers filled up to 2 bar with He. The photon energy was
calibrated with the edge energy obtained from the maxima
first derivative of the Cu K-edge in the Cu foil (8984 eV). The
reference samples (Cu foil, Cu,0 and CuO) were measured
in transmission mode. For the liquid samples (Cu-species
before, during and after the radiation with visible light) the
EXAFS measurements were performed in fluorescence
mode with a 13-element Ge detector (Canberra Industries).
EXAFS signals were extracted and analyzed using IFEFFIT
package [53]. In situ XANES experiments were recorded in
dispersive mode at the EDXAS_L branch of ID24 beamline
[54]. The X-ray source consisted of one undulator U27
whose gap was optimized to tune the first harmonic at
energies covering the Cu K edge. The beam was focused
horizontally by an elliptical polychromator (Si(111)) crystal
in Bragg configuration and a Hamamatsu CCD camera as a
detector for time-resolved studies was utilized. A spectrum
every 7.5 s was collected. XANES data of in situ experiments
were normalized by XAS plug-in implemented in PyMca
allowing data treatment in batch. The evolution of reduc-
tion process was followed by the “ROI imaging” tool
implemented in PyMca package [S5] integrating the first
derivative of normalized XANES spectra between 8986 and

Table 1 — Preparation, copper content and structural properties of different Cu-based catalysts.

Sample Precursor Support Precipitation Galcination Cu content [wt.%]|* Surface area [m? g~]° Pore size [nm]°
CuO(N,a)/MCM-41 Cu(NOs), MCM-41 - 400 °C (air) 6.5 434 3.7
CuO(N,N)/MCM-41 Cu(NOj), MCM-41 = 400 °C (Ny) 6.5 498 3.9
Cu0(Cl,a)/Si0, CuCl, MCM-41 NaOH 400 °C (air) 6.2 163 8.7
CuO(Cl)/SiO, CuCl, MCM-41 NaOH = 6.6 185 11.4

@ From inductively coupled plasma optical emission spectrometry.
® From nitrogen sorption.
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CuO(N,a)/MCM-41
—— CuO(N,N)/MCM-41
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Fig. 1 — XRD patterns of the samples and of CuO (e)
according to ICDD file No. 01-080-1916 and Cu,Cl(OH); (#)
according to ICDD file No. 01-080-9252.

8990.5 eV (see vertical lines in inset Fig. 8). X-band EPR
spectra were recorded on a Bruker EMX CW-micro spec-
trometer at 20 °C with a microwave power of 6.3 mW, a

modulation frequency of 100 kHz and modulation ampli-
tude up 5 G.

Photocatalytic measurements

The catalytic experiments were carried out in an inert gas
atmosphere. A double walled reaction vessel was evacuated
and purged with argon several times. The catalyst (10 pmol
Cu) and the iridium-photosensitizer (15 umol) were added in a
Teflon crucible. Then a degassed solution of THF/TEA/H,0
(3:2:1, 10 ml) was added to the vessel. After tempering to 25 °C
for 8 min the reaction was started by switching on the light
source ( 300 W Xe lamp from LOT, irradiation output 1.5 W,
filter: > 385 nm). The evolved gas was collected by an auto-
matic gas burette and additionally analyzed by gas chroma-
tography (HP6890 N, carboxen 1000).

Results and discussion
Materials characterization

At the start of this project, four silica supported CuO catalysts
(6.2—6.6 Wt% Cu) were prepared via incipient wetness

Fig. 2 — BF-TEM images of CuO(N,a)/MCM-41 (a), CuO(N,N)/MCM-41 (b) and CuO(Cl)/SiO, (c) and CuO(Cl,a)/SiO, (d). The red
circles indicate the copper particles within the porous support.
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Fig. 3 — Scattering curves measured 353 eV, 127 eV, 47.5 eV, 17.5 eV and 6.5 eV below the Cu K-edge, found at 8986.5 eV.
Energy calibrated to a copper reference sample. All scattering curves are merged from scattering experiments at two
different sample to detector distances and plotted as lines. The calculated resonant Cu-scattering is given as orange stars
scaled with a factor 20.

impregnation of MCM-41 (surface area of 1214 m?/g, pore size which could be caused by pore-blocking and the NaOH

of 4.1 nm). Table 1 summarizes the main preparation pa- treatment.

rameters for each of these catalysts as well as their copper X-ray powder diffraction patterns in the range of 5-60° 2
content, surface area and pore size. The catalysts possess theta-scale reveal crystalline species being present in all cat-
reduced surface areas compared to the unloaded MCM-41 alysts (Fig. 1). The obtained reflections can be indexed to the
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Fig. 4 — Scattering curves of CuO(Cl)/SiO, subtracted with a Porod scattering background with magnification inset, labeled by
the energy difference of the used photons and the position of the Cu K, absorption edge can be seen in the left figure (a).
Measured data are represented by stars and crosses, and overlaid by the fit results displayed as line. On the right side the
scattering curve measured 127 eV below the Cu-edge (black) with its three model components Porod (gray), support
scattering (blue) and nanoparticle scattering (red) is displayed (b). The size distribution found for the small particles is

shown in the inset.

monoclinic phase of CuO (ICDD file No. 01-080-1916) except for
sample CuO(Cl)/SiO,. In CuO(Cl)/SiO, the appearing low
intense reflections can be ascribed to Cu,Cl(OH); (ICDD file No.
01-080-9252). The reflections of CuO(N,a)/MCM-41 and
CuO(N,N)/MCM-41 are much sharper and narrower as those of
the materials achieved by the CuCl, precursor pointing to
larger particles of the former.

Transmission electron microscopy (TEM) and recorded
bright-field (BF) images (Fig. 2, S1, S2a, S2b, S3) as well as high-
angle annular dark field (HAADF) images (Fig. S2c, S4) provide
a visual overview of the Cu species on the (inner) surfaces of
the supports. Focusing on the particles it is observed, that
incipient wetness impregnation produces definite particles
with a narrow size distribution and leads to a fine catalyst
dispersion over the silica surface. The well dispersed CuO
particles (dark spots distributed over the support) in
CuO(N,N)/MCM-41 are slightly larger (~3 nm, Fig. 2b, S2c) than
those in CuO(N,a)/MCM-41 (<2 nm, Fig. 2a).

Incipient wetness impregnation of MCM-41 followed by
precipitation with NaOH as in case of CuO(Cl)/SiO, and
CuO(Cl,a)/Si0, leads to the destruction of the hexagonal pore
structure of the mesoporous silica. After calcination at 400 °C
larger and smaller CuO particles are formed in CuO(Cl,a)/SiO,
(Fig. 2d, S4). In case of CuO(Cl)/SiO, (Fig. 2¢c) a rearrangement of
the silica to a glassy material with larger pores occurs and

some not evenly dispersed Cu,Cl(OH); agglomerates get
visible (Fig. S3). Respective EDX measurements confirm the
presence of Cl in accordance to the XRD results which desig-
nate the Cu phase in CuO(Cl)/SiO, as Cu,Cl(OH)s. It is impor-
tant to mention, that areas with Cu without Cl-signals are
observed, interpreting the formation of small copper oxide
particles. These structures play an important role in catalysis
and were deeply investigated via Anomalous Small Angle X-
ray Scattering (ASAXS), XANES (X-ray Absorption Near Edge
Structure) and EXAFS (Extended X-ray Absorption Fine
Structure) and identified as major part of the Cu species as
discussed in the following paragraph.

Deeper insights into the Cu particle morphology, size, and
the spatial distribution of the Cu-atoms within nano-
structures were gained with ASAXS [56] measurements which
were performed at 5 different photon energies below the Cu K-
edge. While the Cu K-edge has an energy of 8979 eV, the edge
of the catalysts is found to be at 8986.5 eV due to the chemical
shift. ASAXS probes an anomalous contrast behavior close to
the X-ray absorption edge of an element contained in the
sample. This anomalous behavior of any element can be
predicted from Cromer-Liberman calculations to be used to
extract resonant-curves for the scattering contribution of e.g.
Cu only, by using the Stuhrmann approximation [57,58]. Thus,
the investigated sample volume by ASAXS is much bigger
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Fig. 5 — Ex situ XANES measurements (a) and first derivation (b) of supported copper materials in comparison to the reference

materials Cu foil, Cu,0 and CuO.

than for TEM which provides statistically more relevant in-
formation about the samples. Therefore, this experimental
approach is complimentary to the XRD and TEM in-
vestigations. For complex systems like the Cu catalysts
described in this study the element-sensitivity of ASAXS is
crucial for the understanding of the results.

The results are shown as scattering curves in terms of the
total scattering cross sections multiplied by the square of the
magnitude of the scattering vector q as a function of q
(Fig. 3a—d). The contributions of the Cu containing particles
alone are represented by the calculated resonant copper
scattering curve (Fig. 4a).

First of all, for the samples CuO(N,a)/MCM-41 and
CuO(N,N)/MCM-41, a broad peak at 2 nm ™" is observed (Fig. 3a
and b), which can be correlated with the MCM-41 channel
structure. This observation corresponds to the TEM results
showing the MCM-41 structure for these samples. Surpris-
ingly, no statistically significant resonant scattering contri-
bution is found for the CuO(N,a)/MCM-41. This result seems to
contrast with TEM showing small Cu particles for this sample,
but it is in accordance to the sharp XRD reflections correlated
to CuO for this sample. It seems that the major part of the Cu
atoms is located in the large CuO particles leading to the
described sharp XRD reflections. Interestingly, the ASAXS re-
sults differ for the CuO(N,N)/MCM-41 sample, although the
observations obtained with TEM and XRD are very similar to
the one for CuO(N,a)/MCM-41. In case of CuO(N,N)/MCM-41 a
significant Cu scattering contribution is observed (Fig. 3b),
which shape is similar to the total scattering curves. That
indicates the morphology of the Cu containing parts of the

samples to be similar to the MCM-41 structure. Obviously, a
part of the Cu atoms is located in particles those sizes are
determined by the pores of the MCM-41 structure, another
part of Cu could be atomically distributed in the substrate. It
must be noted, that the atmosphere used during the calcina-
tion seems to influence the distribution of the Cu atoms.
These structural details are only observed with ASAXS.

For CuO(Cl)/SiO, and CuO(Cl,a)/SiO, (Fig. 3c and d) the
SAXS-term does not show the typical shape of MCM-41. This
indicates that the ordered structure of the MCM-41 is almost
destroyed during the preparation process which is also
confirmed by TEM. The ASAXS effect is illustrated in Fig. 4a for
sample CuO(Cl)/SiO,. This sample shows a complex scattering
curve, which can be explained with three different contribu-
tions which are shown in Fig. 4b for one scattering curve at
127 eV below the Cu edge. The first contribution is the Porod
region at large g-values and the angularly independent inco-
herent scattering used as background, which shows no reso-
nant effect. This background was subtracted from the
scattering curves showing in Fig. 4a. The Porod-law describes
the scattering related to all inner surfaces, in this case the
surface of the support material. The second contribution can
be explained with the nano-structure of the support. This was
modeled with spherical objects with a broad size distribution.
Thereby, the contrast of this feature decays slightly while
approaching the Cu edge. This indicated a resonant effect and
can be explained with a major part of homogeneously
dispersed Cu species in the support behaving comparable to
the CuO(N,N)/MCM-41 sample. The third component can be
correlated with Cu nanoparticles with a logarithmic size
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distribution and a diameter of 1.4 + 0.12 nm. These particles
are agglomerated in a loosely network with a size of 11 nm.
This latter result corresponds to the TEM investigations
described before.

For CuO(Cl,a)/SiO,, the resonant scattering curve shows
the typical shape of particles scattering. By a spherical model a
volume weighted particle diameter of 6.5 + 1 nm was found for
the Cu particles. An additional feature between 2 nm~* and
7 nm~! was observed which refers to particles below 1 nm
diameter. Unfortunately, it is not possible to determine surely,
if these particles contain Cu, or not. Both different kinds of
particles were discussed in the TEM paragraph before.

XAS measurements were performed to elucidate the
valence state and the local structure of the Cu species. The
XANES exhibits clearly, that Cu is bivalent in all samples
before their application in the photocatalysis (Fig. 5a). No hint
of any reduced Cu species is found. The coordination geom-
etry was further concluded. For CuO next to the main ab-
sorption peak at 8991 eV a significant shoulder at lower
energies can be observed that lead to a splitting in the deriv-
ative spectrum (Fig. 5b), the so-called a-B splitting. A splitting
of about 6 eV indicates a large tetragonal distortion from
octahedral symmetry typical for CuO [59]. For all the
measured samples such a splitting between 5.5 and 7 eV is
observed confirming distorted octahedral symmetry for Cu(lI).
Additionally, a weak pre-edge feature due to the 1 s — 3d
transition is observed at 8978 eV. Besides the similarities be-
tween the spectra also some differences are found: The
spectra of the CuO samples (CuO(N,a)/MCM-41, CuO(N,N)/
MCM-41 and CuO(Cl,a)/SiO,;) are comparable to the CuO
reference but show broader peaks and a slightly smaller
splitting indicating a less pronounced distortion of the octa-
hedral geometry. Contrary, the differences between CuO(Cl)/
Si0, and the reference CuO are most pronounced. Like for the
other supported Cu species the splitting is slightly smaller, but

2.0

—— Ref. CuO

—— CuO(N,a)/MCM-41
CuO(N,N)/MCM-41
CuO(Cl,a)/Sio,
CuO(CI)/SiO,

Cu-O
1.5+ =

Cu-Cu,

IX(R)| [A”]

0.5+

0.0

Fig. 6 — FT of the EXAFS oscillations. The corresponding
atomic pairs are highlighted.

the peaks in the derivative spectrum (Fig. 5b) are very sharp.
Furthermore, a shift of the absorption edge of about 2 eV is
observed. This result indicates that the structure of this spe-
cies differs significantly from the CuO structure.

To gain insight into the coordination of the Cu species
EXAFS patterns were investigated, too (see Fig. 6). The first
Cu—O shells are very similar for all 4 samples according to the
same valence state of (II). However, differences are found for
the Cu—Cu shells. The spectra of the calcined materials
CuO(N,a)/MCM-41, CuO(N,N)/MCM-41 and CuO(Cl,a)/SiO, are
more or less in accordance with the one of the ref. CuO, only at
longer distances (Cu—Cu3) the coordination number (CN) is
much lower indicating smaller CuO particles. Instead of this,
for CuO(Cl)/SiO, notable differences are observed. Compared
to all other samples, for CuO(Cl)/SiO, the coordination number
of Cu—Cu interactions is much lower and the distances be-
tween the Cu atoms seems to be higher hinting to a weak
interaction between the Cu atoms.

Catalytic performance

All the heterogeneous copper catalysts were tested as WRC
with [Ir(ppy)2(bpy)|PFs as visible light active photosensitizer
(PS) and trimethylamine (TEA) as the sacrificial reagent (SR)
under previously optimized conditions in a mixture of THF/
H,0 [44,60]. UV—Vis absorption of the PS (dissolved in aceto-
nitrile) is shown in Fig. S5 [61]. A strong absorption in the UV
can be attributed to w-w* transitions whereas in the visible
range of the spectrum (A > 390 nm) the PS absorptions above
500 nm are neglectable. The performance of the heteroge-
neous catalysts is summarized in Table 2. The hydrogen
evolution curves of the respective testes are depicted in
Fig. S7a.

In the absence of WRC the Ir—PS produced 0.5 ml H, after
3 hreaction time and 1.3 ml after 20 h. The gas volumes of the
experiments with WRC were corrected by this blank value in
order to get the productivity of the Cu-based catalysts. To
indentify the influence of the SiO, support, only MCM-41 and
the Ir—PS were added to the mixture THF:TEA:H,O = 3:2:1
without any copper catalyst. After 20 h only 1.6 ml H, were
formed which is comparable to the blank value. During the
ongoing photocatalytic reaction the activity of the catalyst
decreased for all tested materials which is a consequence of
the decomposition of the PS during the reaction [44]. Within
the first 3 h, the activity of catalysts with approx. 6.5 wt % Cu is
increasing in the following order: CuO(N,a)/MCM-
41 < CuO(N,N)/MCM-41 < CuO(Cl,a)/Si0, < CuO(Cl)/SiO,. Here,
CuO(Cl)/siO,  showed the highest activity with
189.4 mmolh ' g . After 20 h, again CuO(Cl)/SiO;, significantly
outperformed the other catalysts. Due to the higher activity
and the divergent structural properties of CuO(Cl)/SiO,
compared to the other investigated catalysts we decided to
prepare a similar material with less copper amount
(CuO(Cl0.1)/Si0,). It is known from literature decreasing the
copper amount may have a positive effect on the productivity
[10,16,30]. Thereby, by lowering the copper amount to 1/10
(CuO(Cl0.1)/Si0,) the activity was almost 10 times higher after
3 h and 8 times after 20 h, respectively, compared to (CuO(Cl)/
Si0,). Exemplary, the calculation of the quantum yield was
determined for the catalyst with the highest activity
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Table 2 — Photocatalytical hydrogen generation from THF/TEA/H,0 mixture with different Cu-based WRCs.

Sample V(H,) [ml]/3 h Activity [mmol-h~*-g"')/3 h V(H,) [ml]/20 h Activity [mmol-h™*-g~')/20 h
CuO(N,a)/MCM-41 5.3 113.7 12.4 39.9
CuO(N,N)/MCM-41 5.7 122.3 13.2 425
CuO(Cl,a)/Si0, 6.7 141.1 11.8 38.0
CuO(Cl)/SiO, 8.9 189.4 17.1 55.0
Cu0(Cl0.1)/Si05* 8.0 1702 12.5 402

All experiments have been performed at least twice and the averages are shown. Experimental conditions: 15 umol Ir-PS, 10 pmol [Cu], 10 ml
THF:TEA:H,0 = 3:2:1, Xe-light irradiation: 1.5 W > 385 nm, 25 °C, gas volumes determined by automatic gas burettes and corrected by blank
volume (0.5 ml after 3 h and 1.3 mL after 20 h), gases analyzed by GC, Activity = n(H,)/(t-m(Cu)).

H, evolution in the absence of any copper catalyst but in the presence of MCM-41: 1.6 ml after 20.

& Experimental conditions: see above, with the exception of 1 umol [Cu] being used.

(CuO(Cl0.1)/Si0,) and revealed in 1.2% (Table S1, SI section
quantum yield calculation). EPR measurements showed the
differences between the CuO(Cl)/SiO, (Fig. 7, "fresh" and
Fig. S8a) and CuO(Cl0.1)/SiO, (Fig. S8b) catalysts. Both mate-
rials exhibit EPR signals due to the presence of isolated Cu(II)
ions (S = 1/2, d°) in tetragonally distorted symmetry [62].
However, the EPR signal of CuO(Cl)/SiO, catalyst can be
elucidated as the superposition of two Cu(ll) signals arising
from different isolated Cu(Il) single sites (Fig. S8a). Both sites
exhibit well resolved and slightly broad quartet hfs arising
from the coupling of the unpaired electron (d°, S = 1/2) with
the nuclear spin of copper (****Cu I = 3/2) while the perpen-
dicular component shows only a broad line due to unresolved
hfs coupling (Fig. 7, red line). The spin Hamiltonian parame-
ters deduced from the simulated spectrum (Fig. S8a) [63] (Site
1: g = 2.332, g, = 2.060, A = 161 G and site 2: g; = 2.358,
g, =2.062, A| = 164 G) indicate that both Cu(II) sites have in an
axial geometry with elongation along the tetragonal axis since
g > g1 1.e. the ground state of the unpaired electron is d3-3 [62].
The proper resolution of the parallel component of the hy-
perfine structure indicates the existence of only weak mag-
netic interaction between the Cu(ll) ions on the surface of the
catalyst. The EPR spectrum of CuO(Cl0.1)/SiO, shows only one
axial signal at g = 2.379 and g, = 2.066 with A; = 138 and
A, = 22 G (Fig. S8b) indicating a well dispersion of Cu(I) ions
on the surface of the support and exclude the generation of

2.0x10°
:‘é‘
5 0.0
£
S,
= fresh_without Ir-PS
& o after 20 h hv_without Ir-PS
g = —— after 20 h hv_with Ir-PS

4 T \; T T L
2000 2500 3000 3500 4000

B, [G]

Fig. 7 — EPR spectra of fresh and used CuO(Cl)/SiO, catalyst
measured at RT.

less active Cu,Cl(OH); agglomerates which are characterized
by broad EPR signals.

Furthermore, the influence of chloride ions on the catalytic
performance was also studied in case of CuO(N,N)/MCM-41.
The addition of NaCl led to a significant decrease of
hydrogen generation, almost independently of the chloride
concentration (Fig. S7b). This points out that chloride ions
negatively affect the catalytic activity and their presence has
to be avoided.

Further, we were interested in the changes of the catalyst
during the photocatalytic reactions. Thus, EPR measurements
as well as in situ XANES investigations were performed before
and after the hydrogen evolution experiments. The EPR
spectrum (Fig. 7) of CuO(Cl)/SiO, catalyst after 20 h irradiation
(without Ir—PS) is similar to the fresh catalyst, however with
low signal intensity indicating that only small part of Cu(Il) is
converted to EPR silent species during the catalytic test, more
probably, Cu(l) species as evident from XAS measurements.
However, presence of [Ir(ppy).(bpy)]PFe as photosensitizer in
the photocatalytic reaction obviously decreases the EPR signal
intensity of Cu(ll) ions of the CuO(Cl)/SiO, catalyst (Fig. 7)
indicating that the reducibility of Cu(lI) to Cu(l) is enhanced by
the PS. This reduction is evidenced by XAS measurements.

