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Catalysis Sciences & Engineering, Invited / Award Lecture CE-011

Catalytic Methods for the Construction of Halogen-Functionalized Organic Compounds
with Application to Late-Stage Functionalizations

B. Martin-Matute*

!Department of Organic Chemistry, Stockholm University, SE-106 91, Stockholm, Sweden;
belen.martin.matute@su.se, www.organ.su.se/bm; @bmartinmatute

Our latest investigations on the development of catalytic methods for synthesizing heteroatom-
functionalized building blocks and advanced drug-like molecules will be presented. The use of a
family of simple P,N-ligandless complexes, with the general formula [Cp*Ir(lll)] have been used for
tandem 1,3-hydride shift / functionalization of allylic alcohols, as well as for the functionalization of
C-H bonds in benzoic acids. Our attempts to develop asymmetric halogenation reactions resulted
on the development of a novel organocatalytic stereospecific reaction mediated by a simple base,
and which relies on the in-situ formation of ions pairs with induced non-covalent chirality. The
scope as well as the mechanisms of these reactions will be presented.

Selected Group References

[1] Irididium catalysis: Chem. Commun. 2011, 47, 8331-8333; Angew. Chem. Int. Ed. 2013, 52, 6273;
Chem. Eur. J. 2014, 20, 10703; ACS Catalysis, 2015, 5, 708; ACS Catalysis 2015, 5, 3704; Chem.
Commun. 2017, 53, 9842; ACS Catal., 2018, 8, 920; Chem. Eur. J. 2020, 26, 14978; Nature Commun.
2019, 10, 524450; Chem. Eur. J. 2020, 26, 1018; iScience 2021, 24, 102467; JACS Au 2022, 2, 906.

[2] Base catalysis: J. Am. Chem. Soc. 2016, 138, 13408; ACS Catalysis, 2019, 9, 9134; Org. Lett. 2020,
22,4123; Org. Lett. 2022, 24, 3867
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Catalysis Sciences & Engineering, Contributed Talk (15min) CE-013

Catalytic Carbochlorocarbonylation of Unsaturated Hydrocarbons via C-COCI Bond
Cleavage

E. H. Denton?, Y. H. Lee!, S. Roediger?, P. Boehm?, M. Fellert!, B. Morandi**

YETH Zirich

There is an urgent requirement to construct C-C bonds, essential to the production and discovery
of materials and bioactive compounds, with a focus on sustainability. Reactions that can form
multiple C-C bonds in a single step in a modular fashion are rare. This task is made more
demanding if it is to be achieved with complete atom economy, one aspect of sustainable
synthesis. Previous work using transition metal catalysis has made initial progress in this area,
activating C-C bonds within functional groups (e.g. C-CN bonds) or with directing groups. This
activation allows for a formal addition of the C-C bond across unsaturated hydrocarbons.

To further develop this area of catalysis whilst exploring fundamental reactivity, we considered
using readily available acid chlorides for the formal addition of C-COCI bonds across unsaturated
hydrocarbons.! The transformation was realized in both an inter- and an intramolecular setting,
using strained alkenes and tethered alkynes, respectively. Notable features of the reaction include
the high stereoselectivity, use of both aryl and alkenyl acid chlorides, good functional group
tolerance, and the use of carboxylic acids as starting materials with in situ activation. Interestingly,
the reaction also shows an example of temperature-dependent stereodivergence, which, together
with plausible mechanistic pathways, was investigated by DFT calculations. Finally, the synthetic
utility of the products was highlighted with the synthesis of tetrasubstituted cyclopentanes.

[1] Elliott H. Denton,* Yong Ho Lee,* Sven Roediger, Philip Boehm, Maximilian Fellert, Bill
Morandi Angewandte Chemie International Edition 2021, 60, 23435-23443
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Catalysis Sciences & Engineering, Contributed Talk (15min) CE-014
Oxygen Atom Transfers Catalyzed by Cobalt Sulfide
V. Wyss?, M. F. Delley**
'Universitat Basel, St. Johanns-Ring 19, 4056 Basel, Switzerland

Transition metal sulfides have shown high activity for electrocatalytic oxygen evolution reaction
(OER).!*?I These materials form oxidized surfaces, under these conditions, which can catalyze OER
more efficiently than the corresponding metal oxides.>3! The catalytic properties of transition
metal sulfides for OER could indicate a general ability to catalyze oxygen atom transfer reactions.
However, sulfide materials have not been much explored for thermal oxidative transformations so
far. Application of the earth-abundant sulfides in thermal catalysis would be interesting for the
development of more sustainable catalytic processes.

We demonstrate the catalytic activity of mesoscale cobalt sulfide (CoeSg) for thermal oxygen atom
transfer reactivity including both epoxidations and epoxide deoxygenations. Similarly to what has
been observed during OER, the Co4Sg surface can oxidize and transform in presence of the strong
oxidizing agents of the epoxidation reactions. With use of mild oxygen donors, however, we can
show that both pristine CoqSg and surface-oxidized CoqSg outperform cobalt oxide in the thermal
catalysis of oxygen atom transfers. Our results show the high catalytic potential of pristine cobalt
sulfide in thermal oxygen atom transfer reactions.

[1] Meenakshi Chauhan, Kasala Prabhakar Reddy, Chinnakonda S. Gopinath, Sasanka Deka, ACS
Catalysis, 2017, 7, 5871-5879.

[2] Jingde Li, Guihua Liu, Jing Fu, Gaopeng Jiang, Dan Luo, Fathy M. Hassan, Jing Zhang, Ya-Ping
Deng, Pan Xu, Luis Ricardez-Sandoval, Zhongwei Chen, Journal of Catalysis, 2018, 367, 43-52.

[3] Wei Li, Dehua Xiong, Xuefei Gao, Lifeng Liu, Chemical Communications, 2019, 55, 8744-8763.
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Catalysis Sciences & Engineering, Contributed Talk (15min) CE-015

Iridium complexes bearing O-functionalized PYE ligands for efficient formic acid
dehydrogenation

N. LENTZ!, M. Albrecht*
!Department of Chemistry, Biochemistry and Pharmaceutical Sciences, University of Bern

The long-term storage of renewable energies is a matter of urgency to accommodate seasonal
variations. Hydrogen is a promising energy carrier for fuel, but its storage as a compressed gas is
still problematic. Chemicals such as formic acid (FA) can act as liquid organic hydrogen carriers
through hydrogenation and dehydrogenation cycles. The catalytic dehydrogenation of FA has
found a growing interest during the past decade and several homogeneous complexes based on
iridium, ruthenium and iron have been reported as catalysts for this reaction.!*"3!

We sought to propel FA dehydrogenation with complexes containing pyridylidene-amines
(PYEs), that is, ligands which feature a unique electronic flexibility (Fig. 1a).'*! These ligands are
known for their stabilization of various transition metals and for imparting high catalytic activity in,
oxidation catalysis, e.g. in olefin and water oxidation.[*>! We therefore developed a new bidentate
ligand system comprised of synthetically simple and inexpensive O-functionalized PYE (Fig. 1b),
and its corresponding iridium(lll) complexes. Here we will present the extraordinary activity of
these complexes in FA dehydrogenation catalysis with turnover numbers around 300,000 h™* and
turnover numbers in the millions (Fig. 1c). We will also discuss recent investigations into the
homogeneity of the process, the electronic and steric versatility of the ligand to optimize catalytic
activity, the effect of additives, and the cost-effectiveness of the catalytic system to envisage
industrial applications.
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[1] Zhijun Wang, Sheng-Mei Lu, Jun Li, Jijie Wang, Can Li, Chem. - Eur. J. 2015, 21 (36),
12592-12595.

[2] Sayan Kar, Michael Rauch, Gregory Leitus, Yehoshoa Ben-David, David Milstein, Nat. Catal.
2021, 4 (3), 193-201.

[3] Elizabeth Bielinski, Paraskevi Lagaditis, Yuanyuan Zhang, Brandon Mercado, Christian Wurtele,
Wesley Bernskoetter, Nilay Hazari, Sven Schneider, J. Am. Chem. Soc. 2014, 136 (29),
10234-10237.

[4] Miquel Navarro, Mo Li, Stefan Bernhard, Martin Albrecht, Dalton Trans. 2018, 47 (3), 659-662.
[5] Kevin Salzmann, Candela Segarra, Martin Albrecht, Angew. Chem. Int. Ed. 2020, 59 (23),
8932-8936.
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Catalysis Sciences & Engineering, Contributed Talk (15min) CE-016
Tools for Predicting the Activity of Immobilized Frustrated Lewis Pair Catalysts
S. Das’, R. Laplaza®, ). T. Blaskovits', C. Corminboeuf*

!Laboratory for Computational Molecular Design, Institute of Chemical Sciences and Engineering,
Ecole Polytechnique Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland

Developing and implementing tools for rapid estimation of catalyst performance can significantly
expand the search space and accelerate discoveries. We present a computational framework for
predicting the activity of a catalyst based on its minimal active site information. Our approach
relies on establishing linear and nonlinear scaling relationships for mapping the chemistry/
geometry of the active site to their activity through intuitive electronic/structural descriptor
variables. The resulting maps then guide us to recognize "sweet spots" in the respective descriptor
spaces that fulfill the criteria for maximum activity. As such, these tools can be applied for
extensive exploration of thousands of molecules and materials for the design of optimal catalytic
environments to drive highly sought-after chemical transformations.

The ability of this framework is demonstrated with the challenging discovery of immobilized
frustrated Lewis pairs (FLPs) [1,2] for the hydrogenation of CO,. Since such catalysts feature a
bifunctional active site with rigid donor and acceptor units, catalytic behavior is determined by
their chemical as well as geometric composition. By constructing relevant activity maps and
analyzing them, we show how to maximize performance by manipulating the chemistry of the
Lewis pairs and controlling their spatial arrangements. [3,4] Utilizing the chemistry and the
geometry-based tools together, we create a pipeline for rapid screening of curated databases of
FLPs to not only identify promising combinations but also to formulate concrete design principles
for building such hybrid active sites.

[1] D. W. Stephan, Science., 2016, 354, aaf7229

[2] Yin Zhang, Pui Ching, Lan, Kyle Martin and Shenggian Ma, Chem Catalysis 2, 439-457

[3] Shubhajit Das, Ruben Laplaza, J. Terence Blaskovits, Clémence Corminboeuf, Angew. Chem. Int.
Ed., 2022, doi: 10.1002/anie.202202727

[4] Shubhajit Das, Ruben Laplaza, J. Terence Blaskovits, Clémence Corminboeuf, manuscript under
preparation
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Catalysis Sciences & Engineering, Contributed Talk (15min) CE-017

Non-oxidative Coupling of Methane with Transition-Metal Carbides: Mechanistic
Revelation of the Role of Carbidic Carbon

S. B. Zhang!, Q. Pessemesse?, L. Latsch?, K. Engel®, A. van Bavel?, A. Horton?, P. Payard?*, C.
Copéret!*

'ETH Zurich, Department of Chemistry and Applied Biosciences, Vladimir-Prelog-Weg 1-5, 8093
Zurich, Switzerland, *Université Claude Bernard Lyon I, CNRS, ICBMS, rue Victor Grignard, F-69622
Lyon, France , 3Shell Global Solutions International B.V., Grasweg 31, 1031 HW Amsterdam, The
Netherlands

Non-oxidative methane coupling to higher hydrocarbons is gaining momentum.!*!In this study, the
reactivity of molybdenum and tungsten carbides towards non-oxidative methane coupling is
investigated. These transition-metal carbides display good selectivities towards C,H, (x=2,4,6).
While methane coupling mechanisms are still debated, information regarding active site structure
and initiation mechanism for C,H, formation are scarce, and metal carbides are often postulated
as the in-situ formed active site.

In order to understand the role played by carbidic carbon, we monitor both the gas phase
composition and the bulk carbide by comparing pristine and spent catalyst after reaction with *3C-
labelled methane at 1100 °C with various characterization techniques (XPS, solid-state NMR,
pXRD). During this reaction, Mo,C shows a stable selectivity over time on stream, while a loss of
selectivity is observed for WC. XPS analyses indicate a partial reduction of WC to W(0) for the
spent catalyst, pointing towards C depletion of the WC matrix over the course of the reaction,
while no major changes are observed for Mo,C. In parallel, carbon-exchange is observed between
the gas phase and the metal carbide, as evidenced by the incorporation of carbidic carbon in the
C,H, products. Carbon diffusion coefficients were calculated elucidating the different extent of C
mobility for molybdenum and tungsten carbide. Furthermore, *3C enrichment of spent Mo,C and
WC is evidenced by *3C solid-state NMR with intense NMR signals at 274 and 307 ppm for Mo and
W carbides, respectively. Overall, the presence of a significant amount of non-labelled isotopomer
among C, products indicates a Mars-van-Krevelen-type mechanism with participation of the bulk
carbon sites (in place of oxygen).

Left: Non-oxidative methane coupling to C,H, products over Mo,C and WC. (x=2,4,6). Right:
Selectivity distribution for C,H, species and CH, conversion at 1100 °C and 0.1 atm methane
partial pressure over Mo,C and WC.

[1] Horn, Raimund, and Robert Schlégl. "Methane activation by heterogeneous
catalysis." Catalysis Letters, 2015, 23-39.
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Catalysis Sciences & Engineering, Invited / Award Lecture CE-021

What is more important to enable efficient cyber-physical systems - digital twins or the
degree of automation in R&D labs?

R. Gueller!
!Chemspeed Technologies AG, Wolferstrasse 8, 4414 Fiillinsdorf, Switzerland

Gamification, Internet of the Lab Tools, Digital Twins, Machine Learning / Artificial Intelligence
combined with automation are pivotal tools to move research and its operations into the digital
age.

Presented concepts and solutions highlight that digital twins are disruptive for every lab and
enable the Al / ML pipelines in the future combined with ready-to-apply and quality assured
catalysts, reagents, building blocks (SMOLE). The presentation shows Chemspeed’s top-down and
bottom-up digitalization approach (ArkSuite Sofia) combined with its unique, proprietary
protocolling that is shaping the R&D sphere.
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Catalysis Sciences & Engineering, Contributed Talk (15min) CE-023

Operando X-ray spectroscopy revealed the key role of the Pt-FeO, catalytic interface in
preferential CO oxidation

. I. Sadykov'?, V. L. Sushkevich?, F. Krumeich?, R. J. Nuguid?, J. A. van Bokhoven?, M. Nachtegaal®,
0. V. Safonova'*

'Paul Scherrer Institute, 2Institute for Chemical and Bioengineering, ETH Ziirich, *ETH Ziirich

Preferential carbon monoxide oxidation (PROX) is of great importance for the implementation of
hydrogen-based fuel cells and other modern hydrogen-based energy systems.! Catalysts required
for this reaction must purify hydrogen fuel from traces of poisonous carbon monoxide, which is
able to completely deactivate the fuel cell anode.? The main difficulty lies in a relatively low
temperature of a fuel cell operation. PROX catalyst must oxidize carbon monoxide using molecular
oxygen from air close to ambient temperature. Pt-FeO, catalysts show one of the highest PROX
activities at ambient temperatures with 100% selectivity towards oxidation of carbon monoxide.>
At the same time, commercial implementation of PROX Pt-FeO, catalysts is strongly limited due to
their fast deactivation.* The reason for this deactivation process is unclear since no clear
explanation for the reaction mechanism has been proposed.

To uncover the mechanism of preferential CO oxidation over Pt-FeO, catalysts, we used operando
X-ray absorption spectroscopy that can quantitatively probe the redox activity of iron and platinum
under in situ and operando conditions. Operando XAS at the Fe K and Pt Ls;-edges identified that
pretreatment conditions determine the structure of iron and platinum sites and their steady-state
conversion. A quantitative comparison of operando structural change, obtained with time-resolved
XAS spectroscopy, with catalytic rates revealed that the Fe?*/Fe®* redox pair is directly involved in
the catalytic cycle of carbon monoxide oxidation as shown in figure below.” Two different reaction
mechanisms of this reaction at 100°C and at ambient temperatures were established. We have
also determined the prerequisites for the Pt-FeO, catalyst deactivation and the role of Pt-FeO,
interface in the preferential CO oxidation at ambient temperatures.

