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2 Objectives

2.1 Objectives for the Reporting Year
2.1.1Photocatalytic Water Reduction WRC and Photosensitizers (Prof. R. Alberto )

Water / CO, Reduction Catalysts

- Grafting the pyrphyrin -based catalysts on solid phase materials or electrodes for studying their
efficiencies in photo- and electrocatalysis.

- Exploring the established WRCs for CO; reduction in mono - and dinuclear complexes.

- Preparing new dual -core WRCs with conducting linking -ligands.

- Introducing different metal centres in the available ligand frameworks, structural characterization
and assessing eventual catalytic activities.

- Mechanistic understanding of the processes leading to the formation of CO and H ; respectively in
the so-called "dual-core" complexes.

- Exploration of the bis -arene rhenium complexes [Reh¢-CsHsR),]*+ as scaffolds for combining two
differently active functions.

- Developing polymer -based photocathodes with the acyclic poly-pyridyl ligands

- Exploring the possibility of using atomic -precise molybdenum complexes asWRCs.

- Anchoring of WRCs in membranes.

Photosensitizers

- Switching from homogeneous to heterogeneous photosensitizers & grafting of catalysts to
photoactive, semiconducting materials such as ShSe; or organic photovoltaic cells.

- Using sulfides such as ZnS as carriers for anchoredWRCs and exploring the ir efficiencies.

- Design and synthesize new cluster-like rhenium -based dyes and explore their suitability for
photosensitizing proton red uction.

Electron relays and electrocatalysis
- Assess homogeneous electrocatalysis with mone and dinuclear ruthenium complexes.
- ldentify the electron transfer mechanisms in the C O, dual-core catalysts

Photocatalysis in Membranes

Earlier, we have found that co-grafting of photosensitizer and WRC on reversed-phase patrticles
resulted in very good H , formation rates. In 2019, co-adsorbing both on TiO» did not result in H »
formation, probably due to reduced mobility of both components. With the improved catalyst s in hand,
we will resume non -covalent anchoring of single or multiple components in lipophilic  (bi)layers and
membranes. Resembling the natural system, such a heterogeneous photoatalytic setup will allow to
study properties and mechanisms under conditio ns as in solution but still separated from other
catalytic systems.

2.1.2Visible -Light -Driven Water Oxidation Catalysts (WOCs) (Prof. G. Patzke)

Transition Metal Chalkogenides and Phosphides for Water Splitting

We will intensify our activities in the developme nt of nanostructured transition metal chalkogenides
and phosphides as highly active, efficient and less explored electrocatalysts for water splitting. Special
emphasis will be placed on the understanding of their surface reconstruction and structural stabi lity
under electrocatalytic conditions. Based on our studies on metal-Prussian blue nanocubes as bimetallic
self-templated systems, we will extend our investigations upon a wider range of target compounds.
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electrodes reached overpotentids around 610 mV for OER and ~-1.46V (vs. Ag/AgCI) for HER to
achieve a current density of 100mA cm'2, This is an excellent starting point for durable and low cost
applications.

Oxide WOCs

Over the past year, we focused our attention on the long-standing problem of the influence of the
synthetic history on the performance of a given water oxidation catalyst (WOC) and we made progress

in our comprehensive parameter exploration of photocatalytic oxygen evolution with cobalt oxide
catalysts. Although CoOy catalysts keep attracting intense interest as photo-driven WOCs, rather little

is known about the minimum preparative requirements to notably optimize their performance. We

thus re-investigated pristine Co 2+ cations, which are well known to exhibit a high WO C activity
themselves (a continuous issue of decades of CaNOC research since the early 1980s). To this end, we
systematically studied the optimized transformation conditions of plain CONO 3 as a salt precursor on

the way to heterogeneous CoCQx catalysts, enploying a wide range of analytical techniques, such as
PXRD, TEM, along with extensive XAS and Raman/FT -IR spectroscopy studies. Photocatalytic activity

was monitored over a wide timescale with a standard S20g%/[Ru(bpy) s]?*assay, covering especially the
very early stages of the initial CONOz;c at al y st . The results show that
optimizationd process to form CoOOH asmsyield (tae 91%)a i n
obtained from such catalysts when left to spontaneous rearrangement under optimized mixing
conditions sheds new light on the fast and economic fabrication of photocatalytic Co -based WOCs. The
results are currently under completion for submission.