—— CuO(CI)/SiO, start
—— CuO(CI)/SiO, end

Intensity [arb.unit]

T T T
8990 9000 9010
Energy [eV]
- : . T :
8975 9000 9025 9050

Absorption Energy [eV]

T
8980

Fig. 8 — XANES spectra of CuO(Cl)/SiO, before (red) and after
(black) the photocatalytic process. In the inset the first
derivative of normalized XANES spectra between 8986 and
8990.5 eV (see vertical lines) is reported.
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Time resolved measurements of CuO(Cl)/SiO, in the XANES
region during the reduction process show an intensity incre-
ment of the feature at 8989.9 eV. At the same time in the first
derivative a peak centred at 8987.8 eV grows up, testifying the
reduction of Cu atoms which confirms the EPR results. The
evolution of the integrated area of this peak during the in situ
experiment is reported, see inset Fig. 8. The kinetics of the
corresponding process is shown in the SI (Fig. S9).

In summary, EPR and XANES investigations show the
reduction of the copper(ll) species during the photocatalytic
proton reduction which is in accordance with the studies of
the previously investigated copper system [44].

Conclusions

Five silica supported copper catalysts were synthesized and
successfully applied for visible light driven hydrogen gen-
eration by dye sensitizing. The catalyst derived from mes-
oporous silica MCM-41 impregnated with aqueous CuCl,,
dried and impregnated with 2 M aqueous NaOH yielded the
best catalyst CuO(Cl)/SiO,. TEM and ASAXS measurements
revealed particle sizes of about 1.4 nm of CuO in these
materials, which is lower in comparison to the other tested
catalysts. Furthermore, the CuO structure in CuO(Cl)/SiO,
significantly differed from the standard CuO and all inves-
tigated other materials, respectively, which was analyzed
by EXAFS. Cu,Cl(OH); particles were detected as second
copper species determined via XRD, TEM and EPR. The
formation of Cu,Cl(OH); agglomerates was completely
suppressed by decreasing the copper amount to about
0.6 wt% in (CuO(Cl0.1)/Si0,) which indicates that Cu,Cl(OH)s3
only contributes to a minor extent to the catalytic activity.
Accordingly, the activity under visible light increased to
1702 mmol h~* g~* which is 6 times higher compared to the
previously investigated Cul/[Ir(ppy).(bpy)]PFs system.
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Table S1: Results from literature for the photocatalytic proton reduction with CuO,/TiO, catalysts

No. Active System Amount of Irradiation Activity Quantum yield Conditions Ref. in
Cu [mmol-g” .ty ™] manuscript
1 Cu/TiO, 1wt% > 400 nm 5.8 n.d. 10 vol% glycerol in water 9
2 Cu0,/TiO, 0.5 wt% Xe lamp 1.1 n.d. 10 vol% methanol in water 10
3 Cu,0/TiO, 1wt% >300 nm 3.2 n.d. 20 vol% methanol in water 11
4 CuO/TiOZ[a] 1.5 wt% solarirradiation  99.8 n.d. 5 vol% glycerol in water 12
5 CuO/TiOz[a] 5 wt% Xe lamp 0.2 n.d. 6 vol% methanol in water 13
6 Cu,0/TiO, 42 wt% Xe lamp 0.1 n.d. 20 vol% methanol in water 14
7 CuO/TiOZ[a] 10 wt% Halogen lamp 8.5 n.d. 6 vol% methanol in water 15
8 CuO/TiOZ[a] 1wt% Xe lamp 3.5 n.d. 20 vol% methanol in water 16
9 Cu,0/TiO, 1.5 wt% 360-780 nm 36.1 13.5 % at 365 nm 20 vol% methanol in water 17
10 Cu,0/TiO, 2.7 wt% Xe lamp 2.8" n.d. 10 vol% methanol in water 18
11 Cu0/Ti0, 1wt% >420 nm 0.5 5.1% at 420 nm 15 vol% DEA in water'” 19
12 CuO/TiOz[e] 9 mol% Xe lamp 18.5 n.d. 10 vol% methanol in water 20
13 CuO/TiOZ[e] 7 wt% Hg lamp 4.2 n.d. 5 vol% methanol in water 21
14 CuO/TiOZ[a] 1.5 wt% Hg lamp 1.8 n.d. 10 vol% methanol in water 22
15 CuO/TiOz[e] 10 mol% 365 nm 0.7 n.d. 50 vol% methanol in water 23
16 Cu0/Tio,® 2.5 wt% Hg lamp 13 29 % at 365 nm 50 vol% ethanol in 1 M aqueous 24
glycerol
17 Cu,0/TiO, 1wt% Xe lamp 5.10° n.d. 50 vol% methanol in water 25
18 CuO,/TiO,"™ 6 mol% Hg lamp 10 n.d. 10 vol% methanol in water 26
19 Cu,0/TiO, 1.2 wt% UV-light 3 n.d. 40 vol% methanol in water 27
20 Cu(OH)z/TiOZIe] 0.3 mol% 365 nm 3.4 13.9 % at 365 nm 0.5 vol% ethylene glycol in water 28
21 Cu,0/TiO, 1wt% Hg lamp 5 n.d. 20 vol% ethanol in water 29
22 Cu,0/TiO, 2 wt% Hg lamp 3 n.d. water 30
23 Cu,0/TiO, 0.5 wt% Hg lamp 200 n.d. 5 vol% glycerol in water 30
24 Cu-Cu,0/TiO, 9 wt% Xe lamp 13 n.d. 10 vol% methanol in water 31
25 Cu/Ni/TiO, n.d. UV-light 9.2 n.d. 5 vol% glycerol in water 32
26 Cu,0" Xe lamp 1.6-10° n.d. water 33
27 Cu,0 > 460 nm 1-10° 0.3 % at 550 nm water 35
28 Cu0(Cl0.1)/Si0, 0.6 wt% > 385 nm 1702™ 1.2 % at 415 nm THF/TEA/H,0 = 3:2:1
-

active Cu-species was not analyzed.

® ynit: [umol-cm'z-h'l], catalyst: Cu incorporated TiO; thin films deposited on quartz glass.
9 Reaction was performed in the presence of a dye (Eosin Y).

9 DEA: Diethanolamine

¢l Observation of a reduction of Cu(ll) during the reaction.

 Oxidation of Cu(l) in water during the reaction.

¢ TEOA: Triethanolamine

[
[
[
[
[
[
[h]

activity correlated to copper amount [mmol-g'lcoppe,-h'll
n.d. not declared.
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TEM images and EDXS measurements of Cu/SiO, materials
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Figure S1 BF-TEM image and EDX measurement of CuO(N,a)/MCM-41, focus on the particles (a) and the MCM-41 hexagonal pore structure.

64

8.00

ALl
i T T T T T

9.00




65



Counts

2 3
%3

T T T T
200 300 400 500

keV

1.00

Figure S2 CuO(N,N)/MCM-4: BF-TEM, focus on pore structure (a) and particles (b); HAADF-TEM images (c) and EDX measurement (d).
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Figure S3 BF-TEM image and EDX measurements of CuO(Cl)/SiO,.
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Figure S4 HAADF-TEM images and EDX measurements of CuO(Cl,a)/SiO,, focus on small particles (a) and agglomerates (b).
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UV/Vis spectra of the Ir-PS
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Figure S5 UV/Vis spectra of catalytically active iridium photosensitizer ([Ir(ppy)2(bpy)]PFe).
Conditions: 0.1 mmol-L™* degassed solutions in acetonitrile.[1]

Experimental hydrogen evolution measurements

General information about the experimental set up

i Gas sample for GC

thermostate

Argon vacuum supply

exit

automatic
gas burette

Thermostatocally
controlled reaction

vesse|
= = Thermos. processing of data
’_(1 é tate
=] pressure
bee—= T =—==)  sensor —

===

- : - thermostate for light source automatic gas thermostate for
300 W Xe-lamp gas burette (300 W Xe) burette reaction vessel

controling unit

Figure S6a Experimental set-up for automatic quantification of evolved gases (adjusted output of the Xe-lamp was 1.5 W, wavelength > 385 nm).
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Figure S6b Absorption spetrum of the Xe lamp with 385 nm cute off filter.

General principle of quantitative gas measurements:

A double walled thermostatically controlled reaction vessel (temperature kept constant at 25.0°C during the reactions) is
connected via a condenser to an automatic gas burette (temperature kept constant at 25 °C during measurements). The gas
burette is equipped with a pressure sensor. Evolving gas during the reaction causes a pressure increase in the closed system,
which is compensated by volume increase of the burette syringe by an automatic controlling unit. The gas evolution curves are
collected by a PC.

Details on GC measurements:

A GC sample is taken from the collected gas in the burette after each reaction. GCs were calibrated with certified commercially
available gas mixtures. GC measurements were carried out on one of two available systems:

GC a): HP Plot Q/ FID — hydrocarbons, Carboxen / TCD - permanent gases, He carrier gas.
GC b): Carboxen / TCD / Methanizer / FID - permanent gases, He carrier gas.

The systems allow for the determination of H,, Ar, CO, CH, and CO, within the ranges:

H, > 0.5 vol% - 100 vol%

CO 210 ppm (system a), CO down to 1 ppm (system b)

CO, 1-100 vol%.

The collected gas volumes were corrected by a blank value (average 2.0 mL gas), which was measured in an experiment without
any catalysts present in the mixture. With respect to the reproducibility of our method (1-14%) the traces of CO and CO, are
neglected for calculation of the activity for a standard experiment. The activity was calculated by equation 1 (V,: measured gas
volume from automatic gas burette; Vy o blank volume):

Vobs.~Vbiank
.. Vm,Hp,25 °C
activity = "Zm; (1)
*Mcey

The calculation of V,, 4, ,5:c Was carried out using van der Waals equation (eq. 2):

RT a ml
V, oo = —+ b — —=24.48 2
m, Hz,25°C P RT mmol (2)
with:
R: 8.3145 x 10° cm? Pa mol* K™
T:298.15 K
p: 101325 Pa

b: 26.6 cm® mol™*
a: 24.7 x 10° cm® Pa mol™
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Quantum Yield calculation

The quantum yield for the photocatalytic proton reduction reaction was determined using the following equation:

2XH, molecules

D(%) = x 100%

incident photons

Where the H, molecules were quantified using a calibrated GC (see below) and the incident photons were measured using
K5Fe(C,04);[2] as chemical actinometer. Therefore, 3 mL (V1) of an aqueous solution containing the iron actinometer (0.15 M)
and H,S0, (0.05 M) were irradiated with a high pressure Hg-lamp (Lumatec Superlite 400, 120 W) equipped with built-in band
pass filters. The time of the irradiation was kept as short as possible to avoid more than 10 % decomposition of the actinometer.
Before each measurement, the power output of the Hg-lamp was measured using a thermopile (Fa. LOT Quantum Design). After
irradiation, an aliquot of 0.180 mL (V2) was taken and 2 mL of a buffered solution of phenanthroline (0.015 M/ 0.5 M H,SO,)
were added together with distilled H,O to give a final volume of 25 mL (V3). The absorbance of the solution at 510 nm was
recorded and the value was used to calculate the number of Fe* ions (nFeM generated during the irradiation process through
the following equation:

Vi V3 (A-A
nFeZ+ — 1 3( 0)
1000:V,-go

where V1 = volume of actinometer solution irradiated (mL)
V2 =volume of aliquot taken for analysis (mL)
V3 = final volume to which the aliquot V2 is diluted (mL)
A = measured optical density at 510 nm
A0 = measured optical density at 510 nm of a non-irradiated sample
¢ 0 = experimental value of the molar extinction coefficient of the Fe2+ complex (11100 L mol-1 cm-1)

Finally, the number of incident photons per second (# photons) is calculated using the following equation:

6.022:10%3-nFe?*

# photons (s™1) = v
.

Where ®A = quantum yield of Fe’* formation

t = time of irradiation (s)

The numbers of incident photons were determined at 415 nm using 4 different power outputs (0.15 W, 0.5 W, 1.0 W and
1.50 W) as shown in Figure S6c.
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Figure S6c Numbers of photons vs. power output.

Then, the experiment for the determination of the quantum yield in the presence of CuO(Cl0.1)/SiO, was performed under the

following conditions: 15 umol Ir-PS, 11.4 mg CuO(Cl 0.1)/Si0,, 10 mL THF:TEA:H,0 = 3:2:1, 1.5 W Hg-light irradiation, 415 nm,
25 °C.

CuO(Cly/Sio, —— without CI
20+ CuO(Cla)sio, e e pmol CI
CuO(N,NYMCM-41 i :
CuO(N,a)/MCM-41 = ] RO UGl
o —— CuO(CI0.1)SIO, [
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£ ]
2 § 1
& S 10
- ] T
§ 10 3
3 3 ]
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Figure S7 Experimental conditions: a) 15 umol [Ir(ppy).(bpy)]PFs, 10 pmol [Cu] (1 umol [Cu] for CuO(CI0.1)/Si0,), 10 mL THF:NEt3:H,0 3:2:1 (volume based), 1.5 W
Xe-light irradiation, > 385 nm cut-off filter, 25 °C, gas volumes determined by automatic gas burette and corrected by blank volume (2 mL). b) 15 pmol
[Ir(ppy)2(bpy)]PFs, 10 umol CuO(N,N)/MCM-41, addition of various amounts of NaCl, 10 mL THF:NEt3:H,0 3:2:1 (volume based), 1.5 W Xe-light irradiation, > 385 nm
cut-off filter, 25 °C, gas volumes determined by automatic gas burette and corrected by blank volume (2 mL).

EPR spectrum of CuO(Cl)/SiO, and CuO(Cl0.1)
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Figure S8 EPR spectrum of CuO(Cl)/SiO, (a) and CuO(Cl0.1)/SiO, (b) measured at RT with x-band frequencies 9.877 and 9.450 Ghz, respectively.

Kinetics of the process by analysis of the in situ XANES measurements
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Figure S9 Kinetics of the photocatalytic process by analyzing the integrated area of the first derivate of normalized XANES spectra between 8986 and 8990.5 eV (see
Manuscript Fig. 8 inset, vertical lines)
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Abstract. Heterogeneous copper particles have been widely investigated in photocatalytic reduction
processes to produce hydrogen. In this contribution heterogeneous copper catalysts, i.e. supported
copper nanoparticles, were generated in situ in the presence of an iridium photosensitizer (PS) which
itself was activated by visible light absorption. Thereby, the influence of different C- and SiO,-based
additives on the formation of the active species and their performance were studied. The additives
ensure heterogeneous nucleation leading to lower sizes of the formed copper particles and prevent
their further growth during the reaction which was verified by TEM analysis. Consequently, the
hydrogen productivity in the presence of the supports was enhanced and the best carbon material
rGO(H,) revealed a 3 times higher activity compared to the non-supported system after 20 h.
Photoluminescence measurements confirmed the proposed reductive quenching mechanism in this
system and suggested that rGO(H,) mediates reoxidation of the PS. However, in the presence of the
ligand 2,2'-bipyridine (bpy) the application of the silica MCM-41 showed a fourfold increase of
hydrogen evolution compared to the non-supported system, which was still active after 160 h and
could be successfully reused in recycling experiments.

Introduction

With the transformation of a mainly fossil fuel-based energy system towards a more sustainable one,

hydrogen attracts increasing attention as a secondary energy carrier.”> Nowadays, it is mostly

produced by steam reforming of methane®* and coal gasification®” involving water gas shift reaction.
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In contrast to these traditional processes, biomass gasification® as well as electrolysis of water® °

11,12

using renewable energy offer potentially greener solutions. In addition, there’s a strong scientific

13, 14

interest in direct photocatalytic hydrogen generation. In fact, in the last decade, numerous

photocatalytic homogeneous and heterogeneous water reduction catalysts (WRC's) have been

d.”®? Cleary, all these processes are still far away from practical, large scale applications,

develope
but from the viewpoint of basic science it is important to understand the elementary processes in
these proton reduction reactions. In this regard, the use of sacrificial reagents such as amines and
alcohols for proton reduction facilitates the study of potential catalytic materials.

Due to their availability, lower costs and toxicity compared to noble metals, oxides consisting of
metal cations with d® and d'° configurations supported on photoactive semi-conductors are

21-25

particularly interesting as water reduction catalysts. Among these, copper catalysts, especially

Cu,O nanoparticles on TiO,, are intensively investigated for proton reduction, although the generated

2648 Apart from well-known semi-

hydrogen amount is extremely low (Table S1, entries 1-24).
conductors, dye-sensitized copper materials constitute an alternative class of catalysts, which have
been successfully applied in previous investigations (Table S1, entries 25, 26).**°? Here, the
photocatalytic process starts with photo excitation of the dye and a subsequent reductive quenching
by a sacrificial reductant. The reduced dye is then able to transfer an electron to the Cu-based WRC

to catalyze the proton reduction and to form H, (Scheme 1).

dye Cu(I/(1) 1/, Hy

dye Cu(1)/(0) H
hv

Scheme 1. Proton reduction using supported copper nanoparticles on dye-sensitized materials.

Previously, we have reported Cul as an appropriate precursor for the WRC and a homogeneous
iridium complex as photosensitizer®® (Ir-PS). In the course of the catalytic reaction the Cu undergoes
heterogenization to copper oxo species. In terms of catalytic properties these species also follow the
catalytic cycle of Scheme 1. Interestingly, improved long-term stability and activity were obtained in
the presence of 2,2'-bipyridine (bpy) which could be traced back to the stabilization of smaller copper
oxo particles preventing further growth.” On the other hand, according to the classical theory of
heterogeneous nucleation, the energy barrier required for the formation of solid particles is reduced
in the presence of foreign surfaces.” Hence, solid additives should also yield smaller copper oxo
particles by reducing the supersaturation of their precursors. In this respect, we started to exploit the
in situ formation of stabilized Cu-nanoparticles on porous silica and graphene derivatives for
hydrogen generation in order to obtain active, but more stable systems, which can be easily
separated and reused, too.
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Results and discussion

Photocatalytic studies

In initial attempts copper oxide was in situ deposited on three types of silica-based supports which
showed enhanced activity towards hydrogen compared to the hitherto best Cu,0/TiO, catalyst.*
Also different carbon materials were tested in the presence of dye-sensitizers in order to understand
the potential role of electron-conducting properties of the support material. Following previous
work®, Cul was tested as precursor for the active WRC with [Ir(ppy),(bpy)]PF¢ as photosensitizer (PS)
in a mixture of 20 ml THF/TEA/H,0 (3:2:1) whereby triethylamine (TEA) acts as the sacrificial reagent
(SR). By adding different SiO, and carbon additives, the in situ generated copper particles should be
stabilized. Table 1 shows the results for the photocatalytic hydrogen generation with and without
applying SiO, additives like MCM-41, SBA-15 and nanoporous glass (pores 39 nm, npG 39) and the
carbon additives graphene oxide (GO), hydrogen reduced graphene oxide (rGO(H,)), activated
carbon, and graphite, respectively. Thereby, the volume of generated hydrogen [ml] and the related
activities [mmol-h'l-g'l] after 3, 10 and 20 h are listed. First, we investigated the SiO,-based materials
MCM-41, SBA-15 and npG39 (Table 1, Entries 1-3) and the carbon-based rGO(H,) (Entry 4). Obviously,
there is an activity loss for all investigated systems with ongoing duration of the photocatalytic
reaction which is in part explained by the decomposition of the photosensitizer.*” ** Among the
different additives, the addition of MCM-41 led to the best hydrogen generation after 20 h (Entry 1),
which is also higher compared to the non-supported system (Entry 5). Similar WRC activity compared
to the non-supported system (Entry 5) was achieved by using the silica SBA-15 (Entry 2). In contrast,
the addition of nanoporous glass led to a significant loss of hydrogen generation during the reaction,
while at the beginning only a slightly lower activity was observed (Entry 3). Adding rGO (Entry 4)
showed after 3 h a slightly higher activity compared to the best SiO, material, but a more rapid
decrease.

Table 1 Photocatalytic hydrogen generation from THF/TEA/H,0 in the presence of Cul/IrPS/bpy and various additives.

Vv Activity Vv Activity Vv Activity

Entry  Additives v (T"[F;T]""zo) [ml] [mmol-h™g™] [ml]  [mmol-h™g™] [ml]  [mmol-h™tg?]
3h 3h 10h 10h 20h 20h
1 MCM-41 9.4 197.7 196 123.4 27.4 86.4
2 SBA-15 8.8 187.7 17.5 1123 233 74.8
3 npG 39 20 7.7 162.7 16.0 101.4 209 66.0
4 rGO(H,) 10.2 217.0 17.4 1105 218 69.4
5 - 9.5 1836 18.4 106.8 24.6 70.4
6 rGO(H,) 11.0 232.6 23.9 1515 34.4 109.6
7 - 10.2 2205 15.9 99.6 19.6 61.6
g - 8.3 175.4 12.6 79.9 14.9 46.9
9 rGO(H,) 122 257.9 26.9 1706 37.1 117.7
10° GO 50 8.1 173.9 17.3 111.4 235 75.7
11° a:at'r‘k’)aot:f 8.5 179.7 16.4 104.0 211 66.9
12° %;af::s 8.3 175.4 18.5 1173 255 80.9

All experiments have been performed at least twice and the averages are shown. Differences between the measurements are between 1 and 11%.
Experimental conditions: 10 umol [Cu], 15 pmol Ir-PS, 20 pumol bpy, 12 mg additive, THF:TEA:H,0 = 3:2:1, 1.5 W Xe-light irradiation with 385 nm cut-off filter,
25 °C, gas volumes determined by automatic gas burettes and corrected by blank volume (2 mL), gases analyzed by GC, Activity = n(H,)/(t-m(Cu)).
’measurements were performed without bpy.