[1] V. F. Valdés-Lépez, T. Mason, P. R. Shearing, D. J. L. Brett,Progr. in Energ. and Comb. Sci.
2020, 79, 100842.

[2] P.]Jing, X. Gong, B. Liu, ). Zhang, Catal. Sci. Technol. 2020, 10, 919-934.

[3] G. Liu, A. G. Walsh, P. Zhang, J. Phys. Chem. Lett. 2020, 11, 2219-22209.

[4] A. Sirijaruphan, J. G. Goodwin, R. W. Rice, J. Catal. 2004, 224, 304-313.

[5] |I. I. Sadykov, M. Zabilskiy, A. H. Clark, F. Krumeich, V. Sushkevich, J. A. van Bokhoven, M.
Nachtegaal, O. V. Safonova, ACS Catal. 2021, 11, 11793-11805.
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Catalysis Sciences & Engineering, Contributed Talk (15min) CE-024

OER Catalyst’s Transport Layer Matters: Stability Comparison Between C-Based GDL
and Ti-Based PTL

A. Bornet!, S. Pitscheider?, E. Bertheussen?, C. M. Pedersen?, A. Maletzko?, N. Seselj*, G. K.
Wiberg?, C. Kallesoe?, J. Melke?, M. Arenz!*

'University of Bern, ?Danish Technological Institute, *Fraunhofer-Institut fir Chemische
Technologie, *Blue World Technologies

Currently, significant efforts are taken to find the most active and stable electrochemical oxygen
evolution reaction (OER) catalyst diverting from critical raw material. However, one also needs to
consider new catalyst screening methods, especially with respect to stability investigations where
rotating disk electrode (RDE) studies are not suitable [1]. Recently, we introduced a gas diffusion
electrode (GDE) setup as a new testing platform for OER catalysts [2]. This methodology stems
from fuel cell approach using carbon gas diffusion layers (GDLs) as transport layer to bring the
reactant to the catalyst. However, carbon is not stable under the harsh OER conditions, thus water
electrolyser uses porous transport layers (PTLs) of titania instead. In the current work, we tested
the influence of the transport layer on the stability of a highly active Iry;Ruy 30, catalyst on
homemade antimony doped tin oxide (ATO) support in a GDE setup. The test consisted in holding
the potential at 1.6 V for 2 h. Firstly, the stability of the catalyst on a GDL or a PTL was compared
at 60 °C. Rapid decline of the GDL-catalyst activity was observed, while the PTL-catalyst activity
demonstrates a rather stable behavior (Fig. 1). We attribute this fast activity drop to the
degradation of the GDL itself. Moreover, the activity at 30 °C of the PTL-catalyst was compared to
literature data on RDE setup [1]. In the RDE setup, a breakdown is observed after only 30 min
when applying a constant current density. In contrast, PTL-catalyst tested in the GDE setup
exhibits no activity loss during 2 h under similar conditions.

Figure 1: Potentiostatic stability transients at 1.6 V of Iry ;Ruy 30,/ATO deposited on C-based GDL
(green full) and on Ti-based PTL at 60 °C (black full) and 30 °C (blue dashed).

[1] Hany A. El-Sayed et al., Journal of The Electrochemical Society, 2019, 166 (8), FA58-F464
[2] Johanna Schrdder et al., JACS Au, 2021, 1, 247-251
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Catalysis Sciences & Engineering, Contributed Talk (15min) CE-025

Bimetallic CoPt Nanoparticles for the Dry Reforming of Methane: Understanding
Structure-Performance Relationships

D. Niedbalka?, P. M. Abdala®, N. Zimmerli, C. R. Miller**

'ETH Zirich, Department of Mechanical and Process Engineering, Leonhardstrasse 21, 8092
Zurich, Switzerland

Bimetallic nanoparticles are an attractive alternative to the conventional monometallic systems,
providing an elegant and versatile toolbox to modify the electronic and geometric structure!!! of
the metals and in turn their catalytic activity.!?! Yet, structure-performance relationships which
form the basis of a rationally guided design of effective bimetallic systems remain elusive. In this
regard, the synthesis of well-defined bimetallic nanoparticles and their detailed characterization
under reaction conditions will pave the way for more accurate structure-performance relationships.
We use Co,Pt, based catalysts as model catalysts for dry reforming of methane (DRM) - a reaction
catalyzed by monometallic noble or transition metals including Ru, Rh, Pt, Ni, and Co (typically
supported on metal oxides). The aim of the study is to understand how modifications in the
structure of the bimetallic nanoparticles influence their DRM performance. Here, we synthesized
small Co,Pt, (and the monometallic references) supported onto SiO, through strong electrostatic
adsorption.®! X-ray absorption spectroscopy of CoPt/SiO, revealed differences in the XANES region
(Fig. 1A, similar observations in the Pt Ls-edge) and in the extended X-ray absorption near-edge
structure (EXAFS) in comparison to monometallic Co/SiO,. This result indicates the formation of
alloys and is explained by a charge transfer from Co to Pt."*! By scanning transmission electron
microscopy (STEM, Fig. 1A inset) and pair distribution function analysis of the X-ray total scattering
data, we show that the nanoparticle size is ca. 1.2 nm after the reduction at 700 and 800 °C,
respectively.

We observed a very high DRM activity for catalysts with x:y ~ 1:1 (i.e. CoPt/SiO,) when compared
to the monometallic counterparts (Fig. 1B). Surprisingly, monometallic Co and Pt show very low
DRM activities at all temperatures tested, while the DRM activity of CoPt/SiO, is appreciably higher
at 750 and 850 °C. These results suggest that the formation of a Co-Pt alloy, leading to a material
with a modified electronic structure compared to the monometallic references, leads to a highly
active DRM catalyst.

[1] S. Furukawa, T. Komatsu, ACS Catalysis 2017, 7, 735-765. [2] J. Niu, Y. Wang, S. E. Liland, S. K.
Regli, J. Yang, K. R. Rout, J. Luo, M. Rgnning, ). Ran, D. Chen, ACS Catalysis 2021, 11, 2398-2411.
[3]1 A. Wong, Q. Liu, S. Griffin, A. Nicholls, J. R. Regalbuto, Science 2017, 358, 1427-1430. [4] W.-F.
Huang, Q. Zhang, D.-F. Zhang, J. Zhou, C. Si, L. Guo, W.-S. Chu, Z.-Y. Wu, The Journal of Physical
Chemistry C 2013, 117, 6872-6879.
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Catalysis Sciences & Engineering, Contributed Talk (15min) CE-026

Atomically precise design of bimetallic Au-Ru and Ru-Pt low-nuclearity catalysts via
carbon host functionalization

V. Giulimondi, S. K. Kaiser!, A. Ruiz-Ferrando?, A. J. Martin!, S. Biichele?!, F. Krumeich?, A. H. Clark?,
N. Lépez?, ). Pérez-Ramirez'*

'ETH Zurich, 2Institute of Chemical Research of Catalonia, 3Paul Scherrer Institute

Bimetallic low-nuclearity catalysts (b-LNCs) have recently gained prominence by virtue of the
unique cooperative interactions they often exhibit. However, the lack of synthetic strategies with
control over intermetallic bond formation and the intrinsic limitations of characterization
techniques pose major hurdles to their development.l!! Furthermore, the study of catalytic
synergies is still in its infancy, so far exclusively focusing on direct cooperativity mechanisms.
Herein, we conduct the first comparative investigation between bimetallic dimers and isolated
atoms. To this end, a holistic approach is developed combining (i) precision synthesis,
(ii) advanced characterization, (iii) exploration of single-site proton adsorption properties via the
hydrogen evolution reaction (HER), and (iv) density functional theory. Aiming to explore the
impact of virtually inactive metal atoms for the HER (e.g., Au) on moderately active ones (e.g., Ru),
Au-Ru LNCs are studied. Control over metal-bond formation is achieved by careful formulation of
the carbon host, delivering Au-Ru dimers on O-functionalities and isolated atoms on
N-functionalities (Fig. 1a)./?! Intriguingly, Au atoms enhance the HER kinetics of their Ru analogs
already when isolated, magnifying the effect twofold in dimers. While the cooperativity action in
the dimers is attributable to direct intermetallic charge redistribution, the nature of the synergy in
the isolated architecture is unknown. Notably, by substituting Au atoms with Pt
ones, exhibiting higher affinity for N-cavities and similar activity to Ru atoms, the synergy is
amplified tenfold (Fig. 1b). Structural alterations induced by the integration of a second metal
species are analyzed. Pt atoms are found to occupy the most energetically-favorable
N-cavities, leading Ru atoms to adopt a distinct and more active configuration (Fig. 1c). These
findings provide novel insights into complex metal-metal and metal-host interplays in b-LNCs.

Fig. 1a Distinct architectures of Au-Ru LNCs and corresponding microscopy and spectroscopy
analyses. b HER activity of b-LNCs normalized to Ru single atoms. ¢ Cavity control exerted by Pt
atoms, displacing Ru atoms to more active configurations, as reflected by their proton adsorption
energy (AGyx).

[1]]). Shan, C. Ye, Y. Jiang, M. Jaroniec, Y. Zheng, S.-Z. Qiao, Sci. Adv., 2022, 8, eabo0762.
[2] V. Giulimondi, S.K. Kaiser, A.]. Martin, S. Blchele, F. Krumeich, A.H. Clark, J. Pérez-Ramirez,
Small, 2022, 18, 2200224.
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Catalysis Sciences & Engineering, Contributed Talk (15min) CE-027
Dynamics of nanoparticle motion and metal-oxide support in redox-reactive gases
H. Frey*'* A. Beck**®, X. Huang?, J. A. van Bokhoven*°*, M. G. Willinger®’*

IScientific Center of Optical and Electron Microscopy (ScopeM) ETH Ziirich, Otto-Stern-Weg 3, 8093
Zirich, Switzerlan, 2Institute for Chemical and Bioengineering (ICB), ETH Zurich, Vladimir-Prelog-
Weg 1-10, 8093 Zurich, Switzerland, 3College of Chemistry, Fuzhou University, Fuzhou 350116, P.
R. China, *Institute for Chemical and Bioengineering (ICB), ETH Zurich, Vladimir-Prelog-Weg 1-10,

8093 Zurich, Switzerland , >Laboratory for Catalysis and Sustainable Chemistry (LSK), Paul
Scherrer Institute, Forschungsstrasse 111, 5232 Villigen, Switzerland, 8Scientific Center of Optical
and Electron Microscopy (ScopeM) ETH Ziirich, Otto-Stern-Weg 3, 8093 Zirich, Switzerland , ’
Faculty for Chemistry, Munich Technical University Munich, 85748 Garching b. Minchen

style="text-align: justify;">In the early days of catalysis research, oxide carriers were considered
to be mere inert carriers for highly dispersed metal nanoparticles. Forty years ago, experiments
with noble metal-TiO, catalysts demonstrated that oxide supports are far from inert in such
catalytic systems and can strongly effect the adsorption behavior and structure of catalysts and
the phenomenon was named the strong metal-support interaction (SMSI) [1]. SMSI was observed
in noble metal catalysts supported on reducible oxides such as TiO,. This phenomenon is of
paramount importance, since it can determine the catalytic activity and stability. The SMSI
phenomenon has, for the most part, been characterized ex situ. Such an approach is not able to
capture the ongoing dynamics of a working system. The dynamic interactions between noble
metal particles and reducible metal-oxide supports can depend on redox reactions with ambient
gases. In our work [2,3], operando transmission electron microscopy revealed that the
SMSI-induced encapsulation of platinum particles on TiO, observed under reducing conditions is
lost once the system is exposed to a redox-reactive environment containing oxygen and hydrogen
at a total pressure of ~1 bar. Destabilization of the metal-oxide interface and redox-mediated
reconstructions of TiO, lead to particle dynamics and directed particle migration that depend on
nanoparticle orientation (Figure 1). A static encapsulated SMSI state was reestablished when
switching back to purely oxidizing conditions. This work highlights the difference between reactive
and nonreactive states and demonstrates that manifestations of the metal-support interaction
strongly depend on the chemical environment.

[1] S.]. Tauster, S. C. Fung, and R. L. Garten, JACS, 1978, 100(1), 170-175. [2] A. Beck, X. Huang,
L. Artiglia, M. Zabilskiy, X. Wang, P. Rzepka, D. Palagin, M.-G. Willinger, J. A. van Bokhoven Nature
Communications 2020, 10, 3220. [3] H. Frey, A. Beck, X. Huang, J. A. van Bokhoven, M. G.
Willinger, Science 2022, 376, 982-987.
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Catalysis Sciences & Engineering, Poster CE-101

Structure of selective and non-selective dicopper (ll) sites in CuMFI for methane
oxidation to methanol

M. Artsiusheuski'?, J. A. van Bokhoven?, V. Sushkevich?*

Institute for Chemistry and Bioengineering, ETH Zurich, 8093 Zurich, Switzerland, *Laboratory for
Catalysis and Sustainable Chemistry, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland

Direct methane oxidation to methanol via chemical looping over copper-containing zeolites is
considered as a promising process for the effective valorization of natural gas [1]. Significant
attention has been directed to the elucidation of the structure of the active sites, and various
motifs, including mono- and bis-py-oxo copper dimers, were proposed [1-5]. However, the
selectivity of methane activation over copper active sites of different nature remains a subject of
debates, creating obstacles in establishing the general structure-to-performance relationships for
methane activation over copper-containing zeolites. Moreover, the factors controlling copper
speciation in the materials are yet to be determined, being an essential step to develop methods
for controlled synthesis of better-performing materials.

In the present contribution, we have studied the structure of the active sites hosted in well-
defined copper-containing MFI (CuMFI) materials by means of in situ UV/vis and XAS spectroscopy
and correlated the results with material’s performance in methane selective oxidation. We have
demonstrated that the copper speciation in CuMFI is governed by Cu/Al ratio in the material,
providing a possibility to control materials’ activity and selectivity. CuMFI materials with low Cu/Al
ratio contain preferably mono-u-oxo dimeric sites which selectively oxidize methane to methanol
in a wide temperature range. An increase in Cu/Al ratio for CuMFI results in the formation of
another type of mono-p-oxo dimeric sites with longer Cu-Cu distance. The corresponding sites
were generally believed to be capable of methane conversion of methanol [2,3]; however, we
clearly showed that they are non-selective and overoxidize methane to formate species even
under mild reaction conditions.

The obtained detailed information on the structure and spectroscopic features of both selective
and non-selective mono-u-oxo dicopper sites is essential for the characterization of state-of-the art
materials applied in chemical looping. Moreover, it opens novel opportunities for the controlled
synthesis of the defined copper sites in copper-containing materials beyond methane conversion
to methanol.

[1] Mark Newton, Amy Knorpp, Vitaly Sushkevich, Dennis Palagin, Jeroen A. van
Bokhoven. Chemical Society Reviews, 2020, 49(5), 1449-1486.

[2] Marijke Groothaert, Pieter Smeets, Bert Sels, Pierre Jacobs Robert Schoonheydt. Journal of the
American Chemical Society, 2005, 127(5), 1394-1395.

[3] Julia Woertink, Pieter Smeets, Marijke Groothaert, Michael Vance, Bert Sels, Robert
Schoonheydt, Edward Solomon. Proceedings of the National Academy of Sciences, 2009, 106(45),
18908-18913.

[4] Vitaly Sushkevich, Dennis Palagin, Marco Ranocchiari, Jeroen van Bokhoven. Science, 2017,
356(6337), 523-527.