Likewise, our in situ electrochemical XAS studies on Lao7SrosMnO3; OER catalysts are now being
completed for submission, and their self-reconstruction under electrocatalytic conditions was newly
enlightened with further pair distribution function (PDF) analyses.

2.2.3Time -Resolved Spectroscopy of Artificial Photosynthetic Systems (Prof. P.  Hamm)

As a step towards objective 1, observed laser induced desorption of CO [25] [21-7],

As a step towards objective 2, understood better the electron transfer kinetics on a non-redox active
substrate [20]. [21-4],

Accomplished objective 3121-3],

2.2.4Surfaces (Prof. J. Osterwalder )

- Phosphonic acid layers were deposited on TiO2(110) surfaces rather than onSkSe;(100) in order to
better reflect the real situation in PEC cell electrodes. Surface dipole formation is observed via work
function measurements.

- Gay0s layers of thicknesses up to 1 nm weregrown on Cu 0(111). Attempts to form a single
crystalline layer by annealing have failed, instead we observe diffusion of Ga into the bulk of
Cu20(111) at temperatures exceeding 400C. Interestingly, deposition of Ga metal on Cu,0(111)
leads to the formation of gallium oxide and a reduced Cu layer at the interface. Moreo ver, different
band bending is observed on reconstructed and unreconstructed Cu,O(111) surfaces.

- Transient charge injection into the LUMO of Co -pyrphyrin molecules from the Cu ,0(111) substrate
could not be observed for reasons that are not entirely clear. Therefore, we switched to another
pigment, PTCDA, where we observe interesting electron dynamics in the low picosecond range.
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2.2.5Molecular Approaches to Renewable Energies (Prof. D. Tilley )

- Regarding the photovoltage improvement of Sb ;Se;, we have made good progress with etching and
doping treatments. A Bachelor student discovered that etching of the as-deposited Sk,Se; thin films
with concentrated ammonium sulfide solutions gives an improvement in the onset potential by
about 100mV. Additional treatment wit h a CuCl, solution improves the photovoltage by a further
50 mV, in addition to record photocurr ents for our lab thus far (~ 30mA cmd?). Current efforts are
focused on elucidating the mechanism of these two treatments.

- Advanced analytics via impedance mod elling is going very well, and we have published our first
complete model of a multilayer photocathode (including capacitances) in January 2021 [21-7],

- We have also completed our first project in the synthesis of value-added chemicals, with the
electrochemical oxidation of 5-hydroxymethylfurfural (a biomass derived compound) to 2,5 -
furandicarboxylic acid (a compound to make a renewable version of PET plastics). The manuscript
is currently in revision and will be re -submitted in early 2021.

2.2.6Computational Studies of Dynamic Properties of Water Oxidation (Prof. J. ~ Hutter)

- We developed the machine learning potential for the Pt -water interface based on a deepMD
model.

- We studied the reconstruction of the Cu>0O(111) surface covered by the hBN overlayer, and the
adsorption of single metal atoms at specific sites (promising trapping sites).

- We studied the competitive adsorption of water and other molecules at the rutile TiO »(110)
surface, also considering different initial surface state by varying the surface hydroxylation. With
the help of projected density of state, electrostatic potential profile , and core binding energy
analysis, we could characterize the resulting band shift, surface dipole, electronic state alignment,
and we could also refine the experiments interpretation.

- The project on IR induced excitation and subsequent dynamics for molecules at interface is still in a
development phase. The main issue is that the direct accounting of tuneable time dependent fields
and of nuclear-electronic couplings need some further software development.

2.2.7Surfaces / Hzand CO2 Storage and Conversion (Prof. K -H. Ernst)

Creation of squaric acid 2D metalorganic frameworks (MOFs): achieved.
Metalorganic chains made 2,5diamino -1,4-benzoquinone-diimine : achieved.
Melamine and cyanuric acid networks : not achieved.

2.2.8Electronic Structur e of Materials for Solar Water Splitting (Dr. A. Borgschulte)

- Continuation of solar water splitting probed by magneto -optics: Setup fully functional. First paper
using the method to evaluate the impact of magnetic fields on the hydrogen evolution on Pt
published [21-5],

- Photoemission: HAXPES installation completed. First paper published 22, Membrane approach
applied on TiHx.