®Darco G60

Next, (rGO(H,)) was investigated applying 50 mL of the solvent mixture to improve light absorption

(Entry 6). Indeed, with ongoing reaction time the activity of the supported system was nearly
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doubled (20 h) compared to the unsupported system (Entry 7). As known from our previous work,
the presence of the ligand 2,2'-bipyridine (bpy) prevents the growth of the formed particles and
stabilizes the photosensitizer.”® Hence, in the absence of bpy the hydrogen generation for the non-
supported system decreased (Entry 8). However, in the presence of the conductive rGO no significant
influence of bpy on the activity was revealed (Entries 6 and 9). The same observations were made in
20 ml solvent mixture (Table 1, Entry 4 and Table S4, Entry 6). Therefore, further investigations
applying rGO were performed in the absence of bpy. Variation of the carbon additive (GO, activated
carbon and graphite) gave almost the same hydrogen productivity, whereby, the loss of activity was
the highest in the presence of activated carbon (Entries 10-12). Other investigated carbon materials,
namely graphite and activated carbon, showed lower activities (Table S4, Entries 7-9). Blank
experiments without Cul and Ir-PS, respectively, resulted in nearly the same amount of hydrogen
(2 mL) as the experiments without any PS, catalyst and additive (Table S4, Entries 1-4).

Due to the positive effect of MCM-41 and rGO(H,) in the reaction, the influences of the amount of
solvent, additive and Cu precursors onto the catalyst performance were investigated in more detail.
The application of CuCl, and Cu(NOs), in the presence of MCM-41 led to a decrease of productivity
compared to Cul as copper source (Fig. 1a). This effect is most pronounced for Cu(NQOs), which is also
deactivated after 20 h. In agreement with previous investigations, there is a general influence of the
amount of THF/TEA/H,O on the activity (Fig. 1b). Although recent experiments with the non-
supported Cul system revealed an optimum in 10 ml of the mixture THF/TEA/H,0,* with MCM-41 we
observed a better hydrogen evolution under more diluted conditions (50 mL) (Figure 1b).
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Figure 1. Investigation of the influence of the Cu precursor and amount of THF/TEA/H,0 (3:2:1) on the photocatalytic system using MCM-41 as additive: a)
using different Cu-precursors in 20 ml and b) using different amounts of the solvent mixture. Experiments have been performed at least twice and the averages
are shown. Differences between the measurements of Fig.1a are between 1 and 7%.

Experimental conditions: 10 umol [Cu], 15 pmol Ir-PS, 20 umol bpy, 12 mg MCM-41, THF:TEA:H,0 = 3:2:1, 1.5 W Xe-light irradiation with 385 nm cut-off filter,
25 °C, gas volumes determined by automatic gas burettes and corrected by blank volume (2 mL).

Apart from MCM-41, also the rGO system was further investigated. As shown in Table S5, different
commercially available as well as freshly prepared samples using hydrogen, hydroiodic acid or
hydrazine as reductants were active under the optimized reaction conditions. It became clear that
applying rGO(H,) the highest amount of H, within 20 h reaction time was obtained.

Finally, different amounts of the best material (rGO(H,)) were tested for 48 h in 50 ml reaction media
(Fig. 2, gas evolution curves: Fig. S4). With increasing amount of additive, hydrogen generation is
improved until reaching a critical amount of rGO(H,). The maximum gas evolution is achieved
applying 12 mg rGO(H,), and more additive led to declined hydrogen productivities. The latter might

be caused by the increased light absorption of the black rGO(H,) material. As demonstrated in Figure
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S4, using higher amounts (8-20 mg) of rGO(H,) also led to increased stability of the catalyst system
even after 48 h.

H, generation [ml]

0 1 4 8 12 16 20
Amount rGO [mg]

Figure 2. Influence of different rGO(H;) amounts of on the photocatalytic hydrogen evolution.
Experiments have been performed at least twice and the averages are shown. Differences between the measurements are between 1 and 10 %. Experimental

conditions: 10 pmol [Cu], 15 pmol Ir-PS, 50 mL THF:TEA:H,0 = 3:2:1, 1.5 W Xe-light irradiation with 385 nm cut-off filter, 25 °C, 48 h, gas volumes determined
by automatic gas burettes and corrected by blank volume (2 mL).

Long-term stability and recycle experiments

After identifying the optimized conditions for both systems, the long-term stability was tested
applying the Ir-PS, Cul, and MCM-41 or rGO(H,) (Fig. 3) in 50 mL THF/TEA/H,O (3:2:1). For
comparison, the photocatalytic reactions were performed in the absence of any additives and bpy
(Fig. 3a, black line), as well as in the presence of bpy (Fig. 3a, orange line). After 20 h the unsupported
systems (Cul) were not active anymore or showed only little activity (Cul/bpy), respectively.
Noteworthy, the addition of bpy led to a slower growth of copper particles, which explains the
improved hydrogen evolution.” When MCM-41 is used in the absence of bpy (Fig. 3a, blue line) the
activity is enhanced to 30 mL hydrogen after 20 h, which is comparable to the non-supported system
with bpy. Apparently, the small copper nanoparticles are stabilized in the presence of both bpy and
MCM-41, as well. However, also the MCM-41 containing system is deactivated after 20 hours. The
addition of rGO(H,) significantly improved the activity for the first 20 hours, but not the overall
stability of the system at longer times (Fig. 3a, purple line). Interestingly, applying either MCM-41 or
rGO(H,) together with bpy more stable WRC systems were obtained (Fig. 3b). Indeed, both systems
were still active after 96 h. Besides the stability also the activity could be significantly improved under
these conditions. Applying MCM-41 resulted in a slightly better catalytic performance (Fig. 3b, red
line) compared to rGO(H,) (Fig. 3b, green line), although the application of both additives resulted in
nearly the same size distribution of formed copper nanoparticles. Finally, combining MCM-41 and
bpy a more than three times higher amount of hydrogen was achieved after 160 h compared to the
non-supported system with bpy (Figure S6). Thereby, the addition of both the ligand bpy and the
additive are essentially necessary to achieve long term stability.
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Figure 3. Reaction conditions: 15 pmol Ir-PS, 10 umol Cul, 20 pumol bpy (if mentioned in the legend), 11.4 mg MCM-41 or 12 mg rGO , 50 mL
THF:TEA:H,0=3:2:1, 1.5 W Xe-light, > 385 nm.

Having an optimal and stable WRC in hand (i.e. Cul, bpy, MCM-41), we were interested in the
separation and reuse of this system (Fig. 4, S7). For catalyst recycling, the generated material was
separated from six reaction runs and washed with THF/H,O (3:1). The collected material was reused
in the presence of Ir-PS (Fig. 4, initial experiment). In order to investigate the reuse in dispersion the
reaction was restarted by addition of Ir-PS when the catalytic hydrogen production stopped (Fig. 4,
restarts 1-4). Along the five consecutive runs only a slight decrease in hydrogen generation was
observed. Interestingly, the activity of the material, which was formed in situ, was lower than that of
the recycled one at the beginning of the reaction. This reveals that the main contribution to the
hydrogen generation from water is provided by the formed nanoparticles and not by the
homogeneous Cul system. Figure S7 shows the hydrogen evolution curves of all recycling
experiments, where a catalyst lifetime of 2>400 h was observed.
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Figure 4. Recycle experiments: 10 umol Cu from the prepared material; 15 umol Ir-PS added after every run; 20 mL THF:TEA:H,0 (3:2:1, volume based);
irradiation with 300 W Xe-lamp Lot Oriel 1.5W;> 385 nm; manual burette.

Catalyst characterization and mechanism

Table S8 shows the surface area of the SiO, and rGO starting materials which were determined by N,-
physisorption or given by the manufacturer. For silica-based materials also the pore diameter and
pore volume are given. In order to understand the structure of the catalysts, based on MCM-41 and
rGO(H,) formed during the photocatalytic reduction, material samples were isolated from the
reaction mixture and analyzed by aberration corrected high angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) and energy dispersive X-ray spectroscopy (EDXS).
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Figurzs 5a, b and S10, S11, respectively, show the HAADF-STEM images and corresponding EDX
analysis of materials obtained from MCM-41 added to a reaction performed in 10 ml THF:TEA:H,0.
Unfortunately, under these conditions a fine dispersion as well as a complete deposition of the
copper species on the MCM-41 couldn’t be achieved (Fig. 5a, $10). Besides, unsupported copper
nanoparticles were observed but no supported ones (Fig. 5a, S10a). Interestingly, the catalytic
performance of this material was lower than that of the second experiment performed under the
same conditions (Fig. S9 reactions Cul/MCM-41 [2] and Cul/MCM-41 [1]). For the latter material,
Figures 5b and S11 show agglomerates containing Cu with deposited Ir particles which were formed
on the outer surface of MCM-41 while the characteristic pore structure of the support remained
unchanged. It might be concluded, if copper is precipitated on the silica the activity of the system is
slightly better than that of the non-supported catalyst. An improved reproducibility of the catalyst
performance was obtained applying 20 mL THF:TEA:H,O (Fig. 1b, S12). In this case, the resulting
catalyst material consisted of small isolated iridium particles (about 4 nm) (Fig. S12a) additionally
huge copper agglomerates similar to the unsupported material formed in 10 ml (Fig. S12b). This
finding might be the reason for the lack of increase in activity compared to the non-supported
system (Table 1, Entries 1 and 5). By further increasing the solvent amount to 50 ml (Fig. 5c,d,
S13a,b) small and bigger copper particles (20 nm) supported on the silica are recorded. We assume
the generation of these smaller supported nanoparticles led to the increased photocatalytic activity.
Additionally, smaller iridium nanoparticles (< 2 nm) are deposited on the copper ones (Fig. S13a).
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Figure 5. HAADF-STEM images of the IrPS/Cul/MCM-41 system in THF:TEA:H,0 3:2:1 (volume based) after proton reduction reaction (a) and (b) after 48 h with
ls)gynr::]. 10 ml, (c) and (d) after 48 h with bpy in 50 ml, (e) after 96 h with bpy in 50 ml, (f) after 164 h with bpy in 50 ml and (g) and (h) after 48 h without bpy in
As shown by our HAADF-STEM investigation on materials isolated after different reaction times in
50 ml (Fig. 5¢-f and S13a,b), the size of the copper particles in the presence of bpy was nearly stable
during the reaction (Fig. 5d-f). In the absence of the ligand bpy (Fig. 5g,h and SI13c) the obtained
particles are nearly in the same size concluding no influence of bpy on the copper particle size was
observed. Furthermore, regardless of the presence of bpy, these copper particles support smaller
iridium nanoparticles (< 2 nm).

For the rGO(H,)-based WRC, copper particles with similar size are formed on the surface of the
carbonaceous material. In Figure 6, HAADF-STEM images are displayed and show the
heterogenization of smaller copper particles in the absence of bpy after 48 h reaction time.
Apparently, as in the case of MCM-41 graphene also ensures the formation of small, stable copper
particles, which otherwise can be formed in the presence of the bpy ligand. In general, the copper
particle sizes are independent on the amount of additive and significantly smaller compared to
particles obtained without solid additive (Fig. SI14). The copper particles are homogeneously
precipitated on the support and also decorated with iridium particles.
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Figure 6. HAADF-STEM images of the IrPS/Cu-System without bpy in 50 mL THF:TEA:H,0 3:2:1 (volume based) after proton reduction reaction (a) and (b) with
4 mgand (c) and (d) with 16 mg rGO after 48 h.

However, from the HAADF-STEM investigations it became not clear why in the absence of bpy the
rGO(H,)-system is preferred over the MCM-41 one (Fig. 3a). Hence, photoluminescence experiments
were performed in order to examine the influence of rGO(H,) on the photocatalytic mechanism.

For this purpose, the photoluminescence lifetime of the Ir-PS (c = 4.2-10° M) in THF was measured
with a streak camera (Streakscope C10627, Hamamatsu Photonics) in dependence on different
compositions. The obtained decay times are listed for all time-resolved luminescence measurements
in Table S15. Excited Ir-PS in THF showed a lifetime of ca. 320 ns. Recent publications showed the
possible uptake of electrons from (covalently attached) photosensitizers.>*>’ Surprisingly, by adding
Cul or rGO(H,) or both components, no change in the lifetime was observed. Instead, on addition of
TEA (THF/TEA 4:2) strong quenching of the luminescence lifetime took place and the lifetime
decreased to only 8 ns (Fig. 7).
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Figure 7: Photoluminescence lifetime of the Ir-PS in the presence of different components of the photocatalytic system.

Since the reduced graphene oxide has no influence on the luminescence lifetime of the excited Ir-PS
it is evident that the excited Ir-PS is reduced by TEA (scheme 2, green cycle) and not by rGO (scheme
2, blue cycle). Moreover, the strong quenching by TEA indicates that reductive quenching is the
active reaction path and oxidative quenching can be neglected (scheme 2).

[NEts]" NEt,

. PS Ps* : .
H' WRGC rGO GO WRC H
reductive oxidative
quenching quenching
1/2 Hy WRC. rGO S’ pS rGO WRC 12 H,
NEts].  NEts
hydrolysis
HNEt, + CH;CHO

Scheme 2. Photocatalytic mechanism for hydrogen generation in the presence of a photosensitizer (PS), reduced graphene oxide (rGO) and a water reduction
catalyst (WRC) in case of a reductive or oxidative quenching of the PS.

Obviously, after irradiation the excited Ir-PS species is reduced by TEA and the reduced and probably
labile Ir-PS quickly returns back to the initial state by transferring an electron to the conductive
carbon. This quick oxidation of the labile Ir-PS intermediate explains the better stability of the Ir-PS
and therefore the longer activity of the system in the presence of rGO(H,) (Fig. 3a).

While TEM images of isolated materials from reactions with (Fig. 5c,d, S13) and without (Fig. 5g,h,
S14) bpy showed no difference regarding the formed particles after 48 h, the photocatalytic
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performance was significantly improved in the presence of bpy for the MCM-41 system (Fig. 3). Thus,
the question arises what are the reasons for higher activity and stability of the Cul/Ir-PS/MCM-
41/bpy system? On the one hand, bpy might stabilize the Ir-PS,* otherwise it functions as a radical
scavenger preventing decomposition reactions™. In order to investigate this in more detail, we
performed several experiments trying to reactivate a bpy-free catalyst system (Fig. 8, red curve) by
addition of (i) hydrochinone, (ii) paraquat, (iii) rGO and (iv) bpy after 40 h (Fig. 8). All these
experiments were compared to the hydrogen evolution in the presence of the standard bpy-
containing catalyst system (black curve).
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Figure 8. Photocatalytic experiments of Cul/Ir-PS/MCM-41 and the subsequent addition of several additives. For comparison the H, evolution curve of the
Cul/Ir-PS/MCM-41/bpy system is also shown. Reaction conditions: 15 pmol Ir-PS or Ir(CH;CO0)s, 10 umol Cul, 11.4 mg MCM-41, 50 mL THF:TEA:H,0=3:2:1
(volume based), 1.5 W Xe-light, > 385 nm, subsequent addition of 20 umol bpy or paraquat and hydrochinone, respectively. Experiment with rGO: 12 mg.
Adding the radical scavenger hydrochinone, the non-coordinating bipyridinium derivative paraquat
or rGO did not reactivate the original system. Thus, a role of bpy as radical scavenger or electron
relay is very unlikely. Surprisingly, the addition of bpy renewed the activity to a significant part.
Apparently, the lifetime of the photocatalyst determines the total amount of generated hydrogen
under the present conditions. After 40 hours the original photocatalyst is fully deactivated; however,
simply the addition of bpy regenerates the photocatalytic activity, although various UV-vis
experiments revealed no regeneration of the initial photosentizer (Fig. S16). Interestingly, the
combined addition of bpy and an Ir source (Ir(CH;COO);) could not further improve the restored
catalyst performance; thus demonstrating that iridium is not the limiting factor for this step. Finally,
the addition of fresh Ir-PS resulted in the most active system, however, this is again deactivated
within relatively short time. While the presence of bpy seems to be benefial for the stabilization of
the photocatalyst and thus allowing for stabile H, generation over a longer time, the role of the
support (MCM-41 or rGO(H,)) is the suppression of the growth of the cupper oxo species leading to
enhanced catalytic activities.

Conclusion

In situ generated copper particles constitute promising materials for photocatalytic proton reduction
reactions. The stability of such nanoparticles can be significantly improved by adding nitrogen
containing ligands such as bpy as well as by depositing them on appropriate supports. Interestingly,
both insulating (SiO,) and conducting (rGO) materials can be successfully used in the light driven
hydrogen generation and revealed a 2-3 times higher activity compared to the non-supported
system. The dominant role of the supporting material is the stabilization of the in situ generated
small copper nanoparticles and the prevention of their growth. The addition of the ligand bpy
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significantly increased the productivity and stability of the system by stabilizing the photo-catalyst. In
agreement with this assumption photoluminescence measurements of rGO(H,)-based material
confirmed that the conductor does not influence the lifetime of the excited Ir-PS, which is only
reduced by TEA, but on its stability.

The best WRC performance in hydrogen evolution was achieved for catalyst systems containing the
support and bpy. Hence, in the presence of MCM-41 and bpy a fourfold increase of the hydrogen
evolution was achieved and the WRC was still active after 160 h. STEM investigations showed no
significant copper particle growth during this reaction. Besides its stable operation this catalyst
material can be easily separated from the reaction mixture and proved to be active again in recycling
experiments.
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Table S1: Results from literature for the photocatalytic proton reduction with CuO,/TiO, catalysts

and our own investigated copper systems.

No. Active System Amount Irradiation Activity Conditions Ref. in
of Cu [mmol-gcw'l-h'l] manuscript
1 CuO/TiOZ[a] 7 wt% 4.2 5 vol% methanol in water 26
2 CuO/TiOz[b] 1.5 wt% 1.8 10 vol% methanol in water 27
3 Cu0/Tio,™ 2.5 wt% 1.3 50 vol% ethanol in 1 M 28
aqueous glycerol
4 CuOX/TiOZ[b] 6 mol% Hg lamp 10 10 vol% methanol in water 29
5 Cu,0/TiO, 1 wt% 5 20 vol% ethanol in water 30
6 Cu,0/TiO, 2 wt% 3 water 31
7 Cu,0/TiO, 0.5 wt% 200 5 vol% glycerol in water 31
8 Cu0,/TiO, 0.5 wt% 1.1 10 vol% methanol in water 32
9 CuO/TiOz[b] 5 wt% 0.2 6 vol% methanol in water 33
10 Cu,0-TiO, 42 wt% 0.1 20 vol% methanol in water 34
11 CuO/TiOZ[b] 1 wt% 3.5 20 vol% methanol in water 35
12 Cu,0/TiO, 2.7 wt% Gl 2.8 10 vol% methanol in water 36
13 Cuo/Tio,™ 9 mol% 18.5 10 vol% methanol in water 37
14 Cu,0/TiO, 1 wt% 5.10° 50 vol% methanol in water 38
15 Cu-Cu,0/TiO, 9 wt% 13 10 vol% methanol in water 39
16 CuO/TiOz[b] 10 wt% Halogen lamp 8.5 6 vol% methanol in water 40
17 Cu,0/TiO, 1.2 wt% UV-light 3 40 vol% methanol in water 41
18 Cu,0/TiO, 1 wt% 3.2 20 vol% methanol in water 42
19  cuo/Tio,” 1.5 wt% >300nm 99.8 5 vol% glycerol in water 43
20 Cu,0/TiO, 1.5 wt% 360-780 nm 36.1 20 vol% methanol in water 44
21 CuO/TiOz[a] 10 mol% 0.7 50 vol% methanol in water 45
22 Cu(OH)Z/TiOZ[a] 0.3 mol% 365 nm 3.4 0.5 vol% ethylene glycol in 46
water
23 Cu/TiO, 1 wt% > 400 nm 5.8 10 vol% glycerol in water 47
24 CuO/TiO,"” 1 wt% >420 nm 0.5 15 vol% DEA in water' 48
25  Cul 10 pumol 385 nm 280" THF:TEA:H,0 = 3:2:1% 49
26 Cu0(0.1Cl)/Si0, 0.6 wt% 17021 THF:TEA:H,0 = 3:2:1® 50
27  Cu,NiSnS,™ - 2028 0.33 M TEOA in water™ 51
28 Cu-Cuzl(])/ 7 wit% >420 nm 400 15 vol% TEOA in water™ 52
g-CN,'

T Observation of a reduction of Cu(ll) during the reaction.
"l active Cu-species was not analyzed.
I unit: [umol-cm'z-h'l], catalyst: Cu incorporated TiO; thin films deposited on quartz glass.
@) Reaction was performed in the presence of a dye (Eosin Y).
' DEA: Diethanolamine.