[5] Vitaly Sushkevich, Mikalai Artsiusheuski, Daniel Klose, Gunnar Jeschke, Jeroen van Bokhoven.
Angewandte Chemie International Edition, 2021, 60(29), 15944-15953.
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Insights into Lewis acidic nature of extra-framework aluminum centers incorporated in
zeolites by ion-exchange

S. R. Batool}, S. Vitaly?, J. A. Bokhoven!?*
YETH Zurich, Switzerland, *Paul Scherrer Institute, Villigen, Switzerland

The catalytic activity of zeolites originates from Brgnsted acid and Lewis acid sites. Bregnsted
acidity is well-defined as it stems from a hydroxyl group, which bridges the framework silicon and
aluminum atoms of the zeolite [1-2]. However, due to their plural nature, the structure of Lewis
acid sites remains much less defined [2]. In this work, we modulate the Lewis acidity of zeolites,
with the aim to understand their structure by quantitatively determining their structure-activity
relation. We introduce Lewis acidity into zeolite Y by a facile ion-exchange of aluminum species
followed by calcination [3]. The zeolite framework remains preserved after incorporation of extra-
framework aluminum species by ion-exchange, as suggested by X-ray diffraction and N,
physisorption. An increase in the total extra-framework aluminum in the modified zeolites led to a
marked increase in the number of Lewis acid sites, as illustrated by FTIR spectroscopy of adsorbed
pyridine and carbon monoxide. However, no considerable change in the number of Brgnsted acid
sites was observed. After ion-exchange, there was a significant improvement in the catalytic
conversion and rate of reaction for the MPV reduction of 4-tert butyl cyclohexanone over zeolite
catalysts. The catalytic activity of modified zeolites quantitatively correlated with the
concentration of the introduced extra-framework aluminum species and the total Lewis acid
content from pyridine-FTIR. Therefore, it is inferred that the newly introduced extra-framework
aluminum species are certainly Lewis acidic, with an octahedral coordination under the conditions
of NMR measurement and are responsible for enhanced Lewis acid catalytic activity of the
aluminum exchanged zeolites [3]. The preservation of Brgnsted acid sites further identifies these
extra-framework aluminum species as charge neutral, likely in the form of nano-sized
AlI(OH)3(H,0)5 or Al,O5 clusters [3-5]. The strength and thermal stability of these Lewis acid sites is
also capable of improving the activity of zeolites for catalytic dehydrogenation of light alkanes to
light olefins.

[1] M. Ravi, V.L. Sushkevich, J.A. van Bokhoven, Nature Materials, 2020, 19, 1047-1056.

[2] ). Huang, Y. Jiang, V.R.R. Marthala, B. Thomas, E. Romanova, M. Hunger, The Journal of Physical
Chemistry C, 2008, 112, 3811-3818.

[3] S.R. Batool, Syeda R., V.L. Sushkevich, and J.A. van Bokhoven. Journal of Catalysis 2022, 408,
24-35.

[4] C. Liu, G. Li, E.J.M. Hensen, E.A. Pidko, ACS Catalysis, 2015, 5, 7024-7033.

[5]S. Li, A. Zheng, Y. Su, H. Fang, W. Shen, Z. Yu, L. Chen, F. Deng, Physical Chemistry Chemical
Physics, 2010, 12, 3895-3903.
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Air and Moisture Tolerant Hydroamination Reactions using Alkali-Metal Amides as
Catalysts

S. Belrhomari?, L. ). Bole?, E. Hevia'*

'Universitat Bern, Department fiir Chemie, Biochemie und Pharmazie, 3012 Bern, Switzerland

Alkali-metal amides are commodity reagents used on a daily basis in synthetic laboratories
worldwide. This near ubiquitous utilization stems from the high reactivity of their highly polar Metal-
N bonds. However, their reactivity also imposes severe drawbacks such as the need to perform
reactions under inert conditions, in dry toxic organic solvents, and at low temperatures to control
their selectivity.!! Breaking down the barrier between organometallic and aerobic/aqueous
chemistry, our group has recently reported the stoichiometric applications of lithium amides for
ester amidation®’ and hydroamination of styrenes®! in air, at room temperature using
biorenewable 2-methyl THF as solvent.

Upgrading stoichiometric reactions to catalytic regimes, in this work we report the first examples
of catalytic hydroamination of organic heterocumulenes such as carbodiimides and isocyanates
mediated by lithium amides in the presence of air and moisture, conditions traditionally disallowed
for this type of organometallic reagents. Reactions can be carried out using a one pot approach,
employing nBulLi as a precatalyst. Key reaction intermediates have been isolated and
characterised in 2-methyl THF, with the aid of X-ray diffraction and *H DOSY NMR, shedding light
towards the special kinetic activation observed for these systems under the reaction conditions
employed in this study. The role played by the alkali-metal has also been assessed by
investigating a selected number of reactions using sodium and potassium amides as catalysts.

[1] (a) Ulrich Wietelmann, Jan Klett, Anorg. Allg. Chem., 2018, 644, 194-204. (b) Robert E. Mulvey,
Stuart D. Robertson, Angew. Chem. Int. Ed., 2013, 52, 11470-11487.

[2] Michael Fairley, Leonie J. Bole, Florian F. Mulks, Laura Main, Alan R. Kennedy, Charles T. O'Hara,
Joaquin Garcia-Alvarez, Eva Hevia, Chem. Sci., 2020, 11, 6500-6509.

[3] Florian F. Mulks, Leonie ). Bole, Alberto Hernan-Gomez, Alan R. Kennedy, Joaquin Garcia-
Alvarez, Eva Hevia, Angew. Chem. Int. Ed., 2020, 59, 19021-19026.
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Identifying and Advancing Strategies for High-Yield Methane Partial Oxidation

A. N. Blankenship?, Y. Ji*, M. Ravi!, M. Artsiusheuski?, V. Sushkevich?, J. A. van Bokhoven!?*

Institute for Chemical and Bioengineering, ETH Zurich, 8093 Zurich, Switzerland, *Laboratory for
Catalysis and Sustainable Chemistry, Paul Scherrer Institute, 5232 Villigen, Switzerland

A direct methane valorization process that achieves high product yields in a scale-flexible manner
would provide numerous opportunities in the sustainable production of fuels and high-value
chemicals; however, a commercial process has yet to emerge due to numerous challenges [1-3].
Despite the high volume of research on this reaction, the big picture for thermocatalytic systems
remains largely the same; most systems are severely limited by the selectivity-conversion limit,
independent of the catalyst employed, that restricts the achievable yield to an impractical limit.
The first part of this talk critically examines recent developments in methane partial oxidation as
they relate to progressing strategies for high-yield processes. From this analysis, we highlight the
promising emergent strategies and motivate more directed science required to bridge existing
gaps between the vast scientific knowledge in methane activation and the technological
necessities of viable MtM processes.

In the following part of the talk, we describe recent advances from the group in the conversion of
methane to an oxidation-resistant methyl ester, one of the most promising routes for high-yield
methane conversion [2, 4, 5]. We introduce multiple solutions that target the key shortcomings of
the conventional chemistry, namely its reliance on extremely aggressive acid solvents,
economically impractical oxidants, and homogeneous catalysts, all of which pose issues for
catalyst/product recovery and basic process economics [6]. We demonstrate an approach that
uses a solid catalyst, air as an oxidant source, and a diluted acid solvent (< 15 wt%). We
successfully developed manganese and cobalt-based heterogeneous catalysts with competitive
performance on the basis of turnovers and production rates in comparison to previously-reported
homogeneously-catalyzed systems that employ stronger oxidants and higher methane partial
pressures. The improved performance of the supported transition metal catalysts combined with
the advantages in catalyst/product recovery signify a promising advancement in direct methane
partial oxidation technologies. The conclusion of the talk underscores impactful directions for
further developing high-yield methane conversion processes.

[1] M. Ahlquist, R. Nielsen, R. Periana, W. Goddard, J. Am. Chem. Soc., 2009, 131, 47,
17110-17115.

[2] M. Ravi, M. Ranocchiari, J. A. van Bokhoven, Angew. Chem. Int. Ed., 2017, 56, 52,
16464-16483.

[3] A. Latimer, A. Kakekhani, A. Kulkarni, J. Ngrskov, ACS Catal., 2018, 8, 8, 6894-6907.

[4] R. Periana, D. Taube, S. Gamble, H. Taube, T. Satoh, H. Fujii, Science, 1998, 280, 5363,
560-564.

[5] M. Muehlhofer, T. Strassner, W. Hermann, Angew. Chem. Int. Ed., 2002, 41, 10, 1745.

[6] A. Blankenship, M. Ravi, J. A. van Bokhoven, Chimia, 2021, 75, 305-310.
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Identification and Characterization of Active Sites in Copper Exchanged Mordenite in
Direct Methane to Methanol Oxidation

A. Brenig'?, J. W. Fischer?, D. Klose?, J. A. van Bokhoven'?, G. Jeschke?, V. L. Sushkevich?

!Laboratory for Catalysis and Sustainable Chemistry, Paul Scherrer Institute, Forschungsstrasse
111, 5232 Villigen, Switzerland, 2Laboratory of Physical Chemistry, ETH Zurich, Vladimir-Prelog-
Weg 2, 8093 Zurich, Switzerland, 3Institute for Chemical and Bioengineering, ETH Zurich, Vladimir-
Prelog-Weg 1, 8093 Zurich, Switzerland

The increasing amount of natural gas (containing methane as a primary component) from remote
sources has animated research efforts to identify cost-effective methods to convert methane in
small quantities into high-value products.’? One particular approach, which has gained a lot of
attention, is the direct, low-temperature oxidation of methane into methanol using copper-
exchanged zeolites.® Although this process constitutes an excellent opportunity to transform
methane into fuels and commodity chemicals in a sustainable manner, no commercial
implementation has been realized so far.*> One fundamental obstacle is the lack of knowledge
about the identity and structure of the copper active sites in those materials as well as their redox
properties and site-specific kinetic properties. This is further complicated by the fact that various
active copper-oxo species may be present in a dynamic co-existence.®

In the present contribution, the copper speciation in copper-exchanged mordenite samples with
different copper loadings was investigated by a combined spectroscopic and time-resolved
approach. The general reactivity of specific sites towards methane as well as their redox
properties were evaluated by tracing characteristic spectroscopic changes upon reaction with
methane. Dimeric [Cu,0]°" as well as monomeric [CuOH]* species were identified as active sites.
In addition, direct evidence for the participation of bare Cu®* ions adjacent to [CuOH]" sites in
methane oxidation was delivered. In contrast to dimeric copper-oxo sites, methane oxidation was
found to proceed in a more selective manner on monomeric copper species. Furthermore, insight
into the kinetic properties of certain copper active centers was obtained on the basis of
advanced operando spectroscopy methods. In comparison to monomeric copper sites, dimeric
[Cu,0]*" centers were characterized by a two-fold higher apparent activation energy and an
approximately seven-fold faster reaction rate.

[1] Vitaly L. Sushkevich, Dennis Palagin, Marco Ranocchiari, Jeroen A. van Bokhoven,Science,
2017, 356, 523-527.

[2] Amy J. Knorpp, Mark A. Newton, Stefanie C. M. Mizuno, Jie Zhu, Hiwote Mebrate, Ana B.
Pinar, Jeroen A. van Bokhoven, Chem. Commun., 2019, 55, 11794-11797.

[3] Marijke H. Groothaert, Pieter . Smeets, Bert F. Sels, Pierre A. Jacobs, Robert A. Schoonheydt, J.
Am. Chem. Sco., 2005, 127, 1394-1395.

[4] Dennis Palagin, Vitaly L. Sushkevich, Jeroen A. van Bokhoven, ACS Catal., 2019, 9,
10365-10374.

[5] Jean-Paul Lange, Vitaly L. Sushkevich, Amy J. Knorpp, Jeroen A. van Bokhoven, Ind. Eng.
Chem. Res., 2019, 58, 8674-8680.

[6] Mark A. Newton, Amy J. Knorpp, Vitaly L. Sushkevich, Dennis Palagin, Jeroen A. van Bokhoven,
Chem. Soc. Rev., 2020, 49, 1449-1486.
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Electrochemical Ruthenium-Catalysed C-H Activation in Water Through
Heterogenization of a Molecular Catalyst

|. Buihler?, J. Zurflih!, S. Siol?, O. Blacque?, L. Sévery?!, S. D. Tilley**

!Department of Chemistry, University of Zurich, Winterthurerstrasse 190, 8057 Zurich,
Switzerland, 2Empg - Swiss Federal Laboratories for Materials Science and Technology,
Uberlandstrasse 129, 8600 Dubendorf, Switzerland

The catalytic oxidative activation of C-H bonds in organic substrates remains a hot topic in
synthetic chemistry.l!! Classically, transition metal catalysis effects these transformations
efficiently and with high selectivity.m Here, the combined advantages of molecular transition
metal and heterogeneous catalysis are demonstrated by immobilisation of a ruthenium-based
electrocatalyst [Ru(tpy)(pic-POsH,)(CI)] (where tpy is 2,2:6,2"-terpyridine, pic-POsH, is
4-phosphonopyrid-2-ylcarboxylic acid) on a metal-oxide surface.!® Oxidation of toluene with the
catalyst in aqueous media using ceric ammonium nitrate as terminal oxidant resulted in a rapid
deactivation of the catalyst. Electrochemical regeneration of the catalyst circumvented some of
the issues observed in solution resulting in an improved catalytic activity, which was further
enhanced by immobilisation of the catalyst on a on a mesoporous indium tin oxide electrode
surface through the phosphonate anchoring group. Using the heterogeneous catalyst system, the
oxidation of a variety of organic substrates with varying bond dissociation energies (76-95 kcal
mol~!) was demonstrated with turnover numbers of up to 346.

[1] Parthasarathy Gandeepan, Thomas Mduller, Daniel Zell, Gianpiero Cera, Svenja Warratz, Lutz
Ackermann, Chemical Reviews, 2019, 119, 2192-2452.

[2] Ahmet Gunay, Klaus H. Theopold, Chemical Reviews, 2010, 110, 1060-1081.