- Hydrogenation of organic compounds: New project acquired (Joined Empa -PSI project Synfuels).
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create a feedback loop for the optimization of their coating procedures to significantly scale up their
production dimensions (e.g. with convenient spray coating or thermal decomposition routes) . This will
promote the sought-after synchronization of mechanistic understanding and efficient production of

oxide catalysts for water splitting.

2.3.3Time -Resolved Spectroscopy of Atrtificial Photosynthetic Systems (Prof. P. Hamm)

Observe transient intermediates in molecular CO ; reduction systems.

Continue towards a working hydrogen evolution system with a photosensitizer and a hydrogen
evolution catalyst on an electron-donating semiconductor, such as NiO.

Solvation of metal hydrides .

2.3.4Surfaces (Prof. J.Osterwalder)

Finishing the gallium oxide on Cu»O(111) project and publish the results.

Deposition of nickel metal on Fe304(001) surfaces to study the transition from a nickel single atom
catalyst to the formation of a nickel ferrite surface.

Preparation of hexagonal boron nitride layers on Cu(111) and CwO surfaces and study of
photoinduced charge dynamics in these systems.

2.3.5Molecular Approaches to Renewable Energies (Prof. D. Tilley )

- ShSes: Elucidation of the origin of the photovoltage improvement by ammonium sulfide etching
and CuCl; treatment. Investigations with anchored molecular catalysts.

- Impedance spectroscopy: Now that we have a realistic model and know how to analyze impedance
spectra of multi -layer photocathodes, we will use this technique to identify problematic layers and
the effect of certain treatments towards improving device performance.

- Immobilization of molecular catalysts via host dguest interactions: we will continue our work in this
new area with new hosts (e.g. cucurbiturils) and new anchoring moieties for the guests (e.g. amino
coumarin) that enable a control of the binding strength via pH.

2.3.6Computational Studies of Dynamic Properties of Water Oxidation (Prof. J.  Hutter)

- We are going to extend the generation of machine learning potentials for other water -metal
interfaces, considering, for instance, Ni, Pd, Cu, Ag, and Au. Moreover, we aim at introducing
nuclear quantum effects, implementing specific training of path -integral trajectories.

- Using ab initio molecular dynamics simula tions, we will study reaction processes among molecules
adsorbed at oxide interfaces. The conditions of electrified interface can be taken into account in DFT
simulations by applying external electric fields or exploiting ad -hoc designed surface
functional ization and periodic boundary conditions.

- We still aim at the simulation of the dynamics of molecules at the interface under the influence of
time-dependent fields. The focus is on the application of excited state dynamics, which has been
successfully applied in literature to study light -induced processes of aqueous metallic
nanoparticles.

- We will further investigate the hBN/Cu >0 system. The adsorption of metal atoms and metal
clusters will be considered also as intercalated between the oxide and the overhyer. In this respect,
we will focus on the formation of the oxygen vacancies, on possible reactive processes and on the
effects on these latter of confinement at the interface.
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2.3.7Surfaces / Hzand CO2 Storage and Conversion (Prof. K -H. Ernst)

Creation of 2D MOFs on thin insulating films, such as MgO on Ag(100).

Setup of vacuum preparation / electrochemistry cell for testing of catalytic activity of MOFs.
Creation of 2D MOFs with pentagonal symmetry.

Creation of squarate-MOFs on HOPG.

2.3.8Electronic Structure of Materials for Solar Water Splitting (Dr. A. Borgschulte)

Continuation of solar water splitting probed by magneto -optics with focus on metal hydride
forming electrodes.

Photoemission studies on hydrogenation of hydrogen evolution reaction electrodes usi ng the
hydrogen membrane approach focus on V, ZrV..

Continuation of hydrogenation of gaseous organic compounds with focus on selective conversion
ethylene to specific liquid alkanes (jet fuel).

2.3.9Theoretical and Computational Chemistry (Prof. S. Luber)

Continuation of the study of molecular Co -based water reduction catalysts on surface

Study of the redox potentials for mono - and dinuclear Co-based complexes in collaboration with
experimentalists.

Development of an approach for excited state dynamics of condensed phase systems
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