" Activity = n(H,)/(t-m(Cu)); unit: mmol-ge, -h™.

&l TEA: Triethylamine.
" TEQA: Triethanolamine.
i Reaction was performed in the presence of a dye (Erythrosin B).
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$2. Chemicals and Synthesis

S2a. Chemicals

Chemical Provider Purity [%]
Cul Sigma-Aldrich 99.999% trace metals basis
(Synthesis Ir-PS)

IrCl; * xH,0 Strem Chemicals 99.9% Ir
2-Phenylpyridine Sigma-Aldrich 98 %
2-Methoxyethanol Sigma-Aldrich 299.9 %
2,2"-bipyridine TCl >99.0 %
Ethylene glycol Alfa Aesar 99 %
Ammonium Sigma-Aldrich 295 %
hexafluorophosphate

Tetrahydrofuran (THF) Fluka >99.5 %
Triethylamine (TEA) Roth >99.5 %
MCM-41 Stdchemie Berlin >99 %
Nanoporous glass (39 nm) VitraBio GmbH >99 %
Graphite (3-4 nm) loLiTec 93%
Graphite (400nm) loLiTec 99.9%
Graphite (<20um) Sigma-Aldrich synthetic
Activated carbon/Darco G60 Sigma-Aldrich -
Activated carbon Degussa Hiils -

rGO (0.2-10 um) loLiTec >99 %
rGO (0.5-3 um) loLiTec >99 %

S2b. Synthesis SBA-15

The synthesis of the mesoporous silica SBA-15 was performed regarding the method described by Oden.' 2.4 g
EO,9PO54EO,, (Pluronic, P123, M = 5800 g/mol, Sigma Aldrich, >99.5 %) and 0.028 g NH,F were dissolved under
stirring in 84 ml HCl solution (1.3 M) at 20 °C within 3 days. 5.5 ml tetraethyl orthosilicate (TEOS, Fluka, 98 %)
were dissolved in 55.8 ml heptane and added to the obtained solution. The suspension was stirred for 20 h and
transferred to a teflon-flask for hydrothermal treatment at 100 °C for 24 h. Afterwards, the product was
filtered, washed with 600 ml distilled H,O and dried at 80 °C for 12 h. To remove the template the solid was
calcined at 550 °C for 6 h with a heating ramp of 1 K/min.

S2c. Synthesis graphene oxide (GO)

Graphene oxide was synthesized using Hummers’ method.” 120 ml concentrated H,S0, was added to a mixture
of 5.0 g graphite flakes (Graphite (<20um), Sigma Aldrich, synthetic) and 2.5 g NaNO;. The suspension was
cooled to 3°C and 15g KMnO, was added slowly in portions over a period of 2 h to keep the reaction
temperature below 20 °C. The ice bath was removed and the reaction continued for 0.5 h. Subsequently the
reaction was warmed to 40 °C and stirred for 1 h. After heating, 1 | water was added slowly, producing a large
exothermic reaction. External heating was introduced to maintain the reaction temperature at 91 °C for 0.5 h.
The reaction was cooled to room temperature and stirred over night. To the brownish suspension 35 ml H,0,
was added drop wise until gas evolution was completed. After stirring for further 3 h the obtained graphene
oxide was removed by centrifugation and washed three times with 600 ml hydrochloric acid (3 M). Graphene
oxid was further purified by repeated centrifugation und dispersion in water until the pH of the supernatant
was neutral. At the end the graphene oxide was washed 2 times with diethyl ether and dried at room
temperature in vacuum over four days. Elemental Analysis: C 55.53, H 1.49, N 0.06, S 1.05. Yield: 6.5 g.
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S2d. Synthesis reduced graphene oxide — rGO (HI)

In a typical chemical reduction with hydriodic acid,3 1.0 g of graphene oxide was dispersed in 0.375 | acetic acid
and sonicated for 1.5 h. 20 ml HI (Applichem, 57 %, pure) was then added and the suspension was reacted at
40 °C for 45 h with constant stirring. The solid was isolated by filtration , washed four times with 100 ml
saturated bicarbonate, five times with 100 ml water and finally two times with acetone. The product was
vacuum dried overnight at room temperature to yield rGO (HI) (0.57 g). Elemental Analysis: C 75.28, H 0.45, N
0.13,112.41.

S2e. Synthesis reduced graphene oxide — rGO (N,H,)

In a typical chemical reduction with hydrazine hydrate,4 0.4 g of graphene oxide was dispersed in 0.4 | water
and sonicated for 1.5 h. 0.3 ml hydrazine monohydrate (Sigma Aldrich, 64-65 %, reagent grade, 98 %) was then
added and the suspension was reacted under reflux for 4 h with constant stirring. After cooling to room
temperature the suspension was further stirred for 18 h. The solid was isolated by filtration, washed four times
with 100 ml water and finally two times with acetone. The product was vacuum dried overnight at room
temperature to yield rGO (N,H,) (0.25 g). Elemental Analysis: C 73.29, H 0.26, N 3.25.

S2f. Synthesis reduced graphene oxide — rGO (H2)°

The reduction of graphene oxide with hydrogen was divided into two parts. In the first one graphene oxide
(GO) was thermally expanded by rapidly heating in a Loba 1100-30-220-1 (HTM REETS) tube furnace. Generally
0.5 g GO was first loaded in corundum tube of length 120 mm and diameter 10 mm, which was then inserted
into a 400 mm long quartz tube with inner diameter of 22 mm and outer diameter of 25 mm. After the tube
furnace was heated to 1050 °C and argon was flowed through the tube for 90 min, with a flow rate of
50 ml/min, the sample tube of GO placed in the quartz tube was rapidly moved into the middle heating zone
and kept there for 30 s, before being quickly removed from the heating zone after expansion. In the second
step the resulting exfoliated material (0.18 g) was placed in a quartz boat and insert in a Linn Elektro Therm
tube furnace (FRHT-70-500-1100). After argon was flowed through the tube for 120 min, with a flow rate of
200 ml/min the exfoliated material was further reduced for 2 h at 450 °C in a gas flow of H, (30 ml/min) and
argon(30 ml/min) to end up with 0.14 g reduced graphene oxid rGO (H,). Elemental Analysis: C 87.58, H 0.93, N
0.35.

S2g. Materials Characterization

Scanning Transmission electron microscopy (STEM)

The STEM measurements were performed at 200 kV with a probe aberration-corrected JEM ARM200F (JEOL,
Corrector: CEQOS). The microscope is equipped with a JED-2300 (JEOL) energy-dispersive x-ray-spectrometer
(EDXS) for chemical analysis. The samples were prepared from freshly prepared reaction mixtures. After certain
hours of light irradiation a droplet of the reaction mixture was placed on a holey carbon supported Ni-grid
mesh 300, dried and transferred to the microscope.

Atomic absorption spectroscopy

Atomic absorption spectroscopy (AAS) using a contra 800 D (Analytik Jena) was carried out, in order to quantify
the amount of copper in the material.

Nitrogen sorption

Specific surface area and pore size distribution were determined from N2-physisorption data obtained using a
ASAP 2020 instrument (Micromeritics). As a pre-treatment, samples were outgassed and dried for 2 h at 220 °C
at reduced pressure. Data analysis of isotherm data was carried out according to methods described by
Brunauer, Emmett, Teller (BET)® and Barrett, Joyner, Halenda (BJH)’.

X-ray photoelectron spectra (XPS)

The XPS measurements were performed on a VG ESCALAB220iXL with monochromated AlKa radiation (E =
1486.6 eV). The electron binding energies were obtained without charge compensation and referenced to the
Cls peak assuming sp2 carbon as main component at 284.0 eV. For quantitative analysis the peaks were
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deconvoluted with Gaussian-Lorentzian curves, the peak areas were divided by a sensitivity factor obtained
from the element specific Scofield factor and the transmission function of the spectrometer.

S3. General information about the experimental set up

-] Gas sample for GC

Argon vacuum supply thermostate

exit

automatic

gas hurette
Thermostatocally By
controlled reaction
vessel o
L
L

pressure

-\
% % g %% ; sensor

300 W Xe-lamp

Ihermus-{ processing of data
tate |

thermostate for light source automatic gas thermostate for
gas burette (300 W Xe) burette reaction vessel

controling unit

Figure S3a. Experimental set-up for automatic quantification of evolved gases (light source: output 1.5 W, > 385 nm).

General principle of quantitative gas measurements:

A double walled thermostatically controlled reaction vessel (temperature kept constant at 25.0 °C
during the reactions) is connected via a condenser to an automatic gas burette (temperature kept
constant at 25 °C during measurements). The gas burette is equipped with a pressure sensor. The
evolved gas causes a pressure increase in the closed system, which is compensated by volume
increase of the burette syringe by an automatic controlling unit. The gas evolution curves are
monitored by a PC.

Details on GC measurements:
A GC sample is taken from the collected gas in the burette after each reaction. The GC was calibrated
with certified commercially available gas mixtures. GC measurements were carried out on one of two

available systems:

GC a): HP Plot Q / FID — hydrocarbons, Carboxen / TCD - permanent gases, He carrier gas.

GC b): Carboxen / TCD / Methanizer / FID - permanent gases, He carrier gas.

The systems allow for the determination of H,, Ar, CO, CH, and CO, within the ranges:
H, 2 0.01 vol% - 100 vol%

CO 210 ppm (system a), CO down to 1 ppm (system b)
CO, 1-100 vol%.

The measured gas volumes were corrected by a blank value (average 2.0 mL gas), which was
measured in an experiment without catalysts present in the mixture.
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S4. Further results for photocatalytic hydrogen generation in the presence of other
materials

Table S$4: Photocatalytic hydrogen generation from THF/TEA/H,0 mixture by adding further carbon supports to the system Cul/IrPS/bpy

Entry Support \) \) Activity \) activity \'} activity
(weteaszo) (Ml [mmol-h™g’]l  [ml] [mmol-h™-g”] [ml] [mmol-h™-g”]
[ml] 3h 3h 10h 10h 20h 20h
17° MCM-41 20 2.1 43.7 2.2 14.0 2.1 17.2
2* MCM-41 20 1.0 - 1.4 - 1.6 -
3¢ rGO(H,) 50 1.6 33.8 1.7 10.8 1.9 6.0
4 rGO(H,) 50 21 - 2.8 - 33 -
5° - 20 10.0 211.9 135 85.9 12.8 40.7
6 rGO(H,) 20 10.3 216.5 18.5 116.7 23.3 73.5
7 accat'r‘éaotrff 50 9.6 202.9 17.7 112.2 21.1 66.9
S (g;gg:'rt:) 50 7.3 1543 16.5 104.6 24.6 78.1
o (ir;gﬁ'rt:) 50 6.9 1458 148 93.8 21.1 66.9

Experimental conditions: 10 umol [Cu], 15 pmol Ir-PS, 20 umol bpy, 12 mg support, THF:TEA:H,0 = 3:2:1, 1.5 W Xe-light irradiation with > 385 nm, 25 °C, gas

volumes determined by automatic gas burettes and corrected by blank volume (2 mL), gases analyzed by GC, Activity = n(H,)/(t-m(Cu)).

*without Ir-PS
Pwithout Cul

“measurements were performed without bpy.

dDegussa—HUIs

Hyp evolution [ml]

504 ——— 20 mg rtGO

16 mg rGO

454 12mg G0
—— 8 mg rGO
404 —4mgrGo
—1mg rGO

354 ——without rGO

time [h]

0 4 8 12 16 20 24 28 32 36 40 44 48

Figure S4. Optimization of the photocatalytic system regarding different amounts of rGO after 48 h in 50 mL solvent.

S5. Photocatalytic hydrogen generation in the presence of different rGOs

Tabelle S5: Photocatalytic hydrogen generation from THF/TEA/H,0 mixture by adding various rGO to the system Cul/IrPS/bpy in contrast to their surface area
and conductivity.

Entry Support Vv Activity \' Activity Vv Activity

[ml]  [mmolh™g™ [ml]  [mmol-h™g?] [ml] [mmol-hg™]
3h 3h 10h 10h 20h 20h

1 rGO (H,)}  12.2 257.9 26.9 171.5 37.1 117.7

2 rGO (HI)° 9.6 202.9 20.4 130.0 27.0 85.7

3 rGO (N,H,)° 8.4 177.5 16.4 104.5 21.8 69.2

rGO
a (0.2-10 pm) 10.9 230.4 22.6 144.0 30.8 97.7
5 rGo 11.9 251.5 25.4 161.9 34.4 109.1
(0.5-3 um)

Experimental conditions: 15 umol Ir-PS, 10 umol [Cu], 12 mg support, 50 ml THF:TEA:H,0 = 3:2:1, 1.5 W Xe-light irradiation, with 385 nm cut-off filter, 25 °C,

gas volumes determined by automatic gas burettes and corrected by blank volume (2 mL), gases analyzed by GC, Activity = n(H;)/(t-m(Cu)).

reduced with H,
®reduced with HI
‘reduced with NyH,
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S6. Long term H; evolution with Cul/MCM-41/bpy in 50 ml

Cul/MCM-41/bpy

80
E
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.0
=)
S 40+
(0]
IN
20
0 T T T T T T T
0 20 40 60 80 100 120 140 160
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Figure S6. Reaction conditions: 15 pmol Ir-PS, 10 pmol Cul, 20 pmol bpy, 11.4 mg MCM-41, 50 mL THF:TEA:H,0=3:2:1 (volume based), 1.5 W Xe-light, > 385
nm.

S7. H, evolution curves of recycling curves
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Figure SI7. Recycling experiments: 10 umol Cu from the prepared material; 15umol Ir-PS added after every run; 20 mL THF:TEA:H,0 (3:2:1, volume based);
irradiation with 300 W Xe-lamp Lot Oriel 1.5W; 2 385 nm; manual burette. ICP analysis of investigated copper catalyst: 1.6 wt%.

S8. Characteristics structural properties of supports

Table S8 shows the surface area of the SiO, and rGO starting materials which were determined by N,-
physisorption or given by the manufacturer. For silica-based supports also the pore diameter and
pore volume are given. The surface area of MCM-41 is the highest (1214 m?/g) and that of npG39 the
smallest (199 m?/g) of the investigated SiO, supports. With respect to the photocatalytic results, the
following conclusion can be established: Considering the significantly different material properties,
the observed hydrogen generation is influenced only to a minor extent. As a general trend gas
evolution is favored by increased surface area and decreased pore diameter of the support. This
observation is in agreement with investigations for the photocatalytic water oxidation by supported
IrO, which indicated a higher activity by lowering the pore diameter.? In contrast to the results with
SiO,-based supports, the catalytic activity using different rGO materials is not related to size of the
surface area.
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Table S8. Material properties of the SiO, supports MCM-41, SBA-15 and npG39.

A dPore VPore

Support °

PP [m*/g]l _ [nm] _ [cm*/g]
MCM-41° 1214 4.1 0.730
SBA-15° 645 11 1.738
npG39° 199 39 1.238
rGO (H,) 386 n.d. n.d.
rGO (HI) 42 n.d. n.d.
rGO (N,H,) 159 n.d. n.d.
rGO d d
(0.2-10 pm) 185 n.d. n.d.
rGO d d
(0.5-3 um) 529 n.d. n.d.

® purchased from Siidchemie (Germany).

®a description of the synthesis is provided in the Supporting Information (S3).
“ purchased from VitraBio (Germany).

°rGO is not a porous material.

S9. Hydrogen generation measurements in 10 ml reaction media
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Figure S9. Reaction conditions: 15 pmol PS, 10 umol Cul, 20 pmol bpy, 11.4 mg MCM-41, 10 mL THF:TEA:H,0=3:2:1 (volume based), 1.5 W Xe-light, > 385 nm.
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$10. TEM analysis of reproduction reaction [2]

500 nm

Figure S10a. HAADF-STEM image and EDX analysis of the Ir-PS/Cul/bpy system with MCM-41 (reaction Fig.56 Cul/MCM-41 [2]) after a reaction of 48 h: Analysis
of unsupported Cu-particles. Reaction conditions: 15 pmol PS, 10 umol Cul, 20 pmol bpy, 11.4 mg MCM-41, 10 mL THF:TEA:H,0=3:2:1 (volume based), 1.5 W

Xe-light, 2 385 nm.
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Figure S10b. HAADF-STEM image and EDX analysis of the Ir-PS/Cul/bpy system with MCM-41 (reaction Fig.S6 Cul/MCM-41 [2]) after a reaction of 48 h:
Acquisition of the SiO, support without any Cu-particles. Reaction conditions: 15 pmol PS, 10 pmol Cul, 20 pmol bpy, 11.4 mg MCM-41, 10 mL
THF:TEA:H,0=3:2:1 (volume based), 1.5 W Xe-light, > 385 nm.

96



S11. TEM analysis of reproduction reaction [1]
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Figure S11a. HAADF-STEM image and EDX analysis of the Ir-PS/Cul/bpy system with MCM-41 (reaction Fig.S6 Cul/MCM-41 [1]) after a reaction of 48 h.
Reaction conditions: 15 pmol PS, 10 umol Cul, 20 pmol bpy, 11.4 mg MCM-41, 10 mL THF:TEA:H,0=3:2:1 (volume based), 1.5 W Xe-light, > 385 nm.
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Figure S11b. HAADF-STEM image and EDX analysis of the Ir-PS/Cul/bpy system with MCM-41 (reaction Fig.S6 Cul/MCM-41 [1]) after a reaction of 48 h: Cu
deposition surrounded by small Ir nanoparticles on outer surface of MCM-41. Reaction conditions: 15 pumol PS, 10 umol Cul, 20 umol bpy, 11.4 mg MCM-41, 10
mL THF:TEA:H,0=3:2:1 (volume based), 1.5 W Xe-light, > 385 nm.
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$12. TEM analysis of the Cul/MCM-41 system in 20 ml reaction mixture

Figure S12a. HAADF-STEM images analysis of the Ir-PS/Cul/bpy system with MCM-41 after a reaction of 48 h in 20 ml solvent. Reaction conditions: 15 umol PS,
10 pmol Cul, 20 umol bpy, 11.4 mg MCM-41, 20 mL THF:TEA:H,0=3:2:1 (volume based), 1.5 W Xe-light, > 385 nm.

1.0 pm BF 10 pum

Figure S12b. HAADF-STEM images and overlay of EDX elemental maps of Cu (red) and Ir (green) of the Ir-PS/Cul/bpy system with MCM-41 after a reaction of 48
hin 20 ml solvent. Reaction conditions: 15 umol PS, 10 umol Cul, 20 umol bpy, 11.4 mg MCM-41, 20 mL THF:TEA:H,0=3:2:1 (volume based), 1.5 W Xe-light, >
385 nm.
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$13. TEM analysis of the Cul/MCM-41 system in 50 ml reaction mixture
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Figure S13a. HAADF-STEM image and EDX analysis of the Ir-PS/Cul system with MCM-41 after a reaction of 96 h in 50 ml solvent with the addition of bpy,
showing small Ir nanoparticles (021), distributed Ir (022) and a larger Cu nanoparticle (023) decorated with Ir. Reaction conditions: 15 pmol PS, 10 umol Cul, 20
umol bpy, 11.4 mg MCM-41, 50 mL THF:TEA:H,0=3:2:1 (volume based), 1.5 W Xe-light, > 385 nm.
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Figure S13b. HAADF-STEM images and EDX analysis of the Ir-PS/Cul system with MCM-41 after a reaction of 164 h in 50 ml with the addition of bpy showing an
MCM-41 particle (001) with an attached Cu particle (003) decorated with Ir. Reaction conditions: 15 umol PS, 10 umol Cul, 20 pmol bpy, 11.4 mg MCM-41, 50
mL THF:TEA:H,0=3:2:1 (volume based), 1.5 W Xe-light, > 385 nm.

100 nm

Vv

Figure S13c. HAADF-STEM images and EDX analysis of the Ir-PS/Cul system with MCM-41 after a reaction of 48 h in 50 ml without the addition of bpy. Reaction
conditions: 15 umol PS, 10 umol Cul, 11.4 mg MCM-41, 50 mL THF:TEA:H,0=3:2:1 (volume based), 1.5 W Xe-light, > 385 nm.
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S$14. TEM analysis of the material without additive

Figure S14. HAADF-STEM images and EDX analysis of the Ir-PS/Cul system without any additive after a reaction of 48 h in 50 ml and without the addition of
bpy. Reaction conditions: 15 umol PS, 10 umol Cul, 50 mL THF:TEA:H,0=3:2:1 (volume based), 1.5 W Xe-light, > 385 nm.

$15. Time-resolved quenching experiments

Measurement procedure:

The samples were prepared and measured under Ar in 1 cm cuvettes. For the excitation ultrashort
laser pulses at 388 nm were used which were obtained by second harmonic generation applied to
the output of a Ti:sapphire laser system (CPA 2001, Clark MXR, Inc.). The luminescence lifetimes were
determined by fitting a monoexponential decay to the data.

In table S15 the influence of different components on the luminescence lifetime of the Ir-PS is
characterized. The luminescence lifetime of the Ir-PS in THF is 318 ns (Entry 1). By the addition of
either reduced graphene oxide (Entry 6) or Cul (Entry 10) or both components (Entries 14 and 18) no
change in the luminescence lifetime was observed. The addition of TEA with a ratio THF/TEA of 4:2
led to a strong quenching of the lifetime down to 6 to 14 ns (Entries 3, 7, 11, 15 and 19).