[3] Jan Buhler, Jonas Zurflih, Sebastian Siol, Olivier Blacque, Laurent Sévery, S. David Tilley,
Catalysis Science & Technology, 2020, 12, 1512-1519.
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Operando insight of polycrystalline nickel in ethylene to syngas self-sustained
oscillatory conversion

C. Colbea'?, M. Plodinec?, L. Artiglia®, J. A. van Bokhoven3*, M. Willinger?*

!Institute for Chemical and Bioengineering, Department of Chemistry and Applied Biosciences, ETH
Zurich, 8093, Ziirich, Switzerland, ?Scientific Center for Optical and Electron Microscopy, ScopeM
ETH Zirich, 8093, Zirich, Switzerland, 3Laboratory for Catalysis and Sustainable Chemistry, Paul

Scherrer Institute, 5232, Villigen, Switzerland

As scientists, we have the responsibility to pave the way toward developing a sustainable
economy that is based on renewable natural resources and to mitigate the emission of greenhouse
gases. The catalytic process of large-scale conversion of short-chain hydrocarbons to syngas (CO
and H,) is critical for modern society and has the potential to significantly influence the future
energy economy. Breakthrough research on fundamental catalytic processes is difficult to conduct
since heterogeneous catalytic reactions are highly non-linear, multilevel chemical processes that
operate far from thermodynamic equilibrium and are further complicated by competing non-
catalyzed gas-phase reactions. The discovery of self-sustained oscillating reactions in the early
1970s revealed one of the most intriguing branches of catalysis, which has been observed in over
60 systems [1]. Non-noble metals are known for their catalytic activity in short-chain hydrocarbon
partial oxidation and, under certain conditions, can exhibit self-sustaining oscillations. In order to
shed some light on the coupled effect of different species in the gas-phase, the chemical state of
the catalyst and resulting catalytic activity under relevant reaction conditions, we performed a
correlative in-situ study based on the combination of operando microscopy and XPS spectroscopy.
The objective is to obtain mechanistic insights into the role of surface species present in the
catalytic process of partial oxidation of ethylene to syngas on a model polycrystalline nickel foil.
The coupled and dynamic interplay between the gaseous environment and the surface chemistry
strongly depends on the reaction conditions. Using a combination of operando scanning electron
microscopy (OSEM) for real-time observation of structural dynamics and ambient pressure x-ray
photoelectron spectroscopy (APXPS) [2] we are able to correlate the state of the catalyst with its
activity. Although challenging to study, the self-sustained oscillating reaction mode enables
detailed analysis of the successive elementary steps of the catalytic act. The obtained insights are
envisioned to expand the research of self-regenerating operation of real-world catalysts. Our
unique in-situ SEM setup allows us to visually observe the state of the active catalyst under
reaction conditions in real-time, at high spatial resolution using a combination of dedicated
secondary electron, high-temperature 3D backscatter- and an electron-beam absorbed current
detectors. This enables surface-sensitive imaging and real-time observation of collective non-
equilibrium dynamics under controlled atmosphere at pressures between 10° to 10*® Pa and
temperatures of up to 1250°C. By maintaining a constant gas composition in isothermal conditions,
a synchronized self-sustained oscillation mode was identified, in which the reaction’s product
distribution was observed to reflect the catalyst morphology and chemical state. We have
discerned the active species that generate protective surface intermediates in non-stoichiometric
environments. We were able to trace the oscillatory behavior down to competing species that
control the catalyst activity. The combination of spatially resolved real-time imaging [3, 4] with
integral surface-sensitive spectroscopy enables the chemical identification of surface species and
simultaneous visualization of their evolution as a function of reaction conditions. We were able to
provide insight into structure sensitivity and coupling phenomena between reactive gas-phase and
catalyst state that are related to the emergence of catalytic activity in a synchronized self-
sustained oscillatory mode. The here described structure-activity correlations are not accessible
through integral characterization techniques or by studying of steady-states alone, highlighting the
importance of real-time, laterally resolved direct observation of active catalyst.
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Bimetallic Gold-Zinc Catalysts for the Hydrogenation of CO, to Methanol
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In combination with the generation of hydrogen from renewable resources, the thermochemical
hydrogenation of CO, to methanol is an appealing reaction for the mitigation of anthropogenic
emissions, representing a strategy for the re-integration of CO, as part of a closed-carbon fuel
cycle.? However, the development of active, selective and stable catalysts for this transformation
remains challenging. For the most part, improvements are made on an empirical basis, through
modification of metal, support, promoters and additives, which have been shown to have a
profound influence on the observed reactivity and, consequently, selectivity for the desired
product. In spite of intensive study of the aforementioned support and promoter effects,
understanding of the precise function of the added components remains elusive.> One example
where the choice of support/dopant is particularly pronounced is the case of Au-based CO,
hydrogenation catalysts, where selectivity for methanol can be modulated through judicious
selection of support.*

To confront this observation, and further explore the role of oxide support in driving selectivity for
the Au-catalysed conversion of CO, to methanol, a surface organometallic chemistry (SOMC)
approach was employed to generate supported Au-based nanoparticles on a Zn-doped silica
support as a well-defined material amenable to spectroscopic study. Evaluation of this material
under reaction conditions demonstrates that addition of Zn results in an enhanced methanol
formation rate (1.16 mMmolyeon Mol s*) and methanol selectivity (64%) (vs. 0.63 MmMOlyeon
mol,™* st and 51% for Au/SiO,). Study of the catalyst by in situ X-ray Absorption Spectroscopy
(XAS) reveals the presence of an alloyed phase that is formed during hydrogen treatment, an
observation that is consistent with insights from HAADF-STEM and diffraction experiments.
Collectively these observations illustrate the importance of alloy formation in Au-Zn catalysts for
CO, hydrogenation, enabling insights into related Au/ZnO CO, hydrogenation catalysts, as well as
other alloy-containing catalysts used in CO, hydrogenation.

[1] Olah, G. A. Angew. Chem. Int. Ed. 2013, 52, 104-107.

[2] Alvarez, A.; Bansode, A.; Urakawa, A.; Bavykina, A. V; Wezendonk, T. A.; Makkee, M.; Gascon, J.;
Kapteijn, F. Chem. Rev. 2017, 117, 9804-9838.

[3] Docherty, S. R.; Copéret, C. J. Am. Chem. Soc. 2021, 143, 6767-6780.

[4] Sakurai, H.; Tsubota, S.; Haruta, M. Appl. Catal. A Gen. 1993, 102, 125-136.
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Production of Jet-Fuel-Range Olefins via Catalytic Conversion of Pentene and Hexene
over Mesoporous Al-SBA-15 Catalyst
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Villigen PSI, Switzerland, *Institute for Chemical and Bioengineering, ETH Zurich, Vladimir-Prelog-
Weg 1, 8093 Zurich, Switzerland

The oligomerization of biomass-based olefins offers potential for the synthesis of sustainable jet-
fuels comprised of C,4-C,5 hydrocarbons that are compatible with current infrastructures. However,
the control of the oligomerization product distribution remains a challenge. In this contribution, the
influence of process parameters comprising temperature, pressure, contact time, and feed
composition on the catalytic conversion of a mixture of pentene and hexene over mesoporous Al-
SBA-15 catalyst in continuous operations is thoroughly investigated. Kinetic evaluation resulted in
the observation that pentene is more reactive than hexene, while selectivity to jet-fuel range
products exceeding 98% was achieved at low-to-moderate conversion (<50%). Increasing the
conversion to ca. 90% resulted in a decreased selectivity towards jet-fuel range products of ca.
75%. Notably, the product distribution of the oligomerization reaction is mostly independent of the
process conditions under study, implicating that adjusting the conversion level is the primary way
to tune oligomerization selectivity over the AI-SBA-15 catalyst. This understanding of the
oligomerization process identifies the direction of research devoted to oligomerization of complex
olefin mixtures mimicking the process stream of biomass-based olefins production units, with the
goal to achieve and optimize the “biomass to jet-fuel” transformation.
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Automated image analysis for single-atom detection in catalytic materials by
transmission electron microscopy

D. Faust Akl!, S. Mitchell!, S. M. Collins?, D. Garcia-Gasulla3, J. Pérez-Ramirez'*
'ETH Zurich, *University of Leeds, *Barcelona Supercomputing Center

The visualization of atomically isolated metal species in solid catalytic materials, enabled through
immense advances in (scanning) transmission electron microscopy (EM) technology, has ushered
the advent of single-atom heterogeneous catalysts (SACs).'!! While EM images yield rich
information that is key to confirm the elusive single-atom speciation, image analysis is subject to
misinterpretation, lacks sample-wide representativity, and is work-intensive when performed
manually. Herein, we tailor an off-the-shelf image recognition algorithm based on convolutional
neural networks (CNN) to identify single platinum atoms in a non-model acetylene
hydrochlorination catalyst.l?! The framework was trained on a subset of manually labeled images
acquired under realistic and hence imperfect conditions. When properly parametrized, the atom
detection accuracy of the CNN model (Fl-score of 0.8) superseded simple image filters or a
computer vision model, detecting up to 20°'000 atomic positions. For the first time, a sample-
averaged distribution of atomic densities, which agreed well with other techniques, could be
obtained from statistical analysis of electron microscopy images. When sufficient labeled images
were provided, the technique could be readily transferred to lower contrast images of other single-
atom catalysts (iron on graphitic carbon nitride, Fe;/GCN). This work sets the basis for the
automated material analysis required for data-driven discovery of new catalytic materials.

Fig. 1la lllustration of the single-atom detection workflow comprising of scanning transmission
electron microscopy, CNN-driven image analysis, and statistical data evaluation. b Atomic feature
identification is enhanced through the CNN compared to conventional image filters. ¢ Model
performance expressed as the Fl-score can be carefully optimized through the detection
threshold. d Sample wide metrics such as nearest-neighbor distance (NND) agree well with
expected distributions.

[1] S.K. Kaiser, Z. Chen, D. Faust Akl, S. Mitchell, ). Pérez-Ramirez, Chem. Rev. 2020, 120, 11703.
[2] S. Mitchell, F. Parés, D. Faust Akl, S.M. Collins, D.M. Keptaptsoglou, Q.M. Ramasse, D. Garcia-
Gasulla, ). Pérez-Ramirez, N. Lépez, J. Am. Chem. Soc. 2022, 144, 8018.
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Nitric acid is one of the most produced commodities worldwide. It is mainly used as an essential
chemical for the synthesis of fertilizers and in 2013 the production reached 78 million tons [1]. In
recent years, the higher awareness in the greenhouse effect and in the environmental pollution,
have highlighted the importance of a new development in the nitric acid tail gas treatment,
especially concerning the N,O and NO, species. Various metal oxide and zeolite catalysts have
been developed for N,O and NO, abetment, each one with benefits and drawbacks. The state-of-
the-art materials are based on Fe-zeolites which both show NO, and N,O abatement with the same
catalyst. Numerous Fe zeolites have been explored, such as Ferrierite (FER), ZSM5 and BEA [2]. In
this paper, the comparison of fresh and laboratory aged Fe-FER and Fe-ZSM5 industrial catalysts,
has been carried out. Fe-FER catalyst is a proprietary catalyst of CASALE SA and ALSYS and is used
in nitric acid plants [3]. The results from field and laboratory showed that Fe-FER will allow
customers to benefit from a higher catalytic activity and greater stability compared to the current
commercial solution with Fe-ZSM5. The extruded catalysts tested were prepared at industrial
scale, from process production to quantity scale, by ALSYS. The catalytic tests were carried out in
an Inconel reactor under industrial nitric acid plant conditions. The feed compositions are reported
in figure 1 caption. The GHSV used was 25,000 h’. Very high space velocity was chosen with the
purpose to highlight the differences in catalytic activity among the catalysts tested. The
hydrothermal aging treatment was performed for 150 h at ambient pressure at two temperatures
(600 and 700°C) with a feed of 12% of O, and 6% of H,O with a GHSV of 5000 h.

Two representative industrial catalysts were investigated in relevant industrial conditions before
and after simulated aging treatments. Results showed that Fe-FER is the most stable catalyst and
high performance that can be used for tail gas treatment in nitric acid plants. Moreover, Fe-FER is
extremely selective in N, even after severe aging treatments. The Fe-FER catalyst for DeN,O and
DeNO, applications has superior performances compared to the Fe-ZSM5.

N,O decomposition
75%

50%

25%

N,O Conversion (%)

0%
Fresh After aging at  After aging at
600°C 700°C

Figure 1. DeN,O condition: NO 70 ppm, NO, 30 ppm, N,O 900 ppm, O, 3.0%, H,0 0.3% and N,
balance. Fe-FER (blue bars), Fe-ZSM5 (green bars)

[1] A. Grande et al., Ind. Eng. Chem. Res., 2018, vol. 57, no. 31, 10180-10186 .

[2] Skalska, J. S. Miller, and S. Ledakowicz, Sci.Total Environ., 2010, vol. 408, no. 19, pp.
3976-3989.

[3] Hamon, D. Le Guern, O. Le Lamer, and L. Navascues, EP1918016B1, 2006.
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Systematic investigation of the interaction between selected linear olefins and Zn-
MOF-74

P. Gdumann?!, P. A. Rzepka®, T. Fovanna?, D. Ferrie?, J. A. van Bokhoven'?, M. Ranocchiari‘*

!Laboratory for Catalysis and Sustainable Chemistry, PSI Villigen, 2Bioenergy and Catalysis
Laboratory, PSI Villigen, 3Institute for Chemical and Bioengineering, ETH Zurich

Hydroformylation is an industrially important, homogeneously catalyzed reaction. Olefins react
with a 1:1 mixture of H, and CO, promoted by cobalt or rhodium catalysts, to form branched and
linear aldehydes [1]. Metal-organic frameworks are a class of highly porous, crystalline materials
assembled from metal-containing nodes and organic linkers. Their chemical and structural
flexibility enable their use in a plethora of applications [2]. The addition of Zn-MOF-74 to the cobalt-
catalyzed reaction enhances the selectivity to 90 % in favor of the branched isomers. We showed
by simulations that this effect is caused partially by the 14% higher density of 1-hexene within the
channels of Zn-MOF-74 compared to its liquid density [3]. In order to support this finding and to
gain a better understanding of the interaction between olefins and Zn-MOF-74, we investigated the
system using multiple technigues among others attenuated total reflection infrared spectroscopy
(ATR-IR), neutron powder diffraction (NPD) and temperature-programmed desorption (TPD). We
used propene and 1-hexene as adsorbates to investigate the influence of the aliphatic part of the
molecules. While ATR-IR reveals the part of the framework interacting with the adsorbates and
TPD the number of different adsorption sites, their occupation, combined with the pore volume,
allows the calculation of the density within the pores. In the case of propene, this value is
peculiarly high. Furthermore, the NPD data show different adsorption modes depending on the
olefin chain length.

This study improves our understanding of the adsorbate-MOF interaction and provides new
insights in the adsorption properties of Zn-MOF-74.

[1] R. Franke, Chem. Rev., 2012, 112, 5675. [2] H. Furukawa, Science, 2013, 341, 1230444.[3] G.
Bauer, Nat. Commun. 2020, 11, 1059.
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Promoted higher alcohols synthesis from syngas by inverse CuCo@ZrO, catalysts
Y. Gel, J. Pérez-Ramirez**
'ETH Zurich

Higher alcohols (HA) have a large economic value and are important compounds in the chemical,
pharmaceutical and energy sectors. Currently, they are mainly produced by sugar fermentation
(ethanol and isobutanol), hydroformylation of light alkenes (propanol) or hydration of petroleum-
derived alkenes (heavier alcohols), but their direct synthesis from syngas would comprise a more
environmentally friendly, versatile and economical alternative.l'! A wide variety of heterogeneous
catalysts have been evaluated in the direct conversion of syngas into HA, with modified Fischer-
Tropsch synthesis systems like CuCo based catalysts showing the highest yield of HA. Herein, we
report inverse ZrO, modified CuCo as a promising catalyst for direct conversion of syngas into HA.
Under the optimized conditions, the inverse CuCo@ZrO, catalysts show ~3 times higher activity
(STY) than the conventional CuCo catalysts (Fig. 1a-b) prepared by oxalate-gel coprecipitation
method,!?! with the highest HA selectivity of ~22% in all products. The promotion effect of ZrO,
might be attributed to the the enhanced ability of H, splitting and spillover, which was proved by
the temperature-programmed reduction (TPR) of corresponding oxide precursors by H,
(Fig. 1c-d). These findings provide a new insight into the design of efficient catalysis systems for
direct HA synthesis from syngas.

Fig. 1a Catalytic performance of CuCo catalysts with different Cu/Co molar ratio (543 K, 5 MPa,
molar H,/CO = 2, WHSV = 12000). b Catalytic performance of Cu;Co,@ZrO, catalysts with
different weight percentage of ZrO, (543 K, 5 MPa, molar H,/CO = 2, WHSV = 24000). ¢ XRD
patterns and d H,-TPR curves of Cu;Co,@ZrO, oxide precursors with different weight percentage
of ZrO,. All catalysts were prepared by oxalate-gel coprecipitation method.