The addition of water decreases the lifetime by a factor of 1.5 to ca. 210 ns (Entries 4, 8, 12, 16 and
20). Maybe the coordination of water molecules accelerates the internal conversion pathway. But if
water is added to a mixture of THF and TEA the quenching effect of TEA was weakened to ca. 24 ns
(Entries 5, 9, 13, 17 and 21). This effect is probably due to water molecules hindering the TEA
molecules to get in contact with the Ir-PS molecules.

To exclude that oxygen accidently entering into the sample is responsible for the observed changes a
control experiment was performed by adding 1 mL air to the sample. In this case the lifetime was
quenched to 185 ns (Entry 2) showing that oxygen cannot be the reason for the lifetime changes
obtained for the other solutions.
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Table $15: Luminescence lifetimes of the Ir-PS with different components.

Entry Solvent Ratio c(IrPS)/ M Addition m respectively V Measurement lifetime / ns
(Addition) range

1 THF - 4.2E-05 - - 5 s 318

2 THF . 4.2E-05 0, 1mL 5 us 185

3 THF/TEA 4:2 4.2E-05 - - 200 ns 8.3

4 THF/H,0 5:1 4.2E-05 - - 2 us 204

5 THF/TEA/H,0 3:2:1 4.2E-05 - - 200 ns 24.2

6 THF = 4.2E-05 rGO 0.36 mg /3 mL 5 ps 307
THF/TEA 4:2 4.2E-05 rGO 0.36 mg /3 mL 200/ 100 ns 6.3/6.3

8 THF/H,0 5:1 4.2E-05 rGO 0.36 mg /3 mL 5/2us 215/214

9 THF/TEA/H,0 3:2:1 4.2E-05 rGO 0.36 mg /3 mL 200 ns 25.0

10 THF - 4.2E-05 Cul 0.0576 mg /3 mL 5 us 315

11 THF/TEA 4:2 4.2E-05 Cul 0.0576 mg /3 mL 100 ns 6.0

12 THF/H,0 5:1 4.2E-05 Cul 0.0576 mg /3 mL 5/2 s 211/208

13 THF/TEA/H,0 3:2:1 4.2E-05 Cul 0.0576 mg /3 mL 200 ns 25.1

14 THF = 4.2E-05 Cul +rGO (0.36 + 0.0576) mg 2 us 316

15 THF/TEA 4:2 4.2E-05 Cul +rGO (0.36 + 0.0576) mg 100 ns 5.9

16 THF/H,0 5:1 4.2E-05 Cul +rGO (0.36 + 0.0576) mg 5/2us 200/ 197

17 THF/TEA/H,0 3:2:1 4.2E-05 Cul +rGO (0.36 + 0.0576) mg 200 ns 22.1

18 THF - 4.2E-05 Cul + rGO? (0.36 + 0.0576) mg 2 s 303

19 THF/TEA 4:2 4.2E-05 Cul + rGO® (0.36 + 0.0576) mg 200/ 100 ns 13.6/14.0

20 THF/H,0 5:1 4.2E-05 Cul + rGO® (0.36 + 0.0576) mg 2 us 211

21 THF/TEA/H,0 3:2:1 4.2E-05 Cul + rGO® (0.36 + 0.0576) mg 200 ns 24.0

®after catalysis so the catalyst had precipitated onto the reduced graphene oxide.

S$16. UV-vis measurements

First, the UV-vis spectra of the initial Ir-PS (15 pumol) dissolved in 10 ml of THF:TEA:H,0 = 3:2:1 was
recorded. Afterwards, the reaction of S15 was performed under the following conditions: 15 umol Ir-
PS, 10 umol Cul, 11.4 mg MCM-41, without bpy, 50 mL THF:TEA:H,0 = 3:2:1, 1.5 W Xe-light, > 385
nm, 40 h. 2 ml of the dispersion were separated from the reaction mixture to analyze the absorption
spectra of the used Ir-PS (before bpy). Then, 20 umol bpy were added to the reaction mixture and
stirred for 10 min. Another sample was taken to record an UV-vis spectra. The reaction mixture was
irradiated and UV-vis analysis was carried out after several intervals
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Figure S16. UV-vis spectra of the initial Ir-PS and the reaction mixture after the addition of bpy and different reaction times.
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A highly porous copper-loaded titanium dioxide material has been developed to
catalyze reduction of CO, to CO using light as the energy source. In this system,
activity for CO production could be enhanced by addition of oxygen, which
stabilizes the catalytically active Cu(l) oxidation state. The oxidation half-reaction
has also been investigated, and the titanium dioxide itself was found to be the
electron source.
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HIGHLIGHTS

Synthesized Cu/TiO, aerogel is
active in CO;, reduction compared
to commonly used P25

Enhanced activity in the presence
of small amounts of O,

Photooxidation of surface
hydroxyl groups provides
electrons for CO, reduction

Various in situ investigations
provide evidence of mechanism
(e.g., EPR, XAS, UV-vis)
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Improving Selectivity and Activity
ot CO, Reduction Photocatalysts

with Oxygen

Stefanie Kreft," Roland Schoch,?? Jacob Schneidewind,’® Jabor Rabeah,’ Evgenii V. Kondratenko,'*
Vita A. Kondratenko," Henrik Junge,’ Matthias Bauer,” Sebastian Wohlrab,! and Matthias Beller’**

SUMMARY

A highly porous photocatalyst (copper on TiO, aerogel) was synthesized and
applied in aqueous CO;, reduction without using external sacrificial electron do-
nors. For the first time, complete selectivity toward CO and improved catalyst
productivity are observed in the presence of oxygen. The optimal activity is
achieved in a feed containing 0.5 vol% O, in CO,. In situ XAS, EPR, and UV-vis
measurements suggest, among different Cu oxidation states, Cu(l) to be the
most active species in photocatalytic CO, reduction. Oxygen sensing of the
catalyst in the presence of O,/CO, mixtures indicated an unexpected photoad-
sorption of oxygen on the titania surface. We propose photooxidation of
surface hydroxyl groups to be the electron source for CO; reduction, which is
supported by hydroxyl group consumption, detection of hydroxyl radicals using
in situ EPR, and detection of surface peroxide species after the reaction.

INTRODUCTION

Usage of carbon dioxide (CO,) under ambient conditions for the formation of organic
matter is of fundamental importance in biology'? and is considered to be a key step
for future artificial photosynthesis®“ to convert this inexpensive and non-toxic C4 build-
ing block into more valuable products.” Since the beginning of the 20" century, CO,
has been used on a large-scale in industry, particularly for the production of urea.”®
More recently, the synthesis of various carbonates was also commercialized.”"" In all
these examples, the oxidation state of CO, remains unchanged. When CO5 is involved
in reduction reactions, the spectrum of the products generated can be significantly
extended. For this purpose, hydrogen-rich chemicals such as CH, and lower alkanes
are typically applied to convert CO, into syngas (a mixture of H, and CO)."? In addition,

1374 continues to attract attention as

direct hydrogenation to methanol or hydrocarbons
alternative CO, valorizations. Recently, electrochemical,’®'¢ photochemical reduc-
tions,'”'® and combined approaches'” also became attractive from both fundamental
and applied viewpoints. Undoubtedly, the direct photocatalytic conversion of CO; into
methanol®® or formic acid®’ without additional reductants constitutes a benign and
straightforward way to access these important building blocks. The selective deoxygen-
ation of CO;, to CO is also important because of the industrial use of the latter in large-
scale Fischer-Tropsch synthesis, methanol synthesis, olefin hydroformylation, etc.
Compared to the photocatalytic water-splitting process, fewer homogenous and het-
erogeneous systems are known for direct CO, conversion into CO without formation
of other carbon-containing products. For example, molecular-defined systems consist-
ing of a photosensitizer (PS) and a CO, reduction catalyst, e.g., Fe—?%?3 Ni—?4, Cu—,*°
Re—,?¢ or Ru—?’ complexes, have been reported. Notably, in all these studies, external

The Bigger Picture

The consumption of fossil fuels for
energy generation results in
harmful CO, emissions,
necessitating carbon-neutral
energy sources for global
environmental sustainability.
Instead of releasing CO; into the
atmosphere, using it as a
renewable carbon feedstock for
the synthesis of valuable
chemicals and/or fuels is highly
desirable. Photocatalytic CO,
reduction to C4 compounds
combines the use of solar energy
with CO,, valorization and is of
great interest in basic research.
Semiconductors, especially TiO5,
are commonly used as
photocatalysts. In this work, a
highly porous TiO, aerogel was
synthesized and applied in
aqueous CO; reduction to CO.
Thereby, improved catalyst
productivity was observed in the
presence of oxygen. Furthermore,
progress in understanding the
lesser known and challenging
oxidation process has been
achieved.

Chem 5, 1-16, July 11, 2019 © 2019 Elsevier Inc. 1
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sacrificial reducing agents such as amines or alcohols are required, thus hampering po-
tential applications. Complementary to the use of these molecular-defined systems,
heterogeneous catalysts based on semiconductors like CdS,?%?? ZrO,,*° Ga,0s,*" gra-
phene,?” and especially TiO,'*"” were described for photocatalytic reduction of CO,. In
these materials, a photon with energy equal or higher than the band gap (Eg) of the
semiconductor is absorbed and leads to the excitation of an electron from the valence
band (VB) to the conduction band (CB). Thereby an electron-hole pair is generated. In
order to make this process more efficient and to prevent a recombination of these
charge carriers, co-catalysts that reduce CO; are deposited on the surface.’’** How-
ever, such studies were mainly performed in the presence of sacrificial reductants
such as alcohols®° or hole scavengers.**~*® In fact, only a small number of materials,
such as TiO,, Ga,03,°? N-doped Zn0,*° and MTaO5 (M = K, Na, Li),*"*2 promote CO,
conversion into CO without additional reagents.

Since the pioneering work of Honda and Fujishima in the early 70's,** TiO, has been
among the best known semiconductors for photocatalysis owing to its abundance,
semiconducting properties, low costs, and chemical stability.””***> The primary
crystal structures of titania are anatase and rutile, while the electrons of the former
structure have a much longer lifetime (1 ms) of the excited state resulting in
improved photocatalytic CO, reduction.*® So far, titania-based catalysts with sup-
ported Pt,"” Ag,”® Au,*”° Pd,' Cu,””*> Fe,*® or Ni®’ species have been applied
for photocatalytic CO5 reduction. Among the known copper/titanium dioxide (Cu/
TiO,) materials (Table S1), active catalysts in batch or continuous-flow reactors
required the presence of Cu(l) species.52'54'57'6’2’64 Thereby, the presence of Cu(0)
decreased the activity.”®°**® In gas-phase reactions, primarily, CHs4 and CO were
generated upon light-driven CO, reduction.?°457=57.64.65 |5 contrast, CO, reduc-
55,56,60-63 53,55 competes

tion in aqueous solutions toward oxygenates or methane

with water reduction to form H; preferentially.

In addition to the supported co-catalyst, the crystallite size and specific surface area
of TiO, are key parameters affecting overall performance of the material. For
example, usage of TiO; crystallites larger than 20 nm led to a substantial decrease
in photocatalytic activity.®® On the basis of significantly smaller particles and mainly
because of their high specific surface area, we speculated that metal-supported
anatase aerogels may constitute promising catalytic materials.®””" Surprisingly,

72,7

apart from aerogels with supported platinum species,’?’? their counterparts with

other supported metals have been scarcely investigated for the target reaction.

In this work, we describe the synthesis of composite materials like Cu/TiO2-AG (AG:
aerogel) possessing Cu(ll)-nanoparticles on the surface of a highly porous TiO,
aerogel (TiO,-AG) and their application for room-temperature photocatalytic CO,
reduction without any external sacrificial reagents. Remarkably, the presence of ox-
ygen (O3) improved the CO productivity and practically suppressed H, generation.

RESULTS AND DISCUSSION

Preparation and Characterization of Catalytic Materials

TiO-AG and Cu/TiO,-AG were synthesized as previously described (Section
S2).”*77° Ny-physisorption measurements revealed that these samples possess a
specific surface area of 480 m?/g (Section Sé). This value is almost 10 times higher
than the specific surface area of commercially available TiO, (P25). The reasons for
this difference are the larger particles and the random aggregation of the P25 pow-
der in contrast to the defined wire-like structure’* of the TiO,-AG. The content of
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copper (Cu) determined by inductively coupled plasma atomic emission spectros-
copy (ICP-AES) is used in the abbreviations of the catalysts (see also Section S5).

Powder X-ray diffraction (XRD) analysis proved that the TiO,-AG samples are
composed of the anatase phase with nanosized crystallites as determined from
the XRD reflection (101) (Figure S7). Transmission electron microscopy and high-
angle annular dark field (TEM-HAADF) images revealed the preservation of the
wire-like structure of the TiO,-AG after addition of Cu-nanoparticles (Figures S8
and S9). Because of the low difference in molecular weights between Cu and tita-
nium, it is difficult to distinguish between them in the TEM image. However, the
three spectra recorded by energy dispersive x-ray spectroscopy (EDX) at different
positions showed the same intensive Cu signal concluding a homogeneous disper-
sion of Cu. The calculated Ti:Cu ratio was about 9:1 in all three considered areas (Fig-
ure S9B EDX data), which corroborates the Cu/Ti ratio in 6.3_Cu/TiO,-AG. Thereby,
the Cu species seem to be finely dispersed on the surface of the support (Figure S9),
which correlates with the XRD pattern without significant Cu reflections (Figure S7).
As determined by x-ray photoelectron spectroscopy (XPS) (Figure S10A), the only
weak Cu 2p3/2 peak was observed at 933.1 eV, which is characteristic for Cu(ll) spe-
cies.”® The typical satellite peak in the area of around 941 eV can only be presumed
because of the low signal intensity. This low-intensity signal at rather high Cu loading
(6.3 wt %) supports the high Cu dispersion on the surface of the aerogel.

Reduction Half-Reaction

All catalytic experiments were performed in a batch reactor using a CO,-saturated-
catalyst dispersion in water at room temperature under UV-A/Vis (320-500 nm)
irradiation (Section S4). In general, besides H, and CO, no CHy or any other
gaseous or liquid products (formic acid, methanol) could be detected by gas chro-
matography equiped with a thermal conductivity detector (GC/TCD), gas chroma-
tography/mass spectrometry (GC-MS), and capillary electrophoresis. Selected cata-
lytic results are summarized in Table 1. While common commercial TiO, samples
showed neither CO nor H, production within the detection limit (Table 1, entries
1 and 2), the synthesized TiO,-AG displayed some activity, albeit mainly for water
reduction (Table 1, entry 3). Testing 6.3_Cu/TiO,-AG, CO generation was 3 times
higher than that with pristine TiO»-AG; however, hydrogen evolution still dominated
(Table 1, entry 4). Unfortunately, the activity of Cu/TiO,-AG decreased significantly
over time (Table 1, entries 4-7), which suggests a rapid catalyst deactivation (see
“Improving Catalyst Activity and Selectivity” and “The Nature of Active Cu Spe-
cies”). When Cu loading was reduced to 0.3 wt %, the activity toward CO increased
strongly, while H, generation was slightly affected (Table 1, entry 8). In agreement
with previous observations, we believe that less Cu on the surface leads to higher
dispersion and smaller particles, which prevents charge recombination and thereby
promotes CO, photo reduction.””**4> Lowering the amount of the catalyst further
increased catalytic activity (Table 1, entry 9), apparently because of improved light
absorption by the catalyst.

Although the highest activity was achieved with 0.3_Cu/TiO,-AG, most of the analyt-
ical investigations were performed on the 6.3_Cu/TiO,-AG because of clearer and
easier interpretation of the recorded data. Regarding the analysis of the copper spe-
cies (e.g. oxidation state), in situ measurements of 0.3_Cu/TiO,-AG would not have
been possible in an aqueous solution.

To demonstrate the importance of the aerogel support for CO; reduction, a refer-
ence Cu-containing catalyst on the basis of the TiO,-P25 support was prepared

Chem 5, 1-16, July 11, 2019 3
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Table 1. Photocatalytic Reduction of CO, in H,O with Various TiO, and Cu/TiO, Catalysts

Entry Catalyst Reaction Amounty; (ul) Amountco (pl)
Time (h) (Activity (Activity
[umol-gear-"-h ") [umol-gea-"-h~")

1 TiO,-P25 4 n.d. n.d.

2 TiO, Anatase 4 n.d. n.d.

3 TiO,-AG 4 240 (200) 1.8 (1.5)

4 6.3_Cu/TiO,_ 4 530 (430) 6.2 (5.1)
AG

5 6.3_Cu/TiO,_ 6 580 (320) 6.6 (3.6)
AG

6 6.3_Cu/TiO,_ 20 750 (120) 7.5(01.2)
AG

7 6.3_Cu/TiO,_ 0.5 41 (290) 4.3 (28)
AG

8 0.3_Cu/TiO,_ 4 600 (490) 13.2(10.9)
AG

9 0.3_Cu/TiO5_ 4 80 (610) 3 (26)
AG*®

10 0.5_Cu/TiO,_ 4 n.d. n.d.
P25°

11 CuO NP 4 n.d. n.d.

12 - 4 n.d. n.d.

13 6.3_Cu/TiO,_ 4 n.d. n.d.
AG*©

14 6.3_Cu/TiO,_ 4 550 (450) n.d.
AGHY

All experiments have been performed at least twice and the averages are shown. Differences between the
measurements are between 1% and 14%.

Experimental conditions: 12.6 mg catalyst, 7.5 mL H,O, 60 min flushing with CO,, 20°C, 4 h irradiation,
Lumatec lamp: 2.5 W output, Filter 320-500 nm, gases analyzed by GC, Activity = n (gas)/(m(catalyst)*t).
n.d., not detectable; detection limit see Supplemental Information.

“Catalyst amount: 1.2 mg.

bPreparation method in Procedure 3.

“without irradiation.

Swithout CO,.

(see Section S3). When this material was applied, no photochemical reduction was
observed under standard reaction conditions (Table 1, entry 10). This demonstrates
that the application of the TiO,-AG is an important prerequisite for successful CO,
reduction. Similarly, commercially available CuO NP showed no formation of CO
and H; (Table 1, entry 11). Moreover, as expected, no conversion was detected
without catalyst or light (Table 1, entries 12-13). When the tests were performed
in the absence of CO, with 6.3_Cu/TiO,-AG, hydrogen was the only product
(Table 1, entry 14). Thus, CO, is the only carbon source for CO.

Furthermore, the influence of different salts in aqueous media was investigated
using 1.3 mg of the 0.3_Cu/TiO,-AG catalyst (Figure S11). Notably, generation of
CO occurred in T M NaHCOj3 solution also, although the reduction of CO, under
basic conditions is more difficult, which is also shown by our investigations. In
COg-saturated 1 M NaHCOj3 and H,0O, respectively, nearly the same CO and H; evo-
lution was observed. Also, using an NaHCO3 solution resulted in nearly the same
productivity. A severe deviation of the pH value above phosphate buffer, 0.1 M
NaOH) led to decreased CO generation, and in the case of the phosphate buffer,
the hydrogen generation also diminished significantly. Of course, by addition of
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Figure 1. Dimensionless Responses of *CO,

i Colored C d Ar (Black Line) af
154 6.3_CuTiO-AG (Colore ur1\;es) an r (Black Line) after
Ti0,-P25 Pulsing of a "*CO,:Ar = 1:1 Mixture over
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L, N;, and D; stand for reactor length, number of
molecules (Ar or '*CO,), and diffusion
coefficient of Ar or "*CO5, respectively. See also
Figure S12.

diml. flow (Flux L*N;" D;")

diml. time (tD, L?)

CO,t0 0.1 M NaOH, the pH value is comparable to that of an NaHCO3 solution (after
establishment of equilibrium). This is the reason why the NaOH-CO, system shows
higher activity compared to the phosphate buffer-CO, system, which stabilizes a
more acidic pH.

CO, Adsorption and CO Formation - Why Cu and TiO, Are Essential

In order to understand the general mechanism of the aqueous CO, reduction and to
get insights into the specific roles of Cu and the kind of TiO, support (TiO,-P25
versus TiO,-AG), we performed 3CO, (13CO,:Ar=1:1) pulse experiments in a tem-
poral analysis of products (TAP) reactor operating with about 10 ps time resolution
in the absence of light. This technique enables near-to-molecular understanding of
heterogeneously catalyzed reactions.”’~’? The use of "*CO, unambiguously deter-
mines formation of CO from CO; by means of mass spectrometry. Before the pulse
experiments, all materials were treated in high vacuum (about 1075 Pa) at 80°C to
remove water and CO; adsorbed from air while exposing the catalytic materials to
ambient conditions. According to the profound mathematical procedure developed

I.,SO

by Gleaves et a the obtained transient responses of '*CO, and Ar were trans-

formed into a dimensionless form. As seen in Figure 1, the response of '3CO, s sit-
uated under the Ar signal (black line) and crosses the latter. This is a “fingerprint”°
for reversible adsorption of CO,. Moreover, the position of the crossing point be-
tween the '3CO, and Ar responses is an indicator for the strength of CO, adsorption;
the closer this point is to the x axis, the higher the ratio of the constant of adsorption
to the constant of desorption is. On this basis, it can be concluded that TiO,-P25
adsorbs CO, stronger than TiO,-AG although the latter material has higher surface
area (480 versus 56 m2~g_1). Such difference may be related to the phase composi-
tions of TiO,-P25 and TiO,-AG, being composed of rutile and anatase and pure
anatase phases, respectively. An activity-improving factor is the presence of Cu spe-
cies. Indeed, '3CO is detected as a product of 13COZ reduction only over 6.3_Cu/
TiO,-AG (Figure S12). EPR measurements also demonstrate the significance of Cu
for the CO; reduction. In situ experiments in the presence of 5,5-dimethyl-1-pyrro-
line N-oxide (DMPO) as a spin trap showed that an organic radical intermediate
(-CO,") was formed over 6.3_Cu/TiO,-AG (Figure S13B), while only traces were
observed over bare TiO,-AG (Figure S13A). All these results together with the
TAP data (Figure 1) support the importance of an active Cu species for CO,
activation.

Oxidation Half-Reaction

Given that no external sacrificial oxidant is added to the system, one expects
that water oxidation (forming O, or H,O,) provides the necessary electrons
for CO, and/or proton reduction. Similar to other previous reports in TiO;

Chem 5, 1-16, July 11, 2019 5



Please cite this article in press as: Kreft et al., Improving Selectivity and Activity of CO, Reduction Photocatalysts with Oxygen, Chem (2019),
https://doi.org/10.1016/j.chempr.2019.04.006

Chem Cell

A B suspension (A)
0.50 4 —— isolated liquid phase (A)|
il - - - suspension (B)
S - - - isolated liquid phase (B)|
~ 0454 © blank
$ <
— [
g 2
=, 0.0 2
o blank ]
— TiO,-P25 calc. .g
0.354 TiO,-P25
——TiO,-AG
——6.3_CulTiO,-AG
0.30 T T T T T T
0 5 10 15 20 500 600 700

time (h) wavelength (nm)

Figure 2. Photoadsorption of O, and Formation of Peroxo Species

(A) Following the O, concentration during the photocatalytic reduction of 0.5 vol % O,/CO, mixture
with Cu/TiO,-AG and TiO,-AG.

(B) Colorimetric detection of peroxide after long-term photoreaction under 0.5 vol % O,/CO; (A)
and after 20 h photoreaction under pure CO; (B). See also Figures S16 and S17.

>7:¢0 we were unable to detect O, formation in the gas phase using

photocatalysis,
GC/TCD or an optical O, detection set-up (see Section S16). Furthermore, in TAP
experiments where 13CO formation occurred, no O, was detected (Figure S12). As
an alternative oxidation product, H,O, could also not be identified by a typical
H,O, detection test (conversion of yellow chromate into dark blue chromium(VI)
|oeroxide).81 Therefore, we concluded the TiO,-AG material must be involved in
the oxidation reaction(s). Notably, the involvement of Cu in a stoichiometric fashion

can be excluded because of the small overall amount.

Interestingly, during optical O, detection studies in photoreactions with a 0.5 vol %
0,/CO;, atmosphere, we observed light-induced O, uptake instead of evolution (Fig-
ure 2A). Studying photoadsorption of O, under CO, reduction conditions
with different TiO, materials (Figure 2), we found that TiO,-P25 (calcined at 500 °C)
had the lowest uptake, while regular TiO,-P25 showed a higher consumption. TiO,-
AG and 6.3_Cu/TiO,-AG photoadsorbed the largest amount of O, and did not show
significantly different behavior. It appears that the amount of O, consumed during
Cu re-oxidation (vide infra) is too small to be detected in this configuration.

This observed trend of O, photoadsorption correlated with the number of surface
hydroxyl groups on the different materials.?? Calcination of TiO, lowers the number
of surface hydroxyl groups,®” explaining the difference between calcinated and non-
calcinated TiO-P25. Our TiO,-AG was synthesized at low temperature (<100°C), so
alarger degree of surface hydroxylation is to be expected. The high surface area ob-
tained should further enhance the total number of surface hydroxyl groups.

Indeed, when analyzing TiO,-AG and TiO,-P25 by FTIR spectroscopy (Figure S14), a
significantly stronger absorption at 3,300 cm™" (stretching vibration of OH groups
attached to titania)®’ was observed for TiO,-AG, indicating a higher number of sur-
face hydroxyl groups. This result was corroborated by XPS analysis: here the O1s
peak ataround 531.3 eV is assigned to OH groups on the TiO; surface.®® Comparing
TiO2-AG and TiO,-P25, it was found that the number of OH groups on the aerogel
was around six times higher (rel. area 50% versus rel. area 8.1%, see Figure S15B).

It has been described that reductive photoadsorption of O, on TiO, can pro-
ceed to form (surface-bound) superoxo and peroxo species. Electrons for this

process are provided by photooxidation of surface hydroxyl groups.®*#*®7 Via
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Figure 3. EPR Spectra of TiO»-AG in CO,-
\ o Saturated H,O during the Photocatalytic CO,

eactionime Reduction in the Presence of DMPO
E) A ‘ See also Figure S13.
8 !
> A A a .
=2 oA Re o s N A e
2 M\ W v
9] 1
= v V

I

T T T
3460 3480 3500 3520

B, (G)

intermediate -OH radicals, this photooxidation has been reported to also result

in surface-bound superoxo and peroxo species.®® %72

To investigate this possibility in our system, we have conducted a long-term photo-
reaction (5 d reaction time, 6.3_Cu/TiO,-AG, 0.5 vol % O,/CO, atmosphere) and
compared the number of surface hydroxyl groups before and after via titration (Sec-
tion S15C).”* Indeed, the number of surface hydroxyl groups was reduced by roughly
one-half. Using in situ EPR spectroscopy and DMPO as a spin trap,” we detected
-OH radicals during the irradiation of TiO,-AG, as identified by the characteristic
four-line signal at g = 2.007 (aN = aH = 15.1 G) due to the DMPO-OH spin adduct
formation (Figure 3).7° .OH radicals are presumed to be an intermediate in surface
hydroxyl group photooxidation. Finally, analyzing the suspension after the long-
term reaction, we detected peroxide via a coloring enzymatic reaction”'?® in the
suspension, and, to a lesser degree, in the isolated liquid phase (Figures 2B and
S17). This difference between the suspension and liquid phase shows that most
peroxide species are bound to the TiO; surface.

Hence, the consumption of surface hydroxyl groups, detection of -OH radical inter-
mediates by EPR, and formation of peroxide species after the reaction provide
conclusive evidence for reductive O, photoadsorption via photooxidation of surface
hydroxyl groups. The superior O, photoadsorption capability of TiO,-AG can thus
be explained by the higher number of surface hydroxyl groups in this material.

These observations led us to hypothesize that photooxidation of surface hydroxyl
groups also provides the electrons for CO, and/or proton reduction. After a stan-
dard photoreaction with 6.3_Cu/TiO,-AG under a pure CO, atmosphere, we thus
applied the same coloring enzymatic reaction for peroxide detection. Indeed,
peroxide species were detected in the suspension and to a lesser degree in the iso-
lated liquid phase, again showing that most peroxide species are bound to the TiO,
surface (Figure 2B). This demonstrates that surface hydroxyl group photooxidation is
likely the oxidative process providing electrons for CO, and/or proton reduction.

We further investigated this theory via a final long-term experiment with 6.3_Cu/
TiO2-AG using a feed with 0.5 vol % O, in CO,. If surface hydroxyl group photoox-
idation is indeed responsible for O, adsorption and CO; and/or proton reduction,
O; adsorption should level off at some point and the material should lose its ability
to reduce CO, and/or protons. O, adsorption does indeed level off after ca. 5 d (Fig-
ure S16), having consumed 0.33 vol % O, which corresponds to roughly 10 mol % O,
with respect to TiO,-AG. We conclude that O, consumption is stoichiometric with
respect to the OH-groups of the TiO, surface and also that O-vacancies and/or
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Ti** defects are not responsible for the photoadsorption since Ti** was not detect-
able using EPR. After the long-term reaction, the material was regenerated with air
(vide infra) and again exposed to standard reaction conditions in a 0.5 vol % O,/CO,
atmosphere for 20 h. In this case, no CO or H, formation was observed; and the O,
photoadsorption was significantly reduced (Figure S16B). These observations indi-
cate that the material has been stripped of its ability to donate electrons because
of the consumption of surface hydroxyl groups via surface oxidation (the fact that
some O, photoadsorption was still observed can be attributed to a certain degree
of reversibility).””

Overall, we can conclude that electrons for CO, and/or proton reduction, photoad-
sorption of O, and likely also Cu(ll) reduction (vide infra) result from photooxidation
of surface hydroxyl groups. This oxidation process proceeds via -OH radical inter-
mediates and results in strongly surface-bound peroxide species, which have been
detected colorimetrically. The high activity of TiO,-AG supported materials in
CO; and/or proton reduction can be explained by a high number of available surface
hydroxyl groups. It is necessary to identify ways to release surface bound peroxides
and to regenerate surface hydroxyl group to enable a truly catalytic process with
respect to the TiO,.

Improving Catalyst Activity and Selectivity

In order to check potential leaching of the metal, the 6.3_Cu/TiO,-AG catalyst and
the reaction solution were investigated after 4 h of reaction time. ICP analysis of the
filtrate showed no detectable Cu in this phase. Remarkably, the spent Cu catalyst
showed a change in color from pale blue to dark gray, although no color change
was observed during the investigation of TiO,-AG without Cu. If Ti** would have
been formed, a light purple dispersion would have appeared. As indicated by in
situ EPR, XAS, and UV-vis measurements the color change is due to reaction-induced
reduction of the Cu(ll) species (Figures S18, S20, and S21, section “"The Nature of
Active Cu Species”). To analyze if these reduced species can be reoxidized, the
dark-colored catalyst suspension obtained after 4 h of photoreaction was flushed
with air for 30 min. To our delight this treatment led to the original pale blue suspen-
sion. Moreover, the catalyst became active again and could be easily re-activated
four times (Figure S19A). It is important to note that this oxidation led to a highly se-
lective CO; reduction. After the first two runs, only CO was produced through CO,
reduction and no H;, was generated despite the aqueous media (Figure S19B). To
address the question of the selectivity change and to characterize the Cu species
before, during, and after each irradiation (hv) and reoxidation (redox) step, in situ
XAS measurements were performed (Section S20). The results, shown below, clearly
demonstrate that catalyst reoxidation affects its activity in CO formation; a certain
degree of oxidation of the Cu species seems to be important for the target reaction.
To verify this hypothesis, we performed CO, photoreduction tests in the presence of
various amounts of O, added to the CO,-containing reaction mixture (Figure 4).
Clearly, CO; reduction in the presence of O, looks irrational at first site because
the latter gas is far more easily reduced than the former one (E° CO,/CO =
—0.53 V versus Oy/H,0 = 1.23 V).7%7? Moreover, it was shown by Strunk and co-
workers that the presence of O inhibits product formation of photocatalytic CO,
reduction in the presence of TiO, (P25)."%° Nevertheless, adding 0.5 vol % O, to
COy; in the presence of our Cu/TiO2-AG catalyst improved CO formation after
20 h by nearly one order of magnitude. To the best of our knowledge this is the first
time that such behavior has been observed. In the presence of O,, we presume an
in situ re-oxidation of less reactive Cu(0) species to Cu(ll). Interestingly, hydrogen
was also formed in this experiment but the ratio of CO/H; strongly increased in
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Figure 4. Photocatalytic CO, Reduction with 6.3_Cu/TiO,-AG Catalyst by Using Different CO,/O,
Mixtures

Conditions: catalyst: 12.6 mg 6.3_Cu/TiO,-AG, medium 7.5 mL H,0O, 20°C, 20 h, Lumatec lamp:
2.5 W output, Filter 320-500 nm. See also Table S22.

comparison to the corresponding O,-free test. Consequently, applying 5 vol % of O,
led to an excellent CO:H; ratio because even traces of hydrogen were not observed.
The reason for the change in selectivity might be the re-oxidation of H, to H,O by the
addition of O,. Further increasing the concentration of O, led to deactivation of the
catalyst. To provide fundamental insights into the effect of O, on photocatalytic CO,
reduction, in situ XAS and operando UV-vis measurements were performed (vide
infra).

In order to show the influence of O, on the Cu sites during the reaction and the
importance of the TiO,-AG support, we performed the CO;, reduction in 0.5 %
0O,/CO;, mixture also with TiO,-AG and TiO,-P25 (Table S22). As expected, TiO,-
P25 was also not active in this atmosphere (Table 522, entry 5). In comparison to
6.3_Cu/TiO,-AG, the material TiO,-AG was also less active with regard to H, and
CO generation (Table S22, entry 3). Interestingly, the addition of O, not only led
to a decrease in H,_ but also in CO generation (Table S22, entries 3 and 4), which
is in contrast to the tests with 6.3_Cu/TiO,-AG (Table S22, entries 1 and 2). This
also shows the importance of the Cu co-catalyst and its reactivation for the CO,
reduction by O,.

The Nature of Active Cu Species

Operando UV-vis spectroscopy was applied to monitor changes in the oxidation
state of Cu after different irradiation times upon CO; reduction in the presence
and the absence of O,. Figure 5 shows the UV-vis spectra expressed as the relative
Kubelka-Munk function F.¢(R) calculated according to Equation 1, while the absorp-
tion spectra are given in Figure S21. Ry and R; represent the reflectance of the cata-
lyst before irradiation and after certain times of irradiation, respectively.

, R (Equation 1)
Ro

The absorption spectrum of fresh Cu/TiO»-AG before irradiation (Figure S21A) is

characterized by a strong band below 350 nm and by several less defined broad

bands between 400 and 900 nm. According to the literature, absorption bands
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Figure 5. UV-vis Spectra (Relative Kubelka-Munk Calculated According to Equation 1) of Fresh Cu/TiO,-AG and after Different Irradiation Times in
Various Feeds of 0,/CO, Mixtures
(A-C) 100% CO, (A), 0.1 vol % O,/CO; (B), and 0.5 vol % O,/CO, (C) mixtures. See also Figure S21.

between 600 and 900 nm can be ascribed to transitions between d-d orbitals of
Cu(l1),2>71:76197 while the bands below 450 nm are ascribed to charge transfer tran-
sitions in TiO,”® and CuO.”" Thus, Cu(ll) is the main species in fresh Cu/TiO,-AG. This
conclusion is in agreement with the results of EPR (Figure S18) and XAS analysis

(Figure 6).

For deriving insights into reaction-induced changes of the oxidation state of Cu, we
analyzed the UV-vis spectra expressed as F(R). Such presentation directly illus-
trates how the spectrum of fresh Cu/TiO,-AG changes. As seen in Figure 5A, a
band with a maximum of 380 nm appeared after catalyst exposure to light for
1 min in the presence of CO, and in the absence of O, (Figure 5A). This band can
be tentatively assigned to the presence of Cu(l) as concluded from the reference
UV-vis spectrum of Cu,O (Figure S21F)."9T Its intensity increased within the first
2 min of irradiation, but decreased after 3 min of irradiation. This band was not
apparent after longer catalyst exposure to light, while the intensity of F.|(R) between
350 and 580 nm continuously increased. Moreover, the intensity of F.¢(R) above
580 nm also grew. Appearance of a sharp minimum in F(R) at around 580 nm
can caused by the formation of metallic Cu. The UV-vis spectrum of metallic Cu is
characterized by the absorption edge at 580 nm,®* "%’
Figure S21.

which is clearly seen in

When using a feed with a CO,/O; ratio of 1, the absorption edge at 580 nm could
hardly be observed, (Figure S21E) thus indicating that Cu(0) was not formed. Cu(l)
species were also not identified under these reaction conditions. Thus, Cu(ll) was
the main oxidation state of copper in Cu/TiO,-AG upon COy; irradiation in the pres-
ence of large amounts (33 vol %) of O,. Importantly, both Cu(0) and Cu(l) species
were formed during irradiation when O, concentration was lowered to 0.1 or
0.5 vol %. However, the kinetics of Cu(ll) reduction and accordingly the fraction of
different Cu species are affected by O, concentration. From a qualitative point of
view, higher O, content leads to slower reduction of Cu(ll) to Cu(l) and Cu(0) and
to a lower Cu(0) fraction. Temporal changes in the UV-vis spectra in Figures 5A-
5C suggest Cu(0) species dominate after 10 or 30 min of exposure to light in the
absence of O, or in the presence of low (0.1 and 0.5 vol %) amounts of O,.

Furthermore, the oxidation state of Cu was investigated by in situ X-ray absorption
spectroscopy before, during, and after the reaction. Thereby, the measurements
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Figure 6. XAS Analysis before and after Various Reaction Times
(A and B) X-ray absorption spectra (A) and Fourier transformed EXAFS spectra (B) of the initial catalyst (6.3_Cu/TiO,-AG) in a CO,-saturated aqueous
dispersion during illumination after 4 h, 9 h, and 24 h and of a Cu foil as reference. See also Procedure S20.

were carried out using a dedicated cell described in detail in the Supplemental Infor-
mation (Section S20). XANES (X-ray absorption near edge structure) analysis enables
beside the assignment of the oxidation state also the determination of a reference
proportion to a certain sample spectrum.'%?'% Therefore, the spectra of the initial
catalyst (6.3_Cu/TiO2-AG) and of a Cu-foil were applied as references to facilitate an
investigation of the reduction degree during the reaction. Analysis of the EXAFS
(extended X-ray absorption fine structure) part of an X-ray absorption spectrum al-
lows the identification of neighboring atoms, their number, and their distance to
the absorbing atom."%* With this, the local structure of a Cu atom was determined.
XANES analysis showed unambiguously a Cu(ll) species with an absorption edge at
8,987.5 eV in the initial substance (Figure 6A). No changes are observed when the
suspension is subjected to CO, atmosphere. Irradiation caused a reduction of
Cu(ll) and a Cu(0) species as concluded from the appearance of a signal with an
edge energy of 8,979.5 eV. Comparison with a Cu-foil spectrum revealed a similar
edge position and white line shape. The spectra of the reaction mixture illuminated
for 4 h, 9 h, and 24 h uninterruptedly revealed a similar trend.

To obtain a more detailed insight into the local geometric structure around the Cu
centers, thorough analysis of the EXAFS spectra was carried out.'%® The structural
parameters obtained are shown in the supplementary information (Table S20B),
while the corresponding spectra are given in Figure 6B. In the case of the initial
6.3_Cu/TiO2-AG catalyst, the typical backscattering and distances of CuO were
adjusted.’® To optimize the fitting error, a Ti shell in a characteristic distance of a
Cu-Ti mixed oxide (Cug 5 Tig 7505) was added to the model.'®” Because of the small
number of Cu backscatterer and the significant contribution of Ti neighboring
atoms, very small Cu oxide particles finely distributed on the titanium oxide support
can be deduced, which is in perfect agreement with the results of XRD and TEM
analysis.

For the analysis of the spectra measured during the photoinduced reaction, exclu-
sively Cu backscatter in distances similar to metallic Cu were adjusted, since through
the LC-XANES fits (Table S20A), metallic Cu was identified as the major component.
The high amount of Cu backscatterers and the absence of Ti contributions led to the
conclusion that larger metallic Cu-domains are formed during the reaction in com-
parison to the initial catalyst. [llumination of the sample for 9 h and 24 h led to the

Chem 5, 1-16, July 11, 2019 11




Please cite this article in press as: Kreft et al., Improving Selectivity and Activity of CO, Reduction Photocatalysts with Oxygen, Chem (2019),
https://doi.org/10.1016/j.chempr.2019.04.006

Chem Cell

Table 2. Results of CO Formation after 10 min, 30 min, and 20 h in Various O,/CO, Mixtures

Amount of O3 in Amountomin Amount3omin Amountygn
CO, Atmosphere [pmolco/geat] [umolco/geatl [umolco/geatl
0 vol % 11.4 141 24.7

0.1 vol % 13.8 16.9 30.5

0.5 vol % 8.9 155 74.2

formation of even smaller metallic Cu domains, since the number of backscatterers
became significantly smaller.

Summarizing the results of UV-vis and XAS tests of CO, photoreduction in the absence of
added O, it can be concluded that during photocatalytic CO, reduction over Cu/TiO,-
AG, Cu(ll) is initially reduced to Cu(l) followed by further reduction to Cu(0).