[1] H.T. Luk, C. Mondelli, S. Mitchell, S. Siol, J.A. Stewart, D. Curulla Ferre, J. Pérez-Ramirez, Chem.
Soc. Rev. 2017, 46, 1358.
[2] Y. Xiang, R. Barbosa, N. Kruse, ACS Catal. 2014, 4, 2792.
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Unveiling evolution of active oxygen species in ethylene epoxidation over silver foil by
ambient pressure X-ray photoelectron spectroscopy

M. Guo'?, J. A. Bokhoven?*, L. Artiglia’*

'Paul Scherrer Institute, CH-5232 Villigen, Switzerland, “Institute for Chemical and Bioengineering,
ETH Zurich, CH-8093 Zurich, Switzerland

Ethylene epoxidation (EPO) is one of the most important industrial catalytic reactions and silver-
based catalysts have outstanding activities and selectivities in this reaction. Silver-based model
catalysts (foils, powder, single crystals) have been extensively used to investigate the
fundamental steps of EPO. It has been widely proven that surface oxygen species participate in the
catalytic cycle and their property is a key factor in the selectivity of EPO. However, the influence of
reaction conditions on the distribution of oxygen species is still unknown. In the current work,
silver foil was characterized systematically as the starting step of a project aiming at the
investigation of industrial catalysts. Ambient pressure X-ray photoelectron spectroscopy was used
to investigate the effects of temperature and gas environment under both steady state and
transient condition experiments. Three types of oxygen species correlated to different structure of
AgO, were unveiled on Ag foil. All of them were proved to be highly sensitive to temperature and
ratio of reagent, and participate the reaction with ethylene. The key role of subsurface oxygen
species was revealed over silver foil during the EPO process.

[1] Pu, T. C., et al., ACS Catalysis, 2019, 9, 10727-10750.

[2] Jones, T. E., et al., ACS Catalysis, 2018, 8, 3844-3852.

[3] Carbonio, E. A., et al., Chemical Science, 2018, 9, 990-998.
[4] Rocha, T. C. R,, et al., Journal of Catalysis, 2014, 312, 12-16.
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1V ssNMR Study for Surface Site of Vanadium-based Olefin Polymerization Catalyst
Supported on MgCl,

Y. Kakiuchi', S. Sabisch?, A. Yakimov®, C. Copéret®*

'ETH Zirich, Department of Chemistry and Applied Biosciences, Vladimir-Prelog-Weg 1-5/10 8093
Zurich

MgCl,-supported vanadium-based catalysts (VMC) display high catalytic activity toward olefin
polymerization, with complementary features with respect to the classical Ti-based catalyst.?
However, the surface structure of VMC remains poorly understood.”? We herein explored the
surface structure of VOCls;-based VMC by exploiting *'V ssNMR, systematically tuning the ligand
type of V precursors. Solid-state WURST-QCPMG °*V{H} NMR successfully captured the surface
vanadium site with differentiating its ligand environment, which was further linked with its
catalytic activity emphasizing the crucial role of Cl-rich environment around vanadium center on
catalysis. B3lyp/Def2TZVP level calculations, which were preliminalily validated by a library of
vanadium molecular compounds, enable to resolve the structure of the surface species as shown
by the good fit with the experimental spectrum. Herein the thus-obtained results draw parallel with
the observation in Ti-based catalysts, which suggests the potential of this methodology as a
evaluation tool for MgCl,-supported catalysts.

[1] (a) Krystyna Czaja, Marzena Biatek, Macromol. Rapid Commun. 1996, 17,253-260. (b) Tatiana
B. Mikenas, Vladimir A. Zakharov, Lyudmila G. Echevskaya, Michail A. Matsko,
Macromol.Chem.Phys. 2001, 202, 475-481.

[2] O. B. Lapina, M. A. Mats'ko, T. B. Mikenas, V. A. Zakharov, E. A. Paukshtis, D. F. Khabibulin, A. P.
Sobolev, Kinetics and Catalysis, 2001, 42, 553-560.
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P. Knérr!, M. Albrecht™*

'University of Bern, Department of Chemistry, Biochemistry and Pharmaceutical Sciences,
Freiestrasse 3, 3012 Bern

The global transition towards green energy sources requires storage of intermittently produced
energy. Formic acid (FA) is a promising carrier for this purpose and allows easy and safe storage of
electrolytically produced dihydrogen. FA dehydrogenation has therefore been of growing interest
and a variety of homogeneous complexes has been reported as highly active catalysts for this
reaction.!t] Most systems so far rely however on air-sensitive phosphorous-based ligands and their
replacement would be of high interest./? In this context Pyridylideneamines (PYEs), a class of
electronically flexible ligands, known for their ability to stabilize a broad variety of transition
metals in wide range of oxidation states, might be well suited candidates for enhancing
dehydrogenation catalysts (Figure 1).*!

Figure 1 Electronic flexibility of PYEs

Here we present a series of air-stable ruthenium complexes featuring novel tridentate N,N,N ligand
scaffolds that combine a cooperative site with the electronic flexibility of PYEs. We will
demonstrate reversible protonation behaviour of the central nitrogen moiety (Figure 2) and
rationalize the effect of different key parameters of ligand design such as ligand donor properties,
cooperativity, and the role of ancillary ligands, en route to developing one of the most active
complexes reported so far in FA dehydrogenation.

Figure 2. Reversible protonation behaviour of NNN ruthenium complexes (left) and
dehydrogenation of formic acid (right)

[1] B. Loges, A. Boddien, H. Junge, M. Beller, Angewandte Chemie International Edition 2008, 47,
3962

[2] S. Kar, M. Rauch, G. Leitus, Y. Ben-David, D. Milstein, Nature Catalysis 2021, 4, 193

[3] K. F. Donnelly, C. Segarra, L.-X. Shao, R. Suen, H. Miller-Bunz, M. Albrecht,

Organometallics, 2015, 34, 4076
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Activation of atomically-dispersed platinum in Pt/CeO, for the Water-Gas Shift reaction
X. Li*?, J. A. van Bokhoven®?, L. Artiglia?

Institute for Chemical and Bioengineering, ETH Zurich, CH-8093 Zurich, Switzerland, *Paul
Scherrer Institute, CH-5232 Villigen, Switzerland

Oxide-supported noble metal catalysts have been extensively studied for decades for the water-
gas shift (WGS) reaction. Discussions remain about the nature and reactivity of the active species,
whether they are atomically dispersed or nanoparticles. In situ characterization techniques, such
as ambient pressure photoelectron spectroscopy (AP-XPS), are excellently suitable for observing
the changes in catalyst structure during activation and reaction. The challenge is how to couple
the catalyst structure and performance under relevant conditions in the presence of the pressure
gap. Here we show the characterization of atomically dispersed Pt/CeO, catalyst by in situ XPS
under WGS operating conditions. Notably, we carried out ex-situ activity test in a flow reactor
making use of a diluted reaction feed to match the partial pressures of reactants used during XPS
measurement. The catalyst performance under such conditions is consistent with that in an AP-XPS
chamber at mbar level pressure, which allows us to characterize and compare the activity and
active sites under relevant working conditions. Atomically dispersed Pt(ll) atoms exhibit no WGS
activity. The onset of activity is paralleled by sintering into Pt(0) clusters. Once platinum clusters
are formed, they no longer re-oxidise back to Pt(ll), which allows the catalyst to remain active. This
work highlights the structure-activity relationship in supported metal catalysts and proposes a
suitable approach to correlate in situ XPS and activity test under relevant conditions.

References

[1] Zhang, Xiao, et al. Nature 589.7842 (2021): 396-401.

[2] Fu, Qi, Howard Saltsburg, and Maria Flytzani-Stephanopoulos. Science 301.5635 (2003):
935-938.

[3] Yang, Ming, et al. Science 346.6216 (2014): 1498-1501.

[4] Ding, Kunlun, et al. Science 350.6257 (2015): 189-192.

[5] Ganzler, Andreas M., et al. Angewandte Chemie International Edition 56.42 (2017):
13078-13082.
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The hydrocarbon pool nature in the methanol-to-olefins process: an operando FT-IR
spectroscopy study

L. Maggiulli*?, D. Ferri**, J. A. van Bokhoven!?*

'Paul Scherrer Institut (PSl), Villigen, Switzerland, 2ETH Ziirich, Zirich, Switzerland

Sustainability and attention to the ecosystems are the drivers of today’s chemical industry.
Methanol is a promising direct link between sustainable feedstock, as CO,, and commodity
chemicals and fuels. In the specific case of the aircraft sector, sustainable fuels are highly sought
after and a promising production pathway covers the methanol-to-olefins (MTO) process as
intermediate step. In this work, ZSM-5 (MFI), SSZ-13 (CHA) and FER zeolites are tested as catalysts
in the MTO process using operando diffuse reflectance IR spectroscopy. Transient experiments
enable the observation of methanol-free spectra of the hydrocarbon pool built up by alternating
the dosage and the removal of methanol while products quantification is carried out through gas
chromatography. FER topology limits the formation of bulky unsaturated species and favors an
aliphatic pool along with the production of higher olefins (C4,). Conversely, ZSM-5, with a three
dimensional 10-membered ring channels system, and SSZ-13, featuring small 8-membered ring
pores and large cages, foster aromatics and unsaturated cyclic hydrocarbons formation while
yielding ethylene and propylene other than C, - C; fractions. The presented method applied to the
MTO process provides a desirable perspective on the evolution of hydrocarbon species residing in
zeolite micropores and those produced during the first stage of the reaction and importantly it
clarifies differences in terms of active sites nature and selectivity when employing various zeolite
topologies.
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Polarized nickel enables long-chain products in CO, electroreduction
A.J. Martin *, Y. Zhou?, F. Dattila®, S. Xi*, N. LopeZz>, ). Pérez-Ramirez**, B. Yeo**

'ETH Zurich, *National University of Singapore, Institute of Chemical Research of Catalonia, *
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The electroreduction of CO, in combination with renewable electricity can be used to sustainably
generate multicarbon products. To date, only copper-based materials can effectively promote
carbon-carbon coupling giving rise mainly to C,-C5 products, despite vast efforts devoted to extend
the scope of products reported by Hori et al. on this metal four decades ago.!*! Herein, we disclose
that electrocatalysts derived from oxygenated nickel compounds can generate linear and
branched C5-Cg hydrocarbons with sustained Faradaic efficiencies up to 6.5%, in contrast with the
practically-inactive metallic nickel.”?! Electrochemical CO stripping, operando X-ray absorption
spectroscopy, and density functional theory (DFT) pinpoint the presence of stable, polarized Ni?*
active sites, which bind CO moderately, associated with Ni-O bonds. The reduction of selected C;
molecules and DFT simulations suggest that the Ni°* sites promote an insertion mechanism
reminiscent of Fischer-Tropsch synthesis: COOH + CH, coupling followed by successive CH,
insertions. Our results disclose atom polarization as the key to prevent nickel from CO poisoning,
extending the scope of the CO, electroreduction towards synthetic fuels.

Fig. 1 Schematic representation of the main catalytic features associated to copper-based
systems (left), metallic nickel (center) and nickel surfaces containing polarized sites (right). It is
generally agreed that copper systems favor C-C coupling because of the mild CO adsorption
enabling dimerization as the key step towards ethylene and C, and C; oxygenates. Metallic nickel
is known to suffer from CO poisoning and thus exhibits poor catalytic performance towards carbon
products. Polarization of nickel atoms makes them adsorb CO mildly and promote an insertion
mechanism leading to long-chain hydrocarbons.

[1] Y. Hori, A. Murata, R. Takahashi., /. Chem. Soc. Faraday Trans. 1989, 85, 2309.
[2]1Y. Zhou, A. J. Martin, F. Dattila, S. Xi, N. Lépez, ). Pérez Ramirez, B. S. Yeo, Nat.Catal. 2022, in
press.
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The challenging interplay of catalyst, sorbent, and reactor in the sorption-enhanced
methanol synthesis from CO,

E. Moioli'?
'Hitachi Zosen Inova, 2Paul Scherrer Institute

The development of a methanol synthesis process from CO, brings significant new challenges
compared to the standard process from syngas. Water is co-produced in the synthesis, resulting in
a more stringent thermodynamic limitation (low CO, conversion) and in a lower activity of the
catalyst (due to competitive adsorption). The scientific literature shows several examples of new
catalytic materials, which can improve the course of the reaction [1]. However, an active catalyst
is not the only requirement to make the CO, to methanol process a valid alternative to the current
synthesis route. To overcome the thermodynamic limitation and increase the conversion per pass,
the use of a sorption-enhanced reactor is an interesting option. However, the interplay of the
catalyst and the sorbent is not trivial, and it is strongly affected by the properties of the reactor. In
this presentation we show that the use of sorption-enhanced fixed-bed reactors for methanol
synthesis are affected by significant heat transfer limitations, which tend to deactivate the
reaction, due to operation at too high temperature (figure 1la). The conversion enhancement
generates an excessive amount of heat, which cannot be effectively removed. We observed that
this phenomenon can be significantly reduced by using a fluidized bed reactor, where the reaction
heat is effectively distributed over the reactor. In this case, the methanol yield can be significantly
increased. A further improvement can be achieved by combining the features of a fluidized bed
and an entrained bed reactor (figure 1b). This means that the catalyst remains in the reactor,
while the sorbent is entrained through the reactor and recirculated after regeneration. In this
reactor, it is possible to achieve a continuous methanol production, while establishing an
appropriate temperature profile to maximize the reaction yield.

Figure 1 the methanol yield which can be achieved in: a) the fixed bed reactor; b) the entrained
flow reactor (ratio sorbent: catalyst = 1:1, CO,:H, at inlet = 1:3, P=30 bar).

[1] Zhong et al, Chem. Soc. Rev., 2020, 49 (5), 1385-1413.
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Droplet-based microfluidic platform for understanding metal stabilization in the design
of single-atom heterogeneous catalysts

T. Moragues?, S. Mitchell!, D. Faust Akl*, |. Pérez-Ramirez*, A. deMello™*
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One of the key challenges in single-atom catalyst synthesis is the controlled formation of
atomically isolated metal species.l'! Despite the myriad of experimental approaches, only recently
the focus has shifted towards mechanistic insights. Indeed, the understanding of single-atom
catalysts fabrication through post-synthetic methods is limited, and the lack of knowledge of the
metal uptake capabilities of the carriers mandates time-consuming parameter optimization. This
study develops a high-throughput microfluidic technology to understand metal species' uptake and
resulting nuclearity with different metal precursor-carrier combinations via wet impregnation, the
most readily scalable and versatile approach for metal introduction. The microreactor environment
created by a fast-mixing droplet-microfluidic reactor (Fig. 1b) permits precise control of the host
material and metal precursor concentrations, mixing, and residence times, which enables
correlation of the metal uptake and resulting speciation with the synthesis conditions. As a
prototypical case study, the Pd/C5N, system, well-described and highly relevant in alkyne semi-
hydrogenation, is investigated.””) The Pd uptake on optimized-size carbon nitride particles Fig.
1a) before nanoparticle formation is repeatably determined to be around 0.32 Pd atom nn¥ (Fig.
1c, Fig. 1d). We expect this work to lead the way towards high-throughput microfluidic platforms
for enhancing single-atom catalyst discovery and characterization through rapid screening of
experimental conditions.

Fig. 1a Optimized size distributions for the particles used in the microfluidic reactor. Water-in-oil
droplets form individual reaction vessels in which mass transfer and contact time between species
is highly controllable, with rapid and efficient mixing. b Poly(dimethylsiloxane) microfluidic reactor.
¢ Pd uptake determined with varying Pd/CsN, ratio with an in-chip residence time of 9 s. d AC-
STEM showing single Pd atomic centers (circled) for Pd/C5N, = 1:100, corresponding to a density of
0.32 atoms nm™.