Finally, the below discussion is aimed at identifying factors affecting catalyst activity
for CO, reduction to CO. Table 2 shows the amount of CO formed after 10 min,
30 min, and 20 h using feeds with different O,/CO; ratios. After 10 min of reaction,
the highest amount of CO was obtained in the presence of 0.1 vol % O, while oper-
ating with 0.5 vol% O, resulted in the lowest amount. The difference between the
feeds became significantly smaller after 30 min of reaction. When irradiating for
20 h, the amount of CO strongly increased in the presence of 0.5 vol % O, while
the increase in the absence of O, or in the presence of 0.1 vol % was significantly
lower and only marginally compared to the CO generation after 30 min. These results
reveal that the duration of efficient CO; reduction to CO depends on the O, content.
This effect can be explained by considering the changes in the oxidation state of Cu
under reaction conditions. Cu(0) is the main species after 30 min of CO; reduction
without added O. In the absence of O, as well as in the presence of just 0.1 vol
% O,, the amount of CO formed between 30 min and 20 h is lower than the amount
of CO formed between 0 and 30 min. Thus, we conclude that metallic Cu(0) species
have low intrinsic activity for the target reaction. Regardless of O, content, the high-
est rate of CO formation was achieved at the beginning of the photocatalytic pro-
cess, i.e., within the first 30 min. On the basis of the UV-vis spectra, Cu(l) is present
during this time and thus can be assigned as an active species for CO, photoreduc-
tion. This statement is supported by the fact that the rate of Cu(l) reduction to Cu(0) is
suppressed in the presence of O, thus resulting in stabilization of Cu(l) for longer re-
action time. The amount of CO initially increased with rising O, content and passed a
maximum at 0.5 vol % (Figure 4). According to UV-vis analysis (Figure S21), Cu(ll) is
not reduced in large amounts to Cu(l) or Cu(0) at higher O, concentration. Thus,
Cu(l) is proposed to be the active species for CO, photoreduction to CO.

In conclusion, the first highly selective photocatalytic reduction of CO, to CO in
aqueous solution is described. Key to success was the use of a specific Cu(ll)-sup-
ported TiO,-AG catalyst system, which shows high activity for CO generation
(28.2 umol-gese T-h ") in UV-A/Vis light (320-500 nm). The rate for CO, reduction
decreases with time but can be improved when performing the reaction in the pres-
ence of O,. To the best of our knowledge such behavior is observed for the first time
and may lead to completely new CO; reduction catalysts. UV-vis measurements in
the presence of O, suggest photogenerated Cu(l) as the active species. Regarding
the mechanism, we found that the electrons for CO,/proton reduction in the active
catalyst can be provided by photooxidation of the TiO; surface hydroxyl groups. The
regeneration of these surface hydroxyl groups has to be solved in the future to
develop truly catalytic reductions. This opens up a new research field for

12 Chem 5, 1-16, July 11, 2019



https://doi.org/10.1016/j.chempr.2019.04.006

Please cite this article in press as: Kreft et al., Improving Selectivity and Activity of CO, Reduction Photocatalysts with Oxygen, Chem (2019),

Chem

photocatalysis without sacrificial electron donors, which should be addressed in up-
coming studies.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.chempr.
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$1: Results of various studies for aqueous CO2 reduction with Cu/TiO2 catalysts.

System Media Irradiation Main Activity Conditions = Comment Ref. in
product  [umol-g-'-h-1] manuscript
Cu20/TiO2 CO2/HO  305-665 nm CO 2.1 Flow, 20°C  OH radicals, 501
(0.95:0.05) no chance
of Cu(l)
during
reaction
0.4% NaHCOs/  Xe lamp CHa4 8 Batch 25°C, 1 atm 512
Cu(0)/TiO2  H2SO4 without filter
1% CO2/H.O0 <390 nm CO 7.5 Flow, 150 523
Cu20/TiO> CH, 0.4 °C, 1 atm
3% HO/CO2 254 nm CO 14.5 Batch, Cu20/TiO2 534
CuO/TiO: CHs 2.1 temp. not 28% higher
H2 2.7 given CHa4
generation
1% CO2/H20  320-780 nm CHa4 1 Flow, 25 545
Cu20/TiO2 CO 10 °C,
1 atm
0.5% CO2/H:O  250-400 nm CcO 60 flow T not given 55¢
Cu20/TiO- CH, 10
SiO2
1% Cu/Ti02  CO2/HO  200-1000 nm CO 3.8 flow Mixture of 567
CH, 0.7 Cu(0) and
Cu(l)
3% M uv CHsOH 450 Batch 60 °C 57,588
CuO/TiOs KHCOs
2% 02N 254 nm CHsOH 20 Batch 50°C 59,60 910
Cu20/TiO2 NaOH
1% CO2/HO 400 nm CO 2.0 flow Addition of I, 611
Cu20/TiO2 fraces of CHa
0.1% CO2/H:O0 254 nm CO 3.4 flow Addition of I, 611
Cu20/TiO> traces of CHs4
1% CO2/H:O 254 nm CO 334 flow 6212
Cu20/TiO: Ho 452
1% CO2/H:O 350 nm CO 50 flow 6212
Cu20/TiO: Ho 70

$2: Synthesis of Cu/TiO2-AG

Synthesis of trizma-functionalized TiO2'3: 6.49 mmol (786 mg) 2-amino-2-(hydroxymethyl)-1,3-propanediol
(trizma, >99 %, Sigma Aldrich), was dissolved in 170 ml benzyl alcohol (99 %, Alfa Aesar) by heating to 50 °C
for 30 min. After cooling to room temperature 77.5 mmol (8.5 ml) TiCls 99.9 %, Sigma Aldrich) was added
dropwise under stirring in Ar atmosphere. The reaction solution was stirred for 24 h at 80 °C. Afterwards, the
solution was cooled to room temperature and the obtained anatase nanoparticles were separated from
the solvent by centrifugation. The yellowish supernatant was decanted away; the white precipitate was
washed with chloroform (99 %, Acros), re-dispersed in chloroform and centrifuged again. These steps were
repeated at least three fimes. Finally, the precipitate was dried in ambient air.

Synthesis of CuO nanoparticles: 1.2 g Cu(OAc)2:H20 (99.9 %, Acros) were dissolved in 900 ml distilled H20. 3
ml acetic acid (>99 %, Walter CMP) were added under stiring and heated under reflux. Afterwards, the
addition of 2.4 g NaOH (>99 %, Baker) led to black precipitate (pH-value of 6-7) which was centrifuged and
washed one time with water and three times with ethanol. Finally, the drying step was carried out under
ambient conditions.

Preparation of particle mixtures and gelation of the nanoparticle dispersion: For the preparation of a mixture
of CuO and TiO2 nanoparticles (material: 6.3_Cu/TiO2-AG), 100 mg of the CuO nanoparticles were dispersed
in 8.5 ml distilled water. Furthermore, 1 g trizma-functionalized TiO2 was added under vigorous stirring. After
pouring the dispersions in a Teflon container, the container was sealed and the gelation was induced by
heating to 90 °C for 30 min in an oven. The final gels can be removed from the container after cooling to
room temperature. For the material 0.3_Cu/TiO2-AG 10 mg CuO-NP were used.

Supercritical drying: The liquid water in the pores of the gels was stepwise exchanged by acetone for 24 h
respectively, in steps of: 30 vol%, 50 vol%, 75 vol%, 90 vol%, and 100 vol% acetone/H20 mixtures. CO2
supercritical drying was performed in a 50 ml autoclave. The obtained gels were transferred in the
autoclave filled with acetone. At first the chamber was pre-cooled to 5 °C and purged with liquid CO2. Then
the sample was left to soak in CO2 for 30 minutes and after this period the gas was released and another
purging step was repeated (in general this procedure was performed for 8-10 h by checking with a filter
paper at the outlet of exhaust of the equipment for damp patch indicating solvent exchange conditions).
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After the solvent exchange was completed the autoclave was heated to at least 40 °C reaching a pressure
of >80 bar. Normally, the supercritical drying condition is achieved at around 31 °C and 74 bar. Finally, the
gas was released slowly and the aerogel was obtained.

$3: Synthesis of 0.5_Cu/TiO2-P25

1 g of commercial available TiO2 (P25, Evonik) was used as received and impregnated with 0.5 ml of 1.66 M
aqgueous Cu(NOas)2 (>99 %, Sigma Aldrich) to achieve complete incipient wetness impregnation. After drying
at 80°C for 3 h, the material was calcined at 400 °C at a heating ramp of 5K/min for 2 h under air
(0.5_Cu/TiO2-P25). The amount of copper was analysed by ICE-OES.

$4: Photocatalytic reduction of aqueous CO2

A double-walled temperature-controlled 85-mL reaction vessel was evacuated and refilled with Ar three
fimes followed by an additional three cycles using COz (purity 4.8, Linde) or O2/CO2 mixture. In general, 12.6
mg catalysts and 7.5 mL of doubly distilled water were then added. Prior to irradiation, the reaction mixture
was bubbled with CO2 (or O2/CO2 mixture) for 60 min. The temperature was maintained at 20 °C using a
thermostat. The solution was irradiated through a plain borosilicate-glass wall in the reaction vessel using a
Hg-lamp (Lumatec Superlite 400, output 2.5 W), equipped with a 320-500 nm filter. The gaseous reaction
products were analyzed using a calibrated GC and the liquid phase was analyzed by the use of HPLC and
capillary electrophoresis techniques.

Gas content was determined by gas-phase GC. A GC sample was taken from the reaction system and was
analyzed by the following system:

GC: Carboxen / TCD / Methanizer / FID - permanent gases, He carrier gas.

The gas integration was calibrated using certified gas mixtures from commercial suppliers (Linde and Air
Liquide) with the following gas vol%:

H2: 2500 ppm, 5000 ppm, 1 %, 5 %

CO: 1 ppm, 10 ppm, 75 ppm, 250 ppm. 1 %, 5 %

CHa4: 10 ppm, 75 ppm, 250 ppm, 1%, 5 %

CO2: 10 ppm, 75 ppm, 250 ppm, 1%, 5 %, 10 %, 25 %, 50 %, 100 %

The system allows for the determination of Hz, Ar, CH4, CO and COz2 within the ranges:

H2 2 0.25 vol% - 100 vol%
CO=21ppm
CH42 1 ppm
CO22 1 ppm - 100 vol%

GC analysis provides the relative composition of the different components of the collected gas. H2, CO and
CO2 amounts were determined and their ratios established.

Calculation of gas production rate

The gas production rate was calculated by equation (S1):

Ngas

Gas production rate = ———
Mege Xt

(C))

where nges Was calculated by the quotient of the related gas volume measured in the catalytic reaction
and the related molar volume (§2):
Vgas

Ngas = Vm.gas (52)

The calculation of Vi, 4, 20:c Was carried out using the Van der Waals equation (equation ($3)):

RT a L
Vm,H2,20°C = 7 +b— ﬁ = 24.07 ﬁ (S3)
Where:

R: 8.3145 m3®-Pa - mol-! K-1;
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T: 293.15K;

P: 101325 Pa;

a: 24.7 103 -Pa-mé-mol2;
b: 26.6-10¢ m®*mol-!

The calculation of Vy, ¢ 200c Was carried out using the Van der Waals equation (equation ($4)):

RT a L
Vinco200c = ? +b— RT = 24.03 ol ($4)
Where:
R: 8.3145 m®*-Pa -mol! K-1;
T. 293.15K;
P: 101325 Pa;

a: 14.6-102-Pa'-mé mol2;
b: 39.3:10-¢ m®mol!

$5: Methods for the material Characterization

Nitrogen sorption

Specific surface area and pore size distribution were determined from Nz-physisorption data obtained using
a NOVA 4200e instrument (Quantachrome). As a pre-treatment, samples were outgassed and dried for 4 h
at 80 °C atf reduced pressure. Data analysis of isotherm data was carried out according to methods
described by Brunauer, Emmett, Teller (BET)'4 and Barrett, Joyner, Halenda (BJH)'S.

Powder X-ray diffraction

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

Transmission electron microscopy

The TEM measurements were performed at 200 kV with an aberration-corrected JEMARM200F (JEOL,
Corrector: CEOS). The microscope is equipped with a JED-2300 (JEOL) energy-dispersive x-ray-spectrometer
(EDXS) for chemical analysis. The samples were measured on a Au-Grid.

X-Ray Photoelectron Spectroscopy
The XPS measurements were performed with a VG ESCALAB 220 iXL with monochromated AlKq radiation (E =
1486.6 eV). The electron binding energies EB were obtained without charge compensation.

Electron paramagnetic resonance

EPR spectra were recorded at RT on a Bruker cw spectrometers EMX CW-micro and ELEXSYS 500-10/12 (X-
band, v » 9.7 GHz) with a microwave power of 6.3 mW, a modulation frequency of 100 kHz and modulation
amplitude up to 5 G. For spin-trap experiments, 5,5-dimethyl-1-pyrroline N-oxide (DMPO, Enzo Life Sciences
GmbH) was used after a purification with activated charcoal as adsorbent.1é

Spin trapping experiments: a reaction suspension (6 mg Cu/TiO2 in 3.5 ml H20) was mixed and loaded into
the flat cell placed in the EPR cavity. CO2 (0.5 miI/min) was fed into the catalyst suspension through a fused
silica capillary under visible-light irradiation. 50 yL of DMPO (600 mM) were dosed into the suspension via a
self-modified syringe. EPR spectra were recorded before and after DMPO feeding. Signal fitting were carried
out by using the SpinFit program (Bruker) or EasySpin.!”

Note: the relative number of DMPO-OOH and DMPO-OH adducts were interpreted from the double integral
of the fitted spectrum multiplied by the relative percentage of each component given by EasySpin.

Inductively coupled plasma optical emission spectrometry

Inductively coupled plasma optical emission spectrometry (ICP-OES) using a Varian 715-ES ICP-emission
spectrometer was carried out, in order to quantify the amount of copper in the material.
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$é: Pore size distribution (BJH) of TiO2 aerogel
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Figure $6. Pore size distribution of TiO2-AG by using N2 adsorption measurements.

Table $6. Results of N2-physisorption measurements of TiO2-AG.

Surface area 482.387 m?/g
Pore volume 2.968 cc/g
Pore diameter Dv(d) 319.404 A

§$7: XRD patterns of TiO2-AG and Cu/TiO2-AGs
6.3_CulTiO,-AG

0.3_CulTiO,-AG

TiO,-AG
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Figure $7. XRD patterns of TiO2 and Cu/TiO2 aerogels marked with reflection of Cu(ll)-species (grey dots)
compared to PDF 80-1268'8, TiO2 phase is identified to be Anatase compared to PDF C1-562.

$8: TEM images of TiO2-AG

Figure $8. HAADF-TEM images of TiO2-AG.




S$9a: TEM images of 6.3_Cu/TiO2-AG

Figure $9a. HAADF-TEM images 6.3_ Cu/TiO2-AG.

S$9b: TEM and EDX images of 6.3_Cu/TiO2-AG

Figure $9b. TEM images 6.3_ Cu/TiO2-AG, EDX data see below.
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Figure S9b. EDX analysis for TEM images seen above.

$10: XPS of 6.3_Cu/TiO2-AG (a) and 0.3_Cu/TiO2-AG (b)
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Figure $S10a. XPS on 6.3_ Cu/TiO2-AG showing Cu(ll) signals.

XPS analysis of the Cu/TiO2-AG after the photocatalytic reaction was done but showed instability of the
material under the measurement conditions.
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Figure $10b. XPS on 0.3_ Cu/TiO2-AG showing no Cu(ll) signals.

$11: Influence of using different aqueous media for photocatalytic CO2 reduction
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Figure S$11. Influence of different reaction media. Reaction conditions: catalyst: 1.2 mg 0.3 wt% Cu/TiO2,
medium 7.5 ml, 60 min flushing with CO2, 20 °C, 4 h irradiation, Lumatec lamp: 2.5 W output, Filter 320-500
nm. P-Puffer: phosphate buffered aqueous solution (pH of approximately 5).
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$12: Effect of catalyst composition on 13CO formation from 3CO
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Figure $12. Height-normalized transient responses of 13CO2 and 13CO recorded upon pulsing of a 13CO2:Ar =
1:1 mixture over 6.3_Cu/TiO2-AG (a), TiO2-AG (b), and TiO2-P25 (c) at room temperature.

$13: EPR measurement regarding the generation of -OH and -CO> radicals
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Figure $13. a) Normalized EPR spectra (black: experimental, red: calculated) of TiO2-AG in aqueous CO2in
the presence of DMPO after iradiation. The hyperfine splitting values obtained by spectra simulation were:
AN = A =14.9 G for DMPO-OH (blue signal) and Ax =15.2, Ax = 19.4 for DMPO-CO:2 (pink signal) spin adducts.
b) EPR spectra of the generation of primary -CO2 radicals during the photocatalytic CO2 reduction using
6.3_Cu/TiO2-AG catalyst.
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$14: Analysis of hydroxyl groups on TiO2-AG and TiO2-P25 via FT-IR spectroscopy
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Figure $14: FT-IR spectra of TiO2-AG and TiO2-P25 measured via ATR technique (attenuated total reflection).

$15: XPS analysis of hydroxyl groups on TiO2-AG, TiO2-P25 and Analysis of 6.3_Cu/TiO2-AG before
and after reaction by titration of hydroxyl groups
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Figure S15a XPS on TiO2-AG showing O1s signal for the analysis of OH-groups on the surface.
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Figure S15b XPS on TiO2-P25 showing O1s signal for the analysis of OH-groups on the surface.

S15c Procedure of titration experiments

The amount of surface hydroxyl groups can be titrated by the following procedure:!?

10 mg of 6.3_Cu/TiO2-AG (before and after photoreaction reaction for 5 d under 0.5 vol% O2/CO2) were
added to 10 ml of a NaOH solution (2 mmol/l) and stirred for 15 h. The dispersion was cenfrifuged and the
supernatant liquid was titrated with HCljag) (10mmol/l). Bromothymol blue was used as indicator. The
investigation of the initial material showed a two times higher consumption compared to the material after
the reaction (1.55 ml HCl(aq) compared to 0.8 ml HCliaq)).

$16: Oxygen detection using an optical oxygen sensor

Oxygen detection was achieved by mounting a fiber-optic oxygen sensor (PyroScience, robust probe,
normal range) in the gas phase of the photo-reactor. The sensor was attached to a FireStingO2 optical
oxygen meter (PyroScience). Along with the oxygen sensor, a PT100 (Therma ThermofUhler GmbH) was
mounted in the reactor’s gas phase for temperature compensation of the oxygen reading. The sensor was
calibrated by a separate 2-point calibration in purified argon (> 99.9%) and air. In a typical experiment, the
reactor was flushed with 0.5 vol% O2/CO- for 30 min and then sealed. The oxygen baseline was measured for
1.5 - 2h in the dark and usually showed a slight, linear increase in oxygen content (on the order of 6-8 x 107
vol% O2s1). To compensate for this, a linear regression was calculated in each experiment modelling the
baseline in the dark. This linear regression was then subtracted from the subsequent O2 readings obtained
during irradiation. Since the actual initial O2 content at the beginning of irradiation varied slightly (between
0.39 — 0.46 vol% O2), all data sets were normalized to 0.5 vol% O2 during processing. In case of the long-term
experiment, no baseline correction was applied, the light was turned on at 8250 s.
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Long term and long term recycling experiment
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Figure $16: a) Long term experiment using 6.3_Cu/TiO2-AG in 0.4 vol% O2/CO2 atmosphere and b) recycling
experiment (after long term reaction (a)) of 6.3_Cu/TiO2-AG in a 0.4 vol% O2/CO2 atmosphere under
standard reaction conditions (catalyst material was regenerated using air in between experiments).

$17: Analysis of peroxo species on the TiO2-AG surface

The analysis for the detection of peroxo was the following: After a long-term photoreaction using
6.3_Cu/TiO2-AG under 0.5 % O2/CO2 atmosphere (5 d, solid line) and after a standard reaction using
6.3_Cu/TiO2-AG in 100 % CO2 atmosphere (20h, dotted line), respectively, the whole volume of the
suspension was collected. Part of it was analyzed directly, in order to determine the total amount of
peroxide species in dispersion (dispersion with catalyst). Another part was filtered with the use of a 0.45 um
syringe filter to remove the photocatalyst powder. The solution was then analyzed to determine the amount
of peroxide species in the liquid phase (separated solution). In each case 3 ml of a solution of LabAssay™
Glucose (Wako) were added to 3 ml of the sample and stirred for 10 min at 30 °C. After that the dispersion
with catalyst was filtered and the colored solution was analyzed. The same procedure was done with the
separated solution.

$18: in situ EPR measurement of 6.3_Cu/TiO2-AG regarding the copper species
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Figure $18. EPR spectra of 6.3_Cu/TiO2-AG in COz-saturated H20 during the photocatalytic CO2 reduction
regarding the copper species.

The EPR spectrum of the aqueous suspension of 6.3 wi%_Cu/TiO2-AG catalyst showed an axial signal at g;=
2.364 and g,;= 2.093 characteristic of isolated Cul sites. The perpendicular component of the g tensor
displayed no hyperfine structure (hfs) splitting while the parallel component showed splitting with a hfs
constant of A; =115 G due to the coupling of the unpaired electron spin of Cul'ion (d?, S= %) with its nuclear
spin (6365Cu, 1=3/2). In situ bubbling of CO2 (or using NaHCO:3 solution) into the suspension of the catalyst and
H20O did not change the Cull EPR signal. However, irradiation of the sample resulted in a decrease in the EPR

133



signal intensity of Cull due to its reduction as evidenced from in situ XAS investigation (see S18: X-ray
absorption spectroscopy).

$19: Recycling experiments for the photocatalytic CO2 reduction with 6.3_Cu/TiO2-AG
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Figure $19. a) Recycling experiments for the photocatalytic CO2 reduction with 6.3_Cu/TiO2-AG catalyst (in
100% CO2 atmosphere) in comparison to the reaction with 4 and 20 h iradiation fime. Between every
recycling step the suspension was flushed with air for 30 min and with CO2 for 60 min afterwards. Catalyst:
12.6 mg 6.3_Cu/TiO2-AG, medium 7.5 ml H20, 20 °C, Lumatec lamp: 2.5 W output, Filter 320-500 nm. b)
Calculated CO:H2 ratio of the recycling experiment 5 x 4 h oxidation in-between.