[1] Ruixuan Qin, Pengxin Liu, Gang Fu, Nanfeng Zheng, Small Methods 2018, 2, 1700286.
[2] Zupeng Chen, Sharon Mitchell, Frank Krumeich, Roland Hauert, Sergii Yakunin, Maksym
Kovalenko, Javier Pérez-Ramirez, ACS Sustainable Chem. Eng. 2019, 7, 5223-5230.
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A low Si/Al ratio in faujasites controls the selectivity in the catalytic fast pyrolysis of
guaiacol

Z. Pan'?, A. Puente-Urbina?, A. Bédi', J. van Bokhoven??!, P. Hemberger'*
PSI, °ETH Zurich

Lignin can be converted into fine chemicals and fuels via catalytic pyrolysis.}? Due to the poor
selectivity towards targeted products, it becomes significant to understand the reaction
mechanism to actively take control over the selectivity.>** Besides understanding the
decomposition mechanism of lignin in chemistry, the reaction mechanism on the catalyst’s surface
is equally important. Zeolites are common catalysts in lignin catalytic pyrolysis, which not only
lower the reaction temperature but can also stabilize the reaction intermediates.”> Zeolites have
several unique features, such as Brgnsted acid sites, providing the catalytically active protons,
playing an important role in the reaction, and pore channels.

In this work, guaiacol as a lignin model compound was catalytically pyrolyzed over H-FAU catalysts
with different Si/Al ratio. Experiments were carried out in a quartz tube reactor setup coupled with
photoelectron photoion coincidence (PEPICO) techniques to detect reactive intermediates and
stables products. The aim of this work is to disentangle the role of Brgnsted acid sites, which are
controlled by the Si/Al ratio, at operando conditions. We found that a low Si/Al ratio promotes the
demethylation of guaiacol to catechol, by experimental detection of methyl radicals and methane,
utilizing photoion mass-selected threshold photoelectron spectroscopy. By comparing
intermediates quantitatively, we found that the low Si/Al ratio enables high selectivity towards
phenol possible by quantitatively suppressing the catechol dehydration to the highly reactive
fulvenone ketene, which makes this reaction uncontrollable otherwise.

[1] Ahmed I. Osman, Neha Mehta, Ahmed M. Elgarahy, Amer Al-Hinai, Ala’a H. Al-Muhtaseb and
David W. Rooney, Environmental Chemistry Letters, 2021, 19, 4075-4118.

[2] W. Schutyser, T. Renders, d. B. S. Van, S. F. Koelewijn, G. T. Beckham, and B. F. Sels, Chemical
Society Reviews, 2018, 47, 852-908.

[3] Zeyou Pan, Allen Puente-Urbina, Andras Bodi, Jeoren A. van Bokhoven and Patrick Hemberger,
Chemical Science, 2021, 12, 3161

[4] Patrick Hemberger, Victoria B.F. Custodis, Andras Bodi, Thomas Gerber, and Jeoren A. van
Bokhoven, Nature Communications, 2017, 8: 15946.

[5] R. Kumar, V. Strezova, H. Weldekidan, J. He, S. Singh, T. Kan, B. Dastjerdi, Renewable and
Sustainable Energy Reviews 123 (2020) 109763.
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Assessing metal promotion in In,03-catalyzed CO, hydrogenation using flame spray
pyrolysis as a standardized synthesis platform

T. Pinheiro Aragjo’, J. Morales-Vidal?, T. Zou', R. Garcia-Muelas?, P. 0. Willi%, K. M. Engel*, O. V.
Safonova®, D. Faust Akl}, R. N. Grass!, C. Mondelli!, N. L6pez?*, ]. Pérez-Ramirez'*

'ETH Zurich, 2Institute of Chemical Research of Catalonia, 3Paul Scherrer Institute

A plethora of transition metals have been employed to boost the activity of indium oxide (In,03) in
CO, hydrogenation to methanol by improving its ability to activate H,. However, the lack of
systematic catalyst preparation and evaluation precludes a direct comparison of speciation and
promotional effects among metal-promoted In,0; catalysts, which is crucial to design an optimal
system.!!! Herein, we apply flame spray pyrolysis (FSP) as a standardized synthesis method to
introduce nine metal promoters (M = 0.5 wt.%) to In,03. Methanol productivity generally increased
on M-In,05 with selectivity following Pd ~ Pt > Rh ~ Ru ~ Ir > Ni ~ Co > Ag ~ In,05 > Au (Fig. 1).
In-depth characterization, kinetic analyses, and theoretical calculations reveal a range of metal-
dependent speciation which dictate catalyst architecture and degree of promotion (Fig. 1).
Atomically-dispersed promoters (Pd, Pt, Rh, Ru, and Ir) grant the highest improvement in
performance, particularly Pd and Pt, owing to the creation of InsM and In,M, ensembles, which
strongly facilitate homolytic H, splitting and increase the availability of hydrides, which in turn
participate in C-H hydrogenations. In contrast, metals in clustered (Ni and Co) and nanoparticle (Ag
and Au) forms display moderate and no promotion, respectively, as the surface population of the
active ensembles diminishes. This study provides an atomic-level understanding of
In,O3; promotion based on a unified protocol, and highlights the potential of FSP to engineer
complex catalytic systems applicable in diverse energy conversions.

Fig. 1 Methanol space-time yield (STY, colored bars) and selectivity (Syeon, beige bars) during
CO, hydrogenation over undoped In,O5; and M-In,05 catalysts (0.5 wt.% of metal) prepared by FSP. The
methanol STY was assessed at GHSV = 24,000 cm® h™* g...*, while Syeon at constant CO, conversion (ca. 3%)
and variable GHSV. Averaged values measured over 24 h on stream are presented with their corresponding
error bars. Reaction conditions: T = 553 K, P = 5 MPa, and H,/CO, = 4. The representative EDX maps
of M-In,053 catalysts were collected after activation in CO, hydrogenation for 2 h under the same conditions as
the catalytic tests. Scale bars are equivalent to 10 nm.

[1] T. Pinheiro Aradjo, J. Morales-Vidal, T. Zou, R. Garcia-Muelas, P.O. Willi, K.M. Engel, O. V. Safonova, D. Faust Akl, F.
Krumeich, R.N. Grass, C. Mondelli, N. Lépez, J. Pérez-Ramirez, Adv. Energy Mater. 2022,12, 2103707.
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Kinetic model of ammonia synthesis under industrial operating conditions
C. Pizzolitto!, M. Guiotto?, A. Biasin?, P. Biasi'
!casale SA, Lugano, Switzerland

Catalytic ammonia synthesis from H, and N, still represents one of the most important industrial
reaction. Despite the Haber-Bosch process is more than 100 years old [1], the reaction of ammonia
synthesis continues to be one of the most studied. The present work focuses on the investigation
of iron-based ammonia catalysts activity under different operating conditions, in order to capture
and compare their performance with both a clean and poisoned feed (i.e. oxygenates compounds).
As reported by Gramatica and Perinicone [2], the primary requirement in kinetic measurements is
the collection of experimental data under conditions that are free of any deviating effects, such as
flow maldistribution, mass and heat transfer phenomena and poisoning. However, the intrinsic rate
constants determined in the laboratory must be combined with appropriate corrective factors for
proper scale-up, design, and simulation of any industrial converter. For this reason, in the present
work we propose an alternative strategy to study kinetics in different reaction conditions. The goal
of the work is to collect experimental data useful for the development of a new kinetic model of
NH; formation, with a more accurate function of the reaction rate depending on the temperature,
ammonia and atomic oxygen contents in the inlet gas feed. The first experimental campaign has
been carried out on a packed bed of iron powder catalyst diluted with SiO,. The goal of these
experiments is to measure the performance of the catalyst minimizing mass transfer limitations
and hotspots inside the catalyst bed. Looking at the data reported in Figure, at low space
velocities, the ammonia formation is higher as equilibrium is not reached. Moreover, the
temperature inside the catalyst bed has been accurately measured by means of a multipoint
thermocouple to know the actual temperature along the axial direction of the catalyst bed. The
data generated by this experimental campaign has been used to refine the kinetic model, Figure b.
After the successful model of the kinetics in clean feed, equal experimental campaigns have been
conducted feeding NH3 in the feed and in presence of oxygenates. These data provide important
information on the effect of catalyst poisoning in the early exposures, its effect overtime and the
deactivation overtime due to thermal aging of the catalyst.

The approach developed in this study has considerable industrial importance because it has
allowed to refine the kinetic model for iron-based catalysts suitable for NH3 synthesis in relevant
industrial conditions such as wide range of temperature (270-510°C), pressure (100-150 bar) and
space velocity (10°000-120°000 h-1). Moreover, it allows to discriminate the effect on the reaction
rates of NH3 and atomic oxygen contents in the inlet gas feed. The development of a meaningful
kinetic model will support the improvement of the industrial operating conditions, allowing to
identify poisoning problems in real scale plants and supporting the definition of corrective actions
in a due time to preserve the catalyst and the production of ammonia.

[1] L. Huazhang, Chem. Industry Press, 2013
[2] Gramatica G and Pernicone N., Catalytic Ammonia Synthesis, 19
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Study of reactivity of NH3 synthesis via molecular modelling
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!Casale SA, Lugano, Switzerland, *Dept. of Innovative Technologies, SUPSI, Lugano-Viganello,
(Switzerland), *Atomistic Simulations, IIT, Genova, (Italy), *Clariant Produkte (Deutschland) GmbH,
Bruckmiihl, (Germany), *Dept. of Inorganic Chemistry, Fritz-Haber Inst. of the Max-Planck-Society,

Berlin, (Germany)

Ammonia (NHs) is produced mostly via Haber-Bosch process. The reaction is conducted in the
presence of iron-based catalysts working in the range of 650-750°K. Despite the reaction having
been studied for 100 years, understanding at the atomistic level of the physical and chemical
processes responsible for the catalyst activity is still to be discovered. This may provide important
information to improve the efficiency of the process and reduce its environmental impact.

One aspect that needs to be clarified is the active catalyst surface morphology. Various studies
[1-4] have been dedicated to investigating the Fe surface properties, mainly analyzing and
correlating exposed surface orientations and catalytic activity. In these studies, the surface is
always considered as a rigid, crystal-like structure. At 650-750 K, however, entropy may affect the
surface dynamics, breaking the picture of an ordered Fe crystal surface also at short-range
distances.

This work aims to study the properties of a (111) Fe surface at typical process conditions with
molecular modelling. A further aim is to study the dissociation of a N, molecule over the surface. In
order to obtain an accurate description of the Fe surface dynamics we constructed an ab initio
quality potential with machine learning techniques.[5] Also, ab initio metadynamics was used to
investigate N, dissociation at 700°K.

With these simulations the effect of the surface dynamics on the reactive steps and the structural
and electronic contributions to the catalyst activity have been understood.

The (111) surface is considered the most active, however our simulations revealed that at 700°K it
is not stable but becomes dynamically rough, exposing also other facets such as the (211) and
(110) (see Fig 1.a). Our metadynamics simulations confirmed that in these conditions N,
dissociation proceeds as reported in the literature[4]. Interestingly, we observed that the surface
dynamics makes the high-coordinated Fe atoms (C7 sites) less easily accessible, thus decreasing
the real reactivity of the (111) surface.

[1] Bozso, F., Ertl, G., Grunze, M., Weiss, M., J. Catal., 1977.

[2] Bozso, F., Ertl, G., Weiss, M., J. Catal., 1977.

[3] Somorjai, G.A., Materer, N., Top. Catal., 1994.

[4] Mortensen, .., Hansen, L.B., Hammer, B., Ngrskov, J.K., J. Catal, 1999.
[5] Behler, J., Parrinello, M., Phys. Rev. Lett. 2007.
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Pd single-atom heterogeneous catalyst on nitrogen doped carbon for sustainable
Sonogashira cross-coupling
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Among the transition-metal catalyzed cross-coupling reactions, the Sonogashira-Hagihara reaction
presents a cornerstone in today’s synthetic chemists toolbox to access complex arylalkynes and
enynes.!! Attempts to replace homogeneous palladium catalysts with solid-supported, mostly
nanoparticle-based counterparts have failed to compensate for inferior activity or severe metal
leaching. Single-atom heterogeneous catalysts (SAHC) are promising approach to maximize the
control over the palladium site, while displaying favorable metal-efficiency and facile
recoverability.!?! Herein, we report Pd single-atoms supported on nitrogen doped carbon (Fig. 1a)
as a sustainable catalyst for the Sonogashira cross-coupling. Advanced characterization
techniques are used to relate structure properties with catalyst activity and stability. Although,
lower activity was observed compared to homogeneous benchmarks (Fig. 1b) the SAC stands out
with its stable performance. A more holistic and process-centered assessment of the investigated
catalysts is obtained through Ilife cycle analysis (LCA), unveiling the sustainability of
heterogeneously catalyzed Sonogashira coupling.

Fig. 1 a) Schematic representation of the surface of the Pd/NC catalyst (0.5wt% Pd loading). b)
Catalytic performance of selected benchmark catalysts and Pd/NC.

[1] R. Chinchilla, C. Najera, Chem. Rev. 2007, 107, 874-922.
[2] Z. Chen, E. Vorobyeva, S. Mitchell, E. Fako, M. A. Ortufo, N. Lépez, S. M. Collins, P. A. Midgley,
S. Richard, G. Vilé, ). Pérez-Ramirez, Nat. Nanotechnol. 2018, 13, 702-707.
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The electrochemical conversion of CO, into fuels and valuable chemicals is attracting growing
interest due to increasing climate and carbon management concerns. Current research mainly
focuses on copper-based catalysts showing the propensity of C-C coupling and thus forming
multicarbon products, mainly ethylene, ethanol, and n-propanol.l!! The distinct reaction
mechanism on catalysts from inorganic Ni oxygenates (INO; e.g., phosphate, carbonate, borate)
gives rise to various gaseous and liquid products, including linear and branched hydrocarbons up
to C¢.[2! Going beyond the formation of C,-C5 products by using these INO-derived catalysts adds
another degree of complexity and provides new challenges in terms of device engineering, product
guantification, and upscaling. Herein, we provide refined protocols to access this complex product
mixture of long-chain hydrocarbons and oxygenates at the lab scale using a gas diffusion
electrode (GDE)-based setup combined with online GC and *H-NMR spectroscopy with an adapted
WATERGATE suppression method. Whereas this set of protocols finally allows a reliable product
guantification and a first exploration of Ni-based materials for Cs, product formation, large
performance data sets combined with advanced data science methods will be required to decipher
the entire complexity of INO-derived systems. In this manner, a novel 4-parallel CO, electrolyzer
setup is presented, enabling the collection of large data sets under highly reproducible conditions
and in an automated fashion. We foresee that this integrated approach will foster the exploration
of Ni-based materials toward an application in the sustainable production of synthetic fuels.

Fig. 1 Schematic illustration of a novel 4-parallel electrolyzer setup for CO, reduction. A unified
control system allows the independent control of inlet gas flows, temperatures, and
electrochemical parameters. The four GDE-based cells can be individually operated with pure
gases, gas mixtures, and co-fed impurities (e.g., NO,, SO,, H,S). All outlet mass flows are
constantly monitored, allowing an accurate calculation of the carbon balance. A robotic system for
liquid sampling combined with an automated curation of online GC, NMR, and electrochemical data
will ensure the application of advanced data science methods.

[1] S. Nitopi, E. Bertheussen, S. B. Scott, X. Liu, A. K. Engstfeld, S. Horch, B. Seger, I. E. L.
Stephens, K. Chan, C. Hahn, J. K. Ngrskov, T. F. Jaramillo, I. Chorkendorff, Chem. Rev. 2019, 119,
7610.
[2] Y. Zhou, A. ]. Martin, F. Dattila, S. Xi, N. Lopez, J. Pérez Ramirez, B. S. Yeo, Nat.Catal. 2022, in
press.
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Insights into the Molecular Mechanism of Cobalt(ll) Catalyzed C-O cross-Coupling
Reaction: A DFT study
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O-arylation reactions represent a synthetically important class of reactions that are widely
employed for the preparation of diaryl ethers [1]. Cobalt catalyzed cross-coupling reactions are
gaining importance owing to the low cost, mild reaction conditions, and high chemoselectivity
[2,3]. In the present work, a detailed computational investigation into the mechanism of the Co(ll)
catalyzed C-O cross-coupling of phenols with aryl iodides, is carried out for the first -time, using
Density Functional Theory employing B3LYP-D3 functional [3] augmented with CPCM solvation
model using acetonitrile as the solvent. The Co and | atoms are described using (LANL2DZ) for the
inner electrons and its associated double-C basis set for the outer electrons. The C, H, N, O, and ClI
atoms were described by a 6-31+G(d) basis set. L-valine is the ancillary ligand used in this study.
The active catalyst species is tetrahedral, L-valine ligated cobalt (ll) phenoxide complex. The
investigated O-arylation reaction proceeds through a o - bond metathesis mechanism involving
the concerted breaking of the Csp? - | bond and the formation of the Csp? - O bond proceeding
through a four-centered transition state. Frontier Molecular Orbital (FMO) analysis was performed
to investigate the effect of functional groups at the para position of the substrates. The
substitution by electron-withdrawing groups (EWG) considerably decreases the energy of FMO’s
involved. The presence of EWG on aryl iodides tends to favor the reaction by reducing the energy
of its LUMO. However, for the phenolic substrates, a decrease in the energy of the HOMO by the
electron-withdrawing groups leads to an increased HOMO-LUMO gap [5].

[1] Chen, T. et al. Diaryl Ether: A Privileged Scaffold for Drug and Agrochemical Discovery. J. Agric.
Food Chem. 68, 9839-9877 (2020)

[2] K. Ahmad, C. Chang, J. Li, Mechanistic investigations of Co(ll)-Catalyzed C-N coupling reactions,
Journal of Organometallic Chemistry. (2018).

[3] S.M. Ujwaldev, S. Saranya, N. Ann, H. Gopinathan, Novel cobalt - valine catalyzed O - arylation
of phenols with electron deficient aryl iodides, Monatshefte Fur Chemie - Chemical Monthly. 150
(2019) 339-346.

[4] S. Grimme, ]. Antony, S. Ehrlich, H. Krieg, A consistent and accurate ab initio parametrization of
density functional dispersion correction (DFT-D) for the 94 elements H-Pu, Journal of Chemical
Physics. 132 (2010)

[5] Rajalakshmi, A. Radhakrishnan, M. U. Sankuviruthiyil, G. Anilkumar and V. I. Thomas, J.
Organomet. Chem., 2022, 972, 122385.
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diffraction at the Al absorption edge
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The aluminum in a zeolite framework introduces a negative charge balanced by the extra-
framework cation (the active site). If the extra-framework cation is a proton, the zeolite becomes a
solid acid active in Brgnsted-acid catalyzed reactions. Unfortunately, a proton is too light to be
observed by X-ray diffraction directly. Consequently, only by locating aluminum in a zeolite
structure the determination of accessibility and geometry of the active sites is enabled.

The number of different techniques was put through this problem, however they brought only
partial information that did not allow on identification which T sites in a zeolite framework
structure are occupied by aluminum. Most zeolites bear low aluminum content (typical zeolite
catalysts have Si:Al ratios larger than 5) and the scattering power of this element does not differ
much from silicon.

We have recently developed a method that exploits the anomalous scattering of Al X-ray
absorption edge [1]. At X-ray energy far from the edge, the X-ray atomic scattering factor is
primarily a function of the number of electrons in the element (e.g. 14 for Si and 13 for Al), but as
the energy approaches an element's edge, the anomalous contributions to the scattering factor of
that element become significant which changes dramatically. At the Al absorption edge (1.56 keV),
the scattered signal for aluminum decreases while that for silicon remains unchanged (Figure 1).
This difference affects the intensities of the Bragg reflections and allows the aluminum positions in
the structure to be found.

Two FER-type zeolites with identical compositions (|H, ;| [Siz3gAl;,07,]), but different catalytic
activities, were investigated. They were synthesized under conditions that aimed to alternate the
Al distribution. The materials appeared to be ideal candidates to test the viability of the method its
limits of detection (Si:Al ratios ca. 15). One sample was more active and selective in the
isomerization of n-butene to i-butene than the other, but it also deactivated faster [2]. The
aluminum can be located at the four different T sites in FER-type structure. One sample exhibited
an even distribution, while the other showed a clear concentrated aluminum on the T1 and T3
sites. More aluminum located in the T2 site lead to the higher activity and faster deactivation of
the first sample.

The AXPD method can be applied to zeolites with Si:Al ratios as high as 15 to achieve a
guantitative and unambiguous picture of the catalytically active sites. This method is a major
advance in our fundamental understanding of the relationship between zeolite structure and
catalytic activity. We believe that AXPD at the Al X-ray absorption edge could become the
technique of choice for zeolite scientists interested in pinpointing the active catalytic sites in their
materials.

[1] A. B. Pinar, P. Rzepka, A. ]J. Knorpp, L. B. McCusker, C. Baerlocher, T. Huthwelker, J. A. van
Bokhoven, J. Am. Chem. Soc 143, 17926-17930 (2021)

[2] C. Marguez-Alvarez, A. B. Pinar, R. Garcia, M. Grande-Casas, ). Pérez-Pariente, Top. Catal., 52,
1281-1291 (2009).
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Tin dendrite electrocatalyst for CO, reduction to formate over a broad potential window
in a hybrid flow cell
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It is of the utmost importance that anthropogenic CO, emissions are reduced in order to decelerate
climate change and its harmful effects. Using CO, as a chemical feedstock is a promising solution
that could simultaneously produce valuable chemicals and fuels without fossil or biomass
resources. Formic acid has the highest market value of typical CO, reduction products, however,
there remains a need for formate-selective catalysts to be optimised in high-performance
electrolysers. Most studies employ H-cells, which are limited by CO, mass transport due to the low
solubility of CO, in aqueous electrolytes. This imposes a theoretical maximum on performance.
Herein we report the use of a "hybrid" flow-cell with an intermediary design between the
traditional H-cell and flow-cell, allowing easier transition and scale-up. A tin dendrite catalyst was
immobilised onto a gas-diffusion electrode and showed high selectivity for formate (> 80%) over
an exceptionally broad potential range.
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Mechanistic Investigations of the Iron-Catalyzed Synthesis of Pyrrolidines by
Intramolecular C-H Amination

W. Stroek®, M. Albrecht*
!Department of Chemistry, Biochemistry and Pharmaceutical Sciences, University of Bern

The formation of N-heterocycles is of paramount importance for synthesis of pharmaceuticals,
agrochemicals and natural products.!! Due to its atom-economy, direct C-H amination is a very
attractive method to synthesize this class of compounds. Especially when using azides as nitrene
precursors, N, is produced as the only side product. Only very few complexes are known to
catalyze this transformation,! and much effort has been made to improve their turnover numbers
(TONSs). Recently, we reported an iron complex that reaches 7600 TONs in this transformation, an
order of magnitude higher than any previously reported system.!*! While improvements in activity
have been accomplished in recent years, elucidation of the mechanism has been difficult,
especially for iron complexes.

In this contribution we will discuss the ability of Fe(HMDS),, which is synthesized in only one single
step, to catalyze the formation of pyrrolidines from alkylazides. Moreover, mechanistic
investigations using a combination of synthetic (stoichiometric experiments, kinetics),
spectroscopic (NMR, FTIR, XRD) and computation methods (DFT, NEVPT2-CASSCF) allows now a
detailed mechanism to be postulated, including off-cycle intermediates and main decomposition
pathways. These insights are useful for further improving the catalytic activity and for designing
new catalytic systems.

[1] R. Hili and A. K. Yudin, Nat. Chem. Biol., 2006, 2, 284-287.

[2] Y. Park, Y. Kim and S. Chang, Chem. Rev., 2017, 117, 9247-9301.

[3] W. Stroek, M. Keilwerth, D. M. Pividori, K. Meyer and M. Albrecht, J. Am. Chem. Soc., 2021, 143,
20157-20165.
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Ceria-supported gold nanoparticles as a superior catalyst for nitrous oxide production
via ammonia oxidation
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Direct oxidation of NH; into N,O comprises an effective approach towards the affordable
manufacture of this versatile and highly selective oxidant, offering a unique solution to a
long-standing challenge of selective conversion of hydrocarbons into value-added oxygenates.
However, the lack of a suitable catalyst precludes its industrial implementation. Instead, N,O is
produced via thermal decomposition of NH4;NOs, rendering it too expensive and limiting its
prospective uses.l*) Herein, we report CeO,-supported Au nanoparticles (Fig. 1a, 2-3 nm) as a
highly selective catalyst for low-temperature NH; oxidation to N,O, exhibiting two orders of
magnitude higher space-time yield than the state-of-the-art Mn-Bi/Al,O0; and remarkable stability
over 70 h on stream (Fig. 1b,c). The reaction is revealed to proceed via a Mars-van Krevelen
mechanism (Fig. 1d), with the density of interfacial Au®* species and the oxygen storage capacity
of CeO, identified as the key performance descriptors (Fig. 1e,f). The latter could be further
enhanced by cobalt doping, improving the catalytic activity and setting a new benchmark for N,O
productivity (Fig. 1b).!”! These findings establish NH; oxidation as a viable technology for N,O
manufacture and facilitate its broader utilization in selective oxidations.

Figure 1a Micrograph of Au/CeO,. b Catalytic performance of selected NH; oxidation catalysts. ¢

Stability test of Au/CeO, and benchmark Mn—-Bi/Al,O5;. d Transient response upon pulsing of
1:1:1 NH5:180,:Ar mixture over Au/CeO, at 573 K. e Oxygen storage capacity (OSC) and f Au®*
content as performance descriptors of Au/CeO, in NH; oxidation to N,O. Sample code: M/support.

[1] V.N. Parmon, G.l. Panov, A. Uriarte, A.S. Noskov, Catal. Today 2005, 100, 115.
[2] Z. Tang, |. Surin, A. Rasmussen, F. Krumeich, E. V. Kondratenko, V. A. Kondratenko, J. Pérez-
Ramirez, Angew. Chem. Int. Ed. 2022, 61, e202200772.
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atomic layer deposition of alumina
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Lignin hydrogenolysis is an important step in sustainable production of aromatic chemicals and
fuels from lignocellulosic biomass. Inexpensive catalysts containing nickel have led to high yields
but tend to rapidly deactivate due to nanoparticle sintering and carbonaceous deposit formation.
While condensation can be removed by regeneration methods, sintering is an irreversible
structural change of the catalyst. Here, we used a simple, recently-developed method called
stoichiometrically liquid phase atomic layer deposition (ALD) to deposit alumina layer on a Ni/C
catalyst to protect nickel nano particles from sintering. With both hydrogen chemisorption tests
and microscopic images, we proved that this layer can prevent sintering during reduction up to
600°C. Besides gas phase tests, this catalyst was evaluated for hydrogenolysis of propionaldehyde
extracted lignin in batch and continuous mode. In batch mode, 250°C and ca 80 bar, the catalyst
overcoated with alumina maintained high monomer yields with low sintering over 4 cycles of reuse
while the yield for the catalyst without alumina reduced to half and severe sintering occurred. In a
continuous flow reactor at 200°C and 60 bar, deactivation rates were three times lower for the
catalyst with an alumina overcoat vs. the uncoated catalyst. Meanwhile, microscopic images
confirmed that the alumina layer largely preserved the size of nickel particles after 10 days of
operation. Our results demonstrate alumina deposition prevents sintering during lignin
hydrogenolysis leading to lower deactivation rates, which could facilitate the development of
continuous lignin upgrading.
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Effect of particle size in dibromomethane hydrodebromination over SiO,-supported Pd
nanoparticles

M. Vanni!, V. Giulimondi', F. Krumeich?, S. Mitchell', . Pérez Ramirez'*
'ETH Zurich

Bromine-mediated functionalization of methane is a promising route for natural gas upgrading into
fuels, with CH3Br as the key platform toward higher hydrocarbons.!*! However, direct bromination
of methane yields large quantities of dibromomethane (DBM) as a byproduct, hindering the
implementation of this technology. A possible solution to this is the valorization of DBM.
Nevertheless, (i) direct conversion of DBM into light olefins and (ii) catalyst stability remain major
hurdles. In a former study,m the ability of SiO,-supported Pd nanoparticles (NPs) to promote the
hydrogenative oligomerization of DBM into hydrocarbon mixtures via formation of a Pd carbide
phase was demonstrated. Herein, we explore the catalytic properties of this novel class of
catalysts for DBM hydrodebromination. To this end, the influence of the Pd NPs size in the fresh
catalysts is investigated (Fig. 1a, b). Though the formation of C—C coupling products is affected
only to a lesser extent, the degree of unsaturation of the latter increases with particle size
(Fig. 1c), being negligible in NPs of approximately 1 nm. This effect is ascribed to a stronger
adsorption of alkene intermediates on the surface of smaller NPs, likely richer in electron-poor Pd
atoms favoring full hydrogenation. Furthermore, the catalysts remain stable over 10 h on stream,
exhibiting unaltered product selectivity (Fig. 1d). These findings highlight the potential of Pd
catalysts for DBM valorization.

Fig. 1a Electron micrographs of SiO,-supported Pd NPs. Sample code: Pd/SiO,-average particle
size. b Corresponding X-ray diffraction patterns of the fresh and used (-u labelled) catalysts,
showing the formation of a Pd carbide phase. ¢ Size-dependent selectivity patterns. d Relative rate
of DBM hydrodebromination (top) and corresponding product selectivity (bottom) as a function of
time on stream.

[1] E.W. McFarland, Science, 2012, 338, 340-342.
[2] K. Ding, A.R. Derk, A. Zhang, Z. Hu, P. Stoimenov, G.D. Stucky, H. Metiu, E.W. McFarland, ACS
Catal., 2012, 2, 479-486.
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Unravelling the effect of bimetallic co-catalyst and reaction conditions on the
photocatalytic conversion of methane to oxygenates over TiO,

A. Wach?, D. Wierzbicki!, M. Nachtegaal®
'Paul Scherrer Institut, CH-5232 Villigen, Switzerland

The direct oxidation of methane into more energy-dense liquid derivatives, such as methanol, is a
promising route to realize a sustainable chemical industry. However, the process is very
demanding, as the high C-H bond strength of methane requires harsh conditions (high
temperature and pressure to be activated. Photocatalysis have emerged as a promising
alternative to traditional used thermocatalysis. Upon photo-excitation, very energetic charge
carriers are generated that activate methane and substantially reduce the activation energy,
allowing to drive chemical process under mild conditions [1]. Typical oxide semiconductors (TiO,,
Zn0O, WOs3) loaded with active co-catalysts, such as metals (Pt, Pd, Au, Ag) and metal oxides (FeO,,
Co0,) have demonstrated good photocatalytic activity in the selective oxidation of methane [2].
Nevertheless, little is known about the mechanism behind the photocatalytic conversion of
methane and the role of reaction conditions and the role of the metal co-catalyst.

Here, we present the selective photocatalytic oxidation of methane to oxygenates over a
photocatalytic system composed of TiO, as semiconductor and metallic or bimetallic nanoparticles
as co-catalysts (Au, Pd and Au-Pd). The photocatalytic systems were synthesized via a simple sol-
immobilization method. The photocatalytic conversion of methane was carried out in a custom-
made flow-through reactor cell using molecular oxygen or H,0, as an oxidant under specific light
irradiation. A wide range of operating conditions (co-catalyst loading, temperature, oxidant
concentration, residence time) and photo-triggers (visible or ultraviolet light irradiation and dark
experiments) were used to evaluate the influence of these parameters on the photocatalytic
activity and selectivity. Additionally, in situ quick-scanning XAS studies at the Au Ls;-edge and Pd K-
edge combined with reactant cut-off or addition or light on/light off experiments allowed to obtain
a complete picture of the structure activity/selectivity relationships.