S 20: X-ray absorption spectroscopy
Experimental details:

X-ray absorption experiments (XAS) were carried out at PETRA Il beamline P65 at Deutsches
Elektronensynchrotron (DESY) in Hamburg, Germany. The measurements at the copper K-edge (8979 eV)
were performed using a Si(111) double-crystal monochromator and a maximum synchrotron beam current
of 100 mA. Spectra of the catalysts were recorded as a stired suspension in water in a special designed
liguid cell in fluorescence mode. Furthermore, this liquid cell enables the exchange of the atmosphere
above the reaction mixture. To enable the illumination during the reaction, the Kapton® window of the back
side of the cell was replaced by a polystyrene foil. For energy calibration, a copper foil was used.

After measurements of the catalyst (6.3_Cu/TiO2-AG) as a suspension in water and under CO2-atmosphere
to exclude changes even without the presence of light, the reaction mixture was investigated under
reaction conditions. After 4h, the catalyst was reactivated using oxygen, afterwards the atmosphere was
exchanged by CO2 and the light-driven reaction was started again. The catalyst was applied in three runs.
In addition, a second initial solution was irradiated for 9 h without regeneration and after measurement even
further to reach 24 h without reoxidation.
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X-ray absorption measurements for the declaration of the change in selectivity during the reactivation of the
initial 6.3_Cu/TiO2-AG catalyst

a b —— CufTiO, + CO, + reox! exp —— Cu/TiO, hv3 exp.
= CulTiO, + CO, + reox1 thed = Cu(TiO, hv3 theory
= CufTiQ, + CO, exp. = CulTiO, hv2 exp.

;* o ——CufTiO, + CO, theory Cu/TiO, hv2 theory

ol L = CU/TiO, exp. ——Cu/TiO, hv1 exp.
et = Cu/TiO, theory ——Cu/TiO, hv1 theory

a CuTio, = ]
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Figure $20a. a) X-ray absorption spectra and b) Fourier tfransformed EXAFS spectra of the initial catalyst
(6.3_Cu/TiO2-AG), in a CO2 saturated aqueous dispersion during illumination after 4 h, 9 h, 24 h and of a
copper foil as reference.

XANES analysis shows clearly a Cu(ll) species with an absorption edge at 8987.5 eV in the initial Cu/TiO2-AG
catalyst (Fig. S18a). No changes are observed when the suspension is subjected to CO2 atmosphere
(Cu/TiO2 + CO2). Iradiation causes a reduction of Cu(ll) and a Cu(0)-species as concluded from the
appearance a signal with an edge energy of 8979.5 eV (Cu/TiO2 + CO2 + hvl). Comparison with a Cu-foil
spectrum reveals a similar edge position and whiteline shape. After reactivation of the catalyst using
oxygen, metallic Cu was transformed to Cu(ll) species (Cu/TiO2 + CO2 + reoxl). This procedure was
reproducibly repeated for three times. Although the spectrum after the second reactivation reveals also a
complete oxidation to Cul(ll) (Cu/TiO2 + CO2 + reox2), the reduced whiteline intensity and the slightly
different shape of the post-edge line indicate structural changes. Due to the low signal-to-noise ratio of this
spectrum, an EXAFS-analysis was not possible to clarify these changes.

To determine the character of the illuminated and the reactivated samples during the catalysis cycles a
linear combination fit of the XANES spectra using the spectra of the initial sample and of a Cu-foil was
carried out.2021 The resulting LC-XANES fits are shown below (Table S18a, Fig. S18). The illuminated spectra of
all three runs exhibit nearly a full agreement with a Cu(0) spectrum, while after the oxidation in the
reactivation process resulted mainly in the initial substance. Furthermore, the spectra of the uninterrupted
iluminated sample show a very large fraction of Cu(0).

In case of the reactivated (6.3_Cu/TiO2-AG reox) catalysts typical backscatterer and distances of CuO were
adjusted by the analysis of the EXAFS spectra.?2 As mentioned in the manuscript, larger metallic Cu-domains
are formed during the photocatalytic reaction in comparison to the inifial catalyst elucidated by the high
amount of Cu backscatterer. After the second reactivation of the catalyst the formation of this large
domains appears to be inhibited, which is reflected in smaller amounts of backscattering atoms in all fitted
shells in the third run. These structural changes can be correlated with the observed changes in selectivity.
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Larger domains of Cu-species seem to catalyze both, the generation of hydrogen and of carbon monoxide,
while the smaller Cu domains seem to catalyze the generation of CO exclusively.

Data analysis:

In the first step of data analysis, the background of the spectrum was removed by subtracting a Victoreen-
type polynomial 2326, Due to the very differing shapes of the absorption edges of the samples and the used
references, the first inflection point of the first derivative of the corresponding spectrum was defined as
energy Eo. Afferwards a piecewise polynomial was used to determine the smooth part of the spectrum and
was adjusted in a way that the low-R components of the resulting Fourier transform were minimal. The
background subfracted spectrum was divided by its smoothed part and the photon energy was converted
to photoelectron wave number k. For evaluation of the EXAFS spectra the resulting functions were weighted
with k3 and calculated with EXCURVE?8, which works based on the EXAFS function and according to a
formulation in terms of radial distribution functions 27:

—21'}

x(k) = ZSO (k)F; (k) f P(r, oA —sin[2kr; + §; (k)] dr;

The number of independent points Nina was calculated according to information theory to determine the
degree of overdeterminacy 27:

2AkAR

ind =

Here, Ak describes the range in k-space used for data analysis and AR corresponds to the distance range in
the Fourier filtering process. For the analysis a Ak-range of 8 and a AR-range of 4 was used, which yielded a
number of independent points of 20.3. The quality of a fit was determined using two methods. The reduced
x2.q considers the degree of overdeterminacy of the system and the number of fitted parameters p. It
therefore allows a direct comparison of different models! 28:

md/
Xed = Nipg — )Z <Z kn

2
P (k) = xtee (k))?
)

The R-factor, which represents the percentage disagreement between experiment and adjusted function
and takes into account both systematic and random errors according to the equation 28;

ki
= —  t |ye*P(k;) — ytheo(k)|- 0
R kn exp(k )| |x&P (k) — x (k)| -100%

The accuracy of the determined distances is 1%, of the Debye-Waller-like factor 10% 22 and of the
coordination numbers depending of the distance 5-15%. Initial values for coordination numbers and
distances were adopted from Rietveld-analysis and afterwards iterated free in every fit as well as the Debye-
Waller-like factor and the amplitude reducing factor.
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LC-XANES Fits

As restriction of the fitting procedure, Eo of the references were not fitted since the Eo-shifts obtained in some
cases were unrealistically large. Furthermore, the sum of the reference weightings was forced to equal one.

Table $20a: Standards, fitting parameter and errors of the carried out LC-XANES fits.

Sample Standards Weight Eo-shift | R-factor
szed
6.3_Cu/TiO2-AG/CO2 hvl 6.3_Cu/TiO2-AG/CO2 0,035 (0,032) 0 0,0151587
Cu-foil 0,965(0,032) 0 0,0026427
6.3_Cu/TiO2-AG/CO2 hv2 6.3_Cu/TiO2-AG/CO2 0,000 (0,032) 0 0,0162867
Cu-foil 1,000 (0,032) 0 0,0026088
6.3_Cu/TiO2-AG/CO2 hv3 6.3_Cu/TiO2-AG/CO2 0,103 (0,065) 0 0,0881401
Cu-foil 0,897 (0,065) 0 0,0111874
6.3_Cu/TiO2-AG/CO2 reox] 6.3_Cu/TiO2-AG/CO2 1,000 (0,000) 0 0,0057380
Cu-foll 0,000 (0,000) 0 0,0012683
6.3_Cu/TiO2-AG/CO2 reox2 6.3_Cu/TiO2-AG/CO2 1,000 (0,000) 0 0,2567725
Cu-foll 0,000 (0,000) 0 0,0287988
6.3_Cu/TiO2-AG/CO2 hv 9h 6.3_Cu/TiO2-AG/CO2 0.000 (0.058) 0 0.0526010
Cu-foll 1.000 (0.058) 0 0.0089625
6.3_Cu/TiO2-AG/CO2 hv 24h 6.3_Cu/TiO2-AG/CO2 0.000 (0.050) 0 0.0371588
Cu-foll 1.000 (0.050) 0 0.0064700
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Figure $20b: Linear combination XANES fits of the illuminated samples of the three runs, the first reactivation,
after 9 h and 24 h with the spectrum of the initial catalyst and of a Cu-foil as references.
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Table $20b: EXAFS analysis fitting parameter, results and fitting errors of the investigated samples.

Sample Abs-  N(Bs)bl R(Abs-Bs) [A]llel o [A]l R [%]lel
Bslal X2realll
Eqlal
Afaclh
6.3_CU/TiO>-AG o) 3.9+0.19 1.934+0.019 0.071 £0.007 34.27
o) 30+0.30 2727 +0.027 0.112+0.011 2.12E-05
Ti 0.8+0.08  3.050%0.030 0.112+0.011 8.269
Cu 0.5+0.05  3.625%0.036 0.032 +0.003 0.800
Cu 20026  4.302+0.043 0.110+0.011
6.3_CU/TiO2-AG ) 26%0.13  1.975+0.019 0.055 +0.005 47.93
CO2 o) 29029  2.803+0.028 0.112+0.011 3.64E-05
Ti 0.3+0.03  3.183%0.031 0.032 +0.003 5817
Cu 0.4+0.04  3.737£0.037 0.045 +0.004 0.800
Cu 0.8+0.49  4.347£0.043 0.032 +0.003
6.3_CU/TiO-AG hvl Cu 12 £0.24 2.534+0.025 0.095 + 0.009 23.65
Cu 52+0.52  3.562+0.035 0.112+0.011 5.00E-06
Cu 224220 4.416 +0.044 0.112+0.011 -3.775
Cu 28 + 4.20 5.263+0.052 0.112+0.011 0.8492
6.3_CU/TiO>-AG o 35+0.17  1.92+0.019 0.067 +0.006 35.11
reox| o) 3.1 +£0.31 2.572 +0.025 0.112+0.011 2.67E-05
Ti 1.1£0.11 2.857 +0.028 0.100 +0.010 -2.972
Cu 0.6+0.06  3.817+0.038 0.032 £ 0.003 0.8325
Cu 0.9+0.13  4.444+0.044 0.077 +0.007
6.3_CU/TiO>AG hv2 Cu 12+1.20 2.527 +0.025 0.095 + 0.009 39.42
Cu 3.7+0.37  3.570%0.035 0.112+0.011 1.90E-05
Cu 18+2.70 4.393 +0.043 0.112+0.011 -2.3151
Cu 19 £2.85 5.244 +0.052 0.097 +0.009 0.8513
6.3_CU/TiO-AG hv3 Cu 10 £ 1.00 2.537 £ 0.025 0.095 + 0.009 38.51
Cu 1.7+0.17  3.541£0.035 0.032 +0.003 1.87E-05
Cu 18 £2.70 4.434 +0.044 0.112+0.011 2.972
Cu 26 £3.90 5.241 +0.052 0.112+0.011 0.8325
6.3_Cu/TiO>-AG hv  Cu 44+0.44  2.543%0.025 0.084 +0.008 47.62
9h Cu 20+020  3.548+0.035 0.077 +0.007 2.69E-05
Cu 8.9+1.33  4.430%0.044 0.112+0.011 6714
Cu 12 £1.80 5.338 +0.053 0.112+0.011 0.7742
6.3_CU/TiO>-AG hv  Cu 79079  2.535+0.025 0.084 +0.008 28.68
24h Cu 45+0.45  3.556%0.035 0.102+0.010 1.04E-05
Cu 18 £2.70 4.405 + 0.044 0.112+0.011 -3.537
Cu 19+2.85 5.248 +0.052 0.112+0.011 0.7845

[a] Abs: X-ray absorbing atom, Bs: backscattering atom; [b] Number of backscattering atoms;
[c] Distance of absorbing atom to backscattering atom; [d] Debye-Walller like factor; [e] Fit
index; [f] Reduced x% [g] Fermi energy, which accounts for the shift between theory and
experiment; [h] Amplitude reducing factor.

$21: UV-vis measurements in various O2/CO2 mixtures
Experimental:

Following the general procedure of the photocatalytic reduction experiment a double-walled temperature-
controlled 85-mL reaction vessel was evacuated and refilled with Ar three times followed by an additional
three cycles using COz2 (or O2/CO2 mixture). In general, 12.6 mg of the 6.3_Cu/TiO.-AG catalysts and 7.5 mL
of doubly distilled water were then added. Prior to irradiation, the reaction mixture was bubbled with CO- (or
0O2/CO2 mixture) for 60 min. The temperature was maintained at 20 °C using a thermostat. In addition, the
UV-vis probe was inserted to the vessel kept during the reaction. The solution was irradiated through a plain
borosilicate-glass wall in the reaction vessel using a Hg-lamp (Lumatec Superlite 400, output 2.5 W),
equipped with a 320-500 nm filter.
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UV-vis spectra were recorded in the range of A = 250-1100 nm by using an AVASPEC fibre optical
spectrometer (Avantes) equipped with aDH-2000 deuterium-halogen light source and a charge coupled
device (CCD) array detfector. As dark and reference measurement a spectrum of a BaSOs4 suspension
(12.6 mg in 7.5 ml H20) was taken with and without light, respectively.
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Figure $21: Absorption spectra of UV-vis measurements during the photocatalytic reduction of aqueous CO2
in various O2/CO2 mixtures (a-e) and of the reference Cu20O in H20.

$22: Photocatalytic CO:2 reduction with 6.3_Cu/TiO2-AG, TiO2-AG and TiO2-P25 in various O2/CO2
mixtures

Table $22: Photocatalytic CO:2 reduction in various O2/CO2 mixtures

Eniry Catalyst 02/CO; mixture VH, [u] VCO [u]]
1 6.3_Cu/TIO>AG 0.5% O2in CO» 260 22.5

2 6.3_Cu/TiO>AG 100% CO2 750 7.5

3 TiO»AG 0.5% O2in CO» 108 9.4

4 TiO-AG 100% CO2 244 12

5 TiO»-P25 0.5% O2in CO» n. d. n. d.

6 TiO2-P25 100% CO, n. d. n. d.

Conditions: catalyst: 12.6 mg catalyst, medium 7.5 ml H20, 20 °C, 20 h, Lumatec lamp: 2.5 W output, Filter

320-500 nm.
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Appendix

6  Appendix
6.1 Results for the photocatalytic CO, reduction reaction since 2015

Table A1 Overview of the photocatalytic CO, reduction on different TiO, without any co-catalyst.

Entry Material Product Activity Conditions Comments Ref. (year)
[nmol-g"h”]

I
Q
&
o)
T

1 wt% Ce- 24 Liquid phase, No hint for (2015)
TiO, HCHO 11 254 nm, oxidation,
CH, 1.2 NaOH, 50 °C higher Ce
CO b.d.l amount
H, b.d.l. decreases
0, n.d. activity, Blank
measurements

3 wt% N/TiO, Gas phase, Blank (2016)
CHy4 2 flow, 254 nm,  measurements,
H, n.d. addition of H,  oxidation: back
0, n.d. reaction, *H

6 C . ||

TiO, hollow Hy 0.4 Liquid phase, Ref. to entry 1 (2015)
microsperes CO 5.6 254 nm table 3

H, 1.8

0, n.d.

8 TiO, H, . Gas phase, Blank exp., (2016)
nanosheets H, b.d.l. batch, > 400 Surface treated
0, n.d. nm with H,SOy,
Increased
0,/N, ratio

Ti**-TiO, CH, Gas phase, No hint to (2016)
brookite CO 23 flow, > 420 oxidation

H, n.d. nm reaction, no

0, n.d. blank exp.
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12 TiO, P25 HCOOH 660 Liquid phase, ~ After 20 h,at  '®2(2017)
HCHO 1400 7 bar, 80 °C, the beginning
CcO 3.6 254-364nm, only HCOOH,
H, 24 pH 14, Na,SO;  HCHO; blank
as h.s. measurements

Table A2 Overview of the photocatalytic CO, reduction on different TiO, with noble metals as co-catalyst.

Entry Material Product Activity Conditions Comments Ref. (year)
[nmol-g™h"]

2 1 wt% Pt/Ti**-TiO, CH,4 1.7 Gas phase, Addition of (2017)
(P25) CcO Traces batch, > 405 H,,oxidation:
C,Hg Traces nm proposed *H+H"
H, n.d.
0, n.d.

1 wt% Pt/TiO, 4 . Gas phase, Blank 2.(2017)
nanocrystals H, 10 flow, 300 — measurements
0, n.d. 420 nm

0.9 wt % Pton 0.2 4 . Gas phase, Blank (2016)
wt% MgO/TiO, H, n.d. batch, Xe measurements,
(anatase) 0, n.d. lamp No hint to

oxidation

reaction

8 2 wt% 4 Gas phase, Higher amount (2016)
Ag/TiO,(brookite) CcoO 24 batch, Xe Ag decreases CO
H, n.d. lamp and CH,
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10 1.5 wt% Ag/TiO, CH;OH 4 liquid phase,  Nearly same 174(2016)
(P25) H, n.d. batch, Xe amount with 1,
0, n.d. lamp, 1,5 and 2 wt%
NaHCO;, Ag

11 |

12 0.1 wt% Au/TiO, CH, Liquid phase, 3(2015)
(P25) H, 3 254 — 364 nm,
Liquid 67 Na,SO0;s (h.
products sc.), 6 bar,
(MeOH, 65°C, pH 11
EtOH, FA,
FAlL)

Au/TiO, nanosheets 4 Gas phase, Blank (2016)
CO - flow, Xe lamp  measurements,
H, n.d. Only vis rage:
0, n.d. activity
significantly
decreased,
additional CO
formation, no

hint to oxidation

16 1 wt % AugPd,/TiO, 4 Gas phase, Blank (2019)
CcoO 11 UV light measurements,
C,Hg 1 detection of
C,H, 1 PCH,
H, n.d.
0, 35

5 wt% Pd/TiO, 4 Liquid phase, (2017)

nanosheets CcO 0.3 400 —-780 nm  measurements
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20 Rh/TiO, nanosheets ~ CO 14 Liquid phase,  Blank 178.(2017)
C,Hs;OH 12 <400 nm measurements,
CH, 4.5 detection of O,
H, 10 but showed no
0, n.d. results

22 0.9 wt % Pton 0.2 CH,4 1.9 Gas phase, Blank (2016)
wt% MgO/TiO, H, n.d. batch, Xe measurements,
(anatase) 0, n.d. lamp No hint to
oxidation
reaction

Table A3 Overview of the photocatalytic CO, reduction on semiconductors with copper species as co-catalyst.

Entry Material Product  Activity Conditions Comments Ref. (year)
[nmol-g™h"]

I

0.5 wt% Cu/TiO, MeOH 1.8 pmol/cm*h Liquid Blank > (2015)
nano flower H, n.d. phase, > 420 measurement
films 0, n.d. nm

10 wt% . Liquid phase, CO,, H,°0O; (2015)
Cu(II)/Nb;Og° H, n.d. pH 12,240  BCo,"®0,
nanosteets 0, Value n.d. 300 nm verified; red. of

Cu(II) to Cu(l)

during reaction

TiO,/Ti404/Cu,0O CHj; . Gas phase, (2016)
H, n.d. batch, solar measurement
0, n.d. light, 70 °C

Gas phase, (2016)
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Cu,0/TiO, H, 450 flow, 254 nm measurements,
0, n.d. oxidation:
proposed
HCOOH

formation during
reaction & ox. to
CO,

CH 2 III

10 2 wt% 4 Liquid phase, = Blank (2018)
Cu(I)/TiO, CO 1.5 NaOH, 254 measurements,
H, 70 nm no hint for
0, n.d. oxidation

TiO, 1 wt% Liquid phase,  Blank (2016)
Cu/C CH, 2.5 NaOH, 254 measurements,

H, n.d. nm no hint for

0, n.d. oxidation

14 CuS,/TiO, film 4 . Gas phase, Blank (2017)
H, n.d. batch, 385 nm  measurements,
0, n.d. proposed

oxidation to *OH

CuPt/TiO, 4 Gas phase, (2016)
H, n.d. batch, Xe measurements
0, n.d. lamp, 40 °C

145



Appendix

Table A4 Overview of the photocatalytic CO, reduction on semiconductors with co-catalysts for the reduction and oxidation
in one system.

Entry Material Product Activity Conditions Comments Ref. (year)
[umol-g+h™']
1 Au/BiOI/MnO, CcO 10 Gas phase, 22.(2016)
CH, 0.2 batch, > 420 nm
H, traces
0, traces
2 Ag-Mn/N-doped ~ CH;0H 0.26 Gas phase, Blank 2182016)
TiO, anatase H, n.d. batch, > 400 nm measurements,
0, n.d. No hint to
oxidation
reaction
3 Cu(I)/Pd/Ti*"- CH, 1 Gas phase, Blank 226 (2015)
TiO, H, n.d. batch, > 400 nm measurement
0, n.d.
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