[1] Xiyi Li, Chao Wang, Junwang Tang, Nature Reviews Materials, 2022, DOI
10.1038/s41578-022-00422-3
[2] Yudong Tian, Lingyu Piao, Xiaobo Chen, Green Chemistry, 2021, 23, 3526
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Electrocatalytic generation of metal hydrides promoted by concerted proton electron
transfer mediators

A. L. Walker?, V. Mougel**

'ETH Zirich, Departement Chemie und Angewandte Biowissenschaften, Vladimir-Prelog-Weg
1-5/10, 8093 Zurich, Schweiz

Transition metal hydrides (M-H) have been identified as key intermediates in a variety of catalytic
transformations ranging from the conversion of energy in biological systems to industrial
processes. As such, M-H are involved in the electrochemical or thermochemical reduction of CO, to
formic acid[1], the reversible interconversion of H*/H,[2] and in a wide number of hydrogenation
reactions. In this context, the facile generation of M-H species presents one of the main limitations
for the catalytic transformation of small molecules by utilizing renewable energy. Particularly, in
the reduction of CO, to formic acid one of the main activation pathways involves the reactivity of
CO, with M-H bonds.[1] Current classical strategies for electrochemical M-H formation necessitate
the initial reduction of a metal center followed by the sequential transfer of a proton and an
electron in either a proton transfer-electron transfer (PT-ET) or an ET-PT mechanism. This stepwise
process often requires considerably high cathodic potentials to promote the reaction and the use
of a strong acid as proton source. Alternatively, generation of M-H species may occur in a single
kinetic step, based on the homolytic coupling of a singly reduced metal center with a hydrogen
atom (concomitant proton and electron transfer) in a so called concerted proton-electron transfer
(CPET) mechanism (Figure 1la, bottom).

We have recently identified a novel strategy for the electrocatalytic generation of M-H species via
a proton coupled electron transfer mechanism utilizing CPET mediators to promote the formation
of a manganese hydride species.[3] Utilizing this approach, we are exploring the extension of this
concept to a variety of transition metal based catalysts to acquire a fundamental understanding of
the thermodynamic boundary conditions and the kinetic limitations which govern electrocatalytic
M-H generation. The electrochemical CO, reduction reaction (CO,RR) was investigated to
understand the product selectivity and develop a mechanistic understanding of the reaction.

[1] R. Francke, B. Schille, M. Roemelt, Chem. Rev., 2018, 118, 4631-4701.
[2] R. M. Bullock, M. L. Helm, ACC. Chem. Res., 2015, 48, 2017-2026.
[3]1S. Dey., F. Masero, E. Brack, M. Fontecave, V. Mougel, Nature, 2022, under press.
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Pd/ZSM-5 materials for continuous liquid phase catalyzed methane oxidation to
oxygenates

D. Wierzbicki', A. Wach?, D. Ferri', M. Nachtegaal®
'Paul Scherrer Institute, CH-5232 Villigen, Switzerland

The direct oxidation of earth-abundant methane into liquid derivatives, such as methanol, has
triggered significant research interest over the years because of both environmental and economic
implications. In particular, due to its molecular structure, methanol is very reactive and thus more
useful as a chemical building block for the production of fuels and high value-added chemicals [1].
Recently, a number of low temperature approaches have been explored for the conversion of
methane, each with some disadvantages and limitations, including low reaction rates, the need for
an additional activation step and environmental concerns. The low temperature oxidation of
methane over metal-containing (Fe or Cu) zeolites with O,, H,O or N,O as gaseous oxidants allows
to avoid overoxidation of methane [2]. However, after formation of uniquely anchored oxygen
species using oxidants they are rapidly consumed by CH, and require a regeneration step at high
temperature. Thus, the transformation of CH, to methanol by oxide species is rather an oxidation
reaction instead of continuous catalytic process. In contrast to solid-gas reactions, the conversion
of CH, to CH5;OH, or even formic acid, do not require a regeneration step. The main challenge is
still the activity and selectivity towards methanol, which is below the requirements for industrial
production. In order to address those challenges a catalytic system with high activity and
selectivity towards methanol or even ethanol as well as fundamental understanding of the reaction
mechanism is necessary.

The aim of this study was to determine the influence of reaction conditions (flow rate,
concentration of oxidant (H,0,) and temperature) on the performance of Pd/ZSM-5 catalysts in the
liguid phase oxidation of methane to methanol. The flow rate was varied from 0.1-1.0 ml/min, the
H,O, concentration from 1-10 mmol and the temperature from 50-90°C. All catalytic tests were
performed at a pressure of 34 bar. The catalysts were synthesized by both ion-exchange and
impregnation methods to compare the Pd dispersion and were characterized using XRD, elemental
analysis, low temperature N, sorption, TEM and XAS. The obtained results will allow us to optimize
the process parameters and catalysts synthesis enhancing the selectivity and stability of the
studied materials towards methanol, ethanol and other oxygenates.

[1] M. Ravi, et al., Nature Catalysis 2019, 2, 485.
[2] N. Agarwal, et al., Science 2017, 358, 223.
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The continuous increase in the concentration of atmospheric CO, has started to raise serious
concerns with major impact for the environment like the greenhouse effect and ocean
acidification. CO, hydrogenation by using renewable H, is viewed as a highly promising route to
mitigate the CO, emission. Ethanol is considered as an ideal fuel additive, promising hydrogen
carrier, and versatile building-block chemical.! Therefore, selective production of ethanol from CO,
hydrogenation is highly appealing but challenging due to the high kinetic barrier of C-O bond
scission and C-C coupling.? Among the reported catalyst systems including Rh-, Cu-, Co-, and Mo-
based catalysts employed for CO, hydrogenation, Rh-based catalysts present the promising
selectivity towards ethanol.> Normally, promoters like alkali metals and transition metals are
needed to shift the product to ethanol over Rh-based catalysts. However, molecular-level
understanding the role of promoters is missing. In addition, the reaction mechanism is still mostly
unknown due to the ill-defined structure of classic Rh-based catalysts.

Herein, we adopted the surface organometallic chemistry (SOMC) approach to design the well-
defined model Rh-based catalysts modified by different promoters (Zn, Mn, and Fe) (Fig. 1a). This
model catalyst amenable to spectroscopic study allows us to clarify the role of promoters at
molecular level. Evaluation of these model catalysts indicates that RhFe@SiO, shows the highest
formation rate of ethanol among different promoted catalysts (Fig. 1b). By further optimizing the
ratio of Rh/Fe, the formation rate of ethanol can reach up to 0.15 g gg,* h™, which is three times
that of the classic RhFe/SiO, catalyst. Study of in situ X-ray Adsorption Spectroscopy (XAS) suggest
that the isolated Fe?* strongly interact with Rh nanoparticles to form the interface as the active
sites for ethanol synthesis. This established structure-activity relationship would help us to
rationally design the classic catalysts for ethanol synthesis from CO, hydrogenation as well as
syngas conversion.

Fig. 1. a) Scheme for SOMC approach to generate the well-defined model catalyst; b) catalytic
performance over different catalyst.

[1] Alexander A. Farrell, Richard J. Plevin, Brian T. Turner, Andrew D. Jones, Michael O'Hare, Daniel
M. Kammen, Science, 2006, 311, 506-508.

[2] Wei Zhou, Kang Cheng, Jincan Kang, Cheng Zhou, Vijayanand Subramanian, Qinghong Zhang,
Ye Wang, Chemical Society Reviews, 2019, 48, 3193-3228.

[3] Di Xu, Yangiu Wang, Mingyue Ding, Xinlin Hong, Guoliang Liu, Shik Chi Edman
Tsang, Chem, 2020, 7, 849-881.
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Cobalt is commonly used in heterogeneous catalysis. Typically, cobalt-based catalysts are made
from the cobalt nitrate which are deposited on various oxide supports, calcined to the respective
Co oxides and eventually treated under H, to yield supported Co nanoparticles. The synthesis of
cobalt metal particles with high dispersion and narrow size distribution remains challenging due to
a multitude of factors. Strong support interaction typically leads to the use of higher reduction
temperatures that in turn facilitate nanoparticle growth, while weakly interacting supports are
usually not able to stabilize very small nanoparticles. *! Additionally, conventional heterogeneous
catalysts often yield ill-defined systems where part of the Co can be integrated into the support, in
part, due to the synthetic protocol used, hence they are inherently difficult to study.

In order to synthesize small and narrowly distributed supported Co nanoparticles, we turned to
surface organometallic chemistry (SOMC) which has been shown to be a unique tool to generate
isolated metal sites but also for generation of highly disperse metal nanoparticles with controlled
interfaces and composition. '?! This approach has been shown to be particularly suited to
understand the molecular origin of the effects related to dopants, ligands, and supports, and
promising to provide guiding principles for the rational design of cobalt-based catalysts. Here, we
report that SOMC enables to generate supported Co (0) nanoparticles with an average particle size
of 1.5 nm with homogeneous size distribution by selecting appropriate molecular precursors. The
materials are found to be active in hydrogenation reactions and can be tailored to potentially act
as models to study the influence of specific catalyst structural features (Figure 1) on catalytic
activity.

[1] a) E. Iglesia, Appl. Cat. A. 1997, 161, 59-78. b) G. Jacobs et al., Appl .Cat. A. 2002, 233,
263-281. c) C. Liu et al., Fuel 2016, 180, 777-784.

[2] a) C. Copéret, Acc. Chem. Res. 2019, 52, 1697-1708. b) S.R. Docherty, C. Copéret, J. Am.
Chem. Soc. 2021, 143, 18, 6767-6780
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Through the catalytic hydrogenation of CO, to methanol (MeOH) a greenhouse gas is converted
into a valuable product that can be used as a fuel or a platform chemical.[1] Using density-
functional theory calculations, Ni-Ga intermetallic phases have been identified as promising
catalysts for the hydrogenation of CO, to MeOH. Specifically, a high catalytic activity was predicted
for intermetallic 6-NisGas and a’-NisGa surfaces.[2] Yet, experimentally a’-Ni;Ga was found to be
inactive and hence the structure - performance relationship in this system remain debated.[3,4]
Here, we investigate a series of Ni-Ga/SiO, catalysts with varying Ni:Ga ratios by operando X-ray
absorption spectroscopy (XAS) and pair distribution function (PDF) analysis of total scattering data
which allowed us to correlate the structure (electronic and geometric) to the performance of these
catalysts.

SiO, supported Ni,Ga(190.x) Catalysts were prepared by the co-deposition of Ni and Ga nitrates onto
colloidal SiO, under hydrothermal conditions,[5] followed by H, treatment (700 °C, 1 bar). Our
catalytic tests showed a strong dependence of the MeOH yield and selectivity on the Ni:Ga ratio
(Fig. 1a). The highest MeOH vyields were observed for Nig,Gasg and Ni;;Gayg (0.81 and 0.79
mmoly.onmolNits?) whereby the MeOH selectivity decreased in the order Ni;,Ga,g (71%)>Nig,Gasg
(54 %)>Nig;Gagg (9 %). This trend was reproduced during operando X-ray-based experiments.
Furthermore, the suppression of CH, formation was observed even for relatively low Ga contents
(Nig;Gagg). Difference PDF (d-PDF) analysis identified the nanocrystalline (ca. 6 nm) phases of
Nig,Gasg, Ni;»Gayg and Nig;Gagg under reaction conditions as, respectively, 6-NisGas, a’-Ni;Ga and a
Ni-rich (Ni, Ga) disordered alloy (Fig. 1b). X-ray absorption near edge structure (XANES) revealed
that the electronic structure of Ni and Ga in NigGasg and Niy;Gayg differs from that of the
monometallic reference, i.e. there is an electron transfer from Ga 4p to Ni 3d, resulting in Ni® and
Ga®* (Fig. 1c-d). Ni in Nig;Gagg is predominantly present in the form of Ni°, i.e., there is no (or only
very little) electronic modification in this system. In Nig,Gasg, 4-coordinated Ga>* species were also
detected, presumably present as isolated sites or small clusters dispersed infon the SiO, support.
In conclusion, using XAS and X-ray total scattering we found that catalysts containing either
6-NisGa; and Ga®* species or a’-NisGa exhibited superior catalytic performance in the
hydrogenation of CO, to MeOH when compared to catalysts containing a random alloy or
monometallic Ni. We demonstrate that a high MeOH selectivity and MeOH yields are not limited to
the 6-NisGas intermetallic phase. In fact, alloying Ni with Ga forming an a’-Ni;Ga phase can yield
highly active and selective catalysts. The strong modification of the electronic structure of Ni and
Ga in a’-NisGa and &-NisGas based catalysts may play a critical role for obtaining high rates of
MeOH formation and selectivities.

[1]1]). Zhong, X. Yang et al., Chem. Soc. Rev., 2020, 49, 1385-1413. [2] F. Studt, I. Sharafutdinov et
al., Nat. Chem., 2014, 6, 320-324. [3] A. Gallo, J. L. Snider et al., Appl. Catal. B, 2020, 267,
118369. [4] L. F. Rasteiro, M. A.L.S. Rossi et al., Catal. Today, 2021, 261-271. [5] Z. Bian, S. Kawi,
J. CO, Util., 2017, 18, 345-352.
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Mixed metal oxides are a promising class of catalysts for the hydrogenation of carbon dioxide to
methanol due to their controlled vacancy chemistry and CO, activation ability. While zinc oxide-
zirconia (ZnZrO,) solid solutions have been reported to be stable and selective to methanol
formation using pure CO, and hybrid CO-CO, feeds,!*"¥ the nature of the active sites is less well-
known, with the required multi-step synthesis procedures also complicating its optimal design.
Herein, flame spray pyrolysis (FSP) was employed as a one-step method to systematically
investigate the ZnZrO, catalyst family while maintaining uniform synthesis conditions (Fig. 1a).!*!
Catalysts prepared by FSP showed an increasing trend in methanol space-time yield (STY) with Zn
content up to 5 mol%, outperforming counterparts prepared by co-precipitation which follow a
different volcano trend (Fig. 1b). In-depth characterization reveals highly dispersed Zn species
interacting with different ZrO, polymorphs in FSP catalysts depending on Zn content, and surface
restructuring (Fig. 1c). Computational modelling further highlights the important role of CO,
adsorption over the Zn0O,-ZrO, interface in its selective activation, and the positive effect of Zn on
oxygen vacancy formation in ZrO,. This study offers new insights in understanding the active
nanostructure of ZnZrO, systems, showing that a bulk solid solution is not necessary to convert
CO, to methanol.

Fig. 1a Schematic of the FSP synthesis procedure for ZnZrO, catalysts and the resultant ZrO, polymorphs. b
Methanol STY over ZnZrO, catalysts prepared by FSP and co-precipitation with varying Zn content. ¢ X-ray
diffractograms and Raman spectra of catalysts containing 5 and 13 mol% of Zn prepared by FSP, denoted as
5ZnZrO, and 13ZnZr0O,, respectively. d Energy dispersive X-ray maps of used catalysts. Reaction conditions:
593 K, 5 MPa, H,/CO, = 4, CO/CO, = 0-0.5, time on stream = 24 h, GHSV = 24 000 cm3s;p h™! gt %

[1]). Wang, G. Li, Z. Li, C. Tang, Z. Feng, H. An, H. Liu, T. Liu, C. Li. Sci. Adv. 2017, 3, e1701290.

[2] T.P. Araudjo, A.H. Hergesell, D. Faust Akl, S. Blchele, J.A. Stewart, C. Mondelli, J. Pérez-Ramirez.
ChemSusChem 2021, 14, 2914.

[3] T.P. Aradjo, J. Morales-Vidal, T. Zou, R. Garcia-Muelas, P.O. Willi, K.M. Engel, 0.V. Safonova, D. Faust Akl, F. Krumeich,
R.N. Grass, C. Mondelli, N. Lépez, J. Pérez-Ramirez. Adv. Energy Mater. 2022, 12, 2103707.
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